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Editorial on the Research Topic 
Genomic discoveries and pharmaceutical development in urologic tumors


The prevalence of urologic tumors is rapidly increasing, leading to severe clinical outcomes. In the United States, approximately 169,360 new cases of urologic tumors are estimated for 2024, with about 32,350 tumor-specific deaths (Siegel et al., 2024). Similarly, China faces a staggering annual estimate of 244,300 new cases, resulting in 113,700 deaths (Han et al., 2024). These alarming statistics underscore the urgent need for advanced therapeutic strategies and personalized treatments to improve survival rates for patients suffering from urologic tumors.
A particularly exciting area of research is genomic sequencing, which facilitates the identification of specific genetic mutations and biomarkers for targeted drug therapies. This includes recognizing molecular subtypes that enable precision clinical therapy (Li et al., 2024; Figiel et al., 2024). For instance, drugs targeting the androgen receptor (AR) pathway, such as abiraterone and enzalutamide, have demonstrated efficacy in treating prostate cancers with relevant genetic alterations (Dai et al., 2023). Additionally, drugs like sunitinib and pazopanib, which inhibit the vascular endothelial growth factor (VEGF) pathway, have significantly improved survival rates in patients with metastatic renal cell carcinoma (George et al., 2019). This Research Topic explores cutting-edge therapies, molecular markers, and mechanisms reshaping the field.
Advanced-stage castration-resistant prostate cancer presents significant challenges in clinical practice, often necessitating combination therapy strategies. Consequently, the search for novel clinical treatments, the exploration of tumor progression signaling pathways, and the identification of prognostic biomarkers are imperative. In this Research Topic, Wei et al. report that apalutamide neoadjuvant therapy enhances resectability in unresectable prostate cancer, facilitating successful surgeries. Zhang et al. recommend cabazitaxel plus prednisone as the most effective first-line treatment for metastatic castration-resistant prostate cancer. Meanwhile, Lampe et al. discuss challenges associated with bi-specific T-cell engagers (BiTEs) therapy for prostate cancer and suggest improvement strategies. In terms of mechanisms, Zhang et al. review the role of m6A regulators in prostate cancer, particularly in AR signaling pathways and disease progression. Chen et al. demonstrate that combining PTEN restoration with IL-23 inhibition significantly enhances therapeutic outcomes in metastatic prostate cancer. Lin et al. discover that SGLT2 inhibition reduces prostate cancer risk by modulating circulating metabolites, especially uridine levels. Finally, Xia et al. identify anoikis-related gene signatures as potential prognostic markers for prostate cancer bone metastasis.
Urothelial bladder cancer exhibits one of the highest mutation burdens among all cancer types (Cancer Genome Atlas Research, 2014), contributing to variable patient responses to immunotherapy, particularly with the use of bacillus Calmette-Guérin for early-stage non-muscle invasive bladder cancer (Morales, 1992). In this Research Topic, Peng et al. find that IL4I1 expression in bladder cancer correlates with better responses to immune checkpoint inhibitors. Zhu et al. show that HER2 positivity in urothelial carcinoma is associated with advanced disease stages and combining disitamab vedotin with PD-1 inhibitors shows promise. Uysal et al. reveal that EGFR, AREG, and EREG amplification predicts poor survival in muscle-invasive bladder cancer. Additionally, Li et al. suggest that rosuvastatin may reduce bladder cancer risk, while other statins appear ineffective.
Furthermore, Geng et al. develop a vasculogenic mimicry gene signature that predicts survival and immune responses in clear cell renal cell carcinoma. Huang et al. identify GJA5 and GJB1 as prognostic markers for renal clear cell carcinoma, with lower expression linked to poorer outcomes. Song et al. show that KHSRP knockdown inhibits the progression of papillary renal cell carcinoma and enhances gemcitabine sensitivity. Qu et al. report a rare case of ossifying renal tumor of infancy, emphasizing the need for careful monitoring due to high Ki-67 expression. Duan et al. explore alternative splicing events associated with clinical features across multiple cancers, offering insights into tumor progression and immune infiltration.
This Research Topic highlights advances in genomic discoveries and therapeutic approaches. While significant progress has been made in understanding the molecular mechanisms and targeted therapies for conditions like advanced-stage castration-resistant prostate cancer and metastatic renal cell carcinoma, challenges remain, particularly regarding resistance to existing therapies and the necessity for personalized treatment options. The studies presented here underscore the importance of integrating novel biomarkers and therapeutic strategies, such as BiTEs and m6A regulators, to enhance patient outcomes. Future research should prioritize several key areas. First, deeper investigations into the interactions between the tumor microenvironment and the immune system are essential for elucidating the mechanisms of immune evasion by tumors, which could pave the way for novel immunotherapies. Furthermore, identifying and validating new therapeutic targets, especially those linked to resistance mechanisms, will be crucial for improving patient prognoses. The integration of genomics, proteomics, and metabolomics data to create more comprehensive personalized treatment strategies could significantly enhance therapeutic outcomes for patients.
In conclusion, while substantial strides have been made in the research and treatment of urologic tumors, ongoing efforts are necessary. Through interdisciplinary collaboration and innovation, integrating new technologies and discoveries, we can significantly improve the prognosis and quality of life for patients with urologic tumors. The vision for the future includes not only better therapeutic strategies but also a more profound understanding of cancer biology, ultimately leading to effective treatments tailored to individual patient needs. We eagerly anticipate the application of these research findings in clinical practice, which could revolutionize treatment options for urologic tumor patients.
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Background

Alternative splicing events (ASEs) are vital causes of tumor heterogeneity in genitourinary tumors and many other cancers. However, the clinicopathological relevance of ASEs in cancers has not yet been comprehensively characterized.





Methods

By analyzing splicing data from the TCGA SpliceSeq database and phenotype data for all TCGA samples from the UCSC Xena database, we identified differential clinical feature-related ASEs in 33 tumors. CIBERSORT immune cell infiltration data from the TIMER2.0 database were used for differential clinical feature-related immune cell infiltration analysis. Gene function enrichment analysis was used to analyze the gene function of ASEs related to different clinical features in tumors. To reveal the regulatory mechanisms of ASEs, we integrated race-related ASEs and splicing quantitative trait loci (sQTLs) data in kidney renal clear cell carcinoma (KIRC) to comprehensively assess the impact of SNPs on ASEs. In addition, we predicted regulatory RNA binding proteins in bladder urothelial carcinoma (BLCA) based on the enrichment of motifs around alternative exons for ASEs.





Results

Alternative splicing differences were systematically analyzed between different groups of 58 clinical features in 33 cancers, and 30 clinical features in 24 cancer types were identified to be associated with more than 50 ASEs individually. The types of immune cell infiltration were found to be significantly different between subgroups of primary diagnosis and disease type. After integrating ASEs with sQTLs data, we found that 63 (58.9%) of the race-related ASEs were significantly SNP-correlated ASEs in KIRC. Gene function enrichment analyses showed that metastasis-related ASEs in KIRC mainly enriched Rho GTPase signaling pathways. Among those ASEs associated with metastasis, alternative splicing of GIT2 and TUBB3 might play key roles in tumor metastasis in KIRC patients. Finally, we identified several RNA binding proteins such as PCBP2, SNRNP70, and HuR, which might contribute to splicing differences between different groups of neoplasm grade in BLCA.





Conclusion

We demonstrated the significant clinical relevance of ASEs in multiple cancer types. Furthermore, we identified and validated alternative splicing of TUBB3 and RNA binding proteins such as PCBP2 as critical regulators in the progression of urogenital cancers.





Keywords: alternative splicing, pan-cancers, tumor heterogeneity, clinical features, genitourinary tumors





Introduction

As the second leading cause of death worldwide, cancer kills several millions of people per year, and this number has been increasing for decades (1, 2). Nowadays, multiple cancer therapies are available and greatly improve patient outcomes, such as surgical procedures, chemoradiotherapy, immunotherapy, targeted therapy, and comprehensive treatment. Although exciting progress has been made in cancer therapy, the extensive heterogeneity and complexity of tumors pose tremendous challenges to the treatment of tumors. This heterogeneity underlies the emergence of resistance to cancer therapies to a great extent. As patients with tumors of the same histological type often respond differently to the same treatment (3), personalized treatment is the future direction, which requires a deeper understanding of tumor heterogeneity and its clinical relevance.

Tumor heterogeneity is now a broad concept that means both the inter-patient heterogeneity resulting from genetic variation or environment factors and the intratumoral heterogeneity manifested as genetically diverse subpopulations or dynamic genetic variations over time of an individual tumor (4). Advances in sequencing technologies and computational methods enable the uncovering of tumor heterogeneity and its clinical relevance (5–7). Van Allen et al. generated a database of gene alterations with clinical implications for cancer patients by using whole exome sequencing and applied it to clinical decision-making (8). By using targeted deep sequencing, Burkhardt et al. revealed age dependency of mutations in Burkitt lymphoma in children and adolescents (9). Drews et al. illuminated the relationship between chromosomal instability and clinical phenotypes in cancers and predicted platinum sensitivity of ovarian cancer by integrating impaired homologous recombination signatures (10). Previous studies also investigated the roles of post-transcriptional mechanisms in tumor heterogeneity. Han et al. identified clinically relevant adenosine-to-inosine RNA editing events (11). Several researchers focused on the methylation of N6 adenosine (m6A), and found that the landscape of m6A regulators was related to cancer progression (12–14). All these studies characterized the profiles of molecular alterations related to clinical characteristics across cancers and guided individualized treatment of cancers. However, the specific mechanisms of how post-transcriptional regulation affect tumor heterogeneity and tumorigenesis still need further study.

Alternative splicing (AS) is a vital cause of tumor heterogeneity. As a common post-transcriptional regulation, AS causes distinct transcript isoforms and protein variants (15). Aberrant AS, which is significantly increased in malignant tissues, reshapes the transcriptome and proteome, influencing signaling pathways related to cellular homeostasis, cell proliferation, and differentiation (16, 17). For instance, the CD44 splice isoform promotes epithelial-mesenchymal transition across cancers (18–21). AS is precisely regulated by RNA-binding proteins (RBPs), especially splicing factors including serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (22). SR proteins and hnRNPs regulate the recruitment and function of spliceosomes, thereby promoting or repressing splicing. Mutation or dysfunction of splicing factors can cause the generation of abnormal isoforms associated with the occurrence and progression of tumors (23). Numerous studies demonstrated that the expression of splicing factors varied in normal tissues and cancers, while altered expression or activity of splicing factors could contribute to cancer progression. The mutation of splicing factor U2AF1 and relative aberrant AS events were identified in multiple cancer types (24), while splicing factor SF3B1 was suggested to be a therapeutic target for breast cancer patients (25). Therefore, clinically relevant aberrant AS events (ASEs) and specific splicing factors can be promising targets for cancer therapy.

To comprehensively reveal the clinically relevant differential ASEs involved in tumorigenesis, progression, and prognosis of multiple cancers, we integrally analyzed mRNA splicing data in 31 human cancers, identified thousands of tumor-specific and survival-associated ASEs, and created a website tool OncoSplicing for the exploration and visualization of clinical relevant ASEs (26, 27). In this study, we analyzed multiple clinical indicator-relevant differential ASEs in 33 human cancers based on the OncoSplicing database and explored changes in splicing factors expression. Furthermore, we identified alternative splicing of GIT2 and TUBB3 and RNA binding proteins such as PCBP2 as critical regulators in the progression of urogenital cancers. Together, we believe that our work will help to further reveal the relationship between AS and clinicopathological features in cancers, and also to provide more available molecular targets for cancer therapy by regulating clinically relevant AS and splicing factors.





Materials and methods




Data acquisition and pre-processing

Splicing data for all splicing events of 33 tumors were downloaded from the TCGA SpliceSeq database (http://projects.insilico.us.com/TCGASpliceSeq/PSIdownload.jsp), with the parameter percent-samples-with-values (PCT) set to no less than 75%. This contains splicing events belonging to 7 splicing types, including alternative acceptor sites (AA), alternative donor sites (AD), exon skipping (ES), mutually exclusive exons (ME), retained introns (RI), alternate promoter (AP) and alternate terminator (AT).

Phenotype data for all TCGA samples were downloaded in the GDC cohort of each cancer type separately from the UCSC Xena database (https://xenabrowser.net/datapages/). Basic patient information, such as age (full name is “age at initial pathologic diagnosis”), gender, race, and other nonredundant and different clinical features, were manually collected, by which patients were separated into 2 groups for each cancer type. Clinical features with continuous data in each cancer type were grouped by the median cutoff value. For category clinical features, the top 2 groups with the most samples in each cancer type were kept. After integration with splicing data by samples, clinical features in a cancer type were reserved for further analysis only if there were > 20 records per group.





Identification of clinical feature-related alternative splicing event

Differential alternative splicing analysis was performed between 2 groups for each clinical feature. The P value of the significance of the difference was evaluated using the Wilcoxon rank sum test, and the splicing events with the absolute value of the delta PSI greater than 0.1 and the Benjamini-Hochberg (BH) adjusted P value less than 0.05 were considered as clinical feature related ASEs.





Identification of clinical feature-related immune cell infiltration

CIBERSORT immune cell infiltration data were obtained from the TIMER2.0 database (http://timer.cistrome.org/). Differential immune cell infiltration analysis was performed between 2 groups for each clinical feature. The P value of the significance of the difference was evaluated using the Wilcoxon rank sum test, and cell types with the absolute delta proportion greater than 3 percent and the Benjamini-Hochberg (BH) adjusted P value less than 0.05 were considered as significant.





Gene function enrichment analysis

Genes of clinical feature-related ASEs for each interested clinical feature in individual cancer types were submitted to Metascape (http://metascape.org) separately to implement gene function enrichment analysis. The top 10 pathways with significant P values were analyzed and displayed. Plots of survival and differences between 2 groups for ASEs enriched in interesting pathways were performed using the OncoSplicing website (www.oncosplicing.com).





Structure and genomic location of alternative splicing events

The gene structure file was downloaded from the TCGA SpliceSeq database to obtain the genomic position of each exon. According to the exon composition of a splicing event, the genome locations of the whole event and the start-end positions of the alternative exon are determined, and then the range between 250 nt upstream and downstream of the alternative exon was considered the region that most likely influenced the splicing level of a splicing event.





Splicing quantitative trait loci analysis

The splicing quantitative trait loci (sQTLs) data of the renal clear cell carcinoma cohort was downloaded from the CancerSplicingQTL database (http://www.cancersplicingqtl-hust.com/#/). Significant SNPs associated with each splicing event were identified and mapped to the genome locations of the splicing event, and only SNPs in the range between 250 nt upstream and downstream of alternative exon were considered meaningful sQTLs.





Splicing events map to RNA motifs of RBPs

To explore the potential regulator of clinical feature-related splicing events in each cancer type, splicing events were extracted with genome coordination and organized into the format that meets the requirements of rMAPS2 (http://rmaps.cecsresearch.org/) for each splice type separately (28). Splice types with considerable AS events were chosen to perform enrichment analysis of RBP motifs. Clinical feature-related alternative splicing events were separated as up-regulated and down-regulated events by the direction of PSI change. ASEs with delta PSI less than 0.001 and FDR more than 0.9 were set as background control.





Cell culture and stable transfection

Kidney cancer (OS-RC-2 and 786-O) and bladder cancer (T24 and 5637) cells were obtained from the Shanghai Cell Bank Type Culture Collection Committee and maintained in Department of Biological Repositories, Zhongnan Hospital of Wuhan University (Wuhan, China). Cells used in this study underwent STR authentication. Tumor cells were cultured in McCoy’s 5A (T24) and RPMI-1640 (OS-RC-2, 786-O, and 5637) medium containing 10% FBS (Gibco, USA). The lentiviruses carrying small hairpin RNAs (shRNA) targeting TUBB3, PCBP2, and control shRNA were constructed by Tsingke (Beijing, China). The target sequences were as follows: 5’-CAGTATTTATGGCCTCGTCCT-3’ (shRNA1-TUBB3), 5’-CATCTCTTCAGGCCTGACAAT-3’ (shRNA2-TUBB3), 5’-CCATGATCCATCTGTGTAGTT-3’ (shRNA1-PCBP2) and 5’-CCCACTAATGCCATCTTCAAA-3’ (shRNA2-PCBP2). Lipo2000 (Invitrogen, 11668030, USA) was used to transfect the lentiviral vectors into tumor cells, and the transfection efficiency was confirmed by qPCR.





qPCR

Total RNAs were extracted from cells by using Trizol reagent (Thermo Fisher Scientific, USA). HiScript III RT SuperMix (Vazyme, R323-01, China) was applied to synthesize cDNA, and ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02/03, China) was used for real-time PCR experiments according to the manufacturer’s instructions. qPCR analysis was performed on QuantStudio Flex system (Applied Biosystem, USA). Primers sequences were as follows: TUBB3, 5′-GACTCCCTTGAACAGGGACAG-3′ (forward), 5′-GGCACGTACTTGTGAGAAGA-3′ (reverse); PCBP2, 5′-TCTGCGTGGTCATGTTGGAG-3′ (forward), 5′-TGCATCCAAACCTGCCCAATA-3′ (reverse); GAPDH, 5′-AATGGGCAGCCGTTAGGAAA-3′ (forward), 5′-GCCCAATACGACCAAATCAGAG-3′ (reverse).





Cell viability assay

Tumor cell proliferation was detected by CCK-8 assay. Briefly, cells were inoculated into 96-well plates (2×103 cells per well) and cultured in the 5% CO2 incubator at 37°. After mixing with 10 μL CCK-8 reagent (MCE, HY-K0301, USA) for 2 h, absorbance was detected at 450nm with an absorbance reader (Molecular Devices, USA).





Colony formation assay

Approximately 1000 cells were seeded in a 60 mm petri dish with the complete medium. After 2-3 weeks, cells were fixed for 15 min and stained with crystal violet for 10 min. Visible clones were counted by using ImageJ software.





Modified Boyden chamber assay

For tumor cell migration, approximately 5×104 cells were suspended in 100 μL serum-free medium and plated in the apical chambers of transwell plates (Corning, USA), and 500 μL complete medium was added in the lower chamber. After 24 h, the migrated cells were fixed and then dyed in crystal violet. The cell number was counted from 6 random fields under an inverted microscope.





Statistics and visualization

Statistical analysis was performed using R software (4.0.1). Data analysis and visualization tools in the R software include R packages such as ggplot2, ComplexHeatmap, limma, survminner, and venn.diagram. One-way or two-way ANOVA was used to analyze the differences in multiple groups, and a P-value < 0.05 was considered statistically significant.






Results




Clinical features in cancers

This study contains 33 TCGA cancers, including Adrenocortical Carcinoma (ACC), Kidney Renal Clear Cell Carcinoma (KIRC), Prostate Adenocarcinoma (PRAD), Bladder Urothelial Carcinoma (BLCA), Kidney Renal Papillary Cell Carcinoma (KIRP), Rectum Adenocarcinoma (READ), Breast Invasive Carcinoma (BRCA), Acute Myeloid Leukemia (LAML), Sarcoma (SARC), Cervical Squamous Cell Carcinoma (CESC), Lower Grade Glioma (LGG), Skin Cutaneous Melanoma (SKCM), Cholangiocarcinoma (CHOL), Liver Hepatocellular Carcinoma (LIHC), Stomach Adenocarcinoma (STAD), Colon Adenocarcinoma (COAD), Lung Adenocarcinoma (LUAD), Testicular Germ Cell Tumors (TGCT), Diffuse Large B-cell Lymphoma (DLBC), Lung Squamous Cell Carcinoma (LUSC), Thyroid Carcinoma (THCA), Esophageal Carcinoma (ESCA), Mesothelioma (MESO), Thymoma (THYM), Glioblastoma Multiforme (GBM), Ovarian Serous Cystadenocarcinoma (OV), Uterine Corpus Endometrial Carcinoma (UCEC), Head and Neck Squamous Cell Carcinoma (HNSC), Pancreatic Adenocarcinoma (PAAD), Uterine Carcinosarcoma (UCS), Kidney Chromophobe (KICH), Pheochromocytoma and Paraganglioma (PCPG), Uveal Melanoma (UVM).

Clinical features were manually collected, by which patients were separated into 2 groups for each cancer type. After organizing and filtering the phenotype data for each tumor, 58 clinical features were retained in 33 tumors, with an average of 7 in each tumor, 15 in ESCA at most, and 3 in OV at least. Clinical features common in more than 10 tumors included age (n = 33 tumors), gender (n = 25), pathologic T (n = 20), race (n = 19), tumor stage (n = 18), pathologic N (n = 16), BMI (n = 12) and clinicopathological features such as the site of resection or biopsy (n = 10). Other important cancer-specific features such as “history of colon polyps” in COAD, “fetoprotein outcome value” in LIHC, and “acute myeloid leukemia calgb cytogenetics risk category” in LAML were also included (Figure 1; Table S1).




Figure 1 | Statistics of different clinical features in 33 TCGA tumors. Red squares indicate that clinical features in the corresponding tumors were included in the analysis, while grey squares indicate that not included.







Identification of clinical feature-related AS and immune cell infiltration

Differential AS analysis was performed for each clinical feature in each cancer type for the splicing events whose non-null-PSI (Percent samples with values, PCT) was greater than 75%. The results showed that clinical features such as race (the number of cancers is 17), pathologic T (n = 9), neoplasm histologic grade (n = 7), and disease type (n = 6) were associated with at least 50 ASEs in more than 5 tumors (Figure 2; Table S2). On the other hand, ESCA has the most clinical features (the number of clinical features is 10) that were associated with AS, followed by KIRC, KIRP, and LIHC (n > 5). It is worth noting that there are also obvious differences in AS between different groups of age and gender in some cancer types, such as age in THYM and LIHC, and gender in KIRP and KIRC. The most significant splicing differences exist between different pathological subtypes or clinical diagnoses in the same cancer type, such as embryonal carcinoma and seminoma in TGCT (the number of ASEs is 3,593), adenocarcinomas and squamous cell carcinoma in ESCA (n = 2,097) or CESC (n = 1,344), adenocarcinoma and mucinous adenocarcinoma in UCEC (n = 603) or COAD (n = 166), papillary and non-papillary tumors in BLCA (n = 474). Further analysis showed that these clinical feature-related ASEs were mainly enriched in splice types AP, ES, and AT (Figure S1). These results indicate that significant differences in AS exist between different groups of many clinical features, such as different pathological subtypes, grades of the same tumor type as well as different races.




Figure 2 | The statistics of the number of splicing events associated with clinical features in cancers. Only the 30 clinical features in 24 cancer types that were found associated with more than 50 ASEs were displayed.



It is known that AS may influence immune cell infiltration in several facets. Here we further analyzed the immune cell infiltration in different groups of clinical features. We found that “B cell plasma” and “T cell CD4 memory resting” were significantly different between subgroups of primary diagnosis of LGG, and “T cell CD4 memory resting” and “T cell regulatory Tregs” were significantly different between subgroups of ESCA (Figure S2). Interestingly, there were a lot of ASEs identified between these subgroups of ESCA as well as LGG primary diagnosis (Figure 2). These results indicated that different strategies should be organized to deal with the patients in these different subgroups.





Analysis of race-related AS

Race-related ASEs differ in most tumors (Figure 2). Al Abo et al. analyzed the differences in AS between African/Black Americans (BAs) and White Americans (WAs) in tumors using TCGA SpliceSeq data, but they did not compare the splicing differences between Asian Americans (AAs) and BAs and the roles of SNPs in producing race-related AS (29). Therefore, we further analyzed the differences in AS among different races in several tumors.

The results showed that tumors including BLCA, ESCA, LIHC, STAD, and THCA contain enough AAs for differential AS analysis compared with WAs, while other tumors such as BRCA and KIRC contain enough BAs for differential AS analysis compared with WAs (Figure 3A). We identified more than 1000 race-related ASEs in BRCA, BLCA, and ESCA, and more than 500 race-related ASEs in KIRC and UCEC, among which AP, AT, and ES accounted for the most (Figure 3B). To identify more significant race-related ASEs, considering the difference in the number of tumors involved, we required ASEs to be differential in at least 5 tumors when selecting race-related ASEs between WAs and BAs and selected ASEs between WAs and AAs requiring the presence of differences in at least 3 tumors. Finally, a total of 74 splicing events were identified as differential ASEs between WAs and BAs, another 74 splicing events were identified as significantly different between WAs and AAs, and there were 13 common splicing events in both comparisons (Figure 3C). Most of these common ASEs had the same directions of PSI changes in either comparison of WAs and BAs or comparison of WAs and AAs, except for RPS9_AD_51827 which was upregulated in WAs when compared with BAs while downregulated in WAs when compared with AAs (Figure 3D). Besides, race-related ASEs between WAs and BAs specifically included ARL6IP4_AA_25028, SLC25A26_ES_65549, PSMG4_RI_75176, and NMRAL1_AD_33740, while race-related ASEs between WAs and AAs specifically included ZDHHC4_ES_78754, TOR1AIP1_AA_9127, POMZP3_ES_80187, and IP6K2_RI_64750 (Table S3).




Figure 3 | Race-related ASEs in the SpliceSeq project. (A) The number of samples of different races among the 18 tumors eligible for screening and differential analysis. (B) The number of splicing events in different splicing types associated with different races in each tumor. (C) Comparison of differential splicing events in the White and the Black, the White and the Asian American populations. (D) Splicing changes of the common ASEs of the 2 comparisons in each tumor. (E) Effects of SNPs on race-related splicing events and their differences in different tumors or races. (F) Comparison of 107 race-related ASEs (|ΔPSI| >0.1, FDR < 0.05) and 4891 SNP-related ASEs in the KIRC cohort (Fisher’s exact test P = 8.79e-10).



Among those 13 common race-related ASEs, there were 7 splicing events significantly correlated with nearby SNPs located between upstream and downstream 250 nt of the alternative exon. By using the search function of the CancerSplicingQTL database, it was found that splicing events such as ULK3_AD_31756, NDUFS5_AD_1869, and MRPL43_AD_12856 were significantly correlated with the corresponding SNPs rs12898397, rs2863095, and rs1122472 respectively in most of the analyzed cancers (Figure 3E). However, the relationship of significant correlations between XRCC4_AA_72698 and the corresponding SNPs rs1805377, rs1056503, and rs2035990 were only found in WAs and BAs tumors, which indicates that in addition to genomic factors, environmental factors such as lifestyle and diet may also play a role in tumors frequently occurring in Asian populations.

We further integrated race-related ASEs and sQTLs data in KIRC to comprehensively assess the impact of SNPs on ASEs. Considering the criteria of data filtering shown in the CancerSplicingQTL database: 1) splicing events exist in more than 90% of samples; 2) alternative exon is an independent single exon, the database included 16,225 ASEs (AA, AD, ES, and RI) in KIRC and 4891 ASEs were found significantly SNPs correlated. The data of race-related ASEs (|ΔPSI| >0.1, FDR < 0.05) in the KIRC cohort was screened further according to the above criteria, and 107 ASEs remained. After integrating with sQTLs data, we found that 63 (58.9%) of the race-related ASEs were SNP-significantly correlated ASEs (Fisher’s exact test P = 8.79e-10), including CAST_ES_72854, XRCC4_AA_72698 and Al Abo reported ASEs such as NEK3_ES_25994, ULK3_AD_31756, and NDUFS5_AD_1869 (Figure 3F). This data suggested that SNPs might be the main reason for the differences in alternative splicing in KIRC patients of different races.





Clinical features-related AS in ESCA

We found that there were multiple clinical features such as disease type, race, pathological grade, reflux history, and BMI, that were significantly correlated with ASEs in ESCA (Figure 2). Among these clinical features, the pathological disease type was found related to most ASEs, so the relationship between the disease type and other clinical features was investigated using a “waterfall” plot. In ESCA, pathological disease types were mainly divided into adenocarcinoma and squamous cell carcinoma. Fisher’s exact test showed that other clinical features were significantly correlated (overlapped) with pathological disease types, especially for race, tumor location, and BMI (P < 0.05, Figure 4A). Esophageal cancer in the Asian populations is mostly squamous cell carcinoma that occurs in the middle third of the esophagus, which may be related to an over-heat diet and other living habits (30). While in the White American population esophageal cancer is mostly adenocarcinoma that occurs in the lower third of the esophagus, which might be related to the incidence of gastroesophageal reflux followed by high BMI.




Figure 4 | Analysis of AS-related clinical features in ESCA. (A) A waterfall plot was performed to display the relative relationships of AS-related clinical features, and the pathological disease type was set as the fundamental control. Fisher’s exact test was used to value the significance of the relationships between these clinical features with disease type. (B) Bar chart was used to show the results of gene function enrichment analysis of 1,018 genes within 1,717 disease type-related ASEs in the White Americans.



To effectively identify disease type- and race-related ASEs in ESCA, we further analyzed the splicing differences between adenocarcinoma and squamous cell carcinoma in WAs as well as splicing differences between AAs and WAs in squamous cell carcinoma. The results showed that 1,717 instead of 2,097 ASEs were identified after adjustment by race between different disease types and that 39 instead of 1,232 ASEs were identified after adjustment by disease type between different races. Gene function enrichment analysis showed that 1,018 genes within these 1,717 disease-type-related ASEs were mainly enriched to pathways such as actin filament-based process and signaling by Rho GTPases (Figure 4B). Among these 39 race-related differential ASEs, 23 were identified as race-related between WAs and BAs in at least 5 cancer types. These results indicated that disease type might decide the splicing differences in ESCA, and that race might only contribute a few to these differences. Moreover, race-related ASEs can be found more effectively by requiring of existing in several cancer types at the same time.





Function enrichment analysis of clinical feature-related ASEs in cancers

To analyze the gene function of ASEs related to different clinical features in tumors, clinical features with considerable ASEs in cancers were selected to perform gene function enrichment analysis, including “neoplasm histologic grade” in BLCA, “pathologic M” in KIRC, “acute myeloid leukemia calgb cytogenetics risk category” in LAML, “site of resection” in PAAD, “history of colon polyps” in COAD, “fetoprotein outcome value” in LIHC, “tobacco smoking history” in LUAD, and “gender” in KIRP (Figures 5A; S3A). The results showed that the “GO:0016071/mRNA metabolic process” and “GO:0044265/cellular macromolecule catabolic process” were the most 2 significant enrichment pathways of ASEs related to “neoplasm histologic grade” in BLCA. “R−HSA−194315/Signaling by Rho GTPases” and “R−HSA−71291/Metabolism of amino acids and derivatives” were the most 2 pathways of “pathologic M” in KIRC. “R−HSA−9675108/Nervous system development” and “R−HSA−9006934/Signaling by Receptor Tyrosine Kinases” were the most 2 pathways of “site of resection”-related ASEs in PAAD. “R−HSA−9006934/Signaling by Receptor Tyrosine Kinases” and “R−HSA−9012999/RHO GTPase cycle” were the most 2 pathways of “CALGB cytogenetics risk”-related ASEs in LAML (Figure 5A). “GO:0032878/regulation of establishment of cell polarity” and “GO:0000278/mitotic cell cycle” were the most 2 pathways of the “history of colon polyps” in COAD. “WP2882/Nuclear receptors meta−pathway” and “R−HSA−382551/Transport of small molecules” were the 2 pathways of “fetoprotein outcome value” in LIHC. “hsa05168/Herpes simplex virus 1 infection” and “R−HSA−382551/Transport of small molecules” were the most two pathways of “gender” in KIRP. “WP3678/Amplification and expansion of metastatic traits” and “GO:0006664/glycolipid metabolic process” were the most 2 pathways of “tobacco smoking history” in LUAD (Figure S3A).




Figure 5 | Gene function enrichment analysis of clinical feature-related ASEs in cancers. (A) Clinical feature-related ASEs in cancers including “neoplasm histologic grade” in BLCA, “pathologic M” in KIRC, “acute myeloid leukemia calgb cytogenetics risk category” in LAML, and “site of resection” in PAAD were selected to perform gene function enrichment analysis. (B) GIT2 and TUBB3 were selected as 2 examples of splicing genes belonging to the enriched pathway “Signaling by Rho GTPases” of pathologic metastasis-related ASEs in the KIRC cohort. (C) Kaplan-Meier plot showed that AS of GIT2 and TUBB3 was both significantly associated with KIRC patients’ progression-free survival. (D) ABI1 was selected as an example of splicing genes belonging to the enriched pathway “Signaling by Receptor Tyrosine Kinases” of CALGB cytogenetics risk-related ASEs in the LAML cohort. AS of ABI1 was significantly associated with LAML patients’ overall survival.



For example, the pathway “Signaling by Rho GTPases” showed a significant association with pathological metastasis of KIRC. Among genes in this pathway, AS of GIT2 (GIT2_AA_24375), showed a significant increase in metastasis tissues compared with no-metastasis tissues and was negatively associated with progression-free survival of KIRC patients, while AS of TUBB3 (TUBB3_ES_38175) showed a significant decrease in metastasis tissues and was positively associated with progression-free survival of KIRC patients (Figures 5B, C). The pathway “Signaling by Receptor Tyrosine Kinases” showed a significant association with the “CALGB cytogenetics risk” of LAML. AS of ABI2 (ABI1_ES_11042), a key gene in this pathway, showed a significant increase in the poor category compared with the favorable category and was associated with poor overall survival of LAML patients (Figure 5D). The pathway “regulation of establishment or maintenance of cell polarity” also significantly enriched the “history of colon polyps”-related ASEs in COAD. Among genes in this pathway, AS of LLGL2 (LLGL2_AP_43458) showed a significant increase in COAD with a history of colon polyps when compared to COAD patients without (Figure S3B). The pathway “Nuclear receptors meta-pathway” significantly enriched with the “fetoprotein outcome value”-related ASEs in LIHC. Among these, AS of SCP2 (SCP2_ES_3045) and SLC27A5 (SLC27A5_AP_52472) showed a significant difference in LIHC with different fetoprotein levels and were both. associated with LIHC patients’ overall survival (Figure S3C, D).





Identification of RBPs to regulate clinical feature-related ASEs

RBPs could be predicted by the enrichment of motifs around alternative exon for ASEs in splice types AA, AD, ES, RI, and ME respectively. We identified clinical feature-related ASEs in several cancer types (Figure 2). However, these clinical feature-related ASEs were in different proportions of splice types, and exon skipping (ES) accounted for the most (Figure S1). To explore the potential regulators of “neoplasm histologic grade”-related ASEs in BLCA and “history of colon polyps”-related ASEs in COAD, exon skipping (ES) events were extracted with genome coordination and organized into the format that meets the requirements of rMAPS2, due to the considerable amounts of AS events. The results showed that ASEs up-regulated in BLCA with high-level neoplasm grade were enriched to several RBPs’ motifs, including “poly-T” motifs and polypyrimidine tract (Py-tract) sequence of HuR, CPEB4, TIA1, HNRNPC, PTBP1, RALY and ZC3H14, and motifs of PCBP2 and SNRNP70 (Figures 6A, B). ASEs upregulated in COAD without a history of colon polyps were similarly enriched to RBP motifs of neoplasm grade-related ASEs in BLCA (Figure 6C). Py-tract sequence was often located in the upstream intron of alternative exon and used to attract spliceosome through the recognition of RBPs to the 3’ splice site, resulting in the inclusion of alternative exons (31). The inclusion of alternative exons of these Py-tract ASEs indicated that mechanisms suppressing exon inclusion were wiped out in BLCA with high-grade pathology. In addition, PCBP2 and SNRNP70 might also play important roles in affecting AS regulation in these different clinical feature groups.




Figure 6 | Identification of RBPs contributing to the regulation of clinical feature-related ASEs by using rMAPS2. (A) HuR and PCBP2 were selected as the 2 most representative RBPs that were enriched to Exon Skipping splicing events in neoplasm histologic grade-related ASEs in BLCA. (B) Heatmap showed the most 30 significant enrichments of RBP-motifs to the neoplasm histologic grade-related ASEs in BLCA. (C) Heatmap showed the most 30 significant enrichments of RBP-motifs to the colon polyps-related ASEs in COAD.







Validation of clinical feature-related ASEs and predicted RBPs

To validate the gene function of ASEs related to different clinical features, we chose a metastasis-related ASE in KIRC (TUBB3_ES_38175) as analyzed in Figure 5, and performed experiments to demonstrate the relationship between AS of TUBB3 and metastatic potency of kidney cancer cells. As TUBB3_ES_38175 caused TUBB3 mRNA degradation, we transfected TUBB3 shRNA in OS-RC-2 and 786-O cell lines and verified decreased TUBB3 expression (Figures 7A, B). CCK-8 (Figures 7C, D) and clone formation assays (Figures 7E, F) showed that TUBB3 silencing decreased the proliferation and clonogenic ability in OS-RC-2 and 786-O cells. Importantly, we demonstrated that TUBB3 knock-down significantly weakened the migration ability of OS-RC-2 and 786-O cells (Figures 7G, H), which was consistent with our function enrichment analysis of pathological metastasis-related ASEs in KIRC.




Figure 7 | Validation of metastasis-related ASEs (TUBB3_ES_38175) in kidney cancer cells. (A, B) Expression of TUBB3 mRNA was determined by qPCR in OS-RC-2 and 786-O cells with TUBB3 knockdown. (C, D) CCK-8 assays were performed in OS-RC-2 and 786-O cells after sh1-TUBB3, sh2-TUBB3 and sh-NC transfection. (E, F) Colony formation assays were performed in OS-RC-2 and 786-O cells after sh1-TUBB3, sh2-TUBB3 and sh-NC transfection. (G, H) Modified Boyden chamber assays were applied for migration of OS-RC-2 and 786-O cells after sh1-TUBB3, sh2-TUBB3 and sh-NC transfection. The data are shown as the mean ± SD. One representative plot of n = 3 experiments is shown. *, P < 0.05; **, P < 0.01, ***, P < 0.001, as determined by one-way (A, B, F, H) or two-way (C, D) ANOVA.



To preliminarily validate the relationship between the above-identified RBPs and associated clinicopathologic features, we explored the role of PCBP2 in the proliferative and migratory ability of bladder cancer cells given the potential regulation of PCBP2 to “neoplasm histologic grade”-related ASEs in BLCA. Human bladder cancer cell lines (T24 and 5637) with PCBP2 stably knocked down were constructed and validated (Figures 8A, B). CCK-8 (Figures 8C, D) and clone formation assays (Figures 8E, F) showed that PCBP2 silencing decreased the proliferation and clonogenic ability in T24 and 5637 cells. Furthermore, we observed that the migration ability was weakened in PCBP2 knock-down T24 and 5637 cells (Figures 8G, H). These results suggested that PCBP2 promoted the malignancy of bladder cancer cells, which was related to the high-grade pathology of BLCA.




Figure 8 | Validation of identified RBP (PCBP2) in tumor cells. (A, B) Expression of PCBP2 mRNA was determined by qPCR in T24 and 5637 cells with PCBP2 knocked down. (C, D) CCK-8 assays were performed in T24 and 5637 cells after sh1-PCBP2, sh2-PCBP2 and sh-NC transfection. (E, F) Cell colony formation assays were performed in T24 and 5637 cells after sh1-PCBP2, sh2-PCBP2 and sh-NC transfection. (G, H) Transwell assays were applied for migration of T24 and 5637 cells after sh1-PCBP2, sh2-PCBP2 and sh-NC transfection. The data are shown as the mean ± SD. One representative plot of n = 3 experiments is shown. **P < 0.01, ***P < 0.001, as determined by one-way (A, B, F, H) or two-way (C, D) ANOVA.








Discussion

In this study, we systematically analyzed AS differences between different groups of 58 clinical features in 33 cancers, and identified 30 clinical features in 24 cancer types associated with more than 50 ASEs individually. Among these, we found that pathological subtypes might represent the main resource of splicing differences in a cancer type. Race-related ASEs may result from SNPs that vary in different races. Gene function enrichment analyses showed that “pathologic M”-related ASEs in KIRC mainly enriched to “Signaling by Rho GTPases” pathway, “neoplasm histologic grade”-related ASEs in BLCA mainly enriched to “mRNA metabolic process”, “CALGB cytogenetics risk category”-related ASEs in LAML mainly enriched to “Signaling by Receptor Tyrosine Kinases”. Among those ASEs associated with metastasis, AS of GIT2 and TUBB3 might be 2 represents in KIRC metastasis. While among those ASEs associated with CALGB cytogenetics risk, AS of ABI1 might be an effective representation in LAML. Finally, we identified several RBPs such as PCBP2, SNRNP70, HuR, and TIA1, which might contribute to splicing differences between different groups of neoplasm grade in BLCA. Our work systematically revealed the relationship between AS and clinicopathological features in cancers, providing novel insights for tumor progression and promising molecular targets for cancer therapy by regulating clinically relevant AS and splicing factors.

As aberrant AS has been discovered to be a vital contributor to tumorigenesis and cause of tumor heterogeneity, growing evidence reveals the clinical implications of specific aberrant ASEs in cancers. Among these, most reports focus on the relationship between aberrant ASEs and prognosis and survival in cancer patients. After identification of the overall survival-associated ASEs, prognostic models were developed to predict the survival outcomes of patients with aberrant AS patterns in gastric cancer (32–35), breast cancer (36), CHOL (37), glioblastoma (38), pancreatic cancer (39), LAML (40), UVM (41), HNSC (42), etc. Aberrant AS is also related to chemotherapy resistance. Androgen-receptor splice variant (AR-V7), a transcript generated by the AS mechanism, is responsible for the resistance to enzalutamide and abiraterone in castration-resistant prostate cancer (43). In addition, there are a few studies that reported the relationship between AS and pathological characteristics of tumors. Belluti et al. suggested that different NF-YA isoforms led to different phenotypes of prostate cancers (44). In oral squamous cell carcinoma, TGIF1 splicing variant 8 was reported to be correlated with the pathologic stage (45). In our previous study, we characterized large amounts of different ASEs in 2 pathological subtypes of testicular germ cell tumors (46). However, ASEs related to diverse clinicopathologic characteristics are still rarely systematically profiled in pan-cancers. Herein, the present study included 58 clinicopathologic characteristics of cancers in differential AS analysis and identified clinically relevant ASEs across multiple cancers. A considerable number of ASEs were found to be associated with clinical features such as race, pathologic T, neoplasm histologic grade and disease type. And profiles of clinically relevant ASEs varied with tumor types. For example, in KIRC, different ASEs were mainly associated with pathological metastasis, and function enrichment analysis showed that these ASEs were enriched in pathway “Signaling by Rho GTPases”, which was considered a critical pathway involved in cancer metastasis (47).

Although the relationship between aberrant ASEs and tumor heterogeneity is well characterized, how ASEs contribute to tumor heterogeneity and affect tumorigenesis and tumor progression remains unclear. It is generally accepted that aberrant AS affects the expression patterns of tumor-related genes. Mechanically, aberrant AS may create a premature termination codon (PTC) which can be recognized by the intracellular mRNA quality surveillance system and then trigger the activation of the nonsense-mediated mRNA decay (NMD) pathway (48). For instance, Wollerton et al. revealed that AS of polypyrimidine tract binding protein (PTB) created mRNA isoforms that were destructed during NMD (49). Interestingly, we found that the ASE “TUBB3_ES_38175” was associated with pathological metastasis in KIRC. However, the ASE “TUBB3_ES_38175” generated a TUBB3 mRNA isoform that could be removed by NMD, and was down-regulated in metastatic cancer. This AS event, in turn, increased the expression of TUBB3, which was evidenced to promote the progression of KIRC and also validated by our experiments in vitro (50). The ASE “TUBB3_ES_38175” could serve as a marker of tumor heterogeneity in KIRC to evaluate tumor metastasis, guide cancer therapies, and deepen our understanding of the mechanism of cancer progression. Therefore, our result indicated that the occurrence of specific ASEs could exert anti-tumor effects.

Given that AS plays such a critical role in the genesis and development of multiple cancer types, it is urgent to clarify the modulation of AS. As a nuclear process mediated by spliceosome formed by small nuclear ribonucleoproteins (snRNPs), AS is regulated mainly by cis-acting elements and trans-acting RBPs including splicing factors. Through whole-exome and RNA sequencing, the somatic mutation in splicing regulatory cis-elements was shown to affect AS in cancers (51). In the present study, we revealed the relationship between ASEs and nearby SNPs in different races, suggesting that mutations in cis-elements decided race-related ASEs across cancer types. In addition, numerous studies reported that mutations and epigenetic regulation of trans-factors accounted for aberrant ASEs in cancers. Frequent somatic mutations in splicing factors including SF3B1, SRSF2, and U2AF1 were discovered in myeloid malignancies as well as solid tumors (52–59). The expression of splicing factors was also reported to be regulated by DNA methylation and histone modification (60–62). Furthermore, a transcription factors-RBPs-AS triplet analysis was used to interpret aberrant ASEs in cancer (63). Our results identified RBPs including PCBP2 and SNRNP70 responsible for differential ASEs upregulated in BLCA with high-level neoplasm grade. However, the functions and modulations of identified RBPs in cancers need further investigation in experimental and clinical studies.

To sum up, through detailed analysis of the differences in AS among the clinical features of tumors, we found that there are significant correlations between multiple clinical features such as race, disease type, age and gender, and AS. These differences may be affected by SNPs or splicing factors. Although we see associations between clinical features, which somewhat downplays differences in AS among other clinical features, however, this splicing difference plays a role in the differential development of the disease. What kind of effect is not yet achieved, and still needs a lot of further research.
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Supplementary Figure 1 | The statistics of the number of splicing events in different splicing types associated with clinical features in cancers. Only the 30 clinical features in 24 cancer types that were associated with more than 50 ASEs were displayed.

Supplementary Figure 2 | The statistics of the significance of differences in immune cell infiltration between 2 groups of clinical features in cancers. TCGA-CIBERSORT project data was used to perform differential analysis. Only the 14 immune cells and 23 clinical features in 21 cancer types with a delta proportion of more than 3 percent and BH adjust P value of less than 0.05 were kept and displayed.

Supplementary Figure 3 | Gene function enrichment analysis of clinical feature-related ASEs in cancers. (A) Clinical feature-related ASEs in cancers including “history of colon polyps” in COAD, “fetoprotein outcome value” in LIHC, “tobacco smoking history” in LUAD, and “gender” in KIRP were selected to perform gene function enrichment analysis. (B) LLGL2 and ECT2 were selected as an example of splicing genes respectively belonging to the enriched pathways “regulation of establishment or maintenance of cell polarity” and “mitotic cell cycle” of colon polyps-related ASEs in the COAD cohort. (C) SLC27A5 and SCP2 were selected as 2 examples of splicing genes belonging to the enriched pathway “Nuclear receptors meta-pathway” of fetoprotein outcome value-related ASEs in the LIHC cohort. (D) Kaplan-Meier plots showed that AS of SLC27A5 and SCP2 was significantly associated with LIHC patients’ overall survival.
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Whether neoadjuvant therapy confers a survival benefit in advanced prostate cancer (PCa) remains uncertain. The primary endpoints of previous retrospective and phase II clinical studies that used neoadjuvant therapy, including androgen deprivation therapy combined with new-generation androgen receptor signaling inhibitors or chemotherapy, were pathological downstaging, progression-free survival, prostate-specific antigen relief, and local symptom improvement. To the best of our knowledge, no studies have explored the efficacy and safety of neoadjuvant therapy in improving the surgical resection rate in cases of unresectable primary tumors of PCa. We first designed this retrospective study to evaluate the potential value of apalutamide as neoadjuvant therapy in improving the resectability rate of radical prostatectomy (RP). We initially reported 7 patients with unresectable primary lesions who underwent neoadjuvant apalutamide treatment for a median of 4 months, and all of them successfully underwent RP treatment. Our study supported apalutamide as neoadjuvant therapy, which helped improve RP’s success rate and did not significantly increase perioperative complications, and the neoadjuvant therapy was controllable. Our findings’ clinical value and benefit for survival still need further clinical research to confirm.
Keywords: prostate cancer, androgen deprivation therapy, apalutamide, neoadjuvant therapy, radical prostatectomy
INTRODUCTION
The main goals of neoadjuvant therapy for prostate cancer (PCa) based on androgen deprivation therapy (ADT) are to reduce tumor size, reduce the rate of positive surgical margins, and achieve pathological remission, but no benefit has been observed in terms of cancer-related death (Ge et al., 2022; Wang et al., 2022). Thus, neoadjuvant therapy has not been recommended as the primary treatment option for patients with progressive PCa (Ge et al., 2022; Wang et al., 2022). In the past 20 years, the emergence of new-generation androgen receptor signaling inhibitors (ARSI), such as abiraterone, apalutamide, enzalutamide, and darolutamide, has increased interest in the neoadjuvant treatment of PCa (Devos et al., 2021). Recently, some phase II studies of apalutamide as neoadjuvant therapy, mainly for newly diagnosed patients with medium and high-risk PCa, including a single-arm phase II NEAR trial (Lee et al., 2022; Yang et al., 2022) and a placebo-controlled phase II study (Devos et al., 2023), both their primary endpoints were pathological response rate and safety. Another phase II study explored the effect of apalutamide as neoadjuvant therapy on perioperative complications and found that it did not significantly increase the occurrence of significant complications of grade 3 and above; however, it might increase the risk of thrombosis in patients with RP and lymph node dissection (Ilario et al., 2023).
There is no phase Ⅲ clinical study data to prove the value of survival benefit in neoadjuvant therapy for progressive PCa. Several phase II clinical studies of ARSI and chemotherapy as neoadjuvant therapy, including docetaxel (Zhuang et al., 2023) or cabazitaxel (Fleshner et al., 2023), main focus is on pathological response rate, pathological downstaging rate, prostate-specific antigen (PSA) benefit, progression-free survival (PFS) and complications. There is no report on the efficacy and safety of neoadjuvant therapy for unresectable progressive PCa. We designed this retrospective study to evaluate the potential value of apalutamide as neoadjuvant therapy in improving the resectability rate of the prostate.
METHODS
We included PCa patients diagnosed and treated by the Fujian Prostate Disease Diagnosis and Treatment Alliance (including 45 medical centers) from January 2021 to August 2023. Patients were screened according to the following inclusion and exclusion criteria. The inclusion criteria were as followings: (a) the patient was diagnosed with advanced prostate acinar adenocarcinoma (T4N0-1M0-1); (b) their physical status score were 0 according to Eastern Cooperative Oncology Group (ECOG) (Anker et al., 2016); (c) the patient had completed the multi-parameter magnetic resonance imaging (MRI) plain scan and enhanced examination for prostate before the prostate biopsy (Figure 1), and evaluated by 2 PCa surgeons from Fujian Provincial Hospital as unresectable PCa with progressive primary prostate lesions (defined as PCa with local progression and mainly invading the rectum, bladder and surrounding tissues, and the primary prostate lesions and seminal vesicles could not be removed without avoiding cystectomy or rectal injury; each surgeon had completed 100 or more PCa laparoscopic or robotic surgeries in the past 2 years); (d) patients had undergone at least 3 months of ADT combined with apalutamide 240 mg once daily as neoadjuvant therapy; (e) prostate MRI was re-evaluated after neoadjuvant treatment to evaluate whether the prostate resectable; (f) critical data such as imaging and PSA re-examination were available and the patients were willing to participate this study. Exclusion criteria were as follows: (a) patients with poor physical status (ECOG ≥1); (b) the evaluation of the prostate by MRI or 99mTc-prostate-specific membrane antigen Computed Tomography (PSMA CT) (Zhang et al., 2022) after neoadjuvant treatment suggested no tumor activity in the prostate; (c) patients with more than 5 bone metastatic foci or combined with visceral metastase (not an oligometastasis) (Wenzel et al., 2023); (d) patients who were not suitable for surgery or who had limited benefit from surgical treatment evaluated by consultation from PCa multidisciplinary team (MDT). The primary endpoint of our study was the number of patients with resectable surgery after neoadjuvant apalutamide therapy. The secondary endpoints were the number of tumor stage remission, the number of pathological remission, and the number of PSA relief (defined as PSA less than 0.10 ng/mL from the start of apalutamide treatment to half a year after surgery), as well as perioperative complications and drug side effects of neoadjuvant treatment.
[image: Figure 1]FIGURE 1 | Magnetic resonance images of apalutamide before and 3 months post neoadjuvant treatment in case 2. (A), sagittal view, (B,C), axial view T2 imaging showed that prostate cancer broke through the prostate capsule and invaded the rectum, bladder neck, and seminal vesicles before neoadjuvant treatment; (A), sagittal view, (B,C), axial view T2 imaging showed that prostate cancer retracted significantly after neoadjuvant therapy (D), the boundary between the prostate and rectum seemed more straightforward, with no apparent tumor involvement in the bladder neck, but lesions invaded seminal vesicle still exists (E,F).
RESULTS
We finally included 7 patients (Table 1). Their median age was 67 years old (range 65–81 years old), with a median Body mass index of 23.8 kg/m2 (range 21.7–26.3 kg/m2). Their median initial PSA was 70.12 ng/mL (range 17.34–271.58 ng/mL), and their median needle biopsy Gleason score was 9 points (range 8–10 points). Their newly diagnosed stage was cT4N0-1M0-1b. Their median ADT plus apalutamide treatment duration was 4 months (range 3–12 months). Preoperative PSA was less than 0.01–4.09 ng/mL. After neoadjuvant treatment, these patients were all re-evaluated as prostate resectable, and all underwent RP or cytoreductive proctectomy (Figure 2), with standard or extended lymph node dissection simultaneously. Their median operative time was 200 min (range 140–300 min), and the median intraoperative blood loss was 60 mL (range 50–120 mL). All patients showed improved lower urinary tract symptoms and downgraded Gleason score after radical prostatectomy, with 1 case achieving pathological complete remission. A decrease in PSA was observed at 1.5 months after surgery, and 5 cases had PSA relief. The median follow-up time was 13 months (range 9–25 months). By the end of the follow-up, 6 cases had sustained PSA relief, and 1 case had PSA decline and then increase, which may be related to the progression of metastatic lesions. No symptom progression was observed in all patients. Neoadjuvant therapy did not significantly increase perioperative complications; no grade 3 or above complications were found (Dindo et al., 2004). Urinary incontinence over 2 months was not observed. No new adverse reactions from neoadjuvant therapy were observed, and the side effects were tolerable.
TABLE 1 | Clinicopathological details for this case series.
[image: Table 1][image: Figure 2]FIGURE 2 | Case 2 Intraoperative image of 3 months after apalutamide neoadjuvant therapy. (A) The seminal vesicles on both sides are still evident, but apparent adhesions to the rectum are observed; (B) a clear separation between the right lobe of the prostate and the rectum; (C) the adhesion band with the rectum at the angle of the left seminal vesicles; (D) no apparent tumor invasion on the bladder neck and prostate is completely removed.
DISCUSSION
To date, we first reported the potential value of neoadjuvant therapy for unresectable progressive PCa and neoadjuvant therapy did not significantly increase perioperative complications, and the safety was tolerable.
In recent years, some phase II studies of apalutamide as neoadjuvant therapy were performed, mainly for newly diagnosed high-risk PCa patients, with primary endpoints as pathological remission and safety. A single-arm phase II study (NEAR trial) investigating neoadjuvant apalutamide monotherapy and RP in newly diagnosed intermediate- and high-risk PCa patients, cancer burden reduction and PSA relief were obtained without any pathologic complete response (Lee et al., 2022). Neoadjuvant apalutamide treatment was tolerable and did not have a clinically significant negative impact on the patient’s overall health status and quality of life scores, with the main side effects of fatigue and sexual dysfunction (Yang et al., 2022). This study was consistent with the secondary findings of our study, but we did not assess sexual dysfunction because these patients had little need for sex before neoadjuvant therapy. In another randomized, placebo-controlled phase II neoadjuvant trial of neoadjuvant degarelix plus apalutamide compared with degarelix before RP for 12 weeks in patients with high-risk PCa, degarelix plus apalutamide significantly improveed pathological response (including minimal residual disease and residual cancer burden at final pathology) (Devos et al., 2023). From another prospective single-center phase II trial of patients with high-risk PCa, ADT plus abiraterone with or without apalutamide were given as neoadjuvant therapy and no significant difference in complications within 30 days were observed between the two arms, but 4.9% of thromboembolic events occurred in the arm of neoadjuvant triple therapy (Ilario et al., 2023). None of these studies addressed the effect of apalutamide on prostate resectability in patients with progressive PCa. In our limited cases, in addition to finding that neoadjuvant therapy helped improve prostate resectability, pathological downstaging, and PSA relief were also observed. Regarding complications, we did not perform triple neoadjuvant therapy or observe that apalutamide increased perioperative complications, and no thrombotic events were observed.
Although whether ADT combined with ARSI as neoadjuvant therapy can bring survival benefits is worthy of further research, it is relatively sure that ADT alone before RP is not recommended, especially for patients with intermediate- and low-risk PCa, as ADT can cause side effects such as weight gain and mood changes, and increases the risk of cardiovascular disease, diabetes, and osteoporosis, guidelines also strongly recommend that men who choose surgery should not undergo ADT (MacLennan et al., 2023). However, a systematic review suggested a survival benefit with ADT as a neoadjuvant approach in high-risk PCa patients (Cartes et al., 2023). For metastatic PCa (mPCa), the current mainstream view is that local treatment is not recommended (Cornford et al., 2021). However, accumulating retrospective studies have found that for selective metastatic PCa, local treatment such as RP would improve symptoms, PFS and PSA benefits, and even survival benefits (Rajwa et al., 2023). Therefore, how to select appropriate progressive PCa patients for neoadjuvant therapy and then give RP is worthy of attention. A study found that the overall mortality of mPCa benefited from local treatment, and patients with less aggressive tumors and good general health appeared to benefit more (Loppenberg et al., 2017). In our study, 4 cases were localized PCa, and 3 were mPCa. These 3 patients we included were oligometastasis and in good physical condition. After neoadjuvant therapy, RP or cytoreductive prostatectomy brought symptom improvement, PSA relief, and pathological response. However, whether this kind of benefit would bring PFS and survival benefits deserves further observation.
Evaluating which patients are suitable for RP after neoadjuvant therapy is also worth exploring. Recently, it was found that the response of prostate-specific membrane antigen (PSMA) positron emission tomography (PET)/CT to primary PCa lesions after neoadjuvant therapy could predict the pathological response, which might be helpful for the selection of patients to perform RP. In a phase II clinical trial of high-risk PCa patients receiving ADT plus docetaxel or ADT plus abiraterone as neoadjuvant therapy, with a median follow-up time of 30 months, the study found that [68 Ga] PSMA PET/CT was an ideal tool for monitoring response to neoadjuvant therapy (Chen et al., 2023). After apalutamide treatment, we selected patients who underwent MRI or PSMA CT to determine that the prostate still had active cancer lesions and then underwent RP. Another study predicted the clinical parameters and molecular biomarkers after PCa neoadjuvant chemohormonal therapy to evaluate the pathological response to neoadjuvant therapy; they found a lower preoperative PSA level was an independent predictor of good pathological response (Fan et al., 2023). The preoperative PSA levels of the patients included in our study were all low. Only one case with mPCa had a preoperative PSA level exceeding 4 ng/mL. Longer-term PSA relief postoperatively suggested that these patients may have potential survival benefits from neoadjuvant therapy; however, whether these short-term benefits could be translated into long-term survival benefits and how safe this neoadjuvant therapy was still worthy of further exploration.
How to choose follow-up therapy after neoadjuvant therapy with RP is also an uncertain issue (Devos et al., 2021). An advanced PCa consensus conference may complement the knowledge gap in advanced PCa and help the MDT discuss treatment options (Gillessen et al., 2022). It is worth noting that most of the patients selected for neoadjuvant therapy are high-risk or very high-risk PCa, multi-modal active treatment is still required after RP to improve the clinical outcomes of these patients (Devos et al., 2021; Sugino et al., 2023). Although all 7 patients in our study achieved postoperative downstaging and extremely low PSA, most were high-risk or very high-risk PCa, and active continuous multimodal treatment after surgery was also applied.
As an exploratory retrospective study with a small sample size, this study has some limitations specific to retrospective studies. In the future, case-control studies with a large sample size are needed to evaluate this study’s conclusions further. It was important to note that the patients we selected had unresectable PCa. The definition of unresectable PCa was subjective, and whether it was resectable had a close relationship with the surgeon’s surgical skills. However, our cases were all evaluated by MRI, which objectively confirmed that PCa had progressed and invaded the rectum, bladder, or surrounding tissues. In addition, our case was based on two experienced surgeons who had undergone more than 100 PCa cases, suggesting these two surgeons were already qualified in RP. After a median of 4 months of neoadjuvant therapy with apalutamide, these patients underwent MRI re-examinations, the prostate was resectable was re-evaluated, and the potential benefits of RP through MDT were also discussed to maintain as much as possible the safety of RP and the reduction of surgical complications. Furthermore, although our study had a median follow-up time of 13 months (range 9–25 months), this follow-up time was far from enough to observe patients with PCa to determine whether apalutamide as a neoadjuvant treatment brought benefit in progression-free survival, overall survival, or its long-term side effects. However, for the purpose of our research, neoadjuvant treatment with apalutamide could help transform these selective PCa patients from unresectable primary lesions to resectable primary lesions. This was the paramount significance of this preliminary study.
CONCLUSION
To the best of our knowledge, we have performed the first preliminary assessment of unresectable progressive prostate cancer; those after neoadjuvant apalutamide therapy were converted to resectable prostate cancer, with no significant increase in perioperative complications and a tolerable safety of the neoadjuvant therapy. Our study provides a new opportunity for RP therapy in progressive prostate cancer. Further clinical studies still need to confirm whether this treatment brings survival benefits to patients.
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Ossifying renal tumor of infancy (ORTI) is an extremely rare benign renal solid tumor with typical clinical and pathological features. Most cases are diagnosed in infants that are less than 12 months of age and is more common in males. The first symptom in most patients is painless gross hematuria. Microscopically, the tumor has three main components: an osteoid core, osteoblast-like cells, and spindle cells. We reported a case of a 21-day-old patient diagnosed with ORTI who underwent partial nephrectomy and had good follow-up. The unique features of this case are the strong expression of Wilms Tumor-1 (WT-1) and a high Ki-67 index in the hot spot area. ORTI is considered to have a favorable prognosis. Due to the rarity of WT-1 positivity and high Ki-67 index, we should be highly aware that this patient needs to be followed closely. In addition, we reviewed the available literature on ORTI, with the aim of summarizing the diagnostic and therapeutic experience. The diagnosis needs to be given cautiously on the basis of clinical symptoms, imaging, and pathologic examination. Depending on the location and extent of the tumor, surgery can be performed by partial nephrectomy or nephrectomy to avoid overtreatment.
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1 Introduction

Ossifying renal tumor of infancy (ORTI) is an extremely rare benign renal solid tumor. Most cases are diagnosed in infants that are less than 12 months of age and is more common in males (1). By reviewing the English literature on PubMed, only 25 cases of ORTI have been reported to date since first reported by Chatten and colleagues in 1980 (2). Patients tend to present to the hospital with painless gross hematuria, rarely as an abdominal mass. This typical clinical feature and imaging data may aid in the diagnosis, and pathologic information is key for making a definitive diagnosis. This tumor is a benign lesion, and almost all reported patients have remained well postoperatively, without recurrence or metastasis. ORTI should be distinguished from other renal solid tumors in clinical practice. In this study, we report a case of ORTI and review the literature, with the aim of summarizing its diagnostic experience, improving the diagnostic rate, and avoiding unnecessary treatment.




2 Case presentation

A 21-day-old infant was found to have painless gross hematuria lasting 8 h after birth, which did not improve after symptomatic treatment, such as anti-inflammatory and hemostatic treatment. Routine urinalysis revealed an erythrocyte count up to 2,691 per microliter and 349.8 per high power field. Urologic ultrasound showed a hypoechoic mass in the middle and lower part of the left renal collecting system, measuring approximately 2.2×1.1×1.1 cm (Figure 1C). Enhanced computed tomography (CT) was then performed, which showed abnormal enhancement with localized calcification in the left renal pelvis (Figures 1D–F). Magnetic resonance imaging (MRI) results showed abnormal signal foci in the left renal pelvic region (Figures 1A, B). All of these signs provided evidence to suspect a neoplastic lesion. Therefore, ultrasound-guided renal puncture was performed. The puncture was performed by specialized staff of the department of interventional ultrasound, under ultrasound monitoring throughout the entire process. After local anesthesia, two strips of tissue from the left renal mass were punctured with a type 18G biopsy needle under ultrasound guidance. The exfoliated cells from the punctured tissue were detected and the remaining tissue was sent for pathological examination. The patient had no signs of bleeding on ultrasound and was given a local dressing. Exfoliative cytology showed that one cell type was seen, which was scattered and distributed in small clusters, with a consistent cytosol size, rounded and off-set nuclei, 2–3 nucleoli, and abundant cytoplasm, considered as tumor cells. Puncture pathology showed small patches of spindle cells with no mitotic image, favoring a benign lesion (Figure 2).




Figure 1 | Axial (A) and coronal (B) preoperative MRI images showing abnormal signal foci in the renal pelvic region. (C) Ultrasound showing calcification in the left renal pelvis. Axial (D), coronal (E), and sagittal (F) contrast-enhanced CT images showing abnormal enhancement in the left renal pelvis.






Figure 2 | Puncture pathology showing the presence of small patches of spindle-shaped cells with interstitial vitreous degeneration and no mitotic image.



After several diagnostic procedures, the renal pelvic mass was resected and a final histologic diagnosis of ORTI was made. Intraoperatively, the renal pelvis was significantly dilated, with a tortuous ureteropelvic junction, and a slight narrowing of the local ureter. Freeing the renal clitoral vessels on the surface of the renal pelvis, the renal pelvis was incised transversely between two branch vessels along the middle and lower pole of the left kidney (Figure 3A). A cauliflower-like lump was seen (Figure 3B). Upon exploration, the tumor was seen to emanate from the left lower renal calyx. The tumor was enucleated along the border of the tumor by approximately 5 mm to ensure a negative tumor margin. A localized collapse at the lower pole of the kidney was seen; the renal cortex was incised from there and the residual mass was stripped and removed (Figures 3C, D). The renal cortex and renal pelvis were sutured, and the renal pelvic outflow tract was checked for patency. The intraoperative frozen pathology result was ORTI. Consequently, the affected kidney was preserved. A double J-tube, model F3, with a length of 120 mm, was placed inside the ureter.




Figure 3 | (A) The renal pelvis was incised transversely between two branch vessels along the middle and lower pole of the left kidney. (B) A cauliflower-like lump was seen. (C) Partially collapsed lower pole of the left kidney. (D) Stripping and removal of the mass after incising the renal cortex.



The final pathology revealed ossifying renal tumor of infancy (Figure 4). Immunohistochemical results showed the following: Vimentin (+), Wilms Tumor-1(WT-1) (+), Cyclin D1 (+, partial), CK (-), EMA (-), INI-1 (+), Brg1 (+), Actin (-), Desmin (-), PAX8 (-), CD34 (-), S100 (-), Myogenin (-), MyoD1 (-), and STAT6 (-). Moreover, osteoblast-like cells were positive for STAB2. Approximately 60% of the cells were positive for Ki-67. The patient only had partial nephrectomy, and no other radiation or chemotherapy was given. The patient underwent urologic ultrasound, with no significant findings during postoperative retaining of the double J-tube. The double J-tube was removed at 68 days postoperatively. Up to now, the child has been followed up for 9 months, and no tumor recurrence or metastasis has been detected. The latest re-examined ultrasound results showed that the left kidney size was 5.7×3.7×3.2 cm, renal parenchyma thickness was 1.1 cm, and the collecting system was slightly separated and approximately 0.6 cm wide.




Figure 4 | Histological appearance and immunohistochemistry staining of the tumor. (A) Osteoblast-like cells in an osteoid core, HE staining. Immunohistochemistry staining reveals that the tumor cells are positive for WT-1 (B), Ki-67 (C), and STAB2 (D).






3 Discussion

ORTI is an extremely rare type of renal tumor in infants and young children; it is a benign tumor with a good prognosis. There are only 25 published cases in the literature. There are no statistics on the prevalence or incidence of ORTI in single centers or regions. In the previously reported cases, the age at diagnosis ranged from 6 days to 30 months, and most were diagnosed before the first year of life. It predominantly occurred in males. The most common clinical symptom was gross hematuria, and only two of the previous cases presented with a palpable abdominal mass on exam as the main symptom (1). On imaging, most cases showed a mass in the renal pelvis and calyces with clear borders, often with calcification (1). It is often accompanied by calcification and shows no or moderate enhancement on CT. Calcification may not be evident because of the patient’s young age or the small diameter of the tumor (3). Low T2 signal in MRI is a characteristic of this tumor (3, 4).

Microscopically, the tumor has three main components: an osteoid core, osteoblast-like cells, and spindle cells. The central part of the tumor was an osteoid core, which is the typical morphological feature of this tumor, and the proportion and maturity of the osteoid core increased with age (5). Focal osteoblast-like cells were seen between the osteoid core, which were polygonal with large nuclei and abundant cytoplasm. The osteoid core was surrounded by spindle cells with ovoid or spindle-shaped nuclei, fine chromatin, and sparse cytoplasm. The immunohistochemical staining of spindle cells was positive for Vimentin and WT-1, positive for SMA, and negative for EMA and CK in the literature. The osteoblast-like cells were positive for Vimentin, SATB2, EMA, and CK. Both cellular components were positive for Vimentin and INI1 and did not express CD99, Desmin, Myogenin, MYOD1, or CD34. The immunohistochemical results in this case fully support the diagnosis of ORTI.

At present, the histologic origin of ORTI is not well defined. The earliest researchers recognized that it originated from the urethral epithelium (2). Some studies have suggested that ORTI is a subtype of congenital mesangial nephroma (CMN) (6). It has also been suggested that the transformation from spindle cells to osteoblast-like cells suggests that the osteoblast-like cells are derived from intralobular nephrogenic rests (ILNR). Some authors hypothesize that ORTI may arise from hyperplastic ILNR because of the similarity between nephrogenic rests (NR) and the spindle cells in ORTI, and that Wilms tumor (WT) and ORTI may share a common pathogenic pathway (7). Some scholars believed that that the tumor may be a stage in the process of WT formation that tends toward benign differentiation (8). ORTI should also be differentiated from several diseases. Tumors can be polypoid or staghorn-like, extending into the collecting system, even leading to hydronephrosis or dilatation of the renal pelvis and calyces (9). It can be misdiagnosed as a staghorn stone on CT. CMN is common in infants below 6 months of age, and microscopically, consists mainly of a spindle cell component similar to that found in ORTI. The absence of an osteoid core and osteoblast-like cellular components in the tumor, as well as the detection of the ETV6-NTRK3 fusion gene, can differentiate from ORTI. NR have mesenchymal tissue; however, no bone-like tissue or osteoblast-like cells are present to differentiate them. WT is the most common malignant tumor of the kidney. The average age of a child with nephroblastoma is approximately 3 years old. Histology consisted of an undifferentiated embryo, with epithelial and mesenchymal components. Immunohistochemistry of WT showed positive WT-1, yet ORTI is uncommon. Vaillancourt and colleagues reported the first case of an ossifying renal tumor of infancy, positive for WT-1 immunohistochemistry staining, in 2017 (10). In addition, this patient also showed a high expression of Ki-67, which implied that tumor cells are more active in proliferation and are more aggressive. Whether the detection of this feature affects the prognosis of the patient needs to be verified over a longer follow-up period. In recent years, the chromosomal karyotype of ORTI has been reported in the literature with clonal trisomy 4 (11), which is considered to be characteristic of this tumor and differentiates it from other renal tumors in infants and children.

Partial nephrectomy or nephrectomy was seen as the main treatment modality in previously reported cases, and chemotherapy in the minority. Previous cases were well followed up, and no cases of metastasis and relapse have been detected yet, which shows the favorable prognosis for patients with ORTI. One of the patients with the longest follow-up of 23 years showed no progression (12), confirming its benign nature. When the tumor is of appropriate size and location, nephron sparing surgery can provide adequate treatment outcomes and protect as much renal function as possible. Considering that the pathologic findings in this patient showed a low probability of invasiveness, we recommended that the patient undergo urologic ultrasound every 3 months postoperatively and enhanced CT of the urinary system at 1 year postoperatively.




4 Conclusion

We reported a case of ORTI positive for WT-1 and with a high Ki-67 index. ORTI is extremely rare in clinical practice, diagnosed by its typical clinical symptoms and specific microscopic features. Surgery can be performed by partial nephrectomy or nephrectomy, depending on the location and extent of the tumor, and the prognosis is favorable. Due to the rarity of WT-1 positivity and the high Ki-67 index in this case, regular follow-up is required.
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Background: Clear cell renal cell carcinoma (ccRCC) stands as the prevailing variant kidney cancer in humans. Unfortunately, patients with disseminated RCC at diagnosis often have a diminished prognosis. Rapid tumor growth necessitates efficient blood supply for oxygen and nutrients, involving the circulation of blood from vessels to tumor tissues, facilitating tumor cell entry into the extracellular matrix. Vasculogenic mimicry (VM) significantly contributes to tumor growth and metastasis. Within this investigation, we identified vasculogenic mimicry-related genes (VMRGs) by analyzing data from 607 cases of kidney renal clear cell carcinoma (KIRC) in The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). These findings offer insights into ccRCC progression and metastasis.
Method: We identified VMRGs-related subtypes using consistent clustering methods. The signature of the VMRGs was created using univariate Cox regression and LASSO Cox regression analyses. To evaluate differences in immune cell infiltration, we employed ssGSEA. Afterwards, we created an innovative risk assessment model, known as the VM index, along with a nomogram to forecast the prognosis of ccRCC. Additionally, we verified the expression of an important gene related to VM, peroxiredoxin 2 (PRDX2), in tissue samples. Furthermore, we assessed the sensitivity to drugs in various groups by utilizing the pRRophetic R package.
Results: Significant predictors of survival rates in both high- and low-risk groups of KIRC patients were identified as VMRGs. The independent prognostic factors for RCC were confirmed by both univariate and multivariate Cox regression analyses, validating VMRG risk signatures. Differences were observed in drug sensitivity, immune checkpoint expression, and responses to immune therapy between patients classified into high- and low-VMRG-risk groups. Our nomograms consistently demonstrated precise predictive capabilities. Finally, we experimentally verified PRDX2 expression levels and their impact on prognosis.
Conclusion: The signature predicts patient prognosis and therapy response, laying the groundwork for future clinical strategies in treating ccRCC patients.
Keywords: ccRCC, vasculogenic mimicry, molecular subtypes, tumor immune microenvironment, drug susceptibility
HIGHLIGHTS
• Using the TCGA database and GEO database, a prognostic and immunotherapy effectiveness prediction model were developed for patients with ccRCC.
• The distinctive signature holds the potential to function as a valuable instrument to appraise and forecasting the overall survival rate in ccRCC.
• These four genetic factors could enhance the process of clinical decision-making and optimize the individualized treatment for individuals afflicted with ccRCC.
INTRODUCTION
ccRCC is the predominant form of RCC, accounting for the highest occurrence rate (Cotta et al., 2023). It is characterized by increased hypoxia and the upregulation of angiogenesis-related genes (Hsieh et al., 2017; Linehan and Ricketts, 2019). ccRCC represents a solid tumor with extensive vascularization (Aziz et al., 2013). ccRCC has been treated with anti-angiogenic tyrosine kinase inhibitors (TKIs) like sunitinib (Méjean et al., 2018) and pazopanib (Motzer et al., 2013). However, despite the significant improvement in clinical outcomes compared to a placebo, the results have fallen short of expectations. This raises the question of the possibility of an alternative origin for blood and nutrient provisioning. Although there are theories such as epithelial–mesenchymal transition or the development of cancer stem cells, the requirement for blood and nutrient provision remains crucial in order to support the rapid expansion and, ultimately, the significant size of ccRCCs (Singh and Settleman, 2010; Fendler et al., 2020).
VM is depicted as a novel mode of tumor perfusion (Treps et al., 2021). Unlike traditional tumor angiogenesis, VM entails the formation of channels composed of cancer cells (Hendrix et al., 2016; Delgado-Bellido et al., 2017; Xiang et al., 2018). An increasing amount of evidence suggests that TKIs, like sunitinib, could potentially enhance VM formation. This underscores the potent stimulus that compels tumors to actively pursue nutrient supply, even in the face of angiogenesis inhibition (Zhang et al., 2014; Ribatti et al., 2019). Our prior research on VM in ccRCC also furnishes supporting evidence of its role in fostering tumor growth (You et al., 2021; Liu et al., 2022). Hence, VM plays a crucial role in ccRCC progression.
Traditionally, clinical and pathological patient characteristics have been utilized to assess the risk of ccRCC recurrence and predict disease progression (Graham et al., 2018). In recent years, substantial efforts have been dedicated to identifying molecular biomarkers capable of accurately predicting outcomes in ccRCC patients (Cotta et al., 2023). In pursuit of this goal, numerous studies have devised intricate multigene expression profiles (Frew and Moch, 2015). These profiles, whether utilized independently or in conjunction with the conventional stratification system, have demonstrated their capacity to improve the precision of ccRCC prognosis (Rydzanicz et al., 2013; Frew and Moch, 2015; Wang et al., 2022; Zhang et al., 2022). Nevertheless, the collective insights derived from molecular and clinicopathological parameters still do not provide precise prognostications for patient outcomes. Research aimed at discovering novel biomarkers and molecular techniques is essential for advancing ccRCC prognosis and personalizing medical interventions, including exploring specific VM subclusters and their associations with immune characteristics and prognosis.
In this study, we systematically classified ccRCC into distinct VM phenotypes and observed significant differences in prognosis among these subtypes. Additionally, we identified that the high-scoring group exhibited greater potential for immune escape. Furthermore, our constructed prognostic model demonstrated strong predictive capability. Moreover, through experimental validation, we verified PRDX2 expression’s influence on prognosis and its connection to VM.
MATERIALS AND METHODS
Data collection
The study was carried out according to the workflow shown in Figure 1. The VMRGs sets (43 genes) were collected from earlier literature research (Luo et al., 2020; Fu et al., 2021; Treps et al., 2021; Wei et al., 2021; Zheng et al., 2021). Data from the TCGA database were downloaded on 25 June 2022 for ccRCC RNA sequencing and clinical characterization (https://portal.gdc.cancer.gov/repository), a dataset of 541 tumor samples and 72 normal tissue samples was included in the study (Liu et al., 2018). Perl (version Strawberry-Perl-5.30.1; https://www.perl.org) was used to extract the RNA-seq data in fragment per kilobase million (FPKM) format. For identical analysis with the E-MTAB-1980 and the GEO data (GSE29609), FPKM values were converted into transcripts per kilobase million (TPM). Following the merging of TCGA and GEO data, we employed the ‘sva’ R package to rectify batch effects, and all data were analyzed using R (version 4.1.3).
[image: Figure 1]FIGURE 1 | The workflow chart of the whole analysis in this study.
The analysis of consensus clustering for VMRGs GSVA and ssGSEA
To determine the ideal number of subtypes, we performed consensus clustering analysis. Using the ‘GGalluvial’ R package, we analyzed subtypes, overall survival status (OS), and risk scores. Pathway differences between these subtypes were examined through gene set variation analysis (GSVA). Afterwards, we evaluated the infiltration of immune cells across the categories using ssGSEA analysis.
The construction of a signature based on VMRGs
Initially, we identified predictive VMRGs in the training group by applying a threshold (p < 0.05). Then, we utilized LASSO analysis to minimize estimation variance. Afterwards, a predictive signature was identified using multivariate Cox regression analysis. For every ccRCC, we computed a risk score by summing up the products of the gene’s expression value and its corresponding regression coefficient, as per the formula Risk score = ∑N = A, B. n (Coefficient of gene N × Expression value of gene N). Using the median risk score as the threshold, the training cohort was split into groups classified as high-risk and low-risk. For the purpose of assessing the predictive ability of the signature, we created log-rank survival curves and time-dependent receiver operating characteristic (ROC) curves. We also tested the signature’s stability and reliability using similar methods in the E-MTAB-1980 cohorts. The analyses were performed using the R packages ‘glmnet,’ ‘survival,’ and ‘survminer'.
Evaluation of the forecasting capability of risk indicators
The VMRGs signature’s predictive performance was evaluated using Kaplan-Meier (KM) and Receiver Operating Characteristic (ROC) curve analyses with the assistance of the ‘survival’ and ‘survminer’ R packages. The evaluation of concordance was performed by utilizing the concordance index (C-index). In addition, we performed univariate and multivariate Cox regression analyses to assess the predictive significance of the risk scores. Additionally, we investigated the clustering capability of risk scores using principal component analysis (PCA) and t-SNE (t-distributed stochastic neighbor embedding) analysis. Furthermore, we conducted a comparison between the VMRGs signature and various clinical attributes, including sex, age, and tumor category.
An illustration of a prognostic nomogram
We evaluated the predictive ability for 1-, 3-, and 5-year OS by employing ROC curves to compute AUC values using time-dependent receiver operating characteristic curves. This analysis took into account risk score, clinical stage, gender, age, and tumor grade. We then constructed a quantitative risk signature for predicting OS rates by creating a nomogram that incorporated the risk score along with other clinical variables. Subsequently, we calibrated the aforementioned nomogram to demonstrate its prognostic value.
Tumor immune microenvironment characterization with risk score
By employing ssGSEA analysis, the assessment of immune cell infiltration was conducted across different categorizations. The assessment of 47 immunoregulatory checkpoint genes in both cohorts was conducted as the ultimate measure. The Xu et al. website provided gene sets associated with cancer and immune response. The website (http//biocc.hrbmu.edu.cn/TIP/) (Xu et al., 2018) provides additional information. Enrichment scores were precisely computed using the GSVA algorithm to compare gene features related to cancer immune cycles and immunotherapy between two subgroups. p-value below 0.05 (Hänzelmann et al., 2013) was considered statistically significant, indicating a significant difference. (Hänzelmann et al., 2013).
Preprocessing of epigenetic mutation data
The calculation of tumor mutation burden (TMB) involves tallying the number of somatic, coding, base substitution, and insertion-deletion mutations per megabase of the genetic material. Analysis of non-synonymous mutations identifies genetic alterations, whereas those below 5% are classified as code-shifting. TMB was considered high if it exceeded 3. To mitigate statistical prejudice, we eliminated ccRCC individuals who lacked clinical information, gene expression data, or TMB metrics. We employed the ‘maftools’ R package to quantify somatic point mutations in each sample. Somatic changes in ccRCC driver genes were detected in samples exhibiting either low or high-risk scores.
Significance of the VMRGS in drug sensitivity
The TIDE (Tumor Immune Dysfunction and Rejection) method was utilized to anticipate variations in the responsiveness to immunotherapy among the groups categorized as high-risk and low-risk. To evaluate VMRGS and determine IC50 values for commonly employed chemotherapeutics in ccRCC treatment, the ‘pRRophetic’ R package was employed (Geeleher et al., 2014).
GeneMANIA
Gene MANIA (http//genemania.org) anticipates genes with similar functions among hub genes and forms a network of protein-protein interactions (PPI) connecting them (Xu et al., 2020). Genes that are functionally similar and genes that are hub genes can also be predicted by it (Franz et al., 2018). The aim of this investigation was to examine functionally comparable genes within hub genes and assess their functional enrichment.
Cell culture and transfection
The 786-O cell line, which originated from human renal cell carcinoma (RCC), was obtained from the Cell Bank of the Chinese Academy of Sciences. Cells were cultured in RPMI 1640 medium (Gibco, United States) supplemented with 10% fetal bovine serum (FBS) (Gibco, United States) and maintained in an incubator at 37°C with 5% CO2. TRAM2 siRNA and its corresponding si-control were purchased from GenePharma (Shanghai, China). Lipofectamine 3000 reagent (Invitrogen, California, United States of America) was used for cell transfection following the manufacturer’s instructions. After 48 h of transfection, cells were used for protein quantification. The following sequences were employed for targeting PRDX2: 5′-GCC​UGG​CAG​UGA​CAC​GAU​UAA​TT-3' (si-PRDX2-1); 5′-GUG​AAG​CUG​UCG​GAC​UAC​AAA​TT-3' (si-PRDX2-2); 5′-CAG​ACG​CUU​GUC​UGA​GGA​UUA​TT-3' (si-PRDX2-3).
Sample collection
From 2022 to 2023, all contributors were from the Second Affiliated Hospital of Harbin Medical University, and their specimens were preserved at a temperature of −80°C. Authorization for this investigation was obtained through the approval of the ethics committee at the Second Affiliated Hospital of Harbin Medical University.
Western blotting analysis
To achieve cell lysis, a cell lysis buffer (Beyotime, China) supplemented with a protease inhibitor cocktail (Seven, China) was used on ice. Afterwards, the cells were collected using cell scrapers from BIOFIL, a company based in China. The Pierce BCA Protein Assay Kit (Beyotime, United States of America) was utilized for protein quantification, with measurements conducted at a wavelength of 562 nm (MD VersaMax, United States of America). Protein samples were applied onto SDS-PAGE gels with varying concentrations, ranging from 7.5% to 12.5%.Following electrophoresis, the proteins underwent transfer onto PVDF membranes (Merck Millipore, United States of America) utilizing an electrophoretic transfer apparatus (Tanon, China). After blocking, The PVDF membranes were subjected to primary antibody incubation for an excess of 12 h at a temperature of 4°C. Afterwards, the protein bands were made visible using chemiluminescence (Tanon) following a 1-h incubation with secondary antibodies under ambient conditions.
Immunohistochemical staining
IHC staining was conducted following a previously established protocol (Wu et al., 2020). Sections of ccRCC tissue embedded in paraffin were treated with anti-PRDX-2 (1:100, Protein-tech) and observed using a microscope (Leica DM2500P, Germany).
Matrigel tube formation assay
The in vitro assessment of cellular vasculogenic mimicry (VM) capacity was conducted using a Matrigel tube formation assay. In each well of a 96-well plate, 80 μL of Matrigel (at a concentration of 10 mg/mL) was evenly spread and permitted to solidify at 37°C for 1 h. Subsequently, suspended cells (1 × 10^5) were introduced into the culture medium containing varying concentrations of substances within the 96-well plates that had solidified Matrigel. The plates were then incubated in an environment maintained at 37°C with 5% CO2 for a duration of 24 h.
Extraction of RNA and qRT-PCR
The cells were used to isolate Total RNA with Trizol reagent (Invitrogen, United States of America). Then, cDNA synthesis was performed using the HiScript® III All-in-one RT SuperMix, which is a suitable option for qPCR applications (Vazyme, China). Following that, mRNA quantification was carried out using qRT-PCR assays on the StepOne Plus Real-Time PCR system from Applied Biosystems in the United States. The alterations in mRNA expression were computed utilizing the 2−ΔΔCT technique, while normalizing to β-actin. The PCR primers were specifically synthesized by TSINGKE Biological Technology (located in Nanjing, China) and their details can be found in Supplementary Table S2.
Statistical analysis
The R programming language was utilized for all statistical computations. Two-sample testing was conducted using the Wilcoxon method. The ‘ggplot2′ and ‘Rtsne’ packages in R were used to perform PCA and t-SNE analyses, respectively. For comparing two independent groups, a t-test was applied.
RESULTS
Distinctive expression patterns and genetic modifications in VMRGs
Figure 1 illustrates the overall methodology employed in this study. The compilation of VMRGs, consisting of 43 genes, was derived from prior literature research. The expression profiles of these regulators displayed noteworthy disparities between normal tissues and ccRCC tissues (Figure 2A). Our findings indicate that a majority of genes associated with VM exhibited elevated expression levels in ccRCC. These genes encompass TF, MMP9, VEGFA, LOXL2, DLL4, FLT1, EDN1, NRP2, POSTN, NOTCH4, TGFB1, EGFR, MMP14, KDR, CDH5, FLT4, TWIST1, TFPI, SERPINF1, EDNRB, SNAI1, ZEB1, ZEB2, NOTCH1, MAPK3, EPHA2, and MAPK1. Conversely, SEMA4D, PRDX2, PTGS2, WNT5A, and LAMC2 genes were found to have diminished expression levels (Figure 2B).
[image: Figure 2]FIGURE 2 | Alterations in gene expression and genetic variations in ccRCC. The TCGA heatmap (A) and box plot (B) demonstrate that 33 out of the 43 genes associated with VM exhibit noticeably different expression patterns between normal and ccRCC samples. (C) GeneMANIA analysis of differentially expressed genes and their co-expressed genes. (D) VM regulator CNV values for ccRCC specimens. (E) A map of the chromosomal location of CNV alterations in VM regulators. (F) Prognostic network depicting VMRGs. (G) Forest plot of OS derived from univariate Cox analysis. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
The co-expression network analysis confirmed a robust correlation among the co-expression patterns of these genes (Figure 2C). Furthermore, we conducted a copy number variation frequency analysis within the VMRGs. These findings indicate a significant gene dysregulation, with many genes experiencing dysfunction in terms of copy number alterations and deletions. (Figures 2D,E).
By employing univariate Cox analysis, we discovered 23 genes linked to prognosis (p < 0.05) within the VMRGs (Figure 2F). Prognostic network maps of VMRGs unveiled ZEB1, FLT1, EDNRB, EDN1, FLT4, PRDX2, KDR, SEMA4D, NOTCH4, DLL4, CDH5, EPHA2, MAPK1, MAPK3, and NOTCH1 as protective factors in ccRCC. Conversely, TWIST1, MMP14, WNT5A, POSTN, LOXL2, MMP9, SERPINF1, and TGFB1 were identified as risk factors (Figure 2G). Prognostic significance of VMRGs in ccRCC patients from the TCGA dataset and GEO (GSE29609) collection was assessed using Kaplan-Meier (KM) and Cox analyses (Supplementary Figure S1). In summary, VM exhibits significant differences in ccRCC and exerts a notably important impact on prognosis.
Description of phenotypes associated with VM
For this research, we utilized a coherence grid of subcategories to categorize all ccRCC individuals into two main categories, referred to as cluster A and cluster B (Figure 3A). The KM curve, which represents subsequent survival analysis, demonstrated a more positive outlook for ccRCC patients in cluster A compared to cluster B (Figure 3B). By utilizing principal component analysis on the expression profiles of VMRGs, we successfully segregated the data into cluster A and cluster B (Figure 3C). Significantly, we noticed contrasting expression patterns of VMRGs in the two gene clusters, with heightened expression in gene cluster A and diminished expression in gene cluster B (Figure 3D). In order to offer extensive understanding, we combined information from TCGA and GEO (GSE29609) groups, creating a heatmap based on clusters that displays the distribution of age and clinical stage among ccRCC patients (Figure 3E). We utilized the ssGSEA method to appraise the fractions of 23 distinct immune cell types within the two ccRCC clusters. Remarkably, 15 immunocyte types exhibited notable variances between these ccRCC clusters, as depicted in the figure (Figure 3F). Concurrently, GSEA revealed significant distinctions in the top 20 pathways between clusters A and B. Key pathways included NOTCH SIGNALING, AXON GUIDANCE, DORSO VENTRAL AXIS FORMATION, VASOPRESSIN REGULATED WATER REABSORPTION, and various cancer-related pathways (Figure 3G). Additionally, GSEA enrichment analysis intimated that cluster A was significantly augmented in the CALCIUM signaling pathway and VASCULAR SMOOTH MUSCLE CONTRACTION pathway, while the cluster B primarily exhibited enrichment in OXIDATIVE PHOSPHORYLATION pathways (Figure Figure3 H, I). These observations underscore a strong correlation between VM, neurological and vascular function, and tumor development. These results highlight the strong correlation between defined ccRCC clusters based on VMRGs and both prognosis and the immune status of ccRCC patients.
[image: Figure 3]FIGURE 3 | Analysis of signature clusters. (A, B) A comparison of the K-M survival curves of the two clusters and the concordance matrix. (C) Two clusters were analyzed using PCA. (D) The difference between clusters A and B in terms of VMRGs. (E) A sophisticated heatmap uncovers clinical associations among the two clusters. (F) Conducting differential analyses on two clusters of immune cells and fractions. (G) GSVA heatmaps showed the differences in pathways between the clusters. (H, I) The GSEA analysis uncovers the signaling pathway connecting the two clusters. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
Developing and validating risk models
With the aid of the LASSO regression analysis, four genes were identified as optimal candidates for the model (Figure 4A), which are listed in Supplementary Table S1. Using Kaplan-Meier analysis, it was ascertained that a substantial correlation existed between high-risk scores and adverse outcomes in the merged cohorts (Figure 4B). This finding was corroborated by the E-MTAB-1980 dataset (Figure 4C). Further, survival status, risk score, and risk gene expression distributions were compared between the Merged and E-MTAB-1980 datasets (Supplementary Figure S2A, B).
[image: Figure 4]FIGURE 4 | The establishment and validation of risk signatures linked to VM. (A) The merged dataset revealed four genes associated with VM that are most closely associated with OS using Lasso Cox analysis. (B, C) The Kaplan–Meier analysis of combined dataset and E-MTAB-1980 assess the prognostic importance of the risk model. The constructed model in the combined datasets (D) and E-MTAB-1980 (E) displays a time-dependent ROC curve. (F) ROC curves for risk score, age, gender, grade stage, and classification in the merged datasets. (G, H) Multivariate and univariate Cox regression findings in the combined dataset. (I) A prognostic model is depicted in a Ggalluvial plot. (J) Boxplots representing VM clusters illustrate disparities in risk scores. (K) A nomogram amalgamating the risk score of risk scores and clinical variables across the datasets, encompassing age, gender, and stage. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
The prediction model’s effectiveness was assessed using time-dependent ROC curves. The AUCs of the combined dataset at 1, 3, and 5-year intervals were 0.701, 0.700, and 0.711, respectively (Figure 4D). At 1, 3, and 5-year intervals, the time-dependent ROC curves of the E-MTAB-1980 dataset produce area values of 0.753, 0.750, and 0.777, respectively (Figure 4E). ROC curves comparing risk scores with other clinical characteristics (Figure 4F) demonstrated the model’s high predictability.
Risk scores were discerned as significant independent prognostic factors in the assessment of prognostic accuracy through univariate and multivariate Cox regression analyses (Figures 4G,H). The Sankey diagram was used to show the construction of the prognostic model, while the box plots were used to show the risk scores among VM clusters based on how the model was developed. (Figures 4I,J).
A nomogram was created using VMRGs to predict the 1, 3, and 5-year OS in ccRCC patients. This nomogram includes stage, age, grade, and risk score (Figure 4K). The calibration curve demonstrated a close alignment between the observed and predicted outcomes (Supplementary Figure S2C). ROC analyses demonstrated the nomogram’s higher sensitivity as a method for predicting the survival time of ccRCC patients after 1, 3, and 5 years (Supplementary Figure S2D). In summary, the results of this study demonstrate the prognostic accuracy of the proposed model in predicting the outcomes of patients with ccRCC in the future.
Clinical appraisal of risk model
In order to clarify the connection between the model and clinical traits in the validation group, we utilized Wilcoxon signed-rank tests to examine the correlation between risk groups and pertinent factors. The findings from our study suggest that the risk scores obtained from the model did not show any significant connections with the age of the patients (p > 0.05) (Supplementary Figure S3A) and the N stage (p > 0.05) (Supplementary Figure S3E). Significant associations with risk were observed for Gender (p < 0.05) (Supplementary Figure S3B), tumor grade (p < 0.05) (Supplementary Figure S3C), T stage (p < 0.05) (Supplementary Figure S3D), and M stage (p < 0.05) (Supplementary Figure S3F). The results indicate that the risk model we created is mainly associated with the spread of ccRCC.
Differences in the immune cell infiltration
A Spearman correlation analysis was performed, which showed a noteworthy positive correlation between risk scores and both macrophage M0 and regulatory T cells (Tregs) (Figures 5A,B). In contrast, there was an inverse relationship between Macrophages M1 and risk scores (Figure 5C). Furthermore, notable disparities were observed in the ratios of immune cells and the scores associated with immune functions among the two groups (Figures 5D,E). As a result, a study was conducted to analyze differences in tumor immune pathway functions between the high-risk and low-risk categories (Figure 5F). The results showed heightened activity in specific stages of the process, like Neutrophil attracting (step 4), Eosinophil attracting (step 4), and Basophil attracting (step 4) in the high-risk category, whereas Monocyte attracting (step 4) displayed decreased activity. Significant variations in immune and ESTIMATE scores were evident between the high-risk and low-risk groups, as shown in Supplementary Figure S4A. Furthermore, the group at high risk exhibited an increased expression of PD-1 and CTLA4, which serve as potential targets for checkpoint immunotherapy (Supplementary Figure S4B). The variances in immune reactions among the two categories could be incorporated into antitumor immunotherapy for ccRCC (Figure 5G).
[image: Figure 5]FIGURE 5 | Immune cells infiltrating tumors and chemotherapy. (A–C) The relationship between the risk score of VMRGS and the infiltration of immune cells in ccRCC. (D–E) ssGSEA scores for infiltration of immune cells (D) and the functionality of the immune system (E). (F) The interrelation amid the stages of the tumor-immune cycle and the scores indicating risk. (G) TIDE scores with low and high risk. Comparing the IC50 levels of Sorafenib (H), Sunitinib (I), and Rapamycin (J) in two different prognostic risk groups. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
The pRRophetic algorithm was utilized to evaluate the correlation between risk scores and the sensitivity of three frequently prescribed medications (Sunitinib, Rapamycin, and Sorafenib) by determining the half-maximal inhibitory concentration (IC50) in ccRCC. The findings indicated that individuals classified as high-risk displayed greater responsiveness to Sorafenib (Figure 5H), while those classified as low-risk exhibited increased sensitivity to Sunitinib and Rapamycin (Figures 5I, J). The results indicate possible connections between VM, the immune environment, evasion of the immune system, and variations in prognosis among ccRCC patients in the two risk categories.
Tumor mutational burden analysis
The group at high risk had a record of the top 10 genes that underwent frequent mutations, which included VHL, PBRM1, TTN, SETD2, BAP1, MTOR, MUC16, DNAH9, KDM5C, and DST (Figure 6A). In contrast, the low-risk group also exhibited these genes as part of the top 10 most commonly mutated ones (Figure 6B). Their interactions are depicted in Figures 6C, D. The examination showed that ccRCC patients at high risk had a greater tumor mutation load (TMB) linked to reduced OS (Figures 6E, F). The results align with previous findings derived from Kaplan-Meier survival plots for both the high-risk and low-risk categories.
[image: Figure 6]FIGURE 6 | Features of VMRGS in tumor somatic mutations. (A, B) The Tumor Mutation Burden (TMB) differs among patients in the low- and high-risk score subcategories. (C, D) The interplay among the 20 most commonly mutated genes in high- and low-risk subgroups. (E) Violin plot illustrating TMB differences in ccRCC patients between the two risk groups. (F) Survival curves for patients categorized by both TMB were generated using the Kaplan-Meier method. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
Evaluation of signature gene expression levels and functions
In the cohort studies conducted at The Second Affiliated Hospital of Harbin Medical University (SAHMU), It was noted that the expression level of PRDX2 mRNA exhibited a substantial increase in ccRCC tissues. When compared to normal adjacent tissues (NAT) (n = 14 for normal, n = 14 for ccRCC) (Figure 7A). Immunohistochemistry staining (Figure 7D) and Western blot analyses (Figure 7B) confirmed the reduced expression of PRDX2 in paired ccRCC tissue samples. In both the E-MTAB-1980 cohort (Figure 7C) and the SAHMU cohort (Figure 7E), the Kaplan-Meier survival curves indicated that a decreased PRDX2 expression level in ccRCC patients correlated with unfavorable OS. To summarize, our results offer corroborating proof for the reduced PRDX2 expression in ccRCC, emphasizing its negative correlation with the prognostic results of ccRCC individuals.
[image: Figure 7]FIGURE 7 | Low expression of PRDX2 in tumors is associated with poor prognosis. (A) Evaluation of PRDX2 mRNA levels in tumors (T) and corresponding normal adjacent tissues (NAT) within the SAHMU cohort (RT-qPCR data). (B) Western blot analysis depicting PRDX2 protein expression in nine pairs of human ccRCC tumors. (C) Survival curve (overall survival) based on distinct PRDX2 protein levels in the two ccRCC subtypes within the E-MTAB-1980 cohort. (D) Immunohistochemical images illustrating PRDX2 expression in tumors and corresponding normal adjacent tissues. Scale bar, 100 μm. (E) Survival curve (overall survival) based on different PRDX2 protein levels in the two ccRCC subtypes within the SAHMU cohort. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
Additionally, we corroborated the influence of PRDX2 on the formation of VM. Following the knockdown of PRDX2 (Supplementary Figure S4A), there was a marked decrease in VM formation (Supplementary Figure S4B). This suggests that PRDX2 actively encourages the development of VM.
Disscusion
A large proportion of RCC occur as ccRCCs in humans. Due to substantial advancements in the clinical management of ccRCC, a comprehensive understanding of various prognostic factors such as tumor grade, tumor stage, and tumor size has been achieved. Additionally, alterations in genes and molecules are observed in ccRCC (Linehan et al., 2016). Several biological processes may be impacted, and certain among them are intricately linked to a patient’s prognosis for ccRCC., such as autophagy (Napolitano et al., 2020), ferroptosis (Miess et al., 2018) and redox (Qi-Dong et al., 2020).
ccRCC has been revolutionized by immunotherapies that target co-inhibitory immune checkpoints, resulting in the emergence of immune-checkpoint inhibitors (Rathmell et al., 2022). Nonetheless, after a brief but effective treatment regimen, some patients experience unresponsiveness or secondary drug resistance, subsequently leading to disease progression (Jenkins et al., 2018; Schoenfeld and Hellmann et al., 2020). Since no widely accepted signature exists for predicting immunotherapy sensitivity in ccRCC, A dependable bioindicator for forecasting the susceptibility to immunotherapeutic agents needs to be ascertained.
VM, a phenomenon that promotes an augmentation in blood supply, Plays an indispensable role in the formation of solid neoplasms. It is imperative to form new blood vessels when the tumor diameter exceeds 2 mm to maintain adequate oxygenation. Failure to do so may result in ischemia and hypoxia, leading to necrosis of the tumor (Folkman, 1971; Zhang et al., 2022).
Given the limited efficacy of anti-angiogenic therapies in suppressing tumor development, it is imperative to explore innovative strategies for combating tumor angiogenesis that focus on targeting alternative mechanisms employed by tumor cells, specifically trans-differentiation, which enables them to assume a pseudo-vascular phenotype and promote VM (Delgado-Bellido et al., 2017).
Angiogenesis significantly influences ccRCC development. The procedure includes a intricate web of signaling cascades comprising of elements such as pVHL, HIF-1α, VEGF, PDGF, and mTOR (Nicol et al., 1997; Dorević et al., 2009; Dimova et al., 2014; Kornakiewicz et al., 2014). Currently, approved targeted therapy agents for progressed ccRCC include bevacizumab, a monoclonal antibody that blocks VEGF-A from binding to its receptor. Furthermore, there are TKIs such as sorafenib, sunitinib, pazopanib, and axitinib, which predominantly hinder the VEGF receptor. Furthermore, mTOR complex inhibitors like temsirolimus and everolimus are also used. It is worth noting that immunocompromised patients face an increased risk of ccRCC, tumors often contain abundant lymphocytes, and occasional spontaneous tumor regressions have been reported (McDermott and Rini, 2007; Di Lorenzo et al., 2010; Mickley et al., 2015; Cecere et al., 2016; Di Lorenzo et al., 2016). The field of immunotherapy for ccRCC has witnessed a noteworthy progression with the deployment of agents that aim to regulate immune suppression induced by tumors. Particularly, the utilization of nivolumab, which targets PD-1, and ipilimumab, which targets CTLA-4, has exhibited encouraging outcomes.
Through an extensive examination of available literature, a total of 43 VMRGs were initially acquired in this investigation. Subsequently, individuals with ccRCC were randomly allocated to either the training or test group. Following the implementation of univariate Cox regression to detect 20 prognostic indicators for DE-VMRG, LASSO Cox regression was employed to identify four distinct VMRG signatures. Patients with high-risk scores had a more unfavorable prognosis in the KM survival analysis, in contrast to patients with low-risk ccRCC. The newly discovered signature demonstrated strong prognostic potential. Moreover, individuals diagnosed with ccRCC demonstrated consistent outcomes across various risk categories based on an evaluation of the area under the curve (AUC). Hence, evaluating the levels of VMRG expression can function as an indicator of death risk in ccRCC individuals, by utilizing the expression levels of four VMRGs. Altered expressions of MMPs and their inhibitors, TIMPs, have been observed in various tumor tissues. In particular, MMP14 exhibited significantly greater levels of expression in clear cell and papillary RCCs when compared to non-cancerous tissue, which generally had low MMP levels.
Many of the genes in the risk signature have a significant impact on the control of cancer due to their crucial functions. Through lncRNA-TANAR, the Androgen receptor modulates TWIST1 nonsense-mediated decay in ccRCC to induce VM. Targeting the AR/TANAR/TWIST1 signaling pathways with a novel anti-angiogenesis treatment shows promise in halting the advancement of ccRCC (You et al., 2021). Cancer researchers have established that KDR is an important clinical biomarker and a key drug target in numerous solid tumors. Our signature, however, shows that KDR plays a protective role, which is unexpected. Further investigation is necessary for this observation, especially considering the positive outcomes achieved by different inhibitors of VEGF receptors in improving the prognosis of ccRCC.
Peroxiredoxin 2 (PRDX2) is a member of the peroxiredoxin family and protects cells from oxidative stress by scavenging ROS and H2O2 (De Franceschi et al., 2011). It has been shown that PRDX2 can suppress or enhance tumorigenesis depending on context, cells, and cancer type, etiology, and stage (Lei et al., 2016; Nicolussi et al., 2017). Proliferation and migration are promoted by melanoma PRDX2 expression, which is also linked to EMT and β-catenin signaling (Furuta et al., 2006). Meanwhile, PRDX2 overexpression correlates with cancer progression in several malignancies, including colon, prostate, cervix, and lung (Lomnytska et al., 2011; Xu et al., 2017). As a result of excessive levels of oxidative molecules, a knockdown of peroxiredoxin-2 reduced VEGFR-2 activation in colorectal cancer and caused VM formation (Zhang et al., 2015a). According to the findings from real-time quantitative PCR and immunohistochemistry, it was observed that PRDX2 expression in normal renal cells was considerably higher in comparison to ccRCC cell lines.
Additionally, in our study, we conducted validation of the impact of PRDX2 on VM formation in ccRCC, which is similar to its effect in colorectal cancer (Zhang et al., 2015b), demonstrating a promotion effect. In our previous studies, we observed a positive correlation between VM and poor prognosis in renal cancer (Liu et al., 2022). However, it is noteworthy that PRDX2 exhibits a negative correlation with adverse outcomes in ccRCC. Consequently, whether VM exerts a favorable influence on renal cancer prognosis through alternative pathways or if PRDX2 affects ccRCC prognosis via mechanisms distinct from VM remains unclear. We intend to further explore these mechanisms in our subsequent research endeavors.
The development and utilization of immune-checkpoint inhibitors that target CTLA4, PD-1, and PD-L1 have had a transformative impact on the field of cancer therapy, as acknowledged by the 2018 Nobel Prize in Medicine and Physiology (Braun et al., 2021; Kraehenbuehl et al., 2022), This has introduced a novel immunotherapy strategy with promising potential for treating cancer. Based on the positive outcomes from the randomized phase III trial CheckMate-025 (CM-025), the FDA has granted approval for the use of nivolumab (anti-PD-1) in the management of ccRCC. In prior studies, nivolumab exhibited enhanced OS when compared to everolimus, an mTOR inhibitor, in patients with previously treated ccRCC (Cancer Genome Atlas Research Network, 2013; Miao et al., 2018; Braun et al., 2020).
The study revealed that the group at high risk exhibited elevated levels of expression for the majority of checkpoint indicators, particularly PD-1. These results have important implications for identifying ccRCC patients likely to benefit from ICI therapy.
Additionally, we substantiated the reduced PRDX2 expression within ccRCC tissues through an in-depth examination of both patient mRNA and protein expression profiles. Furthermore, we corroborated its adverse correlation with patient prognosis.
CONCLUSION
The identified and validated four-VMRG signature may function as a valuable biomarker for ccRCC, offering a potential strategy for treatment. This research may enable us to predict prognosis and formulate efficient chemotherapy and immunotherapy for ccRCC patients.
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Expression of HER2 in high-grade urothelial carcinoma based on Chinese expert consensus and the clinical effects of disitamab vedotin-tislelizumab combination therapy in the treatment of advanced patients
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Background: A vast number of researchers have discovered high levels of human epidermal growth factor receptor-2 (HER2) expression in urothelial carcinoma (UC), but they do not use a uniform scoring system. Based on the 2021 edition of clinical pathological expert consensus on HER-2 testing in UC in China, we investigated the expression level and clinical significance of HER2 in high-grade UC. Furthermore, we looked at the prognosis of patients with locally advanced/metastatic UC after combining HER2 targeting antibody-drug conjugates (ADC) medication disitamab vedotin (DV) with programmed cell death protein 1 (PD-1) inhibitor tislelizumab.
Patients and methods: From 2019 to 2022, we collected paraffin specimens of UC from the Department of Urology at the Provincial Hospital Affiliated to Shandong First Medical University. HER2 expression-related factors were investigated. Patients with advanced UC who have failed systemic chemotherapy at least once and had received immune checkpoint inhibitor (ICI) medication during second-line treatment were selected and treated with DV in combination with tislelizumab. We assessed the therapy’s efficacy and safety.
Results: 185 patients with high-grade UC were included in this investigation. 127 patients (68.7%) were HER2 positive (IHC 2+/3+) according to the 2021 Clinical pathological expert consensus on HER2 testing in UC in China. The clinical stage of UC differed statistically significantly between the HER2-and HER2+ groups (p = 0.019). Sixteen advanced UC patients were treated with DV and tislelizumab for a median of 14 months. The disease control rate was 87.5%, while the objective response rate (ORR) was 62.5%. The ORR of HER2+ individuals was higher than that of HER2-individuals (70.0% vs. 50.0%). The median progression-free survival or overall survival was not reached. In this study, the incidence of treatment-related adverse events was 68.8% (11/16), with all of them being grade 1 or 2 adverse reactions.
Conclusion: HER2 protein expressed at a high percentage in UC, and 68.7% patients expressed HER2 positive (IHC 2+/3+). HER2+ expression is positively correlated with higher clinical stage of UC. HER2 targeted ADC drug disitamab vedotin combining with PD-1 inhibitor tislelizumab has shown efficacy, safety and controllable adverse reactions in the treatment of advanced UC.
Keywords: urothelial carcinoma, high-grade, HER2, antibody-drug conjugate, clinical significance, prognosis, pathology
1 INTRODUCTION
The urothelial carcinoma (UC) is one of the most prevalent cancers worldwide, with primary locations including the bladder, ureter, and renal pelvis. According to the Global Cancer Statistics in 2020, there were 573,278 new cases of bladder cancer globally and 85,649 in China (Sung et al., 2021). UC can be classified into low-grade UC and high-grade UC. High-grade UC is often associated with stromal invasion and has a poor prognosis. Locally advanced or metastatic (la/mUC) cases account for approximately 5%–11% of all UC cases (Hepp et al., 2021; He et al., 2023). Patients with la/mUC face a bleak prognosis, as the 5-year survival rate ranges from a mere 4.6%–34%. Therefore, there is an urgent need for an improved non-surgical treatment approach.
Currently, adjuvant therapy for advanced UC includes chemotherapy, immunotherapy, and targeted therapy. Chemotherapy is the recommended first-line treatment, while immunotherapy (particularly programmed cell death protein 1 (PD-1)/programmed cell death-ligand 1 (PD-L1) inhibitors) is a second-line option. Enfortumab vedotin antibody-drug conjugates (ADC) after prior platinum chemotherapy and checkpoint inhibitor immunotherapy (ICI) have demonstrated significant survival benefits in la/mUC patients compared to chemotherapy (Rosenberg et al., 2019; Chang et al., 2021). The efficacy and safety of the combination therapy comprising enfortumab vedotin and pembrolizumab as a first-line treatment in cisplatin-ineligible patients with la/mUC were also confirmed (Hoimes et al., 2023).
In recent years, an additional ADC targeting the human epidermal growth factor receptor 2 (HER2, also known as ERBB2) has been developed and implemented in clinical practice. It has been established that HER2 plays a crucial role in the pathogenesis and progression of various malignant tumors, including urothelial carcinoma. Consequently, it is imperative to elucidate the expression of HER2 protein in urothelial carcinoma and its clinicopathological correlation to facilitate the clinical application of anti-HER2 targeted therapy for this disease (Olt et al., 1990; Press et al., 1990; Mendelsohn and Baselga, 2003). Currently, the existing detection methods for HER2 expression primarily rely on breast cancer evaluation standards that lack a standardized scoring system; thus further validation is warranted. Notably, several HER2-targeted ADCs have been approved in recent years, such as trastuzumab emtansine and trastuzumab deruxtecan. Additionally, a novel HER2-targeted ADC named disitamab vedotin (DV) was granted approval by the National Medical Products Administration in January 2022. However, more comprehensive clinical data are required to evaluate the efficacy of this medication.
In this article, we detected the expression of HER2 based on a 2021 edition of Clinical pathological expert consensus on HER-2 testing in UC in China. Besides, we analyzed its clinicopathological relationship with high-grade UC and explored the efficacy of HER2 targeted ADC drug disitamab vedotin, also known as RC48. As well as the efficacy of DV and PD-1 inhibitor tislelizumab combination therapy.
2 PATIENTS AND METHODS
2.1 Clinical patients
All clinical cases of high-grade UC with pathological diagnosis from 2019 to 2022 were included in this study, conducted at the Department of Urology and Pathology, Shandong Provincial Hospital Affiliated to Shandong First Medical University. The pathological diagnosis was based on the 2016 edition of the World Health Organization’s diagnostic criteria for urological pathology and genetics. UC specimens were obtained through various surgical procedures including transurethral resection of bladder tumor, partial cystectomy, radical cystectomy, segmental ureterectomy, or total ureteropelvic resection.
For evaluating the efficacy of DV-tislelizumab combination therapy, patients treated between 2020 and 2022 were included in our analysis. The inclusion criteria consisted of: 1) age ≥18 years; histological or cytological confirmation of la/mUC with at least one measurable tumor lesion; 2) Eastern Cooperative Oncology Group (ECOG) performance status ≤1; 3) previous failure with systemic chemotherapy allowed; and 4) prior treatment with PD-1/PD-L1 inhibitors permitted. Exclusion criteria encompassed: 1) insufficient availability of critical clinical data; 2) inability to detect HER2 expression or lack of pathological sections; 3) presence of concurrent malignancies; and finally; 4) history of tyrosine kinase inhibitor therapy.
2.2 Experiment design
The collected high-grade UC specimens were fixed within 1 h after isolation. Prior to fixation, the specimen was incised at intervals of 0.5–1 cm, and gauze or filter paper was inserted between the tissues for optimal fixation. In cases where the tumor tissue was fragmented, packing fixation was employed. A solution of 10% formalin, with a volume ten times that of the specimen, was utilized for fixation, with biopsy specimens being fixed for a duration ranging from 6 to 24 h. For larger specimens, fixation extended from 12 to 48 h. Subsequently, the paraffin-embedded specimens were subjected to HER2 immunohistochemistry (IHC) analysis following the scoring criteria outlined in accordance with the Clinical Pathological Expert Consensus on HER2 Testing in UC in China (2021 edition): no staining or <10% of invasive cancer cells exhibiting incomplete and weakly stained membranes (scored as 0); ≥10% of invasive cancer cells displaying incomplete and weakly stained membranes (scored as 1+); ≥10% of invasive cancer cells showing weak-moderate full membrane staining or <10% of invasive cancer cells demonstrating strong staining of intact cell membrane (scored as 2+); ≥10% of invasive cancer cells exhibiting strong staining of intact cell membrane (scored as 3+) (HERExpert Committee on Urothelial Carcinoma of Chinese Society of Clinical Oncology, 2021). Additionally, patient demographics including gender and age along with clinical parameters such as maximum tumor size, smoking history, primary sites, histopathological diagnosis, clinical stage classification, muscle invasion status, regional lymph node metastasis presence as well as some laboratory results were also recorded.
Locally-advanced/metastatic UC patients meeting the inclusion criteria were enrolled in this study to receive combination therapy with DV-tislelizumab. The treatment regimen consisted of DV administered at a dose of 2.0 mg/kg every 2 weeks, in combination with tislelizumab, a PD-1 inhibitor, administered at a dose of 200 mg every 3 weeks. Treatment was continued until patients discontinued due to disease progression (PD), intolerable side effects (SE), death, or withdrawal of informed consent. The patients underwent baseline physical examinations. Efficacy assessments were conducted every 4 treatment cycles, following the 1.1 version of the Solid Tumor Response Evaluation Standard and the International Standard for Common Terminology of Adverse Events (RECIST) (Eisenhauer et al., 2009). Short-term evaluation included objective response rate (ORR) and disease control rate (DCR) determination. Median progression-free survival (PFS) and overall survival (OS) served as long-term evaluation endpoints. During treatment, patients were monitored biweekly for blood routine tests (RT), biochemical parameters, liver functions, thyroid functions, stool and urine RT. Side effects were evaluated according to Common Terminology Criteria for Adverse Events (CTCAE) 5.0. Grade 1 or 2 side effects were managed based on symptoms, while grade 3 or higher side effects led to discontinuation from the study protocol. Informed consent was obtained from all participants, and ethical approval was granted by our institution’s ethics committee.
2.3 Statistical analysis
Chi-square test was applied to analyze the characteristics of different primary sites, and relationship between HER2 and UC muscle invasion, clinical stage, regional lymph node metastasis, smoke history, primary sites and gender. ANOVA test was used to analyze the difference among three primary sites. t-test and Mann-Whitney test were used to analyze the differences between HER2+/−groups. Logistic analysis was used for the correlation between HER2 and some blood indicators analysis. p < 0.05 was set as statistically significant. All analyses were performed using SPSS version 27.0 software.
3 RESULTS
3.1 Clinical patients baseline
In our study, a total of 185 patients with high-grade UC were included, comprising 139 males and 46 females, with a median age of 68 years (range: 41–93). Among them, bladder was the primary site for UC in 127 cases (68.7%), followed by ureter in 36 cases (19.5%) and renal pelvis in 22 cases (11.9%) (Table 1). According to the diagnostic criteria outlined in the World Health Organization’s (WHO) latest edition from 2016, muscle invasive UC was observed in 103 cases (primary site: bladder-54; ureter-31; renal pelvis-18), while non-muscle invasive UC was found in 82 cases (primary site: bladder-73; ureter-5; renal pelvis-4) (Figure 1).
TABLE 1 | Baseline clinicopathological features of the analyzed cohort [n, n (%)].
[image: Table 1][image: Figure 1]FIGURE 1 | Histomorphological spectrum of UC. (A) Low grade non-invasive urothelial bladder carcinoma; (B) Low grade invasive urothelial bladder carcinoma; (C) High grade non-invasive urothelial bladder carcinoma; (D) High grade invasive urothelial bladder carcinoma; ×200. UC, urothelial carcinoma.
Among the patients with primary tumor located in the bladder (n = 127), transurethral resection of bladder tumor was performed on 61 patients with a HER2 positive rate of 80.3%. Radical cystectomy was conducted on 50 patients with a HER2 positive rate of 46.0%, partial cystectomy on 14 patients with a HER2 positive rate of 64.3%, and no surgical treatment or bladder instillation but only immunotherapy using PD-1 inhibitor was administered to 2 patients who had a HER2 positive rate of 50.0%; For 36 patients with a primary tumor located in the ureter, radical nephroureterectomy was performed on 26 patients (HER2 positive rate: 50.0%), while segmental ureterectomy was performed on 10 patients (HER2 positive rate: 70.0%). Among the cohort of 22 patients with primary tumors located in the renal pelvis, a total of 19 patients underwent radical nephroureterectomy combined with partial cystectomy (with a HER2 positive rate of 57.9%). For the remaining 3 patients who did not undergo surgical intervention, PD-1 inhibitor immunotherapy was administered instead (with a HER2 positive rate of 33.3%).
3.2 Expression of HER2 in UC
Among the 185 high-grade UC tissues, HER2 protein expression was observed in 159 cases (86.0%) (Figures 2A–D). Of these, 32 cases (17.3%) showed HER2 1+ expression, while 110 cases (59.5%) exhibited HER2 2+ expression and only 17 cases (7.6%) displayed HER2 3+ expression. 127 of the analyzed samples were high-grade bladder tumor tissues, with a majority of them showing HER2 protein expression in 115 cases (90.6%), 21 (16.5%) expressed HER2 1+, 79 (62.2%) expressed HER2 2+ and 16 (12.6%) expressed HER2 3+; Additionally, 36 cases were high-grade ureteral tumor tissues, and among them 25 cases (69.4%) expressed HER2 protein. Of these, 5 cases (13.9%) had HER2 score of 1+, 19 cases (52.8%) had HER2 score of 2+ and only 1 case (2.8%) had HER2 3+. Among the 22 high-grade renal pelvis tumor tissues, HER2 protein was expressed in 19 cases (86.4%), with 6 cases (27.3%) showing HER2 1+ expression and 13 cases (59.1%) exhibiting HER2 2+ expression (Figure 2E).
[image: Figure 2]FIGURE 2 | Expression of HER2 in UC. (A–D) Example of HER2 expression in urothelial bladder carcinoma. (A) HER2 IHC scored 0+; (B) HER2 IHC scored 1+; (C) HER2 IHC scored 2+; (D) HER2 IHC scored 3+, ×200; (E) Expression of HER2 in UC from different primary sites; (F) The metastatic sites of patients included in the DV treatment therapy at baseline. HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry.
3.3 Factors correlated with HER2+ in UC patients
The HER2 positive rate (IHC 2+ and 3+) in 185 high-grade UC patients was found to be 68.65% (127/185). We conducted an analysis to identify potential factors associated with HER2 positivity. Notably, clinical stage exhibited a statistically significant correlation with HER2 positivity in UC (p = 0.019). However, no significant associations were observed between HER2 positivity and gender (p = 0.345), age (p = 0.289), tumor size (p = 0.107), smoking status (p = 0.175), muscle invasion (p = 0.133), regional lymph node metastasis (p = 0.143) or primary site of the tumor (p = 0.066) as shown in Table 2. Furthermore, we investigated whether any blood indicators could predict the expression of HER2+. Logistic regression analysis revealed that none of the blood indicators examined showed predictive value for HER2+ expression (Figure 3).
TABLE 2 | Relationship between HER2+ and some clinicopathological features of UC [n, n (%)].
[image: Table 2][image: Figure 3]FIGURE 3 | Blood indicators that might correlated with HER2+ in UC. No blood indicators showed correlation with HER2+ expression in UC. OR, odds ratio; CI, confidence interval; LDH, lactatedehydrogenase; GLU, glucose; LDL, low density lipoprotein; HDL, high density lipoprotein; TC, total cholesterol; TG, triglyceride; ALB, albumin; GLDH, glutamic dehydrogenase; PDW, platelet distribution width; NEU, neutrophil; MONO, monocyte; LYM, lymphocyte; PLT, platelet; HGB, hemoglobin; WBC, white blood cell.
3.4 The efficacy of DV on the treatment of HER2+ UC patients
Sixteen patients with locally-advanced/metastatic UC, who had failed first-line treatment, were enrolled in this study. They received DV 240 mg every 2 weeks in combination with PD-1 inhibitors tislelizumab 200 mg every 3 weeks. The cohort consisted of an equal distribution of male and female patients, with a median age of 66 (range: 51–81) years old. Metastatic sites included the liver (n = 3), lung (n = 2), and bone (n = 3). Table 3; Figure 2F present the baseline characteristics of these patients.
TABLE 3 | Baseline status of patients receiving targeted treatment with disitamab vedotin.
[image: Table 3]After a median follow-up duration of 14 (1.0–19.0) months, we presented the treatment cycle and prognosis of each patient in Figure 4. According to RECIST 1.1 criteria, one patient achieved complete response (CR), while nine patients showed partial response (PR). Four patients exhibited stable disease (SD), and two patients experienced progressive disease (PD) as shown in Figures 4A, B. The ORR was found to be 62.5%, with tumor size reduction observed in twelve out of sixteen patients compared to baseline measurements, indicating a decrease rate of 75% as depicted in Figure 4E. The DCR was determined to be 87.5%. Among the ten HER2-positive patients expressing HER2 at level 2+, the ORR reached up to 70%. For six HER2-negative patients expressing HER2 at level 1+, the ORR was recorded as being at a rate of 50%. Median progression-free survival or overall survival has not been reached yet, as illustrated in Figures 4C, D.
[image: Figure 4]FIGURE 4 | The efficacy of DV on the treatment of locally-advanced/metastatic UC patients. (A) Each bubble represents one patient, with different treatment cycle, HER2 expression and different prognosis. Bubbles with darker color reflected more than one patient. (B) The short-term prognosis of advanced UC patients divided by HER2 expression. (C–D) The long-term prognosis of advanced UC patients divided by HER2 expression. (E) Changes of patients’ tumor size compared to baseline. (F) Side effects of DV treatment in locally-advanced/metastatic UC. DV, disitamab vedotin; CR, complete response; PR, partial response; SD, stable disease; PD, progression disease.
3.5 Side effects
Eleven patients reported side effects following DV treatment, with the most frequently observed being hypaesthesia (5/16), alopecia (4/16), leukopenia (4/16), debilitation (4/16), and digestive tract symptoms such as nausea and anorexia (4/16) (Figure 4F). These adverse events were all classified as grade 1 or 2, with no occurrences of grade 3 or higher. Symptomatic treatment was administered to all patients.
4 DISCUSSION
Urothelial carcinoma is the third most common cancer with HER2 overexpression, following breast and stomach cancer. Recent clinical trials have demonstrated the efficacy of HER2 targeted therapy in urothelial carcinoma. However, there is variability in the reported rates of HER2 positivity. A European study found that 4%–20% of urothelial carcinoma patients exhibited HER2 expression (Bellmunt et al., 2015). Cheetham and Petrylak (2016) reported a range of 5%–89% for bladder UCs overexpressing HER2 protein. In Chinese bladder UC patients, the expression of HER2 differs from other countries and also varies among provinces. Studies conducted in Beijing showed a HER2 positive rate ranging from 36.1% to 44% in UCs (Fan et al., 2022; Zhou et al., 2023). In our study conducted in Shandong Province, China, we observed that 159 out of 185 cases (86%) of high-grade UC expressed HER2 protein, with 127 cases exhibiting positive staining (IHC score 2+ and 3+), accounting for 68.6%. Furthermore, we found variations in HER2 expression among different primary sites within high-grade UCs; bladder UCs had a higher rate of positivity (74.8%) compared to ureters (55.6%) or renal pelvises (59.1%). The majority of cases exhibited moderate levels of HER2 expression at an IHC score of 2+ (110/185; 59%), while only a small percentage showed strong staining at an IHC score of 3+ (17/185; 9%). This was significantly lower than those with weak staining at an IHC score of 1+ (32/185; 17%) or moderate staining at an IHC score of 2+. Wide ranges of HER2+ reappearances have been observed in several studies, which can be attributed to suboptimal staining processes and the lack of standardized criteria specific for UC (Scherrer et al., 2022). The frequency of HER2 protein overexpression is influenced by multiple factors, including ERBB2 mutation and amplification. In muscle invasive bladder cancer, the expression rate of HERR2 amplified or single nucleotide variation (SNV) was found to be less than 20% (Kiss et al., 2017). Samples with ERBB2 amplification exhibited higher mRNA and protein expression levels. However, gene amplification alone does not solely drive high HER2 expression in bladder cancer; SNVs occur prior to ERBB2 amplification. SNVs occurring in the extracellular region of ERBB2 appear to result in lower protein expression detection. The practicality and high sensitivity of IHC-based HER2 detection still remain significant.
The detection of HER2 expression in urothelial carcinoma is not currently incorporated into routine clinical practice, thus the understanding of HER2 expression in urothelial carcinoma remains unclear. Despite the known overexpression of HER2 in various tumors, there are still conflicting data regarding its role as a carcinogenic driver or prognostic marker for urothelial carcinoma (Krüger et al., 2002; Bellmunt et al., 2015), Notably, treatment with ADC targeted HER2 has significantly improved survival rates for patients with HER2+ breast cancer and gastric cancer. Previous studies on the detection criteria for urothelial cancer HER2 mostly referred to breast cancer or gastric cancer, resulting in substantial variations among research findings. In 2021, China released the Expert Consensus on Clinical Pathology of Human Epidermal Growth Factor Receptor 2 Detection in Urinary Cancer which highlighted key differences between detection criteria for urothelial cancer and breast cancer. For urothelial cancer, scoring is defined as follows: 0 indicates non-staining or <10% incomplete and weak staining of infiltrating cancer cell membranes; 1+ denotes ≥10% incomplete and weak staining; 2+ signifies ≥10% weak to moderate staining of intact cell membrane or <10% strongly stained intact cell membrane; and finally, 3+ represents ≥10% strong staining of intact cell membranes.
A higher percentage of HER2+ expression is observed in high-grade UC. Bai et al. (2022) conducted immunohistochemical staining to evaluate HER2 expression in 108 patients with bladder UC who underwent radical cystectomy. They discovered that 57.4% of patients exhibited HER2 overexpression, which was significantly correlated with elevated tumor grade (p = 0.006) and staging (p < 0.001) (Bai et al., 2022). A meta-analysis by Zhao et al. (2015) also revealed a positive association between HER2 expression and high tumor grade. Similarly, Krüger et al. (2002) found that HER2 overexpression was more frequently detected in the high-grade cancer group compared to the low-grade cancer group among 138 bladder cancer cases. It should be noted that within the high-grade category, there are histological types associated with both better and poorer prognosis. Additionally, areas of high-grade UC specimens often exhibit negative tissue for HER2, indicating significant heterogeneity within UC, particularly in poorly differentiated tumors with a higher grade; thus suggesting that differences in HER2 overexpression may be linked to tumor heterogeneity.
According to our study, a significant difference was observed in the percentage of HER2+ among different clinical stages of UC (p = 0.019) (Table 2). This finding is consistent with another research study, which demonstrated a strong association between elevated levels of HER2 and the stage of UC at both mRNA and protein levels (p < 0.001) (Hussein et al., 2021). It is worth noting that HER2 overexpression is considered an early event in urothelial tumor development and rarely occurs during subsequent tumor progression. Therefore, there may be limited correlation with depth of myometrial invasion or lymph node metastasis (Goodman and Osunkoya, 2016). According to our current knowledge, there is limited literature discussing the association between blood indicators and HER2 expression in UC. However, relevant studies have been conducted in breast cancer. Specifically, red cell distribution width (RDW), RDW to platelet ratio (RPR), and platelet cell distribution width (PDW) have shown correlations with HER-2 expression in breast cancer tissues (Takeuchi et al., 2019).
Disitamab vedotin served as a second-line therapy for patients with locally-advanced or metastatic UC expressing HER2. In a phase II study involving 43 HER2-positive UC patients, the ORR was determined to be 51.2% after a follow-up period of 20.3 months, while the median PFS and OS were found to be 6.9 months and 13.9 months, respectively (Sheng et al., 2021a). Another clinical study reported an ORR of 46.9% and a median PFS of 4.3 months, with a median OS of 14.8 months (Sheng et al., 2021b). Apart from DV, there are several other HER2 ADCs that have also been applied in UC. Trastuzumab emtansine (TDM1), an ADC comprising the anti-HER2 antibody rastuzumab, has received FDA approval for treating HER2-positive bladder cancer patients who have previously undergone paclitaxel/rastuzumab therapy. In the phase II KAMELEON study (NCT02999672), patients with advanced urothelial bladder cancer positive for HER2 were included (de Vries et al., 2023). Following a median follow-up duration of 7.39 months (4.11–10.02) and a median exposure duration of 7.14 weeks for the metastatic UBC cohort, an overall response rate (90% CI) of 38.5% (16.57%–64.52%) to TDM1 was achieved. In total, 84.6% (11/13) of patients in the UC cohort experienced ≥1 adverse event, all considered treatment-related. Trastuzumab deruxtecan (DS-8201a) is another HER2 ADC compound composed of a spliceable linker connecting trastuzumab and an exatecan derivative acting as a topoisomerase I inhibitor. Notably, DS-8201a exhibits a higher drug-antibody ratio compared to TDM1, enabling its efficacy even in tumors with low HER2 expression. The ORR of DS-8201a was reported as 25% (4/16) in a phase I dose-escalation and dose-expansion study (Banerji et al., 2019). Considering the remarkable efficacy of disitamab vedotin, DV received approval from the National Medical Products Administration in January 2022. The extracellular domain of RC48 is a humanized anti-HER2 antibody that conjugates with microtubule protein inhibitors (MMAE) through a cleavable linker. MMAE released via enzymatic hydrolysis exhibits high membrane permeability and exerts therapeutic effects on tumor cells exhibiting low or no expression of HER2 (Padua et al., 2022). Accordingly, an ongoing follow-up study (NCT04073602) investigating RC48-ADC in patients with low HER2 expression enrolled a total of nineteen participants, revealing an ORR of 26.3%, median PFS of 5.5 months, and median OS of 16.4 months (Xu et al., 2022a). Our findings align closely with those observed in our study.
ICIs targeting PD-1 have demonstrated promising results in the treatment of bladder cancer, particularly in cases of metastatic UC that have progressed after chemotherapy. Recent studies have reported on the combination therapy of PD-1 and HER2 targeting ADCs. In a breast cancer model study, the combination of disitamab vedotin and PD-1 antibody exhibited remarkable efficacy in mice, surpassing the effects observed with either disitamab vedotin or PD-1 antibody alone. Furthermore, this combined treatment facilitated the formation of immunological memory, providing protection against tumor rechallenge (Huang et al., 2022). The observed infiltration of immune cells in mouse tumors following disitamab vedotin therapy suggests the potential for synergistic therapeutic effects by combining an immune checkpoint inhibitor (PD-1 inhibitor). Clinical data also supports this, with a report on the combination of RC48 and pembrolizumab in advanced UC (Xu et al., 2022b). The patient achieved CR and long-term PFS (>12 months). In a phase Ib/II study (RC48-C014), preliminary results demonstrated promising synergistic efficacy of RC48 in combination with toripalimab for advanced UC patients (Zhou et al., 2022a). The recommended dosage was RC48-ADC 2 mg/kg + toripalimab 3 mg/kg administered every 2 weeks. After a median follow-up of 8.0 months for 36 patients, the confirmed ORR was 76.7%. The median PFS at that time was 9.2 months, while the median OS had not been reached (Sheng et al., 2022). Another clinical study conducted in Fujian Province, China enrolled nine locally advanced or metastatic UC patients who were treated with DV combined with tislelizumab/toripalimab. After a median follow-up of 12 months, the ORR was found to be 88.9% (Wei et al., 2023). Additionally, ongoing clinical trials are investigating vedotin-tislelizumab as neoadjuvant treatment for HER2-positive locally advanced bladder urothelial carcinoma patients (Wen et al., 2024; Wen et al., 2022). In our study, the addition of DV was implemented following the failure of tislelizumab monotherapy. Notably, positive PD-L1 expression was observed in 20% of cases, while the efficacy of PD-1 alone exhibited limitations (Ma et al., 2023). Encouragingly, a clinical trial (RC48-C014) demonstrated that combining RC48-ADC with toripalimab yielded promising efficacy (ORR of 75% in all patients) for individuals with metastatic urothelial carcinoma (Zhou et al., 2022b), surpassing the outcomes achieved by DV monotherapy. Consequently, we opted for combination therapy involving disitamab vedotin and tislelizumab. In our study involving sixteen locally-advanced/metastatic UC patients, after a median follow-up of 14 months, the ORR among HER2+ patients was observed to be 70%, whereas it was found to be 50% among HER2-patients. Overall, the ORR reached up to 62.5% across all sixteen patients studied. These findings highlight the efficacy of RC48 not only in HER2+ but also in HER2- UC patients.
The RC48 exhibited manageable adverse effects in patients with UC. In our study, 68.8% (11/16) of the patients reported side effects, all of which were classified as grade 1 or 2. The most frequently reported side effects included hypaesthesia, hair loss, and leukopenia. In other studies on UC, patients experienced grade 1 or 2 side effects such as loss of appetite, rash, and fatigue (Wei et al., 2023), as well as grade 3 side effects including hypoesthesia and neutropenia (Sheng et al., 2021a). Other reported grade 3 side effects comprised anemia, hypoalbuminemia, urinary tract infection, and autoimmune encephalitis (Chen et al., 2023). All these side effects were effectively managed through appropriate treatments.
There are several limitations in our study. Firstly, the duration of follow-up was insufficient to obtain data on PFS or OS. In this paper, we solely investigated HER2 expression in UC based on the 2021 edition of the clinical pathological expert consensus on HER2 testing in UC in China. The association between HER2 positivity and long-term prognosis in UC patients remains unknown. Secondly, advanced patients received a combination therapy of DV and PD-1 inhibitors rather than DV alone, as our aim was to achieve improved patient outcomes. Further research is warranted to gain a better understanding of the long-term efficacy of DV monotherapy in UC patients. Although preclinical studies have shown promising results with RC48 used alongside PD-1/L1 inhibitors, additional evidence is required from clinical practice.
5 CONCLUSION
HER2 is a promising therapeutic target for UC, and its expression level holds critical significance in treatment response. Currently, HER2-targeting ADCs have demonstrated remarkable efficacy in select clinical trials (Zhou et al., 2023). However, the existing evaluation criteria for HER2 are inadequate for UC, leading to substantial discrepancies among research findings. Therefore, the establishment of a standardized scoring system is imperative to accurately identify individuals suitable for anti-HER2 ADC therapy and holds significant clinical implications. In this study, we adopted a novel Chinese standard to assess the expression rate of HER2 in high-grade UC patients with the aim of promoting uniformity in evaluating HER2 expression across UC studies. Our results indicate widespread protein expression of HER2 in urothelial carcinoma and reveal its close association with advanced stages of high-grade urothelial carcinoma. Targeting HER2 presents a potential therapeutic pathway for tumor management in UC patients. Combination therapy involving DV inhibitors and PD-1 blockade demonstrates both efficacy and acceptable side effects when treating advanced UC patients with either positive or negative HER2 status.
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Background

Gap junction proteins (GJPs) are a class of channel proteins that are closely related to cell communication and tumor development. The objective of this study was to screen out GJPs related prognostic signatures (GRPS) associated with clear cell renal cell carcinoma (ccRCC).





Materials and Methods

GJPs microarray data for ccRCC patients were obtained from The Gene Expression Omnibus (GEO) database, along with RNA sequencing data for tumor and paired normal tissues from The Cancer Genome Atlas (TCGA) database. In the TCGA database, least absolute shrinkage and selection Operator (LASSO) and Cox regression models were used to identify GJPs with independent prognostic effects as GRPS in ccRCC patients. According to the GRPS expression and regression coefficient from the multivariate Cox regression model, the risk score (RS) of each ccRCC patient was calculated, to construct the RS prognostic model to predict survival. Overall survival (OS) and progression-free survival (PFS) analyses; gene pan-cancer analysis; single gene survival analysis; gene joint effect analysis; functional enrichment analysis; tumor microenvironment (TME) analysis; tumor mutational burden (TMB) analysis; and drug sensitivity analysis were used to explore the biological function, mechanism of action and clinical significance of GRPS in ccRCC. Further verification of the genetic signature was performed with data from the GEO database. Finally, the cytofunctional experiments were used to verify the biological significance of GRPS associated GJPs in ccRCC cell lines.





Results

GJA5 and GJB1, which are GRPS markers of ccRCC patients, were identified through LASSO and Cox regression models. Low expression of GJA5 and GJB1 is associated with poor patient prognosis. Patients with high-RS had significantly shorter OS and PFS than patients with low-RS (p< 0.001). The risk of death for individuals with high-RS was 1.695 times greater than that for those with low-RS (HR = 1.695, 95%CI= 1.439-1.996, p< 0.001). Receiver Operating Characteristic (ROC) curve showed the great predictive power of the RS prognostic model for the survival rate of patients. The area under curve (AUC) values for predicting 1-year, 3-year and 5-year survival rates were 0.740, 0.781 and 0.771, respectively. The clinical column chart was also reliable for predicting the survival rate of patients, with AUC values of 0.859, 0.846 and 0.796 for predicting 1-year, 3-year and 5-year survival, respectively. The GRPS was associated with immune cell infiltration, the TME, the TMB, and sensitivity to chemotherapy drugs. Further in vitro experiments showed that knockdown of GJA5 or GJB1 could promote the proliferation, migration and epithelial-mesenchymal transition (EMT) and inhibit apoptosis of ccRCC cells.





Conclusion

GJA5 and GJB1 could be potential biological markers for predicting survival in patients with ccRCC.





Keywords: gap junction protein, clear cell renal cell carcinoma, biomarkers, prognostic model, cellular verification




1 Introduction

Among all types of cancer, renal cancer is the 16th most common cancer, accounting for approximately 1.8% of cancer-related deaths (1). Clear cell renal cell carcinoma (ccRCC) is the most common histological type of cancer and represents 75% of all cases (2, 3). More than 50% of renal cancer cases are detected through health examination (4). At the time of initial diagnosis, approximately 30% of patients have already developed distant metastasis (5–7). The 5-year survival rate for patients with ccRCC varies depending on the stage of the disease. The survival rate ranges from 20% to 95% for patients in the early, middle, and advanced stages, while for patients with metastatic ccRCC, the survival rate is only between 0% and 10% (8, 9). Early diagnosis plays a crucial role in improving overall survival (OS) and progression-free survival (PFS) in ccRCC patients. Therefore, it is clinically important to explore valuable prognostic indicators that can be used for personalized prognosis assessment and treatment planning, to ultimately improve the overall prognosis of patients.

Gap junction proteins (GJPs) are a family of hexamer-structured channel proteins that facilitate molecular and ion exchange between neighboring cells, thereby regulating various biological processes (10–12). The functional diversity of GJPs is attributed to variations in the molecular weight of the constituent proteins that form the gap junction channels (13). These proteins are involved in multiple biological processes, such as apoptosis, proliferation, immune response, and digestion (14, 15). Presently, 35 genetic diseases in humans are known to result from mutations in 11 different GJPs (16, 17). In addition, the obstruction of gap junction channels diminishes communication between immune cells and reduces the permeability of chemotherapy drugs. These findings suggest that GJPs potentially play a crucial role in cancer development and treatment, as well as in maintaining intercellular signal transmission and the stability of the tumor microenvironment (TME). To our knowledge, no reports have explored the clinical significance of GJPs in ccRCC, necessitating further investigation. This study identified a GJP-related prognostic signatures (GRPS) in ccRCC. Subsequently, an in-depth analysis was conducted to explore the clinical value of the GRPS in assessing ccRCC prognosis, as well as its influence on the tumor mutational burden (TMB) and the tumor microenvironment (TME). Furthermore, additional cytological experiments validated the analysis results, providing evidence that the GRPS may serve as a novel biomarker for predicting the survival prognosis of ccRCC patients.




2 Materials and methods



2.1 Bioinformatics analysis

The RNA sequencing data, clinical trait data, pan-cancer data and simple nucleotide variation data of ccRCC were obtained from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/); Microarray data (GSE29609, GSE95425, GSE73731) were retrieved from Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). This study constructed and validated the GRPS for ccRCC prognosis using various statistical methods. The detailed workflow of this analysis is depicted in Figure 1. The general clinical information of the ccRCC patients in the TCGA database can be found in Supplementary Table 1.




Figure 1 | Workflow chart.





2.1.1 Identification of GRPS in ccRCC

A total of 21 GJPs were observed to be expressed in ccRCC. This study combines the survival information of ccRCC patients in the TCGA database (including survival status and survival time) with the gene expression data of GJP to generate a total sample (total sample, TS) for data analysis. Subsequently, a sequence of univariate Cox regression models (p< 0.001, KMP = 1 for filtration criteria), LASSO regression models, and multivariate Cox regression models was constructed for TS.




2.1.2 Analysis of the combined effects of GJA5 and GJB1 on single gene and dual genes

Pan-cancer data for 33 tumors were obtained from the TCGA database. The differential expression of GJA5 and GJB1 in 33 cancers was examined via pan-cancer analysis. The difference analysis data of GRPS in ccRCC tumor tissue and normal tissue were obtained from TCGA database and GEO database (GSE73731 and GSE95425). Single-and dual-gene combined survival (Kaplan-Meier, [KM]) analyses were used to determine the significance of GJA5 and GJB1 in survival and prognosis of patients with ccRCC.




2.1.3 Construction and validation of the prognostic risk score model

To further explore the prognostic significance of the GRPS in ccRCC, a computation was performed based on the coefficients derived from the multivariate Cox regression model, along with the corresponding gene expression levels. Subsequently, an risk scores (RS) prognostic model was constructed utilizing the RS values. The RS formula employed in the RS model was as follows:

	

The high-RS group and low-RS group were divided according to the median RS. The RS prognostic model was developed and validated. The 70% of the samples randomly selected from the TS were assigned to the training dataset, while the remaining 30% of the samples and the GSE29609 dataset were used as the testing set (18), to confirm the generalizability of the GRPS. KM analysis, ROC curve analysis, and comparisons of clinical traits (including age, sex, grade, stage, and metastasis) between risk groups were also performed to assess the clinical significance of the GRPS.




2.1.4 Construction of a clinical nomogram

This study developed a clinical nomogram incorporating patient clinicopathologic characteristics, risk groupings, and GJA5 and GJB1 expressions. Furthermore, calibration curve, ROC curve, and Decision Curve Analysis (DCA) analyses were performed to assess the clinical availability of the nomogram.




2.1.5 Enrichment analysis

The biological function and underlying mechanisms of GRPS were investigated through gene enrichment analysis. Genes with statistical significance in the risk grouping (selected using the R package “Limma” with the criteria of p< 0.05, logFC = 1, and FDR< 1) were subjected to GO and KEGG enrichment analysis.




2.1.6 Analysis of immune cell infiltration, TME and TMB

Alterations in the TME and the infiltration of immune cells have garnered significant attention in the field of cancer therapy. The mechanism triggering immune escape was investigated by examining the TME and immune cell infiltration in risk groups.

After the calculation of the levels of 22 immune cells and the abundance of TME-related molecules in patients with ccRCC, the differences in the levels of immune cells and the abundance of TME-related molecules between risk groups were analyzed, and p< 0.05 was considered statistically significant. TMB refers to the number of gene mutation sites that occur in tumor tissues and includes somatic gene coding errors, base substitutions, insertions or deletions (19). The TMB values of patients in the TS cohort were calculated based on simple nucleotide variation data from ccRCC patients in the TCGA database. The estimated TMB was calculated as the ratio of the total mutation frequency to the length of human exons (20). Finally, the TMB values of the ‘high-RS and low-RS groups were compared for any significant difference.




2.1.7 Drug sensitivity analysis

The GDSC2 dataset used for drug sensitivity analysis was derived from the GDSC database (https://www.cancerrxgene.org). We calculated the susceptibility of ccRCC patients to 198 chemotherapeutic agents from the TCGA database. To provide accurate individualized treatment plans for patients, we used p< 0.001 as the filtering standard to analyze the difference in the sensitivity of patients with advanced ccRCC to targeted drugs according to risk group, which is helpful for providing medication guidance for different groups of patients with ccRCC.




2.1.8 Statistical analysis

The analysis of the data and the generation of graphs were carried out with R language (version 4.2.1). The LASSO regression model, univariate and multivariate Cox regression models were constructed through the “glmnet” package; The “survival, survminer” package was used to perform KM analysis of the combined effect of a single gene and dual genes. The “timeROC” package was used to perform ROC curve analysis; The clinical nomogram was developed through the “survival”, “regplot” and “rms” packages; The “ggDCA” package was used for DCA analysis; GO enrichment analysis was carried out through the package “clusterProfiler, org.Hs.eg.db, enrichplot, ggplot2”; The “clusterProfiler, org.Hs.eg.db, enrichplot, ggplot2, circlize, RColorBrewer, ComplexHeatmap” package was used for KEGG enrichment analysis. We calculated the proportions of 22 immune cells in ccRCC tissue using the CIBERSORT algorithm and evaluated the abundance of related molecules in the TME using the R package “estimate”. The oncoPredict package was used to calculate a sensitivity score for ccRCC patients to chemotherapy drugs. The chi-square test was used to analyze the difference in clinicopathological information between the training set and the testing set. Unless otherwise stated in this paper, p< 0.05 was considered to indicate statistically significant.





2.2 Cell function experiment



2.2.1 Cell culture and transfection

The HK2 and A498 cells were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 incubator; the 786-O cells were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640) supplemented with 10% FBS at 37°C in a 5% CO2 incubator. Cells in logarithmic phase were chosen for functional experiments. Interference of GJA5 was performed using small interfering RNA (si-GJA5-NC; si-GJA5-1, si-GJA5-2, and si-GJA5-3) sequences synthesized by RiboBio Biotechnology (Guangzhou, China). The sequences used were as follows: si-GJA5-1 (AGGCTGATTTCCGGTGTGA), si-GJA5-2 (CATGGCTATCATAGTGACA), si-GJA5-3 (AATCCCTTCAGCAATAATA). Interference of GJB1 was performed using small interfering RNA (si-GJB1-NC; si-GJB1-1, si-GJB1-2, and si-GJB1-3) sequences synthesized by RiboBio Biotechnology (Guangzhou, China). The sequences used were as follows: si-GJB1-1 (GCTGCAACAGCGTTTGCTA), si-GJB1-2 (TGTTCCGGCTGTTGTTTGA), si-GJB1-3 (CGTGAACCGGCATTCTACT). Transfection was performed using Lipofectamine 3000 (Invitrogen, Shanghai, China). The relevant experiments were conducted 48 hours post transfection.




2.2.2 The quantitative reverse transcription-polymerase chain reaction

Total RNA was extracted from HK2, A498, and 786O cells using TRIzol Reagent (Servicebio, Wuhan, China). The quality of the extracted RNA was assessed by measuring the OD ratio (A260/A280) using a Nano-400A spectrophotometer (Allsheng, Hangzhou, China). Subsequently, total RNA was transcribed into complementary DNA (cDNA) using the HiScript II Q RT SuperMix Kit (Vazyme). Amplified products were then detected using SYBR Green (Vazyme, Nanjing, China). β-actin was selected as the endogenous references. The specific primers used were GJA5: 5′-GAACACAGACAGGCAGAGGAT-3′ (F), 5′-GGAAGCTCAATCGCCCATC-3′ (R); GJB1: 5′-CCTGCACAGACATGAGACCA-3′ (F), 5′-AGAGCCATACTCGGCCAATG-3′ (R); and β-actin: 5′- CCTAGAAGCATTTGCGGT -3′ (F), 5′- GAGCTACGAGCTGCCTGACG-3′ (R).




2.2.3 5-Ethynyl-2-deoxyuridine assay

An EdU Kit (Beyotime, Shanghai, China) was used to detect cell proliferation. Then, the A498 and 786O cells were incubated with EdU solution, fixed with 4% paraformaldehyde and infiltrated with Triton X-100 solution (Solarbio, Beijing, China). Then, the cells were stained with 4’,6-diamidino-2-phenylindole (DAPI; Beyotime, Shanghai, China). Ultimately, the EdU-positive cells (EdU+ DAPI-stained cells) were counted under a fluorescence microscope.




2.2.4 Wound healing assay

The cells were seeded in 6-well plates. The confluent cell cultures were then scratched using a sterile tip. The wound healing process was monitored at different time points, and images of the scratches were captured using an inverted microscope after 12 hours.




2.2.5 Transwell assay

Cell migration was assessed using the transwell assay. In this assay, we seeded 1.5×104 cells into the upper chamber and cultured them in a serum-free medium, while the lower chamber was supplemented with DMEM or RPMI-1640 containing 10% FBS as a chemoattractant. After 24 hours of incubation, the cells that had migrated through the pores of the transwell membrane were fixed with 4% methanol. Subsequently, the sections were stained with crystal violet, images were captured and cell counts were performed using an inverted microscope.




2.2.6 Western blot

Total protein was extracted using radioimmunoprecipitation assay (RIPA) lysis buffer (Servicebio, Wuhan, China) supplemented with phenylmethylsulfonyl fluoride (Beyotime, Shanghai, China) at a ratio of 50:1. The protein concentration was determined using the bicinchoninic acid (BCA) assay (Solarbio, Beijing, China). Subsequently, the samples were mixed with loading buffer and boiled for 10 minutes to denature the proteins before further analysis. Subsequently, 20 μg of protein was loaded into each lane and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with an 8-15% acrylamide gradient gel. The separated proteins were then transferred onto polyvinylidene fluoride (PVDF) membranes. To prevent nonspecific binding, the membranes were blocked with 5% nonfat dry milk in Tris-buffered saline supplemented with 0.1% Tween 20 (TBST) for a period of 2 hours. Primary antibodies against GJA5 (1:1,000; ABclonal, Wuhan, China), GJB1 (1:1000; ABclonal, Wuhan, China), GADPH (1:10,000; Proteintech, Wuhan, China), E-cad (1:1000; ABclonal, Wuhan, China), N-cad (1:1000; ABclonal, Wuhan, China), VIM (1:1000; ABclonal, Wuhan, China), Bax (1:1000; ABclonal, Wuhan, China), and Bcl-2 (1:1000; ABclonal, Wuhan, China) were incubated with the membrane overnight at 4°C. After the membranes were washed with TBST for 10 minutes, they were incubated with secondary antibodies (1:5000; Proteintech, Wuhan, China) for 2 hours, after which the membranes were washed 3 times with TBST. Finally, electrochemiluminescence (ECL, Thermo, China) was applied to visualize the results.




2.2.7 Flow cytometric analysis

Apoptosis was detected with an annexin V apoptosis kit (Vazyme, Jiangsu, China). Fluorescence-activated cell sorting (FACS) was performed on a BD Accuri® C6 Plus [Becton, Dickinson, and Co. (BD) Biosciences, Franklin Lakes, NJ, USA] and analyzed by FlowJo software (https://www.flowjo.com/). Briefly, 1×106 cells were collected and resuspended after adding 100 μL of binding buffer. Next, 100 μL of binding buffer containing 4 μL of annexin V-FIFC and 4 μL of propidium iodide (PI) staining solution were added. Finally, 400 μL of binding buffer was added to the culture tube, which was subsequently analyzed after 10 to 15 minutes using flow cytometry.




2.2.8 Statistical analysis

All the statistical analyses were conducted using GraphPad Prism 8.0 software. Significance was determined using Student’s t-test or one-way analysis of variance (ANOVA), as appropriate. Each experiment was performed in triplicate, and p< 0.05 was considered to indicate statistical significance.






3 Results



3.1 Bioinformatics analysis results



3.1.1 Identification of GRPS in the TCGA database

Firstly, a univariate Cox regression model for TS was constructed in this study, yielding five OS-related GJPs (OR-GJPs) that were most significantly related to the patients’ OS. To prevent data overfitting, a LASSO regression model for OR-GJPs was constructed (Figures 2A, B). Ultimately, a multivariate Cox regression model was constructed based on the outcomes of the LSAAO regression analysis. This model identified two genes (Gene GJA5 and Gene GJB1) with independent prognostic impacts on ccRCC (Table 1), which were identified as GRPS genes for subsequent data examination, clinical validation, and cellular functional experiments. The univariate Cox regression analysis for all 21 GJPs and the corresponding KM survival analysis for 5 GJPs with differential survival significance can be found in Supplementary Table 2 and Supplementary Figure 1.




Figure 2 | LASSO regression model of OR-GJPs: (A) Coefficient distribution diagram. (B) Parameter change diagram.




Table 1 | Univariate and multivariate Cox regression models of GRPS.






3.1.2 Pan-cancer analysis, single gene analysis and combined effect analysis of GJA5 and GJB1

The Pan-cancer analysis revealed that GJA5 exhibited the highest expression level in ccRCC, whereas GJB1 was the 12th highest in terms of expression in ccRCC (Supplementary Figures 2A, B). Notably, GJA5 and GJB1 were differentially expressed between tumor tissues and matched normal tissues in 15 distinct cancers (Supplementary Figures 2C, D), including breast invasive carcinoma, renal chromophobe cell carcinoma, renal clear cell carcinoma, renal papillary cell carcinoma, endometrial carcinoma, thyroid carcinoma, prostate cancer, hepatocellular carcinoma, and lung squamous cell carcinoma. These findings suggested that GJA5 and GJB1 might play crucial roles in the development and progression of urological tumors, as well as a variety of human malignant tumors. These findings warrant further in-depth investigation. Employing the TS dataset, a comprehensive analysis was conducted to examine the differences in gene expression between GJA5 and GJB1 in tumor tissues and normal tissues. The findings demonstrated that both GJA5 and GJB1 exhibited decreased expression in tumor tissues and elevated expression in normal tissues (p< 0.001) (Figures 3A, B). These findings suggested that the expression of GJA5 and GJB1 was repressed during the occurrence of ccRCC, a phenomenon that was consistent with that observed in additional independent cohorts (GSE73731, GSE95425) (Figures 3C, D). Finally, this study further validated the differential expression of GJA5 and GJB1 in ccRCC using the oncopression database (http://www.oncopression.com/downloads.html) (Supplementary Figure 3. The results showed that the expression of GJA5 and GJB1 in normal tissue of ccRCC was significantly higher than that in tumoral tissue. Ultimately, the prognostic significance of GJA5 and GJB1 was further assessed. In the TS dataset, KM analysis revealed a significant correlation between low expression of GJA5 and GJB1 and a shorter OS (p< 0.05) (Figures 3E, F). Patients exhibiting concurrent low expression of GJA5 and GJB1 had the shortest OS, while those with high expression of GJA5 and GJB1 had a prolonged OS (Figure 3G). Given the results of the differential expression analysis, we speculated that GJA5 and GJB1 act as tumor suppressors in ccRCC.




Figure 3 | (A) In the TCGA database, differential expression of GJA5 in tumor tissues and paired normal tissues. (B) In the TCGA database, differential expression of GJB1 in tumor tissues and paired normal tissues. (C) Differential expression of GJA5 in ccRCC in the GEO database. (D) Differential expression of GJB1 in ccRCC in the GEO database. (E) KM analysis of GJA5 in ccRCC in the TCGA database. (F) KM analysis of GJB1 in ccRCC in the TCGA database. (G) Analysis of the combined effect of GJA5 and GJB1 in ccRCC in the TCGA database.






3.1.3 Establishment of the RS prognostic model and validation by using clinical characteristics

The RS for each patient was calculated using the following formula:

	

The OS and PFS of patients in the high-RS subgroup were markedly inferior to those in the low-RS subgroup (p< 0.001) (Figures 4A, B). A prognostic model for RS was developed, encompassing hazard curves, survival scatter plots, and heatmaps of GJA5 and GJB1 expression. The model revealed that patients in the high-RS subgroup exhibited shorter survival, greater mortality, and decreased GJA5 and GJB1 expression (Figure 4C). The ROC curve demonstrated that the RS prognostic model exhibited a potent ability to predict patient survival rates (the AUC for predicting 1-year, 2-year, and 3-year survival rates were 0.740, 0.781, and 0.771, respectively). In comparison with other clinical traits, the RS model exhibited strong credibility in predicting patient survival rates (Figures 4D, E). Finally, the differences in clinical characteristics between the high-RS and low-RS subgroups were verified. The findings indicated that, in the high-RS subgroup, ccRCC patients exhibited a greater malignancy grade and a greater probability of tumor metastasis, with a greater proportion of male patients than female patients (Table 2).




Figure 4 | (A) OS analysis between the high-RS score group and low-RS score group. (B) PFS analysis between the high-RS score group and low-RS score group. (C) RS prognosis model for TS (including the RS curve, survival time and survival status of patients, and GRPS gene expression). (D, E) ROC curve of the RS prognosis model of TS.




Table 2 | Differential analysis of clinicopathological parameters between the high-RS subgroup and the low-RS subgroup.






3.1.4 Validation of the RS prognostic model

Combined with the GSE29609 dataset, a training set and a testing set of TSs were constructed to assess the prognostic significance of the GRPS in ccRCC. The chi-square test revealed no significant differences in the clinicopathological traits between the training and testing sets (Table 3), indicating that the study’s grouping was random and reasonable. In both the training and testing sets, patients in the high-RS subgroup exhibited significantly poorer OS and PFS than did those in the low-RS subgroup (Figures 5A, B, E, F). Subsequently, the RS prognostic model was constructed on the training cohort and validated using ROC curve analysis (Figures 5C, D). These results align with those for TS, demonstrating that the RS prognostic model in the training cohort was also reliable at predicting the patient survival status (the AUC for predicting 1-year, 3-year, and 5-year survival rates were 0.750, 0.778 and 0.775, respectively). Finally, comparable outcomes were obtained in the testing cohort (Figure 5G). The AUC of the RS prognostic model in the testing cohort for predicting 1-year, 3-year, and 5-year survival was 0.708, 0.696, and 0.741, respectively (Figure 5H).


Table 3 | Analysis of differences in clinical traits between training set and testing set n (n%).






Figure 5 | (A) OS analysis results in the training set. (B) PFS analysis results in the training set. (C) RS prognostic model in the training set. (D) ROC curve analysis of the RS prognostic model in the training set. (E) OS analysis results in the testing set. (F) PFS analysis results of testing set. (G) RS prognostic model of testing set. (H) ROC curve analysis of the RS Prognostic model in the testing Set.






3.1.5 Construction and validation of clinical nomograms

To further explore the relationship between the RS prognostic model and clinical characteristics, univariate and multivariate stepwise Cox analysis were performed. The results showed that risk score, age, and tumor stage were closely associated with survival time and clinical outcomes of ccRCC patients, and could serve as independent prognostic factors (Table 4). The risk of death for individuals with high-RS was 1.695 times greater than that for those with low-RS (HR = 1.695, 95%CI = 1.439-1.996, p< 0.001).


Table 4 | Univariate and multivariate stepwise Cox regression analysis of RS and clinical characteristics in ccRCC.



A nomogram incorporating clinicopathological traits (tumor grade, tumor stage), the gene expression pattern of the GRPS, and risk grouping was constructed to assist clinicians in making initial predictions of OS in ccRCC patients (Figure 6A). The clinical nomogram was subsequently validated. The calibration curves demonstrated good agreement between the predicted probabilities generated by the nomogram and the actual observed OS values at 1, 2, and 3 years (Figure 6B). The results of the ROC curve and DCA analyses revealed that the nomogram exhibited excellent reliability in predicting the survival rate of ccRCC patients (the AUC of the nomogram for predicting the survival rate of patients at 1, 3 and 5 years was 0.876, 0.853 and 0.816, respectively) (Figure 6C).




Figure 6 | (A) Clinical nomogram. (B) The calibration curve for predicting 1-year, 3-year and 5-year survival rates with a nomograph. (C) ROC curve and DCA curve of the nomogram.






3.1.6 GO and KEGG enrichment analysis

Among the total differential expressed 899 genes, 540 genes were highly expressed in the high-RS subgroup, while the other 359 genes exhibited high expression in the low-RS subgroup (Supplementary Figure 4). To determine the biological functions and pathways active in the high-RS subgroup, further exploration was conducted. The results of GO enrichment analysis (Figure 7A) revealed that Biological Processes such as “negative regulation of proteolysis”, Cellular Component such as “collagen-containing extracellular matrix”, and Molecular Function such as “enzyme inhibitor activity” were enriched in the high-RS population. Additionally, KEGG enrichment analysis indicated that “neuroactive ligand-receptor interaction”, “cAMP signaling pathway”, “cytokine-cytokine receptor interaction”, “adrenergic signaling pathway in cardiomyocytes”, “GnRH secretion”, and “TGF-beta signaling pathway” were enriched in high-RS population (Figure 7B).




Figure 7 | (A) GO enrichment analysis. (B) KEGG enrichment analysis.






3.1.7 Immunocyte infiltration, TME and TMB analysis

Differences in 22 immune cell types and TMB in the RS group were investigated. Patients in high-RS subgroup presented with higher TMB than that in low-RS subgroup (Figure 8A). Compared to those in the low-RS subgroup, the TME in the high-RS subgroup exhibited greater immune cell infiltration and a lower stromal cell content (Figures 8B, C). As for TME-related molecular abundance, statistically significant differences were detected for naive B cells (p< 0.05), T cell follicular helper cells (p< 0.001), regulatory T cells (p< 0.05), M0 macrophages (p< 0.05), stationary dendritic cells (p< 0.01), stationary mast cells (p< 0.01), immune cell content (p< 0.05) and stromal cell content (p< 0.001)(Figure 8D). These findings offer a new perspective for exploring the mechanism of individualized immunotherapy in ccRCC patients and the role of GJPs in the occurrence and development of ccRCC. And low expression of GJA5 and GJB1 might be associated with an imbalance in immune homeostasis and compromised responses to immunotherapy in ccRCC patients.




Figure 8 | (A) Analysis of the difference in TMB between high-RS and low-RS groups. (B) Analysis of the Difference in Immune Score between high-RS and low-RS Groups. (C) Analysis of the Difference in Stromal Score between high-RS and low-RS Groups. (D) Differential expression of immune cells between high-RS and low-RS groups (Immune cell content in the low-RS group is represented in red, and that in the high-RS group is represented in blue. (*p< 0.05, **p< 0.01, ***p< 0.001).






3.1.8 Drug sensitivity analysis

Drug sensitivity analysis of commonly used chemotherapeutic drugs for ccRCC was conducted based on the RS grouping (Figures 9A-E). Among the several chemotherapy drugs used to treat advanced ccRCC, erlotinib (p< 0.001), axitinib (p = 0.0029), afatinib (p< 0.001), rapamycin (p< 0.001), and sorafenib (p< 0.001) were found to be significantly different among the risk groups. Notably, axitinib exhibited lower sensitivity in the low-RS subgroup, while afatinib, erlotinib, rapamycin, and sorafenib had lower sensitivity in the high-RS subgroup. These findings offer new insights into individualized targeted drug therapy for patients with advanced ccRCC.




Figure 9 | Drug sensitivity analysis of common chemotherapeutic drugs in ccRCC risk groups: (A) Erlotinib. (B) Axitinib. (C) Afatinib. (D) Rapamycin. (E) Sorafenib.







3.2 Cytological experimental verification of GJA5 and GJB1 results



3.2.1 Results of GJA5 and GJB1 expression in renal cell lines

Furthermore, the expression of GJA5 and GJB1 at the protein level was detected via Western blot analysis, and the expression of GJA5 and GJB1 at the RNA level was detected via qRT-PCR. qRT-PCR revealed that the mRNA levels of GJA5 and GJB1 in renal tumor cells (A498 and 786-O) were lower than those in noncancerous renal cells (HK2) (Figure 10A) and this pattern was confirmed at the protein level (Figure 10B). Moreover, according to the qRT-PCR and Western blot detection results, at both the RNA and protein expression levels, GJB1 was expressed at higher levels in A498 cells, while GJA5 was expressed at higher levels in 786-O cells. Therefore, functional experiments were conducted to knock down GJB1 in the A498 cell line and GJA5 in the 786-O cell line.




Figure 10 | (A) qRT-PCR results of GJA5 and GJB1 expression at the RNA level. (B) Western blot results of GJA5 and GJB1 expression at protein level. (C) qRT-PCR and Western blot results of GJA5 in 786-O cells after transfection with three small interfering RNAs. (D) qRT-PCR and Western blot results of GJB1 in A498 cells after transfection with three small interfering RNAs. (*p< 0.05, **p< 0.01, ***p< 0.001).






3.2.2 Construction of GJA5 and GJB1 knockdown cell lines

Furthermore, to investigate the effects of GJA5 and GJB1 interference on the cytological behavior of ccRCC cells, at least three independent cell experiments were conducted (Figures 10C, D). The expression of GJA5 in the 786-O cell line and GJB1 in the A498 cell line were specifically targeted and knocked down by chemically synthesized siRNA. Western blot analysis revealed that si-GJA5-2, si-GJA5-3, si-GJB1-1 and si-GJB1-2 had relatively high knockdown efficiencies. Therefore, the above four kinds of siRNAs were selected for subsequent cell behavioral experiments.




3.2.3 Low expression of GJA5 and GJB1 promote the proliferation, migration and EMT and inhibit apoptosis of ccRCC cells

CCK-8 and EdU assays demonstrated that cell viability was sharply increased in the si-GJA5 and si-GJB1 groups (Figures 11A, B). Similarly, transwell and wound healing assays demonstrated that cell migration increased significantly after GJA5 and GJB1 were knocked down (Figures 11C, D). Western blot analysis revealed that after GJA5 or GJB1 knockdown, the expression of E-cad and Bax in ccRCC cells decreased, while the expression of N-cad, VIM and Bcl-2 increased (Figures 12A, B). Flow cytometry showed that knockdown of GJA5 or GJB1 inhibited cells apoptosis (Figure 12C). Collectively, these results indicate that GJA5 and GJB1 may inhibit ccRCC development.




Figure 11 | (A) The CCK8 experiment results of GJA5 and GJB1 knockdown on the cell proliferation in 786-O cells and A498 cells, respectively. (B) The EdU experiment results of GJA5 and GJB1 knockdown on the cell proliferation in 786-O cells and A498 cells, respectively (Error bar = 50 μm). (C) The cell scratch test results of GJA5 and GJB1 knockdown on the cell migration in 786-O cells and A498 cells, respectively (Error bar = 500 μm). (D) The Transwell experiment results of GJA5 and GJB1 knockdown on the cell migration potential in 786-O cells and A498 cells, respectively (Error bar = 100 μm). (*p < 0.05, **p < 0.001, ***p < 0.01).






Figure 12 | (A) After knocking down GJA5, the protein expression of E-cad, N-cad, VIM, Bax, and Bcl-2 was detected in the 786-O cell line. (B) After knocking down GJB1, the protein expression of E-cad, N-cad, VIM, Bax, and Bcl-2 was detected in the A-498 cell line. (C) Flow cytometry analysis of cell apoptosis after knockdown of GJA5 and GJB1 genes in 786-O and A498 cells, respectively. (*p < 0.05, **p < 0.001, ***p < 0.01).








4 Discussion

Gap junctions are intercellular channel clusters formed on the plasma membrane by the connexin family of proteins expressed by GJPs (21, 22), which allows the diffusion of ions or small molecules and the transmission of electrical signals (23, 24). As important channels of intercellular communication, gap junction proteins provide a basis for the cooperative work and functional integrity of various systems and organs in organisms (25, 26). Genetic or acquired changes in connexin proteins are closely related to cancer (27). Abnormal GJP expression is related to the recurrence and metastasis of cancer and to increase patient mortality. This difference may be due to the loss of channel function, which leads to a decrease in tumor inhibition ability (usually called tumor dormancy) (28, 29), and this inhibition ability depends on the function of gap junction coupling among cells (30). Moreover, when the gap junction channel is damaged, the permeability and sensitivity to chemotherapy drugs are reduced (31, 32). For example, defects in GJA1 function mediate the resistance of breast cancer to tamoxifen (33). Destruction of GJB1 plays a role in promoting the occurrence and development of ovarian cancer and is not conducive to the action of chemical drugs (34). Mutations and loss of function of the GJA5 gene are closely related to the occurrence of isolated ventricular fibrillation in humans (35). Therefore, GJPs are crucial to the steady state of the human body. However, the role of GJPs in ccRCC is unclear. In our study, we comprehensively analyzed the biological function, pathway, clinical significance and prognostic value of GJPs in patients with ccRCC, which filled the gap in the study of GJPs in ccRCC.

In addition, the occurrence and development of cancer are always accompanied by changes in the tumor microenvironment and the triggering of immune escape mechanisms (36, 37). When gap junctions are blocked, humoral and CD8+ T-cell immune responses are inhibited or even eliminated (38). It has been proven that there are many gap junction channels between immune cells, such as GJA5 in T and B lymphocytes (39), and GJB1 in mast cells (40), and that communication between cardiac cells is promoted by cardiac macrophages through gap junctions (41). Therefore, the stability of GJP function is crucial for the immune system to function. However, the role of GJPs in ccRCC remains unclear. We analyzed the clinical significance and biological function of GJPs in ccRCC through a public database system. Furthermore, we developed the GRPS, a novel tumor-related prognostic feature. Low expression levels of GJA5 and GJB1 predict poor prognosis in ccRCC patients, and could be used as independent prognostic markers and drug therapeutic targets for ccRCC. Additionally, GJA5 and GJB1 were verified by cellular functional experiments, and the results showed that GJA5 and GJB1 could be used as prognostic markers for ccRCC.

In this study, LASSO and Cox regression models were developed for 21 GJPs to identify genes with independent prognostic effects, and the relationships between GRPS and tumor grade, tumor stage and survival status of patients were further explored. The results showed that GJA5 and GJB1 have independent prognostic value in ccRCC. The RS was subsequently calculated for each patient, and an RS prognostic model was constructed. Analysis of the ROC curve confirmed that the prediction model developed in this study is reliable, indicating its potential application in clinical practice for predicting the prognosis of patients with ccRCC.

Moreover, a clinical nomogram that incorporates the GPRS score, patient clinical characteristics, and the RS was developed. ROC curve and DCA analyses demonstrated that the nomogram is highly sensitive for predicting the survival status of patients (AUC values for 1-, 3-, and 5-year were 0.876, 0.853 and 0.816, respectively). To assess the generalizability of the RS prognostic model, this study combined it with external datasets, and the results were positive. Further investigations revealed correlations between the GRPS and immune cell infiltration, the TME, and the TMB. Drug sensitivity analysis indicated that the high-RS subgroup was more sensitive to afatinib, erlotinib, rapamycin, and sorafenib, while the low-RS subgroup exhibited greater sensitivity to axitinib, which is conducive to the development of individualized chemotherapy regimens for patients with advanced ccRCC.

This study has certain limitations. Firstly, the dataset examined in this analysis was merely derived from the public (TCGA and GEO) database, and has a limited sample size. The findings still need to be further confirmed by a multi-database and multi-center study. Secondly, although our constructed model obtained promising results, further clinical experiments are necessary to validate and assess the efficacy of our model.

In conclusion, this study established a more economical and personalized prognostic model that is easy to apply and could provide clinicians with new ideas for the prognosis and treatment of ccRCC patients.
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Objective

This study aimed to evaluate the relative efficacy and safety of first-line treatment options for metastatic castration-resistant prostate cancer (mCRPC).





Methods

We systematically searched electronic databases, including PubMed and Web of Science, for studies published from their inception to April 3rd, 2023. Inclusion criteria were: 1) Completed Phase III or IV randomized controlled trials (RCTs) registered on ClinicalTrials.gov; 2) Patients with a confirmed diagnosis of mCRPC who had not previously received chemotherapy or novel endocrine therapies. We conducted a network meta-analysis using R software (version 3.4.0). Network graphs and risk of bias graphs were generated using Stata 14.0 and RevMan 5.4, respectively. The primary outcome was overall survival (OS), and the secondary outcome was the incidence of severe adverse events (SAEs).





Results

Seven RCTs encompassing 6,641 patients were included. The network meta-analysis revealed that both docetaxel+prednisone (DP) and cabazitaxel+prednisone (CP) significantly improved OS compared to abiraterone. Compared to placebo, DP showed comparable results to both cabazitaxel 20 mg/m^2+prednisone (C20P) and cabazitaxel 25 mg/m^2+prednisone (C25P) in terms of OS. For SAEs, both DP and C20P were superior to C25P, with no statistical difference between C20P and DP. The probability ranking plots indicated that C25P ranked highest for OS, while DP ranked highest for SAEs.





Conclusions

Based on our network meta-analysis, we recommend cabazitaxel 20 mg/m^2+prednisone (C20P) as the primary choice for first-line management of mCRPC, followed by DP. Enzalutamide and abiraterone are suggested as subsequent options. Radium-223 may be considered for patients presenting with bone metastases.





Systematic review registration

https://www.crd.york.ac.uk/prospero/, identifier CRD42023443943.
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Introduction

Prostate cancer (PC), the most prevalent malignancy in the male genitourinary system, has recently emerged as the second most common cancer globally (1). The world age-standardized incidence rate is 37.5 per 100,000, with higher prevalence in regions with a high Human Development Index, such as Europe and North America. Many PC patients undergo Androgen Deprivation Therapy (ADT) post-laparoscopic or robotic surgery, showing promising efficacy in the initial and intermediate stages. However, due to various mechanisms such as androgen receptor amplification, mutation, PI3K pathway, or NF-κB pathway aberrations, tumors often develop resistance to ADT, progressing to mCRPC within 18-24 months, frequently accompanied by distant metastases (2). This phase is marked by a dismal prognosis and escalated treatment costs (3). Current therapeutic approaches include second-generation antiandrogens (e.g., abiraterone, enzalutamide, apalutamide), chemotherapy (docetaxel, cabazitaxel), and radionuclide therapy (Radium-223, 177Lu-PSMA) (4, 5). Abiraterone, a CYP17 inhibitor, diminishes androgen levels by inhibiting a crucial enzyme in androgen synthesis. Enzalutamide and apalutamide, as androgen receptor antagonists, prevent androgen from binding to its receptor. Clinical trials have demonstrated the effectiveness of abiraterone and enzalutamide in extending progression-free survival (PFS) and overall survival (OS) in mCRPC patients (6, 7).

Despite this, the absence of direct comparative trials for first-line treatments leaves a gap in knowledge regarding the optimal balance of efficacy and safety. This study aims to fill this void by comparing the effectiveness and safety of first-line mCRPC treatments as reported in randomized clinical trials (RCTs), thereby guiding clinical decision-making.





Methods




Eligibility criteria

The inclusion criteria for trials were as follows: 1) Phase III or IV randomized controlled trials (RCTs); 2) Participants diagnosed with metastatic castration-resistant prostate cancer (mCRPC); 3) No history of cytotoxic therapy or androgen receptor inhibitor therapy; 4) Interventions including abiraterone acetate, enzalutamide, apalutamide, docetaxel, cabazitaxel, or Radium-223; 5) Outcomes measuring overall survival (OS) and severe adverse events (SAEs). Exclusion criteria comprised: 1) Studies with incomplete data; 2) Non-English language publications; 3) Trials terminated prematurely for various reasons.

Following initial study selection, a preliminary network graph was produced. In cases where key studies were missing, additional relevant studies were identified and included after thorough discussion, ensuring the completeness of the network graph. The study protocol was registered with PROSPERO (Registration number: CRD42023443943). Our approach to study selection and inclusion aligned with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (8).





Data sources and extraction

We conducted a comprehensive search of electronic databases, including PubMed and Web of Science, for studies published from their inception through April 3rd, 2023. The search included: 1) Completed Phase III or IV randomized controlled trials (RCTs) registered with ClinicalTrials.gov; 2) Patient cohorts with a confirmed diagnosis of metastatic castration-resistant prostate cancer (mCRPC) who had not previously received chemotherapy or novel endocrine therapies. The literature search employed the following terms, used as title/abstract keywords or MeSH terms: ‘castration-resistant prostate cancer’, ‘abiraterone’, ‘enzalutamide’, ‘docetaxel’, ‘Radium-223’, ‘cabazitaxel’.

Data extraction was independently conducted by two reviewers (ZD and WH), following a thorough assessment of all potential abstracts and titles for eligibility. In instances of disagreement or insufficient information, a third reviewer (MY) was consulted to examine the full text for eligibility. Extracted information included patient characteristics (median age, treatment descriptions, and doses) and sites of metastatic disease.

The analysis focused on median overall survival (OS) as the efficacy criterion, while toxicity criteria included the incidence of Grade 3-5 toxicities as per the National Cancer Institute Common Toxicity Criteria, along with the incidence of serious adverse events.





Risk of bias assessment

Methodological quality of the included studies was assessed independently by two investigators, utilizing the Cochrane Handbook for Systematic Reviews of Interventions. Each trial was evaluated on the following criteria and assigned a risk of bias rating as low, medium, or high: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, completeness of outcome data, selective reporting, and presence of any other biases. A trial was deemed to have an overall low risk of bias if all domains were rated as low risk, and high risk if any domain was assessed as high risk. Discrepancies in assessment were resolved through discussion between the two investigators, or by consulting a third investigator for an adjudicated decision.





Statistical analysis

The network meta-analysis was performed using a Bayesian framework model, employing R software (version 4.3.0) with the gemtc package (9). For the outcomes, overall survival (OS) was estimated using pooled hazard ratios (HRs) with 95% confidence intervals (CIs), and severe adverse events (SAEs) were analyzed using odds ratios (ORs) with 95% CIs. Both fixed-effects and random-effects models were fitted, with the latter accounting for heterogeneity between studies. The results presented in this study are based on the fixed-effects model.






Results




Study selection and network geometry

Initial database screening yielded 4,273 references from PubMed and 3,751 from Web of Science (Figure 1). This was narrowed down to 835 potentially relevant trials after initial screening. Upon detailed examination, 7 studies fulfilling the inclusion criteria were selected for analysis. A network graph depicting treatment comparisons is illustrated in Figure 2.




Figure 1 | Study fow chart. This network meta-analysis incorporated 6 phase III and 1 phase IV randomized controlled trials (RCTs), enrolling a total of 6,411 patients with metastatic castration-resistant prostate cancer (mCRPC). Eight treatment modalities were analyzed: placebo/prednisone, abiraterone acetate + prednisone, enzalutamide, cabazitaxel 20/25mg/m^2, docetaxel, Radium-223 + abiraterone acetate + prednisone, and apalutamide + abiraterone acetate + prednisolone.






Figure 2 |  A network graph depicting treatment comparisons is illustrated.DP-docetaxel+prednisone. C25P-cabazitaxel 25 mg/m^2+prednisone, C20P-cabazitaxel 20 mg/m^2+prednisone, Apa/abi/p-apalutamide + abiraterone acetate + prednisolone, Abi/p-abiraterone acetate + prednisone, Rad233/abi/p-Radium-223 + abiraterone acetate + prednisone, Pla-placebo, Enza-enzalutamide.



The most frequently studied treatment was abiraterone acetate + prednisone (4 trials). To complete the network graph, a phase IV second-line treatment RCT comparing cabazitaxel 25mg/m^2 and abiraterone acetate was included after discussion.





Characteristics of included trials

The analysis included seven multicenter RCTs, predominantly phase III first-line treatments, with the exception of one phase IV second-line treatment RCT included for network completeness (10–16). These trials spanned 2015 to 2020, involving a total of 6,411 participants. Median sample size per treatment arm was 396 (range, 126-872) patients; median age was 70.6 years (range, 68-71.6 years); median overall survival (OS) was 30.15 months (range, 11-39.1 months). Eligibility criteria primarily required newly diagnosed prostate adenocarcinoma with radiographic evidence of metastasis and adequate performance status, excluding or restricting prior chemotherapy and hormone therapy in the metastatic setting. To ensure network completeness, the CARD trial was additionally included. Baseline characteristics of the 7 studies are detailed in Table 1.


Table 1 | Detailed description of baseline characteristics of 7 studies.







Risk of bias

The Cochrane Collaboration tool was employed for quality assessment of the included trials. Bias risk was evaluated across six domains mentioned in the selection criteria. Five of the seven studies demonstrated adequate randomization. The remaining studies lacked specific details on sequence generation methods. Allocation concealment was reported in five trials, with two trials employing open-label designs. Attrition and reporting biases were assessed and managed effectively in the included studies. A summary of the risk-of-bias assessment for each trial is presented in Figure 3.




Figure 3 | Risk of bias of selected studies.







Syntheses of results

Network meta-analyses incorporated all eight treatments, evaluating both effectiveness (OS) and safety (SAEs) outcomes (Figure 4).




Figure 4 | Summary of effectiveness (OS) and safety (SAE) assessments of eight treatments.







Effectiveness outcomes

Treatments showing significant OS improvement over placebo included: docetaxel (HR, 0.53; 95% CI, 0.36-0.79), abiraterone acetate (HR, 0.81; 95% CI, 0.70-0.94), enzalutamide (HR, 0.70; 95% CI, 0.61-0.82), cabazitaxel 20 mg/m^2 (HR, 0.53; 95% CI, 0.35-0.84), and cabazitaxel 25 mg/m^2 (HR, 0.52; 95% CI, 0.36-0.75). Docetaxel also demonstrated superior OS improvement compared to abiraterone and Radium-223 + abiraterone, and was comparable with enzalutamide, cabazitaxel, and apalutamide (Figure 4). Treatment ranking probabilities indicated cabazitaxel 25 mg/m^2 as the most likely best treatment for OS (45% probability).





Safety outcomes

Regarding SAEs, treatments ranked from safest to least safe were: docetaxel, cabazitaxel 20mg/m^2, cabazitaxel 25mg/m^2, abiraterone, Radium-223 combined with abiraterone, enzalutamide, and apalutamide combined with abiraterone. There were no significant differences between docetaxel, cabazitaxel 20/25 mg/m^2, and placebo in terms of SAEs.





Heterogeneity

The heterogeneity of our findings (I2) was less than 30%, which indicated that our findings were homogeneous. Therefore, we did not conduct subgroup analysis to identify the source of heterogeneity. Comprehensive results can be found in Supplementary Figure 3.





Grade assessment

Out of 7 RCTs, 4 of them were categorized as low risk of bias. Due to the lack of sufficient blinding methods, 3 RCTs were revealed to have high risk of bias. Based on grading the evidence in Table 2, 3 low risk of bias articles were included and produced high certainty of evidence. Based on the grading analysis, it is revealed that all 3 studies not only have low risk of bias but are also not serious in terms of inconsistency, indirectness, and imprecision. All these criteria increase the certainty level and can guide clinicians and policymakers for future events or discussions. Comprehensive results can be found in Table 2.


Table 2 | Grading the evidence with GRADEpro Guideline Development Tool.








Discussion

This network meta-analysis systematically evaluated first-line treatments for metastatic castration-resistant prostate cancer (mCRPC) as delineated in existing Phase III and IV randomized controlled trials (RCTs). A notable majority of these treatments had not previously been directly compared in face-to-face trials. Our comprehensive analysis revealed that chemotherapy regimens, specifically docetaxel and cabazitaxel, demonstrated superior efficacy and safety compared to second-generation anti-hormonal therapies, including abiraterone, enzalutamide, and apalutamide, in the first-line management of mCRPC.

The findings of this network meta-analysis provide new insights into the first-line treatment of metastatic castration-resistant prostate cancer (mCRPC). Current guidelines from the American Urological Association (AUA) recommend abiraterone and enzalutamide as grade A treatments, and docetaxel as a grade B treatment for mCRPC (17). Similarly, the Apccc expert consensus endorses abiraterone and enzalutamide as primary treatments (18). These recommendations contrast with our results, prompting an exploration of potential reasons for these discrepancies. Several factors may contribute to this variation:

AR-V7 Presence: AR-V7, a variant of the androgen receptor (AR) lacking the ligand-binding domain, is frequently observed in mCRPC patients, with about a 30% mutation rate. Antonarakis (19) demonstrated a significant correlation between AR-Vs in circulating tumor cells and clinical outcomes in CRPC patients receiving new AR-targeted therapies. Studies indicate that AR-V7 positivity is associated with resistance and poor efficacy in patients treated with enzalutamide and abiraterone (20). Conversely, AR-V7 status does not significantly affect responses to paclitaxel-based therapies like docetaxel or cabazitaxel (21).

PTEN Deficiency: The tumor suppressor gene PTEN, frequently lost or mutated in cancers, regulates the PI3K−AKT−mTOR signaling pathway. In mCRPC, PTEN gene deletion occurs in 40-60% of cases (22–24). Studies have shown that PTEN deficiency negatively impacts the effectiveness of abiraterone, but does not affect the antitumor activity of docetaxel (25, 26).

DDR Gene Mutations: The impact of DDR (DNA damage response) gene mutations on second-generation hormone therapy and paclitaxel-based therapy remains unclear. Some studies suggest that DDR gene mutations attenuate the efficacy of second-generation hormone therapies, but their impact on the efficacy of cabazitaxel is less certain (27, 28).

Tumor Neuroendocrine Differentiation (NED): NED in mCRPC is a significant factor in treatment response. Hormone therapy is generally less effective in patients with NED. A study found greater OS benefit with a Docetaxel+Prednisone (DP) - Abiraterone Acetate (AA) treatment sequence in patients with elevated NED, compared to an AA-DP sequence (29).In light of these findings, our analysis suggests that the choice of first-line treatment for mCRPC should consider molecular and genetic tumor characteristics to optimize patient outcomes.

The objective of this network meta-analysis was to elucidate the efficacy of cabazitaxel 20 mg/m^2 (C20P) and cabazitaxel 25 mg/m^2 (C25P) over docetaxel+prednisone (DP) in chemotherapy- or hormone therapy-naive patients with metastatic castration-resistant prostate cancer (mCRPC), focusing on overall survival (OS). Our recommendation favors C20P, as it shows comparable OS to C25P but exhibits superior safety in terms of severe adverse events (SAEs), suggesting enhanced tolerability at the lower dose.

The choice of optimal treatment for mCRPC remains a subject of debate. Recently, some scholars have also performed network meta-analysis for first-line treatment of mCRPC (30). Unlike our analysis, this analysis included all period RCTs to form a network and was therefore more exploratory. Our analysis includes Phase III and IV RCTs, and focuses on the high level of evidence to guide clinical application. This analysis included 29 RCTs, involving 12,706 patients and investigating 16 interventions. According to the OS results of this analysis, in addition to docetaxel and cabazitaxel-based chemotherapy regimens, chemotherapy combined with targeted therapy (capivasertib or cabozantinib) and chemotherapy combined with PD-1 (ipilimumab) showed significant effects. Cabozantinib is a tyrosine kinase inhibitor that targets multiple genes, including MET, VEGFR1/2/3, ROS1, RET, AXL, NTRK, and KIT, and is currently used to treat renal cancer (31). Capivasertib is an AKT inhibitor with potential efficacy in patients with PIK3CA, AKT1, and or PTEN mutations. These therapeutic strategies of targeted therapy combined with chemotherapy are providing a new direction for mCRPC.

Different levels of genetic mutations are often found in malignant tumors, which can cause poor response to castration therapy or chemotherapy. Therefore, the use of monotherapy in cancer therapy has limitations, and monotherapy specifically inhibits a therapeutic target and triggers compensatory mechanisms or other signal transduction bypasses, which require the assistance of other drugs to improve efficacy. Researchers are increasingly interested in using combinations of low-dose anti-cancer agents with different modes of action rather than administering single agents at high doses. Combinations of anticancer drugs with different mechanisms of action may show synergistic effects in inhibiting the growth of prostate cancer cells and inducing apoptosis. In response to the aberrant activation of PI3K and NF-κB pathways in the late stage of docetaxel chemotherapy in mCRPC, drugs that can inhibit the transduction of this signaling pathway are required.

In order to achieve precise treatment of mCRPC, genetic testing of patients with mCRPC is required. For patients who have undergone surgical treatment, tumor specimens can be sampled and tested. For inoperable patients, prostate biopsy may be used for testing. Both approaches can be applied to most scenarios. In addition, circulating tumor cells (CTC) can be used to detect novel mutations. CTCs are tumor cells disseminated from primary and/or metastatic tumor sites that circulate in the vasculature with potential for distant seeding. Studies have shown that CTC detection has been performed in mCRPC patients by a useful platform to detect the presence or absence of AR-V7 mutations (32). A multicentric study replicated these findings using an open-source Automated CTC Classification Enumeration and PhenoTyping software for the prognostication of mCRPC patients (33). In addition to CTC, mCRPC can also be genetically classified by detecting circulating nucleic acids, extracellular vesicles. After that targeted or immune treatment regimens can be used for different types mutations to achieve precise treatment of mCRPC.

According to our analysis, cabazitaxel or docetaxel is preferable over abiraterone or enzalutamide for initial chemotherapy or hormone therapy in mCRPC patients who have not undergone genetic testing. Moreover, there is considerable potential for advancement in prostate cancer treatment. The efficacy of many therapeutics is closely linked to tumor genetic mutations, indicating a need for further research in this area.





Limitations

Our study is not without limitations. Firstly, due to exclusion criteria, we were unable to include emerging treatments such as targeted therapies (olaparib, ipatasertib), vaccine therapies (sipuleucel-T), and radiation therapy (177Lu-PSMA-617). Secondly, the inclusion of a second-line treatment RCT for mCRPC (CARD) was necessary to complete the network graph, which may have introduced bias. It is hoped that future analyses will incorporate more Phase III RCTs focused on first-line mCRPC treatments. Thirdly, the field of prostate cancer treatment is yet to fully embrace precision therapy, and many studies lack genetic data. Therefore, a subgroup analysis of genetic factors in the included patients was not feasible.





Conclusions

We recommend cabazitaxel 20 mg/m^2 as the primary option for first-line treatment of mCRPC. Genetic testing for mCRPC patients is also advised to tailor treatment choices based on mutation profiles. Given the limitations of our network meta-analysis, the need for more comprehensive, high-quality studies for further evaluation is evident.
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Introduction

Muscle invasive bladder cancer (MIBC) remains a prevalent cancer with limited therapeutic options, obviating the need for innovative therapies. The epidermal growth factor receptor (EGFR) is a linchpin in tumor progression and presents a potential therapeutic target in MIBC. Additionally, the EGFR ligands AREG and EREG have shown associations with response to anti-EGFR therapy and improved progression-free survival in colorectal carcinoma.





Materials and methods

We investigated the prognostic significance of EGFR, AREG, and EREG in MIBC. Gene expression and copy number analyses were performed via qRT-PCR on tissue samples from 100 patients with MIBC who underwent radical cystectomy at the University Hospital Mannheim (MA; median age 72, interquartile range [IQR] 64–78 years, 25% female). Results were validated in 361 patients from the 2017 TCGA MIBC cohort (median age 69, IQR 60–77 years, 27% female), in the Chungbuk and MDACC cohort. Gene expressions were correlated with clinicopathologic parameters using the Mann-Whitney test, Kruskal-Wallis- test and Spearman correlation. For overall survival (OS), cancer-specific survival (CSS) and disease-free survival (DFS) gene expression was analyzed with Kaplan-Meier and Cox-proportional hazard models.





Results

Significant gene expression differences in EGFR, AREG, and EREG could be detected in all cohorts. In the TCGA cohort, EGFR expression was significantly elevated in patients with EGFR amplification and KRAS wildtype. High AREG expression independently predicted longer OS (HR = 0.35, CI 0.19 - 0.63, p = 0.0004) and CSS (HR = 0.42, CI 0.18 – 0.95, p = 0.0378) in the MA cohort. In the TCGA cohort, high EGFR, AREG, and EREG expression correlated with shorter OS (AREG: HR = 1.57, CI 1.12 – 2.20, p = 0.0090) and DFS (EGFR: HR = 1.91, CI 1.31 – 2.8, p = 0.0008). EGFR amplification was also associated with reduced DFS.





Discussion

High EGFR and EREG indicate worse survival in patients with MIBC. The prognostic role of AREG should further be investigated in large, prospective series. Divergent survival outcomes between the four cohorts should be interpreted cautiously, considering differences in analysis methods and demographics. Further in vitro investigations are necessary to elucidate the functional mechanisms underlying the associations observed in this study.
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1 Introduction

In 2023, bladder cancer (BC) was expected to account for an estimated 82,290 new cases and 16,710 cancer-related deaths in the United States, making it the 4th most common and the 8th most deadly malignancy in men in the US (1). In Europe, BC is the 5th most common cancer with an incidence of more than 200,000 new cases per year (2). While 70% of BC are localized to the mucosa and submucosal tissues and thus classified as non-muscle invasive bladder cancer (NMIBC), 30% invade into the musculature (muscle invasive bladder cancer, MIBC). While the 5-year overall survival (OS) rate for NMIBC is 81%, this drops to 48% when the disease progresses to MIBC (3). Approximately 50% of patients with MIBC develop metastases and have a 5-year survival rate of about 5% (4). Radical cystectomy (RC) with pelvic lymphadenectomy, urinary diversion and in selected cases neoadjuvant chemotherapy, remains the treatment of choice for localized MIBC. In the past decade, treatment in the metastasized setting has evolved from platinum-based chemotherapy regimens to immune checkpoint inhibitors to now include antibody-drug conjugates such as Enfortumab-Vedotin and pan-FGFR inhibitors like Erdafitinib. While these new therapies have the potential to revolutionize the treatment of metastatic MIBC, not all patients will respond and ultimately resistances will arise. Thus, new additional biomarkers and molecular targets in MIBC are still urgently needed. The tyrosine kinase receptor epidermal growth factor receptor (EGFR) has been proposed as a potential target in BC, due to its routine therapeutic inhibition in metastatic colorectal carcinoma (mCRC) and non-small cell lung cancer (NSCLC) (5, 6). Immunohistochemistry (IHC) studies in BC showed a comparatively low EGFR expression in normal urothelium and up to 74% protein overexpression in BC, further highlighting the potential role of EGFR as a target in MIBC (7). So far, clinical trials targeting EGFR in BC could not convincingly show a benefit for EGFR-directed therapy, except for a small group of patients (8, 9). Preclinical studies by Rebouissou et al. support the hypothesis, that a subset of patients with BC will likely respond to EGFR-directed therapy (10). Based on these observations, Goodspeed et al. developed a gene signature from EGFR-inhibited mCRC data, that could predict the response of BC cell lines to EGFR inhibition (11). This signature included, Amphiregulin (AREG) and Epiregulin (EREG), two of the seven potential EGFR ligands, whose predictive role for EGFR inhibition and progression-free survival (PFS) has further been confirmed in mCRC (12–15). Based on these promising preclinical and clinical data, we investigated clinicopathologic and survival associations of EGFR, AREG and EREG gene expression and copy number alterations on OS, disease-free survival (DFS) and cancer-specific survival (CSS) in a cohort of patients with MIBC after RC from Mannheim, and on OS and DFS in a second cohort of patients with MIBC from the The Cancer Genome Atlas (TCGA) project (16). Furthermore, OS and CSS were further analyzed in patients with MIBC from the Chungbuk National University Hospital (17) and the MD Anderson Cancer Center (MDACC) MIBC cohort (18).




2 Materials and methods



2.1 Patients and methods

Four independent cohorts were included in this study. The first cohort consisted of patients with MIBC who underwent RC at the Department of Urology and Urosurgery at the University Medical Center Mannheim (MA) between 2008 and 2014. Patients with either no histologic evidence of residual malignancy after RC, NMIBC, non-urothelial histologic subtype, distant metastases at the time of RC or missing detection of the reference gene Calmodulin 2 (Calm2) were excluded from further analysis. Figure 1 shows the different stages of analysis with respective exclusion criteria of the MA cohort. Formalin-fixed paraffin-embedded (FFPE) tissue specimens and clinical data were collected in a retrospective study design which had been approved by the local ethics committee before the study (2015–549N-MA). All participants provided written informed consent. All procedures in this study were carried out in accordance with the 1964 declaration of Helsinki and its later amendments or comparable ethical standards. The other three cohort included patients with MIBC from the TCGA cell 2017 study by Robertson et al. (16), from the Chungbuk National University Hospital study by Kim et al. (17) and from an MDACC cohort by Choi et al. (18).




Figure 1 | REMARK flow diagram of the exclusion criteria of the Mannheim cohort.






2.2 RNA extraction, cDNA synthesis and quantitative PCR analyses of the gene expressions and copy number alterations in patient samples from the MA cohort

All pathology specimens from the MA cohort were evaluated by the Institute of Pathology of the Medical Faculty Mannheim, University of Heidelberg. Tumor bearing FFPE tissue samples were stained with hematoxylin and eosin, examined by a board-certified uro-pathologist (ZVP) and graded according to the TNM classification (2017) and the WHO 2010/2016 classification of genitourinary tumors. RNA extraction was performed with the magnetic-based XTRAKT FFPE kit (Stratifyer, Cologne, Germany) according to the manufacturer’s instructions. For the quantitative real-time polymerase chain reaction (qRT-PCR), RNA was reversely transcribed into cDNA with Sequence-specific reverse primers (reference gene Calm2 and target genes EGFR, AREG and EREG), Superscript III reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) and supporting reagents were incubated at 55°C for 120 min with a subsequent enzyme deactivation step at 70°C for 15 min. cDNA was amplified through 40 cycles at 95°C for 3s and 60°C for 30s on a StepOnePlus qRT-PCR cycler (Applied Biosystems, Waltham, MA, USA). Calm2 was used as a reference gene for normalization and gene expression determined using the 40-(ΔCt)-method (19). Supplementary Table S1 shows the primers and probes used in this study. Copy number alterations (CNA) in the MA cohort were measured using qPCR with TaqMan Assays according to the manufacturers’ instructions (Supplementary Table S2). Predicted CNA values ≥3 were classified as amplification events.




2.3 In silico validation of findings

Findings were validated in patients with MIBC from the TCGA, the Chungbuk and the MDACC cohort (16–18). Figure 2 shows patient exclusion criteria at different stages of the analysis of the TCGA cohort. All TCGA data were downloaded from public repositories and have been produced in earlier analyses. CNA and gene expression data were downloaded from the Xenabrowser (https://xenabrowser.net) (20). Clinical data were downloaded from cBioPortal (https://www.cbioportal.org) (21, 22). Briefly, CNA data were generated using Affymetrix SNP6.0 arrays and mRNA gene expression data obtained through RNA Sequencing on an Illumina HiSeq. Data underwent further bioinformatic processing. CNA data were curated with the GISTIC2.0 algorithm and gene expression data quantified and normalized using RNA-Seq by Expectation Maximization (RSEM) and expressed as log2. CNA data ranged from -2 to 2, with the following nomenclature applied: -2: 2 copy del; -1: 1 copy del; 0: no change, 1: amplification, 2: high amplification. For the purposes of this study a GISTIC2.0 value of 2, or high amplification defined EGFR amplification. All other gene-level events (-2 to 1) were defined as non-amplification. Supplementary Figure S1 shows patient exclusion criteria for the Chungbuk and the MDACC cohorts. Similar exclusion criteria were applied as in the MA and TCGA cohort. Clinical and genomic data for the two cohorts were obtained from the Gene Expression Omnibus database (Chungbuk: GSE13507; MDACC: GSE48276) and were included as Supplementary Material. Gene expression in the Chungbuk cohort was measured using Illumina Human-6 BeadChip microarrays on RC specimens (17). Gene expression in the MDACC cohort was measured using FFPE TUR-B tissue samples on an Illumina HumanHT-12 WG-DASL V4.0 R2 expression beadchip (18).




Figure 2 | REMARK flow diagram of the exclusion criteria of the second study cohort based on the TCGA cell 2017 MIBC cohort.






2.4 Statistical analyses

Statistical analyses were performed using JMP16 (SAS, Cary, North Carolina, USA) and GraphPad Prism 9.0 (GraphPad Software Inc., La Jolla, California, USA). All p values were calculated for two sided tests with p ≤ 0.05 regarded as statistically significant. Statistical analyses of numeric continuous variables following a non-normal distribution were performed with non-parametric tests (Mann-Whitney-Test, Kruskal-Wallis test). Spearman coefficient analysis was performed to assess gene correlations. Survival analyses were performed using the Kaplan-Meier method and differences between subgroups were tested for significance with the log-rank test. Cut-off values for high and low gene expression groups were provided by using the partition test, with each group representing at least 20% of the total cohort. Uni- und multivariable analyses were performed using Cox-proportional hazard regression models, accepting a cut-off value of p < 0.2 to include relevant clinical or pathologic variables into the multivariable analyses, that would have been missed with a more restrictive p value of ≤ 0.05.





3 Results



3.1 Patient demographics

After exclusion of 42 patients (from initially 142 patients) 100 patients with histologically confirmed urothelial MIBC (median age: 72, range: 64 – 78, 25% female patients, 72% locally advanced carcinomas (T3/4)) remained for the subsequent analyses in the MA cohort. In the TCGA MIBC cohort 361 patients could be evaluated after exclusion criteria were applied (median age: 69, range:60 – 77, 27% female patients, 68% T3/4 tumors). Furthermore, 55 patients with MIBC from the Chungbuk cohort (median age 66, IQR 60–73 years, 20% female) and 38 patients from the MDACC MIBC cohort (median age 68, IQR 60–72 years, 16% female) were analyzed after exclusion criteria (Supplementary Figure S1).

Demographic and clinicopathologic data of these cohorts are shown in Table 1. Baseline characteristics between the four cohorts were comparable except for a slightly higher percentage of patients with lymph node metastases (N+) in the TCGA cohort. At a median follow-up (f/u) of 39.5 months (range 3 – 180 months, n = 94) 60 patients in the MA cohort died during the f/u period. Of those 60 patients, 31 (52%) died of MIBC. Median f/u among surviving patients was 120 (72.5 – 142) months. In the TCGA cohort median f/u for surviving patients was 24.8 (14.8 – 53.4) months. Median f/u in the original Chungbuk cohort was 37 (1–137) months (17) and in the MDACC cohort median f/u was 45.2 (4 – 180) months.


Table 1 | Demographics of patients in the Mannheim (MA), the TCGA, the Chungbuk, and the MDACC cohort.






3.2 Gene expression analysis

Overall, EGFR showed the highest gene expression across all four cohorts (MA: EGFR median CT value 37.54 (range 36.94 - 38.25), median CT value AREG 29.45 (range 27.99 – 30.39), median CT value EREG 29.80 (range 28.25 – 31.56); TCGA: EGFR 9.26 (range 7.94 – 10.45), AREG 7.04 (range 5.37 – 9.17), EREG 4.98 (range 2.78 – 8.09); Chungbuk: EGFR median value 8.18 (range 7.88 – 8.180), AREG median 7.01 (range 6.95 – 7.06), EREG median value 7.28 (range 7.15 – 7.39); MDACC: EGFR median value 12.99 (range 12.47 – 13.47), AREG median value 5.32 (range 5.17 – 5.42), EREG median value 7.97 (range 7.14 – 9.09), Figure 3). Comparing the median gene expression between EGFR, AREG and EREG revealed significant differences between the three genes across all cohorts (p < 0.0001 for all cohorts, Figure 3). AREG and EREG were inversely related between the two cohorts, with a higher AREG expression in the TCGA cohort, while AREG showed a lower expression compared to EREG in the other three cohorts. Although high amplification (AMP), compared to low or no amplifications (NOT) of EGFR in the TCGA cohort, resulted in a higher gene expression in all three genes, only EGFR reached a statistically significant difference (EGFR: AMP 13.38 (range 12.08 – 14.66) vs. NOT 9.11 (range 7.89 – 10.21); p < 0.0001, Supplementary Figure S2A). Among the 57 patients from the MA cohort with available CNA information on EGFR only marginal, non-significant differences in gene expression between the two groups could be observed (AMP vs. Not, Supplementary Figure S2B). Assessing the correlation between the three genes revealed a moderately positive correlation between AREG and EREG in the MA cohort (Spearman ρ = 0.4960, p < 0.0001) and a highly positive correlation in the TCGA cohort (Spearman ρ = 0.7333, p < 0.0001). EGFR and both of its ligands were weakly correlated across both cohorts (Supplementary Figure S3). In the other cohorts, AREG and EREG were only weakly correlated (Chungbuk: Spearman ρ = 0.0091, p = 0.9472; MDACC: Spearman ρ = 0.0594, p = 0.7231). In the MDACC cohort, EGFR and EREG showed a weak positive correlation (Spearman ρ = 0.3457, p = 0.0335) (Supplementary Table S3).




Figure 3 | Comparison of normalized gene expression of EGFR, AREG and EREG (A) in the Mannheim cohort, (B) in the TCGA cell 2017 MIBC cohort, (C) in the Chungbuk cohort, and (D) in the MDACC cohort. The p value from the Kruskal-Wallis test between all three genes was p<0.0001. For comparisons between two genes the Mann-Whitney-Test was used.






3.3 Association with clinicopathologic data

In the TCGA cohort, T3/4 was correlated with a statistically significant increase in EGFR and EREG expression (EGFR p = 0.0176, EREG p = 0.0136, Figure 4A). However, this association could not be confirmed in the other three cohorts. Patients from the MA cohort with the presence of lymphovascular invasion (LVI) had a significantly lower AREG expression compared to patients without LVI (AREG 6.87 (range 5.37 – 8.69) vs. 7.78 (range 4.57 – 9.76); p = 0.0221, Figure 4B). Exploratory analysis of patients with a basal molecular subtype revealed a significantly higher gene expression for EGFR and both its ligands in patients with the basal molecular subtype (p < 0.0001 for each gene, Figure 4C). An exploratory analysis of the gene expression according to KRAS mutation status in the TCGA cohort showed a statistically significant higher expression of EGFR in patients with KRAS wildtype (vs. KRAS mutation; EGFR 9.35 (range 8.13 – 10.48) vs. 7.66 (range 6.59 – 8.53), p = 0.0002, Figure 4D). Further associations of the gene expressions with the investigated clinicopathologic characteristics are reported in Supplementary Tables S4, S5. In the Chungbuk cohort, N+ was associated with a significantly higher median EGFR expression (EGFR 8.37 (range 8.17 – 9.04) vs. 8.02 (range 7.24 – 10.32), p = 0.0485). In the MDACC cohort, female patients had a significantly higher EGFR expression (p = 0.0039) and patients with a basal molecular subtype had a significantly higher EGFR (p = 0.0053) and EREG expression (p = 0.0061).




Figure 4 | Association of clinicopathologic data with normalized gene expression. (A) Tumor stage in the Mannheim cohort, (B) Tumor stage in the TCGA cell 2017 MIBC cohort, (C) Molecular subtype (Basal (B) vs. Non-basal (NB) in the TCGA cell 2017 MIBC cohort, and (D) KRAS-Mutation status (wildtype (WT) vs. mutated (MUT) in the TCGA cell 2017 MIBC cohort.






3.4 Survival analyses

To evaluate the prognostic impact of EGFR, AREG and EREG expression on OS and CSS in the Chungbuk and MDACC, as well as OS, CSS and DFS in the MA cohort, and OS and DFS in the TCGA cohort, Kaplan-Meier analyses and cox proportional hazard ratios (HR) were used Figures 5, 6. In the MA cohort, a high AREG expression was associated with a longer OS (n = 94, median survival (high vs. low) 85 vs. 14 months, p < 0.0001, Figure 5B) and CSS (n = 84, median survival (high vs low) undefined (since the probability of survival exceeds 50% at the most distant time point measured) vs. 21 months, p = 0.0011, Figure 5E). Like AREG, a high EREG expression was associated with improved OS (n = 94, median survival (high vs. low) 76 vs. 20 months, p = 0.0488, Figure 5C) and improved CSS (n = 84, median survival (high vs. low) undefined vs. 30 months, p = 0.0242, Figure 5E). No statistically significant data for DFS were observed in the MA cohort (data not shown). In the TCGA cohort, a high EGFR, AREG and EREG gene expression was associated with shorter OS for all three genes (n = 330, EGFR: median survival (high vs. low) 27 vs. 87 months, p = 0.0003; AREG: median survival (high vs. low) 33 vs. 87 months, p = 0.0084, EREG, median survival (high vs. low) 33 vs. 59 months, p = 0.0376, Figures 6A–C). The association of worse survival with a high gene expression was maintained on DFS for all three genes but only reached statistical significance for EGFR (EGFR: n = 258, median survival (high vs. low) 28 vs. 81 months, p = 0.0007, Figures 6D, E). In the Chungbuk cohort, a high EGFR expression was associated with worse OS (EGFR: n = 54, median survival (high vs. low) 10 vs. 66 months, p = 0.0008; Supplementary Figure S4A). Due to the small sample size in the MDACC MIBC cohort (n=38), the observed survival effects could not be adequately evaluated. Univariable analysis of the MA cohort revealed locally advanced T stage (T3/4) and N+ to be associated with shorter OS, while a high AREG expression (HR = 0.30, CI 0.18 – 0.52, p < 0.0001) was associated with longer OS (Table 2). A high EREG expression (HR = 0.57 CI 0.32 – 1.01, p=0.0538) was similarly associated with a trend for improved OS, but no statistical significance could be reached (Table 2). On multivariable analysis of OS in the MA cohort, advanced T stages and N+ were associated with a worse outcome, while AREG (HR = 0.35, CI 0.19 - 0.63, p = 0.0004) maintained its association with improved survival (Table 2). Regarding CSS in the MA cohort, univariable analysis showed T3/4 and N+ to be associated with shorter CSS while a high AREG (HR = 0.32, CI 0.15 – 0.66, p=0.0021) and EREG (HR = 0.43, CI 0.20 - 0.92, p=0.0296) expression correlated with improved CSS (Table 3). In the multivariable analysis, the AREG expression (HR = 0.42, CI 0.18 - 0.95, p = 0.0378) remained as the only significant predictor of better CSS (Table 3). In the univariable analysis of the TCGA cohort, age, T3/4, N+ and high EGFR, AREG and EREG gene expression (EGFR: HR = 1.81, CI 1.30 – 2.52, p = 0.0004; AREG: HR = 1.57, CI 1.12 – 2.20, p = 0.0090; EREG: HR = 1.48, CI 1.02 – 2.15, p = 0.0389) were significant prognostic factors for shorter OS (Table 4). Except for EREG this negative survival association was maintained for all of the variables included in the multivariable model (Table 4). Univariable analysis of DFS in the TCGA cohort showed worse DFS with T3/4, N+, EGFR amplification (HR = 2.49, CI 1.26 – 4.95, p = 0.0389) and a high EGFR expression (HR = 1.91, CI 1.31 – 2.80, p = 0.0008, Table 5). While the association of EGFR amplification with a shorter DFS could not withstand in the multivariable analysis, T3/4, N+ and a high EGFR gene expression (HR = 1.73, CI 1.14 – 2.62, p = 0.0094) remained significant independent factors for a worse DFS (Table 5). In the Chungbuk cohort, a higher AREG expression was associated with a trend towards better OS (HR = 0.45, CI 0.19 – 1.08, p = 0.0735) on univariable analysis and a significant predictor of better OS (HR = 0.31, CI 0.11 – 0.87, p = 0.0257) in the multivariable OS analysis (Supplementary Table S6).




Figure 5 | Kaplan-Meier curves of (A–C) overall survival (OS) and (D–F) cancer-specific survival (CSS) of EGFR, AREG and EREG in patients with MIBC from the Mannheim cohort.






Figure 6 | Kaplan-Meier curves of (A–C) overall survival (OS) and (D–F) disease-free survival (DFS) of EGFR, AREG and EREG in patients with MIBC from the TCGA cell 2017 MIBC cohort.




Table 2 | Uni- and multivariable cox regression analyses of gene expression and clinicopathological parameters regarding overall survival (OS) in patients with MIBC after radical cystectomy (RC) in the MA cohort.




Table 3 | Uni- and multivariable cox regression analyses of different parameters regarding cancer-specific survival (CSS) in patients with MIBC after RC in the MA cohort.




Table 4 | Uni- and multivariable cox regression analyses of different parameters regarding OS in patients of the TCGA cohort.




Table 5 | Uni- and multivariable cox regression analyses of different parameters regarding DFS in patients with MIBC after RC in the TCGA cohort.







4 Discussion

In this study, the gene expression of EGFR, AREG and EREG in patients with MIBC, the association of gene expression with clinicopathologic variables of known prognostic impact in MIBC and the correlation of EGFR, AREG and EREG gene expression with survival and progression were investigated.

It was found that high AREG expression independently influenced the prediction of significantly longer OS and CSS in the MA (no significant survival associations for DFS) and longer OS in the Chungbuk cohort. In the TCGA cohort, a high EGFR, AREG and EREG expression were associated with worse OS and DFS. While this association was maintained for EGFR and EREG in the Chungbuk cohort, a high EGFR expression shifted from worse to better CSS prognosis in the Chungbuk cohort. The contradictory nature of these survival results in the three cohorts can partly be attributed to differences in analysis methods (qRT-PCR in the MA cohort, RNA-Seq in the TCGA cohort and microarray gene expression profiling in the Chungbuk cohort) and demographic baseline characteristics. We chose qRT-PCR in favor of IHC to analyze the gene expression, because the former method is free of inter-rater variability and proposed to be a more sensitive and unbiased method (23, 24). Additionally, patients’ treatments may further influence differences in gene expression profiles between individual cohorts. We compared the median gene expression of EGFR, AREG and EREG in patients with and without adjuvant chemotherapy in the MA cohort using the Mann-Whitney-Test, but could not find any statistically significant differences between both groups (data not shown).

Our observation that a high AREG expression was independently associated with better OS and CSS in the MA cohort is supported by data from Khambata-Ford et al., who found high expression levels of AREG and EREG on GeneChips and qRT-PCR to be associated with a significantly prolonged PFS under Cetuximab monotherapy (12). Correlation analysis further revealed AREG and EREG expression to be moderately (MA) and highly (TCGA) correlated with each other, which is in line with findings by Khambata-Ford et al. from mCRC and mostly attributable to colocalization of AREG and EREG on chromosome 4q13.3 (25). The observed weak correlation between EGFR and the two ligands could be explained by the ligand-receptor interaction, with EREG known to bind weaker to EGFR than other ligands but eliciting a stronger and prolonged EGFR activation (26, 27)

Biologically, elevated AREG and EREG expression have been postulated to stimulate an autocrine loop through EGFR leading Khambata-Ford et al. to hypothesize that these ligands are surrogate markers for an activated EGFR pathway, and potentially a positive feedback loop with EGFR (12). This hypothesis would be supported by our results of worse OS and DFS with a high expression of AREG, EREG and EGFR in the TCGA cohort.

As expected, EGFR gene expression was higher than that of its ligands in both cohorts and EGFR amplification events were associated with an increase in the expression of all three genes, while only EGFR was significantly differently expressed in the TCGA cohort. These findings correspond to the fact that, similar to CRC, activating mutations of EGFR in MIBC are rare, and EGFR expression is mainly regulated via EGFR amplification (12, 14).

Correlation with clinicopathologic data revealed advanced T stages T3/4 (TCGA: EGFR and EREG) and LVI (MA: AREG) to be the only variables associated with significant differences in gene expression. Further mechanistic studies are needed to ascertain if gene expression of EGFR and EREG/AREG truly drives local tumor growth, metastasis, and invasion or whether the observed differences are merely a bystander effect of the increased neoplastic microenvironment activity.

Interestingly, EGFR, although not statistically significant, was associated with better OS and CSS in the MA cohort, which corresponds to findings from mCRC showing no association of mRNA expression levels of EGFR and other EGFR-ligands (except for AREG and EREG) with disease control under Cetuximab (12).

Although a multitude of urinary and blood-based biomarkers exist to detect, monitor and control treatment response in NMIBC, survival prognosis for MIBC after RC is largely based on conventional imaging (CT and MRI scans). Since the gain of EGFR function is an established genomic event in the progression to MIBC, increased EGFR gene expression or amplification from FFPE tissue at the time of RC could be used as an additional marker for tumor aggressiveness besides histopathology and potentially serve as a biomarker (28). Smalley et al. used mass spectrometry to identify potential biomarkers on microparticles in the urine of patients with BC. They were able to show that 5 of the 8 detected proteins were associated with the EGFR pathway (29, 30). Other growth factors, such as the vascular endothelial growth factor A, which is part of the Oncuria® multiplex immunoassay (31), and the fibroblast growth factor 3 (FGFR3), which is part of the FDA-approved Uromonitor test® (32), are currently used in the context of urinary biomarker assays in clinical practice for NMIBC (33). While the above-mentioned markers were derived from urine, there is a clinical application for biomarkers evaluated by qRT-PCR of FFPE tissue samples, since FGFR3 mutations and FGFR2/3 gene fusions, which are currently used to guide the use of the pan-FGFR-inhibitor Erdafitinib for metastatic BC, are assessed using qRT-PCR of FFPE tissue samples (34).

Limitations of this study include its retrospective nature, varying gene expression detection and normalization methods between the MA and the TCGA cohort. Comparisons to other trials are limited through our endpoint selection of OS, CSS and DFS contrary to PFS and treatment response to anti-EGFR therapy. However, to our knowledge this is the first trial to date to assess clinicopathologic and survival associations of AREG and EREG in patients with MIBC.

Ultimately, the different findings between the MA and TCGA cohorts will need to be further investigated, as differences in used methodology, the existence of splice variants and differences in cohorts are potential biases to a validation. Further in vitro studies are needed to examine the nature of the EGFR-AREG/EREG relationship at a molecular level in MIBC.

AREG and EREG are promising prognostic markers in MIBC. Validation in the TCGA and Chungbuk cohort shows diverging survival results. Further in vitro studies at the molecular level are needed to explore the nature of the EGFR-AREG/EREG interaction and its potential impact on BC cancer biology and survival.
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Metastatic castrate resistant prostate cancer (mCRPC) continues to have poor survival rates due to limited treatment options. Bi-specific T cell engagers (BiTEs) are a promising class of novel immunotherapies with demonstrated success in haematological malignancies and melanoma. BiTEs developed for tumour associated antigens in prostate cancer have entered clinical testing. These trials have been hampered by high rates of treatment related adverse events, minimal or transient anti-tumour efficacy and generation of high titres of anti-drug antibodies. This paper aims to analyse the challenges faced by the different BiTE therapy constructs and the mCRPC tumour microenvironment that result in therapeutic resistance and identify possible strategies to overcome these issues.
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1 INTRODUCTION
Globally, prostate cancer is the second most common cancer diagnosed amongst men and accounts for the fifth most common cause of malignancy-related deaths (Sung et al., 2021). Androgen deprivation therapy (ADT) has long remained the backbone of treatment of locally advanced or metastatic prostate cancer. The past 2 decades have seen multiple advancements in prostate cancer treatment, with demonstration of improved overall survival in metastatic castrate sensitive prostate cancer (mCSPC) with the introduction of androgen receptor signal inhibitor (ARSi) therapy, docetaxel chemotherapy and external radiation therapy, and in metastatic castrate resistant prostate cancer (mCRPC) with ARSis, a broader range of chemotherapy agents, and Radium-223 radionucleotide treatment (Petrylak et al., 2004; de Bono et al., 2011; Parker et al., 2013; Beer et al., 2014; James et al., 2016; Fizazi et al., 2017; Kyriakopoulos et al., 2018; Armstrong et al., 2019; Chi et al., 2019; Fizazi et al., 2022; Smith et al., 2022). The PSMA-targeted Lutetium-177 radionucleotide therapy has also shown survival benefit in mCRPC patients in the post-chemotherapy setting (Sartor et al., 2021). Additionally, for approximately 20% of men with mCRPC who harbour a homologous recombination defect (HRD), poly-ADP-ribose-polymerase (PARP) inhibitors such as olaparib and rucaparib have demonstrated better survival outcomes and are approved therapies in many countries (Hussain et al., 2020; Fizazi et al., 2023). Despite these significant advancements, overall survival rates amongst those with mCRPC remains low at only 34% at 5 years, thereby necessitating a need to develop better therapeutic options (SEER Explorer, 2023). BiTEs may represent a drug class that has the potential to improve clinical outcomes for prostate cancer patients and provide them with hope for a “brighter” future.
1.1 Immunotherapies in prostate cancer
Immune checkpoint inhibitors (ICI) have revolutionised the management of a plethora of malignancies in the past decade (Robert, 2020). However, while their use in mCRPC has shown a marginal benefit in a small proportion of prostate cancer patients with mismatch repair (MMR) deficiency mutations, their use in the majority of mCRPC patients has been limited with a number of negative trials including KEYNOTE-641 and the KEYLYNK-010 trial (Kwon et al., 2014; Robinson et al., 2015; Kazandjian et al., 2016; Beer et al., 2017; Hansen et al., 2018; Antonarakis et al., 2019; Sharma et al., 2019). Earlier research in cancer vaccines have shown some success in the prostate cancer landscape. Sipuleucal-T, a dendritic cell-based vaccine which acts via a recombinant protein of granulocyte macrophage colony stimulating factor (GM-CSF) and prostatic acid phosphatase (PAP) to facilitate maturation of PAP-expressing antigen presentation cells, with subsequent T cell activation and PAP-expressing prostate cell killing, was approved by the US Food and Drug Administration (FDA) in 2010 for minimally symptomatic mCRPC. Although it demonstrated an overall survival (OS) benefit, particularly in a sub-population with reduced metastatic burden, and has acted as an important proof of concept for immunotherapies outside of ICIs in prostate cancer treatment, sipuleucal-T has failed to be incorporated into routine treatment for mCRPC due to doubts about limited clinical benefit (Kantoff et al., 2010). These modest results have driven research into other facets of immunotherapy such as T-cell engager (TCE) therapies, which aim to directly crosslink T-cells with tumour associated antigens (TAAs), thus driving localised cancer cell specific cytotoxicity, cytokine release, and downstream activation of a B-cell polyclonal humoral response (Zhou et al., 2021). TCE therapies include chimeric antigen-receptor-modified (CAR) T cells, in which patients’ own T-cells are genetically engineered ex vivo to express a chimeric T-cell receptor targeted at the desired TAA, and bi-specific T-cell engagers (BiTEs), antibody-based molecules offering a promising “off the shelf” option for achieving cross-linking of cancer and T-cells, which we shall examine in further detail.
1.2 BiTE therapies in cancer
BiTEs are monoclonal antibody (mAb) based molecules comprised of at least two conjoined antibody components which have respective specificity for a TAA of choice, and for an immune cell component, typically the conserved portion of the T-cell receptor, CD3, connected by a flexible linker moiety (Riethmüller, 2012). The mechanism of action of BiTEs involves activation of cytotoxic T-cells independent of the co-stimulation pathway, resulting in robust killing of cancer cells which has been demonstrated in vitro to have efficacy 100–10,000 fold greater than that of mAbs (Wolf et al., 2005).
BiTEs can be produced through chemical cross-linking of two antibody fragments, or via fusion of two different monoclonal antibody producing cell lines (so called “quadromas”) with subsequent purification of the desired protein outcome (Schaefer et al., 2011). Initial inefficiencies in BiTE production concerning high proportions of incorrect heterodimer products have been addressed with multiple strategies to improve correct heterodimerisation. These have included heavy chain “knobs in holes” alterations (Xu et al., 2015), “crossover” of light and heavy chain combinations within one Fab arm of a bispecific IgG antibody to reliably produce a single desired heterodimer (CrossMabs; (Klein et al., 2019)), and dual affinity re-targeting proteins (DARTs), which favour stable dimerization due to exchange of variable heavy and light chains between two scFv components (Johnson et al., 2010). While the original BiTE molecules comprised two single chain variable fragments (scFv) from two different mAbs connected by a flexible peptide linker, further drug development research has generated an array of structural variations conferring benefits of more efficient production, increased half-life and improved target binding (Suurs et al., 2019). Blinatumomab, an anti-CD3-CD19 BiTE, was the first in its class to be approved by the FDA in 2014 for the treatment of Philadelphia chromosome negative relapsed or refractory B-cell acute lymphoblastic leukaemia (Kantarjian et al., 2017). In solid tumours, tebentafusp, which targets gp100 and CD3, has demonstrated improved survival outcomes for patients with uveal melanoma (Nathan et al., 2021). While there are no other approved solid tumour BiTEs to date, work is currently underway in a variety of cancer histologies to further their development.
1.3 BiTEs in prostate cancer
The use of BiTE therapies in prostate cancer has been trialled in several studies using different structures and TAA targets (See Table 1 for a complete list of finalised and ongoing trials). The first trial of a BiTE therapy in prostate cancer involved pasotuxizumab, an anti-CD3 and anti-prostate specific membrane antigen (PSMA) construct, administered either via subcutaneous injection or continuous intravenous infusion which produced a 54.9% reduction in PSA in the highest dose cohort, but was associated with 81% rate of Grade 3 or 4 treatment related adverse events (tr-AEs; (Hummel et al., 2021)). The trial was terminated in favour of acapatamab, an anti-CD3, anti-PSMA molecule with an IgG crystallisable fragment (Fc) to extend serum half-life. Unfortunately, while the PSA response of a 50% reduction (PSA50) was 34.3%, the rate of grade 3/4 tr-AEs was >50% and consequently acapatamab was not planned for further development (Ben et al., 2020). Subsequent studies have assessed alternative TAAs, including prostate stem cell antigen (PSCA), human kallikrein 2 (KLK2), delta-like protein 3 (DLL-3) and six transmembrane epithelial antigen of prostate 1 (STEAP-1). These studies have also explored a variety of alternative BiTE structures—addition of HLE or immune-interacting domains, incorporation of more complete antibody structures and differences in linker molecules. However, to date the vast majority have failed to move past Phase 1 clinical trials, displaying various combinations of prohibitive side effect profiles, limited anti-tumour efficacy and a high rate of anti-drug antibodies, amongst other issues (Simão et al., 2023). Given the increasing interest in BiTE therapies in prostate cancer, we will explore some of the factors impacting both safety and efficacy associated with this class of drugs.
TABLE 1 | Summary of clinical trials evaluating BiTE therapies in prostate cancer to date.
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2.1 Structural alterations to extend half-life
The original BiTE molecules were comprised of two single chain variable fragments (scFv) from two different mAbs connected by a flexible peptide linker (Ahmad et al., 2012). The small size of these molecules resulted in a short half-life with poor serum stability and rapid renal clearance, which necessitated administration via continuous intravenous infusion. This issue was subsequently addressed with the development of half-life extended (HLE) BiTE variants, which incorporated structures to increase molecular size and stability, enabling BiTEs to be formulated as intermittent infusions or subcutaneous injections, and consequently improving efficacy, convenience and cost of administration schedules. One method involved bonding together of two BiTEs to create a tetravalent “tandem diabody” (TandAbs; (Kipriyanov et al., 1999)). Alternative methods included addition of antibody heavy chain elements, either as part of a IgG-based structure, or as an isolated Fc domain to enable binding to the neonatal Fc receptor in recipient serum and thus reduce the rate of clearance (Brinkmann and Kontermann, 2017). Inclusion of an Fc region confers the ability to bind to the neonatal Fc receptor on innate immune cells, enhancing immune cell engagement. Other HLE strategies have included addition of an albumin receptor to improve serum stability, or molecular modification of heavy chains to increase half-life, such as with the XmAb technology (Zhukovsky et al., 2007). Overall, these customisations have created a myriad of BiTE structural variations which have facilitated administration via intermittent intravenous or subcutaneous routes, and also offer additional functional benefits.
2.2 Excessive adverse events and immunogenicity
2.2.1 Class specific adverse events
The main adverse events of special interest with BiTEs are cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS). CRS is a systemic inflammatory response syndrome that can produce symptoms ranging from fever to shock with multi-organ failure caused by high levels of cytokine release, particularly IFN-γ, IL-1 and IL-6 (Morris et al., 2022). CRS most commonly occurs hours to short days after the initial dose of TCE therapy, with some evidence showing reduced incidence and severity following pre-medication with dexamethasone and step-up dosing regimens (Shimabukuro-Vornhagen et al., 2018). Severe CRS can be treated with tocilizumab, an anti-IL-6 receptor mAb, without affecting therapeutic activity (Kauer et al., 2020). The occurrence of any-grade CRS in the studies on BiTE therapies in mCRPC to date ranges from 5% with JNJ-902% to 88% with CC-1, although it should be noted that there were no reports of associated mortality even with higher rates of CRS (Calvo et al., 2022; Heitmann et al., 2022).
ICANS pathophysiology remains uncertain, but patients often present with confusion, tremor or dizziness and can progress to seizures or irreversible encephalopathy over a course of days post treatment. Treatment consists of aggressive supportive therapy and corticosteroids. Tocilizumab is unable to cross the blood-brain barrier and has limited clinical utility in management. ICANS occurs infrequently with BiTE therapies in general and appears to be rarer in solid tumour BiTE studies (Siegler and Kenderian, 2020). There have been no formal diagnoses of ICANS in the studies of prostate cancer-targeted BiTEs to date, although seizures, a possible sign of ICANS, was reported in a single patient receiving HPN-424 (Bono et al., 2021).
CRS initially presented a clinical challenge to progression of BiTE therapies in solid tumours. However, with increased exposure to and recognition of the constellation of CRS in clinical settings, the improved availability of tocilizumab, and the growing evidence that even with high grade CRS, survival remains extremely high, this trAE should not be a major factor limiting use of BiTE therapies moving forward. Focus should instead be placed on reducing immunogenicity of the BiTE structure to curb hyperactive cytokine release where possible. Brandt et al. have proposed the “kill switch” mechanism for BiTE therapy similar to that adopted in experimental CAR T-cell therapies (Brandt et al., 2020). These mechanisms rely on the incorporation of an inducible self-destruct process into the original therapy which, when activated, results in the rapid removal of the treatment from the system. In CAR T-cell therapies, this has involved induction of the caspase-9 T-cell apoptosis pathway, or induction of T-cell transcription of viral components subsequently leading to T-cell apoptosis. While purely theoretical, inclusion of a cleavage site within the linker portion of a BiTE therapy could achieve similar effects.
2.2.2 On-target off-tumour effects
A challenge in the adaptation of BiTEs from haematological to solid tumours has been the difficulty in finding solid organ TAAs which are highly specific to the desired tumour cell population, as many solid organ TAAs are also present at low levels in normal tissue. In this instance, BiTE activity poses a risk of so-called “on-target off-tumour” effects resulting from damage to these non-malignant tissues. These can be catastrophic, as demonstrated in trials of catumaxomab, an early example of a solid organ BiTE directed against epithelial cell adhesion molecule (EpCAM) and CD3 for EpCAM-positive advanced solid organ cancers causing malignant ascites, with one patient experiencing fatal acute fulminant liver failure (Linke et al., 2010).
PSMA, the most commonly targeted TAA in prostate cancer BiTE therapies to date, while being highly expressed in prostate cancer, also has high levels of expression within intestinal, liver, salivary glandular cells and proximal kidney tubules (Silver et al., 1997). There has been evidence of PSMA targeting leading to significant on-target off-tumour effects, for example, with the BiTE HPN424, which caused Grade 3–4 AST elevations in 18% patients, and ALT elevations in 11% (Bono et al., 2021). Although on-target off-tumour AEs appear to be relatively infrequent in trials of BiTEs targeting PSMA, research into more specific TAAs remains warranted to alleviate the risk of these outcomes.
2.2.3 Alternative TAAs
Multiple alternative TAAs are under investigation as therapeutic targets in prostate cancer. One potential target proposed has been STEAP-1, which has some expression in lung tissue but otherwise has limited expression outside of the brain which is considered inaccessible to BiTE molecules (Xu et al., 2022). STEAP-1 has been targeted in a Phase 1 clinical trial using an agent called xaluritamig. Although 72% of patients experienced CRS, the vast majority (69%) were Grade 1–2 (Kelly et al., 2023). Another target being used in clinical trials is TMEFF2 which has expression limited to intestinal tissues, the male reproductive tissues and brain. JNJ-70218902 was designed to target TMEFF2 and entered phase I testing but limited available data exists regarding its efficacy and toxicity profile (Calvo et al., 2022). Kallikrein related peptidase-2 (KLK2) is a highly specific TAA with expression restricted to prostate tissue only and is the putative tumour target for JNJ-78278343. Both efficacy and safety data is still being awaited at this stage (Shang et al., 2014).
The current trials of BiTEs in prostate cancer treatment as described in Table 1 are all targeted at membrane bound extracellular proteins which can be readily accessed by nearby immune effector cells. However, these extracellular proteins represent only a fraction of potential tumour specific targets. Intracellular protein fragments expressed extracellularly bound to human leukocyte antigen (HLA) major histocompatibility complexes (MHC) through antigen presentation to immune cells offer a much more extensive suite of potential therapeutic targets not otherwise accessible to antibody based therapies (Trenevska et al., 2017). BiTEs designed to target these peptide-HLA complexes have been termed immune mobilising monoclonal T-cell receptors against cancer (ImmTACs). Tebentafusp, an approved BiTE therapy for uveal melanoma, is the first in class ImmTAC, designed to target a peptide-HLA combination of gp100:HLA-A*02:01 along with the CD3 component of the T-cell receptor (TCR, Nathan et al., 2021). Disadvantages of this therapy include restriction of eligibility of patients to those with matched HLA typing, challenges of identifying peptide:HLA combinations which are highly conserved across cancer cells and patient populations, and possibility of tumour evasion through downregulation of HLA cell surface expression (Trenevska et al., 2017; Maruta et al., 2019). Nevertheless, the development of ImmTACS represents a breakthrough in BiTE development, and further research into intracellular prostate cancer TAAs may reveal novel therapeutic targets with reduced on-target off-tumour effects.
2.2.4 Increasing specificity of localisation of BiTE activation to tumour tissue
In addition to targeting more tumour-specific TAAs, another approach to improve the localisation of BiTE activation to tumour tissue involves the incorporation of moieties targeting two different TAAs into a single BiTE construct. This has been explored pre-clinically in solid tumour cell lines with AMG-305, a dual targeted BiTE directed against P-cadherin and mesothelin which showed attenuated activity against cells expressing only one of these targets (Pham et al., 2023). Targeting of two separate TAAs may also offer a possible means of reducing immune escape through the common route of downregulated expression of a targeted TAA. However, once again, in the absence of TAAs which are more tightly limited to prostate cancer expression, these therapies continue to pose the risk of unwanted on-target off-tumour effects.
Another possible strategy to localise BiTE activation to tumour tissue is the incorporation of structural elements which prevent activity of the BiTE outside of conditions specific to the tumour microenvironment. One possible approach is masking of BiTE binding sites with structures designed to be cleaved away by tumour-resident proteases, hence restricting activity to tumour deposits (Geiger et al., 2020). Panchal et al. described generation of an EGFR-CD3 BiTE where the heavy and light variable chains of the anti-CD3 portion were separated by a linker degradable only by the tumour specific matrix metalloproteinase 9 (MMP9), permitting anti-CD3 activity only after MMP9 facilitated rearrangement of the molecule (Panchal et al., 2020). Another approach is addition of a second TAA target within a T-cell engager structure with the aim of improving tumour tissue specific cytotoxicity. A variation on this concept is the construction of “hemibodies,” two “half” antibodies each containing a different antigen binding scFv fragment fused to either a variable light or variable heavy chain of a CD3 antibody, designed to recombine to form a functional BiTE only in the presence of both TAAs. The proof-of-concept hemibody was targeted against HLA-A2 and CD45, and showed apoptosis restricted to dual positive tumour cells in animal models (Banaszek et al., 2019). To date these experiments have all been pre-clinical, and none have been targeted towards prostate cancer, however these results could be transferable to other BiTE structures in future (Panchal et al., 2020).
2.2.5 Immunogenicity and antidrug antibodies
Drug related immunogenicity, or the response of a patient’s immune system to a drug, occurs via recognition of drug components as “non-self,” and is a key factor influencing the efficacy and adverse effects of BiTEs (Jawa et al., 2020). Protein sequences within the drug or drug excipients as part of the drug formulation are taken up by patients’ antigen presenting cells (APCs), with subsequent breakdown and expression of short protein epitopes on HLA surface molecules. T helper cell recognition of these epitopes as “non-self” will stimulate an immune response including a B cell humoral response with production of anti-drug antibodies (ADAs). ADAs can be broadly split into “neutralizing” antibodies which obstruct binding sites, and “non-neutralizing,” which bind epitopes which do not directly interfere with the drug’s action. ADAs have critical effects on a drug’s efficacy, pharmacokinetics, and adverse events through a wide array of mechanisms, including blocking or changing affinity of binding sites, prolongation or potentiation of drug clearance, aggregation of drug-antibody complexes and effects from inflammatory cytokine production (van Brummelen et al., 2016). Further complicating factors influencing the extent of immunogenicity to a drug include the route of administration, dose regimen, product storage, product purity, and the patient’s own immune system factors such as the presence of pre-existing cross-reacting ADAs and skew towards immunoregulatory or inflammatory immune responses. The desired alternative response is recognition of these epitopes as “self” by the immune system, with subsequent induction of immune tolerance via activation of T regulatory cells (Tregs).
The complex interactions between these therapies and the immune system are a fundamental part of the nature of T cell therapies. ADA quantification and their resultant physiological effects form the backbone of a multifaceted immune response assessment recommended by both the FDA and EMA for drug immunogenicity (Administration USFaD, 2010; Agency, 2017). It should be noted that current detection methods for ADAs are imperfect. A range of assays can be used to detect ADAs, with a wide variability in sensitivity and specificity. Furthermore, assays usually only detect one subclass of Fc immunoglobulin receptors, predominantly IgG, and may not detect drug-bound antibody, leading to under-reporting of ADAs (van Brummelen et al., 2016). Nevertheless, ADA analysis remains the most accurate method of assessing immunogenicity. Notably, these assessments are primarily conducted in or ex vivo in human clinical studies, given the limitations to mimick a nautral human immune response in animal or human cell lines.
Where data has been released for quantification of ADAs in clinical trials of BiTEs for prostate cancer, ADAs were frequently present in >50% subjects (See Table 1). This is an extremely high incidence compared to other biologic therapies on the market (van Brummelen et al., 2016). When compared with intravenous administration, subcutaneous dosing is associated with a high rate of neutralising antibodies, which has been ascribed to sequential antigen presentation from both APCs residing in the skin and then lymph node-resident APCs. These two “waves” of antigen presentation increase the formation of ADAs (Jarvi and Balu-Iyer, 2021). For instance, during testing of pasotuxizumab, induced ADAs were recorded in 100% subjects receiving s.c. dosing, with 93% of these being neutralizing, but none in those receiving the continuous i.v. dosing (Hweixian et al., 2023).
Further assessment of ADA subclasses and effects in BiTE therapies for mCRPC has been limited to studies in pasotuxizumab and xaluritamig (Hweixian et al., 2023; Kelly et al., 2023). Within this limited sample, it has been demonstrated that treatment emergent neutralizing ADAs can have either adverse (e.g., pasotuxizumab) or neutral (e.g., xaluritmag) clinical effects. (Hweixian et al., 2023; Kelly et al., 2023). For xaluritamag, 54% of subjects developed treatment emergent ADAs for an i.v. formulation, with 45% of subjects developing neutralising antibodies causing reduction in drug exposure by more than 25%. However, these ADAs were not associated with difference in PSA50 response at 12 weeks (Kelly et al., 2023). Conversely, non-neutralising ADAs can lead to formation of serum antibody complexes which are subsequently removed by the host immune system, which theoretically could affect drug efficacy despite their “benign” status, although this was not observed in the above two trials. Despite historical data in other fields showing an association between ADAs and certain AEs, the presence or titre of ADAs does not appear to correlate with the rate or severity of AEs in either population. Importantly, all ADAs, regardless of neutralising status, can dramatically alter pharmacokinetics of the drug by sustaining or expediting drug clearance, with likely construct specific effects on efficacy (Kelly et al., 2023). Unfortunately, a deeper analysis is limited by the restricted published data from clinical trials about ADAs and their effect on drug pharmacokinetics or pharmacodynamics.
The causes of the high rates of ADA formation in response to BiTE therapies are incompletely understood but derives at least partially from particularly immunogenic sequences within the drug’s structure, including effector Fv domains, Fc region, half-life extending domains, or peptide linkers. A number of methods can be used to determine the immunogenicity of these sequences, including screening of drug protein structure for known T helper or T regulatory binding epitopes; culturing of antigen presenting cells with ex vivo peripheral red blood cells with sequencing of epitopes expressed by APCs; or analysis of the binding sequences of extracted ADAs from trial subjects to match to a complementary epitope from the drug; with the latter detailed by Hweixian et al. for pasotuxizumab (van Brummelen et al., 2016; Hweixian et al., 2023). However, the protein sequences of the drug or ADAs detected have not been made available to the public domain for the majority of BiTEs trialled for prostate cancer so far. Release of this existing information, and wider testing of ADAs in ongoing and future trials would provide invaluable information in helping better understand the interplay between BiTEs and the humoral immune system. It could help to differentiate the concentrations or affinities at which ADAs become clinically significant, and to select drug components with less problematic immune responses. With this information, immune engineering of therapeutic protein structures could enable adjustments to homology to mask or remove immunogenic sequences, or addition of T regulatory epitopes promoting immune tolerance (van Brummelen et al., 2016).
Other factors known to contribute to immunogenicity include drug excipients, which can be comprised of contaminant proteins accidently purified with the therapeutic protein during production, or other components of the drug formulation such as trace heavy metals. Subcutaneous administration has been associated with increased ADAs over an i.v. route for previous biologics, as has re-exposure following a treatment free interval (Agency, 2017). Half-life extending domains, such as an Fc region, may also add to non-humoral immunogenicity through engagement of the immune system via the Fc receptor on APCs, neutrophils and NK cells. Although HLE molecules are attractive for the possibility they offer of a more convenient administration schedule, the added immunogenicity they seem to generate poses challenges, particularly to subcutaneous administration. Finally, there are patient specific factors at play, such as levels of pre-existing ADAs, and different HLA haplotypes influencing the particular epitopes that may produce a patient response (van Brummelen et al., 2016). Once again, limited testing or release of data concerning ADA quantity and sequences, and their association with patient HLA typing and drug excipients, prevents retrospective analysis of how to avoid highly immunogenic structures in the future. Greater transparency and dissemination of available data will assist in further targeted development of this class of agents.
2.3 Limited anti-cancer effect
Unfortunately, the majority of completed clinical trials of BiTEs against prostate cancer have demonstrated limited or inconsistent anti-tumour effects to date. There is a recurrent pattern of small percentages of study groups achieving PSA50, or radiologic partial response (PR) in clinical trials examining the use of HPN424, JNJ-081 and JNJ-902 (Bono et al., 2021; Calvo et al., 2022; Lim et al., 2022). Pasotuxizumab displayed slightly more promising results with a 19% PSA50 response and two long term PSA50 responders, however this trial was prematurely terminated in favour of acapatamab, which in turn delivered a PSA50 response in 34.3% of subjects (Ben et al., 2020; Hummel et al., 2021). However, the trial using acapatamab was also discontinued in the setting of a high incidence of trAEs. Xaluritamig has recently demonstrated the greatest anti-tumour efficacy in the field, with 49% of patients demonstrating a PSA50 response and 28% of patients also achieving a PSA90 reduction (Kelly et al., 2023).
Despite these promising results, when compared with haematological malignancies, immunotherapies in prostate cancer face multiple barriers to effectiveness, including intra- and inter-tumoral genotypic heterogeneity, and downregulation of TAA expression over time, leading to treatment escape or failure (Middelburg et al., 2021; Ge et al., 2022). They must also contend with a complex solid tumour microenvironment (TME), of which prostate cancer’s TME presents specific challenges.
2.3.1 Immunosuppressive “cold” tumour microenvironment
The disappointing response of prostate cancer to ICIs has been predominantly attributed to its multifactorial “cold” or immunosuppressive tumour microenvironment (TME) in comparison to other common malignancies such as melanoma or lung. Metastatic CRPC TMEs are characterised by a dense stroma with relatively high proportions of cancer-associated fibroblasts (CAFs) and myeloid derived suppressor cells (MDSCs) which presents a physical barrier to anti-cancer therapies and results in low numbers of tumour infiltrating lymphocytes (TILs) and innate immune cells. Even within the limited TIL population there is a tendency towards an immunosuppressive phenotype, with a preponderance of Th2 and T regulatory (Treg) lymphocytes over Th1 counterparts, skewing against activation of CD8+ cytotoxic T cells and natural killer (NK) cells (Krueger et al., 2019). There is a similar overabundance of M2 anti-inflammatory macrophages instead of their inflammatory M1 counterparts. Metastatic CRPC TMEs are further masked from the immune system by a low tumour mutational burden with consequent reduced neoantigen expression as well as local overexpression of costimulatory molecules such as PD-1 and CTLA-4, which act as “self” markers, leading over time to an “exhausted” local immune cell phenotype (Gannon et al., 2009).
This immunosuppressive TME is theorised to limit the efficacy of the “bystander” effect of immunotherapies, in which successful cell dependent cytotoxicity creates a local environment of pro-inflammatory cytokines and subsequent upregulation of neoantigens and differentiation of inflammatory immune cell phenotypes, prompting cytotoxicity towards adjacent tumour cells (Ross et al., 2017). Notably, ADT, the cornerstone of prostate cancer treatment, is suspected to contribute to the immunosuppressive TME through increases in intratumoural Tregs, MDSCs and M2 macrophages, reduced markers of interaction between tumour cells and de-regulation of intratumoural Tregs (Pu et al., 2016; Qin et al., 2022). The immunosuppressive TME of prostate cancer is observed to become more extreme with progression to mCRPC, with bony metastases representing the most severe example of this phenotype (Jiao et al., 2019). Synchronous metastatic deposits of CRPC display significant genetic heterogeneity, further predisposing to immune escape and treatment resistance (Sun, 2021).
BiTEs were initially expected to provide a radical solution to many of the problems presented by “cold” TMEs, by localising T cell activation directly to malignant cells. Unfortunately, this has not eventuated, with BiTE therapies demonstrating limited anti-tumour activity in prostate cancer in studies to date. It is possible that the immunosuppressive TME limits the bystander effect of BiTEs to some extent, as it does for ICIs. It should also be noted that the recipients of these BiTEs comprise a heavily pre-treated and castrate-resistant group. In light of the mCRPC TME being highly immunosuppressive post ADT, ARSi and chemotherapy, it can be speculated that BiTEs may show greater efficacy in a less heavily pre-treated patient population, akin to the benefit seen in a similar sub-population with the sipuleucal-T vaccine.
2.3.2 Mitigating the mCRPC TME
There are a multitude of theories as to how to alter the TME pathophysiology to improve the action of BiTEs, predominantly based on improving either systemic or intratumoural immune effector cell populations and activity. A logical option is to trial a combination of immunotherapy with BiTE therapy, to simultaneously aim to reverse TIL anergy, prevent BiTE mediated upregulation of TIL PD-1 expression and tumour and stromal PD-L1 expression (Jiang et al., 2019; Belmontes et al., 2021). This strategy has been tested in prostate cancer BiTE trials (See Table 1), with combinations of anti-PSMA BiTEs with PD-1 inhibitors, namely, acapatamab and pembrolizumab, and REGN4336 and cemiplimab, but results from these combinations are not available (Ben et al., 2020; Kelly et al., 2022). Outside of prostate cancer, there has been great interest in this combination with multiple clinical trials underway (Belmontes et al., 2021). In solid tumours, preliminary phase 1 clinical trial data for a CEA and CD3 targeting BiTE showed increased disease response when paired with atezolizumab in the absence of increased toxicity (Tabernero et al., 2017). Alternative structural variations on the synergy of BiTEs and ICIs includes bifunctional checkpoint-inhibitory T-cell engagers (CiTEs), comprised of a BiTE crosslinked with a PD-L1 inhibitor to provide localised combination therapy and attempt to avoid systemic effects of ICIs (Herrmann et al., 2018).
An alternative experimental approach involves shifting focus to disruption of the stroma of the TME to permit increased TIL migration and improve BiTE intra-tumoural access. Brunker et al. developed a bi-specific antibody designed to crosslink the fibroblast activation protein (FAP) and the death receptor 5 (DR5), triggering the extrinsic apoptotic pathway for tumour cells, with successful cytotoxicity in FAP positive tumour stroma (Brünker et al., 2016). Another example of successful pre-clinical alteration of the structure of the TME has been the use of an oncolytic virus expressing a FAP-CD3 BiTE which successfully increased intra-tumoral accumulation of T cells and decreased FAP concentration, indicating fibroblast apoptosis in vivo testing (de Sostoa et al., 2019). The extracellular matrix could also be directly targeted with enzymes such as hyaluronidase to literally open a path for tumour infiltration by T cells (Eikenes et al., 2005). Yet further studies have targeted function and trafficking of MDSCs to reduce their immunosuppressive local effects (Middelburg et al., 2021). However, these approaches remain pre-clinical and have not been targeted to prostate cancer to date.
2.3.3 Alternative immune cell targets
Rather than focusing on CD3 positive T-cells, some potential therapeutics instead aim to target alternative immune effector cell populations such as the pro-inflammatory natural killer (NK) cells. NK cells have been targeted via bi- and tri-specific NK-cell engagers (BiKEs and TriKEs) in clinical trials for haematological malignancies with promising results (Rothe et al., 2015; Vallera et al., 2016). γδ T-cells present a unique target in prostate cancer. Although they are relatively sparse in comparison to the more common αβ T-cells, they are particularly concentrated in prostate cancer tumours when compared with other solid organ tumours (Tosolini et al., 2017). Activation of intra-tumoral γδ T-cells could potentially kickstart immune cell activation within the prostate TME, and a clinical trial of LAVA-1207, a γδ T-cell-directed BiTE, is currently underway (Mehra et al., 2023).
2.3.4 Increased binding efficacy
A potential strategy for overcoming limited anti-tumour activity of current BiTEs would be to increase the binding affinity of the TAA or CD3 targeted structural components. Multiple antibody components targeting the same TAAs could be added to increase valency and target binding, as exemplified by the TandMab structure. Alternatively, reverse protein engineering could be utilised to design increased affinity of complementarity determining regions within the variable chains directed towards the relevant TAA. For example, Zekri et al. (2021) developed a proprietary PSMA binder, 10B3, which demonstrated increased reactivity against prostate cancer cells in vitro compared with a pre-existing J591 PSMA antibody. This improvement was attributed to alternative binding sites to PSMA recognised by the 10B3 molecule. However, it should be noted that protein engineering generally leads to deviation from native antibody structure and consequently higher risk of immunogenicity. Ultimately, while the expression of BiTE targets for prostate cancer remains non-specific to malignant tissue, attempts to increase TAA binding affinity risk increased rates of on-target off-tumour effects.
3 CONCLUSION
Metastatic CRPC is a prevalent disease which remains a challenging clinical entity to effectively treat, with limited response to the ICIs which have become cornerstones of treatment for multiple other cancers. Novel TCE therapy, particularly BiTE therapy, has been a promising area of immunotherapy development in the past decade with particular interest in their use in prostate cancer. Unfortunately, early investigations of various prostate cancer specific BiTE therapies have been limited by high incidences of intolerable adverse events and insufficient anti-tumour activity. Nevertheless, progress has been made in addressing these shortcomings through identifying a range of possible TAAs to exploit, extending the drug half-life allowing for more convenient administration schedules, and managing class specific AEs. Moreover, there is extensive research into multiple strategies as to how to overcome the challenges presented by the prostate cancer TME, the immunogenicity of BiTE constructs and focused targeting of BiTEs to tumour cells. With these developments and the possibilities of identification of more specific TAAs, improved affinity of BiTEs to TAAs, greater modelling and testing for immunogenicity, and modulation or mitigation of the anti-inflammatory mCRPC TME, it is reasonable to hope that BiTEs may provide a therapeutic benefit in the future for those afflicted with mCRPC.
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IL4I1: a novel molecular biomarker represents an inflamed tumor microenvironment and precisely predicts the molecular subtype and immunotherapy response of bladder cancer
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Introduction: IL4I1, also known as Interleukin-4-induced gene 1, is an enzyme that can modulate the immune system by acting as a L-amino acid oxidase. Nevertheless, a precise understanding of the correlation of IL4I1 with immunological features and immunotherapy efficacy in bladder cancer (BLCA) remains incomplete.
Methods: We analyzed RNA sequencing data from the Cancer Genome Atlas (TCGA) to investigate the immune function and prognostic importance of IL4I1 across different cancer types. We further examined the TCGA-BLCA cohort for correlations between IL4I1 and various immunological characteristics of tumor microenvironment (TME), such as cancer immune cycle, immune cell infiltration, immune checkpoint expression and T cell inflamed score. Validation was conducted using two independent cohort, GSE48075 and E-MTAB-4321. Finally, RNA sequencing data from the IMvigor210 cohort and immunohistochemistry assays were employed to validate the predictive value of IL4I1 for the TME and immunotherapy efficacy.
Results: In our findings, a positive correlation was observed between IL4I1 expression and immunomodulators expression, immune cell infiltration, the cancer immune cycle, and T cell inflamed score in BLCA, suggesting a significant link to the inflamed TME. In addition, studies have shown that IL4I1 elevated levels of individuals tend to be more performance for basal subtype and exhibit enhanced response rates to diverse treatment modalities, specifically immunotherapy. Clinical data from the IMvigor 210 cohort confirmed a higher rate of response to immunotherapy and better survival benefits in patients with high IL4I1 expression.
Discussion: To summarize, our research showed that elevated IL4I1 levels are indicative of an inflamed TME, the basal subtype, and a more favorable response to various treatment methods, especially immune checkpoint blockade therapy in BLCA.
Keywords: bladder cancer, inflamed tumor microenvironment, IL4I1, immunotherapy, molecular subtype
INTRODUCTION
Bladder cancer (BLCA) is among the prevalent urological cancers globally. By 2023, BLCA ranked seventh in incidence among all malignant tumors and fourth in incidence among men globally (Siegel et al., 2023). Surgical removal is the primary approach for initial instances of BLCA, and the outlook for advanced metastatic BLCA remains unfavorable despite the utilization of neoadjuvant and adjuvant chemotherapy (Witjes et al., 2021). In the past few years, immunotherapy, particularly immune checkpoint blockade (ICB) treatment involving anti-PD-1/PD-L1, has provided hopeful survival advantages for individuals with advanced BLCA, and has greatly enhanced the treatment condition for those with advanced BLCA (Necchi et al., 2017; Powles et al., 2018). Nevertheless, due to the presence of either primary or secondary resistance mechanisms, the ICB proves to be effective for only a minority of patients (Rosenberg et al., 2016; Sharma et al., 2017). This suggests that there are variations in the immune status of each host during cancer development. The effective application of ICB therapy heavily relies on the presence of anti-cancer immune response and an inflamed tumor microenvironment (TME) in patients (Ji et al., 2012; Chen and Mellman, 2017). The TME contains a diverse combination of cells, comprising both tumor cells and non-tumor cells. The two major constituents among the non-tumor cells are immune cells and stromal cells (Eruslanov et al., 2012; Müller et al., 2012; Said and Theodorescu, 2012). The levels and spatial arrangement of tumor infiltrating lymphocytes (TILs) have the potential to indicate tumor inflammation stages, subtypes, and patient survival rates. Elevated levels of TILs are indicative of an inflamed subtype, which is associated with a disease-specific 5-year survival rate of 80%, while the absence of immune infiltration is considered a non-inflamed subtype with the survival rate of below 25% (Pfannstiel et al., 2019). Therefore, we need biomarkers to define TME subtypes in order to predict the effectiveness of immunotherapy.
The antigen processing and presentation by tumor cells and immune cells plays a pivotal role in the activation of T cells and the generation of a long-lasting clinical response to ICIs. Integration of the antigen presentation machinery (APM), molecular and clinical data have demonstrated the ability to predict the efficacy of immunotherapy (Li et al., 2021; Yang et al., 2023). Cytotoxic T lymphocytes (CTL) kill cancer cells by releasing granules or inducing FasL-mediated apoptosis. However, due to immunosuppressive interactions between tumor cells and stromal cells, the function of CTL is suppressed. Increasing research had shown that the infiltration levels of CTL influence the efficacy of immune checkpoint blockade (ICB) therapy (SNYDER et al., 2014; Farhood et al., 2019). Additionally, IFN-γ is a key cytokine for activated T cells as well as natural killer (NK) and NK T cell production in the tumor microenvironment (Ikeda et al., 2002). And IFN-γ signaling enables the PD-1 signaling axis to become activated to downregulate the cytotoxic response (Abiko et al., 2015; Bellucci et al., 2015; Ayers et al., 2017). These are considered be potential biomarkers to predict clinical response to immunotherapy. In addition to, various biomarkers are also used to employe for the prediction of effectiveness, which encompass PD-L1 mRNA levels, tumor mutation burden (TMB), microsatellite instability (MSI), and BLCA molecular subtypes (McLaughlin et al., 2016; Bonneville et al., 2017; Kamoun et al., 2020; Sha et al., 2020). However, they also have limitations. Various factors can affect the accuracy of PD-L1 expression prediction, while the complex, slow, and expensive nature of identifying TMB, MSI, and molecular subtypes limits their clinical usability (McLaughlin et al., 2016; Bonneville et al., 2017; Nishino et al., 2017; Kamoun et al., 2020; Sha et al., 2020). Therefore, there is an immediate requirement to investigate novel biomarkers that are stable, convenient, and cost-effective.
IL4I1, a gene induced by Interleukin-4 (IL-4), was first discovered in B spleen cells of mice after being stimulated by IL-4 (Chu and Paul, 1997). IL4I1 exhibits L-amino acid oxidase activity and predominantly metabolizes L-phenylalanine, with a minor metabolic involvement in L-arginine, at the physiologically optimal pH (Boulland et al., 2007). IL4I1 has been described to be expressed primarily within the human immune system, central nervous system, and sperm, where it regulates immune cell differentiation and activation, affects sperm function, or promotes central nervous system development (Chavan et al., 2002; Houston et al., 2015; Pluchino and Peruzzotti-Jametti, 2016). Moreover, IL4I1 is closely linked to tumor progression. It is considered a metabolic immune checkpoint, and IL4I1-mediated catabolism of tryptophan (Trp) produces indoles and kynurenic acid, which activate aromatic receptors (AHR), thereby promoting cancer cell movement and inhibiting adaptive immunity (Sadik et al., 2020; Castellano et al., 2021). Excessive expression of IL4I1 has been detected in primary mediastinal B cell lymphoma, where it functions as a regulator of immune response by suppressing the proliferation of T lymphocytes (Boulland et al., 2007). A vitro experiments showed that the suppression IL4I1 led to the hindrance of ovarian cancer cell growth, movement, and infiltration (Zhao et al., 2021). IL4I1 has the ability to decrease the activity of CD8+ T cells, enhance the development of inducible regulatory (iTreg) cells, and limit the expansion of T helper 17 (Th17) cells. In addition to promoting tumor evasion, it also minimizes the potentially detrimental impact of adaptive immune responses in chronic inflammatory conditions (Romagnani, 2016). These studies indicate the close association of IL4I1 with immune regulation and its ability to modulate the TME, thereby influencing tumor occurrence and progression. However, the complete understanding of IL4I1’s role in BLCA remains to be fully clarified.
We extensively investigated the immunological characteristics of IL4I1 in BLCA through the multiple cohort analysis in our research. The study findings emphasize the robust correlation between the IL4I1 expression level and TME in BLCA, showcasing its accurate prognostic potential for BLCA molecular subtypes, inflamed TME, and response to immunotherapy. The results offer crucial hints for a more profound understanding of the immunological traits of BLCA and provide valuable perspectives for the development of personalized immunotherapeutic strategies.
MATERIALS AND METHODS
The flowchart of this study is demonstrated in Figure 1.
[image: Figure 1]FIGURE 1 | An overview of designation in our study. (A) The database used in this study. (B) Identifying differential expressed genes (DEGs) for inflamed and non-inflamed phenotypes. (C) Correlations between IL4I1 and pan-cancer immunological features. (D) Correlations between IL4I1 and an inflamed TME. (E) The predictive value of IL4I1 for the molecular subtypes in BLCA. (F) The predictive value of IL4I1 for clinical response of ICB treatment. (G) Correlation between IL4I1 and therapeutic strategies. (H) Validation by external cohorts and immunohistochemistry.
Data acquisition and preprocessing
The RNA sequencing data (FPKM value), somatic mutation data, and clinicopathological features for various cancer types of The Cancer Genome Atlas (TCGA) were obtained from the UCSC Xena (https://xenabrowser.net/datapages/) data portal (Goldman et al., 2020). FPKM values were converted into TPM values using the following formula:
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Following that, we applied a log2(TPM+1) transformation to the TPM value for further investigation. The somatic mutation data were processes via Varscan (https://varscan.sourceforge.net/) (Koboldt et al., 2013). The data on copy number variation (CNV) of the genes that indicate hyperprogression were obtained from a previous research (Hu et al., 2021). Additionally, for external validation purposes, we downloaded three independent cohorts namely GSE48075,E-MTAB-4321 and IMvigor210 (http://research-pub.gene.com/IMvigor210CoreBiologies/) (Choi et al., 2014; Hedegaard et al., 2016; Mariathasan et al., 2018). And we collected six immunotherapy cohorts in melanoma. These datasets were also converted from FPKM to TPM values for subsequent analysis.
Exploration of the immunological characteristics of the TME in BLCA
The immunological features of TME in BLCA comprise the presence of immunomodulators, the functioning of the cancer immunity cycle, the degree of infiltration by tumor infiltrating immune cells (TIICs), and the presence of inhibitory immune checkpoints. Initially, data on 121 immunomodulators, encompassing major histocompatibility complex (MHC), receptors, chemokines, and immunostimulators, were gathered from Charoentong et al.'s research (Charoentong et al., 2017). The cancer immunity cycle represents the immune response against cancer and comprises of seven stages: release of cancer cell antigens (step 1), cancer antigen presentation (step 2), priming and activation (step 3), trafficking of T cells to tumors (step 4), infiltration of T cells into tumors (step 5), recognition of cancer cells by T cells (step 6), and killing of cancer cells (step 7) (Chen and Mellman, 2013). Investigation of these steps' activity was conducted through the utilization of a single sample gene set enrichment analysis (ssGSEA).
Using the R package “GSVA,” we performed ssGSEA to assess the extent of TIIC infiltration in the BLCA, utilizing signatures from the TISIDB database (Ru et al., 2019). Then, to avoid bias, six independent algorithms were used to determine the level of TIIC infiltration in BLCA, namely, TIMER (Li et al., 2017), MCP-counter (Becht et al., 2016), CIBERSORT (Newman et al., 2015), quanTIseq (Finotello et al., 2019), xCell (Aran et al., 2017), and EPIC (Racle et al., 2017). From previous studies, we adopted effector genes of TIICs as well (Hu et al., 2021). Next, we gathered several inhibitory immune checkpoints with promising therapeutic potential as reported in Auslander’s research (Auslander et al., 2018).
T cell inflammation score (TIS), was employed for assessing the inflammation level within the TME in BLCA. TIS serves as a previously developed predictive factor for assessing the effectiveness of cancer immunotherapy and anti-PD-1 therapy (Ayers et al., 2017). Calculating the TIS, which includes 18 IFN-γ-responsive genes, helps to reflect pre-existing anti-cancer immunity and predict the clinical response to ICB. Genes collected in this study were identified by Ayers et al. (Ayers et al., 2017).
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where βγ represents the coefficient of a gene predefined in a previous study, and Xγ is the expression level of this gene.
Hyperprogression is considered to be an adverse event of abnormally accelerated tumor growth when ICB is performed. We identified several predictors used to predict hyperprogression from previous studies (Kato et al., 2017; Singavi et al., 2017; Giusti et al., 2019). Kato et al. reported in Clinical Cancer Research on a study investigating the association between genomic variants and hyperprogression. Among 155 patients with tumors treated with anti-PD-1/PD-L1 monotherapy, the study revealed that six patients with MDM2/MDM4 and DNMT3A amplification experienced TTF of less than 2 months. Singavi found that patients with chromosome 11 region 13 amplification variants (CCND1, FGF3, FGF4, and FGF19 amplification) were prone to hyperprogression on immunotherapy by examining the occurrence of somatic mutations in 696 patients with solid tumors. Giusti et al. collected clinical data on 20 patients with advanced NSCLC treated with pembrolizumab immunotherapy, in which five hyperprogressing patients were identified, and NGS revealed CDKN2A/B deletion in 4/5 hyperprogressing patients.
Immunohistochemistry staining of bladder cancer microarray
CD8 and PD-L1 staining was conducted using the BLCA tumor tissue microarray (HBlaU050CS01), which included 40 bladder cancer tissue samples and 10 adjacent peritumoral tissues, offered by Shanghai Outdo Biotech Company located in Shanghai, China. The positive ratio of CD8+ T cells were defined based on a comparison of the infiltration ratio of CD8+ cells within each nest to the number of total cells within each nest. Only the proportion of strongly positive cells were recorded, while the proportion of weakly positive cells was disregarded. The ethics committee of Shanghai Outdo Biotech Company granted approval for this study. Immunohistochemistry of the tumor tissue microarray was performed by Biossci Company in Hubei, China. An antibody against IL4I1 (ab222102) was purchased from Abcam company. For IL4I1 and PD-L1, we performed a semi-quantitative evaluation for staining intensity, categorizing it as negative (0), weakly positive (1+), moderately positive (2+), or strongly positive (3+), and determining the percentage of positive cells present. To determine the histochemistry score (H-score) for each observed tissue component (cytoplasm and nucleus), we multiplied the intensity score (ranging from 0 to 3) and the percentage of positive cells (ranging from 0 to 100).
Anticipation of the BLCA molecular subtypes
To analyze the molecular subtypes in the samples and establish the correlation between IL4I1 expression and molecular subtypes, we utilized a range of subtype systems such as CIT, Lund, MDA, TCGA, Baylor, UNC, and Consensus subtypes and determined each sample’s subtype using consensusMIBC and BLCAsubtyping R packages (Damrauer et al., 2014; Rebouissou et al., 2014; Robertson et al., 2017; Marzouka et al., 2018; Mo et al., 2018; Kamoun et al., 2020). The molecular subtype of BLCA can be classified into binary subtype, including basal subtype and luminal subtype (Kamoun et al., 2020). The Basal subtype, which is considered more aggressive, also shows an increased response to certain treatments such as immunotherapy and anti-EGFR therapy. We also have gathered a total of 12 specific bladder cancer gene signatures (Kamoun et al., 2020). To assess the predictive precision of IL4I1 in identifying BLCA molecular subtypes, we created receiver operating characteristic (ROC) curves.
Evaluating the correlation between IL4I1 and different treatment effectiveness
A set of gene signatures positively correlated with clinical response to anti-PD-L1 (atezolizumab) in BLCA from Mariathasan’s study (Mariathasan et al., 2018). Significantly, the determining factors for neoadjuvant chemotherapy in BLCA encompass the genetic mutation status of various pivotal genes like RB1, ATM, ERBB2, ERCC2, and FANCC (van Allen et al., 2014; Groenendijk et al., 2016; Pietzak et al., 2019; Singla et al., 2019). Additionally, we gathered additional therapeutic signatures, such as oncogenic pathways that could contribute to a non-inflamed TME, the EGFR ligands and radiotherapy predicted pathways. We used the ‘GSVA’ R package to calculate the enrichment scores for these signatures (Hänzelmann et al., 2013). Lastly, we acquired target genes of drugs employed in various therapeutic approaches by Drugbank (Wishart et al., 2018) database (https://www.drugbank.com/) and examined their association with IL4I1.
Statistical analysis
To evaluate differences among continuous variables, either the Wilcoxon ranking test or Kruskal Wallis test was utilized, depending on the quantity of groups, whereas the chi-square test was employed to examine distinctions among categorical variables. The Pearson correlation analysis was utilized to quantify correlation. The survival cruve were generated using the Kaplan-Meier method and the prognostic value were obtained via univariate Cox regression. Statistical analyses were all conducted using R project (version 4.2.3). A significance level of 0.05 was used, and p-values less than this threshold were considered statistically significant.
RESULTS
Identifying differential expressed genes (DEGs) for inflamed and non-inflamed phenotypes
Firstly, 1863 differential expressed genes between normal and tumor samples in the TCGA cohort were identified, followed by 92 DEGs between inflamed tumor samples and non-inflamed tumor samples in the IMvigor210 cohort. After crossing the DEGs from the two cohorts, we finally identified 18 common DEGs (Figure 2A). Figure 2B demonstrated the relative expression of these 18 DEGs. For these genes, IL4I1, CXCL9, CXCL10, CXCL11, KLHDC7B, and TNFRSF18 had a relative high expression in tumor samples. Here, we focused on the role of IL4I1 expression in bladder cancer. Then, we explored the pan-cancer expression pattern of IL4I1 by analyzing the different expression between normal and tumor tissues in 23 tumor types. It was found that the expression of IL4I1 was significantly higher in tumor tissues than normal tissues in most tumor types such as BLCA, HNSC, PRAD, KIRP, and so on (Figure 2C). The paired analysis showed the same trend (Figure 2D). Subsequently, we performed GSEA for IL4I1 in terms of Hallmark gene sets or KEGG gene sets based on the TCGA-BLCA cohort. As demonstrated, IL4I1 was significantly positively correlated with immune-related pathways, including IL-2-STAT5 signaling, IL4-JAK-STAT3 signaling and antigen processing and presentation (Figures 2E, F).
[image: Figure 2]FIGURE 2 | Identifying differential expressed genes (DEGs) for inflamed and non-inflamed phenotypes. (A) Common upregulated DEGs of TCGA-BLCA cohort and IMvigor210 cohort. (B) The expression of 18 DEGs in normal and tumor tissues of BLCA. (C,D) Pan-cancer expression pattern of IL4I1. GSEA for IL4I1 in Hallmark gene sets (E) or in KEGG gene sets (F) based on the TCGA-BLCA cohort.
Pan-cancer expression patterning and immunological function of IL4I1
We have demonstrated that IL4I1 is highly expressed in a variety of tumor tissues, prompting us to explore the prognostic value of IL4I1. We assessed the prognostic value of IL4I1 through univariate cox analysis and survival curves. Although IL4I1 has no prognostic value in bladder cancer, its overexpression was observed as a significant risk factor for ACC, GBM, KIRC, KIRP, LAML, LGG, LIHC, THYM, and UVM in terms of overall survival (OS), while a protective effect was observed only in SKCM (Supplementary Figure S1). The analysis of progression-free survival (PFS) revealed that high expression of IL4I1 was also found to be a contributing factor for GBM, KIRCK, IRPK, and LGG. In addition to SKCM, IL4I1 overexpression also had a significant protective effect on CESC, CHOL, and HNSC (Supplementary Figure S2). However, in the disease-free survival (DFS) analysis, only KIRP and THCA had a significant risk effect and were protective factors for OV (Supplementary Figure S3). Considering the results of GSEA suggests that IL4I1 is closely related to immune-related pathways, a comprehensive analysis was performed to identify the correlation between IL4I1 and immunological characteristics across various types of tumors. It was found that the expression of IL4I1 showed positive correlation with the vast majority of immunomodulators in almost all tumors, especially BLCA, HNSC, and KICH (Figure 3A). However, in certain tumors, such as THCT and UCEC, it is negatively correlated with some immunomodulators. In multiple types of cancers, we discovered a positive correlation between IL4I1 expression and various immune checkpoints, including PD-1, CTLA-4, PD-L1, and Tim-3 (Figures 3B–E). Next, the ssGSEA algorithm was utilized to analyze the infiltration level of TIICs. In contrast, except for DLBC and CHOL, IL4I1 showed a positive association with various types of TIICs in different tumors (Figure 3F). These findings suggested that the expression of IL4I1 holds immunological relevance and prognostic value across various types of tumors, suggesting that IL4I1 can serve as a target for immunotherapy.
[image: Figure 3]FIGURE 3 | The effect of IL4I1 on immunological status in pan-cancers. (A) The heat map shows the relationship between IL4I1 and 121 immunomodulators (chemokines, receptors, MHC and immunomodulators). (B–E) The relationship between IL4I1 and four immune checkpoints, PD-1, CTLA-4, PD-L1, and Tim-3. These dots represent types of cancer. The vertical axis means the Pearson correlation, while the horizontal axis means -log10 (p-value). (F) The relationship between IL4I1 and 28 tumor-associated immune cells calculated by the ssGSEA algorithm. The color represents the correlation coefficient. (*p < 0.05; **p < 0.01).
IL4I1 suggests an inflamed TME in BLCA
Subsequently, we proceeded to analyze the immunological properties of IL4I1 in BLCA. Given that the immune system is a complex and interconnected network involving numerous molecules and pathways. To further evaluate the immunological functions of IL4I1, we assessed its impact on the cancer immune cycle. Our findings indicated that the enrichment score of most steps in the cancer immune cycle is upregulated in the high IL4I1 group (Figure 4A). The process involved release of cancer cell antigens (step 1), priming and activation (step 3), as well as trafficking of T cells to tumors (step 4) (except for B cell recruitment, all other steps including CD8+ T cell, DC, macrophage, Th1 cell, NK cell, MDSC, and Th17 cell recruitment showed increased activity). The connection between these processes and the infiltration of immune cells in the TME is evident through the heightened T cell infiltration into tumors (step 5) observed in the high-IL4I1 group. Furthermore, there was an upregulation in the activity of eliminating cancer cells (step 7) within the high-IL4I1 group. Significantly, the T cells' ability to identify cancer cells (step 6) was observed to be reduced in the high IL4I1 group, possibly because of the increased inhibitory immune checkpoints expression in this specific group.
[image: Figure 4]FIGURE 4 | IL4I1 develops an inflamed TME in bladder cancer. (A) Correlation between IL4I1 and the activities of cancer immunity cycle. (B) Differences in the infiltration levels of five types of TIICs in the high- and low-IL4I1 groups using TIMER algorithm in bladder cancer. (C) Differences in the infiltration levels of five types of TIICs in the high- and low-IL4I1 groups using MCP-counter algorithm in bladder cancer. (D) Correlation between IL4I1 and the activities of cancer immunity cycle, effector genes of Tumor-associated immune cells mentioned above. (E) Correlation between IL4I1 and five types of TIICs using different algorithms. (*p < 0.05, **p < 0.01, ***p < 0.001, Not sig refers to not significant, Null means no data for analysis, T cm refers to central memory T cell, and T em refers to effector memory T cell).
Furthermore, we employed the TIMER and MCP-counter algorithms to quantify the infiltration levels of immune cells and analyzed their relationship with IL4I1. The results displayed a favorable association between IL4I1 manifestation and the levels of infiltration by CD8+T cells, macrophages, and dendritic cells (Figures 4B, C). Additionally, the expression of IL4I1 exhibited a positive relationship with the effector genes of TIICs (Figure 4D). Furthermore, we utilized six different algorithms to further investigate the relationship between IL4I1 and TIICs (including CD8+ T cells, NK cells, Th1 cells, dendritic cells, and macrophages) (Figure 4E).
To summarize, these findings indicated a notable correlation between the excessive expression of IL4I1 and the inflamed TME within BLCA.
IL4I1 predicts clinical response and hyperprogression of ICB in BLCA
Based on the previous description, we proposed that IL4I1 suggested an inflamed TME, thereby suggesting that high expression of IL4I1 may confer increased sensitivity to ICB therapy. Consequently, we embarked on an analysis to explore the association between IL4I1 and 20 inhibitory immune checkpoints. With the exception of LGALS3 and VTCN1, the expression levels of immune checkpoints exhibited significant upregulation. Correlation analysis further indicated a positive association between IL4I1 expression and these immune checkpoints (Figures 5A, D). Furthermore, IL4I1 exhibited positive correlations with certain pathway enrichment scores that are known to be favorable for immunotherapy (Figure 5B). Furthermore, there is a significant and positive association between IL4I1 and TIS (Figure 5C). The above results suggested that IL4I1 has the capacity to serve as a promising indicator for the effectiveness of ICB. Conversely, the high-IL4I1 group exhibited a lower incidence of hyperprogression. The correlation between IL4I1 and hyperprogression related genes was examined, and our results showed a notable decrease in the expression of genes that exhibited a positive correlation with the occurrence of hyperprogression in the high IL4I1 group. This reduction was observed in genes such as MDM2, MDM4, as well as a significant decrease in the rate of copy number amplification, including CCND1, FGF19, FGF3, and FGF4 (Figures 5E, F). Conversely, two predictors that exhibited a negative correlation with hyperprogression, namely CDKN2A and CDKN2B, exhibited significantly higher expression levels in the high-IL4I1 group compared to the low-IL4I1 group, along with a higher copy number amplification rate. These findings suggested that patients exhibiting high IL4I1 expression are less prone to experiencing hyperprogression associated with ICB treatment, thus making them more appropriate candidates for ICB therapy.
[image: Figure 5]FIGURE 5 | The role of IL4I1 in predicting the response to immunotherapy. (A) Correlation between IL4I1 and 20 immune checkpoints. (B) Differences in the enrichment scores of immunotherapy-predicted pathways in the high- and low-IL4I1 groups. (C) Correlation between IL4I1 and pan-cancer T cell inflamed score. (D) Correlation between IL4I1 and immunotherapy-predicted pathways, 20 immune checkpoints. (E,F) Differences in the expression and mutation status of hyperprogression-related biomarker in the high- and low-IL4I1 groups. (*p < 0.05, **p < 0.01, ***p < 0.001, ns means not significant, pos means positive correlation, and neg mean negative correlation).
IL4I1 expression could precisely predict the molecular subtypes and possible therapeutic strategies in BLCA
The different molecular subtypes of BLCA affect the prognosis and treatment effect of patients. Hence, an analysis was conducted to examine the correlation between the IL4I1 expression and molecular subtypes across various classification systems. Figure 6A demonstrated that the high-IL4I1 group displayed a stronger preference for the basal subtype of BLCA in the findings. Furthermore, the low-IL4I1 group exhibited elevated enrichment scores for urothelial differentiation, the Ta pathway, and luminal differentiation (Figure 6A). The high-IL4I1 group exhibited elevated enrichment scores in basal differentiation, EMT differentiation, immune differentiation, smooth muscle, myofibroblast, interferon response, and keratinization. Moreover, apart from the Baylor system, all molecular subtypes exhibited an AUC value exceeding 0.7 (Figure 6B), signifying that IL4I1 has the ability to accurately anticipate the molecular subtype of BLCA, thus providing precise treatment guidance.
[image: Figure 6]FIGURE 6 | L4I1 can predict the molecular subtype and the curative effect of several treatments in bladder cancer. (A) Differences in the seven different subtype systems and bladder cancer signatures between high- and low- IL4I1 groups. (B) ROC curves measuring the predictive value about molecular subtypes using seven algorithms. (C,D) Differences in mutations of neoadjuvant chemotherapy-related genes in high- and low- IL4I1 groups. (E) Correlation between IL4I1 and the enrichment scores of several therapeutic-related signaling pathways such as targeted therapy. (F) Correlation between IL4I1 and drug-target genes of different therapy extracted from the Drugbank database. (*p < 0.05, **p < 0.01, ***p < 0.001).
In addition to immunotherapy, IL4I1 can predict the efficacy of other therapeutic strategies, like neoadjuvant chemotherapy, radiotherapy, and various targeted therapies. We collected mutation data for molecules associated with neoadjuvant chemotherapy, various therapeutic signatures, and gene expression related to targeted drugs. In the high-IL4I1 group, the mutation frequency of specific genes (RB1, ERBB2, ERCC2) linked to neoadjuvant chemotherapy exhibited a higher rate (Figures 6C, D). Furthermore, the group with high IL4I1 levels demonstrated increased enrichment scores for pathways linked to EGFR ligands and radiotherapy. On the contrary, the group exhibiting low IL4I1 levels demonstrated an enrichment of oncogenic pathways, as depicted in Figure 6E. The activation of these pathways was found to be connected with a non-inflamed TME and resistance to immunotherapy (Peng et al., 2015; Sweis et al., 2016; Spranger and Gajewski, 2018). By utilizing the Drugbank database, we discovered an observation indicating significantly higher expression levels of numerous drug target genes in the high-IL4I1 group (Figure 6F). In particular, the high IL4I1 group exhibited a significant increase in nearly all aspects related to chemotherapy, immunotherapy, and ERBB target gene expression. And some target genes of anti-angiogenesis (including SH2B3, FTL3, FTL4, and CDF1R) were also significantly increased, while the expression levels of BRAF and RAF1 were low.
In general, these results suggested that BLCA patients with high IL4I1 expression may benefit more from neoadjuvant and adjuvant chemotherapy, radiotherapy, immunotherapy, and ERBB therapy.
Validating the role of IL4I1 in GSE48075 and E-MTAB-4321 cohort
To provide more robust results, we performed a validation analysis in the GSE48075 cohort and E-MTAB-4321 cohort. There was a significant increase in the expression of the majority of immune checkpoints in patients with high IL4I1 expression levels (Figure 7A; Supplementary Figure S4A), and correlation analysis also showed a positive correlation (Figure 7B). Similarly, the expression of IL4I1 was positively correlated with TIS (Figure 7C). Several immunotherapy positive predictable pathways also significantly enriched in high-IL4I1 group (Figure 7D, Supplementary Figure S4B) and are positively associated with IL4I1 (Figure 7E). Furthermore, the majority of effector genes in TIICs exhibited a positive correlation with IL4I1, as depicted in Figures 7F, G; Supplementary Figure S4C. Two external cohort revealed a significant correlation between elevated IL4I1 expression and the basal molecular subtypes of BLCA, thereby validating IL4I1’s potential as a predictive indicator for BLCA molecular subtypes (Figures 8A, B; Supplementary Figures S4D, E). For several therapeutic strategies, IL4I1 also showed its predictive value. The high-IL4I1 group showed significant enrichment of EGFR and radiotherapy predictive pathways (Figure 8C; Supplementary Figure S4F), and IL4I1 was positively correlated with the expression of drug target for chemotherapy, immunotherapy, ERBB and anti-angiogenic therapy (Figure 8D). The validation of the GSE48075 and E-MTAB-4321 cohort further confirmed IL4I1 suggested an inflamed TME and the potential of IL4I1 to predict molecular subtypes and several therapeutic strategies for BLCA.
[image: Figure 7]FIGURE 7 | Validating the predictive ability of IL4I1 expression for immune therapy response in the GSE48075 cohort. (A) Differences in the expression of immune checkpoint in the high- and low-IL4I1 groups. (B) The correlation between IL4I1 expression and immune checkpoints by Pearson’s correlation analysis. (C) Correlation between IL4I1 expression and T cell-inflamed scores in the GSE48075 cohort. (D) Differences in the enrichment scores of immune predicted pathways between the high- and low-IL4I1 groups. (E) The correlation analysis between IL4I1 expression and enrichment scores of immune predicted pathways. (F) Comparison for expression of effector genes in the high- and low-IL4I1-expression groups. (G) The correlation analysis between IL4I1 expression and expression of effector genes (*p < 0.05, **p < 0.01, ***p < 0.001, ns means not significant, pos means positive correlation, and neg mean negative correlation).
[image: Figure 8]FIGURE 8 | Validating the predictive ability of IL4I1 expression for the molecular subtype and response for various treatment strategies of bladder cancer in the GSE48075 cohort. (A) Difference of bladder cancer molecular subtypes in patients with different IL4I1 expression levels calculated via multiple algorithms. (B) Receiver operating characteristics (ROC) curve and area under curve (AUC) for IL4I1 in molecular subtype prediction in the GSE48075 cohort. (C) Difference for enrichment scores of various therapeutic signatures in the high- and low-IL4I1 groups. (D) Difference for expression of various drug-targeted genes in the high- and low-IL4I1 groups. (*p < 0.05, **p < 0.01, ***p < 0.001).
Validating of IL4I1′role from immunohistochemistry and the IMvigor210 cohort
Next, we performed immunohistochemical staining of BLCA and classified the tumor tissue microarray cohort into inflamed, excluded, and desert subtypes (Ott et al., 2019) derived from the spatial distribution pattern of CD8+ T cells (Figure 9A). In the inflamed subtype, the H-score of IL4I1 and PD-L1 were found to be higher comparison to the other two subtypes (Figures 9B, C). Figures 9D–F showed that there was a positive association between the H-score of PD-L1 and the rate of CD8 positivity, while the H-score of IL4I1 was positively linked to the H-score of PD-L1 and the positive rate of CD8. In the IMvigor210 cohort (a BLCA immunotherapy cohort), according to the clinical efficacy of the patients, the cohort was divided into PR/CR group and PD/SD group, and the correlation of IL4I1 with immunological characteristics and its predictive value for molecular subtypes and therapy were explored respectively. And we also arrived a similar conclusion. (Supplementary Figures S6, S7). Additionally, we conducted investigations into the involvement of IL4I1 in immunotherapy. As anticipated, the high-IL4I1 group displayed notably elevated percentages of IC2 (immune cells with the utmost PD-L1 level) and TC2 (tumor cells with the utmost PD-L1 level) (Figure 9G), aligning with our expectations for patients who received anti-PD-1 therapy. In addition, the high-IL4I1 group had a higher survival rate and response rate to anti-PD-L1 therapy, and IL4I1 expression was higher in the complete response group (Figures 9H–J). These findings collectively suggested that IL4I1 was closely related to the formation of inflamed TME and has a certain value in predicting the response to immunotherapy in bladder cancer. Additionally, we collected six immunotherapy cohorts, including five melanoma ICB treatment cohorts and one adoptive T cell therapy cohort to investigate the predictive role of IL4I1 in immunotherapy response. Although not reaching statistical significance, it is noteworthy that in cohorts such as Gide 2019, Nathanson2017 post, and GSE78220, the high IL4I1 group exhibited higher response rates and thus a more favorable prognosis, consistent with our findings in bladder cancer. In contrast, in cohort Nathanson2017 pre, the high IL4I1 group displayed a lower response rate compared to the low IL4I1 group, resulting in a poorer prognosis (Supplementary Figures S8A–F).
[image: Figure 9]FIGURE 9 | Correlation between IL4I1, the immune phenotype and the clinical response of immunotherapy in BLCA. (A) Expression of IL4I1, CD8, and PD-L1 in the BLCA TMA cohort was measured using immunohistochemistry. Representative images of CD8, PD-L1, and IL4I1 in three immune phenotypes were displayed. The scale bars correspond to 200 μm. (B,C) PD-L1 H score and IL4I1 positive rate (detected using immunohistochemistry) in the three phenotypes of the TMA cohort. (D,E) Correlation between PD-L1 H score, IL4I1 positive rate and CD8 positive rate. (F) Correlation between IL4I1 positive rate and PD-L1 H score. (G) Differences in the expression of PD-L1 on the immune cells and tumor cells, and immunophenotype in the high- and low-IL4I1 groups. (H) Kaplan-Meier analysis for overall survival of bladder cancer patients with ICB therapy based on IL4I1. (I) Differences in the response to immunotherapy in the high- and low-IL4I1 groups. (J) Correlation between Siglec15 and the clinical response of cancer immunotherapy in the IMvigor210 cohort. (*p < 0.05, **p < 0.01, ns refers to not significant, TC refers to tumor cells, IC refers to immune cells; PD: Progressed disease; SD: Stable disease; PR: Partial response; CR: Complete response).
DISCUSSION
Secreted L-amino acid oxidase IL4I1 is primarily produced by inflammatory antigen presenting cells, such as monocytes, macrophages, and dendritic cells (Marquet et al., 2010; Park et al., 2017). By decomposing phenylalanine, IL4I1 can change the biochemical environment of immune cells (Molinier-Frenkel et al., 2019), thereby regulating the immune response. According to recent research, IL4I1 has the ability to control the immune response by impacting the growth of immune cells (Chavan et al., 2002; Boulland et al., 2007; Houston et al., 2015; Pluchino and Peruzzotti-Jametti, 2016; Romagnani, 2016; Bod et al., 2018; Sadik et al., 2020; Castellano et al., 2021). In this study, we elucidated the expression pattern of IL4I1 in pan cancer and its association with poor prognosis in various tumors. Furthermore, we observed a positive correlation between IL4I1 and immunological characteristics in BLCA, suggesting that IL4I1 may serve as a representative marker for an inflamed tumor microenvironment. Building upon this foundation, we further demonstrated that IL4I1 can accurately predict immunotherapy response and BLCA molecular subtypes.
In this study, we revealed that IL4I1 was a prognostic factor in various cancer types. For instance, the survival curve indicates that patients with high IL4I1 expression obtained an unfavorable prognosis in LGG and GBM which was in consist with research of Feng Ye et al. IL4I1 was predominantly expressed on tumor associated macrophages (TAMs) in glioma. IL4I1-induced polarization of M2 macrophages can promote tumor invasion and metastasis (Ye et al., 2023). Similarly, IL4I1 was also found to be oncogenic effects in clear cell renal cell carcinoma through polarization of M2-like macrophages via JAK1/STAT3 signaling (Lin et al., 2023). Regretfully, the prognostic value of IL4I1 in bladder cancer was not observed in terms of both OS, PFS and DFS. Considering that IL4I1 is mainly expressed by TAMs, it is necessary to identify specific markers of IL4I1+ TAMs via scRNA-seq in the future, and further clarify whether it could serve as prognostic value in bladder cancer.
IL4I1 was positively correlated with the expression of multiple immunomodulators and immune checkpoints in most tumor types, thus validating its regulatory function in the immune system. Notably, immune cell infiltration analysis highlights a positive association between IL4I1 and immune cell infiltration across nearly all tumor types, particularly in BLCA, LGG, SKCM, THCA, and UVM. However, it’s worth noting that in SKCM, there are indications that IL4I1 inhibits CD8+ T cell infiltration, potentially mediating resistance to immunosuppressive agents (Bod et al., 2017). Given the complicated TME, the immunological characteristics of IL4I1 exhibit varying outcomes across distinct tumor types, and further validation through in vitro and in vivo experiments is warranted.
Specific chemokines play a dual role in modulating the migration of immune cells into the tumor microenvironment and directly targeting non-immune cells, such as tumor cells and vascular endothelial cells. For instance, CXC-chemokine ligand 9 (CXCL9) and CXCL10 bind to CXC-chemokine receptor 3 (CXCR3) expressed on effector CD8+ T cells, TH1 cells, and NK cells, facilitating their migration into the tumor site (Nagarsheth et al., 2017). Studies have demonstrated that the upregulation of CXCL9 and CXCL10 expression enhances CD8+ T cell infiltration in tumors, leading to improved prognosis in ovarian and colon cancers (Zhang et al., 2003; Pagès et al., 2005; Sato et al., 2005; Galon et al., 2006). Our study revealed a positive correlation between IL4I1 expression and various immunomodulators associated with T cell activation and expansion in bladder cancer, including CXCL9 and CXCL10. And the cancer immunity cycle encompasses seven steps ranging from release of cancer cells antigen to the killing of cancer cells. Disruption or diminished activity in any of these steps can impede the maximization of anti-cancer immune responses. For instance, impaired recognition and presentation of tumor antigens, as well as ineffective recruitment and infiltration of tumor infiltrating immune cells into the tumor microenvironment, ultimately lead to the inadequate killing of cancer cells (Chen and Mellman, 2013; Motz and Coukos, 2013). In this study, we identified a significant positive correlation between IL4I1 expression and several steps of the cancer immunity cycle, including T-cell recruitment and immune cell infiltration into tumor tissues. The inflamed TME in bladder cancer is characterized by the presence of CD4+ and CD8+ T cells localized in proximity to tumor cells (Spranger et al., 2013; Gajewski, 2015; Fehrenbacher et al., 2016). Since IL4I1 is positively correlated with the expression of immunomodulators and the activity of most steps of the cancer immunity cycle was significantly upregulated in the high IL4I1 group, these implied that IL4I1 is strongly associated with the inflamed tumor microenvironment. Consequently, T cells, NK cells, and macrophages, collectively termed tumor infiltrating immune cells (TIICs), exhibited increased infiltration in the high IL4I1 expression group, a phenomenon validated through immunohistochemical. Moreover, the impact of IL4I1 on the TME appears to vary across different tumor types. For instance, in melanoma, IL4I1 overexpression was associated with a reduction in CD8 mRNA levels and CD8+ T cell infiltration (Bod et al., 2017). Tong Li et al. discovered that inhibition of IL4I1 via Thymol could enhance CD8+ T cell infiltration and reshape the inflamed TME. This approach had the potential to improve the efficacy of anti-PD-1 antibody treatment in lung adenocarcinoma (Li et al., 2020). This variability may be attributed to tumor heterogeneity and histological differences, which reminds us that immunological functions of IL4I1 in different tumors need to be further explored. In summary, our findings indicate that IL4I1 delineates an inflamed TME in bladder cancer, highlighting its potential as a key regulator of immune responses in the context of tumor progression.
Another feature of the inflamed TME is the elevated expression of suppressive immune checkpoints, which is induced by pre-existing tumor infiltrating immune cells (Spranger et al., 2013). Under physiological conditions, immune checkpoint molecules regulate the immune system by stimulating and suppressing the immune response; however, in tumors, their interaction suppresses pre-existing anticancer immunity, leading to immune escape. The clinical efficacy of immune checkpoint blockade (ICB) depends on the pre-existing anticancer immunity (Pardoll, 2012; Wykes and Lewin, 2018; Anandappa et al., 2020). Our results demonstrated that the high IL4I1 group exhibited upregulated expression of most immune checkpoints. This suggests that this group of patients has pre-existing anticancer immunity and is more likely to achieve better clinical efficacy of ICB. Additionally, the enrichment scores of immune predictive pathways were higher in the high IL4I1 group, and IL4I1 demonstrated a positive correlation with Tumor Inflammation Signature (TIS), which is used to predict ICB efficacy (St Paul and Ohashi, 2020). In the IMvigor210 cohort, the high IL4I1 group exhibited superior prognoses and higher response rates to immunotherapy. Collectively, these findings indicate that high IL4I1 expression may be more conducive to improved response to ICB in BLCA. Additionally, the correlation of IL4I1 with TME and immunotherapy varies across other tumor types. For instance, Tong Li et al. demonstrated that IL4I1 silencing in LUAD leads to increased infiltration of CD8+ T cells. Targeting IL4I1 with Thymol can reshape TME and enhance sensitivity to immunotherapy (Li et al., 2020). Hirose et al. found that IL4I1 overexpression defined an immunosuppressive TME in melanoma leading to resistance to anti-PD-L1 therapy (Hirose et al., 2024), which was not entirely consistent with the results of six melanoma immunotherapy cohorts in our study. It is worth mentioning that Matusiak’s study revealed the IL4I1+ TAM were involved in phagocytosis of tumor cells within the colon cancer TME and were associated with favorable clinical outcomes (Matusiak et al., 2024), which provided ideas for targeting specific TAM. Therefore, further investigation is required to explore the impact of IL4I1 on the inflamed TME in various types of tumors, as well as its potential as a predictive marker for the efficacy of immunotherapy.
We explored the association between IL4I1 and molecular subtypes of BLCA, considering that basal subtypes of BLCA are more prone to chemotherapy, ICB therapy, and EGFR-based targeted therapy. (Sjödahl et al., 2012; Choi et al., 2014; Damrauer et al., 2014; Rebouissou et al., 2014; Robertson et al., 2017; Mo et al., 2018; Kamoun et al., 2020). Our findings revealed that BLCA patients with elevated IL4I1 expression had a higher likelihood of displaying the basal subtype. Additionally, there was a notable enrichment of the associated pathways. The findings indicated that IL4I1 can be utilized for predicting molecular subtypes of BLCA, and the AUC value serves to validate the precision of the findings. On the other hand, an increased mutation rate of neoadjuvant chemotherapy-related genes and a greater enrichment score of EGFR ligand and chemotherapy predictive pathway were observed in association with elevated levels of IL4I1. And the expression of most drug target genes was higher in the high IL4I1 group according to results from the Drugbank database. Through these results, we believe that IL4I1 has predictive value in the selection of multiple therapeutic approaches targeting BLCA.
The study also has some limitations. Our results are mainly based on bioinformatics analysis of public databases. Although we integrate multiple data sources and different types of data for validation, the generation of data is usually based on statistical methods and models, and the interpretation of the results needs to consider the biological context and functional annotation. Nevertheless, there remain unexplored aspects of the functionalities of genes and pathways, presenting specific obstacles for data analysis that necessitate conducting experimental validation to elucidate the immunological function of IL4I1. Additionally, due to the absence of follow-up information and immunotherapy efficacy data for the patient sample from Shanghai Outdo Biotech Company, the effectiveness data for ICB treatment in the IMvigor210 cohort might be influenced by random effects and biases, and have not undergone independent validation.
In conclusion, this study shows that IL4I1 represents an inflamed TME in BLCA, and can also predict the molecular subtypes of BLCA and the clinical response to immunotherapy, providing guidance for clinical treatment options.
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SUPPLEMENTARY FIGURE S1 | The prognostic value of IL4I1 in pan-cancers in terms of overall survival (OS). (A) Forest map of univariate cox analysis for IL4I1 in cancers in terms of OS. (B–I) Kaplan-Meier survival curve for IL4I1 in various cancer types in terms of OS.
SUPPLEMENTARY FIGURE S2 | The prognostic value of IL4I1 in pan-cancers in terms of progression-free survival (PFS). (A) Forest map of univariate cox analysis for IL4I1 in pan-cancers in terms of PFS. (B–I) Kaplan-Meier survival curve for IL4I1 in various cancer types in terms of PFS.
SUPPLEMENTARY FIGURE S3 | The prognostic value of IL4I1 in pan-cancers in terms of Disease-free survival (DFS). (A) Forest map of univariate cox analysis for IL4I1 in pan-cancers in terms of DFS. (B–I) Kaplan-Meier survival curve for IL4I1 in various cancer types in terms of DFS.
SUPPLEMENTARY FIGURE S4 | Validation in the E-MTAB-4321 cohort. (A) Correlations between IL4I1 and immune checkpoint. (B) Correlation between IL4I1 and immunotherapy predicted pathway. (C) Correlation between IL4I1 and effector genes associated with five types of TIIC. (D) Correlations between IL4I1 and molecular subtypes of BLCA. (F) Correlations between IL4I1 and several therapeutic signatures.
SUPPLEMENTARY FIGURE S5 | Validation in IMvigor210 cohort. (A) Differences in the expression of immunomodulators between high and low IL4I1 groups. (B) Differences in the expression of effector genes associated with five types of TIIC between high and low IL4I1 groups. (C) Differences in the expression of immune checkpoint between high and low IL4I1 groups. (D) Correlation between IL4I1 and immunotherapy predicted pathway. (E) Correlations between IL4I1 and molecular subtypes of BLCA. (F) ROC curve and AUC for IL4I1 in molecular subtype prediction in the IMvigor210 cohort. (G) Correlations between IL4I1 and several therapeutic signatures.
SUPPLEMENTARY FIGURE S6 | Validation in PR/CR group of IMvigor210 cohort. (A) Differences in the expression of immunomodulators between high and low IL4I1 groups. (B) Differences in the expression of effector genes associated with five types of TIIC between high and low IL4I1 groups. (C) Differences in the expression of immune checkpoint between high and low IL4I1 groups. (D) Correlation between IL4I1 and immunotherapy predicted pathway. (E) Correlations between IL4I1 and molecular subtypes of BLCA. (F) Correlations between IL4I1 and several therapeutic signatures.
SUPPLEMENTARY FIGURE S7 | Validation in PD/SD group of IMvigor210 cohort. (A) Differences in the expression of immunomodulators between high and low IL4I1 groups. (B) Differences in the expression of effector genes associated with five types of TIIC between high and low IL4I1 groups. (C) Differences in the expression of immune checkpoint between high and low IL4I1 groups. (D) Correlation between IL4I1 and immunotherapy predicted pathway. (E) Correlations between IL4I1 and molecular subtypes of BLCA. (F) Correlations between IL4I1 and several therapeutic signatures.
SUPPLEMENTARY FIGURE S8 | IL4I1 predicted the response to immunotherapy in several immunotherapy cohorts. (A-F) Five ICB cohorts (VanAllen 2015, Gide 2019, Nathanson 2017 pre, Nathanson 2017 post, GSE78220) and one adoptive T cell therapy cohort (Lauss 2017 cohorts) in Melanoma: In each graph, the upper half depicted the survival analysis within the IL4I group, while the lower half illustrated the proportion of immunotherapy responses in the high and low IL4I1 groups.
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Introduction: Metastatic castration-resistant prostate cancer (mCRPC) patients face challenges due to limited treatment options. About 50% of patients with mCRPC have a functional loss of phosphatase and tensin homology deleted on chromosome 10 (PTEN), leading to tumor progression, metastasis, and immune suppression. Moreover, elevated IL-23 produced by myeloid-derived suppressor cells (MDSCs) is found in CRPC patients, driving tumor progression. Therefore, a combination strategy based on PTEN restoration and IL-23 inhibition may block CRPC progression and metastasis.
Methods: The antitumor effect of restoring PTEN expression combined with the IL-23 inhibitor Apilimod was studied in a mouse model of bone metastasis CRPC and mouse prostate cancer RM-1 cells. To verify the targeting ability of PTEN DNA coated with lipid nanoparticles (LNP@PTEN) in vitro and in vivo. In addition, RT-qPCR and flow cytometry were used to investigate the related mechanisms of the antitumor effect of LNP@PTEN combined with Apilimod.
Results: LNPs exhibited significant tumor-targeting and tumor accumulation capabilities both in vitro and in vivo, enhancing PTEN expression and therapeutic efficacy. Additionally, the combination of LNP@PTEN with the IL-23 inhibitor Apilimod demonstrated enhanced inhibition of tumor growth, invasion, and metastasis (particularly secondary organ metastasis) compared to other groups, and extended the survival of mice to 41 days, providing a degree of bone protection. These effects may be attributed to the PTEN function restoration combined with IL-23 inhibition, which help reverse immune suppression in the tumor microenvironment by reducing MDSCs recruitment and increasing the CD8+/CD4+ T cell ratio.
Discussion: In summary, these findings highlight the potential of LNPs for delivering gene therapeutic agents. And the combination of LNP@PTEN with Apilimod could achieve anti-tumor effects and improve tumor microenvironment. This combinational strategy opens new avenues for the treatment of mCRPC.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Cationic lipids, β-sitosterol, phospholipids and PEG-lipids self-assemble in aqueous solution to form cationic lipid nanoparticles (LNPs), which could encapsulate PTEN DNA through electrostatic adsorption to generate LNP@PTEN. This formulation could be delivered to prostate cancer bone metastatic sites. LNP@PTEN combined with the IL-23 inhibitor Apilimod showed enhanced anti-tumor effects by inhibiting tumor proliferation and metastasis, and reactivating anti-tumor immunity with good safety (Created with BioRender.com).
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1 INTRODUCTION
Prostate cancer (PCa) is the second most frequent cancer among men worldwide (Sung et al., 2021; Siegel et al., 2023). The emergence of castration-resistant prostate cancer (CRPC) following 18–24 months of androgen deprivation therapy is one of the main clinical challenges in managing PCa (Harris et al., 2009; Jiang et al., 2020). Moreover, a substantial proportion of these CRPC patients progress to a more aggressive stage known as metastatic CRPC (mCRPC), with nearly 90% of cases metastasizing to the bone, leading to the development of bone metastasis CRPC (BmCRPC) with a limited survival period of less than 2 years (Garcia, 2011; Halabi et al., 2016; Chen et al., 2020).
Phosphatase and tensin homology deleted on chromosome 10 (PTEN) loss frequently occurs during human PCa progression. Functional loss of the PTEN tumor suppressor gene is estimated to occur in more than 40% of patients with mCRPC, with up to 70% of advanced-stage samples showing loss of PTEN function (Taylor et al., 2010; Mulholland et al., 2011; Jamaspishvili et al., 2018). The loss of PTEN results in enhanced tumor cell proliferation, viability, and migration, as well as castration-resistant growth (Mulholland et al., 2011). In addition, the loss of PTEN can also promote immune suppression by escalating the population of myeloid-derived suppressor cells (MDSCs) and the secretion of immune-inhibitory cytokines, leading to reduced T-cell infiltration and enhanced infiltration of regulatory T-cells (Treg) within the tumor (Rizvi and Chan, 2016; Bezzi et al., 2018). Therefore, restoring the PTEN function may inhibit the CRPC progression as well as enhance immune function.
Currently, various therapeutic strategies are under exploration to target PTEN-deficient tumors, including conventional inhibition of the PI3K-AKT-mTOR signaling network as well as innovative approaches to restore PTEN function (Mukherjee et al., 2021; Bergholz et al., 2023). In vitro experiments have shown that transfecting tumor cells with plasmid DNA can restore PTEN function; however, the use of plasmid DNA still faces challenges related to tumor targeting, transfection efficacy, and maintaining nucleic acid stability (Yin and Anderson, 2017; Islam et al., 2018). Presently, lipid nanoparticles (LNPs) are being used for in vivo delivery of nucleic acid drugs (Zhang et al., 2021), which can protect DNA plasmids from enzymatic degradation, prevent unwanted clearance, and promote cellular uptake. Therefore, LNPs could be developed for PTEN DNA delivery, providing an effective therapeutic approach for mCRPC.
In addition, it was reported that patients with CRPC had elevated mRNA levels of IL-23 in the tumor microenvironment, which is released by MDSCs and could activate phoshpo-STAT3–RORγ signaling to drive AR transcription. Therefore, treatments that block IL-23 with its inhibitors may effectively reverse MDSC-mediated resistance to CRPC and synergize with other therapies (Duvallet et al., 2011; Calcinotto et al., 2018).
Due to the high frequency of PTEN loss and high expression of IL-23 in CRPC, the combination of the IL-23 inhibitor Apilimod with PTEN DNA may achieved enhanced effects for cancer therapy. For this purpose, we developed an ionizable cationic lipid, which could self-assemble into LNPs with β-sitosterol, phospholipids, and PEG-lipids for PTEN DNA delivery. We hypothesized that PTEN loaded in LNPs (LNP@PTEN) could effectively reach tumor sites, restoring the anti-tumor function of PTEN. Moreover, the combination of LNP@PTEN with Apilimod could enhance the anticancer effect and immune function for the treatment of CRPC progression.
2 MATERIALS AND METHODS
2.1 Materials
Commercial suppliers provided all reagents and solvents, which were utilized without additional purification. 1,4-bis (3-aminopropyl) piperazine, 1,2-epoxydodecane, dichloromethane, agarose and crystal violet were acquired from Aladdin (Shanghai, China). 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (PEG2K-DMG) were obtained from AVT (Shanghai, China). β-sitosterol was purchased from BIDE (Shanghai, China). Matrigel was obtained from Corning (United States). PTEN plasmid DNA (PTEN), enhanced green fluorescent protein plasmid DNA (pEGFP) and FAM-labeled siRNA (siFAM) were purchased from GenePharma (Shanghai, China). TAE electrophoresis buffer, 4% Paraformaldehyde fix solution, the TUNEL kit, Anti -Ki67 Mouse mAb, and Alexa Fluor® 488-conjugated Goat Anti-Mouse IgG (H + L) were acquired from Servicebio (Wuhan, China). Cell Counting Kit-8 (CCK-8), Propidium iodide (PI), 4′,6-diamidino-2-phenylindole (DAPI) were obtained from Beyotime (Shanghai, China). Apilimod mesylate was purchased from MedChemExpress (United States). Isoflurane was acquired from RWD (Shenzhen, Guangdong). Deoxyribonuclease I (DNase I), Collagenase IV and Hyaluronidase (HAase) were purchased from Biofroxx (Germany). 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DIR iodide) was obtained from Maokang (Shanghai, China). Distilled water was used throughout the process.
2.2 Cell lines and animals
Human embryonic kidney 293T cells (HEK-293T cells), mouse prostate cancer cells (RM-1), mouse embryonic fibroblast cells (NIH-3T3) and mouse embryo osteoblast precursor cells (MC3T3-E1) were provided from Cell Bank of Shanghai, Chinese Academy of Sciences (CAS, Shanghai, China). HEK-293T cells NIH-3T3 cells were cultured in DMEM (Gibco, United States). RM-1 cells were cultured in RPMI-1640 medium (Gibco, United States). MC3T3-E1 cells were cultured in α-MEM medium (Gibco, United States). All cell media were added with 10% fetal bovine serum (FBS) (Gibco, United States) and 100 U/mL penicillin/streptomycin (P/S) (Gibco, United States). The cell culture incubator was used to perform cell culture at a temperature of 37°C and under 5% CO2 conditions.
Six-week-old C57BL/6J male normal mice (18–22 g) were ordered from the Clinical Experimental Center, Changhai Hospital, Naval Medical University (Shanghai, China). All experiments were carried out in accordance with the relevant regulations of Committee on Ethics of Medicine, Naval Medical University, PLA. To establish the RM-1 BmCRPC mouse model, RM-1 cells were injected into marrow cavity at 1 × 106 cells per mouse. Tumor formation occurred about 10 d later (Hoang et al., 2017).
2.3 Synthesis and identification of cationic lipid 246C10
The 246C10 was synthesized according to the reference (Kim et al., 2021). In detail, in a 5-mL vial, 1 mL of 1,4-Bis (3-aminopropyl) piperazine (4.65 mmol, 4.8 equivalents) was added, and 200 μL of 1,2-Epoxydodecane (0.97 mmol, 1 equivalent) was added dropwise. The reaction mixture was stirred at 90°C with 300 rpm for 3 d, yielding light yellow oil. The product was purified by dichloromethane/methanol column chromatography to obtain high-quality products. The structural identification was performed using hydrogen nuclear magnetic resonance (NMR) and tandem mass spectrometry (MS) spectra.
2.4 Preparation and characterization of LNPs
The formulation of LNPs was prepared utilizing the thin-film rehydration methodology. Briefly, 246C10, DSPC, β-sitosterol, and PEG2K-DMG were weighed in a molar ratio of 50: 10: 38.5: 1.5 and then were dissolved in anhydrous ethanol, stirring at room temperature (RT) at 100 rpm for 8 h. Subsequently, a thin film was generated through an evaporation process conducted under reduced pressure and then dispersed in pure water using a sonication probe (YM-650Y, Yuming, China) at 400 W for 5 min, resulting in the formation of blank LNPs (LNP-Blank). LNP-Blank was further mixed with PTEN DNA and allowed to incubate at RT for 30 min, ultimately producing PTEN-DNA-loaded LNPs (LNP@PTEN).
The ability of LNPs to transport DNA was assessed via agarose gel electrophoresis. Initially, agarose was dissolved in TAE electrophoresis buffer (0.8% w/v) and heated until completely dissolved. Gel-red (Biosharp, China) was subsequently added to the solution, thoroughly mixed, and then poured into a pre-prepared electrophoresis chamber equipped with a comb. A mixture containing 10 µL of the sample and 1 µL of loading buffer (6×) was prepared and carefully loaded into the wells of the gel after it solidified. Electrophoresis was conducted at RT with 110V for 40 min, and then the gel block was visualized using a UV gel imaging system to capture images.
The morphology of LNP-Blank and LNP@PTEN was assessed using transmission electron microscopy (TEM, TECNAI G2 S-TWIN, United States) after applying negative staining with saturated uranyl acetate solution. Additionally, dynamic light scattering (DLS) analysis was conducted using a Nano ZS90 instrument (Malvern, England) to determine nanoparticles size distribution and zeta potential values. Moreover, to assess their stability in simulated physiological fluids, nanoparticles were stored in PBS (pH 7.4) at 4°C for a period of 20 d.
2.5 Gene transfection assays
To evaluate the transfection efficiency of LNPs, HEK-293T cells were seeded in 48-well plates. Subsequently, pEGFP were co-incubated with LNPs at different mass ratios (LNPs: pEGFP = 3, 5, 7, 10), with Lipo8000@pEGFP as the control group (mass ratios is 2). And, pEGFP was 0.5 μg/well. After 24 h of co-culturing with cells, the fluorescence intensity of each group was observed by a fluorescence microscope (CKX53, OLYMPUS, Japan) and quantified by ImageJ software.
2.6 In vitro cellular toxicity assessment
RM-1 cells and NIH-3T3 cells were cultured in a 96-well plate at a density of 5 × 104 cells/mL. Following this, the cells were co-incubated for 24 h with formulations at varying concentrations (Lipo8000-Blank: 0–50 μg/mL, LNP-Blank: 0–50 μg/mL, PTEN: 1–0.5 μg/mL, Apilomod: 0–10 nM). PBS and NC (PTEN negative control, non-coding random DNA) were used as controls. Cell viability was assessed using CCK-8, and absorbance was measured at 450 nm (OD) by a microplate reader (MULTISKAN MK3, Thermo, United States).
RM-1 cells were seeded in a 48-well plate and cultured overnight. Subsequently, the cells were treated with LNP@pEGFP, with Lipo8000@pEGFP as the control group. After 24 h, RM-1 cells were co-incubated with PI and DAPI (100 μg/mL, 10 μL) in darkness for 30 min and then fixed with paraformaldehyde. Fluorescence expressions within the cells were observed by a fluorescence microscope, and the quantification of fluorescence intensity in each group was conducted using ImageJ software.
2.7 In vitro cellular uptake and intracellular colocalization assay
To assess cellular uptake efficiency, RM-1 cells were seeded in 24-well plates, then incubated overnight. Subsequently, FAM-labeled siRNA (siFAM) was encapsulated in LNPs and Lipo8000 for 30 min (siFAM, 20 ng/mL). LNP@siFAM was added for co-incubation for 24 h, while an equal volume of PBS, free siFAM and Lipo8000@siFAM served as the controls. Cellular uptake in each group was evaluated via the FACS Calibur flow cytometer (BD Biosciences, United States), with subsequent data analysis employing FlowJo software.
Cover the bottom of the 24-well plate with sterilized coverslips. Following 24 h co-incubation with siFAM, Lipo8000@siFAM and LNP@siFAM, RM-1 cells were fixed with paraformaldehyde, and then a sealing solution containing DAPI was applied to the coverslip. The intracellular distribution of LNP@siFAM was observed by confocal laser scanning microscope (CLSM, SpinSR10, Olympus, Japan).
2.8 Lysosome escape assay
To investigate the lysosomal escape capability, RM-1 cells were seeded in 24-well plates, then incubated overnight. Subsequently, LNP@siFAM and Lipo8000@siFAM (siFAM, 20 ng/mL) were co-incubated with RM-1 cells for 1 and 4 h. RM-1 cells were labeled with LysoTracker Red (50 ng/mL) to mark lysosomes, and DAPI was used for cell nucleus staining. Images were acquired by CLSM.
2.9 Quantitative real-time PCR
Total RNA was extracted from cellular samples in RNase-free tubes using Trizol (Vazyme, China). Subsequently, reverse transcription into cDNA was carried out with HiScript III All-in-one RT SuperMix Perfect (Vazyme, China). The primer sequences are provided in Supplementary Table S1. Real-time PCR was conducted using Taq Pro universal SYBR qPCR Master Mix (Vazyme, China) following a three-step PCR reaction procedure. Gene expression levels were normalized to GAPDH expression and analyzed using the 2−ΔΔCt method.
2.10 In vitro cell migration and invasion assays
The in vitro inhibitory effects on tumor cell migration and invasion were assessed via Transwell assays. RM-1 cells were cultured in medium without FBS for 24 h. Subsequently, the cells were seeded into the upper chambers of Transwell plates (8-μm, Corning). In the bottom of the chambers, DMEM containing 20% FBS (800 μL) served as chemokines. Matrigel was inserted into the upper chambers of Transwell plates for the anti-migration experiment. Subsequently, RM-1 cells were co-incubated with different treatment groups (PTEN DNA: 0.5 μg/well, Apilimod: 10 nM) for 24 h (anti-migration experiment) and 48 h (anti-invasion experiment). After being fixed in methanol for 30 min, the cells were stained for 20 min with 0.1% crystal violet and then washed three times in PBS (pH 7.2). Bright-field fluorescence microscopy was used to capture images of nine randomly selected fields for each group. Quantitative analysis of cell counts was performed using ImageJ software.
2.11 Penetration of LNPs in three-dimensional (3D) multicellular tumor spheroids
The preparation of RM-1 and MC3T3-E1 multicellular spheroids was accomplished through the liquid overlay method. In brief, sterile agarose (50 μL per well) was added to 96-well plates. Subsequently, DiO-stained RM-1 cells and DiD-stained MC3T3-E1 cells (1 × 104 cells each) were proportionally distributed in the 96-well plate at the ratio of 1:1 and then subjected to centrifugation at 1,500 rpm for 12 min at 4°C. During the spheroid formation process, the culture medium (DMEM) was refreshed every 3 d. The image of the tumor spheroids was monitored by CLSM.
Then, 3D multicellular tumor spheroids were prepared without the addition of any dye. LNPs were stained with DiO for 20 min at RT, and then loaded with Cy7-DNA (LNP-DiO@Cy7-DNA, DiO: 20 μg/mL, Cy7-DNA: 0.5 μg/mL), which were co-cultured with the tumor spheroids for 8 h. After fixing with 4% paraformaldehyde, DAPI was employed for nuclei staining. These spheroids were then transferred to a confocal dish, and images were captured by CLSM. Image processing was performed using ImageJ software.
2.12 In vivo biodistribution study
A mouse model of BmCRPC was established to investigate the in vivo distribution of LNPs with DIR serving as a model drug. This was achieved by intravenously injecting free DIR and DIR-loaded LNPs (LNP@DIR, 1 mg/kg). In vivo imaging system (IVIS Lumina III In Vivo Imaging System, Perkin Elmer) was applied to the in vivo fluorescence of each group of mice at 0, 2, 4, 8, 12, and 24 h, as well as fluorescence measurements of all hearts, livers, spleens, lungs, kidneys, and tumor tissues collected from each group of mice euthanized at 24 h. Subsequently, all data were analyzed employing the Quick View 3,000 software.
2.13 In vivo antitumor effects of LNPs
A mouse model of bone metastasis CRPC was established as previously described. The mice were randomly divided into five groups (n = 5): (a) PBS; (b) Apilimod; (c) LNP-Blank; (d) LNP@PTEN; (e) Apilimod + LNP@PTEN (PTEN DNA: 700 μg/kg, Apilimod: 10 mg/kg) (Wada et al., 2006; Wada et al., 2012; Islam et al., 2018). When the tumor size reached approximately 100 mm3, the mice received treatment with tail vein injections every 3 days for 2 weeks. Tumor volume and body weight were monitored every other day, with the first dose being reported on the first day. The formula used to compute the tumor volume was V = L × W2/2, in which ‘L' stood for the tumor’s longest axis and ‘W' for the axis length that was perpendicular to the longest axis. Sixteen days following the first injection, all animals were anesthetized to obtain blood samples from the retro-orbital venous plexus to assess biochemical indicators (ALT, AST, BUN, and CREAT), and tumor tissues were harvested and weighed. Both tumors and organs were collected to be fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned into tissue slices for subsequent hematoxylin and eosin (H&E) staining examination.
Moreover, five groups of mice (n = 5) were randomly divided and treated according to the above protocol for the survival study. According to animal ethical standards, the mice were euthanized when the tumor volume reached 2000 mm3.
2.14 In vivo effects on inhibiting cell proliferation and inducing apoptosis
In the TUNEL staining process, paraffin-embedded sections were deparaffinized in water. Following proteinase K repair, the sections were permeabilized for 10 min at RT. After applying the reaction solution, the sections were incubated for 2 h at 37°C. Lastly, cell nuclei were stained with DAPI by incubating them in the dark at RT for 10 min. Tumor tissue sections were stained by anti-Ki67 mouse mAb (1:200 dilution), followed by an Alexa Fluor 488-labeled goat anti-rabbit IgG (H + L) secondary antibody (1:400 dilution) to assess the proliferation of tumor cells. The cell nuclei were stained with DAPI. The sections were then observed under a fluorescent microscope to capture images. DAPI emits blue light at with an 330–380 nm excitation and 420 nm emission; while TMR emits red light at 520–560 nm excitation and 570–620 nm emission. Alexa Fluor 488 emits green light at 488 nm excitation and 519 nm emission. The ImageJ software was employed to analyze the TUNEL and Ki67 signals in the captured images.
2.15 Characterization of the tumor immune microenvironment
The single-cell suspensions of spleens and tumors were prepared as described (Calcinotto et al., 2018; Lin et al., 2021). In brief, tumor tissues underwent mechanical disaggregation followed by enzymatic digestion using collagenase D and DNase for a 30-min incubation at 37°C to achieve a homogeneous single-cell suspension. Each group took three samples and prepared single-cell suspensions in 1.5 mL EP tubes, ensuring a cell count of 106/100 μL PBS per tube using a cell counter. Add 2 uL of Fc Receptor Blocking solution (biolegend, lot no. 422302) to each EP tube, mixed by vortexing, and then placed in the dark for 20 min. Subsequently, single-cell suspensions were labeled with specific monoclonal antibodies, which were primary antibodies directly conjugated. The antibodies used for labeling CD4+/CD8+ T cells included APC anti-mouse CD45 recombinant antibody (biolegend, clone QA17A26, lot no. 157605), PerCP-Cyanine 5.5 anti-mouse CD4 antibody (biolegend, clone GK1.5, lot no. 100539), and Alexa Fluor 488 anti-mouse CD8a antibody (biolegend, clone 53–6.7, lot no. 100726). The antibodies for labeling MDSCs included FITC anti-mouse CD45 antibody (biolegend, clone I3/2.3, lot no. 147709), APC anti-Ly-6G/Ly-6C (Gr-1) antibody (biolegend, clone RB6-8C5, lot no. 108411), and PE anti-mouse/human CD11b antibody (biolegend, clone M1/70, lot no. 101207). The specific steps were processed in accordance with the manufacturer’s instructions. Then, the samples were incubated in the dark at 4°C for 20 min, centrifuged at 1,000 r/min for 3 min, and the cells were washed with PBS and resuspended in 500 μL PBS. Stained cells were finally evaluated by FACS Calibur flow cytometer (BD Biosciences, United States) and analyzed using FlowJo software.
2.16 MicroCT imaging and bone loss analysis
The right hind limb tibia was collected with the normal left hind limb serving as the control (n = 3). Bone images were obtained using microCT (μCT-100, SCANCO Medical AG, Switzerland) under 70 kV conditions. The Evaluation V6.5-3 software was utilized for the measurement and analysis of parameters, including bone surface area (BS), total tissue volume (TV), and bone volume (BV).
2.17 Statistical analysis
The statistical analysis was carried out with the software Graphpad Prism® 7. In cases where there were just two sample groups, the two-tailed Student’s t-test was utilized. The mean ± SD is used to present the results. When comparing two groups, the Student’s t-test was used; when comparing several groups, one-way analysis of variances (ANOVA) was used. Statistical differences were significant at *p < 0.05 and very significant at **p < 0.01, ***p < 0.001.
3 RESULTS
3.1 Synthesis and characterization of LNPs
The cationic lipid 246C10, a crucial component of LNPs, was successfully synthesized through the Michael addition reaction, achieving effective gene therapeutic delivery via electrostatic interactions with negatively charged nucleic acids. Detailed synthesis process and characterization of 246C10 are available in the supporting information (Supplementary Figures S1–S3). The formulation of LNPs was composed of 246C10, DSPC, β-sitosterol, and PEG2K-DMG. Both LNP-Blank and LNP@PTEN were prepared for characterization. Transmission electron microscopy (TEM) revealed that both LNP-Blank and LNP@PTEN were nanoscale spherical particles with an approximate diameter of 130 nm (Figure 1A, Supplementary Figure S4). The dynamic light scattering (DLS) analysis indicated that the z-average diameter of LNP-Blank was 129.55 ± 2.35 nm, with a polydispersity index (PDI) of 0.188 ± 0.013 (Figure 1B). After co-incubation with the PTEN DNA, the z-average diameter of LNP@PTEN was 131.8 ± 3.1 nm, with a PDI of 0.170 ± 0.015 (Figure 1B). The particle size of the LNPs changed minimally, consistent with that of TEM results. Furthermore, LNP-Blank exhibited positive surface charges, which transitioned to neutral surface charges upon the formation of LNP@PTEN. The ζ-potential values were recorded as (29.7 ± 1.4) mV and (−2.35 ± 0.75) mV, respectively (Figure 1B). When they were incubated in the mimicked physiological fluids of phosphate buffered saline (PBS, pH 7.4) for 20 d, the average diameters and ζ-potential of LNP-Blank and LNP-PTEN were rarely changed (Figures 1D, E). These results confirmed the stability of LNP-Blank and LNP@PTEN in simulated physiological fluids.
[image: Figure 1]FIGURE 1 | Characterization of LNPs. (A) TEM images of LNP-Blank and LNP@PTEN; scale bars = 100 nm. (B) The particles size distribution and ζ potential values of LNP-Blank and LNP@PTEN by DLS analysis. (C) The agarose gel electrophoresis results of different mass ratios of LNP@PTEN. (D, E) The stability of LNP-Blank and LNP@PTEN in PBS (pH 7.4) at 4°C for 20 d (n = 3, mean ± SD).
Given the enzymatic activity prevalent in the bloodstream, nucleic acids are susceptible to enzymatic degradation, leading to their inactivation. To ensure the effectiveness of gene therapy, LNPs play a pivotal role by encapsulating PTEN DNA, thereby shielding them from enzymatic degradation. We evaluated the encapsulation of PTEN DNA within LNPs using agarose gel electrophoresis (Figure 1C). These findings indicated that when the mass ratio >6, PTEN DNA could be entirely absorbed into the LNPs.
3.2 LNPs enhanced cellular uptake and transfection effeciency with lower toxicity in vitro
The cytotoxicity of LNP-Blank on RM-1 and NIH-3T3 cells for 24 h was investigated using Lipo8000-Blank as a control (Figures 2A, B). Our findings indicated that LNP-Blank has lower cytotoxicity than Lipo8000-Blank on NIH-3T3 cells (p < 0.001), with a safety concentration up to 12.5 μg/mL (vs. NC group, p < 0.05). Similarly, LNP-Blank showed much lower cytotoxicity on RM-1 cells as compared to Lipo8000-Blank (p < 0.001), maintains cell viability at approximately 80% at a concentration of 50 μg/mL. These results demonstrated that LNP-Blank had less acute and cell-intrinsic toxicity than Lipo8000-Blank in vitro.
[image: Figure 2]FIGURE 2 | Evaluations of LNPs in vitro. (A, B) Cytotoxicity of LNPs at different concentrations on RM-1 cells and NIH-3T3 cells for 24 h (n = 6, mean ± SD), 2way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance. (C, D) Statistic results of flow cytometry, RM-1 cells were co-incubated with siFAM, Lipo8000@siFAM, and LNP@siFAM (n = 3, mean ± SD), **p < 0.01, ***p < 0.001, one-way ANOVA. (E, F) Investigation of intracellular transfection ability in LNPs. CLSM images of (E, F) lysosome escape of LNP@siFAM in RM-1 cells for 1 and 4 h scale bars = 20 μm. (G) Transfection assessments of LNP@pEGFP complexes on RM-1 cells (n = 3). scale bars = 50 μm. (H) Fluorescence intensity at different mass ratios in RM-1 cells for 24 h, Lipo8000 was used as control (n = 5, mean ± SD), *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance, one-way ANOVA. (I) The fluorescence intensity of DAPI and PI for 24 h after treatment of LNP@pEGFP and Lipo8000@pEGFP (n = 3, mean ± SD), ***p < 0.001, ns: no significance, t-test. (J) RT-qPCR results of the expression of PTEN in RM-1 cells (n = 3, mean ± SD), ***p < 0.001, ns: no significance, one-way ANOVA.
Moreover, we investigated the cellular uptake of LNPs in RM-1 cells with siFAM serving as the model drug. Flow cytometry quantification results showed that the cellular uptake of siFAM loaded LNPs (LNP@siFAM) was 1.84 times higher than that of the Lipo8000@siFAM group (Figures 2C, D). The CLSM results showed that green fluorescence (siFAM) was mainly distributed around the cell nucleus (DAPI blue staining). Notably, RM-1 cells exhibited pronounced green fluorescence in LNP@siFAM group, compare to those in free siFAM group (Figure 2E), which was similar to that in the Lipo8000@siFAM group. These results indicated that the LNPs could be effectively internalized by cells, and accurately delivered gene drugs to tumor cells, thus establishing a robust foundation for subsequent drug delivery therapies.
In order to investigate the intracellular transport of LNPs, the lysosomes of RM-1 cells were labeled with LysoTracker Red. After 1 h of incubation, CLSM images illustrated that the red lysosome fluorescence and the green fluorescence (siFAM) overlapped. After 4 h, the green and red fluorescence became clearly separated, indicating that the LNPs had the remarkable lysosomal escape capacity (Figure 2F). Compared with Lipo8000@siFAM (Supplementary Figure S5), both LNPs and Lipo8000 had lysosome escape effect. Consequently, these findings indicated that LNPs can effectively traverse the lysosomal barrier and enhance targeted drug delivery efficiency by efficiently delivering encapsulated drugs to the cytoplasm.
Moreover, we assessed the efficiency of gene transfection in HEK-293T cells in vitro. The results demonstrated that a notably higher transfection efficiency was achieved at a mass ratio of 7, surpassing that of Lipo8000 (p < 0.05), which indicated that the LNPs had good gene transfection ability and provided the best mass ratio of drug for subsequent assays (Figures 2G, H). In addition, we investigated cell viability post-transfection with LNP@pEGFP and Lipo8000@pEGFP in RM-1 cells with the most optimal transfection efficiency (Figure 2I). PI and DAPI staining were performed on the dead cells and cell nuclei of the two groups, respectively, to assess the proportion of cell death. The findings revealed that the LNP@pEGFP group exhibited superior transfection efficiency compared to that of the Lipo8000@pEGFP group, along with a lower cell death rate (p < 0.001), thus underscoring the less acute and cell-intrinsic toxicity of this LNPs in vitro.
We further evaluated the impact of LNP@PTEN on PTEN-mRNA levels in RM-1 cells using RT-qPCR (Figure 2J). The results clearly indicated that PTEN-mRNA levels in the LNP@PTEN group were significantly higher than those in both the PBS group and the free PTEN group (p < 0.001), affirming the successful delivery of PTEN by LNP@PTEN into tumor cells. These experiments collectively verified the nucleic acid delivery and transfection capabilities of the LNPs in vitro.
3.3 LNP@PTEN suppressed cell growth, cell invasion and metastasis in vitro
Figure 3A showed the results of in vitro cytotoxicity of different groups. As shown in Figure 3A, the LNP@PTEN (IC50 = 0.4827 μg/mL) group as well as the IL-23 inhibitor Apilimod + LNP@PTEN group (Apilimod/PTEN: IC50 = 8.32 nM/0.416 μg/mL) exhibited dose-dependent cytotoxic effects on the RM-1 cells. There was no significant difference between these two groups (p < 0.05). Moreover, the Apilimod group showed no significantly higher cytotoxicity than the negative control (NC) group (p < 0.05) (Supplementary Figure S6). Our results indicated that there was no obviously exhibition effect of Apilimod on the RM-1 cells in vitro. This may due to that the IL-23 was primarily released by MDSCs (Calcinotto A et al., 2018); and the effect of Apilimod might be shown in CRPC microenvironment.
[image: Figure 3]FIGURE 3 | Antitumor assays in vitro. (A) Cell viability of RM-1 cells after treatment with LNP@PTEN and Apilimod + LNP@PTEN for 24 h (n = 3, means ± SD). ns: no significance, 2way ANOVA. (B, C) The statistical analysis of cells in nine fields of view of (B) anti-migration effects and (C) anti-invasion effects, respectively (n = 9, mean ± SD), *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significance, one-way ANOVA. (D) Microscope images of anti-migration effects and anti-invasion effects in each group (Apilimod: 10 nM, PTEN: 0.5 μg/mL), scale bars = 50 μm. (E) 3D tumor spheroid model. DiO-stained RM-1 cells and DiD-stained MC3T3-E1 cells. Blue fluorescence: DAPI, green fluorescence: DiO, red fluorescence: DiD, Scale bars = 100 μm. (F) The images of in vitro tumor spheroids penetration of each group were acquired by CLSM. DiO-stained LNPs (DiO: 20 μg/mL, Cy7-DNA: 0.5 μg/mL). Scale bars = 100 μm.
Next, the anti-invasive and anti-metastatic potential of Apilimod + LNP@PTEN was further evaluated by Transwell assay. Microscopic examination of cell migration was conducted. The effects of the combined treatment were subsequently confirmed through quantification of anti-migration and anti-invasion cells (Figures 3B–D). Given the instability of nucleic acids, the cell numbers in the free PTEN DNA group closely resembled those in the PBS group, signifying the absence of any anti-invasive or anti-metastatic influence. In contrast, the LNP@PTEN group and the Apilimod group showed noticeable abilities to inhibit invasion and metastasis in comparison to the PBS group. Furthermore, the combination of LNP@PTEN with the IL-23 inhibitor Apilimod displayed a more pronounced anti-invasive and anti-metastatic ability compared to the monotherapy groups (p < 0.001). These results suggested an enhanced effect of the combined treatment in curtailing the invasion and metastasis of RM-1 cells.
3.4 LNPs improved penetration in a 3D tumor model
In order to more accurately simulate the in vitro bone metastatic microenvironment, we established a 3D tumor spheroid model using MC3T3-E1 and RM-1 cells (Figure 3E). To assess whether LNPs can enhance drug penetration within these spheroids, we loaded Cy7-DNA (red) into LNPs to mimic PTEN DNA, and LNPs labeled with DiO (LNP@DiO, green). Various formulations were applied to treat the 3D tumor spheroids, and the penetration process was visualized using CLSM. Free DiO and free Cy7-DNA were predominantly localized around the spheroids. Importantly, DiO and Cy7-DNA in the LNP-DiO@Cy7-DNA group penetrated the spheroids deeply with the fluorescence intensity much higher than those in the free group at a depth of 250 μm (Figure 3F, Supplementary Figure S7), indicating the superior tumor penetration capability of LNPs.
3.5 LNPs efficiently targeted tumor sites
Metastasis is a fatal factor in CRPC progression, and once cancer spreads to the bone, it gives rise to skeletal-related events (SREs), leading to reduced treatment efficacy (Weilbaecher and McCauley, 2011; Steega, 2016). Therefore, we established a mouse model of mCRPC and LNP was labeled with a near-infrared dye (DIR) to investigate the in vivo biodistribution of LNPs.
The in vivo biodistribution study results were shown in Figure 4A. As shown in Figure 4A, the fluorescence signal could be monitored at the tumor site in the LNP@DIR group at 2 h early, followed by a gradual increase in the fluorescence signal over the next 16 h, with a peak signal intensity obtained at 24 h in the bone metastasis model. Furthermore, within 24 h, minimal fluorescence was observed at the tumor site in the free DIR group, while substantial DIR accumulated in the liver. The mice were sacrificed after being observed for 24 h in order to measure the biodistribution of fluorescence in different organs. Notably, compared to the free group, the LNP@DIR group exhibited significantly higher fluorescence intensity at the site of the bone metastatic tumor (p < 0.001), whereas the fluorescence signal was nearly not detectable in the free DIR group at the primary tumor site (Figures 4B, C). These results substantiated that DIR could be efficiently transported in vivo, accumulating at tumor sites via LNPs and achieving targeted delivery to the tumor site through the enhanced permeability and retention (EPR) effect.
[image: Figure 4]FIGURE 4 | In vivo study of LNPs. (A) Representative images of BmCRPC-bearing mice from each group were taken at 0–24 h after injection, with the tumor area marked by a red circle. (B) Fluorescence imaging of tumors and major organs. (C) The semiquantitative fluorescence intensity in major organs of each group (n = 3, mean ± SD), *p < 0.05, **p < 0.01, ***p < 0.001, multiple t-test. (D) The in vivo study protocol of Apilimod + LNP@PTEN (PTEN DNA: 700 μg/kg, Apilimod: 10 mg/kg). (E) The five groups’ tumor volume curves (n = 5, mean ± SD). (F) The five groups’ weight curves (n = 5, mean ± SD). (G) Mice growth curves for body weight among the five groups (n = 5, mean ± SD). (H) RT-qPCR results of the expression of PTEN in different treatment groups (n = 3, mean ± SD), ***p < 0.001, ****p < 0.0001, one-way ANOVA. (I) Survival curve of mice in different treatment groups (n = 5, mean ± SD). ****p < 0.0001, ns: no significance, one-way ANOVA.
3.6 LNP@PTEN cooperated with IL-23 inhibitor to inhibit tumor growth and metastasis in vivo
We further used BmCRPC models to study the therapeutic effects of combination therapy in vivo (Figure 4D). The results showed that the combination of Apilimod + LNP@PTEN group had the strongest antitumor effect among all the groups (Figure 4E). Post-treatment, tumors were subjected to weight measurement (Figure 4F), revealing a significantly reduced tumor weight in the Apilimod + LNP@PTEN group compared to the other treatment groups (p < 0.001). This outcome concurred with the tumor volume measurements taken during the course of tumor growth. Furthermore, no substantial variation in mice weight was observed between the Apilimod + LNP@PTEN group and the other treatment groups (p > 0.05) (Figure 4G). Remarkably, during the treatment period, mice treated with the five groups displayed analogous and steady weight growth. Moreover, mice treated with Apilimod + LNP@PTEN exhibited a longer median survival time, reaching 40 d in the BmCRPC mouse model (Figure 4I). The q-PCR results showed a significant increase in PTEN mRNA in both the LNP@PTEN group and the combined therapy group (Figure 4H), which indicated that PTEN restoration might contribute to the therapeutic efficacy.
TUNEL staining was used to detect tumor cell apoptosis. The Apilimod + LNP@PTEN group displayed an elevated number of red fluorescent cells in comparison to the Apilimod and LNP@PTEN groups, signifying a significant induction of cell apoptosis. Notably, no TUNEL-positive cells were observed in the other groups (Figure 5A). Tumor sections were subjected to Ki67 staining, revealing that the Apilimod + LNP@PTEN group exhibited a markedly diminished green fluorescent signal compared to the other groups. These showed the lowest proliferation level of Ki67-positive tumor cells in the combination treatment group, which was consistent with the trends observed in the TUNEL staining (Figure 5A). Collectively, these results provided further compelling evidence of the inhibitory effect of combination therapy on tumor growth.
[image: Figure 5]FIGURE 5 | The safety and mechanism of LNPs and immune regulation mechanism. (A) TUNEL staining (red) and Ki67 staining (green) of tumor tissues in each group. Scale bars = 50 μm. (B) The 200 × HE images of the heart, liver, spleen, lung, kidney of each group (red arrow: Lung metastasis). (C) MicroCT images of tibia bearing tumor in each administration group, tibia of normal left hind limb as control (red arrow: Bone erosion and bone damage). (D) Tibia BV/TV detection results at different treatment group (n = 3, mean ± SD). (E) and (G) The proportional representative images and statistical images of MDSCs in tumor from various treatment groups (n = 3, mean ± SD). (F, H) Representative and statistical images of CD8+ T cells and CD4+ T cells mouse tumor from different treatment groups (n = 3, mean ± SD). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA.
Additionally, there was no discernible histological damage in all groups when major organs such as the heart, liver, spleen, lung, and kidney were stained with H&E, suggesting that this therapy demonstrated strong tissue tolerance and biocompatibility. (Figure 5B). In line with the previously mentioned findings, the biochemical indicators from mouse blood samples, including serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine (CR), were demonstrated to be all within the normal range in BmCRPC models after treatment with PBS, Apilimod, LNP-Blank, LNP@PTEN, and Apilimod + LNP@PTEN groups (Supplementary Table S2). These data collectively substantiate the safety profile of the Apilimod + LNP@PTEN combination therapy system. Notably, it is essential to highlight that while tumor metastatic lesions were apparent within the lungs of mice from the PBS group, Apilimod group, LNP-Blank group, and LNP@PTEN group in the bone metastasis model, no secondary organ metastases were discernible in the Apilimod + LNP@PTEN group (Figure 5B).
Subsequently, to assess the potential of Apilimod + LNP@PTEN in SREs associated with BmCRPC, we conducted a comprehensive bone analysis employing microCT (Figure 5C). As a baseline, the left hind limb’s normal tibia in mice served as the control group. In the tumor-bearing tibia of mice from the PBS, Apilimod, LNP-Blank, and LNP@PTEN groups, varying degrees of bone damage and bone resorption were observed, while in the Apilimod + LNP@PTEN group, there was a remarkable mitigation of these effects. Moreover, the bone volume fraction (BV/TV) serves as a widely-used parameter for evaluating cortical and trabecular bone mass. An increase in BV/TV suggests that bone synthesis metabolism surpasses degradation metabolism, leading to an augmented bone mass. This parameter indirectly reflects bone metabolism. Compared to the other treatment groups, the BV/TV ratio in the Apilimod + LNP@PTEN group most closely resembled that of a healthy tibia (Figure 5D). These showed the protective effect of combination therapy on bone metabolism, leading to a reduction in bone damage. These findings substantiated that Apilimod + LNP@PTEN treatment had a significant bone-protective effect. It effectively impeded the growth of BmCRPC tumors, alleviated bone damage and loss in the tumor-bearing tibia, improved SRE outcomes in BmCRPC mice, and proficiently suppressed secondary organ metastasis of BmCRPC.
3.7 LNP@PTEN cooperated with IL-23 inhibitor to improve immunosuppressive microenvironment
Bone marrow cell differentiation and functional anomalies represent critical hallmarks of cancer (Croucher et al., 2016). MDSCs, which originate in the bone marrow, play a role in immune suppression and impact T cell activation during the course of cancer development (Kumar et al., 2016). To corroborate the potential of combination therapy in enhancing the tumor immune microenvironment, we employed flow cytometry for the detection of MDSCs (CD11b+ Gr-1+) infiltration within tumor tissues after 2 weeks treatment (Figures 5E, G, Supplementary Figure S8). The findings revealed that the Apilimod + LNP@PTEN group exhibited the lowest proportion of MDSCs, with a marked reduction compared to the PBS group (p < 0.001).
Furthermore, CD4+ T cells fulfill a regulatory role in immune responses, while CD8+ T cells serve as vital effector cells in the context of anti-tumor responses, and an elevated CD8+ ratio is indicative of a more potent anti-tumor effect (Shi et al., 1995). The outcomes demonstrated that the Apilimod + LNP@PTEN group attained the highest CD8+/CD4+ ratio (Figures 5F, H, Supplementary Figure S9), implying a more robust anti-tumor immune response relative to the other treatment groups. This heightened immune response played as a pivotal contributor to the effective inhibition of CRPC development in the combination therapy group.
4 DISCUSSION
The loss of the tumor suppressor PTEN is a common occurrence in CRPC. Up to 40% of patients with mCRPC face the challenge of PTEN deficiency. In addition, PTEN insufficiency can also promote immune suppression by escalating the population of MDSCs and the secretion of the immune-inhibitory cytokines IL-23 (Calcinotto et al., 2018). Therefore, restoration of PTEN function as well as inhibiting IL-23 to reverse MDSC-mediated resistance to CRPC may bring potential therapies for mCRPC treatment.
Promising therapeutic strategies have been developed to restore PTEN function alone or combine with PI3K-AKT-mTOR inhibition, chemotherapy, androgen receptor-directed agents, DNA damage response (DDR) -targeting agents, immune oncology agents, or additional PI3K-AKT-mTOR-targeted therapies (Turnham et al., 2020). Among these approaches, gene therapy is most effective in restoring PTEN function. However, these strategies face challenges such as low delivery efficiency, poor transfection efficiency, insufficient expression, and the potential for insertional mutations (Islam et al., 2018). Therefore, novel gene vectors with high efficiency and low toxicity still need to be further explored.
Here, in our study, we successfully developed an ionizable cationic lipid 246C10 that could self-assemble into LNPs with β-sitosterol, phospholipids, and PEG-lipids for PTEN DNA delivery. The characterization results indicated that LNP-Blank possesses a positive charge of 29.7 mV and maintains a particle size of approximately 130 nm. Following the loading of PTEN DNA, the particle size increased slightly, and the charge became neutral (Figures 1A, B). The in vitro and in vivo results demonstrated the high transfection efficiency of LNPs and low toxicity of the LNP-Blank (Figures 2A, B, and Supplementary Table S2), which are suitable as carriers for PTEN DNA delivery.
Previous study reported that elevated levels of MDSCs and IL-23 were found in the blood and tumor samples of CRPC mice and patients, compared to those in hormone-sensitive PCa patients (Calcinotto et al., 2018). Our results showed that IL-23 inhibitor Apilimod alone had no obvious effect on RM-1 cells in vitro (Supplementary Figure S6; Figure 3A) and in vivo (Figure 4E), while significantly improved the anticancer effect of LNP@PTEN in vivo (p < 0.001) (Figure 4E). This demonstrated that the IL-23 was mainly released by MDSCs, which was in line with the result reported (Calcinotto et al., 2018). Moreover, the combination of LNP@PTEN with IL-23 inhibitor Apilimod showed a significantly anticancer effect (Figure 4E). All these results indicated that for PTEN-deficient CRPC patients, only restoration of PTEN function may be not enough to inhibit the CRPC progression, and the combination therapies with other strategies are needed. Furthermore, the MDSCs in tumor microenvironment play a critical role for CRPC progress, and blocking MDSCs recruiting is one of the choices for combinational therapies. Therefore, the combination of LNP@PTEN and Apilimod may provide a potential strategy for CRPC clinical treatment, especially for PTEN-deficient CRPC patients.
Since 90% of patients with CRPC will eventually develop metastasis to bone. Once cancer spreads to the bone, it gives rise to SREs, such as severe pain and abnormal bone remodeling, leading to poor prognosis and reduced treatment efficacy (Weilbaecher and McCauley, 2011; Steega, 2016). We established a CRPC bone metastasis animal model and conducted an intra-tumoral distribution study using LNPs in these model mice. The in vivo distribution experiments indicated the successful accumulation of LNPs (LNP@DIR) in the tumor sites of tumor-bearing mice, which may be associated with the nanoparticle’s EPR effect (Figures 4A–C). Moreover, our research demonstrated the highest effectiveness of the Apilimod + LNP@PTEN among all groups, showing superior anti-tumor growth, anti-invasive and anti-metastatic properties as compared to those of monotherapy in vivo (Figures 4E–I). In addition, we also found that the combination therapy of LNP@PTEN and Apilimod also significantly inhibited bone metastasis CRPC distant organ secondary metastasis with excellent safety (Figures 4G, 5B; Supplementary Table S2).
Furthermore, we investigated the immunomodulatory effects of the combination therapy by assessing immune cells in tumor tissues, thereby alleviating immune suppression, enhancing the immune response, and inhibiting tumor progression to some extent (Figures 5E–H). The PTEN/PI3K/AKT pathway had been shown to be a crucial route for MDSCs activation, and MDSCs indirectly promote the development of CRPC through the secretion of IL-23. LNP@PTEN compensated for PTEN deficiency, blocking the activation of this pathway in MDSCs, thereby reducing the proportion of immunosuppressive cells. Additionally, the reduction in MDSC activation and interference with IL-23’s regulatory role in tumor development, due to the application of the IL-23 inhibitor, relieved immune suppression from two different aspects. This is probably a key reason for the inhibition of tumor growth in the Apilimod + LNP@PTEN group. Finally, we also investigated the bone-protective effects of the treatment. The combined intervention of LNP@PTEN + Apilimod could maximize the preservation of normal bone metabolism, reducing bone injury and resorption (Figures 5C, D).
5 CONCLUSION
In summary, a combinational therapeutic strategy based on LNP@PTEN and the IL-23 inhibitor Apilimod was established, which could significantly inhibit tumor growth and metastasis for CRPC. The prepared LNPs exhibit excellent stability and high transfection efficiency, allowing for efficient drug delivery to tumor sites. Furthermore, the combination of LNP@PTEN and Apilimod inhibited tumor progression, distant organ secondary metastases, and extended the survival period of tumor-bearing mice, by the restoration of PTEN function and reversing the immunosuppressive tumor environment. This work provides a new strategy for CRPC treatment.
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Background: Statins, which are medications that lower lipid levels, are extensively used to decrease cardiovascular disease risk. Recently, the use of statins in cancer prevention has attracted considerable interest. However, it is still unclear whether the use of statins has a causal effect on bladder cancer.Methods: The two-sample Mendelian Randomization (MR) was performed to infer the causal relationship between statin therapy (atorvastatin, simvastatin, and rosuvastatin) and bladder cancer. Single-nucleotide polymorphisms (SNP)-based genome-wide association studies (GWAS) of statins (atorvastatin, simvastatin, and rosuvastatin) were gathered from the UK Biobank, involving 462,933 participants. We acquired summary-level genetic data on bladder cancer from a European cohort of 175,121 individuals. The inverse variance weighted (IVW) method was the main analytical technique used, supplemented by MR-Egger, weighted median, weighted mode, and simple mode to estimate causal effects. Additionally, sensitivity analyses were conducted to verify the robustness and reliability of our findings.Results: Based on the IVW analysis, we identified a significant causal association between rosuvastatin use and a decreased risk of bladder cancer, with genetic analysis inferring the substantial reduction in odds (OR = 3.52E-19, 95% CI: 5.48E-32–2.26E-06, p = 0.005). In contrast, the IVW results did not reveal a statistically significant relationship between the genetically estimated use of atorvastatin (OR = 7.42E-03, 95% CI: 6.80E-06–8.084, p = 0.169) or simvastatin (OR = 0.135, 95% CI: 0.008–2.330, p = 0.168) and bladder cancer risk.Conclusion: We investigated the causal link between statin therapy (atorvastatin, simvastatin, and rosuvastatin) and bladder cancer using a two-sample Mendelian Randomization analysis among the European population. Our findings indicated that genetically predicted use of rosuvastatin was associated with a decreased risk of bladder cancer, whereas no significant genetically predicted causal effects were observed for atorvastatin and simvastatin use.Keywords: Mendelian Randomization, statin, bladder cancer, causal analysis, GWAS
1 INTRODUCTION
Bladder cancer (BCa), frequently diagnosed as a malignant urological tumor, originates mainly from malignant transitional epithelial cells (Dyrskjot et al., 2023). In 2022, this cancer accounted for 84,825 new cases in the United States and 91,893 in China, while Europe reported 204,000 new cases in 2020 (Dyba et al., 2021; Xia et al., 2022). Known as the costliest malignancy to manage, bladder cancer poses a significant healthcare challenge due to its tendency for frequent relapses and the static nature of treatment advancements, necessitating expensive ongoing monitoring and multiple interventions (Leal et al., 2016; Richters et al., 2020). In the United States, the annual total cost of cancer was $183 billion in 2015, and it is projected to increase to $246 billion by 2030. Among these costs, the annual medical burden of bladder cancer was approximately $7.93 billion, with an expected increase to $11.6 billion by 2030 (Mariotto et al., 2020). Similarly, in the European Union member states, the total cost of cancer was €152.8 billion in 2012, with the medical burden of bladder cancer accounting for approximately €5.24 billion (Leal et al., 2016). Effective early prevention, screening, and accurate diagnosis are pivotal in lessening the burden of this disease on society (Lenis et al., 2020). In the realm of cancer prevention, particularly through chemoprevention, medications commonly used for metabolic and cardiovascular conditions have been noticed for their beneficial impacts on the anticancer process (Gronich and Rennert, 2013; Morales and Morris, 2015).
Statins, which are 3-Hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCoAR) inhibitors, effectively reduce lipids and are the primary treatment for hypercholesterolemia by blocking liver-based endogenous cholesterol production (Igel et al., 2002; Ziaeian and Fonarow, 2017). These medications might also serve a chemopreventive function against cancer, as a decrease in cholesterol could restrict the cell proliferation necessary for cancer development and spread (Rosch and McCully, 2013). As the critical enzyme in the mevalonate pathway, HMGCoAR supports essential cellular growth and survival processes (Mullen et al., 2016). Furthermore, statins are known to obstruct Ras/Rho pathways, thereby curtailing various cancer-promoting signaling routes (Ahmadi et al., 2017; Patel and Kashfi, 2022). A nested case-control study within the UK Clinical Practice Research Datalink (CPRD) found that current statins use correlates with a 12% reduction in the risk of biliary tract cancers compared to non-use (Liu et al., 2019). However, few randomized controlled trials (RCTs) have been conducted to evaluate the effect of statins on bladder cancer (Symvoulidis et al., 2023).
Mendelian randomization (MR) is an analytical method increasingly employed to determine causal relationships between exposures and outcomes (Davies et al., 2018). This technique uses genetic variations as instrumental variables (IV) to firmly establish causality between exposures and outcomes (Davey Smith and Hemani, 2014; Burgess et al., 2015). By leveraging the random distribution of these genetic variations, MR effectively minimizes the impact of confounding factors and reverse causality. This approach emulates the randomization seen in RCTs, thereby circumventing the confounding effects and potential biases associated with traditional RCTs (Lawlor et al., 2008). Utilizing data from Genome-wide association studies (GWAS), MR has been extensively applied in various public health sectors (Sekula et al., 2016; Hemani et al., 2018). Accordingly, a two-sample MR method was used to investigate the causal link between statin usage and bladder cancer, thus providing a more robust basis for clinical decision-making through GWAS data insights.
2 METHODS
2.1 Study design and ethics statement
In this study, MR analysis was utilized to explore the causal relationship between statin use and bladder cancer (Figure 1). MR analysis is based on public GWAS data, and we utilized publicly available GWAS datasets for atorvastatin, simvastatin, and rosuvastatin usage in this MR analysis. The use of atorvastatin, simvastatin, and rosuvastatin served as the exposure variables in our study. The study design and reporting conformed to using STROBE-MR (Skrivankova et al., 2021a; Skrivankova et al., 2021b). MR analysis employs instrumental variables (IVs) to evaluate causal links between exposures and outcomes. This method hinges on three critical assumptions (Lawlor et al., 2008). The first assumption requires that the genetic variants (single-nucleotide polymorphisms, SNPs) used as IVs must have a strong association with the exposure (statins). The second assumption states that these genetic variants should not be linked with any confounders affecting the relationship between the exposure and outcomes. Finally, the third assumption mandates that the genetic variants should influence the outcome solely through their effect on the exposure, excluding any other indirect pathways. Since our data were sourced from previously conducted research and publicly available databases, obtaining further ethical approval from an ethics committee was not necessary.
[image: Figure 1]FIGURE 1 | Overall design of this MR analyses.
2.2 Data source
We obtained summary statistics for statin use and bladder cancer from the International Oncology Unit (IEU) Open GWAS project (https://gwas.mrcieu.ac.uk/datasets/). The data for atorvastatin, simvastatin, and rosuvastatin came from the MRC-IEU consortium (Bycroft et al., 2018; Hemani et al., 2018). Specifically, the atorvastatin dataset (ukb-b-10008) included 13,851 cases and 449,082 controls; the simvastatin dataset (ukb-b-11268) included 52,427 cases and 410,506 controls; and the rosuvastatin dataset (ukb-b-13664) included 2,870 cases and 460,063 controls. To avoid population overlap in the exposure and outcome assessments, we sourced GWAS summary-level data linked to BCa from a FinnGen biobank cohort of European descent (1,115 cases and 174,006 controls) via the IEU Open GWAS database (Kurki et al., 2023). We exclusively used datasets of European ancestry to mitigate bias due to population stratification. Detailed information about these four GWAS datasets is available in Table 1.
TABLE 1 | Characteristics of statin (atorvastatin, simvastatin, and rosuvastatin) use and bladder cancer GWAS cohorts in this study.
[image: Table 1]2.3 Selection of instrumental variables
Drawing from the GWAS summary data mentioned earlier, a rigorous procedure was followed to select suitable SNPs as IVs. Initially, SNPs had to demonstrate a strong association with the exposure, achieving a genome-wide significance with a p-value < 5 × 10−8. Secondly, to prevent results skewed by linkage disequilibrium (LD), a clumping process was implemented with an R2 cutoff of 0.001 and a window size of 10,000 kb. Thirdly, the Phenoscanner database (http://www.phenoscanner.medschl.cam.ac.uk/) was employed to identify genetic variants linked to potential confounders. SNPs closely related to the potential confounders, including smoking, body mass index, waist-to-hip ratio, and type 2 diabetes mellitus were excluded (p-value < 5 × 10−8). The remaining SNPs were correspondingly chosen as IVs for exposes (Cheng et al., 2023). Fourthly, if these specific SNPs were absent in the outcome GWAS dataset, proxy SNPs (with a high LD, R2 > 0.8, with the target SNPs) were sought as alternatives. Finally, to ensure the consistency of effect alleles between the exposure and outcome datasets, harmonization was carried out to exclude palindromic and ambiguous SNPs with non-matching alleles. Additionally, to robustly adhere to the first key assumption, the F-statistic for each SNP was calculated individually; SNPs with F statistics < 10 were deemed weak IVs and excluded from further analysis (Burgess et al., 2011; Li et al., 2023; 2024). Following these stringent filters, the selected SNPs were utilized as the definitive IVs for the ensuing two-sample MR study.
2.4 Statistical analysis
In our research, we utilized a range of methods to analyze the causal connections and effects between exposure and outcome, including inverse-variance weighted (IVW) (Burgess et al., 2016), MR-Egger (Bowden et al., 2015), weighted median (Bowden et al., 2016), weighted mode (Hartwig et al., 2017), and simple mode (Zhang et al., 2023). Each method is suited to different scenarios. The IVW method uses SNPs’ Wald estimators to determine the influence of exposure on outcome. We primarily rely on the IVW approach when there is no pleiotropy, or when pleiotropy is balanced, to derive reliable causal estimates. If significant heterogeneity among the IVs was detected (p < 0.05), a random effects model was applied; otherwise, a fixed effects model was employed (Burgess et al., 2016). The MR-Egger regression provides credible estimates under conditions of IV pleiotropy (Bowden et al., 2015). The Weighted Median method, not requiring the Instrument Strength Independent of Direct Effect (InSIDE) assumption, offers significant improvements over MR-Egger by achieving unbiased effect estimates and lower type I error through evaluation of the weighted median of instrumental variable ratio estimate (Bowden et al., 2016). The weighted mode method is effective for MR causal inference assuming most IVs are valid (Hartwig et al., 2017), while the simple mode method generally yields less robust results compared to IVW(Zhang et al., 2023). All these methods were executed and visually presented using R version 4.3.1 with the “MRPRESSO” and “TwoSampleMR” packages, considering a p-value under 0.05 as statistically significant.
2.5 Sensitivity analysis
We conducted MR-Egger regression to evaluate pleiotropy in the instrumental variables, considering pleiotropy confirmed when the p-value fell below 0.05. We also implemented the MR-PRESSO test to further assess pleiotropy and identify outliers. In instances where the MR-PRESSO test revealed significant horizontal pleiotropy, we removed the implicated outlier variants and repeated the MR analysis. To quantify heterogeneities uncovered by both the IVW and MR-Egger regression methods, we calculated Cochran’s Q statistic, with a p-value of less than 0.05 indicating significant heterogeneity. Additionally, we executed a “leave-one-out” sensitivity analysis to ascertain whether any single SNP could significantly skew the overall causal inference.
3 RESULTS
3.1 Selection of instrumental variables
Adhering to strict criteria for instrumental SNP selection, we identified appropriate SNPs as IVs that met three key assumptions. We identified 22 SNPs highly correlated with atorvastatin use, 39 SNPs highly correlated with simvastatin use, and 6 SNPs highly correlated with rosuvastatin use. These SNPs served as IVs for exposure, with each SNP displaying an F-statistic greater than 10, indicating a minimal likelihood of weak IV bias. Detailed descriptions of the included SNPs are provided in the Supplementary Tables S1-S3.
3.2 Causal effects of atorvastatin use on bladder cancer
Table 2 displayed the outcomes of the MR analysis on the causal effects of atorvastatin use on bladder cancer. The inverse variance weighted (IVW) method revealed no causal connection between atorvastatin use and bladder cancer (OR = 7.42E-03, 95% CI: 6.80E-06–8.084, p = 0.169), a finding supported by additional methods including MR-Egger, Weighted Median, Weighted Mode, and Simple Mode. These results were graphically represented in the forest plot (Figure 2) and the scatter plot (Figure 3). The forest plot delineated the effect estimates and their confidence intervals for each SNP, while the scatter plot illustrated the relationship between atorvastatin use and bladder cancer using the instrumental variables. Thus, our analysis indicated that there was no significant causal effect of atorvastatin use on bladder cancer.
TABLE 2 | MR analysis of the causality of statin (atorvastatin, simvastatin, and rosuvastatin) use on Bladder cancer.
[image: Table 2][image: Figure 2]FIGURE 2 | Forest plot of the causal effects of atorvastatin (A), simvastatin (B), and rosuvastatin (C) use associated SNPs on bladder cancer.
[image: Figure 3]FIGURE 3 | Scatter plot of the causal relationships between atorvastatin (A), simvastatin (B), and rosuvastatin (C) use on bladder cancer. The regression slopes of the lines represent the magnitude of the causal effect.
Additionally, the MR-Egger regression intercept analysis (p = 0.304) and the MR-PRESSO global test (p = 0.121) did not show significant pleiotropy (Table 3). The Cochran Q-test results from both the MR-Egger (p = 0.137) and IVW (p = 0.128) methods also demonstrated no heterogeneity in our findings. The funnel plots, presented in Supplementary Figure S1. Furthermore, the leave-one-out analysis verified that excluding any single SNP did not significantly influence the estimated causal relationship (Supplementary Figure S2).
TABLE 3 | Sensitivity analyses of MR.
[image: Table 3]3.3 Causal effects of simvastatin use on bladder cancer
The results from the MR analysis investigating the causal effects of simvastatin on bladder cancer were presented in Table 2. The IVW method indicated that simvastatin use had no causal impact on bladder cancer (OR = 0.135, 95% CI: 0.008–2.330, p = 0.168), a conclusion corroborated by the MR-Egger, Weighted Median, Weighted Mode, and Simple Mode analyses. Figures 2, 3 respectively illustrated these findings through a forest plot and a scatter plot, reinforcing the lack of a significant causal relationship between simvastatin use and bladder cancer.
Further evaluations using the MR-Egger regression intercept analysis for assessing pleiotropy among the instrumental variables showed no significant pleiotropic effects (p = 0.164) (Table 3). Although the p-value of MR-PRESSO global test was less than 0.05, MR-PRESSO global test showed that no significant outliers. The outlier-corrected causal estimate showed the NA. Heterogeneity assessments conducted through the MR-Egger (p = 0.095) and IVW (p = 0.074) methods also indicated no significant heterogeneity among the instrumental variables. The funnel plots depicted in Supplementary Figure S1. Additionally, the leave-one-out analysis verified the stability of the causal association estimate, demonstrating that it was unaffected by the exclusion of any individual SNP (Supplementary Figure S2).
3.4 Causal effects of rosuvastatin use on bladder cancer
The outcomes of the MR analysis of the causality of rosuvastatin use on bladder cancer were encapsulated in Table 2. IVW revealed a statistically significant negative causal impact of A rosuvastatin use on bladder cancer (OR = 3.52E-19, 95% CI: 5.48E-32–2.26E-06, p = 0.005). Simultaneously, a relationship following the same trend was discerned through the weighted median method (OR = 6.59E-19, 95% CI = 3.36E-35–0.013, p = 0.029). These results were graphically represented in both the forest plot (Figure 2) and the scatter plot (Figure 3). Given that IVW and weighted median method hold an edge in preserving superior estimation precision over the MR-Egger method in MR analysis, the outcomes from the MR analysis provide support for a potential causal association between rosuvastatin use on bladder cancer.
Additionally, the MR-Egger regression intercept analysis (p = 0.901) and the MR-PRESSO global test (p = 0.487) did not show significant pleiotropy (Table 3). The Cochran Q-test results from both the MR-Egger (p = 0.285) and IVW (p = 0.410) methods also demonstrated no heterogeneity in our findings. The funnel plots were shown in Supplementary Figure S1. Furthermore, the leave-one-out analysis demonstrated that the causal association estimate was not influenced by the exclusion of any individual SNP (Supplementary Figure S2). These outcomes provide confidence in the validity and robustness of the causal inference derived from the MR analysis.
4 DISCUSSION
In this research, we utilized a two-sample MR analysis based on GWAS summary-level data to assess the causal impact of statin therapy (atorvastatin, simvastatin, and rosuvastatin) on bladder cancer. The MR analysis indicated that rosuvastatin usage had a genetically determined causal effect on reducing bladder cancer risk. However, there were no causal effects on bladder cancer risk from the use of atorvastatin or simvastatin.
In the present epidemiological research, the influence of statins on cancer risk remains uncertain. A population-based, nested, case-control study with 3,129 patients and 16,976 controls from the PHARMO database was conducted to investigate the potential protective effect of statin therapy on cancer risk. This study reported a 20% reduction in cancer risk associated with statin use (adjusted odds ratio [OR], 0.80; 95% CI, 0.66–0.96) (Graaf et al., 2004). Additionally, a multi-regional observational study from the BioBank Japan cohort indicated that statin monotherapy was effective in reducing all-cause and cancer mortality (Yokomichi et al., 2017). In contrast, a matched case-control study using the General Practice Research Database observed no significant relationship between current statin use and the risk of 13 types of cancer (Kaye and Jick, 2004). Another investigation involving 4,913 cancer patients and 3,900 controls found no evidence to support a positive or negative association between statin use and 10 cancer types (Coogan et al., 2007).
Further research by Jun-Jun Yeh et al., utilizing Taiwan’s National Health Insurance Research Database, assessed the effects of statins on cancer risk among patients with interstitial lung disease (ILD) and pulmonary fibrosis. Their findings suggested a lower risk of bladder cancer associated with statin use in this population (Yeh et al., 2021). A multicenter study on patients with T1 high-grade non-muscle invasive urothelial bladder cancer showed that statin use was independently associated with a lower risk of recurrence (HR: 0.80, 95% CI: 0.67–0.95; p = 0.009), implying a beneficial effect on recurrence rates (Ferro et al., 2021). Additionally, a retrospective cohort study of individuals aged 66 and over, diagnosed with non-muscle invasive bladder cancer (NMIBC) between 1992 and 2012, demonstrated that statin users had better overall survival compared to nonusers (Richard et al., 2017). However, a population-based case-control study in Taiwan, including 325 bladder cancer cases and 1,300 controls, did not provide evidence supporting any beneficial or detrimental associations between statin use and bladder cancer risk (Kuo et al., 2012). A retrospective analysis of 1,117 patients treated with transurethral resection of the bladder (TURB) for NMIBC at three institutions from 1996 to 2007 assessed the impact of statin use on patient outcomes and the efficacy of intravesical BCG therapy. The findings indicated that statin use did not affect outcomes differently compared to non-use, nor did it impact the efficacy of BCG immunotherapy (Crivelli et al., 2013). And a meta-analysis including 10 studies found a non-significant increase in bladder cancer risk among statin users compared with non-users, and no association between statin use and BCa local control, recurrence, survival or mortality (Symvoulidis et al., 2023). Another meta-analysis including 13 studies also suggested that there was no association between statin use and risk of BCa(Zhang et al., 2013). It is noteworthy that these studies did not differentiate the effects based on specific statins.
Atorvastatin demonstrated notable antiproliferative and pro-apoptotic effects in human bladder cancer cells (Kamat and Nelkin, 2005). It also induced autophagy in these cells in vitro. Additionally, when used with autophagy inhibitors, atorvastatin’s cytotoxicity was enhanced, further promoting apoptotic cell death (Kang et al., 2014). In animal studies, Belmiro Parada et al. explored the chemopreventive efficacy of atorvastatin against nitrosamine-induced rat bladder cancer and observed a significant inhibitory impact on cancer development, likely due to its antioxidant, anti-proliferative, and anti-inflammatory actions (Parada et al., 2012). Despite these findings, no clinical trials have confirmed atorvastatin’s protective effect in bladder cancer patients. Similarly, our findings did not support a causal link between atorvastatin use and reduced bladder cancer risk.
Simvastatin inhibited bladder cancer cell metastasis by blocking epithelial-mesenchymal transition (EMT) and disrupting AKT/GSK3β pathways, while also suppressing cell proliferation and causing G1/G0 phase cell cycle arrest through the Peroxisome Proliferator-Activated Receptor (PPAR)γ signaling pathway (Wang et al., 2016). Additionally, the combination of simvastatin with romidepsin synergistically killed bladder cancer cells, with mechanisms involving ER stress induction, AMPK activation, histone acetylation, and enhanced PPARγ expression (Okubo et al., 2021). Moreover, Pleomorphic adenoma gene like-2 (PLAGL2) facilitated bladder cancer progression via RACGAP1/RhoA GTPase/YAP1 signaling, and its proproliferative and prometastatic effects were negated by the RhoA inhibitor simvastatin (Chen et al., 2023). Contrarily, a 10-year multicentric retrospective study in Lebanon established a duration-response relationship between simvastatin use and bladder cancer risk (OR = 1.189), revealing a detrimental link with the increased duration of simvastatin intake (Chalhoub et al., 2023). Our findings showed that there was no causal link between simvastatin use and bladder cancer risk among the European population.
Rosuvastatin triggered autophagic responses in human papillary thyroid cancer B-CPAP cells at lower doses, with a transition to apoptosis observed as rosuvastatin concentrations increased (Zeybek et al., 2011). When used alone or in a combined strategy with difluoromethylornithine, rosuvastatin significantly inhibited colon adenocarcinomas in male F344 rats induced by azoxymethane (AOM) and enhanced the functionality of natural killer (NK) cells (Janakiram et al., 2016). Furthermore, rosuvastatin prevented spheroid formation and epithelial-mesenchymal transition (EMT) in the prostate cancer PC-3 cell line (Deezagi and Safari, 2020) and exhibited antiangiogenic and antitumor properties that curtailed prostate cancer growth (Wang et al., 2010). A population-based cohort study from the Database of Clalit Health Services indicated that extended use of rosuvastatin was linked to a lower risk of prostate cancer (HR 0.22, 95% CI 0.08–0.75) (Lustman et al., 2014). In this study, MR analysis suggested that rosuvastatin use has a genetically determined causal effect in reducing bladder cancer risk.
Our research has several noteworthy strengths. Initially, we assessed the impact of three specific statins on bladder cancer risk using a two-sample MR analysis, potentially offering more profound insights for subsequent research. Given statins’ known benefits in lowering cardiovascular risk through their antidyslipidemic properties, their potential protective effects against bladder cancer could translate into significant medical and socioeconomic advantages for patients with common risk factors. Furthermore, Mendelian Randomization, which utilizes extensive data from Genome-Wide Association Studies (GWAS) to simulate a randomized controlled trial, offers a cost-effective alternative to observational studies and minimizes the risk of reverse causation. Additionally, the selection of our instrumental variable SNP, which occurs randomly at conception, helps eliminate confounding bias. Lastly, by choosing participants from the European demographic, we aimed to decrease potential biases stemming from population stratification.
This study is subject to several limitations that must be considered when interpreting and generalizing the results. Initially, while the study population addressed racial discrepancies, it remains uncertain if these findings can be extended to different racial groups and geographic areas. Additional GWAS studies across diverse regions might yield stronger evidence concerning the relationship between statin use and bladder cancer risk. Additionally, our reliance on summary-level data precluded the possibility of analyzing non-linear relationships or effects that vary across subgroups. Moreover, we accessed only the GWAS summary-level data for atorvastatin, simvastatin, and rosuvastatin, which limits our understanding of how other statins might affect bladder cancer risk. Then, the funnel plot for the instrumental variables is asymmetric, indicating bias and confounding in the findings. Lastly, the MR method used was restricted to establishing causal connections and did not allow for the investigation of the mechanisms underlying these associations, which would require more comprehensive studies.
5 CONCLUSION
In this study, we presented evidence supporting a potential genetically determined causal link between rosuvastatin use and a decreased risk of bladder cancer in the European population, using two-sample Mendelian Randomization analysis. The results indicated that rosuvastatin usage was linked to a lower risk of bladder cancer, while no significant genetically predicted causal effects were observed for atorvastatin or simvastatin. The results of this study were not sufficient to support the conclusion that statins were associated with low incidence of bladder cancer. Additional research into the mechanisms is required to elucidate the intricate relationship between statin treatment and bladder cancer risk.
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Background: The relationship between sodium-glucose cotransporter 2 (SGLT2) inhibitors and prostate cancer is still unknown. Although these inhibitors can influence tumor glycolysis, the underlying mechanism requires further exploration.Methods: A two-sample two-step MR was used to determine 1) causal effects of SGLT2 inhibition on prostate cancer; 2) causal effects of 1,400 circulating metabolites or metabolite ratios on prostate cancer; and 3) mediation effects of these circulating metabolites. Genetic proxies for SGLT2 inhibition were identified as variants in the SLC5A2 gene and glycated hemoglobin level (HbA1c). Additionally, positive control analysis on type 2 diabetes mellitus (T2DM) was conducted to test the selection of genetic proxies. Phenome Wide Association Study (PheWAS) and MR-PheWAS analysis were used to explore potential treatable diseases and adverse outcomes of SGLT2 inhibitors.Results: Genetically predicted SGLT2 inhibition (per 1 SD decrement in HbA1c) was associated with reduced risk of T2DM [odds ratio (OR) = 0.66 (95% CI 0.53, 0.82), P = 1.57 × 10−4]; prostate cancer [0.34 (0.23, 0.49), P = 2.21 × 10−8] and prostate-specific antigen [0.26 (0.08, 0.81), P = 2.07 × 10−2]. The effect of SGLT2 inhibition on prostate cancer was mediated by uridine level, with a mediated proportion of 9.34% of the total effect. In MR-PheWAS, 65 traits were found to be associated with SLGT2 inhibitors (P < 1.78 × 10−5), and among them, 13 were related to diabetes.Conclusion: Our study suggested that SGLT2 inhibition could lower prostate cancer risk through uridine mediation. More mechanistic and clinical research is necessary to explore how uridine mediates the link between SGLT2 inhibition and prostate cancer.Keywords: SGLT2 inhibitor, prostate cancer, uridine, Mendelian randomization, PheWAS
INTRODUCTION
Sodium-glucose cotransporter 2 (SGLT2) inhibitors are a type of oral antidiabetic medication that directly removes glucose of the systemic circulation (Heerspink et al., 2016; Brown et al., 2021). Extensive clinical trials have offered strong evidence supporting the positive impact of these interventions on reducing glucose levels, as well as enhancing cardiovascular, heart failure, and renal outcomes (Neal et al., 2017; Wiviott et al., 2019; Cannon et al., 2020; Bhatt et al., 2021). Additionally, emerging evidence indicated their potential of reducing the risk of cancers. A meta-analysis revealed that SGLT2 inhibitors provided a protective effect against cancers compared to a placebo group, with a notable effectiveness observed for dapaglifozin and ertuglifozin (Benedetti et al., 2022). SGLT2 inhibitors were considered as potential anticancer drugs that could slow down the tumor growth of carcinoma expressing SGLT2 (Koepsell, 2017). The expression of SGLT2 has been confirmed at the mRNA level and by immunohistochemistry in prostate cancer (Scafoglio et al., 2015). However, the associations between SGLT2 inhibitors and prostate cancer are controversial and the underlying metabolic mechanism still need further exploring.
Uridine, a pyrimidine nucleoside, is characterized by its high abundance and solubility in the bloodstream. The bioavailability of uridine is crucial for the synthesis of RNA and cell metabolism. For RNA synthesis, uridine 5′-triphosphate (UTP) participates in the process, which is produced by adding a third phosphate group to uridine. For cell metabolism, uracil and beta-alanine engage in the tricarboxylic acid (TCA) cycle, which are the products of the catabolism of uridine (Connolly and Duley, 1999). A study employed nutrient-sensitized genome-wide genetic screens and the Profiling Relative Inhibition Simultaneously in Mixtures (PRISM) growth assay on 482 cancer cell lines, to identify cells capable of tolerating complete glucose deprivation and to elucidate the underlying mechanisms (Skinner et al., 2023). The research revealed a significant upsurge in uridine levels at various stages of prostate cancer, particularly in tissue samples. These findings suggested that cancer cells can harness uridine and its metabolic byproducts for glycolysis, thereby bolstering their growth metabolism, and this capability appears to be widespread. It also suggested that uridine may play a role in the pathogenesis of prostate cancer. As a SGLT2 inhibitor, empagliflozin has been reported to have the potential to upregulate uridine, thereby potentially protecting the kidney (Bangarbale et al., 2022). However, the influence of SGLT2 inhibitors on uridine metabolism remains controversial.
Mendelian randomization (MR) is a relatively vigorous and widely used approach, which uses single nucleotide polymorphisms (SNPs) as genetic instruments to examine the causal association. In this study, genetic colocalization was employed to selected MR instrumental variables that were correlated with drug target mRNA expression (Chen J. et al., 2023; Bakker et al., 2023). The method can be applied to investigate the biological mechanisms of how SGLT2 inhibition affects type 2 diabetes mellitus (T2DM) and prostate cancer (Bouras et al., 2022; Lin et al., 2022). In earlier studies on cardiovascular-related diseases, similar methods have been employed to obtain instrumental variables for exposure and use metabolites as mediators (Xu et al., 2022; Li et al., 2023). Although previous studies have examined the casual association between inflammation factors, lipids, amino acid alterations and prostate cancer, these studies were limited in sample size and the range of metabolites investigated. Therefore, more comprehensive research is needed to explore the relationship between the metabolome and prostate cancer.
In order to investigate the causal link between SGLT2 inhibitors and prostate cancer risk via circulating metabolites or metabolite ratios, we conducted a two-sample, two-step MR study to delve into the hypothetical metabolic pathways that might interconnect the pharmacological action of SGLT2 inhibitors with the development of prostate cancer. The finding would provide insights into the uridine metabolism linking the effect of SGLT2 inhibitors with prostate cancer.
MATERIALS AND METHODS
Study design
The research aims to ascertain if metabolites or metabolite ratios (mediators) play a causal function in facilitating the impact of SGLT2 inhibition on prostate cancer. In this study, we performed a two-sample two-step MR design (Figure 1): Initially, genetic variants representing the effects of SGLT2 inhibition were chosen, followed by the estimation of the causal effects of SGLT2 inhibition on T2DM. Based on that, we further selected prostate cancer as our outcome, and investigating the association between SGLT2 inhibitors and prostate cancer. Then we explored changes in metabolites associated with prostate cancer. In final, we investigated the casual impact of SGLT2 inhibition on prostate cancer related metabolites and calculated mediation effect (Figure 1). The MR analyses fulfilled three core assumptions. First, genetic variants are strongly linked to the outcome. Second, genetic variants are not influenced by other confounding factors. Third, the impact of genetic variants on the outcome is solely driven by exposure. Our study was conducted following the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization (STROBE-MR) guidelines (Skrivankova et al., 2021).
[image: Figure 1]FIGURE 1 | Overview of the study design. (A) The flowchart of evaluating the effects of circulating metabolites in mediating the effect of SGLT2 inhibition on prostate cancer. (B) The framework of the two-step MR. (C) Diagram of the two steps of MR models. HbA1c, glycated hemoglobin; SNP, single nucleotide polymorphism.
Data source and genetic instruments for SGLT2 inhibition
The selection of genetic variants serving as proxies for SGLT2 inhibition involved four steps (Figure 1A). 1) Gather GWAS data from the Genotype-Tissue Expression (GTEx) (GTEx Consortium, 2020) and eQTLGen Consortium (Võsa et al., 2021) to identify genetic variants linked to the mRNA expression of SLC5A2 (Supplementary Table S1). 2) Determine the correlation between each SLC5A2 variant and HbA1c levels, which reflect the glucose-lowering impact through SGLT2 inhibition, and identify variants strongly linked to HbA1c (P < 1 × 10−4). The GWAS data for HbA1c level was obtained from UK Biobank (n = 344,182) (Supplementary Table S1). 3) Investigate if SLC5A2 gene and HbA1c level share the same causal variant through colocalization analysis. Colocalization aims to estimate the posterior probability that SLC5A2 expression and circulating HbA1c levels share the same causal variant in specific region (Zuber et al., 2022). Evidence for colocalization (a posterior probability >70%) was defined as significant (Lin et al., 2023). 4) Conduct a standard clumping process, using the 1,000 Genomes European reference panel to select genetic variants in linkage disequilibrium (LD) with an r2 < 0.8 within 1,000 kb. 5) Extract the instrumental variables from the GWAS of HbA1c and obtain the inverse beta values to represent the SGLT2 inhibition.
Data source and genetic instruments for circulating metabolites
In this study, we systematically obtained GWAS data of 1,091 metabolites and 309 metabolite ratios from 8,299 individuals from the Canadian Longitudinal Study on Aging (CLSA) cohort, and uridine was available, named as Uridine (1) (Supplementary Table S1). The GWAS summary statistics of the 1,400 metabolites or metabolite ratios were publicly available through the GWAS Catalog study (https://www.ebi.ac.uk/gwas/) and the accession numbers for European GWASs: GCST90199621-90201020 (Chen Y. et al., 2023). We also gathered another data through the IEU Open-GWAS Project (ID: ebi-a-GCST90026036) (Panyard et al., 2021) (Uridine2) (Supplementary Table S1). Given the limited number of metabolite-associated SNPs, we select SNPs related to metabolites using a relaxed threshold (P < 1 × 10−5, r2 < 0.1, and a 500 kb distance) at first. To mitigate the effect of weak IV bias and sensitivity analysis, we replicated the MR analysis with a strict threshold. We selected SNPs at conventional GWAS thresholds (P < 5 × 10−8), and we excluded SNPs in LD, with an R2 value greater than or equal to 0.001 and within a 10 mb distance.
Study outcomes
To ascertain the significance of the selected SGLT2 inhibitor, a positive control analysis was conducted using T2DM. We utilized the latest 2024 meta-analyses data on T2DM, from the DIAbetes Genetics Replication and Meta-analysis (DIAGRAM) Consortium. The data conclude all ancestry and we choose European individuals (36 GWAS, 242,283 T2DM cases and 1,569,734 controls) (Suzuki et al., 2023) (Supplementary Table S1). We obtained publicly available GWAS summary data for prostate cancer from the Prostate Cancer Association Group to Investigate Cancer-Associated Alterations in the Genome (PRACTICAL) Consortium (Schumacher et al., 2018) (79,148 prostate cancer cases and 61,106 disease-free controls, European ancestry) (Supplementary Table S1). Prostate-specific antigen (PSA) data were from INTERVAL study (Sun et al., 2018) (2,994 plasma proteins in 3,301 healthy participants) (Supplementary Table S1).
Statistical analyses
MR estimates of SGLT2 inhibition on T2DM and prostate cancer
Two-sample univariable MR (UVMR) was used to assess the influence of SGLT2 inhibition on T2DM, prostate cancer, and PSA. The MR results demonstrated the impact of SGLT2 inhibition on outcomes. An odds ratio (OR) > 1 indicated an increased risk of outcome, while an OR < 1 signified a reduced risk of outcome occurrence. Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) was employed to detect and correct potential horizontal pleiotropy and heterogeneity, with the objective of identifying and address outlier genetic variants (Bowden et al., 2018; Verbanck et al., 2018). Firstly, we employed the inverse variance-weighted (IVW) approach as the main analytical method, as it can provide the most accurate and robust estimates, given the assurance that all genetic variants are valid after screening (Bowden et al., 2016; Bowden et al., 2019). Then we utilized the weighted median and MR-PRESSO method to estimate the MR effects, improving numerical performance and stability.
Mediation MR analysis through metabolites or metabolite ratios
Two-step MR was performed to assess how metabolites or metabolite ratios mediated the association between SGLT2 inhibitor use and prostate cancer (Figures 1B, C). We first used UVMR to screen for metabolites significantly correlated with prostate cancer among 1,091 human circulating metabolites and 309 metabolite ratios (β2). Significant MR outputs (0.05/1,400 = 3.57 × 10−5) were regarded based on a P-value <0.05 Bonferroni-corrected for the number of metabolites and metabolite ratios. Metabolite that remained significant after P-value adjustment under both lenient and strict criteria was considered as prostate cancer related metabolite. Then, we utilized UVMR to assess the impact of SGLT2 inhibition on prostate cancer related metabolites (β1). The mediation proportion of significant metabolite in the association between SGLT2 inhibition and prostate cancer was calculated as the product of β1 and β2 divided by the total effect of SGLT2 inhibition on prostate cancer (β3). Then, we further performed multivariable MR (MVMR) to evaluate the effect of uridine on prostate cancer after adjusting for the genetic effect of SGLT2 inhibition (β2′). The mediation proportion was calculated as the product of β1and β2′ divided by β3.
Sensitivity analysis
The MR- PRESSO method detects potential outliers and removing these outliers, thus quantifying the presence of pleiotropy during analysis process (Verbanck et al., 2018). The weighted median approach can reliably estimate when over 50% of genetic instruments are valid (Bowden et al., 2016). In MR analysis, we used weighted median and MR-PRESSO approaches to confirm the robustness and reliability of the IVW MR estimates. The effectiveness of the instrument variables was measured using F statistics, with instruments being considered weak if the F statistics were less than 10. The MR-Egger intercept test was used to detect horizontal pleiotropy for MR estimates (Bowden et al., 2015). To assess the heterogeneity between the instruments, Cochrane’s Q test and the global test for MR-PRESSO were computed. The MR analysis and sensitivity analysis were performed utilizing the “TwoSampleMR” and “MRPRESSO” packages in R software (version 4.2.1). Meta-analysis was performed through the Reviewer Manager software (Version 5.3). To account for multiple testing, we considered a two-sided P-value that met the Bonferroni corrected P threshold as statistically significant. For the impact of SGLT2 inhibition on T2DM and prostate cancer-related outcomes, a P-value <0.05 was considered statistically significant.
PheWAS analysis
GeneATLAS (http://geneatlas.roslin.ed.ac.uk/) is a comprehensive database utilizing the UK Biobank cohort, encompassing hundreds of traits and millions of variant associations (Canela-Xandri et al., 2018). These associations were computed using 452,264 UK Biobank British white individuals. GeneATLAS includes information on 778 traits (118 quantitative traits and 660 binary traits) and the database allows for querying of GWAS results for 9,113,133 genetic variants and downloading GWAS summary statistics for over 30 million imputed genetic variants, which corresponds to more than 23 billion phenotype-genotype pairs (Canela-Xandri et al., 2018). We searched the GeneATLAS for trait associated with SGLT2 inhibition SNPs. p values of traits for each SNP were corrected using the Bonferroni method, setting the threshold for P values at 6.43 × 10−6 (0.05/7,780), where 7,780 represented the product of the SNP counts (10) and number of traits (778) queried for each SNP. In addition, we performed MR-PheWAS to explore the potential causal relationship between SGLT2 inhibitors and other diseases. The 2,803 outcomes were obtained from FinnGen consortium R5 release data, including 218,792 individuals and 16,962,023 variants (Kurki et al., 2023). The FinnGen project is a large public-private collaboration that combines genome and health data from 500,000 Finnish biobank participants with digital health records from the Finnish National Health Registers (https://www.finngen.fi/en). IVW was used as the main analytical method and we also performed MR analysis by MR-Egger and weighted median method. Significant MR-PheWAS outputs were regarded based on a p-value <0.05 Bonferroni-corrected for the number of traits (0.05/2,803 = 1.78 × 10−5). For Sensitivity analysis, the MR-Egger intercept test and Cochran’s Q test was employed to identify horizontal pleiotropy and heterogeneity.
RESULTS
Causal effects of SGLT2 inhibition on T2DM and prostate cancer
Altogether, 10 distinct SNPs were chosen as instrumental variables of SGLT2 inhibition. The F-statistics ranged from 15.897 to 97.893, which indicated sufficient instrument strength for univariable analyses (Supplementary Table S2). Through two-sample MR analysis, we observed an association between SGLT2 inhibition and a reduced risk of T2DM [OR = 0.66 (95% CI 0.53, 0.82), P = 1.57 × 10−4], prostate cancer [0.34 (0.23, 0.49), P = 2.21 × 10−8] and PSA [0.26 (0.08, 0.81), P = 2.07 × 10−2], for per 1 SD lowering of HbA1c via SGLT2 inhibition (Figure 2). The weighted median and MR-PRESSO supported these results. No heterogeneity was detected for the impact of SGLT2 inhibition on T2DM, prostate cancer and PSA (P = 0.653; P = 0.844; P = 0.386), and no evidence of horizontal pleiotropy was found (P = 0.261; P = 0.384; P = 0.109) (Figure 2).
[image: Figure 2]FIGURE 2 | MR estimates of the effect of SGLT2 inhibition on T2DM, prostate cancer and prostate specific antigen. OR, odds ratio; SGLT2, sodium-glucose cotransporter 2.
Causal effects of metabolites or metabolite ratios on prostate cancer
We explored the influences of 1,091 metabolites and 309 metabolite ratios on the risk for prostate cancer under the relaxed threshold (P < 1 × 10−5) of instrument variables selection, and results demonstrated that total seven metabolites and one metabolite ratios were significantly linked to prostate cancer (Bonferroni-corrected p-value threshold = 0.05/1,400 = 3.57 × 10−5) (Figure 3). X-17690, X-12798, X-21312, and X-07765 were currently unidentified metabolites. The result revealed that cysteinylglycine disulfide [OR = 0.94 (95% CI 0.92, 0.96), P = 4.41 × 10−7, Figure 3] and cys-gly, oxidized [0.96 (0.94, 0.98), P = 1.44 × 10−5, Figure 3] could reduce the risk of prostate cancer. Uridine [1.12 (1.07, 1.18), P = 4.12 × 10−6, Figure 3] was identified as the only risk metabolite for prostate cancer that remains significant even after adjustment. Then, the strict threshold was used to choose instrument variables. Interestingly, only the uridine levels remained significant after Bonferroni corrected and it was considered prostate cancer related metabolite for further analysis.
[image: Figure 3]FIGURE 3 | MR estimates of the effects of blood metabolites or metabolite ratios on prostate cancer. OR, odds ratio.
Causal effects of SGLT2 inhibition on prostate cancer related metabolite
The MR results revealed that SGLT2 inhibition decreased the total concentration of uridine (1) [P = 0.018, β = −0.84 (95% CI −1.54, −0.14), Table 1]. Cochrane’s Q test implied no evidence of heterogeneity (Q = 7.352, P = 0.60, Table 1). To further validate the causal association between SGLT2 inhibition and uridine, we included another GWAS dataset of uridine level and conducted a meta-analysis of the MR results. The meta-analysis indicated that SGLT2 inhibition could decrease uridine levels significantly [OR = 0.58 (95% CI 0.39, 0.87), Figure 4]. Based on previous findings, we discovered that uridine level mediated the reduction in prostate cancer risk associated with SGLT2 inhibition, with the mediating effect accounting for 9.07% of the total effect. In MVMR analysis, SGLT2 inhibitor and uridine were still associated with prostate cancer [ORSGLT2 inhibitor = 0.43 (95% CI 0.24, 0.77), PSGLT2 inhibitor = 0.005, ORuridine = 1.13 (95% CI 1.08, 1.18), Puridine < 0.001]. And the uridine level had a mediated proportion of 9.34% of the total effect.
TABLE 1 | MR estimates of the effect of SGLT2 inhibition on uridine level.
[image: Table 1][image: Figure 4]FIGURE 4 | Meta-analysis result of the causal associations between SGLT2 inhibition and uridine levels. CLSA, Canadian Longitudinal Study on Aging; WADRC, Wisconsin Alzheimer’s Disease Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention.
PheWAS analysis
We obtained trait associations with prioritized druggable target genes from GeneATLAS, and then we set the threshold for P values at 6.43 × 10−6 (0.05/7, 780). The top 15 traits with the highest number of SNPs associated with them were listed in Supplementary Table S3. The traits most closely related to SGLT2 inhibitors included platelet count, volume, red blood cell distribution width, reticulocyte count, and systemic impedance. These traits can also serve as potential therapeutic indications and targets for SGLT2 inhibitors. In MR-PheWAS, 65 traits associated with SLGT2 inhibitor (P < 1.78 × 10−5, Supplementary Table S4) were identified, with 13 of these traits being linked to diabetes. The use of SGLT2 inhibitors was associated with a reduced risk of benign neoplasms of the meninges, pediculosis, acariasis, scabies, strabismus, and venous thromboembolism. On the other hand, the administration of SGLT2 inhibitors might result in various drug side effects, including endometriosis, psoriasis vulgaris, alcoholic gastritis, and other alcohol-related diseases.
DISCUSSION
In this study, we focused on evaluating the causal associations between SGLT2 inhibition and two main outcomes: T2DM and prostate cancer. Additionally, we explored the metabolites or metabolite ratios related to prostate cancer risk. Our study revealed that genetic variation in SGLT2 inhibition targets was linked to a reduced risk of prostate cancer [0.34 (0.23, 0.49), P = 2.21 × 10−8] and PSA [0.26 (0.08, 0.81), P = 2.07 × 10−2]. The circulating uridine level might mediate 9.07% of the impact of SGLT2 inhibition on prostate cancer.
As a part of another glucose import system for cancer cells, SGLT2 is functionally expressed in several cancer types (Scafoglio et al., 2015). Large random clinical trials and meta-analysis have indicated that the medicine which can silence or inhibit SGLT2, such like SGLT2 inhibitors, has the potential ability to suppress cancer cell growth. Research has demonstrated that SGLT2 inhibitors exhibit anti-proliferative effects on liver cancer, breast cancer (Shiba et al., 2018; Komatsu et al., 2020). The mechanisms underlying the inhibition of SGLT2 in prostate cancer remain controversial. Glucose is an indispensable metabolic required for cancer cell survival and growth. SGLT2 inhibitors can block the uptake of glucose by cancer cells, thus whether their anti-proliferative effects on tumor cells are mediated through the reduction of glucose concentration requires further evidence for support. Besides, emerging evidence indicate that SGLT2 inhibitors effect the progression and metastasis of prostate cancer cells through metabolic dysregulation, especially mitochondria function. AMP-activated kinase (AMPK), a master regulator of metabolism, its activation led to reduced cancer cell proliferation (Penfold et al., 2023). A random clinical trial indicated that, Canagliflozin, a kind of SGLT inhibitors, can leads to the activation of AMPK (Hawley et al., 2016; Villani et al., 2016). Act as an attractive strategy based on targeting mitochondrial metabolism, Canagliflozin has expressed potential anti-cancer activity for prostate cancer (Ali et al., 2023). Further research is needed to determine whether SGLT2 affects mitochondrial metabolism through the activation of the AMPK pathway, and more research to investigate whether SGLT2 has other potential effects on metabolic pathways that contribute to its anti-cancer effects.
Our study confirmed that SGLT2 inhibitors reduced the total content of uridine in the serum. This finding highlights the lack of research on the impact of SGLT2 inhibitors on pyrimidine metabolism, particularly regarding uridine levels. One study found no significant difference in uridine levels before and after treatment with canagliflozin on the metabolome of liver cancer cells (P = 0.5648) (Nakano et al., 2020). Other studies have mainly discussed the relationship between SGLT2 inhibitors and pyrimidine metabolism, and conclusion remains controversial. An in vitro study analyzed the effects of different SGLT2 inhibitors on pyrimidine metabolism (Zügner et al., 2022). The results suggested that treatment with canagliflozin led to an increase in metabolites in the pyrimidine pathway, while the trend was opposite for dapagliflozin and ertugliflozin. An in vivo experiment selected 40 type 2 diabetes patients and measured the plasma and urine metabolites after 8 weeks of treatment with a 25 mg dose of the SGLT2 inhibitor empagliflozin. The study results showed that SGLT2 treatment influences pyrimidine metabolism, but changes in UTP levels were not detected (Lu et al., 2022). Further experimental research is needed to investigate whether SGLT2 affects pyrimidine levels in prostate cancer cells and in the plasma metabolites of patients, particularly the influence of uridine.
Given our research findings that SGLT2 inhibitors could reduce uridine levels, and considering that uridine has a positive association with prostate cancer, we hypothesize that the anti-cancer ability of SGLT2 inhibitors may be mediated through uridine. Previous studies have described the characteristics of plasma metabolomics in prostate cancer patients, suggesting a correlation between uridine and PSA metabolism (Markin et al., 2020). Research at the tissue level has confirmed that uridine levels are elevated in prostate tumor tissues compared to adjacent normal control tissues (Ren et al., 2016). The above studies have supported our hypothesis to some extent.
The investigation of whether SGLT2 is worthwhile as a novel anti-pancreatic cancer drug is a promising area for further research. The methods of metabolomics have become more prominent focus for understanding the mechanisms of anti-pancreatic cancer drugs. Proxalutamide is a novel androgen receptor inhibitor currently used in the castration-resistant prostate cancer patients, and it has entered Phase III clinical trials. Research has been conducted to analyze the metabolomics of prostate cancer cells to elucidate the anti-tumor efficacy of Proxalutamide, and results demonstrated that it significantly decreased the intracellular levels of uridine (Qu et al., 2020). Although the study observed significant differences in other metabolites of prostate cancer cells, such as glutamine (a kind of TCA cycle markers), after treatment with Proxalutamide, the results suggest that one of the potential mechanisms of anti-tumor activity of Proxalutamide is the inhibition of pyrimidine synthesis. The study provided support for the potential key role of uridine in the anti-tumor mechanism of SGLT2 inhibitors in prostate cancer. Our study proposes a novel perspective on the potential anti-prostate cancer mechanism of SGLT2 inhibitors, focus on the uridine, providing a theoretical basis for their potential clinical applications in oncology.
Given the potential of SGLT2 inhibitors in preventing prostate cancer, we should not ignore their side effects. A retrospective cohort study found that SGLT2 inhibitors was associated with an approximately three-fold increased risk of genital infections when compared to the use of Dipeptidyl peptidase-4 inhibitors and Glucagon-like peptide-1 receptor agonists (Dave et al., 2019). In addition, SGLT2 inhibitors may lead to other concerns, including cardiovascular safety, acute renal failure, hypoglycemia, volume depletion, volume depletion, euglycemic ketoacidosis, and bone fractures (Scheen, 2019). In our MR-PheWAS analysis, we found SGLT2 inhibitors may lead to some side effects, which provided cautionary notes for the use of SGLT2 inhibitors in the future.
Although previous studies have investigated the impact of SGLT2 inhibitors on prostate cancer using MR, these studies were incomplete and published as research letters. Interestingly, the two studies reported contradictory results: Lin et al. (2024) study suggested a protective effect of SGLT2 inhibitors on prostate cancer, whereas Han et al. (2024) study indicated an increased risk. The reason for the different results obtained from two studies is that the study by Han et al. did not further analyze the instrumental variables’ beta values by taking its opposite into consideration, or convert the OR into its reciprocal as the final outcome. Therefore, the conclusion drawn in Han et al. (2024) study is actually the association between SGLT2 activator and prostate cancer. In comparison to previous research, we used T2DM as a positive control, demonstrating the effectiveness of the obtained SGLT2 inhibitor instrumental variables. The T2DM and prostate cancer GWAS data were sourced from the largest genetic studies to date. What’s more, our study has the novel findings that SGLT2 was associated with prostate cancer mediated by uridine levels. In our investigation of the relationship between circulating metabolites and prostate cancer, we applied the Bonferroni method to correct P values, ensuring statistical robustness and the reliability of our research findings. Based on SGLT2 inhibitor’s instrument variables, we also conducted PheWAS analysis to explore the potential causal relationship between SGLT2 inhibitors and other diseases. What’s more, we employed colocalization analysis, a powerful tool in uncovering the pleiotropic effects of certain loci on multiple traits (Zuber et al., 2022). This approach aids in a better understanding of the genetic architecture underlying complex traits. We have provided evidence for the potential anti-cancer mechanism of SGLT2 inhibitors, indicating that the overall concentration of uridine exerts anti-cancer effects on prostate cancer.
Nevertheless, our study is subject to certain limitations. Firstly, the genetic variations emulating SGLT2 inhibition demonstrate the long-term effects of SGLT2 inhibitors, whereas the SGLT2 inhibitors in prior studies are mainly intended for short-term use (Li et al., 2023). Therefore, whether short-term use of SGLT2 inhibitors actually leads to the same results as lifelong effects needs further exploration in experimental and clinical trials. Although the variety of circulating metabolites data we used is comprehensive, due to the lack of available GWAS of pyrimidines in the cohort, limits our ability to further validate the results of our study (Julkunen et al., 2023). Finally, further research is needed to generalize the results of this study to populations other than individuals of European descent.
CONCLUSION
In conclusion, this study suggested the causal associations between genetically predicted SGLT2 inhibition, uridine level and prostate cancer. Our findings provide novel insights into the mechanism by which SGLT2 inhibitors reduce the risk of cancer, particularly prostate cancer, and supports further basic and clinical trials of SGLT2 inhibitors in cancer therapy.
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Prostate cancer (PCa) is the second leading cause of cancer-related death among men in western countries. Evidence has indicated the significant role of the androgen receptor (AR) as the main driving factor in controlling the development of PCa, making androgen receptor inhibition (ARI) therapy a pivotal management approach. In addition, AR independent signaling pathways also contribute to PCa progression. One such signaling pathway that has garnered our attention is N6-Methyladenosine (m6A) signaling, which refers to a chemical modification on RNA with crucial roles in RNA metabolism and disease progression, including PCa. It is important to comprehensively summarize the role of each individual m6A regulator in PCa development and understand its interaction with AR signaling. This review aims to provide a thorough summary of the involvement of m6A regulators in PCa development, shedding light on their upstream and downstream signaling pathways. This summary sets the stage for a comprehensive review that would benefit the scientific community and clinical practice by enhancing our understanding of the biology of m6A regulators in the context of PCa.
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1 INTRODUCTION
Prostate cancer (PCa), a malignancy originating from epithelial cells in the peripheral zone of prostate (Zhou et al., 2023), remains the second commonly diagnosed adenocarcinoma and the leading cause of cancer related deaths among men worldwide. The World Cancer Research Fund International survey estimated that 1,467,854 new cases of PCa were reported globally in 2022, resulting in approximately 397,430 deaths (Bray et al., 2024). Epidemiological studies have established that age (Godtman et al., 2022; Choi et al., 2018), race (Akaza et al., 2011; Jeong et al., 2016) and genetic factors (Bratt, 2002; Rebbeck, 2017; Thalgott et al., 2018) as the significant risk factors for PCa. PCa progresses through four stages, as determined by digital rectal examination (DRE) (Mottet et al., 2017), serum prostate specific antigen (PSA) level (Mottet et al., 2017) and pathological examination of biopsy samples (Kwon et al., 2020). Generally, low-grade and early localized PCa patients (PSA ≤10, Gleason score ≤6, or clinical stage T1-2a) are often managed by either radiotherapy or surgery. However, approximately 8% of PCa patients are viewed as advanced disease at their first diagnosis (Siegel et al., 2022). The cancer cells may spread from the prostate to other parts of the body, particularly the bones (Peng et al., 2017) and lymph nodes (Cai et al., 2011). In advanced stage, it may lead to urinary difficulty, hematuria, or pelvic pain. Targeting the androgen receptor (AR) signaling axis with androgen deprivation therapy (ADT) has been a primary treatment approach, showing favorable outcome (Dai et al., 2017; Davies et al., 2021; Guan et al., 2022; Jeon et al., 2023). Unfortunately, ADT is not curative and most patients will relapse within 2 years despite the low castrated level of serum testosterone. These patients are then considered to acquire castration-resistant PCa (CRPC), a highly lethal disease that accounts for the main mortality (Shigeta et al., 2019; Cai et al., 2023; Cheng et al., 2022; Wang et al., 2023a). Increasing evidence suggest that the reactivation of AR signaling plays a critical role in CRPC development, leading to the clinical approval of the second-generation AR antagonists such as enzalutamide (Enz) for managing this disease (de Bono et al., 2011; Agarwal et al., 2023; Powles et al., 2022; Wenzel et al., 2022). Despite the initial responses to this therapy, patients will eventually become Enz resistance owing to various mechanisms (Bennett et al., 2024; Liu et al., 2019; Zhang et al., 2020; Zheng et al., 2022). Additionally, approximately 30% of patients exhibit primary resistance to Enz treatment. These clinical findings collectively indicate limitations in the application of Enz.
Although AR is the main driving force for PCa progression, other signaling pathways, such as m6A signaling, are also involved in the regulation of PCa carcinogenesis and therapy resistance (He et al., 2022; Han et al., 2023). This review aims to comprehensively summarize the current understanding of the roles of RNA m6A regulators in PCa development and offer insights for further scientific research and clinical strategies.
2 EPITRANSCRIPTOME AND RNA M6A MODIFICATION
Epitranscriptome, a biochemical modification on RNA, has received significant attention from scientists due to its critical roles in determining RNA metabolism as well as disease progression (Murakami and Jaffrey, 2022; Wang Y. et al., 2014; He et al., 2018; Bokar et al., 1997; Clancy et al., 2002; Sommer et al., 1978; Zhong et al., 2008). It is estimated that over 170 types of biochemical modifications occur in RNAs, with m6A as the major form (Wiener and Schwartz, 2021). Early identified in 1970s, m6A, the methyl-nitrogen at the position six of adenylate (Figure 1), has been reported to be functional (Wei et al., 1976; Desrosiers et al., 1974). The enzyme responsible for catalyzing RNA m6A modification, known as “Writer,” includes methyltransferase-like protein 3 (METTL3), METTL16, METTL5 and zinc finger CCHC type containing 4 (ZCCHC4) (Jiang et al., 2021). Among them, METTL3 methyltransferase complex, consisting of METTL3, METT14, WTAP (Wilms tumor 1 associated protein), Zinc finger CCCH-type containing 13 (ZC3H13), RNA-binding motif protein 15 (RBM15) and VIRMA (Vir Like M6A Methyltransferase Associated), is mainly responsible for the RNA m6A modification on the consensus sequence DRACH (D = A/G/U, R = A/G, H = A/C/U) (Linder et al., 2015; Zaccara et al., 2019; Huang et al., 2022; Raj et al., 2022; Wei et al., 2022; Ma et al., 2019). It is noting that the m6A modification is a reversible process and the methyl group can be removed by demetyltransferase (Eraser) such as obesity-associated protein (FTO) and Human AlkB homolog H5 (ALKBH5) (He et al., 2019). Once an RNA molecule is m6A modified, it becomes prone to recognition by a variety of proteins (Readers) and undergoes distinct fate (Zaccara et al., 2019). In general, m6A modification on mRNA enables to influence its splicing, stability or translation. Recent advances in this area suggest that m6A regulators play vital roles in various human cancers, including PCa (Zhu W. et al., 2023). Studies have demonstrated that m6A level in PCa is disease stage dependent and m6A regulators are causally related to PCa growth, metastasis and targeted therapy resistance (Lothion-Roy et al., 2022). Therefore, there is a need to comprehensively summarize the molecular basis of m6A regulator mediated PCa carcinogenesis, which will definitely provide valuable insights for future scientific investigations and clinical applications.
[image: Figure 1]FIGURE 1 | The general role of each individual m6A regulator in RNA metabolism.
2.1 METTL3/METTL14 m6A writer in PCa
METTL3/METTL14 methyltransferase complex is primarily responsible for the m6A modification of RNAs (Wang P. et al., 2016; Wang X. et al., 2016; Śledź and Jinek, 2016; Choe et al., 2018; Geula et al., 2015; Lin et al., 2016). Several studies have demonstrated that the expression levels of METTL3 and METTL14 are elevated in PCa as compared to normal tissues, acting as tumor promoting driver (Xu and Ge, 2022). Additionally, castration resistance perpetuates the increased expression levels of these two proteins (Wu et al., 2021). Supported by in vitro and in vivo evidence, METT3 complex promotes PCa growth and metastasis via catalyzing m6A modification of various mRNAs and non-coding RNAs (ncRNAs).
2.1.1 The targets and biological functions of METTL3 in PCa
Advance in this field has led to the identification of a wide range of m6A targets. To date, mRNAs including c-Myc (Liu et al., 2022), USP4 (Chen et al., 2021a), LEF1 (Ma et al., 2020), DDIT4 (Zhao Y. et al., 2024), PRSS8 (Zhao X. et al., 2024), ZFHX3 (Hu et al., 2024) and others have been viewed as m6A targets in PCa (Table 1). In addition, ncRNAs, a class of RNAs without protein coding potential but proven to be physiologically and pathologically functional in a variety of disease models, are also potential targets of METTL3 complex in PCa. Specifically, lncRNAs (NEAT1 (Wen et al., 2020), MALAT1 (Mao et al., 2022), SNHG7 (Liu et al., 2022), PVT1 (Chen B. et al., 2023)), miRNAs (miR-139-5p (Azhati et al., 2023), pre-miR-25 (Qi et al., 2023), pre-miR-93 (Qi et al., 2023), miR-148-3p (Li G. et al., 2023)) and circRNAs (circDDIT4 (Kong et al., 2023), circABCC4 (Huang C. et al., 2023), circRBM33 (Zhong et al., 2023) and hsa_circ_0003258 (Yu et al., 2022)) have been reported as the substrates of METTL3. The m6A modification site, the RNA fate, the specific reader and the biological consequence of each individual RNA molecule are summarized and listed in Table 1. The literature illustrate a high expression level of METTL3 in PCa, implying it may contribute to PCa development. Indeed, by catalyzing m6A modifications of RNAs, METTL3 promotes PCa survival, metastasis and therapy resistance. For example, ubiquitin-specific protease 4 (USP4) was identified by Chen et al. as one target of METTL3 by the m6A-RIP (RNA immunoprecipitation) qPCR. Upon being m6A modified at the A2696, USP4 mRNA is recognized by YTH N (6)-Methyladenosine RNA Binding Protein 2 (YTHDF2) and undergoes degradation, subsequently leading to the protein degradation of ELAV like RNA-binding protein 1 (ELAV1). As a consequence, METTL3 mediated ELAV1 degradation increases ARHGDIA expression and promotes PCa growth and metastasis. Thus, targeting METTL3 by shRNAs powerfully attenuated PCa development in vitro and in vivo (Chen et al., 2021a).
TABLE 1 | The m6A targets in PCa.
[image: Table 1]METTL3 has also been implicated in the regulation of glycolysis in PCa by adding methyl groups to lncRNA SNHG7, thereby enhancing its stability. Consequently, SNHG7 interacts with SRSF1 to promote the expression of c-Myc, a transcription factor related to glycolysis by regulating the expression of various genes (Liu et al., 2022). Furthermore, Li et al. observed an increased level of METTL3 in enzalutamide resistant PCa cells, implying it may be a causal factor determining enzalutamide resistance. Indeed, METTL3 could activate MAPK signaling via catalyzing the m6A modifications of HRAS and MEK2 mRNAs to bypass AR inhibition therapy (Li Y. et al., 2023). Based on this, we can envision a potential combined therapy involving enzalutamide and a specific METTL3 inhibitor for the treatment of CRPC patients.
To summarize, METTL3 plays a tumor promoting role in PCa progression and targeted therapy resistance at least by catalyzing some oncogenes (c-Myc) (Liu et al., 2022) and core component of multiple signaling pathways including WNT signaling (CTNNB1) (Zhang S. et al., 2023), Hedgehog signaling (Gli) (Cai et al., 2019), MAPK signaling (HRAS, MEK2) (Li Y. et al., 2023). Whether METTL3 has an impact on other signaling pathways that influence PCa remains to be further explored through the continuous identification of its targets.
2.1.2 The role of METTL14 in PCa
As a critical component of METTL3 complex (Liu et al., 2014), METTL14 is also clinically correlated to PCa prognosis. Functionally, METT14 increases PCa proliferation in vitro and in vivo, largely through its regulation of thrombospondin 1 (THBS1) mRNA based on the analysis of RNA-seq and MeRIP (Methylated RNA Immunoprecipitation)-seq. Mechanistically, the m6A mark of THBS1 mRNA in the presence of METTL14 is recognized by YTHDF2, predisposing THBS1 mRNA to degrade (Wang Y. et al., 2022). However, in our opinion, the observed phenotype caused by METTL14 knockdown may be METTL3 complex dependent since the main role of METTL14 is to enhance METTL3 activity. It is anticipated that METTL14 deficiency severely impairs the enzymatic activity of METTL3 complex, leading to abnormal m6A modifications and impeding PCa growth. Nevertheless, it is plausible that METTL14 may have a METTL3 complex independent role in PCa, and this hypothesis can be tested by proposing experiments in METTL13-KO cells.
2.1.3 Other m6A writers in PCa
METTL16, another methyltransferase responsible for the m6A modifications of snRNAs and some lncRNAs (Pendleton et al., 2017; Shima et al., 2017; Warda et al., 2017), has not been investigated in PCa yet. It is noteworthy that the splicing events in PCa, especially CRPC, are highly active, leading to the generation of splicing products such as androgen receptor variant 7 (ARv7). Given the facts that 1) METTL16 is a m6A writer of MALAT1 (Ruszkowska et al., 2018); 2) MALAT1 mediated ARv7 signaling contribute to enzalutamide resistance (Wang et al., 2017), it would be interesting enough to explore the potential connections of METTL16 with anti-androgen resistance. Besides, whether METTL5 and ZCCHC4, the enzymes adding methyl group to ribosome RNAs (rRNAs), play contributing roles in PCa development is worthy of future investigations (van Tran et al., 2019).
2.2 M6A eraser
As mentioned above, it is important to note that m6A modification is a reversible process. FTO and ALKBH5 are the two well-known demethylases responsible for the removal of m6A in RNA molecule.
2.2.1 FTO in PCa
FTO was initially viewed as a demethylase of methylated DNAs (Gerken et al., 2007). However, subsequent studies have unraveled its preference for selecting RNAs, especially snRNAs (small nuclear RNAs), as substrates. Specifically, FTO recognizes m6Am (N6,2′-O-dimethyladenosine) in snRNAs and removes the methyl base (Wei et al., 2018; Mauer et al., 2017; Mauer et al., 2019) (Figure 2). Nevertheless, upcoming evidence suggests that FTO also holds a weak activity towards m6A, indicating its abnormal expression may impair the mRNAs metabolism (Li Y. et al., 2022).
[image: Figure 2]FIGURE 2 | The molecular basis of FTO and ALKB5 in PCa.
FTO is expressed at a lower level in PCa as compared to normal prostate tissues (Zhu et al., 2021). Moreover, PCa patients with low FTO expression often experience advanced disease and poor survival, suggesting that it acts as a tumor suppressor during PCa development (Wang Z. et al., 2022). Indeed, FTO depletion remarkably facilitates PCa malignancy in vitro and in vivo by increasing the total m6A level. Mechanistically, the loss of FTO increases the m6A levels of chloride intracellular channel 4(CLIC4) and ERG2, which are two tumor suppressors in PCa, accelerating their degradation (Zou et al., 2022). Moreover, melanocortin 4 receptor (MC4R), identified as another substrate of FTO in PCa, exhibits a high expression level owing to its abundant m6A mark resulting from FTO loss (Li and Cao, 2022). A recent literature has also demonstrated that FTO enables to decrease Zinc Finger Protein (ZNF217) expression by stabilizing miR-139-5p level via an m6A dependent manner. Consequently, FTO mediated ZNF217 reduction inactivates PI3K/AKT/mTOR signaling, impeding PCa progression. Collectively, these results suggest that FTO exerts a tumor-suppressing role in PCa progression via altering the m6A level of a specific RNA population (Figure 2). Intriguingly, the biological function of FTO is cancer context dependent. For instance, in renal cell carcinoma (Zhang et al., 2022), bladder cancer (Tao et al., 2021), breast cancer (Xu et al., 2020) and leukemia (Li et al., 2017), FTO functions as a tumor promoting factor. We postulate that the targets of FTO in different cancer models vary and determine the its functional identity. Therefore, it will be necessary to devote more efforts to identify the substrates of FTO in order to fully understand its biology in PCa.
2.2.2 ALKBH5 in PCa
ALKBH5, a member of the ALKB Family, specifically catalyzes the removal of the m6A modification on small nuclear RNAs (Figure 2). In contrast to FTO, ALKBH5 does not exhibit activity towards m6Am (Mauer et al., 2017; Mauer et al., 2019; Koh et al., 2019). Despite appearing to be an oncogene in cancer development due to its reported induction by hypoxia (Dong et al., 2021; Thalhammer et al., 2011), ALKBH5 actually functions to attenuate PCa growth. A study by Li et al. revealed that ALKBH5 has a marginal expression in PCa tissues and its overexpression apparently suppresses PCa cell growth and cell invasion via reducing the expression level of protein arginine methyltransferase 6 (PRMT6) via an m6A dependent manner (Li X. et al., 2023) (Figure 2). Similarly, Xia et al. (2022) observed a reduction of ALKBH5 in PCa cells with androgen deprivation. Consequently, SIAH1 mRNA is degraded due to the elevated m6A level resulted from the reduction of ALKBH5. Being a target of SIAH1, cleavage and polyadenylation specificity factor 1 (CPSF1) evades the proteosomal degradation and binds to the enriched AAUAAA sequence in the CE3 (cryptic exon 3) region of the AR premature mRNA, thereby facilitating its splicing to ARv7, a potent AR variant playing a critical role in castration resistance (Figure 2). These evidence suggest that ALKBH5 is a tumor suppressor in PCa. Again, the identification of ALKBH5 targets should be pursued if we want to fully understand its PCa associated biology. Potentially, an ALKBH5 agonist, if available in the future, may offer clinical benefits for PCa patients.
2.3 M6A readers
2.3.1 YTHDF family proteins
The YTHDF family consists of YTHDF1, YTHDF2 and YTHDF3 (Patil et al., 2018). Although sharing similar identity at the amino acid sequence, they have distinct biological effects on their targets (Patil et al., 2018; Chen L. et al., 2023). An early study has demonstrated that YTHDF1 binds to the m6A modified 3′-UTR of mRNAs, enhancing their translation (Wang et al., 2015; Wang X. et al., 2014). In contrast, YTHDF2 binds to its targets, leading to their instability and degradation (Li et al., 2020). While YTHDF3 has the capacity to influence both translation and stability of its bound targets (Shi et al., 2017).
Li et al. (2021) demonstrated that YTHDF1 exhibits high expressionin in PCa and its level is correlated with disease prognosis. Knockdown of YTHDF1 significantly represses PCa survival, migration and invasion by regulating tripartite motif containing 44 (TRIM44) (Figure 3). Agreeably, another literature also suggested that YTHDF1, which is transcriptionally controlled by ELK1, facilitates PCa development in vitro and in vivo by activating polo-like kinase1 (PLK1) mediated PI3K-AKT signaling. Mechanistically, YTHDF1 binds to the m6A modified 3′-UTR of PLK1 mRNA and enhances its translation (Li P. et al., 2022) (Figure 3). YTHDF2 is also increased in PCa and its high expression indicates a poor overall survival. YTHDF2 exerts its oncogenic effect at least by mediating the instability and degradation of Phospholysine Phosphohistidine Inorganic Pyrophosphate Phosphatase (LHPP) and Homeobox Protein NK-3 Homolog A (NKX3–1) mRNAs, leading to the activation of AKT signaling and PCa progression (Li et al., 2020) (Figure 3). Therefore, upregulation of YTHDF2 via Lysine Demethylase 5A (KDM5A) mediated miR-495 reduction could drive PCa progression in vitro and in vivo (Du et al., 2020) (Figure 3). As another YTHDF family protein, YTHDF3 has not been functionally characterized in PCa. A recent literature has illustrated that YTHDF3 can bind the m6A modified AR mRNA and increase its translation in PCa cells (Somasekharan et al., 2022) (Figure 3). Given the significance of AR in PCa, it is tempting to hypothesize that YTHDF3 may act as an oncogenic protein to facilitate PCa growth, although this hypothesis requires experimental supports.
[image: Figure 3]FIGURE 3 | The molecular basis of YTH family protein in PCa.
2.3.2 YTHDC1 and YTHDC2 in PCa
Primarily localized in the nucleus (Hartmann et al., 1999), YTHDC1 has been reported to regulate the splicing and nuclear export of the targets with m6A modification (Widagdo et al., 2022; Roundtree et al., 2017). The splicing activity of YTHDC1 is attributed to its association with serine and arginine-rich splicing factor 3 (SRSF3), an important splicing factor that regulates exon inclusion (Xiao et al., 2016). A recent study by Cheng et al. (2021) reported that YTHDC1 undergoes phase separation to control gene expression via various means, suggesting its diverse biological functions. In PCa, YTHDC1 interacts with the oncogene protein MTDH (Metadherin), facilitating the generation of splicing product CD44v5 and promoting PCa malignancy (Luxton et al., 2019) (Figure 3). In addition, YTHDC1 can also complex with SLC12A5 (a neuron-specific potassium-chloride co-transporter) and enhance its oncogenic function. As a result, YTHDC1-SLC12A5 complex promotes PCa progression, castration resistance and neuroendocrine differentiation by recognizing and stabilizing m6A modified Homeobox B13 (HOXB13) mRNA (Yuan et al., 2023) (Figure 3). Considering the highly active splicing process during the progression of PCa to an advanced stage, we surmise that YTHDC1 may hold a fundamental role in the development of PCa by regulating the amount of various splicing products in an m6A dependent manner.
Although YTHDC2 is not ubiquitously expressed and its high abundance is observed in testes (Bailey et al., 2017; Hsu et al., 2017; Jain et al., 2018), it does not exclude the possible causal involvement of YTHDC2 into the development of other diseases. Notably, a high expression of YTHDC2 is observed in PCa as compared to BPH (Benign prostatic hyperplasia) and normal prostate tissues. Experimental results have shown that YTHDC2 induction substantially promotes PCa cell growth and invasion (Song et al., 2023). Nevertheless, the underlying mechanism by which YTHDC2 drives PCa progression has not been investigated, and the exploration of the downstream targets of YTHDC2 in PCa remains an open area. Since the early claim suggested that YTHDC2 exhibits a very weak affinity towards m6A motif (Wojtas et al., 2017), it is reasonable to speculate that YTHDC2 may have non-m6A targets.
2.3.3 IGF2BP family proteins
IGF2BP proteins enable to recognize m6A targets or non m6A targets and to increase their stabilities (Jiang et al., 2021; Huang et al., 2018; Lan et al., 2021), thus having a great impact on PCa development. A literature has demonstrated an increase of IGF2BP1 expression in prostate cancer stem cells (PCSCs), contributing to cabazitaxel resistance. Thus targeting CXCR4 (C-X-C chemokine receptor type 4)/let-7 mediated IGF2BP1 induction in PCSCs by Berbamine could restore PCa response to cabazitaxel treatment (Wang et al., 2024). Similarly, IGF2BP2 has been reported to recognize m6A labeled circABCC (circular ATP Binding Cassette Subfamily C Member), a prerequisite for stabilizing Cell Division Cycle And Apoptosis Regulator 1 (CCAR1) mRNA, expanding PCSCs population (Huang C. et al., 2023) (Figure 4). Besides, IGF2BP2 exerts a tumor promoting role in altering PCa metabolism, bone metastasis and targeted therapy resistance. A study from Jiang et al. unraveled that IGF2BP2 increases its binding affinity to Lactate dehydrogenase A (LDHA) mRNA in the presence of circARHGAP29 (circular Rho GTPase Activating Protein 29), thereby enhancing glycolytic metabolism (Jiang et al., 2022) (Figure 4). Another study demonstrated that IGF2BP2 is recruited by m6A modified lncRNA PCAT6 (Prostate Cancer Associated Transcript 6) to interact with IGF1R (Insulin-Like Growth Factor I Receptor) mRNA, resulting in its stabilization and the promotion of PCa bone metastasis (Lang et al., 2021) (Figure 4). Moreover, IGF2BP2 can confer enzalutamide resistance via binding to and stabilizing 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (HMGCS1) mRNA in the presence of lncRNA VIM-AS1 (VIM Antisense RNA 1) (Shi et al., 2023) (Figure 4). IGF2BP3 also serves as an oncogene in PCa, as a study illustrated its ability to combine with hsa_circ_0003258 to directly enhance the stability of histone deacetylase 4 (HDAC4) mRNA, consequently activating ERK signaling pathway to drive PCa metastasis (Yu et al., 2022) (Figure 4).
[image: Figure 4]FIGURE 4 | The molecular basis of IGF2BP and HnRNP family proteins in PCa.
Together, these evidences suggest that IGF2BP proteins support PCa survival and hasten its malignancy via stabilizing a wide range of mRNAs. Furthermore, it is evident that the impact of IGF2BP proteins on mRNA stabilization is m6A and non-m6A dependent, suggesting that classifying and identifying the targets of IGF2BP proteins based on the m6A status may aid in comprehending their biologies in PCa.
2.3.4 HnRNP family proteins
Accumulating evidence have demonstrated that the heterogeneous nuclear ribonucleoproteins (HnRNP) such as HnRNPC, HnRNPG and HNRNPA2B1 are direct or indirect readers of m6A labeled RNAs, especially miRNAs (Wang et al., 2020; Liu et al., 2015; Spitale et al., 2015; Liu et al., 2017; Wu et al., 2018). In PCa, elevated HnRNPC expression is closely correlated with tumor stage, tumor grade and the overall survival (Wang et al., 2021). Functionally, HnRNPC promotes PCa proliferation and metastasis (Cheng et al., 2023). Moreover, a high level of HNRNPA2B1 is also examined in PCa. HNRNPA2B1 binds to the m6A marks in several miRNA precursors (miR-93-5p (Qi et al., 2023; Sun et al., 2023), miR-25-3p (Qi et al., 2023)) and facilitates their processing and maturation via recruiting DGCR8 (DiGeorge syndrome critical region gene 8) (Sun et al., 2023), driving PCa development (Figure 4). For this point of view, molecules enabling to regulate HNRNPA2B1 expression is supposed to have a considerable impact on PCa survival and metastasis. As expected, casein kinase 1 delta (CSNK1D) phosphorylates and stabilizes HNRNPA2B1 protein, exacerbating PCa malignancy (Qi et al., 2023) (Figure 4). The lncRNA PCAT6 also has capacity to increase HNRNPA2B1 expression via acting as sponge of miR-326 to facilitate PCa neuroendocrine differentiation (Liu B. et al., 2021) (Figure 4). However, the role of another m6A reader, HnRNPG, has not been investigated in PCa.
3 THE UPSTREAM SIGNALING PATHWAYS REGULATING M6A REGULATORS
A literature suggest that the total m6A levels are gradually increased as PCa progresses from the localized mass to the metastatic disease (Wan et al., 2022), indicating the existence of a molecular network upstream of m6A regulators in PCa. Understanding this network may provide insight into novel strategies to improve the efficacy of current therapies. A fascinating study by Zhang et al. demonstrated that FTO-IT1 (FTO intronic transcript 1), a lncRNA transcribed from the intron 8 of FTO gene focus, downregulates the transcript levels of several p53 targeting genes such as FAS (Fas Cell Surface Death Receptor), TP53INP1 (Tumor protein p53-inducible nuclear protein 1), SESN2 (Sestrin2), and MDM2 (Mouse double minute 2 homolog), thereby recapitulating p53 inactivation. Results from RNA pull down and subsequent mass spectrum analysis illustrated that FTO-IT1 directly interacts with RBM15 but not other m6A regulator to inhibit the methyltransferase activity of METTL3 complex. As a sequence specific RNA binding protein, RBM15 fails to bind p53 targeting transcripts for m6A modification in the presence of FTO-IT1, leading to their failure to be recognized by IGF2BP proteins. Thus, FTO-IT1 knock-out specifically boosts the m6A levels of p53 targeting transcripts by releasing RBM15 mediated m6A “writer” activity and caused PCa cell growth arrest (Zhang J. et al., 2023) (Figure 5). Another study by Wang et al. also documented that RBM15 can be regulated by AZGP1P2, a pseudogene of AZGP2. According to the data, AZGP1P2 binds and recruits UBA1 (Ubiquitin Like Modifier Activating Enzyme 1) as a E1 conjugating enzyme for RBM15 degradation. As a result, the m6A of RBM15 recognized TPM1 mRNA (tropomyosin 1) at its coding region is erased and TPM1 mRNA is stabilized. TPM1 induction by AZGP1P2 functions as a tumor suppressor to sensitize PCa cells to docetaxel therapy via eradicating the population of prostate cancer stem cells (PCSCs) (Wang et al., 2023b) (Figure 5).
[image: Figure 5]FIGURE 5 | The upstream signaling molecules regulating m6A regulator in PCa.
WTAP, a known m6A regulator, is reportedly regulated by circPDE5A, a circular form of exon 2 and exon 3 of PDE5A (Phosphodiesterase 5A). CircPDE5A binds WTAP and disrupts its mediated m6A modification of eukaryotic translation initiation factor 3c (EIF3C) (Figure 5). Therefore, circPDE5A inactivation in CRPC leads to an m6A increase of EIF3C mRNA, which is subsequently recognized by YTHDF1 and has an enhanced translation efficiency, eventually promoting PCa metastasis (Ding et al., 2022). Moreover, it has been documented that the m6A “eraser” ALKBH5 is a direct target of miR-141-3p (Li X. et al., 2023) (Figure 5). In the future, we can anticipate the identification of more upstream molecules that affect m6A regulators. Armed with this knowledge, we can effectively silence m6A signaling by targeting these upstream molecules.
4 THE CROSS-TALK BETWEEN RNA M6A MODIFICATION AND AR SIGNALING
Androgen receptor (AR), a member of steroid hormone receptors, has been acknowledged as the key driving factor determining PCa development for decades (Tang et al., 2021). Structurally consisting of N-terminal, DNA binding domain, Hinge region and Ligand binding domain, AR responds to dihydrotestosterone (DHT) and translocates into nucleus as dimer to regulate the transcription of numerous genes (Tan et al., 2015). Owing to the significant role of AR in PCa development, for a long time, AR signaling inhibition has been the main strategy for PCa management.
Androgen deprivation therapy (ADT) has been utilized as the golden mean to treat PCa for many decades, with promising clinical outcomes. Li et al. have uncovered a direct link between RNA m6A modification and androgen receptor (AR) signaling. Their research showed that ADT with enzalutamide treatment leads to an increase in METTL3 expression and the total m6A levels, suggesting METTL3 mediated m6A modification may contribute to the acquired Enz resistance (Figure 6). By performing MeRIP-seq and RNA-seq, the authors identified that METTL3 directly mediates m6A modifications of HRAS and MEK2 mRNAs. Mechanistically, HRAS mRNA with m6A at its 3′-UTR is much more stable, and MEK2 mRNA with m6A at 5′-UTR has a higher translation potential as compared to the corresponding non-modified controls. As a result, MAPK signaling is activated and bypasses AR signaling inhibition to promote PCa growth (Li Y. et al., 2023) (Figure 6). Therefore, activation of m6A signaling serves as a self-protective mechanism in response to AR inhibition, providing a non-AR survival source for PCa growth. Given the fact that enzalutamide is an anti-androgen drug specifically preventing the transcription activity of AR, it will be intriguing to explore whether AR enables to control the expression of m6A regulators at the chromatin level, thus affecting the m6A signaling.
[image: Figure 6]FIGURE 6 | The crosstalk between m6A signaling and AR signaling in PCa.
Reciprocally, m6A signaling also has a great impact on AR signaling. Evidence from Haigh et al. suggested that METTL3 inhibition by siRNAs could substantially impair androgen regulated transcriptome in PCa (Haigh et al., 2022). Additionally, in early 2022, Somasekharan et al. (2022) discovered that AR mRNA is a direct target of METTL3 and its translation is potentiated with the m6A modification at 8953A (Figure 6). By connecting these two findings, we speculate that METTL3 may affect androgen regulated transcriptome via directly methylating AR mRNA. Given that CRPC expresses more abundant AR protein than primary PCa, it is hypothesized that METTL3-mediated AR mRNA translation at least partially accounts for this phenomenon (Wu et al., 2021). Therefore, targeting METTL3 may alleviate the reactivation of AR signaling and aid in overcoming CRPC progression. In summary, there exists a reciprocal regulation between AR signaling and m6A signaling in PCa.
5 CLINICAL IMPLICATIONS OF RNA M6A MODIFICATION IN PCA AND FUTURE PERSPECTIVES
The clinical significance of RNA m6A modification should be acknowledged owing to its close relationship with PCa initiation, progression and therapy resistance. METTL3 and METTL14, the main components of m6A “writer,” elevate their expression when prostate epithelial cells become malignant (Xu and Ge, 2022) (Table 2). A continual rise in METTL3 and METTL14 expression is observed in CRPC disease (Wu et al., 2021). Conversely, the expression levels of m6A “eraser,” FTO and ALKBH5, display an opposite trend (Fang et al., 2022). In line with this, Lu et al. found that m6A modification levels are elevated in metastatic PCa as compared to the primary control, as evidenced by MeRIP-seq and RNA-seq on 4 metastatic PCa, 4 primary PCa tumors and 4 benign prostate hyperplasia (BPH). Importantly, they also reported that PCa patients with high m6A-modified mRNA (MMM) score experience shorter biochemical recurrence free survival and have a poor response to androgen signaling inhibition therapy as compared to the patients with a low MMM score, suggesting m6A modification status is a poor prognostic factor for predicting disease development and therapy resistance. However, their findings also exhibited that the primary PCa harbors a paucity of m6A modified mRNAs as compared to the BPH, implying hypo m6A modification of mRNAs contributes to PCa initiation In this context, a discrepancy is found between the expression pattern of m6A regulators and the m6A levels when the comparison was made between BPH and primary PCa (Lu et al., 2023). We hypothesize that the activities of m6A regulators are inhibited by some proteins so that a hypo m6A levels are observed in PCa.
TABLE 2 | The clinical value of each individual m6A regulator in PCa.
[image: Table 2]According to this information, total m6A levels may serve as a diagnostic biomarker to predict disease status of PCa, and the elimination of m6A levels by METTL3/METTL14 inhibitor or others holds promise as a therapeutic strategy to prevent PCa progression. In 2021, Yankova et al identified a small molecule STM2457 as a potent METTL3 inhibitor to suppress acute myeloid leukaemia (AML), opening a new avenue of METTL3 targeted therapy. Additionally, Storm Therapeutics Company has screened another METTL3 inhibitor STC-15, which displays anti-tumor activity across different AML models and is currently being investigated in a clinical trail (NCT05584111) (Yankova et al., 2021). Although currently not available, it would be promising to test the efficacy of METTL3 inhibitors in PCa models and PCa patients. It is noting that some small molecules including curcumin (Chen et al., 2021b), quercetin (Zhu J. et al., 2023), epigallocatechin gallate (EGCG) (Wu et al., 2005) and simvastatin (Chen et al., 2020), have been reported to influence m6A signaling. However, in our opinion, they are not specific for interrupting m6A levels and their contributions to cancer prevention may not be solely due to the m6A alteration. Therefore, the continuous screening of METTL3-specific and potent inhibitors remains a priority for scientists and pharmacologists.
6 CONCLUSION
PCa is a male carcinoma and its mortality is continuously rising. Despite of the initial response, ADT treatment will lead to the emergence of recurrent tumor, suggesting other signaling pathways actively respond in order to bypass AR inhibition. As a type of epitranscriptomal modifications, m6A is now received much attention and it is indeed implicated into a variety of biological processes including tumorigenesis. Particularly in PCa, abnormal expression levels of m6A regulators are frequently observed by many researchers. The experimental evidence suggest that m6A writers, m6A erasers and m6A readers all contribute to PCa survival and malignancy. Additional evidence also suggest that the total m6A levels and METTL3 are closely related to enzalutamide resistance. These findings provide a strong rationale to propose a therapy using m6A inhibitor, alone or with anti-androgen, to treat CRPC patients.
Although numerous RNAs has been identified to be m6A modified, the blueprint of m6A signaling remains incomplete. In the clinical setting, a comprehensive understanding of m6A targets and their related signaling pathways can guide the discovery of novel targeted therapies to overcome PCa development. To this end, scientists should exert significant efforts to identify functional m6A targets during PCa evolution.
Although FTO inhibitors such as bisisantrene (Su et al., 2020), brequinar (Su et al., 2020), and Dac51 (Wu et al., 2023; Yang and Al-Hendy, 2023; Huang Y. et al., 2023; Liu Y. et al., 2021) have shown potency against several solid tumors, including renal carcinoma, bladder cancer, they may not be the ideal choice for the treatment of PCa model as researchers have confirmed the tumor suppressing role of FTO in PCa models. Alternatively, researchers should consider screening specific inhibitors of m6A readers, as they are positively implicated in PCa development. YTH family proteins, IGF2BP proteins, and other m6A readers have been proven to be oncogenic factors driving PCa progression. From our perspective, m6A reader inhibitors may be more specific than METTL3 inhibitors in suppressing a small population of RNA. While METTL3 has a variety of targets, each m6A reader has its uniquely recognized RNA population. Indeed, IGF2BP1 inhibitors (AVJ16 (Singh et al., 2024), BTYNB (Müller et al., 2020; Mahapatra et al., 2017; Jamal et al., 2023; Hagemann et al., 2023; Xiao et al., 2023; Wang JJ. et al., 2023), and 7773 (Singh et al., 2024)), IGF2BP2 inhibitor CWI1-2 (Weng et al., 2022), and YTHDF proteins inhibitor ebselen (Micaelli et al., 2022) all show promising anti-cancer activity in preclinical models. However, the identification of m6A reader inhibitors is still in the preliminary stage and requires intensive dedication.
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Background

Bone metastasis from prostate cancer severely impacts patient outcomes and quality of life. Anoikis, a form of programmed cell death triggered by the loss of cell-matrix interactions, plays a critical role in cancer progression. However, its precise relationship with prostate cancer-induced bone metastasis remains unclear. This study aims to elucidate this relationship, focusing on anoikis-related gene signatures, molecular pathways, and therapeutic implications.





Methods

We used the TCGA-PRAD dataset for training, with MSKCC and GSE70769 as validation cohorts. To evaluate immunotherapy efficacy, we examined IMvigor 210 and GSE91016 datasets, and GSE137829 provided single-cell insights into prostate cancer. Specific anoikis-related genes (ARGs) were identified, and Random Survival Forest analysis and multivariate Cox regression were employed to develop anoikis-linked features. The ‘clustanoikisProfilanoikis’ and ‘GSEA’ packages were used to explore potential ARG-related pathways.





Results

Analyzing 553 samples from TCGA, 231 from MSKCC, 94 from GSE70769, and single-cell data from 6 prostate cancer patients (GSE137829), we constructed a prognostic model based on 9 ARGs. GSVA revealed upregulation of carcinogenic pathways, including epithelial-mesenchymal transition, E2F targets, and angiogenesis, with downregulation of metabolic pathways. Significant differences in somatic mutations were observed between cohorts, with a positive correlation between anoikis scores and tumor mutational burden (TMB). Immune landscape analysis suggested high-risk patients might benefit more from chemotherapy than immunotherapy based on their risk score. Single-cell analysis indicated overactivation of carcinogenic pathways in the high anoikis score group.





Conclusion

This study elucidates the complex interplay between anoikis and bone metastasis in prostate cancer. Our findings highlight the critical role of anoikis in metastatic progression, enhancing the understanding of key biomarkers and molecular dynamics. The identified anoikis-related gene signatures and disrupted pathways offer promising avenues for predictive and therapeutic strategies in prostate cancer management.





Keywords: prostate cancer, anoikis, model, bioinformatics, metastasis




1 Introduction

Prostate cancer (PCa) represents one of the most prevalent malignancies and the second leading cause of cancer-related mortality among men in Western countries (1). Since the 1990s, prostate-specific antigen (PSA) has been used as a standard test for prostate cancer (2). However, multiple studies have shown that PSA testing does not confer a significant reduction in mortality (3). PSA levels also have limited value in predicting PCa prognosis, with 27-53% of patients experiencing biochemical recurrence (BCR) after radical prostatectomy or radiation therapy (4). BCR often precedes progression to advanced castration-resistant PCa (CRPC), which carries increased risks of distant metastasis, cancer-specific mortality, and overall mortality (5). Therefore, there is an unmet need for novel prognostic biomarkers in PCa to improve risk stratification and clinical decision-making.

Anoikis occurs when tumor cells are detached from the extracellular matrix (ECM) during metastasis, which has been documented in many studies in recent years (6). Detachment from ECM causes anoikis, a specific type of apoptosis. Epithelial and endothelial cells are responsible for anoikis, which is believed to contribute to tissue homeostasis in development (7). Apoptosis prevents isolated cells from attaching to other substrates for aberrant proliferation to protect organisms (8). In the absence of anoikis, adherent cells may suspend or proliferate in an environment other than their original ECM (9). Several cancers, including breast cancer, lung cancer, gastric cancer, and esophageal cancer, have been associated with ARGs (10–13). According to the study, FAIM2 overexpression in lung cancer leads to adverse clinical outcomes, while silencing FAIM2 may decrease tumor cell viability and resistance to anoikis (14). A novel predictor of the prognosis of colorectal cancer has been identified in KLF5, a protein that regulates cell proliferation and anoikis resistance (15). Activating cancer-initiating cells in HEC-1A cells promotes esophageal cancer epithelial-mesenchymal transition (EMT), thereby inhibiting apoptosis and negatively affecting patient outcomes (16). Lee et al. demonstrated that TMPRSS4 promotes prostate cancer cells to resist anoikis, thereby improving the survival of circulating tumor cells and promoting early metastasis, and demonstrated that TMPRSS4 promotes CSC characteristics of prostate cancer by upregulating SLUG and TWIST1-induced stem cell factor SOX2 (17).

Anoikis-related genes-based prognostic indicators are rarely analyzed in prostate cancer, despite being associated with prognosis for multiple tumors. Thus, we examined the clinical outcomes of prostate cancer patients who had combined anoikis-related genes. In our study, we identified a powerful feature and validated it in two other independent databases. In addition, we integrated single-cell data to confirm that several carcinogenic pathways in the high anoikis score group were significantly overactivated.




2 Results



2.1 Consensus clustering of anoikis-related genes

Figure 1 describes the flowchart of this study. First, the mutations of anoikis related genes were analyzed. PIK3CA mutation frequency was the highest (2%), followed by TSC2, TLE1, AKT1, MTOR (Figure 2A). The location of anoikis-related genes in the chromosome is shown in Figure 2B. Accordingly, two subgroups of PRAD patients were defined based on their expression profiles of anoikis-related genes (Figure 2C; Supplementary Figure S1). K-M analysis showed that BCRF survival was significantly better in cluster 2 than in cluster 1 (Figure 2D). GSVA enrichment analysis showed that cluster 1 was mainly related to metabolism, mismatch repair, and cell cycle, such as NEGATIVE REGULATION OF METAPHASE ANAPHASE TRANSITION OF CELL CYCLE, BASE EXCISION REPAIR, MISMATCH REPAIR, DNA REPLICATION, GLYOXYLATE, and DICARBOXYLATE METABOLISM. PYRIMIDINE METABOLISM. On the contrary, cluster 2 is mainly related to stem cell proliferation, angiogenesis, and other pathways (Figures 2E–F). However, cluster 2 shows a better survival outcome, so the analysis content needs to be further explored. Taken together, our findings suggest that the two anoikis-associated subgroups are well separated in terms of prognostic outcome and biological function.




Figure 1 | Flow chart of the main steps of this study.






Figure 2 | Consensus clustering of anoikis-related genes. (A) Waterfall plot for mutation analysis of anoikis-related genes. (B) Circle plot showing the location of anoikis-related genes in chromosomes. (C) Heatmap of NMF cluster analysis. (D) Survival analysis of C1 and C2 subtypes. (E, F) GSVA enrichment analysis of C1 and C2 Isoforms.






2.2 Anoikis-based model construction

As a first step, WGCNA identified the gene modules closely related to the anoikis subtype (647 genes, Figure 3A). The TCGA cohort was analyzed with univariate Cox regression and 83 prognostic genes were identified (Figure 3B). RSF analysis further identified 27 candidate genes for model construction based on the minimum depth method (Figure 3C). Using multivariate Cox regression, eight important genes were selected to form an anoikis score, namely THSD4, PIK3R1, SULF1, B4GALT1, CDC20, COL1A2, S100A10, B4GALNT4, NUAK1.




Figure 3 | Anoikis-based model construction. (A) Heat map showing gene modules analyzed by WGCNA. (B) Dot plot for univariate Cox regression. (C) Screening modeling genes based on random forest analysis. (D–F) Kaplan – Meier curves, heat maps, and ROC curves for survival analysis of the training set cohort. (G–I) Kaplan – Meier curves, heat maps, and ROC curves for survival analysis of the MSKCC cohort. (J–L) Kaplan – Meier curves, heat maps, and ROC curves for survival analysis of the GSE70769 cohort.



Patients were stratified into high-risk and low-risk groups based on the median risk score derived from the anoikis gene signature. Kaplan-Meier analysis revealed a significant difference in biochemical recurrence-free (BCRF) survival times between the high-risk and low-risk cohorts (Figure 3D). The distribution of risk scores, survival status, and risk level of each patient are visualized in Figure 3E. The anoikis gene signature demonstrated consistent prognostic power for 1-year (AUC = 0.74), 3-year (AUC = 0.768), and 5-year (AUC = 0.781) BCRF survival (Figure 3F). Additionally, we validated the risk model in two external datasets, MSKCC and GSE70769, where it maintained strong prognostic performance (Figures 3G–L). Further analysis illuminated correlations between higher anoikis scores and more advanced tumor (T) staging, higher Gleason scores (GS), and increased likelihood of BCR, implicating this gene signature as a marker of aggressive disease (Figure 4A). High-risk patients were also more likely to originate from the poor prognosis cluster 1 identified in our previous work (Figure 4B). Univariate Cox regression indicated the anoikis score and clinical variables were significantly associated with BCRF survival. Moreover, the anoikis score retained independent prognostic value in multivariate analysis after adjusting for other clinical factors (Figure 4C). ROC curve analysis verified the superior predictive accuracy of the risk model over individual clinical variables. External validation in the MSKCC and GSE70769 cohorts confirmed the reproducible prognostic utility of the anoikis gene signature for BCRF prediction (Figures 4D–F). Taken together, these findings strongly endorse the anoikis gene signature as a robust and reliable prognostic indicator for prostate cancer. Further investigation is warranted to determine the biological mechanisms underlying this model and assess its clinical value in guiding management and therapeutic decisions.




Figure 4 | Analysis of anoikis score. (A) Pie chart for anoikis score versus clinical traits analysis. (B) Sanky chart for prognostic survival in patients at risk. (C) Forest plot for multivariate Cox regression analysis of risk scores in the three cohorts. (D) ROC analysis of anoikis score in the training set cohort. (E) ROC analysis of anoikis score in the MSKCC cohort. (F) ROC analysis of anoikis score in the GSE70769 cohort.






2.3 Functional enrichment analysis

To examine the potential mechanisms of risk score, GO and KEGG analyses were conducted. According to Figure 5A, GO analysis shows that there are mainly pathways associated with GO: 0003823, 0005201, and 0009897. According to KEGG analysis, differentially expressed genes were enriched in hsa04512, hsa05144, and other pathways (Figure 5B). Subsequently, 50 carcinogenic marker pathways were included in the GSVA, and the results showed that carcinogenic pathways such as EPI-THELIAL MESENCHYMAL TRANSITION, E2F TARGETS, and ANGIOGENESIS were up-regulated, while metabolic-related pathways were down-regulated (Figure 5C). Significant enrichment of 15 pathways was found in high-risk cohorts, whereas a significant enrichment of 5 pathways was found in low-risk cohorts, as shown in Figure 5D. Kaplan-Meier method was used to analyze the pathways obtained through cross-over, and different BCRF survival probabilities of several known carcinogenic path-ways (ANDROGEN RESPONSE, E2F TARGETS, G2M CHECKPOINT, MYC TARGETS V1) were observed (Figure 5E). Overall, the risk score is involved in a variety of biological functions, especially the carcinogenic pathways in PRAD.




Figure 5 | Functional enrichment analysis. (A) Circle plot for GO enrichment analysis. (B) Circle plot for KEGG enrichment analysis. (C) Bar graph of GSVA analysis of 50 oncogenic marker pathways. (D) GSEA enriched pathway analysis. (E) Survival curves for different BCRFs in four pathways: androgen response, E2F target, G2M check-point, MYC target V1.






2.4 Analysis of somatic mutations

As you can see in the waterfall diagram, gene mutations differ between high-risk and low-risk populations (Figures 6A, B). High-risk cohorts exhibited the most mutations at TP53, while low-risk cohorts showed the most mutations at SPOP. In addition, the first 25 mutant genes between the two cohorts also showed co-occurrence or exclusive mutations (Figure 6C). Mutation enrichment of known carcinogenic pathways showed that the Hippo, RTK-RAS, TP53, and WNT signaling pathways were significantly increased in the high-risk group, while the MYC, NRF2, and TGF-beta signaling pathways were significantly reduced (Figure 6D). Further analysis also confirmed a positive correlation between TMB and anoikis score, with higher TMB and poorer BCRF survival (Figures 6F, G). The worst prognosis was associated with high TMB and anoikis scores (Figure 6E). In summary, the comprehensive analysis revealed the mutational differences between high-risk and low-risk cohorts, and multiple significant genes and pathways showed significant mutation abnormalities between cohorts.




Figure 6 | Analysis of somatic mutations. (A) Waterfall plot of gene mutation frequency in high-risk patients. (B) Waterfall plot of gene mutation frequency in low-risk patients. (C) Heatmap for correlation analysis between mutated genes. (D) Mutant gene pathway analysis between high and low-risk groups. (E) Scatter plot for correlation analysis between TMB and risk score. (F) Survival analysis between patients in high and low TMB groups. (G) Survival analysis between high and low TMB patients and high and low-risk patients.






2.5 Immune landscape and treatment response prediction

High-risk groups had a higher number of T cell regulatory (Treg) cells than low-risk groups based on immune landscape analysis (Figure 7A). Most immune functions increased relatively in the high-risk group (Figure 7B). The expression of immunosuppressive receptors and immunosuppressive ligands was also higher in high-risk patients (Figure 7C). Additionally, the TIDE algorithm determined that there were no significant differences in immunotherapy response between high-risk and low-risk patients (Figure 7D). The prediction results of the IMvigor210 cohort and the GSE91061 cohort showed no difference in the effect of immunotherapy (Figure 7E). To evaluate chemotherapy response in PRAD patients with different Anoikis scores, the oncopredict R package was used. Our results showed that the IC50 values of high-risk patients in several chemotherapy molecules were significantly lower, including WIKI4, WEHI−539, MIM1, AZD7762, JQ1, Tozasertib, Axitinib (Figure 7F). Overall, immune landscape analysis showed that risk score was associated with different immune responses, and chemotherapy may be more effective than immunotherapy for high-risk patients.




Figure 7 | Immune profile and prediction of response to treatment. (A) Violin plot for immune cell infiltration analysis. (B) Boxplots for immunologic function assays. (C) Heatmap of correlation analysis between immunosuppressive receptors and immunosuppressive ligands and risk scores. (D) Violin plot for immunotherapy response analysis in high-risk and low-risk groups. (E) Bar plots of immunotherapy response analysis for the IMvigor210 cohort and GSE91061 cohort. (F) Drug sensitivity analysis between patients in high and low-risk groups. (*:p<0.05, **:p<0.01, ***:p<0.001).






2.6 scRNA-seq data analysis

After sample pretreatment, the cells were aggregated and annotated into 10 major clusters of fibroblasts, epithelial cells, malignant cells, myofibroblasts, plasma cells, myeloid cells, T cells, endothelial cells, B cells and mast cells (Figure 8A). The expression of signature genes in cell subsets suggests that our clustering was successful (Supplementary Figure S2A). The distribution of cell types in each sample is shown in Supplementary Figure S2B. Subsequently, we divided all cells into high and low groups according to anoikis-related AUC scores (Figure 8B). The high anoikis score group showed an increased number and intensity of intercellular interactions based on ligand-receptor signals (Figures 8C, D). In comparison with the low anoikis score group, the VEGF signaling pathway network and CCL signaling pathway networks were enhanced in the high anoikis scores group (Figures 8E, F). Overall, patients in the high anoikis score group and the low anoikis score group showed differences in intercellular communication, whereas several carcinogenic pathways were significantly overactivated in the high anoikis score group.




Figure 8 | ScRNA-seq data analysis. (A) UMAP plot for single-cell dimensional cluster analysis. (B) Expression of anoikis score in single cell subsets. (C) Bar graph of cell content for samples from the high and low anoikis score groups. (D) Network diagram for cellular communication analysis. (E) The difference in VEGF signal between high and low anoikis scores. (F) The difference in CCL signal between high and low anoikis scores.






2.7 Validating the ARG-based signature model genes

To further demonstrate the accuracy of the, we used three prostate cancer cell lines (PC3 (RRID: CVCL_0035), DU145 (RRID: CVCL_0105), and LNCaP (RRID: CVCL_0395)) and a normal prostate epithelial cell line, RWPE-1 (RRID: CVCL_3791). B4GALNT4 and NUAK1 were validated in the model, respectively. the mRNA of B4GALNT4 was sequentially highly expressed in LNCaP, PC3 and DU145, and lowly expressed in RWPE-1 (Figure 9A). In addition, the mRNA of NUAK1 was similarly highly expressed in the prostate cancer cell lines (sequentially PC3, DU145, and LNCaP) (Figure 9B).




Figure 9 | Validating the ARG-based signature model genes. (A, B) The expression of B4GALNT4 and NUAK1 in RWPE-1, LNCaP, PC3 and DU145 (**:p<0.01, ***:p<0.001).







3 Discussion

Prostate cancer poses a major threat to men’s health worldwide (18). While prostate-specific antigen (PSA) is widely used for diagnosis and prognostication, it has limitations in accuracy and timeliness. Thus, there is an urgent need for robust biomarkers to improve prediction of prostate cancer prognosis. Recent evidence indicates that apoptosis, a form of programmed cell death, critically regulates the biological behaviors of various cancers (19, 20). For instance, CPT1A which controls fatty acid oxidation can confer anoikis resistance and promote colorectal cancer metastasis (21). IQGAP1 has also been shown to enhance viability and inhibit anoikis by activating Src/FAK signaling in hepatocellular carcinoma, suggesting its potential as a marker for metastasis and prognosis (22). Additionally, CCN2 suppresses lung cancer progression through anoikis pathways involving DAPK (23). Hence, targeting anoikis-related genes may provide promising therapeutic and prognostic opportunities in cancer.

In the present study, we identified a total of 27 anoikis-related genes (ARGs) and developed a robust ARG-based signature model with significant prognostic utility in prostate cancer. This 9-gene model comprised THSD4, PIK3R1, SULF1, B4GALT1, CDC20, COL1A2, S100A10, B4GALNT4 and NUAK1, all of which have established functional relevance in cancer. For instance, THSD4 is downregulated in prostate cancer and cooperates with other genes to drive malignant transformation (24). Clinical sequencing by Chakraborty et al. revealed alterations in PIK3R1 as a potential key regulator of the insulin-PI3K-glycolysis pathway in prostate cancer (25). SULF1 was demonstrated to antagonize Wnt3A-induced growth and disrupt cellular architecture in prostate cancer models (26). B4GALT1 was identified as a unique tumor suppressor silenced by AKR1C3 activation, thereby facilitating castration-resistant prostate cancer progression (27). Additionally, while CDC20, COL1A2 and S100A10 possess recognized pro-oncogenic activities, the precise roles of B4GALNT4 and NUAK1 in prostate cancer warrant elucidation. Functional characterization of these ARGs could unveil novel mechanisms driving disease progression and metastasis. Critically evaluating their clinical utility as prognostic biomarkers and therapeutic targets will enable personalized management. Our findings provide a compelling rationale for investigating this anoikis gene signature, given the predictive power of these 9 ARGs for improving prostate cancer risk assessment, prognostication, and informing clinical decision-making. Future studies validating this signature in independent cohorts and delineating the molecular pathways are warranted to realize its full translational potential.

Through an unbiased gene set variation analysis (GSVA), we identified biological pathways associated with the anoikis gene signature in prostate cancer. Enrichment of established oncogenic pathways including epithelial-mesenchymal transition (EMT), E2F targets, and angiogenesis was observed in the high-risk group, whereas metabolic pathways were downregulated. These pathways have known roles in driving prostate cancer progression. For example, EMT and DNA repair pathway activation can increase therapeutic resistance and invasiveness (27), while E2F inhibition triggers replication stress representing a potential treatment approach (28). Moreover, angiogenesis is a recognized key factor enabling irreversible tumor growth (29, 30). Intriguingly, our GSVA screen also revealed involvement of cholesterol/lipid metabolism and extracellular matrix organization pathways, which have emerging links to prostate cancer through dysregulated lipid metabolism and matrix remodeling (31–33). By systematically delineating the functional interactions between anoikis-related genes and impacted pathways, our findings provide a foundation to uncover novel mechanisms of treatment resistance in prostate cancer. Elucidating how this gene signature influences oncogenic signaling and metabolic programs could illuminate new therapeutic targets and strategies to overcome resistance. Future experimental validation is warranted to realize the full translational potential of these biological insights.

Recently, novel immunotherapeutic approaches have emerged for prostate cancer management (31). The tumor microenvironment comprising stromal cells, vasculature and immune infiltrates plays a crucial role in cancer progression and metastasis (32). Multiple studies have demonstrated that immunosuppressive cells can promote tumor growth and metastasis within the microenvironment (33–35). However, the lack of understanding of the prostate cancer microenvironment and immune landscape has resulted in suboptimal responses to immunotherapy in patients. Additionally, numerous immunotherapies effective in preclinical studies have failed in clinical trials, underscoring the limitations of current prostate cancer models (36). To evaluate the utility of our risk signature in predicting immunotherapy response, we analyzed immune-associated cell infiltration in tumors with high versus low risk scores (37, 38). Our findings suggest this approach of stratifying immunotherapy response holds promise, pending experimental validation. Future research is warranted to systematically characterize the immuno-phenotypes associated with anoikis gene expression, which could guide more precise immunotherapeutic strategies and improve outcomes for prostate cancer patients. Large scale validation studies, especially those incorporating assessments before and after immunotherapy, are essential to firmly establish the clinical utility of this gene signature in immune response prediction.

Although our proposed model demonstrates promising results in predicting prostate cancer prognosis, there remain several limitations that need to be addressed before it can be widely applied in clinical practice (39). Firstly, as the current study utilizes public databases for analysis, the model has not been verified on real-world patient data. Further validation on clinical samples is required to confirm its prognostic power. Secondly, while gene expression profiling can identify potential prognostic biomarkers, additional experiments such as immunohistochemistry, immunofluorescence and analysis of clinical variables are necessary to elucidate the underlying mechanisms and interactions between the identified genes and prostate cancer progression. Thirdly, the potential biological pathways and downstream effects of the prognostic gene signature remain to be fully characterized through in vitro and in vivo functional studies (40). In addition, we also note the role of epigenetic modifications in prostate cancer, where histone methylation modifications promote epithelial cell migration, proliferation, etc., as well as play a role in the expression of anti-apoptotic genes to enhance the viability of prostate cancer cells. We will consider the more comprehensive role of Anoikis in relation to prostate cancer in future studies (41). Finally, as prostate cancer is a highly heterogeneous disease, the model may need to be optimized and tailored to specific molecular subtypes (42). Extensive analysis on large cohorts reflecting diverse patient populations will help improve its generalizability and clinical utility. In summary, though promising, the current prognostic model requires more rigorous validation and mechanistic investigation before its effects on guiding patient management and improving prostate cancer survival outcomes can be realized. We propose several follow-up studies to address these limitations and bring the model closer to clinical application.




4 Materials and methods



4.1 Data preprocessing

We downloaded RNA transcriptome data from 501 PRAD tumors and 52 normal tissues in the TCGA database, along with corresponding clinical data. Download standardized RNA expression data and complete clinical data for 231 PRAD patients from the MSKCC database, and 94 PRAD patients from the GEO database. Adjust the batch effect through the ‘sva ‘R package. The IMvigor 210 cohort of bladder cancer patients receiving anti-PD-L1 treatment was obtained through the ‘ IMvigor210 Core Biologies ‘ R package, and the GSE91016 data set receiving anti-PD-1 and anti-CTLA4 treatment was also obtained to predict the efficiency of immunotherapy. In addition, we registered the single-cell RNA sequencing (scRNA-seq) dataset (GSE137829) for six PRAD patients and performed quality control, cell clustering, and annotation using the ‘Seurat ‘R package.




4.2 Consensus clustering analysis

From the MSigDB database, 27 anoikis-related genes were identified (Supplementary Table S1). The PRAD samples were subdivided according to these genes using the non-negative matrix factorization (NMF) method in the R package ‘ NMF ‘. We used the K-M survival curve to compare biochemical recurrence-free (BCRF) survival between sub-groups. Two gene sets were extracted from the MsigDB database to estimate the difference in biological function and immune activity between subgroups using gene set variation analysis (GSVA) with the ‘ GSVA ‘R package. The statistically significant cut-off for GSVA is p.adjust < 0.05.




4.3 Generation of anoikis-related signatures

To establish anoikis-related features, we used WGCNA to find gene modules significantly associated with anoikis-related subgroups and extract corresponding genes. We used the TCGA cohort as the training set, while the MSKCC and GSE70769 datasets were the validation sets. A univariate Cox analysis was performed to examine prognostic genes (p<0.05). Using the ‘ randomForestSRC ‘ R package, the prognostic genome was further reduced using Random Survival Forests (RSF). A smaller value indicates greater predictability when variables were sorted by minimum depth in RSF analysis. Using multivariate Cox regression analysis, the best features associated with anoikis were identified based on their respective coefficients (β) and gene expression levels (Exp). The formula is used to calculate each patient’s anoikis-related risk score. Using the median of their anoikis scores, we further categorize the patients into two groups. Kaplan-Meanoikis was used to determine prognostic differences between the two groups. In addition, we examined the correlation between anoikis score and clinical features, including age, PSA level, TN stage, and Gleason score (GS). Cox analyses were performed univariately and multivariate to evaluate the prognostic significance of Anoikis scores. Similarly, we collected the MSKCC and GSE70769 cohorts to check the risk score’s predictive ability.




4.4 Functional enrichment analysis

Genes that are differentially expressed between low-risk and high-risk cohorts have been identified as potential mechanisms behind anoikis. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed using the R package clustanoikisProfilanoikis. The R package ‘ loop ‘ shows GO and KEGG terms with p 0.05. The MSigDB was analyzed using GSVA to determine the differences in the carcinogenic marker pathways (h.all v7.1.symbols) between the two cohorts. For the same signature pathway, gene set enrichment analysis (GSEA) was conducted using the ‘GSEA ‘R package (FDR < 0.25, NES > 1, p.adjust < 0.05). The prognostic significance of GSVA and GSEA overlapping marker pathways was determined using the K-M method.




4.5 Somatic mutation analysis

Somatic mutations in PRAD patients were extracted from the TCGA database. The ‘ maftools ‘ R package explored specific somatic mutation variants in different risk score groups. Next, we studied the coexistence or exclusion of mutations, oncogenes, and enrichment of known carcinogenic pathways between the two cohorts. The tumor mutation burden (TMB) reflecting the total mutation count of each PRAD patient was calculated and its correlation with the anoikis score was tested. In addition, we analyzed the predictive value of TMB and Anoikis score for survival outcomes in the Anoikis score risk cohort.




4.6 Immune landscape and treatment response prediction

In high-risk and low-risk groups, we compared immune cell abundance, immune function, and immune checkpoints. On the basis of RNA expression profiles of PRAD patients, the tumor immune dysfunction and rejection algorithm (TIDE) predicts potential immunotherapy responses. The IMvigor210 and GSE91061 datasets were also used to determine the correlation between the Anoikis score and the efficacy of potential immunotherapy. In addition, we investigated the chemotherapy responses of the two groups of patients, and the ‘ oncopredict ‘ R package predicted the sensitivity of each patient to chemotherapy.




4.7 scRNA-seq data analysis

Next, we use the GSE137829 dataset to study the single-cell characteristics of PRAD. The software Seurat (version 4.3.0) were then used to process and evaluate the gene expression matrix. Based on the number of identified genes per cell (500–7000) and the percentage of mitochondrial genes expressed (10%), we performed Seurat-based filtering of the cells. Additionally, the ribosomal and mitochondrial genes were taken out of the gene expression matrix. After quality inspection, 21,292 high-quality cells with an average of 2419 genes per cell were kept. Then, we calculated the activity of risk score-related gene sets at the single cell level through the ‘ AUCell ‘R package. After dividing all cells according to AUC, we classified them into two groups: high and low. By using the R software package CellChat, signaling pathways were analyzed between participants with high anoikis scores and those with low anoikis scores.




4.8 qRT-PCR

Prostate cancer cell lines (PC3 (RRID: CVCL_0035), DU145 (RRID: CVCL_0105) and LNCaP (RRID: CVCL_0395)) and normal prostate epithelial cell line RWPE-1 (RRID: CVCL_3791) were purchased from Shanghai Zhongqiao Xinzhou Biotech Co. and cultured in DMEM medium containing 10% FBS and 1% penicillin-streptomycin (Solarbio, Beijing, China). FBS and 1% penicillin-streptomycin in DMEM medium (Solarbio, Beijing, China). For isolation of total RNA, TRIzol reagent (from Invitrogen, Carlsbad, CA, USA) was used and RNA was reverse transcribed to cDNA using ReverTra Ace qPCR RT premix and gDNA Remover kit. cDNA was extracted from the RNA by SYBR Premix Ex Taq II on a Mx3005P Real-Time Fluorescence Quantitative PCR System (from Stratagene, San Diego, CA, USA). qRT-PCR was performed and GAPDH was selected as an endogenous control for mRNA. The reaction conditions were pre-denaturation at 95°C for 10 min, denaturation at 95°C for 5 s, and annealing at 60°C for 30 s, for a total of 45 cycles. Amplification of target and internal endogenous reference genes was performed separately for each sample. Each set of samples contained 3 replicate wells. Data were analyzed using the 2^(-ΔΔCt) method. The primer sequences are detailed in Supplementary File 1.





5 Conclusions

This comprehensive study unravels the intricate relationship between anoikis and bone metastasis in prostate cancer. Our findings shed light on the critical role of anoikis in driving metastatic progression, contributing to our understanding of the underlying biomarkers and molecular mechanisms. The identified anoikis-related gene signatures and dysregulated molecular pathways hold promise as potential targets for prognostication and therapeutic interventions in the management of prostate cancer.
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Supplementary Figure 1 | The optimal number of clusters was determined by co-occurrence, dispersion, and contour indices, and the optimal number of clusters selected was 2.

Supplementary Figure 2 | Single cell dimension reduction cluster analysis. (A) Bubble plots showing expression of signature genes in cell subsets. (B) Distribution of cell types in each sample.




References

1. Kimura, T, and Egawa, S. Epidemiology of prostate cancer in Asian countries. Int J Urol. (2018) 25:524–31. doi: 10.1111/iju.2018.25.issue-6

2. Dijkstra, S, Mulders, PF, and Schalken, JA. Clinical use of novel urine and blood based prostate cancer biomarkers: a review. Clin Biochem. (2014) 47:889–96. doi: 10.1016/j.clinbiochem.2013.10.023

3. Negoita, S, Feuer, EJ, Mariotto, A, Cronin, KA, Petkov, VI, Hussey, SK, et al. Annual Report to the Nation on the Status of Cancer, part II: Recent changes in prostate cancer trends and disease characteristics. Cancer. (2018) 124:2801–14. doi: 10.1002/cncr.v124.13

4. Miyake, H, Muramaki, M, Kurahashi, T, Takenaka, A, and Fujisawa, M. Expression of potential molecular markers in prostate cancer: correlation with clinicopathological outcomes in patients undergoing radical prostatectomy. Urol Oncol. (2010) 28:145–51. doi: 10.1016/j.urolonc.2008.08.001

5. Cornford, P, Bellmunt, J, Bolla, M, Briers, E, De Santis, M, Gross, T, et al. EAU-ESTRO-SIOG guidelines on prostate cancer. Part II: treatment of relapsing, metastatic, and castration-resistant prostate cancer. Eur Urol. (2017) 71:630–42. doi: 10.1016/j.eururo.2016.08.002

6. Mason, JA, Hagel, KR, Hawk, MA, and Schafer, ZT. Metabolism during ECM detachment: achilles heel of cancer cells? Trends Cancer. (2017) 3:475–81. doi: 10.1016/j.trecan.2017.04.009

7. Henson, PM, Vandivier, RW, and Douglas, IS. Cell death, remodeling, and repair in chronic obstructive pulmonary disease? Proc Am Thorac Soc. (2006) 3:713–7. doi: 10.1513/pats.200605-104SF

8. Song, L, and Rape, M. Reverse the curse–the role of deubiquitination in cell cycle control. Curr Opin Cell Biol. (2008) 20:156–63. doi: 10.1016/j.ceb.2008.01.012

9. Paoli, P, Giannoni, E, and Chiarugi, P. Anoikis molecular pathways and its role in cancer progression. Biochim Biophys Acta. (2013) 1833:3481–98. doi: 10.1016/j.bbamcr.2013.06.026

10. Eckert, LB, Repasky, GA, Ulku, AS, McFall, A, Zhou, H, Sartor, CI, et al. Involvement of Ras activation in human breast cancer cell signaling, invasion, and anoikis. Cancer Res. (2004) 64:4585–92. doi: 10.1158/0008-5472.CAN-04-0396

11. Aixinjueluo, W, Furukawa, K, Zhang, Q, Hamamura, K, Tokuda, N, Yoshida, S, et al. Mechanisms for the apoptosis of small cell lung cancer cells induced by anti-GD2 monoclonal antibodies: roles of anoikis. J Biol Chem. (2005) 280:29828–36. doi: 10.1074/jbc.M414041200

12. Ye, G, Yang, Q, Lei, X, Zhu, X, Li, F, He, J, et al. Nuclear MYH9-induced CTNNB1 transcription, targeted by staurosporin, promotes gastric cancer cell anoikis resistance and metastasis. Theranostics. (2020) 10:7545–60. doi: 10.7150/thno.46001

13. Yue, GG, Lee, JK, Li, L, Chan, KM, Wong, EC, Chan, JY, et al. Andrographis paniculata elicits anti-invasion activities by suppressing TM4SF3 gene expression and by anoikis-sensitization in esophageal cancer cells. Am J Cancer Res. (2015) 5:3570–87.

14. Wang, J, Luo, Z, Lin, L, Sui, X, Yu, L, Xu, C, et al. Anoikis-associated lung cancer metastasis: mechanisms and therapies. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14194791

15. Liao, Q, Chen, L, Zhang, N, Xi, Y, Hu, S, Ng, DM, et al. Network analysis of KLF5 targets showing the potential oncogenic role of SNHG12 in colorectal cancer. Cancer Cell Int. (2020) 20:439. doi: 10.1186/s12935-020-01527-x

16. Guo, JC, Xie, YM, Ran, LQ, Cao, HH, Sun, C, Wu, JY, et al. L1CAM drives oncogenicity in esophageal squamous cell carcinoma by stimu-lation of ezrin transcription. J Mol Med (Berl). (2017) 95:1355–68. doi: 10.1007/s00109-017-1595-4

17. Lee, Y, Yoon, J, Ko, D, Yu, M, Lee, S, and Kim, S. TMPRSS4 promotes cancer stem-like properties in prostate cancer cells through upregulation of SOX2 by SLUG and TWIST1. J Exp Clin Cancer Res. (2021) 40:372. doi: 10.1186/s13046-021-02147-7

18. Rawla, P. Epidemiology of prostate cancer. World J Oncol. (2019) 10:63–89. doi: 10.14740/wjon1191

19. Meier, P, Finch, A, and Evan, G. Apoptosis in development. Nature. (2000) 407:796–801. doi: 10.1038/35037734

20. Lowe, SW, and Lin, AW. Apoptosis in cancer. Carcinogenesis. (2000) 21:485–95. doi: 10.1093/carcin/21.3.485

21. Wang, YN, Zeng, ZL, Lu, J, Wang, Y, Liu, ZX, He, MM, et al. CPT1A-mediated fatty acid oxidation promotes colorectal cancer cell metastasis by inhibiting anoikis. Oncogene. (2018) 37:6025–40. doi: 10.1038/s41388-018-0384-z

22. Mo, CF, Li, J, Yang, SX, Guo, HJ, Liu, Y, Luo, XY, et al. IQGAP1 pro-motes anoikis resistance and metastasis through Rac1-dependent ROS accumulation and activation of Src/FAK signalling in hepatocellular carcinoma. Br J Cancer. (2020) 123:1154–63. doi: 10.1038/s41416-020-0970-z

23. Chang, CC, Yang, MH, Lin, BR, Chen, ST, Pan, SH, Hsiao, M, et al. CCN2 inhibits lung cancer metastasis through promoting DAPK-dependent anoikis and inducing EGFR degradation. Cell Death Differ. (2013) 20:443–55. doi: 10.1038/cdd.2012.136

24. Wu, J, Li, X, Luo, F, Yan, J, and Yang, K. Screening key miRNAs and genes in prostate cancer by microarray analysis. Transl Cancer Res. (2020) 9:856–68. doi: 10.21037/tcr.2019.12.30

25. Chakraborty, G, Nandakumar, S, Hirani, R, Nguyen, B, Stopsack, KH, Kreitzer, C, et al. The impact of PIK3R1 mutations and insulin-PI3K-glycolytic pathway regulation in prostate cancer. Clin Cancer Res. (2022) 28:3603–17. doi: 10.1158/1078-0432.CCR-21-4272

26. Brasil da Costa, FH, Lewis, MS, Truong, A, Carson, DD, and Farach-Carson, MC. SULF1 suppresses Wnt3A-driven growth of bone metastatic prostate cancer in perlecan-modified 3D cancer-stroma-macrophage triculture models. PloS One. (2020) 15:e0230354. doi: 10.1101/2020.02.28.969485

27. Wang, B, Wu, S, Fang, Y, Sun, G, He, D, Hsieh, JT, et al. The AKR1C3/AR-V7 complex maintains CRPC tumour growth by repressing B4GALT1 expression. J Cell Mol Med. (2020) 24:12032–43. doi: 10.1111/jcmm.v24.20

28. Kim, YR, Oh, KJ, Park, RY, Xuan, NT, Kang, TW, Kwon, DD, et al. HOXB13 promotes androgen independent growth of LNCaP prostate cancer cells by the activation of E2F signaling. Mol Cancer. (2010) 9:124. doi: 10.1186/1476-4598-9-124

29. Yarden, Y, Baselga, J, and Miles, D. Molecular approach to breast cancer treatment. Semin Oncol. (2004) 31:6–13. doi: 10.1053/j.seminoncol.2004.07.016

30. Zhao, Y, Cai, C, Zhang, M, Shi, L, Wang, J, Zhang, H, et al. Ephrin-A2 promotes prostate cancer me-tastasis by enhancing angiogenesis and promoting EMT. J Cancer Res Clin Oncol. (2021) 147:2013–23. doi: 10.1007/s00432-021-03618-2

31. Sridhar, SS, Freedland, SJ, Gleave, ME, Higano, C, Mulders, P, Parker, C, et al. Castra-tion-resistant prostate cancer: from new pathophysiology to new treatment. Eur Urol. (2014) 65:289–99. doi: 10.1016/j.eururo.2013.08.008

32. Anderson, NM, and Simon, MC. The tumor microenvironment. Curr Biol. (2020) 30:R921–5. doi: 10.1016/j.cub.2020.06.081

33. Kuo, CL, Chou, HY, Chiu, YC, Cheng, AN, Fan, CC, Chang, YN, et al. Mitochondrial oxidative stress by Lon-PYCR1 maintains an immunosuppressive tumor microenvironment that promotes cancer progression and metastasis. Cancer Lett. (2020) 474:138–50. doi: 10.1016/j.canlet.2020.01.019

34. Goubran, HA, Kotb, RR, Stakiw, J, Emara, ME, and Burnouf, T. Regulation of tumor growth and metastasis: the role of tumor microenvironment. Cancer Growth Metastasis. (2014) 7:9–18. doi: 10.4137/CGM.S11285

35. Kahlert, C, and Kalluri, R. Exosomes in tumor microenvironment influence cancer progression and metastasis. J Mol Med (Berl). (2013) 91:431–7. doi: 10.1007/s00109-013-1020-6

36. Kaczanowska, S, Joseph, AM, and Davila, E. TLR agonists: our best frenemy in cancer immunotherapy. J Leukoc Biol. (2013) 93:847–63. doi: 10.1189/jlb.1012501

37. Liu, Z, Zhong, J, Zeng, J, Duan, X, Lu, J, Sun, X, et al. Characterization of the m6A-associated tumor immune microenvironment in prostate cancer to aid immuno-therapy. Front Immunol. (2021) 12:735170. doi: 10.3389/fimmu.2021.735170

38. Tang, S, and Zhuge, Y. An immune-related pseudogene signature to improve prognosis prediction of endometrial carcinoma patients. BioMed Eng Online. (2021) 20:64. doi: 10.1186/s12938-021-00902-7

39. Huntley, C, Torr, B, Sud, A, Rowlands, CF, Way, R, Snape, K, et al. Utility of polygenic risk scores in UK cancer screening: a modelling analysis. Lancet Oncol. (2023) 24:658–68. doi: 10.1016/S1470-2045(23)00156-0

40. Spratt, DE, Yousefi, K, Deheshi, S, Ross, AE, Den, RB, Schaeffer, EM, et al. Individual patient-level meta-analysis of the performance of the decipher genomic classifier in high-risk men after prostatectomy to predict development of metastatic disease. J Clin Oncol. (2017) 35:1991–8. doi: 10.1200/JCO.2016.70.2811

41. Luo, H, Li, Y, Song, H, Zhao, K, Li, W, Hong, H, et al. Role of EZH2-mediated epigenetic modification on vascular smooth muscle in cardiovascular diseases: A mini-review. Front Pharmacol. (2024) 15:1416992. doi: 10.3389/fphar.2024.1416992

42. Hwang, C, and Heath, EI. Angiogenesis inhibitors in the treatment of prostate cancer. J Hematol Oncol. (2010) 3:26. doi: 10.1186/1756-8722-3-26




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 © 2024 Xia, Ye, Jiang, Xu, Xiao, Zeng and Huang. 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.


		ORIGINAL RESEARCH
published: 08 October 2024
doi: 10.3389/fphar.2024.1446920


[image: image2]
KHSRP knockdown inhibits papillary renal cell carcinoma progression and sensitizes to gemcitabine
Wei Song1,2,3†, Heng Zhang4†, Yi Lu1†, Houliang Zhang5, Jinliang Ni5, Lan Chang5, Yongzhe Gu6, Guangchun Wang3, Tianyuan Xu3*, Zonglin Wu1* and Keyi Wang1,3*
1Department of Urology, Shanghai Shidong Hospital of Yangpu District, Shanghai, China
2Department of Urology, Shanghai Putuo District People’s Hospital, Tongji University, Shanghai, China
3Department of Urology, Shanghai 10th People’s Hospital, School of Medicine, Tongji University, Shanghai, China
4Guiqian International General Hospital, Guiyang, China
5Shanghai Putuo District Health Affairs Management Center, Hospital Operation Department, Shanghai, China
6Department of Neurology, Shanghai 10th People’s Hospital, School of Medicine, Tongji University, Shanghai, China
Edited by:
Jialin Meng, University of Science and Technology of China, China
Reviewed by:
Jungshan Chang, Taipei Medical University, Taiwan
Lian Zeng, Huazhong University of Science and Technology, China
* Correspondence: Tianyuan Xu, xvtianyuan@126.com; Zonglin Wu, cnurol@126.com; Keyi Wang, wangkeyi0910@163.com
†These authors have contributed equally to this work
Received: 10 June 2024
Accepted: 23 September 2024
Published: 08 October 2024
Citation: Song W, Zhang H, Lu Y, Zhang H, Ni J, Chang L, Gu Y, Wang G, Xu T, Wu Z and Wang K (2024) KHSRP knockdown inhibits papillary renal cell carcinoma progression and sensitizes to gemcitabine. Front. Pharmacol. 15:1446920. doi: 10.3389/fphar.2024.1446920

Patients diagnosed with papillary renal cell carcinoma (pRCC) exhibit a high rate of clinical metastasis; however, the underlying molecular mechanism is unclear. In this study, KH-type splicing regulatory protein (KHSRP) participated in pRCC progression and was associated with metastasis. It was positively correlated with the hallmark of epithelial-mesenchymal transition. KHSRP inhibition effectively alleviated the cellular function of migration and invasion. Additionally, KHSRP knockdown inhibited the proliferative ability of pRCC cells. A pharmaceutical screening was based on the KHSRP protein structure. Gemcitabine (Gem) decreased KHSRP expression. UIO-66@Gem@si-KHSRP (UGS) nanoparticles (NPs) were prepared for targeted delivery and applied in both in vitro and in vivo experiments to explore the clinical transition of KHSRP. UGS NPs exhibited better performance in inhibiting cellular proliferation, migration, and invasion than Gem. Additionally, the in vivo experiment results confirmed their therapeutic effects in inhibiting tumor metastasis with excellent biosafety. The silico analysis indicated that KHSRP knockdown increased cytotoxic cell infiltration in the tumor microenvironment to potentiate anti-tumor effects. Thus, KHSRP can promote pRCC progression as an oncogene and serve as a target in clinical transition through UGS NP-based therapy.
Keywords: papillary renal cell carcinoma, metastasis, KHSRP, gemcitabine, target therapy
INTRODUCTION
Renal cell carcinoma (RCC) is a common tumor of the urinary system. RCC incidence is associated with the region and sex, with a higher incidence in men than in women and in urban than in rural areas. The age of onset ranges between 50 and 70 years (Mao et al., 2022). Papillary renal cell carcinoma (pRCC) is the most common pathological type of RCC apart from clear cell renal cell carcinoma (ccRCC). It accounts for 10%–15% of all RCC cases (Patard et al., 2005). pRCC is of two types, namely, types 1 and 2. Type 1 is more common and develops gradually. Type 2 is more malignant and develops rapidly (Peruzzi and Bottaro, 2006). p pRCC can invade, compress, and destroy the renal calyx and pelvis. Simultaneously, it can break through the outer renal peritoneum to form a vascular thrombus or metastasize to the lymph nodes (LN) and other organs. LN is the most common site of pRCC metastasis (Dudani et al., 2021; Karaman and Detmar, 2014). However, the biological characteristics of pRCC are unclear.
KH-type splicing regulatory protein (KHSRP) is a multifunctional RNA-binding protein involved in the transcriptional and post-transcriptional regulation of gene expression (Palzer et al., 2022; Trabucchi et al., 2009). KHSRP is central to numerous biological processes, including innate and adaptive immune responses, DNA damage response, inflammatory diseases, tissue remodeling, and lipid metabolism (Gherzi et al., 2014). It may play opposing roles at different stages of cancer development. For example, KHSRP inhibits motility in brain tumors and non-small cell lung cancer (NSCLC); furthermore, it is associated with a good prognosis (Yang et al., 2013; Fujita et al., 2017). In NSCLC, the anti-metastatic effects of KHSRP have been associated with inducing microRNA (miR)-23a maturation, which mediates early growth response gene 3 (EGR3) mRNA degradation. However, KHSRP can promote the growth or invasion of oesophageal squamous cell carcinoma and melanoma by enhancing miRNA maturation, such as miR-21, miR-130b, and miR-301, and by inducing Killin mRNA destabilization (Liu et al., 2019). Despite its roles in different cancers, the association between KHSRP and pRCC, including its function, molecular mechanism, and clinical potential, remains unclear.
In this study, we identified a positive correlation between KHSRP and epithelial-mesenchymal transition markers through a bioinformatics analysis. Subsequent cell function experiments demonstrated that KHSRP inhibition effectively alleviated the proliferation, migration, and invasion functions of pRCC cells. Drug screening results indicated that gemcitabine (Gem) targeted KHSRP and reduced its expression. Additionally, UIO-66@Gem@si-KHSRP (UGS) nanoparticles (NPs) were prepared for targeted delivery and applied in ex vivo experiments. UGS NPs exhibited superior efficacy in inhibiting cell proliferation, migration, and invasion, compared with Gem. Thus, KHSRP, an oncogene, is central to pRCC progression and can be considered a promising target for clinical translation by UGS NP-based therapies.
METHODS AND MATERIALS
Data collection and bioinformatics analysis
pRCC clinical data were obtained from The Cancer Genome Atlas (TCGA) database (https://genome-cancer.ucsc.edu/). A total of 291 pRCC and 32 normal tissue transcriptome data with the RNA-seq count type were analyzed to compare the clinical features. All normalized data were analyzed through the R software. The associations between KHSRP expression and clinical features, including the tumor (T), nodes (N), metastases (M) and pathological stages, were determined. Additionally, the predictive performances of KHSRP expression towards patient survival were evaluated through the Kaplan–Meier curves. Moreover, the Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and Gene Set Enrichment Analysis data were analyzed using the clusterProfiler package (R software).
Cell culture and transfection
CAKI-2 and ACHN pRCC cell lines were brought from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). These cell lines were cultured in Minimum Essential Medium and McCoy’s 5A media (Gibco, United States) added with 10% fetal bovine serum (FBS, Hyclone, United States) and 1% penicillin/streptomycin (P/S, YEASEN, China), respectively, at 37°C in 5% CO2. Small interfering KHSRP RNAs (si-KHSRP) were obtained from RIBOBIO (China) and transfected in the cells through jetPRIME (YEASEN, China). The si-KHSRP sequence was GCGTGCGGATACAGTTCAA. For inducible gene silencing, cells were cultured in 6-wells palate for 24 h with the confluence around 60%. Next, the cells were treated with si-KHSRP (5 µL per well) for 24–48 h in the presence of Lipofectamine 3000 Reagent. The cells were collected for the next experiments after the confirmation of KHSRP knockdown with the results of WB and qPCR.
RNA extraction and quantitative real-time PCR
Total RNA was extracted using the Trizol reagent (Invitrogen, United States), with the RNA concentration measured using a Nanodrop 2000 spectrophotometer (Thermo Scientific, United States). After complementary DNA synthesis, KHSRP expression was detected by reverse transcription-quantitative polymerase chain reaction with KHSRP-specific primers (Sangon Biotech, Shanghai, China). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was considered as a control to calculate the relative RNA expression. Supplementary Material enlists the primer sequences (Supplementary Table S1).
Western blotting
The tissues or cells were lysed on ice for 30 min using a lysis buffer (PC102, Epizyme, Shanghai, China). The protein concentration was determined using a bicinchoninic acid protein assay kit (ZJ101, Epizyme, Shanghai, China). The proteins (20 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% polyacrylamide gels and transferred onto nitrocellulose membranes (WJ004, EpiZyme, Shanghai, China). These membranes were blocked with 5% skim milk at room temperature for 1 h, followed by overnight incubation with primary antibodies at 4°C. After thorough washing, they were incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h, followed by membrane blotting using enhanced chemiluminescence detection reagents (NCM, Suzhou, China). Chemiluminescence signals were detected using an imaging system (AI600, GE, United States). Individual protein band intensities were measured using ImageJ software (NIH, Rasband, WS, United States). KHSRP and GAPDH antibodies were obtained from Abcam.
Wound healing
Wound healing experiments were conducted to assess the migration ability of cells. First, the cells underwent different treatments. Second, after 12 h of transfection, they were digested into cell suspension and seeded into six-well plates. The cell fusion rate reached 90%; subsequently, the tip of the pipette gun was used to scratch the cell layer. The tip was maintained vertically. Third, after scratching, the cells were washed with phosphate-buffered saline (PBS) three times to remove the shed cells and added to the 1640 culture medium. Finally, a similar field of view was selected for photography at 0 h and 24 h time points. The wound healing rate was determined through the ImageJ software.
Transwell assay
The invasion and migration abilities were measured through a transwell assay. First, the cells underwent different treatments. Second, after 12 h of transfection, they were digested into a cell suspension and numbered for the ensuing step. For the transwell assay, 5^104 cells in 200 μL of serum-free medium were cultured in the upper chambers, with (invasion) or without (migration) Matrigel. Additionally, 500 μL of medium with 10% FBS was loaded in the lower chambers. Third, the cells were incubated in 5% CO2 and 37°C for 24 h. After incubation, the chamber was removed and the remaining cells were extracted. Finally, the upper surface of the upper chamber was gently rubbed with a cotton swab. The lower surface of the lower chamber was washed with PBS and fixed and stained for photography.
5-ethynyl-2 deoxyuridine analysis for cell proliferation
The cells were cultured in 24-well plates after treatment and exposed to 10 μM 5-ethynyl-2 deoxyuridine (EdU) (EpiZyme, China) for 2 h at 37°C in 5% CO2. Pre-treated cells were fixed with 4% paraformaldehyde for the ensuing stage. After washing with PBS/0.3% bovine serum albumin, they were incubated with Alexa Fluor 555 and DAPI in the dark. The EdU results were visualized through the Leica DM6 B upright microscope system (Leica, Germany).
Colony formation
A colony formation assay was performed to evaluate cell proliferation. First, the cells underwent different treatments. Second, after 12 h of transfection, they were digested into a cell suspension and numbered for the subsequent step. According to a density gradient of 1,000 cells per well, they were inoculated into a six-well plate. Third, each well was filled with the complete culture medium up to 2,000 μL. The cells were incubated in 5% CO2 and 37°C for 14 days. Fourth, the culture was terminated upon observing visible clones in the culture dish. The culture medium was discarded and carefully soaked twice in PBS. Finally, the colonies were fixed and stained for photography after air drying. The number of clones was directly quantified.
Pharmaceutical screening for KHSRP
A pharmaceutical screening was based on the KHSRP protein crystal structure. KHSRP protein structure was obtained from the Protein Data Bank database. The structure was processed using UCSF Chimera, and the SiteMap database was used to predict the optimal binding sites. The screening library comprised the drug molecules approved for marketing by the U.S. Food and Drug Administration. It was derived from the ZINC20 database, a specialized screening molecule library consisting of 1,766 drug molecules.
USG NPs preparation and characterization
UIO-66 NPs were prepared for targeted delivery (Zhou et al., 2023; Jarai et al., 2020). Briefly, 90.0 mg (0.386 mmol) of ZrCl4 and terephthalic acid were separately added to N, N-dimethylformamide (DMF) in a 20 mL vial and sonicated for dissolution. Upon obtaining a clear solution, the samples were heated at 110°C for 24 h. After heating, they were diluted in DMF for 72 h and washed in methanol. Finally, they were dissolved in diethylpyrocarbonate (DEPC)-treated water. The size of UIO-66 NPs was measured through digital light synthesis. UGS NPs (20 µL) were dissolved in distilled water (1 mL). And the size of the UGS NPs were measured through a particle size potentiometer (Nano ZS90, Worcestershire, United Kingdom). Gem (100 μg/mL) was added to the water-diluted UIO-66 NPs and stirred for 24 h to obtain the UIO-66@Gem NPs. Then, UIO-66@Gem NPs were collected after centrifugation and washed three times. Varying concentrations of UIO-66@Gem NPs and si-KHSRP were dissolved in DEPC-treated water to prepare the UGS NPs through electrostatic interaction. Gem release was assessed through absorbance changes at 280 nm using the ultraviolet-visible-near infrared spectrometer. The experiments were measured through a UV-vis spectrophotometer. Gel electrophoresis was conducted to detect si-KHSRP encapsulation through UGS NPs. The gels were prepared and the procedures were conducted according to the previously reports (Mao et al., 2022). Using the empty plasmid as a control, UIO-66@Gem NPs with the different concentration were examined to evaluate the RNA encapsulation capability. To examine the cellular internalization of UGS NPs, the tumor cells were treated with UGS NPs for 12 h. Then, the cells were digested for the bio-TEM. The cells were collected through glutaraldehyde fixative (2.5%) overnight under 4°C. Next, the prepared cells were washed and dehydrated for the polymerization in spurr’s low-viscosity solution at 60°C. Finally, the cells visualized through bio-TEM.
Animal models
A lung metastasis model was established in 4-week-old female BALB/c nude mice (Charles River, China). Briefly, 1 × 105 cells were injected into the bloodstream via the tail vein. After 3 weeks, the mice were intraperitoneally injected with D-luciferin (Goldbio, United States) (100 mg/kg), and images were captured using the AniView100 imaging system (Guangzhou, China). In the UGS NP treatment model, the mice were intravenously injected with PBS and NPs every 3 days (200 μL).
Statistical analysis
All analyses were performed using R (v.3.6.3). A Wilcoxon test or Student’s t-test was conducted to investigate the association between clinical features and KHSRP expression. Kaplan-Meier analysis was conducted to evaluate the TCGA patient survival rates. A p-value <0.05 indicated statistical significance. All data are presented as mean ± SD, and significant differences were determined based on the t-test results.
RESULTS
KHSRP expression is negatively associated with pRCC clinical features
KHSRP participated in tumor progression as an oncogene. KHSRP expression was elevated in the tumor tissues based on the matched analysis (p < 0.05; Figure 1B), but not the comparative analysis (Figure 1A). Meanwhile, the relationship between KHSRP expression and T-stage (p < 0.05; Figure 1C), N-stage (p < 0.05; Figure 1D), M-stage (p < 0.05; Figure 1E), and pathological stage (p < 0.05; Figure 1F). The detailed information of all samples was exhibited in Table 1. Additionally, the receiver operating characteristic curve analysis evaluated the predictive performances of KHSRP expression in determining the higher TNM and pathological stages (Supplementary Figure S1A). Results of the Kaplan-Meier analysis confirmed that high KHSRP expression was associated with poor overall survival (p = 0.012; Figure 1G), disease specific survival (p = 0.007; Figure 1H), and progression free interval (p = 0.009; Figure 1I). All the results confirmed that KHSRP as the oncogene, participated in the pRCC tumor progression. Finally, protein levels in ccRCC and pRCC clinical samples were examined, and it was demonstrated that KHSRP was not differentially expressed in paired ccRCC samples (Figure 1J) and was highly expressed in pRCC (Figure 1K).
[image: Figure 1]FIGURE 1 | Expression analysis of KHSRP in pRCC. (A) Expression differences of KHSRP in the matched analysis. (B) Expression of KHSRP in ccRCC tissues and adjacent normal tissues. (C–F) Relationship between the expression of KHSPR and clinicopathological features in pRCC. (G–I) Kaplan-Meier curves analysis of KHSRP expression in predicting overall survival, disease-specific survival, and progress free interval. (J) KHSRP protein expression in ccRCC paired samples. (K) KHSRP protein expression in pRCC paired samples.
TABLE 1 | The detailed information of clinical samples.
[image: Table 1]INHIBITION OF KHSRP ALLEVIATE THE PROGRESSION OF PRCC
To explore the potential function of KHSRP, the correlated functional genes were screened and analyzed. GO and KEGG analyses were based on the screened functional genes. KHSRP was associated with the negative regulation of the execution phase of apoptosis according to the biological process analysis (Figure 2A). The correlated functional genes were divided into positive and negative related subgroups, with separate GO and KEGG analyses (Figure 2B; Supplementary Figure 1B). The KEGG analysis confirmed that KHSRP was positively correlated with the cell adhesion molecules (Figure 2B). Meanwhile, the GESA analysis confirmed that KHSRP was positively associated with the hallmark of epithelial-mesenchymal transition (Figure 2C). Additionally, Western blot analysis demonstrated that KHRSP knockdown reduced the expression of epithelial-mesenchymal transition markers (Figure 2D). Based on the silico results, the function of KHSRP in promoting pRCC progression was explored in vitro. CAKI-2 and ACHN exhibited higher KHSRP expression than HK-2 (Supplementary Figures S1C, S2A). si-KHSRP treatment effectively inhibited KHSRP mRNA and protein expressions (Figures 2E,F). Wound healing and transwell assays were conducted with si-KHSRP treatment to assess KHSRP function in promoting pRCC progression. KHSRP knockdown alleviated the cellular migration and invasion in both cell lines (Figures 2G–J). Moreover, pRCC cell line proliferation was evaluated before/after si-KHSRP treatment. KHSRP inhibition suppressed the proliferative ability of pRCC cells (Figures 3A–C).
[image: Figure 2]FIGURE 2 | KHSRP knockdown inhibits cell migration and invasion in vitro. (A) GO and KEGG analysis of KHSRP related functional genes in pRCC. (B) GO and KEGG analysis of KHSRP positively related functional genes in pRCC. (C) GSEA analysis of KHSRP related functional genes in pRCC. (D) Western blotting analysis of EMT marker expression in 2 cell lines after transfection. (E, F) qPCR and Western blot analysis of KHSRP expression in 2 cell lines after transfection. (G, H) Wound-healing assay results after KHSRP knockdown in 2 cell lines for migration measurements. (I, J) Transwell assay results for cell migration and invasion after KHSRP knockdown in 2 cell lines.
[image: Figure 3]FIGURE 3 | KHSRP knockdown inhibits cell proliferation in vitro. (A) Results of KHSRP knockdown in 2 cell lines evaluated through the colony assay. (B, C) EdU results of KHSRP knockdown in cell proliferation with the quantitative analysis in the right.
Pharmaceutical screening targets KHSRP
To explore the potential clinical therapy based on KHSRP, pharmaceutical screening was conducted to investigate the targeted drugs. Gem could bind to the KHSRP protein structure as a chemotherapy drug (Figure 4A). Gem and KHSRP formed seven hydrogen bonds, with a docking fraction of −5.769 kcal/mol (Figure 4B; Supplementary Figure S1D). Additionally, Gem treatments effectively decreased KHSRP expression in a time-dependent manner (Figure 4C), indicating Gem inhibited KHSRP expression. Furthermore, we investigated the impact of KHSRP knockdown on the IC50 of cells to Gem. Our findings revealed a notable decline in IC50 following KHSRP knockdown (Figure 4D), suggesting that KHSRP depletion enhanced the sensitivity of cells to Gem. UIO-66 NPs were prepared for the targeting delivery of Gem. It was reported that UIO-66 NPs were in an advantageous range for cellular uptake, and contained the advantage for drug delivery (Jarai et al., 2020). Both transmission electron microscopy and scanning electron microscopy confirmed the successful preparation of UIO66 NPs with uniform size and morphology (Figures 4E,G). The size of UIO66 NPs was measured through the digital light synthesis, which was around 50 nm (Supplementary Figure S2B). The energy dispersive x-ray spectroscopy mapping results affirmed that UIO-66 NPs comprised C, O, and Zr elements (Figure 4F). Meanwhile, the X-ray diffraction results suggested that the prepared UIO-66 NPs possessed the identical (111) crystal plane of 7.48o and (002) 8.62o as reported previously (Zhou et al., 2023) (Figure 4H). UIO-66@Gem NPs were synthesized (Wu et al., 2019). Fourier transform infrared spectroscopy results indicated that the UiO-66 NPs were loaded with Gem, matching both characteristic peaks (Figure 4I). Additionally, the Gem loading and releasing assays were based on their absorbance (Figure 4J). UIO-66 NPs effectively loaded and subsequently released Gem (Figures 4K–M). Considering the anti-tumor function of si-KHSRP, UGS NPs were prepared to achieve the combination therapy effect. UGS NPs effectively loaded the si-KHSRP at a concentration of 500 nM (Figure 4N). In vitro experiments were conducted to examine their anti-tumor performances. It was confirmed that UGS NPs could been effectively uptake by the tumor cells (Supplementary Figure S2C). UGS effectively inhibited KHSRP expression in both pRCC cell lines (Supplementary Figure S2D). Meanwhile, these inhibiting performances were exhibited in a concentration-dependent manner under UGS NP treatment (Figure 4O).
[image: Figure 4]FIGURE 4 | Pharmaceutical screening for KHSRP. (A, B) Gem could bind to the protein structure of KHSRP with 7 hydrogen bonds formed. (C) Western blot analysis of KHSRP expression in ACHN after Gem treatments. (D) IC50 for Gem in normal and low expression groups. (E) TEM image of UIO-66. (F) EDS mapping image of UIO-66. (G) SEM image of UIO-66. (H) XRD results of UIO-66. (I) FTIR results of UIO-66, Gem, and UIO-66@Gem. (J) UV-absorbance of Gem. (K, L) Gem loading efficiency and percentage through UIO-66. (M) UIO-66 could release Gem. (N) si-KHSRP could be loaded through UGS. (O) qPCR and Western blot analysis of KHSRP expression in ACHN after the treatment of UGS.
UGS NPs inhibit tumor progression for potential clinical therapy
To measure the anti-tumor function of UGS NPs, wound healing, and transwell assays were conducted. UGS NP treatments strongly alleviated the cellular migration and invasion in both cell lines, compared with Gem (Figures 5A–D and Supplementary Figures 2E, F). Furthermore, better pRCC cell line proliferation was observed before/after UGS NP treatment, compared with Gem treatment. The experimental evidence confirmed that UGS NP treatment suppressed the proliferative ability of pRCC cells (Figures 5E–G and Supplementary Figures 2G, H). All in vitro experiment results confirmed the anti-tumor function of UGS NPs. UGS NP function was explored in vivo using a lung metastasis model (Figure 6A). The in vivo imaging system confirmed that UGS NPs significantly inhibited lung metastasis in nude mice, compared with the negative control (Figure 6B). Additionally, histogram equalization results of the primary organs of UGS-treated mice affirmed that UGS NPs possessed excellent biosafety, causing no noticeable damage (Figure 6C). Meanwhile, the blood tests were conducted to evaluate the biosafety of UGS NPs, which indicting that UGS treatments caused no obviously damages to the red blood cells, hemoglobin, platelets, and white blood cells (Supplementary Figures S2I–K). We finally constructed an in situ model of pRCC to explore the potential of UGS NPs to inhibit primary tumour growth. The findings demonstrated that UGS NPs markedly suppressed the proliferation of subcutaneous tumours in comparison to the control group (Figures 6D–G). Additionally, the KHSRP protein level in subcutaneous tumours in the UGS NPs group was also found to be significantly reduced (Figure 6H).
[image: Figure 5]FIGURE 5 | UGS treatment inhibits cell proliferation, migration, and invasion in vitro. (A, B) Transwell assay results for cell migration and invasion after different treatments in 2 cell lines. (C, D) Wound-healing assay results after different treatments in 2 cell lines for migration measurements. (E) Results of different treatments towards proliferation in 2 cell lines evaluated through the colony assay. (F, G) EdU results of different treatments in cell proliferation.
[image: Figure 6]FIGURE 6 | UGS treatment suppresses tumor metastasis in vivo. (A) Schematic diagram of animal experiment process. (B) IVIS and HE images of tumors in the two subgroups. (C) HE images of main organs in the two subgroups. (D–E) Primary tumour images of two subgroups. (F) Subcutaneous tumour growth curve. (G) Weight statistics of subcutaneous tumours. (H) KHSRP protein expression in subcutaneous tumours.
DISCUSSION
pRCC prognosis is more favorable than ccRCC prognosis, which is confined to the organs. However, the histological prognosis of pRCC in metastatic disease is less favorable than that of ccRCC (Steffens et al., 2012). Researchers have made advances in pRCC treatment, including combination strategies with targeted therapies and immune checkpoint inhibitors. However, its overall progress lags behind that of ccRCC, partly because of the heterogeneity of different pRCC subtypes (Chawla et al., 2023). In this study, ex vivo and in vivo experiments demonstrated that UGS NPs effectively inhibited the proliferation, migration, and invasion of pRCC cells. In vivo experiments demonstrated the outstanding therapeutic effects of UGS NPs in suppressing lung metastasis. Furthermore, KHSRP knockdown increased the infiltration of cytotoxic cells within the tumor microenvironment, thereby enhancing the anti-tumor effect.
KHSRP is a multifunctional nucleic acid-binding protein comprising 711 amino acids. It comprises a terminal structural domain of amino acids, a central structural domain of four KH motifs, and a terminal structural domain of carboxyl groups (Nicastro et al., 2012). The KH1 and KH4 domains of the central structure can interact with other proteins to form a β-folded structure, whereas the KH2 and KH3 domains comprise negative regulatory binding sites (Yan et al., 2019). Furthermore, KHSRP can interact with other proteins (Diaz-Moreno et al., 2009) and bind to not only ribonucleic acids but also other proteins. Additionally, it plays regulatory roles (Gherzi et al., 2010). Furthermore, KHSRP is involved in the pathophysiological regulation of neuromuscular disorders (Amirouche et al., 2013), obesity (Lin et al., 2014), type II diabetes mellitus (Briata et al., 2016), and cancer (Yuan et al., 2017).
To date, most studies have focused on the function and potential mechanisms underlying KHSRP in tumorigenesis and development. However, KHSRP plays distinct roles in different tumors. Chien et al. (Chien et al., 2017) demonstrated that KHSRP is associated with favorable survival and prognosis in patients with non-small cell lung cancer. KHSRP inhibits the invasion and migration of non-small cell lung cancer through the miR-23a/EGR3 axis. However, Bikkavilli et al. (Bikkavilli et al., 2017) reported that KHSRP silencing attenuates the malignant biological behavior of cell proliferation, migration, and invasion, suggesting its oncogenic role in lung cancer. Furthermore, Wang et al. (2016) demonstrated that KHSRP facilitates the cell cycle and enhances chemoresistance to adriamycin in breast cancer. In conclusion, the diverse functions of KHSRP in different tumors indicate that its role in cancer progression and drug sensitivity is highly dependent on the tumor cell type. To the best of our knowledge, this is the first study to elucidate the role of KHSRP in pRCC cells. KHSRP knockdown inhibits the malignant biological behavior of pRCC during clinical treatment.
Cancer treatment has witnessed substantial advances in the long-term evolution of medicine. In addition to the advancement and development of surgical approaches, neoadjuvant therapy has promoted longevity, based on drug development and innovation. For instance, preoperative and postoperative radiotherapy and chemotherapy have become the mainstay of cancer treatments, relying on the high drug toxicity to cancer cells as well as high killing efficiency. However, conventional chemotherapeutic agents have certain limitations, including non-targeted distribution and poor solubility in vivo, poor bioavailability, and rapid blood clearance (Cho et al., 2008; Han et al., 2013). The development of nanomaterials has led to their use in tumor diagnosis and treatment. This can be attributed to their good biocompatibility, high drug-carrying efficacy, controllable drug-release ability, and enhanced tumor penetration (Qin et al., 2017; Zhu et al., 2023). Adjuvant nanocarriers are used to address these issues, such as inorganic nano frames for drug delivery (Zhang et al., 2013; Tarn et al., 2013). These nanocarriers protect the drug from rapid metabolism or clearance by the blood, liver, and kidneys. Additionally, they facilitate long-term drug accumulation within solid tumors through enhanced permeability and retention effects (Kobayashi et al., 2013; Maeda, 2015). UiO-66 is a zirconium-based metal-organic framework (MOF) consisting of a biocompatible and water-stable terephthalic acid ligand, rendering it an optimal material for drug delivery applications (Orellana-Tavra et al., 2015). UiO-66 has been utilized in numerous drug delivery applications, including oral, dermal, and intravenous drug delivery (Javanbakht et al., 2019). Despite the extensive range of delivery methods utilizing UiO-66 and other MOFs, few studies have used formulated UiO-66 to deliver Gem for pRCC treatment.
KHSRP knockdown inhibits the malignant biological behavior of pRCC, and Gem can reduce KHSRP expression. UGS NPs were constructed for the targeted delivery of Gem and applied in ex vivo experiments. UGS NPs exhibited superior efficacy in inhibiting pRCC proliferation, migration, and invasion. Additionally, they exhibited a favorable biosafety profile for pRCC treatment, compared with Gem alone. Thus, KHSRP is central to pRCC progression and can be considered a potential target for clinical translation through UGS NP-based therapies.
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egulators Target Reader logical consequence
METTLE3 cMyc NA NA Increase c-Myc mRNA transcription
| UsP4 3-UTR YTHDE2 Increase USP4 mRNA degradation
LEF1 NA IGF2BP2 Increase LEF1 protein level
Gli NA NA Increase Gli protein level
KIF3C NA IGF2BP1 Increase KIF3C mRNA stability
ITGBI NA NA Increase ITGBI mRNA stability
CTNNB1 3-UTR NA Decrease CTNNBI mRNA stability
NAPIL2 NA HNRNPC Increase NAP1L2 mRNA stability
HRAS 3-UTR IGF2BP2 Increase mRNA stability
MEK2 5-UTR IGF2BP2 Promote protein transcription
AR 3-UTR YTHDF3 Regulate AR spling
CLICA 3-UTR NA Increase CLIC4 mRNA stability
ERG2 NA NA Increase ERG2 mRNA stability
PLK1 3-URT YTHDEL Increase PLK1 mRNA transcripotion
LHPP NA YTHDE2 Increase LHPP mRNA degradation
NKX3-1 NA YTHDE2 Increase NKX3-1 mRNA degradation
PRMT6 NA NA Stability
SIAHL NA NA Increase SIAH1 mRNA degradation
ARHGDIA NA NA Increase ARHGDIA mRNA stability by regulating ELAVLI expression
PCAT6 NA IGF2BP2 Increase PCAT6 mRNA stability
IncRNA SNHG7 NA NA Increase SNHG7 RNA stability
IncRNA NEAT1 5'-UTR 3'UTR NA Increase NEAT1 RNA stability
IncR MALAT1 NA NA Increase MALATI RNA stability
IncR PVT1 NA NA Increase PVT1 RNA stability
miR-139-5p NA NA Increase miR-139-5p RNA stability
pre-miR-25 NA HNRNPA2B1 Promote pre-miR-25 maturation
pre-miR-93 NA HNRNPA2B1 Promote pre-miR-93 maturation
miR-148-3p NA NA Promote pre-miR-148-3p maturation
circDDIT4 3-UTR NA Promote circDDIT4 circularization
5'-UTR
circABCCA NA 1G2BP2 Increae circABCC4 RNA stability
circRBM33 NA NA NA
METTL14 THBSI NA YTHDE2 Increase THBS1 mRNA degradatiom
FTO CcLICA 3-UTR NA Increase CLIC4 mRNA stability
MCAR 3-UTR NA Increase MC4R mRNA degradation
ERG2 NA NA Increase ERG2 mRNA stability
miR-139-5p NA NA Increase miR-139-5p stability
DDIT4 3-UTR IGFBP2/3 Increase DDIT4 mRNA stability
ZFHX3 NA - Increase the stability of ZFHX3 transcripts
ALKBHS SIAHL NA NA Increase SIAH1 mRNA degradation
PRMT6 NA NA Suppress PRMT6 level
IGF2BP1/2/3 LEF1 NA - Increase LEF1 protein level
LDHA 3-UTR — Increase LDHA mRNA stability
IGFIR NA - Tcrease IGFIR mRNA stability via PCAT6/IGF2BP2 complex
HMGCS1 NA — Increase HMGCS1 mRNA stability
HDAC4 NA - Increase HDAC4 mRNA stability
YTHDF1 PLK1 3-UTR — Increase PLK1 mRNA transcripotion
TRIM44 NA - Increase TRIM44 level
YTHDF2 USP4 3-UTR - Increase USP4 mRNA degradation
MOB3B NA — Increase MOB3B mRNA degradation
LHPP NA - Increase LHPP mRNA degradation
NKX3-1 NA - Increase NKX3-1 mRNA degradation
PRSSS NA - Increase PSRRS mRNA degradation
YTHDCI CD44 NA — Increase CD44 splicing
HOBX13 NA - Increase HOBX13 mRNA stability
HNRNPA2BI miR-93-5p NA - Promote pre-miR-93 maturation
miR-25-3p NA - Promote pre-miR-25 maturation
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Characteristic

TCGA cohort

MDACC cohort

(n = 361) (n=38)
n (%) n (%)
Age (years)* 72 (64 - 78) 69 (60- 77) 66 (60 - 73) 68 (60 - 72)
Gender
Male 75 (75%) 264 (73%) 44 (80%) 32 (84%)
Female 25 (25%) 97 (27%) 11 (20%) 6 (16%)
Pathological T-stage
T2 28 (28%) 117 (32%) 29 (53%) 10 (26%)
T3 55 (55%) 188 (52%) 18 (33%) 21 (55%)
T4 17 (17%) 56 (16%) 8 (15%) 7 (18%)
Lymph node metastases
negative 73 (76%) 216 (64%) 45 (83%) 17 (45%)
positive 23 (24%) 122 (36%) 9 (17%) 21 (55%)
NA 4 23 1

* median (range); NA, not available.
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Bladder Cancer (TCGA, Cell 2017) cohort (n = 413)*

exclusion of a total of n=52 patients with missing gene expression data

(n =5), neoadjuvant chemotherapy (n = 10), NMIBC (n = 3) or missing
tumor stage (n =34)

Association of gene expression with clinico-pathological data of 361 patients
with MIBC

exclusion of 31 patients with a Follow up <3 months

Overall survival and Cox regression analysis (n = 330)
no information on disease-free status (n = 72)

Disease-free survival and Cox regression analysis (n = 258)

*initial data downloaded from Xena & cBioportal, n=438
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Study Patients Patients

Median  Median

T Wets: agel(y) OS(m)

for analysis

name, Treatment arms

Registration coclicd

or areas

Charles | 1088 Abiraterone Acetate
-AA-302 546 70.5 34; = i
Ryan 2015 ou 0 + Prednisone 7 1 (Australia, Belgium,
Canada, et al.)
NCT00887198 Placebo+Prednisone 542 70.1 30.3
Yohann PREVAIL 1717 Enzalutamide 872 713 324 55 {hustealis; Ausieia,
Loriot 2015 Belgium, et al)
NCT01212991 Placebo 845 712 30.2 glum, E
Stéphane FIRSTANA 1168 Cabazitaxel 20 mg/mA2 389 68.0 245 | 25 (Australia, Belarus,
Oudard 2017 Brazil, et al)
NCT01308567 Docetaxel 391 69.0 243
Cabazitaxel 25 mg/mA2 388 68.5 252
Docetaxel 391 69.0 243
Matthew 806 Radium-223 Dichloride + 19 (Australia, Belgium,
Smith 2019 ERA 223 Abiraterone Acetate 401 70.9 30.1 | Brazil, et al.)
+ Prednisone
NCT02043678 PlacchosAbiraterone 405 714 348
Acetate + Prednisone
Karim CARD 255 Cabazitaxel 25 mg/mA2 129 69.7 13.6 | 13 (Austria, Belgium,
Fizazi 2020 Czechia, et al.)
NCT02485691 Abiraterone Acctate 126 69.7 110
or Enzalutamide
Fred 982 Apalutamide + Abiraterone 17 (Argentina, Australia,
ACIS 492 714 36.2
Saad 2021 Acetate + Prednisolone Belgium, et al.)
NCT02257736 Placebos Ablraterone 190 707 337
Acetate + Prednisolone
Yeong-Shiau 9785-CL-0232 395 Enzalutamide 202 71.6 39.1 | Asian
Pu 2022
NCT02294461 Placebo 193 710 27.1
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Certainty assessment Ne of patients Effect

" " Certainty Importance
N of studies Risk ' |nconsistency | Indirectness  Imprecision el Intervention  Control = Relative
of bias considerations (95% CI)
DP vs C20P(OS)
1 randomised serious not serious not serious not serious none 391 participants 389 HR 0.99 Sl e) CRITICAL
trials participants
(0.84 to 1.20) Moderate
[DP vs
C20p(09)]
DP vs C25P(OS)
1 randomised ot serious. not serious serious not serious none 391 participants 388 HR 1.00 [Sle) CRITICAL
trials participants
(0.86 to 1.20) Moderate
[DP vs
C25P(08)]
C25P vs Abi/P(OS)
1 randomised serious not serious. serious not serious none 129 participants 126 HR 0.64 [Y:lele) CRITICAL
trials participants
(046 to 0.89) Low
[C25P vs Abi/
P(OS)]
Abi/P vs Apa/Abi/P(OS)
1 randomised serious not serious not serious not serious none 492 participants 490 HR 110 Sl le) CRITICAL
trials participants
(0.89 to 1.20) Moderate

[AbI/P vs Apa/

Abi/P(OS)]
Abi/P vs Rad233/Abi/P(OS)
1 randomised  not serious not serious not serious not serious none 405 participants 401 HR 0.87 EREE CRITICAL
trials participants
(07210 1.10) High
[Abi/P vs
Rad233/Abi/
POS)]
Abi/P vs Pla(OS)
1 randomised  not serious not serious not serious not serious none 546 participants 542 HR 081 el CRITICAL
trials participants
(07010 0.94) High
[Abi/P vs
Pla(03)]
Enza vs Pla(OS)
2 randomised  not serious not serious not serious not serious none 872 participants 845 HR 0.70 [EElet) CRITICAL
trials participants
(061 10 082) High
[Enza vs
Pla(0Ss)]

Cl, confidence interval; HR, hazard ratio; OR, odds ratio.
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analysis of 142 patients with MIBC after RC

exclusion of 42 patients with no evidence of neoplasia after RC (n = 4),
NMIBC (n = 15), non-urothelial histology (n = 13), distant metastases at
the time of RC (n = 9), missing detection of reference gene CALM (n=1)

Overall survival and

Gene expression analysis of 100 patients with localized MIBC

Cox regression analysis (n = 94)

exclusion of 6 patients with a Follow up <3 months

—

=

no information on disease-free status (n = 10)

Disease-free survival and Cox regression analysis (n = 84)
J

Association of clinico-pathological data with

exclusion of patients without detectable AREG, EREG or EGFR expression
(EGFR n = 6; AREG n = 4; EREG n = 27)

1.) AREG expression (n = 96), EREG expression (n = 73), EGFR expression (n = 94)

2.) EGFR Copy number variations (n = 57)
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aracteristics

Low expression of KHSRP

High expression of KHSRP

n 145 146
Pathologic T stage, n (%) <0001
TI&T2 125 (43.3%) 102 (35.3%)
T3&T4 19 (6.6%) 43 (14.9%)
Pathologic N stage, n (%) 0005
NO 27 (34.6%) 23 (29.5%)
N2&N1 6(7.7%) 22 (282%)
Pathologic M stage, n (%) 0736
Mo 43 (41.3%) 52 (50%)
M1 3 (29%) 6 (5.8%)
Pathologic stage, n (%) 0.001
Stage 1&Stage 1T 106 (40.6%) 88 (33.7%)
Stage I11&Stage IV 21 (8%) 46 (17.6%)
08 event, n (%) 0010
Alive 131 (45%) 116 (39.9%)
Dead 14 (4.8%) 30 (10.3%)
DSS event, n (%) 0005
No 137 (47.7%) 122 (42.5%)
Yes 7 (2.4%) 21 (7.3%)
PFI event, n (%) 0031
No 123 (42.3%) 109 (37.5%)
Yes 22 (7.6%) 37 (12.7%)
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Parameter

Univariable analysis

P value

HR (95% Cl)

Multivariable analysis

P value

HR (95% ClI)

Gender
(male vs. female)

Age
(<70 years vs. 270 years)

T stage
(T3/4 vs. T2)

N stage
(positive vs. negative)

EGFR copy number
(AMP vs. NONAMP)

EGFR expression
(high vs. low)

AREG expression
(high vs. low)

EREG expression
(high vs. low)

0.4900

0.9890

0.0195

0.0069

0.2517

0.33353

0.0021

0.0296

Significant p-values are highlighted in bold.

0.76 (0.35 - 1.65)

0.10 (0.49 - 2.03)

3.14 (1.20 - 8.21)

2.85 (133 - 6.10)

0.53 (0.18 - 1.57)

0.69 (0.33 - 1.47)

0.32 (0.15 - 0.66)

0.43 (0.20 - 0.92)

0.3258

0.2248

0.0378

0.3993

1.34 (075 - 2.41)

0.60 (0.26 - 1.37)

0.42 (0.18 - 0.95)

1.41 (0.64 - 3.11)
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Parameter

Univariable analysis

P value

HR (95% Cl)

Multivariable analysis

P value

HR (95% ClI)

Gender
(male vs. female)

Age
(270 years vs. <70 years)

T stage
(T3/4 vs. T2)

N stage
(positive vs. negative)

EGFR copy number
(AMP vs. NONAMP)

EGFR expression
(high vs. low)

AREG expression
(high vs. low)

EREG expression
(high vs. low)

0.3833

0.0068

0.0002

<0.0001

0.2378

0.0004

0.0090

0.0389

Significant p-values are highlighted in bold.

0.85 (0.60 - 1.22)

1.57 (113 - 2.16)

2.12 (143 - 3.15)

2.25 (1.54 - 3.30)

1.50 (0.76 - 2.96)

1.81 (130 - 2.52)

1.57 (1.12 - 2.20)

1.48 (1.02 - 2.15)

0.0052

0.0168

<0.0001

0.0150

0.0286

0.8535

1.63 (116 - 2.29)

1.71 (1.10 - 2.65)

2.04 (145 - 2.89)

157 (109 - 2.26)

1.60 (1.05 - 2.43)

1.04 (0.66 - 1.66)
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Univariable analysis

P value

HR (95% Cl)

Multivariable analysis

P value

HR (95% ClI)
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(male vs. female)
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(270 years vs. <70 years)

T stage
(T3/4 vs. T2)

N stage
(positive vs. negative)

EGFR copy number
(AMP vs. NONAMP)

EGFR expression
(high vs. low)

AREG expression
(high vs. low)

EREG expression
(high vs. low)

0.5637

0.2828

<0.0001

<0.0001

0.0090

0.0008

0.4322

0.3972

Significant p-values are highlighted in bold.

0.89 (0.60 - 1.33)

122 (085 - 1.77)

2.52 (1.61 - 3.92)

215 (1.54 - 3.02)

249 (1.26 - 4.95)

1.91 (131 - 2.80)

0.86 (0.58 - 1.26)

0.85 (0.59 - 1.23)

0.0039

0.0008

0.1186

0.0094

2.08 (1.27 - 3.43)

1.95 (1.32 - 2.87)

1.88 (0.85 - 4.14)
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Parameter Univariable analysis Multivariable analysis

P value HR (95% CI) P value HR (95% ClI)

Gender 0.4606 1.24 (0.69 - 2.19) = =
(female vs. male)

Age 0.1489 148 (0.87 - 2.53) 0.0753 1.65 (0.95 - 2.88)
(270 years vs. <70 years)

T stage 0.0013 2.93 (1.52 - 5.66) 0.0065 262 (131 - 5.25)
(T3/4 vs. T2)

N stage 0.0051 2.26 (1.28 - 3.99) 0.0086 227 (123 - 42)
(positive vs. negative)

EGFR copy number 0.8689 0.94 (0.48 - 1.86) - -
(AMP vs. NONAMP)

EGFR expression 0.3088 0.70 (0.36 - 1.39)
(high vs. low)

AREG expression <0.0001 0.30 (0.18 - 0.52) 0.0004 035 (0.19 - 0.63)
(high vs. low)

EREG expression 0.0538 0.57 (0.32 - 1.01) 0.7350 0.90 (0.48 - 1.67)
(high vs. low)

Significant p-values are highlighted in bold.
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Variable Sum

Survival state

Survival 281(65.50%)

Death 148(34.50%)
Age

<65 279(65.03%)

>65 150(34.97%)

Tumor grade
Gl-2 197(45.92%)
G3-4 232(54.08%)
Neoplasm staging
Stage I-1I 250(58.28%)

Stage II-IV | 179(41.72%)
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Univariate Cox regression

Age <0.001
Gender 0.935

Grade < 0.001
Stage <0.001
Risk score < 0.001

“The results with bold font indicate statistical significance (p < 0.05).

Hazard ratio
1.032(1.017-1.047)
0.986(0.692-1.403)
2.204(1.752-2.773)
1.845(1.591-2.140)

1.944(1.685-2.244)

< 0.001

0.994

0.162

< 0.001

< 0.001

Multivariable Cox regression
Hazard ratio
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1.001(0.695-1.444)
1.203(0.929-1.558)
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1.695(1.439-1.996)
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Gender Age HER2 rimary site TNM stage Metastasis
1 Male 51 2+ Bladder TINIMIb Liver
2 Male 70 2+ Renal pelvis TIN2ML Bone
3 Female 76 1+ Bladder T4aNIMO None
4 Male 55 2+ Renal pelvis TININI Lung, Bone
5 Male 63 2+ Bladder T4bNOMO None
6 Female 5 2+ Renal pelvis TIN2ML Supraclavicular lymph Node
7 Male 81 1+ Bladder T4aNOM1 Lung
8 Female 5 1+ Bladder, Ureter T2bNOM1 Inguinal lymph node
9 Female 66 2 Ureter TXN2M1 Abdomen, Liver
10 Female 66 2+ Renal pelvis TIN2M1 Bone
1 Male 58 2+ Ureter T3N2MO None
12 Female 72 1+ Ureter TINOMI Abdomen
13 Female 66 1+ Ureter TINIML Cervical lymph node
14 Female 56 1+ Renal pelvis T2bNOM1 Liver
15 Male 66 2 Bladder T4aN3Mla Distant lymph node
16 Male 78 2+ Bladder T2bNOMO None
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