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Background: Hepatocellular carcinoma (HCC) of which its prognostic prediction is still unclarified is
a highly heterogeneous disease. Cuproptosis is a form of cell death that depends on copper regulation.
Whether the cuproptosis-related genes can be the prognostic indicators of HCC is yet to be elucidated. The
aim of this study is to investigate whether cuproptosis-related genes play a role in HCC and can be used as a
diagnostic index to predict the occurrence of liver cancer.

Methods: We downloaded HCC patients’ gene expression profiles and their corresponding clinical data
from a public database. To screen data, we used single factor Cox regression analysis, meanwhile, polymerase
chain reaction (PCR) was used for the verification. After that, the risk score was calculated and the
relationship between risk score and clinical factors was analyzed. Besides, a nomogram map was constructed
for predicting the prognosis of HCC, and calibration map and decision curve analysis (DCA) map were used
to test the model.

Results: Compared to the high expression group of four cuproptosis-related genes, the low expression
group showed better overall survival (OS) [hazard ratio (HR) =2.58; 95% confidence interval (CI): 1.72-3.89,
P<0.001]. The expression of the four cuproptosis-relate genes increased in liver cancer cell lines compared
to liver cell lines (P<0.05). Based on these four genes, we calculated the risk score and divided them into two
groups as high-risk group and low-risk group. The risk factor map showed the high-risk group had shorter
survival time and the four genes were highly expressed. The area under curve (AUC) of receiver operating
characteristic (ROC) prediction curve for the first year was 0.726. Risk scores were closely related to clinical
factors and immune cells. Finally, we constructed a nomogram for predicting the prognosis of HCC.
Conclusions: The risk score for cuproptosis-related genes was established and involved in the construction

of the nomogram, providing a new perspective on the prognosis and copper metabolism of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth leading
cause of death related to cancer, and it is the sixth most
common malignancy (1). Besides, the most common type of
primary liver cancer is HCC which is associated with several
etiologies, such as alcohol abuse, chronic hepatitis B virus
(HBV) or hepatitis C virus (HCV) infection and so forth (2).
World Health Organization (WHO) estimates that, based
on annual projections, liver cancer will be the cause of death
for more than one million patients by 2030 (3). The death
rate of HCC increased by 43% in the US during 2000 to
2016 (4). In addition, HCC, which 5-year survival rate is
18%, is the second most deadly tumor only after pancreatic
cancer (5). Complex etiological factors make prognostic
prediction challenging.

In addition, on account of the limitation of therapeutic
strategies for HCC, new prognostic indictors are in urgent
need.

In the past decade, it has been an emerging theme of
investigation on killing cells by different metals out of
the apoptotic pathways. For example, excessive zinc can
induce non-apoptotic cell death by inhibiting adenosine
triphosphate (ATP) synthesis (6). The major feature of
iron death is that iron catalyzes the generation of toxic
membrane lipid peroxides, which is a unique non-apoptotic
form of cell death (7). Recently, cuproptosis, a type of cell
death mediated by protein lipoylation, has been reported (8).

Highlight box

Key findings
* The present study explored the relationship between cuproptosis-
related genes and hepatocellular carcinoma.

What is known and what is new?

¢ Cuproptosis-related genes are related to the occurrence and
development of cancer.

* Through the analysis of the dataset, we explored the relationship
between the key genes of copper death and the occurrence of liver
cancer, and constructed a prediction model of liver cancer, which
provided a new perspective for the diagnosis and evaluation of liver

cancer.

What is the implication, and what should change now?

* In terms of the fundamental aspects, further investigation is
required to elucidate the underlying mechanisms of cuproptosis-
related gene functions. In the clinical domain, exploring whether
cuproptosis-related genes can serve as therapeutic targets would
provide novel insights for treatment strategies.
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This mode of cell death does not rely on apoptosis (9,10),
caspase cell death (11,12), reactive oxygen species (ROS)-
induced cell death (13-15), nor inhibition of the ubiquitin-
proteasome system (16,17). A phenomenon that toxicity of
copper involves the destruction of specific mitochondrial
metabolic enzymes has been revealed by Tsvetkov et al.
Hence, copper toxicity could be a new approach to treat
cancer (8).

To test our hypothesis, we downloaded the expression
profiles of mRNA and corresponding clinical data of
patients with HCC from public databases. After that,
we used functional richness analysis to figure out the
underlying mechanisms. Cox regression analysis was
performed for the prognostic model construction with
differentially expressed genes which were associated with
cuproptosis in The Cancer Genome Atlas (TCGA) cohort.
We present this article in accordance with the TRIPOD
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-23-1561/rc).

Methods
Acquisition of a dataset of cuproptosis-related genes

We obrtained the set of genes associated with cuproptosis
from the essay of Tsvetkov et a/l. (8). The genes in the gene
set involved: ATP7A, DBT, ATP7B, DLST, DLAT, FDXI,
DLD, GCSH, LIPT1, PDHA1, PDHB, SLC31A1, LIAS.

Acquisition and processing of HCC data
RNAseq data of HCC project were downloaded from TCGA

database. Fragments per kilobase of transcript per million
mapped reads (FPKM) data was converted to transcripts per
million (TPM) data and log, conversion was performed.

Expression of cuproptosis-related genes

The expression of genes which is related to cuproptosis
was analyzed in normal and cancer tissues of liver cancer
project. The ggplot2 was used for data visualization.
UALCAN is a user-friendly, interactive and comprehensive
resource for researchers to analyze cancer omics data. It
provides easy access to publicly available cancer-omics data
(TCGA, METS500 CPTAC and CBTTC) and provides
clinical proteomic data analysis (18). Proteomic analysis of
genes related to cuproptosis was performed with CPTAC
database (19).
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Human protein mapping (HPA) is a proteomics database,
with information on about 26,000 kinds of tissues and cells
of human protein distribution. In this study, database from
HPA was utilized to display the protein expression of related
genes (20).

The database from cBioPortal was utilized to analyze
the mutations of TCGA genes and their relationship with
mRNA (21,22).

Screening of cuproptosis-related genes and their effect on
prognosis

Univariate Cox regression analysis was performed for
screening the genes correlated with cuproptosis. The
survival package was utilized for performing the survival
statistical data analysis. To visualize analysis results, we
utilized the survminer package. Overall survival (OS) was
the focus of our study of HCC prognosis here.

Cell lines and cell culture

THLE-2, HuH-7, HepG2 were from General Surgery
Laboratory of Tianjin Medical University General Hospital,
China. All cells were appropriately cultured in DMEM
medium and kept in an incubator at 37 °C and 5% CO,.

Quantitative real-time polymerase chain reaction

(qRT-PCR)

TRIzol reagent (Solarbio, Beijing, China) was a tool to
purify Total RNA from adipose cells or mouse adipose
tissue. Meanwhile, CDNA was secured by RNA reverse
transcription.

Besides, we used qRT-PCR system (Bio-RAD, California,
USA) to analyze expression levels of specific genes. Primers
for the four genes were displayed as follows.

LIPTI: F5'-GTTGCTCGGGGTCGTATG-3"

RS5'-TTCTTCTCCGAGCCAGTTTT-3".

DLAT: F 5'-CCGCCGCTATTACAGTCTTCC-3';

R 5'-CTCTGCAATTAGGTCACCTTCAT-3".

PDHAI: F 5'-GAGCTGAGCAGCTGTGTAAC-3';

R 5'-TGCCAATCGTTACAGGTATTACAG-3'.

ATP74: F 5'-TGACCCTAAACTACAGACTCCAA-3';

R 5'-CGCCGTAACAGTCAGAAACAA-3".

Cuproptosis-related genes and HCC related factors analysis

The correlation between clinical factors and risk score was
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analyzed. The statistical method used was Kruskal-Wallis
test. Ggplot2 package was utilized for data visualization.
Besides, we analysed the correlation between risk score
and immune infiltrating cells. The algorithm parameter
was single sample gene set enrichment analysis (ssGSEA).
Spearman was used as the statistical method. Gene set
variation analysis (GSVA) pack was used for the analysis
of immunoinfiltrated cells (23). The twenty-four kinds of
immune cells were: B cells; cytotoxic cells; CD8 T cells;
eosinophils; activated DC (aDC); immature DC (iDC);
plasmacytoid DC (pDC); DC; macrophages; natural killer
(NK) cells; neutrophils; T cells; NK CD56"*", dim cells;
mast cells; T effector memory (Tem); T central memory
(Tem); T gamma delta (Tgd); Treg; T helper cells; T
follicular helper (Tth); Thl, 2, 17cells (24).

Functional envichment of genes related to cuproptosis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGQG) analysis were utilized to screen
the cuproptosis-related genes differentially expressed in
HCC (25). Ggplot2 package was used to visualize results
while clusterProfiler package was utilized to analyze selected
data.

Construction and evaluation of nomogram

Univariate Cox regression analysis was performed by using
the risk score as an indicator along with clinical factors.
With P<0.1 as the standard, significant factors were selected
to construct the nomogram (26). Subsequent analysis was
performed by rms package and survival package. Calibration
diagram and decision curve analysis (DCA) diagram were
used to detect the nomogram.

Ethical statement

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Results

Expression of genes related to cuproptosis in HCC patients
from TCGA database

First of all, we performed the analysis of the cuproptosis-
related genes expression in normal tissues and cancer

tissues. It could be seen that LIAS, PDHAI, DLST, PDHB,
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DLAT, ATP7A, LIPT1 and DLD were highly expressed
in cancer tissues (Figure 1A). Subsequently, we detected
the expression of these 13 cuproptosis-related genes in
unmatched samples. The expression of FDX1, DBT,
GCSH, SLC31A1 were relatively high in normal tissues
and the expression of PDHA1, PDHB, LIPT1, LIAS,
ATP7A, ATP7B, DLD, DLST, DLAT were relatively
high in cancer tissues (Figure 1B). Except for FDX1 and
ATP7B, the expression of other genes in TCGA cohort was
meaningful (P<0.05). Then, the protein expression of genes
aforementioned were analyzed (Figure 1C-10). The mRNA
expression of some genes and their protein expression were
different, which might be caused by the inconsistent sample
size.

Screening of cuproptosis-related genes associated with

prognosis in a TCGA cobort

Univariate Cox regression analysis was performed on 13
genes correlated with cuproptosis (Figure 2A4). We identified
four meaningful genes. They were LIPT1 [hazard ratio (HR)
=1.853; P<0.001], DLAT (HR =1.497; P<0.001), PDHAI
(HR =1.350; P<0.05) and ATP7A (HR =1.446; P<0.05).
These four genes were then chosen to calculate risk score.
The final risk scores are as follows: e (0.457 x expression
level of LIPTI + 0.323 x expression level of DLAT + 0.024
x expression level of PDHAI + 0.012 x expression level of
ATP74). Patients were divided into high-risk group and
low-risk group by using the median cutoff value of risk
scores. We used risk score as an individual indicator to
perform univariate Cox regression analysis together with
clinical information (Figure 2B). Meanwhile, patients were
divided into two groups of low-risk group and high-risk
group based on risk score, and the baseline data table was
constructed based on it (Table I). Taking all together, risk
factors which were statistically significant (P<0.05) are as
follows: T stage (T3&T4 vs. T1) (HR =2.949), M stage
(M1 vs. M0) (HR =4.077), Pathologic stage (III&IV ws. I)
(HR =2.823), tumor status (with tumor vs. tumor free) (HR
=2.317), risk groups (high vs. low) (HR =1.472). After that,
we analyzed the OS of these four genes. We found that the
OS of the four genes in the low expression group was higher
than that in the high expression group, and the results of
analysis were statistically significant (Figure 2C-2F). High-
level and low-level groups were separated in accordance
with the risk score. They were analyzed for OS and disease-
specific survival (DSS). We found that the group with low-
risk score gained an advantage over the group with high-risk
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scores in both OS and DSS and had statistical significance
(P<0.001) (Figure 2G,2H).

Expression and mutation of genes related to cuproptosis

Four genes related to cuproptosis were validated in liver
cell line and liver cancer cell lines, and the expression of
these genes was significantly increased and statistically
significant in liver cancer cell lines (Figure 34-3D) (P<0.05).
Using the cBioportal database to analyze the mutations of
these four genes, we found that the probability of mutation
of these four genes was lower in patients with liver cancer
(Figure 3E). After that, further analysis of the mutation
and the expression of mRNA showed that diploid and gain
accounted for a large proportion in the type of mutation
(Figure 3F-31). The expression level of LIPT1 was slightly
higher in cancer tissues, according to the Analytical results
of the HPA database, than that in normal tissues, while the
expression level of DLAT, PDHAland ATP7A in cancer
tissues were significantly higher than the normal range

(Figure 44-4D).

The correlation between the risk groups and clinical factors
in TCGA cobort

In accordance with the risk score, we divided groups into
high-risk one and low-risk one, and then the risk factor
graph was constructed. The high-risk group had less
survival time than the low-risk group. The expression of
four cuproptosis-related genes was higher in high-risk group
(Figure 5A4). The time receiver operating characteristic
(ROC) curve was analyzed with the risk score as the index
(Figure 5B). The risk score was more precise in predicting
the survival rate in the first year, and the area under curve
(AUC) was 0.726. Next, the relationship analysis between
the risk score and clinical factors was performed. In T
stage, T3&T4 vs. T1 was statistically significant (P<0.01)
(Figure 5C). N1 vs. NO was statistically significant (P<0.05)
(Figure 5D). So as in histologic grade (G3&G4 vs. G1),
pathologic stage (Stage III&Stage IV vs. Stage I) and OS
event (dead vs. alive) (P<0.05) (Figure SE-5G). M stage (M1
vs. MO0) was not statistically significant (Figure SH).

Analyzing functional envichment of differentially
expressed copper death-related genes

According to the analysis in Figure 1B, 11 genes related
to cuproptosis were selected for functional enrichment

Transl Cancer Res 2024;13(6):2985-3002 | https://dx.doi.org/10.21037/ter-23-1561



Translational Cancer Research, Vol 13, No 6 June 2024

A

v )

\]H

gkt

" il M ‘I‘ HJ‘ \

\H Il
LU H

@ Normal & Tumor

‘|H] \

i
[ IWH
i

H’]
HH

[

|
\

PDHA1
H \ I \ || aosH

Group
LIAS

\
‘\ || PDHB

LIPT1
Group

- Normal
- Tumor

ATP7A

| DLD
DLST o
DLAT

| FDX1

H | ATP7B

| DBT
SLC31A1

& Normal & Tumor

& Normal & Tumor

74 = sy 8 - & 84 4 -
$ 6- = 2 % i .
E = E’ =6 E.) = —
+ 5 + +
Sz ° sz sz +
» » » .
SE 44 §b4_ gE4T DR
53 S’N 53 > S S H
s 93 s 9 s 9
o ) © 2 -
ey = =
= 2 + = P -
1 L T T T T T T T T 0 a T T T T T
FDX1 LIPT1 LIAS DLD DBT GCSH DLST DLAT PDHAT PDHB SLC31A1 ATP7A ATP7B
C Protein expression of FDX1 in D Protein expression of LIPT1 in E Protein expression of LIAS in
hepatocellular carcinoma Hepatocellular carcinoma Hepatocellular carcinoma
4 3 - ns 34 —
c— -
‘] - T a 3 - =
2 i 1 1 ! 14 i i
(9] : (o) 1 (9]
3 17— 3 3
P, - DE__BN BEEDR.
N —_ N N 1
1 =17 i i -1 -t )
- i 1 i !
-2 - -2 4 — -2 i
-3 -3 T -3 T
Normal Primary tumor Normal Primary tumor Normal Primary tumor
n=165 n=165 n=165 n=165 n=165 n=165
CPTAC sample CPTAC sample CPTAC sample
F Protein expression of DLD in G Protein expression of DBT in H Protein expression of GCSH in
Hepatocellular carcinoma Hepatocellular carcinoma Hepatocellular carcinoma
39 4 1 4 1
—_— —_—
2 - 1 I 3 H 3 : —
1
| == = ;| - T 2 ,
E i R —] ! R H H
S 0 - ! 5] 5] i
> > >
N NI NI -
-1 ; SR . -1 |
2 4 —_ 5 — o 1
-3 T -3 -3
Normal Primary tumor Normal Primary tumor Normal Primary tumor
n=165 n=165 n=165 n=165 n=165 n=165
CPTAC sample CPTAC sample CPTAC sample
| Protein expression of DLST in J Protein expression of DLAT in K Protein expression of PDHA1 in
Hepatocellular carcinoma Hepatocellular carcinoma Hepatocellular carcinoma
3 39  —— 3
J— —_
-~ — 1 1
2 ! ! 2 i 2 - -
1 H ° 1 ° i
E i = 14 - H 5 14 - !
g 04 L g g i
N ! {0 . S o0
1 i
i —_
-2 4 -1 1 -1 i i
. 4 —4
-3 T -2 -2
Normal Primary tumor Normal Primary tumor Normal Primary tumor
n=165 n=165 n=165 n=165 n=165 n=165
CPTAC sample CPTAC sample CPTAC sample

© Translational Cancer Research. All rights reserved.

2989

Transl Cancer Res 2024;13(6):2985-3002 | https://dx.doi.org/10.21037/ter-23-1561



2990 Wang et al. Prognosis biomarkers of HCC related to cuproptosis
L Protein expression of PDHB in M Protein expression of SLC31A1 in N Protein expression of ATP7A in
Hepatocellular carcinoma Hepatocellular carcinoma Hepatocellular carcinoma
Jox r_______;;______j r———————:———————j
3 7 4 3
2 i 37 _ 2 -
| AT ! :
| —_— - ]
° 1 : H o 1 o 1 - 1
= 1 2 1 - %
g 04 g € 0+
N N0 H N
-1 i 1 -1 4 —r -1 1 H
] 1 1 — H
-2 — ! o - : -2 H
-3 T 1 -3 T 1 -3
Normal Primary tumor Normal Primary tumor Normal Primary tumor
n=165 n=165 n=165 n=165 n=165 n=165
CPTAC sample CPTAC sample CPTAC sample
O Protein expression of ATP7B in
Hepatocellular carcinoma
4 1
3 e
——
ERRE i
5 1
N 0 —
-1 4 H
-2 !
-3 T 1

Primary tumor
n=165
CPTAC sample

Figure 1 The genes expression related to cuproptosis in TCGA cohort. (A) The expression of thirteen genes relative to cuproptosis in

TCGA cohort. (B) The mRNA expression of thirteen genes related to cuproptosis in normal tissues and tumor tissues of TCGA. In the

CPTAC dataset, genes related to cuproptosis expressed in normal tissues and hepatocellular carcinoma tissues, including FDX1 (C), LIPT1
(D), LIAS (E), DLD (F), DBT (G), GCSH (H), DLST (I), DLAT (J), PDHA1 (K), PDHB (L), SLC31A1 (M), ATP7A (N), ATP7B (O). *,
P<0.05; **, P<0.01; ***, P<0.001; ns, not significant. TPM, transactions per minute; TCGA, The Cancer Genome Atlas.

analysis. In biological process (BP), we found that genes
were mainly enriched in processes related to metabolism,
including tricarboxylic acid cycle, citrate metabolic
process, tricarboxylic acid metabolic process, acetyl-
coenzyme A (CoA) biosynthetic process from pyruvate
and so on (Figure 6A4). In cellular component (CC), genes
were mainly enriched in tricarboxylic acid cycle enzyme
complex, mitochondrial matrix, oxidoreductase complex
and dihydrolipoyl dehydrogenase complex (Figure 6B).
Next, in molecular function (MF), genes were mainly
related to transferase activity, oxidoreductase activity, acting
on the aldehyde or oxo group of donors, transferring acyl
groups, acting on the aldehyde or oxo group of donors,
NAD or NADP as acceptor, oxidoreductase activity,
transferring acyl groups and transferase activity (Figure 6C).
In KEGG, citrate cycle [tricarboxylic acid (T'CA) cycle],
pyruvate metabolism, carbon metabolism and glycolysis/
gluconeogenesis were enriched (Figure 6D).

© Translational Cancer Research. All rights reserved.

Correlation between the risk score and immune cell

infiltration in HCC

We analyzed the relationship between risk score and
immune cells. T helper cells, Tem, Th2 cells, eosinophils,
macrophages, aDC, Tth were positively associated with
the risk score and was statistically significant (P<0.05).
Treg, DC, pDC, cytotoxic cells were negatively associated
with the risk score and had statistical significance (P<0.05)
(Figure 74). Then we further analyzed and proved the
relationship between DC, Macrophages, T cells and the
risk score (Figure 7B-7D). Risk scores were separated in
two groups, high risk and low risk, based on the level of
risk. We found a phenomenon that T cells expression was
lower in the high-risk group (Figure 7E). Cytotoxic cells
and Treg were relatively lower in the high-risk group,
whereas T helper cells were higher among high-risk
group, and the results were statistically significant (P<0.05)
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Figure 2 Screening of genes which were correlated with cuproptosis in TCGA cohort. (A) Impact of genes related to cuproptosis on
prognosis of patients with HCC. (B) Effect of clinical factors on prognosis of patients with HCC. OS of LIPT1 (C), DLAT (D), PDHALI (E),
ATP7A (F) and risk score (G). DSS of risk score (H). HR, hazard ratio; CI, confidence interval; AFP, alpha-fetoprotein; TCGA, The Cancer

Genome Atlas; HCC, hepatocellular carcinoma; OS, overall survival; DSS, disease-specific survival.
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Table 1 Baseline data sheet

Characteristic Low-risk group  High-risk group P
T stage, n (%) 0.02
™ 105 (28.4) 78 (21.1)
T2 41 (11.1) 53 (14.3)
T3 31(8.4) 49 (13.2)
T4 7(1.9 6 (1.6)
N stage, n (%) 0.62
NO 126 (48.8) 128 (49.6)
N1 1(0.4) 3(1.2
M stage, n (%) >0.99
Mo 133 (48.9) 135 (49.6)
M1 2(0.7) 2(0.7)
Pathologic stage, n (%) 0.01
Stage | 99 (28.4) 74 (21.2)
Stage I 40 (11.5) 46 (13.2)
Stage llI 31(8.9) 54 (15.5)
Stage IV 3(0.9) 2(0.6)
Tumor status, n (%) 0.08
Tumor free 109 (30.8) 93 (26.3)
With tumor 67 (18.9) 85 (24.0)
Histologic grade, n (%) 0.02
G1 35 (9.5) 20 (5.4)
G2 94 (25.5) 84 (22.8)
G3 51 (13.9) 72 (19.6)
G4 4(1.1) 8(2.2)
AFP (ng/mL), n (%) 0.47
<400 114 (40.9) 101 (36.2)
>400 30 (10.8) 34 (12.2)
Albumin (g/dL), n (%) 0.84
<3.5 35(11.7) 34 (11.4)
>3.5 122 (40.8) 108 (36.1)
Prothrombin time, n (%) 0.78
<4 110 (37.2) 97 (32.8)
>4 45 (15.2) 44 (14.9)
OS event, n (%) 0.35
Alive 126 (33.8) 117 (31.4)
Dead 60 (16.1) 70 (18.8)

Table 1 (continued)

© Translational Cancer Research. All rights reserved.
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Table 1 (continued)

Characteristic Low-risk group  High-risk group P
Residual tumor, n (%) 0.18
RO 168 (48.8) 158 (45.9)
R1 6(1.7) 11 (3.2)
R2 0 1(0.3)

T, tumor; N, node; M, metastasis; AFP, alpha-fetoprotein; OS,
overall survival.

(Figure 7F-7H). The expression of B cell between two
groups had no significant difference (Figure 7I). DC and
pDC were relatively low in high-risk group, whereas aDC
was relatively low in low-risk group (Figure 77-7L).

Construction and verification of nomogram diagram

For purpose of providing a quantitative method to predict
the prognosis of patients with HCC, we built a nomogram
diagram using risk groups and independent clinical risk
factors (Figure 8A4). These variables were scored using a
point scale in the nomogram diagram based on cox analysis.
After that, we analyzed the accuracy and applicability of the
model we established. The deviation correction line in the
calibration diagram was of close proximity to the ideal curve
(45 points), and the predicted values were compatible with
the observed values (Figure 8B). The nomogram diagram
was a good model on predicting short-term or long-term
survival of liver cancer patients. In the DCA diagram, the
net return of this model was higher when the threshold is
about 0.2 to 0.45 (Figure 8C).

Discussion

Copper is an important trace element that plays an
indispensable role in every living thing. In the 1960s, people
investigated the anti-tumor activity of thiosemicarbazone
complexes, which ushered in a new epoch of treating cancer
with copper (27,28). In the twenty-first century, copper-
based Fenton reaction has gradually become a hot topic,
and inspired by iron-induced Fenton reaction, the study
of oxidative stress mediated by ROS has been further
enriched and the status of copper in cancer treatment
has been improved (29). We should pay more attention
on the key role of copper ion in tumor cells. A study has
shown that copper in serum and tumor tissues of cancer
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Figure 3 The expression of genes related to cuproptosis in cell lines and mutations in tissues. Expression of genes related to cuproptosis
in cell lines, including LIPT1 (A), DLAT (B), PDHAL (C), ATP7A (D). (E) Mutation status of four genes related to cuproptosis in TCGA
database. Relationship between mRNA expression and mutation of four copper death-related genes, including LIPT1 (F), DLAT (G),
PDHAI1 (H), ATP7A (I). **, P<0.01; ***, P<0.001. TCGA, The Cancer Genome Atlas; VUS, variants of uncertain significance.

patients are in higher level than that of healthy people (30).
Recently, researchers included Tsvetkov er 4/. have shown
that cells with an active TCA cycle increase the level of
lipoylated TCA enzymes and that the lipoylated portion
acts as a direct copper binder, leading to the aggregation
of lipoylated proteins, which in turn leads to cell death (8).
We systematically analyzed the expression of 13
cuproptosis-related genes in HCC tissues and their
relationship with prognosis in this context. For the first
time, a risk score based on four copper death-related genes
was calculated, and the risk score was used as an indicator
to combine clinical factors to construct a nomogram. At
the same time, functional enrichment analysis and immune
correlation analysis were carried out with the risk score
as an indicator. LIPT1, DLAT, PDHAI and ATP7A were
screened in our study by differential analysis and univariate
Cox analysis, and we verified the expression of these four
genes in the liver cell line and HCC cell lines, and proved
that the expression of these four genes was raised and
being statistically significant in cancer cell lines. This was
consistent with the analysis of the TCGA dataset. After
that, we used these four genes to construct risk scores and
investigated the relationship between these four genes
and clinical factors. One study showed that fibroblasts

© Translational Cancer Research. All rights reserved.

obtained from patients with LIPT2 mutations showed
significantly reduced lipoylation of the 2-oxydehydrogenase
complex (31). LIPT1 could affect mitochondrial lipoic
acid metabolism and thus lipoylation (32). A study has
also shown that LIPT] is closely related to the occurrence
and prognosis of liver cancer (33). The study has found
that DLAT is related to mitochondrial stress management
and ROS stress in B cells (34). DLAT is involved in the
proliferation and carbohydrate metabolism of gastric cancer
cells and might be one of the potential drug targets in
mitochondria (35). MELK promotes the development of
HCC by increasing the expression level of DLAT (36). One
study showed that mitochondria and PDHA1 contributed
to the development of prostate tumors by controlling
lipid biosynthesis (37). PDHAI is associated with poor
prognosis in patients with liver cancer (38). Copper ions
from intestinal cells are pumped into the blood via ATP7A
and into liver cells via CTR1 (39). ATP7A is widely
expressed and is mostly located on the trans-Golgi network
membrane (40). The absence of Atox1/ATP7Apathway will
lead to abnormal distribution of copper and pathological
changes of organs (41-45). A study has shown that liver
cancer patients with high expression of ATP7A have
poor prognosis, and ATP7A is positively correlated with
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Normal Cancer

Figure 4 Expression of genes related to cuproptosis in normal
and cancer tissues of liver from the Human Protein Atlas
database (https://www.proteinatlas.org/). (A) LIPT1 (https://www.
proteinatlas.org/ENSG00000144182-LIPT1). (B) DLAT (https://
www.proteinatlas.org/ENSG00000150768-DLAT). (C) PDHAI
(https://www.proteinatlas.org/ENSG00000131828-PDHATI).
(D) ATP7A (https://www.proteinatlas.org/ENSG00000165240-
ATP7A). Staining methods are detailed in the Human Protein
Atlas database site; scale bar =100 pm.
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programmed death-ligand 1 (PD-L1) level (46).

Afterwards, GO and KEGG analyses were performed
for the differentially expressed copper death genes. It
could be seen that these genes were closely related to the
tricarboxylic acid cycle, glycolysis, and mitochondrial
metabolism, which is consistent with the content of the
literature. It is suggested that cuproptosis may affect cell
survival through the T'CA cycle and glycolysis.

In terms of immune infiltration, we found a close
relationship between risk fraction and T cell subsets. T cell
penetration into the tumor microenvironment is the key
to successful T cell immunotherapy, including immune
checkpoint inhibitors (47). In general, copper deficiency
reduces the effectiveness of acquired responses, and
antibodies produced by splenic cells are significantly reduced
in copper-deficient animals (48-50). In the case of severe
copper deficiency, neutrophils in human peripheral blood are
not only decreased in number, but their ability to produce
superoxide anions and kill ingested microorganisms is also
decreased in the case of significant and marginal copper
deficiency (51). In the human Jurkat T cell line with copper
deficiency, interleukin (IL)-2 synthesis was reduced by 75%
after mitogen stimulation and IL-2 mRNA was reduced by
50%, suggesting that copper plays a specific role in IL-2
gene transcription (52). Lukasewycz and Prohaska observed a
significant upregulate in IL-1 and a significant down regulate
in IL-2 in copper deficient animals (49). A study has shown
that copper-based nanoscale coordination polymers can
induce the production of more ROS, thus combined with
radiotherapy to improve the infiltration rate of CD8"T cells
and improve complete regression rate of tumor (53).

Cuproptosis has been a hot research field in the past
few years, but the potential regulatory mechanism between
tumor and copper death has not been fully elucidated.
Through the functional enrichment analysis of cuproptosis
related genes in HCC, we explored the related BPs and
pathways of copper death. We screened four genes that can
construct risk scores and analyzed the relationship between
risk scores and clinical factors. Finally, we constructed and
verified the predictive model by constructing the nomogram
map of risk scores and clinical factors.

This study has several limitations. First, our prognostic
model uses data from public databases. More forward-
looking real data are needed to verify its clinical use.
Second, in order to explicate the specific role of copper-
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Figure 7 Relationship between the model constructed by four genes related to cuproptosis and immune cell infiltration. (A) Correlation

between the risk score and twenty-four kinds of immune cells. Correlation between the risk score and related immune cells, including DC

cells (B), macrophages (C), T cells (D). Compare the enrichment degree of immune cells between high and low risk groups. (E) T cells, (F)
cytotoxic cells, (G) T helper cells, () Treg, (I) B cells, (J) DC cells, (K) pDC cells, (L) aDC cells. *, P<0.05. **, P<0.01. ***, P<0.001; ns,
not significant. Tem, T central memory; aDC, activated DC; Tth, T follicular helper; Tem, T effector memory; iDC, immature DC; NK,

natural killer; Tgd, T gamma delta; pDC, plasmacytoid DC.

related genes in the occurrence and development of
HCC, some clinical parameters, such as the details of the
treatment patients receive, need to be considered. However,
there is lack of information in public databases. Third,
with the aim of ensuring the robustness of the prognostic
model, the prognostic indicator of our established model
is required to be further confirmed in other independent
cohorts to make sure its robustness. Fourth, in the current
study, there are some differences between the number of
cancer patients and the number of healthy subjects as a

© Translational Cancer Research. All rights reserved.

control; as a consequence, further research is needed to
maintain the balance of the sample size.

Conclusions

Our study constructed a risk score associated with four
cuproptosis-related genes, and verified its correlation with
clinical factors and prognosis. Finally, we constructed
the nomogram map using risk scores and clinical factors.
It contributes a new perspective for predicting the
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prognosis of liver cancer. The internal mechanism between
cuproptosis-related genes and liver cancer is still little
known, which is worthy of further study.
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