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ABSTRACT 

Background: Tumor budding has emerged as an important histopathological marker of tumor aggressiveness in 

colorectal cancer (CRC), while molecular alterations such as KRAS, BRAF, TP53 mutations, and microsatellite instability 

(MSI) are established determinants of tumor behavior and prognosis. However, the relationship between tumor budding, 

molecular alterations, and survival outcomes remains incompletely understood. This systematic review and meta-analysis 

aimed to evaluate the prognostic significance of tumor budding and its association with key molecular alterations in 

colorectal cancer. 

Methods: A systematic literature search was conducted across PubMed, Embase, Scopus, Web of Science, and Cochrane 

Library databases from January 2000 to December 2025 following PRISMA 2020 guidelines. Studies assessing tumor 

budding in histologically confirmed colorectal adenocarcinoma and reporting survival outcomes and/or molecular 

alterations were included. Hazard ratios (HRs) and odds ratios (ORs) with 95% confidence intervals (CIs) were pooled 

using random-effects models. Study quality was assessed using the Newcastle-Ottawa Scale. 

Results: Twenty-eight studies comprising 12,846 patients were included in the meta-analysis. High-grade tumor budding 

was significantly associated with poorer overall survival (HR=2.18, 95% CI: 1.82-2.61; I²=48%), disease-free survival 

(HR=2.41, 95% CI: 1.95-2.97; I²=52%), and cancer-specific survival (HR=2.07, 95% CI: 1.68-2.56; I²=45%). Tumor 

budding demonstrated significant associations with lymphovascular invasion (OR=3.12, 95% CI: 2.45-3.97), perineural 

invasion (OR=2.76, 95% CI: 2.01-3.79), lymph node metastasis (OR=2.86, 95% CI: 2.21-3.69), distant metastasis 

(OR=2.44, 95% CI: 1.88-3.18), and advanced TNM stage (OR=2.59, 95% CI: 2.04-3.29). Molecular analyses revealed 

significant associations between high-grade tumor budding and KRAS mutations (OR=1.74, 95% CI: 1.35-2.23), BRAF 

mutations (OR=1.89, 95% CI: 1.28-2.79), and TP53 mutations (OR=1.67, 95% CI: 1.21-2.29). Conversely, MSI-high 

tumors demonstrated a significantly lower prevalence of high-grade tumor budding (OR=0.58, 95% CI: 0.43-0.78). No 

significant association was observed with NRAS mutations (OR=1.29, 95% CI: 0.94-1.77). 

Conclusion: High-grade tumor budding is a robust predictor of adverse prognosis in colorectal cancer and is strongly 

associated with aggressive clinicopathological characteristics and unfavorable molecular alterations. Integration of tumor 

budding assessment with molecular profiling may improve prognostic stratification, support personalized therapeutic 

decision-making, and enhance risk-adapted management strategies in colorectal cancer patients. 
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INTRODUCTION 

Colorectal cancer (CRC) is one of the most prevalent malignancies worldwide and remains a leading cause of cancer-

related mortality despite substantial advances in screening, diagnosis, and treatment modalities. According to recent 

global cancer statistics, CRC ranks as the third most commonly diagnosed cancer and the second leading cause of cancer-

related deaths, accounting for more than 1.9 million new cases and approximately 935,000 deaths annually worldwide 

[1]. Although improvements in surgical techniques, chemotherapy, targeted therapy, and immunotherapy have contributed 

to better patient outcomes, significant heterogeneity exists in disease progression and survival among patients with similar 

clinicopathological stages [2]. 

Traditional prognostic assessment of CRC relies primarily on the tumor-node-metastasis (TNM) staging system. 

However, increasing evidence suggests that TNM staging alone may not adequately capture the biological aggressiveness 

of individual tumors [3]. Consequently, considerable efforts have been directed toward identifying additional 

histopathological and molecular biomarkers that can improve prognostic stratification and guide personalized therapeutic 

approaches [4]. 

Tumor budding has emerged as one of the most promising histopathological markers of aggressive tumor behavior in 

colorectal cancer. Tumor budding is defined as the presence of isolated single tumor cells or small clusters of fewer than 
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five tumor cells at the invasive front of the tumor [5]. First described several decades ago, tumor budding has gained 

increasing recognition due to its strong association with local invasion, lymphovascular invasion, lymph node metastasis, 

distant metastasis, and poor survival outcomes [6,7]. The biological significance of tumor budding is closely linked to 

epithelial-mesenchymal transition (EMT), a process through which epithelial tumor cells acquire mesenchymal 

characteristics, facilitating migration, invasion, and metastatic dissemination [8]. 

To standardize assessment and reporting, the International Tumor Budding Consensus Conference (ITBCC) established 

evidence-based guidelines for evaluating tumor budding in colorectal cancer. These recommendations have improved 

reproducibility among pathologists and have facilitated incorporation of tumor budding into routine histopathological 

reporting and prognostic evaluation [9]. Several studies have demonstrated that high-grade tumor budding is 

independently associated with adverse clinical outcomes, even after adjustment for conventional prognostic factors such 

as tumor stage and grade [10,11]. 

In parallel with advances in histopathological evaluation, molecular characterization has become an integral component 

of colorectal cancer management. The molecular landscape of CRC is highly heterogeneous and includes alterations in 

several key oncogenic pathways. Mutations in KRAS, NRAS, and BRAF genes are among the most frequently observed 

molecular abnormalities and play important roles in tumor initiation, progression, and response to targeted therapies [12]. 

Similarly, TP53 mutations contribute to genomic instability and tumor progression, whereas microsatellite instability 

(MSI) resulting from defects in DNA mismatch repair pathways has been associated with distinct clinicopathological 

characteristics and improved responses to immunotherapy [13,14]. 

Emerging evidence suggests that tumor budding may be closely associated with specific molecular alterations involved 

in colorectal carcinogenesis. Several investigators have reported significant correlations between high-grade tumor 

budding and mutations in KRAS, BRAF, and TP53, suggesting shared biological mechanisms that promote tumor 

aggressiveness and metastatic potential [15,16]. Conversely, microsatellite instability-high (MSI-H) tumors often 

demonstrate lower degrees of tumor budding and generally exhibit more favorable prognostic characteristics, potentially 

reflecting enhanced anti-tumor immune responses within the tumor microenvironment [17,18]. 

Despite numerous studies examining the prognostic relevance of tumor budding and its molecular correlates, findings 

have not always been consistent. Variations in study design, patient populations, assessment methodologies, and 

molecular testing approaches have contributed to heterogeneity across published reports [19]. Furthermore, the combined 

prognostic impact of tumor budding and molecular alterations remains incompletely understood. 

Therefore, the present systematic review and meta-analysis was undertaken to comprehensively evaluate the prognostic 

significance of tumor budding in colorectal cancer and to investigate its association with major molecular alterations, 

including KRAS, NRAS, BRAF, TP53 mutations, and microsatellite instability. By synthesizing available evidence from 

published studies, this review aims to provide a more robust understanding of the biological and clinical significance of 

tumor budding and its potential role in improving risk stratification and personalized management of colorectal cancer 

patients. 

 

MATERIALS AND METHODS 

Study Design and Registration 

This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA 2020) guidelines [20]. The methodology was designed to evaluate the prognostic 

significance of tumor budding and its association with molecular alterations in colorectal cancer. The review process 

included systematic literature identification, study selection, data extraction, quality assessment, and quantitative 

synthesis of eligible studies. 

 

Literature Search Strategy 

A comprehensive literature search was performed in the electronic databases PubMed/MEDLINE, Embase, Scopus, Web 

of Science, and the Cochrane Library from January 2000 to December 2025. The search strategy combined Medical 

Subject Headings (MeSH) and free-text terms related to colorectal cancer, tumor budding, prognosis, and molecular 

biomarkers. 

The following keywords and Boolean operators were used: 

("colorectal cancer" OR "colon cancer" OR "rectal cancer" OR "colorectal adenocarcinoma") AND ("tumor budding" OR 

"tumour budding") AND ("KRAS" OR "NRAS" OR "BRAF" OR "TP53" OR "microsatellite instability" OR "MSI" OR 

"molecular alterations") AND ("survival" OR "prognosis" OR "outcome")In addition, reference lists of relevant reviews 

and eligible articles were manually screened to identify potentially missed studies [21]. 

 

Eligibility Criteria 

Inclusion Criteria 

Studies were included if they met the following criteria: 

1. Histologically confirmed colorectal adenocarcinoma. 

2. Assessment of tumor budding using recognized histopathological criteria. 

3. Evaluation of one or more molecular biomarkers, including KRAS, NRAS, BRAF, TP53, MSI, or related molecular 

alterations. 

4. Reported prognostic outcomes such as overall survival (OS), disease-free survival (DFS), progression-free survival 

(PFS), recurrence-free survival (RFS), or cancer-specific survival (CSS). 

5. Sufficient data available to calculate hazard ratios (HRs), odds ratios (ORs), and corresponding 95% confidence 

intervals (CIs). 
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6. Original observational studies including retrospective or prospective cohort studies. 

 

Exclusion Criteria 

Studies were excluded if they met any of the following criteria: 

1. Case reports or case series involving fewer than ten patients. 

2. Review articles, editorials, letters, conference abstracts, and commentaries. 

3. Animal or in vitro studies. 

4. Studies lacking survival or molecular data. 

5. Duplicate publications from the same patient cohort. 

6. Articles not published in English. 

 

Study Selection 

Two independent reviewers screened titles and abstracts of all retrieved records. Full texts of potentially eligible studies 

were subsequently assessed for inclusion. Disagreements between reviewers were resolved through discussion and 

consensus, with consultation from a third reviewer when necessary [22]. 

The study selection process followed the PRISMA framework and is summarized in a PRISMA flow diagram. 

 

Data Extraction 

Data extraction was independently performed by two investigators using a standardized data collection form. The 

following information was extracted: 

• First author and year of publication. 

• Country of study. 

• Study design. 

• Number of participants. 

• Patient demographics. 

• Tumor location. 

• Tumor stage. 

• Tumor budding assessment method. 

• Molecular biomarkers evaluated. 

• Follow-up duration. 

• Survival outcomes. 

• Hazard ratios (HRs) and odds ratios (ORs) with 95% confidence intervals. 

When multiple analyses were reported, multivariable-adjusted estimates were preferentially extracted [23]. 

 

Definition of Tumor Budding 

Tumor budding was defined as isolated single cancer cells or clusters of fewer than five tumor cells located at the invasive 

front of the tumor according to the International Tumor Budding Consensus Conference (ITBCC) recommendations [9]. 

For studies utilizing ITBCC criteria, tumor budding was categorized as: 

• Bd1 (Low): 0-4 buds. 

• Bd2 (Intermediate): 5-9 buds. 

• Bd3 (High): ≥10 buds. 

For meta-analysis purposes, Bd2 and Bd3 categories were grouped as high tumor budding when appropriate, while Bd1 

was considered low tumor budding. 

 

Molecular Biomarkers Evaluated 

The molecular alterations evaluated included: 

• KRAS mutations. 

• NRAS mutations. 

• BRAF mutations. 

• TP53 mutations. 

• Microsatellite instability (MSI). 

• CpG island methylator phenotype (CIMP). 

• PIK3CA mutations (where available). 

Molecular analyses were performed using polymerase chain reaction (PCR), next-generation sequencing (NGS), Sanger 

sequencing, pyrosequencing, immunohistochemistry, or other validated molecular techniques as reported in individual 

studies [24]. 

 

Quality Assessment 

The methodological quality of included studies was assessed using the Newcastle-Ottawa Scale (NOS) for observational 

studies [25]. 

The scale evaluated: 

1. Selection of study groups (maximum 4 stars). 

2. Comparability of cohorts (maximum 2 stars). 

3. Outcome assessment (maximum 3 stars). 
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Studies scoring: 

• 7-9 stars were considered high quality. 

• 5-6 stars were considered moderate quality. 

• Less than 5 stars were considered low quality. 

Quality assessment was performed independently by two reviewers. 

 

Statistical Analysis 

Meta-analysis was performed using Review Manager (RevMan) version 5.4 and Comprehensive Meta-Analysis (CMA) 

software version 4.0. 

Hazard ratios (HRs) with 95% confidence intervals were pooled for survival outcomes, including: 

• Overall survival (OS). 

• Disease-free survival (DFS). 

• Cancer-specific survival (CSS). 

Odds ratios (ORs) with 95% confidence intervals were calculated for associations between tumor budding and 

clinicopathological or molecular characteristics. 

Statistical heterogeneity among studies was assessed using Cochran's Q test and quantified using the I² statistic [26]. 

Heterogeneity was interpreted as follows: 

• I² <25%: Low heterogeneity. 

• I² =25-50%: Moderate heterogeneity. 

• I² >50%: Substantial heterogeneity. 

A random-effects model was applied when significant heterogeneity was present; otherwise, a fixed-effects model was 

used [27]. 

 

Subgroup Analysis 

Predefined subgroup analyses were performed according to: 

• Geographic region (Asia, Europe, North America). 

• Tumor location (colon versus rectum). 

• Molecular subtype. 

• Tumor budding grading system. 

• Study quality score. 

 

Sensitivity Analysis 

Sensitivity analyses were conducted by sequentially excluding individual studies to evaluate the robustness and stability 

of pooled estimates [28]. 

 

Publication Bias 

Publication bias was assessed through visual inspection of funnel plots and quantitatively using Egger's regression test 

and Begg's rank correlation test [29]. 

A p-value less than 0.05 was considered statistically significant for all analyses. 

 

RESULTS 

Study Selection 

The systematic search of PubMed, Embase, Scopus, Web of Science, and Cochrane Library databases yielded a total of 

4,762 records. After removal of 1,124 duplicate records, 3,638 articles remained for title and abstract screening. Following 

initial screening, 3,421 studies were excluded because they were unrelated to tumor budding, lacked molecular data, were 

review articles, conference abstracts, or did not report prognostic outcomes. A total of 217 full-text articles were assessed 

for eligibility. Of these, 189 studies were excluded due to insufficient outcome data, duplicate patient populations, 

inadequate tumor budding assessment, or lack of molecular characterization. Ultimately, 28 studies involving 12,846 

patients met the inclusion criteria and were included in both qualitative and quantitative analyses. 

The included studies were published between 2008 and 2025 and represented patient populations from Asia, Europe, and 

North America. Most studies were retrospective cohort studies, while five were prospective observational investigations. 

Tumor budding was assessed using either International Tumor Budding Consensus Conference (ITBCC) criteria or 

institution-specific validated scoring systems. Molecular analyses included KRAS, NRAS, BRAF, TP53, MSI, CIMP, and 

PIK3CA status. 
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Figure 1. PRISMA 2020 flow diagram illustrating the process of literature identification, screening, eligibility 

assessment, and final inclusion of studies investigating the prognostic significance of tumor budding and molecular 

alterations in colorectal cancer. A total of 4,762 records were identified through database searches, of which 28 studies 

involving 12,846 patients met the eligibility criteria and were included in the final quantitative meta-analysis. 

 

Characteristics of Included Studies 

The 28 included studies comprised 12,846 patients with histologically confirmed colorectal adenocarcinoma. The mean 

patient age was 63.4 years, and males accounted for 56.2% of the study population. Colon cancers represented 

approximately two-thirds of all cases, whereas rectal cancers accounted for one-third. The median follow-up duration 

ranged from 36 to 84 months. 

 

Table 1. Baseline Characteristics of Included Studies 

Characteristic Value 

Number of studies 28 

Total patients 12,846 

Mean age (years) 63.4 

Male patients 7,214 (56.2%) 

Female patients 5,632 (43.8%) 

Colon cancers 8,473 (66.0%) 

Rectal cancers 4,373 (34.0%) 

Median follow-up 58 months 

Retrospective studies 23 

Prospective studies 5 

Mean NOS score 7.8 

Most studies were considered high quality, with Newcastle-Ottawa Scale scores ranging from 6 to 9. Twenty-one studies 

achieved scores ≥7 and were classified as high-quality investigations. 

 

Association Between Tumor Budding and Clinicopathological Features 

High-grade tumor budding demonstrated a strong association with several adverse clinicopathological characteristics. 

Patients with increased tumor budding were significantly more likely to exhibit lymphovascular invasion, perineural 

invasion, lymph node metastasis, distant metastasis, and advanced TNM stage. These findings support the concept that 

tumor budding reflects an aggressive biological phenotype characterized by enhanced invasiveness and metastatic 

potential. 
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Table 2. Association of High Tumor Budding with Clinicopathological Features 

Parameter Odds Ratio (OR) 95% CI P-value 

Lymphovascular invasion 3.12 2.45-3.97 <0.001 

Perineural invasion 2.76 2.01-3.79 <0.001 

Lymph node metastasis 2.86 2.21-3.69 <0.001 

Distant metastasis 2.44 1.88-3.18 <0.001 

Advanced TNM stage 2.59 2.04-3.29 <0.001 

Among all clinicopathological variables examined, lymphovascular invasion demonstrated the strongest association with 

tumor budding. Patients with high-grade budding were more than three times as likely to exhibit lymphovascular invasion 

compared with those having low-grade budding. Similarly, the risk of nodal metastasis increased nearly threefold among 

tumors exhibiting extensive budding activity. 

 

Prognostic Impact of Tumor Budding 

Meta-analysis of survival outcomes demonstrated that high-grade tumor budding was consistently associated with poorer 

prognosis across all evaluated endpoints. Patients with extensive tumor budding experienced significantly reduced overall 

survival, disease-free survival, and cancer-specific survival compared with patients exhibiting low-grade budding. 

 

Table 3. Meta-analysis of Survival Outcomes 

Outcome Hazard Ratio (HR) 95% CI I² (%) P-value 

Overall Survival (OS) 2.18 1.82-2.61 48 <0.001 

Disease-Free Survival (DFS) 2.41 1.95-2.97 52 <0.001 

Cancer-Specific Survival (CSS) 2.07 1.68-2.56 45 <0.001 

 

Patients with high-grade tumor budding demonstrated a 2.18-fold increased risk of mortality and a 2.41-fold increased 

risk of disease recurrence. Moderate heterogeneity was observed among studies; however, sensitivity analyses confirmed 

the robustness of the pooled estimates. 

Subgroup analyses based on geographic location, study quality, and tumor site revealed consistent findings across all 

evaluated categories, indicating that the prognostic significance of tumor budding was independent of patient 

demographics and study design. 

 

Association Between Tumor Budding and Molecular Alterations 

A total of 24 studies evaluated at least one molecular biomarker. Significant associations were observed between high-

grade tumor budding and several molecular alterations implicated in colorectal carcinogenesis. 

 

Table 4. Association Between Tumor Budding and Molecular Alterations 

Molecular Alteration Odds Ratio (OR) 95% CI P-value I² (%) 

KRAS mutation 1.74 1.35-2.23 <0.001 39 

BRAF mutation 1.89 1.28-2.79 0.002 44 

TP53 mutation 1.67 1.21-2.29 0.005 36 

MSI-High 0.58 0.43-0.78 <0.001 28 

NRAS mutation 1.29 0.94-1.77 0.11 31 

 

Among molecular markers, BRAF mutation demonstrated the strongest positive association with tumor budding. Tumors 

harboring BRAF mutations exhibited nearly twice the likelihood of high-grade budding compared with BRAF wild-type 

tumors. Similarly, KRAS-mutated tumors were significantly associated with increased budding activity, supporting the 

role of MAPK pathway activation in promoting invasive behavior. 

Conversely, microsatellite instability-high (MSI-H) tumors demonstrated a significantly lower prevalence of tumor 

budding. The pooled analysis revealed a 42% reduction in the likelihood of high-grade budding among MSI-H tumors, 

suggesting that these tumors may possess biological mechanisms limiting invasive progression. 

No statistically significant association was identified between NRAS mutations and tumor budding. 

 

Subgroup Analysis 

Subgroup analyses demonstrated that the prognostic effect of tumor budding remained significant regardless of 

geographic region, tumor location, or study quality. 

 

Table 5. Subgroup Analysis for Overall Survival 

Subgroup HR 95% CI P-value 

Asian studies 2.24 1.78-2.82 <0.001 

European studies 2.09 1.68-2.60 <0.001 

North American studies 2.13 1.59-2.86 <0.001 

Colon cancer 2.27 1.81-2.84 <0.001 

Rectal cancer 1.96 1.47-2.61 <0.001 

High-quality studies 2.21 1.84-2.65 <0.001 
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The consistency of findings across all subgroups supports the reliability and generalizability of tumor budding as a 

prognostic marker in colorectal cancer. 

 

Sensitivity Analysis 

Sequential exclusion of individual studies did not significantly alter pooled hazard ratios or odds ratios. The overall 

survival hazard ratio remained between 2.04 and 2.29 across all sensitivity analyses, indicating substantial stability of the 

meta-analytic estimates. 

 

Publication Bias 

Visual examination of funnel plots showed only minor asymmetry. Egger's regression analysis demonstrated no 

statistically significant publication bias for overall survival (p=0.21), disease-free survival (p=0.18), or cancer-specific 

survival (p=0.27). Begg's rank correlation tests similarly failed to demonstrate significant small-study effects. 

Overall, the available evidence consistently demonstrated that high-grade tumor budding is strongly associated with 

adverse clinicopathological characteristics, unfavorable molecular alterations, increased metastatic potential, and 

significantly poorer survival outcomes in colorectal cancer patients. 

 

 
Figure 2. Combined Forest Plot of Survival Outcomes. 

 

Pooled hazard ratios from the meta-analysis demonstrating the adverse prognostic impact of high-grade tumor budding 

in colorectal cancer. High-grade tumor budding was associated with significantly poorer disease-free survival (HR=2.41, 

95% CI: 1.95-2.97), overall survival (HR=2.18, 95% CI: 1.82-2.61), and cancer-specific survival (HR=2.07, 95% CI: 

1.68-2.56). 

 

DISCUSSION 

The present systematic review and meta-analysis synthesized evidence from 28 studies comprising 12,846 patients and 

demonstrated that tumor budding is a powerful prognostic marker in colorectal cancer. High-grade tumor budding was 

significantly associated with adverse clinicopathological characteristics, unfavorable molecular alterations, and poorer 

survival outcomes. Patients exhibiting extensive tumor budding experienced more than a two-fold increased risk of 

mortality and disease recurrence compared with those displaying low-grade budding. These findings reinforce the 

growing recognition of tumor budding as a key histopathological feature reflecting aggressive tumor biology and 

metastatic potential. 

One of the most important findings of the present study is the strong association between tumor budding and poor survival 

outcomes. The pooled hazard ratios demonstrated significantly reduced overall survival, disease-free survival, and cancer-

specific survival among patients with high-grade budding. These observations are consistent with previous studies that 

have identified tumor budding as an independent prognostic factor irrespective of tumor stage, grade, and lymph node 

status [10,11,30]. The adverse prognostic impact of tumor budding likely reflects its role as a morphological manifestation 

of epithelial-mesenchymal transition (EMT), a process facilitating tumor invasion, migration, and metastatic 

dissemination [8,31]. 

The biological basis of tumor budding has been increasingly elucidated over the past decade. Budding tumor cells exhibit 

loss of epithelial markers such as E-cadherin and gain of mesenchymal markers including vimentin and fibronectin, 

resulting in reduced cell-to-cell adhesion and enhanced migratory capabilities [32]. Activation of Wnt/β-catenin signaling 

pathways has also been implicated in promoting tumor budding through deregulation of cellular differentiation and 

increased invasive potential [33]. These molecular events collectively contribute to local tissue invasion and eventual 

metastatic spread, thereby explaining the strong association between tumor budding and poor clinical outcomes observed 

in our analysis. 
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Another important finding was the significant association between high-grade tumor budding and adverse 

clinicopathological characteristics. Tumors exhibiting extensive budding were more likely to demonstrate lymphovascular 

invasion, perineural invasion, lymph node metastasis, distant metastasis, and advanced TNM stage. These findings are in 

agreement with previous reports indicating that tumor budding is a surrogate marker of tumor aggressiveness and 

metastatic competence [34,35]. The nearly three-fold increase in the likelihood of lymph node metastasis among tumors 

with high budding suggests that tumor budding may facilitate early dissemination of malignant cells through lymphatic 

channels. Consequently, assessment of tumor budding may provide additional prognostic information beyond 

conventional staging systems. 

The present meta-analysis also explored the relationship between tumor budding and molecular alterations in colorectal 

cancer. Significant positive associations were identified between high-grade tumor budding and KRAS, BRAF, and TP53 

mutations. These findings support the concept that tumor budding is not merely a histological phenomenon but rather a 

manifestation of underlying molecular events driving tumor progression. KRAS mutations, present in approximately 35-

45% of colorectal cancers, activate the RAS-RAF-MEK-ERK signaling pathway, promoting cellular proliferation, 

invasion, and resistance to apoptosis [36]. The observed association between KRAS mutations and increased tumor 

budding suggests that activation of this pathway may contribute directly to the acquisition of invasive cellular phenotypes. 

Similarly, BRAF mutations demonstrated the strongest molecular association with tumor budding in our pooled analysis. 

BRAF-mutated colorectal cancers are known to exhibit aggressive clinical behavior, poor differentiation, and unfavorable 

prognosis [37]. Constitutive activation of the MAPK signaling cascade resulting from BRAF mutations may enhance 

epithelial-mesenchymal transition and facilitate detachment of tumor cells from the primary lesion. The nearly two-fold 

increased likelihood of high-grade budding among BRAF-mutated tumors observed in this study supports this biological 

hypothesis. 

TP53 mutations were also significantly associated with tumor budding. The TP53 gene plays a critical role in maintaining 

genomic stability, regulating cell cycle progression, and promoting apoptosis in response to DNA damage [38]. Loss of 

TP53 function may facilitate accumulation of genetic alterations and promote acquisition of invasive characteristics. 

Previous studies have reported increased genomic instability and aggressive tumor phenotypes among TP53-mutated 

colorectal cancers, findings that are consistent with the current results [39]. 

In contrast, microsatellite instability-high (MSI-H) tumors demonstrated a significantly lower prevalence of tumor 

budding. This inverse relationship is particularly noteworthy because MSI-H colorectal cancers are generally associated 

with improved prognosis and enhanced responsiveness to immune checkpoint inhibitors [40]. The lower frequency of 

tumor budding in MSI-H tumors may be attributable to robust anti-tumor immune responses generated by their high 

neoantigen burden. Increased infiltration of cytotoxic T lymphocytes within MSI-H tumors may suppress invasive 

budding activity and limit metastatic progression [41]. These findings further highlight the complex interactions between 

tumor biology, immune surveillance, and histopathological features. 

The findings of this study have important clinical implications. Current prognostic assessment in colorectal cancer 

primarily relies on TNM staging; however, considerable heterogeneity exists among patients within the same stage 

category. Incorporation of tumor budding into routine pathological reporting may improve risk stratification, particularly 

in patients with stage II disease, where decisions regarding adjuvant chemotherapy remain challenging [42]. Several 

international guidelines have already recommended assessment of tumor budding as a supplementary prognostic marker, 

and the present results provide further support for its broader clinical implementation. 

Furthermore, integration of tumor budding assessment with molecular profiling may facilitate development of more 

comprehensive prognostic models. Combining histopathological indicators such as tumor budding with molecular 

biomarkers including KRAS, BRAF, TP53, and MSI status could improve identification of high-risk patients who may 

benefit from intensified surveillance or targeted therapeutic strategies [43]. Such integrated approaches align with the 

principles of precision oncology and personalized cancer care. 

The strengths of this meta-analysis include the large pooled sample size, inclusion of studies from multiple geographic 

regions, comprehensive evaluation of both survival and molecular outcomes, and the use of standardized quality 

assessment methods. The consistency of findings across subgroup analyses and sensitivity analyses further supports the 

robustness of the results. 

However, several limitations should be acknowledged. First, most included studies were retrospective in nature, 

introducing the possibility of selection and information bias. Second, variability existed in tumor budding assessment 

methodologies, although most recent studies adhered to ITBCC recommendations. Third, heterogeneity in molecular 

testing techniques and reporting standards may have influenced pooled estimates. Fourth, publication bias cannot be 

entirely excluded despite negative statistical tests. Finally, limited data were available regarding emerging molecular 

biomarkers such as HER2 amplification, PIK3CA mutations, and consensus molecular subtypes, which may also 

influence tumor budding behavior. 

Future research should focus on prospective multicenter studies utilizing standardized tumor budding assessment 

protocols and comprehensive molecular profiling. Integration of genomic, transcriptomic, and immune microenvironment 

data may further clarify the biological mechanisms underlying tumor budding and identify novel therapeutic targets. 

Additionally, investigations evaluating the  

 

CONCLUSION 

This systematic review and meta-analysis provides comprehensive evidence supporting the prognostic significance of 

tumor budding in colorectal cancer. By synthesizing data from 28 studies involving 12,846 patients, the present analysis 

demonstrates that high-grade tumor budding is strongly associated with adverse clinicopathological characteristics, 

unfavorable molecular alterations, and significantly poorer survival outcomes. Patients exhibiting extensive tumor 
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budding had more than a two-fold increased risk of mortality, disease recurrence, and cancer-specific death compared 

with those demonstrating low-grade budding. 

The findings highlight the critical role of tumor budding as a histopathological manifestation of tumor aggressiveness and 

epithelial-mesenchymal transition. High-grade budding was significantly associated with lymphovascular invasion, 

perineural invasion, lymph node metastasis, distant metastasis, and advanced TNM stage, reinforcing its value as an 

indicator of invasive and metastatic potential. Furthermore, significant associations were identified between tumor 

budding and key molecular alterations, including KRAS, BRAF, and TP53 mutations, while an inverse relationship was 

observed with microsatellite instability-high tumors. These observations suggest that tumor budding reflects not only 

morphological changes but also underlying molecular pathways driving colorectal cancer progression. 

The integration of tumor budding assessment with molecular profiling offers an opportunity to improve prognostic 

stratification beyond conventional staging systems. Such an approach may facilitate more accurate identification of high-

risk patients, optimize treatment selection, and support personalized therapeutic strategies. In particular, incorporation of 

tumor budding into routine pathological reporting may be especially valuable for stage II colorectal cancer patients, where 

decisions regarding adjuvant therapy often remain challenging. 

Although methodological heterogeneity among studies exists, the consistency of findings across subgroup and sensitivity 

analyses supports the robustness of the observed associations. Collectively, the available evidence suggests that tumor 

budding should be regarded as a clinically relevant biomarker with significant prognostic value in colorectal cancer. 

Future prospective multicenter studies utilizing standardized assessment criteria and comprehensive molecular 

characterization are required to further validate these findings and establish tumor budding as an integral component of 

precision oncology frameworks. The combined evaluation of histopathological and molecular biomarkers may ultimately 

improve risk prediction, therapeutic decision-making, and long-term outcomes for patients with colorectal cancer. 

 

Strengths 

The present systematic review and meta-analysis possesses several notable strengths. First, it included a large pooled 

population of 12,846 patients derived from 28 independent studies, providing substantial statistical power to evaluate 

prognostic associations. Second, studies from diverse geographic regions including Asia, Europe, and North America 

were incorporated, enhancing the generalizability of the findings across different populations and healthcare settings. 

Third, this review comprehensively evaluated both clinicopathological and molecular correlates of tumor budding, 

enabling a broader understanding of its biological and clinical significance. Fourth, survival outcomes including overall 

survival, disease-free survival, and cancer-specific survival were simultaneously assessed, providing a comprehensive 

evaluation of prognostic impact. Fifth, quality assessment using the Newcastle-Ottawa Scale demonstrated that the 

majority of included studies were of high methodological quality. Finally, subgroup and sensitivity analyses confirmed 

the stability and consistency of pooled estimates, strengthening the reliability of the conclusions. 

 

Limitations 

Several limitations should be considered when interpreting the findings. First, most included studies were retrospective 

observational investigations, making them susceptible to selection bias, information bias, and residual confounding. 

Second, variations existed in tumor budding assessment methods, scoring systems, and cutoff values across studies, which 

may have contributed to heterogeneity. 

Third, differences in molecular testing methodologies and reporting standards may have influenced the observed 

associations between tumor budding and molecular alterations. Fourth, although publication bias analyses did not reveal 

significant bias, the possibility of unpublished negative studies cannot be completely excluded. Fifth, limited data were 

available regarding emerging molecular biomarkers such as HER2 amplification, PIK3CA mutations, NTRK fusions, and 

consensus molecular subtypes. Finally, the observational nature of the included studies precludes definitive conclusions 

regarding causality between molecular alterations and tumor budding. 

 

Clinical Implications and Future Directions 

The findings of this meta-analysis have important implications for clinical practice and future research. Routine 

assessment of tumor budding may provide valuable prognostic information beyond traditional TNM staging and should 

be considered an essential component of pathological evaluation in colorectal cancer. The strong association between 

high-grade tumor budding and adverse outcomes suggests that patients exhibiting extensive budding may benefit from 

closer surveillance, more aggressive therapeutic approaches, and individualized treatment planning. 

Particularly in stage II colorectal cancer, where the indication for adjuvant chemotherapy remains controversial, tumor 

budding may serve as a useful biomarker for identifying patients at increased risk of recurrence and poor survival. 

Integration of tumor budding into existing prognostic models could enhance risk stratification and support evidence-based 

treatment decisions. 

The demonstrated associations between tumor budding and KRAS, BRAF, TP53 mutations, as well as MSI status, further 

emphasize the value of combining histopathological and molecular biomarkers within precision oncology frameworks. 

Future prognostic algorithms incorporating both pathological and genomic parameters may improve prediction of 

treatment response and long-term outcomes. 

Future investigations should focus on prospective multicenter studies employing standardized International Tumor 

Budding Consensus Conference (ITBCC) criteria and uniform molecular testing protocols. Research exploring the 

molecular mechanisms underlying tumor budding, including interactions with the tumor microenvironment, immune 

infiltration, and epithelial-mesenchymal transition pathways, is warranted. Additionally, the predictive value of tumor 

budding in patients receiving targeted therapies and immune checkpoint inhibitors should be evaluated. 
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Advances in digital pathology, artificial intelligence-assisted image analysis, and integrated molecular diagnostics may 

further improve the reproducibility and clinical utility of tumor budding assessment. Ultimately, incorporation of tumor 

budding into multidisciplinary colorectal cancer management has the potential to enhance prognostic precision, optimize 

therapeutic strategies, and improve patient outcomes. 

 predictive value of tumor budding for treatment response, particularly in the era of immunotherapy and targeted therapies, 

are warranted. 

In summary, this systematic review and meta-analysis demonstrates that tumor budding is a robust indicator of aggressive 

tumor biology and poor prognosis in colorectal cancer. Its significant associations with adverse clinicopathological 

features and molecular alterations support its role as an important biomarker for risk stratification and personalized patient 

management. Routine incorporation of tumor budding assessment into pathological evaluation, particularly when 

combined with molecular profiling, has the potential to enhance prognostic accuracy and improve clinical decision-

making in colorectal cancer. 
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