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Abstract
Purpose  To investigate the expression and clinical significance of insulin-like growth factor 2 mRNA-binding protein 
family members (IGF2BPs) in pan-cancer and evaluate their potential as targets for tumor immunotherapy.
Methods  Based on data from the cancer genome atlas (TCGA) database, pan-cancer analysis was conducted to examine 
the clinical significance of IGF2BPs expression in twenty-two tumors.
Results  Differential expression analysis showed high expression of IGF2BPs in most tumor tissues. Survival and muta-
tion analyses suggested that the overexpression of IGF2BPs was associated with poor prognosis and mutation status of 
certain tumors. Methylation analysis revealed the methylation levels of IGF2BP1/2/3 in certain tumors were intricately 
linked to their mRNA expression, patient prognosis, and immune cell infiltration. Enrichment analysis indicated that 
abnormal expression of IGF2BPs was associated with various common tumor-related pathways in different tumors, 
including AMPK, Hippo, PI3K-Akt, EMT, and p53. In addition, immune correlation analysis revealed that IGF2BPs were 
closely related to immunotherapy-related indicators (immune cell infiltration, major histocompatibility complex (MHC), 
immune checkpoints, tumor mutation burden (TMB), and microsatellite instability (MSI)) in some tumors. Drug sensi-
tivity analysis indicated that IGF2BPs were sensitive to some common chemotherapeutic drugs (alvocidib, dasatinib, 
trametinib, and selumetinib).
Conclusion  IGF2BPs exhibit significantly high expression in most tumors and are associated with prognosis, pathological 
stage, mutational status, methylation levels, and the relevant indicators of immunotherapy sensitivity in multiple tumors. 
Moreover, IGF2BPs may play an oncogenic role by activating common signaling pathways. Therefore, IGF2BPs may be 
potential prognostic markers for tumor therapy and targets for immunotherapy and drug therapy.
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1  Introduction

Recent studies have shown that m6A modification plays a crucial role in the occurrence, development, metabolism, 
drug resistance, and immune evasion of tumors [1–3]. The biological function of m6A modification is influenced by 
m6A reader proteins, among which the IGF2BPs (insulin-like growth factor 2 mRNA-binding proteins) gene family, 
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serving as m6A readers, can recognize and interact with m6A-modified mRNAs to regulate post-transcriptional 
modifications [4, 5]. The IGF2BPs gene family is a conserved family of m6A reader proteins, including members such 
as IGF2BP1, IGF2BP2, and IGF2BP3 [6]. Their amino acid sequence homology exceeds 56%, indicating that they have 
similar structures and have similar biological functions [7]. The structure of IGF2BPs contains two RNA recognition 
motifs (RRMs) and four K homologous domains (KH), where the RRM domains primarily bind to target mRNA, forming 
stable ribonucleoprotein particles (RNPs) [8–10], while KH domains are responsible for m6A recognition and bind-
ing [11–13]. Therefore, IGF2BPs can regulate mRNA stability, translation, localization, and degradation modified by 
m6A through these structures, subsequently affecting the expression of related genes. IGF2BPs play a crucial role in 
important biological processes such as embryonic development, organ and nervous system development, cell self-
renewal and differentiation, energy metabolism, and regulation of the immune response [14].

Importantly, increasing evidence suggests that IGF2BPs can bind target mRNAs (mainly oncogenic mRNAs) to 
increase the stability of oncogenic mRNAs (such as MYC), thereby regulating cell proliferation, migration, and inva-
sion, promoting tumor progression [15, 16]. Other m6A readers, like FTO and ALKBH5, primarily influence mRNA 
stability through demethylation processes, with their functions centering more on the dynamic regulation of global 
m6A levels [17, 18]. Additionally, IGF2BP2 is widely expressed in both normal and tumor tissues, while IGF2BP1 and 
IGF2BP3 are overexpressed in many malignant tumors and are considered oncofetal proteins [19]. The abnormal high 
expression of IGF2BPs in various tumors, including lung cancer [20], liver cancer [21], cervical cancer [22], head and 
neck squamous cell carcinoma [23], enhances the proliferation, migration, and invasion of tumor cells, promoting 
tumor progression and strongly correlating with poor prognosis for patients. In contrast, other m6A readers, such 
as YTHDF1 and YTHDF2, may display expression patterns and functions that are more dependent on specific cancer 
types and do not consistently show carcinogenic characteristics [24]. Despite strong evidence supporting their role 
as oncogenes and influencing tumor cells aspects such as self-renewal, apoptosis, metabolic reprogramming, and 
immune evasion [25, 26], recent studies have found that IGF2BP1 plays a tumor-suppressive role in various tumors. 
For example, high expression of IGF2BP1 has been found to decrease the growth and invasiveness of breast cancer 
[27]. In gallbladder cancer tissues, IGF2BP1 expression is lower than in normal tissues, and low expression predicts a 
good prognosis for patients [28]. Additionally, knocking down IGF2BP1 in colonic stromal cells promotes the tumor 
microenvironment and histological grading [29, 30]. These findings suggest that the role of IGF2BPs may vary across 
different tumors.

In addition, several studies have indicated that IGF2BPs participate in the tumor immune process, leading to 
immune suppression and evasion, thereby promoting tumor progression [31]. Specifically, Previous studies have 
shown that high expression of IGF2BP1 can reduce the infiltration of immune cells such as T cells and macrophages 
in tumors, thereby promoting the expression of PD-L1 [32]. IGF2BP2 directly binds to mRNA associated with PD-L1, 
promoting its expression and leading to the formation of the immune-suppressive microenvironment in pancre-
atic cancer [33]. Furthermore, IGF2BP2 is involved in immune responses in colorectal cancer and can induce mac-
rophages from M1 type to M2 type (the latter having pro-tumor activity) [34] in ovarian cancer. These findings sug-
gest that the IGF2BPs are closely related to tumor immunity and play a crucial role in regulating the tumor immune 
microenvironment, immune checkpoints, and immune cell functions, and highlighting their potential as targets for 
immunotherapy.

Therefore, to further investigate their role in various types of tumors, we conducted a comprehensive pan-cancer 
analysis of the IGF2BPs gene family to enhance our understanding of their involvement in cancer development 
and immune regulation, and explore their potential as biomarkers for tumor prognosis assessment and targets for 
immunotherapy.

2 � Materials and methods

2.1 � Data source

In this study, we focused on tumor types that had both adjacent normal and tumor tissue data to explore the potential 
role and mechanisms of IGF2BPs in cancer development. To ensure the reliability and accuracy of our analysis, we 
excluded tumor types that lacked adjacent normal tissue data, had an insufficient sample size for statistical analysis, 
and contained significant missing or inconsistent data. Ultimately, we identified 22 tumor types for our research. 
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We downloaded the complete RNA-seq data, clinical information data, mutation data and methylation data of 22 
tumors in the TCGA database (https://​portal.​gdc.​cancer.​gov/) from the UCSC Xena database (https://​xenab​rowser.​
net/​datap​ages/). The tumor types included Bladder Urothelial Carcinoma (BLCA), Breast invasive carcinoma (BRCA), 
Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), Cholangio carcinoma (CHOL), Colon 
adenocarcinoma (COAD), Esophageal carcinoma (ESCA), Glioblastoma multiforme (GBM), Head and Neck squamous 
cell carcinoma (HNSC), Kidney Chromophobe (KICH), Kidney renal clear cell carcinoma (KIRC), Kidney renal papillary 
cell carcinoma (KIRP), Liver hepatocellular carcinoma (LIHC), Lung adenocarcinoma (LUAD), Lung squamous cell 
carcinoma (LUSC), Pancreatic adenocarcinoma (PAAD), Pheochromocytoma and Paraganglioma (PCPG), Prostate 
adenocarcinoma (PRAD), Rectum adenocarcinoma (READ), Skin Cutaneous Melanoma (SKCM), Stomach adenocar-
cinoma (STAD), Thyroid carcinoma (THCA), and Uterine Corpus Endometrial Carcinoma (UCEC). Furthermore, we 
downloaded the expression matrix and clinical information of the GSE176307, GSE103668, GSE165252, GSE53127, 
and GSE78220 datasets from the GEO database (https://​www.​ncbi.​nlm.​nih.​gov/​gds/). Additionally, we downloaded 
the expression matrix and clinical information of the ERP105482, SRP094781, SRP150548, SRP155030, SRP230414, 
and SRP302761 datasets from the SRA database (https://​sra-​explo​rer.​info/).

2.2 � Differential expression analysis

By normalizing mRNA expression matrices using TPM or FPKM across different tumors, we performed a t-test to the 
IGF2BP1/2/3 mRNA expression levels in different tumor tissues and adjacent normal tissues (the two sets of data are 
normally distributed and have equal variances) and obtained the significance levels (***P < 0.001, **P < 0.01, and *P < 0.05). 
We then calculated the average expression levels of IGF2BP1/2/3 in different tumor and adjacent normal tissues. The R 
package “pheatmap” was used to draw the mRNA expression heatmap of IGF2BP1/2/3 in different tumor and adjacent 
normal tissues. In addition, we combined clinical pathological staging information with mRNA expression data and 
used t-test to analyze the differences in IGF2BP1/2/3 expression in different pathological staging subgroups (stage I and 
II groups vs. stage III and IV groups) for each tumor type, and obtained significant levels (***P < 0.001, **P < 0.01, and 
*P < 0.05). Finally, we used the R package “ggplot2” to visualize the results and create heatmaps and violin plots.

2.3 � Survival analysis

By merging clinical survival data (Overall Survival) with mRNA expression data, we utilized the R package “Survival” to 
establish a Cox proportional hazard model. This model allowed us to analyze the hazard ratio (HR) of the IGF2BP1/2/3 
subgroups (the high expression group and the low expression group) in different tumors. Because PRAD patients usually 
require a longer follow-up time to obtain reliable overall survival data, relying on OS as the primary endpoint may lead 
to bias and uncertainty in the analysis results. Therefore, we used PRAD’s PFS data. The log-rank test was used to analyze 
whether there were differences in overall survival between the two subgroups (***P < 0.001, **P < 0.01, and *P < 0.05), and 
the R package “ggplot2” was used for the heatmap visualization. Finally, the R package “Survival” was used to create the 
Kaplan–Meier survival curve of the IGF2BP1/2/3 subgroups (the high expression group and the low expression group).

2.4 � Mutation analysis

Utilizing the cBioPortal database (http://​www.​cbiop​ortal.​org/), we obtained genetic variation information of IGF2BP1/2/3 
across various tumor types to investigate the influence of these gene mutations on patient prognosis. We used the R 
packages “ggplot2” and “ggpubr” to create CNV, SNV distribution maps, heatmaps and pie charts to illustrate the com-
prehensive genetic alteration status of IGF2BP1/2/3. Next, we merged the CNV data with clinical survival data and mRNA 
expression data. We used the R package “Survival” to fit survival time and survival status within the genetic alteration 
and unalteration groups. We performed the log-rank test to assess survival differences between genetic alteration group 
and unalteration group. Finally, the Spearman correlation analysis was performed to evaluate the correlation between 
gene mRNA expression and CNV.

https://portal.gdc.cancer.gov/
https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
https://www.ncbi.nlm.nih.gov/gds/
https://sra-explorer.info/
http://www.cbioportal.org/
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2.5 � Methylation analysis

Through methylation and clinical data in diverse tumors within the TCGA dataset, we analyzed and compared the meth-
ylation levels of IGF2BP1/2/3 between different tumor tissues and adjacent normal tissues. We conducted the Spearman 
correlation analysis to investigate the relationships between mRNA expression levels of IGF2BP1/2/3 and their meth-
ylation levels (Correlation coefficient range: − 1 ~ 1). We performed the t-test on the calculated Spearman correlation 
coefficient to determine whether the correlation was significant (***P < 0.001, **P < 0.01, and *P < 0.05).

We combined the methylation data with clinical survival data and categorized the tumor samples into hypermeth-
ylation and hypomethylation groups based on the median methylation level. We employed the R package “Survival” to 
establish a Cox proportional hazards model to calculate the hazard ratio (HR) of the high methylation group compared 
to the low methylation group. The log-rank test was used to analyze the differences in overall survival (OS), disease-free 
survival (DFS), and disease-specific survival (DSS) of the two subgroups. When the HR between the hypermethylation 
group and the hypomethylation group is greater than 1, we concluded that the group with a higher degree of methyla-
tion had a higher risk of death, while the group with a lower degree of methylation had a lower risk of death.

Moreover, we utilized the R package “Xcell” to analyze the immune cell infiltration of different tumor types (B cells, 
CD4 + T, CD8 + T, DC, macrophages, and neutrophils). We then conducted Spearman correlation analyses to explore the 
correlation between the methylation levels of IGF2BP1/2/3 and immune cell infiltration. The calculated Spearman cor-
relation coefficients were then subjected to the t-test to determine whether the correlation was significant (***P < 0.001, 
**P < 0.01, *P < 0.05).

2.6 � Functional enrichment analysis.

We utilized the STRING database (https://​string-​db.​org/) to acquire the interacting proteins of IGF2BP1/2/3, setting a 
threshold of interaction coefficient > 0.2 to extract the top 500 interacting proteins. The interaction coefficients of these 
proteins were determined based on various methods, nincluding Textmining, Experiments, Databases, Coexpression, 
Neighborhood, and Gene Fusion and Cooccurrence. We determined the common interacting protein-coding genes of 
IGF2BP1/2/3 by taking the intersection. Additionally, we employed the GEPIA2 database (http://​gepia2.​cancer-​pku.​cn/) 
to obtain the top 500 co-expressed genes of IGF2BP1/2/3. Furthermore, we performed the Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. We used the Benjamini–Hochberg statistical 
method correction to compare significant differences between the input gene set and known functional annotations 
or pathway data (***P < 0.001, **P < 0.01, *P < 0.05). Finally, we analyzed the correlation between the expression levels of 
IGF2BP1/2/3 and the activation/inhibition status of various tumor-related pathways.

2.7 � Immune correlation analysis.

The correlation between the expression levels of IGF2BP1/2/3 and immune infiltration was analyzed using the R pack-
age “Estimate”. The calculated Spearman correlation coefficient was then subjected to the t-test to determine whether 
the correlation was significant (***P < 0.001, **P < 0.01, *P < 0.05). The stromal score reflects the abundance of infiltrating 
stromal cells in tumor tissue, while the immune score represents the status of infiltrating immune cells within tumor 
tissue. Additionally, the estimated score is used to assess tumor purity.

Furthermore, the R package "Xcell" was utilized to analyze the correlation of IGF2BP1/2/3 expression levels with 
immune cell infiltration, immune checkpoints, TMB (tumor mutational burden) and MSI (microsatellite instability) in differ-
ent tumors. The Spearman correlation coefficient was then subjected to the t-test to determine whether the correlations 
were significant (***P < 0.001, **P < 0.01, *P < 0.05). In addition, we assessed the association between IGF2BP1/2/3 expres-
sion and MHC molecules across different tumors using the TISIDB online database (http://​cis.​hku.​hk/​TISIDB/​index.​php). 
By merging clinical information with mRNA expression matrix data, we employed the t-test to compare the expression 
levels of IGF2BP1/2/3 in immune responders and non-responders, as well as to analyze the differences in IGF2BP1/2/3 
expression before and after immunotherapy (***P < 0.001, **P < 0.01, *P < 0.05). After patients with tumors undergo 
immunotherapy, the efficacy evaluation uses solid tumor response evaluation criteria includes the following categories: 
complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). Clinically, patients with 
complete response and partial response in efficacy evaluation are considered as immune responders, while patients 
with stable disease and progressive disease are considered as non-immune responders.

https://string-db.org/
http://gepia2.cancer-pku.cn/
http://cis.hku.hk/TISIDB/index.php


Vol.:(0123456789)

Discover Oncology          (2025) 16:323  | https://doi.org/10.1007/s12672-025-02077-2 
	 Analysis

2.8 � Drug sensitivity analysis

Via the Genomics of Drug Sensitivity in Cancer (GDSC) (https://​www.​cance​rrxge​ne.​org/) and the Cancer Therapeutics 
Response Portal (CTRP) database (https://​porta​ls.​broad​insti​tute.​org), we merged IGF2BP1/2/3 mRNA expression data 
with drug sensitivity data to analyze the correlation between drug sensitivity and resistance and IGF2BP1/2/3 mRNA 
expression. The calculated Spearman correlation coefficients were subsequently subjected to the t-test to determine 
whether the correlations were significant (***P < 0.001, **P < 0.01, *P < 0.05).

2.9 � Statistical analysis

We utilized SPSS 22.0 software and GraphPad Prism version 8.0.1 for data processing and statistical analysis. To compare 
groups, we employed analysis of variance (ANOVA) or independent t-test. A significance level of P < 0.05 was considered 
statistical significance (see Fig. 1).

3 � Results

3.1 � Differential expression of IGF2BPs gene family in different tumors

By comparing the differences in gene expression between tumor and adjacent normal tissues, we can identify potential 
cancer-driving genes that are highly expressed in tumors. These driver genes play a crucial role in the initiation, progres-
sion, and metastasis of tumors, contributing to revealing the molecular mechanisms of cancer.

The expression levels of IGF2BP1/2/3 varied between tumor tissues and adjacent normal tissues. In most tumors (CESC, 
COAD, ESCA, HNSC, LIHC, PRAD, etc.), the expression of IGF2BPs was significantly higher in tumor tissues compared to 
adjacent normal tissues (Fig. 2A). However, the expression patterns of IGF2BP1/2/3 were not completely consistent across 
different tumors. In tumors such as BRCA, PCPG, and PRAD, IGF2BP1 and IGF2BP3 expression was upregulated, while 
IGF2BP2 expression was downregulated. Furthermore, it was observed that IGF2BP3 expression was downregulated in 
THCA, while IGF2BP1 and IGF2BP2 were upregulated (Fig. 2B–D).

3.2 � Clinical significance of IGF2BPs gene family in multiple tumors

Analyzing the correlation among gene expression levels, patient survival time, and pathological stage can assist in pre-
dicting patient prognosis and assessing the influence of this gene on tumor progression.

Among nine tumors (BLCA, KIRC, KIRP, LIHC, LUAD, PAAD, PCPG, THCA, and UCEC), high expression of IGF2BP1/2/3 was 
identified as risk factors for poor prognosis in patients (Fig. 3A). For detailed information on the HR of various tumors, 
please refer to Supplementary Fig. 1. Upregulation of IGF2BP1/2/3 expression was associated with poor prognosis in 
both KIRC and LUAD (Fig. 3B). Additionally, in certain tumors (BLCA and LUAD), IGF2BP1/2/3 expression was correlated 
with the tumor pathological stage and increased with advancing stage (Fig. 3C-D). These results suggest that IGF2BPs 
may play a role in promoting tumor progression and support their potential as a diagnostic and prognostic markers.

3.3 � Genetic alterations of IGF2BPs gene family in different tumors

By analyzing the gene mutation status in different tumors, pathogenic genes that affect tumor development and growth 
can be identified, helping to reveal the pathogenesis of tumors.

The frequency of genetic alterations in IGF2BP1/2/3 was generally low (< 7%) in most tumors, with missense mutations 
and amplification mutations being the primary types (Fig. 4A). Notably, the frequency of gene amplification of IGF2BP2 
exceeded 30% in LUSC (Fig. 4B). Additionally, mutations in IGF2BP2 are associated with the poor prognosis in patients, 
while mutations in IGF2BP1 appear to correlate with better outcomes. In contrast, mutations in IGF2BP3 did not signifi-
cantly affect patient prognosis (Fig. 4C). The SNV status of IGF2BPs in different tumors revealed that the mutation from 
C to T was the primary variation type in their single nucleotide mutations (Fig. 4D).

The CNV of IGF2BPs (amplifications and deletions) was observed in most tumors. High-frequency homozygous ampli-
fications were observed in LUSC, ESCA, HNSC, and CESC, while high-frequency heterozygous deletions occurred in KICH 

https://www.cancerrxgene.org/
https://portals.broadinstitute.org
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and PCPG. Furthermore, the CNV of IGF2BP1/2/3 showed a positive correlation with mRNA expression in most tumor 
types, while a negative correlation was observed in BRCA, CESC, COAD, KIRC, and LIHC. The CNV of IGF2BP1/2/3 was 
associated with the prognosis of various malignancies, such as UCEC, PRAD, and PAAD (Fig. 4E).

3.4 � Differential methylation levels of IGF2BPs gene family in several tumors

DNA methylation is a critical epigenetic modification that occurs widely in cells, regulating gene expression by attaching 
methyl groups to cytosine (C) precursor nucleotides on the DNA molecule [35]. In tumors, deviations in DNA methyla-
tion levels can lead to gene silencing or abnormal expression, contributing to the malignant evolution and proliferation 
of tumor cells [36]. Assessing the DNA methylation status of specific genes across different tumor types can provide 
insights into whether the methylation profiles of specific genes are associated with tumor classification, prognosis, and 
therapeutic reactions. Additionally, this analysis can illuminate the origins and mechanisms of tumor development.

Fig. 1   Flowchart of this study
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The heatmap (Fig. 5A) illustrated significantly higher DNA methylation levels of IGF2BP1/2 in tumor tissues than in 
adjacent normal tissues in various tumors (BRCA, BLCA, COAD, LUAD, and PRAD). Conversely, the methylation levels of 
IGF2BP3 decreased in some tumors (BLCA, CESC, HNSC, READ, and THCA). Next, we analyzed the correlation between 
IGF2BP1/2/3 expression and methylation levels and found that IGF2BP1/2/3 expression was negatively correlated with 
methylation level in all tumors (Fig. 5B). Among these tumors, including KIRC, CESC, LUAD, KIRP, SKCM, PAAD, BRCA, 
HNSC, ESCA, and LUSC, individuals with low methylation levels of IGF2BP1/2/3 exhibited a higher risk of mortality. In 
THCA only, a high methylation level of IGF2BP2 was associated with an increased risk of mortality (Fig. 5C–E). In most 
tumors, the methylation levels of IGF2BP1/2 was positively correlated with B cell, CD4+ T, CD8+ T, DC, and Macrophages, 
while negatively correlated with neutrophils. In a variety of tumors, the methylation level of IGF2BP3 was negatively 
correlated with the infiltration of several immune cells (Fig. 5F–H).

3.5 � The GO and KEGG enrichment analysis on interacting protein‑coding genes and co‑expressed genes 
of IGF2BPs gene family

Protein–protein interactions are fundamental to cellular signaling pathways. Analyzing the functions of proteins that 
interact with a specific gene can enhance our understanding of the biological processes and functions associated with 
that gene. We identified the intersection of the top 500 interacting protein-coding genes for IGF2BP1/2/3, resulting in 
147 common interacting protein-coding genes (Fig. 6A). Subsequently, we performed the GO and KEGG enrichment 
analyses for the 147 genes. The GO enrichment analysis revealed that these genes were significantly enriched in biologi-
cal processes related to transcription and translation (Fig. 6B). Meanwhile, the KEGG pathway analysis demonstrated 
their association with the activation of various tumor-related signaling pathways, including AMPK, Hippo, and PI3K-Akt 
(Fig. 6C).

Similarly, we focused on co-expressed genes of IGF2BP1/2/3. Co-expressed genes exhibit a strong consistency or cor-
relation in expression levels, displaying a consistent pattern of synergistic changes. These genes are frequently involved 
in the same biological processes or pathways [37]. By conducting functional enrichment analysis, we can explore their 
roles and regulatory mechanisms in particular biological processes or signaling pathways. We performed GO and KEGG 
enrichment analyses on the 500 co-expressed genes for IGF2BP1/2/3. The results revealed their involvement in biological 
processes such as cell division, DNA replication and repair, cell cycle, and RNA transport (Supplementary Fig. 3A-B). We 
took the intersection of the top 500 co-expressed genes of IGF2BP1/2/3 and identified 152 common co-expressed genes 
(Fig. 6D). We then conducted GO and KEGG analyses on them. Our analyses found that these co-expressed genes were 
mainly involved in cell cycle regulation, cell proliferation and division, DNA and RNA replication, repair and metabolism, 
ubiquitin-mediated proteolysis and the p53 signaling pathway (Fig. 6E–F). Additionally, the pathway activity analysis 
indicated that IGF2BPs might play a role in regulating the cell cycle, DNA damage repair, and the activation of epithelial-
mesenchymal transition (EMT) (Fig. 6G).

In summary, functional enrichment analysis of interacting protein-coding genes and co-expressed genes can reveal 
the biological processes involved in the genes of interest and their mechanisms in diseases.

3.6 � Association between IGF2BPs gene family expression and immune cell infiltration in different tumor 
microenvironments

In the tumor microenvironment, immune cells infiltrating tumors play a crucial role in tumor development, metastasis, 
and progression [38, 39]. The stromal score and immune score reflect the content of stromal and immune cell components 
in tumor tissues. Higher scores indicate a greater proportion of these components in the tumor microenvironment (TME). 
The estimated score reflects the proportion of tumor cell components in the TME and can be used to estimate tumor 
purity. Studying the relationship between gene expression levels and immune cell infiltration in tumors can illuminate 
the features of the TME, enhance our understanding of the role of genes in regulating immune cell infiltration and activ-
ity, and evaluate their potential as therapeutic targets for immunotherapy.

The correlation between IGF2BP1/2/3 expression and the stromal score was aligned with the immune score trend 
in several types of tumors (BRCA, BLCA, LUSC, PCPG, PRAD, STAD). However, an opposite trend was observed in CESC, 
PAAD, and UCEC. IGF2BP1/2/3 expression showed a positive correlation in BLCA, BRCA, PCPG, and PRAD, but a negative 
correlation in LUSC and STAD. Similarly, IGF2BP1/2/3 expression positively correlated with the estimated score in BLCA, 
BRCA, PCPG, PRAD, and THCA, while a negative correlation was found in CESC, HNSC, LUSC, PAAD, and STAD. Overall, 
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the increase in IGF2BP1/2/3 expression might be accompanied by the infiltration of stromal cells and immune cells in 
the tumor immune microenvironment (Fig. 7A–C).

To better understand immune cell infiltration, we analyzed the correlation between IGF2BP1/2/3 expression and six 
types of immune cells (CD4 + T cell, CD8 + T cell, Neutrophil, Macrophage, and Myeloid dendritic cell). The correlation 
between IGF2BP1/2/3 expression and immune cell infiltration aligns with the immune score. In these tumors (BLCA, 
BRCA, and LIHC), IGF2BP1/2/3 expression was positively correlated with immune cell infiltration, while LUSC and STAD 
exhibited a negative correlation (Fig. 7D–F). These results indicated that immune infiltration varied among different types 
of tumors, and the expression of IGF2BP1/2/3 significantly correlated with immune cell levels across various tumors.

MHC is an important class of proteins on the cell surface that presents antigens to activate T cells, which initiates 
adaptive immune responses [40, 41]. MHC molecules are divided into two classes: MHC-I molecules present endogenous 
antigens to CD8 + T cells [42], facilitating the recognition and elimination of infected or abnormal cells, while MHC-II mol-
ecules present exogenous antigens to CD4 + T cells, stimulating humoral and helper immune responses [43]. MHC also 
plays a significant biological role in organ transplantation, autoimmune diseases, infections, and tumor immunity [44].

To further analyze the role of IGF2BPs in immune regulation and tumor immune microenvironment, we explored the 
association between IGF2BPs expression and MHC molecules in different tumors. We found that IGF2BP1/2/3 expression 
was positively correlated with MHC molecules in these tumors (BLCA, BRCA, and PAAD), while ESCA, HNSC, KICH, LUSC 
and SKCM exhibited a negative correlation (Fig. 7G–I). This phenomenon underscores the diversity of the tumor micro-
environment and the various immune escape mechanisms present in different tumors types. This is highly significant 
for the immunological understanding of diseases and the development of treatment strategies.

3.7 � Assessing the role of IGF2BPs gene family in the efficacy of immunotherapy

Immune checkpoints are crucial in modulating the immune system’s anti-tumor immunity through the activation of 
cytotoxic T cells (CTL) [45]. Immune checkpoint inhibitors, such as anti-CTLA-4 and anti-PD-1/anti-PD-L1, are frequently 
utilized in tumor immunotherapy [46]. Therefore, investigating the correlation between gene expression and immune 
checkpoint expression is essential for predicting the efficacy of immunotherapy, identifying novel therapeutic targets, 
and exploring the mechanisms of tumor immune evasion.

The expression of IGF2BP1/2/3 was closely correlated with immune checkpoint activity. Certain tumors (BLCA, BRCA, 
LIHC, and PRAD) displayed a positive correlation, while others (CESC, HNSC, LUAD, and LUSC) showed a negative corre-
lation (Fig. 8A–C). High expression of IGF2BP1/2/3 was associated with increased levels of immunosuppression-related 
markers (PD-L1 and CTLA-4) in tumors. We also analyzed multiple GEO datasets to explore the relationship between 
the expression of the IGF2BP1/2/3 and response to immunotherapy. In bladder cancer, breast cancer, and colon cancer, 
higher IGF2BP1/2/3 expression was observed in immunotherapy responders compared to non-responders, while the 
opposite trend was observed in melanoma. In esophageal cancer, there was no significant difference in the expression 
of IGF2BP1/2/3 between immune responders and non-responders. Previous results also indicated that the expression of 
IGF2BP1/2/3 in ESCA was not significantly correlated with immune checkpoint activity (Fig. 8D–H). In addition, we ana-
lyzed the expression changes of IGF2BP1/2/3 in melanoma and glioblastoma patients before and after anti-PDL1 immu-
notherapy through multiple SRA datasets. The results showed that after immunotherapy, the expression of IGF2BP1/2/3 
was significantly downregulated in melanoma and glioblastoma patients, except in the SRP302761 dataset (melanoma) 
(Figs. 8I–K).

3.8 � IGF2BPs gene family expression correlates with TMB/MSI and drug sensitivity

Immunotherapy has become an effective cancer treatment approach, using key indicators such as Tumor Mutational 
Burden (TMB) and Microsatellite Instability (MSI) commonly to predict the efficacy of immunotherapy. TMB refers to the 
extent and quantity of mutations present in tumor cells, while MSI indicates dysregulation of microsatellite DNA sequence 
repeats in tumor cells [47, 48]. TMB and MSI serve as biomarkers for predicting the efficacy of immunotherapy, with 
tumors exhibiting high TMB and MSI may respond better to immunotherapy. In some tumors (such as BLCA, LUSC, LUAD, 
HNSC, CHOL, and PAAD), the expression of IGF2BP1/2/3 is significantly positively correlated with TMB, but negatively 

Fig. 2   Differential expression of IGF2BPs gene family in different tumors. A Differential mRNA expression of IGF2BP1/2/3 between different 
tumor and adjacent normal tissues; B–D Box plots showing differences in IGF2BP1/2/3 mRNA expression between different tumor and adja-
cent normal tissues. (***P < 0.001, **P < 0.01, *P < 0.05)
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Fig. 3   Clinical significance of IGF2BPs gene family in different tumors. A The HR heatmap displays the impact of IGF2BPs expression levels 
on overall survival in different tumors (with PRAD using PFS data). B The Kaplan–Meier curves of overall survival (OS) between low and 
high IGF2BP1/2/3 expression subgroups; C Significance heatmap indicating differences in IGF2BPs expression across different pathological 
stages; D Expression of IGF2BP1/2/3 in different pathological stages
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correlated in CESC and ESCA (Fig. 9A-C). Additionally, certain tumors (BRCA, COAD, LUSC) showed a significant correla-
tion between IGF2BP1/2/3 expression and MSI (Fig. 9D-F). These results suggested that the effectiveness of IGF2BP as 
an immunotherapy target may vary in different types of tumors.

Analyzing the correlation between drug and gene expression can help explore the mechanisms of drug resistance 
or sensitivity in tumors, thereby enhancing the efficacy of related drug treatments. As shown in figures, the top 5 sensi-
tive/resistant drugs significantly associated with IGF2BP1/2/3 were identified from the CTRP and GDSC databases. Data 
from the CTRP database indicated a negative correlation between the expression of IGF2BP1/2/3 and the IC50 values of 
alvocidib, dasatinib, and trametinib, suggesting higher drug sensitivity. Conversely, the IC50 value of BRD-A94377914 (an 
HDAC inhibitor) showed a positive correlation, indicating drug resistance. The data from the GDSC database aligned with 
the CTRP data, displaying the sensitivity of IGF2BP1/2/3 to trametinib (Fig. 9G-H), which is commonly used for treating 
specific cancer types like LUSC and SKCM. These findings suggested that the IGF2BPs gene family could serve as effective 
targets for drug therapy in certain tumors.

4 � Discussion

Although numerous studies have established the tumor-promoting functions of the IGF2BPs gene family, their exact 
roles in various tumor types remain controversial. Consequently, we conducted a comprehensive pan-cancer analysis to 
explore their role across different tumor types. This analysis aims to enhance our understanding of the expression pat-
terns and functional characteristics of these proteins in tumors, thereby offering valuable insights for tumor diagnosis, 
treatment approaches, and prognosis assessment.

Differential expression analysis showed abnormally high expression of IGF2BPs in most tumors. Specifically, IGF2BP1 
and IGF2BP3 exhibited lower expression levels in different tumors and adjacent normal tissues compared to IGF2BP2. 
Previous studies have also reported that IGF2BP family proteins promote malignant phenotypes including tumor cell 
proliferation, invasion, and metastasis [49–51]. Our survival analysis results revealed that high expression of IGF2BPs was 
associated with poor prognosis in multiple tumors, such as BLCA, KIRC, LUAD, PAAD, and UCEC.

The amplification or mutation of genes is widely recognized as increasing susceptibility to tumors and facilitating 
tumor initiation and progression [52]. There is evidence that overexpression of IGF2BPs caused by mutations can pro-
mote tumor progression. In thyroid cancer, the fusion of THADA gene with LOC389473 gene leads to abnormal IGF2BPs 
expression, activating the IGF1R signaling pathway, and promoting the proliferation and invasion of cancer cells [53]. 
However, our mutation analysis results indicated that the mutation frequency of IGF2BPs was low in most tumors, and 
its correlation with patient prognosis was not significant. Interestingly, amplification mutations of IGF2BP2 were found 
in more than 30% of LUSC, but these were not significantly associated with patient prognosis (Supplementary Fig. 2A–C). 
Furthermore, our analysis revealed no significant correlation between the expression of IGF2BP2 and various clinical 
parameters including age, gender, race, TNM stage, pathological stage, prognosis (OS, DSS and PFS) and treatment 
outcomes (Supplementary Table 7), which is consistent with findings from prior studies [54].

Our methylation analysis results showed the methylation levels of IGF2BP1/2 were elevated compared to adjacent 
normal tissues, while the methylation levels of IGF2BP3 were decreased in most tumors. Nevertheless, the overall levels 
of methylation for IGF2BP1/2/3 tended to be moderate to low rather than high in tumors. Interestingly, our study found 
negative correlations between the expression levels of IGF2BP1/2/3 and methylation levels in all tumors. It is well known 
that under normal circumstances, high methylation levels in a gene region reduce the accessibility of the region, causing 
the expression of the gene to be inhibited, resulting in a reduction in gene expression levels [55]. DNA methylation can 
prevent the binding of transcription factors to gene promoters, promote chromatin compaction, and hinder the bind-
ing of polymerases, thereby reducing the transcriptional activity of genes and ultimately affecting gene expression [56]. 
In addition, histone modifications can enhance the accessibility of the IGF2BPs gene promoters by altering chromatin 
structure, thereby increasing their expression. Certain histone methylation, such as H3K27me3, may inhibit the expres-
sion of IGF2BPs [57]. Furthermore, histone modifications can regulate the binding affinity of transcription factors, thus 
affecting their regulation and expression of the IGF2BPs promoters [58]. Our results found that IGF2BP1/2/3 was abnor-
mally highly expressed in most tumors, but the DNA methylation levels were not high, consistent with previous studies. 
Low methylation levels of IGF2BP1/2/3 have been associated with poor prognosis in some tumors (KIRC, CESC, LUAD, 
SKCM, KIRP and HNSC), potentially due to the activation and expression of IGF2BPs. This activation may enhance the 
transcription tumors-related genes, thereby promoting cancer development. However, in THCA, high levels of IGF2BP2 
hypermethylation indicated a poor prognosis. This could be due to elevated levels of methylation suppressing the 
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expression of tumor suppressor genes, resulting in uncontrolled tumor cell proliferation and spread, ultimately impact-
ing the prognosis of patients.

Given the high homology among the members of the IGF2BPs family, we conducted functional enrichment analysis 
on their co-expressed genes and genes encoding interacting proteins to elucidate the biological processes and potential 
mechanisms involved in the collective actions of IGF2BPs. In our functional enrichment analysis, we identified several 
common interacting protein-coding genes within the IGF2BPs gene family including IGF2, HMGA2, and LIN28A/B, all 
of which are known to facilitate tumor progression [59, 60]. Our enrichment analysis indicated that IGF2BP1/2/3 were 
involved in transcription and translation regulation, modulation cell cycle, and facilitatin cell division and proliferation, 
DNA damage repair, and activation of epithelial-mesenchymal transition. Additionally, IGF2BPs can impact various com-
mon downstream signaling pathways such as AMPK, Hippo, PI3K-Akt, RaP1, and p53.

Immune correlation analysis revealed that high expression of IGF2BPs was positively correlated with immune cell infil-
tration in various tumors. Additionally, IGF2BPs expression can influence the efficacy of immune checkpoint inhibitors. 
Interestingly, our study found that high expression of IGF2BPs in BLCA, BRCA, and PAAD may be linked to the upregula-
tion of MHC molecules. This suggested that IGF2BPs could enhance antigen presentation capabilities, activate T cells, 
and increase the infiltration of immune cells, which is consistent with the previous immune cell infiltration results. This 
contributes to anti-tumor immune responses, facilitating the recognition and elimination of tumor cells, and inhibiting 
tumor growth and metastasis in these tumors. On the other hand, in certain other tumors (ESCA, HNSC, KICH, LUSC and 
SKCM), elevated IGF2BPs may suppress MHC molecules expression, resulting in reduced antigen presentation ability and 
decreased infiltration of immune cells, including T cells and natural killer cells (NK cells). This indicated that IGF2BPs may 
promote tumor growth and metastasis by evading immune surveillance through the suppression of immune responses in 
these tumors. Moreover, this indicated that IGF2BPs expression may have varying biological effects across different tumor 
types, highlighting their complex interplay with the tumor immune microenvironment. This complexity underscored the 
need for further investigation into the role of IGF2BPs in pan-cancer contexts. Furthermore, our results were consistent 
with a previous study on melanoma [61], where patients treated with PD-1 antibody immunotherapy exhibited signifi-
cantly decreased IGF2BP1 expression after treatment. Conversely, in a study on breast cancer, IGF2BP3 expression levels 
were significantly upregulated in patients who responded well to immunotherapy [62]. Furthermore, the expression of 
IGF2BPs was closely related to immunotherapy sensitivity indicators (TMB/MSI). Several studies have demonstrated a 
strong correlation between high levels of TMB/MSI and the mutational processes of tumors and the pathways involved 
in DNA repair [63], which was further validated by our functional enrichment analysis results. This information indicates 
that the efficacy of immunotherapy with IGF2BPs may vary depending on the tumor type. Furthermore, alterations in the 
expression of IGF2BP1/2/3 can potentially activate or inhibit the immune checkpoints, thereby influencing anti-tumor 
response. IGF2BPs can regulate the immune microenvironment, playing a vital role in tumor immunotherapy, and may 
serve as potential targets for immunotherapy. However, translating IGF2BPs into cliniccal targets for immunotherapy 
requires further exploration. First, developing IGF2BPs as biomarkers could assist in identifying patient populations best 
suited for immunotherapy, thus enhancing treatment precision. Second, we should investigate small molecule drugs or 
antibodies that target IGF2BPs in conjunction with existing immunotherapy strategies, such as PD-1/PD-L1 inhibitors, 
to boost immune responses. Additionally, it’s essential to design rigorous clinical trials to assess the safety and efficacy 
of IGF2BPs-targeted therapies, allowing us to collect the clinical data necessary to support their application. Despite the 
complexities of individualized treatment and challenges in clinical validation during the transformation process, in-depth 
research on IGF2BP not only provides important clues for us to understand cancer immune mechanisms, but also offers 
new approaches for the development of future cancer treatments.

Analysis of drug sensitivity revealed a negative correlation between the expression of IGF2BPs and several common 
chemotherapy drugs (alvocidib, dasatinib, trametinib, and selumetinib), indicating that elevated expression levels of 
IGF2BPs have a detrimental impact on the efficacy of these drugs. A study has demonstrated that alterations in IGF2BP2 
expression are linked to dasatinib resistance in non-small cell lung cancer cells [64]. Moreover, another study indicated 
that the expression of IGF2BP1 impacts the responsiveness of melanoma cells to dabrafenib and trametinib [65]. Some of 
these drugs are MEK signaling pathway inhibitors, which can interfere with cell proliferation and growth to treat tumors. 

Fig. 4   Genetic alterations of IGF2BPs gene family in different tumors. A Overall frequency of genetic alterations in IGF2BP1/2/3 in all tumor 
samples; B Types and frequency of genetic alterations in IGF2BP1/2/3 in diverse tumors; C Relationship between genetic alterations of 
IGF2BP1/2/3 and overall survival; D Overview of SNV in IGF2BP1/2/3 in various tumors; E Pie charts showing the distribution of heterozy-
gous/homozygous CNV in IGF2BP1/2/3 in various tumors. The heatmap illustrates that the correlation between CNV and mRNA expression 
of IGF2BP1/2/3. The bubble plot depicts the impact of CNV on overall survival
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Previous studies have also confirmed that IGF2BPs can aberrantly activate the MEK pathway, promoting cancer cell pro-
liferation and invasion, thus mediating tumor progression [66]. Therefore, by using MEK-inhibiting drugs on tumors, the 
activation of IGF2BPs in the MEK pathway can be prevented, resulting in effective drug treatment. These results suggest 
that the IGF2BPs may serve as effective targets for tumor drug therapy.

Based on this study and existing literature, we analyzed the roles of the IGF2BPs gene family in various tumor types 
and found that they exhibit contradictory functions, which can be attributed to several factors. First, the functional 
diversity among IGF2BPs gene family leads to their distinct roles in different cancers. For instance, IGF2BP1 typically 
promotes tumor growth in breast [67] and liver cancers [68], while IGF2BP2 and IGF2BP3 are involved in enhancing the 
proliferation and metastasis of certain cancers, such as colon cancer [69]. Second, the expression and activity of IGF2BPs 
can be influenced by the specific microenvironments of various tumors. Each tumor type possesses unique signaling 
pathways, tumor-promoting factors, and immune microenvironments, which result in differential effects of IGF2BPs. For 
example, in the microenvironment of gastric cancer, cancer-associated fibroblasts modulate the immune response of 
tumor cells and promote a malignant phenotype by regulating IGF2BP3 expression [70]. Additionally, the expression of 

Fig. 5   Differential methylation levels of IGF2BPs gene family in different tumors. A Methylation levels of IGF2BP1/2/3 between different 
tumor and adjacent normal tissues; B Correlation between IGF2BP1/2/3 expression and methylation level in different tumors; C-E The rela-
tionship between methylation levels of IGF2BP1/2/3 and clinical prognosis in various tumors; F–H Association between methylation levels 
of IGF2BP1/2/3 and immune cell infiltration in different tumors
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IGF2BPs is subject to complex regulatory mechanisms, such as epigenetic and transcriptional regulation. For example, 
IGF2BP2 expression in colorectal cancer is influenced by DNA methylation [71]. Furthermore, the interactions between 
IGF2BP1, IGF2BP2, and IGF2BP3 with various RNAs and proteins dictate their roles across different tumors. For example, 
IGF2BP2 promotes tumor development in liver cancer by binding to mRNAs with stem cell characteristics, such as OCT4 
[72]. Finally, clinical studies reveal that the relationship between IGF2BPs and patient prognosis varies significantly across 
different cancers. High expression levels may correlate with poor prognosis in some malignancies, whereas in others, the 
opposite is true. In summary, these factors commonly contribute to the contradictory biological effects of the IGF2BPs 

Fig. 6   The GO and KEGG enrichment analysis on interacting protein-coding genes and co-expressed genes of IGF2BPs gene family. A The 
147 common interacting protein-coding genes of IGF2BP1/2/3; B, C The GO and KEGG enrichment analysis of 147 common interacting pro-
tein-coding genes; D The 152 common co-expressed genes of IGF2BP1/2/3; E, F The GO and KEGG enrichment analysis of 152 co-expressed 
genes; G Correlation heatmap of IGF2BP1/2/3 expression and activation/inhibition status of 10 tumor-related pathways
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gene family across various tumors. The intricate interplay allows the IGF2BPs gene family to assume diverse and dynamic 
roles in tumor biology, and further research will enhance our understanding of its specific mechanisms in cancer.

Although we have obtained the differences in mRNA expression and DNA methylation levels of the IGF2BPs gene 
family in different tumors, as well as the mutation status and close association with poor prognosis in patients, pathologi-
cal stage, and immune-related indicators (such as immune cell infiltration, immune checkpoints, TMB, MSI and MHC). 
Additionally, it was found that they may promote tumor progression through common signaling pathways. However, 
our study still has some limitations. First, there is an inevitable introduction of systematic bias from using different public 
datasets. Such bias can result in the overestimation or underestimation of findings for certain cancer types, potentially 
compromising the objectivity of the conclusions. Therefore, it is essential to employ statistical methods for correction 
and data normalization when integrating information from various sources to ensure the reliability and consistency of 
the results. Second, the biological heterogeneity existing among different tumors types, subtypes, and individuals may 
influence the conclusions drawn from our analysis and their applicability. This heterogeneity may result in research con-
clusions being applicable to certain cancer types but not to others. In future studies, it is essential to employ a stratified 
analysis strategy to conduct more detailed comparisons across different cancer types and subtypes. Such an approach 
will yield more targeted and universally applicable results, and provide a comprehensive understanding of the biological 
functions of the IGF2BPs gene family in various cancer. Furthermore, using relevant in vitro and in vivo models is neces-
sary to validate the biological functions of the IGF2BPs gene family in different tumors and their potential mechanisms. 
Without experimental validation, conclusions may rely too heavily on existing data, leading to misconceptions about 
their biological functions. Additionally, the relationship between the IGF2BPs gene family and clinical parameters (such 
as patient prognosis and pathological stage) in different tumors needs to be verified through a large number of clinical 
samples. The characteristics of different patient populations can influence the expression of IGF2BPs and their relation-
ship with tumor progression. Therefore, relying solely on public datasets may not fully capture their clinical significance. 
Finally, immune-related experiments are required to demonstrate the potential of the IGF2BPs gene family as targets for 
immunotherapy. The absence of relevant immunological experiments may result in an incomplete assessment of the 
research’s clinical applicability, thus impacting its potential value in clinical practice.

5 � Conclusion

In conclusion, our results support previous conclusions that the IGF2BPs gene family acts as an oncogene to promote 
tumor progression and significantly impacts patient prognosis. Our research findings demonstrate that IGF2BPs regu-
late post-transcriptional modifications by recognizing and binding to m6A-modified mRNA, participating in biological 
processes such as cell cycle changes, cell proliferation and division, DNA/RNA replication, transcription, translation and 
metabolism, DNA damage repair, and the activation of EMT and related pro-tumor signaling pathways such as AMPK, 
Hippo, PI3K-Akt, and p53. Therefore, the abnormally high expression of IGF2BPs in tumors regulates immune microen-
vironments and immune checkpoints, inhibits immune infiltration, enhances malignant phenotypes, including cancer 
cell proliferation, cell cycle alterations, invasion and metastasis, drug resistance, and immune escape, thereby promoting 
tumor progression.

The high expression of IGF2BPs in tumors has a detrimental impact on patient prognosis and plays a significant role in 
regulating the immune microenvironment and immune checkpoints. Therefore, the IGF2BPs gene family has the poten-
tial as a biomarker for early cancer diagnosis and prognosis and as an immunotherapy target. In summary, conducting 
pan-cancer analyses of IGF2BPs can help understand their mechanism across different tumors, providing new insights 
and strategies for tumor prevention and treatment.

Fig. 7   Association between IGF2BPs gene family expression and immune cell infiltration in different tumor microenvironments. A–C Stro-
mal score, immune score, and estimate score of IGF2BP1/2/3 in different tumors; D–F Correlation between IGF2BP1/2/3 expression and 
immune cell infiltration; G–I Relationship between IGF2BP1/2/3 expression and MHC molecules
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Fig. 8   Assessing the role of IGF2BPs gene family in the efficacy of immunotherapy. A–C Correlation between immune checkpoints and 
IGF2BP1/2/3 expression; D–H Expression of IGF2BP1/2/3 in immunotherapy responders and non-responders; I–K Expression of IGF2BP1/2/3 
in patients before and after immunotherapy
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Fig.9   IGF2BPs gene family expression correlates with TMB/MSI and drug sensitivity. A–C Correlation between IGF2BP1/2/3 expression and 
TMB; D–F Relationship between IGF2BP1/2/3 expression and MSI; G–H Relationship between IGF2BP1/2/3 expression and drug sensitivity
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