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ABSTRACT

Background: Cuproptosis is a new type of programmed cell death involved in the regulation of neuroendocrine
tumors, immune microenvironment, and substance metabolism. However, the role of cuproptosis-related
genes (CRGs) in Hepatocellular carcinoma (HCC) remains unclear.

Method: Through multiple bioinformatics analysis, we constructed a prognostic gene model and competing
endogenous RNA (ceRNA) network. The correlation between CRGs and prognosis, immune infiltration, immune
checkpoints, microsatellite instability (MSI) and tumor mutational burden (TMB) was analyzed by Kaplan-Meier
curve, univariate Cox, multivariate regression, and Spearman’s analysis in HCC patients. Besides, the qRT-PCR and
immunohistochemistry assays were used to determine prognostic CRGs mRNA and protein expression in HCC.
Results: We established a novel 3-gene signature related to CRGs for evaluating the prognosis of HCC patients.
HCC patients with high-risk scores had a poor prognosis with an area under the curve of 0.737, 0.646, and 0.634
on 1l-year, 3-year, and 5-year receiver operating characteristic curves. Significant correlation was observed
between prognostic CRGs and immune infiltration, immune checkpoints, MSI and TMB. We also developed five
ceRNA networks to regulate the occurrence and progression of HCC. CDKN2A, DLAT, and PDHA1 protein
expression was up-regulated in HCC versus normal tissues. Besides, the mRNA expression levels of CDKN2A,
DLAT, GLS, and PDHA1 were elevated in the HCC cell lines compared to the normal liver cell lines.

Conclusions: This novel prognostic CRGs signature could be accurately predict the prognosis of patients with HCC.
The ceRNA regulatory network might be potential prognostic biomarkers and therapeutic targets for HCC patients.
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INTRODUCTION

Liver cancer is the sixth most common cancer and the
third leading cause of cancer death [1]. Hepatocellular
carcinoma (HCC), accounting for 75-85% of primary
liver cancer, is closely associated with drinking, viral
hepatitis, aflatoxin, and genetics [2]. Resection,
transplantation, and ablation are treatments for HCC.
However, due to tumor heterogeneity, the prognosis of
patients with HCC is unsatisfactory, with a 5-year
survival rate of only 18 percent [3]. Although liver
transplantation is currently the preferred treatment for
patients with early-stage HCC, most HCC patients
with advanced disease are often not candidates for
liver transplantation because the cancer has spread
throughout the body or because the liver function is
poor [4]. Although many biomarkers have been
identified to predict the prognosis of HCC patients,
they are still in the molecular research stage and are
not yet widely used in clinical applications [5].
Therefore, it is of great significance to establish more
effective prognostic models and improve therapeutic
strategies for HCC.

Copper is an essential trace element for the human
body and an important cofactor for all organisms [6].
Maintaining the balance of copper content in organisms
is essential for the survival and development of
organisms [7]. Cuproptosis is a novel cell death
mechanism, which occurs by the direct binding of
copper to the fatty acylated components of the
tricarboxylic acid (TCA) cycle to induce the
aggregation of fatty acylated proteins and the
destabilization of Fe-S cluster proteins, resulting in
protein toxic stress and ultimately cell death [8]. There
is increasing evidence that cuproptosis has a large
impact on the prognosis of tumors, such as clear cell
renal cell carcinoma [9] and melanoma [10].
Competing endogenous RNA (ceRNA) networks are
considered to play a critical role in many types of
cancer, and the novel potential ceRNA axis of
cuproptosis-related genes (CRGs) were identified in
uterine corpus endometrial carcinoma [11] and breast
cancer [12] to regulate cancer progression. It is
reported that dysregulation of copper homeostasis is
associated with poor outcomes in HCC patients [13].
The prognostic value and potential ceRNA network of
CRGs in HCC has not been elucidated.

In this study, based on the identified 12 CRGs, we
comprehensively analyzed the expression level of CRGs
in HCC and constructed a signature to predict the
survival outcomes of HCC patients and the ceRNA
regulatory network in HCC. This provides new ideas for
finding therapeutic targets and prognostic biomarkers for
HCC.

MATERIALS AND METHODS
Data collection and preprocessing

The Cancer Genome Atlas (TCGA) (https://www.
cancer.gov/tcga) database was employed to download
RNA-sequencing expression profiles and corresponding
clinical information for HCC. The clinical information of
patients with HCC is presented in Table 1. All data
analysis was performed with the R (version 4.0.5) and R
Bioconductor packages.

Identification of differentially expressed cuproptosis-
related genes

According to previous studies, a total of 12
CRGs were obtained, including FDX1, LIAS, LIPT1,
DLD, DLAT, PDHA1, PDHB, MTF1, GLS,
CDKN2A, SLC31A1, and ATP7B [8]. The difference
in CRGs expression in HCC and normal tissues was
identified using the “limma” and “reshape2” packages.
Then, we used the Search Tool for The Retrieval of
Interacting Genes (STRING) (http://string-db.org/) to
establish the protein-protein interaction (PPI) network
of CRGs.

Functional enrichment analysis of CRGs

Metascape (http://metascape.org) was used to perform
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis. (Settings: Min Overlap:
3; P-Value Cutoff: 0.01; Min Enrichment: 1.5).

Prognostic analysis of CRGs and establishment of
prognostic model

The K-M survival analysis with log-rank test were used
to compare the survival difference between high-
expression and low-expression groups to identify
potential prognostic biomarkers. The P-values and
hazard ratios (HRs) with 95% confidence intervals (Cls)
were obtained by log-rank test. Based on these potential
CRGs, LASSO Cox regression analysis was applied to
construct a cuproptosis-related prognostic model. After
calculating the risk score as follows: Risk score =
(0.1584)*CDKN2A+(0.2594)*DLAT+(0.1042)*GLS,
HCC patients were divided into two parts (low- and
high-risk groups) according to the median risk score, and
the overall survival (OS) time was drawn using Kaplan—
Meier method. The receiver operating characteristic
(ROC) curve was drawn using the “time-ROC” R
packages to evaluate the performance of the risk model.
The forest is plotted by the “forest plot” R package
showing the P-value, HR and 95% CI for each variable.
Considering the clinical characteristics and prognostic
signature, a predictive nomogram was constructed to

Www.aging-us.com 13902

AGING


https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
http://string-db.org/
http://metascape.org/

Table 1. The clinical information of HCC patients in TCGA.

Clinical characters Number
Male 250
nder
Gende Female 121
Status Alive 241
Dead 130
Age Mean (SD) 59.4 (13.5)
g Median [MIN, MAX] 61 [16,90]
I 171
I 86
TNM stage
g I 85
v 5
T1 181
T2 94
T stage T3 80
T4 13
X 1
NO 252
N stage N1 4
NX 114
MO 266
M stage M1 4
MX 101
G1 55
G2 177
Grade
G3 122
G4 12
predict the overall survival of HCC patients at 1, 3 and 5 Expression Profiling Interactive Analysis
years. (GEPIA) (http://gepia2.cancer-pku.cn/#index) database.
Then, miRTarbase  (https:/mirtarbase.cuhk.edu.cn/
Immune infiltration, TMB, MSI analysis ~miRTarBase/miRTarBase 2022/php/index.php) and
Tarbase v.8 (https://dianalab.e-ce.uth.gr/html/diana/web/
The Tumor Immune Estimation Resource, version 2 index.php?r=tarbasev8/index) were utilized to explore
(TIMER2.0, http://timer.cistrome.org/) database is a potential miRNA targets bound to CRGs. Based on the
comprehensive resource for systematic evaluation of identified miRNAs, potential upstream IncRNAs
immune infiltration of various cancer types [14]. The associated with miRNAs were further detected using
“Gene” module of TIMER was used to investigate the miRNet (https://www.miRNet.ca/). In addition, the
relationship between prognostic CRGs and immune expression and prognostic value of these miRNA and
infiltration level. In TMB and MSI analysis, IncRNA targets were further explored with the help of the
Spearman’s correlation analysis was performed to StarBase (http://starbase.sysu.edu.cn/), and the correlation
calculate the correlation between prognostic CRGs and analysis of mMRNA-miRNA, mRNA-IncRNA, and
TMB and MSI score. MiRNA-IncRNA was performed.
Construction of ceRNA network Cell culture
We explored the relationship between prognostic CRGs The normal hepatic cell (LO2) and HCC cell lines (7721
and clinical stage of HCC wusing the Gene and HepG2) were purchased from Procell Biotech
www.aging-us.com 13903 AGING
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(Wuhan, China). The cell culture conditions were
DMEM with 10% fetal bovine serum (VivaCell,
Shanghai, China), and 5% CO,, 37° C.

Quantitative real-time polymerase chain reaction
(QRT-PCR)

RNA was extracted by the TRIzol reagent, and cDNA
was obtained from the reverse transcription using
PrimeScript™ Kkit. Quantitative expression was detected
using SYBR Green gPCR Mix. Primer sequences of all
target genes and internal control are shown as follows:
CDKN2A forward:5'-GATCCAGGTGGGTAGAAGG
TC-3’ and CDKN2A reverse: 5'-CCCCTGCAAACTT
CGTCCT-3"; DLAT forward: 5'-CGGAACTCCACG
AGTGACC-3" and DLAT reverse: 5'-CCCCGCCATA
CCCTGTAGT-3"; GLS forward: 5'-AGGGTCTGTTAC
CTAGCTTGG-3’ and GLS reverse: 5'-ACGTTCGCAA
TCCTGTAGATTT-3"; PDHAI forward: 5-TGGTAG
CATCCCGTAATTTTGC-3" and PDHAI1 reverse: 5'-A
TTCGGCGTACAGTCTGCATC-3"; The data was
calculated as 2744Ct,

Immunohistochemistry analysis

The Human Protein Atlas (HPA) (www.proteinatlas.org/)
database includes immunohistochemistry data for
common cancer types [15]. The database was used to
detect the protein expression of CRGs in normal and
tumor tissues in the “tissue” and “pathology” modules.

Statistical analysis

The predictive value of the CRGs signature was
assessed by Cox regression and Lasso regression
analyses. The Kaplan—Meier method was used to
evaluate the survival of HCC patients. The AUC was
calculated from the ROC curve to evaluate the accuracy
of the prediction. Spearman’s analysis was used to
investigate the relationship between CRGs expression
and immune infiltration, TMB and MSI score.
Statistical significance was defined as P < 0.05.

Availability of data and materials

The datasets presented in this study can be found in
online repositories. The names of the repository/
repositories and accession number(s) can be found in
the article/Supplementary Material.

RESULTS

Expression of CRGs in HCC

The expression patterns of 12 CRGs in HCC were
analyzed using TCGA and The Genotype-Tissue

Expression (GTEX) databases, and the results showed
that all 12 genes were differentially expressed between
HCC and normal tissues (Figure 1A). Specifically, the
expression of FDX1, LIAS, LIPT1, DLD, DLAT,
PDHA1, MTF1, GLS, CDKN2A, SLC31Al and
ATP7B was upregulated in HCC tissues versus normal
tissues, while the expression of PDHB was
downregulated (Figure 1A, all P < 0.05). Based on the
STRING database, the PPI network revealed that LIAS,
DLAT, PDHAL, PDHB, LIPT1, DLD were the hub
genes (Figure 1B). Correlation analysis to determine
the interaction between these genes indicated that
most genes were positively correlated with each other
(Figure 1C).

Functional enrichment analysis of CRGs

To clarify the role of CRGs, we conducted GO and
KEGG analysis by Metascape (Table 2). GO
molecular function analysis revealed that 12 CRGs
were mainly associated with pyruvate dehydrogenase
activity and oxidoreductase activity. GO Cellular
Components analysis suggested that 12 CRGs were
mainly involved in  mitochondrial  pyruvate
dehydrogenase complex and mitochondrial matrix.
We also found that these 12 CRGs were mainly
involved in acetyl-CoA biosynthetic process from
pyruvate, protein maturation and ion homeostasis in
GO Biological Processes analysis. KEGG pathway
analysis revealed that 12 CRGs were enriched in
Citrate cycle (TCA cycle), Platinum drug resistance
and Biosynthesis of cofactors.

Construction of a cuproptosis-related prognostic
gene model

Univariate Cox regression analysis was used to screen
a potential cuproptosis-related prognostic marker for
HCC. The results showed that a total of 4 genes with
prognostic value were identified (Figure 1D). Kaplan-
Meier survival curves indicated that a poor survival
rate in HCC patients with high expression of
CDKN2A (Figure 2A, P = 0.002), DLAT (Figure 2B,
P = 0.002), GLS (Figure 2C, P = 0.022) and PDHA1
(Figure 2D, P = 0.023). Based on these four prognostic
genes, LASSO Cox regression analysis was performed
to construct a prognostic gene model (Figure 3A, 3B).
HCC patients were divided into low-risk and high-risk
groups according to the risk score, and more HCC
patients were found to be alive in the high-risk group
versus the low-risk group (Figure 3C). In addition, the
high-risk group showed a lower overall survival rate
than the low-risk group (Figure 3D, P = 0.00106, HR
= 1.794), with AUCs of 0.737, 0.646, and 0.634 in the
1-year, 3-year, and 5-year ROC curves, respectively
(Figure 3E).
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Establishment of a predictive nomogram univariate and multifactorial analyses to further construct
predictive nomogram to estimate the probability of
survival. The results indicated that CDKN2A, DLAT,

and pT staging were independent factors affecting the

Considering these prognostic CRGs and the
clinicopathological characteristics, we have performed
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Figure 1. Expression and interaction of CRGs. (A) The expression of 12 CRGs in HCC and normal tissues. Tumour, red. Normal, blue.
(B) PPI network of 12 CRGs. (C) The correlation among 12 CRGs. (D) The forest plot shows the prognosis of CRGs in HCC.
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Table 2. Significantly GO and KEGG analysis with metascape.

Term Category Description Count
G0:0004738 GO Molecular Functions pyruvate dehydrogenase activity 4
G0:0016491 GO Molecular Functions oxidoreductase activity 5
GO:0006086 GO Biological Processes acetyl-CoA biosynthetic process from pyruvate 4
GO:0051604 GO Biological Processes protein maturation 3
G0:0050801 GO Biological Processes ion homeostasis 3
G0:0005967 GO Cellular Components  mitochondrial pyruvate dehydrogenase complex 4
GO:0005759 GO Cellular Components mitochondrial matrix 8
hsa00020 KEGG Pathway Citrate cycle (TCA cycle) 4
hsa01524 KEGG Pathway Platinum drug resistance 3
hsa01240 KEGG Pathway Biosynthesis of cofactors 3

prognosis of HCC patients (Figure 4A, 4B). We then
constructed a clinical predictive nomogram based on
CDKNZ2A, DLAT, pT staging, which showed excellent
predictive performance compared to the ideal model for
3-year and 5-year survival probability (Figure 4C, 4D).

CRGs are associated with tumor immune processes
in HCC

In this study, we analyzed the correlation between the
expression levels of prognostic CRGs (CDKNZ2A,
DLAT, GLS, and PDHAL) and immune processes
in HCC. We found that these 4 prognostic CRGs
were positively associated with most immunoinhibitors
and immunostimulators (Figure 5A). TMB and MSI
may serve as predictive biomarkers for cancer
immunotherapy [16, 17]. We investigated the correlation
between CRGs and TMB as well as MSI in HCC. The
results showed that TMB scores were positively
correlated with CDNK2A (Figure 5B, P = 1.64e-04)
expression and negatively correlated with GLS
(Figure 5D, P = 7.74e-05) expression, but not with
DLAT (Figure 5C, P = 0.586) and PDHA1 (Figure 5E,
P = 0.567) expression. In MSI analysis, MSI scores of

HCC patients increased as PDHAL (Figure 51, P = 0.044)
expression increased. However, MSI score was not
significantly correlated with the expression of CDNK2A
(Figure 5F, P = 0.193), DLAT (Figure 5G, P = 0.102),
and GLS (Figure 5H, P = 0.743). In the immune
infiltration analysis, we found that there were no
significant changes in the level of immune cell
infiltration with different CDNK2A and DLAT copy
numbers in HCC (Figure 6A, 6B). Different GLS and
PDHA1 copy numbers were significantly correlated with
the level of partial immune cell infiltration (Figure 6C,
6D). Moreover, the results revealed that the expression
of CDKN2A, DLAT, GLS, and PDHA1 positively
correlated with the abundance of B cells, CD8+ T cells,
CD4+ T cells, macrophages, neutrophils, and dendritic
cells (Figure 6E—6H).

Development of LncRNA-miRNA-mRNA network

We also elucidated the correlation between prognostic
CRGs and clinical staging (Figure 7A), showing that
CDKN2A (P = 8.43e-06), DLAT (P = 0.0484), GLS
(P =0.017), and PDHAL (P = 0.02) were associated with
clinical staging. To elucidate the potential molecular
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Figure 2. The overall survival curve of CRGs in HCC patients in the high-/low-expression group. (A) CDKN2A (B) DLAT (C) GLS

(D) PDHAL.
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mechanisms of these four genes in HCC, we constructed
a LncRNA-miRNA-mRNA network. According to the
predicted results of mirTarBase and TarBase V.8, a total
of 19 miRNAs (40 miRNA-mRNA pairs) were
identified as potential miRNA targets for these four
genes (Figure 7B and Supplementary Table 1). The
ceRNA-based hypothesis suggested that the expression
of upstream miRNAs should negatively regulate
MRNA. Further analysis revealed that 8 mMiRNAs
(Supplementary Figure 1A and Figure 7C) were
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expressed down-regulated in HCC. And the prognostic
analysis showed that only HCC patients with high levels
of hsa-miR-125b-5p (the upstream miRNA of GLS and
CDKN2A) (Figure 7C, P = 2.0e-18) had better overall
survival (Figure 7C, P = 0.037). Moreover, we explored
hsa-miR-125b-5p upstream IncRNAs using the miRNet
database, obtaining 47 miRNA-INCRNA  pairs
(Supplementary Table 2). Under the ceRNA hypothesis,
IncRNAs should negatively regulate miRNAs as well as
positively regulate mMRNA. We analyzed the expression
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Figure 3. Construction of a prognostic CRGs model in HCC. (A, B) Coefficient and partial likelihood deviance of prognostic model.
(C) Distribution of risk score, survival status, and the expression of 3 prognostic CRGs in HCC. (D) Survival curve of HCC patients with high/low-
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and prognosis of these IncRNAs in HCC and revealed
that 34 LncRNAs were expressed upregulated in HCC
(Supplementary Figure 1 and Figure 7D-71), while only
ACVR2B-AS1 (Figure 7D, P = 0.022), LINCO00667
(Figure 7E, P = 0.0022), CYTOR (Figure 7F, P = 1.2e-
30), MIR4435-2HG (Figure 7G, P = 4.1e-35), DANCR
(Figure 7H, P = 3.2e-7), and PICSAR (Figure 7I,
P = 0.0075) that were up-regulated in HCC and linked
to poor prognosis (Figure 7D, P = 0.0034, Figure 7E,
P = 0.0056, Figure 7F, P = 3.1e-05, Figure 7G,
P = 0.0012, Figure 7H, P = 0.0027, Figure 7I,
P = 0.00034). We further investigated the correlation
between MRNA-miRNA, miRNA-IncRNA and mRNA-
INcRNA pairs (Table 3). All pairs were consistent
with the ceRNA mechanism except for the hsa-miR-
125b-5p-ACVR2B-AS1, hsa-miR-125b-5p-LINC00667,
hsa-miR-125b-5p-PICSAR, and GLS-DANCR pairs.
Considering these three levels, five LncRNA-
mMiRNA-mRNA (CYTOR-hsa-miR-125b-5p-CDKN2A,
MIR4435-2HG-hsa-miR-125b-5p-CDKN2A, DANCR-

hsa-miR-125b-5p-CDKN2A, CYTOR-hsa-miR-125b-
5p-GLS, MIR4435-2HG-hsa-miR-125b-5p-GLS) axes
were constructed and had significant prognostic value
in HCC.

Verification of the mRNA and protein expression of
genes

Immunohistochemical images of CDKNZ2A, DLAT,
GLS, and PDHA1 were obtained from the HPA database.
Compared with adjacent non-tumor tissues, CDKN2A,
DLAT, and PDHAL protein expression was upregulated
in HCC tissues. But there was no significant difference
in the protein level of GLS between HCC and adjacent
non-tumor tissues (Figure 8A-8D). The expression
of these proteins were predominately located in
Cytoplasmic/membranous. The mRNA expression levels
of CDKN2A, DLAT, GLS, and PDHA1 were elevated in
the HCC cell lines (7791 and HepG2) compared to the
normal liver cell line (LO2) (Figure 8E-8H).

A Uni_cox Pvalue Hazard Ratio(95% CI) B Mult_cox p.value Hazard Ratio(95% CI)
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Figure 4. Construction of a predictive nomogram. (A, B) Univariate and multivariate Cox regression considering clinical the parameters
and prognostic CRGs in HCC. (C) Development of a Nomogram to predict the 1-year, 3-year, and 5-year survival probability of HCC patients.

(D) The calibration curve was to verify the efficacy of nomogram.

WWWw.aging-us.com

13908

AGING



DISCUSSION

Cuproptosis is a new copper-dependent cell death
method first proposed in cell this year. Copper directly
binds to fatty acylated moieties of the tricarboxylic acid
cycle to form aggregates, resulting in cytotoxicity and
even cell death. Compared with normal tissue, copper
has been shown to accumulate in the serum of patients
with cirrhosis [18] or more cancers [19, 20]. Copper
ions provide metal nutrients required for angiogenesis
of tumor growth and metastasis by participating in
redox, mitochondrial energy metabolism, aerobic
glycolysis, and various enzymatic pathways. Copper
import genes (SL31Al) and copper export genes
(ATP7A and ATP7B), which are responsible for
regulating intracellular copper concentration, work
together to maintain intracellular copper homeostasis.
When this homeostasis is out of balance, it leads to an
increased incidence of HCC and promotes malignant
progression [21]. Due to the prominent role of copper
death, it is necessary to explore novel copper death-
related biomarkers and establish an accurate
cuproptosis-related HCC prognostic model.

We first examined the expression of 12 CRGs in HCC.
Compared with normal tissues, FDX1, LIAS, LIPTL1,
DLD, DLAT, PDHA1, MTF1, GLS, CDKN2A and
SLC31A1 were up-regulated in HCC, whereas PDHB
and ATP7B were down-regulated. These results are
consistent with those of a previous study that created a
prognostic INcRNA profile associated with cuproptosis
to predict response to immunotherapy [22], but the
prognosis and prediction of CRGs in HCC have not been
investigated. Correlation analysis showed that most of
the CRGs were positively correlated with each other.
The PPI network showed that LIAS, DLAT, PDHAL,
PDHB, LIPT1, DLD were the central genes. In addition,
according to GO enrichment analysis, 12 CRGs were
mainly closely related to pyruvate dehydrogenase
activity, oxidoreductase activity, mitochondrial pyruvate
dehydrogenase complex and mitochondrial matrix.
KEGG pathway analysis revealed that 12 CRGs were
enriched in Citrate cycle (TCA cycle), Platinum drug
resistance and Biosynthesis of cofactors. Many of these
TCA pathways have been shown to be closely related
to tumors. Besides, we performed a comprehensive
bioinformatics analysis of HCC patients and identified

Log? (CDKN2A expression)

102S) = 1557, p = 0195, Brguarman = 0.07, Clugn, [-0.04, 0.17], i = 369 10g5) = 1555, p = 0,102, Biguammen = 0.09, Closs, [0.02, 0,19, #puy = 369
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Figure 5. The relationship between CRGs and immune checkpoints, TMB and MSI in HCC patients. (A) immune checkpoints
(B—E) TMB. TMB, tumour mutation burden. (F-1) MSI. microsatellite instability.
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prognostic features comprising four cuproptosis-genes HCC patients. We also investigated the CRGs that
(CDKN2A, DLAT, GLS, and PDHA1). And our correlated with pathological stages in HCC and
predictive model shows a good ability to predict the developed five ceRNA networks to regulate their
prognosis of HCC patients. We analyzed the correlation occurrence and progression. The immunohistochemical
between these four CRGs and immune processes in images of CDKN2A, DLAT, and PDHAL in both HCC

A CDKN2A LIHC B DLAT LIHC
is Copy Number i Copy Number
E’ B3 Deep Deletion » -5>-, B3 Deep Deletion
3 €3 Arm-level Deletion 3 83 Arm-level Deletion
= o) ] Diploid/Normal . = o 3 Diploid/Normal
&1 B3 Arm-level Gain S B3 Arm-level Gain
s 2 s ‘
= . . E .
£057 . £o0s
. -—
PR e =
viay eadd * o s _dady 3 A
o] S P el Gl el ol B IR B Ll GEe
B Cell CD8+TCell CD4+TCell Macrophage Neutrophil Dendritic Cell B Cell CD8+TCell CD4+TCell Macrophage Neutrophil Dendritic Cell
( : GLS LIHC D PDHA1 LIHC
: > H * i = I EE % FI g R
* * *
154 Copy Number 15 Copy Number
E) B3 Arm-level Deletion ?>> B3 Deep Deletion
3 B3 Diploid/Normal :') E3 Arm-level Deletion
= 1.04 B3 Arm-level Gain < 1.0 E3 Diploid/Normal
S B3 High Amplication . S B3 Arm-level Gain
8 * g B3 High Amplication -
; =W ﬁééé
i, tle. ady : & é#%-.- = -
ool S e Ll i i Bl é#-— . ééé ~BE s
E B Cell CD8+TCell CD4+TCell Macrophage Neutrophil Dendritic Cell B Cell CD8+TCell CD4+T Cell Macvophage Neutrophil Dendritic Cell
g Purity 8 Cell CDB+ T Cell CD4+ T Cell Macrophage Neutrophil Dendritic Cell
- cor = 0.178| partial.cor = 0.259 partial.cor = 0.261 partial.cor = 0.186 partial.cor = 0.242 partial.cor = 0.257 partial.cor = 0.302
88 p = 1.08e-08| p = 9.56e-07] p = 5.26e-04, p =6.01e-08| p = 1.33e-08| p = 1.40e-08
S
g 6
= o
<
§.i%
8
S
@ 2
<
2
Lo
a
o gl
lnhl(ranon Level
F - Purity 8 Coll CDB+ T Cell CD4+ T Coll Macrophage Neutrophil Dendritic Coll
z . cor = -0.1 *  partial.cor = 0.184 -pamal cor= 0 13 *  partial.cor = 0.23] *  partial.cor = 0.304  partial.cor = 0.382 partial.cor = 0.277
= p = 6.19e-04) e-02 p = 1.66e-05 p = 1.03e-08 p =2.00e-13 p = 2.13e-07
N§6
® . . .
3
3
3.2
S =
2
e
&
&2
=
3
Q 01 02 03 01 02 03 005 010 015 02 025 05 075 100
Infiltration Level
Q 8 Coll CD8+ T Coll CD4+ T Cel Macrophage | Neutrophil Dendritic Coll |
=
. partial.cor = 0.21 o pavhalcor 0.195 . tigl.cor = 0.487 . pam«l or 0499 € rualcor 0.463] ° artig).cor = 0.282
B o *  v=866e-05|| o Q% p=290e-04 g | 5 677623 | o ;' o0 =20 8 e
Y % 8 S e 3 .
8s0
L
§251°
2
2
=3
3
Woo
o 025 050 075 100 01 02 03 04 02 04 06 00 X 2 03 0400 01 02 03 005 010 015 0% 025 05 075 100
Infiltration Level
Purity 8 Coll CDB8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendritic Cell
core: -0.061 o partial.cor = 0.178| ole partial. cor 0.173] * , partial.cor= 0 151 ° % pama} cor = 0.333 e , partal cor 0.372 e , partialcor=0.181
p=257e-01 p = 9.29e-04) p = 1.28e-03| p=5.01e-03 =2.81e-10 p =872e-13 p = 8.07e-04
. B e °, .
6 Y IO .

2
815
4 )
g
o
3
" 025 0% o075 100 01 02 03 04 02 04 06 00 o1 02 03 0400 01 02 03 005 010 015 020 025 05 075 100

PDHA1 Expression Level (log2 TPM) I GLs
4

Infiltration Level

Figure 6. The relationship of immune cell infiltration with prognostic CRGs level in HCC. (A-D) The infiltration level of various
immune cells under different copy numbers of 4 prognostic CRGs in HCC. (E—H) The correlation of the abundance of immune cells and the
expression of 4 prognostic CRGs in HCC.
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tissues and corresponding normal tissues confirmed the
expression of the CRGs in HCC. Finally, the gRT-PCR
experiments validated the expressions of CDKN2A,
DLAT, GLS, and PDHAL in LO2, 7791 and HepG2 cell
lines.

To our knowledge, few reports on cuproptosis and
HCC focus on the value and role of FDX15 [23].
However, the relationship between CRGs and HCC is
still unclear. The roles of most CRGs in diseases such

as esophageal cancer [24], endometrial cancer [25],
and melanoma [10] are increasingly emerging. The
prognostic score constructed in this study is based on
four CRGs (CDKN2A, DLAT, GLS, and PDHAL).
Further prognosis showed that OS with high levels of
CRGs was worse. DLAT and PDHAL are anti-
cuproptosis genes, and GLS and CDKN2A sensitize
cells to cuproptosis. These four genes were
constructed as the CRGs most closely related to HCC
in this paper.
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Figure 7. Construction of ceRNA network in HCC. (A) The relationship between 4 prognostic CRGs and clinical stage. (B) A Results of
miRNA target predicted by mirTarBase and TarBase V.8. (C-I) The overall survival and expression of (C) hsa-miR-125b-5p (D) ACVR2B-AS1 (E)
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Table 3. Correlation analysis between mRNA-miRNA, miRNA-
IncRNA and mRNA-IncRNA pairs.

miRNA mMRNA R P-value
hsa-miR-125b-5p CDKN2A -0.132 1.09E-02*a
hsa-miR-125b-5p GLS -0.265  2.26E-07***a
miRNA INcRNA

hsa-miR-125b-5p CYTOR -0.372  1.35E-13***a

hsa-miR-125b-5p MIR4435-2HG  -0.307  1.70E-09***a
hsa-miR-125b-5p ACVR2B-AS1 0.052 3.18E-01

hsa-miR-125b-5p DANCR -0.26 3.98E-07***a
hsa-miR-125b-5p LINCO00667 0.125 1.64E-02*a
hsa-miR-125b-5p PICSAR -0.055 2.92E-01
MRNA IncRNA

CDKN2A CYTOR 0.287 1.58E-08***a
CDKN2A MIR4435-2HG 0.199 1.10E-04***a
CDKN2A DANCR 0.118 2.22E-02*a
GLS CYTOR 0.261 3.11E-07***a
GLS MIR4435-2HG 0.321 2.20E-10***a
GLS DANCR 0.092 7.57E-02

2These results are statistically significant.
*P-value < 0.05; **P-value < 0.01; ***P-value <0.001.
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Figure 8. Verification of the mRNA and protein expression. (A-D) Images from the Human Protein Atlas show the protein expression
of 4 prognostic CRGs in HCC and corresponding normal tissues. (E-H) qRT-PCR analysis detected the mRNA expression 4 prognostic CRGs in
normal cell line (Lo2), and HCC cell lines (7721, HepG2). *P < 0.05; **P < 0.01; ***P < 0.001.
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DLAT is the initiator of the TCA cycle, and over-
expressed DLAT promotes glycolysis and inhibits the
breakdown of pyruvate into acetyl-CoA instead of
promoting the TCA cycle, thereby aggravating the
malignant development of NSCLC [26]; PDHAL plays
a role in HCC cancer metastasis and clinical pathology.
The low expression of PDHAL protein is associated
with poor clinical outcomes in HCC patients [27], and
the serine site of PDHAL, an important regulatory site
in PDHC, has the most mutations in its subunits.
Inhibition of PDHC reduces liver cell damage as a
therapeutic target for liver failure [28]. Cancer cells can
activate multiple glutamine metabolic pathways, and
oncogenes control cancer malignant transformation by
regulating glutamine uptake and metabolism. For
example, overexpression of GLS2 greatly reduces
tumor cell proliferation and cell colony formation [29],
and GLS2 was confirmed as a tumor suppressor in HCC
that inhibits tumor function by regulating glutamine
metabolism [30]. As a tumor suppressor gene,
CDKN2A encodes the p16 protein, which can inhibit
the cell cycle, and up-regulation of CDKN2A can
promote tumor proliferation [31]. All these indicate that
CRGs are involved in the occurrence, development and
prognosis of cancer.

In order to further study the mechanism of cuproptosis in
HCC and help to establish more efficient immunotherapy
strategies, we analyzed the relationship between CRGs
and tumor microenvironment and immune infiltration.
The results showed that CRGs had a good positive
correlation with the abundance of various types of
immune cells, and the level of immune cell infiltration
was correlated with GLS and PDHA1l gene copy
numbers in HCC. TMB was positively correlated with
CDKNZ2A and negatively correlated with GLS; MSI was
positively correlated with PDHAL only. Therefore, we
believe that CRGs may regulate the tumor immune
microenvironment through multiple pathways rather than
specifically targeting certain immune cells. Considering
that immune cell infiltration is mainly regulated
by various immunoinhibitors and immunostimulators
[32], we evaluated the association of CRGs with
immunoinhibitors and immunostimulators, and the
results showed that CRGs were significantly associated
with most immunoinhibitors and immunostimulators,
indicating that CRGs are involved in potential role in
immunotherapy.

In addition, a major finding of this study is that we found
that five regulatory axes of CYTOR/MIR4435/DANCR-
hsa-miR-125b-5p-CDKN2A, CYTOR/MIR4435-hsa-
miR-125b-5p-GLS may be involved in the progression of
HCC. Among them, hsa-miR-125b-5p plays an important
role in the prognostic value of human early-stage lung
cancer [33] and cervical cancer [34]. A previous study

found that circulating hsa-miR-125b-5p was associated
with HBsAg titers in patients with chronic HBV infection
and regulated HBsSAg expression [35]. Recent studies
have found that hsa-miR-125b-5p is identified as playing
a central role in controlling intestinal epithelial barrier
function by targeting proteins involved in epithelial
barrier function-related pathways, such as epithelial cell
apoptosis, TJ, and actin-cytoskeleton signaling [36]. Hsa-
miR-125b-5p regulates MMP-13 expression/production
and several proinflammatory cytokines, chemokines or
growth factors through TRAF6 mediated MAPKs and
NF-kB signaling in stimulated human OA chondrocytes
[37]. These findings suggest that hsa-miR-125b-5p plays
an important regulatory role in various biological
processes in humans, however, the specific molecular
mechanism of hsa-miR-125b-5p remains to be studied.
The five regulatory axes identified in this paper provide
more theoretical basis for further research on the role of
hsa-miR-125b-5p in human diseases.

Our research has multiple strengths. In this study, based
on the characteristics of CRGs, a prognostic model of
survival with HCC was constructed for the first time.
Furthermore, the described mechanistic signaling is
copper-dependent, which heralds a broader role for
metal ions in cancer. However, this study still has
shortcomings. Although these four genes showed strong
prognostic prediction effects, sufficient data sets and
clinical prognostic information are still needed for
further validation in the future. Although CRGs showed
good performance in predicting prognosis, some other
genes with predictive value were not considered, such
as why the gene with clear value FDX1 did not
highlight its role in this study. Third, the statistical data
constructed based on the database still needs further
biological basis, such as in vitro and in vivo
experiments.

CONCLUSIONS

To date, we explored the characteristics of 12 CRGs in
HCC tissue and predicted their association with
survival, constructed a novel cuproptosis-related
prognostic signature, and validated it by experiments.
CRGs may be potential immunotherapy targets for
HCC, and this study constructed five ceRNA networks
with has-miR-125b-5p as the core, and the low
expression of has-miR-125b-5p was confirmed to be an
important regulator of poor prognosis mMiRNAs.
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Supplementary Figure 1. The expression of upstream miRNAs and LncRNAs in HCC. (A) Down-regulated miRNAs. (B) Up-regulated
LncRNAs.
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Supplementary Tables

Supplementary Table 1. The mRNA-
miRNA pairs predicted by mirTarBase

and TarBase V.8 database.

mRNA

miRNA

GLS
CDKN2A
CDKN2A
PDHA1
DLAT
CDKN2A
GLS
PDHA1
GLS
DLAT
CDKN2A
GLS
CDKN2A
GLS

GLS
CDKN2A
DLAT
CDKN2A
DLAT
PDHA1
DLAT
CDKN2A
PDHA1
GLS

GLS

GLS
DLAT
CDKN2A
PDHA1
GLS
CDKN2A
DLAT
GLS
CDKN2A
DLAT
GLS
CDKN2A
DLAT
CDKN2A
PDHAI

hsa-miR-125b-5p
hsa-miR-125b-5p
hsa-miR-10b-5p
hsa-miR-10b-5p
hsa-miR-10b-5p
hsa-miR-24-3p
hsa-miR-24-3p
hsa-miR-24-3p
hsa-let-7b-5p
hsa-let-7b-5p
hsa-let-7b-5p
hsa-miR-34a-5p
hsa-miR-34a-5p
hsa-miR-335-5p
hsa-miR-320a
hsa-miR-320a
hsa-miR-615-3p
hsa-miR-615-3p
hsa-miR-338-5p
hsa-miR-192-5p
hsa-miR-192-5p
hsa-miR-192-5p
hsa-miR-548k
hsa-miR-7-5p
hsa-miR-590-5p
hsa-let-7g-5p
hsa-let-7g-5p
hsa-let-7g-5p
hsa-miR-877-3p
hsa-miR-124-3p
hsa-miR-124-3p
hsa-miR-124-3p
hsa-miR-155-5p
hsa-miR-155-5p
hsa-miR-155-5p
hsa-miR-16-5p
hsa-miR-16-5p
hsa-miR-16-5p
hsa-miR-191-5p
hsa-miR-191-5p
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Supplementary Table 2. The miRNA-IncRNA pairs

predicted by miRNet database.

miRNA

IncRNA

hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p
hsa-mir-125b-5p

LINCO1128
LINCO01654
MIR29B2CHG
LGALSS8-AS1
CYP1B1-AS1
PCBP1-ASI
CYTOR
TBCID8-ASI
MIR4435-2HG
PAX8-ASI
KLF7-IT1
ACVR2B-AS1
DUBR
GATA2-ASI
TNK2-AS1
NOP14-AS1
TAPTI-ASI
DANCR
STAG3L5P-PVRIG2P-PILRB
LNCPRESS!
RNF139-AS1
GLIDR
FAM27C
ZSWIMS-ASI
RPARP-ASI
LINCO1164
KCNQI1OT!
BDNF-AS
MIR194-2HG
NEATI
LINC00943
N4BP2L2-IT2
ZFHX2-AS1
ST20-AS1
LINC00273
MAPT-IT1
LINC00667
PCATI8
PARDG6G-AS1
LINC00661
LINC00261
PLAC4
PICSAR
GUSBPI1
INE1
LINCO01278
XIST
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