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Abstract. RNA-binding protein (RBP) plays pivotal roles in the malignant progression of cancer by regulating gene expression. In
this paper, we aimed to develop RBP-based prognostic signature and identify critical hub RBPs in bladder cancer (BLCA). Firstly, a
risk model based on differentially expressed RBP gens (DERBPs) between normal and tumor tissues was successfully established,
which can predict the tumor stromal score and drug sensitivity. Then two another RBP risk models based on miRNA-correlated
RBPs or lncRNA-correlated RBPs were also established, and RBMS3 was identified as the overlapping gene in the three models.
Data from multiple bioinformatics databases revealed that RBMS3 was an independent prognostic factor for overall survival
(OS), and was associated with an immunosuppressive tumor microenvironment (TME) in BLCA. Further, Single-cell RNA-Seq
(scRNA-Seq) data and the human protein altas (HPA) database showed that RBMS3 expression (both mRNA and protein) were
up-regulated in BLCA tumor and tumor stromal cells. Finally, RBMS3 was shown to be associated with worse response to BLCA
immunotherapy. Overall, RBMS3 is a key prognostic RBP with TME remodeling function and may serve as a target for BLCA
immunotherapy.
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1. Introduction1

Bladder cancer (BLCA) is the fourth-most common2

malignant disease in men and the ninth most common3

cancer in women. It accounts for an estimated 573,0004
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new cases and 213,000 deaths annually worldwide [1]. 5

According to the depth of bladder wall invasion, BLCA 6

can be categorized as non-invasive papillary carcinoma 7

(Ta) or as a tumor invading the lamina propria (T1), 8

muscles (T2), or beyond (T3, T4). Ta and T1 are also 9

classified as non–muscle-invasive BLCA and are treated 10

differently from tumors that invade the muscle or be- 11

yond [2]. Based on their large-scale messenger RNA 12

(mRNA) expression profiles, human cancers can be 13

grouped into molecular subtypes, which share simi- 14

lar gene-expression patterns and biological character- 15

istics. BLCA can be categorized into basal and lumi- 16

nal molecular subtypes, which can inform clinical be- 17

haviors like the response to neoadjuvant chemotherapy, 18

the sensitivity to immunotherapy, and the risk of pro- 19
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gression [3]. Recently, the risk stratification of BLCA20

has been made more accurate and personalized by in-21

tegrating tumor genetic-sequencing data with clinical22

outcomes [4]. This provides a basis for determining the23

most appropriate treatment regimen for BLCA, such as24

whether neoadjuvant chemotherapy should be adminis-25

tered prior to radical cystectomy or not [4]. In the future,26

risk classification, including molecular subtyping with27

specific treatment considerations, will provide great28

assistance in the clinical management of BLCA [4].29

RNA-binding proteins (RBPs) interact with various30

classes of RNAs, including mRNA, long non-coding31

RNA (lncRNA), and transfer RNA to form ribonucle-32

oprotein complexes. This enables them to play pivotal33

roles in the regulation of gene expression at the post-34

transcriptional level [5]. To date, more than 1500 RBPs35

have been identified, representing approximately 7.5%36

of all protein-coding genes in the human genome [6].37

Dysregulation of RBPs is associated with various dis-38

eases. In cancers, RBP modulates the expression of tar-39

get RNAs involving in various cellular processes like40

proliferation, angiogenesis, senescence, and metasta-41

sis [7]. Many recent studies have shown that RBPs can42

regulate TME constitution and hence influence cancer43

progression in various types of cancer such as colorec-44

tal cancer [8], gastric cancer [9], hepatocellular can-45

cer [10] and bladder cancer [11] . This indicates RBPs46

a potential target for TME-based anticancer therapy.47

Many studies have reported risk signatures based on48

RBP expression in various types of tumors, such as49

hepatocellular carcinoma [12], lung cancer [13], os-50

teosarcoma [14], head and neck carcinoma [15], and51

liver cancer [16]. In BLCA, risk signatures composed52

of six RBPs [17], eight RBPs [18], and 12 RBPs [19]53

have been reported to have predictive value for overall54

survival (OS). However, those risk signatures contained55

too many member genes and its clinical application56

were therefore limited. Moreover, most studies did not57

perform further analysis of these RBP molecules, such58

as identifying the source of the RBP, exploring its re-59

lationship with the tumor microenvironment (TME).60

Therefore, in this study, we first identified prognostic61

RBP signatures based on three data profiles: the differ-62

entially expressed RBPs between normal and BLCA tis-63

sues and the miRNA-correlated and lncRNA-correlated64

RBPs with prognostic value in BLCA cancer tissues.65

The critical prognostic RBP members was identified66

by intersection of the three signatures, and RBMS367

was ultimately selected as the unique gene present in68

all three signatures. Further analysis demonstrated that69

high RBMS3 expression was associated with greater70

stromal content and predicted poor survival after im-71

munotherapy.72

2. Materials and methods 73

2.1. Data acquisition and processing 74

Bulk RNA-sequencing (RNA-Seq) data (19 normal, 75

412 tumors), microRNA (miRNA) data (19 normal, 76

418 tumors) and clinical information were downloaded 77

from the TCGA-BLCA database (https://portal.gdc. 78

cancer.gov). A total of 1836 genes encoding human 79

RBPs were summarized from the RNA-binding Pro- 80

tein Database [20] and published literature [5,21,22]. 81

The mRNA matrix of the 1836 RBP genes was ex- 82

tracted, and the differentially expressed RBP genes 83

(DERBPs) were obtained by using the “edgeR” R pack- 84

age, with thresholds |log2FC| > 1.0, P < 0.05, and 85

false-discovery rate (FDR) < 0.05. The correlation be- 86

tween RBP expression and miRNA or lncRNA concen- 87

trations was analyzed using the correlation test func- 88

tion of R (in the “limma” R package), ultimately iden- 89

tifying 266 miRNA-correlated RBPs and 268 lncRNA- 90

correlated RBPs. 91

2.2. Construction and validation of prognostic RBP 92

signatures 93

The DERBPs, miRNA-correlated RBPs or lncRNA- 94

correlated RBPs were respectively subjected to uni- 95

variate Cox regression analysis using the “survival” R 96

package to identify the genes that significantly affected 97

the OS (P < 0.05). Multivariate Cox regression anal- 98

ysis was used to construct the prognostic signatures. 99

Hazard ratios (HRs) and regression coefficients were 100

calculated for each gene. The risk score for each patient 101

was calculated using the following equation: 102

Risk score =

N∑
i=1

βi× Ei

Where N represents the total number of signature 103

genes and βi and Ei represent the coefficient index and 104

gene-expression value of each gene, respectively. 105

The patients were sorted into high- and low-risk 106

groups based on the median risk score. The risk score 107

model, survival status, and expression levels of the sig- 108

nature genes in TCGA-BLCA cancer patients were gen- 109

erated by the “pheatmap” R package. A receiver oper- 110

ating characteristic (ROC) curve was generated using 111

the “survival” R package. The Kaplan–Meier survival 112

curves of high- and low-risk patients were generated 113

using the “survminer” R package. 114
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2.3. Construction of the nomogram115

To assess the probability of OS in BLCA at 1, 3, and116

5 years, a nomogram combining clinical characteristics117

and the risk score was constructed using the “rms” R118

package. Calibration plots were used to evaluate the119

discriminative ability of the nomogram.120

2.4. Evaluation of tumor stromal score and immune121

cell infiltration122

The ESTIMATE stromal and immune scores of123

TCGA-BLCA patients were calculated using the “ES-124

TIMATE” R package and visualized by the “ggpubr”125

R package. The infiltration of 22 immune cells was126

analyzed by the “CIBERSORT” R package. Differ-127

ences in various immune cell components between128

the high- and low-risk groups were analyzed by the129

“limma” R package and visualized by the “ggplot2” R130

package. The immune checkpoint genes were sourced131

from previously published literature [23,24], and their132

different expression between the high- and low-risk133

groups was analyzed by the “limma” R package. Tu-134

mor purity and the correlation between gene expres-135

sion and immune cell infiltration were analyzed using136

the Tumor Immune Estimation Resource (TIMER2.0)137

(http://timer.cistrome.org).138

2.5. Correlation analysis of RBMS3 expression and139

gene signatures140

Correlation analysis between RBMS3 and gene sig-141

natures of various cells, including effector regulatory142

T-cells (FOXP3, CTLA4, CCR8, TNFRSF9), exhausted143

T-cells (HAVCR2, TIGIT, LAG3, PDCD1, CXCL13,144

LAYN), fibroblasts (RGS5, COL1A1, PDGFRA,145

PDGFRB, DES), and endothelial cells (VWF, PECAM1)146

in the TCGA-BLCA dataset was performed using gene-147

expression profiling interactive analysis (GEPIA2)148

(http://gepia2.cancer-pku.cn) [25].149

2.6. scRNA-Seq data preprocessing150

The scRNA-Seq data GSE190888, including one151

case of cystitis glandularis, one case of low-grade152

BLCA, one case of high-grade BLCA, and one case of153

recurrent BLCA, and the scRNA-Seq data GSE192575,154

including one case of chemotherapy-sensitive and one155

case of chemotherapy-resistant human bladder can-156

cers, were obtained from the Gene Expression Omnibus157

database. The scRNA-Seq data were processed using158

the “seurat” R package. Cells with 300 genes at least 159

and mitochondrial genes < 10% were selected. The 160

top 2,000 variably expressed genes were selected using 161

the FindVariableFeatures function to perform princi- 162

pal component analysis. Cell-clustering analysis was 163

performed using a t-distributed stochastic neighbor em- 164

bedding (tSNE) scheme. Marker genes were selected 165

according to |log2FC| > 1.0 and adjusted P < 0.01. 166

Cell annotation was facilitated using the R package 167

“SingleR”. 168

2.7. Evaluation of the predictive ability of RBMS3 on 169

BLCA immunotherapy 170

The immunotherapy datasets were obtained from 171

IMvigor210CoreBiologies (http://research-pub.gene. 172

com/IMvigor210CoreBiologies/packageVersions/). Pa- 173

tients with complete remission (CR) or partial response 174

(PR) were classified as response (R), and those with 175

stale disease (SD) or progressive disease (PD) were 176

classified as non-response (NR). Patients were divided 177

into high- and low-expression groups according to 178

RBMS3 expression level to analyze the its relationship 179

with immunotherapy efficacy and OS. Additionally, the 180

predictive ability of RBMS3 for immunotherapeutic OS 181

was analyzed through the Kaplan-Meier Plotter (https:// 182

kmplot.com). 183

2.8. Quantitative real-time PCR and 184

immunohistochemistry (IHC) 185

Bladder cancer tissues were obtained from patients 186

who had undergone surgical resection at Southern Med- 187

ical University (Guangzhou, China) with consent from 188

all patients. The experimental protocols were approved 189

by the ethics committee of Southern Medical Univer- 190

sity. Trizol reagent (TaKaRa, Kusatsu, Japan) was used 191

to extract total RNA from BLCA specimens accord- 192

ing to the manufacturer’s protocol. Reverse transcrip- 193

tion and quantitative real-time PCR were performed 194

as described before [26], with the primers as follow. 195

RBMS3 forward primer: 5’-CAGTGGACACATCCAA 196

CGAAC-3’, reverse primer: 5’-CTTCTTGTTCAATGA 197

AGTTTCTTC-3’. GAPDH forward primer: 5’-AGCCA 198

CATCGCTCAGACAC-3’, reverse primer: 5’-GCCCA 199

ATACGACCAAATCC-3’. The expression levels of 200

RMBS3 mRNA were normalized using the GAPDH ex- 201

pression. Each assay reaction was performed in tripli- 202

cate. 203

The bladder cancer tissues were subjected to IHC 204

analysis as routine. Briefly, the bladder cancer tissues 205
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were sequentially fixed (4% paraformaldehyde), paraf-206

fin embedded, paraffin sections (4–5 µm) deparaffinized207

and rehydrated, and antigen recovered. After block-208

ing, the sections were sequentially incubated with anti-209

RBMS3 Rabbit Ab (Abcam, ab272612) and the second210

biotinylated antibody. Nuclei were counterstained with211

hematoxylin. Anti-rat Ig SABC assay kit (spring) was212

used to observe positively expressed proteins.213

2.9. Statistical analysis214

R software version 4.2.2 (R Foundation for Sta-215

tistical Computing, Vienna, Austria) (http://www.R-216

project.org) was used for statistical analyses. The pack-217

ages within R were used as described above. Wilcoxon218

test was used to compare RBMS3 expression between219

the different response groups (NR vs. R). Chi-square-220

test was used to compare the fraction of response in221

high- and low-RBMS3 groups. Kaplan-Meier method222

was used for survival analysis. P < 0.05 was consid-223

ered statistically significant.224

3. Results225

3.1. Identification of DERBPs226

A total of 111 DERBPs between the normal and tu-227

mor groups were identified, of which 56 were down-228

regulated and 55 were upregulated in BLCA tissues229

(Fig. 1A, B, Supplementary Fig. 1). In GO analy-230

sis, RNA catabolic processes, regulation of mRNA231

metabolic process and regulation of translation were232

highly enriched (Fig. 1C). In each category, both up-233

regulated and downregulated DERBPs were enriched,234

whereas, in the RNA catabolic process, more DERBPs235

were downregulated in cancer tissues (Fig. 1C). KEGG236

analysis showed that miRNAs in cancer, platinum drug237

resistance, influenza A, and mRNA surveillance path-238

ways were upregulated in cancer tissues (Fig. 1D).239

3.2. Construction and verification of the prognostic240

signature based on the DERBPs241

26 genes were identified with statistical prognostic242

significance with univariate Cox regression analysis243

(P < 0.05) (Fig. 2A). Further, ten most powerful prog-244

nostic genes (CTIF, RBMS3, PPARGC1B, PABPC1L,245

HIST1H1C, DARS2, FASN, EPPK1, RPS10, RPP21)246

were screened out by a multivariate Cox regression to247

construct a risk score model. According to the median248

risk score, the BLCA cancer samples were divided into 249

low- and high-risk groups (Fig. 2B). A significant dif- 250

ference was noted in survival probability between the 251

low- and high-risk groups (P < 0.001) (Fig. 2C). Uni- 252

variate (Fig. 2D) and multivariate (Fig. 2E) Cox re- 253

gression analyses indicated that the risk score was an 254

independent prognostic factor for BLCA patients (P < 255

0.001). The risk score predicted 1, 3, and 5-year OS 256

with an area under the ROC curve of> 0.75, suggesting 257

optimal specificity and sensitivity for prognostic evalu- 258

ation (Fig. 2F). Finally, a nomogram including age, gen- 259

der, T/M/N, and risk score was successfully constructed 260

(Fig. 2G). The calibration plots for 1-, 3- and 5-year OS 261

showed that the nomogram model demonstrated better 262

prognostic prediction (Fig. 2H). 263

3.3. The prognostic signature is associated with higher 264

tumor stromal scores and predicts chemotherapy 265

sensitivity 266

GSEA analysis was performed to detect the vital 267

tumor phenotypes correlated with the risk score. It 268

showed that genes related to adhesion, junction, ECM- 269

receptor interaction, and canonical TME-related sig- 270

nal pathways like TGFβ, WNT, VEGF were enriched 271

in the high-risk group (Fig. 3A, Supplementary Ta- 272

bles 1, 2), suggesting a different TME phenotype. Con- 273

sistently, the high-risk group demonstrated higher ES- 274

TIMATE and stromal scores than the low-risk group 275

(P < 0.001); however, there was no significant dif- 276

ference in immune scores between the two groups 277

(Fig. 3B). To further clarify the correlation between the 278

risk score and immune landscape, differences in various 279

immune cell components between the two groups were 280

analyzed using CIBERSORT.R. The high-risk group 281

showed greater neutrophil (P < 0.01) and M0 and M2 282

macrophage (p < 0.05) counts. Fractions of most of the 283

22 kinds of immune cells, including CD4+T, CD8+T, 284

follicular helper T, NK, and dendritic cells, were re- 285

duced in the high-risk group, but the difference was 286

not statistically significant (Fig. 3C). Further, several 287

immune checkpoint genes were upregulated in the high- 288

risk group (Fig. 3D), indicating an immunosuppressive 289

microenvironment. These results indicate that the prog- 290

nostic RBPs may be involved in stromal abundance and 291

regulation of the immune microenvironment. 292

TME plays essential roles in the efficiency of can- 293

cer therapy. To evaluate the potential value of the risk 294

signature to predict response to clinical drug ther- 295

apy, estimated IC50 of 198 drugs was analyzed by 296

the “OncoPredict” R package. As expected, the prog- 297
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Fig. 2. Construction and verification of the prognostic DERBP signature. (A) Survival-related DERBPs were obtained by univariate Cox regression,
P < 0.05. The prognostic DERBPs were visualized by forest plot. (B) Risk score model, survival status, and expression levels of the 10 signature
genes in TCGA-BLCA cancer patients. (C) Kaplan–Meier survival analysis of TCGA-BLCA cancer patients based on risk score. (D) Univariate
Cox regression and (E) multivariate Cox regression analysis of the risk score and different clinical features. (F) ROC curves demonstrated the
predictive prognostic value of risk score at 1, 3, and 5 years. (G) Nomogram consisting of age, gender, T/M/N, and risk score based on the 10 hub
DERBPs. (H) Calibration curve for validation of the nomogram for estimating patient survival at 1, 3, and 5 years.

nostic signature was associated with chemotherapy298

sensitivity. High-risk group was less sensitive to Ox-299

aliplatin_1089, Acetalax_1804, and Lapatinib_1558;300

but sensitive to certain kind of inhibitors, such as301

IGF1R/IR inhibitor BMS-754807, pan-kinase inhibitor302

Staurosporine_1034, and heat shock protein 90 inhibitor303

Luminespib_1559 (Fig. 3E).304

3.4. RBMS3 is the critical hub gene with prognostic 305

value in BLCA 306

RBPs exert biological functions mainly by reg- 307

ulating target RNA. To further explore the criti- 308

cal RBPs for cancer development, the correlation 309

between RBPs and RNA expression (miRNA and 310
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lncRNA) in BLCA was analyzed to obtain RNA-311

correlated RBPs, from which risk models were con-312

structed. Six miRNA-correlated RBPs (CTU1, MYO5A,313

OAS1, PATL2, RBMS3, TXNL4A) and seven lncRNA-314

correlated RBPs (DDX39B, EIF4B, ELAC1, MYO5A,315

PATL2, RBMS3, TIA1) were finally screened out as316

prognostic risk genes (Fig. 4A, Supplementary Fig. 2).317

To narrow down the number of prognostic RBPs, three318

RBP prognostic signatures (miRNA-correlated RBPs,319

lncRNA-correlated RBPs, and DERBPs) were inter-320

sected to identify the overlapping genes. RBMS3 was321

a unique gene found in all three signatures (Fig. 4B),322

strongly suggesting that RBMS3 is a critical RBP for323

BLCA development.324

Next, the expression profile of RBMS3 in BLCA was325

analyzed using GEPIA2. Surprisingly, RBMS3 was sig-326

nificantly downregulated in BLCA cancer tissues, com-327

pared to normal tissues which including TCGA nor-328

mal and the Genotype-Tissue Expression (GTEx) blad-329

der data (Fig. 4C). However, in tumor tissues, RBMS3330

expression was positively correlated with tumor stage331

(Fig. 4D). Moreover, RBMS3 was a risk factor for OS;332

high RBMS3 expression alone could predict poor sur-333

vival of BLCA. High RBMS3 expression was a risk fac-334

tor in papillary BLCA (HR = 2.2, P = 0.016) (Fig. 4E),335

but not significant in non-papillary BLCA (HR = 1.3,336

P = 0.093) (Fig. 4E). The correlation between RBMS3337

mRNA expression and OS was further explored us-338

ing the Kaplan-Meier Plotter. High RBMS3 expression339

was correlated with shorter OS in BLCA (HR = 1.83,340

P = 0.00048). More importantly, tumor stage-restricted341

analysis showed that high RBMS3 levels were corre-342

lated with shorter OS in stage IV patients. However,343

among patients with lower tumor stages (stages II and344

III), the OS was not statistically different (Fig. 4F).345

These results indicate that RBMS3 may contribute to346

the malignant progression of BLCA.347

3.5. RBMS3 is associated with high tumor matrix348

content and immunosuppressive environment349

The correlation between RBMS3 expression, tumor350

purity, and immune cell infiltration was analyzed us-351

ing TIMER2. High RBMS3 expression was associated352

with lower tumor purity (R = −0.465, P < 0.001) and353

was positively correlated with infiltration by neutrophils354

(R = 0.37, P < 0.001), dendritic cells (R = 0.312, P <355

0.001), endothelial cells (R = 0.326, P < 0.001), and356

cancer associated fibroblast (R = 0.496, P < 0.001)357

(Fig. 5A). The correlation between RBMS3 expression358

and stromal cells was further explored using GEPIA2,359

revealing that RBMS3 expression was highly corre- 360

lated with fibroblast markers (R = 0.65, P < 0.001), 361

as well as endothelial cell markers (R = 0.51, P < 362

0.001). More importantly, RBMS3 expression was posi- 363

tively correlated with exhausted T-cells (R = 0.51, P < 364

0.001) and effector regulatory T-cells (R = 0.47, P < 365

0.001) (Fig. 5B). These results indicate that RBMS3 366

correlates with high tumor stromal content and associ- 367

ated with an immunosuppressive environment. 368

3.6. RBMS3 is mainly expressed in tumor, endothelial, 369

and fibroblast cells in BLCA tissues 370

To characterize RBMS3 expression, scRNA-Seq data 371

(GSE190888) of patients with cystitis and BLCA were 372

analyzed. After quality control, 3179 cells with cysti- 373

tis, 5376 cells with high-grade BLCA, 4583 cells with 374

low-grade BLCA, and 4885 cells with recurrent BLCA 375

were obtained. According to tSNE and cell-type anno- 376

tation, the cells were clustered into the following six 377

groups: epithelial, endothelial, T/NK, B-, macrophage, 378

and fibroblast cells (Fig. 6A, B). RBMS3 was mainly 379

expressed in epithelial, endothelial, and fibroblast cells 380

but rarely in immune cells (Fig. 6C). This is consistent 381

with the above data on the correlation of RBMS3 with 382

tumor stroma. Furthermore, RBMS3 expression was in- 383

creased in recurrent patients, especially in recurrent fi- 384

broblasts (Fig. 6D). Moreover, in another scRNA-Seq 385

data (GSE192575) which containing chemotherapy- 386

sensitive and resistant human bladder cancers, the ex- 387

pression of RBMS3 was significantly increased in the 388

chemotherapy-resistant bladder cancer (Supplementary 389

Fig. 3). This indicates that RBMS3 may be involved 390

in activating cancer-associated fibroblasts and could 391

contribute to TME remodeling. 392

To further clarify RBMS3 expression at protein level, 393

the Human Protein Atlas database was searched to com- 394

pare expression levels between normal bladder and 395

BLCA tissues. RBMS3 protein was expressed at a mod- 396

erate intensity in 75%–25% of normal bladder tissues. 397

RBMS3 expression showed significant heterogeneity 398

in BLCA tissues. It varied from weak to moderate to 399

strong among the different tumor tissues (Fig. 7). More 400

importantly, RBMS3 was not ubiquitously expressed in 401

tumor tissues. In most tumors, only a portion (< 25%) 402

of the tumor cells expressed high levels of RBMS3. 403

Notably, in some patients, high levels of RBMS3 were 404

observed in the tumor stromal area (Fig. 7A). Further, 405

we compared the RBMS3 expression between primary 406

and recurrent BLCA tissues. It showed that both mRNA 407

and protein level of RBMS3 was significantly increased 408

in the recurrent BLCA tissue (Fig. 7B). 409
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Fig. 6. RBMS3 is mainly expressed in epithelial, endothelial, and fibroblast cells. (A) tSNE plot of cells from four patients. (B) tSNE plot of the
cell clusters split according to origin. (C) VlnPlot of RBMS3 expression according to cell type. (D) RBMS3 expression in epithelial, endothelial,
and fibroblast cells split according to origin.

3.7. High RBMS3 expression predicts poor survival in410

BLCA immunotherapy411

The TME is an essential factor affecting immune412

response. As key components of the TME, cancer-413

associated fibroblasts play critical roles in efficient anti-414

programmed cell death protein 1(PD-1)/anti-415

programmed death ligand 1 (PD-L1) immunotherapy416

by participating in extracellular matrix remodeling [27,417

28]. Since RBMS3 is highly correlated with fibroblast418

cells and the immunosuppressive TME, we wondered419

whether it affects immunotherapy. Our results based on420

the Imvigor210CoreBiologies dataset showed that the421

non-response patients had higher RBMS3 expression422

level than the response patients (P = 0.0016, Fig. 8A).423

Consistently, high RBMS3 expression group contained424

more non-response patients (85%) than low RBMS3425

expression group (70%, Fig. 8B). Additionally, patients426

with high RBMS3 expression exhibited significantly427

worse OS compared to those with low RBMS3 expres-428

sion (P = 0.0033, Fig. 8C).429

We further analyzed the predictive value of RBMS3430

on BLCA immunotherapy through the Kaplan-Meier431

Plotter. Results showed that high RBMS3 expression432

was a risk factor for anti–PD-1 (HR = 3.25, P = 0.051)433

immunotherapy in BLCA patients (Fig. 8D). RBMS3434

also associated with a lower survival probability for435

anti–PD-L1 immunotherapy, but with no statistical dif-436

ference (P = 0.27, Fig. 8E). This may be because of 437

the small size of the BLCA sample (n = 90). In a large 438

urothelial carcinoma cohort (n = 348) that received 439

anti–PD-L1 immunotherapy, a significant survival dif- 440

ference was noted between the groups with low and 441

high RBMS3 expression (Fig. 8F). All the results sug- 442

gested that RBMS3 may predict the efficacy of BLCA 443

immunotherapy. 444

4. Discussion 445

Risk stratification of cancer traditionally uses clin- 446

ical and pathological characteristics to provide prog- 447

nostic information, helping to select the best treatment 448

for each patient [4]. Epidemiologically, advanced age, 449

cigarette smoking, and heredity are the risk factors for 450

BLCA [2]. Based on genetic alterations in the DNA 451

and subsequent RNA expression levels, BLCA can be 452

grouped into distinct molecular subtypes with variable 453

prognostic, predictive, and therapeutic implications [2]. 454

Increasing evidence indicates that RBPs play a crucial 455

role in the initiation, development, and recurrence of 456

various malignant tumors [29]. Several studies have 457

identified risk RBP signatures in BLCA [17,18,19]. 458

In this study, we established a risk score model based 459

on DERBPs. Moreover, we successfully constructed a 460

nomogram combining the risk score with clinical vari- 461
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Fig. 7. RBMS3 expression in BLCA tissue. (A)The immunohistochemistry results of RBMS3 protein in normal bladder and BLCA tissues from
the Human Protein Atlas. (B) In the primary and recurrent BLCA tissues, RBMS3 mRNA level was examined by quantitative real-time PCR,
∗∗P < 0.01 (left), RBMS3 protein was detected by immunohistochemistry assay.

ables to establish a quantitative prognostic evaluation462

of the OS of BLCA patients. High-risk patients showed463

increased stromal scores and differential immune cell464

infiltration compared to low-risk patients. These results465

indicate that prognostic RBPs participate in the malig-466

nant progression of BLCA by functioning as regulators467

of tumor stromal content.468

RBPs establish highly dynamic interactions with469

coding and non-coding RNAs to regulate RNA splic-470

ing, stability, localization, translation, and degrada-471

tion [29]. Therefore, critical RBPs that participate in472

the malignant progression of BLCA should be cor-473

related with RNA expression. To further explore the474

critical RBPs for cancer development, we addition-475

ally identified RNA-correlated RBPs with prognostic 476

value – namely, prognostic miRNA-correlated RBPs 477

and prognostic lncRNA-correlated RBPs. After inter- 478

section, RBMS3 was found to be the only gene present 479

in all three prognostic RBP signatures. We noticed that 480

RBMS3 was also included in the prognostic RBP sig- 481

nature in previous studies [18,19]. This finding high- 482

lights the importance of RBMS3 in the development of 483

BLCAs. 484

RBMS3 expression was downregulated in BLCA 485

tissues compared to normal bladder samples. How- 486

ever, in BLCA samples collected at different tumor 487

stages, RBMS3 was upregulated at relatively more 488

advanced stages of BLCA. These contradictory find- 489
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Fig. 8. High RBMS3 expression predicts poor response to BLCA immunotherapy. (A–C) Exploration of RBMS3 expression as prognostic markers
for BLCA immunotherapy (immune checkpoint inhibitors) using the Imvigor210CoreBiologies dataset. (A) Difference of RBMS3 expression
between different immune response patients, NR: non-response, R: response. (B) Comparison of immune response ratio between high- and
low-RBMS3 expression patients. (C) Survival analysis of high- and low-RBMS3 expression patients. (D–F) Survival analysis of the high- and
low-RBMS3 expression BLCA patients received immune checkpoint inhibitors treatment using the Kaplan-Meier Plotter. (D) Kaplan–Meier
plot of anti–PD-1 and (E) anti–PD-L1 immunotherapy in BLCA (n = 90). (F) Kaplan–Meier plot of anti–PD-L1 immunotherapy in urothelial
carcinoma (n = 348). Cutoff: auto-select.

ings have been observed for several genes. For exam-490

ple, the ferroptosis-related gene CHAC1 is downreg-491

ulated in kidney renal clear cell carcinoma but shows492

increased expression in more malignant kidney renal493

clear cell carcinoma samples and is associated with494

poor OS [30]. Pleiotrophin mRNA levels in many breast495

cancer samples are not higher than normal levels; how-496

ever, pleiotrophin also positively regulates growth, an-497

giogenesis, and chemoresistance in breast cancer [31].498

A reasonable explanation is that these genes may par-499

ticipate in malignant progression instead of cancer ini-500

tiation [30]. In this study, RBMS3 expression was as-501

sociated with poor OS in BLCA patients. Survival502

analysis restricted to the tumor subtype revealed that503

high RBMS3 expression was a risk factor for papil-504

lary BLCA but not for non-papillary BLCA. Moreover,505

the survival disadvantage is obvious in stage IV BLCA506

but not in lower-stage (II and III) BLCA. These results 507

suggest an important contribution of RBMS3 to the 508

malignant progression of BLCA, especially papillary 509

BLCA. 510

By reviewing the existing literature, we noticed that 511

RBMS3 can exert both pro- and anti-cancer effects in 512

different types of cancers. First, RBMS3 was identi- 513

fied as a tumor-suppressive gene during tumorigenesis. 514

RBMS3 effectively suppressed the tumorigenicity of 515

esophageal squamous cell carcinoma cells by down- 516

regulating C-MYC [32]. Consistently, another study 517

reported that the loss of RBMS3 cooperates with the 518

oncoprotein BRAFV600E to induce lung tumorigene- 519

sis [33]. Silencing of RBMS3 promotes the growth of 520

BRAFV600E lung organoids and the development of ma- 521

lignant lung cancers by elevating the Wnt/β-catenin sig- 522

naling axis [33]. RBMS3 negatively regulates chemo- 523
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resistance in epithelial ovarian cancer. Genetic ablation524

of RBMS3 significantly enhanced the chemo-resistance525

of epithelial ovarian cancer cells [34]. More recently,526

it has been shown that RBMS3 expression plays a tu-527

mor suppressor role in epithelial ovarian cancer by528

inducing an immune promoting TME [35]. RBMS3529

showed a negatively correlation with markers of reg-530

ulatory T cell, myeloid-derived suppressor cell, and531

M2 macrophage but a positive correlation with mark-532

ers of M1 macrophage [35]. These studies suggest that533

RBMS3 has tumor-suppressive functions in certain type534

of cancers.535

However, recent studies have shown that RBMS3 has536

cancer-promoting potential, which is necessary for ma-537

lignant progression [36]. The most well-studied cancer-538

promoting potential of RBMS3 concerns the epithelial-539

mesenchymal transition (EMT) relationship [37].540

RBMS3 expression is positively associated with EMT.541

According to prior research, RBMS3 is necessary for542

maintaining the mesenchymal phenotype and inva-543

sion in triple-negative breast cancer models [38]. Loss544

of RBMS3 significantly impairs tumor progression545

and spontaneous metastasis in vivo [38]. Function-546

ally, RBMS3 interacts with and stabilizes the mRNA547

PRRX1 (an EMT transcription factor) [38]. The EMT-548

promoting function of RBMS3 may explain its upregu-549

lation in advanced tumors and its association with poor550

survival.551

In the present study, RBMS3 expression was associ-552

ated with a higher stromal score. Specifically, RBMS3553

expression was highly correlated with counts of fibrob-554

lasts. Using scRNA-Seq analysis, it was also revealed555

that RBMS3 is highly expressed in fibroblasts and en-556

dothelial cells in BLCA tissues, while immunohisto-557

chemical analysis from the Human Protein Atlas con-558

firmed that high levels of RBMS3 were observed in559

the tumor stromal area in some BLCA tissues. Simi-560

lar results have been reported for breast cancer: higher561

RBMS3 expression was observed in breast cancer stro-562

mal cells compared to tumor cells [36]. Therefore,563

RBMS3 may be enriched in tumor stromal cells, thereby564

participating in TME remodeling. The immunosuppres-565

sive TME is a major obstacle to efficient anti-cancer566

immunotherapy [28]. According to the infiltration pat-567

tern of immune cells, tumors are commonly classified568

into three categories – namely, “inflamed”, “immune-569

excluded”, and “immune desert” [39]. Most BLCA570

tumors (approximately 47%) are immune-excluded571

and show a lower response to immune checkpoint in-572

hibitors [40]. Abnormal activation of tumor-associated573

fibroblasts plays a critical role in immune-excluded574

BLCA tumors [40]. In this study, RBMS3 was highly 575

correlated with fibroblast cells and the immunosuppres- 576

sive TME. Moreover, the Kaplan–Meier plot demon- 577

strated that high RBMS3 expression is a risk factor 578

for immunotherapy in patients with BLCA. Actually, 579

RBMS3 has been reported to be a target to improve 580

anti-cancer immunity in triple-negative breast cancer. 581

RBMS3 correlates with several immunosuppressive 582

molecules such as CD274. Mechanistically, RBMS3 583

protein binds to CD274 mRNA specifically to increase 584

PD-L1 levels. Disruption of RBMS3 can enhance the 585

anti-tumor immune activity by suppressing PD-L1 [41]. 586

Collectively, these results highlight the role of RBMS3 587

in promoting an immunosuppressive TME in BLCA. 588

This study had some limitations. Most results of this 589

were gleaned from public databases, and additional 590

in vitro and in vivo studies are needed to prove the 591

mechanism of action of RBMS3 in BLCA. TCGA was 592

the main database used in this study, additional well- 593

developed datasets were required to validate the main 594

findings. 595

In conclusion, we constructed three prognostic RBPs 596

signatures based on DERBPs, miRNA-correlated RBPs, 597

and lncRNA-correlated RBPs in BLCA. RBMS3 has 598

been identified as a key prognostic gene with TME 599

remodeling functions. The potent role of RBMS3 in the 600

immunosuppressive TME provides a foundation and 601

new ideas for BLCA immunotherapy. 602
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