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Background: Hepatocellular carcinoma (HCC) is one of the most common malignant tumors that lacks an efficient therapeutic
approach because of its elusive molecular mechanisms. This study aimed to investigate the biological function and potential
mechanism of formin-binding protein 4 (FNBP4) in HCC.

Methods: FNBP4 expression in tissues and cells were detected by quantitative real-time PCR (QRT-PCR), Western blot, and immunohis-
tochemistry (IHC). The Kaplan-Meier method was used to explore the correlation between the FNBP4 expression and clinical survival. MTT,
EdU incorporation, colony formation, and Transwell assays were performed to evaluate the function of FNBP4 in cell proliferation and
migration in vitro. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was used to explore the potential mechanism of
FNBP4. The prognostic risk signature and nomogram were constructed to demonstrate the prognostic value of FNBP4.

Results: We found that FNBP4 was upregulated in patients with HCC and associated with poor overall survival (OS). Furthermore,
knockdown of FNBP4 inhibited the proliferation and migration in HCC cells. Then, we performed a KEGG pathway analysis of the
coexpressed genes associated with FNBP4 and found that FNBP4 may be associated with tumor-related signaling pathways and
cuproptosis. We verified that FNBP4 could cause cell cycle progression and inactivation of the hippo signaling pathway. A prognostic
risk signature containing three FNBP4-related differentially expressed cuproptosis regulators (DECRs) was established and can be
used as an independent risk factor to evaluate the prognosis of patients with HCC. In addition, a nomogram including a risk score and
clinicopathological factors was used to predict patient survival probabilities.

Conclusion: FNBP4, as a potential biomarker associated with cuproptosis, promotes HCC cell proliferation and metastasis. We
provide a new potential strategy for HCC treatment by targeting FNBP4.
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Introduction

Liver cancer ranks sixth among all cancers and is the third leading cause of cancer-related death worldwide.'
Hepatocellular carcinoma (HCC) accounts for 90% of primary liver cancers and causes approximately 800,000 deaths
annually,z’3 which is a serious burden to human health. Hepatitis viral infection, alcohol accumulation, and non-alcoholic
fatty liver disease (NAFLD) are the main risk factors for HCC. However, its etiology and molecular mechanism are still
unclear. In addition, once patients have symptoms and signs, the disease has progressed to the late stages, and patients
have lost the opportunity for radical surgical treatment. Systemic therapies have been used in approximately 50% of
patients with HCC and become standard treatment options for patients with advanced HCC.* In recent years, immu-
notherapy and molecular targeted therapy have also been developed and are expected to become new treatment methods.
Immune checkpoint inhibitors (ICIs) (pembrolizumab, nivolumab, durvalumab, atezolizumab, etc.) have been recently
evaluated in HCC patients and clinical trials assessing single-agent ICI have reported disappointing results. Conversely,

immune-based combinations have received statistically significant and clinically meaningful benefits in several clinical
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outcomes.>® In particular, a recent clinical trial showed a longer median OS in HCC patients across all age groups
receiving the PD-L1 inhibitor atezolizumab plus the antiangiogenic agent bevacizumab.” However, the population
reached by immunotherapy is far from satisfactory. Although studied provided some potentially useful predictive
biomarkers of response to immunotherapy in HCC,*® further validations and interpretations are needed. In addition,
clinical trials on molecular targeted drugs (sorafenib, lenvatinib, regorafenib, cabozantinib, etc.) have been widely
conducted, but several adverse events still constrain their clinical application.'®'" Therefore, it is urgent to identify
new targets for the treatment of liver cancer.

Formins promote the initiation and elongation of actin filaments to participate in a variety of biological processes,
such as cell signaling, organ development, microtubule stabilization, cell division, and endocytosis.lzf15 Formin-
mediated actin assembly is regulated by a protein family consisting of formin-binding proteins (FNBPs/FBPs).
Previous studies showed that the high expression of FNBP1 is closely related to the highly aggressive characteristics
of tumor cells within gastric and breast cancers.'®'” FNBP4, also named FBP30, is located on 11p14 and is a member of
the FBP family. This gene encodes a protein containing two tryptophan-rich WW domains that bind the proline-rich
formin homology 1 domains of formin family proteins, suggesting a role in the regulation of cytoskeletal dynamics
during cell division and migration. A study found that FNBP4 as a p53 regulated protein, which is highly expressed in
apoptotic mouse T cells, and the authors speculated about the possible role of this protein in cell death.'® However, the
expression level and function of FNBP4 in various tumors including HCC remain unknown.

Copper is an important nutrient involved in a variety of biological functions including mitochondrial respiration,
oxidative stress, and cytotoxicity.'” ! Dysregulation of copper homeostasis has been associated with tumor proliferation,
angiogenesis, and metastasis, suggesting that copper may play a role in tumor progression.”* >* Studies have found that
liver copper content is closely related to HCC, and serum copper and ceruloplasmin levels could be used as markers for
HCC detection.”® Recently, cuproptosis, a novel coper-triggered mode of mitochondrial cell death, is closely associated
with protein lipoylation in the tricarboxylic acid (TCA) cycle, providing insights into new therapies for HCC.?®
Researchers also identified ferredoxin 1 (FDX1) as an upstream regulator of protein lipidation to mediate copper toxicity.
Several studies have found that copper death-related genes are closely related to the tumor microenvironment and
prognosis of HCC.>”?° Furthermore, studies have suggested that copper ionophores could be anticancer agents.>*'
However, lack of selectivity is one of the major barriers in the field; thus, future research should be devoted to exploring
specific targets for copper metabolism in tumor cells.

In this study, we found that FNBP4 was upregulated in patients with HCC and HCC cell lines. High expression of FNBP4
was also related to the poor OS of patients with HCC. In addition, downregulation of FNBP4 inhibited the proliferation and
migration of HCC cells. Furthermore, we constructed a prognostic risk signature based on FNBP4-related cuproptosis regulators.
The risk signature, as an independent risk factor for OS, had good evaluation efficacy for determining the clinical prognosis of
patients with HCC. Therefore, our study provides a significant biomarker for the treatment and prognostic evaluation of HCC.

Materials and Methods

Data Collection

Transcriptome data (n = 424) and clinical and pathological characteristics (n=377) including tumor grade, age, sex, Tumor, Node,
Metastasis (TNM) stage, survival time, and survival condition were collected from The Cancer Genome Atlas-Liver hepatocel-
lular carcinoma (TCGA-LIHC) database (https://portal.gdc.cancer.gov/). Fragments per kilobase million (FPKM) were used for
the transcriptome data. After excluding patients with missing survival data and crucial clinical data, 370 samples were retained

for further analysis. Transcriptome data were used to analyze the expression levels of FNBP4. The 10 cuproptosis regulators
identified by Tsvetkov et al*® were used in our study. As an open-source database, each case involved in TCGA has gained ethical
agreement and has been approved by TCGA.

Expression and Survival Analysis of FNBP4
The Gene Expression Profiling Interactive Analysis 2 (GEPIA2) (http://gepia2.cancer-pku.cn/) was used to analyze the

expression levels and prognostic value of FNBP4 in patients with HCC.
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Coexpressed Gene Prediction and Gene Set Enrichment Analysis (GSEA)

LinkedOmics (http://www.linkedomics.org/) includes multi-omics data for 32 cancers derived from TCGA. The coex-

pressed genes of FNBP4 and their correlations were analyzed using LinkFinder’s LinkedOmics. A KEGG pathway
analysis of FNBP4 coexpressed genes was performed using GESA tools in LinkInterpreter’s LinkedOmics.

Construction of the Prognostic Signature and Nomogram

Analysis of differential mRNA expression of cuproptosis regulators was performed by R package “limma” in FNBP4 low
and FNBP4 high HCC samples from TCGA-LIHC database. A prognostic signature was established based on FNBP4-
related differentially expressed cuproptosis regulators (DECRs) using Cox regression analysis. Risk scores were
calculated using the following formula: risk score = f1x1 + f2x2 + -+ + Pixi, where i denotes the gene coefficient,
and xi denotes the gene expression level. A Kaplan-Meier survival curve was used to assess the association between risk
score and OS of patients with HCC. Univariate and multivariate Cox regression analyses were performed to determine
whether the risk score is an independent prognosis risk factor of the OS. The predictive performance of the risk score was
evaluated using receiver operating characteristic (ROC) curves. A nomogram including the risk score and clinicopatho-
logical characteristics was constructed to predict the OS of patients with HCC using the R package “rms”. Calibration

curves were constructed to compare the predicated OS with the actual OS using the R package “rms”.

Patients and Tissue Samples

Tissue samples were collected from 10 patients with HCC at the Department of Hepatobiliary Surgery at the Second Affiliated
Hospital of Chongqing Medical University for subsequent mRNA and protein detection. Written informed consent for the
collection of tissue samples was obtained from the patients. The study was approved by the Ethics Committee of the Second
Affiliated Hospital of Chongqing Medical University and complied with the Declaration of Helsinki.

Cell Culture and Transfection

The five HCC cell lines (LM3, HepG2, Hep3B, SMMC-7721, and Huh7) and the hepatocyte cell line LO2 were purchased from
the Institute of Biochemistry and Cell Biology (Shanghai, China). All cell lines were cultured with Dulbecco’s modified Eagle’s
medium (Gibco, USA) containing 10% fetal bovine serum (Gibco, USA) and 100 units/mL penicillin and streptomycin
(HyClone, USA) in a humidified incubator at 37°C with 5% CO,. Lipofectamine 2000 (Invitrogen, 11668019) was used for
FNBP4 small interfering RNA (siRNA) or negative control siRNA transfection based on the manufacturer’s instructions. Briefly,
transfection began when the cells were 70-90% confluent. For a well in a six-well plate, 4 uL. Lipofectamine 2000 and siRNA
(100 pmol) were respectively diluted in 100 uL Opti-MEM (Gibco, USA), and diluted siRNA was added to diluted
Lipofectamine 2000. After incubation for 15 mins, the siRNA-Lipo complex was added to cells and the cells were incubated
for 1-3 days for the subsequent experiment. FNBP4 siRNA-1 (5’-AGGGATCATAGACGGTATTTC-3’), FNBP4 siRNA-2
(5’>-CCACAGTTGTAACTAGCCAGA-3’), and its associated control siRNA were obtained from GenePharma (Shanghai,
China).

Quantitative Real-Time PCR (qRT-PCR)

Trizol Reagent (Invitrogen, 15596018) was used to extract the total RNA from HCC tissues and HCC cell lines. Then,
the RNA was reverse transcribed into ¢cDNA using the PrimeScript RT Reagent kit (TaKaRa) according to the
manufacturer’s instructions. Tissues and cell mRNA expression levels were measured by qRT-PCR using TB Green
Premix Ex Taq Il (TaKaRa). The PCR cycle programs were as follows: 95°C for 30s, followed by 40 cycles at 95°C for 5
s and 60°C for 1 min. B-actin was used as the internal control. The experimental sequence primers used are as follows:
5’-TTGGTGCTTATGCTGACAGTG-3’ (forward) and 5’-GATCTCCGCTAGGAAGTTGGC-3" (reverse) for FNBP4
and 5’-CCTTCCTGGGCATGGAGTCCT-3’ (forward) and 5’-GGAGCAATGATCTTGATCTT-3’ (reverse) for B-actin.
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Western Blot Assay

The total proteins of HCC tissues or cells were extracted using RIPA lysis buffer (Beyotime, China) and the protein
concentration was determined using a bicinchoninic acid kit (Beyotime, China) according to the manufacturer’s
instructions. The proteins were separated by polyacrylamide gel electrophoresis and transferred to a nitrocellulose
transfer membrane (GE Healthcare, USA). The membranes were incubated overnight at 4°C with the following specific
primary antibodies: FNBP4 (Invitrogen, PA5-59035, 1:1000), B-actin (Proteintech, 60008-1-Ig, 1:5000), LAST1 (Abcam,
ab70561, 1:5000), p-YAP (Abcam, ab76252, 1:5000), YAP (Abcam, ab52771, 1:5000), pS3 (CST, 2524, 1:1000), p21
(CST, 2947, 1:1000), Cyclin B1 (CST, 12231, 1:1000), Cyclin D1 (CST, 2978, 1:1000), and Cyclin A2 (CST, 67955,
1:1000). After washing three times with TBST, the membranes were incubated with anti-rabbit immunoglobulin G (IgG)
(CST, 7074, 1:5000) or anti-mouse immunoglobulin G (IgG) (CST, 7076, 1:5000) secondary antibody at room
temperature for 1 hr. After washing again, the protein bands were visualized using an Image Analysis System (Bio-
Rad, USA) with an Enhanced Chemiluminescence Fluorescence Detection kit (GE HealthCare, USA).

Immunohistochemistry

Paraffin-embedded tissues from HCC patients were cut into three pm slices. Antigen repair was performed by high
temperature and high pressure with sodium citrate solution (Beyotime, China). Endogenous peroxidase was inactivated
with 3% hydrogen peroxide solution for 10 mins and then blocked with goat serum at room temperature for 30 mins.
Then, the sections were incubated overnight at 4°C with the FNBP4 (Invitrogen, PA5-59035, 1:200) specific primary
antibody. After incubating goat anti-rabbit secondary antibody at room temperature for 30 mins, immunohistochemistry
(IHC) was performed using a polymer horseradish peroxidase detection system (Zhongshan Goldenbridge
Biotechnology, China) and the sections were photographed by an inverted microscope (Olympus, BX41).

MTT, 5-Ethynyl-2’-Deoxyuridine (EdU) Incorporation, and Colony-Forming Assays
The MTT, EdU incorporation, and colony-forming assays were used to analyze cell proliferation. Huh7 and Hep3B cells
were seeded in 96-well plates at 3000 cells per well. A total of 10 pL of MTT reagent (Smg/mL, Solarbio, China) was
added to each well at 0, 24, 48, and 72 hrs after transfection, and the cells were then incubated at 37°C for 3 hrs. Then,
the culture medium was removed from the wells, and 100 pL. of DMSO was added to each well to dissolve the formazan.
The absorbance at 490 nm was detected using an enzyme calibration system (ThermoFisher Scientific, USA). The EAU
incorporation assay was performed according to the manufacturer’s instructions for the BeyoClick™ EdU Cell
Proliferation Kit with Alexa Fluor 488 (Beyotime, China). Huh7 and Hep3B (5 x 10 cells/well) cells were transfected
in 24-well plates for 24 hrs. After incubation with EAU (10 uM) at 37°C for 2 hrs, the cells were treated with 4%
formaldehyde for 15 mins, and 3% bovine serum albumin (BSA) was used to remove the fixed solution. Then, the cells
were permeated with 0.3% Triton X-100 solution for 10 mins and washed twice with 3% BSA. The click additive
solution was added for 30 mins, and 1x Hoechst 33342 was used to stain the nuclei for 10 mins in the dark. The number
of EdU-positive cells was measured using ImageJ. Huh7 and Hep3B cells (1000 cells/well) were seeded in 6-well plates
and cultured for two weeks to form a colony composed of at least 50 cells. The colonies were fixed in 4% formaldehyde
for 15 mins and stained with 0.1% crystal violet for 30 mins. The number of colonies was counted using microscopy.

Transwell Assay

To perform the Transwell assay, 24-well Transwell chambers (Corning, USA) were used to assess cell migration. Huh7
and Hep3B cells (1000 cells/well) were seeded in the upper chamber at 1x10° cells per group with 200 uL of serum-free
medium. The lower chamber was filled with 500 pL of complete medium with 10% FBS. After 24 hrs, the Transwell
chambers were fixed in 4% formaldehyde for 15 mins and stained with 0.1% crystal violet for 30 mins. The migrated

cells were photographed with inverted microscopy and measured with Imagel.
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Statistical Analysis

GraphPad Prism 8 and R (v4.0.5) were used to analyze the trial data. The Kaplan-Meier method was performed for
survival analysis. Spearman’s method was used to analyze the coexpressed genes of FNBP4. Univariate and multivariate
Cox regression models were used to determine the independent prognostic factors. The #-test was used to compare the
differences between the two groups, and ANOVA was used when more than two groups were compared. All measure-
ment data are expressed as the mean £ SEM. A P-value < 0.05 indicated statistical significance.

Results
FNBP4 is Highly Expressed in Patients with HCC and is Positively Correlated with
Poor OS

The current study used the TCGA database to analyze the mRNA expression, and the results demonstrated that FNBP4 was
upregulated in HCC samples compared with normal samples (Figure 1A). The expression of FNBP4 was positively correlated
with the pathological stage (Figure 1B). In addition, both mRNA and protein levels of FNBP4 were increased in 10 HCC
tissues compared with paired adjacent tissues from our center (Figure 1C-E). We also found that the expression levels of
FNBP4 in five HCC cell lines were increased compared with those in the normal hepatocyte cell line LO2 (Figure 1F). Kaplan-
Meier analysis showed that high expression levels of FNBP4 were associated with poor OS in patients with HCC, indicating
that FNBP4 exerted a significant effect on the survival of patients with HCC (Figure 1G). These results indicated that FNBP4
is highly expressed in HCC and is positively correlated with the poor OS of patients with HCC.

Knockdown of FNBP4 Inhibits the Proliferation and Migration of HCC Cells

To explore the function of FNBP4 on HCC proliferation and metastasis, Huh7 and Hep3B cells with high expression levels
of FNBP4 were used for further study. First, siFNBP4 was used to knockdown FNBP4 expression in HCC cells, and qRT-
PCR was used to test the knockdown efficiency (Figure 2A). The results revealed that knockdown of FNBP4 significantly
reduced FNBP4 expression. Furthermore, knockdown of FNBP4 significantly inhibited cell proliferation, as indicated by
the MTT, EdU incorporation, and colony formation assays (Figure 2B-F). In addition, we found that silencing of FNBP4
significantly inhibited cell migration in Huh7 and Hep3B cells using a Transwell assay (Figure 2G-H). Thus, knockdown of
FNBP4 inhibits HCC cell proliferation and migration.

FNBP4 is Associated with Tumor-Related Signaling Pathways and Cuproptosis
Regulators in HCC

To further explore the potential mechanism of action of FNBP4 in HCC, coexpressed genes of FNBP4 were analyzed by a KEGG
pathway analysis. First, we identified FNBP4 coexpressed genes using RNA-seq data in TCGA-LIHC. The heat map presents the
50 positively and negatively correlated genes with the highest associations with FNBP4 (Supplementary Figure 1). Then, a KEGG

pathway analysis of FNBP4 coexpressed genes was performed using LinkedOmics (Figure 3A). FNBP4 coexpressed genes were
mainly enriched in tumor-related signaling pathways including microRNA in cancer, the GnRH signaling pathway, the cell cycle,
and the hippo signaling pathway. The protein expression levels of cell cycle-associated markers (p53, p21, Cyclin B1, Cyclin D1,
and Cyclin A2) and the hippo signaling pathway components (LAST1, p-YAP, and YAP) were measured in Huh7 and Hep3B
cells transfected with siCtrl or siFNBP4. We found that silencing of FNBP4 downregulated levels of YAP and Cyclin D1, and
upregulated the levels of p53, p21, LAST1, and p-YAP, indicating that FNBP4 causes cell cycle progression and inactivation of
the hippo signaling pathway (Figure 3B). Interestingly, FNBP4 coexpressed genes were involved in TCA cycle-related pathways
including carbon metabolism, metabolism of xenobiotics by cytochrome P450, and oxidative phosphorylation. As the TCA cycle
is closely related to cuproptosis,*> FNBP4 may influence HCC progression through cuproptosis. Therefore, we explored the
relationship between FNBP4 and cuproptosis regulators. HCC samples from TCGA-LIHC database were divided into FNBP4
low and FNBP4 high groups based on the median FNBP4 expression level, and the mRNA expression levels of 10 cuproptosis
regulators were analyzed between the two groups (Figure 3C). Among them, FDX1 was highly expressed in the FNBP4 low
group; LIPT1, DLD, DLAT, PDHB, MTF1, GLS, and CDKN2A were highly expressed in the FNBP4 high group; and the
expression levels of LIAS and PDHA1 were not significantly different between the two groups. Therefore, eight genes including
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expression levels of 10 cuproptosis regulators were analyzed between FNBP4 low and FNBP4 high groups in HCC samples from TCGA-LIHC database. (D and E) The
univariate (C) and multivariate (D) Cox regression analyses were performed to determine the prognostic value of the FNBP4-related DECRs in TCGA-LIHC. Data were
expressed as Mean + SEM. *p<0.05, **p<0.01, ***p<0.001.
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FDX1, LIPT1, DLD, DLAT, PDHB, MTF1, GLS, and CDKN2A were defined as FNBP4-related DECRs. To determine the
prognostic value of the FNBP4-related DECRs in TCGA-LIHC, we performed a Cox regression analysis, and three genes (LIPT1,
DLAT, CDKN2A) were identified as independent risk factors for HCC prognosis (Figure 3D and E).

Construction of a Prognostic Risk Signature Based on FNBP4-Related Cuproptosis

Regulators

Next, LIPT1, DLAT, and CDKN2A were used to construct a prognostic risk signature. The risk score for each sample was
defined as follows: risk score = sum of the expression levels of the three cuproptosis regulators x their respective coefficients.
Then, patients with HCC were divided into high-risk and low-risk groups according to the median risk score. The Kaplan-Meier
survival curve showed that patients in the high-risk group had a significantly worse OS than those in the low-risk group
(Figure 4A). The scatter plots show that the expression levels of the three cuproptosis regulators were upregulated in the high-risk
group, and the patients in the high-risk group had higher mortality (Figure 4B). Cox regression analysis was performed to
determine whether the prognostic risk signature was an independent risk factor for patient prognosis. By incorporating age,
gender, grade, and stage into the multivariate Cox regression model, we found that the risk score was an independent prognostic
factor for OS of patients with HCC (Figure 4C and D). Furthermore, the ROC curve indicated that the risk score had an area
under the curve (AUC) of 0.618, with good clinical prediction efficiency (Figure 4E).

To better apply the risk signature in a clinical setting, we constructed a nomogram including the risk score and clinicopatho-
logical characteristics (gender, grade, stage, and TNM) for predicting OS of patients with HCC (Figure 5A). The calibration
curves at one, three, and five years showed that the nomogram could accurately predict the prognosis of patients with HCC
(Figure 5B).

Discussion

As one of the most common malignant tumors, HCC seriously affects human health. Despite continuous improvements
in diagnosis and treatment, the 5-year survival rate of patients with HCC is still not optimal due to delayed diagnosis,
high malignancy of cancer cells, and postoperative recurrence.*> Molecular targeted therapy provides a new treatment
hope for patients with unresectable liver cancer. However, HCC progression is a complex multifactorial process
involving the accumulation of different types of damage, complex signal transduction, and heterogeneity.>*>°
Therefore, exploring the key molecules and mechanisms involved in the occurrence and development of HCC is
necessary to improve the effectiveness of diagnosis and treatment.

FNBP4, a member of the FBP family, is involved in the regulation of cytoskeletal dynamics during cell division and
migration. One study found that FNBP4 was highly expressed in apoptotic mouse T cells, suggesting a possible important
role in cell death.'® However, the intrinsic function and molecular mechanism of action of FNBP4 in tumors are still
unknown. It is of great clinical significance to identify novel promising prognostic biomarkers and to explore their roles
using bioinformatics methods.*”® In this study, we first found that FNBP4 was highly expressed in patients with HCC
from TCGA and our center. In addition, patients with HCC with high expression of FNBP4 had a shorter OS in the
TCGA cohort, suggesting that FNBP4 is a potential activator that promotes tumor progression.

Cell proliferation and migration ability are important indicators for the prognostic evaluation of patients with HCC.
Therefore, we explored this and observed that downregulation of FNBP4 inhibited HCC proliferation and migration in vitro.
Furthermore, our results confirmed that FNBP4 is involved in the regulation of tumor-related signaling pathways, including the
cell cycle and the hippo signaling pathway. Cell cycle progression is catalyzed by cyclins and cyclin-dependent kinases.* Our
study found knockdown FNBP4 downregulated the cyclin D1 and upregulated the cell cycle negative regulators p53 and p21, but
did not induce a significant change for cyclin B1 and cyclin A2. Cyclin D1, a subtype of cyclin D, forms complexes with cyclin-
dependent kinase 4/6 (CDK4/6) and triggers phosphorylation of the retinoblastoma protein (Rb) to release the transcription factor
E2F and promote the G1-to-S phase transition.***' Cyclin D1 accumulation is dysregulated in a variety of human tumors.****
Therefore, FNBP4 could break the normal cell cycle control, particularly dysregulation of G1/S transition, ultimately leading to
uncontrolled cell proliferation and tumorigenesis. The hippo signaling pathway regulates the dynamic balance between cell
proliferation and apoptosis and controls the development of tissues and organs as well as the generation of tumors.*> We found
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Figure 4 Construction of a prognostic risk signature based on FNBP4-related cuproptosis regulators. (A) Kaplan-Meier curve for risk scores in TCGA-LIHC patients. (B)
Distribution of risk scores, survival status, and gene expression of signature (LIPTI, DLAT, and CDKN2A) for the TCGA-LIHC patients. (C and D) The associations
between risk score and OS in TCGA-LIHC patients using univariate (C) and multivariate (D) Cox regression analysis. (E) ROC curves of risk score and other
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constructed to predict the survival for TCGA-LIHC patients. (B) Calibration curves for nomogram at one, three, and five years. Red line: nomogram-predicted survival
curve. Gray line: ideal survival reference curve.

that FNBP4 could inactive the hippo signaling pathway and cause YAP accumulation. As a core factor of the hippo signaling
pathway, YAP plays a crucial role in regulating cell proliferation in cooperation with transcription factors, such as TEAD,
SMADs, RUNXSs, p63/p73, PAX3, PPARc, TTF1, and TBX-5.4% Although only in vitro data were obtained in this study, such
regulation may exist in the HCC microenvironment. Once this phenomenon is confirmed in vivo, it will imply that FNBP4 plays
an essential role in the tumor progression of HCC and make an outstanding contribution to revealing the pathogenesis of HCC.

Cuproptosis has recently been defined as a novel copper-induced cell death mode distinct from apoptosis, necrosis,
pyroptosis, and ferroptosis.*® As the main organ of copper metabolism, the liver is susceptible to reactions caused by copper
accumulation. Excessive copper storage induces the production of free radicals, which can lead to cell damage and even cause
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pathological diseases such as Wilson’s disease.*” Cirrhosis, as a major cause of HCC, is also associated with the accumulation
of copper.>® However, excessive copper does not inhibit the occurrence and progression of HCC. Therefore, HCC cells may
develop a strategy to attenuate the toxicity of increased copper concentrations and avoid the onset of copper-induced cell
death. The expression of FDX1 in HCC tumor tissues was lower than that in adjacent normal liver tissue, and knockout of
FDXI1 resulted in complete loss of protein lipidation and resistance to cuproptosis.*®*” However, the regulatory mechanisms
of FDX1 and other cuproptosis regulators in HCC are still largely unclear.

In this study, we found that FNBP4 coexpressed genes were significantly enriched in pathways closely related to the
TCA cycle, including carbon metabolism, metabolism of xenobiotics by cytochrome P450, and oxidative phosphoryla-
tion. Furthermore, copper-induced cell death is closely related to protein lipoylation in the TCA cycle. Therefore, we
speculated that FNBP4 is involved in copper-induced cell death and defined a risk signature containing three FNBP4-
related DECRs, including LIPT1, DLAT, and CDKN2A, to predict the prognosis of patients with HCC. These three
genes play crucial roles in the progression and migration of a variety of tumors. LIPT1, a key gene regulating lipoic acid
transport, regulates the TCA cycle in cancer cells.”’ A recent study showed that the expression of LIPT1 not only
effectively predicts the prognosis of patients with HCC but also may become a therapeutic target for HCC.>*> DLAT,
a key gene that catalyzes the conversion of pyruvate to acetyl CoA, can enhance ATP production and promote tumor cell
proliferation.”® CDKN2A, encoding the cyclin inhibitor p16, binds to cyclin and cyclin-dependent kinases 4 and 6 to
inhibit proliferation in normal cells.** However, p16 may play a different role in tumor cells, and CDKN2A can be used
as a biomarker for poor prognosis in patients with colon cancer and HCC.> This risk signature is not only an
independent risk factor for OS among patients with HCC but also presents good prediction performance. In addition,
a nomogram consisting of the risk score and clinicopathological factors was constructed to clinically predict patient
prognosis. These findings revealed the potential mechanism of action of FNBP4 in HCC and demonstrated that blockade
of FNBP4 is a strong candidate to improve the survival of HCC patients. However, the clear mechanisms by which
FNBP4 regulated the HCC cuproptosis needed to be further illustrated using experimental evidence.

Conclusion

We first defined that FNBP4 is a potential prognostic biomarker associated with cuproptosis in HCC. FNBP4 acts as an
onco-promoter to promote the proliferation and migration of HCC cells. Future research will focus on the development of
molecular targeted drugs for FNBP4 to prevent the progression, invasion, and metastasis of HCC.
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