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ABSTRACT 
 

Aims: Dysregulated copper metabolism has been noticed in many types of cancer including hepatocellular 
carcinoma (HCC); however, a comprehensive understanding about this dysregulation still remains unclear  
in HCC. 
Methods: A set of bioinformatic tools was integrated to analyze the expression and prognostic significance of 
copper metabolism-related genes. A related risk score, termed as CMscore, was developed via univariate Cox 
regression, least absolute shrinkage and selection operator (LASSO) Cox regression and multivariate Cox 
regression. Pathway enrichment analyses and tumor immune cell infiltration were further investigated in 
CMscore stratified HCC patients. Weighted correlation network analysis (WGCNA) was used to identify 
potential regulator of cuproptosis. 
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INTRODUCTION 
 

Copper (Cu) participates in several important biological 

processes, including oxygen metabolism, iron 

homeostasis, synthesis of neurotransmitters and anti-

oxidant defense, as a result, it is essential for the 

survival of our human body [1–3]. A bunch of studies 

have demonstrated that copper dyshomeostasis, either 

excess level of copper or deficiency of the ion, is 

harmful and results in various types of disease [2]. 

Wilson’s disease is a typical one due to overload of 

copper caused by pathogenic mutations in the ATP7B 

gene encoding ATP-ase7B, which is ineffective in 

transporting copper out of the cell [4, 5]. Copper also 

plays a role in promoting Parkinson’s disease, in which 

copper might lead to accumulation of amyloid fibril, a 

major component of Lewy bodies [6–8].  

 

The dysregulation of Cu homeostasis in cancer has also 

been well documented [9–11]. As a key regulator of 

many signaling pathways and component in various 

essential enzymes, copper ion is supposed to be a 

promoter in the carcinogenesis and advancement of 

multiple types of tumors [9, 12]. Elevated level of 

copper ion is found in a variety of cancer such as breast 

cancer, lung cancer, bladder cancer, and head and neck 

cancer [13–16]. And copper ion could support tumor 

cell proliferation, metastasis, and angiogenesis [9, 17]. 

High level of serum copper has also been linked to 

worse prognosis in some types of cancer like 

hepatocellular carcinoma (HCC) and breast cancer [18, 

19]. Besides, many basic researches and some early-

stage clinical trials demonstrated that copper chelators, 

decreasing Cu concentration in tumor cells, had anti-

tumor efficiency [17, 20, 21]. However, elevating Cu 

concentration in malignant tumors can also produce 

anti-cancer effect partially due to oxidative stress 

triggered by excess copper ions [17]. Correspondingly, 

Cu-containing compounds or Cu ionophores, like 

disulfiram (DSF) and dithiocarbamates, showed tumor-

killing effects both in vivo and in vitro [17, 22]. In 

particular, a novel copper-induced cell death, distinct 

from previously described ways of cell death like 

apoptosis, necroptosis, and ferroptosis, has been 

discovered and termed cuproptosis by Peter Tsvetkov et 

al. [23]. Cuproptosis is closely associated with protein 

lipoylation which is concentrated in TCA cycle. The 

binding of copper to lipoylated components leads to 

lipoylated protein aggregation and subsequent iron-

sulfur cluster protein loss, which causes proteotoxic 

stress and ultimately cell death [23]. Taken together, 

dysregulation of Cu homeostasis is generally observed 

in cancer and could serve as a potential target of anti-

cancer therapy by inducing cuproptosis. 

 

Liver plays a central role in regulating the systemic 

copper homeostasis. After being absorbed from the 

small intestine and delivered to the liver via portal 

circulation, copper ion can be released into the blood, 

transported into the bile for excretion or stored in 

hepatocytes [17, 24]. Except for its aforementioned 

functions under physiological processes, copper also 

involves in the tumorigenesis and development of HCC. 

An early study indicated that copper contents correlated 

with liver cirrhosis and HCC, and serum Cu levels 

might be helpful in detecting HCC [25]. Besides, high 

level of serum copper was associated with shorter 

survival of HCC patients [19, 26]. Caroline I Davis et 

al. observed that expression of Cu transporter genes, 

such as ATP7A, ATP7B, and SLC31A1, was 

significantly altered in tumor samples, which might be a 

cause for elevated Cu levels in the disease [27]. In 

recent years, position emission tomography (PET) using 

radioactive copper as a tracer has been explored for the 

application in HCC, relying on the altered copper 

metabolism in this tumor [28].  

 

However, our understanding about the impact of 

abnormal copper metabolism on the development, 

treatment sensitivity and prognosis of HCC patients is 

still insufficient. Besides, genes regulating copper 

metabolism might also involve in cuproptosis and 
function as targets of anti-tumor therapy. Moreover, in 

the era of immunotherapy, how the alteration of copper 

metabolism modulates tumor microenvironment (TME) 

and the sensitivity to immune checkpoint inhibitors 

Results: Copper metabolism was dysregulated in HCC. HCC patients in the high-CMscore group showed a 
significantly lower overall survival (OS) and enriched in most cancer-related pathways. Besides, HCC patients 
with high CMscore had higher expression of pro-tumor immune infiltrates and immune checkpoints. Moreover, 
cancer patients with high CMscore from two large cohorts exhibited significantly prolonged survival time after 
immunotherapy. WGCNA and subsequently correlation analysis revealed that SLC27A5 might be a potential 
regulator of cuproptosis in HCC. In vitro experiments revealed that SLC27A5 inhibited cell proliferation and 
migration of HCC cells and could upregulate FDX1, the key regulator of cuproptosis. 
Significance: The CMscore is helpful in clustering HCC patients with distinct prognosis, gene mutation 
signatures, and sensitivity to immunotherapy. SLC27A5 might serve as a potential target in the induction of 
cuproptosis in HCC. 
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(ICIs) becomes an interesting question. In this work, we 

evaluated the alteration of copper metabolism-related 

pathways in HCC and established a copper metabolism-

related risk score (CMscore). The CMscore was helpful 

in identifying HCC subtypes with distinct prognosis, 

pathway enrichment features and immune infiltrating 

signatures. In addition, the impact of CMscore on the 

sensitivity to transcatheter arterial chemoembolization 

(TACE) and ICIs was also investigated. Lastingly, 

WGCNA and subsequently correlation analysis 

revealed that SLC27A5 might regulate cuproptosis via 

FDX1 in HCC. 

 

MATERIALS AND METHODS 
 

Public data acquisition and processing 

 

The data of the liver hepatocellular carcinoma project 

from the Cancer Genome Atlas (TCGA-LIHC) and 

from the International Cancer Genome Consortium 

(ICGC) database was downloaded as reported in our 

previous studies [29, 30]. The series matrix files and 

corresponding platform information of GSE14520, 

GSE25097, and GSE64041 were downloaded from 

Gene Expression Omnibus (GEO) database by the 

GEOquery package of R software. Data cleaning and 

processing was conducted as reported in our previous 

study [30]. The clinical information and gene 

expression data of the imvigor210 cohort were 

downloaded from the online website (http://research-

pub.gene.com/IMvigor210CoreBiologies/) and was 

processed according to the instruction from the website. 

The data of patients with metastatic melanoma 

receiving immune-checkpoint inhibitor (ICI) was down-

loaded from the Supplementary Materials section of the 

work by David Liu et al. [31]. Since the data used in 

this study are all open data in public databases, an extra 

ethical approval was not required. 

 

Construction of copper metabolism-related risk 

score (CMscore) 

 

The information of 14 copper metabolism-related 

pathways was downloaded from the Gene Set 

Enrichment Analysis (GSEA) website (https://www. 

gsea-msigdb.org/gsea, Supplementary Table 1). A total 

of 134 copper metabolism-related genes were identified 

(Supplementary Table 2. Univariate Cox regression 

analyses of these genes in both TCGA-LIHC and 

GSE14520 datasets were conducted and those genes 

with a prognostic significance less than 0.1 in both 

datasets were then input into a Least absolute shrinkage 

and selection operator (LASSO) regression model in the 

GSE14520 dataset, as reported in other studies [32, 33]. 

The parameters of the glmnet package to conduct 

LASSO regression analysis were set as follows: family 

= ‘cox’, nfolds = 10, type.measure = ‘deviance’. The 

generated crucial genes further underwent multivariate 

Cox regression analysis, which generated a coefficient 

of each crucial gene. A score of each sample was 

generated by multiplying the transcriptional value of 

each gene and its corresponding coefficient, and the 

calculation method was described below: score = -

0.1984 * SORD - 0.1939 * TMPRSS6 - 0.1341 * CCS + 

0.8732 * P2RX4 + 0.5949 * ATP13A2 + 0.6326 * 

LOX. The copper metabolism-related risk score 

(CMscore) was calculated with the formula reported in 

our previous study, namely, CMscore = (score-Min) / 

absolute (Max) [29]. 

 

Enrichment analysis 

 

The molecular function analysis of 134 copper related 

genes was conducted via the ClueGo application in the 

Cytoscape software [34]. Gene set variation analysis 

(GSVA) of the 14 copper metabolism-related pathways 

in HCC and corresponding normal liver samples was 

performed by the ‘GSEABase’ and ‘GSVA’ packages in 

R software [35]. GSEA of CMscore-based classification 

of HCC patients was performed as described in our 

previous works [36]. 

 

Immune profile analysis 

 

The immune score, stromal score and tumor purity of 

patients from TCGA-LIHC dataset was calculated by 

the ‘estimate’ package in R software [37]. The 

infiltration ratio of 22 types of immune cells in tumor 

microenvironment (TME) was calculated by 

CIBERSORT algorithm in R software [37]. The 

TIMER2.0 website (http://timer.cistrome.org/) also 

provided online evaluation of the fraction of 6 types of 

immune cells and the analyses were conducted in 

accordance with the instruction on the website [38]. 

 

Weighted gene co-expression network analysis 

(WGCNA) 

 

WGCNA was conducted in R software as reported in 

our previous study [33, 39]. Briefly, the 

transcriptional expression data of each dataset were 

used to construct a gene co-expression network after 

removing genes and samples with too many missing 

values. The correlation strength between the nodes 

was calculated by constructing an adjacency matrix 

based on the following formula: 

 

( ),ij i j ij ijS cor x x a S= =
β

 

 

Sij means the co-expression similarity and represents the 

Pearson’s correlation coefficient between two different 

http://research-pub.gene.com/IMvigor210CoreBiologies/
http://research-pub.gene.com/IMvigor210CoreBiologies/
https://www.gsea-msigdb.org/gsea
https://www.gsea-msigdb.org/gsea
http://timer.cistrome.org/
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genes i and j. Xi and Xj are the corresponding 

transcriptional expression values of the genes i and j, 

and αij is the correlation strength between the two genes. 

The scale-free R2 was set as 0.9 to select the 

corresponding soft-threshold β. One-step network 

construction and module detection methods were 

subsequently used, with a relatively large minimum 

module size of 200 and mergeCutHeight setting as 0.25 

for the merging of modules. Finally, module–trait 

associations were quantified to identify modules 

significantly associated with CMscore. Besides, the 

definition and expression of module eigengenes (MEs), 

the gene significance (GS), and the module significance 

(MS) were similar with what had been described in a 

previous study [40]. 

 

Immunohistochemistry (IHC) staining 

 

Paraffin-embedded primary liver cancer tissues and the 

corresponding adjacent nontumorous samples (n =46) 

were obtained from the Pathology Department of 

Shanxi Provincial People’s Hospital. Patients’ 

information was exhibited in Supplementary Table 1. 

The HCC samples and corresponding tumor adjacent 

normal tissues were fabricated into a tissue chip. IHC 

staining of FFPE sections was performed as described 

in our previous studies [41, 42]. IHC samples were 

scored by two independent pathologists, according to 

criteria used in previous published studies [43, 44]. 

 

Cell culture and treatment 

 

Human liver cancer HepG2 and LM-3 cells were 

obtained from Cell Bank of Shanghai Institute for 

Biological Sciences, Chinese Academy of Sciences. 

Cells were cultured in DMEM medium, containing 

10% FBS, and maintained in an incubator with 

constant temperature and CO2. Transfection was 

performed using EZ Trans Lipo (AC04L071, Life-

iLab). The plasmids were acquired from Tianrun 

Aoke Biotechnology Co., Ltd (Yangling, China). The 

use of live cancer cells was approved by the Ethics 

Committee of Shanxi Provincial People's Hospital 

(2021-196). 

 

CCK‑8 assay 

 

In order to detect the effect of overexpression of 

SLC27A5 on the proliferation ability of liver cancer 

cells, HepG2 and LM-3 cells were seed into the 96-well 

plates, and treated with CCK-8 reagent (AC11L054, 

Life-iLab) at 0, 24, 48, and 72 hours, respectively. To 

detect the sensitivity of liver cancer cells to cuproptosis 
after overexpression of SLC27A5, HepG2 and LM-3 

cells were in the 96 well plates, and treated with CCK-8 

reagent 48 hours later. The absorbance value at a 

wavelength of 450 nm was measured using an enzyme 

labeling instrument.  

 

Western blotting 

 

HepG2 and LM-3 cells were seeded into 6-well plates 

and conduct normal culture. Cells are collected when 

their density reaches 80%. RIPA lysate was used to lyse 

cells and obtain supernatant by centrifugation. The BCA 

kit (P0010, Beyotime) was used to determine the 

protein concentration. Western blotting was performed 

using antibodies against FDX1 (M05441, Boster), 

SLC27A5 (A09287-2, Boster), GAPDH (BM3876, 

Boster). Horseradish peroxidase-labeled Goat anti-

rabbit IgG (H+L) (BA1039, Boster) was used as 

secondary antibodies. 

 

qRT-PCR 

 

HepG2 and LM-3 cells were seeded into 6-well plates 

and conduct normal culture. Cells are collected when 

their density reaches 80%. TRIzol (AN51L758, Life-

iLab) was used to lyse cells to obtain total RNA. 

BeyoRT™ II cDNA First Strand Synthesis Kit 

(D7168M, Beyotime) was used to obtained cDNA. 2x 

qPCR Mix (AN19L918, Life-iLab) was used to perform 

qPCR. The primers of target genes are as follows:  

 

FDX1 forward, 5’-GTTCAACCTGTCACCTCATCTT-

3’;  

FDX1 Reverse 5’-CCAACCGTGATCTGTCTGTTAG-

3’;  

SLC27A5 forward, 5’-AGAGGACCGGACACATA 

CA-3’;  

SLC27A5 Reverse 5’-GTAGACTTCCCAGATCCG 

AATAG-3’;  

GAPDH forward, 5’-GTCAAGGCTGAGAACGG 

GAA-3’;  

GAPDH Reverse 5’-AAATGAGCCCCAGCCTTCTC-

3’. 

 

Wound healing assay 

 

HepG2 and LM-3 cells were seeded into 6-well plates 

and conduct normal culture. When the cell density 

reaches 80%, a 200 µL sterile pipette tip was used to 

scratch the cell layer and form a wound. The closure of 

the gap was imaged at designated time intervals using a 

microscope.  

 

Cell cycle assay 

 

HepG2 and LM-3 cells were seeded into 6-well plates 
and subjected to starvation treatment for 12 hours, 

followed by normal cultivation for 24 hours. Cells were 

treated using a cell cycle assay kit plus (AC12L553, 
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Life-iLab) and detected using flow cytometry. The 

difference between groups was detected by t-test. 

 

EdU staining 

 

HepG2 and LM-3 cells were seeded into a special dish 

for confocal laser scanning microscopy. Cells were 

subjected to starvation treatment using a culture 

medium containing 1% FBS for 24 hours, followed by a 

complete culture medium and continued cultivation for 

24 hours. BeyoClick™ EdU-555 Cell Proliferation 

Detection Kit (Beyotime, C0075L) was used for 

labeling Proliferated Cells, and DAPI was used to label 

the nucleus, then detected by confocal laser scanning 

microscopy.  

 

Statistical analysis 

 

The data analyses and visualization were conducted in 

R (version 4.1.1), by using the following packages: 

‘tidyverse’, ‘GEOquery’, ‘ggplot2’, ‘ggplotify’, 

‘plot3D’, ‘dplyr’, ‘plyr’, ‘maftools’, ‘limma’, ‘survival’, 

‘survminer’, ‘survivalROC’, ‘timeROC’, ‘cowplot’, 

‘clusterProfiler’, ‘Hmisc’, ‘gridExtra’, ‘GSVA’, 

‘corrplot’, ‘gmodels’, ‘VennDiagram’, and ‘pheatmap’. 

Wilcoxon test was used for comparison between two 

groups, whereas ANOVA test was for comparison 

among three groups. The Kaplan-Meier method was 

manipulated for prognosis analysis. Based on the 

optimal cutoff value of a marker determined by the 

‘survminer’ package in R, HCC patients were divided 

into two subgroups [32, 45]. A p-value less than 0.05 

was considered statistically significant (*, p < 0.05; **, 

p < 0.01; ***, p < 0.001; ****, p < 0.0001). 

 

RESULTS 
 

Distinct features of HCC in copper metabolism-

related pathways 

 

Previous studies suggested that copper is tightly 

associated with liver cirrhosis and development of 

HCC, and with the survival of HCC patients [19, 25, 

46]. To investigate the role of copper metabolism in 

HCC, we searched GSEA website online with the 

keyword “copper” and identified 14 copper metabolism-

related pathways containing 134 unique genes 

(Supplementary Tables 2, 3). The GSVA enrichment 

analyses of these 14 pathways in HCC and 

corresponding normal liver samples revealed that HCC 

samples exhibited decreased level of most copper 

metabolism-related pathways, like “GOMF_ 

COPPER_ION_TRANSMEMBRANE_TRANSPORTE

R_ACTIVITY”, “GOBP_RESPONSE_TO_COPPER_ 

ION”, “GOBP_DETOXIFICATION_OF_COPPER_ 

ION”, and “GOBP_COPPER_ION_IMPORT” (Figure 

1A and supplementary Figure 1A, 1B). 

Correspondingly, most copper import related genes 

(Figure 1C) and detoxification of copper ion related 

genes (Figure 1D) were significantly downregulated in 

HCC, when compared with normal liver tissues. A 

previously study indicated that liver tissues with 

cirrhosis showed an accumulation of copper when 

compared with healthy ones [47]. We noticed that liver 

tissues with cirrhosis had a further increased level than 

HCC and normal tissues in some terms like 

“GOMF_COPPER_ION_TRANSMEMBRANE_TRA

NSPORTER_ACTIVITY”, “GOBP_COPPER_ION_ 

TRANSMEMBRANE_TRANSPORT”, and “GOBP_ 

COPPER_ION_TRANSPORT” (Figure 1B), probably 

reflecting a response of cirrhotic tissues to the elevated 

level of copper ions. Taken together, these results 

indicated that HCC might show resistance to copper ion 

influx and decreased capability of detoxification of 

copper ion.  

 

Copper ion plays a critical role in mitochondrial 

respiration, antioxidant defense, biosynthesis of 

neurotransmitters and other biological activities [48]. In 

addition to copper ion binding and transporting, these 

134 copper metabolism-related genes were also found 

to be enriched in molecular functions like 

“oxidoreductase activity”, “heat shock protein binding”, 

and “cyclin dependent protein serine/threonine kinase 

activity” (Figure 1E). KEGG analyses revealed that 

these genes involved in mineral absorption and in other 

terms like prostate cancer, colorectal cancer, platinum 

drug resistance, and ferroptosis (Figure 1F).  

 

Construction and validation of copper metabolism-

related risk score (CMscore) 
 

Since copper concentration shows correlation with 

survival of HCC patients and high level of copper in 

cytoplasm could induce cuproptosis [19, 23], we 

hypothesized that copper metabolism-related genes 

might help to identify specific subtypes with distinct 

prognosis and sensitivity to copper-dependent death. 

We first conducted univariate Cox regression analyses 

of these 134 copper metabolism-related genes in 

TCGA-LIHC and GSE14520 datasets, and found 13 

genes showed prognostic significance with p-value less 

than 0.1 in both datasets (Figure 2A). The 13 genes 

were then input into a LASSO regression model in the 

GSE14520 dataset and 6 crucial genes were obtained 

(Figure 2B, 2C). A novel risk score, which was named 

CMscore were calculated by the method described in 

the Method and Materials Section. As shown in Figure 

2D, patients with high CMscore had lower expression 
of TMPRSS6, SORD and CCS, whereas had higher 

expression of P2RX4, ATP13A2 and LOX. In addition, 

TMPRSS6, SORD and CCS all showed significantly 
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Figure 1. The alteration of copper metabolism in HCC. (A) The box plot showing the enrichment level of 14 copper metabolism in 

tumor and corresponding normal tissues from GSE14520 dataset. (B) The box plot showing the enrichment level of 14 copper metabolism in 
tumor, cirrhotic and normal livers from GSE25097 dataset. (C, D) The box plot showing the expression of copper ion import (C) or 
detoxification of copper ion (D) related genes in tumor and normal livers from the GSE14520 datasets. (E) The molecular function analysis of 
134 copper metabolism-related genes in the GlueGo plug-in of the Cytoscape software. (F) KEGG analysis of 134 copper metabolism-related 
genes. P-values were shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Figure 2. Construction of CMscore. (A) Venn diagram indicating 13 copper metabolism-related genes with prognostic significance less 
than 0.1 in GSE14520 and TCGA-LIHC datasets. (B, C) The LASSO Cox regression model was constructed from 13 copper metabolism-related 
genes. The tuning parameter (λ) was calculated based on the partial likelihood deviance with ten-fold cross validation. An optimal log λ value 
shown by the vertical black dot-lines in the plots. The six signature genes were identified according to the best fit profile. (D) The distribution 
and optimal cutoff value of CMscore, the OS status of each sample, and the expression value of the six crucial genes in the GSE14520 dataset. 
(E) The box plot showing the expression of six crucial genes in tumor and normal livers from the GSE14520 datasets. (F, G) The 2D (F) and 3D 
(G) plots of the PCA of the GSE14520 dataset based on the expression profiles of the 6 signature genes. (H) The prognostic significance of 
CMscore in GSE14520. The Kaplan-Meier method was used for prognosis analysis. (I) Time-dependent ROC analyses of the CMscore regarding 
the OS and survival status in the GSE14520 dataset. (J) The prognostic significance of CMscore in TCGA-LIHC. The Kaplan-Meier method was 
used for prognosis analysis. (K) Time-dependent ROC analyses of the CMscore regarding the OS and survival status in the TCGA-LIHC dataset. 
P-values were shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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decreased expression in HCC (Figure 2E) and their high 

expression was correlated with longer survival time 

(Supplementary Figure 1C–1E). On the contrary, 

P2RX4, ATP13A2 and LOX showed significantly 

upregulated level in HCC (Figure 2E) and their high 

expression was correlated with dramatically shorter 

survival time (Supplementary Figure 1F–1H). PCA 

analyses revealed that HCC patients with high- or low-

CMscore were distinctly clustered (Figure 2F, 2G). In 

the GSE14520 datasets, HCC patients with low 

CMscore (100/220, 45.45%) had considerably longer 

median overall survival (OS) than those with high 

CMscore (not reached vs. 51.60 months, p < 0.0001, 

Figure 2H), and the AUC reached 0.75 at 1 year, 0.7 at 

3 years, and 0.66 at 5 years (Figure 2I). Likely, when 

45.45% of HCC patients in the TCGA-LIHC and 

ICGC-LIRI datasets were classified into the low-

CMscore subgroup according to the order of CMscore, 

these patients also exhibited significantly longer OS (p 
< 0.0001 or = 0.008, respectively, Figure 2J and 

Supplementary Figure 2A). The AUC of 1-year, 3-year 

and 5-year reached 0.69, 0.65, and 0.68 in the TCGA-

LIHC, respectively (Figure 2K). And that of 1-year and 

3-year was 0.76 and 0.67 in the ICGC-LIRI dataset 

(Supplementary Figure 2B). In addition, HCC patients 

with low CMscore also had significantly longer 

progression free survival (PFS, p = 0.0012 or = 0.028, 

respectively, Supplementary Figure 2C, 2D). 

 

CMscore serves as an independent risk score 

 

To further evaluate the impact of CMscore on prognosis 

of HCC patients, we conducted univariate Cox analyses 

and subsequently multi-variate Cox analyses in 

GSE14520 and TCGA-LIHC, including CMscore and 

available clinical factors (Figure 3A–3D). The results 

showed that CMscore was an independent prognostic 

factor in both datasets, after correction for other 

confounding clinical features (p < 0.001, Figure 3B, 

3D). Indeed, except female patients, HCC patients with 

high CMscore had significantly shorter OS in subgroup 

prognostic analyses (Figure 3E, 3H), supporting an 

independent role of CMscore in the survival of HCC 

patients. 

 

We also analyzed the associations between CMscore 

and clinicopathological features of these patients. As 

shown in Table 1, although a higher percentage of HCC 

patients in the low CMscore subgroup were >= 60 years 

in the GSE14520 dataset, such a significant association 

was not observed in the TCGA-LIHC dataset (p = 

0.528). A similar inconsistence was also observed 

between CMscore and gender (Table 1). Besides, 
CMscore showed no association with the fibrosis or 

cirrhosis state of HCC patients (p = 0.806 or > 0.999). 

However, a significantly higher percentage of HCC 

patients with high CMscore had AFP level great than 

300 ng/ml (p < 0.001), were at advanced stage (III/IV or 

BCLC B/C stage, Table 1), and had worse histologic 

grade (G3 or G4, p = 0.002, Table 1).  

 

Pathway enrichment analyses 

 

Cuproptosis is recently identified copper-independent 

cell death in which excess copper promotes the 

aggregation of lipoylated proteins and subsequent 

proteotoxic stress [23]. Currently, 10 genes have been 

showed to regulate the sensitivity of cuproptosis. 

Among these genes, FDX1, LIAS, LIPT1, DLD, 

DLAT, PDHA1, and PDHB are found to facilitate 

cuproptosis, whereas MTF1, GLS and CKDN2A inhibit 

the cell death [23]. As shown in Figure 4A, most pro-

cuproptosis genes, like FDX1, LIAS and PDHB, were 

significantly downregulated in HCC patients with high 

CMscore, whereas GLS, an anti-cuproptosis gene, was 

significantly upregulated in these patients. Peter 

Tsvetkov et al. also found that cells more reliant on 

mitochondrial respiration show a dramatically increase 

in sensitivity to copper ionophores than those under-

going glycolysis and growing cells in hypoxic 

conditions led to attenuation of cuproptosis [23]. We 

noticed that most glycolysis related genes showed a 

significantly higher expression in HCC patients with 

high CMscore (Figure 4B). Taken together, these results 

indicated that HCC patients might be more resistant to 

cuproptosis. 

 

GSEA analyses revealed that HCC patients with high 

CMscore were enriched in cancer-related pathways like 

mitotic nuclear division, meiotic cell cycle process, 

WNT signaling pathway, and ERBB signaling pathway 

(Figure 4C–4F and Supplementary Table 4), and in 

immune related pathways like positive regulation of 

leukocyte cell cell adhesion (Figure 4G–4J, 

Supplementary Table 4), whereas patients with low 

CMscore were enriched in metabolism-related pathways 

like organic acid catabolic process and lipid oxidation 

(Figure 4K–4N and Supplementary Table 5).  

 

Immune landscape of CMscore stratified HCC 

patients 

 

To better character the immune landscape of HCC 

patients stratified by CMscore, we first calculate the 

immune score, stromal score and tumor purity of each 

sample in the TCGA-LIHC dataset. As shown in Figure 

5A–5C, HCC patients with high CMscore had 

significantly higher immune score and stromal score, 

and correspondingly lower tumor purity. A significantly 
positive correlation was observed between CMscore and 

B cell memory, T cell follicular helper, T cells 

regulatory, or M0 macrophages (Figure 5D). On the 
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Figure 3. CMscore was an independent prognostic predictor for HCC patients. (A, B) Results of the univariate (A) and multivariate 
(B) Cox regression analyses regarding OS in the GSE14520 cohort. (C, D) Results of the univariate (C) and multivariate (D) Cox regression 
analyses regarding OS in the TCGA-LIHC cohort. (E–J) Prognostic analyses of CMscore in subgroups of HCC patients stratified by age  
(E), gender (F), stage (G), BCLC stage (H), cirrhosis status (I) and AFP level (J). 
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Table 1. Relationships between CMscore and clinicopathological features of HCC patients. 

 
GSE14520 TCGA 

Low CMscore High CMscore p-value Low CMscore High CMscore p-value 

Age 
<60 70 108 < 0.001 72 93 0.528 

≥60 30 12  94 106  

Gender 
male 84 106 0.431 125 121 0.004 

female 16 14  41 78  

Fibrosis/Cirrhosis 
No 9 9 0.806 39 35 > 0.999 

Yes 91 111  72 63  

AFP(ng/ml) 
≤300 67 51 < 0.001 118 94 < 0.001 

>300 30 69  20 44  

Stage 
I/II 90 80 < 0.001 126 128 0.018 

III/IV 9 39  30 57  

BCLC 
0/A 88 80 < 0.001    

B/C 11 39     

Child_pugh 
A    118 65 > 0.999 

B/C    12 7  

Histologic_grade 
G1+G2    119 111 0.002 

G3+G4    45 85  

 

contrary, CMscore showed a significantly negative 

correlation with T cells CD4 naïve, T cells gamma 

delta, NK cells activated, monocytes, M1 or M2 

macrophages, and mast cells resting (Figure 5D).  

 

Alexander Bagaev et al. clustered TME properties via a 

list of 29 functional gene expression signatures (Fges) 

[49]. We found that HCC patients with high CMscore 

had elevated expression of most Fregs associated with 

angiogenesis fibroblasts (CAFs), such as angiogenesis, 

matrix remodeling, and protumor cytokines. Besides, 

the expression of all pro-tumor immune infiltrate 

associated Fges and part of anti-tumor immune infiltrate 

associated Fges (MHCI, MHCII, coactivation 

molecules, B cells, checkpoint inhibition, and T cells) 

were significantly elevated in HCC patients with high 

CMscore a higher proliferation rate (Figure 5D). In 

addition, high-CMscore HCC patients also showed an 

increase in proliferation rate (Figure 5D), which is 

consistent with the GSEA results (Figure 4C, 4D). 

 

Tumor Immune Estimation Resource (TIMER; 

cistrome.shinyapps.io/timer) helps to calculate the 

levels of six tumor-infiltrating immune subsets, namely 

B cell, CD4+ T cell, CD8+ T cell, neutrophil, myeloid 

dendritic cell and macrophage [50]. We also found that 

CMscore exhibited a positive association with the 

infiltration of all these cells (Figure 5F–5K). In 
particular, CMscore had a strong correlation with the 

fraction of myeloid dendritic cell or macrophage (R = 

0.55 or = 0.54, respectively, Figure 5J, 5K). 

Association between CMscore and treatment of 

HCC 

 

TACE, a recommended treatment for HCC patients at 

intermediate stage, exerts anti-tumor function by 

injecting drugs into the artery supplying for HCC 

nodules [51]. We noticed that HCC patients responding 

to TACE had a significantly lower level of CMscore (p 

< 0.0001, Figure 6A), and the AUC of CMscore in 

predicting the non-responsiveness reached 0.759 

(Figure 6B). As demonstrated in our previous section, 

HCC patients with high CMscore had increased 

proliferation rate (Figure 5E), and decreased expression 

of pro-cuproptosis related genes (Figure 4A). Similarly, 

HCC patients responding to TACE had significantly 

higher level of MKI67, a marker of cell proliferation, 

and of CDKN2A, an anti-cuproptosis gene (Sup-

plementary Figure 2F), and these patients also had 

significantly decreased expression of FDX1, a key pro-

cuproptosis gene (Supplementary Figure 2F).  

 

Besides, immune checkpoint inhibitors (ICIs), like 

pembrolizumab, nivolumab and sintilimab, have 

become part of the first- or second-line therapy for 

advanced HCC patients [52, 53]. As shown in Figure 

6C, HCC patients with high CMscore had a 

significantly higher expression of all major ICI targets, 

including PD-L1, CTLA4, CD24 and TIGIT. 
Previously, a series of stepwise events is depicted by 

Liwen Xu et al. during the anticancer immune response 

[54]. As shown in Figure 6D, CMscore had a 
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significantly negative association with step 5 to step 7, 

whereas showed a significantly positive correlation with 

the release of cancer cell antigens (step 1), and 

recruiting of many types of immune cells (step 4). To 

further evaluate the impact of CMscore on tumor’s 

response to immunotherapy, we first investigated a 

large cohort of patients with metastatic urothelial cancer 

(mUC) treated with atezolizumab, an anti-PD-L1 agent 

(the IMvigor210 study) [55]. We calculated the 

CMscore of each sample in the cohort and 45.45% of 

these patients were classified into the low-CMscore 

subgroup based on the order of CMscore, as described 

in the aforementioned section. Similarly, mUC patients 

with high CMscore had significantly decreased level of 

most pro-cuproptosis related genes such as LIAS, 

LIPT1 and DLD, and upregulated level of CDKN2A, an 

anti-cuproptosis gene (Figure 6E). Besides, mUC 

patients from the inflamed cluster, or those with TC2+, 

had the highest level of CMscore (Figure 6F and 

Supplementary Figure 2G). CMscore also showed a 

positive correlation with CD8 T effector cell score and 

level of immune checkpoint (Figure 6H, 6I), and these 

 

 
 

Figure 4. Pathway enrichment analyses of CMscore-based HCC groups. (A, B) The box plot showing the expression of cuproptosis  
(A) and glycolysis (B) related genes in high- and low-CMscore subgroups of the TCGA_LIHC dataset. (C–N) GSEA of the high- (D) and low-
CMscore (E) subgroup in the TCGA-LIHC cohort. P-values were shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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results were consistent with those from the HCC cohort 

(Figures 5E, 5H, 6C). After treatment of atezolizumab, 

mUC patients from the high-CMscore subgroup 

exhibited significantly longer OS than those from the 

low-CMscore one (median OS, 14.13 months vs. 8.08 

months, p = 0.011, Figure 6J). In another large cohort in 

which 144 patients with metastatic melanoma treated 

with anti-PD1 ICIs (121 of them with survival data 

available) [31], we also calculated the CMscore of each 

sample and categorized 45.45% of them into the low-

CMscore subgroup. Again, we found that melanoma 

patients with high CMscore had significantly lower 

tumor purity (Figure 6K), consistent with the results 

from the HCC cohort (Figure 5C). Particularly, these 

melanoma patients with low CMscore exhibited 

dramatically shorter OS (p = 0.00072, Figure 6L) and 

PFS (p < 0.0001, Figure 6M). 

 

Identification of potential target of cuproptosis 

 

To identify potential genes involving copper 

metabolism and cuproptosis, WGCNA was applied to 

identify modules highly correlated with CMscore in 

both GSE14520 and TCGA-LIHC datasets (Figure 7A, 

7B). The turquoise modules in the GSE14520 and 

TCGA-LIHC datasets showed strongest association 

with CMscore (Figure 7C–7E). To filter the hub genes 

highly correlated with CMscore, we selected genes 

which had a gene significance value greater than 0.2 

and module membership value greater than 0.8 for 

further analyses. As shown in Figure 7F, 13 hub genes 

both existed in the turquoise modules of TCGA-LIHC 

and GSE14520 datasets, and these genes all showed a 

strong correlation with CMscore (Figure 7G). 

 

Since SLC27A5 showed the strongest negative 

correlation with CMscore (Figure 7G), we further 

evaluated its relationship with cuproptosis. As shown in 

Figure 8A–8D, the transcriptional and protein level of 

SLC27A5 were significantly downregulated in HCC 

when compared with normal tissues. To investigate the 

role of SLC27A5 in liver cancer, we overexpressed 

SLC27A5 in HepG2 and LM-3 cells. CCK-8 assay 

indicated that overexpression SLC27A5 caused 

decreased cell proliferation of HCC cells (Figure 8E, 

8F). The results of flow cytometry suggested that the 

proportion of S phase HCC cells decreased after 

overexpression of SLC27A5 (Figure 8G, 8H). EdU 

staining results also showed a significant decrease in the 

proliferation rate of HCC cells after overexpression of 

SLC27A5 (Figure 8I). Besides, HCC cells with 

overexpression of SLC27A5 showed a slower migration 

rate than the control groups (Figure 8J). Considering 
FDX1 plays a central role in the induction of 

cuproptosis [23], we further investigated the relation-

ship between SLC27A5 and FDX1. The transcriptional 

level of SLC27A5 exhibited a strong positive 

correlation with that of FDX1 in TCGA-LIHC (Figure 

9A, r = 0.58, p < 2.2e-16) and in GSE14520 (Figure 9B, 

r = 0.44, p < 6.7e-12). Further, analysis of the Cancer 

Dependency Map Portal (DepMap) [56] revealed that 

SLC27A5 exhibited a significant co-dependency with 

FDX1 (Figure 9C, r = 0.19, p = 1.7e-10). IHC staining 

of SLC27A5 and FDX1 in a collected HCC tissue chip 

also confirmed a significantly positive correlation 

between the expression of SLC27A5 and that of FDX1 

(Figure 9D, 9E, r = 0.65, p = 1.5e-06). Lastly, the qRT-

PCR and western blotting experiments all confirmed 

that both transcriptional and protein level of FDX1 were 

significantly upregulated in HCC cells after 

overexpression SLC27A5 (Figure 9F–9I). These 

findings indicate that SL27A5 may promote cuproptosis 

by upregulating FDX1 in HCC.  

 

DISCUSSION 
 

Copper ion is essential in various biological activities, 

including cellular respiration, intracellular signaling 

transduction, neuropeptide processing, cell proliferation 

and angiogenesis [9, 11]. Dysregulated copper 

metabolism has been observed in many types of cancer, 

and elevated copper level is associated with more 

aggressive features of tumor and worse prognosis of 

cancer patients [11, 13, 14, 26]. In this work, we noticed 

that features of copper metabolism in HCC are indeed 

distinct from normal or cirrhotic livers (Figure 1A–1D). 

GSVA analyses of 14 copper metabolism-related 

pathways showed that HCC samples had decreased 

expression of most terms, like “GOMF_COPPER_ 

ION_TRANSMEMBRANE_TRANSPORTER_ACTIV

ITY”, “GOBP_RESPONSE_TO_COPPER_ION”, 

“GOBP_DETOXIFICATION_OF_COPPER_ION”, and 

“GOBP_COPPER_ION_IMPORT” (Figure 1A, 1B). The 

expression of four metal-binding metallothioneins 

(MTs): MT1, MT2, MT3, and MT4, was all 

dramatically decreased in HCC samples (Figure 1D). 

MTs can detect, store, and transport copper, and protect 

cells from copper toxicity by chelating excess copper 

ions [57]. The abnormal expression of MTs might 

contribute to the dysregulated copper metabolism in 

HCC cells and also render these cells more 

susceptible to copper-dependent cell death, namely 

cuproptosis [23].  

 

To better characterize the change of copper metabolism 

in HCC, we incorporated the genes involved in copper 

metabolism-related pathways, and constructed the novel 

risk score, namely CMscore (Figure 2A–2D). The risk 

score was based on the expression of six crucial genes, 

and these genes were TMPRSS6, SORD, CCS, P2RX4, 

ATP13A2 and LOX. The first three genes might 

function as tumor-suppressors in HCC, since they 
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Figure 5. Immune profile of CMscore-based HCC groups. (A–C) Box and dot plot showing stromal score (A), immune score (B), and tumor 

purity of HCC patients from high- and low-CMscore subgroups. Wilcoxon test was used for data analyses. (D) Correlation analyses between 
CMscore and infiltration of 22 types of immune cells estimated by CIBERSORT method. (E) The box plot showing the enrichment score of 29 Fregs 
in HCC patients from the low- or high-CMscore subgroups. The “Angiogenesis Fibroblasts” related terms were marked with red font, the “Pro-
tumor immune infiltrate” related terms were with yellow font, the “Anti-tumor immune infiltrate” related terms were with blue font, and “EMT 
signature / proliferation rate” related terms were with purple font. (F–K) Correlation analyses between CMscore and infiltration of 6 types of 
immune cells estimated by the TIMER website online. P-values were shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Figure 6. Guidance of CMscore in the therapy for HCC patients. (A) The box and dot plot showing the value of CMscore between 

responders and non-responders to TACE. Wilcoxon test was used for data analyses. (B) The AUC value of CMscore in predicting non-
responsiveness of HCC patients to TACE. (C) The boxplot showing the expression of ICI-related genes in high- and low-CMscore subgroups of 
the TCGA_LIHC dataset. (D) Correlation between CMscore and immune activity scores of each step of the Cancer-Immunity Cycle. (E) The 
boxplot showing the expression of cuproptosis-related genes in high- and low-CMscore subgroups of the IMvigor210 cohort. (F) The boxplot 
showing the level of CMscore in three immune phenotypes of mUC patients in the IMvigor210 cohort. (G) The boxplot showing the level of 
CMscore in mUC patients with different TC level in the IMvigor210 cohort. (H) Correlation between CMscore and CD8 T effector cell score in 
the IMvigor210 cohort. (I) Correlation between CMscore and level of immune checkpoint in the IMvigor210 cohort. (J) OS analyses of mUC 
patients with high and low CMscore in the IMvigor210 cohort. (K) Box and dot plot showing the tumor purity of metastatic melanoma 
patients with high and low CMscore. (L, M) OS (L) and PFS (M) analyses of metastatic melanoma patients with high and low CMscore.  
P-values were shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Figure 7. WGCNA analyses of CMscore. (A, B) Merging of mRNA co-expression modules in GSE14520 (A) and TCGA-LIHC (B) datasets.  

(C) Correlation heatmap of module genes and CMscore in the GSE14520 and TCGA-LIHC datasets. The correlation coefficient changed from –
1 to 1 as the color turned from blue to red gradually. (D, E) Scatterplot of the correlation coefficient between the selected module (turquoise 
module) and the CMscore in GSE14520 (D) and TCGA-LIHC (E) datasets. (F) Venn plot of hub genes of the selected module in GSE14520 and 
TCGA-LIHC datasets. (G) Correlation coefficient of selected hub genes with CMscore in GSE14520 and TCGA-LIHC datasets. 
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Figure 8. The expression and function of SLC27A5 in HCC. (A–C) The transcriptional expression of SLC27A5 in HCC and normal tissues of 
TCGA-LIHC (A), GSE14520 (B) and GSE64041 (C) datasets. (D) The protein level of SLC27A5 in HCC and normal tissues. (E, F) CCK-8 assay for 
HepG2 (E) and LM-3 (F) cells overexpressing SL27A5. (G, H) HepG2 (G) and LM-3 (H) cells were subject to flow cytometry analysis for cell cycle. 
(I) HCC cells overexpressing SLC27A5 were subject to EdU staining. (J) HCC cells overexpressing SLC27A5 were subject to wound healing assay. 
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Figure 9. SLC27A5 upregulates FDX1 in HCC. (A, B) The correlation between the expression of SLC27A5 and that of FDX1 in TCGA-LIHC 
(A) and GSE14520 (B) datasets. (C) Dot plot showing the dependency scores for SLC27A5 and FDX1 across all tumor cell lines in the Project 
Achilles/Cancer Dependency Map Portal (DepMap). (D, E) The expression of and correlation between SLC27A5 and FDX1 in collected HCC 
tissue chip. (F, G) HepG2 (F) and LM-3 (G) cells overexpressing SLC27A5 were subject to qRT-PCR analysis. (H, I) Western blotting using lysates 
of HepG2 (H) and LM-3 (I) cells after overexpressing SLC27A5. 
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expression was dramatically decreased in tumors when 

compared with normal livers (Figure 2E), and their low 

expression was associated with significantly shorter OS 

(Supplementary Figure 1C–1E). On the contrary, the 

latter three genes might act as oncogenes because their 

expression and relationship with prognosis was opposite 

to that of the first three genes (Figure 2E and 

Supplementary Figure 1F–1H). TMPRSS6 is mainly 

expressed in the liver and critical in maintaining iron 

homeostasis [58], and it also contributes to abnormal 

circulating copper concentration (Supplementary Table 

1). Sébastien P Dion et al. also noticed a much lower 

expression of TMPRSS6 in HCC cells when compared 

to human liver samples [59]. SORD predominantly 

exists in liver and catalyzes the NAD+-dependent 

conversion of sorbitol to fructose [60]. Serum level of 

SORD reflects liver damage. In patients with HCC, 

serum levels of SORD are elevated, and serum SORD 

levels greater than15 ng/mL were associated with poor 

prognosis [61]. However, the exact role of TMPRSS6 

and SORD in HCC requires further investigation. CCS is 

responsible for insertion of copper into Cu, Zn 

superoxide dismutase (SOD1), which acts as an 

antioxidant by eliminating toxic superoxide anion 

radicals [62]. Mice deficient in the SOD1 have increased 

oxidative stress and developed spontaneous HCC with 

age [63, 64], suggesting an at least indirect role of CCS 

in hindering the carcinogenesis of HCC. P2RX4 is an 

ion channel activated by extracellular ATP [65], and 

could also function as a pro-inflammatory receptor in 

cancer progression [66, 67]. Arun Asif et al. revealed 

that P2RX4 was significantly overexpressed in HCC 

[66]. And P2RX4 supports tumor growth and metastasis 

in other types of cancer like prostate cancer [68, 69]. 

ATP13A2 is a polyamine transporter which maintains 

healthy and functional lysosomes [70]. Although the role 

of ATP13A2 in HCC is currently unclear, Qian Chen et 

al. showed that downregulation of the gene reduced 

tumorigenesis of colon cancer by blocking autophagic 

flux [71]. LOX is a secreted copper-dependent amine 

oxidase, and increased level of LOX has been noted in 

HCC tissue, and is associated with poor prognosis of 

HCC patients [72, 73]. Indeed, knocking down the 

expression of LOX in HCC cells resulted in impaired 

migratory capability [73]. Taken together, HCC patients 

with high CMscore had high expression of P2RX4, 

ATP13A2 and LOX, and low expression of TMPRSS6, 

SORD, and CCS (Figure 2D), and might represent a 

more aggressive HCC subtype. Indeed, prognosis 

analyses revealed that HCC patients in the high-

CMscore subgroup had significantly shorter OS and PFS 

(Figure 2H, 2J and Supplementary Figure 2A, 2C, 2D). 

Besides, CMscore could serve as an independent 
prognostic factor and had strong predictability for OS 

(Figures 2I, 2K, 3B, 3D). The 1-, 3-, and 5-year AUC 

value of CMscore revealed that CMscore exhibited a 

good capability in predicting prognosis of HCC patients 

(Figure 2I, 2K). Further, we compared the C-index of 

CMscore and that of some previously published 

signatures (Supplementary Table 6) [74–79]. Although 

the C-index of some signatures [75, 77] was 

significantly higher than that of CMscore in the TCGA-

LIHC dataset, this superiority was not repeated in 

another dataset (GSE14520) (Supplementary Table 6). 

In addition, the C-index of CMscore was the highest 

among that of the 7 signatures in the GSE14520 dataset. 

Taken together, the predictability of CMscore was not 

inferior to other signatures. Besides, CMscore showed a 

significantly positive correlation with most cancer- 

related pathways like cell cycle process, WNT signaling 

and ERBB signaling (Figure 4D–4F). Indeed, ‘sustain 

proliferative signaling’ has been identified to be one 

hallmark of cancer [80]. Mitogenic signals, including 

ERBB signaling and WNT signaling, have been well 

explored in HCC in supporting its proliferative 

capability and the growth of tumor [81, 82]. In addition, 

WNT and ERBB signalings also contribute to treatment 

resistance and poor prognosis of HCC patients [82, 83]. 

 

Since copper participates in many biological activities, it 

must exert certain impact on the TME of HCC. Florida 

Voli et al. revealed that increased intratumor copper levels 

augmented the expression of PD-L1 at transcriptional and 

translational levels in cancer cells and facilitated cancer 

immune evasion. Correspondingly, copper-chelators 

significantly increased the level of tumor-infiltrating 

CD8+ T and natural killer cells [84]. However, how will 

copper metabolism affects TME and response to ICIs 

awaits more evidence. We found that CMscore had a 

strong positive relationship with the infiltration of most 

immune cells (Figure 5A–5K). In particular, HCC patients 

with high CMscore had significantly higher expression of 

pro-tumor immune infiltrates (Figure 5E) and immune 

checkpoint targets (Figure 6C). CMscore also showed a 

positive correlation with recruit of various types of 

immune cells, but a negative correlation with recognition 

of cancer cells by T cells and killing of cancer cells 

(Figure 6D). Taken together, HCC patients with high 

CMscore might exhibit an immune suppressive status. 

ICIs have become the keystone in the treatment for 

unresectable hepatocellular carcinoma [53, 85]. In two 

large cohorts in which cancer patients receiving ICIs, we 

noticed that these patients with high CMscore also 

exhibited high infiltration of immune cells and prolonged 

survival time after immunotherapy (Figure 6F–6M), 

suggesting cancer patients in the high CMscore subgroup 

might benefit from ICIs. 

 

Further, WGCNA and subsequent correlation analyses 
further identified SLC27A5 exhibited a strong correlation 

with both CMscore (Figure 7). SLC27A5 was 

considerably downregulated in HCC when compared with 
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normal tissues (Figure 8A–8D), which was consistent 

with previously published works [86, 87]. Xu et al. found 

that SLC27A5 downregulated glutathione reductase, 

which further led to decreased level of glutathione (GSH) 

[88]. Studies revealed that the depletion GSH increased 

sensitivity of cells to cuproptosis [23, 89], suggesting a 

tight relationship between SLC27A5 and cuproptosis. 

Since FDX1 functions as a pivotal regulator of 

cuproptosis [23], we investigated the relationship between 

SLC27A5 and FDX1 in this work. Correlation analyses in 

TCGA-LIHC and GSE14520 datasets, collected tissue 

chip, and Depmap CRISPR dataset both suggested a 

significant positive correlation between the expression of 

SLC27A5 and that of FDX1 (Figure 9A–9E). Further, 

upregulation of SLC27A5 indeed increase the 

transcriptional and protein level of FDX1 (Figure 9H, 9I). 

Taken together, SLC27A5 could be a potential target of 

HCC, partially through the induction of cuproptosis via 

GSH and FDX1. 

 

At last, several limitations of this work should be pointed 

out. Firstly, the study predominantly relies on publicly 

available HCC datasets, which may have inherent 

limitations such as sample heterogeneity, thus, the value 

of CMscore in predicting prognosis of HCC patients 

should be validated in collected tumor samples. Secondly, 

high throughout RNA-seq techniques have inherent bias 

in evaluating the precise transcriptional level of genes. 

Consequently, the CMscore, based on real time 

polymerase chain reaction (RT-PCR) techniques, could be 

tested on fresh tumor samples by further studies, since this 

method might be more economical and convenient in 

clinical practice. Thirdly, the validity of CMscore in 

predicting response to immunotherapy should be 

validated by well-designed prospective clinical studies.  

 

CONCLUSIONS 
 

In conclusion, HCC patients exhibited dysregulated 

copper metabolism. CMscore, a novel risk score based 

on copper metabolism-related genes, was developed 

using the LASSO Cox regression model. HCC patients 

with high CMscore were enriched in most cancer- 

related pathways like MAPK signaling pathway and 

worse prognosis. In addition, these patients also 

exhibited an immune suppressive status and might 

benefit from immunotherapy. SLC27A5, a hub gene of 

CMscore, might be a potential regulator of cuproptosis 

in HCC. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Copper metabolism was aberrantly expressed in HCC and might affect prognosis of HCC patients. 
(A, B) The box plot showing the enrichment level of 14 copper metabolism in tumor and corresponding normal tissues from GSE64041  
(A) and TCGA-LIHC (B) dataset. (C–H) Prognosis analyses of HCC patients stratified by the expression of TMPRSS6 (C), SORD (D), CCS  
(E), P2RX4 (F), ATP13A2 (G) and LOX (H). P-values were shown as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Supplementary Figure 2. Prognosis and TMB analyses in CMscore stratified HCC subgroups. (A) The prognostic significance of 
CMscore in the ICGC-LIRI dataset. The Kaplan-Meier method was used for prognosis analysis. (B) Time-dependent ROC analyses of the 
CMscore regarding the OS and survival status in the ICGC-LIRI dataset. (C, D) PFS analyses of HCC patients with high and low CMscore in the 
GSE14520 (C) and TCGA-LIHC (D) cohorts. (E) Box and dot plot showing the TMB of HCC patients from high- and low-CMscore subgroups. 
Wilcoxon test was used for data analyses. (F) The boxplot showing the expression of MKI67, cuproptosis-related genes, and copper ion 
import related genes between responders and non-responders to TACE. 
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Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 2, 3, 6. 

 

Supplementary Table 1. Clinicopathological information of HCC patients whose samples were used in the tissue 
chip. 

Demographic data Clinical data 

Age Gender T N M Stage HBV infection HCV infection liver cirrhosis Child-pugh 

32 Female T4 N0 M0 IIIB HBV infection HCV infection Yes A 

32 Male T2 N0 M0 II Yes No Yes A 

38 Male T2 N0 M0 II Yes No Yes A 

43 Female T2 N0 M0 II Yes No No A 

45 Male T2 N0 M0 II Yes No Yes A 

46 Female T2 N0 M0 II Yes No Yes A 

47 Male T2 N0 M0 II Yes No Yes A 

47 Female T1 N0 M0 I Yes No No A 

48 Male T2 N0 M0 II Yes No Yes A 

49 Male T2 N0 M0 II Yes No Yes A 

49 Male T3 N0 M0 IIIA Yes No Yes A 

50 Male T4 N0 M0 IIIB Yes No Yes A 

52 Male T3 N0 M0 IIIA No Yes Yes B 

53 Female T2 N0 M0 II Yes No No A 

53 Female T2 N0 M0 II Yes No Yes A 

54 Male T1 N0 M0 I Yes No No A 

54 Male T1 N0 M0 I Yes No No A 

54 Female T1 N0 M0 I Yes No Yes A 

54 Male T3 N0 M0 IIIA Yes No Yes A 

54 Male T3 N0 M0 IIIA No No No A 

55 Female T3 N0 M0 IIIA Yes No No A 

55 Male T4 N0 M0 IIIB Yes No Yes A 

57 Female T1 N0 M0 I No No Yes A 

57 Female T3 N0 M0 IIIA Yes No Yes A 

59 Female T2 N0 M0 II Yes No Yes A 

59 Female T2 N0 M0 II Yes No Yes A 

59 Female T2 N0 M0 II Yes No Yes A 

59 Female T3 N0 M0 IIIA No Yes No A 

59 Male T4 N0 M0 IIIB Yes No Yes A 

61 Male T2 N0 M0 II Yes No No A 

62 Female T4 N0 M0 IIIB Yes No No B 

62 Male T2 N0 M0 II No No Yes A 

62 Male T4 N0 M0 IIIB No No Yes A 

63 Female T2 N0 M0 II No No No A 

63 Female T2 N0 M0 II No No No A 

64 Male T1 N0 M0 I No No Yes A 

65 Female T2 N0 M0 II Yes No Yes B 

66 Male T4 N0 M0 IIIB No No No A 

66 Female T4 N0 M0 IIIB No No No A 

68 Female T1 N0 M0 I No No Yes A 

69 Male T1 N0 M0 I No No Yes A 
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69 Female T1 N0 M0 I Yes No Yes A 

69 Female T1 N0 M0 I No Yes Yes A 

72 Male T4 N0 M0 IIIB No No No A 

74 Female T1 N0 M0 I No No Yes A 

77 Male T2 N0 M0 II Yes No Yes A 

 

Supplementary Table 2. The 14 copper metabolism-related pathways downloaded from the GSEA website. 

 

Supplementary Table 3. The 134 copper metabolism-related genes used in this study. 

 

Supplementary Table 4. GSEA analysis in HCC patients with high CMscore. 

NAME NES NOM p-val FDR q-val 

KEGG_FC_GAMMA_R_MEDIATED_PHAGOCYTOSIS 1.8984437 0 0.17004614 

KEGG_ENDOCYTOSIS 1.819987 0.002061856 0.16127017 

KEGG_NOTCH_SIGNALING_PATHWAY 1.8202299 0.00210084 0.20135938 

KEGG_MAPK_SIGNALING_PATHWAY 1.6682875 0.0041841 0.1557375 

KEGG_GNRH_SIGNALING_PATHWAY 1.6934952 0.006085193 0.14486559 

KEGG_PANCREATIC_CANCER 1.7722937 0.008097166 0.21240525 

KEGG_NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.8361194 0.008130081 0.2266231 

KEGG_PATHWAYS_IN_CANCER 1.7375147 0.010373444 0.15497063 

KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 1.7488441 0.011904762 0.17216738 

KEGG_PURINE_METABOLISM 1.6673263 0.012170386 0.14906801 

KEGG_GAP_JUNCTION 1.6483914 0.012396694 0.14366534 

KEGG_BLADDER_CANCER 1.7637283 0.013435701 0.19546312 

KEGG_SNARE_INTERACTIONS_IN_VESICULAR_TRANSP

ORT 
1.7114455 0.016064256 0.16438843 

KEGG_REGULATION_OF_ACTIN_CYTOSKELETON 1.7046009 0.016460905 0.15059586 

KEGG_VIBRIO_CHOLERAE_INFECTION 1.7124143 0.018292682 0.17648296 

KEGG_SMALL_CELL_LUNG_CANCER 1.6785665 0.018329939 0.15270367 

KEGG_MELANOGENESIS 1.6630584 0.018595042 0.13967341 

KEGG_AXON_GUIDANCE 1.6471983 0.02 0.12902525 

KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_CHOND

ROITIN_SULFATE 
1.6451277 0.024844721 0.12586027 

KEGG_BASAL_CELL_CARCINOMA 1.5684719 0.027027028 0.13928673 

KEGG_EPITHELIAL_CELL_SIGNALING_IN_HELICOBACTE

R_PYLORI_INFECTION 
1.6477886 0.027667984 0.13871863 

KEGG_P53_SIGNALING_PATHWAY 1.5558062 0.028089888 0.1365577 

KEGG_CHRONIC_MYELOID_LEUKEMIA 1.6473626 0.028806584 0.1338181 

KEGG_CELL_CYCLE 1.7635086 0.030364372 0.1712885 

KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY 1.7456275 0.030549899 0.1598494 

KEGG_WNT_SIGNALING_PATHWAY 1.5573068 0.030737706 0.13850737 

KEGG_PHOSPHATIDYLINOSITOL_SIGNALING_SYSTEM 1.6307317 0.032193158 0.12288766 

KEGG_TYPE_II_DIABETES_MELLITUS 1.5539867 0.032319393 0.13243896 

KEGG_LONG_TERM_DEPRESSION 1.5745752 0.032388665 0.14137192 

KEGG_MELANOMA 1.5366602 0.032520324 0.13525765 

KEGG_LEISHMANIA_INFECTION 1.709076 0.03305785 0.15535463 

KEGG_GLYCEROPHOSPHOLIPID_METABOLISM 1.4821936 0.033464566 0.14194037 

KEGG_DILATED_CARDIOMYOPATHY 1.6396748 0.036072146 0.12726225 

KEGG_CYTOSOLIC_DNA_SENSING_PATHWAY 1.6315686 0.0375 0.12604359 

KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY 1.697551 0.037549406 0.14886461 

KEGG_CHEMOKINE_SIGNALING_PATHWAY 1.663699 0.03757829 0.14522162 

KEGG_ETHER_LIPID_METABOLISM 1.5466341 0.03960396 0.13287674 

KEGG_ECM_RECEPTOR_INTERACTION 1.6233107 0.04208417 0.12099782 
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KEGG_SPHINGOLIPID_METABOLISM 1.5098191 0.042682927 0.14172791 

KEGG_FC_EPSILON_RI_SIGNALING_PATHWAY 1.6230218 0.043737575 0.117826074 

KEGG_HEDGEHOG_SIGNALING_PATHWAY 1.5247976 0.046184737 0.13716604 

KEGG_VEGF_SIGNALING_PATHWAY 1.5736735 0.046875 0.1385639 

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 1.6529329 0.047131147 0.14498721 

KEGG_HOMOLOGOUS_RECOMBINATION 1.567613 0.048117153 0.13666774 

KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.6257775 0.048484847 0.122614816 

KEGG_PRIMARY_IMMUNODEFICIENCY 1.634781 0.048484847 0.12693438 

 

Supplementary Table 5. GSEA analysis in HCC patients with low CMscore. 

NAME NES NOM p-val FDR q-val 

KEGG_RETINOL_METABOLISM -2.167813 0 0.002035083 

KEGG_PEROXISOME -2.0712562 0 0.002079365 

KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM -2.1039007 0 0.002399225 

KEGG_DRUG_METABOLISM_CYTOCHROME_P450 -2.0773907 0 0.002495238 

KEGG_BETA_ALANINE_METABOLISM -2.1281288 0 0.002568046 

KEGG_TRYPTOPHAN_METABOLISM -2.0808556 0 0.002895563 

KEGG_FATTY_ACID_METABOLISM -2.0415673 0 0.003641113 

KEGG_ARGININE_AND_PROLINE_METABOLISM -1.9889241 0 0.006149278 

KEGG_BUTANOATE_METABOLISM -1.9770343 0 0.006535998 

KEGG_PROPANOATE_METABOLISM -1.9579531 0 0.006807423 

KEGG_PPAR_SIGNALING_PATHWAY -1.9671538 0 0.006864346 

KEGG_DRUG_METABOLISM_OTHER_ENZYMES -1.9174808 0 0.009751262 

KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION -1.9209632 0 0.010396404 

KEGG_LINOLEIC_ACID_METABOLISM -1.8366377 0 0.016201999 

KEGG_PRIMARY_BILE_ACID_BIOSYNTHESIS -1.8980548 0.002070393 0.009768278 

KEGG_HISTIDINE_METABOLISM -1.9145805 0.002109705 0.009277614 

KEGG_STEROID_HORMONE_BIOSYNTHESIS -1.911821 0.002136752 0.008890382 

KEGG_TYROSINE_METABOLISM -1.8882285 0.004175365 0.009211825 

KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450 -1.893714 0.004273505 0.009375573 

KEGG_LYSINE_DEGRADATION -1.818755 0.006122449 0.018197488 

KEGG_ASCORBATE_AND_ALDARATE_METABOLISM -1.8160095 0.010351967 0.018044308 

KEGG_CITRATE_CYCLE_TCA_CYCLE -1.829712 0.012145749 0.017026087 

KEGG_ALANINE_ASPARTATE_AND_GLUTAMATE_METABOLISM -1.748662 0.012711864 0.03250989 

KEGG_PYRUVATE_METABOLISM -1.7198697 0.014799154 0.038862422 

KEGG_PARKINSONS_DISEASE -1.868609 0.029106028 0.011506476 

KEGG_NITROGEN_METABOLISM -1.5743402 0.03411514 0.08322459 

KEGG_CYSTEINE_AND_METHIONINE_METABOLISM -1.5310292 0.036734693 0.098343 

KEGG_COMPLEMENT_AND_COAGULATION_CASCADES -1.7384919 0.03877551 0.034447856 

KEGG_STARCH_AND_SUCROSE_METABOLISM -1.5690577 0.039337475 0.08343582 

KEGG_GLYOXYLATE_AND_DICARBOXYLATE_METABOLISM -1.6042256 0.039915968 0.08150707 

KEGG_PENTOSE_AND_GLUCURONATE_INTERCONVERSIONS -1.6057246 0.041841004 0.083651654 

KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM -1.5906465 0.045161292 0.08498338 

KEGG_BIOSYNTHESIS_OF_UNSATURATED_FATTY_ACIDS -1.5831201 0.045738045 0.08373493 

KEGG_ADIPOCYTOKINE_SIGNALING_PATHWAY -1.5256513 0.046747968 0.096184686 

KEGG_GLYCOLYSIS_GLUCONEOGENESIS -1.5889574 0.04821803 0.08305111 

KEGG_PHENYLALANINE_METABOLISM -1.5288436 0.0491453 0.096786246 

 

Supplementary Table 6. The comparison between CMscore and previously published signatures in predicting 
prognosis of HCC patients. 


