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Abstract: PSMD14 played a vital role in initiation and progression of hepatocellular carcinoma (HCC). However, PSMD14 and its-related genes for the immune prognostic implications of HCC patients have rarely been analyzed. Messenger RNA expression profiles and clinicopathological data were downloaded from The Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC) database-Liver Hepatocellular Carcinoma (LIHC). Additionally, we used multi-dimensional bioinformatics analysis to construct and validate a PSMD14-based immune prognostic signature (including RBM45, PSMD1, OLA1, CCT6A, LCAT and IVD) for HCC prognosis prediction. Patients in the high-risk group shown significantly poorer survival than patients in the low-risk group. Calibration curves confirmed the good consistency between the clinical nomogram prediction and the actual observation. Gene set enrichment analyses (GSEA) revealed several significantly enriched pathways, which might help explain the underlying mechanisms. Besides, the rt-PCR further validates the expression of seven immune genes in HCC cells. Our study identified a novel PSMD14-based signature for HCC prognosis prediction, it provided new potential prognostic biomarkers and therapeutic targets for immunotherapy of HCC.
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Abbreviations



	AUC:
	area under the curve



	CHOL:
	cholangiocarcinoma



	C-index:
	concordance index



	FLC:
	fibrolamellar carcinoma



	GO:
	gene ontology



	GSEA:
	gene set enrichment analysis



	HCC:
	hepatocellular carcinoma



	HL:
	hepatic lobectomy



	HR:
	hazard ratio



	ICGC:
	international cancer genome consortium



	KEGG:
	kyoto encyclopedia of genes and genomes



	LASSO:
	least absolute shrinkage and selection operator



	OS:
	overall survival



	ROC:
	receiver operating characteristics



	SSLR:
	single segment liver resection



	TCGA:
	the cancer genome atlas



	TIC:
	tumor-infiltrating immune cell




Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancy in the world and the high rate of metastasis is a vital biological feature that leads to unfavorable prognosis (Long et al., 2019; Rimassa et al., 2019). Although surgery, radiofrequency ablation and chemoembolization have been widely applied for HCC treatment, the survival rate of HCC patients is still low, partly due to high heterogeneity of HCC (Cai et al., 2019; Shi et al., 2020). Furthermore, due to the fact that biological processes involved in the occurrence and progression of HCC are very complicated, no effective prognostic biomarker have yet been found (Pan et al., 2020). Therefore, it is necessary to explore the new HCC-related molecules for the diagnosis, prognosis, and treatment of HCC.

The deubiquitinase (DUB) 26S proteasome non-ATPase regulatory subunit 14 (PSMD14), belongs to the JAMM domain metalloprotease family of DUBs and is an important part of 19S regulatory cap in 26S proteasome (Lv et al., 2020). PSMD14 has been confirmed to play vital roles in gene ontology and related pathway, including protein stability (Seo et al., 2019), tumor formation (Wang et al., 2015), transcriptional regulation (Wang et al., 2019), double-strand DNA break repair (Butler et al., 2012), senescence (Byrne et al., 2010), apoptosis and resistance (Song et al., 2017), growth and metastasis (Lv et al., 2020), BMP6 signaling (Seo et al., 2019), TGF-β signaling (Wang et al., 2019). Recently, it has been found that PSMD14 is overexpressed in many human cancers, such as HCC, colorectal cancer, multiple myeloma, esophageal squamous cell carcinoma and breast cancer, which are related to the poor prognosis of the patients (Luo et al., 2017; Lv et al., 2020; Seo et al., 2019; Song et al., 2017; Zhu et al., 2018). PSMD14 acts as an oncogene promotes tumor progression by deubiquitinating different protein substrates. For example, deubiquitinase PSMD14 positively regulates the initiation of the BMP6 signaling pathway, resulting in increased stability of the ALK2. Either PSMD14 or ALK2 depletion significantly decreases colorectal cancer growth and chemoresistance (Seo et al., 2019). In addition, PSMD14 can stabilizes and inhibits the degradation of GRB2 through deubiquitination, which is an oncoprotein enhances hepatocellular carcinoma growth and metastasis (Lv et al., 2020). At the same time, we found that PSMD14 deubiquitinates the TGF-β receptors and CAV1, contributes to hyperactivation of TGF-β signaling and facilitates hepatocellular carcinoma metastasis, which it negatively regulates lysosome pathway-mediated turnover of TGF-β receptors (Wang et al., 2019). Other mechanisms of the contribution of PSMD14 in the progression of HCC remains to be further explored.

Here, we evaluated PSMD14 mRNA and protein levels and prognostic value in multiple databases and found that increased PSMD14 expression is associated with poor survival of HCC. Moreover, we screened prognostic genes signature closely related to PSMD14 through bioinformatics analysis then constructed the PSMD14-related prognostic model. We validated our model both in The Cancer Genome Atlas (TCGA) and independent International Cancer Genome Consortium (ICGC) database. At last, we confirmed the correlation between PSMD14 expression with clinicopathological characteristics, signatures (RBM45, PSMD1, OLA1, CCT6A, LCAT and IVD) and immune infiltration of hepatocellular carcinoma patients. In conclusion, our study confirms the important role of PSMD14 and its associated genes in HCC as well as correlated with prognosis and immune infiltrating levels in HCC patients, providing new insights relevant to individualized treatment.

Materials and Methods

Cell culture

Human HCC cell lines, HepG2 and Hep3B, were obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The liver cell line, L02, was purchased from Chen Xi Research Group Nanjing University School of the college of Life Sciences. Each cell line was cultured in Dulbecco’s modified Eagle medium (DMEM, Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone) as well as 100 ug/mL penicillin and 100 ug/mL streptomycin. All of the cells were maintained in a humidified incubator at 37°C with 5% CO2.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from the cultured cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The concentration of extracted RNA was measured using a NanoDrop ND-1000 Spectrophotometer (Agilent, Santa Clara, CA, USA). RNA was reverse transcribed into complementary DNA (cDNA) using the PrimeScript RT reagent kit with gDNA Eraser (Takara, Dalian, China) by incubating the mixture at 37°C for 15 min, 85°C for 5 s at 4°C. When the temperature reaches 4°C this process ends.

Quantitative PCR (qPCR) was performed using the SYBR PrimeScript RT-PCR kit (Takara, Shiga, Japan) and the ABI 7500 System (Applied Biosystems, Foster City, CA, USA) according to manufacturer’s instructions. The relative expression was calculated via the comparative cycle threshold (CT) method and was normalized to the expression of GAPDH. The primers used are listed in Tab. 1. Reaction conditions were as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. The differential expression level was calculated using the 2−ΔΔCt formula. All the experiments were conducted at least three times.
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Oncomine database

PSMD14 expression levels were identified in the Oncomine database (https://www.oncomine.org/resource/login.html) in various type of cancers. The data was defined as a P-value of 0.01, a fold change of 1.5, a top 10% gene ranking, and the data has to be from mRNA.

PSMD14 mRNA expression and survival in public databases

To investigate the expression level and prognostic role of PSMD14 mRNA in HCC, the Human Protein Atlas database (http://www.proteinatlas.org), LinkedOmics (http://www.linkedomics.org/admin.php), the Cancer Genome Atlas (TCGA) database (http://cancergenome.nih.gov/), the International Cancer Genome Consortium (ICGC) database (https://dcc.icgc.org/) were used.

TIMER database

We analyzed the correlation between signature genes expression and 6 types of immune infiltrating cells (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) in HCC patients via The Tumor Immune Estimation Resource (TIMER) algorithm database (https://cistrome. shinyapps.io/timer/). Tumor purity is a vital factor that influences the analysis of tumor immune infiltration by genomic approaches.

Tumor-infiltrating immune cell

The CIBERSORT computational method was applied for estimating the TIC (tumor-infiltrating immune cell) abundance profile in all tumor samples, which followed by quality filtering that only 374 tumor samples with P < 0.05 were selected for the following analysis.

Data collection

RNA-sequencing and clinical information for hepatic carcinoma were acquired from TCGA and ICGC database. The clinical features of patients with hepatic carcinoma in the TCGA cohorts are presented in Tab. 2.
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Selection of immune-related prognostic genes

Genes significantly associated with PSMD14 (Pearson |R| > 0.4, P < 0.001) were filtered by Pearson correlation analysis in TCGA data sets. The top 10 genes that were positively and negatively correlated with PSMD14 were selected for further analysis.

Identification and validation of the prognostic gene signature

Using univariate and least absolute shrinkage and selection operator (LASSO) COX regression, we filter the independent risk prognostic genes. Moreover, multivariate COX regression was used to identify corresponding coefficients of HCC prognostic signature using the R package “glment”, “survminer” and “survival”. The risk score of every patient was calculated from the TCGA and ICGC database based on the signature. With the median score as cut-off value, all samples were randomly separated to high- and low-risk sets. In addition, survival analysis was evaluated for each set using the Kaplan-Meier curve and log-rank test. The receiver operating characteristic (ROC) curve and the area under the curve (AUC) were drawn using the R package “survivalROC”.

Development of nomogram

We constructed a nomogram for age, gender, stage, T, N, M, and risk score using the survival and the rms package of R. Next, we used a calibration curve to assess the concordance between actual and predicted survival. In addition, the concordance index (C-index) was computed to evaluate the model performance for predicting prognosis, which was ranged from 0.5 to 1.0. Value of 0.5 and 1.0 represents a random chance and an excellent capacity for predicting survival with the model, respectively.

Gene set enrichment analyses

Gene set enrichment analysis (GSEA) was conducted to identify gene sets that differed significantly between the high- and low-risk patient groups, using GSEA 4.0.3 software (http://www.broadinstitute.org/gsea/index.jsp). In the analysis results, it was generally believed that the pathways were significantly enriched when |NES| > 1, NOM P-value < 0.05, and FDR q-value < 0.25.

Statistical analysis

All statistics were executed using the R software (v.3.4.3). Clinicopathological characteristics associated with PSMD14 overall survival were analyzed using the Wilcoxon signed-rank test, logistic and cox regression, Kaplan-Meier method. In addition, χ2 test was used to check the association of risk scores with clinical characteristics and univariate and multivariate cox proportional hazard regression analysis was performed to evaluate the association between risk score and OS. The receiver operating characteristic (ROC) analysis was used to examine the sensitivity and specificity of survival prediction using the gene signature risk score. An area under the roc curve (AUC) served as an indicator of prognostic accuracy. P-values < 0.05 were considered statistically significant.

Results

Patients’ characteristics

As shown in Tab. 2, 418 primary tumors with both gene expression and clinical data were downloaded from TCGA (LIHC-CHOL) data in November 2019. The median age was 61 years old at diagnosis. Moreover, histopathologic distribution of HCC included well-differentiated (14.8%), moderately differentiated (81.7%), and poorly differentiated (3.5%). The cancer status included 254 tumor-free (65.6%) and 133 with tumor (34.4%). Stage I disease was found in 194 patients (49.2%), Stage II in 98 (24.9%), Stage III in 90 (22.8%), and Stage IV in 12 (3.1%). Grade I disease was found in 55 patients (14.8%), Grade II in 180 (48.4%), Grade III in 124 (33.3%), and Grade IV in 13 (3.5%). The vascular invasion included 17 Macro (5.3%), 94 micro (29.3%), and 210 NO (65.4%). Most tumors (87.8%, N = 367) were of hepatocellular carcinoma (HCC), 9.8% (N = 41) were cholangiocarcinoma (CHOL), 1.7% (N = 7) were hepatocholangiocarcinoma (Mixed) and 0.7% (N = 3) were fibrolamellar carcinoma (FLC). Tumor size (≤5 cm, 74.9%, N = 311) and (>5 cm, 25.1%, N = 104). Eight of 298 (2.7%) cases had lymph node metastases. Eight of 311 (2.6%) cases had distant metastases.

PSMD14 mRNA expression

Oncomine database analysis exhibits significantly up-regulation of PSMD14 in 2 HCC data set compared to the normal liver tissues (Fig. 1A). Complementary, PSMD14 mRNA expression was higher in most tumors, such as bladder cancer, brain and CNS, breast cancer, cervical, colorectal cancer, head and neck cancer, kidney cancer, HCC, lung cancer, lymphoma, myeloma, pancreatic cancer, and sarcoma. To further assess PSMD14 expression of HCC, we verified PSMD14 mRNA expression by TIMER data set (Fig. 1B). PSMD14 mRNA expression was significantly higher in liver hepatocellular carcinoma (LIHC) compared with adjacent normal tissues.
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Figure 1: PSMD14 expression levels in human cancers. (A) PSMD14 in data sets of different cancers in the Oncomine database. (B) PSMD14 expression levels in different tumor types were determined by TIMER (*P < 0.05, **P < 0.01, ***P < 0.001).

PSMD14 expression and its clinical significance in HCC

To further assess the role of PSMD14 in HCC, we first analyzed four independent microarray datasets from Oncomine database. The median rank of PSMD14 in up-regulated genes of HCC was 1197.5 based on a meta-analysis across the four datasets, including 4 analyses using the Oncomine algorithms (760 samples, P = 2.96 × 10−5, Fig. 2A) (Chen et al., 2002; Roessler et al., 2010; Wurmbach et al., 2007). In the meantime, we examined the protein expression of PSMD14 using the Human Protein Atlas (HPA). Images revealed a markedly high expression of PSMD14 could be observed compared to the normal liver tissues using the HPA002114 antibody in Liver cancer (Fig. 2B). Next, we evaluated PSMD14 mRNA expression compared with normal tissues in multiple HCC studies from TCGA and ICGC databases, and we found that the mRNA level of PMSD14 was significantly higher in HCC patients than normal liver tissues (Figs. 2C and 2D). These findings suggested that PSMD14 is highly expressed in HCC and elevated PSMD14 may predict a poor outcome for HCC patients.
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Figure 2: PSMD14 expression is upregulated in HCC. (A) A meta-analysis of PSMD14 gene expression from four Oncomine databases where colored squares indicate the median rank for PSMD14 (vs. Normal tissue) across 4 analyses. Chen Liver (1), Roessler Liver (2–3), Wurmbach Liver (4). The P-value is given for the median rank analysis. (B) The representative protein expression of the PSMD14 in HCC and normal liver tissue. Data were from the Human Protein Atlas (http://www.proteinatlas.org) database. (C) PSMD14 significantly increased in human 374 LIHC tissues to 50 normal tissues using TCGA Database. (D) PSMD14 significantly increased in human 243 LIHC tissues to 202 normal tissues using ICGC Database (*P < 0.05, **P < 0.01, ***P < 0.001).

We analyzed 377 HCC samples with PSMD14 expression and clinical characteristics from the TCGA database. As shown in Figs. 3A–3D, the significant increase in PSMD14 expression correlated with tumor histological grade (P = 0.046), histological stage (P < 0.001), surgical approach (P = 0.001) and T stage (P = 0.013). Categorical dependent variable using logistic regression, univariate analysis showed that PSMD14 expression was significantly associated with poor prognostic clinicopathological characteristics (Tab. 3). Increased PSMD14 expression was significantly associated with Grade (OR = 1.9 for well vs. moderate), Stage (OR = 2.5 for I vs. II, III), surgical approach (OR = 0.26 for HL vs. SSLR), tumor size (OR = 1.65 for ≤5 cm vs. >5 cm) in HCC (all P-values < 0.05). The results suggested that HCC with high PSMD14 expression was progressed to a more advanced stage than those with low PSMD14 expression.
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Survival and independent prognostic analysis

Kaplan–Meier survival analysis indicated that HCC with PSMD14-high had a poor prognosis than the PSMD14-low in TCGA and ICGC database in Figs. 3E and 3F (P < 0.001). The univariate analysis revealed that PSMD14-high correlated significantly with a poor OS (hazard ratio (HR): 2.17; 95% confidence interval (CI): 1.32–3.57; P = 0.002). Other clinicopathological variables related to poor survival include status, stage, T stage and distant metastasis. Multivariate analysis shown that the PSMD14 remained independently associated with overall survival (HR: 1.9; CI: 1.08–3.33; P = 0.026), along with status in TCGA (Tab. 4). Therefore, we first revealed that PSMD14 was associated with poor prognosis, as an independent prognostic factor for HCC survival.
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Figure 3: Association with PSMD14 expression and clinicopathologic characteristics, including (A) histologic grade, (B) histologic stage, (C) surgical approach, (D) T stage. (E–F) Impact of PSMD14 expression on overall survival in HCC patients in LinkedOmics and ICGC cohort. ICGC: International Cancer Genome Consortium; HL: Hepatic Lobectomy; SSLR: single segment liver resection.
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Construction and validation of signature

We selected the genes signatures associated with PSMD14 in the TCGA-LIHC database. A total of 2478 PSMD14-associated genes (Pearson |R| > 0.4, P < 0.001) were chosen to generate prognosis gene signatures and the top 10 positively and negatively genes were selected for further analysis (Fig. 4A). All genes were analyzed by univariate cox regression. A total of 17 genes were significantly related to the OS in TCGA-LIHC database (Fig. 4B). Then, the lasso cox regression analysis and the regression coefficient were computed, the model achieved the best performance at 6 genes (Fig. 4C). Finally, we constructed a risk signature for HCC using multivariate cox regression (Tab. 5). All patients were divided into high- and low-risk sets based on median risk score in the TCGA and ICGC database. Status, survival time and gene expression levels of patients were shown in TCGA (Fig. 4D) and ICGC (Fig. 4E).
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Figure 4: Establishment and validation of the six genes prognostic signature. (A) Circle chart showing PSMD14 related genes (top 10 positive and negative related genes). (B–C) The procedure of the establishment of the prognostic signature. (D) Correlation between the prognostic signature and the overall survival of patients in the TCGA cohort (D) and ICGC (E) cohorts. The distribution of risk scores (upper), survival time (middle) and genes expression levels (below). The black dotted lines represent the median risk score cut-off dividing patients into low- and high-risk groups. The red dots and lines represent the patients in high-risk groups. The green dots and lines represent the patients in low-risk groups.
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The survival analysis indicated that the OS of the low-risk set was better than that of high-risk set in the TCGA database (P < 0.001) (Fig. 5A). The results were consistent in the ICGC database (P < 0.001) (Fig. 5B). The area under the roc curve (AUC) for 1-, 3-, and 5-year OS were 0.723, 0.653, 0.645, 0.657, 0.705, 0.683 in the TCGA (Fig. 5C) and ICGC (Fig. 5D) cohorts, respectively. Together, Results revealed that the signature showed excellent performance for OS prediction.
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Figure 5: Kaplan-Meier survival and ROC curves of the six genes prognostic signature. (A–B) Kaplan–Meier survival curves of overall survival among risk stratification groups in the TCGA (A) and ICGC (B) set. (C–D) ROC curves with calculated AUCs for risk prediction in 1-, 3-, 5-years in the TCGA (C) and ICGC (D) sets.

Univariate and multivariate COX regression analysis

Univariate cox regression indicated that stage, T stage, M stage and risk score in the TCGA database (stage: P < 0.001; T stage: P < 0.001; M stage: P = 0.026; risk score: P < 0.001; Fig. 6A), and gender, stage, risk score in the ICGC database (gender: P = 0.039; stage: P < 0.001; risk score: P < 0.001; Fig. 6C) were predictors for OS. Moreover, multivariate cox regression analysis verified that age (HR: 1.019, 95% CI: 1.003–1.034; P = 0.017) and risk score (HR: 1.545; 95% CI: 1.354–1.763; P < 0.001; Fig. 6B) were significant independent risk factors in the TCGA database. Multivariate cox regression further showed that gender (HR: 0.372, 95% CI: 0.196–0.707; P = 0.003); stage (HR: 2.320, 95% CI: 1.599–3.367; P < 0.001); prior malignancy (HR: 2.500, 95% CI: 1.065–5.868; P = 0.035) and risk score (HR: 1.094; 95% CI: 1.031–1.162; P = 0.003; Fig. 6D) was significant independent risk factors in the ICGC database. These data demonstrated that this signature was an independent risk factor of HCC.
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Figure 6: Univariate and multivariate Cox regression analyses of clinical factors associated with overall survival. (A–D) Univariate Cox regression analyses of clinical factors associated with overall survival in the TCGA (A) and ICGC (D) set. (B–E) Multivariate Cox regression analyses of clinical factors associated with overall survival in the TCGA (B) and ICGC (E) sets. The combination of stage and risk score could better predict prognosis in TCGA-LIHC (C) and ICGC-LIHC (F) than either one alone.

Nomogram construction

Based on the prognostic signature and clinical factors, such as age, gender, vascular invasion, tumor status and stage, a nomogram was constructed in the TCGA dataset (Fig. 7A). The calibration curve was used to describe the prediction value of the nomogram and the 45-degree line indicates the actual survival outcomes. The results showed that the nomogram-predicted survival closely matched with the best prediction performance for predicting 1-, 3- and 5-year OS (Fig. 7B). The 1-year AUC was 0.765 for nomogram, and 0.481 for age, 0.490 for grade, 0.425 for status, 0.711 for stage. The 3-year AUC was 0.697 for nomogram, and 0.508 for age, 0.525 for grade, 0.567 for status, 0.706 for stage. Moreover, the 5-year AUC was 0.715 for nomogram, and 0.594 for age, 0.508 for grade, 0.607 for status, 0.667 for stage (Figs. 7C–7E). These showed that compared with a single clinical factor, the nomogram had great predictive accuracy combined the signature and clinical factors.
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Figure 7: Construction of a nomogram for overall survival prediction in HCC. (A) The nomogram consists of age, gender, grade, vascular invasion, tumor status, stage, and the risk score based on the six genes signature. (B) Calibration curves of the nomogram for the estimation of survival rates at 1-, 3-, 5-year. (C–E) The Kaplan–Meier curves of the risk subgroups stratified by the tertiles of total points derived from the nomogram.

Model gene verification

Consistent with our results, IVD and LCAT were found to be significantly down expressed, while CCT6A and OLA1 were significantly overexpressed for liver cancer in the Oncomine (Fig. 8A), TIMER (Fig. 8B), TCGA (Fig. 8C) and ICGC (Fig. 8D) database. Though lack in the Oncomine database, the mRNA expression of PSMD1 and RBM45 were also found to be significantly overexpressed for HCC in the TIMER, TCGA and ICGC database. Taking together, we further verified aberrant expression of six prognostic genes and found that IVD and LCAT genes were significantly decreased, while CCT6A, OLA1, PSMD1 and RBM45 genes were increased in HCC tissues.
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Figure 8: Expression of the six predictive genes in HCC. (A) The expression profiles of the six genes in the Oncomine database. Data of PSMD1 and RBM45 in HCC were not found in the database. (B) The expression of the six predictive genes in TIMER-LIHC database. (C–D) The expression of six predictive genes in TCGA-LIHC and ICGC-LIHC database.

Gene set enrichment analyses

We carried on the Gene Set Enrichment Analysis (GSEA) between PSMD14 (high/low) expression and high/low risk model data sets in TCGA-LIHC. GSEA revealed significant difference (FDR < 0.05, NOM P < 0.05) in enrichment of MSigDB collection (c2.cp.kegg.v7.0.symbols.gmts). We selected the most significantly enriched signaling pathways based on their normalized enrichment score (NES). A great majority of the enriched pathways were metabolism related, such as the purine metabolism, pyrimidine metabolism and ubiquitin mediated proteolysis are differentially enriched in PSMD14 high expression and high-risk group phenotype (Fig. 9A). Besides, the glycine serine and threonine metabolism, primary bile acid biosynthesis and retinol metabolism were enriched in PSMD14 low expression and low-risk group phenotype (Fig. 9B).
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Figure 9: The significantly enriched KEGG pathways in TCGA-LIHC database by GSEA. (A) Six representative KEGG pathways in PSMD14 expression. (B) Six representative KEGG pathways in risk model.

Seven genes expression is correlated with immune infiltration level

We investigated the expression of seven genes (PSMD14, RBM45, PSMD1, OLA1, CCT6A, LCAT and IVD) in human HCC cell lines Hep3B and HepG2. Compared to the normal liver cell L02, IVD and LCAT were significantly downregulated, the PSMD14, PSMD1, RBM45, OLA1 and CCT6A gens were significantly upregulated in the Hep3B and HepG2 cells (Fig. 10A).

In addition, we analyzed the correlation between seven prognostic genes (PSMD14, RBM45, PSMD1, OLA1, CCT6A, LCAT, and IVD) expression and 6 types of infiltrating immune cells (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) in LIHC via TIMER database. The results showed that PSMD14 expression levels had a significantly positive correlation with infiltrating levels of B Cell (r = 0.245, P = 4.27 × 10−6), CD8+ T cell (r = 0.205, P = 1.30 × 10−4), CD4+ T cell (r = 0.266, P = 5.57 × 10−7), macrophage (r = 0.374, P = 9.16 × 10−13), neutrophils (r = 0.445, P = 3.30 × 10−18) and dendritic cells (r = 0.317, P = 2.33 × 10−9). RBM45 expression levels had a significantly positive correlation with infiltrating levels of B cell (r = 0.35, P = 2.39 × 10−11), CD8+ T cell (r = 0.26, P = 1.07 × 10−6), CD4+ T cell (r = 0.367, P = 2.12 × 10−12), macrophage (r = 0.461, P = 2.55 × 10−19), neutrophils (r = 0.471, P = 1.72 × 10−20) and dendritic cells (r = 0.419, P = 6.90 × 10−16). PSMD1 expression levels had a significantly positive correlation with infiltrating levels of B cell (r = 0.257, P = 1.31 × 10−6), CD8+ T cell (r = 0.192, P = 3.50 × 10−6), CD4+ T cell (r = 0.299, P = 1.55 × 10−8), macrophage (r = 0.393, P = 4.53 × 10−14), neutrophils (r = 0.447, P = 2.22 × 10−18) and dendritic cells (r = 0.355, P = 1.50 × 10−11). OLA1 expression levels had a significantly positive correlation with infiltrating levels of B cell (r = 0.359, P = 6.46 × 10−12), CD8+ T cell (r = 0.27, P = 3.89 × 10−7), CD4+ T cell (r = 0.328, P = 4.51 × 10−10), macrophage (r = 0.444, P = 6.18 × 10−18), neutrophils (r = 0.382, P = 1.98 × 10−13) and dendritic cells (r = 0.399, P = 1.93 × 10−14). CCT6A expression levels had a significantly positive correlation with infiltrating levels of B cell (r = 0.322, P = 9.24 × 10−10), CD8+ T cell (r = 0.16, P = 3.06 × 10−3), CD4+ T cell (r = 0.352, P = 1.72 × 10−11), macrophage (r = 0.462, P = 1.90 × 10−19), neutrophils (r = 0.367, P = 2.04 × 10−12) and dendritic cells (r = 0.313, P = 3.45 × 10−9). None of the above five genes had no significant correlations with tumor purity (P > 0.05) (Figs. 10B–10G).

LCAT expression was significantly negatively related to tumor purity (r = −0.124, P = 2.12 × 10−2) and had a significantly negative correlation with infiltrating levels of B cell (r = −0.197, P = 2.35 × 10−4), CD8+ T cell (r = −0.103, P = 5.59 × 10−2), CD4+ T cell (r = −0.174, P = 1.16 × 10−3), macrophage (r = −0.244, P = 5.21 × 10−6), neutrophils (r = −0.202, P = 1.53 × 10−4) and dendritic cells (r = −0.194, P = 3.12 × 10−4) (Fig. 10F). IVD expression was significantly positive related to tumor purity (r = 0.121, P = 2.45 × 10−2) and had a significantly negative correlation with infiltrating levels of B cell (r = −0.173, P = 1.31 × 10−3), CD8+ T cell (r = −0.097, P = 7.37 × 10−2), CD4+ T cell (r = −0.135, P = 1.20 × 10−2), macrophage (r = −0.171, P = 1.49 × 10−3) and dendritic cells (r = −0.145, P = 7.53 × 10−3) and no significant correlations with neutrophils (r = −0.065, P = 2.271 × 10−1) (Fig. 10H).
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Figure 10: Correlation of seven genes expression with immune infiltration level in LIHC. (A) The levels of seven genes expression were examined in human HCC cell lines Hep3B, HepG2 and the normal liver cell L02. (B–F) PSMD14, RBM45, PSMD1, OLA1 and CCT6A mRNA expression level was significantly positively correlated with infiltrating levels of B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophils, and dendritic cells. (G) LCAT expression was significantly negatively related to tumor purity and had a significantly negative correlation with infiltrating levels of B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophils, and dendritic cells. (H) IVD expression was significantly positive related to tumor purity and had a significantly negative correlation with infiltrating levels of B cell, CD8+ T cell, CD4+ T cell, macrophage and dendritic cells and no significant correlations with neutrophils.

Correlation of PSMD14 with the proportion of TICs

To further confirm the correlation of PSMD14 expression with the proportion of tumor-infiltrating immune subsets was analyzed using CIBERSORT algorithm, and 21 kinds of immune cell profiles in LIHC samples were constructed. The results from the difference and correlation analyses showed that a total of six kinds of TICs were correlated with the expression of PSMD14 (Fig. 11). Among them, three kinds of TICs were positively correlated with PSMD14 expression, including Macrophage M0, T cells CD4 memory activated and NK cells resting; three kinds of TICs were negatively correlated with PSMD14 expression, including B cells naïve, NK cells activated and T cells CD4 memory resting. These results further supported that the levels of PSMD14 affected the immune activity of TICs.

[image: images]

Figure 11: Correlation of TICs proportion with PSMD14 expression. (A) Violin plot showed the ratio differentiation of 21 kinds of immune cells between LIHC tumor samples with low or high PSMD14 expression relative to the median of PSMD14 expression level, and Wilcoxon rank sum was used for the significance test. (B–G) Scatter plot showed the correlation of 6 kinds of TICs proportion with the PSMD14 expression (P < 0.05). The blue line in each plot was fitted linear model indicating the proportion tropism of the immune cell along with PSMD14 expression, and Pearson coefficient was used for the correlation test.

Discussion

HCC remains a common malignant tumor in the world, with a low survival rate. Thus, in view of the low survival rate for HCC, investigation of novel biomarkers and models is necessary. Recently, PSMD14-based signatures have revealed excellent potential in prognosis prediction of multiple cancers. The prognosis value of PSMD14 in cancers have been reported, including HCC, esophageal cancer, breast cancer (Luo et al., 2017; Lv et al., 2020; Zhu et al., 2018). Our results are in accordance with these studies, implying that PSMD14 could be a potential prognostic gene for HCC (Lv et al., 2020). To our knowledge, the expression of PSMD14 and its potential immune prognostic impact on HCC has not yet been explored. The present study focused on the potential immune prognostic role of PSMD14 and its associated genes in HCC.

In the present study, we verified the high expression of PSMD14 in HCC through Multiple databases, including ONCOMINE, TIMER, HPA, TCGA, ICGC. Bioinformatic analysis from TCGA and ICGC database demonstrated that high expression of PSMD14 in HCC was associated with clinical pathologic characteristics (high grade, histologic stage, surgical approach, T stage), survival time and poor prognosis. Univariate and multivariate cox regression shows PSMD14 as an independent prognostic factor (Tab. 4). In addition, we identified the PSMD14 associated novel biomarkers base on TCGA data set and confirmed PSMD14 associated genes model significantly correlated with prognosis using cox regression and lasso analysis. Finally, six genes (RBM45, PSMD1, OLA1, CCT6A, LCAT and IVD) were selected to fabricate a prognostic signature for HCC, validated its efficiency in TCGA and ICGC data set. A robust nomogram consisted of the 6-genes signature, age, gender, vascular invasion, tumor status and the stage were constructed for prognostic prediction of HCC patients. At the same time, the AUC value of the signature-based nomogram was nearly better than the AUC values of age, grade status and stage in 1-, 3-, 5-years. Next, we further verified the mRNA expression of 6-genes (RBM45, PSMD1, OLA1, CCT6A , LCAT and IVD) for HCC patients in the Oncomine, TIMER, TCGA and ICGC database, which is consistent with the results of previous studies (Huang et al., 2020; Long et al., 2019; Tan et al., 2019; Zeng et al., 2019). There are no reports of RBM45 and IVD genes in HCC. They may become new targets for the treatment of HCC, which need to be further studied.

A total of 7 key prognostic genes of HCC patients were selected in this paper. However, no review had been studied about intriguing mechanisms of these key genes in HCC except PSMD14 and CCT6A. PSMD14 was first found as a human pad1 homologue in 1997, a previously unidentified component of the human 26 s proteasome, which degrades proteins targeted for destruction by the ubiquitin pathway (Long et al., 2019). Lv et al. (2020) revealed that PSMD14, as a novel posttranslational regulator of GRB2, inhibits degradation of GRB2 via deubiquitinating this oncoprotein in HCC cells. Overexpressed CCT6A contributes to cancer cell growth by affecting the G1-to-S phase transition and predicts a negative prognosis in Hepatocellular Carcinoma. CCT6A may contribute to HCC cell proliferation by accelerating the G1-to-S transition and predicts a negative prognosis in Hepatocellular Carcinoma (Zeng et al., 2019). Consistent with the previously published papers, the high expression of PSMD14 and CCT6A were found positively related to the poor prognostic of HCC patients in our research.

Enrichment analysis revealed many significantly enriched pathways for the signature, of which most were metabolism related. To further investigate the functions of PSMD14 and its associated genes in HCC, we performed GSEA using TCGA data, GSEA showed that purine metabolism, pyrimidine metabolism and ubiquitin mediated proteolysis are differentially enriched between PSMD14 gene high expression and PSMD14 associated genes high risk phenotype. Besides, glycine serine and threonine metabolism, primary bile acid biosynthesis and retinol metabolism are differentially enriched between PSMD14 gene low expression and PSMD14 associated genes low risk phenotype.

Another important aspect of this study, seven genes mRNA expression was correlated with diverse immune infiltration levels in LIHC. PSMD14, RBM45, PSMD1, OLA1 and CCT6A mRNA expression level was significantly positively correlated with infiltrating levels of B Cell, CD8+ T cell, CD4+ T cell, Macrophage, Neutrophils and Dendritic cells. In addition, LCAT mRNA expression had a significantly negative correlation with infiltrating levels of tumor purity, B Cell, CD8+ T cell, CD4+ T cell, Macrophage, Neutrophils and Dendritic cells. IVD mRNA expression was significantly positive related to tumor purity and had a significantly negative correlation with infiltrating levels of B Cell, CD8+ T cell, CD4+ T cell, macrophage and dendritic cells and no significant correlations with neutrophils. Moreover, the correlation between seven immune genes expression and the signature genes of immune cells imply the role of its in regulating tumor immunology. In previous studies, when RNA seq data were used to analyze the relationship between gene mRNA levels and infiltrating immune cells, the correlation coefficients were mostly uncorrelated or a weak and moderate correlation. These genes have important guiding significance for the screening and application of immune cell infiltration. Of note, among the 7 genes, only the PSMD14 and CCT6A, have been reported that correlated with diverse immune cells levels. For instance, PSMD14 deficiency in macrophages resulting in deubiquitination of pro-IL-1β that restrains inflammatory responses for the maintenance of immune homeostasis (Zhang et al., 2018). CCT6A research shown that CD8+ T cells provide functional in cytokine secretion and lytic activity upon of their cognate antigens, it was used in personalized adoptive T-cell therapy of melanoma (Höfflin et al., 2015). These correlations could be indicative of a potential mechanism for 7 immune-related genes regulate immune cells in HCC. The above suggested that PSMD14 and signature genes could play a significant role in recruitment and regulation of immune infiltrating cells in HCC.

Lv et al. (2020) revealed the functional significance of PSMD14 in HCC progression and the underlying mechanism. However, the related functions and mechanisms of PSMD14-based signature have not been reported. We must acknowledge that there are potential limitations in our analysis. Because of limitations in our study design, the correlation between PSMD14-based signature mRNA and protein expression could not be clearly assessed in this report, the function and the mechanism of participation. Further study in HCC cells and tissues were required.

Conclusions

We systematically analyzed the expression and prognosis of PSMD14 and screened the immune prognostic genes significantly related to PSMD14 from the open database to construct and verify the immune-related genes. We found that (PSMD14, RBM45, PSMD1, OLA1, CCT6A, LCAT and IVD) are immune prognostic signatures of HCC. Therefore, this study deepens our understanding of HCC IRGs and provides new potential biomarkers for prognosis and treatment.
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TABLE 1

Primer sequences used in this study

Primer name

Primer sequences (5’>3’)

GAPDH-OF
GAPDH-OR
IVD-OF
IVD-OR
LCAT-OF
LCAT-OR
CCT6A-OF
CCT6A-OR
OLA1-OF
OLAI-OR
PSMD1-OF
PSMD1-OR
PSMD14-OF
PSMD14-OR
RBM45-OF
RBM45-OR

GAACGGGAAGCTCACTGG
GCCTGCTTCACCACCTTCT
ATGGCAGAGATGGCGACTG
TAGCCCATTGATTGCATCGTC
ACCTGGTCAACAATGGCTACG
TAGAGCAAGTGTAGACAGCCG
TGACGACCTAAGTCCTGACTG
ACAGAACGAGGGTTGTTACATTT
TTGCAGCACTCCAACTAGAATAC
TCGGTTGTTGAGGTGTGTTAAAT
TCCGAGTCCGTAGACAAAATAGA
CCACACATTGTTTGGTGTAGTGA
AAGTTATGGGTTTGATGCTTGGA
ATACCAACCAACAACCATCTCC
TCAGCAAGTACACACCTGAGT
AGATGATCGGGACTGAGCAAT
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TABLE 3

PSMD14 expression associated with clinical pathological characteristics from TCGA (logistic regression)

Clinical characteristics Total (N) Odds ratio in PSMD14 expression P-value
Age 376 0.99 (0.98-1.01) 0.444
BMI 341 0.99 (0.96-1.01) 0.409
Gender (female vs. male) 377 1.02 (0.66-1.57) 0.941
Grade (well vs. moderate) 359 1.91 (1.06-3.51) 0.033
Histology (FLC vs. HCC) 370 0.48 (0.02-5.06) 0.552
Status (tumor free vs. with tumor ) 349 0.90 (0.57-1.41) 0.644
Vascular invasion (positive vs. negative) 321 0.73 (0.45-1.16) 0.180
Hepatitis B (positive vs. negative) 300 0.84 (0.49-1.41) 0.504
Stage (I vs. II or III) 353 2.51 (1.25-4.32) 0.001
Surgical approach(HL vs. SSLR) 113 0.26 (0.09-0.67) 0.007
Tumor size(<5 cm vs. >5 cm) 374 1.65 (1.03-2.67) 0.039
Distant metastasis (positive vs. negative) 276 1.00 (0.12-8.43) 1.000
Lymph nodes (positive vs. negative) 261 3.05 (0.38-62.07) 0.337

Note: FLC: Fibrolamellar Carcinoma; HCC: Hepatocellular Carcinoma; HL: Hepatic Lobectomy; SSLR: single segment liver resection.
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TABLE 4

Univariate and multivariate analyses of overall survival in hepatocellular carcinoma patients of TCGA

Variables Univariate analysis Multivariate analysis
HR (95% CI) P-value HR (95% CI) P-value

PSMD14 2.17 (1.32-3.57) 0.002 1.90 (1.08-3.33) 0.026
Age 1.02 (1.00-1.05) 0.107 1.02 (0.99-1.04) 0.190
Gender 0.60 (0.34-1.06) 0.078 0.97 (0.51-1.87) 0.936
Vascular invasion 1.27 (0.70-2.28) 0.435 0.84 (0.44-1.62) 0.606
Grade 1.18 (0.80-1.75) 0.400 1.10 (0.70-1.74) 0.677
Status 2.65 (1.49-4.72) 0.001 1.91 (1.02-3.55) 0.042
Stage 1.72 (1.28-2.32) 0.000 0.78 (0.15-3.96) 0.764
T stage 1.65 (1.24-2.20) 0.001 1.91 (0.42-8.67) 0.399
Distant metastasis 4.15 (1.00-17.24) 0.050 0.95 (0.17-5.18) 0.954
Lymph nodes 3.42 (0.47-24.96) 0.226 3.33 (0.08-143.94) 0.531
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TABLE 2

TCGA hepatic carcinoma patient characteristics

Clinical characteristics Total (418) %
Age at diagnosis (y) 61 (16-90)
Gender Male/ Female 272/146 65.1/34.9
Histologic grade Well/Moderate/Poor 55/304/13 14.8/81.7/3.5
Status With tumor/Tumor free 133/254 34.4/65.6
TNM Stage /I/II/IV 194/98/90/12 49.2/24.9/22.8/3.1
Grade /I/II/IV 55/180/124/13 14.8/48.4/33.3/3.5
Vascular invasion Macro/Micro/No 17/94/210 5.3/29.3/65.4
Risk Factors Hepatitis B/Other 78/222 26.0/74.0
Histology Hepatocellular Carcinoma 367 87.8
Cholangiocarcinoma 41 9.8
Hepatocholangiocarcinoma (Mixed) 7 1.7
Fibrolamellar Carcinoma 3 0.7
Tumor size <5cm 311 74.9
>5 cm 104 25.1
Lymph nodes Negative/Positive 290/8 97.3/2.7
Distant metastasis Negative/Positive 303/8 97.4/2.6
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TABLE 5

The HR and P values of 6 Genes

Gene Gene description HR HR.95L HR.95H P value
RBM45 RNA Binding Motif Protein 45 5.022 2.679 9.411 4.74E-07
PSMD1 26S Proteasome Regulatory Subunit S1 2.982 1.978 4.496 1.83E-07
OLA1 Obg Like ATPase 1 2.213 1.603 3.055 1.39E-06
CCTo6A Chaperonin Containing TCP1 Subunit6A 2.118 1.564 2.869 1.24E-06
IVD Isovaleryl-CoA Dehydrogenase 0.636 0.495 0.816 0.000
LCAT Lecithin-Cholesterol Acyltransferase 0.775 0.684 0.877 5.63E-05

Note: HR and P values were generated from univariate Cox regression in TCGA dataset.
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