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Abstract 

Background Long noncoding RNAs (lncRNAs) and N6-methyladenosine (m6A) modification of RNA play pivotal roles 
in tumorigenesis and cancer progression. However, knowledge regarding the expression patterns of m6A-related 
lncRNAs and their corresponding m6A regulators in prostate cancer (PCa) is limited. This study aimed to delineate 
the landscape of m6A-related lncRNAs, develop a predictive model, and identify the critical m6A regulators of prog-
nostic lncRNAs in PCa.

Methods Clinical and transcriptome data of PCa patients were downloaded from The Cancer Genome Atlas (TCGA) 
database. Prognostic m6A-related lncRNAs were subsequently identified through Pearson correlation and univariate 
Cox regression analyses. The prognostic lncRNAs were clustered into two groups by consensus clustering analysis, 
and a risk signature model was constructed using least absolute shrinkage and selection operator (LASSO) regression 
analysis of the lncRNAs. This model was evaluated using survival, clinicopathological, and immunological analyses. 
Furthermore, based on the constructed lncRNA-m6A regulatory network and RT-qPCR results, RBM15 was identified 
as a critical regulator of m6A-related lncRNAs. The biological roles of RBM15 in PCa were explored through bioinfor-
matics analysis and biological experiments.

Results Thirty-four prognostic m6A-related lncRNAs were identified and categorized into two clusters with dif-
ferent expression patterns and survival outcomes in PCa patients. Seven m6A lncRNAs (AC105345.1, AL354989.1, 
AC138028.4, AC022211.1, AC020558.2, AC004076.2, and LINC02666) were selected to construct a risk signature 
with robust predictive ability for overall survival and were correlated with clinicopathological characteristics 
and the immune microenvironment of PCa patients. Among them, LINC02666 and AC022211.1 were regulated 
by RBM15. In addition, RBM15 expression correlated with PCa progression, survival, and the immune response. 
Patients with elevated RBM15 expression were more susceptible to the drug AMG-232. Moreover, silencing RBM15 
decreased the viability of PCa cells and promoted apoptosis.
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Introduction
Prostate cancer (PCa), with an incidence surpassing 
1,400,000 newly diagnosed cases and 375,000 deaths 
worldwide in 2020, is the second most prevalent malig-
nancy and the fifth most common cause of cancer death 
among the male population [1]. Although prostate-spe-
cific antigen (PSA) is a convenient biomarker for man-
aging PCa, it has a predictive accuracy of only 25–40% 
[2]. Hence, exploring novel and reliable biomarkers for 
assessing patient prognosis and therapeutic efficacy is 
imperative in facilitating the implementation of tailored 
therapy.

Long noncoding RNAs (lncRNAs), which constitute 
the major component of noncoding RNAs, are generally 
defined as RNA transcripts exceeding 200 nucleotides. 
Extensive research indicates that lncRNAs are signifi-
cantly involved in various biological processes, includ-
ing transcriptional and post-transcriptional regulation 
[3], oncogenesis and metastasis [4], and the immune 
response [5]. Certain lncRNAs can form regulatory net-
works associated with diseases, thereby contributing to 
the pathogenesis of these diseases [6]. Moreover, numer-
ous lncRNAs, such as MAFG-AS1, CAT179, CAT1796, 
CAT2064, and CAT2042, have been recognized as poten-
tial markers for diagnosing and predicting the prognosis 
of PCa patients [7–9]. Notably, the intracellular func-
tions of lncRNAs are regulated by N6-methyladenosine 
(m6A)-related proteins, and the potential synergistic 
interactions between these proteins strongly influence 
cancer progression [10].

M6A, which refers to the addition of a methyl group 
to the adenine base at position N6, is a predominant 
epigenetic modification of RNAs [11]. Various meth-
ylation enzymes, such as methyltransferases (writers), 
binding proteins (readers), and demethylases (erasers), 
elaborately regulate the dynamic and reversible process 
of m6A modification [12]. M6A regulator-mediated RNA 
modifications can influence physiological and pathologi-
cal processes across various systems. For instance, it has 
been reported that m6A modifications are involved not 
only in hematopoietic and brain development [13] but 
also in the regulation of the immune microenvironment 
in periodontal disease [14]. While most studies have con-
centrated on the m6A modification of mRNAs, recent 
evidence suggests that m6A methylation also impacts the 
synthesis and function of lncRNAs. Thus, an integrated 
landscape of lncRNAs associated with m6A will enhance 

our understanding of m6A-based strategies for cancer 
treatment.

In this study, we established a risk signature for PCa 
patients based on prognostic m6A-related lncRNAs, 
and conducted a comprehensive analysis of survival out-
comes, clinical characteristics, and the immune micro-
environment. Experimentation and correlation analysis 
revealed that the m6A regulator RBM15 interacted with 
the identified prognostic lncRNAs and affected survival 
outcomes, clinical progression, and the immune micro-
environment of PCa patients. Overall, our findings sug-
gest that RBM15 is a promising biomarker and potential 
therapeutic target that significantly influences tumor 
progression and immune responsiveness in PCa patients.

Methods
Data acquisition and processing
TCGA database was utilized to download the transcrip-
tome data expressed as fragments per kilobase of tran-
script per million mapped reads (FPKM) and clinical 
data of PCa patients. A total of 553 clinical samples were 
obtained, consisting of 501 PCa samples and 52 normal 
samples. Duplicate genes in the transcriptome and genes 
with zero expression in each sample were removed to 
obtain the gene expression profiles of the TCGA-PRAD 
cohort. LncRNA expression profiles were subsequently 
extracted according to the gene annotations of the lncR-
NAs from the GENCODE database. Twenty-seven m6A 
regulators were identified by searching related literatures 
from the PubMed database. Similarly, the correspond-
ing expression profiles were acquired based on the 27 
m6A regulators. Pearson correlation analysis between 
27 m6A regulators and lncRNAs was performed with 
the screening criteria of p < 0.001 and |R|> 0.4 to identify 
m6A-related lncRNAs. Prognostic m6A-related lncR-
NAs were identified by univariate Cox regression analysis 
(p < 0.001) with the R package “survival”.

Consensus clustering analysis for the prognostic 
m6A‑related lncRNAs
Based on the consensus level of the prognostic m6A-
related lncRNAs, samples from the TCGA-PRAD cohort 
were clustered into different m6A patterns using the R 
package “ConsensusClusterPlus”. The appropriate num-
ber of clusters was selected based on a low coefficient of 
variation, no discernible growth in the cumulative dis-
tribution function (CDF) curve, and good consistency 

Conclusion RBM15 is involved in the regulation of prognostic lncRNAs in the risk signature and has a robust predic-
tive ability for PCa, making it a promising biomarker in PCa.
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of the clusters. The fitness of the classifications was 
assessed using principal component analysis (PCA), 
which was conducted with the R packages “FactoMineR” 
and “factoextra”. Kaplan‒Meier (K–M) survival analysis 
was performed using the “survminer” package to assess 
variations in overall survival outcomes among different 
clusters. The correlations between different clusters and 
clinical characteristics, such as Gleason score, patho-
logical T/N stage, and age, were analyzed using the Chi-
square test.

Development of a risk signature using prognostic 
m6A‑related lncRNAs
Using the glmnet R package, LASSO regression analy-
sis was conducted to identify the most informative 
genes among the prognostic m6A-related lncRNAs. 
The most informative genes were utilized to construct 
a risk signature. The risk signature was calculated using 
the following formula: risk score = ∑ (lncRNA expres-
sion × corresponding coefficient). After calculating each 
sample’s risk score, the samples were split into low-risk 
and high-risk groups according to the median risk score. 
To validate the predictive capacity of the risk signature, 
receiver operating characteristic (ROC) and K‒M sur-
vival analyses were performed using the R packages 
“survival” and “timeROC”. In addition, the risk scores of 
patients in subgroups with different clinicopathological 
characteristics were compared using the “stat_compare_
means” function of the “ggpubr” package. Univariate and 
multivariate Cox regression analyses were performed 
using the R package “survival” on risk scores and several 
clinicopathological characteristics, including the Glea-
son score, pathological T/N stage, and age, to identify the 
independent prognostic factors of PCa.

Analysis of the tumor microenvironment, tumor mutation 
burden (TMB), and immune checkpoints in PCa samples
The infiltration abundances of 22 immune cells were 
determined using the CIBERSORT method for each PCa 
sample [15]. A comparison of infiltration abundance was 
made using the “stat_compare_means” function of the 
“ggpubr” package between different clusters or between 
the high- and low-expression RBM15 groups. Pearson 
correlation analysis was utilized to analyze the relation-
ship between RBM15 expression or the risk score and 
the infiltration level of immune cells. The immunological 
microenvironment of PCa tissues was also investigated 
using the ESTIMATE algorithm [16]. The calculated 
stromal score, immune score, and ESTIMATE score 
were used to evaluate the overall immunological state 
of the PCa samples. In addition, the correlation between 
RBM15 and checkpoint genes was assessed with Pear-
son correlation analysis. Immunophenoscores (IPSs) can 

be used to quantitatively evaluate the efficacy of check-
point inhibitors. The Cancer Immunome Atlas (TCIA) 
database was used to obtain IPS data for TCGA-PRAD 
patients. The immune checkpoints PD-1 and CTLA-4 
were used to predict immunotherapy efficacy. Further-
more, as a biomarker for predicting immunotherapy 
efficacy, the association between the TMB and RBM15 
expression was analyzed using Pearson correlation 
analysis.

Drug sensitivity analysis
The CellMiner database is a powerful tool for exploring 
the association of gene expression with drug sensitivity 
[17]. First, the processed dataset of the CellMiner data-
base, which included RNA-seq and DTP NCI-60 (com-
pound activity) data, was downloaded. Next, the drugs 
that have been clinically tested and approved by the FDA 
were selected for Pearson correlation analysis with spe-
cific genes. The missing drug data were filled in by the R 
package “impute”.

Bioinformatics analysis of RBM15 function
First, we analyzed RBM15 expression in tumor and nor-
mal samples. The RNA expression of RBM15 in TCGA-
PRAD samples was determined from the downloaded 
transcriptome data. The differential expression of RBM15 
between tumor samples and unpaired or paired normal 
samples was compared using the stat_compare_means 
function. In addition, the Human Protein Atlas (HPA) 
and Cancer Cell Line Encyclopedia (CCLE) databases 
were utilized to analyze RBM15 expression in normal 
and tumor samples at the protein and mRNA levels, 
respectively. The differential expression of RBM15 among 
subgroups with different clinical characteristics, includ-
ing Gleason score, pathological T/N stage, and age, was 
compared using the stat_compare_means function. 
Based on the median expression of RBM15, PCa sam-
ples were split into high- and low-expression groups. 
Utilizing the R package “Limma”, differential expression 
analysis was conducted for the two groups. The obtained 
DEGs were used to construct a heatmap with the R pack-
age “pheatmap”. In addition, using the R package “clus-
terprofiler”, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and Gene Ontology (GO) enrichment analyses 
were performed. To further validate the role of RBM15 in 
PCa, external datasets, including GSE46602, GSE54460, 
GSE94767, GSE74367, GSE150807, GSE151083, and the 
DKFZ cohort, were obtained and analyzed from the GEO 
and cBioPortal databases.

Cell culture
Human prostate nontumoral epithelial cells (BPH-1 and 
RWPE-1) and tumoral cell lines (DU145, PC-3, 22Rv1, 
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C4-2, C4-2B, and LNCaP) were purchased from Procell 
Life Science & Technology Co., Ltd (Wuhan, China) or 
the American Type Culture Collection (Manassas, VA, 
USA). RWPE-1 cells were maintained in prostate epithe-
lial cell medium supplemented with 1% PEpiCGS (Scien-
Cell, Carlsbad, USA). PC-3 cells were maintained in F12K 
medium that contained 10% fetal bovine serum (FBS). 
The other cells were cultured in RPMI-1640 medium 
supplemented with 10% FBS. All the cells were incubated 
in a controlled environment at 37 °C and a  CO2 concen-
tration of 5%. The enzalutamide-resistant cell line C4-2B 
EnzR was generated by selecting the C4-2B clones that 
survived in 20 µM enzalutamide.

Cell transfection
Small interfering RNA (siRNA) targeting RBM15 (called 
siRBM15) and random scrambled siRNA (called siNC), 
which were synthesized by Genomeditech (Shang-
hai, China), were used to reduce RBM15 expression. 
The siRNA sequences used are listed in Supplementary 
Table 1. Figure S7 demonstrates that the cell transfection 
achieved high efficiency. LINC02666 and AC022211.1 
sequences were inserted into the pcDNA 3.1 ( +) vector 
to construct overexpression plasmids, which were syn-
thesized by General Biol Co., Ltd. Cells were cultured in 
six-well plates until the confluency reached 60–80%, and 
100 nM of siRNA or 2.5 μg plasmid was transfected into 
the cells using Lipofectamine 3000 (Invitrogen, Carlsbad, 
USA).

RT‑qPCR
A SteadyPure RNA Extraction Kit (Accurate Biology, 
Changsha, China) was utilized to extract RNA from the 
samples. Afterward, cDNA was synthesized from the 
extracted RNA using a cDNA Synthesis Kit (Yeasen, 
Shanghai, China) and SYBR Green Master Mix reagents 
purchased from Yeasen Biotechnology (Shanghai) Co., 
Ltd. were used for detection. The primers sequences used 
are listed in Supplementary Table 2.

Western blot
Cell samples were lysed using RIPA buffer (BOSTER 
Biological Technology Co., Ltd., Wuhan, China) and 
ultrasonicated to obtain protein samples. Then 20 µg of 
total protein was subjected to electrophoresis and elec-
trotransfer process, and proteins were transferred onto 
PVDF membranes. Subsequently, the membranes were 
blocked with nonfat milk and incubated with anti-β-actin 
(ABclonal, Wuhan, China), anti-RBM15 (Proteintech, 
Wuhan, China), or anti-GAPDH (Boster, Wuhan, China) 
antibodies at 4 °C overnight. Afterward, the membranes 
were incubated with HRP-conjugated AffiniPure goat 
anti-rabbit IgG (H + L) (Boster, Wuhan, China) at room 

temperature for 1  h. Finally, the proteins were detected 
using an enhanced chemiluminescence (ECL) kit (Ser-
vicebio, Wuhan, China).

Immunohistochemistry (IHC)
PCa and adjacent normal prostate tissues from patients 
who underwent radical prostatectomy were acquired. The 
Ethics Committee of Tongji Hospital (TJ-IRB20221316) 
granted approval for this investigation. The samples were 
fixed, paraffinized and sliced into sections. After being 
deparaffinized and rehydrated, the paraffinized sections 
were treated with 3%  H2O2 and blocked with goat serum. 
Finally, the sections were sequentially incubated with a 
specific primary antibody, secondary antibody, and DAB 
solution.

Cell viability detection
Approximately 5,000 cells/well were seeded in 96-well 
plates. The following day, the cells were subjected to 
treatment with RBM15-targeting siRNA. After 96  h 
of treatment, the cells were incubated for 2  h with Cell 
Counting Kit-8 solution from Yeasen Biotechnology 
Co., Ltd. The cell viability was measured by reading the 
absorbance at 450 nm.

Flow cytometry for cell apoptosis
PCa cells were cultured in six-well plates and transfected 
with siRNA targeting RBM15 when the cell confluence 
reached approximately 60 ~ 70%. After transfection for 
72  h, the cells were collected and stained with PI and 
Annexin V-FITC solution (Yeasen, Shanghai, China) for 
flow cytometry to determine the cell apoptosis rate.

Statistical analysis
R 4.2.1 or GraphPad Prism 9.5.0 software was utilized 
to conduct the statistical analyses. The statistical results 
were considered statistically significant when p was less 
than 0.05. The Pearson correlation analysis was per-
formed to analyze the associations between two groups. 
Group differences were assessed using various statistical 
tests, including one-way analysis of variance, Wilcoxon 
signed-rank test, Mann‒Whitney U test, or independent 
t test.

Results
Identification and evaluation of prognostic m6A‑related 
lncRNAs in PCa
Figure 1 presents the entire flowchart of this study. First, 
the clinical and transcriptome data of PCa patients were 
acquired from TCGA database. Afterward, the lncRNA 
expression profiles were obtained using GENCODE 
annotations. To obtain comprehensive information on 
m6A regulators, we searched relevant literature from the 
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PubMed database. As a result, 11 writers, 14 readers, and 
2 erasers were identified (Supplementary Table 3). Subse-
quently, correlation analysis was performed between the 
lncRNAs and 27 m6A regulators to identify m6A-related 
lncRNAs. The network of lncRNAs and m6A regulators is 
shown in Fig. 2A. A total of 949 significant m6A-related 
lncRNAs were identified (p < 0.001 and |R|> 0.4). Further-
more, univariate Cox regression analysis of these lncR-
NAs was conducted to obtain prognostic m6A-related 
lncRNAs. As a result, 34 prognostic m6A lncRNAs were 
identified (p < 0.001). The corresponding hazard ratios 
are displayed in Fig. 2B. Figure 2C shows the differential 

expression of the prognostic lncRNAs between normal 
and tumor samples. All 34 prognostic lncRNAs exhibited 
significant differences.

To investigate the associations of the phenotypes of 
m6A-related lncRNAs with clinical features, a consen-
sus clustering analysis was performed. After the analy-
sis of the consensus clustering CDF and relative change 
in the area under the CDF curves with k ranging from 
2 to 9 (Fig. S1A) and the consensus clustering matrix, 
k = 2 was determined to be the optimal number of clus-
ters (Fig. 2D). Two cluster patterns were confirmed to be 
clearly distinguished by PCA (Fig. S1B). Strikingly, the 

Fig. 1 The flowchart depicts the research strategy of this study
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Fig. 2 Identification and evaluation of prognostic m6A-related lncRNAs in PCa. A The correlation atlas between m6A regulators and m6A-related 
lncRNAs. B Thirty-four prognostic m6A-related lncRNAs were identified by univariate Cox regression analysis. C The differential expression of 34 
prognostic m6A lncRNAs in normal and tumor samples. D Consensus clustering analysis of the prognostic lncRNAs. E Survival analysis of patients 
in the two clusters. F Heatmap showing the correlations between clusters and pathological T and N stage and Gleason score. G Violin plot 
demonstrating the difference in infiltrating immune cells among the different clusters. H The differential expression of PD-L1 in different clusters
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survival probability of patients in Cluster 2 was inferior 
to that of patients in Cluster 1 (Fig. 2E). The two cluster 
patterns exhibited significant correlations with the patho-
logical T/N stage and Gleason score (Fig. 2F). In addition, 
differences in the expression of the immune checkpoint 
PD-L1 and immune cell infiltration were compared 
among the different cluster patterns. The results demon-
strated that among the 22 immune cell subpopulations, 4 
were significantly different between the 2 clusters: naïve 
B cells, resting mast cells, resting dendritic cells, and M2 
macrophages (Fig. 2G). Cluster 2 had significantly greater 
PD-L1 expression, which might have contributed to the 
lower survival probability (Fig. 2H).

Construction and evaluation of a risk signature utilizing 
prognostic lncRNAs
LASSO regression analysis was conducted on the 34 
prognostic m6A-related lncRNAs to identify the optimal 
pattern of gene combinations. Seven m6A-related lncR-
NAs were screened out and utilized for developing a risk 
signature. The m6A lncRNAs in the risk signature (RS-
lncRNAs) were AC105345.1, AL354989.1, AC138028.4, 
AC022211.1, AC020558.2, AC004076.2, and LINC02666. 
Figure  3A and Figure S2A present evidence of λ selec-
tion. Supplementary Table  4 displays the coefficients of 
the seven m6A-related lncRNAs. Subsequently, the PCa 
samples in the TCGA cohort were classified into high- 
or low-risk groups using the median risk scores. Figure 
S2B shows the significant differences between the low- 
and high-risk groups via PCA. Figure  3C reveals that 
the expression levels of 7 RS-lncRNAs were significantly 
elevated in the high-risk group. Patients in the high-risk 
group had greater proportions of deaths and shorter sur-
vival times than patients in the low-risk group (Fig. 3B). 
Consistently, survival analysis indicated that the high-risk 
group tended to have poorer survival outcomes (Fig. 3D). 
Furthermore, ROC curve analysis of the prognostic sig-
nature revealed its strong ability to predict survival, with 
AUC values of 1.000, 0.889, and 0.833 for 1 year, 3 years, 
and 5 years, respectively (Fig. 3E). Furthermore, to assess 
the prediction capacity of the prognostic signature in 
PCa samples with various clinical characteristics, the 
risk scores of patients in subgroups with distinct Glea-
son scores or pathologic T/N stages were compared. As 
shown in Fig. 3F, the risk scores of the subgroup with a 
Gleason score > 7 were significantly greater than those 
of the subgroup with a Gleason score < 7 or 7, and as the 
pathological T/N stage progressed, the risk score sig-
nificantly increased. Moreover, Cluster 2 had a higher 
risk score. The above findings demonstrated that the 
risk score had good predictive ability for PCa prognosis. 
Furthermore, univariate and multivariate Cox regression 
analyses for the Gleason score, pathological T/N stage, 

age, and risk score demonstrated that the risk score was 
an independent risk factor for PCa patients (Fig.  3G). 
In addition, correlation analysis between the infiltra-
tion of immune cells and the risk score was conducted. 
As shown in Fig.  3H, the risk score was negatively cor-
related with resting mast cells and positively correlated 
with memory resting CD4 + T cells, activated mast cells, 
and naïve B cells.

Identification of RBM15 as the critical regulator 
of prognostic m6A‑related lncRNAs from the risk signature
Seven RS-lncRNAs were shown to have a robust ability 
to predict the prognosis of PCa patients based on the 
aforementioned analysis. Furthermore, to analyze the 
critical upstream regulators of the RS-lncRNAs, cor-
relation analysis between the RS-lncRNAs and the cor-
responding m6A regulators was performed. As shown 
in Fig.  4A, most of the RS-lncRNAs correlated with 
METTL3 or RBM15. Given the extensive research 
on METTL3 in PCa and the limited studies concern-
ing RBM15 in this context, our analysis subsequently 
focused on RBM15. Figure  4B shows that RBM15 and 
4 RS-lncRNAs, AC004076.2, AL354989.1, LINC02666, 
and AC022211.1, had strong associations, with Pearson 
correlation coefficients all above 0.4. To verify the regu-
latory role of RBM15 in RS-lncRNAs, siRNAs targeting 
the RBM15 gene were synthesized. Figure  4C, D shows 
the knockdown efficiency of the RBM15 gene at the RNA 
and protein levels, respectively. After confirming a good 
knockdown effect on RBM15, changes in LINC02666 and 
AC022211.1 expression in DU145 and 22Rv1 cells were 
detected. Similarly, the expression of LINC02666 and 
AC022211.1 was downregulated after RBM15 knock-
down (Fig.  4E, F), which revealed that RBM15 was the 
critical regulator of RS-lncRNAs.

Bioinformatic analysis of the role of RBM15 in PCa
As the risk signature constructed from RS-lncRNAs had 
robust predictive power for the prognosis of PCa patients 
and RBM15 was identified as the critical regulator of 
RS-lncRNAs, RBM15 might contribute to PCa carcino-
genesis and development. Therefore, we conducted a 
bioinformatic analysis of RBM15 in the TCGA cohort. 
RBM15 was significantly more highly expressed in tumor 
samples than in unpaired and paired samples (Fig. 5A, B). 
Based on the median expression of RBM15 in the TCGA 
cohort, the expression of RBM15 was divided into two 
levels, namely, high- and low-level subgroups. Survival 
analysis for progression-free survival indicated that the 
high-level subgroup had a poor outcome (Fig.  5C). To 
further verify the role of RBM15 in PCa, the expression 
of RBM15 in subgroups with different clinical character-
istics was compared. Comparisons of age, pathological N 
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stage, pathological T stage, and Gleason score revealed 
that RBM15 expression significantly increased with PCa 
progression (Fig. 5D). To enhance the robustness of the 
analysis results, we utilized the GSE46602, GSE54460, 
and GSE94767 datasets obtained from the GEO database, 

as well as the DKFZ cohort obtained from the cBioPor-
tal website, to investigate the role of RBM15 in PCa. The 
results indicate that RBM15 is associated with PCa pro-
gression (Fig.  5E) and prognosis (Fig.  5F). Furthermore, 
to explore the role of RBM15 in different types of PCa, 

Fig. 3 Construction and evaluation of the risk signature based on prognostic lncRNAs. A The coefficients of the prognostic m6A lncRNAs 
according to LASSO regression analysis. B The distribution of survival time and risk scores in PCa patients. C Heatmap showing the differences 
in the expression of RS-lncRNAs between the high- and low-risk groups. D The difference in survival probability between the high- and low-risk 
groups. E Time-dependent ROC curve analysis to evaluate the accuracy of the risk signature. F Differences in risk scores among the different 
subgroups. G Univariate and multivariate Cox regression analyses for age, Gleason score, pathological T/N stage, and risk score. H Correlation 
analysis between the risk score and infiltrating immune cells
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Fig. 4 Identification of RBM15 as the critical regulator of prognostic m6A lncRNAs. A Sankey plot displaying the link between m6A regulators 
and prognostic m6A lncRNAs in the risk signature. B Correlation analysis between RBM15 and prognostic m6A-related lncRNAs in the risk signature. 
C Assessment of the knockdown efficiency of the RBM15 gene by siRNA via RT-qPCR. D Western blot demonstrating the knockdown efficiency 
of the RBM15 gene by siRNA. E, F Changes in the expression of LINC02666 and AC022211.1 in DU145 E and 22Rv1 F cells following RBM15 gene 
knockdown. Si-1, si-2, and si-3 represent the three siRNA sequences targeting the RBM15 gene. siNC represents the negative control
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Fig. 5 Bioinformatic analysis of the prognostic role of RBM15 in PCa and the underlying mechanisms. A The expression of RBM15 in normal 
and tumor samples from the TCGA cohort. B RBM15 expression in paired samples from the TCGA cohort. C Survival analysis according to the RBM15 
expression level in TCGA cohort. D Differential expression of RBM15 among subgroups with different clinical characteristics, including age, 
Gleason score, pathological T stage, and pathological N stage in TCGA cohort. E Differential expression of RBM15 among subgroups with different 
pathologic T stages and Gleason scores in the DKFZ and GSE46602 datasets. F Survival differences among subgroups with different RBM15 
expression levels in the GSE94767 and GSE54460 datasets. G GO enrichment analysis of the DEGs in the subgroups with varying RBM15 expression 
levels. H KEGG enrichment analysis of the DEGs in the subgroups with different RBM15 expression levels. I Correlation analysis between RBM15 
and drugs in the CellMiner
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external datasets, including GSE74367, GSE150807, and 
GSE151083, were obtained and analyzed. Analysis of 
the GSE74367 dataset showed that RBM15 expression 
is significantly greater in CRPC tissues than in primary 
PCa tissues (Fig. S4A). The GSE150807 and GSE151083 
datasets indicated that RBM15 expression increases as 
LNCaP and C4-2B PCa cell lines transition from enza-
lutamide sensitive to enzalutamide resistant (Fig. S4B). 
Taken together, these results suggest that RBM15 is 
involved in the castration resistance of PCa.

Furthermore, to explore the mechanism involving 
RBM15 in PCa, differentially expressed genes (DEGs) 
between the high- and low-RBM15 groups were identi-
fied with filtering conditions of |logFC|> 1 and p < 0.05. 
The heatmap in Fig. S3A displays the 50 most downreg-
ulated and upregulated DEGs. GO enrichment analysis 
of the DEGs revealed that RBM15 was involved in the 
regulation of cell division, the cell cycle, and cell adhe-
sion molecule production, which revealed that RBM15 
expression might affect the growth and migration of PCa 
cells (Fig. 5G). KEGG analysis revealed that RBM15 was 
involved in cytokine‒cytokine receptor interactions, 
the IL-17 signaling pathway, and rheumatoid arthritis 
(Fig. 5H), which revealed that RBM15 might be related to 
the immune environment in PCa. In addition, drug sensi-
tivity analysis was performed to discover effective drugs 
targeting RBM15. The drugs from the CellMiner data-
base were subjected to correlation analysis with RBM15. 
According to the filter condition of p < 0.01, four drugs, 
Denileukin Diftitox, AMG-232, Nutlin-3, and MI-773, 
were significantly associated with RBM15 (Fig. 5I). More-
over, cells with high-RBM15 expression tended to be sen-
sitive to AMG-232 (Fig. S3B).

Immune analysis for the association of RBM15 expression 
with tumor immunity
Under the prompts of the KEGG enrichment analysis, 
we further conducted immune analysis to investigate 
the relationship between RBM15 expression and tumor 
immunity. Immune cells and stromal cells are essential 
for tumor development and progression in the tumor 
environment (TME). The high-RBM15 subgroup exhib-
ited significant differences in immune scores (Fig.  6A). 
Furthermore, the association between RBM15 expres-
sion and the level of immune infiltration was determined. 
Figure  6B shows that RBM15 was positively associated 
with naïve B cells, resting memory CD4 + T cells, and 
activated mast cells but was negatively associated with 
activated NK cells and resting mast cells. In addition, the 
differences in immune infiltration between the high- and 
low-RBM15 groups were analyzed. The levels of resting 
mast cells, activated NK cells, and infiltrating regulatory 

T cells in the high-RBM15 subgroup were significantly 
lower than those in the low-RBM15 subgroup (Fig. 6C).

Immunotherapy targeting immune checkpoints is 
effective in PCa patients. A correlation analysis was 
conducted between RBM15 and immune checkpoints. 
The immune checkpoints were strongly correlated with 
RBM15 based on the screening criterion of p < 0.001, and 
the corresponding Pearson coefficients are displayed in 
Fig. 6D. RBM15 was significantly correlated with CTLA-
4. As the immunophenoscore (IPS) can be used to quan-
titatively evaluate the efficacy of checkpoint inhibitors, 
the IPS of patients in the low- and high-RBM15 groups 
was compared based on the CTLA-4 and PD-1 expres-
sion. The comparison indicated that only the IPS of 
CTLA-4-negative and PD-1-negative patients signifi-
cantly differed between the low- and high-RBM15 groups 
(Fig.  6E). Moreover, the tumor mutation burden (TMB) 
can be used to predict the immune response. Correla-
tion analysis between RBM15 expression and TMB indi-
cated that RBM15 was positively associated with TMB 
(Fig. 6F).

Experimental validation of the biological role of RBM15 
in PCa
The aforementioned analysis revealed that RBM15 is 
a good predictor of PCa prognosis. To verify the bio-
logical role of RBM15, the expression of RBM15 in PCa 
cells and tissues was first examined based on the results 
from public databases (CCLE and HPA databases) and 
experimental examinations (RT-qPCR, western blot, 
and IHC analysis). Figure  7A indicates that the RNA 
level of RBM15 in most PCa cells was greater than that 
in benign prostatic hyperplasia cells (BPH-1). Consist-
ent with these findings, Fig. 7B, C shows that compared 
to that in normal prostate epithelial cells, RBM15 expres-
sion was greater in almost all PCa cells tested. Regarding 
the PCa tissues, the IHC results from the analysis of the 
HPA database (Fig. 7D) and the detection of PCa tissues 
(Fig.  7E) showed that the level of RBM15 expression in 
the tumors was greater than that in the normal tissue. To 
further investigate the biological function of RBM15 in 
PCa, we assessed the impact of RBM15 expression on the 
viability and apoptosis of PCa cells. As shown in Fig. 7F, 
the viability of 22Rv1, DU145, and PC-3 cells significantly 
decreased after RBM15 knockdown. Moreover, the apop-
tosis rates of 22Rv1 and DU145 cells were significantly 
increased after RBM15 knockdown (Fig.  7G). Based on 
the aforementioned findings, the relationships among 
RBM15, RBM15-regulated m6A lncRNAs (LINC02666 
and AC022211.1), and prostate cancer were investigated. 
We knocked down RBM15 expression while overexpress-
ing the regulated lncRNAs and assessed changes in cell 
viability using the CCK-8 assay. The results demonstrated 
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that RBM15 can influence PCa cell viability by regulating 
LINC02666 or AC022211.1 (Fig. S5).

Discussion
M6A, a prevalent chemical modification, can methyl-
ate RNA, thereby influencing its functionality [18, 19]. 
Previous studies have predominantly concentrated on 

the function of m6A in mRNA modification. How-
ever, m6A modification strongly influences the stability 
and functionality of lncRNAs. As post-transcriptional 
modifiers, lncRNAs regulate the progression of can-
cer through various mechanisms, thereby impacting 
tumor stage and prognosis [20, 21]. Studies have shown 
that the m6A modification of the lncRNA PCAT6 

Fig. 6. Immune analysis of RBM15 in PCa. A Differences in stromal scores, immune scores, and ESTIMATE scores between the low- and high-RBM15 
groups. B Correlation between immune cell infiltration and RBM15 expression. C Differences in immune cell infiltration 
between the low- and high-RBM15 groups. D Association of RBM15 with immune checkpoints. E IPS differences among patients with CTLA-4 
or PD-1 expression in the low- and high-RBM15 groups. F Scatterplot depicting the correlation between RBM15 expression and the TMB
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Fig. 7 Experimental validation of the role of RBM15 in PCa. A Analysis of RBM15 expression in PCa cells and normal prostate epithelial cells based 
on the CCLE database. B RT-qPCR illustrating the mRNA levels of RBM15 in PCa cells and normal prostate epithelial cells. C Western blot showing 
the protein levels of RBM15 in PCa cells and normal prostate epithelial cells. D IHC results from the HPA database demonstrating RBM15 expression 
in PCa and normal prostate tissue samples. E IHC results for surgical prostate tissue specimens indicating RBM15 expression in PCa and normal 
prostate tissue samples. F Changes in the viability of 22Rv1, PC-3, and DU145 cells following RBM15 knockdown. G Flow cytometry showing 
alterations in PCa cell apoptosis after RBM15 knockdown
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promotes bone metastasis in PCa by stabilizing IGF1R 
mRNA via IGF2BP2, and a high PCAT6 level indicates 
an adverse patient outcome [22]. VIRMA-mediated 
m6A modification increases the stability and expression 
of the oncogenic lncRNAs CCAT1 and CCAT2, pro-
motes PCa invasion and is correlated with poor prog-
nosis [23]. Big data analysis, especially transcriptome 
or single-cell sequencing, facilitates the development 
of translational medicine [24]. In the present study, dif-
ferentially expressed m6A-related lncRNAs between 
normal prostate and PCa tissues were identified based 
on the TCGA-PARD cohort. By employing LASSO 
regression analysis, a prognostic signature consisting of 
seven lncRNAs (AC105345.1, AL354989.1, AC138028.4, 
AC022211.1, AC020558.2, AC004076.2, and LINC02666) 
was constructed. The prognostic lncRNA-based risk 
score was associated with immune cell populations, as 
indicated by a positive association with naïve B cells, 
resting memory CD4 + T cells, and activated mast cells 
but a negative association with resting mast cells. Over-
all, the prognostic risk signature was established to have 
a favorable predictive capacity for PCa outcomes and a 
strong correlation with immune cell abundance. Simi-
larly, lncRNAs identified through comparable analytical 
methods have been indicated to be involved in immune 
regulation [6]. Notably, correlation analysis indicated a 
positive association between the m6A regulator RBM15 
and the identified lncRNAs (AC004076.2, AL354989.1, 
LINC02666, and AC022211.1).

RBM15 and its paralog RBM15B lack catalytic func-
tionality, but they can bind to the m6A methylation com-
plex components METTL3 and WTAP, guiding them to 
carry out m6A modification at specific RNA sites [25, 
26]. RBM15 recruits the m6A methyltransferase complex 
(referred to as the “writer”) to mRNA by directly bind-
ing to RNA rich in uridine (U) sequences, mediating the 
occurrence of m6A modifications [26, 27]. m6A-binding 
proteins (referred to as “readers”) recognize m6A modi-
fications and affect RNA function in diverse processes, 
such as alternative splicing, stability, decay, and transla-
tion [28]. Mechanistically, RBM15 binds to m6A writ-
ers and readers through its conserved N-terminal SPOC 
domain, thus regulating m6A abundance and mRNA sta-
bility [29].

Currently, siRNA-mediated silencing of RBM15 signifi-
cantly reduces the expression of the prognostic lncRNAs 
LINC02666 and AC022211.1 in PCa cells. The effective-
ness of the siRNA knockdown strategy was confirmed 
using online tools (GeneScript siRNA Target Finder and 
BLAST) and western blot experiments. All three siRNA 
sequences targeting RBM15 were predicted to specifi-
cally target the RBM15 gene. The siRBM15-3 sequence 
was additionally predicted to target the FLT1 gene, but 

western blot experiments confirmed that FLT1 protein 
expression was not affected by this sequence (Fig. S6). 
High-RBM15 expression in PCa tissues was associated 
with an unfavorable prognosis. Subgroup analyses sug-
gested that patients with increased age, aggravated Glea-
son score, and advanced pathological T and N stages 
exhibited dramatically amplified RBM15 expression. In 
addition, RBM15 has been implicated in the castration 
resistance of PCa. Moreover, individuals with elevated 
RBM15 expression may be sensitive to AMG-232 treat-
ment. The MDM2 inhibitor AMG-232 impeded the 
MDM2-P53 interaction and activated P53 signaling to 
exert potent antitumor effects [30]. These effects could be 
reinforced through T-cell-mediated cytotoxicity against 
tumor cells [31]. Several clinical trials are also evaluating 
the therapeutic potential of AMG-232 in acute myeloid 
leukemia or various solid tumors [32, 33]. Hence, fur-
ther experimental validation is needed to elucidate the 
interaction between AMG-232 and RBM15 to provide 
new insights into precision therapy strategies for PCa 
patients.

RBM15 is associated with tumor immunity and muta-
tion burden [34]. Analysis of the TME indicated a high 
immune score in the high-RBM15 subgroup. Moreover, 
RBM15 expression was positively correlated with the 
abundance of resting memory CD4 + T cells, activated 
mast cells, and naïve B cells but negatively correlated 
with the abundance of resting mast cells and activated 
NK cells. Notably, the immunophenoscore of patients 
with CTLA-4 and PD-1 double-negative expression dif-
fered significantly between the low- and high-RBM15 
groups, suggesting that RBM15 may influence the immu-
notherapy responsiveness of patients in a specific sub-
set. Furthermore, RBM15 expression was positively 
associated with TMB, suggesting that RBM15 may pro-
mote PCa incidence and progression. The expression 
pattern of RBM15 and its impact on the survival of PCa 
cells were further elucidated. Bioinformatic and experi-
mental evidence showed that RBM15 expression in PCa 
cell lines was generally greater than that in non-tumor 
cells (RWPE-1 and BPH-1), with the highest expression 
observed in enzalutamide-resistant CRPC cells (C4-2B-
EnzR), suggesting that RBM15 might be responsible for 
the castration resistance of PCa. IHC results of pros-
tate specimens from public databases and experimen-
tal examination showed that PCa tissues had increased 
RBM15 expression in contrast to that in control normal 
tissues. Furthermore, RBM15 knockdown was suffi-
cient to induce cell apoptosis and reduce cell viability in 
PCa cells, revealing the possible therapeutic benefits of 
RBM15 in PCa patients.

Only two studies have investigated the function 
of RBM15 in the context of prostate cancer to date. 
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LncRNA FTO-IT1 directly binds to RBM15 and acts 
as an inhibitor of the m6A writer complex METTL3-
METTL14-WTAP-RBM15 to prevent m6A modification 
of p53-targeted genes, thus triggering the progression of 
PCa [35]. The complex formed between AZGP1P2 and 
UBA1/RBM15 mediates the ubiquitination and degra-
dation of RBM15, hindering RBM15-mediated TPM1 
mRNA methylation and decay, and thus enhancing the 
therapeutic effects of docetaxel on CRPC [36]. Neverthe-
less, these two investigations did not thoroughly explore 
the intricacies of RBM15 mechanisms. Additional clari-
fication of the association between RBM15-associated 
m6A modification and PCa progression will enhance our 
understanding of the implications of RBM15 in cancer 
therapy.

Several studies have begun to explore the involve-
ment of RBM15 in the m6A modification of 
lncRNAs. RBM15/15B recruits METTL3 to the m6A-
modified lncRNA XIST and suppresses XIST-induced 
transcriptional silencing of genes on the X chromo-
some in a manner dependent on the m6A reader 
YTHDC1 [25]. Specifically, RBM15 selectively binds to 
the A-repeat region of the secondary structure of XIST, 
recruiting the writer complex for m6A modification, and 
the A-repeat (m6A) UCG tetraloop subsequently inter-
acted with the Arc-like surface of the YTH domain [37]. 
RBM15, which functions by interacting with WTAP and 
METTL3, mediates the m6A modification of the lncRNA 
MALAT1, which serves as a molecular scaffold to inter-
act with YTHDC1 to maintain the localization of nuclear 
speckles, inducing the expression of oncogenes and con-
sequently promoting tumor cell migration [38]. Further-
more, lncRNAs can influence the function of RBM15. 
The lncRNA UBA6-AS1 can recruit RBM15 to facilitate 
m6A modification of UBA6 mRNA, after which the m6A 
reader IGF2BP1 binds to the m6A site and stabilizes 
UBA6 mRNA, thereby inhibiting the malignant activities 
of ovarian cancer cells [39]. Investigating the reciprocal 
interplay between lncRNAs and RBM15 could offer novel 
perspectives for PCa treatment and prognosis.

Overall, this study delineates the landscape of m6A-
related lncRNAs in PCa. RBM15, an m6A writer, sub-
stantially influences the prognosis, clinical features, 
and tumor immunity of patients with PCa. RBM15 has 
emerged as an effective therapeutic target and a promis-
ing prognostic biomarker for PCa. However, this study 
has several limitations. First, the data used in this study 
were primarily sourced from the TCGA-PRAD cohort 
and GEO datasets, and additional external validation 
cohorts are essential for confirming the robustness of 
the results. Second, the current investigation revealed 
that RBM15 knockdown downregulates the expression of 
prognostic lncRNAs. Further in-depth elucidation of the 

direct m6A modification of these lncRNAs by RBM15 
and the underlying mechanisms are needed. Finally, 
although preliminary results suggest that RBM15 can 
influence cell viability through m6A-related lncRNAs, it 
remains to be experimentally validated whether RBM15 
affects PCa progression through alternative mechanisms.

Conclusion
This study delineated the landscape of m6A-related lncR-
NAs in PCa and determined a lncRNA-based risk signa-
ture for predicting PCa prognosis. Furthermore, the m6A 
methyltransferase RBM15 was identified and verified to 
be a critical regulator of prognostic lncRNAs and holds 
promise as a prognostic biomarker in PCa.
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