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Abstract: Cuproptosis is a recently reported novel form of cell death, which is involved in the regulation of tumor pro-
gression. However, the specific role of cuproprosis in hepatocellular carcinoma (HCC) development remains unclear. 
In this study, we comprehensively analyzed the effect of cuproprosis-related lncRNAs/mRNAs on the prognosis of 
HCC patients based on the RNA-Seq transcriptome data and clinical data. We identified 6 cuproprosis-related sig-
natures by Cox and Lasso regression analysis, including 3 mRNAs (FBXO30, RNF2, MPDZ) and 3 lncRNAs (PICSAR, 
LINC00426, AL590705.3). In addition, we constructed a prognostic prediction model for HCC. Risk analysis, RT-
qPCR, and Kaplan-Meier analysis showed that the expression of FBXO30, RNF2, AL590705.3 and PICSAR was 
elevated in HCC, while the expression of MPDZ and LINC00426 was suppressed which was associated with better 
overall survival. Furthermore, immune response analysis suggested that HCC with high-risk score might respond 
favorably to immunotherapy. Moreover, the potential drugs that HCC might be sensitive to were screened by drug 
sensitivity profiling analysis. Taken together, our findings provided important information for the prediction of the 
prognosis of HCC patients and the development of personalized targeted therapy.
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Introduction

Liver cancer is one of the most common malig-
nant cancers worldwide, with an estimated 
900,000 new cases and 830,000 deaths each 
year, accounting for 4.7% and 8.3% of all malig-
nant cancers, respectively [1]. Hepatocellular 
carcinoma (HCC) accounts for about 80% of pri-
mary liver cancer [2], and the risk factors for 
HCC include chronic hepatitis (hepatitis B or C 
virus infection), alcoholism, and metabolic syn-
drome [3]. The current treatment options for 
HCC include curative surgery (lesion resection, 
liver transplantation or local ablation) and sup-
portive care. Although the 5-year survival rate 
of surgical treatment is as high as 75%, only 
20% of patients are eligible for surgery due to 
the advanced stages at diagnosis, liver dys-
function, or insufficient liver donors. The 3-year 
survival rate for palliative care is 10-40%, while 
the prognosis for symptomatic treatment is 

poor, with typical patients survival of less than 
3 months [4]. Although targeted therapy and 
immunotherapy have demonstrated promising 
progress in the treatment of HCC in recent 
years, the 5-year survival rate is still not satis-
factory. Therefore, it is imperative to identify 
novel strategies for the early diagnosis and the 
prediction of prognosis. 

Cuproptosis is a newly discovered form of non-
apoptotic programmed cell death, which is trig-
gered by copper overload and mediated by pro-
tein lipidation [5]. Since copper chelators or 
copper ionophores are considered to play an 
important role in inhibiting the occurrence and 
development of cancers [6], they may present 
as a new opportunity for HCC therapy. Copper is 
one of the important transition metals required 
for survival and participates in various physio-
logical processes such as oxygen metabolism, 
maintenance of iron homeostasis, and neu-
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rotransmitter synthesis [7]; however, excess or 
deficiency of copper is related to many human 
diseases [8]. Cellular aging, genetic mutation, 
or environmental influences can cause the dis-
ruption of copper homeostasis and lead to  
a wide range of adverse consequences, such 
as cancer and neurodegeneration [9, 10]. 
Accordingly, copper chelation has been shown 
to be effective in the treatment of Menke’s syn-
drome and Wilson’s disease. However, the role 
of cuproptosis in cancers remains to be fully 
understood [11]. In a phase III clinical trial of 
copper ionophore (elesclomol) in the treatment 
of melanoma, the anticancer effect of elesclo-
mol in patients with low plasma lactate dehy-
drogenase levels is detected [12]. Neverthe- 
less, there are no reports on the application of 
cuproptosis in cancer treatment, and the spe-
cific mechanism involving the fine regulation of 
cuproptosis is still unclear. 

In this study, a prognostic model was estab-
lished based on the gene transcription data 
and clinical data to explore the expression pro-
file, function and biological signaling pathways 
of cuproptosis-related signature in HCC, and to 
predict the effectiveness of immunotherapy 
and potential sensitive drugs. Our results will 
shed light on the development of targeted 
drugs, the prognostic prediction, and the selec-
tion of treatment strategies for HCC.

Materials and methods

Data collection and preprocessing 

The transcriptome data, clinical data and gene 
mutation data of HCC were downloaded from 
The Cancer Genome Atlas database (TCGA, 
https://portal.gdc.cancer.gov/). The retrieval 
strategy was shown in Supplementary Table 1. 
Perl software was first used to preprocess the 
downloaded dataset to obtain the matrices of 
“sample IDs - gene expression levels”, “clinical 
information - sample IDs”, and “tumor mutation 
burden (TMB) - sample IDs”. Then, R package 
“limma” and pre-prepared cuproptosis-related 
gene files (Supplementary Table 2) were used 
to extract the expression levels of cuproptosis-
related genes in each sample for further 
analysis. 

Prognostic model construction 

We utilized the downloaded clinical data to ana-
lyze the survival information of each sample. 

Samples with missing information were exclud-
ed. R package “limma” was used to integrate 
the cuproptosis-related lncRNAs/mRNAs data 
with survival data. Subsequently, we cycled the 
merged data once and randomly divide them 
into training group and testing group to con-
struct a prognostic model (P < 0.05 was defined 
as significant correlation). Univariate Cox analy-
sis was performed to identify the prognostic-
associated lncRNAs/mRNAs. In addition, the 
least absolute shrinkage and selection opera-
tor (LASSO) analysis was used to select the 
prognostic signatures and the model formula. 
Furthermore, we divided the samples into high- 
and low-risk groups according to the model for-
mula calculated by R software and then com-
pared the differences in overall survival (OS) 
and progression-free survival (PFS) between 
these two groups. Finally, time dependent 
receiver operating characteristic curve (ROC) 
analysis was carried out to evaluate the predic-
tive validity of the prognostic model.

Production of clinical nomogram

Univariate and multivariate Cox analyses were 
used to determine whether the clinical charac-
teristics of the prognostic model (age, sex, 
grade, stage, and risk score) were independent 
prognostic factors for HCC. Based on the 
results of the independent prognostic factor 
analysis, nomograms and calibration curves 
were plotted using the R packages “regplot” 
and “rms”. Specifically, each prognostic factor 
was given a score, and the scores of all prog-
nostic factors were added to generate the over-
all risk score. Then, the overall risk score was 
used to predict the 1-, 3-, and 5-year survival of 
HCC, and calibration curve was used to verify 
the accuracy of the nomogram.

Principal component analysis (PCA)

R packages “scatterplot3d” and “limma” were 
employed to perform PCA on all genes, all 
cuproptosis-related genes, all cuproptosis-re- 
lated lncRNAs/mRNAs, and cuproptosis-relat-
ed signatures based on HCC dataset. Three-
dimensional (3D) scatter plots were created to 
visualize the results.

Functional and pathway enrichment analysis

R package “limma” and logFC function were 
used to analyze the differentially expressed 
genes between the high- and low-risk groups in 
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HCC. Gene Ontology (GO) and Kyoto Encyclo- 
pedia of Genes and Genomes (KEGG) enrich-
ment analyses were performed to identify key 
genes and pathways involved in HCC. Then, his-
togram plot, bubble plot and circle plot were 
generated to visualize the differential gene 
enrichment in GO function and KEGG pathway. 
The FDR (< 0.05) correction was used to deter-
mine the statistical significance of GO and 
KEGG results.

Tumor mutational burden (TMB) analysis

TMB is generally defined as the number of non-
synonymous mutations presented in a tumor 
genome. Briefly, we employed Perl software to 
extract the matrices of “sample IDs - TMB” and 
“gene IDs - number of mutated samples”, as 
well as the detailed data on the location and 
the type of these mutations. Next, based on the 
risk score, we produced the waterfall plot by 
using maftools” package to demonstrate the 
genetic mutations in the high- and low-risk 
groups. Subsequently, the survival analysis 
using TMB was performed to determine wheth-
er there was a significant difference in TMB 
between the two groups.

Immune function and drug sensitivity analysis

R packages “limma”, “GSVA”, “GSEABase”, 
“pheatmap” and “reshape2” were used for 
immune function analysis, while packages 
“limma” and “ggpubr” were used for immune 
exclusion analysis. First, the data on the 
immune exclusion scores were downloaded 
from the Tumor Immune Dysfunction and 
Exclusion (TIDE, http://tide.dfci.harvard.edu/). 
Then, all gene expression data in HCC, cupro-
ptosis-related signature data, TIDE score, and 
immune function gene sets were visualized  
by heatmaps and violin plots. Finally, R pack-
ages “pRRophetic”, “ggpubr” and “ggplot2” 
were used to predict the drug sensitivity of 
HCC. 

Cell culture 

The normal human liver cell line LO2, liver can-
cer cell line HepG2 and HuH-7 were purchased 
from Procell (Wuhan, China). Cell lines were cul-
tured in high-glucose DMEM medium (Gibco, 
Carlsbad, CA, USA) supplemented with 10% 
fetal bovine serum (Gibco, Carlsbad, CA, USA) 
and penicillin (100 IU/ml)/streptomycin (100 

μg/ml) in a 37°C humidified incubator with 5% 
CO2.

RNA extraction and reverse transcription-quan-
titative PCR (RT-qPCR)

RNA extraction and RT-qPCR were carried out 
according to the manufacturer’s protocols. 
Briefly, EasyZol Reagent (NovaBio, Shanghai, 
China), HyperScriptTM III RT SuperMix for  
qPCR with gDNA Remover (NovaBio, Shanghai, 
China), and S6 Universal SYBR qPCR Mix 
(NovaBio, Shanghai, China) were used for cell 
lysis, cDNA synthesis and RNA detection. Pri- 
mer sequences used in this study were listed in 
Supplementary Table 3. The relative expression 
levels of the target genes were normalized to 
GAPDH and analyzed by 2-ΔΔCt.

Statistical analysis

R software (v 4.1.3) (https://www.r-project.
org/) was used for statistical analysis and gen-
erating plots. Perl (v 5.30.0) (https://www.perl.
org/) was used to sort and merge the down-
loaded data. P < 0.05 was considered statisti-
cally significant.

Results

Identification of cuproptosis-related lncRNAs/
mRNAs

We downloaded a total of 374 tumors and 50 
normal samples as well as 59427 gene tran-
scriptome data from TCGA database, which 
included 16,876 lncRNAs and 19938 mRNAs. 
Subsequently, we extracted lncRNAs/mRNAs 
that were co-expressed with cuproptosis-relat-
ed genes. At the end, we identified 3449 
lncRNAs/mRNAs signatures that were co-ex- 
pressed with the 17 cuproptosis-related genes 
in HCC, which was visualized by sankey plot 
(Figure 1A).

Construction of prognosis model

We also downloaded the clinical data of 376 
HCC samples from TCGA database, including 
the survival time and survival status. After 
merging the clinical data with the cuproptosis-
related lncRNAs/mRNAs expression data, we 
selected 370 samples and randomly divided 
them into the training and the testing groups 
for model construction. Then, univariate Cox 
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Figure 1. Construction of the prognostic model for HCC. A. Sankey plot of 17 cuproptosis-related genes which were co-expressed with 3449 lncRNAs/mRNAs. B. 
532 significantly differentially expressed lncRNAs/mRNAs were screened by univariate Cox analysis in the training group (P < 0.05), and 46 of them were shown in 
the forest plot (P < 0.001). C. LASSO regression results of the significantly differentially expressed lncRNAs/mRNAs in HCC. D. A partial likelihood deviation plot of 
cross validation according to the log (λ). The vertical dotted line indicated the minimum error λ value. The maximal λ value indicated that the deviation was within a 
standard error range of the minimum value.
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analysis was performed on the training group, 
and a total of 532 lncRNAs/mRNAs significant-
ly associated with prognosis were stratified. We 
presented the 46 genes with P < 0.001 by for-
est map (Figure 1B).

LASSO regression analysis and cross validation 
were performed to determine the point with 
minimum error (Figure 1C, 1D). Next, we used 
these signatures to construct a Cox model, and 
obtained the formula of prognosis model: 
FBXO30 × 0.472 + RNF2 × 0.479 + MPDZ × 
(-0.337) + AL590705.3 × 0.382 + PICSAR × 
0.262 + LINC00426 × (-1.765). Based on the 
model formula, we calculated the risk scores 
for each sample in the training and testing 
groups. According to the median value of the 
risk scores, we divided the samples into high- 
and low-risk groups. We found that as the risk 
score increased, the number of patients who 
died increased accordingly, and patients at the 
low-risk group generally had better survival 
time than those in the high-risk group 
(Supplementary Figure 1A, 1B). In addition, 
among the 6 optimal lncRNAs/mRNAs, FBXO30, 
RNF2, AL590705.3 and PICSAR were highly 
expressed in HCC, while the expression of 
MPDZ and LINC00426 was suppressed (Figure 
2A, 2B). Importantly, the above conclusions 
from bioinformatics analysis were validated by 
the experimental data using RT-qPCR (Figure 
2C, 2D). It is worth mentioning that the expres-
sion levels of MPDZ and LINC00426 were not 
statistically different in Huh-7. This may be 
caused by the different sources of HCC cell 
lines, which may have individual differences in 
the expression of the same gene. For example, 
HepG2 was isolated from the primary hepato-
blastoma of a Caucasian boy in 1979, and 
Huh-7 was isolated from the liver cancer tissue 
of a Japanese male in 1982.

Furthermore, Kaplan-Meier (K-M) analysis was 
performed for these 6 lncRNAs/mRNAs signa-
tures. The results showed that high expression 
of FBXO30, RNF2, PICSAR, AL590705.3 and 
low expression of MPDZ, LINC00426 were 
associated with poor OS in HCC (Supplementary 
Figure 1C-H).

Validation of the prognostic model 

We used Chi-square test to compare the base-
line clinical characteristics between the train-

ing group and the testing group (Table 1). The 
correlation between the lncRNAs/mRNAs sig-
natures and cuproptosis-related genes in the 
prognostic model was also analyzed (Figure 
3A). The K-M analysis results suggested that 
HCC patients with low-risk scores had better 
OS (Figure 3B) and PFS (Figure 3D), which was 
verified in the testing group (Figure 3C, 3E).

In addition, independent prognostic analysis 
was used to explore whether the prognostic 
model we constructed could be used as a prog-
nostic factor independent of other clinical char-
acteristics. Univariate and multivariate Cox 
analyses showed that stage (HR = 1.568, 95% 
CI = 1.266-1.943; P < 0.001) and risk score 
(HR = 1.150, 95% CI = 1.100-1.203; P < 0.001) 
were independent risk factors for predicting the 
OS of HCC patient (Supplementary Figure 2A, 
2B). Furthermore, time dependent-ROC analy-
sis indicated the good predictive value of our 
prognostic model in predicting 1-, 3- and 
5-years OS, with the prediction accuracy of AUC 
0.789, 0.822, and 0.749, respectively (Figure 
4A). Consistently, the predictive power of our 
prognostic model was superior to clinical pre-
dictors such as age, gender, grade, and stage 
(Figure 4B), which was also confirmed in the 
conformance index analysis (Figure 4C). 

Development of nomogram to predict OS

For the application of prognostic model in clini-
cal practice, we developed nomograms based 
on the baseline characteristics and the patho-
logical parameters of HCC. Using this nomo-
gram, the predicted 1-, 3-, and 5-year OS rates 
for HCC patients were 91.3%, 79.8%, and 
67.8%, respectively (Figure 4D). And the cali-
bration curve showed that the nomogram had 
high accuracy (Figure 4E).

PCA 

PCA was used to verify whether our prognosis 
model was effective in distinguishing patients 
between the high- and low-risk groups. We sep-
arately analyzed all genes, all cuproptosis-relat-
ed genes, all cuproptosis-related lncRNAs/
mRNAs, and cuproptosis-related signatures in 
HCC (Supplementary Figure 3A-D), and the 
results showed that our prognostic model accu-
rately differentiated patients between the high- 
and low-risks.
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Figure 2. Expression of prognostic signatures and RT-qPCR validation. A, B. FBXO30, RNF2, AL590705.3 and PICSAR were high-risk factors in our prognostic model 
and in the testing group, while MPDZ and LINC00426 were low risk factors. C, D. RT-qPCR validation for human normal liver cell line LO2, HCC cell lines HepG2 and 
Huh-7. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Functional and pathway enrichment analysis 

GO and KEGG enrichment analyses were per-
formed based on the differentially expressed 
genes (DEGs) in HCC with high- and low-risk 
scores. Among the three types of GO functions 
(BP: Biological Process; CC: Cellular Compo- 
nent; MF: Molecular Function), DEGs were 
mainly enriched in CC and MF, especially in the 
functions of “external side of plasma mem-
brane”, “collagen-containing extracellular ma- 
trix”, “positive regulation of cell activation”, and 
“positive regulation of leukocyte activation” 

the best prognosis, followed by high-TMB + low-
risk score and low-TMB + high-risk score, while 
patients with high-TMB + high-risk score had 
the worst prognosis (Supplementary Figure 5E).

Prediction of immune response and drug sen-
sitivity 

We further performed functional analysis of 
immune gene sets based on ssGSEA and 
revealed that our prognostic model was signifi-
cantly correlated with 10 immune functional 
pathways, including “Type II IFN response”, “T 

Table 1. Baseline characteristics of the training group 
and testing group
Covariates Total (%) Test (%) Train (%) p-value
Age
    ≤ 65 232 (62.7) 121 (65.41) 111 (60) 0.333
    > 65 138 (37.3) 64 (34.59) 74 (40)
Gender
    Female 121 (32.7) 65 (35.14) 56 (30.27) 0.3753
    Male 249 (67.3) 120 (64.86) 129 (69.73)
Grade
    G1 55 (14.86) 24 (12.97) 31 (16.76) 0.7239
    G2 177 (47.84) 87 (47.03) 90 (48.65)
    G3 121 (32.7) 64 (34.59) 57 (30.81)
    G4 12 (3.24) 6 (3.24) 6 (3.24)
    unknow 5 (1.35) 4 (2.16) 1 (0.54)
Stage
    I 171 (46.22) 82 (44.32) 89 (48.11) 0.3855
    II 85 (22.97) 49 (26.49) 36 (19.46)
    III 85 (22.97) 39 (21.08) 46 (24.86)
    IV 5 (1.35) 2 (1.08) 3 (1.62)
    unknow 24 (6.49) 13 (7.03) 11 (5.95)
T
    T1 181 (48.92) 86 (46.49) 95 (51.35) 0.4508
    T2 93 (25.14) 52 (28.11) 41 (22.16)
    T3 80 (21.62) 38 (20.54) 42 (22.7)
    T4 13 (3.51) 8 (4.32) 5 (2.7)
    unknow 3 (0.81) 1 (0.54) 2 (1.08)
M
    M0 266 (71.89) 134 (72.43) 132 (71.35) 1
    M1 4 (1.08) 2 (1.08) 2 (1.08)
    unknow 100 (27.03) 49 (26.49) 51 (27.57)
N
    N0 252 (68.11) 127 (68.65) 125 (67.57) 1
    N1 4 (1.08) 2 (1.08) 2 (1.08)
    unknow 114 (30.81) 56 (30.27) 58 (31.35)
T = tumor, N = node, M = metastasis.

(Supplementary Figure 4A-C). Similarly, 
KEGG enrichment analysis revealed  
30 pathways that were significantly 
associated with DEGs, including PI3K-
Akt signaling pathway and pathways of 
cytokine-cytokine receptor interaction 
and human papillomavirus infection 
(Supplementary Figure 4D-F). Together, 
these results might provide insights  
into understanding the functions and 
signaling pathways of cuproptosis-relat-
ed lncRNAs/mRNAs.

TMB 

A total of 372 gene mutation profiles of 
HCC downloaded from TCGA database 
were analyzed, and we found that somat-
ic mutations occurred in 143 of 180 
(79.44%) samples in the low-risk group 
and 150 of 181 (82.87%) samples in the 
high-risk group. The top 15 genes with 
the highest mutation frequency were 
shown in the waterfall plots. As shown in 
Supplementary Figure 5A, 5B, TP53, 
TTN, MUC16, ALB, RYR2, CSND3, LRP1B 
and OBSCN were more frequently mutat-
ed in the high-risk group, while CTNN- 
B1, PCLO, APOB, ABCA13, ARID1A and 
HMCN1 were more frequently mutated 
in the low-risk group. Subsequently, we 
performed a differential analysis of TMB 
between the high- and the low-risk 
groups, and no significant difference 
was found between the two groups 
(Supplementary Figure 5C). Furthermore, 
K-M analysis for TMB showed that 
patients with low-TMB had better OS 
outcomes (Supplementary Figure 5D). 
Lastly, the K-M analysis of TMB com-
bined with risk score showed that pa- 
tients with low-TMB + low-risk score had 
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Figure 3. Validation of the prognostic model for HCC. (A) Heatmap of the correlation analysis between the LncRNAs/mRNAs in the prognostic model and cuproptosis-
related genes. Survival analysis of OS and PFS in HCC patients between the high- and low-risk in the training group (B, C) and the testing group (D, E) using the 
prognostic model. (*P < 0.05, **P < 0.01, ***P < 0.001).



Cuproptosis-related signatures predicted prognosis of HCC

4701	 Am J Cancer Res 2022;12(10):4693-4707

cell co-inhibition”, “Cytolytic activity”, “APC co-
inhibition”, “Type I IFN Response”, “Parain- 
flammation”, “Check point”, “T cell co stimula-
tion”, “Inflammation promoting”, and “HLA” 
immune pathways. All of these immune func-
tional pathways were more active in the low-
risk group (Figure 5A). Moreover, we used TIDE 
score to analyze the immune escape potential 
to evaluate the effect of immunotherapy and 
found that there was a greater potential for 
immune escape in the low-risk group, suggest-
ing the possibility of poor response to immuno-
therapy (Figure 5B). Furthermore, the analysis 
of 22 types of immune cells showed that 
“Macrophages M0” infiltration was significantly 
different between the high- and low-risk groups 
and was upregulated in the high-risk group 
(Figure 5C).

Importantly, we conducted drug sensitivity 
analysis for the high- and low-risk groups to 
identify potential sensitive drugs that could be 
beneficial to HCC patients. We found three 
drugs, XAV939, JNJ-26854165 and ATRA, were 
more sensitive in the the low-risk group 

(Supplementary Figure 6A-C), while Paclitaxel, 
JW-7-52-1, Thapsigargin, GW843682X, Gemci- 
tabine, FR-180204, Epothilone, Doxorubicin, 
BMS-509744, BIX02189, BI-2536, and S-Trityl-
L-cysteine were more sensitive in the high-risk 
group (Supplementary Figure 6D-O). The spe-
cific mechanism of action and targeted path-
way of these drugs were predicted in Genomics 
of Drug Sensitivity in Cancer (https://www.can-
cerrxgene.org/). The correlation between the 
IC50 value of these 15 drugs and the risk score 
of patients were presented by scatter plots 
(Supplementary Figure 7A-O). We listed scatter 
plots with absolute values of R > 0.40 [13]. 

Discussion

HCC is increasingly prevalent worldwide, espe-
cially in China, accounting for about 50% of the 
total global cases, where HCC is the second 
most malignant cancer after lung cancer, main-
ly caused by hepatitis B cirrhosis [15]. Due to 
the lack of clinical symptoms on the early stage 
of HCC, most patients have developed middle 
or late stage of HCC at the time of diagnosis 

Figure 4. Validation of the clinical characteristics of prognostic models and construction of nomogram. A. ROC 
curves for predicting 1-, 3-, and 5-year OS in HCC. B. ROC curves for predicting OS with risk score and clinical char-
acteristics. C. Concordant index analysis of risk score and clinical characteristics to predict OS. D. Nomogram for 
predicting 1-, 3-, and 5-year OS in HCC. E. Calibration curve to verify the accuracy of nomogram prediction. (*P < 
0.05, **P < 0.01, ***P < 0.001).
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and, therefore, have missed the best opportu-
nity for surgical treatment. In recent years, the 
recurrence rate after postoperative resection is 
also increased [16]. In addition, the traditional 
chemotherapy method has not achieved satis-
factory therapeutic effect. However, the rapid 
development of targeted therapy and immuno-
therapy has brought new hope to HCC patients. 
Currently, three targeted drugs (sorafenib, rego-

rafenib, and Lenvatinib) have been approved by 
the US Food and Drug Administration (FDA) for 
the treatment of advanced HCC [17]. Meanwhile, 
based on the remarkable results in phase II 
clinical trials, the anti-PD-1 monoclonal anti-
body Nivolumab is granted accelerated approv-
al by FDA to treat advanced HCC [18]. Although 
these drugs have brought new treatment 
options to advanced HCC, the low objective 

Figure 5. Immune function and immune escape. A. Analysis of the activity of immune function pathways in the high- 
and low-risk groups in prognostic model. B. Analysis of immune escape in the high- and low-risk groups. The higher 
the TIDE score, the greater the immune escape potential, and the worse the immunotherapy effect. C. Analysis of 
immune cell infiltration in the high- and low-risk groups in prognostic model. (*P < 0.05, **P < 0.01, ***P < 0.001).
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response rate and unavoidable acquired drug 
resistance due to the heterogeneity of HCC are 
clinical challenges when using these therapies 
[19-22]. While the survival rates for most can-
cers worldwide are improving, the survival rate 
for liver cancer remains unchanged, especially 
in China [23]. Therefore, it is crucial to identify 
new biomarkers for the early diagnosis and 
effective treatment strategies for HCC. In this 
study, we focused on the cuproptosis-related 
genes and combined the gene transcriptome 
data and the clinical characteristics of HCC to 
construct a comprehensive cuproptosis-related 
signature-based prognostic model, which might 
provide a new insight for HCC treatment.

In our study, 17 Cuproptosis-related genes and 
3449 lncRNAs/mRNAs co-expressed in HCC 
were extracted from the transcriptome data  
of 374 TCGA samples. We then combined the 
clinical data of 370 TCGA samples with 3 
mRNAS (FBXO30, RNF2, MPDZ) and 3 lncRNAs 
(AL590705.3, PICSAR, LINC00426) identified 
by Cox regression and LASSO regression an- 
alyses to construct the prognostic model. 
FBXO30 (F-box protein 30), a member of the 
F-box protein family, is an orphan molecule 
without known substrate or function [24]. In the 
animal studies by Liu et al. [24], FBXO30 was 
demonstrated to be an E3 ligase that specifi-
cally ubiquitinated and regulated mitotic spin-
dle kinesin EG5 levels in embryonic fibroblasts 
and mammary epithelial cells. Since EG5 
expression has been shown to be elevated in 
cancer patients and is correlated with poor 
prognosis [25], Liu et al. speculated that the 
elevated EG5 protein levels were associated 
with reduced FBXO30 levels in cancers. How- 
ever, paradoxically, other studies have shown 
that FBXO30 expression is upregulated in na- 
sopharyngeal cancers [26], which was consis-
tent with our findings in this study that high 
expression of FBXO30 was associated with 
poor prognosis. Nevertheless, the role of FBX- 
O30 in HCC needs to be further investigated. 
On the other hand, RNF2 (ring finger protein 2) 
is an E3 ubiquitin ligase of the ring finger pro-
tein family. The dysregulation of RNF2 expres-
sion in cancers has been widely reported, and 
the up-regulation of RNF2 was involved in the 
progression of breast cancer [27, 28], lung can-
cer [29], colorectal cancer [30], prostate can-
cer [31], gastric cancer [32], and HCC [33], as 
well as was associated with poor prognosis. 

Similarly, our prognostic model also confirmed 
that RNF2 expression was upregulated in the 
high-risk group, and the patients with high 
RNF2 expression had worse survival outcomes. 
As for MPDZ (multiple PSD95-Discs large-ZO1) 
domain protein, it is a large adaptor protein 
involved in the binding to the C-terminus of 
other proteins. For example, MPDZ binds to 
serotonin receptors or G protein-coupled re- 
ceptors to function in hydrocephalus, alcohol 
addiction, and neurological disorders [34-36]. 
Recently, in the study of Liu et al. [37], MPDZ 
was proposed as a tumor suppressor gene as 
MPDZ overexpression significantly inhibited the 
growth, migration, and invasion of lung cancer 
cells. In addition, low expression or deletion of 
MPDZ has been suggested to be significantly 
associated with poor prognosis of renal clear 
cell carcinoma [38]; however, the role of MPDZ 
in HCC has not been reported. In our prognostic 
model, the expression of MPDZ was up-regulat-
ed in the low-risk group, and the high expres-
sion of MPDZ predicted better survival, sug-
gesting the potential tumor suppressing func-
tion of MPDZ in HCC, which needs to be further 
experimentally validated. 

Currently, no information about lncRNA AL- 
590705.3 has been reported, and there are 
only few reports about lncRNA PICSAR (P38 
inhibited cutaneous squamous cell carcinoma 
associated lncRNA), also known as LINC00162. 
The function and its underlying mechanism  
of PICSAR in cancer was first reported in cuta-
neous squamous cell carcinoma [39] (cSCC), 
where upregulation of PICSAR promoted the 
progression of cSCC and was involved in cis- 
platin resistance [39-41]. More importantly, 
PICSAR has been reported to play a cancer-
promoting role by targeting miR-588 in HCC 
[42]. With regard to LINC00426, also known as 
ENSG00000238121, it was reported to accel-
erate lung adenocarcinoma progression by 
regulating miR-455-5p and promote doxoru- 
bicin resistance by secreting miR-4319 in 
osteosarcoma [43, 44]. However, some studies 
showed that LINC00426 was downregulated in 
colorectal cancer and non-small cell lung can-
cer [45]. In addition, a series of bioinformatics 
analyses indicated that LINC00426 could be 
used as a prognostic marker for cervical can-
cer, renal clear cell carcinoma, and HCC [46-
48]. Importantly, Zhu et al. reported the down-
regulation of LINC00426 expression in HCC 
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patients, which was consistent with our find-
ings [47].

In our prognostic model, stage and risk score 
were independent prognostic factors for HCC. 
The later the cancer stage, the higher the risk 
score, and the worse the prognosis. Based on 
the gene expression levels of the selected pan-
els, we generated survival estimation nomo-
grams. This nomogram could be clinically use-
ful as each patient could get the unique nomo-
gram through R software, which is almost free, 
portable, and intuitive for clinical application. 
More importantly, we explored the application 
of our predictive model in immunotherapy. 
Since there are no large-scale transcriptome 
data for HCC immunotherapy, we used the 
immune dysfunction and exclusion score in 
TIDE database to analyze the potential of im- 
mune escape and predict the effectiveness of 
immunotherapy. Our study found that HCC 
patients in the high-risk group might respond 
better to immunotherapy. Lastly, we also sc- 
reened potential sensitive drugs to provide a 
reference for future drug selection.

Although our cuproptosis-related lncRNAs/
mRNAs prognostic model yielded some impor-
tant findings, it had some limitations. Our stud-
ies investigated the influence of immune infil-
tration and gene mutation on the progression 
of HCC; however, other factors such epigenetic 
modifications are important in the pathology of 
the disease. An analysis combining these fac-
tors will provide more insights in understanding 
the development of HCC. In future studies, we 
will also continue to refine the data and risk 
models to ensure more robust prediction.

Conclusion

In summary, our study was the first to reveal  
the relationship between cuproptosis-related 
lncRNAs/mRNAs signatures and the prognosis 
of patients with HCC. We constructed a prog-
nostic model to assess the immunotherapy effi-
cacy, screen for potentially sensitive drugs, and 
predict disease prognosis. These information 
could be used in target selection and individu-
alized immunotherapy of HCC.
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Supplementary Table 1. TCGA database retrieval strategy
Data type Retrieval strategy
Transcriptome data cases disease type in [“adenomas and adenocarcinomas”] AND cases primary site in [“liv-

er and intrahepatic bile ducts”] AND cases project program name in [“TCGA”] AND cases 
project identification (ID) in [“TCGA-LIHC”] AND files access in [“open”] and files analysis 
workflow type in [“STAR-Counts”] AND files data category in [“transcriptome profiling”] AND 
files data type in [“Gene Expression Quantification”]

Clinical data cases disease type in [“adenomas and adenocarcinomas”] AND cases primary site in [“liv-
er and intrahepatic bile ducts”] and cases project program name in [“TCGA”] AND cases 
project ID in [“TCGA-LIHC”] AND files access in [“open”] and files data category in [“clini-
cal”] AND files data format in [“bcr xml”] AND files data type in [“Clinical Supplement”]

Gene mutation data cases primary site in [“liver and intrahepatic bile ducts”] AND cases project program name 
in [“TCGA”] AND cases project ID in [“TCGA-LIHC”] AND files access in [“open”] AND files 
analysis workflow type in [“Aliquot Ensemble Somatic Variant Merging and Masking”] AND 
files data category in [“simple nucleotide variation”] AND files data format in [“maf”] AND 
files data type in [“Masked Somatic Mutation”]

Supplementary Table 2. Cuproptosis-related genes
Gens Full name
NFE2L2 nuclear factor erythroid 2-related factor 2
NLRP3 Nod-like receptor pyrin domain containing 3
ATP7B adenosine triphosphatase copper transporting beta
ATP7A adenosine triphosphatase copper transporting alpha
SLC31A1 solute carrier family 31 member 1
FDX1 ferredoxin 1
LIAS lipoic acid synthase
LIPT1 lipoyl(octanoyl) transferase 1
LIPT2 lipoyl(octanoyl) transferase 2
DLD dihydrolipoamide dehydrogenase
DLAT dihydrolipoyllysine acetyltransferase
PDHA1 pyruvate dehydrogenase alpha 1
PDHB pyruvate dehydrogenase beta
MTF1 metal-regulatory transcription factor-1
GLS glutaminase
CDKN2A cyclin-dependent kinase inhibitor alpha
DBT dihydrolipoamide branched chain transacylase
GCSH glycine cleavage system protein H
DLST dihydrolipoamide S-succinyltransferase

Supplementary Table 3. Information of the qPCR primer sequences
Forward (5’ to 3’) Reverse (5’ to 3’)

GAPDH AAGGTGAAGGTCGGAGTCAAC GGGGTCATTGATGGCAACAATA
FBXO30 GGGGACGTGAAGAATGTGGA ATCAGCCATGCGGCTATCAG
RNF2 GCCAGGATCAACAAGCACAATAA CTGCTTCCTGATTGCTATGTGTG
MPDZ GTTTAGGAGCGAGTTTAAAATTTC CTAAAACTACCGTAACGCCTACG
PICSAR ACTGCCTGGACTTTCAAGAGG CCTCTTGGGTAGGGTGTTGG
LINC00426 CAAGAAGACAGGGACAAGC ACTGAGTACCCAGCCAAAG
AL590705.3 ATTTAATTGTGGTTCTGCCAAGGA CCAAGTGGTCCTCTCCAACC
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Supplementary Figure 1. Risk analysis of prognostic models and K-M analysis of signatures. (A, B) HCC patients in 
training group and testing group were divided into high- group and low-risk group according to the median value of 
risk score. With the increase of risk score, the number of deaths increased correspondingly, and the survival prog-
nosis of patients with low-risk was better. K-M analysis showed that high expression of (C) FBXO30, (D) RNF2, (E) 
PICSAR, (F) AL590705.3 and low expression of (G) MPDZ and (H) LINC00426 in HCC were associated with poor OS. 

Supplementary Figure 2. Analysis of independent prognostic factors. A. Univariate analysis showed that stage and 
risk score were correlated with patient’s prognosis. B. Multivariate analysis confirmed that stage and score were 
independent prognostic factors for predicting the OS of patients with HCC.
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Supplementary Figure 3. Principal component analysis. PCA analysis of all genes (A), all cuproptosis-related genes (B), all cuproptosis-related lncRNAs/mRNAs (C), 
and cuproptosis-related signatures (D) to explore the differences between high- and low-risk patients.

Supplementary Figure 4. Functional and pathway enrichment analysis. (A-C) Histogram (A), bubble plot (B), and circle plot of GO enrichment analysis (C) showed 30 
cellular functions that were significantly associated with risk genes and the gene enrichment on each function. (D-F) Histogram (D), bubble plot (E), and circle plot of 
KEGG enrichment analysis (F) showed 30 pathways that were significantly associated with different risk genes and the number of genes enriched on each pathway.
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Supplementary Figure 5. Tumor mutational burden analysis. Waterfall plots of 15 genes with the highest muta-
tion frequency in HCC patients in the high- (A) and the low-risk (B) groups. (C) Violin plot of differential analysis of 
the TMB high- and low-risk groups. (D) Survival analysis curves for the high- and low-TMB groups. (E) K-M analysis 
curves for the high- and low-TMB combined risk score.
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Supplementary Figure 6. Drug sensitivity analysis of the high- and low-risk groups using the prognostic models. 
The predicted IC50 value of the drugs screened. A. XAV939; B. JNJ-26854165; C. ATRA; D. Paclitaxel; E. JW-7-52-1; 
F. Thapsigargin; G. GW843682X; H. Gemcitabine; I. FR-180204; J. Epothilone; K. Doxorubicin; L. BMS-509744; M. 
BIX02189; N. BI-2536; O. S-Trityl-L-cysteine.
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Supplementary Figure 7. Correlation analysis between the risk score and drug sensitivity in the prognostic model. A. XAV939; B. JNJ-26854165; C. ATRA; D. Pacli-
taxel; E. JW-7-52-1; F. Thapsigargin; G. GW843682X; H. Gemcitabine; I. FR-180204; J. Epothilone; K. Doxorubicin; L. BMS-509744; M. BIX02189; N. BI-2536; O. 
S-Trityl-L-cysteine.


