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OPEN ACCESS Background: Bladder cancer (BC) is one of the most common malignant urological cancer in
the world. Because of its characteristic of easy-recurrence and muscle-invasive, advances in
our genetic understanding of bladder cancer should be translated into prognostic indicators.
Methods: We investigated 16 méA RNA methylation regulators from The Cancer Genome
Atlas (TCGA) database and The Human Protein Atlas (HPA) database. The expression pro-
file, clinical application as well as prognostic value of these genes in UC were investigated.
Moreover, we further explored the correlation between RNA methylation genes and biolog-
ical functions, pathways and immune status.

Results: Five m®A-related genes (HNRNPC, YTHDF2, YTHDF1, HNRNPA2B1, METTL3)
up-regulated in UC tissues, while three regulators (ZC3H13, METTL 16, FTO) down-regulated
in UC. FTO and YTHDF2 show biomarker potential for the prognosis of UC patients. In ad-
dition, these identified genes may related with essential functions and core molecular path-
ways.

Conclusions: Our research shows that two m®A RNA methylation regulators can serve as
reliable prognostic biomarkers of UC, which might be exerted as potential targets of thera-
peutic strategies.

Introduction

Currently, bladder cancer (BC) is the fourth most common diagnosed cancer in men and the most com-
mon type of cancer among urinary cancers, with approximately 61,700 new cases and 12,870 deaths in
the United States [1]. Among various pathological types of bladder cancer, urothelial carcinoma (UC)
is the predominant phenotype of bladder cancer, with a minority of tumors such as squamous, plas-
macytoid, sarcomatoid and so on [2]. Until recently, the treatment for BC remain limited, including
surgery, chemo-radiotherapy, immunotherapy, etc. The limited number of treatments contributed to little
progress, with a flat 5-year survival rate [3,4]. Significantly, up to 25% of new diagnosed cases present as
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contributor to different cancers, such as pancreatic cancer, renal cell cancer and BC [8-10]. m®A is the most common
chemical modification of RNA in eukaryotes [11]. The deposit of m®A requires three types of proteins, first, methyl-
transferases called writers (METTL3, METTL14, WTAP, etc.), second, binding proteins called readers (YTHDFI,
YTHDF2, YTHDC], etc.), third, demethylases called erasers (FTO and ALKBH5). It has been reported that m°A
regulators may act as different or even contradictory role in diverse cancers [12-14]. However, the precise correlation
between m®A genes and its value of prognosis in UC are not clear as yet.

Here, we reported the expression pattern of 16 m®A-related genes in 411 tumor and 19 normal samples of UC in
The Cancer Genome Atlas (TCGA) datasets. Then, we divided UC patients with different prognosis into two clus-
ters by consensus clustering analysis. The correlation among the m®A-related gene and its relationship with clinical
characteristics were analyzed as well. Besides, we conducted univariate, LASSO and multivariate Cox regression anal-
ysis. Based on these results, risk stratification models were constructed. Finally, the prognostic value of the gene risk
signature was validated in TCGA test cohort as well as the HPA database.

Materials and methods

Dataset acquisition and analysis

The RNA-seq data and clinicopathological information of bladder urothelial carcinoma were downloaded from the
TCGA database (https://portal.gdc.cancer.gov/). The immunohistochemical (IHC) images were downloaded from
The HPA database. All gene expression data have been normalized by “limma” package.

After performing a comprehensive literature review, we identified 16 m®A RNA methylation genes from previ-
ous literature (METTL3, METTLI14, METTL16, YTHDFI, YTHDF2, YTHDF3, WTAP, KIAA1429, YTHDCI,
YTHDC2, RBM15, ZC3H13, FTO, ALKBH5, HNRNPA2B1 HNRNPC) [13-16].

We used “limma”, “pheatmap” and “vioplot” package to assess and visualize the expression level of m®A-related
genes separately. The co-expression correlation analysis was visualized by “corrplot” package. The protein-protein
interaction (PPI) network of all m®A-related genes was performed by the STRING database (http://string-db.org/).

The “ConsensusClusterPlus” was utilized to categorized patients. The principal component analysis (PCA) was
performed to confirm diverse m® A-related genes expression patterns in diverse UC groups, and the clinicopathologic
features between UC groups was visualized by “pheatmap” package.

Construction and validation of the prognostic signatures

To screen the prognostic-related genes as many as possible, we performed the univariate Cox analysis with P<0.15.
After filtering out prognosis-related differentially expressed genes (DEGs) with “venn” package, we performed
LASSO regression analysis and Multivariate Cox regression analyses to identify the optional prognostic genes for
the model. All UC patients (in train- and test set) were stratify into high- and low-risk sets by median risk score.
The Kaplan—-Meier curve and receiver operating characteristic (ROC) curve were used to evaluate the accuracy of the
prognostic model. The Human Protein Atlas database (HPA) (https://www.proteinatlas.org/) was utilized to validate
this model as well. The univariate and multivariate Cox analysis of clinical characteristics was performed to analyze
independent prognostic factors.

Functional analyses

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses based on the DEGs (|log, FC|
> 1, FDR < 0.05) were conducted by “clusterProfiler” package. Single-sample gene set enrichment analysis (ssGSEA)
was performed by the “gsva” package [17]. The flow chart is shown in Figure 1A.

Statistical analysis

Mann-Whitney test was utilized to measure gene expression between UC tissues and non-tumor tissues. Samples
with incomplete clinical information were eliminated. The K-M curve with a log-rank test was adopted. All data in
the present study were analyzed with the R statistical package (R version 4.0.1). A two-tailed P<0.05 was considered
significant.

Results

The expression pattern and correlation of m®A methylation genes
Heatmap and violin plot were performed to analyze the expression pattern of m®A methylation genes between UC
and normal samples (Figure 1B,C). Genes up-regulated in UC tissues are HNRNPC (P=0.007), YTHDF2 (P=0.002),
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Figure 1. The flow chart and expression pattern of 16 m®A RNA methylation genes
(A) The flow chart of this study. (B and C) The heatmap and violin plot of 16 m8A RNA methylation genes compared with UC samples
and normal samples. (D) The PPI network of 16 m®A-related genes; *P<0.05, *P<0.01, **P<0.001.

YTHDFI (P<0.001), HNRNPA2B1 (P<0.001) and METTL3 (P<0.001). While 3 out of 16 genes show relatively low
expression level, including ZC3H 13 (P=0.002), METTL16 (P<0.001) and FTO (P=0.004). Significant difference was
not observed in WTAP (P=0.138), YTHDF3 (P=0.054), METTLI14 (P=0.073), YTHDCI (P=0.135) and ALKBH5
(P=0.224). The correlation analysis reveals that YTHDF3 and KIAA1429 are most relevant (r = 0.67). Moreover,
KIAA1429 and METTL14 are respectively correlated with the other 15 genes (Supplementary Figure S1A). The PPI
network of the 16 genes shows that YTHDACI, KIAA1429, METTL3, WTAP, ALKBH5 and HNRNPC are hub
genes (Figure 1D).

Consensus clustering analysis of m®A methylation genes identified two

clusters in UC

Due to relatively small number of cases in one of clusters and the need to ensure the maximum intra-group corre-
lation and minimum inter-group correlation, we divided all samples into two sets (cluster 1 and 2) (Supplementary
Figures S2A and 2B). Then, the result of PCA further confirms the accuracy about clustering results (Figure 2A). Af-
terwards, the clinicopathological characteristics indicate significant difference for the tumor grade (P<0.001) (Figure
2B). However, other characteristics, such as tumor stage, gender, age, etc., did not vary significantly between two clus-
ters. These results suggest that m®A methylation genes are related to tumor malignancy of UC.

Construction of m®A-related genes-based prognostic signature

To investigate the prognostic value of m®A methylation genes, the entire TCGA cohort with necessary clinical infor-
mation was divided into train- (#=200) and test group (n=200). Then, we conducted the univariate Cox regression
in TCGA train set to further validate the prognostic value of m®A-related genes. The results reveal that the expression
of FTO and ALKBHS5 are correlate with worse survival rates and the expression of YTHDCI1, WTAP and YTHDEF2
are correlate with better survival rates (Figure 2C). After identifying two DEGs that are correlated with OS with
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Figure 2. Expression pattern and clinical outcome in two clusters

(A) Principal component analysis plot of UC patients in the TCGA database. (B) The heatmap of clinicopathologic features and the
expression of m8A methylation genes between two clusters. (C) Univariate Cox regression regarding OS. (D) Venn plot indicates
the prognosis-related DEGs.

Venn diagram (Figure 2D), we performed LASSO regression analysis, multivariate Cox regression analysis and fi-
nally built the prognostic signature by FTO (HR = 1.24, 95%CI [1.04-1.47], P=0.014) and YTHDF2 (HR = 0.95,
95%CI [0.91-0.99], P=0.008) (Figure 3A; Supplementary Figure S2C and S2D). Afterwards, coefficients were applied
to calculate each UC patients’ risk scores with the following formula: risk score = (-0.056) x YTHDEF2 + (0.207) x
ETO.

After dividing all UC samples into high- and low risk set by median risk score, we performed the K-M analysis,
which presents that high-risk patients have worse OS than patients in the low risk set in train set (P<0.05) (Figure 3B).
Then, the ROC curve demonstrates that the prognostic signature has an acceptable efficiency (AUC = 0.614) (Figure
3C). What’s more, the distribution of risk scores confirms that patients with high-risk scores have poor survival
outcomes as well (Figure 3D). A heatmap was made to illustrate the difference of two m®A-related genes between
two groups, and the results show that tumor stage (P<0.01), gender (P<0.05) and survival state (P<0.001) have
significant statistic difference. As shown in Figure 3E and Supplementary Figure S2A, overall, the results demonstrate
that the two-gene risk signature could effectively filter out high risk UC patients with poor clinic outcomes.

Validation of the prognostic signature

Based on train set’s median risk scores, patients in test set were classified into high- and low risk set. We performed
K-M curve, ROC curve and the risk scores distributions as well. The results show that patients in high risk group
had worse OS compared with patients in low risk group in test group (P<0.05) (Figure 4A). Besides, the ROC curve
indicates that risk score has a relatively high predictive ability (AUC = 0.631) (Figure 4B). The distribution of risk
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Figure 3. Construction of prognostic risk signature with two m®A-related genes

(A) Multivariate Cox analysis of the selected genes. (B) The survival analysis of two subgroups. (C) The ROC curve to evaluate the
prediction efficiency of the prognostic signature. (D) Heatmap shows clinicopathologic features of two groups. (E) The distributions
of risk scores in train set. The red and green dots represent high-risk patients and low-risk patients, separately.

scores also demonstrates that patients with high risk scores have higher mortality in test group (Figure 4C and Sup-
plementary Figure S1C).

In order to further validate the two-gene model and to simulate clinic applications, we made use of the HPA
database to assess IHC pattern. As shown in Figure 5A,C, we noticed that normal bladder tissue staining of FTO
exhibited higher staining than UC samples. On the contrary, for YTHDF2, the strong staining was observed in UC
samples (Figure 5B,D). These IHC staining forms may assist in distinguishing tumor from normal tissues

Independent prognostic value of the two-gene signature in UC

To confirm whether risk score could serve as independent prognostic biomarker, we carried out the univariate and
multivariate Cox regression analysis both in train- and test set (Figure 6A-D). Both the multivariate and univariate
Cox regression analysis show that risk score is significantly associated with poor OS in train set (HR = 3.201, 95% CI
[1.432-7.154], P=0.005) as well as test set (HR = 3.384, 95% CI [1.166-9.815], P=0.025) (Figure 6A-D). Besides, in
train set, clinic characteristics, such as age (HR = 1.050, 95% CI [1.022-1.080], P<0.001), tumor T stage (HR = 1.877,
95% CI [1.159-3.040], P=0.010), N stage (HR = 1.699, 95% CI [1.042-2.771], P=0.034) also serve as independent
prognostic factors (Figure 6B). Taken together, these results verify that the two m®A-related genes prognostic model
has accurate prognostic value.

Functional analysis

We also elucidated the functional analysis based on the differentially expression genes. By performing GO enrichment,
we found that these genes mainly enriched in two types of biological functions: extracellular matrix (ECM)-related
functions, such as extracellular matrix organization, extracellular structure organization and immune-related func-
tions, including B cell-mediated immunity, humoral immune response and so on (P <0.05; Figure 7A). For KEGG, the
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Figure 4. Validation of the risk model in the test set
(A) The K-M curves for OS of UC patients. (B) The ROC curve in test set. (C) The distribution of risk scores. The red and green dots
represent high-risk patients and low-risk patients, separately.

FTO YTHDEF2
(A) . (B) S
Normal
(C) (D)
Tumor

Figure 5. Validation of the risk model in the HPA database
The IHC expression pattern of FTO (A and C) and YTHDF2 (B and D) in normal tissue and tumor tissue.
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Figure 6. Results of the independent prognostic factors in train and test set
(A and C) Univariate Cox analyses regarding OS in train (A) and test set (C). (B and D) Multivariate Cox analyses regarding OS in

train (B) and test set (D).
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associated networks are enriched in numerous of classic pathways, for instance, PI3K- Akt signaling pathway, Wnt sig-
naling pathway and TGF-f3 signaling pathway (P <0.05; Figure 7B). Considering its potential role in immune-related
functions, we further investigated the correlation between risk score and immune status with ssGSEA. Interest-
ingly, the score of the antigen presentation process and T-cell related functions, for example, DCs, pDCs, APC
co-stimulation, HLA I and T-helper cells, Th1 cells, T-cell co-inhibition, were higher in high risk set (P <0.05; Figure
7C,D).

Discussion

The m®A methylation is the most abundant mRNA modification and has exerted as a widespread regulatory func-
tions in various pathological processes [18]. Many studies has found that several m®A sites could be regulated in a
disease-specific manner and the modification of m®A methylation existed in responding to various signaling path-
ways [19]. Bladder cancer, as a prevalent disease, has a high rate of morbidity and mortality as well as the huge cost.
The development of BC is generated via two different types, developing from papillary NMIBCs or non-papillary
MIBCs [20]. Most of patients are diagnosed by painless hematuria or microscopic hematuria. After adequate eval-
uations with cystoscopy or imaging examination, different treatments, including transurethral resection of bladder
tumor (TURBT), radical cystectomy, adjuvant intravesical therapy or adjuvant therapy will be performed [21]. How-
ever, due to lacks of accurate molecular biomarkers for timely diagnosis and prognosis assessment, bladder cancer
remains a lethal disease and numbers of patients still experience recurrence or led to unsatisfactory results [21].

In the present study, we found that 8 out of 16 genes were abnormally expressed in UC. Among these genes, many
of them had a negative relation with the malignancy of UC, which implied its distinct functions in UC. Based on the
expression pattern of these m®A-related genes, the TCGA UC cohort was divided into two clusters with significantly
statistic difference for tumor grade. What’s more, we also conducted a two-gene prognostic signature, which shows a
good ability for predicting the clinical outcomes of UC. Besides, risk score, age, T stage and N stage successfully serve
as independent prognostic factors with relatively high HR value. Finally, we successfully validated this risk signature
with TCGA test set. Because our results present that the prognostic signature is positive with the OS survival analysis,
which implies that these genes on the molecular level have potential clinical value, we further validate the value
of clinical application through the HPA database. The IHC staining demonstrates that FTO and YTHDF2 may be
potentially ideal prognosis biomarker and therapeutic target for UC patients.

We also performed GO and KEGG pathway enrichment analyses and illustrated the interaction between risk
score and immune status in TCGA cohort. For KEGG pathways, these genes enrich in PI3K-Akt signaling pathway,
Wnt signaling pathway and TGF-{3 signaling pathway, which are key drivers of UC [22]. It has been reported that
hyper-activated PI3K-Akt signaling pathway acts as essential regulator of aerobic glycolysis in BC, which makes can-
cer metabolic switch and cell proliferation [23]. Moreover, in UC, both Wnt signaling pathway and TGF- {3 signaling
pathway play crucial role in the process of EMT, hence regulating cell invasion and metastasis [24-26]. Besides, our
findings for the two-gene prognostic signature regarding its functions indicates that these genes link to ECM-related
functions and immune-related functions. Previous data suggest that dysregulation of tumor ECM has a principal role
in onset as well as progression of BC, both at primary and metastatic sites [27]. Remodeled ECM or changed form of
ECM structures can even induce cell proliferation, migration and inflammation [28,29].

Apart from several classic functions and pathways, we found that several tumor immune-related cells and func-
tions were enriched as well. By using the ssGSEA, the score of macrophages and DCs in high-risk group were higher
than low-risk UC group (P<0.001) and cellular immune-related cells, such as B-cell and T cell-related immune cells
also had higher score than low-risk group (P<0.01). Some published data show that some m®A -associated proteins
can regulate antitumor immune responses. Recent studies uncovered that FTO and YTHDF2 could affect M1 and
M2 macrophage activation by regulating its polarization [30-32]. Specifically, through YTHDEF2 involvement, low
expressed FTO inhibits NF-«kB pathway and further decreases the stability of PPAR-y, which impedes macrophage
activation [32]. In addition, Su et al. found that FTO could elevate the expression of LILRB4, an immune checkpoint
regulator that can inhibit T cell activity and stimulate tumor infiltration [33]. Published data have reported that im-
mune check-points was an important mechanism of tumor immune evasion [34]. Therefore, FT'O may play a potential
role in managing immune evasion and sensitizing tumor cell to T cell cytotoxicity by m°®A-dependent mechanism.
Moreover, Yang et al. suggest that through m°A “reader” YTHDF2-mediated mRNA decay, suppressed FTO inhibits
tumorgenicity as well as the expression of PD-1, and sensitizes tumor cells to anti-PD-1 blockade, which provides
novel sight to reduce drug resistance [35]. Meanwhile, m°A -related proteins impact B-cell and T-cell development as
well. Some studies found that the loss of METTL14 in B-cell could lead severe defects in B-cell development, specifi-
cally in the process of large pre-B-cell to small pre-B-cell [36,37]. In another study, Li et al. found that the absence of
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METTL3 in native T-cell could decrease the number of Thl and Th17 cells and increase Th2 cells [38]. Apparently,
our results consistent with previous studies.

Previous study has been discovered that reader YTHDEF2 can alter cell migration in BC. Xie et al. found that the
depletion of aberrantly expressed YTHDF2 could suppress the capability of mRNA degradation (including tumor
suppressor SETD7 and KLF4) and impede cell migration in vivo and in vitro via recognition of MET TL3-catalyzed
sites, which suggest that the important role of YTHDF2 in progression of BC may work through METTL3/
YTHDF2/SETD7/KLF4 m®A axis [39]. Eraser FTO is also a critical player in BC. Wen et al found that knockdown
of FTO apparently induces BC cell proliferation and migration, and the effect of cisplatin-induced cytotoxicity of BC
cell is rescued via the inhibition of FTO [40]. In addition, FTO can demethylate MALAT1 which further promote BC
cell viability and proliferation through the miR-384/MAL2 m°A axis [41]. Similarly, Song et al. revealed that FTO,
stabilized by USP-18 via inhibition of proteasomal degradation, reduces PYCRI m°A methylation and stabilizes its
transcript, which finally facilitates BC cell initiation and progression [42]. Taken together, these results confirm the
efficiency of this prognostic model.

However, we admitted that there are also several disadvantages during our analyses. First, the UC cohort is relatively
small and clinical data of samples is also not complete. Second, lacks of in vitro and in vivo experimental verification
also affects the rigor of this article. Therefore, we will collect the data of UC patients treated in our center and verify
our finding in vivo and in vitro experiments.

Conclusions

Our study indicates a dysregulated expression pattern of m®A methylation genes between UC samples and normal
samples. Besides, the risk model based on selected m®A-related genes accurately distinguishes UC patients with di-
verse prognosis and the Cox hazard model shows that risk score, age, T and N stage are significantly associated with
patients’ prognosis, which suggests a pivotal role of m® A-related genes in the tumorigenesis and progression of UC.
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