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Background: The aim of our study was to evaluate the potential of expression and single nucleotide polymorphism of Acyl-CoA
binding domain containing 4 (ACBD4) gene as prognosis biomarkers in patients with hepatitis B virus (HBV)-related hepatocellular
carcinoma (HCC) after hepatectomy.
Methods: HBV-related HCC patients from the First Affiliated Hospital of Guangxi Medical University and GSE14520 were included
in the current study, as well as The Cancer Genome Atlas (TCGA) HCC verification cohort. Prognostic analysis and multiple
functional enrichment analysis methods were used to evaluate the prognostic value and potential biological functions of the ACBD4
gene in HBV-related HCC.
Results: We found that ACBD4 gene is highly expressed in normal liver tissues and markedly down-regulated in HBV-related HCC
tissues. ACBD4 gene was significantly related to overall survival (OS) of HCC in TCGA and GSE14520 cohorts, and patients with
low ACBD4 expression were markedly related to poor OS. Rs4986172 was observed as an OS biomarker after hepatectomy in the
Guangxi HBV-related HCC cohort. The OS of rs4986172 GG genotype was worse than that of HCC patients with A allele (AA and
AG genotypes). Multifunctional enrichment analysis suggested that ACBD4 gene is closely related to the metabolic, peroxisome
proliferator-activated receptor and cytochrome P450 pathway. Through connectivity map, we also identified eight compounds that may
be used as targeted therapeutic agents for ACBD4 gene in HBV-related HCC; these compounds were scopoletin, alfaxalone,
bephenium hydroxynaphthoate, apramycin, 4,5-dianilinophthalimide, DL-thiorphan, aminohippuric acid and quinidine. Immune
microenvironment analysis revealed that there were significant differences in immune scores of HBV-related HCC tumor tissues
with different ACBD4 expression levels.
Conclusion: Our study reveals that ACBD4 expression and rs4986172 can be serve as biomarkers of OS in HBV-related HCC
patients after hepatectomy.
Keywords: rs4986172, ACBD4, HBV-related HCC, overall survival, hepatectomy

Introduction
Liver cancer is the second leading cause of death among men worldwide, and about half of all liver cancers occur in China.1

Liver cancer is the fourth most common cancer in men in China, and the third leading mortality rate among both men and
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women.2 A majority of primary liver cancer is hepatocellular carcinomas (HCC). High exposure to aflatoxin and hepatitis
B virus (HBV) are the main reasons for the high incidence of HCC in Guangxi.3–5 Occurrence of hepatocellular carcinoma is
driven by both genetic and environmental factors. With the progression of high-throughput sequencing, many biomarkers
related to the occurrence and prognosis of HCC have been discovered based on high-throughput sequencing databases such as
The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). By screening the expression abundance of normal
liver tissues from the Genotype-Tissue Expression Portal (GTEx) database, we found that Acyl-CoA binding domain
containing 4 (ACBD4) gene is highly expressed in normal liver tissues. Through literature review, we know that ACBD4 is
a peroxisomal protein, which is closely related to various metabolisms in vivo.6,7 Previous study has shown that ACBD4 gene
is associated with cardiac arrhythmias.8 Liao et al. suggested that ACBD4 can be used as a target gene of p53 to be
dysregulated in colorectal cancer cells induced by inauhzin, thereby exerting a tumor suppressor effect.9 Previous studies
have not reported on the clinical value and molecular mechanism of ACBD4 gene in HCC. Therefore, we designed this study
to conduct an in-depth investigation of ACBD4 gene in HBV-related HCC. The purpose of the current study was to assess the
possibility of expression and single nucleotide polymorphism of Acyl-CoA binding domain containing 4 (ACBD4) gene as
prognosis biomarkers in patients with HBV-related HCC after hepatectomy. Furthermore, we also used a variety of functional
enrichment analysis methods to preliminarily identify the molecular mechanisms of ACBD4 in HBV-related HCC.

Materials and Methods
Data Acquisition
The expression distribution of ACBD4 gene in human organs was obtained from GTEx Portal (https://www.gtexportal.
org/home/).10 The HBV-related HCC genome-wide expression dataset is derived from GSE14520 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE14520) of Gene Expression Omnibus database.11–17 All the patients had received
radical resection in the GSE14520 cohort.16 The validation cohort for the relationship between ACBD4 expression level
and HCC prognosis was derived from the TCGA cohort and was calculated by the Kaplan-Meier plotter (http://kmplot.
com/analysis/index.php?p=service) online analysis tool.18 To further verify the expression difference of ACBD4 gene
between HCC tumor and paracancerous tissues, we also used four GEO datasets as validation queues, including
GSE25097,19–21 GSE36376,22–24 GSE54236,25–27 and GSE64041.28 At the same time, we also used the GEPIA online
analysis tool (http://gepia.cancer-pku.cn/index.html) TCGA HCC cohort tumor samples and GTEx normal liver samples
dataset to compare the expression difference of ACBD4 gene.29 All GEO datasets processing was normalized in
R platform by limma software package. Multiple probes were combined to correspond to a gene, and their average
value represented the expression level of this gene. Single nucleotide polymorphisms (SNPs) of ACBD4-rs4986172 were
derived from whole exon array in The First Affiliated Hospital of Guangxi Medical University HBV-related HCC cohort,
and the whole exon array is Human Exome Bead Chip 12v1-1 system (Illumina, Inc., San Diego, CA). Data on 474 new
patients with HBV-related HCC who received hepatectomy in The First Affiliated Hospital of Guangxi Medical
University from January 2001 to November 2013 were collected, and our study was approved by the Ethics
Committee of The First Affiliated Hospital of Guangxi Medical University, the approval number is 2021 (KY-E-097).
Written informed consent was obtained from all patients for the procedures in this study.

Survival Analysis
Kaplan-Meier method and Log rank test were applied to univariate survival analysis. Cox proportional hazard regression
model was applied for multivariate survival analysis, hazard ratio (HR) and 95% confidence interval (CI) were used to
assess the risk ratio for death or recurrence. Stratified survival analysis was applied to assess the prognostic value of
ACBD4 gene in different clinical subgroups. Joint effect survival analysis was used to evaluate the combination of
ACBD4 gene and traditional clinical parameters to improve the prediction of the HCC prognosis. The nomogram was
used to assess the influence of various clinical parameters to the prognosis of HCC. The validation cohort is derived from
the TCGA liver hepatocellular carcinoma (LIHC) cohort of the Kaplan-Meier Plotter online analysis tool (http://kmplot.
com/analysis/index.php?p=serviceandcancer=liver_rnaseq).18
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Functional Enrichment Analysis
In order to understand the role of ACBD4 in HBV-related HCC, genome-wide expression profile matrix of GSE14520
cohort was applied to identify the differentially expressed genes (DEGs) between the high- and low-ACBD4 expression
groups and genome-wide co-expressed genes of ACBD4 gene in tumor tissues. The screening of ACBD4 co-expression
protein coding genes (PCGs) hinge on Pearson correlation coefficient. DEGs’ selection criteria are as follows: |log2 fold
change (FC)|>1, P value less than 0.05, as well as false discovery rate (FDR) value less than 0.05, which were confirmed
by limma package. After DEGs and co-expressed genes were obtained, Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/home.jsp) was used for gene ontology (G O) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional annotation. The biological function differences between the
high- and low-ACBD4 expression groups were further explored by gene set enrichment analysis (GSEA: http://software.
broadinstitute.org/gsea/index.jsp).

Drug Prediction and Immune Microenvironment Analysis
We further used Connectivity Map (CMap: https://portals.broadinstitute.org/cmap/) to identify compounds through the
DEGs of ACBD4 in GSE14520 cohort HBV-related HCC.30,31 The structures of these compounds are downloaded from
the PubChem (https://pubchem.ncbi.nlm.nih.gov) online tool, the drug-gene networks were downloaded from the
STITCH online analysis tool.32,33 Immune microenvironment analysis in GSE14520 cohort was done using Estimation
of STromal and Immune cells in MAlignant Tumours using Expression data (ESTIMATE) package in R platform, and
the composition of stromal cells and immune cells in the immune microenvironment can be evaluated.34

Statistical Analysis
GSEA results criteria are as follows: |Normalized Enrichment Score (NES)|>1, P value less than 0.05 and FDR value less
than 0.25. Binary logistic regression model was applied to estimate the relationship between SNPs and clinical
parameters, and odds ratio (OR) was used to evaluate the risk ratio. P value less than 0.05 was identified as statistically
significant difference. All statistical analysis used R version 4.0.2 and SPSS version 22.0.

Results
Survival Analysis
Through the GTEx database, we found that ACBD4 gene expression was the highest in liver tissue compared with
other normal tissues of the human body (Figure 1). Subsequently, we used the GSE14520 database to explore the
prognostic value of ACBD4 gene. Since the GSE14520 dataset contained two different batches of expression profile
chip datasets, HCC cohort of the Affymetrix HT Human Genome U133A Array chip dataset containing most
patients was included into this study to avoid batch effect. After excluding non-HBV-related HCC patients and
patients without survival data, we got 212 HBV-related HCC tumor samples and 204 paracancerous samples were
fitted into subsequent analysis. The baseline information of GSE14520 is summarized in Table S1. Investigation of
GSE14520 HCC cohort revealed that ACBD4 mRNA expression is markedly up-regulated in adjacent paracancerous
tissues (P <0.0001, Figure 2A). The receiver operating characteristic (ROC) curve suggests that the ACBD4 gene
can be used to distinguish tumor from adjacent paracancerous tissues, the area under the curve (AUC) is 0.8932, and
the 95% CI is 0.8601–0.9263 (Figure 2B). To verify the difference in expression of ACBD4 gene between tumor
and paracancerous tissues of HCC, we found that expression of ACBD4 gene was markedly down-regulated in HCC
tumor samples in all expression profile datasets of five validation cohorts (TCGA, GSE25097, GSE36376,
GSE54236 and GSE64041) and ROC analysis indicated that ACBD4 was effective in differentiating HCC tumor
from paracancerous tissues (Figure S1A–I). Survival analysis suggested that low-ACBD4 expression in HBV-related
HCC patients leads to a poor overall survival (OS) (log-rank P = 0.0016, adjusted P = 0.017, adjusted HR = 0.561,
95% CI = 0.348–0.903, Figure 2C and D, Table 1). Subsequently, we used the GSE14520 HBV-related HCC cohort
to perform a stratification analysis of ACBD in OS. Stratified analysis showed that ACBD gene was markedly
related to HBV-related HCC OS in the following clinical subgroups, including male, age less than or equal to 60
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years or greater than 60 years, tumor size less than or equal to 5 cm or greater than 5 cm, single tumor, cirrhosis,
BCLC A stage, serum AFP less than or equal to 300 ng/mL (Figure 3). We performed a joint effect survival analysis
in HBV-related HCC using the clinical parameters related to OS combined with ACBD gene in GSE14520. Joint
effect survival analysis suggests that ACBD gene combined with tumor size, BCLC stage, serum AFP and cirrhosis
can significantly distinguish HBV-related HCC subgroups with different prognostic phenotypes, respectively
(Figure 4A–D, Table 2). The nomogram analysis of GSE14520 cohort suggests that the contribution of ACBD
gene to HBV-related HCC OS was second only to BCLC and liver cirrhosis (Figure 5). Subsequently, survival
analysis of ACBD was verified using the TCGA HCC cohort in the Kaplan-Meier Plotter website (Figure 6A–D).
We observed that expression of ACBD gene was significantly related to OS (log-rank P = 0.0064, HR = 0.62, 95%

Figure 1 Violin diagram of ACBD4 gene expression level distribution in normal human organ tissues from GTEx database.

Figure 2 The diagnostic and prognostic values of ACBD4 in GSE14520 HBV-related HCC cohort. (A) Expression distribution of ACBD4 in tumor and adjacent
paracancerous tissues; (B) the ROC curve of ACBD4 gene in distinguished tumor and adjacent paracancerous tissues; (C) Kaplan-Meier curve of ACBD4 in HBV-related
HCC recurrence-free survival time; (D) Kaplan-Meier curve of ACBD4 in HBV-related HCC overall survival time.
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Table 1 Survival Analysis of ACBD4 Gene in GSE14520 HBV-Related HCC Cohort

Variables Patients (n=212) No. of Event MST (Months) Crude HR (95% CI) Crude P Adjusted HR (95% CI) Adjusted Pɠ

RFS

Low ACBD4 106 62 30 1 1
High ACBD4 106 54 53 0.711(0.494–1.025) 0.068 0.818(0.563–1.187) 0.29

OS

Low ACBD4 106 51 54 1 1
High ACBD4 106 31 NA 0.493(0.315–0.771) 0.002 0.561(0.348–0.903) 0.017

Notes: ɠRFS adjusted for gender, BCLC and cirrhosis in multivariate Cox proportional risk regression model, while OS adjusted for tumor size, cirrhosis, BCLC and AFP.
Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HR, hazard ratio; CI, confidence interval; MST, median survival time; RFS, recurrence-free survival; OS, overall survival; BCLC, Barcelona Clinic Liver Cancer; AFP,
α-fetoprotein; NA, not available; ACBD4, Acyl-CoA binding domain containing 4.
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CI = 0.44–0.88, Figure 6A), progression-free survival (PFS, log-rank P = 0.0096, HR = 0.68, 95% CI = 0.51–0.91,
Figure 6B) and disease-specific survival (DSS, log-rank P = 0.014, HR = 0.57, 95% CI = 0.37–0.90, Figure 6D) in
HCC patients of TCGA cohort.

Figure 3 Stratified survival analysis results of ACBD4 gene in GSE14520 HBV-related HCC cohort.

Figure 4 Joint effect survival analysis of ACBD4 expression and clinical parameters in GSE14520 HBV-related HCC patients. (A) Joint effect survival analysis of ACBD4 and
tumor size; (B) Joint effect survival analysis of ACBD4 and cirrhosis; (C) Joint effect survival analysis of ACBD4 and BCLC stage; (D) Joint effect survival analysis of ACBD4
and serum AFP.
Note: The detailed information on grouping is shown in Table 2.
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Table 2 Joint Effect Survival Analysis of ACBD4 Expression and Clinical Parameters in GSE14520 HBV-Related HCC Patients

Group Variables Gene
Expression

Patients
(n=212)

No. of
Event

MST
(Months)

Crude HR (95% CI) Crude P Adjusted HR (95% CI) Adjusted
Pɠ

Tumor Size&

a1 ≤5cm High ACBD4 71 18 NA 1 1

b2 >5cm High ACBD4 35 13 NA 1.844(0.903–3.766) 0.093 1.146(0.532–2.466) 0.728
c3 ≤5cm Low ACBD4 66 28 NA 1.966(1.087–3.556) 0.025 1.819(0.975–3.393) 0.06

d4 >5cm Low ACBD4 39 23 20 4.065(2.182–7.572) <0.001 1.993(0.958–4.149) 0.065
BCLC stage

11 0 High ACBD4 10 1 NA 1 1

22 A High ACBD4 79 21 NA 3.257(0.438–24.215) 0.249 2.934(0.392–21.928) 0.294
33 B High ACBD4 9 4 47 6.914(0.771–61.984) 0.084 5.312(0.573–49.232) 0.142

44 C High ACBD4 8 5 13 12.393(1.444–106.328) 0.022 11.260(1.244–101.952) 0.031

55 0 Low ACBD4 10 1 NA 1.114(0.070–17.813) 0.939 0.991(0.062–15.971) 0.995
66 A Low ACBD4 64 27 NA 5.887(0.800–43.341) 0.082 5.459(0.731–40.757) 0.098

77 B Low ACBD4 13 8 30 11.845(1.474–95.191) 0.02 9.049(1.081–75.725) 0.042

88 C Low ACBD4 19 15 10 25.657(3.370–195.363) 0.002 19.515(2.451–155.358) 0.005
Serum AFPφ

A1 ≤300 ng/mL High ACBD4 74 19 NA 1 1

B2 >300 ng/mL High ACBD4 30 12 NA 1.691(0.821–3.485) 0.154 1.372(0.655–2.874) 0.402
C3 ≤300 ng/mL Low ACBD4 41 20 51 2.301(1.226–4.317) 0.009 2.125(1.124–4.019) 0.02

D4 >300 ng/mL Low ACBD4 64 31 54 2.453(1.385–4.347) 0.002 1.992(1.106–3.590) 0.022

Cirrhosis
aa Yes Low ACBD4 98 49 NA 1 1

bb NO Low ACBD4 8 2 NA 0.378(0.092–1.555) 0.178 0.538(0.128–2.260) 0.397

cc Yes High ACBD4 97 31 NA 0.513(0.327–0.806) 0.004 0.593(0.367–0.958) 0.033
dd NO High ACBD4 9 0 NA 1.000×10−6(7.141×10−289-

2.661×10276)

0.968 2.000×10−6(2.938×10−268-

1.065×10256)

0.966

Notes: ɠOS adjusted for tumor size, cirrhosis, BCLC and AFP. &Information of tumor size was unavailable in 1 patient; φInformation of serum AFP was unavailable in 3 patients.
Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HR, hazard ratio; CI, confidence interval; MST, median survival time; RFS, recurrence-free survival; OS, overall survival; BCLC, Barcelona Clinic Liver Cancer; AFP,
α-fetoprotein; NA, not available; ACBD4, Acyl-CoA binding domain containing 4.
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Clinical parameters of HBV-related HCC patients from The First Affiliated Hospital of Guangxi Medical University
are shown in Table S2. Survival analysis revealed that patients with AG genotype of rs4986172 had better OS than those
with GG genotype (adjusted P = 0.006, HR = 0.617, 95% CI = 0.438–0.870, Figure 7A, Table 3), while the difference in
prognosis between AA genotype and GG genotype was not statistically significant. Subsequently, we combined patients
with A allele (AA+AG) and found that HBV-related HCC patients with A allele had a better OS than those with GG
genotype (log-rank P = 0.0015, adjusted P = 0.012, HR = 0.666, 95% CI = 0.486–0.913, Figure 7B, Table 3). We also
compared the OS of AA genotype with that of HBV-related HCC patients carrying the G allele and found that the
prognostic difference between the two groups was not statistically significant (log-rank P = 0.6165, adjusted P = 0.807,
HR = 0.962, 95% CI = 0.705–1.312, Figure 7C, Table 3). Stratified prognostic analysis suggested that HBV-related HCC
patients with A allele had better OS than those with GG genotype in each of the following subgroups: male, age less than
or equal to 60 years, the Han nationality, both smoking or not, both drinking or not, body mass index (BMI) less than or
equal to 25, serum alpha fetoprotein (AFP) less than or equal to 400 ng/mL, Child-Pugh A, BCLC C stage, single or
multiple tumors, tumor size greater than 5 cm, cirrhosis, tumor with moderately differentiation, tumor with portal vein
tumor thrombus (PVTT) and radical resection (Figure 8). Correlation analysis showed that GG genotype significantly
increased the morbidity risk of BCLC C stage compared with patients with rs4986172 carrying the A allele (P = 0.032,
OR = 1.707, 95% CI = 1.047–2.781, Table 4). In addition, GG genotype can significantly increase the morbidity risk of
PVTT in HBV-related HCC patients (P = 0.012, OR = 1.944, 95% CI = 1.161–3.254, Table 4). We performed a joint
effect survival analysis on these six clinical parameters significantly related to OS in the Guangxi HBV-related HCC
cohort and the rs4986172 genotypes. We observed that the combination of rs4986172 genotypes and prognostic-related
clinical parameters can more accurately distinguish HBV-related HCC patients with different prognostic subgroups
(Figure 9A–F, Table 5). The nomogram indicates that contribution of rs4986172 genotypes to HBV-related HCC OS
is second only to tumor size, PVTT and BCLC stage (Figure 10A and B).

Figure 5 The nomogram of ACBD4 and clinical parameters in the GSE14520 HBV-related HCC cohort.
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Functional Enrichment Analysis
To further understand the molecular mechanisms of ACBD4 gene in HBV-related HCC, three bioinformatics analysis
methods, including whole genome co-expression analysis, DEG analysis and GSEA, were applied to comprehensively
investigate the mechanism of ACBD4 gene. Co-expressed genes of ACBD4 are defined as Pearson correlation coefficient
|r|≥0.4, and P value less than 0.05. Through whole genome co-expressed gene screening, we got 573 ACBD4 co-
expressed genes in HBV-related HCC, of which 170 genes had negative correlation and 403 genes had positive
correlation (Figure 11, Table S3). GO term enrichment suggests that ACBD4 and its co-expressed genes markedly
participate in the following biological functions: omega-hydroxylase P450 pathway, epoxygenase P450 pathway, focal
adhesion, mitotic nuclear division, liver development, DNA damage response, signal transduction by p53 class mediator
resulting in cell cycle arrest, drug metabolic process, exogenous drug catabolic process, Hsp90 protein binding and other

Figure 6 Prognostic value of ACBD4 gene in TCGA HCC cohort. (A) Kaplan-Meier curve of ACBD4 in HCC recurrence-free survival time; (B) Kaplan-Meier curve of
ACBD4 in HCC overall survival time; (C) Kaplan-Meier curve of ACBD4 in HCC progression-free survival time; (D) Kaplan-Meier curve of ACBD4 in HCC disease-specific
survival time.
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biological processes or functions (Table S4). KEGG analysis of ACBD4 and its co-expressed genes suggests that these
genes are significantly involved in metabolic pathways, chemical carcinogenesis, peroxisome proliferator-activated
receptor (PPAR) signaling pathway, adenosine monophosphate-activated protein kinase (AMPK) signaling pathway
and other amino acid metabolism pathways (Table S5).

DEGs between different ACBD4 expression groups suggests that the ACBD4 gene differed significantly between the
two groups (log2FC = −1.25, P = 3.32×10−48, FDR = 4.33×10−44, Table S6). In addition, we identified 157 DEGs that
were markedly down-regulated in HCC tumor samples with low ACBD4 expression, and 42 DEGs that were signifi-
cantly up-regulated (Figure 12, Figure S2 and Table S). Functional enrichment of GO term implies that these DEGs can
be markedly enriched in the following biological processes: drug metabolic process, epoxygenase P450 pathway, omega-
hydroxylase P450 pathway, exogenous drug catabolic process, glucose metabolic process, cellular response to tumor
necrosis factor and cellular response to interleukin-1 (Table S7). KEGG analysis suggests that DEGs of ACBD4 gene can
be markedly enriched in the following pathways: metabolic pathways, chemical carcinogenesis, metabolism of xeno-
biotics by cytochrome P450, PPAR signaling pathway, drug metabolism-other enzymes, drug metabolism-cytochrome
P450, AMPK signaling pathway, adipocytokine signaling pathway and glucagon signaling pathway (Table S8).

GSEA was also used to further investigate the biological functional mechanisms that differed in patients in high- and
low-ACBD4 expression groups. Using C2 (c2.all.v7.2.symbols.gmt) reference gene set base on the GSE14520 whole
genome dataset, we found that ACBD4 gene plays a role in HBV-related HCC by participating in the regulation of the
following signaling pathways: nuclear receptor transcription pathway, mTOR signaling up, liver cancer recurrence down,
liver cancer poor survival down, PPAR signaling pathway, metabolism cytochrome P450, oxidation by cytochrome P450,
bile acid and bile salt metabolism, stress pathway, fatty acid metabolism, tumor invasiveness up, and metastasis up
(Figure 13A–L). Using C5 (c5.all.v7.2.symbols.gmt) reference gene set, we revealed that ACBD4 functions take part in
the following biological processes: fatty acid metabolic process, polysaccharide catabolic process, bile acid metabolic

Figure 7 Prognostic value of ACBD4-rs4986172 in Guangxi HBV-related HCC cohort. (A) Kaplan-Meier curve of AA, AG and GG; (B) Kaplan-Meier curve of AA+AG and
GG; (C) Kaplan-Meier curve of AA and AG+GG.

Table 3 Survival Analysis of ACBD4-rs4986172 in Guangxi HBV-Related HCC Patients

Genotype Patients (n=474) MST (Months) Crude HR (95% CI) Crude P Adjusted HR (95% CI) Adjusted P¥

rs4986172

GG 106 35 1 1

AG 231 75 0.607(0.442–0.833) 0.002 0.617(0.438–0.870) 0.006
AA 137 73 0.665(0.467–0.947) 0.024 0.755(0.519–1.099) 0.142

AA+AG 368 74 0.628(0.468–0.841) 0.002 0.666(0.486–0.913) 0.012

rs4986172
AA 137 73 1 1

AG+GG 337 51 1.078(0.802–1.450) 0.619 0.962(0.705–1.312) 0.807

Note: ¥Adjusted for AFP, BCLC, tumor number, tumor size, PVTT and radical resection.
Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HR, hazard ratio; CI, confidence interval; MST, median survival time; ACBD4, Acyl-CoA binding
domain containing 4.
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process, alcohol catabolic process, lipid accumulation in hepatocytes, positive regulation of G protein coupled receptor
signaling pathway, lipoprotein metabolic process, steroid metabolic process, bile acid and bile salt transport, drug
metabolic process, and abnormality of hepatobiliary system physiology (Figure 14A–L).

Drug Prediction and Immune Microenvironment Analysis
We further used CMap to explore the potential targeting drugs of ACBD4 gene in HBV-related HCC. We have obtained
a total of eight compounds that may be served as targeted drugs for ACBD4 gene in HBV-related HCC (Figure 15A–I),
all of the mean connective score of compounds were less than −0.6 and P<0.05. Through STITCH, we also constructed
a drug-gene interaction network of these compounds. The gene interacting with bephenium hydroxynaphthoate cannot be
found in STITCH, while 4,5-dianilinophthalimide cannot be identified. Therefore, we finally constructed a drug-gene
interaction network of the other six compounds. In this network, we found that some DEGs between the high- and low-
ACBD4 expression groups interacted with these drugs (Figure 16). Differentially expressed genes KNG1 and NTS
interact with DL-thiorphan, while ABAT, AGXT2L1 and RDH16 interact with apramycin. We also found that ABCB1,

Figure 8 Stratified survival analysis results of ACBD4-rs4986172 in Guangxi HBV-related HCC cohort.
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Table 4 Correlation Analysis Between ACBD4-rs4986172 and Clinical Parameters in Guangxi HBV-Related HCC Patients

Variables AA+AG (n=368) GG (n=106) OR (95% CI) P

Age (years)
≤60 327 93 1

>60 41 13 1.115(0.573–2.168) 0.749

Gender
Male 324 95 1

Female 44 11 0.853(0.424–1.716) 0.655

Ethnicity
Han 227 71 1

Minority 141 35 0.794(0.503–1.252) 0.321
BMI

≤25 288 87 1

>25 80 19 0.786(0.451–1.369) 0.395
Smoking status

None 239 72 1

Ever 129 34 0.875(0.552–1.387) 0.57
Drinking status

None 219 66 1

Ever 149 40 0.891(0.571–1.389) 0.61
Child–Pugh§

A 302 83 1

B 45 14 1.132(0.593–2.162) 0.707
Cirrhosis£

No 46 11 1

Yes 321 95 1.238(0.617–2.484) 0.549
Radical resectionƀ

Yes 203 61 1

No 157 43 0.911(0.586–1.419) 0.681
Pathological diagnosisƙ

Well differentiated 20 6 1

Moderately differentiated 284 8 0.939(0.365–2.417) 0.896
Poorly differentiated 9 3 1.111(0.226–5.468) 0.897

Tumor size

≤5 cm 155 36 1
>5 cm 213 70 1.415(0.900–2.224) 0.132

Tumor number

Single 269 81 1
Multiple 99 25 0.839(0.507–1.388) 0.494

BCLC

A 223 56 1
B 61 14 0.914(0.477–1.752) 0.786

C 84 36 1.707(1.047–2.781) 0.032

Portal vein tumor thrombusƕ

No 310 77 1

Yes 58 28 1.944(1.161–3.254) 0.012

Serum AFPƛ

AFP ≤400 (ng/mL) 196 47 1

AFP >400 (ng/mL) 147 50 1.418(0.903–2.229) 0.13

Notes: §Information of Child–Pugh was unavailable in 30 patients; £Information of cirrhosis was unavailable in 1 patient; ƀInformation of radical resection was
unavailable in 10 patients; ƙInformation of pathological diagnosis was unavailable in 72 patients; ƕInformation of PVTTwas unavailable in 1 patient; ƛInformation of AFP
was unavailable in 34 patients.
Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HR, hazard ratio; CI, confidence interval; MST, median survival time; ACBD4, Acyl-CoA
binding domain containing 4; BMI, body mass index.
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ABCB4, CYP2A6, TOP2A, CYP3A4, CYP2C9, SLC22A1, CYP2J2 and CYP2C8 interact with quinidine. ABCA8,
ABCB1, SLCO1B1, SLC17A4, ABCA6 and ABCB4 interact with Aminohippuric acid. ABCB1, ABCB4, UGT1A4,
UGT1A6, SLC1A1 and UGT2B15 interact with scopoletin. SLC1A1 interacts with alphaxalone. We further analyzed the
relationship between ACBD4 gene and immune microenvironment. We found that there were significant differences in
the immune score and ESTIMATE score between different ACBD4 expression subgroups, and the immune score and
ESTIMATE score of HBV-related HCC patients with high-ACBD4 expression were markedly decreased (Figure 17). We
did not observe a significant difference in stroma scores between high- and low-ACBD4 expression groups (Figure 17).

Discussion
Through a literature search, we learned that the functional mechanism of ACBD4 gene in cancers is rarely reported.
A previous study only found that ACBD4 gene produces a tumor suppressor effect as a target gene of p53 in colorectal
cancer cell line.9 Based on the findings of this study, we know that ACBD4 gene has the highest expression in liver tissue

Figure 9 Joint effect survival analysis of ACBD4-rs4986172 and clinical parameters in Guangxi HBV-related HCC patients. (A) Joint effect survival analysis of rs4986172 and
serum AFP; (B) Joint effect survival analysis of rs4986172 and BCLC stage; (C) Joint effect survival analysis of rs4986172 and PVTT; (D) Joint effect survival analysis of
rs4986172 and radical resection. (E) Joint effect survival analysis of rs4986172 and tumor size; (F) Joint effect survival analysis of rs4986172 and tumor number.
Note: The detailed information on grouping is shown in Table 5.
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Table 5 Joint Effect Survival Analysis of ACBD4-rs4986172 and Clinical Parameters in Guangxi HBV-Related HCC Patients

Groups Variables Genotype Patients (n=474) MST (Months) Crude HR (95% CI) Crude P Adjusted HR (95% CI) Adjusted P¥

Radical resectionƀ rs4986172
1 Yes GG 61 35 1 1

2 No GG 43 27 1.552(0.939–2.563) 0.086 1.113(0.643–1.928) 0.702

3 Yes AA+AG 203 76 0.681(0.452–1.027) 0.067 0.743(0.478–1.157) 0.189
4 No AA+AG 157 63 0.862(0.569–1.306) 0.483 0.660(0.417–1.044) 0.076

Tumor size

I ≤5 cm GG 36 123 1 1
II >5 cm GG 70 24 2.887(1.566–5.320) 0.001 1.954(1.004–3.802) 0.049

III ≤5 cm AA+AG 155 NA 0.850(0.460–1.569) 0.603 0.706(0.362–1.379) 0.308

IV >5 cm AA+AG 213 57 1.690(0.951–3.003) 0.074 1.280(0.683–2.399) 0.442
Tumor number

a Single GG 81 40 1 1

b Multiple GG 25 24 1.793(1.045–3.078) 0.034 1.247(0.660–2.359) 0.497
c Single AA+AG 269 80 0.641(0.451–0.912) 0.013 0.655(0.447–0.962) 0.031

d Multiple AA+AG 99 65 0.969(0.650–1.446) 0.879 0.859(0.502–1.470) 0.579

BCLC
A A GG 56 84 1 1

B B GG 14 27 1.527(0.684–3.409) 0.301 1.041(0.410–2.640) 0.933

C C GG 36 19 3.485(2.030–5.982) <0.001 1.820(0.855–3.873) 0.12
D A AA+AG 223 101 0.686(0.432–1.090) 0.111 0.647(0.393–1.063) 0.085

E B AA+AG 61 73 1.311(0.773–2.221) 0.315 0.863(0.419–1.781) 0.691

F C AA+AG 84 27 2.228(1.371–3.619) 0.001 1.146(0.553–2.374) 0.714
Portal vein tumor thrombusƕ

i No GG 77 42 1 1

ii Yes GG 28 14 4.187(2.513–6.975) <0.001 2.223(1.093–4.522) 0.027
iii No AA+AG 310 80 0.758(0.524–1.097) 0.142 0.763(0.511–1.138) 0.185

iv Yes AA+AG 58 18 2.154(1.367–3.394) 0.001 1.148(0.598–2.203) 0.679

Serum AFPƛ

AA AFP ≤400 (ng/mL) GG 47 35 1 1

BB AFP >400 (ng/mL) GG 50 27 0.924(0.550–1.551) 0.765 0.845(0.497–1.437) 0.534
CC AFP ≤400 (ng/mL) AA+AG 196 76 0.484(0.311–0.753) 0.001 0.562(0.358–0.882) 0.012

DD AFP >400 (ng/mL) AA+AG 147 73 0.676(0.431–1.059) 0.088 0.653(0.414–1.031) 0.067

Notes: ¥Adjusted for AFP, BCLC, tumor number, tumor size, PVTT and radical resection. ƀInformation of radical resection was unavailable in 10 patients; ƕInformation of PVTT was unavailable in 1 patient; ƛInformation of AFP was
unavailable in 34 patients.
Abbreviations: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HR, hazard ratio; CI, confidence interval; MST, median survival time; ACBD4, Acyl-CoA binding domain containing 4.
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among all normal human organ tissues. Therefore, we speculate that the main place of ACBD4 gene function in human
body is liver tissue. We also observed significant differences in the distribution of ACBD4 gene between HBV-related
HCC tumor and paracancerous tissues, and significant down-regulation in tumor tissues. We also performed
a comprehensive prognostic analysis and found that ACBD4 expression and rs4986172 were significantly related to
the OS of HBV-related HCC. Our study contributes to the exploration of the underlying clinical value of ACBD4 gene in

Figure 10 The nomogram of ACBD4-rs4986172 and clinical parameters in the Guangxi HBV-related HCC cohort. (A) AA, AG and GG genotypes in HBV-related HCC; (B)
AA+AG and GG genotypes in HBV-related HCC.

Figure 11 Genome-wide co-expression network of ACBD4 gene in HBV-related HCC tumor tissues of patients in GSE14520 cohort.
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HCC, and provides new evidence and theoretical basis for the application of ACBD4 gene in cancers. The findings of this
study have important implications for translational medicine.

In this study, we screened DEGs and performed GSEA analysis between high- and low-ACBD4 expression
subgroups, and genome-wide co-expression analysis of ACBD4 gene in HBV-related HCC tumor samples. We also
found that ACBD4 gene was significantly associated with metabolic pathways and cytochrome P450 pathways, which is
consistent with our previous understanding of the function of ACBD4 gene as a peroxisomal protein. We all know that
P450 is an important enzyme in liver metabolism and is also an important enzyme related to HCC.35–38

In this study, we also identified eight targeted drugs of ACBD4 gene in HBV-related HCC. Through a review of the
literature, we found that among the eight drugs, except bephenium hydroxynaphthoate and apramycin, the remaining six
drugs have all been reported to play a certain role in cancers. Tian et al. revealed that scopoletin has an anti-cancer effect in
human cervical cancer cell lines, which can inhibit the proliferation, invasion and cell cycle arrest of HeLa cells.39 Yuan et al.
demonstrated the anti-cancer effect of lung cancer through the rat sarcoma virus (Ras)/rapidly accelerated fibrosarcoma
(Raf)/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway and the phosphatidyli-
nositol 3-kinase (PI3K)// Akt pathway through network pharmacology and in vivo and in vitro experiments.40 Scopolamine
can induce apoptosis of tumor lymphocytes, but can induce proliferation of normal lymphocytes.41 Genomics revealed that
the activation of nuclear factor-kappa B (NF-κB) may be a key element of scopoletin resistance in cancers.42 Alfaxalone has
been reported as an anticancer agent for glioma, inhibiting the migration and invasion of glioma cells without cytotoxicity.43

4,5-dianilinophthalimide is a new class of tyrosine kinase, epidermal growth factor receptor inhibitors. Previous studies
suggest that dianilinophthalimide plays an anticancer effect in human transitional cell carcinoma and human A431
epidermoid carcinoma cells.44,45 Wu et al. initially identified DL-thiorphan as a potential targeted therapeutic agent for
lung cancer based on GEO whole-genome expression profile datasets (GSE18842, GSE30219, GSE31210, GSE32863 and
GSE40791) and CMAP analysis.46 Meanwhile, based on the similar bioinformatics analysis approach, DL-thiorphan is also
considered as a possible candidate drug for type 2 diabetes, with an influence of reversing type 2 diabetes.47 Aminohippuric
acid is a diagnostic drug, the study of Funai et al. suggests that Aminohippuric acid can be used as a diagnostic marker in
lung cancer patients’ urine.48 P-glycoprotein (P-gp) is considered to be a key agent of multidrug resistance, and inhibition of
P-gp in multidrug resistant cancers can be achieved by reverse targeting of quinidine-PEG conjugates, thereby improving

Figure 12 Volcano plot of DEGs between low- and high-ACBD4 expression groups.
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Figure 13 GSEA results between low- and high-ACBD4 expression groups by using c2 reference gene set. (A) nuclear receptor transcription pathway; (B) mTOR signaling
up; (C) liver cancer recurrence down; (D) liver cancer poor survival down; (E) PPAR signaling pathway; (F) metabolism cytochrome P450; (G) oxidation by cytochrome
P450; (H) bile acid and bile salt metabolism; (I) stress pathway; (J) fatty acid metabolism; (K) tumor invasiveness up; (L) metastasis up.
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Figure 14 GSEA results between low- and high-ACBD4 expression groups by using c5 reference gene set. (A) fatty acid metabolic process; (B) polysaccharide catabolic
process; (C) bile acid metabolic process; (D) alcohol catabolic process; (E) lipid accumulation in hepatocytes; (F) positive regulation of G protein coupled receptor signaling
pathway; (G) fatty acid metabolic process; (H) lipoprotein metabolic process; (I) steroid metabolic process; (J) bile acid and bile salt transport; (K) drug metabolic process;
(L) abnormality of hepatobiliary system physiology.
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tumor resistance.49 Quinidine has been used as a resistance medicament for epirubicin-resistant breast cancer patients, but
clinical trials have shown that quinidine does not markedly alter toxicity, response rate, or survival after epirubicin
chemotherapy in advanced breast cancer patients.50,51 However, there is a study suggesting that quinidine can exert

Figure 15 CMap result of ACBD4 in HCC. (A) Chemical construction of scopoletin; (B) Chemical construction of alfaxalone; (C) Chemical construction of bephenium
hydroxynaphthoate; (D) Chemical construction of apramycin; (E) Chemical construction of 4,5-dianilinophthalimide; (F) Chemical construction of DL-thiorphan; (G)
Chemical construction of aminohippuric acid; (H) Chemical construction of quinidine; (I) Summary table of CMap results.
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a tumor suppressor effect by regulating the expression level of Myc protein.52 Quinidine, as a voltage-gated K+ channel
blocker, inhibits the proliferation of glioma cell and induces cell apoptosis with a dose-dependent mode by misregulating
multiple microRNA in glioma cell lines.53 The mechanism of quinidine antitumor cell proliferation in glioma may be through
the inhibition of ODC activity.54 Quinidine can inhibit the proliferation of neurofibromatosis type 2-deficient human
malignant mesothelioma cells by blocking the cell cycle, thus exhibiting the anticancer effect.55 Quinidine can reverse
multidrug resistance of uterine sarcoma cells and enhance paclitaxel-induced cytotoxicity and apoptosis.56 In reviewing the
above studies, we have not found any reports about the functions of these eight drugs screened in this study in HCC.
However, many of them have anti-tumor effects in other cancers.

Through three bioinformatics function enrichment analysis pathways, we found that ACBD4 gene is closely related to
a variety of metabolic pathways and P450 pathways, and that ACBD4 gene may play a role in HCC through PPAR pathway.
PPAR regulates lipid metabolism, fat formation, expression of genes that maintain metabolic homeostasis and inflammation,

Figure 16 Drug-gene interaction network of compounds identified by CMap.

Figure 17 Score of ACBD4 gene in HBV-HCC immune microenvironment.
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and induces anticancer effects in a variety of human cancers, especially HCC.57 PPARs participates in the colonization and
adaptation of intestinal microbes, has the function of regulating the intestinal flora, and has certain potential in the diagnosis
and treatment of HCC.58 PPARγ plays an essential role in the PPAR signaling pathway. Overexpression of PPARγ in HCC
cell lines can inhibit the proliferation, invasion and angiogenesis of HCC cells, and exert a tumor suppressor effect.59,60 At
the same time, PPARγ is also regulated by miRNA, thus affecting the invasion and migration of HCC.61 The HCC clinical
cohort analysis suggests that PPARγ is closely related to the MVI of HCC.60 PPARα, another key gene in the PPAR pathway,
is significantly associated with poor prognosis, tumor size, TMN stage and vascular invasion in HCC, and can be used as
a prognostic marker for HCC.62 In summary, the anticancer mechanism of PPAR signaling pathway in HCC has been
clarified in previous studies. In this study, ACBD4 gene was preliminarily identified as a tumor suppressor gene of HCC, and
the possible molecular mechanism was that ACBD4 exerted a tumor suppressor effect through PPAR signaling pathway.
There has been increasing evidence that the HCC immune microenvironment is closely related to the prognosis of HCC.63,64

In this study, we found that HBV-related HCC patients with different ACBD4 expression levels have significant differences
in tumor immune microenvironment, and their prognosis is also significantly different. We have reason to believe that the
difference in prognosis between the two groups of HBV-related HCC patients may be influenced to some extent by the tumor
immune microenvironment. This suggests that ACBD4 may be a potential target for HCC immunotherapy.

There are certain deficiencies in this study that need to be clarified. First of all, the main population included in our
study was HCC patients with HBV infection who underwent HCC surgical resection, so the main conclusions of our
study are only applicable to this subgroup of patients. Secondly, our current study has explored the biological function
and molecular mechanism of ACBD4 gene in HBV-related HCC using a variety of bioinformatics approaches, but these
findings lack in vivo and in vitro experimental verification. Thirdly, the sample size of our study population is not large
enough, and the prognostic value of ACBD4 gene in HBV-related HCC still needs to be verified in future multi-center
and large-sample studies. Although this study has some limitations, we are reporting for the first time that ACBD4 gene
is dysregulated in liver cancer tissues, and it can be used as a prognostic marker of HCC in clinical application. At the
same time, we also used the whole genome dataset to make preliminary identification of the potential function and
mechanism of ACBD4 gene in HCC.

Conclusions
In conclusion, the present study reveals that ACBD4 gene was significantly expressed in normal human liver tissues, and
was markedly down-regulated in HBV-related HCC tumor tissues. Survival analysis using GSE14520 cohort suggested
that high ACBD4 expression was markedly related to poor OS in HBV-related HCC. The same result can also be verified
in TCGA HCC cohort. The OS of rs4986172 GG genotype was worse than that of HCC patients with A allele (AA and
AG genotypes). Functional enrichment analysis suggests that ACBD4 gene is involved in multiple metabolic, PPAR and
cytochrome P450 pathways in HBV-related HCC. We also identified eight compounds that may be used as targeted
therapeutic agents for ACBD4 gene in HBV-related HCC; these compounds were scopoletin, alfaxalone, bephenium
hydroxynaphthoate, apramycin, 4,5-dianilinophthalimide, DL-thiorphan, aminohippuric acid and quinidine. Immune
microenvironment analysis revealed that there were significant differences in immune and ESTIMATE scores of HBV-
related HCC tumor tissues with different ACBD4 expression levels. As a result of some limitations in current study, our
findings also require verification in future studies.
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ACBD4, Acyl-CoA binding domain containing 4; SNP, single nucleotide polymorphism; MST, median survival time;
RFS, recurrence-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; HBV, hepatitis B virus;
HCC, hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; AFP, α-fetoprotein; GO, gene ontology; KEGG,
Kyoto Encyclopedia of Genes and Genomes; ROC, receiver operating characteristic; FDR, false discovery rate; GSEA,
gene set enrichment analysis; DEGs, differentially expressed genes.
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