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Abstract

Background: Hepatocellular carcinoma (HCC) is the most com-
mon type of liver cancers, with more than a million cases per year by 
2025. Cuproptosis is a novel form of programmed cell death, and is 
caused by mitochondrial lipoylation and destabilization of iron-sulfur 
proteins triggered by copper, which was considered as a key player 
in various biological processes. However, the roles of cuproptosis-
related genes (CRGs) in HCC remain largely unknown.

Methods: In the present study, we constructed and validated a four 
CRGs signature for predicting the overall survival (OS) of HCC pa-
tients in both The Cancer Genome Atlas (TCGA) and International 
Cancer Genome Consortium (ICGC) databases.

Results: Patients with high CRGs risk score showed shorter OS than 
those with low CRGs risk score. Functional analysis suggested that 
the CRGs-based prognostic signature was associated with metabo-
lism remodeling which facilitated liver cancer progression. In addi-
tion, reduced infiltration of CD8+ T cells and increased macrophages 
were found in HCCs from patients with high CRGs risk score. As 
one of the four CRGs, higher expression of dihydrolipoamide S-
acetyltransferase (DLAT) was accompanied by higher expression of 
program death ligand 1 (PD-L1) in HCC. Further, we confirmed that 

DLAT was up-regulated and correlated with poor prognosis in a clini-
cal HCC cohort.

Conclusion: In conclusion, our study constructed a four CRGs signa-
ture prognostic model and identified DLAT as an independent prog-
nostic factor for HCC, thus providing new clues for understanding the 
association between cuproptosis and HCC.
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Introduction

Liver cancer ranks as the sixth leading cause of cancer-related 
death, with hepatocellular carcinoma (HCC) leading the way 
[1]. There will be more than a million cases of HCC worldwide 
by 2025, representing an annual increase of more than 10% 
[1-3]. Globally, the long-term overall survival (OS) of HCC 
patients was still dismal, with an average 5-year survival rate 
below 12% [3]. The etiology of HCC is highly heterogeneous, 
which includes hepatitis B virus/hepatitis C virus (HBV/HCV) 
infection, alcoholic liver disease, and non-alcoholic fatty liver 
disease (NAFLD) [1, 4]. Due to the aggressive growth pattern 
and latent symptoms, most HCC patients are diagnosed at an 
advanced stage of the disease. Those patients are often not eli-
gible for surgical treatments, resulting in minimal availability 
and effectiveness of therapeutic options [1, 5]. In addition, a 
considerable portion of HCC patients do not response to the 
existed therapies, such as multi-kinase targeted inhibitors, im-
mune checkpoint inhibitors and immunocombination therapy 
[6, 7]. Thus, effective personalized therapeutic targets and 
guiding biomarkers for HCC are urgently needed.

Copper is a mineral nutrient that is closely associated 
with cancer cell proliferation and death [8]. It has been posited 
that copper deficiency contributes to a variety of diseases, in-
cluding cancer [8], neurological [9], cardiovascular [10], and 
metabolic illnesses [11]. Copper accumulation also contributes 
to cell death. In a recent study, Tsvetkov et al reported that 
abnormal copper accumulation could trigger mitochondrial 
lipoylation and destabilization of iron-sulfur proteins, induce 
oxidative stress, cytotoxicity and cell death, making it differ-
ent from other types of cell death, such as necrosis, autophagy, 
and apoptosis. Hence, they proposed the name “cuproptosis” 
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[12]. So far, 10 genes (ferredoxin 1 (FDX1), lipoic acid syn-
thetase (LIAS), lipoyltransferase 1 (LIPT1), dihydrolipoam-
ide dehydrogenase (DLD), dihydrolipoamide S-acetyltrans-
ferase (DLAT), pyruvate dehydrogenase E1 subunit alpha 1 
(PDHA1), pyruvate dehydrogenase E1 subunit beta (PDHB), 
metal regulatory transcription factor 1 (MTF1), glutaminase 
(GLS), and cyclin-dependent kinase inhibitor 2A (CDKN2A)) 
are found to be related to cuproptosis [12], which was defined 
as cuproptosis-related genes (CRGs) in the current study. In 
melanoma [13] and clear cell renal cell carcinoma [14], cu-
proptosis-related signatures are considered to be valuable for 
predicting patients’ prognosis and immune infiltration. Despite 
this, cuproptosis’ role is largely unknown in HCC.

In the present study, we focused on the potential roles 
of cuproptosis in HCC. Firstly, we constructed a four CRGs 
signature prognostic model for HCC using the data from the 
Cancer Genome Atlas (TCGA) database, and data from the In-
ternational Cancer Genome Consortium (ICGC) were used to 
validate the model. Then we conducted gene ontology (GO), 
Kyoto Encyclopedia of Genes and Genomes (KEGG) and 
gene set enrichment analysis (GSEA) in both databases based 
on the four CRGs’ risk scores. Moreover, the correlation of 
DLAT and program death ligand 1 (PD-L1) was also detected. 
Finally, we assessed the expression of DLAT and its prognostic 
value in a clinical cohort of HCC patients.

Materials and Methods

Patients and HCC samples

A total of 120 HCC and paired paratumor tissues were col-
lected from patients undergoing surgical resection at the Gen-
eral Hospital of the Xinjiang Military Command from 2010 to 
2015. The specimen collection procedure was approved by the 
Ethics Committee of the General Hospital of Xinjiang Military 
Command, and the detailed information is contained in Sup-
plementary Table 1 (www.wjon.org). OS and recurrence-free 
survival (RFS) were analyzed using the Kaplan-Meier method. 
At the last follow-up visit, OS was determined by dividing the 
date of surgery by the date of death or censoring, while RFS 
was determined by dividing the date of surgery by the date of 
recurrence or censoring. Thirty-six paired samples of paired 
HCC and paratumor tissues from HCC patients were used for 
real-time PCR analysis of DLAT mRNA.

RNA extract and real-time PCR

Reverse transcription was performed using a reverse tran-
scription system (Promega) to synthesize cDNA from total 
RNA isolated from tissues using Trizol (Invitrogen). Light 
Cycler 96 System (Roche, USA) and SYBR Green PCR 
Kit (Roche) were used to perform real-time PCR on gener-
ated cDNA samples (1 µg). Relative mRNA expression lev-
els were calculated using the 2-ΔΔCt method, and relative ex-
pression was normalized to β-actin. DLAT: forward primer: 
5’-CCGCCGCTATTACAGTCTTCC-3’, reverse primer: 

5’-CTCTGCAATTAGGTCACCTTCAT-3’. β-actin: forward 
primer: 5′-GACGATATCGCTGCGCTGG-3′, reverse primer: 
5′-CCACGATGGAGGGGAATA-3′.

Immunohistochemistry

Formalin-fixed paraffin-embedded (PPFE) human tissue mi-
croarray was deparaffinized and rehydrated, and antigens 
were then retrieved by heat with EDTA buffer. After block-
ing endogenous peroxidase with 3% hydrogen peroxide for 20 
min, goat serum was added for 30 min. Subsequently, primary 
antibodies (DLAT: abclonal, A14530; PD-L1: VENTANA, 
SP263) were incubated overnight at 4 °C and revealed by 
secondary antibody (goat anti-rabbit). Finally, DAB (K3486, 
DAKO) was applied for color development, followed by he-
matoxylin counterstaining. ScanScopeXT (Aperio Technolo-
gies, Vista, CA) was used to scan immunostained sections, and 
Positive Pixel Count (Image Scope) was used to calculate the 
positive pixel count.

Data collection

The level 3 RNA sequencing (RNA-seq) data and correspond-
ing clinical information of 371 cases of HCC and 50 cases 
of normal tissues were downloaded from the TCGA website 
(https://portal.gdc.cancer.gov/). Validation data of 260 HCC 
patients were obtained from the ICGC portal (https://dcc.icgc.
org/projects/LIRI-JP), which include tumor and normal tis-
sues of major patients. Two hundred thirty-two cases of HCC 
with complete survival data were used for further analysis. Ten 
CRGs: FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, 
MTF1, GLS and CDKN2A, were obtained from published lit-
erature, which were confirmed to be associated with cupropto-
sis by CRISPR-Cas9 [12].

Construction and validation of a cuproptosis-related 
prognostic signature

To explore CRGs that are essential for OS of HCC, univariate 
analysis was performed to assess the prognostic value of the 10 
CRGs in the TCGA cohort. Utilizing the “glmnet” R package, 
a prognostic model for cuproptosis was constructed using LAS-
SO-penalized Cox regression. The minimum λ was determined 
through 10-fold cross-validation. The risk scores of the patients 
were calculated as follow: risk score = sum (each gene’s expres-
sion × corresponding coefficient), according to the normalized 
expression of each gene and its coefficient. As described above, 
the regression coefficients from the TCGA cohort were applied 
to the ICGC validation set to calculate the risk score.

Survival analysis and receiver operating characteristic 
(ROC) analysis of the prognostic model

As determined by the median value of the risk score, patients 
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were grouped into high- and low-risk groups. Based on Ka-
plan-Meier analysis, the log-rank test was used to determine 
whether there was a significant difference in OS time between 
high-risk and low-risk groups. In addition, ROC curve analysis 
was conducted to evaluate the predictive power of the prog-
nostic signature over time. Lastly, univariate and multivariate 
Cox regression analyses were performed to measure whether 
the CRGs-based signature was an independent prognostic in-
dicator for OS.

Differentially expressed genes (DEGs) analysis

In both the TCGA and ICGC cohorts, “limma” R packages 
were used to explore DEGs between high- and low-risk score 
groups. Genes with |log2FC| > 1.5, P. adj < 0.05 were selected 
as DEGs and visualized by volcano plot.

Functional enrichment analysis

In order to identify the functions of DEGs, analysis of GO and 
KEGG pathway enrichment was performed using the “cluster-
Profiler” R package, and P values were determined by Fisher’s 
exact test, which was corrected by multiple testing using Ben-
jamini-Hochberg (BH) method. Then, “ggplot2” R package 
was employed to visualized GO and KEGG results.

Immune infiltration and correlation analysis

“CIBERSORT” R package was utilized to investigate im-
mune infiltrates in each sample. A Wilcoxon test was used to 
compare different groups’ immune infiltrate compositions and 
Spearman correlation analysis was used to analyze the rela-
tionship between the expression of CRGs and immune target 
genes. Single sample gene set enrichment analysis (ssGSEA) 
was performed to evaluate the correlation of immune cells in 
high and low LIPT1, high and low DLAT, high and low CD-
KN2A, high and low GLS groups according to the medium 
value of mRNA expression.

Statistical analysis

Univariate Cox regression and LASSO-penalized Cox regres-
sion were applied to construct prognostic signature model. 
Log-rank tests were performed to determine the significance 
of OS, disease-free survival (DFS), and RFS differences by us-
ing Kaplan-Meier analysis. ROC curve analysis was conduct-
ed to evaluate the predictive power of the prognostic signature 
over time. Wilcox test or unpaired t-test was used to compare 
statistical differences between two groups. Spearman correla-
tion analysis was conducted to assess the correlation between 
expression levels of CRGs and checkpoint-related genes. Chi-
test was utilized to investigate the correlation of DLAT and 
PD-L1 immunohistochemistry (IHC) expression. Univariate 
and multivariate Cox regression analyses were performed to 

identify the prognostic value of DLAT. P-value < 0.05 was 
considered statistically significant.

Results

Construction of a cuproptosis-related prognostic model in 
the TCGA cohort

The prognostic value of 10 CRGs: FDX1, LIAS, LIPT1, DLD, 
DLAT, PDHA1, PDHB, MTF1, GLS and CDKN2A, was ana-
lyzed using univariate Cox regression in the TCGA cohort and 
five of them were associated with the prognosis of HCC patients, 
independently (Fig. 1a). A LASSO-Cox regression analysis was 
then used to identify the strongest prognostic genes among five 
candidate CRGs. As shown in Figure 1b, c, based on optimal 
values of lim λ, four of the five candidate CRGs were selected 
for the model construction. According to the expression and 
regression coefficient, each patient’s risk score was calculated 
(risk score = 0.520 × LIPT1 + 0.354 × DLAT + 0.084 × GLS + 
0.196 × CDKN2A). Additionally, we analyzed the expression 
and prognostic value of the four CRGs, and all of them were 
up-regulated in HCC tissues in comparison with normal tissues 
(Supplementary Figure 1A, www.wjon.org) and high levels of 
the 4 CRGs were correlated with unfavorable prognosis of OS, 
independently (Supplementary Figure 1B-E, www.wjon.org).

Thus, patients were stratified into high and low groups ac-
cording to the four CRGs risk score (Fig. 2a), and an analysis 
of PCA revealed a two-way distribution of patients in differ-
ent risk groups (Fig. 2b). Kaplan-Meier curve indicated that 
patients with high-risk score had a significantly worse OS 
than those with low-risk score (Fig. 2c). In the time-dependent 
ROC curve analysis for OS, the area under the curve (AUC) 
was 0.733 at 1 year, 0.650 at 3 years, and 0.626 at 5 years (Fig. 
2d). Additionally, univariate and multivariate Cox regression 
analysis confirmed that risk score was an independent contrib-
utor for OS (Fig. 2e, f).

Validation of the four CRGs prognostic signature in the 
ICGC cohort

To validate the established prognostic signature, HCC patients 
from the ICGC database (LIRI-JP) were classified into high- 
and low-risk score groups (Fig. 3a) by the median risk score 
according to the same formula constructed from the TCGA 
cohort. Likewise, survival status, risk scores, and expression 
heatmaps were presented for four CRGs in the validation set 
(Fig. 3a). Similarly, principal component analysis (PCA) anal-
ysis showed that the distribution of patients in different risk 
groups were two-fold (Fig. 3b). Likewise, the high-risk group 
of patients died earlier and had a worse OS rate (P = 0.022, 
hazard ratio (HR) (95% confidence interval (CI)) = 2.02 (1.11 - 
3.67)) compared to patients with low-risk score (Fig. 3c). ROC 
curve for predicting OS based on risk score shows an area un-
der the curve (AUC) of 0.659 at 1 year, and 0.692 at 3 years 
(Fig. 3d). Furthermore, Cox regression analysis indicated that 
risk score could be an independent risk factor for OS as well 
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as univariate and multivariate analysis (Fig. 3e, f). Moreover, 
HCC tissues expressed higher levels of all four CRGs (Sup-
plementary Figure 2A, www.wjon.org) and those with higher 
CDKN2A or DLAT levels had a poorer OS in the ICGC cohort 
(Supplementary Figure 2B-E, www.wjon.org).

Identification of CRGs-associated biological pathways

To further explore the underlying biological features impli-
cated with CRGs-based prognostic signature, GO, KEGG and 
GSEA functional enrichment analysis were conducted based 
on DEGs identified between high- and low-risk groups in 
both the TCGA and ICGC cohorts. As shown in Figure 4a, 
e, a total of 331 genes were up-regulated and 453 genes were 
down-regulated in the group with high-risk score compared to 
the group with low-risk score in the TCGA cohort, while 203 
genes were up-regulated and 76 genes were down-regulated in 
the ICGC cohort (|log2 FC| > 1.5, adj. P < 0.05). There were 
several significant enrichments of metabolic GO terms in the 
TCGA cohort, including monocarboxylic acid metabolic pro-
cesses, steroid metabolic process, organic acid biosynthetic 
process, carboxylic acid biosynthetic process and steroid cata-
bolic process, which were associated with tricarboxylic acid 
(TCA) cycle in cell metabolism (Supplementary Figure 3A, 
www.wjon.org). In line with expectations, those DEGs were 
involved in pathways well characterized as HCC drivers, in-
cluding xenobiotic metabolism by cytochrome P450, chemical 

carcinogenesis, retinol metabolism, etc. (Fig. 4b). GSEA dem-
onstrated that the biological processes of cell cycle, extracellular 
matrix (ECM)-receptor interaction, leishmaniasis, microRNAs in 
cancer and rheumatoid arthritis were significantly enriched (Fig. 
4c), while chemical carcinogenesis-DNA adducts, complement 
and coagulation cascades, drug metabolism-cytochrome P450, 
glycine, serine and threonine metabolism and metabolism of xe-
nobiotics by cytochrome P450 were down-regulated in high-risk 
score group (Fig. 4d). Likewise, in the ICGC cohort, neuroactive 
ligand-receptor interaction, tyrosine metabolism, microRNAs in 
cancer were significantly enriched in GO and KEGG terms (Fig. 
4f, Supplementary Figure 3B, www.wjon.org). GESA results 
showed a same trend in cell cycle, chemical carcinogenesis-DNA 
adducts, complement and coagulation cascades, glycine, serine 
and threonine metabolism and metabolism of xenobiotics by cy-
tochrome P450 in the ICGC cohort (Fig. 4g, h).

Relevance between the four CRGs signature and immune 
microenvironment

By using the “CIBERSORT” R package, we constructed 22 im-
mune infiltrate profiles in HCC to test the relationship between 
our signature and immune microenvironment. The results re-
vealed that increased M0 macrophage and decreased CD8+ T 
cells infiltration were associated with high-risk scores (Fig. 5a, 
Supplementary Figure 4A, B, www.wjon.org). Further ssGSEA 
analysis revealed that DLAT, CDKN2A, LIPT1 and GLS were 

Figure 1. Construction of the cuproptosis-related prognostic signature in the TCGA cohort. (a) The forest plot of univariate Cox 
regression between OS and 10 CRGs of HCC patients in the TCGA cohort. (b) LASSO coefficient profiles of the CRGs in the 
TCGA cohort. (c) Cross-validation for λ parameter selection in the LASSO model.
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positively correlated with several CD4+ T cell subsets, such as 
T helper cells, Th2 cells, and were negatively correlated with 
CD8+ cytotoxic cells, DC and pDC in the high-risk group (Fig. 
5b-e). Based on the above results, HCC patients with high-risk 
scores may display an immune suppressive microenvironment. 
Furthermore, we found that the four CRGs were correlated with 
the expression of most immune checkpoint-related genes (Fig. 
5f). Interestingly, DLAT had the strongest positive correlation 
with CD274 (PD-L1), while GLS had positive correlation with 
VISTA and TIM3 in the TCGA cohort (Fig. 5f). To further con-
firm the correlation, we assessed the expression of DLAT and 
PD-L1 in HCC tissues. The results of IHC staining showed that 
patients with higher expression of DLAT in HCC were accom-
panied by higher expression of PD-L1 (Fig. 5g, h, Supplemen-
tary Figure 4C, www.wjon.org).

DLAT was highly expressed and associated with poor 
prognosis in HCC specimens

Since DLAT was highly expressed in HCCs and correlated 
with poor prognosis of patients in both the TCGA and ICGC 

cohorts (Supplementary Figures 1A, 1C, 2A, 2C, www.wjon.
org), we firstly investigated the mRNA expression of DLAT 
in 36 paired HCC and paratumor tissues. The expression of 
DLAT mRNA was significantly higher in HCC tissues than 
that in paired paratumor tissues, as shown in Figure 6a. Moreo-
ver, immunohistochemical staining further confirmed the in-
creased expression of DLAT in HCC samples in a large co-
hort comprising 120 patients (cohort 1), in which 66.67% of 
patients exhibited increased DLAT expression in HCC tissues 
compared with paired paratumor tissues (Fig. 6b, c). Subse-
quently, patients in cohort 1 were divided into high and low 
groups based on the median expression of DLAT to determine 
its prognostic value. As shown in Supplementary Table 1 
(www.wjon.org), the expression of DLAT was correlated with 
several baseline characteristics including portal vein tumor 
thrombus (PVTT), Barcelona Clinic Liver Cancer (BCLC) 
stage and tumor, node, metastasis (TNM) stage. Univariate 
analysis showed that alpha fetoprotein (AFP), satellite, mac-
roscopic vascular invasion (MVI), PVTT, single or multiple, 
TNM stage, Child-Pugh and DLAT were correlated with pa-
tient’s OS and DFS (Supplementary Tables 2 and 3, www.
wjon.org). Based on multivariate Cox regression, high DLAT 

Figure 2. Prognosis analysis of the CRGs signature in the TCGA cohort. (a) Risk scores based on CRGs prognostic signatures 
(above), survival of HCC patients with high- or low-risk scores (middle), and expression of four CRGs that constitute the prognos-
tic signature in the TCGA cohort (below). (b) PCA analysis of high- and low-risk scores in the TCGA cohort. (c) Kaplan-Meier plot 
of OS between high- and low-risk score groups in the TCGA cohort. (d) Time-dependent ROC curves for the prognostic perfor-
mance of the CRGs signature in the TCGA cohort. (e, f) Univariate (e) and multivariate (f) Cox regression analyses regarding OS 
evaluated the prognostic value of the CRGs signature and other factors in the TCGA cohort. HR: hazard ratio.
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is independently associated with poor OS and RFS (Supple-
mentary Tables 2 and 3, www.wjon.org). Kaplan-Meier sur-
vival analysis showed that patients with high expression of 
DLAT exhibited worse OS and RFS compared to patients with 
low expression of DLAT (Fig. 6d, e). Based on these findings, 
DLAT was significantly up-regulated in clinical HCC tissues 
and associated with poor outcome of patients.

Discussion

Unlike apoptosis, ferroptosis and necroptosis, cuproptosis is 
a new form of regulated cell death. Through direct binding of 
copper to lipoylated components of the TCA cycle, cuproptosis 
results in lipoylated protein aggregation and loss of iron-sulfur 
cluster proteins, leading to proteotoxic stress and ultimately cell 
death [12]. In the present study, we firstly explored the prognos-
tic value of 10 CRGs in HCC and constructed a four CRGs sig-
nature by LASSO (Risk score = 0.520 × LIPT1 + 0.354 × DLAT 
+ 0.084 × GLS + 0.196 × CDKN2A) using transcriptome data 
from TCGA database following validation in the ICGC database 
(Figs. 1-3). Moreover, functional analysis revealed cancer-relat-
ed pathways, such as cell cycle, chemical carcinogenesis-DNA 

adducts, complement and coagulation cascades, glycine, serine 
and threonine metabolism and metabolism of xenobiotics by cy-
tochrome P450 were enriched in both TCGA and ICGC cohort, 
which shows that our grouping has certain rationality and feasi-
bility (Fig. 4). We further recruited a cohort of HCC patients and 
validated the expression and prognosis of DLAT. Immunohisto-
chemical staining revealed that high DLAT was correlated with 
worse prognosis and higher expression level of PD-L1 in HCC 
patients (Figs. 5 and 6). According to our best knowledge, this is 
the first report about DLAT in HCC.

In tissues and serum of patients with cancers, such as lung 
cancer, breast cancer, gastric cancer, thyroid cancer, bladder 
cancer, oral cancer and prostate cancer, copper concentration 
is found higher than those in the healthy people [15-22]. In-
creasing evidences suggest that cuproptosis, a type of proteo-
toxic stress and non-apoptotic cell death induced by copper, is 
considered to regulate most steps of carcinogenesis and cancer 
progression, such as cell proliferation, cell death, tumor mi-
croenvironment, tumor cell spreading and drug resistance [23]. 
In the hepatocytes, overloading of copper disrupts the balance 
of lipid metabolism and the normal cell proliferation [24]. In 
HCC, Jin et al identified a cuproptosis-related miRNA signa-
ture for prognosis of HCC patients by silico technologies [25]. 

Figure 3. Validation of the CRGs signature in the ICGC cohort. (a) Risk scores based on CRGs prognostic signatures (above), 
survival of HCC patients with high- or low-risk scores (middle), and expression of four CRGs that constitute the prognostic sig-
nature in the ICGC cohort (below). (b) PCA analysis of high- and low-risk scores in the ICGC cohort. (c) Kaplan-Meier plot of OS 
between high- and low-risk score groups in the ICGC cohort. (d) Time-dependent ROC curves for the prognostic performance of 
the CRGs signature in the ICGC cohort. (e, f) Univariate (e) and multivariate (f) Cox regression analyses regarding OS evaluated 
the prognostic value of the CRGs signature and other factors in the ICGC cohort. HR: hazard ratio.
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Zhang et al reported that a cuproptosis-related lncRNA sig-
nature can predict HCC patient prognosis and responsiveness 
to immune checkpoint blockade therapy, such as AC099329.2, 
AC138904.1, GIHCG and DNMBP-AS1 [26]. Subsequently, 
several researchers also constructed another set of cuprop-
tosis-related lncRNA signature prognosis model for HCC 
patients, including MIR210HG, AC099850.3, AL031985.3, 

AC012073.1, MKLN1-AS, KDM4A-AS1, LINC01515, 
HCG15, MKLN1-AS, AL122035.1, and so on [27-29]. These 
findings indicated that cuproptosis-related noncoding RNAs 
might be involved in HCC via bioinformatics tools. However, 
the direct association between cuproptosis and HCC remains 
largely unknown. In this study, we constructed a CRGs signa-
ture model for predicting HCC patients’ prognosis.

Figure 4. Functional annotations of the CRGs prognostic signature. (a) DEGs volcano plots between high- and low-risk score 
groups in the TCGA cohort. Each red dot indicates an up-regulated gene, and each blue dot indicates a down-regulated gene 
(Fold change > 1.5, adj. P < 0.05). (b) Circle plot showed the enriched KEGG pathways of DEGs between high- and low-risk 
score groups in the TCGA cohort. (c, d) GSEA analysis of DEGs in the TCGA cohort. Hallmarks that significantly enriched in the 
high (c) and low (d) risk score groups were shown. (e) DEGs volcano plots between high- and low-risk score groups in the ICGC 
cohort. Each red dot indicates an up-regulated gene, and each blue dot indicates a down-regulated gene (Fold change > 1.5, 
adj. P < 0.05). (f) Circle plot showed the enriched KEGG pathways for the DEGs between high- and low-risk score groups in the 
ICGC cohort. (g, h) GSEA analysis of DEGs in the ICGC cohort. Hallmarks that significantly enriched in the high (g) and low (h) 
risk score groups were shown.
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CDKN2A, GLS, LIPT1 and DLAT were included in the 
four CRGs prognostic model of HCC in this study. CDKN2A, 
which encodes a cell cycle-related CDK, P16, contributes to a 
series of cellular functions, including cell proliferation, apopto-
sis, angiogenesis and chemotherapy resistance of cancer [30]. 

Several studies have shown that CDKN2A is linked to poor 
prognosis of gliomas [31], head and neck cancers [32], and 
pancreatic ductal carcinomas [33]. Similarly, another report 
has discussed the correlation between CDKN2A and immune 
infiltration of HCC [34]. The GLS enzyme, also called GLS1, 

Figure 5. Relevance between four CRGs signature and the immune microenvironment. (a) Compare of 22 immune infiltrates 
between high -and low-risk score HCC samples. Wilcoxon rank sum test was used for the significance test (*P < 0.05, **P < 0.01, 
***P < 0.001). (b-e) Lollipop chart showed the correlation of four CRGs with tumor infiltration cells (TICs) proportion in HCC. (f) 
The correlation between four CRGs and immune checkpoint related genes. (g) Representative image of IHC staining of DLAT 
and PD-L1 in HCC and paratumor normal tissues. Up: DLAT high, PD-L1 positive. Down: DLAT low, PD-L1 negative. Scale bar 
= 100 µm. (h) The correlation between DLAT and PD-L1 expression in 58 HCC patients.
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catalyzes glutamine into glutamate and plays a key role in can-
cer cell metabolism, growth, proliferation, and treatment [35]. 
HCC patients with high GLS1 expression had longer survival 
time, indicating that GLS1 is an independent indicator [36]. 
It has been found that GLS1 enhances proliferation in HCC 
cells by activating AKT/GSK3β/CyclinD1 signaling [37], 
which may be reversed by NF-κB/p65 or miRNA-192/204 
[38, 39]. Moreover, in HCC cell lines, targeting GLS1 inhib-
ited stemness-related genes, and reduced CSC properties via 
ROS/Wnt/β-catenin signaling [40]. The lipoyltransferase 1, 
encoded by LIPT1, transfers lipoic acid from the H-protein of 
the glycine cleavage system to the E2 subunits of 2-ketoacid 
dehydrogenases [41]. It has been demonstrated that LIPT1 de-
ficiency suppresses TCA cycle metabolism [42] and is associ-
ated with lipoylation defects and pulmonary hypertension [43]. 
Overexpression of LIPT1 in bladder cancer cell lines could, to 
some extent, weaken cell migration, whereas it has no influ-
ence on cell proliferation [44]. A study by Lv et al found that 
LIPT1 expression was decreased in melanoma and positively 
associated with PD-L1 expression, while negatively associated 
with Treg infiltration in immune microenvironment [13]. It is 
therefore possible that LIPT1 could be a good indicator of re-
covery for patients who receive immunotherapy for melanoma 
[13]. As part of the pyruvate dehydrogenase (PDH) complex, 
DLAT plays an important role in glucose metabolism and TCA 
cycle [12]. The study by Goh et al found that DLAT was up-
regulated in gastric cancer cells, and that knockdown of DLAT 

with siRNA led to increased pyruvate levels [45]. However, 
the relevance and function of DLAT in cancers, such as HCC, 
is ambiguous. According to the constructed four CRGs prog-
nostic model, we found that patients with high CRGs risk score 
showed reduced infiltration of CD8+ T cells, increased mac-
rophages in the HCC tissues, and decreased OS.

We also explored the potential biological processes and 
signaling that implicated in the CRGs-based prognostic signa-
ture. Results showed that patients with high CRGs risk score 
exhibited decreased bile acid metabolism, decreased fatty acid 
metabolism, decreased adipogenesis, and favored glycolysis 
rather than oxidative phosphorylation. Inhibition of fatty acid 
synthesis impairs hepatocarcinogenesis in mice model and hu-
man cell lines [46, 47]. Farnesoid X receptor (FXR) is a major 
regulator involved in the control of bile acid synthesis. Abla-
tion of FXR dramatically increases enterohepatic bile acid lev-
els in disease progression from NAFLD to HCC [48], and FXR 
acts as a suppressor of HCC in mice model [49]. Many tumors 
used aerobic glycolysis to generate ATP even in the presence 
of oxygen to oxidate glucose into pyruvate [50]. Collectively, 
our data suggested that CRGs might participate in metabolism 
remodeling that facilitated liver cancer progression.

Finally, we confirmed that DLAT was higher in HCC than 
paratumor tissues and was correlated with unfavorable prognosis 
by immunohistochemistry in a 120 specimens tissue array. More-
over, DLAT could serve as an independent risk prognostic factor 
for OS and RFS of HCC patients. A negative correlation was also 

Figure 6. DLAT was highly expressed and associated with poor prognosis in HCC specimens. (a) mRNA expression of DLAT 
in 36 pairs of HCC and paratumor normal tissues were determined by real-time PCR. (b) Representative IHC staining of DLAT 
expression in cohort 1. Scale bar = 100 µm. (c) DLAT was up-regulated in the majority of HCC patients (66.67%). (d, e) OS (d) 
and RFS (e) of HCC patients after surgery were compared between the “high DLAT” and “low DLAT” groups using Kaplan-Meier 
analysis.
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found between DLAT expression and CD8+ T cells, while a posi-
tive correlation was found with macrophages (Fig. 5b). Interest-
ingly, previous findings showed that DLAT mediated metabolic 
changes impaired the activation of CD8+ T cells in multiple scle-
rosis [51], and DLAT was indispensable for mycobacterium to de-
fense against macrophages [52]. The presence of DLAT was also 
correlated with the expression of PD-L1 (Fig. 5g, h), demonstrat-
ing its crucial role in the immune response against liver cancer.

In summary, we identified a novel prognostic model con-
sisting of four CRGs that was independently associated with 
OS in TCGA and ICGC cohorts, providing insight into HCC 
prognosis prediction. In addition, DLAT was further confirmed 
to be up-regulated and correlated with poor survival of HCC 
patients in a clinical HCC cohort. However, this study also had 
some shortcomings. The first limitation is that we did not ex-
plore the detailed function of the four CRGs in HCC. Further-
more, it is unclear how CRGs, especially DLAT, interact with 
anti-tumor immunity in HCC. Cohort with HCC patients re-
ceiving PD-1/PD-L1 mAbs is therefore required to investigate 
the role of DLAT in immunotherapy of HCC in future.

Supplementary Material

Suppl Figure 1. (A) The relative mRNA expression of 4 CRGs 
(LIPT1, DLAT, CDKN2A and GLS) in HCC and normal liver 
tissues in the TCGA cohort. (B) Overall survival of HCC pa-
tients was compared between the ‘‘LIPT1 high’’ and “LIPT1 
low” groups using Kaplan-Meier analysis in the TCGA cohort. 
(C) Overall survival of HCC patients was compared between 
the ‘‘DLAT high’’ and “DLAT low” groups using Kaplan-
Meier analysis in the TCGA cohort. (D) Overall survival of 
HCC patients was compared between the ‘‘CDKN2A high’’ 
and “CDKN2A low” groups using Kaplan-Meier analysis in 
the TCGA cohort. (E) Overall survival of HCC patients was 
compared between the ‘‘GLS high’’ and “GLS low” groups 
using Kaplan-Meier analysis in the TCGA cohort.
Suppl Figure 2. (A) The relative mRNA expression of 4 
CRGs (LIPT1, DLAT, CDKN2A and GLS) in HCC and nor-
mal liver tissues in the ICGC cohort. (B) Overall survival of 
HCC patients was compared between the ‘‘LIPT1 high’’ and 
“LIPT1 low” groups using Kaplan-Meier analysis in the ICGC 
cohort. (C) Overall survival of HCC patients was compared 
between the ‘‘DLAT high’’ and “DLAT low” groups using Ka-
plan-Meier analysis in the ICGC cohort. (D) Overall survival 
of HCC patients was compared between the ‘‘CDKN2A high’’ 
and “CDKN2A low” groups using Kaplan-Meier analysis in 
the ICGC cohort. (E) Overall survival of HCC patients was 
compared between the ‘‘GLS high’’ and “GLS low” groups 
using Kaplan-Meier analysis in the ICGC cohort.
Suppl Figure 3. (A, B) The most significant GO enrichment 
in the TCGA cohort. BP: biological process; CC: cellular com-
ponent; MF: molecular function. The most significant GO 
enrichment in the ICGC cohort. BP: biological process; CC: 
cellular component; MF: molecular function.
Suppl Figure 4. Scatter plot showed the correlation of M0 
macrophages (A) and CD8 T cells (B) in HCC with risk score. 
(C) Whole-section scanning for PD-L1 by immunohistochemi-

cal staining of HCC tissue microarray. The positive or negative 
staining in tumors were recorded. T: tumor, N: normal.
Suppl Table 1. Baseline Characteristics of Patients in Cohort 1.
Suppl Table 2. Univariate and Multivariate Analysis of OS of 
Patients in Cohort 1.
Suppl Table 3. Univariate and Multivariate Analysis of DFS 
of Patients in Cohort 1.
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