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ARTICLE INFO ABSTRACT
Keywords: Background: Cyclin B2 (CCNB2) is associated with cell cycle progression, acting as a cell cycle
Cyclin B2 (CCNB2) checkpoint in progression of G2/M transition. In many cancer patients, it has been observed that

Breast carcinoma (BRCA)

) . overexpression of CCNB2 enhances tumor invasiveness and leads to adverse prognosis. However,
Tumor microenvironment

the association of CCNB2 with the tumor microenvironment remains unclear. Therefore, it is
Immune checkpoint necessary to clarify the associations of CCNB2 with the immune status and prognosis of breast
Tumor mutational burden carcinoma (BRCA).

Prognosis Methods: Gene expression and clinical data for BRCA were obtained from The Cancer Genome
Atlas and Gene Expression Omnibus databases, followed by association analyses of CCNB2
expression with prognosis, immune cell infiltration, and immune checkpoints. This study further
performed drug sensitivity analysis and constructed a prognostic nomogram for CCNB2.
Results: 3619 differentially expressed genes were identified in BRCA, including CCNB2 that
emerged as a key gene in the network. High CCNB2 expression correlated with poor prognosis.
Functional analysis demonstrated enrichment of CCNB2 co-expressed genes with the cell cycle,
cancer progression, cell energy, and immune pathways. Microsatellite instability and tumor
mutation burden analyses indicated CCNB2 as a candidate immunotherapy target. Tumor-
infiltrating myeloid-derived suppressor cells, regulatory T cells, and T helper 2 cells were asso-
ciated with CCNB2-related tumor progression and metastasis. CCNB2 expression positively
correlated with immune checkpoints, indicating that high CCNB2 expression might facilitate
tumor immune escape. Tumors with high CCNB2 expression showed sensitivity to phosphoino-
sitide 3-kinase-protein kinase B-mammalian target of rapamycin and cyclin-dependent kinase
(CDK) 4/6 inhibitors, and the nomogram had good prognostic predictive ability for patients with
BRCA.

Conclusions: CCNB2 may play a crucial role in tumorigenesis and serve as an independent prog-
nostic biomarker associated with tumor microenvironment, tumor immune infiltration and
immunotherapy in BRCA.

Immune infiltrate
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Abbreviations

DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
STAD Stomach adenocarcinoma

ACC Adrenocortical carcinoma

PAAD Pancreatic adenocarcinoma

KICH Kidney Chromophobe

LUAD Lung adenocarcinoma

BRCA Breast carcinoma

LGG Brain Lower Grade Glioma

PRAD Prostate adenocarcinoma

SARC Sarcoma

BLCA Bladder Urothelial Carcinoma

UCEC Uterine Corpus Endometrial Carcinoma
COAD Colon adenocarcinoma

LUSC Lung squamous cell carcinoma

THYM  Thymoma

DEGs Differentially expressed genes

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes
GSEA Gene set enrichment analysis

TCGA  The cancer genome atlas

GEO Gene Expression Omnibus

oS Overall survival

RFS Recurrence free survival

HER2 Human epidermal growth factor receptor 2
TME Tumor microenvironment

TIICs Tumor-infiltrating immune cells

PPI Protein-protein interaction

MSI Microsatellite instability

TMB Tumor mutation burden

1. Introduction

Breast carcinoma (BRCA) is the most commonly diagnosed cancer and the fifth leading cause of cancer-related deaths in women
[1], including in China [2], where over 2 million women were diagnosed with BRCA in 2020 and the disease caused 685,000 deaths [1,
3]. Despite notable improvements in diagnosis and treatment, the prognosis of some patients with BRCA remains poor [4]. Immu-
nohistochemical BRCA classification primarily relies on human epidermal growth factor receptor 2 (HER2), progesterone receptor,
and estrogen receptor expression [5,6]. Therefore, BRCA is classified into subtypes such as normal-like, HER2-enriched, luminal A,
luminal B, and basal-like [7-9]. Triple-negative breast cancer (TNBC), known for its poorest prognosis, constitutes approximately 15 %
of breast cancer subtypes [10]. At present, the standard treatment regimen for BRCA comprises radiation, hormone and targeted
therapies, chemotherapy, and surgery, and various drug combinations and targeted treatments have shown promising outcomes [11].
Despite the considerable progress in BRCA treatment, endocrine therapy resistance remains a significant challenge [12]. Chemo-
therapy continues to be the standard treatment for advanced triple-negative breast cancer owing to the absence of specific therapeutic
targets [13]. However, conventional chemotherapy drugs have limited efficacy in improving the pathological complete response rates
[14], patients with distant metastases still exhibit a median overall survival of less than two years [15,16]. Therefore, continued
investigations into the underlying mechanisms of carcinogenesis and new therapeutic approaches for BRCA are crucial.

The tumor microenvironment (TME) is one of the important parts of cancer occurrence and development, which can weaken
immune surveillance and induce tumor resistance [17]. Immunotherapy, which plays a role by enhancing anti-tumor immune
response, is one of the important directions in the research of breast cancer treatment [18]. Targeted therapies, especially for immune
checkpoints, are promising BRCA treatment options [19]. Previous studies have demonstrated that immune activation improves the
prognosis of HER2-positive and triple-negative BRCAs [20]. Furthermore, preliminary findings from a study using programmed cell
death (PD)-1/PD-ligand 1 antagonists demonstrated that certain BRCA subtypes possess inherent immunogenicity, resulting in sus-
tained overall responses in some patients. Nevertheless, the clinical efficacy of monotherapy is limited, providing benefits to only a
minority of patients who developed metastatic diseases [21]. Therefore, identifying novel and reliable immune-related biomarkers for
BRCA is imperative.

CCNB2 is a pivotal member of the cyclin family with a crucial role in regulating cell cycle progression, acting as a cell cycle
checkpoint. The aberrant expression of cyclin family members frequently contributes to tumorigenesis. For example, high cyclin B1
(CCNB1) expression affects prostate cancer development and elicits tumor resistance [22]. Similarly, cyclin E1 (CCNE1) is a potential
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target for ovarian carcinoma treatment [23]. High CCNB2 expression occurs in breast cancer tissues and is correlated with a poor
prognosis [24-26]. In recent years, some studies have found a close association between members of the cyclin family and the tumor
microenvironment. CCNG2, previously demonstrated to have tumor cell proliferation inhibitory effects, has recently been found to
reverse immune suppression in the tumor microenvironment of glioma cells and enhance the blockade effect of PD-1 [27,28];
furthermore, overexpression of the cyclin D1b can mediate breast cancer cells to regulate macrophage differentiation into a more
immunosuppressive M2 phenotype, demonstrating its importance in the tumor microenvironment [29,30]. However, the precise
relationship between CCNB2 and the specific mechanisms underlying cancer initiation and progression, particularly regarding the
TME and tumor-infiltrating immune cells (TIICs), remains elusive.

Therefore, this study analyzed differentially expressed genes (DEGs) between BRCA and normal tissues to assess correlations be-
tween key genes (including CCNB2) and prognosis, immune checkpoints, and potential mechanisms to provide insights and targets for
novel BRCA therapies.

2. Materials and methods
2.1. Data sources and processing

The RNA-sequencing data and corresponding clinical information of 33 cancer cases were retrieved from The Cancer Genome Atlas
(TCGA, https://portal.gdc.cancer.gov/) portal. All data were downloaded and standardized using the “TCGAbiolinks” R package
(version 2.29.0) [31]. Patients with an unsatisfactory sample state, incomplete clinical information, or incomplete survival data were
excluded. In total, 1080 BRCA and 99 adjacent normal tissue samples were included in the mRNA expression analyses and 963 BRCA
samples were included in the survival analyses.

In addition, two independent expression microarray datasets containing gene expression data and BRCA clinical profiles were
retrieved from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database (GSE42568 and GSE65194). R
software (Version 4.3.1, https://cran.r-project.org/bin/windows/base/old/4.3.1/) and the “ggplot2” R-package (Version 3.4.2,
https://ggplot2.tidyverse.org) were used for the statistical analyses and data visualization, respectively.

2.2. Somatic mutation analysis

Somatic cell mutation data were obtained from TCGA database. “Masked Somatic Mutation” data were selected and processed
using the R package “TCGAbiolinks.” The single nucleotide polymorphism mutation annotation format was analyzed with the
“maftools” R package (version 2.16.0), which provides various approaches for visualization [32].

2.3. DEG identification and survival analyses

The “DESeq2” (version 1.38.3) and “limma” (version 3.54.2) R packages were used to screen DEGs between normal breast tissue
and tumor tissue samples in TCGA-BRCA cohort and GSE42568 dataset [33,34]; genes with a |log2 (fold change)| > 1 in expression
level between groups were identified as significant DEGs. Subsequently, The survival analysis was conducted utilizing the “survival” R
package (version 3.5.5, https://CRAN.R-project.org/package=survival) to determine genes significantly associated with overall
survival; candidate genes were identified using the “VennDiagram” R package (version 1.7.3) [35]. Functional enrichment analysis for
Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was further conducted using the
“clusterProfiler” R package (version 4.8.1) [36]. Statistical significance was set at P < 0.05.

2.4. Protein—protein interaction (PPI) network construction

The candidate DEGs were incorporated in construction of a PPI network using the STRING website (https://cn.string-db.org/). The
criteria for further screening were “physical subnetwork”, “highest confidence (0.900)” and “hide disconnected nodes in the network™.
After deleting all free nodes, 17 hub genes were identified for further evaluation.

2.5. CCNB2 expression and prognostic significance

TCGA-BRCA cohort data were used to assess CCNB2 expression levels in BRCA tissues. The TIMER 2.0 tool was also used to
visualize CCNB2 expression levels in pan-cancer [37]. Patients were categorized into CCNB2Me&" and CCNB2!°Y groups based on the
median expression level. Kaplan-Meier plots of the association of CCNB2 expression with overall survival were visualized utilizing the
“survival” and “survminer” R packages (version 0.4.9, https://CRAN.R-project.org/package=survminer).

Gene expression and survival data from the GSE42568 dataset were also retrieved from the GEO database to verify the results
obtained with TCGA data. The Kaplan-Meier Plotter (http://kmplot.com/analysis/) website and the Human Protein Atlas database
(HPA, https://www.proteinatlas.org/) were used for the prognostic analysis and protein expression validation, respectively.

2.6. CCNB2 co-expression and functional enrichment analyses

Pearson’s method was employed to identify genes co-expressed with CCNB2 (correlation coefficient of >0.6 or < —0.4) in BRCA
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tissues, and GO and KEGG enrichment analyses were used to elucidate the functional implications of the co-expressed genes. Gene set
enrichment analysis (GSEA) was used to analyze the potential molecular mechanisms enriched in the co-expressed genes (|normalized
enrichment score| >1). A false discovery rate of <0.05 and a p-value of <0.05 were considered statistically significant. The “h.all.
v2023.1. Hs.entrez.gmt” gene set was used as a reference.

The GO and KEGG analysis results were visualized as a circle plot using the “ComplexHeatmap” (version 2.16.0) and “circlize”
(0.4.15) R packages [38,39], while the GSEA results were visualized using the “enrichplot” R package (version 1.20.0, https://doi.org/
10.18129/B9.bioc.enrichplot). The PPI network between CCNB2 and the co-expressed genes (correlation coefficient >0.8 or < -0.4, p
< 0.05) was analyzed using the STRING website and constructed in Cytoscape [40,41].

2.7. Relationships between CCNB2 expression and TIICs

This research investigated the associations between CCNB2 expression and the signature genes of 28 types of immune cells using
single-sample GSEA (ssGSEA) with the “IOBR” R package (version 0.99.9) [42]. TCGA results were validated using the GSE65194 GEO
dataset and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC, https://www.bccre.ca/dept/mo/) data. The
TIICs in the CCNB2"8" and CCNB2!°W groups were compared using the Wilcoxon test and Spearman’s correlation analysis.

2.8. Microsatellite instability (MSI), tumor mutation burden (TMB), immune checkpoint, and chemokine analyses

The relationships between CCNB2 expression and MSI or TMB were also investigated. The “cBioPortalData” R package (version
2.12.0) was used to obtain MSI scores in pan-cancer data from TCGA [43]. The masked somatic mutation data from TCGA were used to
determine the TMB score for each cancer type. In addition, this study explored the associations between CCNB2 and the currently
recognized major immune checkpoints. The analyses evaluated the correlations between CCNB2 expression and MSI, TMB, and the
immune checkpoint molecules using Spearman’s correlation coefficient. Finally, this study assessed the correlations between CCNB2
expression and the levels of chemokines, including receptor and ligand families, utilizing the Tumor Immune System Interaction
Database (TISIDB) [44].

2.9. Drug sensitivity analysis

The “Oncopredict” R package (version 0.2) was employed to predict drug sensitivity in patients with BRCA using tumor therapy
genome data [45]. The half-maximal inhibitory concentration (IC50) and area under the concentration-response curve (AUC) values
were obtained from the Genomics of Drug Sensitivity in Cancer database [46].

2.10. Cell culture

Human breast cancer cell line (MDA-MB-231 and MCF-7) were obtained from American Type Culture Collection (ATCC; Manassas;
VA). MDA-MB-231 was cultured in DMEM medium (HyClone, Logan, UT, USA) supplemented with 10 % fetal bovine serum (FBS) at
37 °C and 5 % CO2. MCF-7 was cultured in MEM medium (HyClone, Logan, UT, USA) supplemented with 10 % FBS and 10ug/ml
insulin at 37 °C and 5 % CO2.

2.11. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Clinical samples were obtained from the Wuhan Tongji Hospital. RT-qPCR was conducted using SYBR® Green (Roche, Basel,
Switzerland) for quantification of gene expression. The 2-22% method was used to determine the relative expression levels of CCNB2;
GAPDH served as the control gene. Statistical analyses were performed using GraphPad Prism (Version 9.1.0; GraphPad Software, San
Diego, CA, USA), and a p-value <0.05 was considered statistically significant. Table 1 lists the primer sequences used in RT-qPCR.

2.12. Western blotting

Following cell lysis using RIPA lysis buffer, total protein was isolated, resolved on a sodium dodecyl sulfate-polyacrylamide gel,
subsequently transferred onto polyvinylidene fluoride membranes and incubated with primary antibodies for GAPDH (AC033;
ABclonal) and CCNB2 (ab185622; Abcam).

Table 1
RT-qPCR primer sequences of GAPDH and CCNB2.
Forward Primer Reverse Primer
CCNB2 CCGACGGTGTCCAGTGATTT TGTTGTTTTGGTGGGTTGAACT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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2.13. Colony formation assay

Normal breast cancer cells and cells stably transfected with sg-CCNB2 were seeded in a 6-well culture plate. The culture medium
was renewed every 48 h, and the cells were maintained in culture for a duration of 7 days. Subsequently, the cellular clones were fixed
using 4 % paraformaldehyde, stained with 0.1 % crystal violet, and enumerated manually.

2.14. Transwell assay

The invasiveness of breast cancer cells was assessed utilizing Transwell insert chambers (Corning, NY, USA) that had been pre-
coated with Matrigel (Corning Inc.). Specifically, 2%10* cells were inoculated into the upper chamber containing 200 pl of serum-
free medium, while 500 pl of culture medium supplemented with 20 % FBS was introduced into the lower chamber. Following a
24-h incubation period, the invaded cells were fixed using 4 % paraformaldehyde and subsequently stained with 0.1 % crystal violet.
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Fig. 1. DEG analysis and functional enrichment in BRCA. (A) Volcano plot of 2069 significantly upregulated and 1550 significantly down-
regulated DEGs. (B) Heat map of DEGs between BRCA and adjacent normal breast tissues. (C-D) Chordal plots of the functional enrichment analyses
of DEGs, including GO enrichment analysis (C) and KEGG analysis (D).
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Enumeration of cells was conducted under a microscope, and the count was performed for five randomly selected fields at a
magnification of 100 x .

2.15. Nomogram construction and evaluation

Univariate and multivariate Cox regression analyses were used to identify significant independent prognostic factors for BRCA. The
“survival” R package was utilized for survival data analyses, and the results were visualized using the “forestplot” R package (version
3.1.1, https://CRAN.R-project.org/package=forestplot). Significant prognostic factors were used to construct a nomogram to evaluate
the 1-, 3-, 5-, and 7-year overall survival probabilities of patients with BRCA. The “rms” R package (version 6.7.0, https://CRAN.R-
project.org/package=rms) was used to create the nomogram. The receiver operating characteristic (ROC) curve was used to assess
the predictive performance of the model. A calibration curve was created to illustrate the model’s accuracy according to the reference
line.

2.16. Statistical analyses

Student’s t-test was utilized to detect differences between groups. Spearman’s and Pearson’s coefficients were used to evaluate
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correlations as appropriate. All statistical analyses were performed using R software, and a p-value of <0.05 was considered statis-
tically significant.

3. Results
3.1. DEG identification and functional annotation

The DEG analysis identified 2069 significantly upregulated and 1550 significantly downregulated genes in TCGA-BRCA cohort
(Fig. 1A and B). The GO enrichment analysis (Fig. 1C) determined that the DEGs were involved in signal release, collagen-containing
extracellular matrix, and gated channel activity processes. The KEGG analysis (Fig. 1D) demonstrated significant enrichment of cell
cycle, extracellular matrix-receptor interaction, and focal adhesion pathways.

3.2. BRCA mutation landscape

Missense mutations were the primary type of mutations observed in patients with BRCA (Fig. 2A). Single nucleotide polymorphisms
were more frequent than insertions or deletions (Fig. 2B). Notably, C > T substitutions were the most prevalent form of single-
nucleotide variants in BRCA (Fig. 2C). Fig. 2D and E illustrate the other mutation types and information within BRCA, and Fig. 2F
and G illustrate the mutation information of the gene set and DEGs.
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Fig. 4. Experimental validation of CCNB2 expression level. (A) RT-qPCR detecting the mRNA expression level of CCNB2 in BRCA tissues and
adjacent normal tissues. (B) Western blot detecting the protein expression level of CCNB2 in BRCA tissues and adjacent normal tissues. Western blot
results were cropped from adjacent lanes on the same gel in the same experiment. (C-D) Immunohistochemistry detecting the protein expression
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The top five genes with the highest mutation rates in BRCA were TP53 (34 %), PIK3CA (34 %), TTN (17 %), CDH1 (13 %), and
GATA3 (13 %). Similarly, the top five DEGs with the highest mutation rates in BRCA were TTN (17 %), GATA3 (13 %), SYNEI (6 %),
ZFHX4 (5 %), and DMD (5 %).
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3.3. Survival and PPI network analyses
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This study also verified the prognostic value of the DEGs by survival analysis with TCGA data. In total, 1847 genes related to
prognosis were identified, 183 of which intersected with the identified DEGs (85 downregulated and 98 upregulated) (Fig. 3A).
Moreover, the STRING database was used to ascertain the interactions among the intersecting genes by constructing PPI networks to
identify hub genes (Fig. 3B) and differential expression of the hub genes (Fig. 3C). CCNB2 was a differentially expressed hub gene;
therefore, further analyses were performed with CCNB2 since its role in immune infiltration and the TME remains unclear.
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Fig. 7. MSI, TMB, immune checkpoint, and chemokines pan-cancer analysis. (A-B) Radar plots of the correlation between CCNB2 expression
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database. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance.
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3.4. Association of CCNB2 expression with BRCA prognosis

CCNB2 expression was significantly upregulated in most tumors compared to the normal controls in pan-cancer analysis of TCGA
database, especially in BRCA (Fig. 3D-E). Further analysis of the 98 paired BRCA and normal adjacent samples from TCGA database
verified that CCNB2 mRNA expression was higher in the BRCA samples than in the normal samples (Fig. 3G).

This research further assessed the effects of CCNB2 expression on the survival outcomes of patients with BRCA using TCGA data.
The CCNB2"8? group had significantly shorter overall survival than the CCNB2'°¥ group (Fig. 3H, p = 0.043), suggesting that CCNB2
functions as an oncogene in BRCA and its overexpression indicates a worse prognosis.

The study separately validated the results obtained from TCGA data using the GSE42568 dataset, demonstrating elevated CCNB2
expression in BRCA tissues and an association with poor prognosis (Fig. 3F and I, p = 0.026). The prognostic result was further
confirmed by a survival analysis assessing overall survival and relapse-free survival (Fig. 3J-K, p = 0.028 and p = 0.013, respectively).
Moreover, CCNB2 expression based on RT-qPCR (Fig. 4A), western blotting (Fig. 4B and Supplementary Figs. 4A-B), and HPA database
(Fig. 4C and D) analyses confirmed the difference between normal and tumor tissues. Subsequently, analyses investigated the impact of
CCNB2 gene expression on tumor proliferation (Fig. 4E-F and Supplementary Figs. 4C-D). The CCNB2 knockdown group exhibited a
significant inhibition of tumor proliferation (Fig. 4G-H) and migration (Fig. 4I-J) compared to the control group. Similar to the
findings in the triple-negative breast cancer cell line MDA-MB-231, knockdown of CCNB2 inhibited the proliferation and migration of
hormone receptor-positive breast cancer cell line MCF-7 (Supplementary Fig. 1 and 4E-F).

3.5. Genes co-expressed with CCNB2 in BRCA

Next, genes were identified co-expressed with CCNB2 using RNA-sequencing data from patients with BRCA in TCGA database.
Fig. 5A presents a circular heat map of the top 30 positively correlated genes and the top 10 negatively correlated genes with CCNB2.
Fig. 5C and D presents the GO and KEGG enrichment analysis results, respectively (Supplementary Tables 1-2).

Chromosome segregation, chromosomal region, and tubulin binding were the most significantly enriched GO terms for biological
processes, cellular components, and molecular function, respectively. Similarly, cell cycle, DNA replication, cellular senescence, the
p53 signaling pathway, and mismatch repair were the main enriched KEGG pathways associated with BRCA. The PPI network analysis
demonstrated that the genes most related to CCNB2 at the protein level were PLK1, CDC20, AURKA, BUB1B, and BUBI (Fig. 5B and
Supplementary Fig. 2).

The pathways of CCNB2 co-expressed genes were analyzed by GSEA (Fig. 5E and F and Supplementary Table 4), suggesting that the
co-expressed genes were positively associated with cell cycle-related pathways (E2F-targets, G2/M phase checkpoint, master regulator
of cell cycle entry and proliferative metabolism [MYC] targets v1/v2, and mitotic spindle), cancer-related pathways (mammalian
target of rapamycin complex 1 [mTORC1] and phosphoinositide 3-kinase-protein kinase B-mammalian target of rapamycin [PI3K-Akt-
mTOR] signaling), cell energy-related pathways (reactive oxygen species [ROS], oxidative phosphorylation, and glycolysis), DNA
repair, and the interferon response in the hallmark gene set (Supplementary Table 3). In addition, the co-expressed genes exhibited
negative associations with myogenesis, early estrogen response, coagulation, down-regulated ultraviolet response, and upregulated
Kirsten rat sarcoma virus (KRAS) signaling. Interestingly, these genes were also negatively enriched in the epithelial-mesenchymal
transition pathway.

3.6. Tumor immune infiltration analyses

The infiltration of immune cells into tumor tissues is an independent prognostic factor for survival in most malignant tumors.
Consequently, analyses examined the correlations between CCNB2 and TIICs in BRCA using ssGSEA (Fig. 6A and Supplementary
Table 5). CCNB2 expression was positively associated with myeloid-derived suppressor cell (MDSC) infiltration, activated cluster of
differentiation (CD)8+ T cells, gamma delta T cells, regulatory T cells (Tregs), memory B cells, type 2 T helper cells (Th2), effector
memory CD4" T cells, and activated CD4" T cells. Furthermore, CCNB2 expression was negatively associated with the infiltration of
central memory CD8" T cells, central memory CD4™ T cells, plasmacytoid dendritic cells (pDCs), CD56dim natural killer (NK) cells,
CD56bright NK cells, NK cells, immature dendritic cells, mast cells, eosinophils, and neutrophils.

Fig. 6B also depicts the associations between CCNB2 expression and TIICs. Most importantly, the study identified a positive as-
sociation between CCNBZ2 and TIICs that are known to promote tumor development and aggression in the TME, such as MDSCs, Tregs,
and Th2 cells. In addition, NK cells, including CD56dim and CD56bright cells, were suppressed the most by high CCNB2 expression.

These associations were verified in the GSE65194 dataset (Fig. 6C and D) and the METABRIC database (Fig. 6E-G), confirming that
high CCNB2 expression is inextricably linked with TME changes and decreased NK cells.

3.7. MSI, TMB, immune checkpoint, and chemokines pan-cancer analysis

MSI is a hypermutation phenotype resulting from the loss of DNA mismatch repair activity, which serves as a molecular marker for
a deficient mismatch repair system. Positive interactions between CCNB2 and MSI were observed in most human cancers, whereas a
negative interaction was observed exclusively in THYM (Fig. 7A). The TMB has emerged as a reliable marker for predicting the
sensitivity to block immune checkpoints. This study revealed a remarkable positive correlation between CCNB2 and the TMB in several
cancer types, including DLBC, STAD, ACC, PAAD, KICH, LUAD, BRCA, LGG, PRAD, SARC, BLCA, UCEC, COAD, and LUSC. In contrast,
CCNB2 expression was negatively correlated with TMB only in THYM (Fig. 7B).
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Next, this research analyzed the association between CCNB2 and immune checkpoint molecules (Fig. 7C). Further analysis in BRCA
illustrated that CCNB2 expression correlated significantly with immune checkpoints (Supplementary Fig. 3). Additionally, analyses
identified a significant association between CCNBZ2 and various chemokine family molecules in BRCA (Fig. 7D and E). CCNB2
expression was most negatively associated with C-X3-C motif chemokine receptor 1 (CX3CR1), C-C motif chemokine ligand (CCL) 14,
C-X-C motif chemokine ligand (CXCL) 12, CXCL14, and C-C motif chemokine receptor 6 (CCR6); it was most positively associated with
CCL7, CCL18, CXCL10, CCL20, and CCLS8.

3.8. Association between drug sensitivity and CCNB2

This study identified a significant correlation between CCNB2 expression and drug sensitivity (Supplementary Table 6). Specif-
ically, CCNB2 overexpression was associated with increased IC50 values for AZD2014 (Fig. 8A), AZD2014 (Fig. 8B), AZD8055
(Fig. 8C), ipatasertib (Fig. 8D), MK-2206 (Fig. 8E), ribociclib (Fig. 8F), and selumetinib (Fig. 8G). In addition, CCNB2 overexpression
was related to decreased IC50 values for AZD7762 (Fig. 8H), MK-8776 (Fig. 81), cisplatin (Fig. 8J), camptothecin (Fig. 8K), topotecan
(Fig. 8L), ibrutinib (Fig. 8M), savolitinib (Fig. 8N), and talazoparib (Fig. 80). Therefore, accurate predictions could enhance the
treatment effect for patients with BRCA.
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Fig. 8. The correlation between the drug sensitivity of common clinical anti-tumor drugs and the expression level of CCNB2. CCNB2 was
positively correlated AZD2014 (A), AZD6482 (B), AZD8055 (C), Ipatasertib (D), MK-2206 (E), Ribociclib (F), Selumetinib (G), whereas negatively
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Fig. 9. Prognostic analyses and nomogram construction. (A-B) Univariate (A) and multivariate (B) Cox regression analyses showing the hazard
ratios (HRs) of different factors using forest plots. (C) Nomograms predicting the probability value of the 1-, 2-, 3-, 4-, and 5-year survival risk of
CCNB2 expression in BRCA. (D) Receiver operating characteristic curves of CCNB2 expression level combined with age, N stage and M stage. (E)
Calibration curve of the nomogram. (F) Decision curves for 1-, 3- and 5-year overall survival. **P < 0.01, ***P < 0.001.
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3.9. Prognostic value of CCNB2 in BRCA

The univariate Cox regression analysis demonstrated a significant association between CCNB2 expression and overall survival
(hazard ratio: 1.25, 95 % confidence interval = 1.04-1.5; p = 0.018; Fig. 9A and Supplementary Table 7). Moreover, CCNB2 was an
independent risk factor for overall survival in the multivariate Cox regression analysis (hazard ratio: 1.36, 95 % confidence interval =
1.12-1.66; p = 0.002; Fig. 9B).

Next, the survival data was integrated with clinical variables (age, N stage and M stage) and the CCNB2 expression level to
construct a prognostic nomogram for predicting an individual’s risk after 1, 2, 3, 4, and 5 years (Fig. 9C). The ROC curve showed that
the AUC values were 0.871, 0.809, 0.787, 0.815, and 0.747, respectively (Fig. 9E). The calibration curve demonstrated excellent
concordance between the actual and predicted survival outcomes (Fig. 9D). For instance, a 72-year-old (66.8 points) female patient
with N2 stage (35.1 points) and MO stage (0 point) BRCA, and an CCNB2 expression level of 6.806 (60.7 points), has a total score of
162.6 points. Therefore, this patient’s estimated 1-, 2-, 3-, 4-, and 5-year survival rates were 96 %, 91 %, 80 %, 74 % and 63 %,
respectively (Fig. 9D). Decision curves showed good predictive accuracy for this signature (Fig. 9F).

4. Discussion

BRCA is a devastating malignancy and the leading cause of cancer-related deaths among women in most countries. For decades,
clinical treatment for BRCA has relied on surgery, with additional support from chemotherapy, radiotherapy, and endocrine therapy.
However, discovering molecular markers and new drug targets has created new possibilities for targeted treatments. Currently, gene-
targeting therapies for BRCA primarily focus on oncogenes, tumor suppressor genes, and tumor angiogenesis genes. Inmunotherapy is
also becoming increasingly valuable. Therefore, understanding the roles of immune molecules in the development and progression of
BRCA is crucial.

The DEG, survival, and PPI network analyses identified CCNB2 as a key gene in BRCA. Furthermore, comprehensive analysis of
overall survival or relapse-free survival data for BRCA from an independent database determined that patients with high CCNB2
expression had a poor overall prognosis compared to those with low expression, aligning with previous studies [24-26]. Univariate and
multivariate Cox regression analyses also identified the CCNB2 expression level as an independent prognostic factor for BRCA. Pre-
vious studies have found a positive correlation between high expression of CCNB2 and clinical staging [47]. In this research, the
prognostic nomogram, ROC curves and decision curves were constructed involving the CCNB2 expression level, age, N stage and M
stage, which can help clinicians accurately identify high-risk patients. Furthermore, prominent differences in protein levels were
confirmed in BRCA cell lines and tissue samples, which could serve as prognostic markers for BRCA. Cell proliferation assay and
invasion assay demonstrated that high CCNB2 expression could enhance the proliferate and invasive ability of breast cancer cells.

Moreover, this study conducted functional enrichment analyses to investigate the function of CCNB2 and its co-expressed genes.
Consistent with a previous study, CCNB2 was found to be vital in the cell cycle pathway [48]. Additionally, the co-expressed genes
were enriched in the PI3K-Akt-mTOR pathway. PI3K-Akt-mTOR pathway activation is common in BRCA and acts as an oncogenic
driver, promoting cell transformation, tumor initiation, development, metastasis, and apoptotic resistance [49]. The drug sensitivity
analysis also confirmed the functional enrichment analysis results. PI3K inhibitors (AZD6482), AKT inhibitors (ipatasertib, MK-2206),
and mTOR inhibitors (AZD2014, AZD8055) were positively associated with CCNB2 expression. Moreover, increased ROS production
promoted CD4" T cell apoptosis and tumorigenesis, and oxidative distress influenced their immunosuppressive capacity in Tregs.
MDSCs are also an excellent example of how ROS mediate immunosuppression in the TME [50]. These results further suggest the
potential mining value of the role of CCNB2 in tumor development and the immune microenvironment.

A significant correlation between CCNB2 expression and various immune infiltrating cells, including tumor-associated macro-
phages, Th2 cells, Tregs, and exhausted T cells, has been reported in hepatocellular carcinoma [51]. Therefore, this study investigated
these relationships in BRCA, identifying a positive association between CCNB2 expression and the levels of Th2 cells, Tregs, and MDSCs
in BRCA tissues. Previous studies have shown that immune polarization of Th2 cells promotes metastasis in BRCA and is associated
with unfavorable genetic properties of the tumor [52]. Tregs, known for their immunosuppressive activity in tumors, pose a major
obstacle to effective anti-tumor immunity. In particular, Th2-like Tregs exhibit a high migratory capacity toward chemokines enriched
in tumors, potentially contributing to the maintenance of a tumorigenic environment [53]. MDSCs are crucial for creating an
immunosuppressive microenvironment, promoting tumor progression, and inducing resistance to anti-tumoral therapies through
various non-immunological mechanisms [54]. Conversely, CCNB2 expression was negatively associated with the levels of pDCs, eo-
sinophils, NK cells, neutrophils, and central memory cells in BRCA tissues. Neutrophils contribute to the anti-tumor response by
initiating immune responses and directly lysing tumor cells [55]. pDCs secrete interferons, restrain tumor cell growth and migration,
and activate NK cells and CD8™ T cells [56]. Interestingly, although activated pDCs may induce anti-tumor reactions in vivo, pDCs in
the TME suggest a tumor-promoting effect [57]. Patients with low eosinophil counts have been shown to have an increased risk of
recurrent disease and poor specific survival of BRCA compared with those of patients with normal or high eosinophil counts [58]. Most
importantly, NK cells, which are essential in the immune response against tumors and their eradication, become dysfunctional in an
immunosuppressed TME due to exposure to inhibitory molecules released by cancer cells, resulting in tumor escape [59]. Overall, the
analysis of TIICs suggests that CCNB2 may help to create a TME that promotes tumor development, progression, and metastasis by
increasing immunosuppressive cells and inhibiting the immune-killing effect.

Previous studies have demonstrated that tumors with mismatch repair deficiencies are more responsive to PD-1 blockade than
tumors with proficient mismatch repair [60]. Additionally, the TMB, an essential biological indicator for predicting the immuno-
therapy response, increases in certain cases of BRCA and is enriched in metastatic tumors [61]. A close correlation was identified
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between high CCNB2 expression and increased MSI and TMB levels, suggesting a potential relationship between CCNB2 expression and
immune status. Inmune cells contribute to tumor growth by promoting immune escape via the upregulation of immune checkpoints
and proinflammatory cytokines. T cell exhaustion, characterized by immune suppression within the TME, directly affects T cell
function [62]. Notably, this research found a prominent positive correlation between CCNB2 and T cell exhaustion markers, including
PD-1, CTLA4, and TIM3; PD-1 and CTLA-4 are vital proteins involved in tumor immune escape [63,64]. These findings indicate that
CCNB2 plays a pivotal role in inducing T cell exhaustion and that the upregulation of these markers enhances the suppression of
anti-tumor immunity. Furthermore, this study revealed a strong association between CCNB2 expression and most immune checkpoint
markers, indicating that CCNB2 may be essential for recruiting and regulating TIICs in BRCA. However, analysis of the chemokine
family suggests contradictory conclusions. On the one hand, increased CCL18 and CCL20 expression promotes tumor proliferation and
metastasis. In contrast, CXCR3, a known tumor-promoting factor, was significantly negatively correlated with CCNB2 expression.
Given the diversity and complexity of the chemokine family, several mechanisms remain unclear. Thus, further exploration of the
underlying mechanisms mediating the link between CCNB2 expression and chemokine family members is required.

In addition to the PI3K-Akt-mTOR inhibitors mentioned above, tumors with high CCNB2 expression showed sensitivity to CDK4/6
inhibitors, which are endocrine drugs used in breast cancer treatment. Unfortunately, high CCNB2 expression confers resistance to
drugs that cause DNA damage, inhibit DNA repair, and induce tumor apoptosis, possibly because CCNB2 overexpression regulates cell
cycle arrest and inhibits the apoptosis of tumor cells. Therefore, targeting CCNB2 in combination with cell cycle inhibitors or
immunotherapy could be a promising treatment strategy.

This study corroborates prior research on CCNB2 as a regulator of the cell cycle and confirms its promoting role in tumorigenesis
and progression when overexpressed. Furthermore, the study identified the potential involvement of CCNB2 in the cancer tumor
microenvironment, whether associated with TMB, MSI, or immune-infiltrating cells, indicating its potential as a biomarker and
therapeutic target. Given the limited efficacy of current hormonal therapy and chemotherapy in certain breast cancers, especially
triple-negative breast cancer, targeted therapy, particularly immunotherapies targeting the tumor microenvironment, becomes
pivotal. Simultaneously, the prognostic model developed in this study and the analysis of drug sensitivity may provide clinicians with
treatment references, whether for prognostic inference or combination therapy with other drugs, demonstrating the translational value
of CCNB2 as a biomarker. Both in vitro experiments confirming the impact of CCNB2 on tumor initiation and progression, and bio-
informatics analyses indicating its role in the tumor microenvironment and immunotherapeutic targeting, demonstrate the broad
applicability of CCNB2 as a therapeutic target in both hormone receptor-positive and triple-negative breast cancers. Thus, translating
the relationship between CCNB2 and the tumor microenvironment into clinical therapy holds significant promise. This represents a
direction for the future efforts, exploring the mechanisms underlying the relationship between CCNB2 and tumorigenesis, as well as
the efficacy of its inhibitors and their combination therapy with other drugs.

This study had several limitations. First, retrieving multiple pieces of information from diverse databases introduced systematic
bias. Second, the information from TCGA may be biased despite the validation in cell lines and clinical specimens. Third, since the
results are based on a public database and computational algorithm, further studies are needed to investigate the function and
mechanism of biomarkers in BRCA using in vivo and in vitro approaches. Further efforts should be made to explore the role of CCNB2
in cancer and its value as a potential immune target for anticancer therapy.

5. Conclusions

In summary, this study represents the first description of the relationship between CCNB2 and tumor microenvironment as well as
immune infiltration in BRCA. Analyses identified novel and clinically significant correlations between CCNB2 and prognosis, immune
cell infiltration, immunity markers (e.g., chemokines, immune checkpoint molecules), TMB, MSI, and drug sensitivity. This suggests
that the biomarker CCNB2 may serve as a therapeutic target, offering valuable insights into its role in tumor microenvironment and
immunotherapy in BRCA.
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