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Background: PDZ binding kinase (PBK) is a serine/threonine kinase, which belongs to the mitogen-activated protein kinase kinase (MAPKK) family. It has been shown to be a critical gene in the regulation of mitosis and tumorigenesis, but the role of PBK in various cancers remains unclear. In this study, we systematically explored the prognostic and predictive value of PBK expression in 33 cancer types.
Methods: Public databases including the cBioPortal database, GDSC database, GTEx database, CCLE database, and TCGA database were used to detect the PBK expression and its association with the prognosis, clinicopathologic stage, TMB, MSI, immune microenvironment, immune checkpoints, immune cell infiltration, enrichment pathways, and IC50 across pan-cancer. The statistical analyses and visualization were conducted using R software.
Results: PBK expression is relatively high in most cancers compared to their normal counterparts, and this gene is barely expressed in normal tissues. High expression of PBK is significantly associated with poor prognosis and clinicopathologic stages I, II, and III in different cancers. Furthermore, PBK expression is strongly associated with TMB in 23 cancer types and associated with MSI in nine cancer types. Moreover, the correlation analysis of the microenvironment and immune cells indicated that PBK is negatively correlated with the immune infiltration levels but positively correlated with the infiltration levels of M0 and M1 macrophages, T cells CD4 memory activated, and T cells follicular helper. GSEA analysis revealed that the biological function or pathways relevant to the cell cycle and mitosis were frequently enriched at the level of high expression of PBK.
Conclusion: These results revealed the oncogenic role of PBK, which is significantly upregulated in various cancers and indicated poor prognosis and immune infiltration in multiple cancers. It also suggested that PBK may serve as a biomarker in multiple tumor progress and patient survival.
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INTRODUCTION
Cancer is the second most frequent cause of death worldwide and emerges in various forms according to cells of origin and the genomic alterations (Pan-cancer analysis of whole genomes 2020; Bray et al., 2013; Weinstein et al., 2013). The pan-cancer analysis project was launched by The Cancer Genome Atlas (TCGA), which aimed to find out the common features and the heterogeneities and analytical breadth across different cancers in 2012 (Weinstein et al., 2013; Liu et al., 2021). It is a systemic project to interpret molecular profiles from genomic, epigenomic, transcriptional, and proteomic levels in large cohorts. At the same time, calculation by repetitive timing and gene expression associated with background mutation rates enabled us to reduce false-positive and false-negative rates in statistics in a single type of tumor project (Lawrence et al., 2013; Weinstein et al., 2013). This helps us to comprehensively understand certain gene expression levels in cancer and the implication for cancer treatment in clinical practice.
PBK, also known as T-LAK cell-originated protein kinase (TOPK), is a serine/threonine kinase belonging to the MAPKK family, which is expressed exclusively in actively proliferating cells, particularly in germinal and fetal cells (Herbert et al., 2018). Compared to normal tissues, PBK has been proven to be upregulated in tumor tissues, such as breast cancer, lung cancer, and leukemia, which indicated a poorer cancer diagnosis and prognosis, making it a potential therapeutic target for cancer treatment (Park et al., 2006; Lei et al., 2013; Ishikawa, Senba, and Mori 2018; Han et al., 2021). PBK is also a crucial factor in proliferation, invasiveness, and metastasis in tumor tissues (Herbert et al., 2018; Hinzman et al., 2018; Q.X.; Yang et al., 2019). Recent study has suggested that PBK upregulates autophagy and chemoresistance through the ERK/mTOR signaling pathway in high-grade serous ovarian carcinoma (Ma et al., 2019). PBK overexpression also relates to the effect of anti-apoptosis in tumors from the previous confirmation studies (Park et al., 2013; Han et al., 2021). While most research to date has described the biological function of PBK in certain tumor types and limited samples, a comprehensive understanding of PBK in various cancers is needed.
In this study, we conducted a pan-cancer analysis to illustrate the biological functions of PBK across cancers. Different public databases were used to analyze the PBK expression in tumor and normal samples and the relationship with different cancers. In addition, the association between PBK and immune infiltration, mutation status, TMB, and MSI were explored across different cancers. Furthermore, co-expression of immune-related genes and PBK was conducted. Gene set enrichment analysis (GSEA) was used to explore the possible Gene Ontology (GO) function and pathway enriched in 33 cancer types. Finally, we performed the drug resistance analysis to figure out the correlation between PBK expression and half-maximal inhibitory concentration (IC50) in different antitumor drugs. This study provided novel insight into the functional role of PBK in different types of cancer and also revealed its potential correlation with immune infiltration and chemoresistance.
MATERIALS AND METHODS
Data Processing and Expression Analysis
RNA-seq data, somatic mutation data, and relevant clinical data were downloaded from TCGA database, at the University of California Santa Cruz (UCSC, https://xenabrowser.net/). TOIL Genotype Tissue-Expression (GTEx) transcription expression RNA-seq and phenotype data were also obtained using UCSC Xena, and PBK expression was detected in 31 different tissues. The Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle/) database was used to collect each tumor cell line’s data, and 21 tissues were utilized to extract the PBK expression. Comparison of PBK expression between tumor and normal samples was conducted in 33 TCGA cancer types. All expression data were log2 transformed and the Wilcoxon test was used to compare the difference significance between tumor and normal samples. In addition, PBK expression was also detected in 21 tumor cell lines and 31 normal tissues; Kolmogorov–Smirnov tests were conducted after the expression data were log2 transformed.
Survival analysis of PBK and its correlation with clinical phenotypes in different cancers
Survival analysis was then processed using Kaplan–Meier methods and the log-rank test. We selected four indicators to explore the relationship between PBK expression and patient prognosis, including overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI). The Kaplan–Meier curve was plotted using R packages “survival” and “survminer.” Meanwhile, Cox analysis was processed and visualized using R packages “survival” and “forestplot.” We also detected the PBK expression and their association with the tumor stage in different cancer types, which was performed using R packages “limma” and “ggpubr.”
Mutation Profiles
The cBio Cancer Genomics Portal (cBioPortal, http://cbioportal.org) is an open platform for multidimensional cancer genomic research (Cerami et al., 2012). 32 “TCGA Pan Cancer Atlas Studies” and 10967 samples were chosen to investigate the copy number alteration (CNA), mutation rates, and distribution of PBK. The catalog of somatic mutations in cancer (COSMIC, https://cancer.sanger.ac.uk/cosmic/) covers all resources for the effect and the genetic mechanism of somatic mutations in human cancer (Tate et al., 2019; Ye et al., 2021). The COSMIC database was used to explore the mutation of PBK in specific cancer types in this study.
Correlation of PBK Expression With Tumor Mutation Burden, Tumor Microsatellite Instability, and Immune Checkpoint Expression
TMB represents all mutation numbers in a tumor tissue, which serve as a biomarker for the sensitivity of immune checkpoint inhibitor therapy in several cancers (Choucair et al., 2020). We calculated TMB scores using the mutation data downloaded above and determined the correlation between PBK expression and TMB scores. MSI means the genetic hypermutability caused by impaired DNA mismatch repair, which may also influence the immune checkpoint therapy (Yamamoto and Imai 2019). MSI scores were also calculated, as well as their association with PBK expression. The results are visualized as a radar chart using the R package “fmsb.” Furthermore, we evaluated the association between PBK expression and the immune checkpoint previously reported (Paluch et al., 2018; Pan et al., 2019; Liu et al., 2021). The result is presented as a heatmap which was generated using the “reshape2” and “RColorBrewer” packages.
PBK Expression and Immune Infiltration
Immune scores, stromal scores, estimate scores, and tumor purity were calculated using the ESTIMATE algorithm based on transcriptome expression profiles in various cancers, which are frequently used to assess the degree of infiltration of stromal or immune cells (Yoshihara et al., 2013). Then, the correlations of PBK expression with immune and stromal scores in different cancers were presented as scatter plots. Additionally, we calculated the proportion of 22 tumor-infiltration immune cells in each pan-cancer patient based on the CIBERSORT algorithm, which can predict the composition of immunocytes based on the gene expression profiles of tumor tissues (Newman et al., 2015). Moreover, the association between PBK expression and immune cells was assessed and visualized using the packages “ggplot2,” “ggpubr,” and “ggExtra.”
Gene Set Enrichment Analysis
GSEA analysis was performed to identify the biological function of PBK in different tumors. We downloaded the gene sets “c5.go.v7.3.symbols” and “c2.cp.kegg.v7.3.symbols” from the official GSEA website (https://www.gsea-msigdb.org/gsea/downloads.jsp), which represents the GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets, respectively. We consider p<0.05 as the significance threshold, and R packages “limma,” “org.Hs.eg.db,” “clusterProfiler,” and “enrichplot” were used to plot enrichment results.
Drug Sensitivity Analysis
The response to chemotherapy for each sample was predicted based on the Genomics of Drug Sensitivity in Cancer (GDSC, https://www.cancerrxgene.org/) (W. Yang et al., 2013). Cell line data, IC50 information of different compounds, and the gene expression profile were downloaded from the GDSC database. We extracted the PBK expression and IC50 value using strawberry Perl (version 5.30.1, http://strawberryperl.com/), and then the correlation between PBK expression and each compound’s IC50 value was shown as scatter plots using the R packages “ggplot2,” “ggpubr,” and “ggExtra.”
Statistical Analysis
All statistical analyses were conducted using R software (version 4.0.2) and attached packages. The Wilcoxon test was used to compare the gene expression between the normal and tumor samples in all the tumors across all cancer types. The Kruskal–Wallis test was used to compare the difference in gene expression between different tumor stages and the gene expression in different tumor cell lines and normal tissues. Survival analyses were performed using the log-rank test, the Kaplan–Meier method, and the Cox regression model. Correlation analyses were conducted using Pearson’s test. Two-tailed p value <0.05 was considered as statistically significant.
RESULTS
PBK Expression in Tumor and Normal Tissue Samples
We first analyzed the expression pattern of PBK in nontumor tissues and different tumor cell lines. As shown in Figure 1A, PBK is highly expressed in the testis and bone marrow tissues, while it is lowly expressed in brain, breast, liver, and other normal tissues. Next, the expression of PBK in 21 tumor cell lines based on the CCLE database showed that PBK displayed inconsistent expression levels across tumor cell lines (p = 2.2e-16, Figure 1B), and the expression of the PBK level was relatively high in tumor cells. We next compared the difference of PBK mRNA expression between cancer and normal tissues on TCGA database, and the results showed that PBK was relatively highly expressed in most tumor tissues (p < 0.05), except for SKCM, THYM, and READ (Figure 1C). Considering that the amount of the normal samples is relatively small in TCGA database, we combined the TCGA database and the GTEx database to analyze the difference of PBK expression levels in 31 cancer types (Figure 1D). We also found that PBK was significantly upregulated in cancer samples compared to their paired normal samples (p < 0.01), consistent with the results from TCGA, except for DLBC and TGCT.
[image: Figure 1]FIGURE 1 | | PBK is abnormally expressed in pan-cancer. (A) PBK expression in 31 tissues from the GTEx database. (B) PBK expression in 21 tumor cells from the CCLE database. (C) Differential expression of PBK in cancers and normal tissues from TCGA database. (D) PBK is abnormally overexpressed in 30 cancer types from the GTEx database and TCGA database (*p < 0.05, **p < 0.01, ***p < 0.001).
These results above indicated that PBK is aberrantly overexpressed in most tumor types.
Correlation of PBK and Clinical Features
We next investigated the PBK expression in different tumor stages across cancers and compared the expression in different stages in each tumor type. As shown in Figure 2, PBK is upregulated in higher tumor stages in most cancers including BRCA, ESCA, KICH, KIRC, KIRP, and LUAD. It is upregulated in stages I, II, and III and downregulated in stage IV in COAD and LUSC. Also, PBK is downregulated in COAD during increased tumor stages. PBK expression was significant in stages I, II, and III across cancers, and the differences between higher tumor stages were relatively small and not statistically significant.
[image: Figure 2]FIGURE 2 | | Relationship of PBK expression with patients’ OS. Forest plots of hazard ratios of PBK in 33 cancer types and Kaplan–Meier OS curves for patients stratified by different expression levels of PBK in eight cancer types.
The results above showed that PBK expression is positively associated with the stage of the cancer in most tumor types.
Expression of PBK Is Associated With Patient Prognosis
As shown in Figure 3, Kaplan–Meier plots identified that high expression of PBK indicated poorer prognosis in ACC (p < 0.001), KIRC (p = 0.01), KIRP (p = 0.001), LGG (p < 0.001), LIHC (p = 0.002), MESO (p < 0.001), and LUAD (p = 0.005), and Cox regression analyses confirmed that PBK is a high-risk gene in these cancer types, as well as in CHOL (HR = 1.941, p = 0.029), KICH (HR = 2.344, p < 0.001), DAAD (HR = 1.714, p < 0.001), and PCPG (HR = 3.843, p = 0.001) (Figure 3). By univariate Cox analysis in DSS of 33 cancer types, we found that high PBK expression is associated with poorer prognosis in ACC (HR = 2.166, p < 0.001), KICH (HR = 2.336, p < 0.001), KIRC (HR = 2.215, p < 0.001), KIRP (HR = 2.867, p < 0.001), LGG (HR = 1.319, p < 0.001), LIHC (HR = 3.633, p < 0.001), LUAD (HR = 1.225, p < 0.001), MESO (HR = 1.954, p < 0.001), PCPG (HR = 4.683, p = 0.002), and SARC (HR = 1.263, p = 0.022) (Figure 4). Kaplan–Meier curves showed that an increased PBK expression correlated with poor prognosis in ACC (p < 0.001), KIRC (p = 0.002), LGG (p < 0.001), LUAD (p = 0.004), MESO (p < 0.001), PAAD (p = 0.034), and KIRP (p < 0.001) (Figure 4).
[image: Figure 3]FIGURE 3 | | Relationship of PBK expression with patients’ DSS. Forest plots of hazard ratios of PBK in 33 cancer types. Kaplan–Meier PFI curves for patients stratified by different expression levels of PBK in seven cancer types.
[image: Figure 4]FIGURE 4 | | Relationship of PBK expression with patients’ PFI. Forest plots of hazard ratios of PBK in 33 cancer types. Kaplan–Meier PFI curves for patients stratified by different expression levels of PBK in nine cancer types.
Cox hazards model analysis in PFI indicated that PBK is a high-risk factor in ACC (HR = 1.893, p < 0.001), KICH (HR = 2.357, p < 0.001), KIRC (HR = 1.725, p < 0.001), KIRP (HR = 2.867, p < 0.001), LGG (HR = 1.319, p < 0.001), LIHC (HR = 1.278, p < 0.001), LUAD (HR = 1.278, p < 0.001), MESO (HR = 1.554, p = 0.003), PAAD (HR = 1.715, p < 0.001), PCPG (HR = 2.742, p < 0.001), PRAD (HR = 2.035, p < 0.001), SARC (HR = 1.243, p = 0.005), THCA (HR = 2.466, p < 0.001), and UVM (HR = 2.438, p = 0.004) (Figure 5). Moreover, Kaplan–Meier methods revealed that PBK indicated worse PFI in ACC (p < 0.001), KIRP (p < 0.001), LGG (p < 0.001), LIHC (p = 0.003), LUAD (p < 0.001), MESO (p = 0.005), PAAD (p = 0.026), PRAD (p < 0.001), and SARC (p = 0.011) (Figure 5).
[image: Figure 5]FIGURE 5 | | Relationship of PBK expression with patients’ DFI. Forest plots of hazard ratios of PBK in 33 cancer types. Kaplan–Meier PFI curves for patients stratified by different expression levels of PBK in five cancer types.
Meanwhile, we also analyzed DFI and revealed that high PBK expression indicated a risk in BRCA (HR = 1.278, p = 0.008), KIRP (HR = 3.133, p < 0.001), LIHC (HR = 1.257, p = 0.002), LUAD (HR = 1.265 p = 0.005), PAAD (HR = 1.800, p < 0.03), PRAD (HR = 2.041, p < 0.001), SARC (HR = 1.243, p = 0.004), and THCA (HR = 3.316, p < 0.001) (Figure 6). Kaplan–Meier DFI curves indicated that patients with high PBK expression showed inferior prognosis in KIRP (p = 0.002), LIHC (p = 0.030), LUAD (p < 0.001), and SARC (p = 0.010) (Figure 6).
[image: Figure 6]FIGURE 6 | | Relationship between PBK expression and the clinicopathologic stage in 10 tumors.
The results above showed a negative correlation between PBK expression and patient survival time in most types of cancer. Kaplan–Meier analysis also suggests a poorer prognosis in these cancers, including ACC, LUAD, LIHC in OS, PFI, DSS, or DFI.
PBK Mutations in Different Tissues
We then observed the alteration frequency and status based on TCGA pan-cancer cohorts in cBioportal. We found that prostate tumors, ovarian cancer, uterine tumors, liver cancer, and bladder cancer shared high alteration frequency (>6%) with “deep deletion” in major mutation, as well as in most cancer types in these cohorts (Figure 7A). Also, the “Amplification” type serves as the major CNA type in sarcoma, thymoma, low grade glioma, and pheochromocytoma and paraganglioma, as shown in Figures 7A, B. There are 40 mutation sites detected in the location between amino acids 0 and 322, including 31 missense, seven truncating, one inframe, and one fusion (Figure 7C), and R75Q is the most frequent mutation site.
[image: Figure 7]FIGURE 7 | | Relationship between PBK and mutation in human cancers based on the cBioPortal database. (A) PBK mutation level in pan-cancer; (B) mutation count of PBK in different cancer types; (C) mutation diagram of PBK in different cancer types across protein domains.
The Cosmic database provided detailed information about mutation types that correlate with PBK in different cancers, which contains nonsense substitution, missense substitution, synonymous substitution, frameshift substitution, inframe deletion, and others (Supplementary Figure S1). Nonsense substitutions were found in bone cancer (50%), breast cancer (12.50%), large intestine cancer (2.63%), liver cancer (4%), and skin cancer (12.50%). Missense substitution exists in breast cancer (29.17%), central nervous system (CNS) cancer (50%), endometrium cancer (58.33%), haematopoietic and lymphoid cancer (30.77%), kidney cancer (25%), large intestine cancer (34.21%), liver cancer (20%), lung cancer (64.29%), ovary cancer (28.57%), pancreas cancer (6.67%), skin cancer (50%), soft tissue cancer (50%), stomach cancer (22.73%), thyroid cancer (100%), and urinary tract cancer (100%). The proportion of synonymous substitution is 8.33% in breast cancer and endometrium cancer, 18.42% in large intestine cancer, 14.29% in lung cancer, 13.33% in prostate cancer, 50% in soft tissue cancer, 18.18% in stomach cancer, and 50% in upper aerodigestive cancer. Also, C > T and G > A types were predominantly observed in the PBK coding strand mutations (Supplementary Figure S1). Other mutation types like frameshift substitution and inframe deletion seldom occurred in different cancers.
In summary, the common PBK mutation types in most cancers are nonsense substitution, missense substitution, and synonymous substitution.
Correlation Analysis With TMB, MSI, Tumor Microenvironment, and Immune Markers
According to the estimate algorithm, we calculated the immune, stromal, and estimate scores and tumor purity in different cancers. Then, we analyzed PBK expression and the correlation with the stromal score and the immune score. The results showed that PBK is negatively correlated with the stromal score and the immune score in most cancer types, apart from THCA. The most significant four tumors in correlation analysis were presented in Figure 8D, including GBM, LUAD, LUSC, and THCA. Results in other cancers are presented in Supplementary Table S1. Considering the significant characteristic with the sensitivity of immune checkpoint inhibitors, we next explore the correlations with PBK expression and TMB and MSI. We analyzed the correlation between the PBK expression level and TMB, which showed positive correlation with TMB in 22 types of cancer, including STAD, UCEC, COAD, SARC, READ, MESO, and HNSC (Figure 8A), while it is negatively correlated with THYM, which is the only tumor type with negative correlation. Notably, PBK expression is positively relevant to MSI in STAD, UCEC, COAD, SARC, READ, MESO, HNSC, and LIHC (Figure 8B) but negatively correlated with MSI in TGCT.
[image: Figure 8]FIGURE 8 | | Correlation of PBK expression and the TMB, MSI, and tumor immune microenvironment. (A) Radar graphs of correlation of PBK with TMB. (B) Radar graphs of correlation of PBK with MSI. The coordinate value corresponding to each point is the correlation coefficient. (***p < 0.001; **p < 0.01; *p < 0.05). (C) Correlation of PBK with the immune score and the stromal score.
Furthermore, we investigated the relationships between PBK expression and immune checkpoints markers in 33 tumors. More than 40 immune checkpoints were selected, and the correlation heatmap was displayed in Figure 8C. Our results showed that PBK is significantly correlated with the expression of some immune markers, such as V-Set Immunoregulatory Receptor (VSIR), Neuropilin 1 (NRP1), TNF Receptor Superfamily Member 14 (TNFRSF14), Leukocyte Associated Immunoglobulin Like Receptor 1 (LAIR1), CD47, CD276, and CD200. We also found that PBK is positively correlated with the immune checkpoint expression in LIHC, THCA, and KIRC. This suggests that PBK might be relevant to tumor immunity by regulating the expression levels of these immune checkpoints. The comprehensive information of all 33 types of cancer is shown in Supplementary Table S2.
These results above showed that PBK is negatively correlated with the immune and stromal scores in most cancer types and positively correlated with the immune checkpoint expression in some cancers.
Association Between PBK Level and Immune Cell Infiltration
To clarify the association between PBK expression and specific immune cell types in pan-cancer, we calculated the immunocyte compositions of all TCGA patients using the CIBERSORT algorithm and then explored their correlation with different PBK expression levels. The five most significant cancer types are presented in Figure 9, with the five most relevant immune cells. The detailed information of other tumors is included in Supplementary Table S3. We found that PBK is negatively associated with dendritic cells resting, monocytes, T cells regulatory (Tregs), and mast cells resting, except for THYM. But it is positively correlated with macrophages M0 (except for THYM), T cells CD4 memory activated (except for THYM), NK cells activated (except for THYM), and T cells follicular helper in these five tumors.
[image: Figure 9]FIGURE 9 | | Association between PBK expression and tumor infiltration of different immune cells in five tumor types.
The study about immune cell infiltration revealed that PBK is negatively related to immune infiltration.
Gene Set Enrichment Analysis in Different Cancers
To observe the biological effects of PBK expression in pan-cancer, all TCGA samples were divided into PBK high-expression and low-expression groups, according to the PBK median expression level, and then we performed the GSEA analysis in GO and KEGG pathway analysis, and the results of six tumors are shown in the left of Figure 10. In GO terms, PBK is negatively correlated with detection of chemical stimulus in BLCA, PRAD, and UCEC but positively regulated with the detection of chemical stimulus in HNSC and LUAD. We also found that PBK is positively associated with mitotic nuclear division and sister chromatid segregation in ACC, as well as DNA-dependent DNA replication, the DNA integrity checkpoint, and the mitotic cell cycle checkpoint in LUAD. In KEGG terms, the PBK high-expression level is positively involved in the cell cycle in BLCA, LUAD, and UCEC and also positively correlated with DNA replication in BLCA and UCEC. Olfactory transduction also showed significant enrichment in BLCA, HNSC, PRAD, and UCEC (Figure 10).
[image: Figure 10]FIGURE 10 | | GO term and KEGG pathway enrichment plots from GSEA analysis.
Our results indicate that PBK is widely involved in the regulation of the function and relevant signaling pathways involved in the cell cycle and DNA replication.
The Sensitivity to Chemotherapy and Target Therapy With PBK Expression
Considering that chemotherapy and targeted therapy is the common way in cancer therapy and previous study indicated that PBK might promote chemotherapy resistance (Zykova et al., 2006; Zykova et al., 2010; Ma et al., 2019), we tried to assess the association between PBK expression and the IC50 level from each GDSC cell line dataset. The top nine absolute values of the highest levels of correlation about the PBK expression and IC50 value of different compounds in pan-cancer cell lines are shown in Figures 11A–I. Our results showed that PBK expression is positively correlated with trametinib, RDEA119, PD032590, and selumetinib, while it is negatively correlated with KU559-33, EX-527, BX-795, temsirolin, and TW37. The pan-cancer IC50 analysis results are available in Supplementary Table S4.
[image: Figure 11]FIGURE 11 | | Correlation of sensitivity to chemotherapy (IC50) with PBK expression.
Conclusively, the PBK expression level was positively correlated with trametinib, RDEA119, PD032590, and selumetinib, which indicated that PBK may be positively correlated with the treatment of these chemotherapeutic drugs and may provide a new direction in tumor chemotherapy.
DISCUSSION
PBK, formed by 322 amino acids, is identified as a protein kinase which belongs to the MAPKK family (Gaudet, Branton, and Lue 2000; Dong et al., 2016). Its expression and phosphorylation levels continued to increase when proliferating cells entered mitosis (Fujibuchi et al., 2005). PBK expression is closely related to the inactivation of protein phosphatase 1α (PP1α); this process was regulated by the CDK1/cyclin B complex (Abe et al., 2007; Park et al., 2010). It is expressed exclusively in germinal and fetal cells and barely expressed in other normal tissues (Abe et al., 2007), while it is overexpressed in breast cancer, gastric cancer, esophageal cancer, glioblastoma, ovarian cancer, and hematologic tumors (Simons-Evelyn et al., 2001; Park et al., 2006; Dou et al., 2015; Ohashi et al., 2016; Ohashi et al., 2017; Kruthika et al., 2019; Ma et al., 2019). In our study detecting the expression of PBK in pan-cancer, we found that PBK is highly expressed in various types of cancers, including ACC, LGG, LUAD, and OV, as well as in tumor cell lines, while PBK is barely expressed in normal tissues, except for bone marrow and the testis, which is consistent with previous reports that PBK is abnormally expressed in tumor tissues and proliferating cells but is hardly detected in normal tissues. The results first showed that the expression level of PBK was relatively lower in TGCT than in its paired normal tissues as there is no previous report on PBK functions in TGCT. But the further mechanism has not been studied. Subsequently, we explored whether PBK expression is correlated with patient prognosis, and the results showed a negative correlation between PBK expression and patient survival time in most types of cancer. Kaplan–Meier analysis also suggests a poorer prognosis in these cancers, including ACC, LUAD, LIHC in OS, PFI, DSS, or DFI. Lei et al. (2015) reported that PBK/TOPK positively correlates with mutant p53 and affects cell proliferation and viability in lung adenocarcinoma, also associated with poor prognosis and an advanced tumor stage. Recent study also suggested that PBK is significantly upregulated, and PBK promotes invasion and migration via the ETV4-uPAR signaling pathway in hepatocellular carcinoma (Q.X. Yang et al., 2019). In contrast, high expression of PBK serves as a low-risk biomarker of OV in OS and DSS analyses. Recent study suggested that high PBK expression was correlated with a poor prognosis, metastasis, and cisplatin resistance in high-grade serous ovarian carcinoma (HGSOC) (Ma et al., 2019); this indicated that the role of PBK in ovarian cancers still needs more investigation. Meanwhile, we also found that PBK expression was correlated with the tumor stage in various cancers. Especially between stage I, II, and III tumors, PBK expression is significantly different. Interestingly, we found that the PBK expression in COAD and LUSC is downregulated in the advanced stage, and then we also investigated the association of PBK expression and COAD and LUSC prognosis, but the result showed that there are no significant differences between high- and low-PBK expression groups. Does that mean COAD and LUSC are different to other cancers? Further investigation is needed. Our study demonstrated that PBK may serve as a biomarker to determine the early stages in various cancers.
Genetic alteration might lead to the malignancy and proliferation in tumor tissues. The work of Ohashi et al. (2017) showed that PBK knockdown inhibits gastric carcinoma cell proliferation through p53 activation in a TP53 mutation-dependent manner. There is no previous study recognizing the mutation types and numbers of PBK. In our study, we revealed that PBK is mainly involved in nonsense substitutions and missense substitutions. Immunotherapy has achieved great success in cancer therapy, and multiple biomarkers have been reported to predict the response to immunotherapy, as well as TMB and MSI (Doroshow et al., 2019). However, immunotherapy still remains ineffective in many patients (Hegde and Chen 2020). The tumor microenvironment and the interactions between peripheral immune cells and tumor cells have a great influence on immunotherapy responses (Hiam-Galvez, Allen, and Spitzer 2021). The role of PBK in the tumor immune landscape is still unclear. Previous study indicated that PBK/TOPK might be an immunotherapy target in bladder cancer (Singh et al., 2014). We first examined the TMB and MSI scores in pan-cancer and their relationships with PBK expression levels, based on the TCGA data. Our results showed that PBK is positively correlated with TMB in 22 cancer types and is significantly correlated with THYM in TMB. Moreover, PBK expression is positively relevant to MSI in nine cancer types, most of which also positively correlated with TMB. The research of Chalmers et al. (2017) indicated that the majority of high-MSI patients also possess high TMB scores. Our results indicated that PBK expression may affect the TMB and MSI levels in different cancers and their immunotherapy responses. In the correlation analysis of PBK and immune checkpoints, PBK is significantly correlated with VSIR, NRP1, TNFRSF14, LAIR1, CD47, CD200, and CD276. Consistent with recent study, Wang et al. (2021) suggested that PBK promotes the CD276 transcription through the enrichment of the MSL complex, which plays an important role in the immune evasion of nasopharyngeal carcinoma (NPC), and may serve as a biomarker for cancer immunotherapy. This suggests that PBK expression might be relevant to the immunotherapy in these immune checkpoints.
Next, we carried on the microenvironment of pan-cancer based on the ESTIMATE method, obtaining the immune and stromal scores in pan-cancer. Further analysis showed that PBK is negatively correlated with the immune and stromal scores in most cancer types, which indicated that the PBK expression level is negatively correlated with tumor immune infiltration. We also found that the PBK level was significantly correlated with the degree of infiltration of M0 and M1 macrophages, T cells CD4 memory activated, and T cells follicular helper, consistent with the tumor microenvironment analysis that PBK is negatively related to immune infiltration.
Furthermore, GSEA analysis revealed that PBK participated in a wide range of functions and pathways relevant to the cell cycle and DNA replication, including mitotic nuclear division, sister chromatid segregation, the DNA integrity checkpoint, and the mitotic cell cycle checkpoint in GO terms, as well as the cell cycle and DNA replication in KEGG terms. All these terms were enriched in the PBK high-expression side, which suggested that high PBK expression mainly involved these signaling pathways, participated in mitosis and the cell cycle, and may also function in promoting tumor cell proliferation. These data are consistent with previous reports that PBK is involved in mitosis and upregulates in multiple cancers and promotes their proliferation. Kar et al. (2019) reported that PBK was overexpressed in ACC samples and correlated with poor survival, and targeting PBK in ACC cell lines decreased the function of cell proliferation, clonogenicity, and anchorage-independent growth. Diao et al. (2019) reported that the employment of a PBK/TOPK inhibitor could inhibit the proliferation of lung cancer cells. PBK also elevates in breast cancer and serves as a downstream target of Hippo-YAP signaling and promotes the proliferation of breast cancer cells by mediating the geranylgeranylation signaling pathway (Dou et al., 2015).
Recent study has suggested that overexpression of PBK decreased ovarian cancer responsiveness to cisplatin treatment through inducing autophagy in vivo (Ma et al., 2019). It is also reported that PBK/TOPK knockdown in colorectal carcinoma cell lines increased apoptosis and G2/M arrest in tumor cells, indicating that PBK may be a target for relevant inhibitors to sensitize tumor cells to chemotherapy-induced apoptosis (Hu et al., 2010). The IC50 value, the concentration of drug required for 50% inhibition, can be used to measure the ability of a drug to induce tumor cell apoptosis. Based on GDSC data, we performed the analysis to find out the association between PBK expression levels with IC50 values of different drugs in pan-cancer, and we found that the PBK expression level was positively correlated with trametinib, RDEA119, PD032590, and selumetinib, which indicated that PBK may be positively correlated with the treatment of these chemotherapeutic drugs and may provide a new direction in tumor chemotherapy. The effectiveness of these drugs in certain cancer types requires more comprehensive experimental and clinical studies in the future to validate it.
There are some limitations in our study. There are few patients’ data in some rare cancer types, which may lead to inaccurate or false-positive results. Also, our analysis is based on the public datasets and the lack of our own cohorts, and the predicted results still need further experimental and clinical studies to confirm them. Importantly, our study is just an investigation at the bioinformatic level without cells, animals, or patients’ samples being experimented upon. This study would provide a fundamental view of PBK in various cancers for further cancer research.
In summary, our analysis indicated that PBK was significantly upregulated in various cancers and served as a biomarker in multiple tumor progress and patient survival. Also, high PBK expression is involved in the cell cycle and relevant biological functions and signaling pathways in different cancer types. Moreover, PBK expression was strongly correlated with TMB, MSI, and certain immune checkpoints’ expression across various cancer types, while being negatively correlated with the immune infiltration. Moreover, PBK is positively correlated with the effectiveness of some chemotherapeutics such as trametinib, RDEA119, PD032590, and selumetinib. Our study may help us to understand the oncogenic role of PBK in the origination and progression of tumors, and more experiments still need to be carried out in the future.
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.
AUTHOR CONTRIBUTIONS
HW, ZC, ML and WZ: conception and design, bioinformatic analysis and manuscript writing. QH, YD, JZ, MX and PW: revised and supervised the study.
FUNDING
This work was supported by the National Natural Science Foundation of China (81771210) and the Natural Science Foundation of Guangdong Province, China (2015A030313288).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2021.755911/full#supplementary-material
REFERENCES
 Abe, Y., Takeuchi, T., Kagawa-Miki, L., Ueda, N., Shigemoto, K., Yasukawa, M., et al. (2007). A Mitotic Kinase TOPK Enhances Cdk1/cyclin B1-dependent Phosphorylation of PRC1 and Promotes Cytokinesis. J. Mol. Biol. 370, 231–245. doi:10.1016/j.jmb.2007.04.067
 ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium. (2020). Pan-Cancer Analysis of Whole Genomes. Nature 578, 82–93. [In eng]. doi:10.1038/s41586-020-1969-6
 Bray, F., Ren, J.-S., Masuyer, E., and Ferlay, J. (2013). Global Estimates of Cancer Prevalence for 27 Sites in the Adult Population in 2008. Int. J. Cancer 132, 1133–1145. [In eng]. doi:10.1002/ijc.27711
 Cerami, E., Gao, J., Dogrusoz, U., Gross, B. E., Sumer, S. O., Aksoy, B. A., et al. (2012). The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data: Figure 1. Cancer Discov. 2, 401–404. [In eng]. doi:10.1158/2159-8290.cd-12-0095
 Chalmers, Z. R., Connelly, C. F., Fabrizio, D., Gay, L., Ali, S. M., Ennis, R., et al. (2017). Analysis of 100,000 Human Cancer Genomes Reveals the Landscape of Tumor Mutational burden. Genome Med. 9, 34. doi:10.1186/s13073-017-0424-2
 Choucair, K., Morand, S., Stanbery, L., Edelman, G., Dworkin, L., and Nemunaitis, J. (2020). TMB: a Promising Immune-Response Biomarker, and Potential Spearhead in Advancing Targeted Therapy Trials. Cancer Gene Ther. 27, 841–853. doi:10.1038/s41417-020-0174-y
 Diao, X., Yang, D., Chen, Y., and Liu, W. (2019). Baicalin Suppresses Lung Cancer Growth by Targeting PDZ-Binding Kinase/T-LAK Cell-Originated Protein Kinase. Biosci. Rep. 39. [In eng]. doi:10.1042/bsr20181692
 Dong, C., Tang, X., Xie, Y., Zou, Q., Yang, X., and Zhou, H. (2016). The crystal Structure of an Inactive Dimer of PDZ-Binding Kinase. Biochem. Biophysical Res. Commun. 476, 586–593. doi:10.1016/j.bbrc.2016.05.166
 Doroshow, D. B., Sanmamed, M. F., Hastings, K., Politi, K., Rimm, D. L., Chen, L., et al. (2019). Immunotherapy in Non-small Cell Lung Cancer: Facts and Hopes. Clin. Cancer Res. 25, 4592–4602. doi:10.1158/1078-0432.ccr-18-1538
 Dou, X., Wei, J., Sun, A., Shao, G., Childress, C., Yang, W., et al. (2015). PBK/TOPK Mediates Geranylgeranylation Signaling for Breast Cancer Cell Proliferation. Cancer Cel Int 15, 27. [In eng]. doi:10.1186/s12935-015-0178-0
 Fujibuchi, T., Abe, Y., Takeuchi, T., Ueda, N., Shigemoto, K., Yamamoto, H., et al. (2005). Expression and Phosphorylation of TOPK during Spermatogenesis. Dev. Growth Differ. 47, 637–644. doi:10.1111/j.1440-169X.2005.00834.x
 Gaudet, S., Branton, D., and Lue, R. A. (2000). Characterization of PDZ-Binding Kinase, a Mitotic Kinase. Proc. Natl. Acad. Sci. 97, 5167–5172. doi:10.1073/pnas.090102397
 Han, Z., Li, L., Huang, Y., Zhao, H., and Luo, Y. (2021). PBK/TOPK: A Therapeutic Target Worthy of Attention. Cells 10, 371. Cells. 10. doi:10.3390/cells10020371
 Hegde, P. S., and Chen, D. S. (2020). Top 10 Challenges in Cancer Immunotherapy. Immunity 52, 17–35. [In eng]. doi:10.1016/j.immuni.2019.12.011
 Herbert, K. J., Ashton, T. M., Prevo, R., Pirovano, G., and Higgins, G. S. (2018). T-LAK Cell-Originated Protein Kinase (TOPK): an Emerging Target for Cancer-specific Therapeutics. Cell Death Dis 9, 1089. doi:10.1038/s41419-018-1131-7
 Hiam-Galvez, K. J., Allen, B. M., and Spitzer, M. H. (2021). Systemic Immunity in Cancer. Nat. Rev. Cancer 21, 345–359. [In eng]. doi:10.1038/s41568-021-00347-z
 Hinzman, C. P., Aljehane, L., Brown-Clay, J. D., Kallakury, B., Sonahara, F., Goel, A., et al. (2018). Aberrant Expression of PDZ-Binding Kinase/T-LAK Cell-Originated Protein Kinase Modulates the Invasive Ability of Human Pancreatic Cancer Cells via the Stabilization of Oncoprotein C-MYC. Carcinogenesis 39, 1548–1559. doi:10.1093/carcin/bgy114
 Hu, F., Gartenhaus, R. B., Eichberg, D., Liu, Z., Fang, H.-B., and Rapoport, A. P. (2010). PBK/TOPK Interacts with the DBD Domain of Tumor Suppressor P53 and Modulates Expression of Transcriptional Targets Including P21. Oncogene 29, 5464–5474. doi:10.1038/onc.2010.275
 Ishikawa, C., Senba, M., and Mori, N. (2018). Mitotic Kinase PBK/TOPK as a Therapeutic Target for Adult T-cell L-eukemia/lymphoma. Int. J. Oncol. 53, 801–814. doi:10.3892/ijo.2018.4427
 Kar, A., Zhang, Y., Yacob, B. W., Saeed, J., Tompkins, K. D., Bagby, S. M., et al. (2019). Targeting PDZ-Binding Kinase Is Anti-tumorigenic in Novel Preclinical Models of ACC. Endocrine-Related Cancer. 26, 765–778. doi:10.1530/erc-19-0262
 Kruthika, B. S., Jain, R., Arivazhagan, A., Bharath, R. D., Yasha, T. C., Kondaiah, P., et al. (2019). Transcriptome Profiling Reveals PDZ Binding Kinase as a Novel Biomarker in Peritumoral Brain Zone of Glioblastoma. J. Neurooncol. 141, 315–325. doi:10.1007/s11060-018-03051-5
 Lawrence, M. S., Stojanov, P., Polak, P., Kryukov, G. V., Cibulskis, K., Sivachenko, A., et al. (2013). Mutational Heterogeneity in Cancer and the Search for New Cancer-Associated Genes. Nature 499, 214–218. doi:10.1038/nature12213
 Lei, B., Liu, S., Qi, W., Zhao, Y., Li, Y., Lin, N., et al. (2013). PBK/TOPK Expression in Non-small-cell Lung Cancer: its Correlation and Prognostic Significance with Ki67 and P53 Expression. Histopathology 63, a–n. doi:10.1111/his.12215
 Lei, B., Qi, W., Zhao, Y., Li, Y., Liu, S., Xu, X., et al. (2015). PBK/TOPK Expression Correlates with Mutant P53 and Affects Patients' Prognosis and Cell Proliferation and Viability in Lung Adenocarcinoma. Hum. Pathol. 46, 217–224. [In eng]. doi:10.1016/j.humpath.2014.07.026
 Liu, J. N., Kong, X. S., Sun, P., Wang, R., Li, W., and Chen, Q. F. (2021). An Integrated pan‐cancer Analysis of TFAP4 Aberrations and the Potential Clinical Implications for Cancer Immunity. J. Cel Mol Med 25, 2082–2097. doi:10.1111/jcmm.16147
 Ma, H., Li, Y., Wang, X., Wu, H., Qi, G., Li, R., et al. (2019). PBK, Targeted by EVI1, Promotes Metastasis and Confers Cisplatin Resistance through Inducing Autophagy in High-Grade Serous Ovarian Carcinoma. Cel Death Dis 10, 166. doi:10.1038/s41419-019-1415-6
 Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al. (2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles. Nat. Methods 12, 453–457. doi:10.1038/nmeth.3337
 Ohashi, T., Komatsu, S., Ichikawa, D., Miyamae, M., Okajima, W., Imamura, T., et al. (2017). Overexpression of PBK/TOPK Relates to Tumour Malignant Potential and Poor Outcome of Gastric Carcinoma. Br. J. Cancer 116, 218–226. doi:10.1038/bjc.2016.394
 Ohashi, T., Komatsu, S., Ichikawa, D., Miyamae, M., Okajima, W., Imamura, T., et al. (2016). Overexpression of PBK/TOPK Contributes to Tumor Development and Poor Outcome of Esophageal Squamous Cell Carcinoma. Ar 36, 6457–6466. [In eng]. doi:10.21873/anticanres.11244
 Paluch, C., Santos, A. M., Anzilotti, C., Cornall, R. J., and Davis, S. J. (2018). Immune Checkpoints as Therapeutic Targets in Autoimmunity. Front. Immunol. 9, 2306. doi:10.3389/fimmu.2018.02306
 Pan, J.-h., Zhou, H., Cooper, L., Huang, J.-l., Zhu, S.-b., Zhao, X.-x., et al. (2019). LAYN Is a Prognostic Biomarker and Correlated with Immune Infiltrates in Gastric and Colon Cancers. Front. Immunol. 10, 6. doi:10.3389/fimmu.2019.00006
 Park, J.-H., Lin, M.-L., Nishidate, T., Nakamura, Y., and Katagiri, T. (2006). PDZ-binding Kinase/T-LAK Cell-Originated Protein Kinase, a Putative Cancer/testis Antigen with an Oncogenic Activity in Breast Cancer. Cancer Res. 66, 9186–9195. [In eng]. doi:10.1158/0008-5472.can-06-1601
 Park, J.-H., Nishidate, T., Nakamura, Y., and Katagiri, T. (2010). Critical Roles of T-LAK Cell-Originated Protein Kinase in Cytokinesis. Cancer Sci. 101, 403–411. [In eng]. doi:10.1111/j.1349-7006.2009.01400.x
 Park, J.-H., Yoon, D.-S., Choi, H.-J., Hahm, D.-H., and Oh, S.-M. (2013). Phosphorylation of IκBα at Serine 32 by T-Lymphokine-Activated Killer Cell-Originated Protein Kinase Is Essential for Chemoresistance against Doxorubicin in Cervical Cancer Cells. J. Biol. Chem. 288, 3585–3593. doi:10.1074/jbc.M112.422170
 Simons-Evelyn, M., Bailey-Dell, K., Toretsky, J. A., Ross, D. D., Fenton, R., Kalvakolanu, D., et al. (2001). PBK/TOPK Is a Novel Mitotic Kinase Which Is Upregulated in Burkitt's Lymphoma and Other Highly Proliferative Malignant Cells. Blood Cell Mol. Dis. 27, 825–829. [In eng]. doi:10.1006/bcmd.2001.0452
 Singh, P. K., Srivastava, A. K., Dalela, D., Rath, S. K., Goel, M. M., and Bhatt, M. L. B. (2014). Expression of PDZ-Binding Kinase/T-LAK Cell-Originated Protein Kinase (PBK/TOPK) in Human Urinary Bladder Transitional Cell Carcinoma. Immunobiology 219, 469–474. [In eng]. doi:10.1016/j.imbio.2014.02.003
 Tate, J. G., Bamford, S., Jubb, H. C., Sondka, Z., Beare, D. M., Bindal, N., et al. (2019). COSMIC: the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res. 47, D941–d947. doi:10.1093/nar/gky1015
 Wang, M.-Y., Qi, B., Wang, F., Lin, Z.-R., Li, M.-Y., Yin, W.-J., et al. (2021). PBK Phosphorylates MSL1 to Elicit Epigenetic Modulation of CD276 in Nasopharyngeal Carcinoma. Oncogenesis 10, 9. [In eng]. doi:10.1038/s41389-020-00293-9
 Weinstein, J. N., Collisson, E. A., Collisson, E. A., Mills, G. B., Shaw, K. R. M., Ozenberger, B. A., et al. (2013). The Cancer Genome Atlas Pan-Cancer Analysis Project. Nat. Genet. 45, 1113–1120. doi:10.1038/ng.2764
 Yamamoto, H., and Imai, K. (2019). An Updated Review of Microsatellite Instability in the Era of Next-Generation Sequencing and Precision Medicine. Semin. Oncol. 46, 261–270. doi:10.1053/j.seminoncol.2019.08.003
 Yang, Q.-X., Zhong, S., He, L., Jia, X.-J., Tang, H., Cheng, S.-T., et al. (2019). PBK Overexpression Promotes Metastasis of Hepatocellular Carcinoma via Activating ETV4-uPAR Signaling Pathway. Cancer Lett. 452, 90–102. [In eng]. doi:10.1016/j.canlet.2019.03.028
 Yang, W., Soares, J., Greninger, P., Edelman, E. J., Lightfoot, H., Forbes, S., et al. (2013). Genomics of Drug Sensitivity in Cancer (GDSC): a Resource for Therapeutic Biomarker Discovery in Cancer Cells. Nucleic Acids Res. 41, D955–D961. doi:10.1093/nar/gks1111
 Ye, W., Luo, C., Liu, F., Liu, Z., and Chen, F. (2021). CD96 Correlates with Immune Infiltration and Impacts Patient Prognosis: A Pan-Cancer Analysis. Front. Oncol. 11, 634617. doi:10.3389/fonc.2021.634617
 Yoshihara, K., Shahmoradgoli, M., Martínez, E., Vegesna, R., Kim, H., Torres-Garcia, W., et al. (2013). Inferring Tumour Purity and Stromal and Immune Cell Admixture from Expression Data. Nat. Commun. 4, 2612. doi:10.1038/ncomms3612
 Zykova, T. A., Zhu, F., Lu, C., Higgins, L., Tatsumi, Y., Abe, Y., et al. (2006). Lymphokine-Activated Killer T-Cell-Originated Protein Kinase Phosphorylation of Histone H2AX Prevents Arsenite-Induced Apoptosis in RPMI7951 Melanoma Cells. Clin. Cancer Res. 12, 6884–6893. doi:10.1158/1078-0432.ccr-06-0410
 Zykova, T. A., Zhu, F., Vakorina, T. I., Zhang, J., Higgins, L. A., Urusova, D. V., et al. (2010). T-LAK Cell-Originated Protein Kinase (TOPK) Phosphorylation of Prx1 at Ser-32 Prevents UVB-Induced Apoptosis in RPMI7951 Melanoma Cells through the Regulation of Prx1 Peroxidase Activity. J. Biol. Chem. 285, 29138–29146. doi:10.1074/jbc.M110.135905
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.
Copyright © 2021 Wen, Chen, Li, Huang, Deng, Zheng, Xiong, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-08-755911-g005.gif
¥
B i
1
w3
4






OPS/images/fmolb-08-755911-g006.gif





OPS/images/fmolb-08-755911-g003.gif





OPS/images/fmolb-08-755911-g004.gif





OPS/images/fmolb-08-755911-g009.gif





OPS/images/fmolb-08-755911-g007.gif
\\\\\\ﬁ \\ \\\\\\ \\
\ \ \\\\\’\\‘ \ \,\

W \\‘ N \\\
NINNN ‘g‘&a\»
N\

mmmza il mH

\\\ S \\\ \\\ \\\\
\ AN \\\\\






OPS/images/fmolb-08-755911-g008.gif
A o
[
Costprossion across cancar s °©

Wi
L i





OPS/xhtml/nav.xhtml
Contents

		Cover

		An Integrative Pan-Cancer Analysis of PBK in Human Tumors		Introduction

		Materials and Methods		Data Processing and Expression Analysis

		Survival analysis of PBK and its correlation with clinical phenotypes in different cancers

		Mutation Profiles

		Correlation of PBK Expression With Tumor Mutation Burden, Tumor Microsatellite Instability, and Immune Checkpoint Expression

		PBK Expression and Immune Infiltration

		Gene Set Enrichment Analysis

		Drug Sensitivity Analysis

		Statistical Analysis





		Results		PBK Expression in Tumor and Normal Tissue Samples

		Correlation of PBK and Clinical Features

		Expression of PBK Is Associated With Patient Prognosis

		PBK Mutations in Different Tissues

		Correlation Analysis With TMB, MSI, Tumor Microenvironment, and Immune Markers

		Association Between PBK Level and Immune Cell Infiltration

		Gene Set Enrichment Analysis in Different Cancers

		The Sensitivity to Chemotherapy and Target Therapy With PBK Expression





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
In Molecular Biosciences

An Integrative Pan-Cancer
Analysis of PBK in Human
Tumors





OPS/images/fmolb-08-755911-g001.gif
| gt
Lu all lmM ! Yl

//77 TP e /////////f////

Wi ﬁ.,-ﬂzﬁéﬁ!ﬁ!ﬁi&ﬂhz&,@r—

/9?///// iy A






OPS/images/fmolb-08-755911-g002.gif
Jﬁa%q& J%'%%ee }w%‘« IL,“g

‘Lm ﬂ.ﬁéé I e






OPS/images/fmolb-08-755911-g011.gif





OPS/images/fmolb-08-755911-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





