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Background: Cuproptosis is a newly discovered form of programmed cell death,
which is characterized by accumulation of intra-cellular copper ion leading to the
aggregation of lipoproteins and destabilization of Fe-S cluster proteins in
mitochondrial metabolism, thereby affecting the prognosis of patients with
cancer. However, the role of cuproptosis-related genes (CRGs) in hepatocellular
carcinoma (HCC) remains elusive.

Methods: Mutation signature, copy number variation and the expression of 10 CRGs
were assessed in HCC from TCGA-LIHC dataset. ICGC-LIRI-JP dataset was used as
further validation cohort. The least absolute shrinkageand selectionoperator (LASSO)was
used to construct the prognostic model. Kaplan Meier curves, time-ROC curves,
nomogram, univariate and multivariate Cox regression were utilized to evaluate the
predictive efficacy of CRGs-score. Immune infiltration was analyzed by CIBERSOFT,
ssGSEA algorithm, andTIMERdatabase. The expressionof prognosticCRGswas validated
by qPCRboth in-vitro and in-vivo. Drug sensitivity analysiswas performedby pRRophetic.

Results: All of the CRGs were differentially expressed in HCC and 5 out of them
(CDKN2A, DLAT, GLS, LIPT1, MTF1) correlated with patient survival. These signature
genes were selected by LASSO analysis to establish a prognosis model to stratify HCC
patients into high and low CRGs-score subgroups. High CRGs-score was associated
with a worse prognosis. Subsequently, univariate and multivariate Cox regression
verified that CRGs-score was an independent cancer risk factor that correlated with
clinical factors including stage and grade. Nomogram integrating the CRGs-score and
clinical risk factors performed well to predict patient survival. Immune infiltration
analysis further revealed that the expression of immune checkpoint genes was
significantly enhanced in high CRGs-score group, especially PD-1 and PD-L1. An
independent validation cohort (ICGC) confirmed that CRGs-score as a stable and
universally applicable indicator in predicting HCC patient survival. Concordantly, the
expression of five confirmed signature genes were also differentially expressed in
human HCC cell lines and mouse HCC model. In addition, we also analyzed the
sensitivity of 10 clinical targeted therapies between high and low CRGs-score groups.

Conclusion: This study elucidated the role of dysregulated CRGs in HCC cohort, with
validation with in-vitro and in-vivo models. The CRGs-score might be applied as a
novel prognostic factor in HCC.
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1 Introduction

Hepatocellular carcinoma (HCC) is the most prevalent primary
liver cancer and is the fourth leading cause of cancer-related death
worldwide (Kim and Viatour, 2020). HCC is asymptomatic in its early
stage, and consequently most HCC patients were diagnosed at
advanced stage with limited therapeutic options (Ferrante et al.,
2020). Better understanding of HCC may contribute to the
development of efficient therapies. Extensive studies have
investigated the complex genomic landscape of HCC and
demonstrated the correlation between mutated pathways and
patient prognosis (Kim and Viatour, 2020; Takeda et al., 2022).
Systemic therapies targeting these mutations have been developed,
such as Sorafenib, Lenvatinib, bevacizumab, etc. However, the
prognosis of advanced HCC remains poor (Shah et al., 2017;
European Association for the Study of the Liver, 2018; Heimbach
et al., 2018). There is an urgent need to explore more novel and
efficient targets.

Copper (Cu) is essential trace element that plays pivotal role in
enzymatic activity for all organisms (Kim et al., 2008). Genetic
variation in copper homeostasis leads to severe disease (Ge et al.,
2022). Normally, the concentration of copper in cells are controlled at
low levels by active homeostatic mechanisms, which reduces
cytotoxicity caused by accumulation of high level of free
intracellular copper to cells (Kim et al., 2008; Ge et al., 2022).

Interestingly, accumulating studies showed that the copper levels in
both serum and tumor tissue are elevated in a variety of cancers,
including lung cancer, breast cancer, cervical cancer, ovarian cancer,
prostate cancer, gastric cancer, colorectal cancer, hematological
malignancies, etc (Gupte and Mumper, 2009; Kaiafa et al., 2012;
Zhang and Yang, 2018). In the past recent years, the role of copper
in cancers have been extensively explored. It has been reported that
copper plays a crucial role in cancer development and progression. As a
co-factor for cytochrome C oxidase and lysyl oxidase (LOX) proteins,
copper regulates energy production to sustain cancer cell proliferation,
invasion and metastasis (Ge et al., 2022). LOX proteins shape the pre-
metastatic niches by recruiting myeloid cells to the metastatic sites to
form the immunosuppressive and growth-favorable microenvironment
for metastasis (Ge et al., 2022). In addition, high levels of copper in
cancer cells activate ULK1 and two kinases that regulate autophagy
pathway, which enables cancer cells to resist cell death. Copper can also
promote angiogenesis in tumor for the transport of nutrients and
metabolic wastes (Ge et al., 2022). These studies indicate that copper
homeostasis is a potential target for cancer treatment. Therefore, both
copper ionophores (e.g. disulfiram, dithiocarbamates, elesclomol, etc.)
and copper chelators (e.g. trientine, tetrathiomolybdate, etc.) have been
suggested as cancer therapies (Tisato et al., 2010; Oliveri, 2022). These
two types of compounds act in different way. The chelators mainly
disrupt the pathways that contribute to cancer progression, while
ionophores induce toxic levels of copper ion into the cell that initiate
copper-induced cell death. This novel form of cell death is recently
reported by Tsvetkov et al. in Science and termed as “cuproptosis”
(Tsvetkov et al., 2022). Similarly, other types of cell death, namely,
apoptosis, ferroptosis, necroptosis, and pyroptosis have been discovered
and the mechanisms have been well explored. However, mechanisms of
cuproptosis remain largely unknown. Tsvetkov et al. reported that
cuproptosis is regulated by protein lipoylation involved in the
tricarboxylic acid (TCA) cycle. Given that lipoylated enzymes are
increased in respiring and TCA-cycle active cells, it leads to

lipoylated protein aggregation, depletion of Fe-S cluster–containing
proteins, and induction of HSP70, which results in acute proteotoxic
stress. In this process, ferredoxin 1 (FDX1) is found to be the core
mediator of protein lipoylation, and lipoic acid genes are important
regulators of cuproptosis (Tsvetkov et al., 2022).

In breast cancer, copper depletion by chelator could reduce
metastasis in mouse and human triple negative breast cancer
(TNBC) cell lines. Mechanistically, copper chelator decreased oxygen
consumption and oxidative phosphorylation, leading to a metabolic
switch to glycolysis and reduction of ATP production in TNBC cells
(Cui et al., 2021). In addition, multiple studies have identified the key
genes involved in cuproptosis in various cancers, which may better
predict prognosis of cancer patients and contribute to the development
of therapeutic strategies (Bian et al., 2022; Xu et al., 2022).

Given the novel and critical role of cuproptosis in caners, in this
study, we aimed to systematically investigate the molecular functions
and clinical relevance of cuproptosis-related genes (CRGs) in HCC.
We analyzed the data of 368 HCC patients from TCGA database and
240 HCC patients from ICGC database and showed the mutation
landscape, expression, functional enrichment analysis of CRGs.
Notably, five CRGs were identified and associated with HCC
patient survival and prognosis. The prognostic CRGs scoring
model based on these genes well predicted patient survival, which
was also validated by external HCC patient cohort. The expression of
these genes was validated in vitro and in vivo HCC models. In
addition, immune cell landscape and drug sensitivity were also
analyzed. Collectively, our study comprehensively analyzed the role
of CRGs in different aspects of HCC and highlights the importance of
CRGs in HCC development, which provide the knowledge for the
therapeutic application of cuproptosis related signature in HCC.

2 Methods

2.1 Datasets and preprocessing

The RNA-sequencing data (FPKM value) of 374 HCC patients and
the corresponding clinical information were downloaded from The
Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/,
accessed in July 2022). The mRNA expression data and clinical
information of ICGC-LIRI-JP dataset were downloaded from
International Cancer Genomics Consortium (ICGC) website. Patients
without survival information were excluded for further analysis. A total
of 368 HCC patients and 50 adjunct non-tumor samples in TCGA and
240 HCC patients in ICGC were involved in the present study. The
clinical information of HCC samples was listed in Supplementary Table
S1. For data normalization, the values of FPKMdata in two cohorts were
transformed into transcripts per million kilobase (TPM) values.
Furthermore, somatic mutations data and copy number variation
(CNV) data were also obtained from TCGA database. This study
was based on public databases, the approval of the local ethics
committee was not required. Data analysis was performed with the
R (version 4.2.1), R-studio and Bioconductor packages.

2.2 Cell culture

Human normal liver cells (LO2) and Hepatocellular Carcinoma
cells (Huh7 and MHCC97H) were purchased from Shanghai Cell
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Bank of Chinese Academy of Sciences (China), which were
maintained in DMEM plus 10% FBS (Gibco, United states) and 1%
penicillin-streptomycin. All these cell lines were incubated at 37 °C
under the condition of 5% CO2.

2.3 Hydrodynamic injection of AKT/NRAS
plasmid to induce mouse spontaneous HCC

Male C57BL/6 mice of 4-week-old were separated into control and
HCC group. For HCC group, 20 μg pT3-EF1a-HA-myr-AKT
(Addgene), 20 μg pT/Caggs-NRASV12 (Addgene) along with
2.85 μg SB transposase plasmid (Addgene) were diluted in 2.0 mL
saline, and then injected into mice by tail vein injection. For control
group, equal volume of saline was injected into mice by tail vein
injection. All mice were sacrificed to collect liver and tumor tissue
4–6 weeks later.

2.4 Identification of cuproptosis-related gene

A total of 10 Cuproptosis-Related Genes (CRGs) were obtained
from prior papers (Tsvetkov et al., 2022) and listed in Supplementary
Table S2. The differential expression of CRGs between HCC and
normal liver tissues were identified using the “limma” package (Ritchie
et al., 2015).

2.5 Mutation analysis of CRGs

The mutation frequency and waterfall plot of 10 CRGs in HCC
patients were generated by the “maftools” package (Mayakonda et al.,
2018). The location of 10 CRGs on 23 chromosomes was drawn by the
“circlize” package (Gu et al., 2014). The CNV values were set by .3 as a
threshold. The Cleveland dot plot was visualized the frequency of
CNV by the “ggpubr” package.

FIGURE 1
Landscape of genetic alterations of CRGs in HCC. (A) The landscape of mutation profiles of 364 HCC patients from TCGA-LIHC cohort. The upper
barplot represented the mutation burden. The right barplot showed mutation frequency individually. (B) The mutation summary plot of CRGs. The barplot
displayed the variant classification, variant types, SNV class, and top mutated CRGs. (C) The location of CNV alteration of 10 CRGs on 23 chromosomes. (D)
The CNV frequency of CRGs in TCGA cohort. The height of the column showed the proportions of gain or loss variations.
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2.6 Functional enrichment analysis

Gene Ontology (GO) of cuproptosis-related genes was analyzed
via “clusterProfiler” package (Yu et al., 2012). Similarly, we performed
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis by the
same package. We applied the Benjamini−Hochberg method for the
multiple correction, and terms with adjusted p < .05 were significantly
enriched. The results of GO and KEGG were shown in Supplementary
Tables S3,S4.

2.7 Univariate and multivariate cox regression
analysis

We performed the univariate and multivariate Cox regression
analysis for overall survival (OS) in HCC clinical data. p-values and
hazard ratio (HR) with 95% confidence interval (CI) were generated by
Cox proportional hazard regression. CRGs with a significant prognostic
value were selected for further analysis. The forest plot of each variables
was generated through the “forestplot” R package (Dettori et al., 2021).

FIGURE 2
Functional enrichment analysis of CRGs in HCC. (A) The top 20 enriched items of CRGs in gene ontology analysis in biological process. The size of circles
represented the number of genes enriched. (B) The top 10 enriched pathways of CRGs in KEGG database.
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2.8 The establishment of a CRGs scoring
model and prognostic analysis

We established a predictive scoring model using LASSO-Cox
analysis. CRGs-score = (coefficient A) * gene A+ (coefficient B) *
gene B+ . . .. . . + (coefficient N) * gene N. where coefficient N, gene N
represented the coefficient index, and the gene expression level,
respectively. Subsequently, we divided patients into the high-risk
score and low-risk score subgroups according to the median value
of CRGs-score, and the overall survival (OS), disease-free interval
(DFI), disease-specific survival (DSS), and progression-free interval
(PFI) were compared between the two subgroups via Kaplan-Meier
analysis. The predictive accuracy of this model was evaluated by
performing time-dependent receiver operating characteristic (ROC)
analysis (Kamarudin et al., 2017).

2.9 Nomogram construction

Independent prognostic variables were integrated to construct
the nomogram in predicting 1-, 3-, and 5-year overall survival time
with stepwise Cox regression analysis. The calibration curves of the
CRGs-score and other clinical indicators were estimated using
500 bootstrapping to determine bias-corrected estimates of
predicted versus actual values. The curves were plotted to
compare nomogram-predicted and observed 1-, 3-, and 5-year
survival time.

2.10 Tumor microenvironment cell infiltration
analysis

We performed the CIBERSORT algorithm to quantify the
proportion of immune cells between CRGs-score subgroups. We
calculated the normalized gene expression data by LM22 signature
and 500 permutations. Then we performed pathway enrichment
analysis by the “GSVA” package. We downloaded immune
associated signatures to carry out GSVA analysis. Moreover, we
examined seven important immune checkpoint molecules including
CTLA4, HAVCR2, LAG3, PD-L1, PD-1, PDCD1LG2, TIGIT between
two subtypes. The TIMER database (cistrome.shinyapps.io/timer) (Li
et al., 2017) was used to investigate the correlation between the
expression of CRGs and the abundance of six immune cells
(B Cells, CD8+ T-cell, CD4+ T-cell, macrophages, neutrophils, and
dendritic cells).

2.11 RNA extraction and quantitative real-
time PCR

Total RNA was extracted by Trizol reagent (Invitrogen, United
states) according to the manufacturer’s protocol. Then, the RNA was
reverse transcribed using PrimeScript RT reagent Kit with gDNA
Eraser (Takara, Japan). The cDNAs were subjected to SYBR Green dye
qPCR analysis. The primers used in real-time qPCR assays were listed
in Supplementary Table S5.

2.12 Drug sensitivity analysis

The “pRRophetic” package was used to analyze the drug sensitive
prediction based on the Genomics of Drug Sensitivity in Cancer
(GDSC) database. The half-maximal inhibitory concentrations
(IC50) of the samples were calculated by ridge regression algorithm
(Geeleher et al., 2014) and the difference of anticancer drug sensitivity
were compared between the high CRGs and low CRGs-score group.

2.13 Statistical analysis and cut-off value

The log-rank test and “ggsurvplot” package were utilized to
perform the survival analysis. The cut-off value was 2.309 which
was the median value of CRGs-score. The risk factors and drug
sensitivity analysis between the two groups were performed using
the Wilcox test. QPCR data of validation experiments was calculated
in GraphPad Prism eight software. The independent Student’s t-test

FIGURE 3
Determination the differentially expressed CRGs and prognostic
signatures in HCC. (A) The expression of 10 CRGs in HCC (n = 368) and
normal liver tissues (n = 50) in TCGA-LIHC cohort. Tumor was shown in
orange, while normal liver was shown in blue (t-test, *p < .05; **p <
.01; ***p < .001; ****p < .0001; ns, not statistically significant). (B)
Univariate Cox regression analysis of CRGs. The right boxplots
represented the Hazard ratio with 95% confidence interval, the p-value
was calculated by univariate cox regression.
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was applied to compare data between two subgroups. All p <
.05 represents statistical significance.

3 Result

3.1 Overview of genetic variation of
cuproptosis-related genes in HCC

The prevalence of Cuproptosis-Related Genes (CRGs) in HCCwas
determined focusing on somatic mutations and copy number
variations (CNVs). At the genetic level, mutation of CRGs was
observed in 18 of 364 (4.95%) HCC samples (Figure 1A). Among
different classification of mutations, we found that missense mutation
was most frequently observed. And single nucleotide polymorphism
(SNP) was the most prevalent variant type. C > T and C > Awere both
ranked as the top single nucleotide variants (SNV) class. Of these, we
also found that CDKN2A (3%), MTF1 (1%) and DLD (1%) showed
higher mutation frequencies than other genes (Figure 1B). In addition,
the location of CNV alterations of these 10 CRGs on chromosomes
were shown in Figure 1C. However, the CNV alterations were not
universally prevalent among these CRGs. Specifically, LIAS, GLS, and
DLD showed distinctive copy number amplification, while CDKN2A,
MTF1, DLAT, FDX1, and PDHB exhibited significant CNV deletion
(frequency >3%, Figure 1D), indicating that changes in CNVs of CRGs
may be important factors leading to abnormal gene expression.

3.2 Functional enrichment analysis of CRGs

To further clarify the function of CRGs, we further performed
enrichment analysis using GO and KEGG database. The 10 CRGs were
mainly involved in acetyl-CoA biosynthetic and metabolic process
from pyruvate, TCA cycle, thioester biosynthetic process, nucleoside
and ribonucleoside bisphosphate biosynthetic process, pyruvate
metabolic process, glucose metabolic process, lipoate metabolic
process, protein lipoylation, dicarboxylic acid metabolic process,
alpha-amino acid catabolic process, dihydrolipoamide metabolic
process, senescence-associated heterochromatin focus assembly,
cartilage homeostasis, positive regulation of macrophage apoptotic
process, protein succinylation in GO analysis (Figure 2A). KEGG
pathway analysis also suggested that these CRGs were mainly involved
in TCA cycle, glycolysis, pyruvate and carbon metabolism, lipoic acid
metabolism, central carbon metabolism in cancer, biosynthesis of
cofactors, glucagon signaling pathway, HIF-1 signaling pathway,
D-Amino acid metabolism (Figure 2B, data was shown in
Supplementary Tables S3,S4).

3.3 Determination of differentially expressed
and prognostic CRGs in HCC

Next, we explored the expression of the 10 CRGs in 368 HCC
samples (6 samples without clinical information were excluded for this
analysis) and normal liver tissue (50 samples) using the TCGA-LIHC
dataset. We showed that these 10 CRGs were differentially expressed
(either upregulated or downregulated) in HCC compared to normal
liver (Figure 3A). Specifically, the expression of CDKN2A, DLD,
DLAT, LIAS, GLS, LIPT1, MTF1, PDHA1, and PDHB was
upregulated, while the expression of FDX1 was significantly
downregulated in HCC. Moreover, we analyzed the prognostic
values of CRGs by univariate Cox regression analysis. A total of
five genes (CDKN2A, GLS, MTF1, DLAT, LIPT1) with a
significant p-value were identified (p < .05). These five genes were
associated with increased risk of HCC with HRs >1 and recognized as
prognostic CRGs (Figure 3B).

3.4 Development of the prognostic CRGs
scoring model

To establish a prognostic gene scoring model, LASSO-Cox
regression analysis was performed based on the above five
prognostic CRGs, and finally all these genes were selected
according to the minimum criteria (Figures 4A,B). CRGs-score was
calculated by CRGs and the corresponding coefficients (Table 1). Next,
we divided the HCC patients into low and high CRGs-score subgroups
with the median value of 2.309. The Kaplan-Meier (KM) curve
revealed that HCC patients with high CRGs-score had a worse
overall survival than those with low CRGs-score (median time =
41.8 vs. 81.7 months, p = .00018, HR = 1.94, Figure 4C). With the
CRGs-score increasing, the survival status of patients, and genes
expression pattern of these five genes are presented in Figure 4D.
The results showed that increased CRGs-score was accompanied by
decreased survival and increased risk of death. The expression of
CDKN2A, DLAT, and GLS was higher, while MTF1 was lower in high
CRGs-score compared to low CRGs-score (Figure 4D). Furthermore,
we applied a weighted CRGs-score incorporating all related genes to
estimate 1-, 3- and 5-year overall survival. The prediction accuracy
evaluated by AUCs was .72, .66, and .62 in the 1-year, 3-year and 5-
year ROC curves, respectively (Figure 4E).

3.5 The CRGs-Score indicated prognosis and
clinical features

Considering the importance of the CRGs-score in evaluating the
prognosis of HCC patients, we next investigated its applied value in
clinical diagnosis. Univariate and multivariate COX analysis revealed
that stage and CRGs-score were independent factors affecting HCC
patient’s prognosis (Figures 5A,B). We also constructed a nomogram
featuring age, gender, stage, grade and CRGs-score to predict the
survival rate of HCC patients at 1, 3, and 5 years (Figure 5C).
Intriguingly, the nomogram exhibited good predictive value with a
C-index of .67. The calibration of the 1-year, and 3-year overall
survival rates were relatively well compared with an ideal model in
the entire cohort (Figure 5D). In the KM curves, the disease-free
interval (DFI), disease-specific survival (DSS) and progression-free

TABLE 1 Cuproptosis-related signature genes and coefficients.

Gene Coefficient

CDKN2A .1335

DLAT .2969

GLS .0775

LIPT1 .2988

MTF1 −.1407
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interval (PFI) in the high CRGs-score group were all significantly
lower than those in the low CRGs-score group, with the HRs of 1.68,
1.97, and 1.77 respectively (Figures 6A–C). Moreover, patients with

advanced stage or higher grade had a higher CRGs-score significantly
(Figures 6D,E). These results indicate that the CRGs-score is an
excellent predictive prognostic trait.

FIGURE 4
Construction of a prognostic CRGs model. (A) The LASSO-COX model screened out prognostic CRGs and carried out 10-fold cross-validation. The λ
value was confirmed as .0014 where the optimal lambda resulted in five non-zero coefficients. (B) LASSO coefficient profiles of the five CRGs. (C) The survival
curves for the different CRGs-score subgroups with the cut-off value 2.309 among 368 HCC patients (Log-rank test, p = .00018, HR = 1.94). ThemeanOS for
the high and low CRGs-score group were 41.8 and 81.7 months, respectively. (D) The distribution of CRGs-score, survival status, and the expression of
five prognostic CRGs in HCC. (E) The time-dependent receiver operating characteristic (ROC) analysis of CRGs-score. The AUC values were .72, .66, .62 at
1 year, 3 years, and 5 years, respectively.
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3.6 Association between the CRGs prognostic
signatures and immune microenvironment

Next, we further assessed whether the CRGs signature affected
tumor immunity. Immune infiltration analysis was performed using
CIBERSOFT algorithm. We found that the proportion of CD8+ T-cell,
gamma delta T-cell, nature Killer cells, M1 macrophage and resting
Mast cells were relatively higher in low CRGs-score group, while the
proportion of follicular helper T-cell, regulatory T-cell,
M0 macrophage, and neutrophils cells were lower in low CRGs-
score group compared to high CRGs-score group (p < .05,
Figure 7A). Additionally, we also analyzed thirteen immune related
pathways between high and low CRGs-score subgroups by ssGSEA
method. The high CRGs-score group exhibited downregulation of
cytolytic activity, inflammation promoting, type Ⅰ and type Ⅱ IFN
response and upregulation of MHC class Ⅰ pathway (p < .05,
Figure 7B). We next compared the expression of seven immune
checkpoint genes between two groups and found that the
expression of immune checkpoint molecules including CTLA4,

HAVCR2 (also known as TIM-3), LAG3, PD-L1, PD-1,
PDCD1LG2 (PD-L2) and TIGIT. Interestingly, we found that
CTLA4, HAVCR2, PD-L1, PD-1 and TIGIT were significantly
higher in the high CRGs-score group, indicating that HCC in
cuproptosis status might be sensitive to immune checkpoint
blockade therapies (p < .05, Figure 7C). Moreover, we performed a
correlation analysis between CDKN2A, DLAT, GLS, LIPT1,
MTF1 and different immune cell types. Notably, the expression
level of CDKN2A, DLAT, GLS, LIPT1, and MTF1 were positively
associated with the immune infiltration level of B-cell, CD8+ T-cell,
CD4+ T-cell, Macrophage, Neutrophil, and Dendritic Cell (all p < .05,
Figures 8A–E).

3.7 Validation of the prognostic signature by
independent cohort

The CRG-score in the ICGC validation cohort (n = 240) was
calculated with the weighted formula derived from the training

FIGURE 5
The clinical features of the CRGs-score model. The forest plot for univariate Cox (A) and multivariate Cox regression (B) considering clinical indicators
and CRGs-score in HCC cohort. (C)Nomogram incorporating age, gender, stage, grade and CRGs-score was a predictor of 1-, 3-, and 5-year overall survival
probabilities in HCC patients. (D) Calibration curves of 1-, 3-, and 5-year of survival outcomes.
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cohort, and the HCC patients were also divided into low and high
CRGs-score subgroups with the cut-off value (2.309) consistent
with the training cohort. The OS of patients with high CRGs-
score was obviously decreased (p = .015, Figure 9A). The AUC
values of OS at 1, 3, and 5 years predicted by the CRGs-score were

.65, .68, and .68 respectively (Figure 9B). Consistently, in both
cohorts, high CRGs-score correlated with poor survival. The
expression of CDKN2A, DLAT, and GLS was increased, while
expression of MTF1 was decreased accompanied with raised
CRGs-score (Figure 9C).

FIGURE 6
The clinical application of CRGs-score. The KM curves of (A) DFI (B) DSS (C) PFI time between low and high CRGs-score subgroups in the TCGA cohort.
(D) CRGs-score between the early stage and the advanced stage subgroups. (E) CRGs-score between the low-grade and the high-grade subgroups.
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3.8 Validation of the expression of CRGs
signatures in HCC in-vitro and in-vivo

We further validated the expression of the five prognostic CRGs
(CDKN2A, DLAT, GLS, LIPT1, and MTF1, which constructed the
CRGs-score model) in HCC cell lines and mouse HCC model. We
analyzed the mRNA level of these five genes in the normal liver cell
(LO2) and twoHCC cells (Huh7,MHCC97H) by RT-qPCR. As shown
in Figure 10, the transcription of CDKN2A, DLAT, GLS, LIPT1, and
MTF1 were significantly enhanced in Huh7 and MHCC97H cells
compared to LO2 cells (Figures 10A–E). We also established
spontaneous HCC mouse model by hydrodynamic tail vein
delivery of the NRASV12 and myr-AKT in C57BL/6 mice
(Figure 11A). Mice injected with NRASV12 and myr-AKT
plasmids successfully developed HCC tumors and exhibited higher
liver/body ratio than normal group (Figure 11B). Additionally,
increased mRNA level of CDKN2A, DLAT, GLS, LIPT1, and
MTF1 in tumor were observed compared to normal group (Figures

11C–G). Furthermore, to investigate tumor immunity, we collected
the HCC and normal tissues and detected CD8 expression by
Immunohistochemistry (IHC) staining. Notably, CD8+T-cell were
significantly decreased in HCC compared to normal group (Figures
11H–J).

3.9 Drug sensitivity analysis between the
curpoptosis-related subtypes in HCC

Elesclomol is an anticancer drug that targets mitochondrial
metabolism and plays an important role in transportation copper
ions that has been shown to induce cuproptosis. Therefore, we tested
the sensitivity of Elesclomol between the low and high CRGs-score
subtypes in HCC patients. The elesclomol IC50 of lowCRGs-score was
significantly lower than high CRGs-score subtype, indicating
increased sensitivity (p = 4.5e-06, Figure 12A). To clarify the roles
of CRGs on sensitivity of chemotherapeutics and molecular targeted

FIGURE 7
The association between the CRGs and immunemicroenvironment in HCC. (A) The proportion of immune infiltrating cells between the low and the high
CRGs-score subgroups by CIBERSOFT analysis. (B) The enrichment score of thirteen immune pathways between the low and the high CRGs-score groups.
(C) The boxplots were utilized for visualizing the expression of seven immune checkpoint genes in the low and the high CRGs-score subgroups.
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drugs, we also revealed the sensitivity for nine commonly used drugs
in HCC between low and high CRGs-score subtypes. The results
showed that the IC50 of 5-Fluorouracil, Sunitinib, Gemcitabine, and
Bleomycin was lower in high CRGs-score subtype. However, the
IC50 of Temsirolimus, Pazopanib, Erlotinib, and Axitinib was
higher, compared to low CRGs-score subtype in HCC (Figures 12B–J).

4 Discussion

Characterized by biological invasiveness and potential metastasis,
HCC is still one of the most prevalent cancers leading to cancer-related
death. Moreover, the incidence and mortality of HCC are still arising.
Currently, the diagnosis and prognosis of HCC patients depend on
traditional indicators, such as Cancer of the Liver Italian Program
(CLIP) score, Tumor Node Metastasis (TNM) stage, Barcelona Clinic

Liver Cancer (BCLC) stage. A more personalized and better staging
system may contribute to the development of efficient diagnostic and
prognostic biomarkers, precision therapy, prediction of patient
prognosis and improved clinical outcome.

A recent study found that the unbalance of intracellular copper ion
accumulation triggered aggregation of mitochondrial lipoproteins,
leading to a unique type of cell death called cuproptosis (Tsvetkov
et al., 2022). Different from other forms of cell death, such as
autophagy, necroptosis, and pyroptosis, cuproptosis targeted
lipoylated TCA cycle proteins without triggering the caspase
3 activity. Copper acts as a catalytic cofactor for essential enzymes
involved in energy conversion, oxygen transport, and regulation of
oxidative metabolism in cell activities (Kim et al., 2008). Additionally,
Copper also promotes angiogenesis in tumor for the transport of
nutrients and metabolic wastes. Imbalance of copper metabolism
seriously affects normal metabolism of the liver, which leads to

FIGURE 8
Immune infiltration analysis of CRGs signatures. Correlation between (A) CDKN2A (B) DLAT (C) GLS (D) LIPT1, and (E) MTF1 expression and immune
infiltration in HCC from the TIMER database.
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cancer progression. When the intracellular copper is overloaded,
copper ions directly bind to the DLAT, promoting its lipoylation,
aggregation and loss of Fe-S cluster proteins, ultimately resulting in
cuproptosis. However, the association between cuproptosis related
genes and prognosis in HCC have yet been illustrated. In our study, we
first explored the genetic alteration of CRGs by mutation and CNV
analysis in HCC cohort. CDKN2A, as one of CRGs, was found with
highest mutation frequency and highly correlated with HCC
prognosis. Previous study reported that approximately 8% of HCC
patients harbored CDKN2A deletions, which was related to advanced
stage of HCC (Khemlina et al., 2017). In addition, MTF1, another
CRG with high mutation frequency, was reported to prompt HCC cell
proliferation and associated with poor prognosis (Yang et al., 2022).

We then explored the differentially expressed CRGs between HCC
and normal liver samples, and revealed that 9 CRGs (except FDX1)
were upregulated in HCC compared to normal liver. Subsequently, we
identified five significant prognostic genes by univariate cox
regression. These genes have been previously reported to play
pivotal roles in cancer development. CDKN2A, encoding the cyclin
inhibitor p16 protein, is a new marker of poor prognosis in patients
with HCC (Zhao et al., 2016), which is consistent with our study.
LIPT1 encodes fatty acyltransferase 1, which regulated lipoic acid (LA)
transport. LA is an important component of TCA cycle and mediated
mitochondrial metabolism in cancer cells (Bingham et al., 2014).
DLAT, LIPT1, and LIAS served as diagnostic biomarker in
pancreatic adenocarcinoma (Wang et al., 2022). Another study

FIGURE 9
An independent validation of the CRGs-score with the ICGC cohort. (A) The KM curves for overall survival of 240 HCC patients between low and high
CRGs-score subgroups (Log-rank test, p = .015, HR = 2.2). (B) The time-dependent ROC analysis of CRGs-score. The AUC values were .65, .68, .68 at 1 year,
3 years, and 5 years, respectively. (C) The increasing of CRGs-score, survival status, and heatmap of five prognostic CRGs in the ICGC cohort.
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revealed that zinc contributes to ovarian tumor metastasis by
promoting epithelial to mesenchymal (EMT) transition through a
MTF1 dependent pathway (Zhang et al., 2020). Therefore, knockout of
MTF1 inhibited EMT in ovarian cancer cells (Ji et al., 2018). We also
performed functional enrichment analysis by GO and KEGG. The
results indicated that these genes were enriched in the TCA cycle,
pyruvate metabolism, glycolysis, and HIF-1 signaling pathway, which
were found to be involved in the progression of HCC. YAP-induced
aerobic glycolysis, involved in HIF-1 signaling pathway, could
promote the tumorigenesis of HCC (Chen et al., 2018). HIF-1
signaling pathway-related hypoxia and hyperglycemia were
associated with stemness and EMT in hepatocarcinogenesis (Cui
et al., 2017; Zhang et al., 2018). TCA cycle and its enzyme
components mediated basal cell metabolism, thus affecting
proliferation and invasion in HCC. Disrupting pyruvate uptake,
which affected TCA cycle, might impair hepatocellular
tumorigenesis (Tompkins et al., 2019).

In recent years, studies have been reported the relationship
between programmed cell death-related phenotypes and HCC, and
established corresponding prognostic models (Li and Zeng, 2022; Lu
et al., 2022). However, the relationship between a newly found
programmed cell death form cuproptosis and HCC was unclear. In
this study, we newly developed a prognostic model based on five
prognostic CRGs (namely, CDKN2A, DLAT, GLS, LIPT1, andMTF1)
by performing LASSO-Cox regression, univariate andmultivariate cox
regression analysis. These genes were reported to correlate with HCC

prognosis (Bingham et al., 2014; Wang et al., 2022). Both in the
training and validation cohorts, this model stratified patients into low
and high CRGs-score subtype and had a good performance in
predicting the prognosis of HCC. Furthermore, we demonstrated
that CRGs-score, as an independent prognostic signature, was
associated with other clinical factors such as clinical stage and
grade. Patients with higher CRGs-score showed higher clinical
stage, grade, and worse outcomes. This model could also well
predict 1-year and 3-year survival as shown by nomogram.

Accumulating studies suggested that copper was essential to
maintain a regular immune response and affected tumor immunity
(Kakuda et al., 2020; Zheng et al., 2020). Cuproptosis promoted tumor
invasion, progression, and metastasis by impairing the anti-tumor
immune responses regulated by immune cells. In our study, the
immune infiltration analysis revealed that immune cells such as
CD8+ T-cell, gamma delta T-cell, nature killer cells, macrophage,
mast cells were decreased in the high CRGs-score group. Furthermore,
immunity pathway analysis showed that inflammation promoting
pathway was significantly enriched in low CRGs-score. Other
studies revealed that inflammatory response induced copper uptake
and imbalance copper concentration that promoted tumorigenesis
(Liao et al., 2020; Jiang et al., 2021). Previous studies reported that
lower cytolytic activity score had worse clinical outcome (Wakiyama
et al., 2018; Gao et al., 2020). Here, we found that low CRGs-score had
a higher score in cytolytic activity than high CRGs-score group,
indicating potential better outcome. In addition, the upregulation

FIGURE 10
Validation of the expression of the five prognostic CRGs in-vitro HCC cell lines model. (A–E) RT-qPCR was performed to detect the expression of
CDKN2A, DLAT, GLS, LIPT1 andMTF1 in normal liver cell (LO2) and HCC cells (Huh7 and MHCC97H) (Data are presented asmean ± SEM, t-test, *p < .05; **p <
.01; ***p < .001; ****p < .0001; ns: not statistically significant).
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of both type Ⅰ and type Ⅱ interferons (IFN) response, which was
involved in activating the antiviral innate immune response, was
observed in low CRGs-score group. Consistently, previous studies
showed that upregulation of type Ⅰ IFN promoted recruitment of NK
cell, and that upregulation of type Ⅱ IFN response promoted
polarization of macrophages to M1 phenotype (Lee and Ashkar,
2018; Wang et al., 2018). Additionally, we analyzed the immune
checkpoint genes expression between the high and low CRGs-score
groups. Notably, the expression level of PD-1 and PD-L1 were
significantly enhanced in high CRGs-score group. Recent studies

have found that intra-tumoral copper ion regulated PD-L1
expression, resulting in tumor-specific T-cell exhaustion and
immune evasion (Voli et al., 2020; Chen et al., 2021). Additionally,
Cu (Ⅱ) upregulated PD-L1 expression by enhancing GSK3β
phosphorylation and inhibiting PARP1 activity and ultimately
inhibited T-cell infiltration. The combination of DSF/Cu(Ⅱ) and
anti-PD-1 antibody showed an additive effect that slowed tumor
growth in mice. (Zhou et al., 2019). These results suggested that
HCC patients with low CRGs-score were probably associated with
anti-tumor immunity.

FIGURE 11
Validation of the expression of the five prognostic CRGs in vivo HCC mouse model. (A) HCC mouse model diagram: C57BL/6 J male mice were
hydrodynamic injected with normal saline or AKT/NRas/SB plasmids, respectively. (B) Representativemouse liver tissues of normal (left) and HCC (middle) and
liver/body ratio between two groups (right). (C–G) The mRNA expression of CDKN2A, DLAT, GLS, LIPT1 and MTF1 in normal and HCC liver. (H–I)
Immunohistochemistry (IHC) staining of CD8 between normal (H) and HCC (I) liver tissues. (J) The statistical analysis of CD8+ T-cell in filed between
normal and HCC group.
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Some studies have reported that the copper-related cell
metabolism was a potential therapeutic target for tumors (Oliveri,
2022). In this study, we predicted the response of 10 drugs in HCC.We
found that high CRGs-score subtype patients were more sensitive to 5-
Fluorouracil (thymidylate synthase inhibitor), Sunitinib (receptor
tyrosine kinase inhibitor), Gemcitabine, and Bleomycin than low
CRGs-score subtype patients.

In summary, this study systematically revealed the landscape of
molecular alterations and immune infiltration of cuproptosis-related
genes in HCC. We developed a CRGs-score prognostic model
including these five prognostic biomarkers (CDKN2A, DLAT, GLS,
LIPT1, and MTF1), which showed a good effectiveness in predicting
the survival outcome in HCC cohort. Furthermore, the higher CRGs-
score was correlated with advanced stage, higher grade, worse survival,
and immune deficiency. We also validated these results by cell line
model and mouse model. Finally, we analyzed the sensitivity of
10 drugs for pharmacological therapeutics related to cuproptosis.
Our scoring model may contribute to personalized therapy for
HCC patients.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee, Sun Yat-sen University.

Author contributions

YL and XZ designed the research study. YL and XZ performed the
research. YL and XZ analyzed the data. YL and XZ wrote the
manuscript. YL prepared Figures 1–6. XZ prepared 7–12. All
authors read and approved the final manuscript.

FIGURE 12
The IC50 of 10 commonly used chemotherapeutic drugs and targeted drugs in the low and high CRGs-score subtypes of HCC. (A–J) The IC50 of
Elesclomol, Sorafenib, Temsirolimus, 5-Fluorouracil, Sunitinib, Pazopanib, Gemcitabine, Erlotinib, Bleomycin, Axitinib between low and high CRGs-score
subgroups.

Frontiers in Pharmacology frontiersin.org15

Li and Zeng 10.3389/fphar.2022.1081952

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1081952


Funding

This research was funded by the “National Natural Science
Foundation of China, research fund for Young Scholar” (grant
code: 82000519 to YL 82003105 to XZ), the “Young Innovative
Talents Project of University of Guangdong Province” (grant code:
2021KQNCX058), “Guangzhou Basic and Applied Basic Research
Foundation” (grant code: 202201011266).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.1081952/
full#supplementary-material

References

Bian, Z., Fan, R., and Xie, L. (2022). A novel cuproptosis-related prognostic gene
signature and validation of differential expression in clear cell renal cell carcinoma. Genes
(Basel) 13, 851. doi:10.3390/genes13050851

Bingham, P. M., Stuart, S. D., and Zachar, Z. (2014). Lipoic acid and lipoic acid analogs
in cancer metabolism and chemotherapy. Expert Rev. Clin. Pharmacol. 7, 837–846. doi:10.
1586/17512433.2014.966816

Chen, J., Song, Y., Miao, F., Chen, G., Zhu, Y., Wu, N., et al. (2021). PDL1-positive
exosomes suppress antitumor immunity by inducing tumor-specific CD8(+) T cell
exhaustion during metastasis. Cancer Sci. 112, 3437–3454. doi:10.1111/cas.15033

Chen, R., Zhu, S., Fan, X. G., Wang, H., Lotze, M. T., Zeh, H. J., 3rd, et al. (2018). High
mobility group protein B1 controls liver cancer initiation through yes-associated protein
-dependent aerobic glycolysis. Hepatology 67, 1823–1841. doi:10.1002/hep.29663

Cui, C. P., Wong, C. C., Kai, A. K., Ho, D. W., Lau, E. Y., Tsui, Y. M., et al. (2017).
SENP1 promotes hypoxia-induced cancer stemness by HIF-1α deSUMOylation and
SENP1/HIF-1α positive feedback loop. Gut 66, 2149–2159. doi:10.1136/gutjnl-2016-
313264

Cui, L., Gouw, A. M., Lagory, E. L., Guo, S., Attarwala, N., Tang, Y., et al. (2021).
Mitochondrial copper depletion suppresses triple-negative breast cancer in mice. Nat.
Biotechnol. 39, 357–367. doi:10.1038/s41587-020-0707-9

Dettori, J. R., Norvell, D. C., and Chapman, J. R. (2021). Seeing the forest by looking at
the trees: How to interpret a meta-analysis forest plot. Glob. Spine J. 11, 614–616. doi:10.
1177/21925682211003889

European Association for the Study of the Liver (2018). EASL clinical practice
guidelines: Management of hepatocellular carcinoma. J. Hepatol. 69, 182–236. doi:10.
1016/j.jhep.2018.03.019(

Ferrante, N. D., Pillai, A., and Singal, A. G. (2020). Update on the diagnosis and
treatment of hepatocellular carcinoma. Gastroenterol. Hepatol. (N Y) 16, 506–516.

Gao, Z., Tao, Y., Lai, Y., Wang, Q., Li, Z., Peng, S., et al. (2020). Immune cytolytic activity
as an indicator of immune checkpoint inhibitors treatment for prostate cancer. Front.
Bioeng. Biotechnol. 8, 930. doi:10.3389/fbioe.2020.00930

Ge, E. J., Bush, A. I., Casini, A., Cobine, P. A., Cross, J. R., Denicola, G. M., et al. (2022).
Connecting copper and cancer: From transition metal signalling to metalloplasia.Nat. Rev.
Cancer 22, 102–113. doi:10.1038/s41568-021-00417-2

Geeleher, P., Cox, N. J., and Huang, R. S. (2014). Clinical drug response can be predicted
using baseline gene expression levels and in vitro drug sensitivity in cell lines. Genome Biol.
15, R47. doi:10.1186/gb-2014-15-3-r47

Gu, Z., Gu, L., Eils, R., Schlesner, M., and Brors, B. (2014). Circlize Implements and
enhances circular visualization in R. Bioinformatics 30, 2811–2812. doi:10.1093/
bioinformatics/btu393

Gupte, A., and Mumper, R. J. (2009). Elevated copper and oxidative stress in cancer cells
as a target for cancer treatment. Cancer Treat. Rev. 35, 32–46. doi:10.1016/j.ctrv.2008.
07.004

Heimbach, J. K., Kulik, L. M., Finn, R. S., Sirlin, C. B., Abecassis, M. M., Roberts, L. R.,
et al. (2018). AASLD guidelines for the treatment of hepatocellular carcinoma. Hepatology
67, 358–380. doi:10.1002/hep.29086

Ji, L., Zhao, G., Zhang, P., Huo, W., Dong, P., Watari, H., et al. (2018). Knockout of
MTF1 inhibits the epithelial to mesenchymal transition in ovarian cancer cells. J. Cancer 9,
4578–4585. doi:10.7150/jca.28040

Jiang, C., Wu, B., Xue, M., Lin, J., Hu, Z., Nie, X., et al. (2021). Inflammation accelerates
copper-mediated cytotoxicity through induction of six-transmembrane epithelial antigens
of prostate 4 expression. Immunol. Cell Biol. 99, 392–402. doi:10.1111/imcb.12427

Kaiafa, G. D., Saouli, Z., Diamantidis, M. D., Kontoninas, Z., Voulgaridou, V., Raptaki,
M., et al. (2012). Copper levels in patients with hematological malignancies. Eur. J. Intern
Med. 23, 738–741. doi:10.1016/j.ejim.2012.07.009

Kakuda, M., Matsuzaki, S., Ueda, Y., Shiomi, M., Matsuzaki, S., Kimura, T., et al. (2020).
Copper ions are novel therapeutic agents for uterine leiomyosarcoma. Am. J. Obstet.
Gynecol. 222, 64 e61–e64. doi:10.1016/j.ajog.2019.07.030

Kamarudin, A. N., Cox, T., and Kolamunnage-Dona, R. (2017). Time-dependent ROC
curve analysis in medical research: Current methods and applications. BMC Med. Res.
Methodol. 17, 53. doi:10.1186/s12874-017-0332-6

Khemlina, G., Ikeda, S., and Kurzrock, R. (2017). The biology of hepatocellular
carcinoma: Implications for genomic and immune therapies. Mol. Cancer 16, 149.
doi:10.1186/s12943-017-0712-x

Kim, B. E., Nevitt, T., and Thiele, D. J. (2008). Mechanisms for copper acquisition,
distribution and regulation. Nat. Chem. Biol. 4, 176–185. doi:10.1038/nchembio.72

Kim, E., and Viatour, P. (2020). Hepatocellular carcinoma: Old friends and new tricks.
Exp. Mol. Med. 52, 1898–1907. doi:10.1038/s12276-020-00527-1

Lee, A. J., and Ashkar, A. A. (2018). The dual nature of type I and type II interferons.
Front. Immunol. 9, 2061. doi:10.3389/fimmu.2018.02061

Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J. S., et al. (2017). Timer: A web server
for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res. 77, e108–e110.
doi:10.1158/0008-5472.CAN-17-0307

Li, Y.-T., and Zeng, X.-Z. (2022). Identification of pyroptosis gene signature related
molecular pattern, clinical implication, and tumor immunity in hepatocellular carcinoma.
Comb. Chem. High Throughput Screen. 25. doi:10.2174/1386207325666220822185035

Liao, Y., Zhao, J., Bulek, K., Tang, F., Chen, X., Cai, G., et al. (2020). Inflammation
mobilizes copper metabolism to promote colon tumorigenesis via an IL-17-STEAP4-XIAP
axis. Nat. Commun. 11, 900. doi:10.1038/s41467-020-14698-y

Lu, J., Yu, C., Bao, Q., Zhang, X., and Wang, J. (2022). Identification and analysis of
necroptosis-associated signatures for prognostic and immune microenvironment
evaluation in hepatocellular carcinoma. Front. Immunol. 13, 973649. doi:10.3389/
fimmu.2022.973649

Mayakonda, A., Lin, D. C., Assenov, Y., Plass, C., and Koeffler, H. P. (2018). Maftools:
Efficient and comprehensive analysis of somatic variants in cancer. Genome Res. 28,
1747–1756. doi:10.1101/gr.239244.118

Oliveri, V. (2022). Selective targeting of cancer cells by copper ionophores: An overview.
Front. Mol. Biosci. 9, 841814. doi:10.3389/fmolb.2022.841814

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). Limma
powers differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 43, e47. doi:10.1093/nar/gkv007

Shah, C., Mramba, L. K., Bishnoi, R., Bejjanki, H., Chhatrala, H. S., and Chandana, S. R.
(2017). Survival differences among patients with hepatocellular carcinoma based on the
stage of disease and therapy received: Pre and post sorafenib era. J. Gastrointest. Oncol. 8,
789–798. doi:10.21037/jgo.2017.06.16

Takeda, H., Takai, A., Eso, Y., Takahashi, K., Marusawa, H., Seno, H., et al. (2022).
Combination of mac-2 binding protein glycosylation isomer and up-to-seven criteria as
a useful predictor for child-pugh grade deterioration after transarterial
chemoembolization for hepatocellular carcinoma. Cancers (Basel) 14, 405. doi:10.
3390/cancers11030405

Tisato, F., Marzano, C., Porchia, M., Pellei, M., and Santini, C. (2010). Copper in diseases
and treatments, and copper-based anticancer strategies. Med. Res. Rev. 30, 708–749.
doi:10.1002/med.20174

Frontiers in Pharmacology frontiersin.org16

Li and Zeng 10.3389/fphar.2022.1081952

https://www.frontiersin.org/articles/10.3389/fphar.2022.1081952/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1081952/full#supplementary-material
https://doi.org/10.3390/genes13050851
https://doi.org/10.1586/17512433.2014.966816
https://doi.org/10.1586/17512433.2014.966816
https://doi.org/10.1111/cas.15033
https://doi.org/10.1002/hep.29663
https://doi.org/10.1136/gutjnl-2016-313264
https://doi.org/10.1136/gutjnl-2016-313264
https://doi.org/10.1038/s41587-020-0707-9
https://doi.org/10.1177/21925682211003889
https://doi.org/10.1177/21925682211003889
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.3389/fbioe.2020.00930
https://doi.org/10.1038/s41568-021-00417-2
https://doi.org/10.1186/gb-2014-15-3-r47
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1016/j.ctrv.2008.07.004
https://doi.org/10.1016/j.ctrv.2008.07.004
https://doi.org/10.1002/hep.29086
https://doi.org/10.7150/jca.28040
https://doi.org/10.1111/imcb.12427
https://doi.org/10.1016/j.ejim.2012.07.009
https://doi.org/10.1016/j.ajog.2019.07.030
https://doi.org/10.1186/s12874-017-0332-6
https://doi.org/10.1186/s12943-017-0712-x
https://doi.org/10.1038/nchembio.72
https://doi.org/10.1038/s12276-020-00527-1
https://doi.org/10.3389/fimmu.2018.02061
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.2174/1386207325666220822185035
https://doi.org/10.1038/s41467-020-14698-y
https://doi.org/10.3389/fimmu.2022.973649
https://doi.org/10.3389/fimmu.2022.973649
https://doi.org/10.1101/gr.239244.118
https://doi.org/10.3389/fmolb.2022.841814
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.21037/jgo.2017.06.16
https://doi.org/10.3390/cancers11030405
https://doi.org/10.3390/cancers11030405
https://doi.org/10.1002/med.20174
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1081952


Tompkins, S. C., Sheldon, R. D., Rauckhorst, A. J., Noterman, M. F., Solst, S. R.,
Buchanan, J. L., et al. (2019). Disrupting mitochondrial pyruvate uptake directs glutamine
into the TCA cycle away from glutathione synthesis and impairs hepatocellular
tumorigenesis. Cell Rep. 28, 2608–2619. e2606. doi:10.1016/j.celrep.2019.07.098

Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al.
(2022). Copper induces cell death by targeting lipoylated TCA cycle proteins. Science 375,
1254–1261. doi:10.1126/science.abf0529

Voli, F., Valli, E., Lerra, L., Kimpton, K., Saletta, F., Giorgi, F. M., et al. (2020).
Intratumoral copper modulates PD-L1 expression and influences tumor immune
evasion. Cancer Res. 80, 4129–4144. doi:10.1158/0008-5472.CAN-20-0471

Wakiyama, H., Masuda, T., Motomura, Y., Hu, Q., Tobo, T., Eguchi, H., et al. (2018).
Cytolytic activity (CYT) score is a prognostic biomarker reflecting host immune status in
hepatocellular carcinoma (HCC). Anticancer Res. 38, 6631–6638. doi:10.21873/anticanres.
13030

Wang, F., Zhang, S., Jeon, R., Vuckovic, I., Jiang, X., Lerman, A., et al. (2018). Interferon
gamma induces reversible metabolic reprogramming of M1 macrophages to sustain cell
viability and pro-inflammatory activity. EBioMedicine 30, 303–316. doi:10.1016/j.ebiom.
2018.02.009

Wang, S., Xing, N., Meng, X., Xiang, L., and Zhang, Y. (2022). Comprehensive
bioinformatics analysis to identify a novel cuproptosis-related prognostic signature
and its ceRNA regulatory axis and candidate traditional Chinese medicine active
ingredients in lung adenocarcinoma. Front. Pharmacol. 13, 971867. doi:10.3389/fphar.
2022.971867

Xu, S., Liu, D., Chang, T., Wen, X., Ma, S., Sun, G., et al. (2022). Cuproptosis-
associated lncRNA establishes new prognostic profile and predicts immunotherapy
response in clear cell renal cell carcinoma. Front. Genet. 13, 938259. doi:10.3389/fgene.
2022.938259

Yang, Y., Qian Cai, Q., Sheng Fu, L., Wei Dong, Y., Fan, F., and Zhong Wu, X. (2022).
Reduced N6-methyladenosine mediated by METTL3 acetylation promotes
MTF1 expression and hepatocellular carcinoma cell growth. Chem. Biodivers. 19,
e202200333. doi:10.1002/cbdv.202200333

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for
comparing biological themes among gene clusters. OMICS 16, 284–287. doi:10.1089/omi.
2011.0118

Zhang, J., Zhang, Q., Lou, Y., Fu, Q., Chen, Q., Wei, T., et al. (2018). Hypoxia-inducible
factor-1α/interleukin-1β signaling enhances hepatoma epithelial-mesenchymal transition
through macrophages in a hypoxic-inflammatory microenvironment. Hepatology 67,
1872–1889. doi:10.1002/hep.29681

Zhang, R., Zhao, G., Shi, H., Zhao, X., Wang, B., Dong, P., et al. (2020). Zinc regulates
primary ovarian tumor growth and metastasis through the epithelial to mesenchymal
transition. Free Radic. Biol. Med. 160, 775–783. doi:10.1016/j.freeradbiomed.2020.09.010

Zhang, X., and Yang, Q. (2018). Association between serum copper levels and lung
cancer risk: A meta-analysis. J. Int. Med. Res. 46, 4863–4873. doi:10.1177/
0300060518798507

Zhao, R., Choi, B. Y., Lee, M. H., Bode, A. M., and Dong, Z. (2016). Implications of
genetic and epigenetic alterations of CDKN2A (p16(INK4a)) in cancer. EBioMedicine 8,
30–39. doi:10.1016/j.ebiom.2016.04.017

Zheng, Z., Zhang, J., Jiang, J., He, Y., Zhang, W., Mo, X., et al. (2020). Remodeling tumor
immune microenvironment (TIME) for glioma therapy using multi-targeting liposomal
codelivery. J. Immunother. Cancer 8, e000207. doi:10.1136/jitc-2019-000207

Zhou, B., Guo, L., Zhang, B., Liu, S., Zhang, K., Yan, J., et al. (2019). Disulfiram combined
with copper induces immunosuppression via PD-L1 stabilization in hepatocellular
carcinoma. Am. J. Cancer Res. 9, 2442–2455.

Frontiers in Pharmacology frontiersin.org17

Li and Zeng 10.3389/fphar.2022.1081952

https://doi.org/10.1016/j.celrep.2019.07.098
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1158/0008-5472.CAN-20-0471
https://doi.org/10.21873/anticanres.13030
https://doi.org/10.21873/anticanres.13030
https://doi.org/10.1016/j.ebiom.2018.02.009
https://doi.org/10.1016/j.ebiom.2018.02.009
https://doi.org/10.3389/fphar.2022.971867
https://doi.org/10.3389/fphar.2022.971867
https://doi.org/10.3389/fgene.2022.938259
https://doi.org/10.3389/fgene.2022.938259
https://doi.org/10.1002/cbdv.202200333
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1002/hep.29681
https://doi.org/10.1016/j.freeradbiomed.2020.09.010
https://doi.org/10.1177/0300060518798507
https://doi.org/10.1177/0300060518798507
https://doi.org/10.1016/j.ebiom.2016.04.017
https://doi.org/10.1136/jitc-2019-000207
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1081952

	A novel cuproptosis-related prognostic gene signature and validation of differential expression in hepatocellular carcinoma
	1 Introduction
	2 Methods
	2.1 Datasets and preprocessing
	2.2 Cell culture
	2.3 Hydrodynamic injection of AKT/NRAS plasmid to induce mouse spontaneous HCC
	2.4 Identification of cuproptosis-related gene
	2.5 Mutation analysis of CRGs
	2.6 Functional enrichment analysis
	2.7 Univariate and multivariate cox regression analysis
	2.8 The establishment of a CRGs scoring model and prognostic analysis
	2.9 Nomogram construction
	2.10 Tumor microenvironment cell infiltration analysis
	2.11 RNA extraction and quantitative real-time PCR
	2.12 Drug sensitivity analysis
	2.13 Statistical analysis and cut-off value

	3 Result
	3.1 Overview of genetic variation of cuproptosis-related genes in HCC
	3.2 Functional enrichment analysis of CRGs
	3.3 Determination of differentially expressed and prognostic CRGs in HCC
	3.4 Development of the prognostic CRGs scoring model
	3.5 The CRGs-Score indicated prognosis and clinical features
	3.6 Association between the CRGs prognostic signatures and immune microenvironment
	3.7 Validation of the prognostic signature by independent cohort
	3.8 Validation of the expression of CRGs signatures in HCC in-vitro and in-vivo
	3.9 Drug sensitivity analysis between the curpoptosis-related subtypes in HCC

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


