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Abstract.
BACKGROUND: N6-methyladenosine (m6A) is the most frequent RNA modification in mammals, and its role in bladder cancer
(BC) remains rarely revealed.
OBJECTIVE: To predict the value of m6A-related genes in prognosis and immunity in BC.
METHODS: We performed multiple omics analysis of 618 TCGA and GEO patients and used principal component analysis
(PCA) to calculate the m6A score for BC patients.
RESULTS: We described the multiple omics status of 23 m6A methylation-related genes (MRGs), and four m6A clusters
were identified, which showed significant differences in immune infiltration and biological pathways. Next, we intersected the
differential genes among m6A clusters, and 11 survival-related genes were identified, which were used to calculate the m6A score
for the patients. We found that the high-score (HS) group showed lower tumor mutation burden (TMB) and TP53 mutations and
better prognosis than the low-score (LS) group. Lower immune infiltration, higher expression of PD-L1, PD-1, and CTLA4, and
higher immune dysfunction and immune exclusion scores were identified in the LS group, suggesting a higher possibility of
immune escape. Finally, the experimental verification shows that the m6A related genes, such as IGFBP1, plays an important role
in the growth and metastasis of bladder cancer.
CONCLUSIONS: These findings revealed the important roles of m6A MRGs in predicting prognosis, TMB status, TP53
mutation, immune functions and immunotherapeutic response in BC.
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Abbreviations 1

BC bladder cancer
ICIs immune checkpoint inhibitors
m6A N6-methyladenosine
MRGs methylation-related genes
TMB tumor mutation burden
TCGA The Cancer Genome Atlas
GEO Gene Expression Omnibus
PCA principal components analysis
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CNV copy number variation
DEGs differentially expressed genes
OSRGs OS-related genes
IGF insulin-like growth factor
HS group high-score group
LS group low-score group
PPI protein-protein interaction
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and

Genomes
GSEA Gene set enrichment analysis
DSS Disease-specific survival
OS Overall survival
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1. Introduction4

Bladder cancer (BC) is among the top 10 malignan-5

cies worldwide, with the highest incidence and mortal-6

ity in the urinary system, which places a heavy burden7

on society as a whole [1,2]. At present, the initiation8

mechanism of BC is still unclear. somehow, several9

risk factors, such as age, gender, cigarettes, chemical10

contact, heredity and other elements, have been identi-11

fied [3]. So far, the common therapies for BC, includ-12

ing surgery, chemotherapy, and immune therapy, have13

achieved great improvement in BC prognosis, but many14

BC patients still suffer from high recurrence possibil-15

ities, even with noneffective methods for advanced or16

metastatic BC [4]. Therefore, investigating novel meth-17

ods that could help with the early diagnosis of BC or18

predict prognosis is urgently needed.19

N6-methyladenosine (m6A) is the most frequent20

RNA modification in mammalian cells [5]. The basic21

m6A process includes 3 types of genes and their down-22

stream proteins: writers (such as METTL3, METTL14,23

METTL16, WTAP, VIRMA, ZC3H13, RBM15 and24

RBM15B), readers (such as YTHDC1, YTHDC2,25

YTHDF1, YTHDF2, YTHDF3, HNRNPC, FMR1,26

LRPPRC, HNRNPA2B1, IGFBP1, IGFBP2, IGFBP327

and RBMX), and erasers (such as FTO and ALKBH5),28

which add, identify and delete m6A-modified sites [6].29

These m6A regulation genes are reported to play impor-30

tant roles in tumorigenesis and tumor progression [7,8,31

9]. For example, it has been reported that knockdown32

of METTL3 (one of the writers) inhibits BC cells in33

vitro and tumorigenesis in vivo, while overexpression34

of METTL3 improves BC invasion [10]. Meanwhile,35

the high expression of YTHDF2 (one of the readers)36

has a close relationship with poor survival, and cell37

proliferation and migration were significantly inhibited38

after knocking down YTHDF2 in prostate cancer [11]. 39

Additionally, FTO (one of the erasers) is known as an 40

oncogene that is closely associated with BC progres- 41

sion [12]. Obviously, these findings suggest the impor- 42

tant roles of m6A regulatory genes in tumors. 43

Immunotherapy has become an important treatment 44

strategy in BC, especially advanced BC and metastatic 45

BC, which has ameliorated the prognosis. Currently, 46

immune checkpoint inhibitors (ICIs) are the first-line 47

treatment for BC, and PD-1, PD-L1 and CTLA4 ex- 48

pression levels are considered to be associated with 49

the immunotherapy response [13]. Although ICIs have 50

made great improvements in BC prognosis, only a few 51

patients gain clear benefit from ICI treatment, and some 52

patients suffer side effects and medicine toxicity [14]. 53

Therefore, it is imperative to explore novel effective 54

therapeutic methods and molecular targets to improve 55

the immunotherapy effect of patients. Interestingly, 56

it has been reported that BC patients who have high 57

CD8+ T-cell infiltration levels with a high tumor mu- 58

tation burden (TMB) could gain more benefit from ICI 59

treatment [15]. At the same time, TP53 mutation is be- 60

lieved to be associated with disease progression and 61

poor prognosis of BC [16]. Undoubtably, it can be seen 62

that poor prognosis of tumors is the result of the com- 63

prehensive effect of tumor immunity, gene mutation, 64

gene expression and other factors, which suggests that 65

early identification and intervention of these factors 66

may be a feasible method to improve the prognosis of 67

cancer, including BC. 68

Liu et al. showed the importance of the multiomic 69

characteristics of m6A related genes in exploring the bi- 70

ological function of bladder cancer. Due to the complex 71

functions of m6A related genes, more evidence needs 72

to be further explored [17]. In this work, we aimed to 73

reveal the important roles of m6A methylation-related 74

genes (MRGs) in predicting prognosis, TMB status, 75

TP53 mutation, immune functions and immunother- 76

apeutic response in BC and to offer novel molecular 77

targets for the precision treatment of BC. 78

2. Material and methods 79

2.1. Data sources 80

In this work, transcriptome data, single nucleotide 81

polymorphism (SNP) data, copy number variation 82

(CNV) data and related clinical information were down- 83

loaded from the TCGA database (https://tcga-data. 84

nci.nih.gov/tcga/) for 430 cases (411 BC cases and 85
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19 normal cases). Firstly, raw data of each case was86

extracted and generated a matrix by using Perl soft-87

ware. Then, case IDs were conformed into a consis-88

tent layout, as well as annotated gene names accu-89

rately in the matrix. Next, a standardized transcriptomic90

matrix was generated by applying formula log2 (x +91

1) for further investigation. The clinical information92

(Supplementary Table 1) was first examined to obliter-93

ate any duplicates or missing data, then matched with94

transcriptomic data of each case for further analysis.95

As for the SNPs data, it could be directly used after96

matching with the patient ID of transcriptome data.97

Meanwhile, transcriptome data and clinical informa-98

tion (Supplementary Table 2) of 188 BC cases were ob-99

tained from the GSE13507 dataset (https://www.ncbi.100

nlm.nih.gov/geo/query/acc.cgi?acc=GSE13507). The101

transcriptome data was annotated by using platform file102

GPL6102, deleting missing data and standardized these103

data by applying formula log2 (x + 1) for further in-104

vestigation. The clinical information was examined to105

delete duplicating and missing data for further analysis.106

2.2. Identification of differentially expressed genes107

Before analysis, we standardized all transcriptomics108

data by applying log2 (x + 1). Then, we applied the109

edge R package with FDR < 0.05 and |log2FC| > 1110

to identify differentially expressed genes (DEGs) of111

transcriptomics in both the TCGA and GEO cohorts.112

2.3. Protein-protein interaction network113

We generated a protein-protein interaction network114

(PPI) for MRGs by using STRING (https://string-db.115

org/) and Cytoscape software.116

2.4. Enrichment analysis117

We applied Gene Set Variation Analysis (GSVA),118

Gene Ontology (GO) and Kyoto Encyclopedia of Genes119

and Genomes (KEGG) for functional or pathway en-120

richment analysis. Briefly, expression profiles of DEGs121

or MRGs were put into R software to perform the en-122

richment analysis, calculating enrichment scores, es-123

timating significance levels and performing multiple124

hypothesis, which finally indicated the potential gene125

functions and pathways.126

2.5. M6A scores were evaluated for patients127

Principal components analysis (PCA) is an effective128

technique for reducing data dimensionality. Calculation 129

steps (assuming that the sample data is n-dimensional, 130

with a total of m): 1. Organize these sample data into 131

a matrix Xnm by column; 2. Row-wise averaging X, 132

which means first calculating the average value of each 133

row, and then subtracting this average value from each 134

element in that row; 3. Calculate the covariance matrix; 135

4. Find the eigenvalues of the covariance matrix, which 136

are the corresponding eigenvectors; 5. Arrange the fea- 137

ture vectors into a matrix by row from top to bottom 138

according to the corresponding feature values, and take 139

the first k rows to form a matrix P; 6. Then Y = PX is 140

the data set after dimensionality reduction to k. These 141

steps are ultimately accomplished with the help of R 142

package. In this work, we first used PCA to analyze 143

the expression of 11 survival-related genes (CLIC4, 144

KPNA2, PAQR4, MTHFD2, CDC25B, WDR62, TPX2, 145

CRTAC1, KLHL3, SMAD6, ZNF552) and obtained 146

the corresponding PCA score. Next, we calculated the 147

m6A score of each patient according to the PCA score: 148

m6A score = pca (1) + pca (2) + . . . + pca (n). Finally, 149

patients were divided into a high score (HS) group and 150

a low score (LS) group according to the m6A score 151

in both the TCGA and GEO cohorts for subsequent 152

analysis. 153

2.6. Cell culture 154

In this study, human bladder cancer cell lines 155

UMUC3 and RT112 were cultured in RPMI-1640 156

(Gibco, USA) supplemented with 10% fetal bovine 157

serum and 1% penicillin/streptomycin, as well as cul- 158

tured at 37◦C and in 5% CO2. 159

2.7. Transfection assay 160

We obtained the overexpression plasmid of IGFBP1 161

and paired empty plasmid from GeneCopoeia 162

(Guangzhou, China). Firstly, we planted BC cells into 163

6-well plates and waited for cell density reached at 164

80%–90%. Then, we changed the culture medium into 165

1.5 ml Opti-MEM (Gibco) for each well at two hours 166

before transfection. Meanwhile, we set two groups for 167

transfection: negative control group (NC) and knock- 168

down group (SH). For each well in SH group, 10 ul 169

IGFBP1 knockdown plasmid was added into 240 ul 170

Opti-MEM, as well as 5 ul lipo2000 (Thermo, USA) 171

was supplanted into 245 ul Opti-MEM and set still 172

at room temperature for 5 minutes. Next, we mixture 173

plasmid solution with lipo2000 solution and set still 174

at room temperature for 10 minutes, following adding 175
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total 500 ul transfection solution into 1.5 ml Opti-MEM176

culture medium to form 2 ml volume transfection sys-177

tem in each well. The NC group followed the same pro-178

tocol but changed the knockdown plasmid into empty179

plasmid. After 8 hours transfection, we changed the180

transfection culture medium into 2 ml RPMI-1640 sup-181

plemented with 10% serum. The transfected efficacy182

was confirmed by examining the fluorescence percent-183

age. We chose the wells that had a minimum of 80%184

fluorescence percentage for further investigation.185

2.8. RT-PCR186

The reactions were performed on the QuantStudio187

5 Real-Time PCR instrument (Thermo Fisher, USA)188

using 2x SYBR Green Pro Taq HS Premix II (AgBio,189

China). Normalization of mRNA levels was against190

GAPDH levels. For calculating the relative gene expres-191

sion, the 2-∆∆CT approach was employed. (First, for192

all test samples and calibration samples, the CT value193

of the internal reference gene is normalized to the CT194

value of the target gene: ∆CT test = CT target, test195

– CT ref, test; ∆CT calibrator = CT target, calibrator196

CT ref, calibrator. Second, normalize the ∆CT value of197

the test sample with the ∆CT value of the calibration198

sample: ∆∆CT = ∆CT test – ∆CT calibrator. Finally,199

calculate the expression level ratio: 2−∆∆CT = the200

ratio of the amount of expression.)201

2.9. CCK8 assay202

This assay was followed by the protocol of Bey-203

otime CCK8 kit. Briefly, we adjusted the cell density of204

transfected and control cells to 5000/100 ul. Then, we205

added 100 ul cell suspension into each well of 96-well206

plate, supplemented with 10 ul CCK8 solution, and cul-207

tured at 37◦C for one hour. Afterward, we examined208

the optical density at 450 nm wavelength to examine209

the cell proliferation. This assay was repeated at least210

three times.211

2.10. Wound healing assay212

We seeded the transfected cells into six-well plates213

and waited for the cell density reaching more than 90%.214

Then we scratched several vertical lines by using a215

200 ul pipette tip. After three times washing with PBS216

solution, we changed the culture medium to 2 ml serum-217

free culture medium. Photos of this assay at 0 hour,218

24 hour were taken to examine the wound healing rates.219

2.11. Transwell assay220

The transfected cells were incubated in serum-free221

medium for 12 h and then adjusted to a density of 1*106 222

cells/ml. Next, 200 mL of cell suspension was added 223

to the transwell chambers (Corning, NO.3422), which 224

were fit into the wells of 24-well plates. The wells of 225

the plates also each contained 500 ml of RPMI-1640 226

medium supplemented with 10% FBS. After 24 hours 227

of incubation, cells on the upper membrane were re- 228

moved with cotton wool, whereas cells adhering to the 229

lower surface were fixed in methanol for 30 min and 230

then stained with 0.1% crystal violet for 10 minutes. 231

After natural air drying, the migrating cells on the lower 232

surface of the membrane were counted under an optical 233

microscope at 200 folds magnification. 234

2.12. Statistical analysis 235

We employed one-way ANOVA and t tests for com- 236

parisons between groups, and the comparison of two or 237

more constituent ratios was performed by the chi-square 238

test. Correlation analysis, heatmap, waterfall curve and 239

box plots were completed by R software (version 3.5.1). 240

We processed all statistical analyses by applying SPSS 241

19.0 software (SPSS. Inc., Chicago, IL, USA) or R soft- 242

ware. In this work, we set the significance level to P < 243

0.05. 244

3. Results 245

3.1. Multi-omics biological characteristics of m6A 246

MRGs and its relationship with survival in BC 247

First, we investigated the CNV status of 23 m6A 248

MRGs in TCGA patients with BC. The results showed 249

that 56.52% (13/23) of m6A-related genes gained more 250

CNV frequencies than they lost, and VIRMA had 251

the highest frequency. In contrast, 43.48% (10/23) of 252

genes lost more CNV frequencies than they gained, 253

and YTHDF2 had the top percentage (Supplementary 254

Fig. 1A). Moreover, the localization of these genes in 255

the chromosome was described as well (Supplemen- 256

tary Fig. 1B). Then, we found a good protein-protein 257

interaction network, which revealed a potential reg- 258

ulatory relationship among these genes (Supplemen- 259

tary Fig. 1C). Next, we compared the expression sta- 260

tuses of these genes from 411 BC cases with 19 nor- 261

mal cases and found that HNRNPA2B1 and HNRNPC 262

had the most significant differences (Supplementary 263

Fig. 1D). After that, we found that these 23 genes were 264

mutated in 24.51% of 411 TCGA BC patients, of which 265

METTL3 was the most frequently mutated (Supple- 266
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Fig. 1. m6A MRGs significantly affect the survival of bladder cancer patients. (A, B) Overall survival (OS) and disease-specific survival (DSS)
prognostic networks were constructed according to 17 MRGs. (C–I) Kaplan-Meier analysis of OS for m6A MRG genes.

mentary Fig. 1E). Furthermore, we investigated the ex-267

pression status of 22 other genes when the METTL3268

gene was mutated or not. The results showed that 17269

genes were differentially expressed in METTL3 mu-270

tant or wild-type cells, and the results of RBM15 and271

YHDF2 are shown as examples (Supplementary Fig. 1F272

and G), which indicated that METTL3 was one of the273

key m6A MRGs in BC.274

We combined 411 BC cases in TCGA and 188275

GEO BC cases and finally identified 17 MRGs with276

complete data for subsequent analysis. Next, we con-277

structed overall survival (OS) and disease-specific sur-278

vival (DSS) prognostic networks according to these 17279

MRGs (Fig. 1A and B). More precisely, the networks280

exhibited the detailed function of these MRGs in m6A281

methylation (erasers, readers or writers), as well as the282

correlation between genes and the role of the gene as283

a protective or risk factor in OS and DSS. Then, we284

investigated every single gene by Kaplan-Meier anal-285

ysis and finally found that ALKBH5, ZC3H13, LRP-286

PRC, IGFBP1, and RBM15B were associated with poor 287

OS and that FMR1, YTHDF3, YTHDC1, RBMX and 288

YTHDC2 were associated with better OS (Fig. 1C–L). 289

Additionally, we performed Kapan-Meier analysis for 290

DSS and found that 9 of 17 MRGs were statistically 291

significant (Supplementary Fig. 2A–I). All these find- 292

ings highlight the important roles of m6A MRGs in the 293

prognosis of BC. 294

3.2. m6A clusters were identified based on MRGs in 295

BC patients 296

Based on the gene expression of these 17 m6A 297

MRGs, a consensus clustering analysis was performed 298

for 596 BC cases (408 from TCGA and 188 from GEO), 299

and the results showed that our patients were well di- 300

vided into 4 m6A clusters when k = 4 (Fig. 2A). After 301

that, we found that these MRGs showed apparent dif- 302

ferences among the four groups of patients (Fig. 2B). 303
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Fig. 2. m6A clusters were identified based on MRGs in BC patients. (A) BC samples (n = 596) were divided into four m6A clusters based on the
consensus clustering matrix (k = 4) in both TCGA and GEO cohorts. (B) Heatmap of the expression status of 17 m6A MRGs in m6A clusters.
(C) The differences in 23 immune cell infiltration levels in m6A clusters. (D, E) KEGG and GO functional analysis between m6A clusters A and
B. (F, G) The results of GO and KEGG enrichment analysis for the intersection of differentially expressed genes between m6A clusters.
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Then, a boxplot for immune infiltration status was gen-304

erated based on the m6A clusters (Fig. 2C). Accord-305

ing to the results, we noticed significant differences in306

immune cell infiltration among the 4 m6A clusters of307

patients. More specifically, m6A cluster A had a high308

level of immune cell infiltration (such as CD4+ T cells,309

CD8+ T cells, NK cells and B cells), suggesting good310

immune function. In contrast, m6A cluster D had a poor311

level of immune infiltration, suggesting poor immune312

function. After that, ssGSEA was performed to explore313

the underlying functions or pathways for these clus-314

ters. KEGG analysis showed that metabolism-related315

pathways, such as linoleic acid metabolism, were sig-316

nificantly downregulated in cluster A compared with317

cluster B, while tumor-related pathways, such as DNA318

replication pathways and cell cycle pathways, were ap-319

parently upregulated in cluster A (Fig. 2D). In addi-320

tion, similar results were observed in KEGG analysis321

of comparisons between cluster A and other m6A clus-322

ters (Supplementary Fig. 3A and B). Accordingly, these323

enriched pathways could partly explain the reason for324

the worst prognosis and lowest m6A score of patients325

in cluster A based on the results from the subsequent326

analysis of our work. In addition, we conducted pair-327

wise comparisons of different KEGG pathways between328

m6A clusters (Supplementary Fig. 3C–E).329

Consistently, we also performed GO functional anal-330

ysis between m6A clusters. From the results of the331

comparison between clusters A and B, we noticed332

that several GO biological processes (GOBP), such as333

DNA replication initiation, and GO cellular compo-334

nents (GOCC), such as replisome, were at higher levels335

in cluster A, while some GOBPs and GO molecular336

functions (GOMF) were downregulated in cluster A.337

Interestingly, we noticed that insulin-like growth fac-338

tor (IGF)-related GOBP levels were lower in patients339

from cluster A, whose prognosis and m6A score were340

the worst, while IGF levels were commonly upregu-341

lated in advanced malignancies (Fig. 2E) [17,18]. Nev-342

ertheless, comparisons of GO function analysis between343

cluster A and other m6A clusters were also performed344

(Supplementary Fig. 4A and B). In addition, we also345

conducted pairwise comparisons of GO functions be-346

tween other m6A clusters (Supplementary Fig. 4C–347

E). After that, we distinguished the differentially ex-348

pressed genes by comparing every two m6A clusters349

(clusters A and B, A and C, A and D, B and C, B and350

D, and C and D) and further intersected these differen-351

tially expressed genes among these comparisons to pro-352

cess Unicox analysis, which finally identified 11 OS-353

related genes (OSRGs) (CRTAC1, SMAD6, CDC25B,354

ZNF552, KLHL3, TPX2, WDR62, MTHFD2, PAQR4, 355

KPNA2 and CLIC4). Additionally, we employed GO 356

and KEGG enrichment analysis for these 11 OSRGs. 357

We found that these genes were mainly enriched in 358

microtubule cytoskeleton organization involved in mi- 359

tosis, regulation of cellular response to growth factor 360

stimulus and epithelial tube morphogenesis (Fig. 2F). 361

At the same time, we noticed that OSRGs were mainly 362

enriched in microRNAs in cancer, as well as TGF-β 363

signaling pathways and cell cycle pathways (Fig. 2G), 364

which revealed that these OSRGs were involved in 365

tumorigenesis-related pathways and could apparently 366

alter prognosis. Therefore, these findings reveal the im- 367

portant value of m6A MRGs in identifying immune cell 368

infiltration and prognosis in BC patients and highlight 369

OSRGs as tumor-related genes. 370

3.3. m6A score was established to predict the 371

prognosis of BC patients 372

To further investigate the roles of these 11 OSRGs 373

in our patients, a new consensus clustering analysis 374

was performed. When k = 2, cases could be well sep- 375

arated so that these 596 BC cases were divided into 376

2 gene clusters (Fig. 3A). As shown in Fig. 3B, these 377

11 OSRGs were apparently different in gene expres- 378

sion between the 2 gene clusters, and the details are 379

shown in Fig. 3C. To be more precise, we found that 380

the expression levels of CRTAC1, SMAD6, ZNF552 381

and KLHL3 were higher in gene cluster B than in gene 382

cluster A, while the others showed the opposite results. 383

Then, we followed Kapan-Meier analysis for OS and 384

DSS separately based on the gene clusters (Fig. 3D and 385

E). The results showed that patients in gene cluster B 386

had a better prognosis than patients in gene cluster A, 387

which demonstrated the ability of these genes to predict 388

the prognosis of BC patients. Furthermore, we calcu- 389

lated the m6A score of each case via principal compo- 390

nent analysis (PCA) and divided them into a high-score 391

(HS) group and a low-score (LS) group. Next, we ran 392

Kapan-Meier analysis for OS and DSS based on m6A 393

score groups separately (Fig. 3F and G) and found that 394

patients in the HS group had better survival possibilities 395

than those in the LS group. Surprisingly, we observed 396

the same survival trends among groups with consis- 397

tent clinical parameters (T grades, N grades, age and 398

sex, etc.) (Supplementary Fig. 5A–H). In addition, we 399

further investigated the clinical characteristics of these 400

BCs between m6A score groups. As the results showed, 401

patients in the HS group had less mortality than those 402

in the LS group, and patients in the HS group showed 403
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Fig. 3. The m6A score was established to predict the prognosis of BC patients. (A) BC samples (n = 596) were separated into two gene clusters
based on the consensus clustering matrix (k =2) in both TCGA and GEO cohorts. (B) Heatmap of 11 survival-related gene expression statuses
between gene clusters. (C) Boxplot of 11 survival-related gene expression levels between gene clusters. (D, E) Kaplan-Meier analysis for OS (D)
and DSS (E) between gene clusters. (F, G) Kaplan-Meier analysis of OS (F) and DSS (G) between the HS group and LS group. (H–J) Living status
(H), T grade (I) and N grade (J) in the m6A score groups.

lower T stage and N stage than those in the LS group404

(Fig. 3H–J). These findings demonstrated the ability of405

the m6A score to predict the prognosis of BC patients.406

3.4. m6A score is closely related to TMB and gene407

mutations in BC patients408

First, we examined the relationship between the m6A409

score and m6A clusters and gene clusters (Fig. 4A and410

B). From the results, we found that patients in m6A411

cluster B, m6A cluster D and gene cluster B had higher412

m6A scores, suggesting a better prognosis, which is413

basically consistent with our previous conclusion. Next,414

a more intuitive Sankey diagram showed the corre-415

sponding relationship among the m6A cluster, gene416

cluster, m6A score and fustat status among 596 BC417

cases (Fig. 4C). Next, we found that the m6A score418

was negatively correlated with the TMB level, and the419

HS group was associated with a lower TMB level than420

the LS group (Fig. 4D and E). Then, we investigated 421

the prognosis of BC with high and low TMB levels via 422

Kaplan-Meier analysis for OS. Surprisingly, the results 423

showed that patients with higher TMB levels gained 424

better survival possibilities than those with lower TMB 425

levels (Fig. 4F). Moreover, patients with high TBM 426

and high m6A scores had the best prognosis, while pa- 427

tients with low TMB and low m6A scores had the worst 428

prognosis (Fig. 4G). Nevertheless, we know that the 429

effect of TMB on cancer patients is double-sided. In our 430

results, high m6A score and high TMB both showed 431

better prognosis, while the inverse association between 432

TMB and m6A score seems puzzling, but it is not con- 433

tradictory since the overall outcome is usually caused 434

by multiple biological factors. A single factor of TMB 435

is not sufficient to alter the final outcome in our patients. 436

Additionally, we assessed the gene mutation status 437

of 406 cases in the m6A score groups via Maftools 438

(Fig. 4H and I). From the results we noticed that the to- 439
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Fig. 4. The m6A score is closely related to TMB and gene mutations in BC patients. (A) m6A score levels in m6A cluster groups. (B) m6A score
levels in gene clusters. (C) Corresponding relations between the m6A cluster, gene cluster, m6A score and Fustat in our patients. (D) TMB levels
in the m6A score groups. (E) The correlations between TMB levels and m6A score. (F) Kaplan-Meier analysis of OS in patients with high and low
TMB levels. (G) Kaplan-Meier analysis for OS in cases with four combinations that consisted of different TMB levels and different m6A scores.
(H, I) The top 20 mutant genes in the HS (H) and LS groups (I).

tal mutant frequencies between HS group and LS group440

were similar (93.33% vs 94.02%), but FGFR3 was the441

most common mutant gene in cases from HS group,442

while TP53 in LS group. The differences in gene muta-443

tion status between m6A score groups could partly ex-444

plain the different outcomes of cases in different groups.445

3.5. The LS group predicts a higher risk of immune446

escape in BC patients447

Furthermore, we assessed the correlation of the m6A448

score with tumor immunity in BC. According to the 449

results, we found that the m6A score was closely re- 450

lated to immune cell infiltration, and the LS group had 451

higher infiltration of Treg cells and lower infiltration 452

of CD8+ T cells than the HS group (Fig. 5A and B). 453

Meanwhile, iDC, monocyte, Tcm and NK CD56bright 454

cell infiltration was lower in the LS group than in the HS 455

group and was positively correlated with the m6A score 456

(Supplementary Fig. 6A–D). These findings suggested 457

that patients in the LS group might have poorer im- 458

mune function. Then, we examined the levels of the im- 459
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Fig. 5. The LS group predicts a higher risk of immune escape in BC patients. (A, B) The immune score of Treg cells (A) and CD8+ T (B) cells in
the m6A score groups and correlations between immune score and m6A score. (C–E) The expression of PD-L1, PD-1 and CTLA4 between the HS
and LS groups. (F–I) The immune dysfunction score (F), immune exclusion score (G), PD-1 and PD-L1 immunotherapy effect score (H), and
negative PD-1 and PD-L1 immunotherapy effect score (I) between the HS and LS groups. (J) The MSI status between the HS and LS groups.

mune checkpoints PDL1, PD1 and CTLA4 in the m6A460

score groups. The results showed that these checkpoints461

were upregulated in the LS group compared to the HS462

group, which indicated that cases in the LS group had463

a higher risk of immune escape (Fig. 5C–E). In addi-464

tion, a higher immune dysfunction score and immune465

exclusion score were identified in the LS group, which466

further demonstrated that the LS group was associated467

with a higher risk of immune escape in BC (Fig. 5F and468

G). Surprisingly, we found that when the patients were469

treated with PD-1 and PD-L1 immunotherapy, the LS470

group achieved a better therapeutic effect than the HS471

group. In contrast, when patients were treated with neg-472

ative PD-1 and PD-L1 immunotherapy, the HS group 473

achieved a better therapeutic effect than the LS group 474

(Fig. 5H and I). In addition, we found that cases in the 475

HS group had higher microsatellite instability (MSI), 476

which might suggest a possible method for the gene 477

detection of BC (Fig. 5J). These results suggested that 478

the LS group had a higher risk of immune escape than 479

the HS group and might gain more benefit from ICIs. 480

3.6. Experimental verification of m6A related gene 481

and prognosis of bladder cancer 482

In this work, we identified a total of six m6A re- 483
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Fig. 6. Experimental verification of m6A related gene and prognosis of bladder cancer. A: The gene expression of ALKBH5, ZC3H13, LRPPRC,
IGFBP1, YTHDC1 and YTHDC2 in bladder cancer tissues and adjacent normal tissues was measured by qPCR. B: CCK8 was used to determine
the growth activity in the IGFBP1 knockdown group and empty vector group of bladder cancer cells. C and D: Gene expression levels of IGFBP1
in different groups. E and F: A wound healing assay was used to measure the migration ability of UMUC3 and RT112 cells in the IGFBP1
knockdown group and empty vector group. G and H Transwell assays were used to measure the migration ability of UMUC3 and RT112 cells in
the IGFBP1 knockdown group and empty vector group.
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lated genes that were both associated with overall sur-484

vival and disease-specific survival, of which ALKBH5,485

ZC3H13, LRPPRC, IGFBP1 were associated with poor486

survival and YTHDC1 and YTHDC2 were associated487

with better survival. Furthermore, qPCR showed that488

the gene expression of ALKBH5, ZC3H13, LRPPRC,489

IGFBP1 in bladder cancer tissues was significantly490

higher than that in normal tissues, and YTHDC1 and491

YTHDC2 in bladder cancer tissues was significantly492

lower than that in normal tissues (Fig. 6A).493

Among the six m6A related genes, of which494

ALKBH5, LRPPRC and YTHDC1 have been clearly495

reported to be associated with bladder cancer in the496

literature, but the biological roles of ZC3H13, IGFBP1497

and YTHDC2 in bladder cancer are poorly under-498

stood [18,19,20,21,22,23,24,25,26]. Furthermore, we499

analyzed ZC3H13, IGFBP1 and YTHDC2 in TCGA500

dataset, and found that IGFBP1 had a higher expres-501

sion level in non primary bladder cancer and high502

lymph node metastasis patients (Fig. 6B and C), while503

ZC3H13 and YTHDC2 did not observe this trend.504

These findings suggest that IGFBP1 may be more re-505

lated to the poor prognosis of bladder cancer. There-506

fore, we selected IGFBP1 for further experimental ver-507

ification. The results showed that the growth activity of508

bladder cancer cells in the IGFBP1 knockdown group509

was significantly inhibited in UMUC3 and RT112 cells510

compared to that in the empty vector transfection group511

(Fig. 6E and F). In addition, in UMUC3 and RT112512

cells, the metastatic ability of the IGFBP1 knockdown513

group was significantly inhibited compared with that514

of the empty vector transfection group (Fig. 6G and515

H). These results suggested the important role of m6A-516

related genes, especially IGFBP1, in the prognosis of517

bladder cancer.518

4. Discussion519

At present, increasing evidence suggests the impor-520

tant roles of m6A in the development of tumors. It has521

been reported that VIRMA is the most commonly up-522

regulated m6A gene in BC and is essential to the m6A523

of mRNA in the 3’ untranslated regions (3’UTRs) and524

around the stop codon, as well as alternative polyadeny-525

lation [27]. Meanwhile, the expression of YTHDF2526

was suggested to correlate with a good prognosis in527

BC [28]. These results implied the important roles of528

m6A genes in BC. Rencently, Liu et al. determined529

three different N6-methyladenosine modification pat-530

terns and explored the inherent relationships between531

these modification patterns and multiomic tumor char- 532

acteristics [17], which revealed the important roles of 533

m6A methylation modification patterns in bladder can- 534

cer. However, due to the complex functions of m6A 535

related genes, more evidence needs to be further ex- 536

plored in bladder cancer. In this work, we has drawn 537

many new and valuable findings that differ from Liu et 538

al.’s study. First, we have proposed a new m6A clus- 539

tering scheme and performed corresponding functional 540

enrichment analysis, immune infiltration analysis for 541

BC patients. In addition, we have determined a new 542

genotyping results based on m6A related genes and 543

performed corresponding survival prognosis analysis 544

for BC patients. Moreover, based on the m6A score, 545

we performed disease-specific survival analysis, tumor 546

mutational burden analysis, gene mutation characteris- 547

tics analysis, immune exclusion analysis, immune dys- 548

function analysis, microsatellite instability (MSI) anal- 549

ysis, CD8+ T cell and Trges analysis, etc. for BC pa- 550

tients. These results are crucial to further reveal the 551

biological function of m6A related genes in bladder 552

cancer. What’s more, we selected m6A related genes 553

(ALKBH5, ZC3H13, LRPPRC, IGFBP1, YTHDC1 and 554

YTHDC2) for experimental verification, which further 555

strengthened the evidence of m6A related genes and the 556

prognosis of bladder cancer. 557

According to our results, METTL3 was the most fre- 558

quently mutated m6A gene in BC, and different muta- 559

tion statuses of METTL3 could influence the expression 560

levels of other m6A genes, which may partly contribute 561

to the prognosis of BC. METTL3 has been reported 562

to anticipate tumorigenesis by playing roles as a m6A 563

“writer”, either as an oncogene or a suppressor gene, in 564

many types of cancers [29]. In addition, it is suggested 565

that the expression level of METTL3 was upregulated 566

in BC and improved mRNA translation levels through 567

YTHDF1/3 binding, which was regulated by METTL3 568

m6A modification targeted to CDCP1 and ITGA6 [30, 569

31]. In addition, METTL3 was found to function as 570

an oncogene that could promote tumor proliferation in 571

BC via the accumulation of pri-miR221/222 mutations 572

in the m6A process [32]. Moreover, a study indicated 573

that METTL3 might improve BC progression and an- 574

giogenesis via tyrosine kinase endothelial and vascular 575

endothelial growth factor A, which could be a potential 576

therapeutic target [33]. In summary, METTL3 is a vital 577

m6A gene and plays important roles in tumorigenesis in 578

BC. According to the m6A cluster, we comprehensively 579

analyzed m6A gene functions and pathways in BC. We 580

noticed that DNA replication function and IGF-related 581

proteins and pathways were strongly associated with 582
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the m6A process. The IGF system is believed to play583

important roles in cell proliferation, differentiation and584

metabolism [34]. Commonly, the level of the IGF sys-585

tem is higher in malignant cells and tissues, which is as-586

sociated with a poor prognosis [32]. IGFBPs are ligands587

of IGF proteins that help IGF combine with IGF recep-588

tors. A few studies revealed that low levels of IGFBPs589

were found in BC because of methylation in IGFBP590

genes, while the mechanisms of m6A suppression of591

the IGF system in BC remain rarely explored [35,36].592

Accordingly, we believe that it is worth further inves-593

tigating the relationship between the m6A process and594

IGF systems in cancers.595

Furthermore, according to our m6A clusters, a596

total of 11 OSRGs (CRTAC1, SMAD6, CDC25B,597

ZNF552, KLHL3, TPX2, WDR62, MTHFD2, PAQR4,598

KPNA2 and CLIC4) were identified in our patients.599

Among these 11 genes, CRTAC1, SMAD6, KLHL3 and600

ZNF552 were downregulated in gene cluster A, which601

had a poorer prognosis. A study reported that CRTAC1602

inhibits the malignant behaviors of BC cells by medi-603

ating the downstream gene Yin Yang 1 (YY1) to in-604

activate TGF-β [37]. Downregulation of SMAD6 ex-605

pression could inhibit the tumor cell cycle in colorectal606

cancer [38]. Interestingly, KLHL3 does not seem to be607

involved in tumorigenesis but was found to participate608

in hypertension by inducing WNK4 ubiquitination [39].609

In addition, there are no reports about ZNF552 as a610

tumor-related gene, although it functions as a zinc fin-611

ger protein that can regulate the transcription levels of612

other proteins [40]. Meanwhile, the other 7 genes were613

upregulated in gene cluster A. It has been reported that614

TPX2 promotes angiogenesis via secretory autophagy615

in BC [41]. Then, a high level of WDR62 was found to616

be associated with tumor aggressiveness, while knock-617

down of WDR62 could induce BC cell apoptosis [42].618

In addition, MTHFD2 was revealed to mediate the619

cell cycle so that it could initiate CDK2 to induce the620

progression of BC [43]. Moreover, a study suggested621

that depletion of PAQR4 could improve the efficacy622

of chemotherapy in non-small cell lung cancer [44].623

Nevertheless, there was evidence that a high level of624

KPNA2 correlated with a high risk of progression in625

the early stage of BC [45]. Similarly, a high level of626

CLIC4 was found to improve epithelial-mesenchymal627

transition in gastric cancer [46]. Moreover, CDC25B628

protein was found to be downregulated when treated629

with a traditional Chinese medicine, which correlated630

with good drug efficacy in inhibiting BC [47]. Overall,631

the joint effect of these 11 genes has caused different632

prognoses between gene clusters A and B; somehow,633

the biological effects of these 11 genes in BC are still 634

unclear and remain to be further explored in the future. 635

In our study, we found that patients with high TMB 636

levels had a better prognosis, and the LS group not only 637

had a poor prognosis but also had a high TMB level. 638

The TMB level is considered a biomarker to predict the 639

immunotherapy response in many types of cancers, in- 640

cluding BC, and a high TMB level is believed to be as- 641

sociated with a better immunotherapeutic response [48]. 642

A better immunotherapy effect in the high TMB group 643

may be the reason for the better prognosis. We could not 644

fully understand the mechanism by which the LS group 645

had high TMB levels, but we know that organisms are 646

so complex and that TMB levels could not influence the 647

final outcome as a single factor in our patients. 648

Importantly, we discovered the potential value of the 649

m6A score in immune escape and prediction of the 650

effect of immunotherapy. First, we found that TP53 651

was the most frequently mutated gene in the LS group. 652

The normal function of TP53 is mainly as a suppres- 653

sor gene, which could initiate cell apoptosis when cell 654

cycle arrest or DNA damage occurs [49]. Meanwhile, 655

TP53 is reported as the most common mutant gene in 656

human malignancy, with possibilities to predict prog- 657

nosis and immunotherapeutic response in BC [16,50]. 658

Accordingly, we speculated that the high TP53 muta- 659

tion rate in the LS group could be the key reason for 660

the poor prognosis. Moreover, we further found that 661

the m6A score was negatively correlated with regu- 662

latory T cells (Tregs) and positively correlated with 663

CD8+ T cells. Tregs are commonly believed to play 664

roles not only in the suppression of autoimmune dis- 665

ease but also in tumorigenesis. A report suggested that 666

high Treg infiltration correlated with poor OS in many 667

solid cancers [51]. Another study indicated that deple- 668

tion of Tregs could help improve survival in canine BC 669

via blockade of CCR4 [52]. Moreover, CD8+ T cells 670

are the most common immune killer cells in cancer, 671

and CD8+ T cells were suggested to be a potential 672

biomarker for several therapeutic methods in BC, in- 673

cluding immune checkpoint therapy, monoclonal anti- 674

bodies, and vaccines [53]. These results demonstrated 675

the important value of the m6A score in evaluating im- 676

mune function and may help us further understand the 677

mechanisms for the better prognosis of patients in the 678

HS group. Surprisingly, the LS group showed higher ex- 679

pression of checkpoints such as PDL1, PD1 and CTLA4 680

than the HS group. According to a previous study, high 681

expression levels of these checkpoints might lead to 682

effective T-cell inactivation and immune escape, yet pa- 683

tients with high levels of checkpoints could gain more 684
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benefit from immunotherapy [54,55]. Accordingly, we685

speculated that patients from the LS group could be686

more sensitive to immunotherapy in BC, and these dif-687

ferentially expressed checkpoint levels could lead to688

more possibilities for immune escape.689

5. Conclusions690

In conclusion, we demonstrated the important roles691

of m6A MRGs in predicting prognosis, TMB status,692

TP53 mutation, immune functions and immunothera-693

peutic response in BC. These findings may also provide694

new potential targets for the precision treatment of BC.695
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