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Introduction

Abstract

Cuproptosis is a newly found Regulated Cell Death (RCD) form, de-
pendent on copper and mitochondrial respiration. However, limited
available researches of the roles of cuproptosis regulators in prognosis
and development of Hepatocellular Carcinoma (HCC) prompted us to
conduct this investigation. In our study, we systematically analyzed the
expression levels and prognostic profiles of 27 cuproptosis regulatory
genes in HCC samples downloaded from The Cancer Genome Atlas
(TCGA) cohort and developed a prognostic risk model based on 7 genes
(NDUFA1, NDUFB2,DLD, DLAT, MTF1, ATP7B, GCSH) by performing step
AIC method and multivariate cox regression analysis. The independent
prognostic values of the risk score were also validated in the external
International Cancer Genome Consortium (ICGC) cohort. Moreover,
the Overall Survival (OS) of HCC patients in the low-risk group was sig-
nificantly longer than that in the high-risk group. Notably, the expres-
sion level of DLAT was found to be higher in the HCC tissues compared
with normal tissues and high DLAT expression correlated with a poor
prognosis. The function of DLAT was further validated in vitro using
siRNA tool, DLAT depletion inhibited the proliferation and migration
of HCC cells which indicated that DLAT was a potential and promising
therapeutic target for HCC.

element for various biological processes, such as energy con-
version, oxygen transport, and regulation of oxidative metabo-

Liver cancer is the fourth overall most common cause of
cancer-related death worldwide, and its incidence is steadily
increasing. The main pathological type of liver cancer is He-
patocellular Carcinoma (HCC) [1]. At present, the treatment
methods for patients with HCC include radical resection, radio-
frequency ablation, liver transplantation, hepatectomy, Trans-
catheter Arterial Chemoembolization (TACE) [2,3]. Due to the
fact that most patients with HCC are diagnosed till intermediate
or advanced stage when many curative approaches are not fea-
sible, resulting in a very low 5-year survival rate less than one
in five [4]. Hence, reliable novel prognostic models of HCC are
urgently required to make targeted therapies more feasible.

As is known to all, copper is an important and essential trace

lism [5]. Elevated copper concentrations have been reported
in many cancers, such as breast [6], lung [7], prostate [8] and
gallbladder cancers [9]. Lacked copper concentrations will also
showed strong influence for the biological processes and the
function of copper-binding enzymes [10], The most severe case
of copper deficiency is Menkes disease, which is caused by in-
adequate transport of copper from enterocytes into the blood
due to mutations in the ATP7A gene [11]. While copper accu-
mulation will be toxic and induce death in cells, which namely
copper-induced cell death called cuproptosis [12]. Cuproptosis
is a totally newly found Regulated Cell Death (RCD) form, dis-
tinct from known death mechanisms like apoptosis, autophagy,
pyroptosis, necrosis and dependent on copper and mitochon-
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drial respiration [13]. Cuproptosis has been proven that copper
binds to the lipoylated components of the Tricarboxylic Acid
(TCA) cycle, leading to proteotoxic stress and ultimately cell
death. Mitochondria respiration plays an essential role in the
process of cuproptosis and mitochondrial is central organelles
that provide energy via the process of Oxidative Phosphoryla-
tion (OXPHOS), which produces Adenosine Triphosphate (ATP),
the main cellular energy currency [14].

Recently, mounting evidence has revealed that signatures
based on RCD forms showed substantial predictive values in
prognostic, tumor microenvironment, and immunotherapy re-
sponse prediction for HCC patients [15-17]. Additionally, the
study by Zhang et al. showed that serum copper and cerulo-
plasmin levels may be used as markers for detection of HCC
[18]; Guan et al. showed that disrupted Cu-Fe balance in HCC
cells would enhance ferroptosis and radiosensitivity [19]. These
lines of evidence show the role of RCD forms and copper in HCC
development, which indicate that cuproptosis might be closely
associated with HCC progression, providing promising filed to
finding novel therapies for the treatment of HCC. However, Lim-
ited available researches have reported the roles of Cuproptosis
Regulatory Genes (CRGs) in prognosis of cancers, this lack of in-
formation prompted us to conduct this investigation. Therefore,
a comprehensive study regarding the expression, prognosis,
diagnosis, immune correlation and mechanism of the CRGs in
HCC is urgent.

CRGs reported in literatures were collected in the current
studies [13,20], the 27 CRGs we selected were closely related
to metabolism and mitochondria respiration. We systematically
analyzed their expression levels and prognostic profiles in HCC
samples downloaded from TCGA cohort and developed a prog-
nostic risk model based on 7 CRGs by performing step AIC meth-
od, and the independent prognostic values of the risk score
were validated in external ICGC cohort. Moreover, the Overall
Survival (0S) of HCC patients in the high-risk group were sig-
nificantly shorter than that in the low-risk group showing in the
Kaplan-Meier curve plot. Notably, the expression level of DLAT
was found to be higher in the HCC tissues compared with nor-
mal tissues. High DLAT expression correlated with a poor prog-
nosis in patients with HCC, compared with low DLAT expression.
The functions of DLAT were validated in vitro using siRNA tool
and the results showed that DLAT depletion inhibited the func-
tion of proliferation and migration which indicated that DLAT
may provide a potential therapeutic target for HCC.

Results
Differential expression and correlations of CRGs in HCC

The flow chart shows the overall experimental design of this
study (Figure 1). Next, we firstly curated a catalog of 27 CRGs
(shown in Table S1) that function closely with cuproptosis and
mitochondrial respiration. The results of GO and KEGG analysis
showed that the 27 CRGs were largely related to the processes
like TCA cycle, carbon metabolism, lipoic acid metabolism (Fig-
ure S1), which indicated the CRGs we selected were relative reli-
able. Then Principal Component Analysis (PCA) was performed
based on the expressions of the CRGs, it can be seen from the
figure that there is obvious classification between tumor and
normal tissues (Figure 2A). Moreover, a heatmap showed the
different expression of CRGs between tumor and normal tissues

in HCC patients from TCGA was shown in Figure 2B. To further
explore the mode of interactions between the selected CRGs,
PPI analysis was retrieved via the STRING database (Figure 2C),
and investigated the correlation between the expression of
the CRGs, which revealed strong associations (Figure 2D). For
instance, TOMM20 was highly and positively correlated with
SDHB (R=-0.49, P=2.2x10%) (Figure 2D).
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Figure 2: Expressions of the 27 cuproptosis regulatory genes and
the interactions among them.
A PCA analysis for cuproptosis regulatory genes in normal and
tumor group. B Heatmap of the cuproptosis regulatory genes be-
tween the normal (N, brilliant blue) and the tumour tissues (T, red).
P values were showed as: **P<0.01; ***P<0.001. C PPI network
showing the interactions and the correlation of the cuproptosis
regulatory genes (interaction score = 0.9). (red line: positive cor-
relation; blue line: negative correlation. The depth of the colors
reflects the strength of the relevance). D The correlation analysis
\ of the cuproptosis regulatory genes in HCC.
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Development of a prognostic signature of cuproptosis regu-
latory genes in the TCGA cohort

The CRGs were used to develop the Risk model in TCGA
cohort using the stepAlC algorithm. Univariate Cox regression
analysis was performed for primary screening of the CRGs in
HCC samples (Figure 3A). Among the genes which significantly
higher expressed in the tumor samples, the results showed that
DLAT and TIMMDC1 were significantly related to the OS (Figure
3A, P<0.05). Kaplan-Meier (KM) analysis also indicated a signifi-
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cant difference in the survival rate between the low- and high-
risk groups (P<0.0001, Figure 3B). Importantly, according to the
stepAlC algorithm, the optimal model equation was yielded us-
ing 7 factors with the lowest AIC: risk score = (0.5811 * exp,,, )
+(0.2310 * exp,,,.,) - (0.2497 * exp,.. )+ (0.2099 * exp_,) +
(0.4339 * ) -(0.2911 * exp, ;) - (0.2514 * exp,, ).

ex |:)NDUFBZ

Patients were assigned to high- and low-risk groups accord-
ing to the median risk score and the prognosis of HCC patients in
the high-risk group had more deaths and a shorter survival time
than those in the low-risk group (Figure 3C,D). Time-dependent
Receiver Operating Characteristic (ROC) analysis was applied to
evaluate the sensitivity and specificity of the prognostic model,
and we found that the area under the ROC curve (AUC) was
0.677 for 1-year, 0.682 for 3-year, and 0.707 for 5-year survival
(Figure 3F). Furthermore, the AUC value is time-dependent (Fig-
ure 3G) and the heatmap showed that the different expression
of 7 key prognostic factors (Figure 3E). These data suggested
that our prognostic risk model could predict prognosis of HCC
patients from TCGA cohort. To further analyzed the potential
clinical utility of the risk score, we integrated clinical informa-
tion and other clinical factors, including age, gender, and tumor
stage of patients. The results of multivariable Cox regression
analysis showed that the risk scores were independent prog-
nostic factors in the TCGA cohort (Figure S2A, P<0.001), fur-
thermore, stage IV was also demonstrated to be independent
prognostic factors (P=0.036). Next, we further established the
prognostic nomogram to quantitatively predict the 1-, 3- and
5-year survival probability of HCC patients, demonstrating a
relatively excellent predictive performance of the prognostic
signature (Figure S2B).
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Figure 3. Construction of 7-genes prognostic model for HCC pa-
tients.

A Forest plots for the univariate cox regression analysis of CRGs.

B Kaplan—Meier survival curves for HCC patients from the TCGA

dataset in high- and low-risk groups. C,D Surveying the risk model

in TCGA datasets: distribution of risk score and survival status of

prognostic signatures in HCC patients between the high- and low-

risk groups. E The heatmap displays the distribution expression of

the 7 prognostic CRGs. F The predictive efficiency of the risk score

is presented by the ROC curves in TCGA dataset. G The variety of
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External validation of the risk signature

To validate the accuracy of prognostic model that developed
by TCGA cohort furtherly, a total of 231 HCC patients from ICGC
cohort were utilized as the validation set. KM analysis also in-
dicated a significant difference in the survival rate between the
low and high-risk groups (Figure 4A) and ROC curve analysis
(P<0.001) of the ICGC dataset also showed that our model had
good predictive efficacy (AUC=0.697 for 3-year, and 0.635 for
5-year survival) (Figure 4B). Based on the median Risk score cal-
culated by the same equation as above, 116 patients in the ICGC
dataset were classified into the low-risk group, while the other
115 patients were classified into the high-risk group (Figure 4C)
and the prognosis of HCC patients in the high-risk group still had
more deaths and a shorter survival time than those in the low-
risk group (Figure 4D). Furthermore, the risk scores were also
independent prognostic factors in the ICGC cohort (Figure S2C,
D). Hence, these results were consistent with the results from
TCGA cohort which demonstrated that the 7-genes prognostic
signature could accurately predict prognosis of HCC patients.
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Figure 4: Construction of 7-genes prognostic model for HCC pa-
tients.
A Forest plots for the univariate cox regression analysis of CRGs.
B Kaplan—Meier survival curves for HCC patients from the TCGA
dataset in high- and low-risk groups. C,D Surveying the risk model
in TCGA datasets: distribution of risk score and survival status of
prognostic signatures in HCC patients between the high- and low-
risk groups. E The heatmap displays the distribution expression of
the 7 prognostic CRGs. F The predictive efficiency of the risk score
is presented by the ROC curves in TCGA dataset. G The variety of
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Correlation analysis for CRGs with immune infiltration lev-
els in HCC

It is uncertain whether CRGs would influence the tumor im-
mune microenvironment during the HCC progression. Thus, the
enrichment scores of immune cells between the low- and high-
risk groups in the TCGA cohort were calculated by CIBERSORT
algorithm (Figure 5A), high-risk group had higher levels of sev-
eral types of immune cells, such as MO macrophages, regula-
tory T cells, resting dendritic cells and memory B cell, while rest-
ing mast cells, naive B cells, monocytes, resting NK cells were
significantly abundant in the low-risk group (Figures 5A,B). In
addition, the correlation between the 7 signature genes and
immune infiltration in HCC was also evaluated. Notably, among
the seven genes, only the expression levels of DLAT and MTF1
were associated with all the immune infiltration levels of B cells
(P<0.001), CD8+ T cells (P<0.001), CD4+ T cells (P<0.001) mac-
rophages (P<0.001), neutrophils (P<0.001) and dendritic cells
(P<0.001) (Figures 5C-E), the results for correlation between the
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other genes and the immune infiltration cells were shown in
Figure S3. These findings suggested that cuproptosis may be in-
volved in the immune regulation of HCC progression. Of course,
it needs to be verified by further experiments.
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Figure 5: Immune abundance and infiltration score of different
types of immune cells.

A,B Boxplots show the abundance of different types of immune
cells (A) and the difference in infiltration levels of 22 immune cells
(B) between two risk groups with CIBERSORT, in which green and
red represent high and low risk level respectively. C Correlation
analysis between the genes expression of risk CRGs and different
immune infiltration cell types, only show results with p<0.05. D,E
Correlation between (D) DLAT, (E) MTF1 expression and immune

| infiltration in HCC in the TIMER database.
\_ J

Function annotation based on the risk model

To analyze the potential mechanism of the risk signature,
GO, KEGG and GSEA analysis of DEGs between high- and low-
risk group were performed and according to the criteria of adj
P-value < 0.05 and |log2 Fold-Change (FC)| > 1.5 were consid-
ered statistically significant. We obtained 158 down-regulated
genes and 72 up-regulated genes in the high-risk group (Figure
6A and Table S4). The significant GO enrichment was observed
in some types of catabolic and metabolic biological processes;
For the CC and MF category, GO enrichment was observed in
collagen-containing extracellular matrix and oxidoreductase ac-
tivity, etc. (Figure 6B). The results of KEGG analysis indicated
that the DEGs were significantly enriched in many metabolism
pathways like carbon metabolism, pyruvate metabolism (Fig-
ure 6C). Moreover, GSEA results revealed that some signaling
pathways, such as MYC targets, angiogenesis, glycolysis, were
up-regulated in the high-Risk group of HCC (Figure 6D). Taken
together, these results demonstrated that 7-CRGs risk model
played an important role in various cellar processes of HCC de-
velopment.

Identifying DLAT as prognosis marker for HCC

To identify cuproptosis regulatory prognosis markers for
HCC, we analyzed the expression levels of the 7 risk genes in
tumor and normal tissues. Box plots showed that 6 genes were
differentially expressed between normal and tumor tissues (Fig-
ure 7A,C, P<0.05). Then the survival analysis was performed for
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the two risk groups. D GSEA shows that genes with higher expres-
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Figure 7: Identifying DLAT as a prognosis marker for HCC.

A Box plots show gene expression values for 7 risk CRGs that se-
lected by StepAlIC method. The color of blue represents tumor
samples and the color of red represents normal samples. (B) OS
curves for HCC patients with high and low DLAT expression. C Rela-
tive expression of DLAT between low-risk and high-risk group. D
The volcano plot shows statistical significance (-log10 (adj P-value)
plotted against log, fold change of genes between high- and low-
expressed DLAT groups in HCC. E,F Results of GO (E) and KEGG
pathways (F) enrichment based on the DEGs between high- and
low-expressed DLAT groups in HCC. j
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these 6 genes, surprisingly, the results showed that low DLAT
expression level had significantly longer OS compared to the
high DLAT expression (Figure 7B, P<0.05), while the OS was not
significant between low and high expressed groups of other five
genes (Figure S4).

Next, to explore the potential biological function of DLAT
in HCC progression, GO enrichment and KEGG analysis were
conducted on the DEGs from high expressed DLAT and low ex-
pressed DLAT groups (data are shown in Table S5). GO enrich-
ment could be observed in some BP, CC and MF processes like
ATP synthesis, respiratory electron transport chain, mitochon-
drial inner membrane, electron transfer activity (Figure 7E). Ad-
ditionally, the DEGs were significant enriched in oxidative phos-
phorylation and reactive oxygen species that are closely related
to the TCA cycle process based on the KEGG enrichment analy-
sis (Figure 7F), these results suggested that DLAT was essential
for mitochondrial respiration in HCC progression.

Inhibition of DLAT restrains proliferation and migration ca-
pacities of liver cancer cells

To investigate malignant biological behaviors of DLAT in vitro,
we performed cellular experimental analysis in HepG2 cells by
knocking down the expression of DLAT (Figure 8B). Using the
MTT assay, we found down-regulated expression level of DLAT
significantly suppressed the proliferative ability of HepG2 cells
(Figure 8C). Transwell cell migration and colony formation assay
revealed significantly decreased migrated cell numbers in DLAT-
knockdown liver cancer cells compared with control group (Fig-
ures 8D,E). Furthermore, representative immunohistochemi-
cal staining for DLAT was higher in the liver cancer tissue than
normal liver tissue (Figure 8A). These results suggested that the
down-regulation of DLAT expression markedly inhibited prolif-
eration and migration capacities of liver cancer cells, which is in
consistent with its pro-tumorigenic role for patients with liver
cancer. These results indicated that DLAT is likely to be a poten-
tial target for HCC therapy.

Discussion

With the emergence of more and more precision therapies,
the prognosis and treatment of HCC patients has improved,
While the OS rates of HCC patients have not been shown an
increase, and advanced HCC patients also have a poor progno-
sis and high recurrence rates [22,23]. Therefore, a further un-
derstanding of the genetic backgrounds and molecular mecha-
nisms of HCC progression is essential.

RCDs are caused by dysfunctional and deregulated cell sig-
naling and play a central role in all aspects of cell biological
processes [24]. Apoptosis is the best-studied RCD form which
can be the target of most cancer treatment strategies [25,26].
In addition, necroptosis, autophagy and ferroptosis were also
reported to be typical markers for diagnosis and prognosis in
various cancers [27-29]. However, it is necessary to find more
RCD forms and have a deeper understanding of the RCD forms
in tumorigenesis. Recently, cuproptosis has been identified as a
novel RCD, it was used to describe the unique biological process
caused by copper action and mitochondrial respiration. Previ-
ous studies demonstrated that copper serves as an important
catalytic cofactor for essential enzymes involved in many cellu-
lar processes like energy conversion and oxidative metabolism
regulation [5,30]. Considering that lipid acylation and Fe-S clus-
ter proteins are widely and generally present in some metabolic
processes and produced by cuproptosis, therapeutic options

normal liver tissue liver cancer tissue

o

siRNA-Cotrol si-DLAT # 1

HepG2

E siIRNA-Cotrol

si-DLAT # 1 si-DLAT #2

HepG2

Figure 8: Inhibition of DLAT restrains proliferation and migration
capacities of liver cancer cells.

A Representative immunohistochemical staining for DLAT in nor-
mal liver tissue and liver cancer tissue, taken from the Human Pro-
tein Atlas with permission on its website. B gPCR analysis revealed
the efficiency of DLAT knocking-down in HepG2 cell line. Error bars
represent mean + SD of three experimental replicates. **P<0.01.
C MTT cell proliferation assay after DLAT knockdown in HepG2 cell
line. Error bars represent mean * SD of three experimental rep-
licates. **P<0.01. D,E The transwell assay and colony formation
assay were used to evaluate the migration and proliferation of
HepG2 cells after knocking-down of DLAT. Graphical representa-
tion of the number of migrated HepG2 cells and formatted colo-
nies per microscopic field. Data were shown as the mean + SD from
\\\three independent experiments. **P<0.01, ***P<0.001.

J

for copper ions targeting tumors with this metabolic profile are
promising, which showed that cuproptosis is an necessary RCD
form of tumorigenesis. The importance of other RCDs had been
well revealed in HCC [17,31,32], but the role of cuproptosis in
HCC progression is still obscure.

Currently, studies have also demonstrated the potential of
CRGs in constructing prognostic models in a variety of tumors,
such as breast cancer [33], clear cell renal cell carcinoma and so
on [28]. But the numbers CRGs that were selected in previous
studies less than 20 and the genes related to the mitochondrial
respiration weren’t chose for analysis. In our study, 27 genes
that related to the copper metabolism and mitochondrial res-
piration were considered as CRGs. The expression patterns of
these genes in HCC were evaluated, 26 out of 27 CRGs were
upregulated as compared to normal tissues, the high expressed
CRGs may be one of the reasons for elevated copper concentra-
tion in cancer progression, these results were consistent with
the results of previous studies [33,34]; The OS of HCC patients
in the low-risk group was significantly longer than that in the
high-risk group. KM curve and the ROC curve were performed
to estimate the sensitivity and specificity of the prognostic
genes, which found evidence for the important role of prognos-
tic genes in HCC development, such as GCSH and MTF1 were
reported to be a prognostic genes in other studies [35]; In addi-
tion, the results of the CIBERSORT algorithm analysis revealed
that high-risk group exhibited reduced tumor purity and had
higher levels of several types of immune cells, including mac-
rophages which generally play a role of protumor, in addition,
high infiltration of macrophages is associated with a poor prog-
nosis [36,37]. while T cells were significantly enriched in the
low-risk group, like CD4+T or CD8+T cells are the main cells that
involved in immune responses and play a role in the anti-tumor
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response, the high infiltration of T cells improves the prognosis
of many cancer patients [38,39]. These reasons may explain the
difference in prognosis between the two risk groups.

Notably, we developed a prognostic risk model based on 7
genes (NDUFA1, NDUFB2, DLD, DLAT, MTF1, ATP7B, GCSH) by
performing stepAIC method and multivariate cox regression
analysis. However, NDUFA1 and NDUFB2 were not reported
to be as prognostic genes for HCC patients in previous studies
which are essential for a functional complex | in mammalian
mitochondria [40]. Tsvetkov et al reported that mitochondrial
respiration regulates copper ionophore induced cell death, and
it has been shown that NDUFA1 was regulated by PPARa in the
oral tumor through modulating the cancer cell mitochondrial
energy metabolism [41]; DLD is a redox enzyme involved in de-
carboxylation of pyruvate to form acetyl-CoA, treatment with
DLD in a subcutaneous melanoma mice model resulted in sig-
nificant tumor inhibition [42]; Intracellular GCSH concentration
is a critical factor for measuring cellular metabolic status and
viability and it has been shown that GCSH is an effective marker
in breast cancer [43]. MTF1 is a conserved metal-binding tran-
scription factor which is important for metal excess and depri-
vation. Moreover, it has been shown that MTF1 is a new marker
of poor prognosis in patients with ovarian cancer [44]; ATP7B is
a hepato-specific Golgi-located ATPase, which plays a key role in
the regulation of copper homeostasis and signaling [45]. DLAT
is the subunit E2 of the PDC complex in the catabolic glucose
pathway and it plays an important role in glucose metabolism
and TCA cycle [46].

KEGG pathway analysis showed that DEGs between high- and
low-risk groups were significantly enriched for carbon metabo-
lism and glycolysis. Furthermore, evidence shows that metabol-
ic process is a critical hallmark of cancer progression. Particu-
larly, enhanced aerobic glycolysis and impaired mitochondrial
respiration have gained more attention in the metabolic study
of cancers. Each mammalian cell has more than hundreds of
mitochondria imperative for oxidation of metabolic fuels, bio-
energetics, intracellular signaling, cell survival, and death [47].
Several mitochondrial metabolites are found crucial for sup-
porting energy production through mitochondrial respiration in
cancer cells, for example, the liver CSCs overexpress the pyru-
vate dehydrogenase enzyme to increase flux of the TCA cycle
intermediates and show significant respiration [48]. Owing to
meeting the metabolic requirements of cell proliferation, active
glycolysis and TCA cycle metabolites commonly implies cancer
development [49,50], Such as malignant progression, therapy
resistance and immune tolerance of various cancers [51,52],
thereby indicating that glycolysis and TCA cycle may be the met-
abolic driving force of high-risk progression. That is to say, the
7-CRGs risk signature plays crucial roles in the HCC progression
and can be potential indicators of prognosis of HCC.

What’s more, low mRNA level of DLAT was found to asso-
ciated with higher OS rate, suggesting that HCC patients with
lower level of DLAT will get a better prognosis which showed
DLAT may be a cuprpptosis related potential biomarker for HCC.
DLAT was one of the components of the Pyruvate Dehydroge-
nase (PDH) complex. The oligomerization of DLAT was due to
the integration of copper and lipoylated proteins in the TCA
cycle. It has been found that DLAT or DLAT-associated pathway
is a favorable prognosis in patients with lung cancer or gastric
cancer [53]. Currently, in our study the function of DLAT was
validated in vitro using siRNA tool and selected a typical liver
cancer cell line HepG2 for further experiments on DLAT. qRT-

PCR showed that DLAT could be effectively silenced by two in-
dependent siRNAs. The MTT assay showed that DLAT depletion
inhibited cancer cell proliferation in HepG2 cells, Subsequently,
knockdown of DLAT inhibits cell clone formation and migration
capability in HepG2 cells. These results suggested that DLAT can
promote the proliferation and migration of HCC which turned
out that DLAT is likely to be a very important potential target
for the treatment of HCC. However, there are still some limita-
tions in our study. First, it is necessary to validate the cupoptosis
risk model in a clinical cohort. Second, although inhibiting the
DLAT expression can significantly impair the proliferation and
migration capacity of HCC, the specific mechanism need to be
explored furtherly.

Materials and methods
Data acquisition

The gene expression data and corresponding clinical infor-
mation of HCC samples were obtained from TCGA (https://
portal.gdc.cancer.gov/) and ICGC (https://icgc.org/) databases.
The fragments per kilobase million values of TCGA were trans-
formed into transcripts per kilobase million. For all the RNA-
seq data, normalization and log2(x+1) transformation were
performed. 27 CRGs were retrieved from the latest literature
(listed in Table S1). The tools of STRING (https://string-db.org/)
and Cytoscape (https://cytoscape.org/) were used to construct
the selected genes Protein-Protein Interaction (PPI) networks.

Construction of risk prognostic signature

To investigate the prognostic value of the selected genes,
we first used univariate Cox regression analysis of the CRGs and
then the stepAlIC algorithm was used to construct a prognostic
risk model. Based on the prognostic potential and the regres-
sion coefficient, seven genes were identified and the risk signa-
ture was finally developed. The risk score of every HCC patient
was calculated according to the formula:

Risk Score=z Coef,.e X €XPyene

i=1
Coef indicating the coefficient and exp is the expression lev-
el of genes. Patients with a risk score above the median value
were classified as the high-risk group, while the remaining HCC
patients were identified as the low-risk group.

Survival analysis

Kaplan-Meier survival analysis of the gene signature from
TCGA and ICGC dataset, comparison among different groups
was made by log-rank test. For Kaplan-Meier curves, p values
and Hazard Ratio (HR) with 95% Confidence Interval (Cl) were
generated by log-rank tests and univariate cox proportional
hazards regression. HR represents the hazard ratio of the low-
expression sample relatives to the high-expression sample.
HR>1 indicates the gene is a risk factor, and HR<1 indicates the
gene is a protective factor. The predictive efficiency of genes for
1-, 3-, 5-year survival were estimated using the Receiver Oper-
ating Characteristic (ROC) curves by the “time ROC” package.
Performing univariate and multivariate cox regression analyses,
clinical features (age, gender, T, N, M, and tumor stage) and risk
scores were used to identify the proper terms to build the no-
mogram. The forest was used to show the p value, HR, and 95%
Cl of each variable through the “forest plot” R package.

Immune-related functional analysis

To explore the relationship between risk scores and infiltra-
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tion of immune cell, we quantified the abundance of immune
cells in the two risk groups using algorithms such as TIMER
(https://cistrome.shinyapps.io/timer/), CIBERSORT (https://
cibersortx.stanford.edu/). All the analysis methods and R pack-
age used in immune score analysis were implemented by R (ver-
sion 4.0.3) and software packages “ggplot2”.

Functional enrichment analysis

The data was analyzed by functional enrichment to clarify fur-
ther the function underlying potential targets. To better under-
stand the carcinogenesis of mRNA, “Cluster Profiler” package in
R was employed to analyze the GO function of potential targets
and enrich the KEGG pathway. The DEGs (differential expressed
genes) were identified in the high-risk and low-risk groups or
the DEGs between DLAT expression high-group and low-group
were calculated by the limma package, then screened with FDR
< 0.05 and |Fold change| > 1.5 to identify the differences. The
enriched results for GO and KEGG analysis were visualized by
“ggplot2” package.

Statistical analysis

The R software “ggplot2” package was used to draw boxplot
and “heatmap” package was used to draw the heatmap. The
predictive efficiency of genes for Overall Survival (OS) was esti-
mated using the Receiver Operating Characteristic (ROC) curves
by the “time ROC” package. The statistical difference between
the two groups was compared through the Wilcox test. p-value
<0.05 was considered statistically significant.

Cell culture

Liver cancer cell line-HepG2 was purchased from the Chinese
Academy of Sciences. HepG2 was cultured in DMEM (Gibco,
USA) containing 10% fetal bovine serum (FBS; Gibco, USA) and
placed in an incubator at a constant temperature of 37°C and
carbon dioxide concentration of 5%, All cells were tested nega-
tive for mycoplasma contamination using MycoAlert Mycoplas-
ma Detection Kit (Lonza, Switzerland).

qPCR analysis

Total RNA was extracted using TRIzol Reagent (TakaRa, Ja-
pan). RNA concentration was calculated by the A260/A280 ra-
tio with the aid of Nanodrop 2000 spectrophotometer. Reverse
transcription reactions were performed via the PrimeScript RT
reagent Kit (Beytime, China). RT-gPCR reaction was marked by
SYBR-Green PCR Reagent (Beytime, China) and tracked on the
ABI Prism 7500 sequence detection system. GAPDH was em-
ployed as the reference gene. The list of siRNA and primer se-
guences was shown in Supplementary Table S2 and S3.

Cell viability

HepG2 cells were plated into 6-well plate and then transfect-
ed the si- DLAT or si-scrambled siRNA into the cells. 24 hours
after transfection, 3000-4000 cells were put into the 96-well
plates, incubated for another 24 h, 36 h, 48 h, then the cell vi-
ability was measured by the MTT assay.

Transwell assay

The migration of HepG2 cells was determined in a transwell
chamber (Corning, USA) containing a polycarbonate filter with a
pore size of 8um. si- DLAT or si-scrambled siRNA was transfect-
ed into the cells then the cells were collected and resuspended
in serum-free DMEM medium, 5x10°-10° cells/ml solution was
added to the upper compartment of each chamber. The lower

compartment contained 0.6 ml DMEM medium with 10% FBS.
After incubation for 12 h or 24h at 37°C, the filter was removed
and fixed with 4% paraformaldehyde. Cells on the lower sur-
face of the filter were stained with 1% crystal violet and photo-
graphed by Carl Zeiss Axio Observer (ZEISS).

Clone formation assay

HepG2 cells were transfected with si- DLAT or si-scrambled
siRNA then seeded into 60 mm dishes, 500 cells/dish, after 14
days incubation, the cells were treated with methanol to fix
the cells for 20 min at room temperature, then the cells were
stained with 0.1% crystal violet for 10~20 min and wash the
cells with water until excess dye is removed, and then take pho-
tos by camera.

Conclusion

In conclusion, our study developed a risk model based on 7
CRGs and the model we constructed can predicted the progno-
sis of HCC patients effectively. Through a series of experiments
in vitro, we found DLAT showed strong influence in the prolif-
eration and migration of liver cancer cells, which indicates that
DLAT may be a very important target for the treatment of HCC.
Our study provide promising evidence for further analysis of cu-
proptosis regulatory genes on HCC.

Abbreviations: RCD: Regulated Cell Death; TCGA: The Cancer
Genome Atlas; ICGC: International Cancer Genome Consortium;
OS: Overall Survival; HCC: Hepatocellular Carcinoma; TACE:
Transcatheter Arterial Chemoembolization; TCA: Tricarboxylic
Acid; OXPHOS: Oxidative Phosphorylation; ATP: Adenosine Tri-
phosphate; TIME: Tumor Immune Microenvironment; CRGs:
Cuproptosis Regulatory Genes.
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