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ARTICLE INFO ABSTRACT

Keywords: Background: To exploit hepatocellular carcinoma (HCC) diagnostic substances, we identify po-
Hepatocellular carcinoma tential predictive markers based on machine learning and to explore the significance of immune
WGCNA

cell infiltration in this pathology.

Method: Three HCC gene expression datasets were used for weighted gene co-expression network
Random forest analysis (WGCNA) and differential expression analysis. Least Absolute Shrinkage and Selection
Biomarker analysis Operator (LASSO) and Random Forest were applied to identify candidate biomarkers. The
Immune infiltration diagnostic value of HCC diagnostic gene biomarkers was further assessed by the area under the
ROC curve observed in the validation dataset. CIBERSORT was used to analyze 22 immune cell
fractions from HCC patients and to analyze their correlation with diagnostic markers. In addition,
the prognostic value of the markers and the sensitivity of the drugs were analyzed.

Result: WGCNA and differential expression analysis were used to screen 396 distinct gene sig-
natures in HCC tissues. They were mostly engaged in cytoplasmic fusion and the cell division
cycle, according to gene enrichment analyses. Five genes were shown to have a high diagnostic
value for use as diagnostic biomarkers for HCC, including EFHD1 (AUC = 0.77), KIF4A (AUC =
0.97), UBE2C (AUC = 0.96), SMYD3 (AUC = 0.91), and MCM7 (AUC = 0.93). T cells, NK cells,
macrophages, and dendritic cells were found to be related to diagnostic markers in HCC tissues by
immune cell infiltration analysis, indicating that these cells are intimately linked to the onset and
spread of HCC. Concurrently, these five genes and their constructed models have considerable
prognostic value.

Conclusion: These five genes (EFHD1, KIF4A, UBE2C, SMYD3, and MCM7) may serve as new
candidate molecular markers for HCC, providing new insights for future diagnosis, prognosis, and
molecular therapy of HCC.
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1. Introduction

Hepatocellular carcinoma accounts for 90 % of primary liver cancers and is the fifth most common cancer worldwide and the fourth
most common cause of cancer-related deaths [1,2]. The current treatment of liver cancer mainly includes surgery and intervention.
However, the high incidence and aggressiveness of hepatocellular carcinoma and the unclear underlying mechanisms of hepatocellular
carcinoma are not conducive to an improved prognosis, with approximately 70 % of hepatocellular carcinomas recurring within five
years of resection or ablation [3,4].

The current dilemma is that hepatocellular carcinoma does not show obvious clinical symptoms at an early stage, which is not
conducive to early detection and treatment of hepatocellular carcinoma, nor to improving prognosis and reducing mortality [5]. In
addition, the commonly used clinical methods of liver cancer diagnosis, such as serum tumor markers and imaging techniques, are not
ideal in terms of their effectiveness [6,7]. Therefore, targeting features associated with the early diagnosis, invasion, and metastasis of
hepatocellular carcinoma is greatly important in improving the treatment outcome and prognosis.

Increasingly, bioinformatics techniques are being applied to the medical field, such as aiding the diagnosis of diseases and
uncovering pathogenic mechanisms. Weighted gene co-expression network analysis (WGCNA) is a powerful systems biology approach
for analyzing network relationships and molecular mechanisms and is widely used to analyze large amounts of gene expression
profiling data [8], widely used to identify gene function and associations between genes and clinical traits, as well as important
modules associated with disease occurrence [9]. Machine learning is then used to extract and mine key molecular features for con-
structing diagnostic models with great accuracy and efficiency [10]. In addition, immune escape has a vital role in developing he-
patocellular carcinoma. Analyzing the relationship between critical genes and tumor infiltration will help elucidate the immune escape
mechanism of tumours [11].

In this study, a bioinformatics approach was used for differential gene enrichment analysis of RNA gene matrices of HCC tissues.
Two machine learning algorithms were used to screen biomarkers associated with HCC and to further validate biomarkers closely
associated with immune infiltration. CIBERSORT was employed to quantify the proportion of immune cells in HCC and normal tissue
samples based on gene expression profiles and to explore the correlation between the identified biomarkers and infiltrating immune
cells. The constructed Cox regression models of the markers have high prognostic value and provide new ideas for further prevention
and treatment of HCC.

2. Materials and methods
2.1. Hepatocellular carcinoma data preparation

Two independent hepatocellular carcinoma gene expression profiles, GSE14520 and GSE112791, containing 427 hepatocellular
carcinoma samples and 248 normal samples from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/
) were collected [12,13]. The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) provides the TCGA-LIHC dataset
with 50 normal and 371 hepatocellular carcinoma samples [14]. For the datasets, normalization was performed using Variance
Stabilised Normalization (VSN) and Uniform Manifold Approximation and Projection (UMAP) for downscaling and quality control.

2.2. Differentially expressed gene analysis

To obtain differentially expressed genes (DEGs) between normal and tumor tissue, GSE14520 was analyzed using the R package
limma [15]. Genes with a cut-off criterion of |log2FC| > 1.0 and an adjusted p-value <0.05 were identified as DEGs after converting
gene expression fold change (FC) to logarithmic values. The Benjamini-Hochberg method adjusted p-values to control for false dis-
covery rate (FDR). DEGs for GSE14520 were visualized as volcano plots using the R package ggplot2 [16].

2.3. Weighted gene Co-expression network analysis

The present study used the WGCNA package in R to convert gene expression data into a gene coexpression network to investigate
highly correlated gene modules [17]. The function pickSoftThreshold selected the soft threshold for GSE14520. The formula then
created the adjacency matrix: aj; = |S; P (ajj: adjacency matrix between gene I and gene J, Sj;: similarity matrix calculated using Pearson
correlation of all gene pairs, p: soft threshold). The adjacency matrix was then converted into a topological overlap matrix (TOM) and a
corresponding difference matrix (1-TOM). Afterward, a hierarchical clustering dendrogram of 1-TOM matrices was used to classify
related genes into various coexpression modules. To determine the association of modules with traits, the clinical traits of the samples
were defined as normal and tumor tissue. Therefore, modules with high correlation coefficients were selected for the subsequent
studies as they are likely to be closely associated with hepatocellular carcinoma.

2.4. GO enrichment analysis of differentially expressed genes and coexpression modules

The clusterProfiler is an available package in the R software for the analysis of GO ontologies, including biological processes (BP),
molecular functions (MF), and cellular components (CC) [18]. Based on multiple Bioconductor annotation resources and the R
package, the clusterProfiler package is widely used for bioinformatics analysis. P-value cut-offs were set at 0.05, and terms with p-values
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less than or equal to 0.05 were included. False discovery rates were applied to the adjustment of P-values.

2.5. Identification and enrichment analysis of gene signature

Intersections between DEG lists and co-expressed gene modules were used to identify gene signatures, displayed as Venn diagrams
via the R package VennDiagram. The Metascape platform (http://metascape.prg/gp/index.html) has comprehensive annotation ca-
pabilities. Gene signatures were entered into the Metascape platform for enrichment analysis of their major biological processes (BPs).

2.6. Random forest analysis

Random Forest is a versatile and accessible machine-learning algorithm often used for classification and regression tasks [19]. As it
has no restrictions on variable conditions, it has higher accuracy, sensitivity, and specificity than decision trees in predicting
continuous variables and obtains predictions without significant bias. It is, therefore, a suitable prediction method for the data in this
study. Here, dataset GSE14520 was used as the training set, and dataset GSE112791 as the validation set. The randomForest package in
R was used to implement the random forest algorithm to select the feature variables [20].

2.7. Least Absolute Shrinkage and Selection Operator

Least Absolute Shrinkage and Selection Operator (LASSO) is a compression estimator known as the minimum absolute shrinkage
and selection operator. It obtains a more refined model by constructing a penalty function that allows it to compress some of the
regression coefficients, forcing the sum of the absolute values of the coefficients to be less than a fixed value while setting some of the
regression coefficients to zero. It, therefore, retains the advantage of subset shrinkage, is a biased estimator for dealing with data with
complex covariances, and is another predictive model suitable for our study data. In this work, the training dataset was GSE14520, and
the validation dataset was GSE112791. The LASSO regression model was constructed using the glmnet package in R to pick the feature
variables [21].

2.8. Prediction performance evaluation

To identify significant predictor variables, variables from two machine learning algorithms (random forest and LASSO) were
selected for gene signatures. Their predictive performance was assessed using the subject operating curve ROC. Subsequently, to
improve the diagnostic power of the model, we included the marker mentioned above in the logistic regression model and further
assessed the model’s accuracy in the TCGA-LIHC dataset as an additional validation set. In particular, the pROC package [22] in R was
used to calculate the AUC, while the glmnet package in R was used to construct the logistic regression model.

2.9. Determination, evaluation, and correlation analysis of infiltrated immune cells

The infiltration of 22 immune cells in hepatocellular carcinoma tissue in the dataset GSE14520 was analyzed in R using the
CIBERSORT package [23]. The relative abundance of infiltrating immune cells was obtained based on P < 0.05. Differential infiltration
of immune cells in hepatocellular carcinoma and normal tissue was then explored using the Wilcoxon rank sum test. Finally, Spear-
man’s relationship between marker genes and infiltrating immune cells were analyzed. In addition, tumor purity was compared be-
tween tumor and normal tissues using the R package estimate package [24]. The results were visualized by the ggplot2 and pheatmap
packages of R software.

2.10. Survival and mutation analysis of feature variables

Based on the Kaplan-Meier method, the overall survival of patients who donated hepatocellular carcinoma samples in the TCGA-
LIHC dataset was assessed by the R package survival and survminer. The significance of survival differences between various groups was
assessed using the log-rank test, with the median expression of the marker genes serving as the grouping criterion. We then used Cox
regression models to analyze whether the characteristic variables independently predicted survival in patients with hepatocellular
carcinoma. Using the R package maftools, marker genes in the TCGA-LIHC mutation data are analyzed and visualized for mutation
status [25].

2.11. Consensus clustering of feature variables

To explore the prognostic value of five feature variables in hepatocellular carcinoma, we performed consensus clustering using the
ConsensusClusterPlus package of R [26]. The study used the following parameters: 1000 repeats, k = 10, and agglomerative hierarchical
clustering with ward criterion (Ward.D2) inner and complete outer linkage. Genes used for consensus clustering analyses are the five
feature variables. Then, Kaplan-Meier curves were plotted to confirm the prognostic value of the cluster classification.
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2.12. Construction of survival models for feature variables

Multivariate Cox proportional hazards regression analysis was performed to obtain the coefficients for these feature variables. The
feature variables-related prognostic signature was constructed based on the coefficients of multivariate Cox regression analysis
weighted with the expression of these selected genes. The detailed formula was shown as follows: Risk score = 1 * Expl + 2 * Exp2 +
Bi * Exp. p and Exp represent the coefficients from the multivariate Cox proportional hazards regression analysis and the expression
levels of selected genes, respectively. According to the median risk score value, patients were then classified into high- and low-risk
subgroups. Kaplan-Meier analysis and log-rank test for prognostic evaluation were performed using the survminer package.

2.13. Chemotherapy sensitivity predictions

The oncoPredict package (v2) in R was used to calculate the 198 drugs (including fluorouracil, epirubicin, camptothecin, Cisplatin,
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Cytarabine, Bortezomib, Dactinomycin, Staurosporine, Vinblastine, etc.) in each HCC sample by calculating the Half maximum
inhibitory concentration (IC50) values to predict chemosensitivity [27]. The method was based on Genomics of Drug Sensitivity in
Cancer (GDSC) (https://www.cancerrxgene.org/) using ridge regression. The prediction accuracy was also assessed using tenfold
cross-validation.

3. Results
3.1. DEGs in hepatocellular carcinoma

The workflow of this research, including data extraction, processing, analysis, and validation, is shown in Fig. 1. To distinguish
significant differences between normal and tumor samples in the dataset GSE14520, a UMAP was performed to reduce the dimen-
sionality and assess the independence of the groups. The results showed significant differences between normal and tumor samples in
the data, except for a few normal samples that were close to the tumor samples (Fig. 2A). The dataset GSE14520 contained 222 tumor
samples and 212 normal samples. Between tumor and normal tissue, 972 DEGs were obtained (456 up-regulated and 516 down-
regulated) (Fig. 2B and C), with 46.9 % of the genes up-regulated in tumours, while 53.1 % of the genes were down-regulated.

3.2. Coexpression modules identified by WGCNA

Coexpression analysis was performed on the dataset GSE14520 to construct a coexpression network. In this study, # = 9 was chosen
as the soft threshold power for dataset GSE14520 to ensure a scale-free network (Fig. 3A). Subsequently, a total of 7 modules were
identified in GSE14520, indicated by different colors, with the larger the module area, the greater the number of genes contained
(Fig. 3B and C). Next, a heat map of module-trait relationships was created to assess the correlation between each module and clinical
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Fig. 2. Results of expression difference analysis of microarray studies (A) UMAP multivariate statistical model of the normal and tumor tissue. (B)
Volcano plots showing DEGs in normal and tumor tissue in the GSE14520. Red dots indicate genes highly induced in tumor tissue, blue dots indicate
genes significantly reduced in tumor tissue, and grey dots indicate non-DEGs. (C) Heatmap of 972 DEGs between normal and tumor tissue. Red
represents increased expression and cyan represents decreased expression.
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Fig. 3. WGCNA analysis was performed on the GSE14520 dataset to identify modules associated with clinical features (A) Soft-thresholding
calculation of GSE14520; Left: scale-free fit indices using various soft-thresholding powers; Right: mean connectivity using various soft-
thresholding powers. (B) A heatmap plot of topological overlap in the gene network was shown. (C) Cluster dendrograms of the coexpression
network modules of dataset GSE14520 are ordered by hierarchical clustering of genes based on a 1-TOM matrix. Each module is colored differently.
(D) Heatmap of module-trait relationships for datasets GSE14520. Each row corresponds to a module, and a column corresponds to a clinical trait
(normal or tumor). Each cell includes the corresponding correlation and p-value.

traits (Fig. 3D). The turquoise module (P-value = 3E-115) in GSE14520 showed the most significant correlation with traits. Ultimately,
this module was selected as clinically significant for further analysis.

3.3. Enrichment analysis of DEGs, coexpression modules, and gene signature

GO analysis consists of three sub-ontologies, including biological processes (BP), cellular components (CC), and molecular func-
tions (MF). The GO analysis of 972 DEGs from dataset GSE14520 showed that in terms of BP, the prominent enrichment was in
apoptotic signaling pathways and regulation of adiponectin activity; in terms of CC, the central enrichment was in the composition of
the cell membrane; and in terms of MF, the primary enrichment was in the activity of nucleases and transcription factors (Figs. S1A, B,
C). Furthermore, GO analysis of 1624 co-expressed genes in dataset GSE14520 showed that in BP, the prominent enrichment was in
protein organization, catabolism, and modification processes; in CC, the apparent enrichment was in the composition of the cell
membrane and associated vesicles. As for MF, it was mainly enriched in transcription factor binding (Figs. S1D, E, F).

Subsequently, a venogram analysis of the DEGs and co-expressed genes in the dataset yielded 396 genes (Fig. 4A). Of these genes,
22 were highly expressed in normal tissues and low in tumor tissues, while the other 374 genes were conversely low in normal tissues
and high in tumor tissues (Fig. 4B). It also shows that genes closely related to tumours have increased expression in tumours and only
some of them have decreased expression. Enrichment analysis of these 396 genes showed that they were mainly enriched in the fusion

of the cytosol and the cell division cycle (Fig. 4C). Furthermore, network analysis revealed that these pathways were closely related
(Fig. 4D).
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Fig. 4. Enrichment analysis of overlapping genes between differentially expressed genes (DEGs) and coexpression modules in the GSE14520 (A) The
Venn diagram of genes from the DEGs lists and coexpression modules. (B) Heat map of 396 overlapping genes. The horizontal axis shows the
samples, while the vertical axis shows the genes. Red represents increased expression and blue represents decreased expression. (C) Enrichment
terms were identified by Metascape analysis of 396 overlapping genes. (D) Relationships among these enrichment terms are displayed as a network
(Metascape). Each term is represented by a circular node whose size is proportional to the number of input genes under the term and whose color
represents its clustering identity (i.e., nodes of the same color belong to the same cluster). An edge connects terms with a similarity greater than 0.3
(the thickness of the edge represents the similarity score). The network was visualized with Cytoscape using a ‘force-directed’ layout, with the edges
bundled for clarity. One term from each cluster was selected, and its term description was displayed as a label.

3.4. Construction of a classification model for hepatocellular carcinoma

Classification prediction models were constructed by random forest to screen for combinations of variables with highly discrim-
inatory patterns to distinguish known classifications. Random forest models were made using the R package randomForest, and the
importance of 396 pivotal genes was assessed. After ten-fold cross-validation of the dataset GSE14520, we plotted the relationship
between model error and the number of pivot genes used for fitting. We found that the error gradually increased as the number of pivot
genes increased but remained relatively stable up to a pivot gene count of 10. This finding suggests that maintaining ten significant
pivot genes gives the desired regression results, as the error is relatively small. The top 10 pivotal genes were selected as substantial
variables from highest to lowest, based on the *% increase in mean squared error,” which was used to assess the importance of each
pivotal gene (Fig. S2A).

Next, we attempt to select the critical variables using another algorithm, LASSO regression. Here, we use the R package glmnet to
construct the model. When filtering the variables, the larger the lambda, the smaller the corresponding estimated parameters will be
compressed until a fraction of the insignificant variables will be compressed to zero, representing that the variable has been removed
from the model. Subsequently, a 10-fold cross-validation method was used to select the value of A with the smallest mean error,
resulting in a model with 11 pivotal genes (Figs. S2B and C).
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3.5. Establishment and performance evaluation of a classification model for hepatocellular carcinoma

By filtering significant variables by random forest and LASSO as described above, we selected five pivotal genes (EFHD1, KIF4A,
UBE2C, SMYD3, MCM?7) (Fig. 5A-C). Then, ROC analysis of the subject operating curves was performed for these five pivotal genes. In
the three datasets, their AUC values were higher than or equal to 0.77, indicating the high predictive value of these five essential genes
(Fig. 5B). Subsequently, we included these five genes in the logistic regression model. The final model results showed an AUC value of
0.98, showing excellent predictive performance (Fig. 5D).
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3.6. Analysis of immune cell infiltration and tumor purity

Dysregulation of the immune system plays an integral role in cancer development, prompting us to explore the relationship be-
tween crucial genes and immune infiltration in hepatocellular carcinoma. The CIBERSORT algorithm was used to analyze 22 immune
cell phenotypes in GSE14520. Significance analysis of the abundance of these 22 immune cells revealed that 14 immune cells,
including T cells, NK cells, macrophages, and dendritic cells, were significantly associated with five genes each (P-value<0.001)
(Fig. 6A and B, Fig. S3A). Four genes, KIF4A, UBE2C, SMYD3, and MCM?7, were positively associated with the resting phase of T cells
and NK cells and negatively related to the activation of Tregs and macrophages M1 (Fig. 6C). The opposite was true for the EFHD1
gene. Analysis of the tumor purity of the samples then showed that the proportion of tumor cells was significantly higher in the tumor
samples than in the normal samples (P-value<0.001) (Fig. S3).

3.7. Survival and mutation analysis of five marker genes

The median expression of the five marker genes was used as a criterion to classify patients who donated hepatocellular carcinoma
samples into high and low-expression groups. Based on the Kaplan-Meier method, four genes (EFHD1, UBE2C, MCM7, and KIF4A)
were found to be significantly associated with survival in patients with hepatocellular carcinoma (P-value<0.05). Subsequent uni-
variate Cox regression analysis further confirmed the negative effect of high expression of three of these genes (UBE2C, MCM7, and
KIF4A) on patient survival (HR > 1) (Fig. 4). In addition, the mutation status of the five marker genes indicated that 2 % of patients had
mutations in the MCM?7 gene (Fig. S5).

3.8. Cluster classification of marker genes and their prognostic value

To explore the overall prognostic value of these genes, we performed a consensus clustering analysis to stratify HCC patients. It was
found that k = 2 appeared to be a relatively stable value from k = 2 to 6 (Figs. S6A and B). Therefore, we classified HCC patients into
two clusters. Kaplan-Meier curves showed that patients in cluster 1 had a worse prognosis than those in cluster 2 (Fig. S6C). In addition,
there was a significant difference in the expression of these five genes between cluster 1 and cluster 2 (Fig. S6D).

3.9. Construction of a prognostic model based on five marker genes

Risk scores for the prognostic characteristics of HCC patients were calculated using the expression profiles of five marker genes
multiplied by a multivariate Cox proportional hazards coefficient. The detailed formula is given below: Risk score
=(—0.03150*EFHD1) + (0.15149*KIF4A) + (—0.04726*MCM?7) + (—0.00927*SMYD3) + (0.09911*UBE2C). Patients were divided
into high-risk and low-risk groups using the median risk score. The results showed that high-risk patients had a poorer prognosis
compared to low-risk patients (Fig. 7A and B). The prognostic model assessed by ROC curves at different time points showed an AUC
greater than 0.6 up to 5 years, which demonstrated a relatively promising diagnostic performance (Fig. 7C). These results demonstrate
the considerable prognostic value of the five characterization genes and the models they constitute. In addition, drug sensitivity
analysis revealed that six drugs (AZD7762, Dactolisib, Daporinad, Rapamycin, Sepantronium bromide, and Telomerase Inhibitor IX)
had significantly different 50 % inhibitory concentrations (IC50s) between high- and low-risk groups, which could be valuable in
guiding the use of medication or drug development for HCC patients (Fig. 7D).
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Fig. 6. Immune cell infiltration analysis and relationships between marker genes and immune cells in hepatocellular carcinoma (A) Box-plot of the
proportion of 22 types of immune cells. *P-value<0.05, **P-value<0.01, *** P-value<0.001, ****P-value<0.0001, ns P-value>0.05. (B) Heatmap of
correlation in different immune cells. The color of the squares represents the strength of the correlation; red represents a positive correlation, and
blue represents a negative correlation. Darker color implies a stronger association. (C) Network diagram of interactions between marker genes and
immune cells. The orange circles represent immune cells, and the blue circles represent marker genes. The solid lines represent positive correlations,
while the dashed lines represent negative correlations. The thicker the line, the stronger the correlation between them; conversely, the weaker the
correlation.
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Fig. 7. Survival risk level based on five marker genes and its corresponding drug sensitivity for hepatocellular carcinoma (A) Boxplot of hepato-
cellular carcinoma risk score; (B) Kaplan-Meier curve of hepatocellular carcinoma risk score; (C) ROC curves to assess the diagnostic performance of
prognostic models at different time points; (D) Drug sensitivity of six drugs in different risk score groups. IC50, half maximal inhibitory

concentration.

4. Discussion

The development of hepatocellular carcinoma is a dynamic biological process involving multiple molecules, steps, and factors, and
its mechanism is still unclear [28,29]. Tumourigenesis often involves changes in multiple genes, yet most traditional studies have
focused on the possible effects of the single genes on tumours, thus resulting in a lack of in-depth understanding of the reciprocal
network of tumor development involving multiple genes. Expression profiling by gene microarrays allows us to understand the
expression levels of tens of thousands of genes simultaneously, which offers great potential for understanding the mechanisms of
tumourigenesis and extracting markers.
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This study identified 396 differentially co-expressed genes in the GSE14520 dataset using comprehensive bioinformatics analysis.
Based on enrichment analysis, these genes were mainly enriched in cytoplasmic fusion and the cell division cycle. We screened and
validated five marker genes by machine learning. Four genes (KIF4A, UBE2C, SMYD3, and MCM7) were up-regulated in liver cancer
tissues, while only one (EFHD1) was down-regulated. T cells, NK cells, macrophages, and dendritic cells were associated with diag-
nostic markers in HCC tissues by immune cell infiltration analysis, suggesting that these cells are closely associated with the devel-
opment and spread of HCC. The results of the ROC evaluation show that the models constructed from them have good diagnostic
performance for hepatocellular carcinoma.

EFHD1 encodes a mitochondrial inner membrane protein that acts as a calcium sensor for mitochondrial flash activation. It is lowly
expressed in various cancers (esophageal, clear cell renal cell carcinoma, and colorectal cancer). Its genetic variants are a potential risk
factor for childhood glioblastoma multiforme [30-32]. The chromosome-associated kinesin, KIF4A, plays a role in mitotic chromo-
some positioning and bipolar spindle stabilization. KIF4A is overexpressed in human primary hepatocellular carcinoma, osteosarcoma,
and esophageal cancer tissues. It promotes tumor cell proliferation and migration by regulating the phosphorylation levels of Hippo
signaling pathway-related proteins [33-35]. DNA replication licensing factor MCM?7, a component of the MCM2-7 complex (MCM
complex), is a replication uncoupling enzyme. MCM7 promotes tumor proliferation and is a valuable biomarker in the early diagnosis
of gastric cancer [36]. In addition, the effect of MCM?7 on the survival of patients with hepatocellular carcinoma may be related to the
occurrence of its mutation, which requires further observation.

Ubiquitination is one of the major post-translational modifications of proteins, playing a crucial role in many cellular functions,
including protein degradation, interactions, and subcellular location. Ubiquitin-coupled enzyme E2C (UBE2C), a cell cycle-regulated
ubiquitin ligase, is overexpressed in 27 common cancers, and its dysregulation contributes to the development of various cancers [37].
SMYD3, a histidine-lysine N-methyltransferase, is a regulator of epigenetic and signaling pathways in cancer and has been implicated
in the development and progression of different cancer types (colorectal, hepatocellular, breast, gastric, etc.) [38,39]. The roles of
SMYD3 in cancer include epithelial-mesenchymal transition, cell cycle alterations, promotion of cell proliferation, increased telo-
merase activity, and cell immortalization.

Understanding the pathogenesis of hepatocellular carcinoma is crucial for taking targeted therapeutic measures and improving
prognosis, but the current situation is that we lack in-depth research on it. In hepatocarcinogenesis, it is often prompted by genetic
lesions within the core cell cycle machinery, whose excessive activation accelerates the process of cell division, disrupting the normal
order and successive production of tumor cells [40,41]. The aberrant expression of KIF4A, UBE2C, SMYD3, and MCM7 in hepato-
cellular carcinoma tissues suggests that they are closely related to the regulation of the cell division cycle of hepatocellular carcinoma
and may serve as cell cycle target proteins to arrest the growth of hepatocellular carcinoma.

The interaction of multiple genetic changes in the cellular carcinogenesis process is essential for cancer’s pathogenesis, not only for
liver cancer. And an accurate diagnosis of the disease type helps select treatment strategies and improve prognosis to assist. The
performance evaluation of the five genes associated with immune infiltration screened in this analysis using machine learning methods
(LASSO and random forest) showed that these genes have solid diagnostic potential and may be able to be used in combination with
existing liver cancer markers as a way to improve the diagnostic performance of liver cancer. And the survival model constructed by
them also demonstrated their value in HCC prognostic analysis.

However, there are several limitations to this study. The evidence is based on publicly available data, and although we performed
expression validation using two other datasets, further experiments are required to validate whether these markers still maintain a
good diagnostic value, especially in the different stages of hepatocellular carcinoma (early, intermediate and advanced), before clinical
application.

5. Conclusion

EFHDI1, KIF4A, UBE2C, SMYD3, and MCM7 may be used as new molecular marker candidates for HCC. T cells, NK cells, macro-
phages, and dendritic cells may be involved in the pathogenesis and progression of HCC, and these immune cells may be new targets for
immunotherapy in HCC patients.
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