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ARTICLE INFO ABSTRACT
Keywords: Background: Hepatocellular carcinoma (HCC), the main type of liver cancer, is the second most
Driver genes lethal tumor worldwide, with a 5-year survival rate of only 18%. Driver genes facilitate cancer
Prognosis cell growth and spread in the tumor microenvironment. Here, a comprehensive driver gene
Hepatocellular carcinoma . .

signature for the prognosis of HCC was developed.
Nomogram . : :
Immune Methods: HCC driver genes were analyzed comprehensively to develop a better prognostic

signature. The dataset of HCC patients included mRNA sequencing data and clinical information
from the TCGA, the ICGC, and the Guangxi Medical University Cancer Hospital cohorts. First,
LASSO was performed to develop a prognostic signature for differentially expressed driver genes
in the TCGA cohort. Then, the robustness of the signature was assessed using survival and time-
dependent ROC curves. Furthermore, independent predictors were determined using univariate
and multivariate Cox regression analyses. Stepwise multi-Cox regression analysis was employed
to identify significant variables for the construction of a nomogram that predicts survival rates.
Functional analysis by Spearman correlation analysis, enrichment analysis (GO, KEGG, and
GSEA), and immunoassay (ssGSEA and xCell) were performed.

Result: A 4-driver gene signature (CLTC, DNMT3A, GMPS, and NRAS) was successfully con-
structed and showed excellent predictive efficiency in three cohorts. The nomogram indicated
high predictive accuracy for the 1-, 3-, and 5-year prognoses of HCC patients, which included
clinical information and risk score. Enrichment analysis revealed that driver genes were involved
in regulating oncogenic processes, including the cell cycle and metabolic pathways, which were
associated with the progression of HCC. ssGSEA and xCell showed differences in immune infil-
tration and the immune microenvironment between the two risk groups.

Conclusion: The 4-driver gene signature is closely associated with the survival prediction of HCC
and is expected to provide new insights into targeted therapy for HCC patients.
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1. Introduction

Primary liver cancer is the sixth most diagnosed cancer and the third most common cause of cancer mortality worldwide as of 2020,
leading to more than 1.3 million deaths yearly [1]. Its survival rate is only 18%, being the lowest of all cancer types [2]. HCC accounts
for approximately 90% of primary liver cancers [3]. The survival rate of HCC patients remains low after surgical resection and
treatment because of the relapse that follows [4].

Thus, it is important to continuously seek advances in screening, diagnosis, and treatment strategies to improve the prognosis of
this malignancy [5]. Early diagnosis is a promising strategy to reduce HCC mortality, as it can greatly contribute to detecting HCC at
the early stage and applying effective treatments [6]. However, there is still no good method for the early diagnosis and accurate
prognosis prediction of HCC [7]. Therefore, predicting the prognosis of patients with HCC can be another way to raise the survival rate
because it can help clinicians choose more suitable treatment options for patients [8].

Nevertheless, prognostic prediction of HCC patients has high complexity [9]. On the one hand, the complex etiological landscape
contributes to the dilemma created by the molecular and biological heterogeneity of cancer cells [10]. On the other hand, the accurate
prognostication of HCC patients necessitates a comprehensive understanding of the entire natural history of the disease, coupled with
the identification of optimal survival predictors at each stage. Regrettably, these data are only partially attainable [11].

Specific biomarkers for auxiliary examination are tremendously helpful for the prognostic evaluation of HCC patients in clinical
practice [12]. In recent years, many biomarkers for the prognosis of HCC have been reported. For example, CTNNB1 can serve as a
prognostic biomarker for HCC, which is related to metabolic reprogramming [13]. CDT1 is an essential factor in the initiation of DNA
replication, playing a pivotal role in regulating eukaryotic cell cycle progression and replication. Its expression in HCC was associated
with potential diagnostic and prognostic significance [14]. APEX1 has also been shown to be a potential diagnostic and prognostic
biomarker in HCC by analyzing multiple databases [15]. Despite the recent noteworthy improvements in the development of new
biomarkers for HCC, it still lacks biomarkers able to predict the prognosis or identify subgroups of patients who would benefit from
clinical management [16,17]. Therefore, it is urgent to find out specific new biomarkers to evaluate the prognosis and help clinical
management of HCC.

In some recent studies, it has been found that driver genes may serve as important genomic biomarkers for diagnosis and prognosis
[18,19]. Various studies have shown that driver genes play a crucial role in tumorigenesis, including HCC, lung adenocarcinoma,
bladder cancer, prostate cancer, and other malignant cancers [20-23]. Cancer driver genes are a set of mutational genes that possess
the ability to drive tumorigenesis [24]. Driver mutations occurring in driver genes are causally implicated in oncogenesis, which
confers a growth advantage on cancer cells and affects the homeostatic development of a set of key cellular functions [25,26]. With the
clonal expansion, these mutations will be present in all subsequent cancer cells [27]. Although researchers have confirmed the
presence of driver genes in HCC by bioinformatics, the significance of all driver genes for the prognosis of liver cancer is still unclear
[26,28].

In this study, the overall survival (OS) rate of HCC patients was systematically associated with driver genes, and a signature was
established. The robustness of the signature was externally validated by the ICGC cohort and Guangxi Medical University Cancer
Hospital cohort. The signature was constructed to help clarify the underlying mechanism of HCC and accurately predict the prognosis
for patients with HCC. At the same time, the association between the prognostic signature and the immune cell infiltration of HCC was
explored, which makes a valuable contribution to treatment strategies.

2. Materials and methods
2.1. RNA-seq data collection from public databases

The transcriptome data and related clinical details of HCC were downloaded from the TCGA-LIHC project using The Cancer
Genome Atlas (TCGA; v31.0) transfer portal GDC (Genomic Data Commons) Data Portal (GDC (cancer.gov)). Additional mRNA
expression data and information on 230 clinical HCC samples, the ICGC-LIRI-JP cohort, were obtained from the International Cancer
Genome Consortium (ICGC) portal (http://dcc.icgc.org). Simple nucleotide variation data (SNV) were collected by the R package
“TCGAbiolinks” [29].

2.2. Clinical information collection from Guangxi Medical University Cancer Hospital

We collected paired HCC and normal tissues from 116 HCC patients after surgical procedures at Guangxi Medical University Cancer
Hospital in recent years. Transcriptome expression data for each sample were obtained by tissue sequencing. Apart from the collection
of tissue samples, comprehensive clinical and pathological data were obtained from patients, encompassing age, gender, tumor
quantity, and size, Barcelona Clinic Liver Cancer (BCLC) stage, Edmondson grade, recurrence status, and survival outcome. All
experimental procedures adhered to relevant guidelines and regulations.

2.3. Construction of driver genes sets of HCC

To construct a comprehensive set of HCC driver genes, HCC driver genes were extracted from the IntOGen platform (IntOGen -
Cancer driver mutations in Hepatic cancer) and a previous study [26,28].
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2.4. Identification of differentially expressed driver genes

The expression of 78 driver genes in cancer and normal tissues was analyzed by the Wilcoxon test in the TCGA database (n = 424).
Meanwhile, the degree of differential expression of each driver gene was presented in box plots. The driver genes with significant
differential expression were selected as candidate driver genes.

2.5. Development of the 4-driver gene signature by LASSO cox regression analysis

Survival-associated candidate driver genes were identified by univariate Cox regression analysis of OS, and P values were adjusted
using Benjamini and Hochberg (BH) correction.

Thereafter, the least absolute shrinkage and selection operator (LASSO) Cox regression was used to select prognosis-related driver
genes through the R package “glmnet” with normalized expression data considered independent variables, and the corresponding OS
time and patient survival states (dead or alive) were viewed as response variables. The penalty parameter (1) in the prognostic
signature was determined using Tenfold cross-validation and followed minimum criteria. The normalized expression value of each
prognostic driver gene was combined with its LASSO Cox regression coefficient to calculate the risk score for each patient:

risk score = Zf:lExpi X p;

Exp; represents the expression value of driver genes within the signature, while g; denoting the regression coefficient values of
differential genes obtained through Cox regression analysis. After that, the signature was evaluated in the TCGA cohort, Kaplan-Meier
(K-M) survival analysis was carried out by using the “ggsurvplot” function in the R “survminer” package, and time-dependent receiver
operating characteristic curves (ROC) were generated by the “survivalROC” package. The efficacy of the signature can be effectively
estimated on prognosis.

2.6. Independent validation of the 4-driver gene signature

To exclude the differences between data samples and clinical variations, 230 HCC samples from the ICGC cohort and 116 HCC
patients undergoing long-term follow-up at Guangxi Medical University Cancer Hospital cohort were used as the validation cohort. To
evaluate the robustness of the signature, two independent validation cohorts were analyzed through K-M survival curves and time-
dependent ROC curves. K-M survival curves were undertaken on high- and low-risk groups to compare the survival rate. The area
under the curve (AUC) of the time-dependent ROC curve was used to estimate the signature prediction efficiency.

2.7. Construction and validation of a predictive nomogram

Nomograms are widely utilized in predicting the prognoses of HCC patients, primarily due to their ability to condense statistical
prediction models into a singular numerical evaluation of the probability of overall survival that is customized to an individual pa-
tient’s profile. Stepwise multi-Cox regression analysis was used to filter nomogram variables that included clinical information and risk
score. The calibration plots and the C-index were utilized to assess the predictive accuracy of the nomogram through the R-related
package and “Nomogram” function. The consistency of the model can be assessed by the overlap degree of the correction curve and the
reference line.

2.8. Differentially expressed genes analysis in high- and low-risk groups

HCC patients were divided into high- and low-risk groups by median risk score, after which “DESeq2” was used to analyze two
clusters of differentially expressed genes (DEGs) in the TCGA cohort. The threshold values were |log2FoldChange | >1.5 and adjusted P
value < 0.05. It was considered to be statistically significant for the determination of DEGs.

2.9. Functional analysis based on the prognostic signature

Spearman correlation analysis was used to compare the correlation between the expression of 4 driver genes, and the obtained
coefficient represented the degree of correlation between the linear changes of two continuous variables. Enrichment analysis was
performed to find important biological pathways between high- and low-risk group DEGs, which involved the Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Gene Ontology (GO). In addition, gene set enrichment analysis (GSEA)was used with the “cluster-
Profiler” package to determine molecular pathways and consistent heterogeneities.

2.10. Single nucleotide variant analysis and immune infiltration assessment

SNV data, which were stored in the Mutation Annotation Format (MAF) of the TCGA database, depicted the HCC patients’ mutation
burden landscape according to waterfall plots through the R package “maftools”. The ESTIMATE algorithm was utilized to compute the
immune score, stromal score, ESTIMATE score, and tumor purity based on the relative proportions of immune cells and stromal cells.
Single-sample GSEA (ssGSEA) and xCell were utilized to analyze the immune landscape and calculate the activity of immune cells and
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Fig. 1. | The differentially expressed profiles of 78 HCC driver genes. The box of them was shown by the Wilcoxon test between HCC and
normal tissues (A) 56 driver genes (***P < 0.001), (B) 10 driver genes (0.001<**P < 0.01), (C) 3 driver genes (0.01< *P < 0.05), (D) 9 driver genes

NS (no significance).
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immune infiltration between the high- and low-risk groups. The marker genes of different immune cells were obtained from previous
studies of 28 immune cell types in the MSigDB database (https://www.gsea-msigdb.org/gsea/msigdb/). P < 0.05 was considered
statistically significant.

2.11. Statistical analysis

All statistical analyses were conducted by R (4.1.2), and corresponding figures were generated. Box plots were analyzed with the
Wilcoxon test. Spearman’s coefficient was utilized to compute the correlations among the four driver genes Univariate and stepwise
multivariate Cox analysis were used to evaluate the survival status of patients in the TCGA cohort and the clinical characteristics
affecting the cohort. Survival curves were constructed by the log-rank test using the K-M method. The ssGSEA scores were subjected to
the Mann-Whitney test, and an adjusted p-value was calculated using the BH method. All hypothetical tests were two-sided, and a
significant p value was defined as <0.05.

3. Result
3.1. Identification of DEGs of driver genes in HCC

A gene set consisting of 78 HCC driver genes was constructed (Supplementary Table 1). Based on the TCGA database, the driver
gene mRNA expression between normal and tumor samples of HCC was analyzed using Wilcoxon tests. The analysis showed that there

were 69 differentially expressed driver genes: 56 driver genes (p < 0.001, Fig. 1A), 10 driver genes (0.001 < p < 0.01, Fig. 1B), and 3
driver genes (0.01 < p < 0.05, Fig. 1C). Additionally, 9 driver genes showed no differential expression (Fig. 1D).

3.2. Development of a prognostic-related risk signature

Among 56 (p < 0.001) DEGs, 7 candidate driver genes were significantly related to the OS rate of HCC patients in the TCGA cohort
by univariate Cox analysis (using a cutoff threshold of Cox P < 0.001) (Fig. 2A). Then, the above 7 genes were utilized to build a
prognostic signature by LASSO Cox regression analysis. LASSO-penalized Cox analysis with penalty parameter tuning performed via
10-fold cross-validation was established to further narrow the candidate driver genes, whose confidence interval was under each
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lambda. Then, a 4-driver gene signature involving NARS, DNMT3A, CLTC, and GMPS was successfully identified. The risk score of each
HCC patient was calculated in the TCGA cohort (n = 231) using the following formula: risk score = 0.0317 x exp (NRAS)-+0.0028 x
exp (CLTC)+0.0426 x exp (DNMT3A) +

0.1256 x exp (GMPS) (Fig. 2B). The patients in the TCGA cohort were divided into high-risk (n = 115) and low-risk groups (n =
116) according to the median risk score (Fig. 2C). The heatmap showed high expression of DNMT3A, GMPS, NARS, and CLTC in the
high-risk group, while the other group was in the opposite situation (Fig. 2D). At the same time, the K-M survival curves indicated that
the high-risk group had a significantly poorer OS rate than the low-risk group (p < 0.0001) (Fig. 2E). In addition, time-dependent ROC
curves were used to evaluate the prediction efficiency of the 4-driver gene signature. The areas under the ROC curve (AUCs) for 1-, 3-,
and 5-year survival were 0.75, 0.71, and 0.70, respectively (Fig. 2F). This supported the accurate prediction of the 4-driver gene
signature of OS in HCC patients.

Further analysis of the K-M survival curves in the TCGA cohort showed that the high-expression groups of CLTC, DNMT3A, GMPS,
and NRAS had worse OS than the low-expression group (Fig. 3A, B, C, and D). The 4-driver gene signature (Fig. 2E) was able to
distinguish the survival probability of HCC patients more significantly than the respective 4 genes (Fig. 3 A, B, C, and D).

3.3. Validation of the 4-driver gene signature in different independent cohorts

The median risk score of the two independent cohorts (Supplementary Table 2) was calculated according to the same formula as the
TCGA cohort. According to the median risk score, these patients were also classified into high- or low-risk groups (Fig. 4A and B). Two
cohorts, ICGC, and Guangxi Medical University Cancer Hospital, had worse survival outcomes, as illustrated by the K-M survival curves
in the high-risk group. (p < 0.0001 and p = 0.0078) (Fig. 4C, E).

Additionally, the AUC values of the ROC curves at 1, 3, and 5 years in the ICGC cohort were 0.74, 0.71, and 0.75, respectively
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Fig. 5. Construction and assessment of a nomogram integrating clinical factors in the TCGA cohort. (A)Univariate and multi-Cox regression
associated the risk score and clinicopathological characteristics with OS. (B)Stepwise multi-Cox regression analysis constructed a nomogram model
to predict OS for HCC patients. (C) Nomograms for quantitatively predicting the survival probability in HCC patients. (D) Time-dependent ROC
curve to judge the predictive efficacy of the model. (E)The calibration plots for the internal validation of the nomogram predicting 1- (a),3- (b), and

5- years (c) OS.
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(Fig. 4D). The AUC values for the 1-, 1.5-, 2-, and 3-year prognoses were 0.67, 0.69, 0.66, and 0.87, respectively, in Guangxi Medical
University Cancer Hospital cohort (Fig. 4F).

3.4. Construction and validation of a nomogram integrating independent predictive factors

Univariate and multivariate Cox analyses showed that the risk score could be an independent prognostic factor for HCC (Fig. 5A).

The variables for the nomogram were chosen using stepwise Cox regression based on the risk score and the clinical information of
231 HCC samples from TCGA. Ultimately, risk score (P < 0.01, HR = 1.905), T stage (P < 0.001 HR = 2.218), and age (P = 0.58, HR =
1.735) were included in the nomogram prognosis prediction (Fig. 5B).

A nomogram incorporating these predictive factors has been developed to accurately quantify the probability of survival in HCC
patients (Fig. 5C). To understand the performance of the model, its discrimination and calibration ability were evaluated. The time-
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dependent ROC curves in terms of 1-, 3-, and 5-year prognoses were analyzed, and the AUCs were 0.80, 0.78, and 0.76, respectively, in
the TCGA cohort (Fig. 5D). This model showed better discriminative ability than the 4-driver gene signature (1-year AUC: 0.80 vs.
0.75, 3-year AUC: 0.78 vs. 0.71, 5-year AUC: 0.76 vs. 0.70). The nomogram’s calibration curves closely followed the 45° lines (Fig. 5E),
with a C-index of 0.73 indicating high consistency between predicted and actual results.
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3.5. Functional analysis of subgroups in the TCGA cohort

Above all, the relationship between the 4 driver genes was investigated and a positive correlation was observed in their expression
levels (Fig. 6A).

Then, the volcano plots displayed 727 DEGs between the high- and low-risk groups with thresholds of p < 0.05 and | log2 (fold
change) | >1.5 (Fig. 6B). The biological characteristics of the DEGs were further investigated through function and pathway anno-
tations. KEGG analysis showed that the key pathways correlated with tyrosine metabolism, cholesterol metabolism, protein digestion,
absorption, and sphingolipid metabolism (P < 0.05) (Fig. 6C). GO analysis indicated that these DEGs were mainly involved in the
regulation of cell cycle processes and lipid catabolic processes (Fig. 6D), suggesting that the differences in survival outcomes between
subgroups may be related to the patient’s metabolic status. GESA analysis implied that the high-risk group was involved in pathways
such as DNA-binding transcription factor activity, double-stranded DNA binding, and other cell cycle processes (Fig. 6E). Interestingly,
compared to the outcomes of GO enrichment, the low-risk group was involved in material metabolic processes such as cellular amino
acid catabolic processes and fatty acid metabolic processes (Fig. 6F).

3.6. Mutation landscape and differences in immune cell infiltration

Genomic landscape single nucleotide variants for the two risk groups were visualized by waterfall plots (Fig. 7A and B). The top 20
mutated genes between the high- and low-risk groups were shown for SNV dates in the TCGA cohort. Missense mutations were the most
common somatic mutational types. TP53 had a high mutation rate and more abundant mutation forms in the high-risk group, while
CTNNBI had a high mutation rate in the other group.

ssGSEA and xCell were used to determine the level of immune cell infiltration in the TCGA cohort and Guangxi Medical University
Cancer Hospital cohort, and a median risk score was adopted to classify HCC patients into high- and low-risk groups. ssGSEA results
showed significant differences in activated B cells, activated CD4 T cells, activated CD8 T cells, CD56dim natural killer cells, central
memory CD4 T cells, effector memory CD8 T cells, eosinophils, neutrophils, and type 1 T helper cells in the TCGA and Guangxi Medical
University Cancer Hospital cohorts (all P < 0.05, Fig. 8A, C). Interestingly, the xCell results indicated evident differences in CD4" Tem
cells, hepatocytes, HSCs, ly endothelial cells, M2 macrophages, melanocytes, MSCs, mv endothelial cells, and smooth muscle cells in
the two cohorts (all P < 0.05, Fig. 8B, D).

4. Discussion

To date, it is generally acknowledged that mutational cancer driver genes confer selective advantages on cells relative to the
surrounding environment [30]. Different driver gene mutations bring heterogeneity to tumors [31]. Cooperation among driver genes
leads to a hepatocellular immune landscape with unique histology. Combinations of expression levels and specific changes in driver
genes can shape tumor phenotypes and result in intratumor heterogeneity [32]. HCC is highly heterogeneous, which makes its
diagnosis and prognosis difficult. However, proper molecular biomarkers can assist in predicting the prognosis of HCC patients and
improve clinical decisions. Hence, there is no doubt that driver genes, as key factors in tumorigenesis and development, can be
considered markers for personalized tumor therapy [33].

The 78 driver genes of HCC were comprehensively analyzed and 7 differentially expressed driver genes significantly associated
with the survival of HCC patients were found by univariate Cox regression analysis. Furthermore, LASSO Cox regression analysis was
used to construct a 4-driver gene signature (CLTC, DNMT3A, GMPS, and NRAS). Ingeniously, the 4-driver gene signature showed
excellent predictive efficacy in both the public database and Guangxi Medical University Cancer Hospital cohort. Meanwhile, the risk
score was an independent predictor, shown by univariate and multivariate Cox regression analyses. Stepwise multi-Cox regression
analysis ascertained that T stage, age, and risk score were nomogram variables for HCC patients in the TCGA cohort. The construction
of the nomogram model combining the risk score and clinical features can provide a more accurate prediction measure of HCC
prognosis. Compared to the recently constructed prognostic signature of HCC driver genes [34], only HCC driver genes were spe-
cifically used to construct the prognostic model. In addition, fewer detection targets were incorporated into this study, thus reducing
the clinical detection burden and equipping the model with higher specificity.

This study focused on differentially expressed driver genes in HCC that were associated with OS in HCC patients. As a result, four
driver genes were selected to develop the prognostic signature. CLTC encodes the clathrin heavy chain (CHC), which interacts with
ATG16L1 and is involved in the autophagic process of endocytosis and degradation of cytoplasmic contents in the transport of various
macromolecules [35]. Clathrin can inhibit apoptosis by impairing NOX4 upregulation and ROS production by TGF-f. High expression
of TGF-p1 and CLTC is related to worse prognosis and lower OS in HCC patients [36]. Additionally, alterations in CHC prolong mitosis,
leading to destabilization of mitotic fibers, defective chromosome binding to the midpalatal, and sustained activation of the spindle
checkpoint [37]. The DNMT3A (DNA methyltransferase 3 alpha) gene plays an essential role in encoding enzymes that catalyze DNA
methylation [38]. Research has confirmed that upregulation of the DNMT3A gene promotes cancer development. During HCC
tumorigenesis, the upregulated mRNA level of DNMT3A is an early event and contributes to the progression of HCC, which can predict
patient survival of HCC [39,40]. GMPS (guanine monophosphate synthase) is an important bifunctional dual-domain enzyme. Ac-
cording to previous findings, when it enters the nucleus, the GMPS-USP7 complex is formed with ubiquitin-specific protease 7 (USP7),
which can promote the degradation of the p53 protein by deubiquitinating the negative p53 regulatory protein MDM2 [41,42].
Thereafter, it leads to a drop in the intracellular level of p53 and helps tumors evade attack. Meanwhile, GMPS plays a key role in
infection, pathogenicity, and axonal transmission [43,44]. NRAS belongs to the RAS superfamily of proteins with physiological
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functions that regulate cell proliferation, differentiation, and survival [45]. In addition, when NRAS is activated by promoting MAPK
and PI3K signaling under normal physiological conditions, NRAS mutation activates MAPK signaling indefinitely, leading to dysre-
gulated cell cycle and cell proliferation signaling, which induces tumor formation [46,47].

Immunotherapy is a promising stratagem for treating cancers by harnessing the cytotoxic potentiality of human immune system
[48]. Immune checkpoint blockade (ICB) immunotherapy based on the programmed death-1/ligand-1 (PD-1/PD-L1) axis, which can
augment tumor-directed T-cell responses, has reshaped oncology [49]. Some immune checkpoint inhibitors (ICIs), such as atezoli-
zumab, pembrolizumab and nivolumab, have now become the first-line systemic therapy drugs for some advanced cancers, signifi-
cantly increasing the rate of long-term survival, whereas some other tumors do not respond to ICI monotherapy [50,51]. The
expression of PD-L1 has been used to forecast the response to ICB in some cancers [48,52]. However, the predictive role of PD-L1
expression in HCC patients receiving immunotherapy remains controversial [51]. There is significant heterogeneity of PD-L1
expression. Only approximately one-tenth of tumor cells express PD-L1 [53,54]. Therefore, it is necessary to find new biomarkers
to identify priori patients who will respond to ICI treatment. A series of researches in some different cancers have revealed connectivity
between the tumor immune infiltrating cell square measure and immune checkpoint therapy response [55,56]. In this study, activated
B cells, activated CD4 T cells and activated CD8 T cells showed marked differences between the low-risk and high-risk groups. A
previous study showed that B-cell markers were the most differentially expressed genes in the tumors of patients who responded to ICB
versus nonresponding patients. Significantly higher expression of B-cell-related genes was observed in responders versus non-
responders [57]. The presence of polyclonal CD8 T cells in the tumor is also related to effective anti-PD-1 immunotherapy [58].
Different CD8 T-cell populations can be used as relevant biomarkers of HCC outcomes during immunotherapy studies [59]. ICB therapy
can increase the percentage of CD4 T cells [60]. These results imply that grouping based on the risk score may screen potential patients
who may benefit from immunotherapy.

Admittedly, there were also certain limitations in the current study. First, since median cutoff values retrospectives data were used
in each cohort, more prospective data are needed for accurate validation. Second, considering that the association between the
prognostic risk score and immune cell infiltration was based on estimated tumor characteristics, this association may be incomplete.
Therefore, their association remains to be experimentally resolved. Third, the signature was not combined with widely used HCC
markers, such as AFP, which limits its accuracy in further improving prognosis.

Although it had some deficiencies, the prognosis signature in three different cohorts all showed a better prediction performance.
With the advent of the era of precision medicine, clinical trials can be designed using a risk score based on the 4-driver gene signature
to select patients who are most likely to develop poor prognoses. This can provide potential translational value for the clinical
management of HCC patients. Therefore, novel or more intensive postoperative therapies can be developed in the future. Conse-
quently, it is of great value for future tumor treatment to focus more on precision medicine and molecular markers.

5. Conclusion

A 4-driver genes signature was successfully built to predict prognostic viability. The signature has resulted in being of significant
predictive value in the ICGC cohort and Guangxi Medical University Cancer Hospital cohort. This indicates that driver genes play a
considerable function in the development of HCC, thus inspiring a novel research direction for future targeted therapy of liver cancer.
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