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Objective
CSF2RB is the common beta chain of the heterodimeric receptors for the cytokines, granulocyte–macrophage colony-stimulating factor (GM-CSF), interleukin 3 (IL-3), and interleukin 5 (IL-5). The activation of these cell surface receptors results in functional responses including cellular proliferation, differentiation, survival, and maturation via multiple signaling pathways such as JAK2/STAT5, MAPK, and PI3-kinase/AKT. Moreover, CSF2RB is abnormally expressed in a variety of tumors, especially in leukemia. The implications of CSF2RB in breast cancer remain unclear and have not been widely studied.
Methods
We analyzed CSF2RB genetic changes, mRNA expression, DNA methylation, prognosis, and immune infiltration levels across different tumor types, with a focus on breast and hematological malignancies. The data used in this study were obtained from publicly available cancer genomics databases, such as TCGA, cBioPortal, TIMER2.0, GEPIA, and UALCAN.
Results
Our in silico analyses showed overexpression of CSF2RB in acute myeloid leukemia (AML) and decreased expression in breast invasive carcinoma (BRCA) compared to matched normal samples. Promoter methylation of CSF2RB was elevated in BRCA samples compared to normal samples. Our analysis further demonstrates that the CSF2RB gene has a favorable prognostic effect in BRCA, although this was not statistically significant across all databases studied. We found that BRCA and its subtypes exhibit high CD8+ T-cell infiltration levels that are positively correlated with the CSF2RB gene expression level. Wild-type CSF2RB shows higher expression than the mutated CSF2RB in breast cancer. CSF2RB expression (and/or mutation) has no significant effect on the overall survival probability. CSF2RB expression is downregulated in luminal and HER2-positive samples but upregulated in triple-negative breast cancer (TNBC), compared to that in normal samples.
Conclusion
The results suggest a diverse role for the CSF2RB gene across different subtypes of breast cancer. To attribute a clear role to CSF2RB in breast cancer, further functional studies focusing on differential gene expression, methylation, and their prognostic effect in each breast cancer subtype are required.
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INTRODUCTION
β common (βc) cytokines are produced by various cell types in the human body and can exert their effects either locally—in the vicinity of cells that produce them—or at distant sites in the body. The colony-stimulating factor 2 receptor subunit beta (CSF2RB) gene encodes CD131, the common beta chain of the heterodimeric receptors for β common cytokines: granulocyte–macrophage colony-stimulating factor (GM-CSF), interleukin 3 (IL-3), and interleukin 5 (IL-5). These receptors are heterodimers composed of a common beta chain and distinct alpha chains, with the alpha chains conferring cytokine specificity. The ligand-specific alpha chain (CSF2RA) forms a receptor complex with the common beta chain (CSF2RB) and its ligand (GM-CSF), creating a dodecameric complex. Within this structure, the close presence of CSF2RB subunits enables the associated JAK2 kinases to trans-phosphorylate. Ligand binding to the cell surface receptors for GM-CSF, IL-3, and IL-5 activates these receptors and triggers functional responses, including cellular proliferation, differentiation, survival, and maturation. Although the exact process of receptor activation remains unclear, ligand-induced dimerization of receptor subunits appears to be a crucial step in the signaling process. Pleiotropic cytokines such as IL-3, IL-5, and GM-CSF are known to promote hematopoiesis and regulate the growth and activity of immune cells (Freeburn et al., 1998; Hercus et al., 2018; Côrte-Real et al., 2022; Watanabe-Smith et al., 2016).
Multiple signaling pathways are initiated when the cytokine–receptor complex assembles in a specific stoichiometry, which is triggered by cytokine binding. These include interactions with various receptor systems and activation of the Janus kinase (JAK) family and STAT5 pathway, the mitogen-activated protein kinase (MAPK), and the phosphoinositide 3-kinase (PI3K) pathways. These signaling cascades lead to numerous biological responses, such as cell survival, proliferation, differentiation, migration, and the effector functions of mature leukocytes (Côrte-Real et al., 2022).
There are differences between GM-CSF, IL-3, and IL-5. GM-CSF is secreted by multiple cell types, including macrophages, fibroblasts, and epithelial cells, while IL-3 and IL-5 are secreted by T-cells. Cytokines play various roles in innate and adaptive immune responses and inflammatory diseases. It is becoming more widely acknowledged that the common beta chain CSF2RB cytokines are involved in the pathogenesis of various types of leukemia. GM-CSF functions as a growth and survival factor in human myeloid leukemia and improves the prognosis of chronic myeloid leukemia (CML) (Hercus et al., 2018). Acute myeloid leukemia (AML) patients’ blast cells exhibit increased GM-CSF receptor expression and proliferation. Additionally, IL-3 modulates megakaryocytes and hemopoietic stem cells, and it serves as a growth and survival factor for several lineages of both normal and malignant hemopoietic cells. Based on a recent article (Watanabe-Smith et al., 2016), a patient with T-cell acute lymphoblastic leukemia (T-ALL) presented a germline mutation in the CSF2RB gene, which can induce cell proliferation in vitro. Early evidence establishing the role of CSF2RB mutations in hematological cell lines and malignancies appeared at the end of the 20th century (D'Andrea et al., 1994; Jenkins et al., 1996; Jenkins et al., 1995).
Charlet et al. (2022) investigated the role of CSF2RB in FMS-like tyrosine kinase 3 receptor (FLT3)-internal tandem duplication (ITD)-positive AML through in vitro and in vivo studies and confirmed CSF2RB/FLT3-ITD interaction in human primary leukemic cells and cell lines with FLT3-ITD mutation. The ITD mutation found in one-third of AML cases is a mutation of FLT3 leading to receptor activation and downstream signal transduction. Binding of CSF2RB to FLT3-ITD contributes to FLT3-dependent STAT5 activation, promoting oncogenic signaling and the transformation of AML in vitro and in vivo. FLT3 forms a complex with CSF2RB, leading to its phosphorylation and activation. Activated CSF2RB leads to STAT5 phosphorylation, which then mediates the oncogenic transformation of AML. Charlet et al. (2022) knocked down CSF2RB in AML cell lines with FLT3-ITD mutation and also transfected CSF2RB-deficient mice with FLT3-ITD mutation. The result was decreased STAT5 phosphorylation, reduced cell proliferation, and increased FLT3 inhibition sensitivity. In addition, the onset of the disease was delayed in the transfected mice, and there was an increase in the survival rate. They concluded that CSF2RB can be used to treat AML with FLT3-ITD mutation by discovering therapeutic peptides to target and interfere with FLT3-ITD-dependent CSF2RB activation (Charlet et al., 2022).
Interest in the function of βc cytokines outside the hematopoietic lineages has grown in recent years. It has been found that the expression of GM-CSF is linked to some tumors, such as colorectal cancer (Li et al., 2016), neuroblastoma (Agarwal et al., 2015), and breast cancer (Park et al., 2011). Moreover, it has been shown to induce angiogenesis and local tumor invasion in head and neck cancer (Lopes-Santos et al., 2023). Numerous investigations have also revealed that myeloid-derived suppressor cells (MDSCs), which are activated by GM-CSF, play a role in the metastasis of glioma, pancreatic, and liver malignancies. In addition, IL-3 could potentially play a pathogenic role in some solid tumors. Endothelial cells, endothelial progenitor cells, and tumor-derived endothelial cells all express IL-3 receptors, which promote angiogenesis and tumor progression. A study (C Bonder and Lopez, unpublished) implied that IL-3 and its receptor may be targeted to inhibit the growth and activity of some breast cancer cells (Hercus et al., 2018).
Breast cancer accounts for one in eight cancer cases and is the leading cause of cancer-related deaths among women, with its incidence dramatically increasing in recent years. The World Health Organization (WHO) and the International Agency for Research on Cancer (IARC) reported 2.26 million new cases of breast cancer and 684,996 cases of breast cancer-related deaths in women worldwide in 2020. Furthermore, it is estimated that by 2040, there will be more than 3 million new cases diagnosed and 1 million deaths due to breast cancer (Sung et al., 2021; Arnold et al., 2022). Currently, radiographic scanning, clinical/pathological testing, physical examination, and histological data are used to classify and diagnose breast cancer. Molecular diagnostics are not frequently used in clinical settings, although they provide an accurate, equitable, and effective means of classifying breast cancer. The use of gene expression profiling to detect variations in gene activity offers a novel and accurate approach to diagnosing breast cancer (Mirza et al., 2023). Subsequently, an array of gene expression signatures has been documented for diverse cancers, serving to categorize tumors, tumor types, and stages and predict the prognosis of the cancer. Breast cancer is a very heterogeneous disease; it is still difficult to identify a single set of biomarkers or a gene signature that is common to all molecular subtypes (Mirza et al., 2023).
Rashid et al. (2021) identified a somatic, potentially transforming, and oncogenic CSF2RB mutation (S230I) in a patient with breast cancer using exome sequencing of the breast tumor and adjacent normal tissue. CSF2RB and seven other immune-related hub genes were identified to be molecular signatures in the subtype of triple-negative breast cancer (TNBC), which may be used as therapeutic targets to treat breast cancer. Huang et al. (2020) estimated the prognostic value of colony-stimulating factors (CSFs) and colony-stimulating factor receptors (CSFRs) through studies across 24 solid cancer types. These studies revealed that in nine (53%) cancer types, one of which is breast invasive carcinoma (BRCA), the high expression of CSF2RB is associated with a favorable prognosis (Huang et al., 2020). Analysis of IL-3 and IL-3 receptor subunits (IL-3RA + CSF2RB) showed their elevated expression in basal-like and luminal A breast cancers. IL-3, but not IL-3RA or CSF2RB, was found to be associated with a poor prognosis in basal-like breast cancer, which supports the role of IL-3 in promoting cancer progression (Thompson et al., 2024). Moreover, histological analysis of IL-3, IL-3RA, and CSF2RB expression in healthy breast tissue, primary tumor tissue, and metastatic tissue suggested their potential use as biomarkers in TNBC (Koni et al., 2022). Upregulation of CSF2RB—among other genes in basal-like breast cancer with RYR2 and AHNAK mutations—has been associated with a good prognosis and correlated with immune infiltrations within tumors (Cimas et al., 2020).
The present study is an attempt to understand the role of CSF2RB in breast cancer by collecting omics data from cancer genomic databases such as The Cancer Genome Atlas (TCGA), cBioPortal, TIMER2.0, GEPIA, and UALCAN. The data include gene expression profiles, mutations, methylation patterns, survival outcomes, and immune infiltration related to CSF2RB, specifically in breast cancer, and are compared to acute myeloid leukemia as a control since the role of CSF2RB in AML is well-established.
MATERIALS AND METHODS
The significance of bioinformatics methods and tools has become increasingly evident with advances in technology and the accumulation of genome-scale, high-throughput data from genomics, transcriptomics, and proteomics. To analyze the data obtained from experiments of cancer research, bioinformatics scientists have developed different types of computational tools, algorithms, and data structures (Mayakonda et al., 2018; Huang et al., 2024). Moreover, several databases and web-based interactive portals have been developed to access, explore, and analyze the vast amount of cancer genomic and clinical data collected from large-scale studies (TCGA, cBioPortal, TIMER, GEPIA, and UALCAN). These databases and web-portals have been extensively used in the current manuscript; therefore, they are described in more detail below.
TCGA database
In TCGA (https://portal.gdc.cancer.gov/), approximately 20,000 primary cancer cases and matched normal samples covering 33 cancer types were molecularly described as part of a groundbreaking cancer genomics program. Initiated in 2006, this collaborative endeavor between the NCI and the National Human Genome Research Institute brought together scientists from many universities and disciplines to support cancer researchers in understanding the disease, its clinical development, and its response to treatment. Mutation analysis of the CSF2RB gene coding region, specified by the mutation consequence type and the protein domain encoded by the CSF2RB gene, was carried out using the protein paint tool. The OncoMatrix tool was used for mutation analysis using the CSF2RB coding sequence of 515 cases of breast cancer patients.
cBioPortal database
cBioPortal (https://www.cbioportal.org/) is a web-based platform for interactively exploring multidimensional cancer genomics datasets. It was originally developed at the Memorial Sloan Kettering Cancer Center (MSK), and the Center for Molecular Oncology at MSK currently hosts the public cBioPortal website. The platform is maintained by a multi-institutional team, including MSK, the Dana-Farber Cancer Institute, the Princess Margaret Cancer Center in Toronto, Children’s Hospital of Philadelphia, Caris Life Sciences, The Hyve, and SE4BIO in the Netherlands, and Bilkent University in Ankara, Turkey. We utilized cBioPortal to analyze the genetic changes and alteration frequencies of the CSF2RB gene across breast cancer subtypes in the breast invasive carcinoma (TCGA, Firehose Legacy) dataset. We also studied the mRNA expression of the CSF2RB gene across breast cancer subtypes and carried out survival analysis comparing patients with and without CSF2RB alterations using the Kaplan–Meier curves.
TIMER2.0 database
TIMER2.0 (https://timer.comp-genomics.org/timer/) is a comprehensive source for the systematic examination of immune cell infiltration across various types of cancer. It allows users to dynamically produce high-quality visualizations to investigate the immunological, clinical, and genomic aspects of tumors. It also provides the estimates of immune cell abundance using several immune deconvolution algorithms. We performed different in silico analyses using the TIMER2.0 database such as the genetic change analysis of CSF2RB using the mutation module, differential expression analysis of the CSF2RB gene across different types of TCGA tumors and paired normal tissue using the Gene_DE module, subtype-specific differential expression of CSF2RB in breast invasive carcinoma using the Gene_Mutation module, correlation analysis between CSF2RB expression and immune infiltration levels across diverse cancer types, visualized as a heatmap using the gene module, and survival analysis using Kaplan–Meier curves generated using the Gene_Outcome module.
GEPIA
GEPIA (https://gepia.cancer-pku.cn/) was developed by Zefang Tang, Chenwei Li, and Boxi Kang of Zhang Lab, Peking University. It is an interactive web server that uses a standard processing pipeline to analyze the RNA sequencing expression data of 8,587 normal samples and 9,736 tumor samples from the TCGA and GTEx projects. Tumor/normal differential expression analysis, cancer type or pathological stage-specific profiling, patient survival analysis, comparable gene detection, and correlation analysis are some of the customizable features offered by GEPIA. We used GEPIA to compare the CSF2RB gene expression between breast invasive carcinoma and acute myeloid leukemia and analyze the correlation between the pathological stage of breast invasive cancer and the expression of the CSF2RB gene. We carried out a heatmap of the overall survival of the CSF2RB gene in breast invasive carcinoma and acute myeloid leukemia.
UALCAN database
UALCAN (https://ualcan.path.uab.edu/) is a comprehensive resource for OMICS data analysis related to cancer. It uses CSS and JavaScript to create excellent graphics. We analyzed the CSF2RB transcript expression per breast invasive carcinoma subclass, performed a pan-cancer analysis of CSF2RB expression across normal and tumor samples of TCGA cancer samples, and analyzed CSF2RB expression across TCGA tumor samples using UALCAN. We analyzed the CSF2RB promoter methylation level in breast invasive carcinoma samples from TCGA and among the major subclasses based on the patient’s race and the pathological stage of breast invasive carcinoma per TCGA sample. We estimated the effect of CSF2RB expression on breast invasive carcinoma survival probability.
RESULTS
Pan-cancer gene expression of CSF2RB
Analysis of CSF2RB gene expression data from the GEPIA cancer database showed its downregulation in BRCA compared to that in paired normal controls (291 normal samples and 1,085 tumor samples). On the other hand, its expression in AML was upregulated compared to that in paired normal controls (70 normal samples and 173 tumor samples). CSF2RB gene expression in AML was found to be very high compared to that in BRCA (Figure 1). Furthermore, we used the same database to investigate the impact of CSF2RB expression on the pathological stage of BRCA and found no correlation between the two parameters (Figure 2). Next, the TIMER2.0 database was used to perform expression analysis of the CSF2RB gene across different types of TCGA tumors and paired normal tissue. Results showed less or comparable expression of CSF2RB in BRCA tumors overall (n = 1,093), BRCA-basal (n = 190), BRCA-Her2 (n = 82), BRCA-LumA (n = 564), and BRCA-LumB (n = 217) compared to that in BRCA normal tissues (n = 112) (Figure 3). Moreover, the highest expression of CSF2RB was observed in AML tumor tissue (n = 173). In addition, by analyzing 1,017 BRCA samples in the TIMER2.0 gene mutation database, we observed higher expression of wild-type CSF2RB than mutated CSF2RB (Figure 4). Finally, the UALCAN database analysis for CSF2RB transcript expression in each BRCA sub-class showed downregulation in luminal (n = 566) and HER2-positive (n = 37) subtypes compared to that in paired normal samples (n = 114), and upregulation in TNBC (n = 116) was also noted (Figure 5). Finally, we sought to analyze CSF2RB expression across diverse cancer types, including tumor and normal samples of the TCGA program, using the UALCAN database (Figure 6). As illustrated in Figure 6, CSF2RB expression was found to be downregulated in BRCA tumor samples compared to that in paired normal samples and upregulated in AML compared to that in its normal counterpart. Figure 7 is similar to Figure 6 but only shows tumor samples. Figure 7 presents the CSF2RB expression across different cancer types in only tumor tissues, with a relatively higher expression in DLBC and AML.
[image: Box plot comparing gene expression levels for BRCA and LAML. BRCA shows two groups with similar distributions; LAML shows a significant difference with higher expression in tumors indicated by a red asterisk. Data points are scattered around the boxes.]FIGURE 1 | Box plot of CSF2RB gene expression comparison between breast invasive carcinoma (291 normal samples and 1,085 tumor samples) and acute myeloid leukemia (70 normal samples and 173 tumor samples) using the GEPIA cancer database that collects data from TCGA and GTEx. The expressions are measured by log2 (TPM+1), and expressions of the CSF2RB gene in BRCA are slightly higher in normal samples (gray box) than those in tumor samples (red box) but not statistically significant. In the context of AML, the expression of CSF2RB in tumor samples (red box) remained significantly higher than that in normal samples (gray box). The star indicates highly significant results.[image: Violin plot showing distributions for five stages: Stage I, Stage II, Stage III, Stage IV, and Stage X. The F value is 1.26, and Pr(>F) is 0.285. Each stage displays a unique distribution shape.]FIGURE 2 | Using the GEPIA cancer database, a violin plot of the CSF2RB gene expression across pathological stages of breast invasive carcinoma was plotted. To analyze the differential gene expression of the CSF2RB gene, one-way ANOVA was used, and a p-value of 0.285 shows that there is no correlation between the pathological stage of breast invasive cancer and the expression of the CSF2RB gene.[image: Box plot graph displaying CSF2RB expression levels in log base two transformed Transcripts Per Million (TPM) across various tumor and normal tissue types. Red plots represent tumor tissues, while blue plots represent normal tissues. Significant expression differences are indicated with asterisks above certain comparisons. Data source is labeled beneath each plot, listing tissue type and sample size.]FIGURE 3 | Differential expression analysis using the TIMER2.0 database (Gene_DE module) of the CSF2RB gene (log2 TPM) across different types of TCGA tumors and paired normal tissue. The stars represent the significance of the results and is calculated using the Wilcoxon test (*: p-value <0.05; **: p-value <0.01; ***: p-value <0.001); data are presented using a box plot. CSF2RB gene expression is downregulated in BRCA tumor tissue (number of sample = 1,093) compared to that in normal tissue (number of sample = 112) with p-value <0.001. CSF2RB gene expression in BRCA-basal (number of sample = 190), BRCA-Her2 (number of sample = 82), BRCA-LumA (number of sample = 564), and BRCA-LumB (number of sample = 217) remained approximately 2–3 (log2 TPM). CSF2RB gene expression in AML tumor tissue (number of sample = 173) remained approximately 5 (log2 TPM), which indicates higher expression of the CSF2RB gene in AML tumor tissues than in breast cancer subtypes.[image: Violin plot comparing CSF2RB expression between wild-type and mutated groups. The wild-type group is shown in green and the mutated group in red. Each plot includes individual data points, a box plot with median and quartiles, and distribution shape. The Wilcoxon test p-value is 0.32.]FIGURE 4 | Box plot was generated using the Gene_Mutation module in the TIMER2.0 database to obtain the differential expression of CSF2RB in breast invasive carcinoma (number of samples = 1,017; 6 with mutation). Wild-type (WT) CSF2RB shows higher expression than the mutated CSF2RB, but their expression difference is not statistically significant (p-value = 0.32).[image: Box plot showing the expression of CSF2RB in breast cancer subclasses. Transcript levels per million are plotted for Normal (n=114), Luminal (n=566), HER2 positive (n=37), and Triple negative (n=116) TCGA samples. Each subgroup displays its median, interquartile range, and variability.]FIGURE 5 | UALCAN database analysis of CSF2RB transcript expression per breast invasive carcinoma subclass. Luminal (number of samples = 566) and HER2-positive (number of samples = 37) breast cancer samples showed lower expression of CSF2RB than the normal samples (number of samples = 114). TNBC samples (number of samples = 116) showed higher expression than the normal samples, with a p-value of 0.032.[image: Box plot chart showing the expression levels of CSF2RB across various TCGA cancer samples, comparing tumor (red boxes) and normal (blue boxes) samples. Expression levels are measured as log2(TPM+1). Each box represents a different cancer type, with a range of expression values indicated by vertical lines and medians marked by horizontal lines within the boxes.]FIGURE 6 | Pan-cancer analysis of CSF2RB expression across normal and tumor samples from TCGA program using the UALCAN database. Blue boxes refer to the normal samples, and red boxes refer to the tumor samples. Tumor samples of breast invasive carcinoma (median = 2.297) show lower expression than the paired normal samples (median = 2.699).[image: Box plot showing the expression of CSF2RB across various TCGA tumor samples. The horizontal axis names the tumor types, and the vertical axis indicates expression levels in log2 (TPM+1). Each box represents the distribution of expression for each tumor type, with variations in median and range.]FIGURE 7 | Bar plot of CSF2RB expression across TCGA tumor samples using the UALCAN database. The y-axis represents the expression value by log2 (TPM+1), and the x-axis represents different TCGA tumor types. Median expression of CSF2RB in breast invasive carcinoma (BRCA) is 2.29, and that in AML is 4.97.Mutations of CSF2RB at the protein level
Protein domains encoded by CSF2RB are the fibronectin type-3 domain, interleukin-6 receptor alpha chain domain, and interferon-alpha/beta receptor domain. The results obtained using the “protein paint tool” showed five missense mutations, three nonsense mutations, and one silent mutation (Figure 8). Therefore, according to the TCGA platform, the mutation frequency of CSF2RB computes to 1.94%.
[image: Protein diagram of CSF2RB showing variants and protein domains across a length of 800. There are nine variants, categorized as missense, nonsense, and silent mutations. FN3, IL6Ra-bind, and Interfer-bind protein domains are depicted with specific colors. The legend indicates domain and mutation types.]FIGURE 8 | Mutation analysis of the CSF2RB gene coding region specified by the mutation consequence type and protein domain encoded by the CSF2RB gene. Analysis was performed using 462 cases from the TCGA database using the protein paint tool. Each color of the lollipop represents the mutation type (silent, missense, and nonsense), and the color of the bands reflects different types of encoded protein domains.To investigate the frequency of somatic mutations in CSF2RB among patients, we analyzed data from the cBioPortal database based on the TCGA Firehose Legacy study, which included 1,108 samples obtained from 1,101 patients. Four mutations were present among all samples, two of which are nonsense mutations and two are missense mutations with a frequency of approximately 0.4% among all samples (Figure 9).
[image: Diagram showing patient distribution along a protein sequence with exons numbered two to fourteen. Protein domains include IL6Ra-bind in green and fn3 in red. Variants are marked, including one labeled P756T. Y-axis indicates the number of patients.]FIGURE 9 | Breast invasive carcinoma study conducted by TCGA, Firehose Legacy, across 1,108 samples and 1,101 patients. Mutation diagram generated using cBioPortal shows colored circles reflecting the corresponding mutation types. This diagram displays four mutations in the CSF2RB gene among all samples; two of them are nonsense mutations (AA change: Q179* and R211*, respectively) and two are missense mutations (AA change: P756T and Q872K, respectively). The frequency of somatic mutations among patients is 0.4%.CSF2RB somatic mutations across breast cancer subtypes and other cancer types
Breast invasive ductal carcinoma had the highest mutation frequency, followed by breast invasive lobular carcinoma, according to the study carried out on 1,100 samples of BRCA by TCGA, Firehose Legacy (Figure 10). The TIMER2.0 database mutation module showed that 0.5% of BRCA samples have CSF2RB mutation, while skin cutaneous melanoma (SKCM) showed the highest rate of 11.5% of samples mutated for this gene (Figure 11).
[image: Bar graph illustrating alteration frequency in various breast cancer types, including Metaplastic Breast Cancer and Breast Invasive Ductal Carcinoma. The bars represent mutation, amplification, deep deletion, mRNA high, and low levels, with mutation and CNA data provided. Bars show cumulative frequency up to three percent.]FIGURE 10 | Alteration frequency of the CSF2RB gene per breast cancer subtype extracted from the cBioPortal database indicates that breast invasive ductal carcinoma has the highest alteration frequency of approximately 3%, and breast invasive lobular carcinoma has approximately 1%. The type of alteration is represented by different colors, as shown in the figure above. The other subtypes did not show any alteration of the CSF2RB gene in particular.[image: Bar chart showing the percentage of samples with CSF2RB mutation across various cancer types. SKCM has the highest at approximately 11.5%, followed by UCEC, KICH, LUSC, and others with decreasing percentages. Each bar is labeled with the sample ratio.]FIGURE 11 | Bar plot of the CSF2RB gene mutation frequency among TCGA cancer types. BRCA-basal (number of sample = 177), BRCA-Her2 (number of sample = 79), BRCA-LumA (number of sample = 519), and BRCA-LumB (number of sample = 211) show 0.56%, 1.26%, 0.38%, and 0.94% CSF2RB mutation frequencies, respectively. In aggregate, BRCA (number of sample = 1,026) shows 0.58% mutation frequency. The analysis was performed using the TIMER2.0 database mutation module.Methylation of the CSF2RB gene/promoter across cancers
We observed an inverse correlation between CSF2RB mRNA expression and its methylation (Figure 12). Our analysis revealed hypermethylation of tumor samples (n = 793) compared to normal samples for BRCA patients (Figure 13). Moreover, luminal and HER2+ breast cancers showed hypermethylation, and normal samples and triple-negative breast cancer samples were neither hyper- nor hypo-methylated (Figure 14). With respect to the patients’ ethnicity, different methylation levels were observed in the CSF2RB promoter region (Figure 15). However, different stages of BRCA (stages 1–4) showed hypermethylation of the CSF2RB promoter (Figure 16).
[image: Scatter plot depicting the relationship between CSF2RB methylation (x-axis) and mRNA expression (y-axis). Data points are differentiated by mutation type and copy number alterations, with colors indicating truncating variants, missense mutations, amplifications, deletions, and more. Two correlation coefficients are shown: Spearman (-0.44) and Pearson (-0.29), with respective p-values.]FIGURE 12 | A total of 785 samples from the breast invasive carcinoma (TCGA, Firehose Legacy) study were analyzed using the cBioPortal database to compare CSF2RB mRNA expression and methylation levels across samples. Spearman and Pearson correlation analyses indicate a negative correlation between these two variables. As the CSF2RB transcript expression increases, the methylation of CSF2RB decreases and vice-versa. Each colored circle corresponds to a specific type of CSF2RB alteration.[image: Box plot showing promoter methylation levels of CSF2RB in BRCA samples. The blue box (normal, n=97) has a lower median beta value than the red box (primary tumor, n=793). The y-axis represents beta value from 0 to 1.]FIGURE 13 | CSF2RB promoter methylation level in breast invasive carcinoma per TCGA samples; the beta value (y-axis) reflects the level of methylation from 0 (un-methylated) to 1 (fully methylated). The beta value for hypermethylation is 0.5–0.7, and that for hypomethylation is 0.25–0.3. Primary tumor samples are hypermethylated (median = 0.558), and normal samples are neither hyper- nor hypo-methylated (median = 0.403). Analysis was carried out using the UALCAN database.[image: Box plot showing the promoter methylation levels of CSF2RB in BRCA across four groups: Normal (97 samples), Luminal (393 samples), HER2Positive (17 samples), and TNBC (84 samples). The beta value, representing methylation level, is on the vertical axis, ranging from 0 to 1. Each group displays different methylation levels, with Luminal having the highest median beta value.]FIGURE 14 | CSF2RB promoter methylation level among the major subclasses of breast invasive carcinoma per TCGA samples using the UALCAN database; the beta value reflects the level of methylation from 0 (unmethylated) to 1 (fully methylated). The beta value for hypermethylation is 0.5–0.7, and the beta value for hypomethylation is 0.25–0.3. Normal samples and triple-negative breast cancer samples are neither hyper- nor hypo-methylated (median of 0.403 and 0.459, respectively), while luminal breast cancer and HER2+ breast cancer are hyper-methylated (median of 0.564 and 0.559, respectively).[image: Box plot showing promoter methylation levels of CSF2RB in BRCA across four groups: Normal (beta value ∼0.4), Caucasian (∼0.6), African-American (∼0.6), and Asian (∼0.5). Each group has varying sample sizes.]FIGURE 15 | CSF2RB promoter methylation level based on the patient’s race having breast invasive carcinoma per TCGA samples using the UALCAN database; the beta value reflects the level of methylation from 0 (un-methylated) to 1 (fully methylated). The beta value for hyper-methylation is 0.5–0.7, and the beta value for hypo-methylation is 0.25–0.3. Normal samples are neither hyper nor hypo-methylated (median = 0.403). Meanwhile, samples of Caucasian, African–American, and Asian patients are hypermethylated (median of 0.557, 0.549, and 0.615, respectively).[image: Box plot showing promoter methylation levels of CSF2RB in BRCA across different stages. Beta value on the vertical axis ranges from 0 to 1. TCGA samples are categorized as Normal, Stage 1, Stage 2, Stage 3, and Stage 4, with sample sizes of 97, 127, 442, 200, and 11 respectively. The plot shows increasing methylation from Normal to Stage 4.]FIGURE 16 | UALCAN database analysis of the CSF2RB promoter methylation level based on breast invasive carcinoma stages per TCGA samples. The beta value reflects the level of methylation from 0 (un-methylated) to 1 (fully methylated). The beta value for hypermethylation is 0.5–0.7, and the beta value for hypomethylation is 0.25–0.3. Normal samples are neither hyper- nor hypo-methylated (median = 0.403). BRCA stage 1–4 samples are hypermethylated, with only slight differences in the level of methylation; the methylated median values are 0.546, 0.56, 0.557, and 0.526 for stages 1, 2, 3, and 4, respectively.Prognostic effect of CSF2RB across cancers
The survival analysis was carried out using 1,101 patients and 1,108 samples (from the TCGA Firehose Legacy) of breast invasive carcinoma collected through cBioPortal. Figures 17A, B show that the overall survival and disease-free survival of BRCA patients are not affected by the alteration status of the CSF2RB gene. A comparison between the overall survival of the CSF2RB gene in breast invasive carcinoma and acute myeloid leukemia showed that the CSF2RB gene has a negative prognosis in cases of AML and a good prognostic effect in cases of BRCA (Figure 18). Another comparison of cumulative survival of patients (1,100 samples) with low or high CSF2RB expressions for breast invasive carcinoma and acute myeloid leukemia conducted by the TIMER2.0 database shows that the cumulative survival of BRCA samples remained the same until approximately 120 months, when the samples with high CSF2RB expression showed a decline in the cumulative survival rate (statistically not significant, p = 0.197), while AML samples with high CSF2RB expression showed a decline in the cumulative survival rate (statistically significant, p = 0.0454) after a short time (Figure 19). Survival probability data obtained from the UALCAN database for BRCA samples (Figure 20) showed a distinct difference in survival between patients with high and low CSF2RB expression. The results presented in Figures 19, 20 appeared to be contradictory.
[image: Two Kaplan-Meier survival curves compare altered and unaltered groups. Graph A shows overall survival over months, with a Logrank Test P-Value of 0.824, while Graph B shows disease-free survival with a P-Value of 0.294. Both graphs include the number at risk for each group and legend indicating altered in red and unaltered in blue.]FIGURE 17 | Survival study on breast invasive carcinoma that was carried out by TCGA and Firehose Legacy using 1,101 patients and 1,108 samples. Survival analysis of patients with altered (red line) and unaltered (blue line) CSF2RB gene using the Kaplan–Meier curve. (A) Probability of overall survival (y-axis) across time in months (x-axis) was plotted; in this graph, there are 27 altered groups and 1,068 unaltered groups, with log-rank 0.824 p-value. There are no obvious variations between the two groups. (B) Disease-free survival probability among altered (25 cases) and unaltered (978 cases) groups with log-rank 0.294 p-value. Over time, patients in the altered group exhibited a lower disease-free survival probability than those in the unaltered group.[image: Heatmap showing gene ENSG00000100368.13 (CSF2RB) with color-coded log10(HR) values. The BRCA section is blue, indicating a log10(HR) of around -0.2, while the LAML section is red, indicating a log10(HR) of 0.2.]FIGURE 18 | Heatmap of overall survival (per months) analysis of the CSF2RB gene in breast invasive carcinoma and acute myeloid leukemia using the GEPIA 2 database. Log10 HR (hazards ratio) is employed as a measurement. Red represents poor prognosis, whereas blue represents good prognosis, and the intensity of the color is correlated with the HR value. The boundaries surrounding the color indicate significant p-value <0.05. The CSF2RB gene has a negative prognosis in case of AML and probably (statistically not significant) good prognostic effect in case of BRCA.[image: Kaplan-Meier survival curves for BRCA (panel A) and LAML (panel B) show cumulative survival over time in months. The blue line represents low CSF2RB expression, and the red line represents high CSF2RB expression. Panel A has a hazard ratio of 1.11 with a p-value of 0.197, while panel B shows a hazard ratio of 1.24 with a p-value of 0.0454.]FIGURE 19 | Kaplan–Meier curve of cumulative survival of 1,100 samples with low or high CSF2RB gene expression was generated using the Gene_Outcome module by the TIMER2.0 database. (A) Cumulative survival of BRCA samples with low or high CSF2RB expression is not statistically significant. (B) AML samples with high CSF2RB expression showed a lower survival rate than samples with lower CSF2RB expression.[image: Kaplan-Meier survival curves show the effect of CSF2RB expression levels on BRCA patient survival. High expression (red, n=270) and low/medium expression (blue, n=811) are compared over time in days. The high expression group shows better survival probabilities. The p-value is 0.046.]FIGURE 20 | Survival analysis was carried out using the UALCAN database for BRCA patients with high and low CSF2RB expression. The survival probability of patients with high CSF2RB expression is statistically different than that of patients with low CSF2RB expression (p = 0.046).Immune infiltration level in diverse cancer types and CSF2RB expression
To assess the correlation between CSF2RB expression and the degree of immune infiltration in various cancer types, the TIMER database was examined (Figure 21). The results demonstrated that the expression of CSF2RB was correlated to the CD8 T-cell infiltration level in BRCA (number of samples = 1,100), BRCA-basal (number of samples = 191), BRCA-Her2 (number of samples = 82), BRCA-LumA (number of samples = 568), and BRCA-LumB (number of samples = 219). Immune cells that migrate from the circulation into the tumor are known as tumor-infiltrating immune cells and represent a key component of the tumor microenvironment. These cells include natural killer cells, macrophages, T cells, and B cells (Li et al., 2022). The interactions between these cells and cancer cells through signaling pathways may lead to cancer progression and therapy outcomes (Zou et al., 2021). Cytotoxic T cells (CD8) destroy cancer cells, and helper T cells (CD4+) provide support to the immune cells. B cells produce antibodies against cancer cells. Macrophages attack cancer cells and, in some cases, enhance tumor growth. Dendritic cells regulate immune response (Li et al., 2022). T regulatory cells (Tregs) (Zhu et al., 2022), alternatively activated macrophages (M2 macrophages) (Hao et al., 2012), and tumor-associated dendritic cells (TADCs) (Hsu et al., 2018) can contribute to tumor progression and metastasis. Researchers can develop more effective therapies and enhance patient prognosis by examining the patterns and types of immune cells found within the tumor microenvironment (TME) (Zou et al., 2021). If the gene expression is correlated with specific types of immune cells in the TME, it indicates the potential prognostic value of that gene in that cancer type (Hu et al., 2023).
[image: Heatmap showing the correlation of T cell CD8+ abundance across various cancer types using multiple deconvolution methods. Rows represent cancer types labeled with sample sizes. Columns represent different estimation methods. Colors range from red, indicating positive correlation, to blue, indicating negative correlation. Crosses mark non-significant correlations, while filled squares indicate significance.]FIGURE 21 | Heatmap of correlation analysis of the immune infiltration level in diverse cancer types and CSF2RB expression based on the TIMER2.0 database using the gene module. Red represents positive correlation, and blue represents negative correlation; the stronger the association, the darker the color. Significant p-values (≤0.05) are represented by shaded squares, and non-significant p-values (>0.05) are represented by crossed squares. BRCA (number of samples = 1,100), BRCA-basal (number of samples = 191), BRCA-Her2 (number of samples = 82), BRCA-LumA (number of samples = 568), and BRCA-LumB (number of samples = 219) showed high correlation between CD8 T-cell infiltration level and CSF2RB gene expression level.DISCUSSION
Analyses of the cancer genomics data related to the CSF2RB gene/protein from different databases revealed some striking results that need to be discussed in order to draw the right conclusion from this study. The CSF2RB gene is expressed in tumors across all cancer types available from the TCGA study (Figure 7). In addition, the expression data are available for normal and matched tumor samples from all cancer types (Figures 3, 6). In BRCA, the median expression of the CSF2RB gene is higher in normal samples than in the matched tumor samples (Figures 1, 3, 6). These results were obtained from GEPIA, TIMER2.0, and UALCAN databases, respectively. The result from GEPIA (Figure 1) was not statistically significant. In contrast, the result (Figure 3) obtained from the TIMER2.0 database (hosting only TCGA data) showed that BRCA normal samples had significantly higher expression of CSF2RB than BRCA tumor samples (Figure 3). However, in all these results (Figures 1, 3, 6), CSF2RB gene expression is higher in normal than in the tumor tissues in the context of BRCA. This observation is also supported by other studies. Analysis of the mutational effect of CSF2RB on its expression revealed no statistically significant difference between the expression levels of the wild-type and mutated CSF2RB gene (Figure 4). Moreover, the expression of this gene is not associated with the pathological stages of BRCA tumor samples (Figure 2). However, the expression differs across different subtypes of breast cancer, with luminal and HER2+ subtypes expressing lower and TNBC expressing higher than normal samples (Figure 5). This observation is not surprising because of the heterogeneous nature of the breast cancer histological/molecular subtypes. Together, these results indicate that the CSF2RB gene potentially plays i) a protective or tumor-suppressive role in luminal and HER2+ subtypes and ii) an oncogenic role in triple-negative breast cancers (TNBC). In contrast, the CSF2RB gene is significantly more highly expressed in tumors than in normal samples in AML (Figure 1). In addition, the highest expression of this gene was observed in AML and diffuse large B-cell lymphoma (DLBC), among other cancer types (Figures 3, 7). These results suggest the potential oncogenic role of CSF2RB in hematological cancer. Moreover, this association has been recently established and published in various research articles.
Mining TCGA data using the “protein paint tool” for coding mutations in the CSF2RB gene resulted in a total of nine mutations, including five missense, three nonsense, and one silent mutation (Figure 8). Exploring cBioPortal (hosting TCGA data across 1,108 samples/1,101 patients) resulted in a total of four somatic mutations in the CSF2RB gene, with a frequency of approximately 0.4% among all samples (Figure 9). Among different subtypes of breast cancer, invasive ductal carcinoma showed higher alteration frequency than invasive lobular carcinoma (Figure 10). Across different cancer types, the mutation frequency of the CSF2RB gene is the highest in skin cutaneous melanoma (11.5%) and ranges from 0.38% to 1.26% in breast cancer subtypes (Figure 11). In summary, somatic mutations in CSF2RB are not abundant in BRCA, suggesting a limited or inconsistent role as a driver in the tumor progression of breast carcinoma.
The study of CSF2RB mRNA expression and its DNA methylation revealed a negative correlation, with a Pearson correlation coefficient of −0.29 and a Spearman correlation coefficient of −0.44 (Figure 12). DNA methylation impacts the gene expression pattern, and this phenomenon was discovered half a century ago (McGhee and Ginder, 1979; Jones and Taylor, 1980). The negative correlation between mRNA expression and DNA methylation has been instrumental in identifying several key genes in different diseases, such as obesity (Chen et al., 2021). DNA methylation plays a profound role in mammalian development (Smith and Meissner, 2013) and is also implicated in various diseases (Robertson, 2005). As expected, the promoter of the CSF2RB gene is hypermethylated in tumor tissues, and the methylation level is higher than that in normal tissues (Figure 13). This methylation difference explains the reason behind the higher gene expression of CSF2RB in normal tissues than that in tumor tissues, as shown in Figure 1. Promoter methylation of CSF2RB across different BRCA subtypes varies greatly, with luminal and HER2+ being hypermethylated and TNBC not being hypermethylated (Figure 14), which explains the gene expression pattern of this gene across different subtypes, as shown in Figure 5. Promoter methylation across different ethnic populations shows that the CSF2RB promoter is hypermethylated in breast tumors of Caucasian, African-American, and Asian populations (Figure 15). Figure 16 shows no difference in promoter methylation across BRCA stages, and this result explains the gene expression behavior across stages, as shown in Figure 2. In conclusion, the methylation pattern of the CSF2RB gene promoter across different breast cancer subtypes, stages, and ethnicities agrees very well with the gene expression pattern in an inverse manner.
Survival analyses have concluded that overall and disease-free survival probabilities are not significantly different between BRCA patients with or without CSF2RB genetic alteration (Figure 17). It means that CSF2RB does not have a significant impact on the pathobiology of breast carcinoma. However, the disease-free survival probability of patients with the altered CSF2RB gene remains lower than that of patients with the unaltered gene (Figure 17B). Comparison of overall survival between CSF2RB-altered and unaltered patient groups in BRCA and AML showed that the CSF2RB alterations are associated with a poorer prognosis in the case of AML but with a favorable prognosis in BRCA (Figure 18). Survival analysis based on CSF2RB expression levels shows similar results (Figure 19), where differences in CSF2RB expression do not significantly impact cumulative survival in BRCA patients (Figure 19A) groups but do have an impact in AML cases (Figure 19B). This conclusion is drawn on the basis of the log-rank p-value, which is 0.197 (non-significant) in the case of BRCA and 0.045 (significant) in the case of AML. However, a separate survival analysis of BRCA patients using the UALCAN database indicates that a statistically significantly difference in survival probability between groups with high and low CSF2RB expression (Figure 20). At first glance, the results from Figures 19, 20 appear to be contradictory. The reasons could be minor differences in the extent of data, such as i) the number of patients, ii) follow-up time, and iii) the expression variations across different assay platforms. At the end, the correlation analysis of CSF2RB expression and immune infiltration levels shows that there is a positive correlation of CD8 T-cell infiltration level and CSF2RB expression, stating the positive prognostic value of CSF2RB in BRCA patients and different subtypes (Figure 21). In general, BRCA patients have a positive correlation between CSF2RB expression and CD8+ T-cell infiltration level from different sources, with a p-value <0.05. However, we observe some insignificant (p > 0.05) positive correlations when samples are stratified into BRCA subtypes. The possible explanations for these discrepancies could be divergent data sources and their differences in data processing across different platforms.
The role of CSF2RB and other similar receptors in hematological or blood cancers was established in recent decades through several scientific research studies using hematological cell lines, primary cells, animal models, and human patients (Watanabe-Smith et al., 2016; Liongue and Ward, 2014; Maxson et al., 2013). CSF2RB mutations or alterations in signaling pathways and expression can contribute to cancer progression (Watanabe-Smith et al., 2016; Watanabe-Smith et al., 2015; Kassem et al., 2018). Other studies have shown that high CSF2RB expression is associated with an unfavorable prognosis in bladder and esophageal cancers, whereas it is related to a favorable prognosis in breast cancer, cervical squamous cell carcinoma and endo-cervical adenocarcinoma (CESC), and colon adenocarcinoma (Huang et al., 2020). The expression of CSF2RB in lung adenocarcinoma was lower in the tumor sample than in the normal sample, and low expression was related to poor survival (Zhu et al., 2022). CSF2RB expression level was also positively related to the levels of infiltrating CD4+ T cells, macrophages, NK cells, and monocytes in LUAD (Zhu et al., 2022). Similarly, our results showed that CSF2RB expression was correlated to CD8 cell infiltration levels in BRCA and its subtypes, and it could be associated with the immune response in the tumor microenvironment and may lead to immune cell activation or recruitment, which makes it a potential target for breast cancer therapy. CSF2RB has a low somatic mutation rate in breast cancer samples/patients, with a frequency of approximately 0.4%. The CSF2RB promoter methylation level in tumor samples of breast carcinoma and its subtypes and normal samples revealed that tumor samples are hypermethylated, which can explain the low expression of CSF2RB in tumor samples. Normal tissue and triple-negative breast cancer have normal levels of methylation. DNA methylation, an important epigenetic factor, is known to regulate gene expression (Moore et al., 2013).
In conclusion, CSF2RB is generally downregulated in breast tumor tissues, but its expression varies across different subtypes. Luminal and HER2+ subtypes exhibit lower expression and TNBC shows higher expression than that of normal tissues (Figure 5). CSF2RB does not seem to be a somatic mutational hot spot since the frequency of mutation in samples is very low. Moreover, promoter methylation patterns correspond well with the gene expression profiles across different subtypes of BRCA (Figure 14). The prognostic value of CSF2RB is not very clear and statistically significant in the current study (Figures 17–19), except in one experiment using the UALCAN database (Figure 20). Therefore, we find it difficult to conclude that CSF2RB could be a prognostic biomarker for BRCA. One of the possible explanations for the ambiguous prognostic effect could be heterogeneity of data sources, and we need to study these effects in each subtype separately. However, functional studies are required to claim CSF2RB as a breast cancer hallmark gene or a potential therapeutic and prognostic candidate for breast cancer treatment. Studies involving gene expression, DNA methylation, and integration with survival data for each of the BRCA subtype samples are highly recommended.
LIMITATIONS
The major limitation of the current study is the integration of data from different sources, study designs, assay platforms, and bioinformatics analysis pipelines. These factors might contribute to the visible discrepancies in terms of statistical significance, particularly p-values.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was not required for the studies involving humans because the data for this study were taken from several existing cancer genomics databases such as TCGA, cBioPortal, GEPIA, and UALCAN. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements because the data for this study were taken from several existing cancer genomics databases such as TCGA, cBioPortal, GEPIA, and UALCAN.
AUTHOR CONTRIBUTIONS
RA: data curation, formal analysis, investigation, software, and writing – original draft. AbdA: methodology, project administration, resources, and writing – review and editing. LA: investigation, methodology, and writing – review and editing. AbiA: project administration, supervision, and writing – review and editing. HA: methodology, project administration, supervision, and writing – review and editing. ArA: investigation, methodology, software, and writing – review and editing. BA: conceptualization, methodology, resources, and writing – review and editing. MR: conceptualization, funding acquisition, project administration, resources, supervision, writing – original draft, and writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported through a funded research grant (NRC21R/082/03) to PI MR of King Abdullah International Medical Research Center (KAIMRC).
ACKNOWLEDGMENTS
The results shown in this manuscript are in whole or part based upon data generated by the TCGA Research Network: https://www.cancer.gov/tcga.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
REFERENCES
	Agarwal, S., Lakoma, A., Chen, Z., Hicks, J., Metelitsa, L. S., Kim, E. S., et al. (2015). G-CSF promotes neuroblastoma tumorigenicity and metastasis via STAT3-Dependent cancer stem cell activation. Cancer Res. 75 (12), 2566–2579. doi:10.1158/0008-5472.can-14-2946

	Arnold, M., Morgan, E., Rumgay, H., Mafra, A., Singh, D., Laversanne, M., et al. (2022). Current and future burden of breast cancer: global statistics for 2020 and 2040. Breast 66, 15–23. doi:10.1016/j.breast.2022.08.010

	Charlet, A., Kappenstein, M., Keye, P., Kläsener, K., Endres, C., Poggio, T., et al. (2022). The IL-3, IL-5, and GM-CSF common receptor beta chain mediates oncogenic activity of FLT3-ITD-positive AML. Leukemia 36 (3), 701–711. doi:10.1038/s41375-021-01462-4

	Chen, N., Miao, L., Lin, W., Zou, D., Huang, L., Huang, J., et al. (2021). Integrated DNA methylation and gene expression analysis identified S100A8 and S100A9 in the pathogenesis of obesity. Front. Cardiovasc Med. 8, 631650. doi:10.3389/fcvm.2021.631650

	Cimas, F. J., Manzano, A., Baliu-Piqué, M., García-Gil, E., Pérez-Segura, P., Nagy, Á., et al. (2020). Genomic mapping identifies mutations in RYR2 and AHNAK as associated with favorable outcome in basal-like breast tumors expressing PD1/PD-L1. Cancers (Basel) 12 (8), 2243. doi:10.3390/cancers12082243

	Côrte-Real, B. F., Arroyo Hornero, R., Dyczko, A., Hamad, I., and Kleinewietfeld, M. (2022). Dissecting the role of CSF2RB expression in human regulatory T cells. Front. Immunol. 13, 1005965. doi:10.3389/fimmu.2022.1005965

	D'Andrea, R., Rayner, J., Moretti, P., Lopez, A., Goodall, G., Gonda, T., et al. (1994). A mutation of the common receptor subunit for interleukin-3 (IL-3), granulocyte-macrophage colony-stimulating factor, and IL-5 that leads to ligand independence and tumorigenicity. Blood 83 (10), 2802–2808. doi:10.1182/blood.v83.10.2802.2802

	Freeburn, R. W., Gale, R. E., and Linch, D. C. (1998). Activating point mutations in the βC chain of the GM-CSF, IL-3 and IL-5 receptors are not a major contributory factor in the pathogenesis of acute myeloid leukaemia. Br. J. Haematol. 103 (1), 66–71. doi:10.1046/j.1365-2141.1998.00939.x

	Hao, N.-B., Lü, M. H., Fan, Y. H., Cao, Y. L., Zhang, Z. R., and Yang, S. M. (2012). Macrophages in tumor microenvironments and the progression of tumors. Clin. Dev. Immunol. 2012, 1–11. doi:10.1155/2012/948098

	Hercus, T. R., Kan, W. L. T., Broughton, S. E., Tvorogov, D., Ramshaw, H. S., Sandow, J. J., et al. (2018). Role of the β common (βc) family of cytokines in health and disease. Cold Spring Harb. Perspect. Biol. 10 (6), a028514. doi:10.1101/cshperspect.a028514

	Hsu, Y.-L., Chen, Y. J., Chang, W. A., Jian, S. F., Fan, H. L., Wang, J. Y., et al. (2018). Interaction between tumor-associated dendritic cells and Colon cancer cells contributes to tumor progression via CXCL1. Int. J. Mol. Sci. 19 (8), 2427. doi:10.3390/ijms19082427

	Hu, Y., Liu, Y., Ma, C., and Ai, K. (2023). MRPL12 acts as A novel prognostic biomarker involved in immune cell infiltration and tumor progression of lung adenocarcinoma. Int. J. Mol. Sci. 24 (3), 2762. doi:10.3390/ijms24032762

	Huang, X., Hu, P., and Zhang, J. (2020). Genomic analysis of the prognostic value of colony-stimulating factors (CSFs) and colony-stimulating factor receptors (CSFRs) across 24 solid cancer types. Ann. Transl. Med. 8 (16), 994. doi:10.21037/atm-20-5363

	Huang, Y. P., Harmon, L., Deering-Gardner, E., Ma, X., Harsh, J., Xue, Z., et al. (2024). bamSliceR: a bioconductor package for rapid, cross-cohort variant and allelic bias analysis. bioRxiv5. doi:10.1093/bioadv/vbaf098

	Jenkins, B. J., Bagley, C. J., Woodcock, J., Lopez, A. F., and Gonda, T. J. (1996). Interacting residues in the extracellular region of the common beta subunit of the human granulocyte-macrophage colony-stimulating factor, interleukin (IL)-3, and IL-5 receptors involved in constitutive activation. J. Biol. Chem. 271 (47), 29707–29714. doi:10.1074/jbc.271.47.29707

	Jenkins, B. J., D'Andrea, R., and Gonda, T. J. (1995). Activating point mutations in the common beta subunit of the human GM-CSF, IL-3 and IL-5 receptors suggest the involvement of beta subunit dimerization and cell type-specific molecules in signalling. Embo J. 14 (17), 4276–4287. doi:10.1002/j.1460-2075.1995.tb00102.x

	Jones, P. A., and Taylor, S. M. (1980). Cellular differentiation, cytidine analogs and DNA methylation. Cell 20 (1), 85–93. doi:10.1016/0092-8674(80)90237-8

	Kassem, N. M., Ayad, A. M., El Husseiny, N. M., El-Demerdash, D. M., Kassem, H. A., and Mattar, M. M. (2018). Role of granulocyte-macrophage colony-stimulating factor in acute myeloid leukemia/myelodysplastic syndromes. J. Glob. Oncol. 4 (4), 1–6. doi:10.1200/jgo.2017.009332

	Koni, M., Castellano, I., Venturelli, E., Sarcinella, A., Lopatina, T., Grange, C., et al. (2022). Interleukin-3-Receptor-alpha in triple-negative breast cancer (TNBC): an additional novel biomarker of TNBC aggressiveness and a therapeutic target. Cancers (Basel) 14 (16), 3918. doi:10.3390/cancers14163918

	Li, H.-X., Wang, S. Q., Lian, Z. X., Deng, S. L., and Yu, K. (2022). Relationship between tumor infiltrating immune cells and tumor metastasis and its prognostic value in cancer. Cells 12 (1), 64. doi:10.3390/cells12010064

	Li, W., Zhang, X., Chen, Y., Xie, Y., Liu, J., Feng, Q., et al. (2016). G-CSF is a key modulator of MDSC and could be a potential therapeutic target in colitis-associated colorectal cancers. Protein and Cell 7 (2), 130–140. doi:10.1007/s13238-015-0237-2

	Liongue, C., and Ward, A. C. (2014). Granulocyte colony-stimulating factor receptor mutations in myeloid malignancy. Front. Oncol. 4, 93. doi:10.3389/fonc.2014.00093

	Lopes-Santos, G., Tjioe, K. C., Magalhaes, M. A. d. O., and Oliveira, D. T. (2023). The role of granulocyte-macrophage colony-stimulating factor in head and neck cancer. Archives Oral Biol. 147, 105641. doi:10.1016/j.archoralbio.2023.105641

	Maxson, J. E., Gotlib, J., Pollyea, D. A., Fleischman, A. G., Agarwal, A., Eide, C. A., et al. (2013). Oncogenic CSF3R mutations in chronic neutrophilic leukemia and atypical CML. N. Engl. J. Med. 368 (19), 1781–1790. doi:10.1056/nejmoa1214514

	Mayakonda, A., Lin, D. C., Assenov, Y., Plass, C., and Koeffler, H. P. (2018). Maftools: efficient and comprehensive analysis of somatic variants in cancer. Genome Res. 28 (11), 1747–1756. doi:10.1101/gr.239244.118

	McGhee, J. D., and Ginder, G. D. (1979). Specific DNA methylation sites in the vicinity of the chicken beta-globin genes. Nature 280 (5721), 419–420. doi:10.1038/280419a0

	Mirza, Z., Ansari, M. S., Iqbal, M. S., Ahmad, N., Alganmi, N., Banjar, H., et al. (2023). Identification of novel diagnostic and prognostic gene signature biomarkers for breast cancer using artificial intelligence and machine learning assisted transcriptomics analysis. Cancers 15 (12), 3237. doi:10.3390/cancers15123237

	Moore, L. D., Le, T., and Fan, G. (2013). DNA methylation and its basic function. Neuropsychopharmacology 38 (1), 23–38. doi:10.1038/npp.2012.112

	Park, S., Kim, E. S., Noh, D. Y., Hwang, K. T., and Moon, A. (2011). H-Ras-specific upregulation of granulocyte colony-stimulating factor promotes human breast cell invasion via matrix metalloproteinase-2. Cytokine 55 (1), 126–133. doi:10.1016/j.cyto.2011.03.002

	Rashid, M., Ali, R., Almuzzaini, B., Song, H., AlHallaj, A., Abdulkarim, A. A., et al. (2021). Discovery of a novel potentially transforming somatic mutation in CSF2RB gene in breast cancer. Cancer Med. 10 (22), 8138–8150. doi:10.1002/cam4.4106

	Robertson, K. D. (2005). DNA methylation and human disease. Nat. Rev. Genet. 6 (8), 597–610. doi:10.1038/nrg1655

	Smith, Z. D., and Meissner, A. (2013). DNA methylation: roles in mammalian development. Nat. Rev. Genet. 14 (3), 204–220. doi:10.1038/nrg3354

	Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660

	Thompson, E. J., Escarbe, S., Tvorogov, D., Farshid, G., Gregory, P. A., Khew-Goodall, Y., et al. (2024). Interleukin-3 production by basal-like breast cancer cells is associated with poor prognosis. Growth factors. 42 (2), 49–61. doi:10.1080/08977194.2023.2297693

	Watanabe-Smith, K., Tognon, C., Tyner, J. W., Meijerink, J. P. P., Druker, B. J., and Agarwal, A. (2016). Discovery and functional characterization of a germline, CSF2RB-activating mutation in leukemia. Leukemia 30 (9), 1950–1953. doi:10.1038/leu.2016.95

	Watanabe-Smith, K. M., Tognon, C. E., Tyner, J. W., Druker, B. J., and Agarwal, A. (2015). A novel, oncogenic CSF2RB mutation found in a primary leukemia sample results in constitutive signaling, increased receptor stability, and formation of intermolecular complexes. Blood 126 (23), 3670. doi:10.1182/blood.v126.23.3670.3670

	Zhu, N., Yang, Y., Wang, H., Tang, P., Zhang, H., Sun, H., et al. (2022). CSF2RB is a unique biomarker and correlated with immune infiltrates in lung adenocarcinoma. Front. Oncol. 12, 822849. doi:10.3389/fonc.2022.822849

	Zou, R., Gu, R., Yu, X., Hu, Y., Yu, J., Xue, X., et al. (2021). Characteristics of infiltrating immune cells and a predictive immune model for cervical cancer. J. Cancer 12 (12), 3501–3514. doi:10.7150/jca.55970


GLOSSARY
Aml Acute myeloid leukemia
ACC Adrenocortical carcinoma
BLCA Bladder urothelial carcinoma
LGG Brain lower grade glioma
BRCA Breast invasive carcinoma
CESC Cervical squamous cell carcinoma and endo-cervical adenocarcinoma
CHOL Cholangiocarcinoma
LCML Chronic myelogenous leukemia
COAD Colon adenocarcinoma
CNTL Controls
ESCA Esophageal carcinoma
FPPP FFPE pilot phase II
GBM Glioblastoma multiforme
HNSC Head and neck squamous cell carcinoma
KICH Kidney chromophobe
KIRC Kidney renal clear cell carcinoma
KIRP Kidney renal papillary cell carcinoma
LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma
LUSC Lung squamous cell carcinoma
DLBC Lymphoid neoplasm diffuse large B-cell lymphoma
MESO Mesothelioma
MISC Miscellaneous
OV Ovarian serous cystadenocarcinoma
PAAD Pancreatic adenocarcinoma
PCPG Pheochromocytoma and paraganglioma
PRAD Prostate adenocarcinoma
READ Rectum adenocarcinoma
SARC Sarcoma
SKCM Skin cutaneous melanoma
STAD Stomach adenocarcinoma
TGCT Testicular germ cell tumors
THYM Thymoma
THCA Thyroid carcinoma
UCS Uterine carcinosarcoma
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