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Abstract 

Background Inattention has been given to the pathogenesis of adolescent and young adult (AYA) hepatocellular 
carcinoma (HCC). Due to the more advanced tumor progression and poorer prognosis of AYA-HCC, together with a 
better tolerance ability, noncirrhotic background, and a stronger willingness to treat AYA-HCC, clinical and molecular 
biology studies are urgent and necessary, especially for those with hepatitis B infection.

Methods For clinical aspects, the overall survival, the recurrence-free survival, and the Cox analyses were performed. 
Then, functional analysis, gene clustering, metabolic-related analysis, immune infiltration and competing endogenous 
RNA (ceRNA) construction were carried out using whole transcriptome sequencing technique.

Results Based on the clinical information of our HCC cohort, the overall survival and recurrence-free survival rates 
were worse in the AYA group than in the elderly group as previously described. According to our whole transcriptome 
sequencing results, functional analysis revealed that metabolism-related pathways as well as protein translation and 
endoplasmic reticulum processing were enriched. Then the hub metabolism-related genes were screened by metab-
olite–protein interactions (MPIs) and protein–protein interactions (PPIs). Fatty acid metabolism is a crucial component 
of metabolic pathways, abnormalities of which may be the reason for the worse prognosis of HBV-AYA HCC. Finally, 
the relationship of disrupted expression of metabolism-related genes with immune infiltration was also analyzed, and 
the lncRNA‒miRNA‒mRNA-related ceRNA network for HBV-AYA HCC was constructed, which may provide new cues 
for HBV-AHA HCC prevention.

Conclusion The worse prognosis and recurrence rate of HBV-AYA HCC may be related to abnormalities in metabo-
lism-related pathways, especially disorders of fatty acid metabolism.

Keywords AYA HCC, Whole transcriptome sequencing, MPIs, Fatty acid metabolism, ceRNA

†Tao Lv and Bo Zhang contributed equally to this work.

*Correspondence:
Yongjie Zhou
yongjiezhou@scu.edu.cn
Jiayin Yang
doctoryjy@scu.edu.cn
1 Department of Liver Transplant Center, Transplant Center & Lab of Liver 
Transplantation, West China Hospital of Sichuan University, Sichuan 
University, Chengdu 610041, China
2 Department of Critical Care Medicine, West China Hospital of Sichuan 
University, Sichuan University, Chengdu 610041, China

3 Key Laboratory of Transplant Engineering and Immunology, NHC, 
West China Hospital of Sichuan University, Sichuan University, 
Chengdu 610041, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40246-023-00500-9&domain=pdf


Page 2 of 15Lv et al. Human Genomics           (2023) 17:52 

Background
Hepatocellular carcinoma (HCC), known as one of the 
most common abdominal malignancies, ranks sixth 
in incidence and fourth in mortality worldwide, and 
approximately 50% of newly diagnosed HCC patients 
are from China, 50 ~ 80% of whom are associated with 
HBV infection. According to the National Comprehen-
sive Cancer Network (NCCN) guidelines, the adoles-
cent and young adult (AYA) HCC patients are defined 
as patients between the ages of 15 and 40 with HCC [1]. 
Although the proportion of AYA HCC patients is rela-
tively small, due to the large base of HCC patients in 
China and the existence of HBV-related problems such 
as mother-to-child transmission, AYA HCC patients, 
especially HBV-related AYA HCC patients cannot be 
ignored.

Generally, compared with elderly patients, AYA HCC 
patients have faster tumor progression, later tumor 
stage, and more malignant pathological types. There-
fore, the prognosis of AYA HCC patients is often worse 
than that of elderly patients. It is mainly reflected in 
the long-term overall survival rate and recurrence-free 
survival rate of AYA HCC patients, which are worse 
than those of elderly patients [2–6]. However, due to 
physical, psychological, and social factors, AYA HCC 
patients have better physical function and can endure 
more intensive treatment such as liver resection, TACE 
and targeted therapy than elderly patients. In addition, 
AYA HCC patients tend to be more willing to undergo 
treatment and choose more active treatment strategies 
[7, 8].

For a long time, due to the low proportion of HBV-AYA 
HCC patients, attention has seldom been paid to the 
molecular and genetic aspects of HBV-AYA HCC. Rel-
evant literature has reported that the expression of AR, 
MRP1, MGMT, SPARC and other proteins in AYA HCC 
patients is significantly lower than that in the middle-
aged and elderly groups, and the activation of the PI3K/
Akt/mTOR and Wnt/β-catenin pathways is also weaker. 
Further genome-wide association studies indicated that 
mutations in TP53, CTNNB1, and PTEN are less com-
mon in AYA HCC patients [9, 10]. However, the molec-
ular features of AYA HCC, especially HBV-AYA HCC, 
remain largely unknown.

In this study, we systematically explored the differences 
in long-term clinical prognosis between HBV-AYA and 
elderly HBV-HCC patients in our center and comprehen-
sively analyzed the molecular features of HBV-AYA HCC 
by whole transcriptome sequencing. Meanwhile, com-
bined with the data of TCGA database, we also analyzed 
the hub genes and pathways that have a significant impact 
on prognosis, which may provide new insights and cues 
for HBV-AHA HCC pathogenesis and prevention.

Materials and methods
Clinical study design
All HCC patients included in this study were HBV 
infected, and finally 289 HBV-related AYA HCC patients 
(15–40  years old) and 257 HBV-related elderly HCC 
patients (> 60  years old) who underwent a hepatectomy 
in West China Hospital, Sichuan University, Chengdu, 
China from 2010 to 2014, were included. The data of all 
patients were retrospectively reviewed. The inclusion 
and exclusion criteria, laboratory and histopathological 
examinations, and follow-up plans were listed in Addi-
tional file  1. Overall survival (OS) and recurrence-free 
survival (RFS) were the endpoints of our study. OS was 
calculated from the date of radical liver resection to the 
date of patient death or the date of the last follow-up visit. 
DFS was measured from the date of radical liver resec-
tion to the date when tumor recurrence was diagnosed.

Collection of HCC specimens and sequencing
Fresh surgical specimens of newly diagnosed liver cancer 
patients were collected in our hospital between January 
2020 and January 2021. Ten pairs of HCC specimens and 
corresponding adjacent tissues from HBV-AYA HCC 
patients and 10 pairs of HCC and adjacent tissues from 
elderly HBV-HCC patients were randomly selected for 
whole transcriptome sequencing, and their correspond-
ing clinical information of them is listed in Additional 
file  2: Table  S1. All specimens were obtained with the 
informed consent of the patients, and this study also 
passed the ethical approval of the hospital. The sequenc-
ing work of this study was completed by LC-Bio Technol-
ogies (Hangzhou) Co., Ltd.

Whole transcriptome sequencing of AYA HCC
Differential expression analysis of mRNAs, lncRNAs and 
miRNAs in the AYA group and elderly group was per-
formed, respectively. The AYA unique differential RNAs 
were analyzed by Venn diagram. Heatmaps and volcano 
plots were plotted by online website tool (https:// www. 
bioin forma tics. com. cn).

For the differentially expressed RNAs in AYA HCC, 
GO and KEGG functional analysis, gene set enrich-
ment analysis (GSEA) [11] and age-related GSEA were 
performed. According to the corresponding age of the 
HBV-HCC patients included for sequencing, Mfuzz clus-
tering analysis was performed and the genes were set into 
5 groups. Furthermore, weighted correlation network 
analysis (WGCNA) [12] was carried out combining dif-
ferential gene expression of tumor tissues and clinical 
indicators. Protein‒protein interaction (PPI) network 
[13] was established by STRING and the metabolite‒pro-
tein interaction (MPI) network was constructed as previ-
ously described [14]. The metabolism-related hub genes 
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were screened out from the intersection of the key genes 
of two networks. Finally, the lncRNA‒mRNA coexpres-
sion relationship and the differential miRNA‒mRNA and 
the differential miRNA‒lncRNA regulatory relationships 
were integrated to construct the competitive endogenous 
RNA (ceRNA) network [15]. Centerd on downregulated 
lipid metabolism-related miRNAs in the ceRNAs, par-
tial RNAs were verified by RT‒qPCR  (Additional file  4: 
Table S3).

TCGA data processing and analysis
Gene transcriptome data of liver hepatocellular carci-
noma from TCGA-LIHC provided by the University of 
California Santa Cruz (UCSC) Xena database [16] were 
used in this study for further validation. Using principal 
component analysis (PCA), samples were divided into 
two groups with PC1 = PC2 as the dividing line. Differ-
ential gene analysis and functional enrichment was also 
performed. PPIs of key pathways were established with 
the outcomes of GSEA. The Kaplan–Meier method was 
used for prognosis analysis. Moreover, immune infiltrate 
and tumor microenvironment (TME) analyses were per-
formed using three methods: ESTIMATE [17], CIBER-
SORT [18] and 29 functional gene expression signatures 
(Fges) proposed by Bagaev et al. [19].

Statistical analysis
SPSS 25.0 (IBM, New York, USA), R (version 4.1.2), 
Microsoft Excel and GraphPad Prism 7 software were 
used for statistical analysis in this study. The two-tailed 
Welch corrected unpaired t test was used for continu-
ous variables that conformed to the normal distribution, 
and the Wilcoxon rank sum test was used for continuous 
variables that did not conform to the normal distribu-
tion. Dichotomous variables were compared using the 
chi-square test or Fisher’s exact test, and rank variables 
were compared using the Mann‒Whitney U rank-sum 
test. Survival curves were drawn using the Kaplan‒Meier 
method, and differences between the two groups were 
compared by the log-rank test. A p value < 0.05 was con-
sidered statistically significant.

For more details, see the Additional file 1.

Result
Clinicopathologic characteristics and survival outcomes
According to the criteria, 289 AYA patients and 257 
elderly patients were finally involved in this study. The 
characteristics of all the patients are listed in Additional 
file  3: Table  S2. Among the preoperative indicators, 
except for the haemoglobin count, platelet count, alanine 
aminotransferase, albumin, and AFP, there was no signifi-
cant difference. In pathological indices, only MVI had a 
significant difference. The median OS time of the AYA 

group was 41 months, while the median survival time of 
the elderly group did not reach the midpoint. The 1-, 3-, 
and 5-year OS rates of the AYA group were 72.9%, 52.8%, 
and 44.9%, respectively, which were significantly lower 
than those of the elderly group (83.8%, 66.6%, and 62.3%, 
respectively, P < 0.01) (Fig. 1A). Moreover, the RFS of the 
two groups showed a more significant difference, with 
56.1%, 45.2%, and 38.0% of 1-, 3-, and 5- year RFS in the 
young group and 73.8%, 65.5%, and 63.1% of 1-, 3-, and 
5- year RFS in the elderly group. The median RFS time of 
AYA HCC patients was only 20 months (Fig. 1B).

All significant factors in the univariate analysis and 
other clinically meaningful data, such as age, AFP and 
MVI, were entered into the multivariate analysis, which 
was expressed as hazard ratio (HR) and 95% confi-
dence interval (CI). Age < 40  years, abnormal AST, max 
tumor size > 5  cm, positive MVI and low differentiated 
tumor were the main impacts of OS (Fig.  1C), while 
age < 40 years, AFP ≥ 400 ng/mL, max tumor size > 5 cm, 
positive MVI and low differentiated tumor were the 
major contributing factors of RFS (Fig.  1D). Similar to 
previous studies, we found that OS and RFS of the AYA 
group were worse than those of the elderly group, and 
youth was an independent risk factor for both.

Metabolic pathways were critical for AYA HCC
To explore the HBV-AYA HCC-specific molecular fea-
tures, whole transcriptome sequencing was carried out. 
First, differential mRNAs in tumor and adjacent tissues 
were sorted out in the AYA group and the elderly group, 
respectively (Fig.  2A and B). There were 4280 differen-
tially expressed mRNAs in the AYA group and 3255 dif-
ferentially expressed mRNAs in the elderly group, among 
which there were 1771 unique differentially expressed 
mRNAs in the AYA group (Fig.  2C). Considering that 
the role of mRNAs with extremely low expression is neg-
ligible to some extent, we further set the screening cri-
teria as corrected p value < 0.05 and FPKM > 15, and 241 
unique differentially expressed mRNAs were found in 
HBV-related AYA HCC patients (Fig. 2D).

KEGG functional analysis of unique differentially 
expressed AYA genes revealed many metabolic pathways, 
such as lipid metabolism, carbon metabolism, amino acid 
metabolism, and the PPAR signalling pathway. In addi-
tion, it is also enriched in ribosomes, protein process-
ing in endoplasmic reticulum (ER), etc. Additionally, 
GSEA enriched similar pathways related to metabolism 
and protein translation (Fig.  2E and F). The age-related 
GSEA revealed that metabolism-related pathways and 
peroxisomes were enriched in the KEGG database, which 
showed a clear downwards trend (Fig. 2G). For the Reac-
tome database, the downregulated genes were enriched 
in fatty acid metabolism and biological oxidation, while 
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the upregulated genes were enriched in protein transla-
tion-related pathways (Fig.  2I). These results were con-
sistent with the previous enrichment analysis results, 
both of which inferred that HBV-AYA HCC development 
may have a strong association with metabolic levels.

Mfuzz clustering analysis divided differential genes 
into five clusters
To further analyse the functions of differentially 
expressed genes, and deeply understand how the expres-
sion of these genes changes with age, the trend of expres-
sion of genes according to different age groups was 
divided into five clusters using Mfuzz analysis. The num-
ber of genes in Clusters 1 to 5 was 57, 33, 37, 40, and 
74, respectively (Fig.  3A). Clusters 1 and 5 were genes 
highly expressed in HBV-AYA HCC patient tissues but 
decreased in the elderly group. Importantly, the expres-
sion of genes in Cluster 1 showed a downwards trend 
with increasing age in the AYA group. Clusters 2, 3, and 

4 were genes with low expression in the AYA group and 
relatively high expression in the elderly group.

The genes in Clusters 1 and 5 were mainly enriched on 
ribosomes, and the genes in Cluster 5 were also associ-
ated with phagosomes and endoplasmic reticulum. The 
genes in Cluster 2 were mainly enriched in fatty acid 
metabolism and other metabolic pathways, while those 
in Cluster 3 were more concentrated in carbon metabo-
lism and protein-related metabolism in addition to lipid 
metabolism (Fig. 3B). The detailed genes in Cluster 2 and 
3 are displayed in a heatmap (Fig. 3C).

The coexpression of some of upregulated genes 
was correlated with age
To further explore the age-related genes, the WGCNA 
algorithm was used to perform the gene expression cor-
relation analysis on 20 liver tumor samples. It was found 
that the No. 9 sample in the elderly group was obvi-
ously an outlier, so it was eliminated (Additional file  2: 
Table  S1). The remaining 19 samples were included for 

Fig. 1 Retrospective analysis of the medium- and long-term prognosis and recurrence of HBV-AYA and elderly HBV-HCC patients. A comparison of 
overall survival rates with number at risk between the two groups; B comparison of recurrence-free survival rates with number at risk between the 
two groups; C multivariate Cox regression analysis for overall survival; D multivariate Cox regression analysis for recurrence-free survival. P values 
and hazard ratios (HR) with 95% confidence intervals (CIs) are shown in the left table. The right part is the forest plot of HR
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further analysis, and the sample correlation dendrogram 
and heatmap of clinical phenotypes were drawn (Fig. 4A). 
These differentially expressed genes were divided into 3 
modules, namely, the blue module, brown module, and 

turquoise module, and the coexpressed gene network 
heatmap of the differentially expressed genes is shown in 
Fig. 4B.

Fig. 2 Unique differentially expressed mRNAs of HBV-AYA HCC patients and the functional analysis. A, B volcano plot of differentially expressed 
mRNAs in the AYA group (A) and the elderly group (B); C venn diagram of differentially expressed mRNAs between the AYA and elderly groups. The 
part in the red box is the young unique differentially expressed genes; D heatmap of AYA unique differentially expressed mRNAs; E bubble plot 
of enriched pathways of the differentially expressed genes; F, H GSEA of all genes in the AYA group. The top plot is based on the KEGG database 
(F), and the bottom plot is based on the Reactome database (H); G, I age-related GSEA analysis of 241 genes. The above 6 are based on KEGG (G), 
and the rest are based on Reactome (I). The p value of the pathway was < 0.05. YT, tumor sample of the AYA group; YNT, paratumor sample of the 
AYA group; OT, tumor sample of the elderly group; ONT, paratumor sample of the elderly group; p.adjust, tested by hypergeometric distribution, 
adjusted by the Benjamini and Hochberg method
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WGCNA defined the data of different modules as 
eigengenes. By calculating the correlation coefficient 
between eigengene and clinical phenotype data, the cor-
relation diagram between modules and phenotype was 
obtained. As shown in Fig. 4C, the blue module had a sig-
nificant negative correlation with age (P = 0.002), which 
showed that with increasing age, the expression of these 
genes in tumors was downregulated. In addition, the tur-
quoise module and age had a certain positive correlation, 
but no significant difference was reached. Intriguingly, 
these genes had a strong positive correlation with the 
grade of pathological differentiation (P < 0.001): that is, 
the lower the gene expression, the worse the pathological 
grade (Fig.  4C). Functional analysis of the blue module 
gene showed that it was mainly concentrated in the path-
way of protein processing in the ER. Moreover, the func-
tional analysis of the turquoise group showed that these 

downregulated genes were mainly related to peroxi-
somes, carbon metabolism, amino acid metabolism, lipid 
metabolism, and the PPAR signalling pathway (Fig. 4D). 
In contrast, the grey module was a type of gene set that 
cannot be divided into any module, and the coexpression 
trend of genes in grey module was not obvious.

Low expression of five‑hub metabolism‑related genes led 
to worse prognosis of HCC
Although Mfuzz and WGCNA proved that the unique 
AYA HCC genes were related to metabolic pathways, 
we were unable to judge which genes were more critical. 
Sixty-four metabolism-related genes among the down-
regulated differentially expressed genes were screened 
according to the metabolism pathways in the KEGG 
and Reactome databases. Combining the metabolism-
related products in databases such as KEGG, Reactome, 

Fig. 3 Mfuzz fuzzy cluster analysis of 241 genes. A This plot is a Mfuzz timing analysis clustering chart. For each cluster, the abscissa is the age 
grouping from youth to old age and the ordinate coordinate is the expression of genes. Each polyline represents the expression change of a gene 
at different ages; B KEGG pathway enrichment bubble plot of these 5 clusters; C heatmap of all differentially expressed genes in Clusters 2 and 3 in 
HBV-AYA HCC patients. YT, tumor sample of the AYA group; YNT, paratumor sample of the AYA group
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Human-GEM, and BRENDA, a metabolite–protein inter-
action (MPI) network was constructed (Fig. 5A), in which 
there were 1118 protein-metabolite pairs in the network, 
including 531 metabolites and 63 metabolism-related 
genes. In addition, based on the downregulated genes, a 

PPI network was constructed. The top 12 key genes were 
obtained by using the MCC algorithm in cytoHubba 
[20], including ACOX1, SCP2, EHHADH, HMGCL, 
ACOX2, CAT , BAAT , HAO1, LONP2, ECHS1, ACSL1 and 
ACAT1. The metabolism-related genes in the MPIs were 

Fig. 4 WGCNA analysis of young unique differentially expressed genes. A The upper part is the dendrogram of tumor samples. The heatmap shows 
the clinical phenotypes of the samples, and a redder box indicates a greater numeric value or rank. MVI and recurrence within one year are binary 
variables; B network heatmap plot of AYA unique differentially expressed genes. The different colors at the bottom of the clustering tree represent 
different modules; C heatmap of module-clinical phenotype relationships. The numbers in each cell are the correlation coefficient and p value (in 
parentheses); D the pathway enrichment plot of genes in blue (circle) and turquoise (triangle) modules. AFP, alpha-fetoprotein; MVI, microvascular 
invasion

Fig. 5 MPI network construction of metabolism-related genes and identification of two TCGA HCC subtypes. A The network in the upper left 
corner is the MPI network of AYA unique differential metabolism-related genes, the yellow dot is the gene, and the green dot is the metabolite. The 
network in the upper right corner is the PPI network of differentially downregulated genes, with the yellow dot being a metabolism-related gene 
and the green dot being another downregulated gene, below which 12 hub genes were screened by the MCC algorithm. The network below is the 
MPI network of 5 hub metabolism-related genes; B PCA of TCGA-HCC tumor samples based on 5 hub genes. Points are colored according to the 
consensus clustering results, and the two subtypes can be exactly separated by the line PC1 = PC2; C Kaplan–Meier plot of the differential prognosis 
between the two subtypes; D Significant differences between the two subtypes in the age and 5 hub genes. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 and ns for not significant

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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sorted by degree in CytoNCA, and the top 10 genes were 
BAAT , EHHADH, ACSL1, CYP3A7, UGT1A1, ECHS1, 
ACOX1, GSTA1, MGST1 and MAOB. Taking the inter-
section of the two networks, five key metabolism-related 
genes were finally identified, namely, EHHADH, ECHS1, 
ACOX1, ACSL1 and BAAT  (Fig. 5A). The functions of the 
five genes were mainly concentrated in lipid metabolism, 
especially fatty acid degradation, unsaturated fatty acid 
biosynthesis and peroxisome.

To further explore the relationship between this met-
abolic abnormality and the prognosis of patients with 
HCC, the PCA of TCGA liver cancer samples based on 
the expression of 5 key genes was performed. All TCGA 
tumor samples were neglected the infection status of 
HBV and divided into two groups (Fig.  5B). Combined 
with the gene expression and clinical data of the two 
groups, the OS curve based on the C1 and C2 groups, as 
well as the difference analysis between the groups on the 
age distribution and the expression levels of 5 hub metab-
olism-related genes were drawn (Fig. 5C, D). The OS rate 
of C1 was significantly lower than that of C2 (P = 0.015). 
There were significant differences in the age distribution 
and the expression of five hub genes between the two 
groups (P < 0.01). Intriguingly, the age distribution of the 
C1 group was relatively younger and the expression of 
five key genes was lower. Therefore, possible speculations 
could suggest that abnormal lipid metabolism had a criti-
cal impact on the pathogenesis and prognosis of HCC. 
Additionally, when the age distribution was younger, the 
expression of lipid metabolism-related genes was rela-
tively lower, which was in line with the results obtained 
from our sequencing data.

Functional analysis and immune infiltration landscape 
of two subtypes of HCC
Differential gene analysis was performed on the two 
groups of tumor samples, and a total of 1285 differentially 
expressed mRNAs were screened with |log2-fold change 
(FC)|> 2 and a corrected p value < 0.01 as the threshold 
(Fig. 6A). GSEA based on C1 and C2 was performed on 
all mRNAs according to the fold changes between the 
two groups. Compared with C2, C1 was enriched and 
downregulated in metabolism-related pathways, such as 
fatty acid elongation, fat and carbohydrate digestion and 
absorption. Conversely, the NF-κB pathway was enriched 
with many upregulated genes in C1 (Fig.  6B). The PPI 

network was constructed for the differentially expressed 
genes enriched in the above pathways (Fig. 6C). Among 
the downregulated pathways in C1, the fatty acid elon-
gation pathway was at the core of these pathways and 
highly associated with other pathways except the fat 
digestion and absorption pathway, including genes such 
as PPT1, MECR, HADHA, HADHB, ELOVL1, ACOT7, 
THEM4, and THEM5. The differentially expressed genes 
of the NF-κB pathway were related to TNF receptors and 
apoptosis. ICAM1, PLCG1, PLCG2 and other genes in 
the pathway are also related to tumor migration [21].

The tumor microenvironment (TME) consists of a vari-
ety of nontumor cells, including immune cells and stro-
mal cells, which profoundly impact cancer growth and 
invasion [22]. By ESTIMATE analysis, we noticed that the 
stromal score showed no difference between the C1 and 
C2 groups. However, the immune score of C1 was signifi-
cantly higher than that of C2 (Fig. 6D). The above analy-
ses indicated that more pronouncedly abnormal fatty acid 
metabolism in HCC might have a more profound impact 
on components of the TME. The cellular and functional 
TME properties can be reflected by the expression of 29 
functional gene signatures (Fges) described by Bagaev 
et al. [19] Based on their description, the patients in the 
C1 group were characterized by the elevated expres-
sion of Fges associated with cancer-associated fibroblast 
(CAF) activation, protumor immune infiltration, mye-
loid-derived suppressor cells (MDSC), Treg, M1 signa-
ture, and a higher proliferation rate. Some components 
of antitumor immune infiltrates, such as MHCII, coac-
tivation molecules, B cells, T cells and checkpoint inhi-
bition showed a significantly higher enrichment in the 
C1, whereas no difference was observed in the remain-
ing antitumor immune infiltrate-related terms, such as 
antitumor cytokines (Fig.  6E). We conducted the fol-
lowing analysis by using CIBERSORT, which showed 
that memory B cells, activated CD4 + memory T cells, 
T follicular helper cells, Tregs, M0 macrophages, rest-
ing dendritic cells were significantly upregulated in the 
C1, while γδ T cells, resting NK cells, monocytes, M2 
macrophages, and resting mast cells were significantly 
decreased (Fig.  6F). There was no significant difference 
in CD8 + T cells, CD4 + naive T cells or naive B cells. 
Although there were increases and decreases in different 
types of macrophages, M2 macrophages with antitumor 
function increased more significantly in the C2, and the 

(See figure on next page.)
Fig. 6 Differential analysis, functional enrichment analysis and immune infiltration landscape of the two subtypes. A Heatmap of 1285 differentially 
expressed genes between the C1 and C2 group; B GSEA based on the KEGG database; C PPI network of differentially expressed genes related to 
the above pathways; D Box and dot plot showing the stromal score and immune score by ESTIMATE; E heatmap of the enrichment score of 29 
Fges in HCC patients from the C1 and C2 groups. The significance analysis of each item is displayed on the right side of the heatmap; F Boxplot 
showing the proportion of the 22 types of immune cells in HCC patients from the two subgroups by CIBERSORT. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 and ns for not significant
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Fig. 6 (See legend on previous page.)
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overall amount of macrophages, dendritic cells, and the 
M1 signature were increased in the C1 with no difference 
in tumor-associated macrophages (Fig. 6E, F). In general, 
the upregulation of antitumor immune infiltration was 
not as significant as that of the protumor components.

ceRNA network construction for HBV‑AYA HCC
To further explore the molecular features of AYA HCC, 
we also screened AYA unique differentially expressed 
lncRNAs and miRNAs. Through preliminary screen-
ing, 1504 differentially expressed lncRNAs in the AYA 
group and 1103 differentially expressed lncRNAs in 
the elderly group were obtained, of which 982 differen-
tially expressed lncRNAs were unique to the HBV-AYA 
patients (Additional file  5: Fig. S1A–C). After further 
defining the adjusted adjust p value < 0.05, a total of 
445 AYA unique differentially expressed lncRNAs were 
obtained (Fig. 7A). According to the condition of |log2-
fold change (FC)|> 1 and p value < 0.01, 134 differentially 
expressed miRNAs were screened out in the AYA group, 
and 88 differentially expressed miRNAs were screened 
out in the elderly group (Additional file  5: Fig. S1D–F). 
Finally, 34 AYA unique differentially expressed miRNAs 
were screened, of which 18 were upregulated and 16 were 
downregulated in tumor tissue (Fig. 7B).

Furthermore, we calculated the correlation coefficient 
between differential lncRNAs and differential mRNAs 
to roughly predict the function of target genes that were 
trans-regulated by these lncRNAs. We set the threshold 
as the correlation coefficient > 0.85 and p value < 0.05, and 
144 differential target mRNAs were obtained. It could 
be found that there are two major types of functions 
that were enriched, one is the ribosome-related genes, 
and the other is related to various metabolic pathways 
including fatty acid metabolism (Fig. 7C). Target mRNAs 
of miRNAs were screened by TargetScan and miRanda, 
and a total of 4305 differential miRNA‒mRNA pairs 
were obtained. Functional analysis of target genes was 
performed, respectively, in the upregulated and down-
regulated differentially expressed miRNA groups. The 
upregulated group was mainly enriched in fatty acid deg-
radation, adipocytokine and the AMPK signalling path-
way (Fig.  7D). The AMPK signalling pathway is closely 
related to cell nutritional status, glucose metabolism and 
lipid metabolism [23]. Meanwhile, taking the advantage 
of the mirPath website and the experimental TarBase 
database, 34 differentially expressed miRNAs were sum-
marized by KEGG. It was found that fatty acid metabo-
lism, biosynthesis of unsaturated fatty acids, fatty acid 
biosynthesis, ECM-receptor interaction, steroid biosyn-
thesis, and the Hippo signalling pathway were enriched 
(Fig. 7E).

First, miRNAs with a p value < 0.05 in the elderly group 
were excluded. Then combined with the KEGG analy-
sis results based on the TarBase database, the miRNAs 
related to lipid metabolism were retained. Finally, 22 
differentially expressed miRNAs were obtained for the 
ceRNA network. Focusing on these miRNAs, the dif-
ferential mRNAs and differential lncRNAs targeted by 
them were predicted under the conditions of TargetS-
can score ≥ 90, the Tot Score of miRanda > 140 and Tot 
Energy < − 20. Since mRNAs and lncRNAs often have the 
same expression trend in ceRNA networks, the differen-
tial lncRNA‒mRNA relationship pairs with a correlation 
coefficient > 0.65 and a p value < 0.05 were selected, and 
a lncRNA‒miRNA‒mRNA ceRNA network was finally 
constructed. The ceRNA network had a total of 28 rela-
tionship pairs (Fig. 7F).

There were a total of 10 differentially expressed miR-
NAs in the ceRNA network. The functional analysis of 
the differentially expressed mRNAs unique to youth tar-
geted by these miRNAs revealed that these genes were 
enriched in fatty acid degradation as well as glycine, 
serine and threonine metabolism. ACOX1 was included 
in the five-hub metabolism-related genes previously 
screened (Fig.  7G). Finally, we verified the differential 
expression of CDC42SE1 and miR-378a-5p in another 
HBV-HCC clinical samples (Fig. 7H).

Discussion
Compared with elderly patients, AYA HCC patients 
tended to have a later tumor progression and a higher 
degree of malignancy in previous studies [24–26]. This 
study focused on HBV-related liver cancer because HBV 
infection is the main cause of HCC in China. To high-
light the effect of age, we screened patients younger than 
40 years old and older than 65 years old to compare the 
mid- and long-term OS and tumor RFS up to five years. 
Similar to the results of previous studies, the OS and RFS 
of the AYA group were significantly worse. Moreover, 
youth was an independent risk factor for both OS and 
RFS. These results of HBV-related HCC were basically 
consistent with the AYA HCC from various causes.

Basic research related to AYA HCC is extremely scarce, 
especially on HBV-AYA HCC. Celina Ang et al. [10] dis-
covered differentially expressed proteins such as MRP1, 
androgen receptor, and SPARC between AYA and elderly 
groups. Meanwhile, it was also found that there were sig-
nificant differences between p-glycoprotein and ITOP2A 
in the primary tumor and secondary tumor in AYA 
patients. These molecules, therefore, have the potential 
to be biomarkers for AYA HCC. A related study analyzed 
the frequency of UGT2B28 gene mutation in patients 
with HCC with clinical and pathological indicators [27] 
and found that age was an independent correlative factor 
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Fig. 7 ceRNA network establishment of HBV-AYA HCC. A Heatmap of AYA unique differentially expressed lncRNAs; B heatmap of AYA unique 
differentially expressed miRNAs; C KEGG functional analysis results of target genes under trans-regulation of lncRNAs. D the KEGG enrichment 
bubble diagram of miRNA target differentially expressed genes; E KEGG pathway prediction of differentially expressed miRNAs based on the 
TarBase database; F the lncRNA‒miRNA‒mRNA ceRNA network constructed with the differentially expressed lncRNAs, miRNAs and mRNAs. The 
line between the two columns indicates the existence of a regulatory relationship, and the longitudinal width of each RNA frame represents its 
importance in the network; G the relationship network between the enriched KEGG pathways and the corresponding differential genes. The yellow 
dot is the pathway, the grey dot is the gene, and the size of the yellow dot represents the number of genes enriched; H the RT‒qPCR results of 
CDC42SE1 and hsa-miR-378a-5p. *p < 0.05, **p < 0.01 and ns for not significant
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for this gene mutation. UGT2B28 is a gene related to the 
metabolism of bile acids and sex hormones. Therefore, 
metabolism was a good breakthrough point to explore 
the molecular features and mechanisms of differential 
prognosis between AYA and elderly HCC patients.

Based on the whole transcriptome sequencing results, 
HBV-AYA HCC-specific genes were clustered and 
functionally analyzed and were mainly enriched in two 
aspects: protein translation and processing dominated 
by upregulated genes and the other part was metabolic 
pathways with downregulated genes. It has been proven 
that the subsequent folding and processing of proteins is 
related to the occurrence and progression of tumors. The 
accumulation of misfolded or unfolded proteins in the 
ER causes ER stress and then triggers the unfolded pro-
tein response (UPR), which finally activates subsequent 
pathways causing cytoskeletal movement, DNA damage, 
and others, thereby promoting tumorigenesis and tumor 
migration [28, 29]. Increasing evidence has indicated that 
changes in the intracellular metabolic state, pH, oxygen 
content and transcription and translation rates may lead 
to ER stress. Conversely, ER stress and UPR can result in 
many abnormalities, including lipid metabolism, amino 
acid metabolism, inflammatory response, and apoptosis 
[30, 31].

It is widely believed that abnormalities in various met-
abolic processes will have an impact on the occurrence 
and development of tumors [32]. To explore the domi-
nant metabolic pathway in HBV-AYA HCC, age-related 
GSEA was performed, and then a corresponding MPI 
network was constructed. Abnormal lipid metabolism, 
especially fatty acid metabolism had a great impact on 
HBV-AYA HCC. In recent years, a large amount of atten-
tion has been given to the role of fatty acid metabolism 
in tumorigenesis, which can provide the necessary raw 
material to synthesize structural lipids for actively prolif-
erating tumor cells [33]. The induction of lipid synthesis 
must be closely related to cell growth and is a prerequi-
site for cell division. In addition, fatty acids can also affect 
cell transformation, tumor development and migration 
by modifying signalling molecules, acting as secondary 
messengers or ligands for autocrine receptor signalling, 
changing the fluidity of cell membranes, and activating 
tumor-related pathways [34, 35].

In this study, we also screened the unique differen-
tially expressed lncRNAs and miRNAs of the AYA group. 
Through the functional analysis of target genes from mul-
tiple aspects, it was found that the metabolism-related 
pathways dominated by lipid metabolism were signifi-
cantly enriched. Then, 22 miRNAs unique to HBV-AYA 
HCC were screened to construct ceRNA networks by 
predicted target lncRNAs and mRNAs. The differentially 
expressed target genes in the network were also enriched 

in peroxisomes, fatty acid metabolism, carbon metabo-
lism and others.

Additionally, evidence also came from a related study 
on TCGA-LIHC samples grouped by five hub metabo-
lism-related genes screened by MPIs and PPIs for differ-
ential analysis. Among the metabolism-related pathways, 
fatty acid elongation was at the core. Among the genes 
with more obvious fold changes, such as PPT1, MECR, 
HADHA, and HADHB, it was found that these down-
regulated genes were related to the synthesis of medium- 
and short-chain fatty acids in mitochondria that related 
to the degradation program. Downregulation of these 
genes inhibited the breakdown and oxidation of fatty 
acids to ensure lipid synthesis, and promoted tumor 
proliferation, growth, and migration [36]. Many stud-
ies have also shown that abnormal fatty acid metabolism 
can regulate tumor progression by affecting the NF-κB 
pathway, including promoting tumor proliferation, 
enhancing tumor invasiveness, and promoting inflam-
matory responses [37, 38]. Immune infiltration analysis 
was performed on the two groups. Interestingly, the C1 
group with downregulated metabolic pathways showed 
increased immune infiltration. The increase in protumor 
indicators was more significant than that of antitumor 
factors. This may be related to the proinflammatory effect 
caused by the upregulation of the NF-κB pathway. Some 
studies have also reported that unsaturated fatty acids, 
such as arachidonic acid can activate these immune regu-
lators [39, 40]. In addition, the increase in checkpoint 
inhibition and tumor-specific MHC-II may favor the 
effect of immune checkpoint inhibitor therapy on HCC 
with abnormal fatty acid metabolism [41, 42]. Therefore, 
the differentially expressed metabolic genes may be the 
reason for the different outcomes between HBV-AYA 
HCC patients and old HBV-HCC patients.

Frankly, due to the rarity of HBV-AYA samples and 
the high cost of whole transcriptome sequencing, a 
large number of samples are hardly involved to explore 
the molecular features of HBV-AYA HCC patients. 
Although part of our findings were confirmed in the 
big cohort (TCGA-LIHC), differences really exist in our 
cohort and the public database, for example the most 
downregulated genes were related to the medium- and 
short-chain fatty acids elongation in mitochondria in 
preparation for the degradation program in TCGA-
LIHC samples, while the fatty acid metabolism-related 
genes in our cohort were more broadly enriched in the 
entire process of fatty acid degradation. Therefore, the 
findings in our study need further validation. More 
importantly, further basic experiments should be car-
ried out to explore the detailed impact of fatty acid 
metabolism on AYA HCC development. In conclusion, 
according to our results, genes related to metabolism 
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are significantly altered in the livers of HBV-AYA HCC 
patients, resulting in abnormal lipid metabolism, espe-
cially fatty acid metabolism. The degradation and oxi-
dation of fatty acids are weakened, so that more fatty 
acids are synthesized to promote cell growth, prolifera-
tion, and metastasis. Meanwhile, abnormal fatty acid 
metabolism can also activate the NF-κB pathway and 
alter the TME, which further facilitates tumor pro-
gression. This may be the reason why HBV-AYA HCC 
patients have a worse prognosis and are more prone to 
recurrence.
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