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Introduction
Early prognostication in non-muscle-invasive bladder cancer (NMIBC) is essential for optimizing therapy and follow-up. Epigenetic mechanisms, particularly DNA methylation, have emerged as promising biomarkers for predicting disease outcome.
Materials and Methods
A systematic review and meta-analysis were conducted according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to evaluate the prognostic significance of promoter DNA methylation in NMIBC. Comprehensive searches of PubMed, Web of Science, Embase, MEDLINE, and the Cochrane Library (January 2010–October 2022) identified eligible studies. The Newcastle–Ottawa scale was used for quality assessment, and pooled hazard ratios with 95% confidence intervals were calculated using random-effects models.
Results
Eleven studies with 3,065 NMIBC patients were analyzed. Promoter methylation was significantly associated with poor progression-free survival (pooled hazard ratios (HR) = 2.88; 95% CI = 2.03–4.09; p < 0.0001) and recurrence-free survival (pooled HR = 2.65; 95% CI = 1.93–3.63; p < 0.0001). Although overall survival showed pathway-specific variation (pooled HR = 0.96; 95% CI = 0.36–2.60; p = 0.94), methylation of adhesion and apoptosis-related genes exhibited the strongest associations. Subgroup analyses revealed a greater prognostic impact in Asian cohorts (p < 0.0001), suggesting regional differences in epigenetic susceptibility.
Conclusion
Promoter DNA methylation constitutes a robust prognostic biomarker for recurrence and progression in NMIBC, with stronger effects in Asian populations. Standardization of validated gene panels, assay thresholds, and cross-regional prospective validation will be essential for clinical translation. Integrating methylation-based classifiers into risk stratification models could improve individualized management and long-term outcomes in NMIBC.
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INTRODUCTION
Bladder cancer is the 10th most prevalent cancer, and its cases are continuously on the rise in developed and developing countries. It ranked fourth among men and 12th among women and accounts for 0.2 million deaths worldwide (1). Non-muscle-invasive bladder cancer (NMIBC) is a confined form and one of the clinically significant subtypes of bladder cancer (2). After the standard treatment with transurethral resection of the bladder tumor (TURBT) followed by intravesical Bacillus Calmette–Guérin (BCG) immunotherapy, recurrence occurs in up to 60%–70% of patients, and 10%–30% disease progression to MIBC (3–5). BCG-non-responsive NMIBC presents a challenging scenario, as treatment failure necessitates radical cystectomy, a morbid procedure with impacts on quality of life (6, 7). Despite the availability of clinicopathological risk stratification tools, such as tumor grade, stage, and multiplicity, these parameters remain insufficient to predict recurrence, progression, or overall survival (OS) (8, 9). Hence, identifying reliable molecular biomarkers that can improve prognostic precision and targeted therapy in NMIBC patients is an urgent need.
Among molecular mechanisms implicated in bladder carcinogenesis, epigenetic regulation has emerged as a crucial driver of tumor development and progression (10–12). DNA methylation is extensively studied and involves the addition of a methyl group to cytosine residues within CpG islands in gene promoters, leading to transcriptional silencing (13). In bladder cancer, tumor-suppressor genes such as RASSF1A, RUNX3, CDH13, and HOXA9 have been reported to undergo promoter hypermethylation, resulting in loss of tumor-inhibitory function (14, 15). Such methylation events contribute to cell cycle dysregulation, inhibition of apoptosis, and enhanced tumor invasiveness (16, 17). Despite multiple studies exploring individual methylation biomarkers in NMIBC, the findings remain inconsistent due to variations in sample size, patient characteristics, methodologies, and analytical approaches (18). This inconsistency highlights the need for a systematic synthesis of available evidence to clarify the prognostic utility of DNA methylation in NMIBC. Therefore, the present systematic review and meta-analysis were undertaken to comprehensively evaluate the existing literature and determine the overall prognostic significance of DNA methylation in NMIBC by quantitatively analyzing its association with key clinical outcomes, recurrence-free survival (RFS), progression-free survival (PFS), and overall survival (OS). This study aims to establish whether DNA methylation can serve as a reliable biomarker for patient stratification and clinical decision-making in the management of non-muscle-invasive bladder cancer.
METHODS
Search strategy
We followed the recommendations established by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) group in 2020. The International Prospective Register of Systematic Reviews has documented its registration (ID: CRD42022376063). The selected eligible articles, published between January 2010 and October 2022, were included after a comprehensive search of PubMed, Web of Science, Embase, and the Cochrane Library databases.
Various keywords and Medical Subject Headings (MeSH) terms, including bladder cancer, urothelial cancer, carcinoma in situ, non-muscle-invasive bladder cancer, low-grade bladder cancer, transitional cell carcinoma, low-risk bladder cancer, methylation, and DNA methylation, were used to search the relevant literature.
Selection and eligibility criteria of the studies
The studies were selected based on following criteria: (i) articles that were published in English in scholarly journals or periodical literature; (ii) studies whose histologic type of tumor was bladder carcinoma or NMIBC; (iii) studies that investigated the association between DNA methylation or biomarkers and survival outcomes (overall survival and recurrence-free survival) of the bladder cancer patients; (iv) articles that reported the sample size, hazard ratios, and 95% CIs. However, articles were excluded from this meta-analysis if any of the following criteria were met: i) they were primary research or studies conducted on animals; (ii) meta-analyses, systematic reviews, case reports, conference proceedings, unpublished, or ongoing research; (iii) data were unavailable or insufficient; (iv) the articles were written in a language other than English; and (v) the articles were irrelevant or overlapped with other research articles. Following the elimination of duplicates, two separate reviewers, AK and MKS, evaluated the eligibility of the studies and filtered them through their abstracts and titles. This helped us achieve a higher level of dependability. Following this, the complete texts of the articles were evaluated to see whether they met the inclusion criteria and were validated for their relevance. All of the reviewers came together and reached a decision by consensus if a dispute arose.
Data extraction and quality assessment
Two reviewers, AK and MKS, independently extracted and assessed study data, while a third reviewer, VS, resolved inconsistencies. Each study was assessed for clear goals, randomization methods, blinding of interventions, and participants, determining who was eligible for the intervention, giving enough information about the intervention so that it could be repeated, effect size, details of long-term follow-up and changes that lasted, analysis of confounding variables, power analysis, the definition of all outcomes, reliable measurement tools, results that could be used to measure, and appropriate statistical analysis. First author’s last name, publication year, area, study design, sample size and age, DNA methylation/biomarkers, follow-up length, association cutoff, and survival outcomes were tallied. The Newcastle–Ottawa scale was used to measure study quality (NOS). The scale has three parts: selection (0–4 points), comparability (0–2 points), and result (0–4 points) (awarded 0–3 points). The maximum NOS score was 9; ≥6 was high-quality research.
Statistical analysis
Review Manager (RevMan) version 5.4 (RevMan 5; The Nordic Cochrane Center, The Cochrane Collaboration, Copenhagen, Denmark) was used to conduct a meta-analysis of prognostic indices such OS, RFS, and PFS The link between DNA methylation and bladder cancer outcomes was determined by pooling the hazard ratios (HRs) from the included studies, together with their associated 95% CIs. The heterogeneity of the included articles was analyzed using the Cochran’s Q test and the Higgins I2 statistic. In cases where considerable heterogeneity was indicated by the Q test (p = 0.10) or the I2-test (I2 > 50%), a random-effect model (the DerSimonian–Laird technique) was used. Other than that, the Mantel–Haenszel approach (fixed-effect model) was explored.
RESULTS
Study selection
Our article search found a total of 950 articles, including duplicates and articles with incomplete data. The independent reviewer screened the articles based on their titles and abstracts, excluding 869 articles, and 5 articles were not retrieved. The full text review of the screened articles was completed, and 46 articles were assessed. As shown in Figure 1, 11 studies were considered eligible for inclusion in the systematic review and meta-analysis (19).
[image: Flowchart showing the identification of new studies via databases and registers. Initially, 950 records were identified, with 35 duplicates removed. After screening 915 records, 869 were excluded. From 46 reports sought, 5 were not retrieved. 41 reports were assessed for eligibility, with 18 excluded due to unavailable data and 17 not associated with NMIBC. Ultimately, 11 new studies were included in the review.]FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for the study selection process.Study characteristics
The meta-analysis includes 11 eligible articles for NMIBC with a sample size of 3,065 patients. The sample sizes range from 55 to 1,249 participants, and the participants’ ages range from 10 to 96, with follow-up periods of 3 months to 190 months. The eligible studies were considered from 2010 to 2022 (12 years) with geographic diversification and type of study focusing on NMIBC (Table 1). The prognostic outcome of the study included ten articles for PFS (20–29), nine articles on RFS (20, 21, 23–28, 30), and two articles on OS of NMIBC (28, 30). The included studies discussed various DNA methylation biomarkers for the prognosis of bladder cancer and treatment strategy.
TABLE 1 | Characteristics of included studies.	Reference	Country/Study duration	Study design	Sample size	Median age (years)	Treatment	DNA methylation biomarker(s)	Analysis method	HR (95% CI)	Follow-up (months)	Key findings/Conclusion
	(20)	Spain (1989–2008)	Prospective cohort	170 T1G3 NMIBC (108 BCG-treated, 72 recurrence, 36 progression, and 24 deaths)	71.5 (28–94)	TURBT; BCG (Connaught strain) or MMC 40 mg/50 mL	Myopodin	Univariate and multivariate	PFS HR = 11.23 (1.53–82.36), p = 0.017; RFS HR = 2.54 (1.21–5.35), p = 0.01	52.5 (3–190)	Myopodin methylation is associated with recurrence, progression, and shorter disease-free survival (DFS) in T1G3 NMIBC treated with BCG
	(21)	South Korea (N/R)	Prospective	179 NMIBC (69 recurrence and 18 progression)	67 (24–91)	First TURBT; second TURBT in 49 cases; intravesical (75 BCG and 34 MMC)	RUNX3 and MGC17624	Univariate and multivariate	PFS HR = 20.08 (1.72–234.18), p = 0.017; RFS HR = 54.23 (4.04–727.40), p = 0.003	57.8 (9.1–189.7)	Combined RUNX3 and MGC17624 methylation predicts NMIBC progression at diagnosis
	(24)	South Korea (1995–2009)	Prospective cohort	301 (186 NMIBC and 115 MIBC)	67 (10–91)	TURBT; 76 BCG; 29 MMC; 115 radical cystectomy; 54 cisplatin	RASSF1A	Multivariate	PFS HR = 8.56 (1.55–47.36), p = 0.014; RFS HR = 6.14 (1.04–36.41), p = 0.046	51.4 (mean)	RASSF1A methylation is a potential prognostic marker for recurrent NMIBC
	(23)	South Korea (1995–2010)	Prospective case–control	187 (181 NMIBC and 6 controls)	Case = 56.3 ± 25.5; control = 64.3 ± 13.8	TURBT	HOXA9, ISL1, ALDH1A3, and EOMES	Multivariate and univariate	PFS HRs: ISL1 = 3.30 (1.05–12.92), p = 0.041; ALDH1A3 = 3.55 (1.07–14.22), p = 0.039; RFS HRs: HOXA9 = 1.87 (1.14–3.47), p = 0.032; ISL1 = 1.71 (1.05–3.47), p = 0.039; ALDH1A3 = 1.68 (1.02–3.16), p = 0.044	35.8 (6.1–183.3)	HOXA9, ISL1, and ALDH1A3 methylation serves as independent prognostic indicators for NMIBC recurrence and progression
	(28)	China (2004–2008)	Prospective case–control	233 NMIBC and 43 controls (bladder stone patients)	<65/≥65	TURBT	PCDH8	Multivariate	OS HR = 3.02 (1.54–5.90), p = 0.001; PFS HR = 2.52 (1.65–7.43), p = 0.004; RFS HR = 4.74 (1.87–12.05), p < 0.0001	N/R	PCDH8 methylation is common in NMIBC; it is an independent predictor of recurrence, progression, and OS
	(27)	China (2004–2007)	Prospective cohort	178 TCC NMIBC	<65/≥65 (p = 0.077)	TURBT + 1 cycle MMC	CDH13	Multivariate	PFS HR = 6.56 (2.24–21.71), p = 0.0016; RFS HR = 5.15 (2.07–20.18), p = 0.0043	N/R	CDH13 methylation is a frequent and independent predictor for NMIBC recurrence and progression
	(25)	Republic of Korea (1995–2010)	Prospective case–control	136 (128 NMIBC and 8 controls)	NC = 59 ± 22.2; NMIBC = 64 ± 13.4	TURBT	PRAC	Multivariate	PFS HR = 9.53 (1.17–77.50), p = 0.035; RFS HR = 2.65 (1.24–5.67), p = 0.012	N/R	PRAC methylation is significantly associated with the high grade/stage; it is an independent predictor of recurrence and progression
	(22)	South Korea (N/R)	Case–control	55 NMIBC + adjacent normal tissue	64 (24–84)	TURBT, BCG, and MMC	RUNX3	Multivariate	PFS HR = 5.69 (1.06–30.56), p = 0.043	76 (14–164)	RUNX3 methylation in adjacent urothelium predicts progression in NMIBC
	(26)	Republic of Korea (1995–2010)	Prospective case–control	136 (128 NMIBC and 8 controls)	NC = 59 ± 22.2; BC = 62.6 ± 14.5	TURBT ± 5-Aza-CdR (in vitro)	RSPH9	Multivariate	PFS HR = 8.25 (1.26–54.09), p = 0.028; RFS HR = 3.02 (1.61–5.67), p = 0.001	N/R	RSPH9 methylation is an independent indicator of NMIBC recurrence and progression
	(29)	Multicentric (Europe: Denmark, Germany, Serbia, Spain, Sweden, and Netherlands; 1979–1989)	Prospective	1,239 NMIBC (276 low risk, 273 intermediate, and 555 high risk)	Mean = 70 (21–96)	TURBT ± BCG	GATA2, TBX2, TBX3, ZIC4 (+ FGFR3, TERT, PIK3CA, or RAS mutation)	Univariate and multivariate	PFS HR: GATA2: 2.04 (1.01–4.10), p = 0.046; TBX2: 1.36 (0.65–2.82), p = 0.41; TBX3: 1.71 (0.86–3.43), p = 0.13; ZIC4: 1.43 (0.70–2.89), p = 0.33	Median: 27 (0–81)	GATA2 and TBX3 methylation with wild-type FGFR3 significantly predicts progression
	(30)	Spain (1989–2009)	Retrospective–prospective cohort	251 (pTa LG = 79, pT1 LG = 81, and pT1 HG = 91)	<65/≥65	TURBT ± BCG (Connaught strain)	PAX5A, RB1, WT1, BRCA1, PYCARD, and GSTP1	Univariate and multivariate	OS HRs: GSTP1 = 0.59 (0.037–0.95), p = 0.028; PYCARD = 0.54 (0.34–0.85), p = 0.008; RFS HRs: PAX5A = 1.61 (1.11–2.33), p = 0.01; RB1 = 2.31 (1.23–4.33), p = 0.008	Up to 24 months	PAX5A and RB1 methylation predicts recurrence; GSTP1 and PYCARD associate with a favorable outcome


DNA methylation biomarkers and progression-free survival (PFS) with NMIBC
A total of ten published studies comprising 2,814 patients with NMIBC were included in the analysis evaluating the association between promoter DNA methylation and PFS. The pooled analysis demonstrated that DNA methylation was significantly associated with poorer PFS (pooled HR = 2.88; 95% CI = 2.03–4.09; p < 0.0001), indicating that patients with methylated genes had a threefold higher risk of disease progression compared with those without methylation. Overall heterogeneity was moderate (I2 = 36%, p = 0.09), suggesting acceptable inter-study variability. Subgroup analysis according to molecular pathways revealed that cell cycle-/apoptosis-related genes (RUNX3, RASSF1A, and CDH13) showed the strongest association with progression (pooled HR = 7.38; 95% CI = 3.43–15.87; I2 = 0%), followed by adhesion/structural genes (Myopodin, PRAC, and PCDH8) (pooled HR = 3.50; 95% CI = 2.00–6.13; I2 = 0%) and transcription/developmental genes (ALDH1A3, ISL1, RSPH9, GATA2, TBX2, TBX3, and ZIC4) (pooled HR = 1.90; 95% CI = 1.38–2.63; I2 = 0%). A significant difference was observed among subgroups (p = 0.003), indicating pathway-specific variability in methylation effects, while sensitivity analysis confirmed the robustness of the pooled estimates Supplementary Table S1. These findings indicate that promoter DNA methylation, particularly involving genes regulating cell cycle control, apoptosis, and cell adhesion, is consistently associated with an increased risk of progression and reduced PFS in NMIBC patients (Figure 2).
[image: Forest plot depicting hazard ratios from multiple studies across three categories: "Cell cycle/Apoptosis," "Adhesion/Structural," and "Transcription/Development." Each study is listed with its log hazard ratio, standard error, weight, hazard ratio with confidence intervals, and graphical representation. Subtotals for each category and the total hazard ratio are shown with confidence intervals, with overall heterogeneity and test statistics provided. The plot indicates direction and magnitude of effects across studies on progression-free survival (PFS).]FIGURE 2 | Forest plot for DNA methylation biomarkers and progression-free survival.Sensitivity analysis of PFS
A leave-one-out sensitivity analysis was conducted to evaluate the robustness of the pooled PFS estimate. Sequential exclusion of each study from the meta-analysis yielded pooled hazard ratios ranging from 2.64 to 3.00, with moderate and stable heterogeneity (I2 = 30–44%) and consistently significant associations (all p < 0.15). Exclusive of Kim et al. (2013), ALDH1A3 and ISL1 slightly increased heterogeneity (I2 = 44%, p = 0.05) but did not materially alter the overall effect size.
These findings confirm that no individual study disproportionately influenced the pooled estimate, indicating the stability and reliability of the meta-analytic results (Supplementary Table S1).
Association between DNA methylation and recurrence-free survival (RFS)
A total of 1,771 patients with NMIBC were included in the meta-analysis evaluating the association between DNA methylation biomarkers and RFS. The pooled analysis demonstrated that DNA methylation was significantly associated with an increased risk of recurrence (pooled HR = 2.65; 95% CI = 1.93–3.63; p < 0.00001), with moderate heterogeneity (I2 = 49%, p = 0.04). Subgroup analysis according to molecular pathways revealed that cell cycle-/apoptosis-related genes (RUNX3, RASSF1A, CDH13, PAX5A, and RB1) showed the strongest association with recurrence (pooled HR = 3.36; 95% CI = 1.63–6.93; I2 = 70%), followed by adhesion/structural genes (Myopodin, PRAC, and PCDH8) (pooled HR = 2.69; 95% CI = 1.84–3.94; I2 = 3%) and transcription/developmental genes (HOXA9 and RSPH9) (pooled HR = 2.28; 95% CI = 1.44–3.62; I2 = 27%). A non-significant difference was observed among subgroups (p = 0.66). The findings show promoter DNA methylation of genes regulating cell cycle, apoptosis, and cell adhesion is associated with an increased recurrence risk in NMIBC (Figure 3).
[image: Forest plot showing hazard ratios for different studies on cell cycle, adhesion, and transcription. Subgroup analysis includes apoptosis, structural, and development categories. Hazard ratios with confidence intervals are represented with red squares and black lines, while pooled estimates are shown with diamonds. The plot suggests overall effects favor increased relapse-free survival (RFS) with a total hazard ratio of 2.65 [1.93, 3.63].]FIGURE 3 | Forest plot showing the pooled hazard ratios for RFS according to molecular pathway subgroups.Sensitivity analysis for recurrence-free survival
A leave-one-out sensitivity analysis was performed to assess the robustness of the pooled estimate for RFS. Sequential exclusion of each study produced pooled hazard ratios ranging from 2.43 to 3.10, with moderate and consistent heterogeneity (I2 = 32–54%) and sustained statistical significance (p ≤ 0.10). Exclusion of Ha et al. (2012), RUNX3 slightly reduced the pooled hazard ratio (HR = 2.43; 95% CI = 1.87–3.16) and heterogeneity (I2 = 32%), suggesting a minor influence of this study on inter-study variability. However, the overall direction and magnitude of association remained unchanged. These findings confirm that no individual study disproportionately influenced the meta-analytic outcome, indicating the stability and reliability of the association between promoter DNA methylation and shorter RFS in NMIBC (Supplementary Table S2).
Overall survival (OS)
Three studies involving 484 patients with NMIBC evaluated the association between DNA methylation biomarkers and OS. The pooled meta-analysis showed no significant association between promoter methylation and OS (pooled HR = 0.96; 95% CI = 0.36–2.60; p = 0.94), with high heterogeneity across studies (I2 = 89%). Subgroup analysis by molecular pathway revealed contrasting trends: adhesion/structural genes (PCDH8) were associated with poorer OS (HR = 3.02; 95% CI = 1.54–5.90; p = 0.001), whereas DNA repair/suppressor genes (GSTP1 and PYCARD) were linked to a favorable prognosis (pooled HR = 0.56; 95% CI = 0.39–0.80; p = 0.002). However, the difference between subgroups was statistically significant (p < 0.0001), indicating marked pathway-specific heterogeneity. The results suggest individual gene pathways may influence OS differently; the overall pooled estimate does not demonstrate a consistent survival impact of DNA methylation in NMIBC (Figure 4). Sensitivity analysis was not performed as only three studies were available, and the pooled estimate was not statistically significant. The limited number of studies and high heterogeneity (I2 = 89%) preclude a reliable robustness assessment for this outcome.
[image: Forest plot showing hazard ratios for two subgroups: "Adhesion/Structural" and "DNA Repair/Suppressor Genes." Lin2014_PCDH8_C subgroup shows a hazard ratio of 3.02, while Sacristan2014_GSTP1 and Sacristan2014_PYCARD show ratios of 0.59 and 0.54, respectively. The overall hazard ratio is 0.96, with significant heterogeneity. Red squares indicate individual study estimates, and diamonds represent overall estimates. The x-axis ranges from 0.02 to 50, indicating favoring increased or decreased overall survival.]FIGURE 4 | Forest plot showing pooled hazard ratios (HRs) for overall survival (OS) according to molecular pathway subgroups.Subgroup analysis by geographical region
To evaluate geographical variability in the prognostic role of DNA methylation, subgroup analyses were performed for PFS, RFS, and OS. The pooled HR for PFS was significantly higher in Asian cohorts (HR = 5.36; 95% CI = 3.40–8.45; p < 0.00001) than in European cohorts (HR = 1.78; 95% CI = 1.30–2.44; p = 0.0003), indicating a stronger prognostic effect of promoter methylation in Asian populations (p < 0.0001, I2 = 36%). A similar pattern was observed for RFS, where Asian studies (HR = 2.68; 95% CI = 2.05–3.50; p < 0.00001) demonstrated a greater effect than European studies (HR = 1.85; 95% CI = 1.35–2.54; p = 0.0001), with moderate heterogeneity (I2 = 54%) but consistent direction of association across regions.
In contrast, OS showed divergent results, with European cohorts suggesting a protective association for unmethylated promoters (HR = 0.56; 95% CI = 0.39–0.80; p = 0.002) and the single Asian study indicating higher mortality with methylation (HR = 3.02; 95% CI = 1.54–5.90; p = 0.001). These findings highlight region-specific differences potentially driven by genetic, environmental, and methodological factors, underscoring the need for globally representative and standardized validation of methylation biomarkers in NMIBC prognostication (Supplementary Figures S1–S3).
Publication bias
Publication bias was evaluated using funnel plot symmetry and Egger’s regression analysis for PFS, RFS, and OS (Figures 5A–C). Funnel plots for PFS and RFS displayed mild asymmetry, suggesting potential small-study effects, whereas the OS plot showed marked asymmetry, likely due to the limited number of included studies. Egger’s regression confirmed evidence of small-study effects for PFS (intercept = 2.73, 95% CI 1.64–3.82, p = 0.00015) and RFS (intercept = 2.48, 95% CI 1.41–3.56, p = 0.00070), indicating possible publication bias favoring studies with significant findings. Egger’s testing was not performed for OS because the small number of studies (n < 10) renders such analyses unreliable. In addition to regional influences, publication bias was assessed using geographical subgroup funnel plots for PFS, RFS, and OS. For PFS (Supplementary Figure S4), mild right-sided asymmetry was noted, with Asian studies showing higher hazard ratios and smaller standard errors, while European studies clustered symmetrically around the central axis, suggesting greater homogeneity. For RFS (Supplementary Figure S5), the distribution appeared largely symmetrical across both regions, indicating minimal small-study effects. In contrast, the OS funnel plot (Supplementary Figure S6) demonstrated notable asymmetry, mainly reflecting the limited number of studies rather than true regional bias.
[image: Three scatter plots labeled A, B, and C show the standard error of the log hazard ratio against the hazard ratio, with a range from 0.01 to 100. Data points are categorized into subgroups: "Cell cycle / Apoptosis", "Adhesion / Structural", "Transcription / Development" shown in plots A and B, and "DNA repair / Suppressor genes" in panel C. Each plot has a dashed vertical line representing a reference point.]FIGURE 5 | (A) Funnel plot for the risk bias in DNA methylation biomarkers and progression-free survival (PFS). (B) Funnel plot for the risk bias in DNA methylation biomarker and recurrence-free survival (RFS). (C) Funnel plot for the risk bias in DNA methylation biomarkers and overall survival (OS).Quality assessment
The Newcastle–Ottawa scale (NOS) was used for the quality assessment of the included studies; see Table 2. The included studies scored 7–9, which implies the quality of the eligible studies was high (31).
TABLE 2 | Quality assessment of the included study assessed by the Newcastle–Ottawa scale.	Study	Selection	Comparability	Outcome	Total
	Representativeness of the exposed cohort	Selection of the non-exposed cohort	Ascertainment of exposure	Demonstrates that the outcome of interest was not present at the start of the study	Comparability of cohorts based on the design or analysis	Assessment of outcome	Was the follow-up long enough for outcomes to occur?	Adequacy of follow-up of cohorts
	Full score	1	1	1	1	2	1	1	1	9
	Alvarez-Múgica, 2010	1	1	1	1	2	1	1	1	9
	Yun-Sok Ha, 2011	1	1	1	1	2	1	1	1	9
	Ji Sang Kim, 2012	1	1	1	1	2	1	1	1	9
	Kim YW, 2015	1	1	1	1	2	0	1	1	8
	Yong-June Kim, 2013	1	1	1	1	2	1	0	1	8
	Young-Won Kim, 2015	1	1	1	1	2	1	1	1	9
	Ying-Li Lin, 2014	1	1	1	1	2	1	1	1	9
	Ying-Li Lin, Pei-Gen Xie, 2014	1	1	1	1	2	1	1	1	9
	Raquel Sacristan, 2014	1	1	1	1	2	1	1	1	9
	Kim E.M. van Kessel, 2018	1	1	1	1	2	1	1	1	9
	Jeong P. min 2012	1	1	1	1	2	1	1	1	9


Full score is the criteria for the maximum marks can be given under each subsections as mentioned are marked in bold.
DISCUSSION
This comprehensive meta-analysis, encompassing 3,065 patients from 11 studies, systematically evaluated the prognostic role of DNA methylation biomarkers in NMIBC. The findings provide robust evidence that promoter DNA methylation is significantly associated with adverse clinical outcomes, including reduced PFS and RFS, while its association with OS appears pathway-specific. These results underscore the crucial role of epigenetic dysregulation in driving NMIBC heterogeneity and highlight the clinical potential of methylation-based biomarkers for personalized risk stratification. The pooled hazard ratio for PFS (HR = 2.88; 95% CI = 2.03–4.09; p < 0.0001) and RFS (HR = 2.65; 95% CI = 1.93–3.63; p < 0.00001) demonstrates a consistent, nearly threefold increase in risk of disease progression and recurrence among patients with promoter-hypermethylated genes. These associations were particularly strong for cell cycle-/apoptosis-related genes (RUNX3, RASSF1A, and CDH13), suggesting that epigenetic silencing of key regulatory checkpoints facilitates early tumor recurrence and progression. RUNX3 methylation leads to impaired TGF-β signaling and cell cycle arrest, while RASSF1A inactivation disrupts Ras/Raf-mediated apoptosis and microtubule stability (32). Similarly, CDH13, a calcium-dependent adhesion molecule, maintains epithelial integrity, and its methylation enhances invasion and epithelial–mesenchymal transition (33). The uniform directionality across studies and subgroups (I2 = 0%) reinforces the biological validity of these associations. These data establish that DNA methylation serves as an independent, reproducible determinant of disease progression in NMIBC (20, 24, 27). Genes linked to adhesion and structural regulation (Myopodin, PRAC, and PCDH8) were also significantly associated with reduced PFS and RFS, indicating that epigenetic disruption of cell–cell adhesion and cytoskeletal architecture contributes to early tumor dissemination (34). Myopodin methylation, frequently observed in recurrent tumors, correlates with impaired actin organization and metastatic potential. Similarly, PCDH8 acts as a cell adhesion molecule and tumor suppressor, and its hypermethylation promotes detachment, invasion, and reduced survival (35). The identification of these adhesion-associated genes highlights the multifaceted role of methylation in NMIBC biology, encompassing not only proliferative signaling but also spatial and structural deregulation.
Although the pooled estimate for OS was not statistically significant (HR = 0.96; 95% CI = 0.36–2.60; p = 0.94), the subgroup analysis revealed marked pathway-specific divergence. Methylation of adhesion/structural genes such as PCDH8 correlated with poorer OS (HR = 3.02; 95% CI = 1.54–5.90; p = 0.001), consistent with their established tumor-suppressive role. Conversely, methylation of DNA repair and suppressor genes (GSTP1 and PYCARD) appeared protective (HR = 0.56; 95% CI = 0.39–0.80; p = 0.002), a paradoxical finding that may reflect compensatory methylation of stress-response genes or differing treatment sensitivities. The significant heterogeneity between pathways (p < 0.0001; I2 = 89%) underscores that the prognostic relevance of methylation is gene- and context-dependent rather than uniformly deleterious. These nuanced results echo recent genomic and epigenomic classifications of NMIBC that emphasize pathway-specific molecular evolution rather than a single linear progression model. The interplay between methylation and known oncogenic mutations such as FGFR3, TERT, and HRAS further refines our understanding of NMIBC pathogenesis. Activating FGFR3 mutations, present in up to 70% of low-grade NMIBC, are frequently accompanied by CpG methylation of cell cycle regulators, compounding proliferative signaling (36). Van Kessel et al. demonstrated that combined FGFR3 mutation and GATA2/TBX3 methylation defines a low-grade molecular subset with distinct recurrence trajectories (29). Similarly, TERT promoter mutations synergize with hypermethylation of telomere-maintenance genes (hTERT, PCDH17, TWIST1, and OTX1) to enhance immortalization and genomic instability (37, 38). The present meta-analysis reinforces that methylation signatures should be interpreted in conjunction with driver mutations to achieve optimal prognostic accuracy.
The immunological dimension of methylation-mediated tumor behavior is another critical consideration. Epigenetic silencing of antigen-presentation and interferon-responsive genes promotes immune evasion, potentially influencing BCG responsiveness. The CD3+ and CD8+ tumor-infiltrating lymphocytes (TILs) were independently associated with reduced recurrence risk (OR = 5.8 and OR = 3.9, respectively) (39, 40). The density of CD103+CD8+ cells in the tumor–stroma interface correlated strongly with improved RFS, suggesting that methylation status shapes the immune landscape and immunotherapeutic response (41). Integrating immune markers with methylation profiling may therefore enhance risk prediction and therapeutic tailoring, particularly in the era of checkpoint inhibitors and intravesical immunotherapy (42). The emergence of liquid-biopsy methylation assays represents a transformative advance in NMIBC monitoring. Urinary methylation panels such as Bladder EpiCheck™ and AssureMDx have achieved sensitivity exceeding 80% and AUC values approaching 0.9 for recurrence detection (43, 44). More recently, assays targeting methylated GHSR, MAL, SOX1-OT, and HIST1H4F loci have demonstrated comparable diagnostic accuracy in multi-institutional validation cohorts (45). These non-invasive platforms enable real-time surveillance and complement cystoscopy, potentially reducing procedural burden while maintaining diagnostic fidelity. The strong correlation between tissue and urinary methylation profiles supports the translational relevance of our findings, suggesting that promoter hypermethylation markers could soon be integrated into clinical follow-up algorithms. Although regional subgroup analysis revealed stronger prognostic effects of promoter methylation in Asian NMIBC cohorts (HR = 5.36) than in European cohorts (HR = 1.78), this likely reflects genetic, epigenetic, and environmental differences influencing methylation susceptibility and tumor biology. These findings highlight the need for multi-ethnic validation using standardized assays for global applicability (46, 47).
The biological rationale linking methylation and clinical outcome is increasingly supported by integrated multi-omics approaches. Whole-genome bisulfite sequencing and methylome clustering have delineated reproducible epigenetic subtypes of NMIBC characterized by differential BCG responses, recurrence rates, and immune microenvironment composition (48). These subtypes correspond to distinct transcriptional states driven by chromatin remodeling and histone modification, implying that DNA methylation functions as both a biomarker and a driver of tumor evolution. Our subgroup findings, which highlight pathway-specific methylation effects on progression and survival, resonate strongly with these broader integrative models. The modest funnel plot asymmetry and significant Egger’s intercepts observed for PFS and RFS (p < 0.001) suggest the presence of small-study effects, potentially reflecting publication bias toward positive findings. However, sensitivity analyses demonstrated that exclusion of any single study did not materially alter the pooled estimates, confirming the robustness of the associations. Variation in detection platforms (MSP, qMSP, and pyrosequencing), cutoff thresholds, and clinical endpoints may explain residual heterogeneity. Future studies employing standardized methylation quantification, unified definitions of recurrence and progression, and multi-gene predictive panels will be critical for translating these findings into clinically actionable tools.
CONCLUSION
This meta-analysis demonstrates that promoter DNA methylation emerges as a robust prognostic biomarker in non-muscle-invasive bladder cancer, with methylated cases showing a nearly threefold higher risk of recurrence and progression. Although overall survival effects were pathway-specific, stronger associations were observed in Asian cohorts, highlighting regional epigenetic variability. Standardization of validated gene panels, quantitative thresholds, and reproducible assays, combined with multi-ethnic prospective validation, will be critical for clinical translation. Integrating methylation-based classifiers into existing European Association of Urology and American Urological Association prognostic models may substantially improve individualized risk stratification and guide therapy selection in NMIBC.
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Testfor overall effect Z=5.11 (P = 0.00001)
1.1.2 Adhesion | Structural
AlvarezMugica2010_Myopodin 0.9326 03798 11.0% 284 1.21,5.35] e
Kimyw2015_PRAC 22545 10693 258% 94830117, 77.50]
Lin2014_PCDHS8 1.65588 04739 B86%  4.74[1.87,12.00] I
Subtotal (95% CI) 22.2% 3.50 [2.00,6.13] il
Heterogeneity: Tau®= 0.00; Chi*=2.00, df=2 (P =037}, F= 0%
Testfor overall effect: Z=4.38 (P = 0.0001)
1.1.3 Transcription / Development
KimYJ2013_ALDH1A3 1.2669 06119  62%  3.85[1.07,11.78] —
KimyJ2013_ISL1 1.1939 04843 66%  3.30[1.05,10.37] —
KimyJ2016_RSPHY 21102 09587  3.0%  8.25[1.26,54.01]
YWankessel2018_GATAZ 07128 03587 11.7% 2.0411.01,4.12] —
Yankessel2018_TEX2 0.3075 03767 11.1% 1.36 [0.65, 2.85] I
Yankessel2018_TEX3 05365 03507 11.9% 1.71 [0.86, 3.40] T
Yankessel2018_ZIC4 0.3577 03645 11.5% 1.43[0.70,2.92] I e —
Subtotal (95% CI) 61.9% 1.90 [1.38, 2.63] <
Heterogeneity: Tau®= 0.00; Chi*= 581, df=6 (P = 0.45); F= 0%
Testfor overall effect; £= 3.93 (P = 0.0001)
Total (95% CI) 100.0% 2.88[2.03,4.09] -
Heterogeneity: Tau®= 015, Chi*= 2031, df =13 (P=0.08); = 36% 001 o1 T 10 100

Testfor overall effect: Z=5.91 (P = 0.00001)
Test for subgroup differences: Chif=11.79, df= 2 (P=0.003), F=83.0%

Favours [Increase PFS] Favours [Decrease PFS]
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