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ABSTRACT: The crucial role of competitive endogenous RNA (ceRNA) in the
malignant biological behavior of tumors has been certificated. Nevertheless, the
detailed function and molecular mechanism of ceRNA associated with cuproptosis in
hepatocellular carcinoma (HCC) remains dismal. In this study, we first constructed a
protein—protein interaction network and identified the module with the highest
degree of aggregation degree. DLAT and PDHAI were screened out of the module
after differential expression and survival analysis. Next, we reverse-predicted the
upstream miRNA and IncRNA from mRNA (DLAT, PDHAI1) and successfully
established the ceRNA network-SNHG3/miR-1306-Sp/PDHAL. SNHG3 was
identified to be an independent prognostic biomarker based on the outcome of
univariate and multivariate Cox analyses. Subsequently, we implemented methylation,
immune infiltration, and drug sensitivity analysis to investigate the potential
biological functions of SNHG3 in HCC. In addition, SNHG3 expression was
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upregulated in liver cancer cell lines. In vitro functional assay revealed that SNHG3 knockdown significantly attenuated proliferation,
migration, and invasion of liver cancer cells. In summary, SNHG3 exhibited oncogenic characterization via sponging miR-1306-Sp to
regulate PDHA1, which might function as a promising prognostic indicator and a potential therapeutic target for HCC and shed new

light on the molecular mechanism of HCC progression.

1. INTRODUCTION

Liver cancer is the third leading cause of cancer-related
fatalities globally, posing a severe threat to human health and
life." Hepatocellular carcinoma (HCC) is the most common
subtype of liver cancer, taking up 85—90% of all primary liver
cancers.” Although significant advances have been made in
risk factors,” early diagnosis,5 surveillance methods,® and
treatment techniques for HCC,” due to its insidious onset,
rapid growth, high malignancy, and susceptibility to invasive
metastasis, more than 70% of patients diagnosed with HCC are
already deprived of the chance of surgery or liver trans-
plantation, resulting in an extremely poor prognosis.® There-
fore, predicting the prognosis of HCC patients is of great
significance in guiding individualized treatment, prolonging the
overall survival of patients, and improving long-term treatment
outcomes. The predictive tools that have been developed for
clinical use include serological biomarkers”'® and various
staging systems. ' Although these predictive tools have proven
to be of some use, their predictive efficiency remains limited, as
they do not address the biological features of HCC and the
genetic and epigenetic alterations of the tumor.

Long noncoding RNAs (IncRNAs) are a series of RNA
molecules with transcripts larger than 200 nucleotides and
without protein translation functions. However, they can
regulate the expression of target genes at multiple levels and
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thus participate in a range of crucial biological processes."””"*

Salmena et al. proposed that noncoding RNA including
IncRNA, mRNA, and circRNA could produce a modulatory
effect of ceRNA by competing with the same miRNA response
elements.'” In recent years, several studies have confirmed the
role of ceRNA regulatory networks in the development of
HCC. For instance, Li et al. proposed that the TRHDE-AS1/
PKIA ceRNA network may elucidate the mechanism by which
TPX2 improved the prognosis of HBV-related HCC."” Hao et
al. uncovered that pseudogene UBE2MP1-derived transcript
acted as a molecular sponge for miR-145-Sp to enhance cell
growth and apoptosis resistance of HCC cells in vitro."®
Although there was growing evidence that dysregulated
IncRNAs were correlated with tumorigenesis, metastasis, and
prognosis in HCC, few studies have explored the mechanisms
of IncRNA regulation and used them for prognostic prediction
in HCC.
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In 2022, Tsvetkov et al. systematically reported a
mitochondrial respiration-dependent, proteolipidylation-medi-
ated cell death for the first time that was distinct from
“apoptosis,”’” “necroptosis,”'® “pyroptosis,”’’ “ferroptosis,”*’
and named it after “cuproptosis” (copper-induced cell
death).”" Extensive research has shown that copper is tightly
linked to the metabolism and metastasis of cancer by
influencing the respiratory function of mitochondria and the
process of glycolysis, insulin resistance, and lipid metabo-
lism.”*~** Moreover, several previous studies have mentioned
that copper plays vital parts in the initiation and progression of
HCC. Jin et al. recognized a new copper complex that could
inhibit methionine cycle metabolism in HCC.*> Copper
metabolism gene MURR1 domain 10 (COMMD10), a crucial
gene engaging in copper metabolism, has been reported to
prevent proliferation and facilitate apoptosis by inhibiting NF-
kB signaling in HCC.*® Researchers also found that
COMMDI10 inhibited HIF1a/CP loop by disrupting Cu—Fe
balance in HCC, thus revealing a novel role for copper in
promoting the radio resistance of HCCs.”” However, the
association between cuproptosis and the prognosis of HCC is
still undetermined.

Our study established a cuproptosis-related ceRNA net-
work—SNHG3/miR-1306-5p/PDHA1 in HCC using bio-
informatics tools (Figure 1). Next, we identified SNHG3 as an
independent prognostic indicator and analyzed its correlation
with methylation, immune infiltration, and drug sensitivity in
HCC. Finally, we verified SNHG3 overexpression in liver
cancer cell lines compared with normal hepatocytes using
gqRT-PCR and demonstrated that SNHG3 contributed to the
proliferation, migration, and invasion of HCC in vitro
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Figure 1. Flowchart of construction of the cuproptosis-related ceRNA
network.

experiments. Hopefully, our research will provide a useful
prognostic indicator and a potential therapeutic target for
HCC and contribute to elucidating the molecular mechanism
of tumorigenesis in HCC.

2. MATERIALS AND METHODS

2.1. HCC-Related Data Acquisition. The Cancer
Genome Atlas (TCGA, http://portal.gdc.com/) database is
an important bioinformatic tool and service resource for
research. Gene expression profiling microarrays for HCC were
obtained from TCGA, containing 374 HCC tissue samples and
50 adjacent nontumorous tissue samples. Additionally, six data
sets (GSE136247, GSE45436, GSES5092, GSE45267,
GSE36376, and GSE14520) were collected for validation
from the gene expression omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo/ ). The clinical information on
patients in the TCGA cohort is illustrated in Table SI.
Given that the data above were all publicly available online,
there is no need for an ethical review.

2.2. Functional Enrichment and Protein—Protein
Interaction Analysis. According to preceding research,”"***
38 cuproptosis-related genes were determined. The full name
and function of 38 cuproptosis-correlated genes are listed in
Table S2.

To understand the potential molecular function of these
genes, Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis was performed using
the online tool Metascape (http://metascape.org).”” The
protein—protein interaction network and MCODE algorithm™’
were also carried out to find highly aggregated proteins with
similar functions by Metascape.

2.3. Differential Expression and Survival Analysis. To
further explore the role of MCODEI genes in HCC,
differential expression analysis was conducted between HCC
and normal tissues. The overall survival (OS) analysis was
carried out using the “survival” R package. The hazard ratio
was calculated using Cox proportional hazards model and
Kaplan—Meier model, with the median set as the cutoff value.
Then, DLAT and PDHA1l were selected because of their
prognostic value in HCC, and their differential expression was
validated by Human Protein Atlas (HPA, https://www.
proteinatlas.org/) database.

2.4. Construction and Validation of ceRNA Network.
According to the concept and mechanism of ceRNA
hypothesis, it has the following characteristics: (a) identical
miRNA binding sites for ceRNAs, (b) ceRNA are all regulated
by miRNAs, (c) there is a reciprocal regulatory relationship
between ceRNAs and a consistent trend in expression levels,
and (d) IncRNAs play a predominantly endogenous
competitive role in the cytoplasm. Therefore, the ceRNA
network was built following the steps below: (1) miRDB and
Tarbase v.8 were utilized to find out the miRNAs targeting
mRNA; (2) mRNA-miRNA regulatory network was visualized
by Cytoscape software;”" (3) Oncolnc (http://www.oncolnc.
org/) was utilized to perform survival analysis on miRNAs; (4)
Screened out miRNA was put into both miRDB (http://www.
mirdb.org/) and IncBasev.3 (https://diana.ece.uth.gr/
Incbasesv3/); (S) the “VennDiagram” R package was utilized
to select out IncRNAs targeting miRNA shared by both
miRDB and IncBasev.3; (6) IncATLAS (https://Incatlas.crg.
eu)* was used to filter out nuclear IncRNAs; and (7) the
ceRNA network-SNHG3/miR-1603-5p/PDHAI was eventu-
ally constructed.
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After the process of establishing ceRNA network,
TargetScan (http://www.targetscan.org/) database was uti-
lized to forecast binding domain of IncRNA-miRNA and
mRNA-miRNA in the ceRNA network. In addition, the
abnormal expression of IncRNA and mRNA in the ceRNA
network was demonstrated by CCLE (https://sites.
broadinstitute.org/ccle/) database and ICGC database.

2.5. Differential Expression Validation of SNHG3 and
PDHA1. For validation, six independent data sets
(GSE136247, GSE45436, GSES5092, GSE45267, GSE36376,
and GSE14520) were collected, and their information,
including platform, sample type, and source type, is
summarized in Table S3. The column bar graph was drawn
to represent the differential expression of SNHG3 and PDHALI
in various data sets by GraphPad Prism v9.3.1.

To increase the statistical reliability of this study, a meta-
analysis of differential expression results of various data sets
was implemented by inputting mean and standard deviation.
Heterogeneity between different data was measured by the Q
test (I2 statistics). Besides, a forest plot was drawn to present
the mean difference and correlated 95% CI of SNHG3 and
PDHAL. All steps were completed with the software Review
Manager5.4.

2.6. Independent Prognostic Analysis and Construc-
tion of Nomogram. Univariate Cox analysis was used to
evaluate the relationship between the OS and characteristics
(SNHG3 expression, PDHAI expression, and various clinical
factors). Multivariate Cox analysis was used to recognize
independent prognostic factors in HCC patients. A nomogram
was constructed to integrate all predictive characteristics in the
multivariate Cox regression model using “rms” package.
Besides, the calibration curve was created to assess the model’s
predictive capacity.

2.7. Methylation, Immune Infiltration, and Drug
Sensitivity Analysis. The correlation between methylation
and expression of SNHG3 in HCC patients was investigated
using the GSCALite database (http://bioinfo.life.hust.edu.cn/
web/GSCALite/).” Then, the methylation degree of SNHG3
was evaluated by UALCAN (http://ualcan.path.uab.edu/) and
DiseaseMeth version 2.0 (http://bio-bigdata.hrbmu.edu.cn/
diseasemeth/). Besides, the methylation site of SNHG3 DNA
sequence correlation with gene expression was visualized
through MEXPRESS (https://mexpress.be/).

The TIMER2.0 database (https://cistrome.shinyapps.io/
timer/)** was utilized to explore the association between
SNHGS3 expression and immune cell infiltration and provide
the comparison of tumor infiltration levels in HCC with
different somatic copy number alterations for SNHG3.
TIMER2.0 database utilizes the “immunedeconv,”® an R
package which integrates six state-of-the-art algorithms to
make reliable immune infiltration estimations. Since the
expression of immune checkpoint-related genes was associated
with the immunotherapy effect,’® we further evaluated the
connection between three vital immune checkpoints (ICKs),
including PDCD1, CD274, and HAVCR2 in HCC using
Spearman correlation analysis.

In addition, the CTRP database (http://portals.
broadinstitute.org/ctrp/) was applied to detect the correlation
between SNHG3 expression and sensitivity of small-molecule
drugs.

2.8. Cell Culture and Transfection. The liver cancer cell
lines (HepG2, Bel7402, HCCLM3, and MHCC97H) and
normal liver cells (L02) are given by Dr Haijie Ma. All cells

were placed in a thermostat incubator with the condition of 37
°C, 5% CO,. L02 cells were cultured using the RPMI1640
medium supplemented with 10% fetal bovine serum (FBS),
while HepG2, Bel7402, HCCLM3, and MHCC97H cells were
nurtured by Dulbecco’s modified Eagle’s medium (DMEM)
high-glucose medium combining with 10% FBS. We used
Lipofectamine 3000 Transfection Reagent (Invitrogen, USA)
and short-interfering RNA targeting SNHG3 (si-SNHG3-1, §'-
GGGCACUUCGUAAGGUUUA-3’; si-SNHG3-2, 5'-GAC-
CAAUAGGACCGUAAGU-3’) and their negative control
(si-NC, S'-TTCTCCGAACGTGTCACGT-3') (Zixi Biotech-
nology Co. Ltd., China) to make transfection in Bel7402 and
HCCLM3 cells. Bel7402 and HCCLM3 cells were evenly
plated in 6-well plates. Twenty-four hours before transfection,
2—6 X 10° cells were incubated in 1500 yL of medium with
60—80% confluence for transfection. Twenty-four hours after
transfection, qRT-PCR was utilized to examine cell trans-
fection efficiency.

2.9. Quantitative Real-Time PCR. RNA was extracted
from L02, HepG2, HCCLM3, Bel7402, and MHCC97H cells
using TRIzol reagent, followed by reverse-transcription to
synthesize cDNA using a RT reagent Kit (Perfect Real Time).
According to the SYBR-Green method (TaKaRa), the thermal
cycler Real-time System was applied to detect quantitative
PCR from the 2724€9 methods. The primers are listed as
follows: SNHG3: Forward S5'-TTCAAGC-
GATTCTCGTGCC-3’, Reverse S'-AAGATTGT-
CAAACCCT.

CCCTGT-3'. GAPDH: Forward 5'-TCAAGATCATCAG-
CAATGCC-3’, Reverse 5-CGATACCAAAGTTGTCATG-
GA-3'.

2.10. Cell Proliferation Assay. Cell proliferation was
measured by a CCK8 kit (BOSTON, USA). Each well in 96-
well plates was planted with 4 X 10° cells. Ten microliters of
CCK-8 reagent was put into each well at 0, 24, 48, and 72 h
after transfection, and the cells were incubated at 37 °C for 2 h
without light. Then, the absorbance was read at 450 nm on the
enzyme labeling instrument.

2.11. Wound Healing Assay. When transfected cells
reached about 90% confluence in 6-well plate, we scratched
vertically with sterile 200 uL pipet tip compared to the ruler
and then substituted the old medium with serum-free medium.
After 24 h, the cell migration status was observed and
photographed. Besides, the images were analyzed by Image].

2.12. Transwell Assay. The invasion was identified by
transwell assay. Eighty microliters of Matrigel matrix (corning,
American) diluted by DMEM high-glucose medium at 1:20
was added to the surface of the transwell chambers and placed
in 37 °C incubator for solidification about 2 h. The transfected
cells were planted in transwell chambers and incubated for 24
h. The upper chamber was filled with 200 uL of cell suspension
(1 x 10 */mL), while the lower chamber was added with a
complete medium with 10%FBS. Subsequently, unmigrated
cells in the upper chamber were wiped off gently, and the
invaded cells in the lower chamber were fixed by methanol and
stained with 0.1% crystal violet. Finally, photos were taken with
a microscope.

2.13. Statistical Analysis. As for the statistical description,
numerical variables were measured as mean + standard
deviation, while categorical parameters were evaluated as
frequency and proportion. The student’s t-test and Mann—
Whitney U test were utilized to compare the difference
between two data groups.

https://doi.org/10.1021/acsomega.3c06018
ACS Omega 2023, 8, 38690—38703


http://www.targetscan.org/
https://sites.broadinstitute.org/ccle/
https://sites.broadinstitute.org/ccle/
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06018/suppl_file/ao3c06018_si_001.pdf
http://bioinfo.life.hust.edu.cn/web/GSCALite/
http://bioinfo.life.hust.edu.cn/web/GSCALite/
http://ualcan.path.uab.edu/
http://bio-bigdata.hrbmu.edu.cn/diseasemeth/
http://bio-bigdata.hrbmu.edu.cn/diseasemeth/
https://mexpress.be/
https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
http://portals.broadinstitute.org/ctrp/
http://portals.broadinstitute.org/ctrp/
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A

WP3286: Copper homeostasis

R-HSA-389661: Glyoxylate metabolism and glycine degradation
R-HSA-9711123: Cellular response to chemical stress
GO:0046688: response to copper ion

P00011: Blood coagulation

G0:0022900: electron transport chain

R-HSA-3299685: Detoxification of Reactive Oxygen Species
hsa01524: Platinum drug resistance

GO:0046683: response to organophosphorus
R-HSA-114608: Platelet degranulation

GO:0051604: protein maturation

GO:0006520: amino acid metabolic process

G0:0044283: small molecule biosynthetic process
GO0:0009410: response to xenobiotic stimulus
GO0:0001894: tissue homeostasis

0 5 10 15 20
-1og10(P)

B Copper homeostasis

B Cellular response 1o chemacal stress

Wresponse 1o copper ion

I Blood coagulation
SIeCON WANSPON Chain

, EDetoxtcadon of Reactive Cxygen Species

Platnum drug resistance

W Platelel degranulation
eSPONSe 10 OrGANOPhOSPHONUS
Drolein Maturation
amine acid metabolic process
small molecule biosynthetc process

response 1o xenobiobic simulus
ESsue homeostass

created by

-

WGiyoxylate metabolism and glycne degradation

hitp:limetascape.org

25

C N

10°
. 10°
71 I 100
B 10¢

10 10
1020
A created by
hup:iimetascape.org
.AYP.‘A

.cxx
. e

Figure 2. Functional enrichment and protein—protein interaction analysis of cuproptosis-related genes. (A) Bar graph of enriched terms across
input gene lists, colored by p-values. (B) Network of enriched terms: colored by cluster ID, where nodes that share the same cluster ID are typically
close to each other. (C) Network of enriched terms: colored by p-value, where terms containing more genes tend to have a more significant p-value.
(D) Protein—protein interaction network. (E) Two identified densely connected network components by using the MOCDE algorithm.

All the analysis methods and R package were conducted by
R (3.6.3) software. A difference of P < 0.05 was considered
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001),
and all P values were two-tailed.

3. RESULTS

3.1. Functional Enrichment Analysis and Protein—
Protein Interaction Network of Cuproptosis-Related
Genes. Using the Metascape online database, the functional
enrichment analysis of 38 cuproptosis-related genes was
implemented with different ontology sources such as KEGG
Pathway, GO Biological Processes, and Reactome Gene Sets.
As shown in Figure 2A, the main enriched terms were “Copper
homeostasis,” “Glyoxylate metabolism and glycine degrada-
tion,” “Cellular response to chemical stress,” and “response to
copper ion.” To further explore the internal connection
between the terms, a subgroup of enriched terms has been
chosen and presented as a network plot (Figure 2B,C).
Moreover, a PPI network consisting of 28 nodes and 46 edges
was constructed and visualized (Figure 2D). In addition, we
identified 2 significant clusters by using the MCODE algorithm
(Figure 2E), and the biological functions of each cluster were
interpreted. The genes in clustering MOCDE1 were primarily
associated with glyoxylate metabolism and glycine degradation,
the acetyl-CoA biosynthetic process from pyruvate, and the
acetyl-CoA biosynthetic process. The genes in clustering

38693

MOCDE2 were mainly correlated with copper homeostasis,
cellular copper ion homeostasis, and copper ion transport.
3.2. Expression Landscape and Prognostic Value of
DLAT, DLD, LIPT1, PDHA1, and PDHB in HCC. Given that
clustering MOCDE1 was most tightly connected, we chose the
genes in MOCDEI1 (DLAT, DLD, LIPT1, PDHAI, and
PDHB) for the following step analysis. To evaluate the role of
these genes in the initiation and progression of HCC, we
implemented differential expression analysis between HCC
tissues and normal liver tissues and survival analysis in HCC
samples. Differential expression analysis revealed that the
expression of 5 cuproptosis-related genes was upregulated in
HCC samples (Figure 3A—E). Survival analysis showed that
only DLAT and PDHAL could significantly affect the OS rate
of HCC patients using the Cox proportional hazards model
and the Kaplan—Meier model (Figure 3F—J). Interestingly,
high expression of DLAT and PDHALI was both significantly
linked to poor OS in HCC patients. Furthermore, we validated
the differential expression of DLAT and PDHALl at the
translational level through the HPA database (Figure 3K,L).
3.3. Construction of a Triple Regulatory Network of
MRNA-miRNA-IncRNA. According to the ceRNA hypothesis,
we reverse-predicted the miRNAs targeting two mRNAs
(DLAT, PDHAL1) with prognostic values. The results showed
that a total of 75 miRNAs were found by the miRDB and
Tarbase v.8 databases. We visualized the mRNA-miRNA
regulatory network using Cytoscape software (Figure 4A).
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Next, we put 75 miRNAs into the Oncolnc database and
identified one miRNA, miR-1306-5p, whose expression was
negatively linked to OS of HCC patients both in single-factor
Cox regression analysis (Cox Coefficient = 0.3, P = 2.00 X
107°) and log-rank test (P = 0.008). Moreover, we screened
two IncRNAs (SNHG3, MALAT1) targeting miRNA shared
by both miRDB and the IncBasev.3 database (Figure 4B). We
discovered that only SNHG3 was located in the cytoplasm by
using the IncATLAS database (Figure 4C). Thus, a ceRNA
network- SHNG3/miR-1306-5p/PDHAI was established. To
verify the regulatory role of the ceRNA network in HCC, we
performed differential expression and survival analysis of
IncRNA (SNHG3) and mRNA (PDHA1). The results showed
that the SNHG3 expression was significantly upregulated in
HCC (Figure 4D) and that SNHG3 overexpression was linked
to poor OS of HCC patients (Figure 4E). We also
demonstrated the positive correlation between SNHG3 and
PDHAI in HCC (Figure 4F). Finally, the binding sites in the
SNHG3 and PDHAI 3'UTRs were predicted to match miR-
1306-Sp by ENCORI (Figure 4G) and TargetScan (Figure
4H), respectively.

3.4. External Validation of SNHG3 and PDHAT1
Abnormally High Expression. To verify SNHG3 and
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PDHAI1 abnormally high expression in HCC, we conducted
differential expression analysis in six GEO data sets
(GSE136247, GSE45436, GSES5092, GSE45267, GSE36376,
and GSE14520). The results revealed that both SNHG3
(GSE136247: t = 3.577, p = 0.0007; GSE45436: t = 3.310, p =
0.0012; GSES5092: t = 3.793, p = 0.0002; Figure SA—C) and
PDHAI (GSE45267: t = 2.532, p = 0.0132; GSE36376: t =
11.62, p < 0.0001; GSE14520: t = 2.550, p = 0.0111; Figure
SE—G) exhibited a remarkable overexpression trend in most
HCC tumors. Given the heterogeneity between different data
sets (including the TCGA-LIHC cohort), we employed the
random effects model for the meta-analysis. We uncovered that
both SNHG3 (Figure SD) and PDHAL1 (Figure SH) were still
significantly overexpressed in HCC tumor tissues compared
with nontumor tissues after combing all the study outcomes.

3.5. Screening Independent Prognostic Factor of
SNHG3/hsa-miR-1306-5p/PDHA1 in HCC Patients. To
identify independent prognostic factors, SNHG3 expression,
PDHAL expression, and clinical characteristics were subjected
to univariate and multivariate Cox analyses.

In univariate Cox regression analysis (Figure 6A), tumor
diameter, distant metastasis, SNHG3 expression, and PDHA1
expression were tightly connected to the poor OS of HCC
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patients. In multivariate Cox regression analysis (Figure 6B),
only tumor diameter and SNHG3 expression were still linked
to the OS in HCC patients. All factors in the multivariate Cox
regression model were included to establish a nomogram
(Figure 6C). The calibration curve (Figure 6D) showed that
the nomogram had an excellent predictive capacity. Besides,
the hazard proportional curve (Figure 6E) exhibited Cox
regression coeflicients for SNHG3 at different prognosis times.

Therefore, our results suggested that SNHG3 may become
an independent prognostic factor for HCC patients.
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3.6. Indicative Role of SNHG3 Expression in Methyl-
ation, Immune Infiltration, and Drug Sensitivity of HCC.
Given that SNHG3 was more likely to become an independent
factor, we further analyzed SNHG3 in detail. To clarify the
mechanism of SNHG3 anomalous upregulation in HCC
tissues, we explored the association between SNHG3
expression and its methylation conditions using different
methods. Figure 7A shows that gene expression and
methylation levels of SNHG3 are most closely associated
among all hub genes in HCC. We also found that the
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methylation level of SNHG3 in normal samples was higher
compared with HCC tumor samples in both the UALCAN
database (Figure 7B) and the DiseaseMeth database (Figure
7C). Furthermore, we detected 10 methylation sites
(cg25775721, cg24469114, cg26419621, cglS161854, and
cg07807470) in the DNA sequences of SNHG3 that had a
negative correlation with their expression at a standard of P
value <0.001 (Figure 7D).

We also assessed the correlation between SNHG3
expression and immune infiltration in HCC using the
TMMIR database, since immune cells in the tumor micro-
environment affected the prognosis of various cancers. As
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shown in Figure 8A, infiltration abundance of neutrophils was
possibly associated with SNHG3 gene copy number. We
discovered that SNHG3 expression was positively linked to
tumor purity and infiltration abundance of B-cells, CD4" T-
cells, CD8" T-cells, macrophages, neutrophils, and dendritic
cells (Figure 8B). To identify whether SNHG3 expression
could potentially influence immunotherapy efficacy, we
investigated the association between SNHG3 expression and
three vital immune checkpoints (PDCD1, HAVCR2, and
CD274) expression. Figure 8C—E shows that SNHG3
expression was positively correlated with PDCD1 expression
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and HAVCR2 expression, while SNHG3 expression had no
notable association with CD274.

In addition, we found that SNHG3 expression was positively
correlated with drug sensitivity of BRD-K44224150 (Figure
8F), fulvestrant (Figure 8G), darinaparsin (Figure 8H), and
tubastain A (Figure 81).

3.7. IncRNA SNHG3 Is Overexpressed in Liver Cancer
Cell Lines. We considered a few liver cancer cell lines
(HepG2, Bel7402, HCCLM3, and MHCC97H) as the
experimental group, with normal hepatocyte (L02) as the
control group, and the result suggested that SNHG3 was
overexpressed in liver cancer cell lines (Figure 9A). Given that
Bel7402 and HCCLMS3 cell lines exhibited the top two highest
SNHG3 expression, we chose them for subsequent exper-
imental validation in vitro. The qRT-PCR was utilized to
examine the knockdown efliciency. The bar graphs indicated
that the transfection made by short-interfering RNA targeting
SNHG3 (si-SNHG3-1 and si-SNHG3-2) and their negative
control (si-NC) was relatively successful in Bel7402 (Figure
9B) and HCCLM3 (Figure 9C) cell lines.

3.8. The IncRNA SNHG3 Knockdown Inhibits HCC Cell
Proliferation, Migration, and Invasion. To explore the
molecular biological functions of IncRNA SNHG3 in
modulating cancer cell phenotypes, we performed functional
interference in HCC cells. The results of CCK-8 assay
suggested that SNHG3 interference could significantly inhibit
the proliferation activity of Bel7402 and HCCLMS3 cell lines
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(Figure 9D,E). The data from wound healing (Figure 9F,G)
and transwell assay (Figure 9H,I) suggested that IncRNA
SNHGS3 silence could remarkably attenuate migration and
invasion abilities of Bel7042 and HCCLM3 cell lines. These
findings demonstrated that IncRNA SNHG3 could promote
the progression of HCC.

4. DISCUSSION

HCC is one of the most common malignancies worldwide, and
its development is a complex biological process with multigene
involvement, multifactorial effects, and multistage progression.
Although significant progress has been made in the diagnosis
and treatment of HCC, the potential molecular mechanism of
HCC still needs to be fully illuminated and requires
investigation to further improve the prognosis of patients
with HCC. This study identified a cuproptosis-related ceRNA
regulatory network which probably contributed to explaining
the molecular mechanism of HCC carcinogenesis and
provided a promising prognostic biomarker and a therapeutic
target for HCC patients.

Cuproptosis, a new type of cell death, has attracted more
and more attention. The results of functional enrichment
showed that cuproptosis-related genes were jointly involved in
the processes of copper homeostasis, glyoxylate metabolism,
glycine degradation, cellular response to chemical stress, and
blood coagulation. Wu et al. reported that an imbalance of
copper homeostasis could lead to detrimental outcomes to the
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liver even the occurrence of liver cancer.”” Ye et al. uncovered
that oxalate and glycolate remarkably upregulated in recurrent
HCC patients after surgery.”® Mukha et al. found the crucial
role of glycine cleavage system in maintaining mitochondrial
protein lipoylation to support HCC growth.” Cellular
response to chemical stress, including inflammatory response,
oxidative stress, and extensive DNA damage, was recognized as
driving factors of HCC."" A previous review explored the
mechanisms of coagulation and fibrinolytic factors in the
regulation of cancer growth.*!

Hence, all of the above processes were linked to the
initiation and progression of HCC, which suggested that
cuproptosis-related genes were involved in the development of
HCC. Additionally, protein—protein interaction analysis
uncovered that these genes were tightly bound and the

MOCDE algorithm identified two key clusters. In fact, the liver
is the main organ of copper metabolism, and some evidence
revealed that aberrant copper accumulation could increase the
incidence of HCC. Therefore, we conjectured that cuproptosis
was closely associated with the occurrence of HCC.

To identify the cuproptosis-related genes that play a crucial
role in HCC carcinogenesis, we performed differential
expression and survival analysis for MOCDEI1 genes in the
TCGA cohort. Two mRNAs (DLAT, PDHALl) were
identified, which both upregulated in HCC and led to poor
prognosis of HCC patients. It has been generally accepted that
ncRNAs, including miRNAs, IncRNAs, and circRNAs,
participated in gene expression modulation by competing
with each other via the ceRNA mechanism.””~* Recent
studies have also experimentally verified that IncRNAs could
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regulate gene expression through sponging shared miRNAs,
thus involving HCC progression. For example, Wang et al.
suggested that IncRNA MAGI2-AS3 positively regulated the
expression of FOXO1 through the induction of miR-374a/b-
Sp, thus facilitating the proliferation, migration, and invasion of
HCC cells and increasing the apoptosis of HCC cells.*’
However, the prognostic impact of ceRNA on HCC has not
been fully elucidated, and few studies have identified

cuproptosis-related ceRNA regulatory networks that affect
survival in patients with HCC. Accordingly, we intended to
construct a cuproptosis-related ceRNA network that could
predict HCC prognosis and provide a potential target for HCC
treatment.

To find upstream regulatory miRNAs of DLAT and
PDHAI, we utilized two prediction programs, the miRDB
and the Tarbase v8 database, and a total of 75 miRNAs were
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Figure 9. Relative SNHG3 expression by qRT-PCR and inhibition effects of SNHG3 knockdown on HCC in vitro. (A) SNHG3 expression in
different liver cancer cell lines (HepG2, Bel7402, HCCLM3, and MHCC97H) compared with normal hepatocytes (L02). (B) Efficiency of
SNHGS3 knockdown in the Bel7402 cell line. (C) Efficiency of SNHG3 knockdown in the HCCLMS3 cell line. (D,E) Proliferation ability of Bel7402
and HCCLMS3 cells was significantly suppressed after SNHG3 silencing by CCK8 assay. (F,G) Migration ability of Bel7402 and HCCLM3 cells
was significantly inhibited after SNHGS3 silencing by wound healing assay. (H,I) Invasion capacity of Bel7402 and HCCLMS3 cells was significantly

weakened after SNHGS3 silencing by transwell assay.

obtained. After performing survival analysis through the
Oncolnc online database, miR-1306-5p was selected as the
most potential upstream miRNA of PDHAI in HCC. Next,
upstream IncRNAs of miR-1306-5p/PDHAL axis were also
predicted by ENCORI and IncATLAS database, and two
possible IncRNAs were found. We selected IncRNA SNHG3
after implementing subcellular localization analysis and
demonstrated that SNHG3 was overexpressed in HCC,
which was associated with poor OS of HCC patients. Taken
together, the SNHG3/miR-1306-Sp/PDHAI axis was identi-
fied as a potential regulatory pathway in HCC.

Pyruvate dehydrogenase alpha 1 (PDHAL) is a rate-limiting
enzyme that converts pyruvate into acetyl-CoA after entering
the mitochondria, linking glycolysis aerobic oxidation to the
TCA cycle and oxidative phosphorylation. Islam et al.
proposed that phosphorylation of PDHA1l induced by
insulin-regulated cell proliferation through the RhoA activation
pathway in HepG2 cells.”” Sun et al. uncovered that PDHA1

upregulation suppressed the Warburg effect and promoted cell
apoptosis via mitochondria-mediated pathway in HCC.*
miRNAs are a class of noncoding single-stranded RNA
molecules encoded by endogenous genes that are about 22
nucleotides in length® and modulate gene expression by
inhibiting the translation of mRNA or promoting their
degradation.”® Several studies have explored the role of miR-
1306-5p in cancer progression. Gao et al. found that miR-
1306-Sp enhanced cell proliferation and suppressed cell
apoptosis in acute myeloid leukemia.’’ Wang et al. uncovered
that sponging miR-1306-Sp could stimulate the malignant
behaviors of melanoma cells.”” MiR-1306-5p has also been
reported to remarkably inhibits the malignant behavior of
osteosarcoma cells.”> Thus, miR-1306-5p may play multiple
roles and even contradictory roles in regulating malignant
behaviors via different mechanisms. However, there was no
previous literature elucidating the role of miR-1306-5p in HCC
progression. Our study found that miR-1306-Sp expression
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differed between the HCC tumor and normal tissues, and miR-
1306-5p overexpression was correlated with a poor prognosis
of HCC patients. IncRNA is a type of RNA molecule that
participates in various intracellular processes.’*”>° Small
nucleolar RNA host gene 3 (SNHG3) is a IncRNA located
on chromosome 1p35.3 and aberrantly expressed in a variety of
malignancies such as lung adenocarcinoma® and prostate
cancer.”® Zhang et al. discovered that SNHG3 promoted EMT
and sorafenib resistance through miR-128/CD1S1 axis in
HCC.” Wu et al. put forward that the SNHG3/miR-139-5p/
BMI1 axis regulated the proliferation, migration, and invasion
of HCC.” Thus, SNHG3 can play a role in HCC regulation
via other ceRNA networks. Our newly proposed ceRNA
network may regulate the malignant behavior of HCC through
the same binding sites as other ceRNAs, forming large-scale
regulatory networks and expanding the functional genetic
information in the human genome. Moreover, the expression
pattern of SNHG3/miR-1306-5p/PDHA1 conformed to the
construction principles of the ceRNA network, which paved
the way for in-depth research.

Next, we verified SNHG3 and PDHAI1 abnormally high
expression in HCC tissues using six independent GEO data
sets as validation sets and conducted clinical correlation
analysis of SNHG3 and PDHA1l in HCC patients. Both
SNHG3 and PDHAI were markedly related to the OS of HCC
patients in univariate Cox analysis, and only SNHG3 was
remarkably linked to the OS of HCC patients in multivariate
Cox analysis. Therefore, SNHG3 is more likely to be an
independent prognostic factor for HCC patients. To further
exploit the potential clinical value of SNHG3 for the treatment
of HCC, we carried out methylation, immune infiltration, and
drug sensitivity analysis of SNHG3. It was proven that the
methylation level of SNHG3 in normal samples was higher
compared with HCC tumor samples, which suggested that
methylation might be one of the reasons for the differential
expression of SNHG3 in HCC and normal liver samples.
According to the TIMER2.0 database, SNHG3 expression was
tightly associated with infiltration abundance of some immune
cells in the tumor microenvironment such as CD8+cells,
macrophages, neutrophils, and dendritic cells. Moreover, we
found that SNHGS3 expression was positively linked to PDCD1
and HAVCR2 expression. In addition, we predicted half of the
concentration of drugs that can kill cancer cells (IC50) based
on the expression matrix of cancer cell lines in the CTRP
database and drug treatment information. We found that
SNHG3 expression was positively correlated with the drug
sensitivity of BRD-K44224150, fulvestrant, darinaparsin, and
tubastain A, which may become an effective strategy for the
treatment and prognosis improvement of HCC.

Finally, our work found that SNHG3 expression detected by
qRT-PCR was upregulated in liver cancer cell lines. In
addition, we performed in vitro experiments and revealed
that SNHG3 could significantly promote HCC proliferation,
migration, and invasion. Based on the above analysis, we knew
that SNHG3 upregulated PDHALI via sponging miR-1306-Sp
and finally played a role in the HCC progression through
PDHAL1 overexpression. Given that PDHAI was an indis-
pensable component of pyruvate dehydrogenase (PDH)
complex and participated in the TCA cycle, we speculated
that SNHG3 upregulation competitively binding with miR-
1306-Sp thus unblocking its inhibition toward PDHAI1
expression and PDHAL overexpression could promote the

process of TCA cycle and produced more energy which could
be used for the proliferation, migration, and invasion of HCC.

Our study also has some defects. First, although we validated
the robustness of the prognostic effect of screened cuproptosis
gene-related ceRNA network in TCGA and GEO cohort, this
study was only a retrospective study and further prospective
studies with a sufficiently large sample scale are required to
corroborate each other. Second, some samples in the TCGA
and GEO cohorts lack clinical information, and no additional
subgroups were analyzed because of data content limitations.

In conclusion, we constructed and validated a cuproptosis-
related ceRNA regulatory axis for HCC patients, which could
act as a prognostic indicator for clinical outcome and
therapeutic response, bringing new insights into the molecular
mechanism of HCC formation and progression.
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