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H2A family member Z (H2AFZ) is a highly conserved gene encoding H2A.Z.1, an isoform of histone variant H2A.Z, and is implicated in cancer. In this study, we report that overexpression of H2AFZ is associated with tumor malignancy and poor prognosis in HCC patients. Functional network analysis suggested that H2AFZ mainly regulates cell cycle signaling and DNA replication via pathways involving several cancer-related kinases and transcription factor E2F1. Further studies revealed that H2AFZ overexpression is regulated by TP53 mutation and led to an attenuation of rapid proliferation phenotype and aggressive behavior in HCC cells. Moreover, we found that H2AFZ was related to immune infiltrations and was co-expressed with immune checkpoint genes, including CD274 (PD-L1), CTLA-4, HAVCR2 (TIM3), LAG3, PDCD1 (PD-1), and TIGIT (VSIG9) in HCC, indicating that H2AFZ-overexpressed HCC patients may be sensitive to immune checkpoint blockades (ICBs). Integrated analysis suggested that H2AFZhigh/TP53mut patients had the shortest OS and PFS time, but most likely to respond to ICBs. These findings indicate that the H2AFZ possesses potential value as a novel prognostic indicator for HCC patients and is correlated with immune infiltration in HCC, laying a foundation for future study of HCC investigation and intervention.
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Introduction

Hepatocellular carcinoma (HCC) is the most common form of liver cancer (1), with an incidence of approximately 850,000 new cases per year and represents the second leading cause of cancer-related deaths globally (2). The high recurrence and metastasis rate results in the poor 5-year survival rate for advanced liver cancer. However, due to the combination of factors spanning a series of different clinical and biological behaviors and the development of resistance to anti-HCC drugs, existing targeted drugs show unsatisfactory efficacy (3). The molecular mechanisms of tumor formation and progression remain to be revealed, which further complicates the effective treatment of HCC (4). In addition, the lack of specific markers for tumor types or disease stages represents a key gap in the current understanding and treatment of HCC.

Histones and histone variants, as basic components of nucleosome, are essential to chromatin structure and function in eukaryotes (5). H2A.Z.1 and H2A.Z.2 are two isotypes of histone variant H2A.Z respectively encoded by non-allelic genes H2A family member Z (H2AFZ) and H2A family member V (H2AFV) (6, 7). Overexpression of H2AFZ was subsequently detected in various malignant tumors, including prostate cancer (8, 9), bladder cancer (10), non-small cellular lung cancer (11), and breast cancer (12). In previous studies, overexpression of H2AFZ was indicated to promote tumor progression by regulating cell cycle transition (13, 14), reducing cell apoptosis (14), and promoting epithelial–mesenchymal transition (EMT) (15). However, the biological role of H2AFZ in HCC remains unclear. Thus, we performed multiple-dimensional bioinformatic analysis on data accessed from public databases to give insights into H2AFZ biological role in HCC and its value in HCC prognosis and treatment. Our results suggested that H2AFZ expression may be regulated by TP53 mutation, a frequently observed event in HCC, and is correlated to immune infiltrations in HCC.

In the current study, we performed multiple dimensional bioinformatic analysis to identify the role of H2AFZ in HCC and carried out a series of experiments demonstrating that H2AFZ overexpression is regulated by TP53 mutation and promotes the proliferation, migration, and invasion capabilities of HCC cells in vitro. H2AFZ is frequently overexpressed in HCC and associates with poor prognosis in patients with HCC. Analysis on differential expression genes (DEG) of H2AFZhigh and H2AFZlow group suggested that H2AFZ mainly promotes cell proliferation and associates with resistance to platinum drugs. H2AFZ overexpression in HCC is mainly constituted by transcriptional factor E2F1 and is associated with a network of kinases including PLK1, CDK1, CDK2, AURKA, AURKB, and CHEK1. Further studies revealed that H2AFZ overexpression is related to TP53 mutation and immune infiltrations in HCC. Expression level of immune-checkpoint-relevant transcripts CD274 (PD-L1), CTLA-4, HAVCR2 (TIM3), LAG3, PDCD1 (PD-1), and TIGIT (VSIG9) were significantly higher in H2AFZhigh HCC patients, indicating that the H2AFZhigh HCC patients may be sensitive to immune checkpoint blockades (ICBs). Combined analysis of H2AFZ expression and TP53 status suggested that H2AFZhigh/TP53mut HCC patients had the worst prognosis and the greatest risk of tumor progression, while they were most likely to be sensitive to ICBs. Our results further revealed the biological role and potential clinical value of H2AFZ in HCC, laying a foundation for future study of HCC investigation and intervention.



Results


H2AFZ Is Overexpressed and Relates to Pathological Features in HCC

We initially evaluated H2AFZ expression in multiple HCC studies from TCGA and GEO. Analysis of 10 cohorts in the HCCDB database revealed that H2AFZ mRNA level was significantly higher in HCC tissues than in normal tissues (Figure 1A). H2AFZ mRNA levels in Roessler Liver and Roessler Liver2 reconfirmed overexpression of H2AFZ in HCC (Figure 1B).




Figure 1 | H2AFZ transcription level in HCC. (A) Chart and plot showing the expression of H2AFZ in tumor tissues and adjacent normal tissues in HCCDB. (B) Box plot showing H2AFZ mRNA levels in the Roessler Liver and Roessler Liver 2, respectively.



Further subgroup analysis of multiple clinical–pathological features of TCGA-LIHC samples constantly showed elevated transcription level of H2AFZ, which is associated to pathological T stage and tumor grades of HCC (Figure 2A). Sankey diagram in Figure 2B represents the effect of H2AFZ expression on distribution trends of clinical features and survival outcomes.




Figure 2 | Correlation of H2AFZ and clinical-pathological features of HCC. (A) Box-dot plots showing the expression of H2AFZ in subgroups of TCGA-LIHC samples. (B) Sankey diagram presenting the distribution trend of H2AFZ on clinical–pathological features and survival outcomes of TCGA-LIHC patients. Mann-Whitney tests, *p < 0.05; **p < 0.001; ***p < 0.0001; ****p < 0.00001; ns, not significant.





H2AFZ Overexpression Is Associated With Poor Prognosis in HCC

Kaplan–Meier curves were plotted to assess the association between H2AFZ expression and the survival outcomes of HCC. A total of 371 TCGA-LIHC patients were separated into two groups according to the median value of H2AFZ expression. H2AFZ expression level and survival outcomes, including overall survival (OS) and progression-free survival (PFS) time, are shown in Figures 3A, D. The high H2AFZ expression group had significantly shorter OS (log-rank test, p < 0.05, Figure 3B) and PFS (log-rank test, p < 0.05, Figure 3E) time, compared to the low expression group. Time-dependent ROC analysis represented prognostic capacity of H2AFZ expression in HCC (Figures 3C, F).




Figure 3 | Prognostic analysis of H2AFZ in the TCGA-LIHC cohort. (A) The curve of risk score; the dotted line represented the median risk score and divided the patients into low-risk and high-risk group. Overall survival (OS) status of the patients; more dead patients corresponding to the higher risk score. Heatmap of the expression profiles of H2AFZ in the low- and high-risk group. (B) Kaplan–Meier overall survival analysis of H2AFZ in the TCGA-LIHC cohort. (C) Time-dependent ROC curves of OS of H2AFZ in the TCGA-LIHC cohort. (D) The curve of risk score. Progression-free survival (PFS) status of the patients. Heatmap of the expression profiles of H2AFZ in the low- and high-risk group. (E) Kaplan–Meier progression-free survival analysis of H2AFZ in the TCGA-LIHC cohort. (F) Time-dependent ROC curves of PFS of H2AFZ in the TCGA-LIHC cohort.



Univariate and multivariate Cox regression analysis was performed to identify the proper terms to build the nomogram (Figures 4A, B). Nomogram involving H2AFZ expression level and pathological T stage predicts the 1-year, 2-year, and 3-year OS (C-index = 0.676, p < 0.001) and PFS of HCC patients (C-index = 0.669, p < 0.001, Figure 4C). Calibration curves of the nomogram models is shown in Figure 4D. These results indicate that H2AFZ is a potential prognostic biomarker in HCC.




Figure 4 | Construction and validation of the nomogram model. (A) Hazard ratios and p-values of constituents involved in univariate Cox regression. (B) Hazard ratios and p-values of constituents involved in multivariate Cox regression. (C) Nomograms to predict the 1-year, 2-year, and 3-year overall survival and progression-free survival of HCC patients. (D) Calibration curves for the overall survival nomogram model and the progression-free survival model.





Identification of H2AFZ Biological Function in HCC

Differential expression genes (DEGs) of H2AFZhigh and H2AFZlow group were identified by “limma” (fold change > 2, FDR < 0.05). Volcano plot showed the 371 significantly upregulated and 135 significantly downregulated genes in the high H2AFZ expression group (Figure 5A). We represented correlated expression of top 20 upregulated and top 20 downregulated genes in a heat map (Figure 5B). A total description of DEGs is detailed to Supplementary Table 1.




Figure 5 | Identification and GSEA analysis of DEGs in H2AFZhigh and H2AFZlow group. (A) Volcano plot showing DEGs in H2AFZhigh and H2AFZlow group (|log2FC| > 2, p < 0.05) in TCGA-LIHC cohort. p-values were adjusted. (B) Spearman correlation analysis of top 20 upregulated genes and top 20 downregulated genes. (C) Significantly enriched GO annotations and KEGG pathways of DEGs.



Significant Gene Ontology (GO) term annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis by gene set enrichment analyze (GSEA) were performed on these genes. GO term annotation showed that genes involved in cell division and chromosome segregation were significantly upregulated, and KEGG pathway analysis showed that the cell cycle pathway was significantly activated, indicating that H2AFZ plays a critical role in tumor proliferation in HCC (Figure 5C). Moreover, significant enrichment was found in the platinum drug resistance pathway and base excision repair pathway (Figure 5C). DNA damage repair is the major process that mediates resistance to chemotherapy and radiotherapy, and correlated expression of H2AFZ and DNA-damage-repair-related transcripts is shown in Supplementary Figure 2. Further studies need to be performed to further confirm whether H2AFZ plays a key role in resistance to drugs in HCC.

Liver-specific protein–protein interaction (PPI) network of these differential expressed genes were built using NetworkAnalyst (Figure 6A). Significant enrichment in cell cycle and DNA replication process was found, as predicted. Moreover, GSEA results also suggested that H2AFZ may relate to immune response in HCC, and may serve as a regulator of Th1/Th2 cell differentiation (Figure 6A and Supplementary Tables 3, 4). We will discuss the relationship between H2AFZ and immune infiltrations in HCC in the following context.




Figure 6 | Network analysis of DEGs. (A) Protein–protein interaction (PPI) network of DEGs. (B) TF-gene network of DEGs. (C) Signaling network of DEGs.





Regulators of H2AFZ Expression in HCC

We initially investigated mutations and copy number alterations of H2AFZ in the TCGA-LIHC cohort using c-Bioportal and no alteration of H2AFZ copy number was found (Supplementary Figure 1), indicating that increased H2AFZ mRNA in HCC was not associated with the alteration of H2AFZ copy number. To further explore the regulators of H2AFZ in HCC, we analyzed the TF-gene network and signaling network of these genes. TF-gene analysis suggested that transcription factor E2F1, BRCA1, and TCF19 were associated with the network, and were overexpressed in the H2AFZhigh group. The enrichment of transcription factors was related mainly to the E2F transcription factor family (Figure 6B and Supplementary Table 5). Signaling network suggested that the polo like kinase 1 (PLK1), cyclin-dependent kinase 1 (CDK1), cyclin-dependent kinase 2 (CDK2), Aurora kinase B (AURKB), and checkpoint kinase 1 (CHEK1) were related to H2AZF overexpression (Figure 6C; Table 1 and Supplementary Table 4). CHEK1, as downstream effector of ATR serine kinase, responds to DNA damage and mediates resistance to chemotherapy across cancer types (16). These kinases are all involved in the p53 signaling pathway as upstream or downstream molecules of p53 protein and regulates survival outcomes of HCC (Supplementary Figure 3). All these results indicated that TP53 may play an important role in H2AFZ-related networks in HCC, while no significant differential expression of TP53 was found in the H2AFZhigh group and H2AFZlow group. Thus, we hypothesized that H2AFZ expression may associate with TP53 mutation, a frequently observed event in cancers. To demonstrate our hypothesis, we explored the correlation of H2AFZ expression and multiple mutations in HCC.


Table 1 | Relative expression of H2AFZ in mutants and wild types of TP53, TTN, CTNNB1, MUC16, ALB, PCLO, RYR2, MUC4, ABCA13, and APOB.





TP53 Mutation Relates to H2AFZ Expression in HCC

Tumor suppressor protein p53 responds to diverse cellular stresses to regulate expression of target genes, thereby inducing cell cycle arrest, apoptosis, senescence, DNA repair, or changes in metabolism (17). TP53 mutations are universal across cancer types, which leads to loss of p53 function (18). Here, we showed somatic landscape of single-nucleotide variants (SNVs) in the TCGA-LIHC cohort (Figures 7A, B), and the samples were sorted by their H2AFZ expression in Figure 7A. H2AFZ expression level in mutants and wild types of these genes were compared by Mann–Whitney tests. As shown in Table 1, H2AFZ expression was significantly higher in TP53 mutants, compared to TP53 wild types, while showing no significant difference in variants compared to wild types of other common mutant genes. Moreover, we found that TP53 showed a moderate co-expression with H2AFZ (r = 0.47, p < 0.001, Spearman test) in TP53 mutants (n = 105, Figure 7C), while showing a weak co-expression with H2AFZ (r = 0.17, p = 0.008, Spearman test) in TP53 wild types (n = 254, Figure 7D). These results indicate that TP53 mutation may act as an upstream regulator of H2AFZ expression.




Figure 7 | H2AFZ expression was regulated by TP53 mutation in HCC. (A) Lollipop plot displaying mutation distribution and protein domains for TP53 in HCC with the labeled recurrent hotspots. Somatic mutation rate and transcript names were indicated by plot title and subtitle, respectively. (B) Oncoplot displaying the somatic landscape of 270 patients in the TCGA-LIHC cohort. Genes were ordered by their mutation frequency, and samples were ordered according to their H2AFZ expression. Side bar plot showed log10 transformed Q-values estimated by MutSigCV. Mutation information of each gene in each sample was shown in the waterfall plot, where different colors with specific annotations at the bottom meant the various mutation types. (C, D) Co-expression of H2AFZ and TP53 in TP53 wild types (C) and TP53 mutants (D) in the TCGA-LIHC cohort. (E, F) Relative mRNA and protein expression level of H2AFZ in non-targeting control (NC)/TP53-siRNA1/TP53-siRNA2/TP53-siRNA3 Huh7 cells (E) and PLC/PRF/5 cells (F). (G, H) Relative mRNA and protein expression level of TP53 in non-targeting control (NC)/H2AFZ-siRNA1/H2AFZ-siRNA2/H2AFZ-siRNA3 Huh7 cells (G) and PLC/PRF/5 cells (H). (I) Relative mRNA and protein expression level of H2AFZ in NC/TP53-OE Huh7 and PLC/PRF/5 cells. T-tests (n = 3), *p < 0.05, **p < 0.001, ***p < 0.0001; ns, not significant.



Huh7 and PLC/PRF/5 are TP53-mutated HCC cell lines with Y220C-mutant p53 and R249S-mutant p53, respectively. To further investigate the regulatory role of TP53 mutation in H2AFZ expression, we initially built 3 TP53-siRNA and 3 H2AFZ-siRNA, and tested their interference efficiency in Huh7 and PLC/PRF/5 cell lines, respectively. TP53-siRNA2 and H2AFZ-siRNA2 showed most significant reduction in mRNA and protein expression levels of TP53 and H2AFZ (Supplementary Figures 4A, 4B). As the expression level of TP53 was lowered, the expression level of H2AFZ in Huh7 and PLC/PRF/5 (Figure 7E) also decreased significantly. The expression level of TP53 showed no significant alteration as the expression level of H2AFZ was reduced (Figure 7F). TP53-siRNA2 was then transitioned into NC/H2AFZ-OE Huh7 and PLC/PRF/5 cell lines, respectively. Both expression levels of TP53 (Figure 7G) and H2AFZ (Figure 7H) can be significantly decreased by TP53-siRNA2, and overexpressing H2AFZ could not significantly alter the expression level of TP53 (Figure 7G). Moreover, TP53 (Y220C) and TP53 (R249S) overexpression plasmids were constructed, transfected into Huh7 and PLC/PRF/5 cells via lentiviral, respectively. Both expression levels of TP53 and H2AFZ were significantly elevated after the transfection (Figure 7I).



H2AFZ Overexpression Promotes HCC Cell Proliferation, Migration, and Invasion In Vitro

To explore the effect of H2AFZ overexpression on the biological behavior of HCC cells, we performed flow cytometry (FCM), 5-Ethynyl-2’-deoxyuridine (EdU) proliferation assay, transwell migration assay, and Matrigel-transwell invasion assay on NC/TP53-siRNA/TP53-siRNA+H2AFZ-OE Huh7 and PLC/PRF/5 cells, respectively. Compared with NC cells, lower expression of TP53 led to increased percentage of cells in the G0/G1 phase and decreased percentage of cells in the G2/M phase; supplementing H2AFZ led to decreased percentage of cells in the G0/G1 phase and increased percentage of cells in the G2/M or S phase in both Huh7 and PLC/PRF/5 cell lines (Figure 8A). EdU proliferation assay showed that lower TP53 expression reduced cell proliferation capability, which could significantly rebound after supplementing H2AFZ in both Huh7 and PLC/PRF/5 cell lines (Figure 8B). Transwell migration assay and invasion assay showed that lowering TP53 expression decreased cell migration and invasion capability, while H2AFZ overexpression led to an attenuation of aggressive behavior (Figures 8C, D). All these results indicated that TP53 mutation and H2AFZ overexpression could enhance proliferation, migration, and invasion capability of HCC cells in vitro.




Figure 8 | H2AFZ overexpression enhances proliferation, migration and invasion capability of HCC cells in vitro. (A–D) Flow cytometry (FCM) assay (A), 5-Ethynyl-2’-deoxyuridine (EdU) proliferation assay (bar = 50 μm, ×20) (B), transwell migration assay (C), and Matrigel-transwell invasion assay (D) on NC/TP53-siRNA/TP53-siRNA+H2AFZ-OE Huh7 and PLC/PRF/5 cells. T-tests (n = 3), *p < 0.05, **p < 0.001, ***p < 0.0001 ns, not significant.





H2AFZ Overexpression Regulates Immune Infiltration in HCC

We estimated immune infiltration status of TGCA-LIHC patients via RNAseq data using multiple algorithms, including CIBERSORT, TIMER, and xCell. Each algorithm has unique advantages in particular analysis. To identify the differential immune infiltration in the H2AFZhigh group and H2AFZlow group, we initially compared immune cell infiltration scores estimated via TIMER of the two groups. As shown in Figure 9A, infiltration levels of CD4+ T cells, neutrophils, macrophages, B cells, and myeloid dendritic cells were significantly higher in the H2AFZ high expression group, compared to the H2AFZ low expression group. Thus, we further estimated infiltration scores of macrophage subtypes including M0, M1, and M2 using the CIBERSORT method and infiltration scores of CD4+ T cell subtypes including naive, Th1, and Th2 using the xCell method. As shown in Figure 9B, infiltration levels of macrophage M0, T cell CD4+ Th1, and T cell CD4+ Th2 were significantly upregulated in the H2AFZhigh group, indicating that the H2AFZhigh group may have a lower Th1/Th2 ratio, which is an event related to tumor immune evasion and poor prognosis of HCC. We divided 365 TCGA-LIHC patients into the Th1/Th2low group and Th1/Th2high group, according to the median value of Th1/Th2. Significantly higher H2AFZ expression level was found in the Th1/Th2low group, compared to the Th1/Th2high group (Mann–Whitney test, p < 0.00001, Figure 9C). Patients in the Th1/Th2low group had significantly shorter OS and PFS time, compared to the Th1/Th2high group (Supplementary Figure 4), reconfirming lower Th1/Th2 ratio associates with poor survival outcomes of HCC. Moreover, liver-specific PPI network analysis suggested that Th1 and Th2 differentiation pathway was significantly activated along with H2AFZ overexpression, as mentioned in the above. All these results suggested that H2AFZ may play an important role in T-cell differentiation regulating.




Figure 9 | Correlation of H2AFZ and immune infiltrations in HCC. (A) The score distribution of CD4+ T cells, neutrophils, macrophages, CD8+ T cells, B cells, and myeloid dendritic cells in the H2AFZhigh group and H2AFZlow group, estimated by TIMER. (B) Scores of monocytes, macrophage M0, macrophage M1, macrophage M2, naive CD4+ T cells, Th1 cells, Th2 cells, and Tregs in the H2AFZhigh group and the H2AFZlow group, estimated by CIBERSORT and xCell (Mann–Whitney tests, *p < 0.05, **p < 0.001, ***p < 0.0001). (C) Differential H2AFZ expression level in Th1/Th2high patients and Th1/Th2low patients (Mann–Whitney test, p < 0.00001). (D) Expression levels of immune-checkpoint-relevant transcripts in the H2AFZhigh and H2AFZlow group, respectively (Mann–Whitney tests, *p < 0.05, **p < 0.001, ***p < 0.0001).



Immune checkpoints are a series of molecules that mediate immune evasion, which can be blocked by ICBs (19, 20). CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, TIGIT, and SIGLEC15 were selected to be immune-checkpoint-relevant transcripts and the expression values of these eight genes were extracted. Significantly higher CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, and TIGIT were found in the H2AFZhigh group, compared to the H2AFZlow group (Figure 9D). However, because immunotherapy has not been widely applied in HCC clinical treatment, more evidence is required to demonstrate H2AFZ predicting capacity on sensitiveness to ICBs of HCC patients.



Combined Analysis of H2AFZ Expression and TP53 Status Improves Prognostic Value of HCC Patient Outcome

Integrated analysis of H2AFZ expression and TP53 status provided a more powerful prediction for HCC patient outcomes. As shown in Figure 10A, TP53mut patients had shorter OS (log-rank test, p < 0.05) and PFS (log-rank test, p = 0.062) time compared to TP53wt patients. Patients were classified into four subgroups based on H2AFZ expression and TP53 status (G1: H2AFZhigh/TP53mut, G2: H2AFZhigh/TP53wt, G3: H2AFZlow/TP53mut, and G4: H2AFZlow/TP53wt). Subgroup comparisons showed that patients in the H2AFZhigh/TP53mut group had the worst prognosis and the greatest risk of tumor progression. Conversely, HCC patients in the H2AFZlow/TP53wt group had the best prognosis (Figure 10B). The median OS of Groups 1, 2, and 4 were 2.1, 4.3, and 6.6 years (p < 0.001), respectively. While the median PFS of Groups 1, 2, 3, and 4 were 0.9, 1.1, 1.3, and 2.5 years (p = 0.002), respectively. Taken together, these results evidently indicated that integrated analysis of H2AFZ expression and TP53 status could serve as a more powerful predictor of prognosis in HCC patients. Expression levels of the immune-checkpoint-relevant transcripts of the four subgroups are shown in Figure 10C. Expression levels of HAVCR2, LAG3, and PDCD1LG2 were significantly higher in the H2AFZhigh/TP53mut group, compared to the other three groups (Mann–Whitney tests, *p < 0.05, **p < 0.001, ***p < 0.0001)), indicating that H2AFZhigh/TP53mut patients may be the most sensitive to ICBs among the four subgroups. Further clinical evidence is needed to demonstrate our hypothesis.




Figure 10 | Combined analysis of H2AFZ expression and TP53 status improves prognostic value of HCC patient outcome. (A) Overall survival and progression-free survival of TP53mut and TP53wt patients. (B) Overall survival and progression-free survival of the four subgroups (G1: H2AFZhigh/TP53mut; G2: H2AFZhigh/TP53wt; G3: H2AFZlow/TP53mut; G4: H2AFZlow/TP53wt). (C) Expression levels of immune-checkpoint-relevant transcripts in the four subgroups, respectively *p < 0.05; **p < 0.001; ***p < 0.0001; ns, not significant.






Discussion

The lack of specific markers for tumor types or disease stages represents a key gap in the current understanding and treatment of HCC. In the current study, we reported a histone variant, H2AFZ, whose overexpression is associated with poor prognosis of HCC. Also, H2AFZ overexpression relates to multiple clinical–pathological features including pathological T stage and tumor grade of HCC. To gain more detailed insights into the potential functions of H2AFZ in HCC, we performed multiple bioinformatics analysis of public data.

Analysis of transcriptome from 12 HCC cohorts demonstrated that H2AFZ mRNA level is significantly higher in HCC than in normal liver tissue. In addition, high expression of H2AFZ was significantly related to poor survival and progression-free state. Thus, our results suggest that H2AFZ upregulation occurs in most cases of HCC and deserves further clinical validation as a potential diagnostic and prognostic marker.

To explore the biological function of H2AFZ and probe the signaling events in controlling abnormal H2AFZ expression, we tested the networks of DEGs. GSEA analysis suggested that the functional consequence of H2AFZ mainly acts in cell cycle process and promotes cell proliferation. Moreover, significant enrichment was found in platinum drug resistance pathway. Further studies need to be done to investigate whether H2AFZ mediates resistance to chemotherapy critically in HCC.

For mining regulators potentially responsible for H2AFZ overexpression, we found that the E2F family constitute the main transcription factors for H2AFZ overexpression. E2F1 is one of the key links in the cell cycle regulation network. Activated E2F oncogenic signaling was frequently observed in the progression of liver cancer (21). Our results suggest that E2F1 is an important regulator of H2AFZ and that H2AFZ might act through this factor to regulate the cell cycle and proliferation capacity of HCC. Further studies are needed to test this hypothesis.

Next, H2AFZ in HCC is associated with a network of kinases including PLK1, CDK1, CDK2, AURKA, AURKB, and CHEK1. These kinases regulate genomic stability, mitosis, and the cell cycle, and showed differential expression and survival prognosis in HCC. CHEK1, the major downstream effector of ATR kinase, responds to DNA damage and thus mediates resistance to radiotherapy and chemotherapy. Activation of the ATR–CHK1 pathway suggested that the H2AFZhigh patients are less likely to be sensitive to radiotherapy and chemotherapy (22), which need to be further demonstrated. Moreover, these kinases are all involved in the p53 signaling pathway as regulators or effectors of p53 protein (23); thus, we discussed the relation between TP53 mutation and H2AFZ expression in the following context.

Tissue-specific PPI network analysis further demonstrates that H2AFZ regulates cell cycle signaling and DNA replication critically in HCC. Moreover, significant enrichment was found in the p53 signaling pathway and Th1/Th2 cell differentiation pathway. Thus, we further explored the association between H2AFZ expression and TP53 mutation and H2AFZ’s regulatory role in tumor immune in HCC.

We screened the top 10 most frequently mutated genes in the TCGA-LIHC cohort, and H2AFZ expression levels between mutants and wild types of these genes were then compared. Significantly higher H2FAZ expression level was found in TP53 mutants, compared to TP53 wild types, while no significant differential H2AFZ expression was found in mutants and wild types of other genes. Moreover, TP53 was found significantly co-expressed with H2AFZ in TP53 mutants, suggesting that TP53 mutation might be a regulatory event of H2AFZ expression in HCC.

Thus, we performed multiple in vitro experiments on Huh7 (TP53 Y220C mutant) and PLC/PRF/5 (TP53 R249S mutant) HCC cell lines. We demonstrated that H2AFZ expression was positively regulated by TP53, while TP53 expression was not altered by H2AFZ in Huh7 and PLC/PRF/5 cell lines, indicating that TP53 mutant is an upstream regulator of H2AFZ in HCC.

The tumor microenvironment is the non-cancerous cells present in or around tumors (24) and immune infiltration is a prognostic feature in cancers (25). For mining the relationship between H2AFZ and diverse immune infiltrations in LIHC, we performed multiple algorithms on RNA-seq data of TCGA-LIHC. Significantly higher CD4+ T cell, B cell, neutrophil, macrophage, and myeloid dendritic cell infiltration level was found in the H2AFZhigh group, compared to the H2AFZlow group. Further studies revealed that infiltration levels of macrophage M0, CD4+ Th1, and CD4+ Th2 were significantly upregulated along with H2AFZ overexpression. Moreover, lower Th1/Th2 ratio was found in the H2AFZhigh group, which is an event related to immune deficiency and poor prognosis of HCC. Th2 cells could promote tumor immune evasion, thereby promoting tumor occurrence, development, and resistance to drugs (26). PPI network analysis of H2AFZ co-expressed genes suggested significant enrichment in the Th1/Th2 differentiation pathway, as mentioned formerly. These results further demonstrate that H2AFZ may play an important role in T-cell differentiation regulating.

Immune checkpoints are a series of molecules that mediate immune evasion of tumors and can be therapeutically targeted by ICBs (19, 20). Significant higher expression level of immune checkpoint genes including CD274, CTLA4, HAVCR2, LAG3, PDCD1, and TIGIT was found in the H2AFZhigh group, suggesting that H2AFZ overexpressed HCC patients are more likely to be sensitive to ICBs. Our result could potentially provide guidance for its clinical application. However, because ICBs have not been widely applied in HCC treatment currently, more clinical evidence is needed to demonstrate our hypothesis.

Integrated analysis of H2AFZ expression and TP53 status provided a more powerful prediction for HCC patient outcomes. Our results showed that H2AFZhigh/TP53mut HCC patients had the worst prognosis and the greatest risk of tumor progression while H2AFZlow/TP53wt HCC patients had the best prognosis. Moreover, significantly higher HAVCR2, LAG3, and PDCD1LG2 expression level were found in the H2AFZhigh/TP53mut subgroup compared to other three subgroups, indicating that H2AFZhigh/TP53mut patients are most likely to be sensitive to ICBs.

In conclusion, the present study demonstrated that H2AFZ overexpression is regulated by TP53 mutation and promotes tumor occurrence and progression in HCC. Our results further revealed that H2AFZ regulates immune infiltration and Th1/Th2 cell differentiation. The H2AFZlow/TP53wt group representing low immune checkpoint expression predicts a favorable outcome, while the H2AFZhigh/TP53mut group implying high immune checkpoint expression status suggests poor prognosis in HCC patients, respectively. Combined analysis of H2AFZ expression and TP53 status provided a better prognostic value for HCC survival and progression. The H2AFZhigh patients are less likely to be sensitive to radiotherapy and chemotherapy, while they are more likely to be sensitive to ICBs. Thus, our findings provided a potential target for future investigation and intervention of HCC.



Materials and Methods


Data Sources

For the LIHC patients of The Cancer Genome Atlas (TCGA) database, gene expression, clinical, and somatic mutation data were downloaded from the Genomic Data Commons (GDC) data portal (TCGA) (https://portal.gdc.cancer.gov/) and 50 of the tumors also had mRNA expression data of paired normal tissue samples.



Gene Expression Correlation Analysis

The multi-gene correlation map was displayed by the R software package “pheatmap”. We used Spearman’s correlation analysis to describe the correlation between quantitative variables without a normal distribution. A p-value of less than 0.05 was considered statistically significant.



Differential Expressed Gene Analysis and Gene Expression Comparison Analysis

“Limma” R package was used to identify the differentially expressed mRNAs in the H2AFZhigh group compared to the H2AFZlow group. The adjusted p-value was analyzed to correct for false-positive results. Adjusted p < 0.05 and |Fold Change| >2 was defined as the thresholds for the screening of differential expression of mRNAs. “ClusterProfiler” R package was employed to analyze the GO functions of potential targets and enrich the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.



Gene Mutation Analysis

To identify the somatic mutations of the patients with LIHC in the TCGA database, mutation data were downloaded and visualized using the “maftools” package in R software.



Survival Analysis of TCGA-LIHC Patients

The KM survival analysis with log-rank test was also used to compare the survival difference between the above two groups or more groups. TimeROC analysis was performed to compare the predictive accuracy of each gene and risk score. For Kaplan–Meier curves, p-values and hazard ratio (HR) with 95% confidence interval (CI) were generated by log-rank tests and univariate Cox proportional hazards regression. Risk curves were plotted using the “ggrisk” R package. KM curves were plotted using “survival” and “survminer” R packages. Time-dependent ROC curves were plotted using the “TimeROC” R package. p-value of <0.05 was considered statistically significant.

All the above analysis methods and R package were implemented by R foundation for statistical computing (2020) version 4.0.3.



Construction and Validation of the Nomogram

Univariate and multivariate Cox regression analysis was performed to identify the proper terms to build the nomogram. The forest was used to show the p-value, HR, and 95% CI of each variable through “forestplot” R package. A nomogram was developed based on the results of multivariate Cox proportional hazards analysis to predict the 1-, 3-, and 5-year OS and PFS. Nomograms and calibration curves were plotted using the “rms” R package. Statistical analyses were performed using R software v4.0.3. p-value of <0.05 was considered statistically significant.



Tumor Immune Microenvironment Analysis

To make reliable immune infiltration estimations, we utilized the “immunedeconv”, an R package that integrates six state-of-the-art algorithms, including TIMER, xCell, MCP-counter, CIBERSORT, EPIC, and quanTIseq. TIMER applies a deconvolution method to infer the abundance of tumor-infiltrating immune cells (TIICs) from gene expression profiles (27), and is used to estimate infiltration levels of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. CIBERSORT performs deconvolution based on the ν-SVR method to infer the abundance of tumor-infiltrating immune cells (TIICs) from gene expression profiles (28), and is used for macrophage subtype infiltration level estimating. xCell is an algorithm that performs cell-type enrichment analysis from gene expression data for 64 immune and stroma cell types (29), and is used for CD4+ T-cell subtype and regulatory T-cell infiltration level estimating.

For grouping TCGA-LIHC patients into the Th1/Th2low and Th1/Th2high group, we initially wiped off 6 patients whose Th1 and Th2 score were both 0. Of 371 patients, 365 were then separated into the Th1/Th2low group and Th1/Th2high group, according to the median value of their Th1/Th2 ratio. Th1 and Th2 scores were decided by xCell outcomes.

All the above analysis methods and R packages were implemented by R software v4.0.3 (R Foundation for Statistical Computing, Vienna, Austria).



Online Database Analysis


HCCDB Database Analysis

HCCDB (http://lifeome.net/database/hccdb/) is a database of HCC expression atlas containing data from the Gene Expression Omnibus (GEO), Liver Hepatocellular Carcinoma Project of The Cancer Genome Atlas (TCGA-LIHC), and Liver Cancer - RIKEN, JP Project from International Cancer Genome Consortium (ICGC LIRI-JP) (30). Differential H2AFZ mRNA level in HCC tissue and normal tissue was determined by HCCDB.



Oncomine Database Analysis

The expression level of the H2AFZ gene in HCC was examined in the Oncomine 4.5 database (https://www.oncomine.org/). The threshold was determined according to the following values: p-value of 0.05, fold change of 1.5, and gene ranking of all.



Network Analyst Database Analysis

Network interpreting gene expression analysis of H2AFZ DEGs was performed by NetworkAnalyst 3.0 tool (https://www.networkanalyst.ca), which integrates cell-type or tissue-specific PPI networks, gene regulatory networks, and gene co-expression networks (31). Function enrichment was based on a similar concept introduced by ClueGO and EnrichmentMap (32).



c-BioPortal Database Analysis

The cBio Cancer Genomics Portal (http://cbioportal.org) has multidimensional cancer genomics datasets (33). Mutation and copy number variation (CNV) of H2AFZ in HCC were analyzed using the c-BioPortal tool.



GEPIA Database Analysis

The Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/) (34) was used to generate survival curves, including OS and recurrence-free survival (RFS), based on gene expression with the log-rank test and the Mantel-Cox test in HCC.




Experiments


Cell Lines

Huh7 and PLC/PRF/5 cell lines were purchased from the cell bank of FuHeng Biology (Shanghai, China). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA) combined with 10% fetal bovine serum (FBS; Gibco, Grand Island, MA, USA). All cell lines were authenticated by short tandem repeat analysis during the study period.



Construction of TP53 and H2AFZ Interference and Overexpression Clones

A non-targeting control sequence, three short interfering RNA (siRNA) sequence targeting TP53, three siRNA sequence targeting H2AFZ, and full-length TP53 Y220C, TP53 R249S, and H2AFZ cDNA were cloned into the pHY-LV-OE1.7 (pHY-009, Hanyin Biotech, Shanghai, China). Cells at a confluence of 6% in six-well plates were infected by lentivirus, selected by 2 μg/ml puromycin for 5 days. The mRNA levels were detected by quantitative real-time polymerase chain reaction (qRT-PCR), and the protein levels were detected by Western blot.



Western Blot Analysis

Harvested cells were lysed in RIPA buffer (Beyotime, Shanghai, China). Protein concentrations were determined by BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Forty micrograms of protein was resolved on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, blocked with 5% non-fat dry milk for 1 h at room temperature, and then incubated with primary antibodies at 4°C overnight. Blots were detected by ECL reagent (Tiangen, Beijing, China).



Quantitative Polymerase Chain Reaction

Total RNA was extracted from harvested cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA was reversed to cDNA by PrimeScript RT Master Mix (Takara, Dalian, China) and mRNA levels were detected using SYBR Premix Ex Taq II (Takara) according to the manufacturer’s instructions. The primers synthesized by Hanyin Biotech (Shanghai, China) were as follows: TP53, forward 5’-CCTCAGCATCTTATCCGAGTGG-3’, reverse 5’-TGGATGGTGGTACAGTCAGAGC-3’; H2AFZ, forward 5’-GCAACTTGCTATTCGTGGAGATG-3’, reverse 5’-CAGGCATCCTTTAGACAGTCTTC-3’ and GAPDH forward, 5’-GTCTCCTCTGACTTCAACAGCG-3’, reverse 5’-ACCACCCTGTTGCTGTAGCCAA-3’. qPCR was performed with ABI 7500 (Applied Biosystem, Carlsbad, CA). Data were normalized for GAPDH levels by the ΔΔCt method.



Cell Function Assays In Vitro

The effect of TP53 mutation and H2AFZ overexpression on the cell cycle was analyzed by flow cytometry. Cells were trypsinized and fixed with ice-cold 70% ethanol at 4°C overnight and incubated with 50 μg/ml propidium iodide (Sigma-Aldrich) in the presence of 100 μg/ml RNase and 0.2% Triton X-100 for 30 min at 37°C. DNA content was determined in the BD FACSAria II system (BD Biosciences, Franklin Lakes, NJ, USA). We assessed cell proliferation using the Cell-Light EdU DNA Cell Proliferation Kit (C10310-1, RiboBio, Guangzhou, China) according to the manufacturer’s instructions. Transwell migration and invasion assay was undertaken in a chamber of 8-μm-pore Transwell inserts precoated with or without 100 μl Matrigel (BD Biosciences, San Jose, CA, USA). Cells (1 × 105) were seeded in each insert. Cells that had migrated or invaded were fixed by 4% paraformaldehyde, stained with crystal violet for image capture, and counted under a light microscope.

Data are representative of three independent experiments carried out in triplicate.





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 authors.



Author Contributions

DS and LD designed and conceived this project. MD, YD, and DZ developed methodology. DZ designed the experiments. MD, JC, and YD performed bioinformatics analysis and generated data. JC and YD analyzed and interpreted data and performed the experiments. MD wrote the draft. DS and LD revised and finalized the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (81972234), Medical and Health Science and Technology Project of Xiamen (3502Z20194032), and Young and Middle-aged Backbone Training Project in the Health System of Fujian Province (2020GGB060).



Acknowledgments

We acknowledge TCGA and GEO database for providing their platforms and contributors for uploading their meaningful datasets.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.701736/full#supplementary-material



References

1. Craig, AJ, von Felden, J, Garcia-Lezana, T, Sarcognato, S, and Villanueva, A. Tumour Evolution in Hepatocellular Carcinoma. Nat Rev Gastroenterol Hepatol (2020) 17(3):139–52. doi: 10.1038/s41575-019-0229-4

2. Llovet, JM, Zucman-Rossi, J, Pikarsky, E, Sangro, B, Schwartz, M, Sherman, M, et al. Hepatocellular Carcinoma. Nat Rev Dis Primers (2016) 2:16018. doi: 10.1038/nrdp.2016.18

3. Lohitesh, K, Chowdhury, R, and Mukherjee, S. Resistance a Major Hindrance to Chemotherapy in Hepatocellular Carcinoma: An Insight. Cancer Cell Int (2018) 18:44. doi: 10.1186/s12935-018-0538-7

4. DiStefano, JK, and Davis, B. Diagnostic and Prognostic Potential of AKR1B10 in Human Hepatocellular Carcinoma. Cancers (2019) 11(4):486. doi: 10.3390/cancers11040486

5. Kurat, CF, Recht, J, Radovani, E, Durbic, T, Andrews, B, and Fillingham, J. Regulation of Histone Gene Transcription in Yeast. Cell Mol Life Sci (2014) 71(4):599–613. doi: 10.1007/s00018-013-1443-9

6. Martire, S, and Banaszynski, LA. The Roles of Histone Variants in Fine-Tuning Chromatin Organization and Function. Nat Rev Mol Cell Biol (2020) 21(9):522–41. doi: 10.1038/s41580-020-0262-8

7. Talbert, PB, and Henikoff, S. Histone Variants on the Move: Substrates for Chromatin Dynamics. Nat Rev Mol Cell Biol (2017) 18(2):115–26. doi: 10.1038/nrm.2016.148

8. Slupianek, A, Yerrum, S, Safadi, FF, and Monroy, MA. The Chromatin Remodeling Factor SRCAP Modulates Expression of Prostate Specific Antigen and Cellular Proliferation in Prostate Cancer Cells. J Cell Physiol (2010) 224(2):369–75. doi: 10.1002/jcp.22132

9. Tyagi, M, Cheema, MS, Dryhurst, D, Eskiw, CH, and Ausió, J. Metformin Alters H2A.Z Dynamics and Regulates Androgen Dependent Prostate Cancer Progression. Oncotarget (2018) 9(97):37054–68. doi: 10.18632/oncotarget.26457

10. Kim, K, Punj, V, Choi, J, Heo, K, Kim, JM, Laird, PW, et al. Gene Dysregulation by Histone Variant H2A.Z in Bladder Cancer. Epigenet Chromatin (2013) 6(1):34. doi: 10.1186/1756-8935-6-34

11. Hsu, CC, Shi, J, Yuan, C, Zhao, D, Jiang, S, Lyu, J, et al. Recognition of Histone Acetylation by the GAS41 YEATS Domain Promotes H2A.Z Deposition in non-Small Cell Lung Cancer. Genes Dev (2018) 32(1):58–69. doi: 10.1101/gad.303784.117

12. Sawant, A, Hensel, JA, Chanda, D, Harris, BA, Siegal, GP, Maheshwari, A, et al. Depletion of Plasmacytoid Dendritic Cells Inhibits Tumor Growth and Prevents Bone Metastasis of Breast Cancer Cells. J Immunol (Baltimore Md 1950) (2012) 189(9):4258–65. doi: 10.4049/jimmunol.1101855

13. Yang, HD, Kim, PJ, Eun, JW, Shen, Q, Kim, HS, Shin, WC, et al. Oncogenic Potential of Histone-Variant H2A.Z.1 and its Regulatory Role in Cell Cycle and Epithelial-Mesenchymal Transition in Liver Cancer. Oncotarget (2016) 7(10):11412–23. doi: 10.18632/oncotarget.7194

14. Tsai, CH, Chen, YJ, Yu, CJ, Tzeng, SR, Wu, IC, Kuo, WH, et al. SMYD3-Mediated H2A.Z.1 Methylation Promotes Cell Cycle and Cancer Proliferation. Cancer Res (2016) 76(20):6043–53. doi: 10.1158/0008-5472.CAN-16-0500

15. Domaschenz, R, Kurscheid, S, Nekrasov, M, Han, S, and Tremethick, DJ. The Histone Variant H2A.Z Is a Master Regulator of the Epithelial-Mesenchymal Transition. Cell Rep (2017) 21(4):943–52. doi: 10.1016/j.celrep.2017.09.086

16. Qiu, Z, Oleinick, NL, and Zhang, J. ATR/CHK1 Inhibitors and Cancer Therapy. Radiother Oncol (2018) 126(3):450–64. doi: 10.1016/j.radonc.2017.09.043

17. Yin, Y, Stephen, CW, Luciani, MG, and Fåhraeus, R. P53 Stability and Activity is Regulated by Mdm2-Mediated Induction of Alternative P53 Translation Products. Nat Cell Biol (2002) 4(6):462–7. doi: 10.1038/ncb801

18. Kastenhuber, ER, and Lowe, SW. Putting P53 in Context. Cell (2017) 170(6):1062–78. doi: 10.1016/j.cell.2017.08.028

19. Benci, JL, Xu, B, Qiu, Y, Wu, TJ, Dada, H, Twyman-Saint Victor, C, et al. Tumor Interferon Signaling Regulates a Multigenic Resistance Program to Immune Checkpoint Blockade. Cell (2016) 167(6):1540–54.e12. doi: 10.1016/j.cell.2016.11.022

20. Abril-Rodriguez, G, and Ribas, A. SnapShot: Immune Checkpoint Inhibitors. Cancer Cell (2017) 31(6):848–.e1. doi: 10.1016/j.ccell.2017.05.010

21. Zhan, L, Huang, C, Meng, XM, Song, Y, Wu, XQ, Miu, CG, et al. Promising Roles of Mammalian E2Fs in Hepatocellular Carcinoma. Cell Signal (2014) 26(5):1075–81. doi: 10.1016/j.cellsig.2014.01.008

22. Manic, G, Obrist, F, Sistigu, A, and Vitale, I. Trial Watch: Targeting ATM-CHK2 and ATR-CHK1 Pathways for Anticancer Therapy. Mol Cell Oncol (2015) 2(4):e1012976. doi: 10.1080/23723556.2015.1012976

23. Muller, PA, and Vousden, KH. Mutant P53 in Cancer: New Functions and Therapeutic Opportunities. Cancer Cell (2014) 25(3):304–17. doi: 10.1016/j.ccr.2014.01.021

24. Aran, D, Sirota, M, and Butte, AJ. Systematic Pan-Cancer Analysis of Tumour Purity. Nat Commun (2015) 6:8971. doi: 10.1038/ncomms9971

25. Bruni, D, Angell, HK, and Galon, J. The Immune Contexture and Immunoscore in Cancer Prognosis and Therapeutic Efficacy. Nat Rev Cancer (2020) 20(11):662–80. doi: 10.1038/s41568-020-0285-7

26. Thorsson, V, Gibbs, DL, Brown, SD, Wolf, D, Bortone, DS, Ou Yang, TH, et al. The Immune Landscape of Cancer. Immunity (2018) 48(4):812–30.e14. doi: 10.1016/j.immuni.2018.03.023

27. Li, B, Severson, E, Pignon, JC, Zhao, H, Li, T, Novak, J, et al. Comprehensive Analyses of Tumor Immunity: Implications for Cancer Immunotherapy. Genome Biol (2016) 17(1):174. doi: 10.1186/s13059-016-1028-7

28. Chen, B, Khodadoust, MS, Liu, CL, Newman, AM, and Alizadeh, AA. Profiling Tumor Infiltrating Immune Cells With CIBERSORT. Methods Mol Biol (Clifton NJ) (2018) 1711:243–59. doi: 10.1007/978-1-4939-7493-1_12

29. Aran, D, Hu, Z, and Butte, AJ. Xcell: Digitally Portraying the Tissue Cellular Heterogeneity Landscape. Genome Biol (2017) 18(1):220. doi: 10.1186/s13059-017-1349-1

30. Lian, Q, Wang, S, Zhang, G, Wang, D, Luo, G, Tang, J, et al. HCCDB: A Database of Hepatocellular Carcinoma Expression Atlas. Genomics Proteomics Bioinformatics (2018) 16(4):269–75. doi: 10.1016/j.gpb.2018.07.003

31. Zhou, G, Soufan, O, Ewald, J, Hancock, REW, Basu, N, and Xia, J. NetworkAnalyst 3.0: A Visual Analytics Platform for Comprehensive Gene Expression Profiling and Meta-Analysis. Nucleic Acids Res (2019) 47(W1):W234–w41. doi: 10.1093/nar/gkz240

32. Reimand, J, Isserlin, R, Voisin, V, Kucera, M, Tannus-Lopes, C, Rostamianfar, A, et al. Pathway Enrichment Analysis and Visualization of Omics Data Using G:Profiler, GSEA, Cytoscape and EnrichmentMap. Nat Protoc (2019) 14(2):482–517. doi: 10.1038/s41596-018-0103-9

33. Gao, J, Aksoy, BA, Dogrusoz, U, Dresdner, G, Gross, B, Sumer, SO, et al. Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the Cbioportal. Sci Signal (2013) 6(269):pl1. doi: 10.1126/scisignal.2004088

34. Tang, Z, Li, C, Kang, B, Gao, G, Li, C, and Zhang, Z. GEPIA: A Web Server for Cancer and Normal Gene Expression Profiling and Interactive Analyses. Nucleic Acids Res (2017) 45(W1):W98–w102. doi: 10.1093/nar/gkx247




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.


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.

Copyright © 2021 Dong, Chen, Deng, Zhang, Dong and Sun. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        H2AFZ Is a Prognostic Biomarker Correlated to TP53 Mutation and Immune Infiltration in Hepatocellular Carcinoma

      

        		

          Introduction

        



        		

          Results

        

          		

            H2AFZ Is Overexpressed and Relates to Pathological Features in HCC

          



          		

            H2AFZ Overexpression Is Associated With Poor Prognosis in HCC

          



          		

            Identification of H2AFZ Biological Function in HCC

          



          		

            Regulators of H2AFZ Expression in HCC

          



          		

            TP53 Mutation Relates to H2AFZ Expression in HCC

          



          		

            H2AFZ Overexpression Promotes HCC Cell Proliferation, Migration, and Invasion In Vitro

          



          		

            H2AFZ Overexpression Regulates Immune Infiltration in HCC

          



          		

            Combined Analysis of H2AFZ Expression and TP53 Status Improves Prognostic Value of HCC Patient Outcome

          



        



        



        		

          Discussion

        



        		

          Materials and Methods

        

          		

            Data Sources

          



          		

            Gene Expression Correlation Analysis

          



          		

            Differential Expressed Gene Analysis and Gene Expression Comparison Analysis

          



          		

            Gene Mutation Analysis

          



          		

            Survival Analysis of TCGA-LIHC Patients

          



          		

            Construction and Validation of the Nomogram

          



          		

            Tumor Immune Microenvironment Analysis

          



          		

            Online Database Analysis

          

            		

              HCCDB Database Analysis

            



            		

              Oncomine Database Analysis

            



            		

              Network Analyst Database Analysis

            



            		

              c-BioPortal Database Analysis

            



            		

              GEPIA Database Analysis

            



          



          



          		

            Experiments

          

            		

              Cell Lines

            



            		

              Construction of TP53 and H2AFZ Interference and Overexpression Clones

            



            		

              Western Blot Analysis

            



            		

              Quantitative Polymerase Chain Reaction

            



            		

              Cell Function Assays In Vitro

            



          



          



        



        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-701736-g008.jpg
TP53-siRNA

A Huh?
NC TP53-siRNA TP53-siRNA+H2AFZ-OE - = TPSIsRNA

— TPSLSRNAMAFZOE

Huh7

caor o2 s

PLC/PRF/5

©
w
©
]
o
-l
o
B
(&}
-4
<
z 50 Huh? PLCIPRF/5
% *
s i)
g
o
=
IS
5 g
g9 <
e a
g5 ;
a ¢ 2
- T 3
g
PLCIPRF/5 2
EduU DAPI Merge
: -
z
< --
=z
4
K
©
o
o
=4
<
w
g9
‘® N
2 %
2o
- o
B
c Migration D Invasion

Huh?7 PLC/PRF/5 Huh? PLC/PRF/5

Huh  PLCPRFS

3
c

Profferating colls Rat(

Huh?  PLCPRFIS

H2AFZ-OE TP53-siRNA

H2AFZ-OE TP53-siRNA

TP53-siRNA





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-701736-g002.jpg
A Kruskal-Wallis test p=1.7e-27 Kruskal-Wallis test p=9.9e-29

16 e 16 R

Type Type
S T1 s G1
.ﬁ 12 gp=181) 21 n=55)
3 2 3 E;Z
| g § 5 o
N £ (n274) o =h
N N g! 122)
8 13T N "
§ T {n=1 3 B (ne12)
T r-y Normal T Normal
= (n=50) B9 (n250)
4 4
T1 T2 T3a_ T3b+T4 Normal —— - o
= = = - g G1 G2 G3 G4 Normal
(n=181) (n=92) (n=74) (n=19) (n=50) (n=55) (n=177) (n=122) (n=12) (n=50)
B

Race pT_stage Grade H2AFZ Status





OEBPS/Images/fonc.2021.701736_cover.jpg
’ frontiers
in Oncology

H2AFZ Is a Prognostic Biomarker
Correlated to TP53 Mutation
and Immune Infiltration in
Hepatocellular Carcinoma





OEBPS/Images/fonc-11-701736-g004.jpg
os PFS
Uni_cox Pvalue Hazard Ratio(95% CT) Uni_cox Pvalue Hazard Ratio(95% CI)
H2AFZ le=05  1.51132(1.25551,1.81924) —_ H2AFZ 305 1.39272(1.19289,1.62603) —_—
Age 007752 1.01235(0.99865,1.02624) H2AFV 000053 1.56546(1.21503,2.01696) —_—
Gender 026043 0.81601(0.57267,1.16275) Age 0.42102 0.99547(0.9845,1.00655)
Race 016372 1.14129(0.94759,1.37459) Race 013029 1.12545(0.96568,1.31164)
pIstage  <0.0001  1.67473(1.397232.00733) e plstage  <0.0001 1.62344(1.39133,1.89426) —_—
Grade 0.33867 1.12104(0.8871,1.41668) Grade 032147 1.10371(0.9081,1.34146)
057267 1 L5 2 1 L5 2
B Hazard Ratio Hazard Ratio
os PFS
Mult_cox  pvalue  Hazard Ratio(95% CI) Mult_cox  p.value  Hazard Ratio(95% CI)
H2AFZ 0.00371 1.35521(1.1037,1.66403) —— H2AFZ 0.04214 1.2506(1.00797,1.55162)
Age 017764 1.01017(0.99542,1.02515) H2AFV 073406 1.05859(0.76222,147019)
Gender 078055 0.94485(0.63392,1.40829) Age 0.14092 0.99137(0.98,1.00287)
Race 096170 1.00538(0.80779,1.25129) Race 023895 1.10789(0.93419,1.31389)
pT_stage 0.00001 1.57578(1.29277,1.92076) —— pT_stage 0.00001 1.47754(1.24694,1.7508) ——
Grade 067036 1.06029(0.80975,1.38836) Grade 0.83023 1.02417(0.8233,1.27405)
063392 1 15} 2 1 1.51.7508 2
c Hazard Ratio Hazard Ratio
os
oointe o 10 2 W 4w s @ 7 w % w0 e e S
Points
H2AFZ ————————————C~imex 876 76(6;625+ A
NP I P PRI s PR et H2AFZ T T SR
L3 T
pT_stage Y,‘ L 7,3 1 pT_stage ! 1? | Ta
] i
Total polets 7w e s 10 10 1o 1o 10 Total Points

Observed(%)

Linear Predictor

1-year survival Pro

3-year survival Pro

0.8 07 06 05 04 03 02 0.1

5-year survival Pro

07 06 05 04 03 02 0.1

S e o
= - LUl L
os 4
—— 3-year fﬁq
w | T S—year ‘fl\'
3 X %
x £/
/ /
e d
= ¥
¥
//< / A
& ¥ o X
3 /
< /
\/
o | x
S
s
S
T T T T T =T
0.0 0.2 0.4 0.6 0.8 1.0

sram—prediced(%
5124355t e g OGFAMprediced (%)
ety

resampling opimism added, B-200
Based on cheerved-prodiciod

Linear Predictor

20 40 60 80 100 120 140 160 180 200

T T

108 -0.4 0 02 04 06 08 1 12 14
1-year survival Pro -
08 07 06 05 o0& 03 02
3-year survival Pro —
06 05 04 03 02 01
S-year survival Pro
06 05 04 03 02 01
= A e
= — l-year
—— 3-year PFS
—— 5-—year :x
=4 .
/
. s/
K &4 LR
3 /)
: \
g =
oS < - oX
o < 7 ¥ x X
!\
a [ x
M
% | %
= |
S
0.0 0.2 04 0.6 08 10

=355 d=174 p=4, 355 subjocts pr growp
- Sunr iy

Nomogram-prediced(%) .
Bl il it





OEBPS/Images/fonc-11-701736-g006.jpg
Hits.

334
ONA repair 538 3 100 379E-26  135€-24
DNA replecation 6 24 81 BME-M 26762
Humoral immune response 157 0923 10 26508 262606
Acute inflammatory response 118 0694 9 28808 262606
Inflammatory response 569 335 16 168E-07 115605

KEGG pathway Total __Expected __Fits ___Palue R

Cell cycle 124 0.87 s 1.41E:561 4.48E-49
DNA replecation 36 287 19 23912 ATSEL
P53 signaling pathway 72 573 % 1311 1BE-10
Tht and Th2 cell differentiation 02 732 16 224603 73663

Transcriptinal Factor Total __Expected __Fits PValue FOR
VSE2F1_C6 232 769 03619 671E16
VSEZF Q5 22 769 0 5426-18  207E-15
VSE2F Q4 24 776 40 7436-18  207E-15

VSE2F_Q4.01 27 786 a0 118E-17  247-15
VSE2F_Q6.01 240 7.96 39 1176-16  1.96E-14






OEBPS/Images/fonc-11-701736-g001.jpg
log2 median-centered intensity

e - o S = —
sanee o ua i o ! ]
- o covate - 228 s omr ; I ‘ {
. . - - »—131—4 |
- - = [
- o e - . —T—
e - —ammm
o - = B - = = . BT .
o N - 2 s b |
= = i . = = ' :
' st - o - - H F—
e o s - o —{— |
. E—- = = = = [
b — n o oo - St i) 3
Scaled oxpression
Roessler Liver Roessler Liver 2
6.0 7.0 . 2
ss.| P=17E107 . 65| P=295E10-73
50| Fold change = 2.755 601 Fold change = 2.780
5.5 | .
4.5 - %. ool
. £ 45
35+ . g 40 - _—
25— i‘ 3.0
20 g2 .
E 2.0
1.5 . . ~
21s .
10 T 0o
05 05
0.0 - 0.0 -
o 3 1 2
Normal Tumor Normal Tumor





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-701736-g010.jpg
1.0
10 10 z -
2z 8 e G
084
5 08 =3 G4
Zos 8 o8 & s
= o 3 5
3 5 2 2 064
2 s Sos s 0
S os 3 06 3 2
= @
3 3 5 04 2 941
< @ 04 B é
@ 04 & 0 [ 2 5]
= < g 02 2
3 S 3 o
2 2 Log-rank P =0.0013 > Log-rank P=0.0014
5 02 ﬂE’: 02 0.0 - Median time: 2.1,4.3and 6.6 DE_ 0.0 | Median time: 09, 1.1, 1.3 and 2.5
o N T T T T T
HR = 0.66 (0.44-1.00) o HR =0.74 (0.53-1.04) 0 25 5 75 10 [ 25 5 75 10
0.0 4 Log-rank 0.0 4 Log-rank P =0.062 Time (years) Time (years)
T T T T T T —
6 25 5 75 10 6 25 5 75 10 Gl |13 15 3 0 0 Gl |3 12 2 0 0
Time (years) Time (years) G2 s 2 13 3 1 G2 fios 12 3 1 1
TP53™ f05 21 6 0 0| TPS3™ fos 17 3 0 0 63 |32 I 3 ! 4 63 | 5 4 o S
TP53*% P53 82 33 8 1| TP53* ps3 43 14 3 1 G4 148 56 20 . 0 G4 148 31 11 2 0
c Kruskall-Wals test p = 0.0017 Kuskall-Walls test p = 6.36-08 % Kmskulb-w-lli: m1 p=11e-09 Kmsklll—WlIIi‘!. ‘tnl p=15e-06
6 . 6 - =
—n —n
< I 1 - . §
. 5 017 B4 . 2 1oy
i L A 8 Qa5 @ . 4 G2 (n=105)
H H . Saea 84 . o § bt
& 3. . 3
829 5 k|
' ==
oo O O OO o 0
m (n=73) G2 (n=105) G3 (n=32) G4 (n=149) G1(n=73) G2 (n=105) G3 (n=32) G4 (n=149) 61(n=73) G2 (n=105) G3 (n=32) G4 (n=149) = e——
Kingka-Wels testp=1.09-09 i Kruskall-Walis test p = 0.0015 Kruskall-Wallis test p = 2.2¢-05 . Kruskall-Walls tost p = 0.47
—_— ) 2y s
84 = - o - ’m—
= 8 2 Py ln—w
H i % — . —= 55 —*—.
e . . Gy . H ® o 3
g H . G2(r=105) g . 84 o G2 (r108) £
g H . et | § . . et
5,] . i G 8, 8 ftiar- N
2 z = H 2
3
g g R . 3.
- e -
. . . = .

61(0=73) G2

G1 (n=73) G2 (n=105) G3 (n=32) G4

) G2(n=105) G3 (n=32) G4 (n=149) }) G2 (n=105) G3 (n=32) G4






OEBPS/Images/fonc-11-701736-g003.jpg
Log2(TPM+1)

§

o Higherp
o Lovew

1004

734

50,

Time

2

00,

ARz

zescoreofexpression {0

0123

030

Overllsurvival probatility

025

i

of + Hgrew
. Lowew

Log2maten)
Progresion feesuvivl pobsbly

w wo

Highexp:
- B2 e .

] ¥ 75 3
Tume (years)
1w
o

»
o

o35

o

o

B3]

ompa— § |

2-101 2

160,

o7

0.

o35






OEBPS/Images/fonc-11-701736-g009.jpg
H2AFZ level (TPM)

Eee————— . Groups

H ‘ T cell CD4+***

Neutrophil***

Macrophage***
cell CD8+

B cell***

dededed
800
4
L]
600
e
L}
400 i °
L]
200 %
0

T T
Th1/Th2°¥  Th1/Th2high
(n=182) (n=183)

1.41e-05 l

2.33e-08

2.15-07 I

3.91e-01

3.10e-08

Myeloid dendritic cell*** 1.59e-11

Immune checkpoint

Groups

15.

0
0.5

-1
-1.5

Low exp
High exp

Immune scores

[2
== Hghexp
o = Lowexp
[
02 - wx
" o
0.1:
0.0- H i-ri l'.T. h
& N
v\“ (5’ d"«(\ &
Group
EHigh exp
EdLow exp





OEBPS/Images/fonc-11-701736-g007.jpg
o

Altered in 270 (74.18%) of 364 samples.

mu
ez,
Nowsense_Mutation * In_Frame_Ios
= Misscnse Motaion = Frame. Shf Ios = Highexp
© Frame Sift Dol # Spie 5 ey
© o Frame Del % Mok Tk TN

7P53 : [Somatic Mutation Rate:28.3%]
NM_000546

C D
Huh7
7 7] "
-
go gel A P
[73
8 g £,
ab £ ES
I3 54 2c
25
o o £9 05
Q4 3 &g
o o 44 s
t L_/ @ 00
S8 . D54
3 Spearman 3 Speargan
2 °.® r=0470 . o 1&0.170
.. ® . P <0.001 2 P =g.008
T
5 6 7 8 9
Log2 (H2AFZ expression) Log2 (H2AFZ expression)
F Huh7 PLCIPRF/S H
ns o Huh7 PLC/PRF/5
ns s 18 N 20
15 rs 5 P § g, *kk *Hk % S s
58 gﬁ Zs I
x5 10 5 10 < ETS
€ ¢ Ec [ oc 10
22 H 38 2%
'ggo.s sgos Se g 8 o0s
&g 28 ¥ s
® 00 90 & o0
o (] o [ 1 [ ] [
$ & & @ ¢ &L CxrL &
ol £ o e i»j?’ v
& %"’{L~b i \ﬂ’{t & «3’{‘( & & & LR
o ¥ .Qs“”
& &
&8 & & &

B o

Relative mRNA
°
b

expression of H2AFZ

00

H2AFZ

B-Actin

PLC/PRF/5
ns
™~

ns

PLC/PRF/5





OEBPS/Images/table1.jpg
Gene

TP53
TTN
CTNNB1
MUC16
ALB
PCLO
RYR2
MUC4
ABCA13
APOB

105
124
88
79
40
50
46
48
42
38

Mutant
Mean of H2AFZ level (log10TPM)

7.051
6.611
6.501
6.743
6.502
6.544
6.803
6.618
6.691
6.621

***n < 0.00001; ns, not significant.

n

254
235
27
280
319
309
313
311
317
321

Wild type
Mean of H2AFZ level (log10TPM)

6.435
6.617
6.652
6.579
6.629
6.627
6.588
6.615
6.605
6.615

p-value of Mann-Whitney test

ns
ns
ns
ns
ns
ns
ns
ns
ns





OEBPS/Images/fonc-11-701736-g005.jpg
~Logn P-value.

Piastediissdiiiis,tonlistin

s
PIOIELILLPEELELRLE P O IPFEPPOPEf GG P800

Ps3 signaling pathway-
Viral carcinogenesis-

Small cell lung cancer-
Progesterone-mediated oocyte maturation-
Platinum drug resistance:

Oocyte meiosis-

Mismatch repair-

'MicroRNAs in cancer:

Human T—cell leukemia virus 1 infection-
Homologous recombination

‘Hepatitis B

‘Fanconi anemia pathway-

DNA replication

Central carbon metabolism in cancer-
Cellular senescence

Cell cycle:

Carbon metabolism

Bladder cancer

Biosynthesis of amino acids-

Base excision repair-

‘Tyrosine metabolism
Steroid hormone biosynthesis

Retinol metabolism-

PPAR signaling pathway-

Metabolisim of xenobiotics by cytochrome P450-
Linoleic acid metabolism

Glycolysis / Gluconeogenesis

Glycine, serine and threonine metabolism:
Glucagon signaling pathway

Fatty acid degradation

Drug metabolism - other enzymes

Drug metabolism ~ cytochrome P40

Cysteine and methionine metabolism:
Complement and coagulation cascades-
Cholesterol metabolism:

Chemical carcinogenesis

Carbon metabolism-

Biosynthesis of amino acids

Bile secretion-

Arachidonic acid metabolism:

KEGG patway (Up)
.
.
.
.
o
L]
L]
.
.
.
Ll
.
.

T o oh ok o
Eoncheat Raio
KEGG patbway (Dows)

.
.
L
o
)
.
.
.
.
.
.
.
.
.
.
.
.

0350 087 0im 0135 0130 017
Ratio

.50

s
100
® ns
@ 150

—log10(p adjust)

spindle organization

sister chromatid segregation

regulation of mitotic nuclear division
regulation of mitotic cell cycle phase transition
regulation of chromosome segregation
regulation of cell cycle phase transition:
organelle fision

nuclear division:

nuclear chromosome segregation

mitotic spindle organization

mitotic sister chromatid segregation

‘mitotic nuclear division
g s
chroniBiohe B AT

cell cycle checkpoint

cell cycle G1/S phase tramsition-
GU/S transition of mitotic cell cycle-
DNA-dependent DNA replication
DNA replication:

xenobiotic metabolic process
triglyceride metabolic process

terpenoid metabolic process

‘steroid metabolic process:

small molecule catabolic process

retinol metabolic process-

retinoid metabolic process

response (0 xenobiotic stimulus-

organic acid catabolic process'

organic acid biosynthetic process
‘monocarboxylic acid biosynthetic process'
lipid catabolic process

isoprenoid metabolic process-

fatty acid metabolic process

epoxygenase P450 pathway-

drug metabolic process

cellular response to xenobiotic stimulus-
carboxylic acid catabolic process
carboxylic acid biosynthetic process-
alcoliol metabolic process:

ot

~log10(p adjust)






