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The Na+/K+-ATPase (NKA), has been proposed as a signal transducer involving various pathobiological processes, including tumorigenesis. However, the clinical relevance of NKA in hepatocellular carcinoma (HCC) has not been well studied. This study revealed the upregulation of mRNA of ATP1A1, ATP1B1, and ATP1B3 in HCC using TCGA, ICGC, and GEO database. Subsequently, ATP1B3 was demonstrated as an independent prognostic factor of overall survival (OS) of HCC. To investigate the potential mechanisms of ATP1B3 in HCC, we analyzed the co-expression network using LinkedOmics and found that ATP1B3 co-expressed genes were associated with immune-related biological processes. Furthermore, we found that ATP1B3 was correlated immune cell infiltration and immune-related cytokines expression in HCC. The protein level of ATP1B3 was also validated as a prognostic significance and was correlated with immune infiltration in HCC using two proteomics datasets. Finally, functional analysis revealed that ATP1B3 was increased in HCC cells and tissues, silenced ATP1B3 repressed HCC cell proliferation, migration, and promoted HCC cell apoptosis and epithelial to mesenchymal transition (EMT). In conclusion, these findings proved that ATP1B3 could be an oncogene and it was demonstrated as an independent prognostic factor and correlated with immune infiltration in HCC, revealing new insights into the prognostic role and potential immune regulation of ATP1B3 in HCC progression and provide a novel possible therapeutic strategy for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a primary liver cancer with high mortality and is the most common malignancy (1), which occurs frequently in Asia, Africa, southern Europe and China (2). Although early surgical resection and liver transplantation are effective treatments for HCC (3), the 5-year recurrence rate for HCC remains poor because of its high recurrence and metastasis rates (4). Therefore, useful prognostic and therapeutic indicators are urgently needed.

The ion transporter Na+/K+-ATPase (NKA) is a transmembrane protein that transports Na+ and K+ across cell membranes (5), which is essential for the cellular electrochemical gradient (6), ion homeostasis (7), cell adhesion (8), and intracellular signaling (9). The functional NKA consists of α subunits and β subunits. So far, 4 NKA α-subunits (α1, α2, α3, and α4) and 4 β-subunits (β1, β2, β3, and β4) have been identified. The abnormal NKA could lead to a variety of diseases, including hypokalaemic periodic paralysis and CNS symptoms (10), cardiovascular disorders (11), atherosclerosis (12), Alzheimer (13). Recent studies showed that NKA was dysregulated in multiple cancers and involved in the progression of these cancers (14). For example, Mathieu et al. (15) showed that the NKA α1 subunit is highly expressed in human melanoma and involved in cell migration and apoptosis. Lee et al. (16) reported that the NKA β1 subunit is low-expressed in medulloblastoma. Bechmann et al. (17) revealed that NKA α1, α3, and β1 subunits were highly expressed in colorectal cancers and associated with tumor metastases. Nevertheless, the clinical relevance of NKA in HCC remains unclear.

In this study, we investigated the expression of NKA α/β subunits in HCC using 6 independent public datasets. We demonstrated ATP1B3 as a prognostic factor which is correlated with immune infiltrating in HCC. Functional analysis revealed ATP1B3 as a potential oncogene of HCC, indicating that ATP1B3 as a diagnostic and potential therapeutic target in HCC.



Materials and Methods


NKA Expression in Different Datasets

The expression levels of NKA α/β subunits in HCC were identified from ICGC (https://icgc.org/daco) and TCGA (https://cancergenome.nih.gov/) datasets (18). Then, the expression levels of ATP1A1, ATP1B1, and ATP1B3 were verified in three independent GEO datasets (GSE45436, GSE76427 and GSE102079) download from https://www.ncbi.nlm.nih.gov/gds (19).

The transcription levels of NKA genes in various cancers were detected in the GEPIA database (http://gepia.cancer-pku.cn/) (20) and ONCOMINE database (https://www.oncomine.org/) (21). The thresholds were set as: logFC > 1 and p < 0.01.



Survival Analysis

The prognostic value of ATP1A1, ATP1B1, and ATP1B3 for HCC in the TCGA database were appraised by the Kaplan-Meier plotter database (http://kmplot.com/analysis/) (22) and then validated using the ICGC database using R software (version 3.5.2).



The Relationship Between ATP1B3 and Clinical Characteristics of HCC

The expression of ATP1B3 in HCC patients with different clinical characteristics was analyzed using R software and then validated using the UALCAN database (http://ualcan.path.uab.edu) (23). The significance of differential gene expression was assessed by t-test and one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001.



LinkedOmics Database Analysis

The co-expressed genes of ATP1B3 in HCC was detected using LinkedOmics (http://www.linkedomics.org/login.php). Co-expressed genes can be analyzed statistically and displayed in the volcano, Heat maps. Gene set enrichment analysis (GSEA) can also be used in LinkedOmics functional modules to perform Gene Ontology (GO) term annotation, KEGG pathway analysis, and target enrichment of kinases, miRNAs, and transcription factors’ (TF) (24). Pearson test was used to evaluate the significant correlation of co-expressed genes. FDR < 0.01 was significant expression, p < 0.05 was significantly related genes.



Correlations of ATP1B3 Expression With Immune Infiltration in TIMER and GEPIA

The association between ATP1B3 and immune cells infiltration in HCC was confirmed using the TIMER database (http://cistrome.org/TIMER/). It provides the infiltration of 6 types of immune cells to assess the abundance of immune infiltration (25, 26). Furthermore, the expression of ATP1B3 in immune subtypes and molecular subtypes in HCC was identified using the TISIDB database (http://cis.hku.hk/TISIDB/). It integrates a large amount of tumor immunity-related data, including 988 genes related to anti-tumor immunity, and can analyze the data of 30 TCGA cancer types to calculate the gene expression of immune subtypes and molecular subtypes in different tumors (27).

Next, the correlations between ATP1B3 and immune markers expression in HCC was investigated using the TIMER and GEPIA databases. These immune markers have been referenced previously (28). The correlation between ATP1B3 and each immune gene markers was presented using scatterplots, Pearson test was used for statistical significance evaluation, and log2 RSEM was adopted to regulate gene expression levels. ATP1B3 was plotted on the y-axis, while marker genes are plotted on the x-axis.



Proteomics Database Analysis

The expression and prognosis of ATP1B3 protein were generated using the CPTAC proteomics database (https://cptac-data-portal.georgetown.edu/cptacPublic/). Moreover, the proteomics and phospho-proteomics data from 316 HCC patients were download from Gao’s work (29). These data can well verify the relationship between proteins and survival and clinical, and find candidate proteins that can be used as tumor biomarkers (30, 31).



Cell Lines and Culture

HCC cell lines (Huh7 and HCCLM3) and human normal liver cell (LO2) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). Huh7 and HCCLM3 were cultured in RPMI-1640 medium (BI, Israel) containing 10% FBS (BI, Israel) at 37° C in 5% CO2. And LO2 cultured in DMEM (BI, Israel) medium containing 10% FBS (BI, Israel) at 37° C in 5% CO2.



qRT-PCR and Western Blot

The protein and mRNA expression levels of ATP1B3 in the HCC cells and normal liver cell were detected by Western blots and qRT-PCR, respectively, as described previously by us (32–34). The Anti-ATP1B3 antibody was purchased from Santa (sc-135998, 1:50), the Anti-Tubulin antibody was purchased from Elabscience (E-AB-20036, 1:2000), and the ATP1B3 primer used for the amplification was as follows: 5′-TGATCCAACTTCGTATGCAGGG-3′ and 5′-ACATGCAACATAAACTGGACCC-3′ (Sangon Biotech, China).



Transfection of siATP1B3

50 nM of siATP1B3 was transfected into HCC cells by using Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s instruction (35). The ATP1B3 siRNA was 5′-CUCAUAAUGGAAUGAUAGATT-3′ and 5′-UCUAUCAUUCCAUUAUGAGTT-3′ (TSINGKE, China).



Cell Migration Assay

Transwell migration assay and wound healing assay were performed as described previously (36, 37). The assay was performed three times in triplicate.



Plate Clone Formation and MTT Assay

Cell proliferation was monitored by Plate clone formation and MTT assay as described previously by us (38, 39). The assay was performed three times in triplicate.



Cell-Cycle and Cell Apoptosis Assay

Cell-cycle and cell apoptosis were performed by flow cytometry analysis as described previously (35, 40). The assay was performed three times in triplicate.



Clinical Samples and Immunohistochemistry (IHC)

Fifteen formalin-fixed, paraffin-embedded HCC and paired adjacent liver tissues were collected from Xiangya Hospital of Central South University from September 2019 to January 2020. Our study was approved by the ethics committee of Xiangya Hospital, Central South University.

According to our previously described (41, 42), IHC and an immunoreactive score of ATP1B3 (Anti-ATP1B3 antibody: 67554-1-Ig, proteintech, 1:1000) were conducted on the formalin-fixed and paraffin-embedded tissue sections.



Statistical Analysis

Statistical obtained from TCGA were all analyzed by R-3.6.1. The differential expression of the 8 NKA genes in the TCGA and ICGC cohort were evaluated using the “limma” and “vioplot” package, and the heat map was generated using the heatmap package of the R software. The survival package was used for the survival analysis of the sample from ICGC. The relationship of ATP1B3 expression and clinical characteristics were assessed applying logistic regression. Univariate and multivariate analysis revealed the relationship between ATP1B3 and the clinical factors, the immune cell infiltration with OS of HCC using the “survival” R package. The ROC curves, with AUC values quantified with the survival ROC package. Other data were calculated statistically using SPSS software ver20.0 (SPSS, Inc, Chicago, IL, USA) and GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA). p < 0.05 was considered statistically significant.




Results


NKA Genes Expression in HCC

We first analyzed the mRNA level of 8 NKA genes (ATP1A1-4, ATP1B1-4) in HCC using TCGA and ICGC (LIRI-JP) datasets. Among these, the mRNA expression of ATP1A1, ATP1B1, and ATP1B3 were evidently increased in HCC compared to normal tissue in TCGA with logFC >1 and p<0.01 (Figure 1A and Table S1). Although ATP1A2, ATP1A4, and ATP1B2 were differently expressed between HCC tissue and normal tissue, ATP1A2, ATP1B2 and ATP1A4 mRNA levels were very much low in both HCC and normal tissue, and ATP1B2 expression was slightly reduced in HCC compared to liver tissue with |log2FC|<0.5. Similar results were also observed in ICGC (LIRI-JP) datasets (Figure 1B and Table S2). Subsequently, the expression levels of three genes (namely ATP1A1, ATP1B1, and ATP1B3) were also validated in 3 independent GEO datasets (GSE45436, GSE76427, and GSE102079) (Figure 1C). Finally, the Oncomine database and GEPIA database showed that the mRNA expression of ATP1B1 and ATP1B3 are widely upregulated in various cancers, including Leukemia, Lung cancer, Lymphoma, Head and neck cancer and so on (Figures S1–S3).




Figure 1 | NKA genes expression in HCC. The mRNA levels of NKA genes in HCC from (A) TCGA database. Up, heatmap. Down, Violin plot, Red: HCC tissue; Blue: normal tissue. (B) ICGC database. Up, heatmap. Down, Violin plot, Red: HCC tissue; Blue: normal tissue. (C) The mRNA levels of ATP1A1, ATP1B1, and ATP1B3 in HCC from four independent GEO datasets (GSE45436, GSE76427, GSE64041, and GSE102079).





Prognostic Value of ATP1A1, ATP1B1, and ATP1B3 in HCC

We next investigated the prognostic value of ATP1A1, ATP1B1, and ATP1B3 for HCC using the Kaplan-Meier plotter. The HCC patients with high ATP1A1 showed worse overall Survival (OS: HR = 1.66 (1.14-2.4), p = 0.007), Progression-Free Survival (PFS: HR = 1.61 (1.13-2.31), p = 0.0082), Relapse Free Survival (RFS: HR = 1.73 (1.16-2.59), p = 0.007) and Disease Free Survival (DSS: HR = 1.92 (1.06-3.48), p = 0.029) in Figure 2A. High ATP1B3 was related to worse prognosis in HCC (OS: HR = 2.3 (1.59-3.34), p = 5.8E-6; PFS: HR = 1.39 (1.03-1.86), p = 0.029; RFS: HR = 1.43 (1.02-1.98), p = 0.034; DSS: HR = 2.01 (1.29-3.15), p = 0.0018). Similar results were also observed in the ICGC database (Figure 2B). Moreover, the univariate and multivariate analysis showed that only ATP1B3 was an independent prognostic factor for OS of HCC using both TCGA and ICGC database (Figures 2C, D). Finally, the AUC values of ATP1B3 for the OS model from TCGA and ICGC database were 0.684 and 0.732 respectively, which were more sensitivity and specificity than the clinical factors (Figures 2C, D, right). These results indicated that ATP1B3 was an independent prognostic biomarker for HCC.




Figure 2 | ATP1A1, ATP1B1, and ATP1B3 mRNA are associated with prognosis of HCC patients. (A) The survival curves of OS, PFS, RFS, and DSS with high/low ATP1A1, ATP1B1 and ATP1B3 in TCGA HCC cohorts using the Kaplan-Meier plotter (OS, n=364; RFS, n=316; PFS, n=370; DSS, n=362). The high and low mRNA expression is splitting by best cutoff. (B) The survival curves of OS with high/low ATP1A1, ATP1B1, and ATP1B3 in ICGC HCC cohorts, the high and low mRNA expression is splitting by median. Univariate and multivariate analysis and ROC curve revealed the relationship between ATP1A1, ATP1B1, ATP1B3, and the clinical factors with overall survival of HCC in (C) TCGA database and (D) ICGC database. (T, stage T; N, stage N; M, stage M).





ATP1B3 Is Correlated With Clinicopathological Characteristics in HCC

Based on the clinical data extracted from TCGA-LIHC, we found that high ATP1B3 was associated with higher stage, higher grade, and more dead (p=0.01, p=0.03, and p=0.008) (Figure 3A). Consistent with these results, high ATP1B3 was associated with higher stage, higher grade, and more dead in the ICGC database (Figure 3B). These results were also confirmed by the UALCAN (Figure S4).




Figure 3 | ATP1B3 is correlated with clinicopathological characteristics of HCC patients. (A) TCGA database. (B) ICGC database.



We next explored the association between ATP1B3 expression and the clinicopathological characteristics of HCC patients using Kaplan-Meier Plotter (Table 1). For OS, high expressed ATP1B3 related with poor OS in all stage, grade I/II/III, T 1/2/3, none-vascular invasion, grade (male/female), White and Asian race, no-Alcohol consumption, both with or without Hepatitis virus. For PFS, ATP1B3 expression was significantly hazardous to HCC patients with stage I, grade II, T 1, none-vascular invasion, female, Asian, and Hepatitis virus (Table 1).


Table 1 | Correlation of ATP1B3 mRNA expression with OS (n = 364) and PFS (n = 370) in liver hepatocellular carcinoma with different clinicopathological features.





ATP1B3 Co-Expression Networks in HCC

We analyzed the ATP1B3 co-expression networks in HCC using LinkedOmics. As shown in Figure 4A, a total of 9,531 genes expression were significant correlations with ATP1B3 expression (FDR < 0.01) with 2,564 (green dots) negatively correlated genes and 6,967 positively correlated genes (red dots). The top 50 positively and negatively co-expressed genes were shown in the heat map (Figures 4B, C and Table S3). Among these, 39 of 50 positive genes and 21 of 50 negative genes were associated with OS of HCC with a high/low hazard ratio (HR) (p < 0.05) (Figures 4D, E).




Figure 4 | ATP1B3 co-expression genes in HCC using the LinkedOmics. (A) The volcano plot of ATP1B3 co-expression genes. Heat maps revealed the top 50 positively (B) and negatively (C) co-expressed genes of ATP1B3 in HCC. Cox analysis revealed the prognosis of 50 positively (D) and negatively (E) co-expressed genes of ATP1B3 in HCC. The GO enrichment (F) and KEGG pathways (G) of ATP1B3.



GO annotation revealed that these genes participate in various immune response, including leukocyte cell-cell adhesion, leukocyte migration, antigen processing and presentation, leukocyte proliferation. In contrast, various metabolic processes were inhibited, including steroid metabolic process, antibiotic metabolic process, fatty acid metabolic process, and dicarboxylic acid metabolic process (Figure 4F and Table S4). KEGG pathway analysis showed the enrichment in immune and metabolic pathways, including rheumatoid arthritis, Fc gamma R-mediated phagocytosis, Leishmaniasis, and so on (Figure 4G and Table S5). These findings demonstrated that ATP1B3 is involved in the immune response and the metabolic regulation of HCC.



ATP1B3-Related Networks in HCC

To address the ATP1B3-related network in HCC, we analyzed the transcription factors (TF), miRNAs, and kinases in ATP1B3 co-expressed genes. The top 3 most significant related kinases are LCK proto-oncogene (LCK), p21 (RAC1) activated kinase 1 (PAK1), LYN proto-oncogene (LYN) (Tables 2 and S6). No ATP1B3 co-expressed miRNA was enriched by GSEA (Table S7). The most significant ATP1B3 co-expressed TF was belong to the SRF transcription factor family (Table S8), including CFL1, CAP1, SUSD1, FOSL1, KCNMB1.


Table 2 | The Kinases, miRNAs and transcription factors-target networks of ATP1B3 in HCC.





The Association of ATP1B3 and Immune Infiltration in HCC

Basing on the GO analysis, we next detected the correlations of ATP1B3 and immune cells in HCC using the TIMER. We found that ATP1B3 was correlated with tumor purity (r = -0.353, p = 1.33E-11) and the B cells infiltration (r =0.266, p = 5.52E-7), CD8+ T infiltration (r = 0.249, p = 3.25E-6), CD4+ T infiltration (r = 0.169, p = 1.65E-3), Macrophage infiltration (r = 0.356, p = 1.25E-11), Neutrophil infiltration(r = 0.301, p = 1.21E-8) and Dendritic cell infiltration (r = 0.328, p = 5.46E-10) (Figure 5). Particularly, ATP1B3 CNV has evidently correlated with immune infiltration including B cells, CD8+ T cells, macrophages and neutrophils (Figure 5). Moreover, Univariate analysis showed that ATP1B3, Neutrophil and Macrophage were significantly associated with OS in HCC, and multivariate analysis showed that ATP1B3 and CD8+ T cells were independent factors of OS in HCC (Figure 5). Furthermore, ATP1B3 was also observed differently expressed in immune subtypes (Figure 5) and molecular subtypes (Figure 5) in HCC using TISIDB database. In addition, Figure S5 showed that ATP1B3 was associated immune cells infiltration in pan-cancer.




Figure 5 | The association of ATP1B3 and immune infiltration level in HCC using the TIMER. (A) The correlation between ATP1B3 expression level and immune infiltration. (B) The relationship between ATP1B3 CNV and immune infiltration. *p < 0.05, **p < 0.01, ***p < 0.001. (C) The prognosis of ATP1B3 and immune cells for OS of HCC. (D) Associations between ATP1B3 expression and immune subtypes in HCC. C1 (wound healing); C2 (IFN-gamma dominant); C3 (inflammatory); C4 (lymphocyte depleted); C5 (immunologically quiet); C6 (TGF-b dominant). (E) Associations between ATP1B3 expression and molecular subtypes in HCC.





The Correlation Between ATP1B3 and Immune Markers and Immune-Related Cytokines in HCC

Next, we investigated the ATP1B3 crosstalk with immune cells, basing on the correlations between ATP1B3 and immune-related gene expression in HCC using the TIMER (Figure 6 and Table 3) and GEPIA databases (Table 4). The results revealed that ATP1B3 expression was positively correlated with the makers of CD8+ T, T cell, M1 Macrophage, B cell, TAM (tumor-associated macrophage), DCs, Th1 (T helper cell 1), Tfh (Follicular helper T cell), and T cell exhaustion. Moreover, ATP1B3 was also associated with HCC-related cytokines and chemokines. Our research shows that the expression of ATP1B3 is positively correlated with IL10, IL22, IL34 and negatively correlated with IL27 (Figure 6B). These findings revealed the potential association between ATP1B3 and immune cell infiltration in HCC. As HCC is associated a higher level of inflammation, it is relatively evident that every marker upregulated to such HCC initiation and progression will be correlated to inflammation markers. So further experiments are needed for this speculation.




Figure 6 | Correlation between ATP1B3 and immune markers and immune-related cytokines in HCC. (A) The correlation between ATP1B3 and immune-related marker genes in HCC (TIMER). (B) The correlation between ATP1B3 and HCC-related cytokines.




Table 3 | Correlation analysis between ATP1B3 and relate genes and markers of immune cells in TIMER.





Table 4 | Correlation analysis between CCL14 and marker genes of immune cells in GEPIA.





ATP1B3 Protein Expression and Prognosis in HCC

To further confirm the function of ATP1B3 in HCC, we analyzed the expression and prognosis of ATP1B3 protein levels using the CPTAC proteomics database. The ATP1B3 protein level was elevated in tumor tissue compared to normal tissues (Figure 7A), and its’ expression was associated with the high differentiated tumor and medical history of liver cirrhosis (Figure 7B). HCC patients with high-expressed ATP1B3 showed poor OS (p =0.07) (Figure 7C). Moreover, the univariate analysis proved that ATP1B3, tumor size, and differentiation were significantly associated with OS in HCC, and multivariate analysis showed that tumor size and differentiation were independent factors of OS in HCC using the CPTAC database (Figure 7D). The relationship between ATP1B3 and 50 top negative/positive co-expressed genes were confirmed using the CPTAC database in Figures S6 and S7. The correlation between ATP1B3 and immune gene was also confirmed using the CPTAC database in Figure S8. Moreover, the proteomics and phospho-proteomics levels of ATP1B3 of 316 HCC patients were analyzed using Gao’s data (29). As shown in Figure 7E, the protein level of ATP1B3 was elevated and the phosphorylation of ATP1B3 was downregulated in tumor tissue compared to paratumor tissues. And ATP1B3 protein level was associated with TNM stage (p= 0.06) (Figure 7F). HCC patients with high-expressed ATP1B3 shows worse OS (P=0.002) (Figure 7G). Moreover, the univariate analysis proved that ATP1B3, TNM, and age were significantly associated with OS in HCC, and multivariate analysis showed ATP1B3 was an independent factor of OS in HCC (Figure 7H).




Figure 7 | ATP1B3 protein expression and prognosis in HCC. (A) ATP1B3 protein levels in HCC using CPTAC proteomics database. (B) The association between ATP1B3 protein expression and clinical features in HCC using CPTAC proteomics database. (C) The survival curves of OS with high/low ATP1B3 in CPTAC HCC cohorts. (D) Univariate and multivariate analysis revealed the relationship between ATP1B3 and the clinical factors with OS of HCC in the CPTAC database. (E) The protein level and the phosphorylation level of ATP1B3 in the proteomics and phosphor-proteomics data. (F) The association between ATP1B3 protein expression and clinical features in the proteomics and phosphor-proteomics data. (G) The survival curves of OS with high/low ATP1B3 in the proteomics and phosphor-proteomics data. (H) Univariate and multivariate analysis revealed the relationship between ATP1B3 and the clinical factors with OS of HCC in the proteomics and phosphor-proteomics data.





ATP1B3 Related Potential Drug in HCC

Drug sensitivity plays a crucial role in HCC treatment. We next analyzed the correlation of ATP1B3 expression to sorafenib-therapy and PD-1 immunotherapy using GSE109211 and GSE120714 database. We found that HCC patients with sorafenib-resistant have higher ATP1B3 expression compared to HCC patients with sorafenib-sensitive (Figure 8). However, no significant difference in ATP1B3 expression was observed between with/without PD-1 immunotherapy in HCC patients (Figure 8B). To further investigated the potential drug for HCC patients with high ATP1B3 expression, we analyzed the role of 34 chemicals on ATP1B3 expression using GSE69844 (Table S9). We found that 10 μM and 100 μM Progesterone could slightly reduce ATP1B3 expression in HepaRG cells (Figure 8C). These results demonstrate that Progesterone may be an expected drug for the treatment of HCC patients with high-expressed ATP1B3. This needs to be further confirmed by experiments.




Figure 8 | ATP1B3 related potential drug in HCC. (A) ATP1B3 expression in sorafenib-resistant/-sensitive HCC patients. (B) ATP1B3 expression in anti-PD1 immunotherapy-resistant/-sensitive HCC patients. (C) The GSE69844 dataset revealed that Progesterone could reduce ATP1B3 expression in HepaRG cells.





ATP1B3 Expression Is Increased in the HCC Cells and HCC Tissues

We further confirmed the expression of ATP1B3 in HCC cells and HCC tissues using qPCR, western blot and IHC. As shown in Figure 9A, ATP1B3 is upregulated in HCC tissues compared with paratumor tissues. Similarly, compared with human normal liver cells (LO2), both protein expression and mRNA expression levels of ATP1B3 were upregulated in HCC cells (Hhu7 and HCCLM3) (Figures 9B, C).




Figure 9 | ATP1B3 expression in the HCC cells and HCC tissues. (A) The protein levels of ATP1B3 in HCC tissues and paratumor tissues were detected by IHC. Scale bars= 100 μm. (B) The protein expression level of ATP1B3 in HCC cells and normal liver cell were detected by Western Blot. (C) The mRNA expression level of ATP1B3 in HCC cells and normal liver cell were detected by qPCR. *p < 0.05.





Silenced ATP1B3 Represses HCC Cell Proliferation, Migration and Induces HCC Cell Apoptosis

To investigate the role of ATP1B3 in HCC, we transfected ATP1B3 siRNA (Hhu7-siATP1B3 and HCCLM3-siATP1B3) into Hhu7 and HCCLM3 cells to knockdown ATP1B3 expression (Figures 10A, B), and then analyzed the effects of silenced ATP1B3 on HCC cells proliferation, migration, invasion and cycle, apoptosis. MTT and plate clone formation assay suggested that silenced ATP1B3 significantly inhibited HCC cells proliferation (Figures 10C, D). Transwell migration assay and wound healing assay suggested that silenced ATP1B3 significantly inhibited HCC cells migration (Figures 10E, F). Flow analysis suggested that silenced ATP1B3 induced HCC cells apoptosis (Figure 10G) and blocked cell cycle in G0/G1 phase (Figure 10H). Moreover, we detected the EMT markers in ATP1B3 silenced HCC cells by western blot. The results showed that silenced ATP1B3 significantly upregulated E-cadherin expression, and downregulated N-cadherin and vimentin expression. These results proved that ATP1B3 promoted EMT in HCC (Figure 10I). Moreover, we have tried to detect the effects of ATP1B3 on cell proliferation in LO2 by MTT (Figure 10J) and plate clone formation (Figure 10K). We found that ATP1B3 silencing had no significant effect on the proliferation of healthy liver cells. In conclusion, these results proved that ATP1B3 could promote the tumorigenicity of HCC.




Figure 10 | ATP1B3 promotes HCC cell proliferation, migration and inhibits HCC cell apoptosis. Western Blot (A) and qPCR (B) showed that the expression of ATP1B3 were silenced by siRNA in Hhu7 and HCCLM3, respectively. MTT (C) and plate clone formation (D) analysis revealed the cell proliferation regulated by ATP1B3. Transwell migration (E) and scratch wound healing (F) assay revealed the migration ability regulated by ATP1B3. Apoptosis (G) and Cell cycle (H) assay revealed the regulation of ATP1B3 on cell apoptosis and cell cycle using flow cytometry. (I) The EMT markers in ATP1B3 silenced HCC cells. The effects of ATP1B3 on cell proliferation in LO2 by MTT (J) and plate clone formation (K). Scale bars= 100 μm, *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Na+/K+-ATPase (NKA) is a multifunctional transmembrane protein that plays a crucial role in cell adhesion (14), cell movement (43), cell proliferation and apoptosis (8), and signal transduction (44). Emerging studies have shown the abnormal expression (6) and the prognosis of NKA in various cancers (9). However, the clinical relevance of NKA in HCC remains limited. In this paper, multiple public databases are used for the first time to comprehensively analyze the expression of NKA subunits in HCC and its correlation with HCC prognosis and reveal its possible mechanism in HCC.

NKA was reported to be dysregulated in multiple cancers (14). For example, NKA α1 subunit (ATP1A1) is upregulated in non-small cell lung cancer (NSCLC) (45), esophageal squamous cell carcinoma (ESCC) (46), renal cell carcinoma (47), glioma (48), but downregulated in prostate cancer (49). NKA β1 subunit (ATP1B1) is downregulated in human epithelial cancer cells (50–52). A few studies report the abnormal expression of NKA in HCC. For example, Shibuya et al. (53) and Li et al. (54) pointed out that ATP1A3 overexpression in HCC is related to the antitumor activity of bufalin. It can be used as a therapeutic target for bufalin. L Zhuang et al. (4) showed that ATP1A1 was upregulated in HCC, and its function as an oncogene by promoting proliferation and migration of HCC cells. Whereas the potential prognostic role of NKA in HCC remains unclear. Consistent with previous study, we found that ATP1A1 and ATP1A3 were upregulated in HCC from TCGA database. Moreover, ATP1B3 were also significantly upregulated in HCC with logFC > 1 and p < 0.01 using TCGA, ICGC, and GEO datasets. The prognostic analysis revealed that ATP1B3 was an independent factor for the OS of HCC based on transcriptomic data from TCGA, ICGC, and GEO.

ATP1B3 encodes the β3 subunit of NKA and regulates cell adhesion (55). The study has displayed that ATP1B3 expression was increased in gastric cancer tissues and was closely related to related to gastric cancer patients’ clinical characteristics (51). Here, we found that ATP1B3 high expression was associated with clinical characteristics of HCC patients including stage and grade. Subsequently, the expression and prognosis of ATP1B3 protein in HCC were also confirmed using the CPTAC database and proteomics and phospho-proteomics data from Gao’s work. The results indicated that ATP1B3 is a useful biomarker for diagnosis and prognosis of HCC prognosis. Furthermore, we validated that ATP1B3 is increased in HCC cells and tissues. Meanwhile, we also proved that silenced ATP1B3 repressed HCC cell proliferation, migration and induced HCC cell apoptosis. In brief, these results suggest that ATP1B3 could be an oncogene and promote tumorigenicity of HCC.

To investigate the potential mechanism of ATP1B3 in HCC, we analyzed the co-expressed genes of ATP1B3. The results showed that they were mainly involved in various immune responses, simultaneously inhibiting the metabolism of steroids and fatty acids. At the same time, the ATP1B3 expression was positively related to kinase expression, including LCK and LYN, which have been reported to play a crucial part in regulating B cell receptor signaling (52, 56). As previously reported that NKA regulates Src family kinase activity (including FYN and LYN) (57). Recruitment of NKA-LYN complex in macrophages promotes atherosclerosis (12). The NKA α-1/Src complex activates a variety of pro-inflammatory factors/chemokines and mediates pro-inflammatory effects (58). Pieces of evidence have proven the involvement of NKA in the inflammatory response (59). Therefore, we speculated that ATP1B3 might be involved in the immune regulation of HCC.

Immune infiltration is a significant factor in the tumor microenvironment, which plays a crucial part in the development and prognosis of tumors (60). Various immune cells contributed to the immune microenvironment of HCC including macrophages, neutrophil, dendritic cell, adaptive immune CD4+, CD8+ T-lymphocytes, and NK cells (61). Studies showed that infiltrated macrophages were polarized M2-TAM (tumor-associated macrophages), which act as immune suppressor cells and lead to reduction and exhaustion of CD8+T cells in HCC (62). Tregs were proved to be increased in HCC and impede immune surveillance (63). Despite the effect of NKA on tumor immunity has not been widely reported, it is known that knockdown of NKA α1 in macrophages can inhibit cardiotonic steroid (CTS)-induced macrophage infiltration and the accumulation of immune cells in vivo (64). We found that ATP1B3 was significantly correlated with tumor purity and B cell infiltration, CD8+ T infiltration, CD4+ T infiltration, Macrophage infiltration, Neutrophil infiltration, and Dendritic cell infiltration. Also, ATP1B3 and CD8+ T cells were found to be independent factors of HCC. In addition, we also found that ATP1B3 expression was positively correlated with the makers of CD8+ T, T cell, B cell, TAM, M1 Macrophage, DCs, Th1, Tfh, and T cell exhaustion. These immune cells are regulated by various cytokines and chemokines in the tumor environment, leading to different functions (65). Our research shows that the expression of ATP1B3 is positively correlated with IL10, IL22, IL34, and negatively correlated with IL27. IL10 was reported to inhibit the cytotoxicity of NK cells through the STAT3 signaling pathway, thereby promoting the recurrence and metastasis of HCC (66). In addition, IL22 is highly expressed in HCC and is related to the growth and malignancy of HCC tumors (67). IL-34 promotes the proliferation and migration of HCC through CSF1-R and CD138 (68). In addition, the DC-derived cytokine IL27 can exert anti-tumor activity by activating NK cells (69). These results imply that ATP1B3 may involve in immune infiltration by regulating immune-related cytokine in HCC.

Basing on the potential therapeutic and prognostic role of ATP1B3 on HCC patients, we analyzed the drug sensitivity of HCC patients with different expressed ATP1B3. Our result revealed that HCC patients with sorafenib-resistant have higher ATP1B3 expression compared to HCC patients with sorafenib-sensitive, suggesting that ATP1B expression is associated with sorafenib-resistant in HCC patients. Subsequently, 34 chemicals analysis results showed that 10 μM and 100 μM Progesterone slightly reduced ATP1B3 expression in HepaRG cells, indicating that Progesterone may be a combined drug strategy for sorafenib in the treatment of HCC. Moreover, studies showed that Na/K-ATPase is a target for anticancer drugs perillyl alcohol (POH), and Cardioprotection drug DRRSAb, indicating their potential therapeutic effect for HCC (11, 70). However, the treatment effect of these drugs for HCC has yet to be proved.



Conclusions

In summary, our results indicate that ATP1B3 is upregulated and promote the tumorigenicity of HCC, and it is also an independent prognostic biomarker for the diagnosis of HCC with a potential immunomodulatory role, providing a novel prognostic biomarker and potential therapeutic target for HCC.
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