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Purpose: Alanine glyoxylate aminotransferase (AGXT) family members are crucial in cancer processes, but their role in hepatocel-
lular carcinoma (HCC) metabolism is unclear. This study investigates AGXT2’s function in HCC.

Patients and Methods: AGTX2 expression was studied using bioinformatics, real-time reverse transcriptase-polymerase chain
reaction (RT-qPCR), Western blot, and Enzyme-linked immunosorbent assay (ELISA). A lentivirus-induced AGTX2 overexpression
cell model was analyzed with RNA sequencing (RNA-seq) and liquid chromatography-mass spectrometry (LC-MS). Cholesterol
levels were confirmed by Oil Red O staining. AGTX2 effects were evaluated through cell cycle analysis, wound healing, and transwell
migration assays.Tumorigenic effects were observed in NOD-SCID IL2Rynull (NTG) mice in subcutaneous experiments. Protein
interaction was examined through co-immunoprecipitation methods.

Results: We observed a significant reduction in AGXT2 mRNA and protein levels in both HCC tumor tissues and serum samples
from patients with liver cancer, which was associated with a worse prognosis. The activation of AGX72 has been shown to effectively
decrease cholesterol levels in liver cancer cells, serving as an antagonist in the cholesterol metabolism pathway. An increase in low
density lipoprotein receptor (LDLR) mRNA was noted in cells overexpressing AGXT2, accompanied by a decrease in LDLR protein
and an elevation in proprotein convertase subtilisin/kexin type 9 (PCSK9) mRNA and protein levels. Molecular docking and co-
immunoprecipitation experiments further elucidated the interaction between AGXT2 and LDLR proteins. AGXT2 was observed to
suppress the migratory and invasive capabilities of HCC cells, inducing cell cycle arrest in the G2/M phase. AGXT2 activation
inhibited subcutaneous liver cancer tumor growth in NTG mice.

Conclusion: AGXT2 was found to lower cholesterol levels in liver cancer cells, possibly through interactions with the LDLR protein
and modulation of PCSK9-mediated LDLR degradation. This mechanism may impede cholesterol transport to liver cancer cells,
thereby suppressing their growth and metastasis.
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Introduction

Liver cancer ranks as the sixth most prevalent malignancy globally. Approximately 841,000 new cases and 782,000
deaths are reported annually." Hepatocellular carcinoma (HCC) is the final phase of chronic liver disease caused by
nonalcoholic fatty liver disease and nonalcoholic steatohepatitis.”> The significant rise in steatosis and nonalcoholic
steatohepatitis is a key contributor to the increased risk of HCC development due to metabolic disorders.* The worldwide

occurrence of HCC is increasing due to its connection with high rates of obesity and type 2 diabetes.” Moreover, due to
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its rapid progression, many patients are found to be in the middle and late stages of the disease, resulting in a poor
prognosis. Although some new metabolic therapy drugs have been developed, they have limited effectiveness due to
patient specificity,’ thus necessitating the search for new therapies.

Tumors are seen as a combination of genetic disorders and metabolic disease, with mutations in regulatory genes
playing a key role in cancer development and treatment resistance,” Recent studies suggest a link between metabolism
and epigenetics, which can promote tumor growth. HCC exhibits metabolic changes in genes that support tumor growth
and adaptation to harsh environments, with accentuated lipid metabolic reprogramming.® Lipid metabolic reprogramming
is now a research focus in HCC, in addition to the well-known tumor-promoted glycolysis.” Genetic changes in lipid
metabolism play a crucial role in liver cancer development, affecting various aspects of the disease.'® Understanding this
connection is essential for finding new targets for effective cancer treatments. High cholesterol increases the risk of liver
cancer,'! but statins can lower cholesterol levels and reduce this risk, particularly in patients with chronic hepatitis B."?
Research has shown that statins can prevent and treat liver cancer by changing metabolism and immune response in the
tumor environment."?

However, there is a lack of understanding regarding the regulatory enzymes that either promote or inhibit lipid
metabolism in HCC. Alanine glyoxylate aminotransferase 2 (AGXT2), a critical mitochondrial transaminase primarily
present in the liver and kidney, exhibits diverse enzymatic activities on substrates, such as Asymmetric Dimethylarginine
(ADMA), Symmetric Dimethylarginine (SDMA), and Beta-aminoisobutyric acid (BAIB).'* Despite its known functions,
the involvement of AGXT2 in HCC pathogenesis has not been documented. Our investigation identified varying levels of
AGXT?2 expression in HCC tissues and blood samples, indicating its potential utility as a biomarker. Furthermore, our
findings suggest that AGXT2 may modulate the low density lipoprotein receptor(LDLR), proprotein convertase subtilisin/
kexin type 9(PCSK9), and cholesterol metabolic pathways, highlighting its significant role in the lipid metabolism of HCC.

Materials and Methods

Data and Sample Collection
The RNA sequencing (RNA-seq) data and clinical information for 371 patients with liver HCC (LIHC) and 50 adjacent
tissues were retrieved from the Cancer Genome Atlas (TCGA) database at https://portal.gdc.cancer.gov/. Additionally,

data on healthy liver specimens (n = 110) were obtained from the Genotype-Tissue Expression (GTEx) repository via
UCSCXENA (https://xenabrowser.net/datapages/). The RNA-seq data in transcripts per million (TPM) format from
TCGA and GTEx underwent standardized processing using the Toil pipeline.'

The BioGPS database was used to study AGXT2 expression in healthy human tissues using the Ul33plus2
Affymetrix microarray. Z-scores were generated using the R software package “frma”. A z-score above 5 indicates
gene expression in that tissue. BioGPS default settings include lines at the median, 3 times the median, and 10 times the
median. On the NCBI website, GEO datasets and input GSE63898'® were selected in the search box to access AGXT2
expression data from HCC patients and normal liver controls for statistical analysis. Patient consent and ethical approval
were obtained for the study, which was conducted at Chongqing University Three Gorges Hospital in China.

Lentivirus Production

The full-length cDNA sequence of AGXT2 (Gene ID: 64902; Transcript ID: NM_031900.4; CDS length: 1545bp) was
cloned from plasmid pHBLV-AGXT2 (Cat.LV002-b, CS5003831, made in Canada, www.abmGood.com, Hanheng Biotech
Co. Ltd)., which carried the ZsGreen-PURO viral marker and a 3xflag tag. The AdEasy system was used to create the

recombinant Ad-AGXT?2 lentivirus, similar to a lentivirus expressing green fluorescent protein and a puromycin selection
marker. The Ad-AGXT2 group consisted of pHBLV-CMV-MCS-3FLAG-EF1-ZsGreen-T2A-Puro Lentivirus, whereas the
control group consisted of the lentivirus in pHBLV-U6-MCS-CMV-ZsGreen-PGK-Pure-Lentivirus.

Western Blot Analysis
Proteins were separated from cells via electrophoresis using SDS-PAGE and subsequently transferred to PVDF
membranes. The membranes were then incubated with primary antibodies targeting AGXT2 (1:7000; Cat. no. 66602-
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1-Ig; Proteintech), LDLR (1:800; Cat. no. R380860; Zenbio), PCSK9 (1:800; Cat. no. R25297; Zenbio), angiopoietin like
4 (ANGPTLA4) (1:800; Cat. no. R23468; Zenbio), and B-catenin (1:6000; Cat. no. CPA9066; cohesion). Following this,
the membranes were exposed to a secondary antibody conjugated with horseradish peroxidase (Abcam). Protein bands
were visualized using the Super Signal West Pico Chemiluminescent Substrate Kit from Millipore. B-actin served as the
internal control. The experiments were conducted three times separately.

Enzyme-Linked Immunosorbent Assay (ELISA)

The AGXT2 ELISA kit (product no: MB-15972A, lot no. 202112) was purchased from Jiangsu Enzyme Label
Biotechnology Co. Ltd. for research purposes only. The kit includes Stop Solution, which changes color from blue to
yellow, with color intensity measured at 450 nm using a spectrophotometer. Calibration standards were included to
measure the AGXT2 concentration in the samples.

Cell Culture

We used the human epithelial Huh7 cell from the DCTD Tumor Repository (National Cancer Institute, Frederick, MD, USA).
Cell lines were grown in DMEM medium (Thermo Fisher Scientific, Waltham, MA, USA) with 10% heat-inactivated fetal
bovine serum (Biosera, Boussens, France) and penicillin/streptomycin (Solarbio, P1400) in a humidified incubator at 37°C
with 5% CO,. Both types of cells were placed in 6-well dishes and grown until they reached sub-confluency, which is defined
as less than or equal to 80% culture dish coverage. Each cell culture experiment was conducted three times.

RNA Sequencing

Huh7 cells were infected with Ad-AGXT2 for 48 h before RNA-seq. RNA was isolated using TRIzol, and RNA-seq studies
were conducted using Panomix, ShuZhou. Oligo(dT) magnetic beads were used to enrich mRNA-containing total RNA. 300
bp fragments were selected using ion disruption, and cDNA was synthesized from RNA using random primers and reverse
transcriptase. The second cDNA strand was created using the initial cDNA strand as a guide, followed by PCR amplification to
increase the library size to 450 bp. The library was then analyzed for concentration and quality using the Agilent 2100
Bioanalyzer before blending libraries with different index sequences based on their concentration and data requirements. The
library was diluted to 2 nM, denatured, and sequenced using NGS technology on the Illumina HiSeq platform.

Differential Gene Expression Analysis

We compared gene expression between the overexpressing group and the control group using DESeq to identify
differentially expressed genes with an absolute log2-foldchange > 1 and a p-value < 0.05. We visualized the results
with volcano plots, Venn diagrams, and an annular heatmap using ggplot2.'”

Gene Ontology and Pathway Analysis

Gene ontology (GO) annotations were gathered from diverse sources, and significant categories were identified through
the application of Fisher’s exact test with false discovery rates (FDR) correction. Pathway analysis was carried out
utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to ascertain crucial pathways associated with
differentially expressed genes. Fisher’s exact test was employed to detect noteworthy pathways, with significance
assessed based on both the p-value and the FDR threshold. Functional enrichment analysis was executed using Gene
Set Enrichment Analysis (GSEA), GO, and KEGG, along with progeny enrichment analysis facilitated by the R packages

ELIT)

“fgsea”, “clusterProfiler”, and “progeny”.

Reverse Transcription (RT)-PCR and Real-Time PCR

Transfected cells were lysed using TRIzol (Takara). The RNA was subjected to reverse transcription using All-In-One 5X
RT MasterMix from abm (Cat. No. G592). BlasTagTM 2X qPCR MasterMix (abm, Cat. No. G891) was utilized to
measure the expression levels of specific genes in a real-time fluorescent quantitative PCR assay system (qTower2.2,
313B0O305, Jena, Germany). Relative expression was determined by comparing the transcription level to the expression
of GAPDH. Invitrogen synthesized the primers, which can be found in Table 1.
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Table | The Primers Used for qPCR Analysis

Gene Gene Primer Sequence (5'-3')

AGXT2 F: TCCCGGACATCAGTAACCAAG
R: ACTGGTATCTTTCAGGCATGAAG

LDLR F: TCAAGTGTCACAGCGGCGAATG
R: GTTGGTGAAGAAGAGGTAGGCGATG

PCSK9 F: GAGGACGGCGACTACGAGGAG
R: CTGAGGCAGGAGAACCACTTGAAC

GAPDH F: TGTTTCCTCGTCCCGTAGA
R: ATCTCCACTTTGCCACTGC

Si-NC F: UUCUCCGAACGUGUCACGUCTIT
R: ACGUGACACGUUCGGAGAATIT

Si-AGXT2 | F: CCUGAAAGAUACCAGUCCCUU tt
R: AAGGGACUGGUAUCUUUCAGG tt

Histological and Immunohistochemistry

Liver samples were fixed in 4% paraformaldehyde and processed for histological analysis by embedding them in paraffin.
Subsequently, the samples were sectioned into 4.5 mm slices and prepared for staining with hematoxylin and eosin
(H&E) or immunohistochemistry (IHC) using antibodies targeting AGXT2 (1:1000) and B-catenin (1:500). For the IHC
procedure, the samples were incubated with a secondary antibody against rabbit IgG (ZSGB-BIO, Beijing, China) and
visualized with 3.30-diaminobenzidine (ZSGB-BIO). Slides were scanned using a Pannoramic Scan 250 Flash or MIDI
system, and pictures were captured with Pannoramic Viewer 1.15.2 (3DHistech, Budapest, Hungary).

Ultra-High Performance Liquid Chromatography-Tandem Mass Spectrometry (UPLC-
MS/MS)

The samples were thawed at 4°C. Then, 100 mg was transferred to a 2 mL centrifuge tube. The specimen was sonicated
with 0.3 mL of ethanol at 25°C for 30 min and centrifuged at 12,000 rpm for 10 min. The supernatant was filtered
through a 0.22 pm membrane and examined using UPLC-MS/MS from BioNovoGene. A quality criteria sample was
made by combining 30 pL of filtrate from each supernatant. Quality assurance samples were utilized to track the
variation in the analysis outcomes of the combined sample blends and to contrast this variation with the analyzer’s

inherent error. UPLC-MS/MS was used to test the remaining samples.'®'®

Combined Transcriptome and Metabolome Analysis

Metabolome and transcriptome data are integrated to analyze metabolism and transcription. This involves comparing
metabolite and mRNA levels, identifying correlations between metabolites and genes, and creating a network to pinpoint
key genes affecting metabolite changes. Enriched KEGG pathways are also examined to understand the relationship
between metabolites and genes, providing a comprehensive view of biological processes.

Oil Red O Stain

During setup, a glass shard was placed in a 6-well dish, cells were grown to 80% confluence, and plasmid and siRNA
were added. After 48 h, the oil red O test was stained using a kit from Solarbio (G1262). The cells were then washed with
PBS, fixed with red O fixative and oil for 20-30 min, washed with distilled water, soaked in 60% isopropyl alcohol, and
then stained with oil red O dye solution. Remove the colorant and wash with 60% isopropyl alcohol until the cells are
transparent. Rinse, stain nuclei with Mayer’s hematoxylin, rinse again, apply oil red O buffer for 1 min, and then observe
under a microscope after adding distilled water.
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SiRNA Transfection

The siRNA (from GeneBiogist in Shanghai, China, with gene ID 64902) was diluted in RNase-free water to
a concentration of 40 nM and then refrigerated at 4°C. Lipofectamine 3000 from Thermo Fisher was thinned in Serum-
free medium (diluted at a ratio of 1:50) and kept at room temperature. The siRNA was combined with the transfection
agent in the solution. After 24 h, the cells that had been transfected successfully were recognized. The siRNA sequences
are listed in Table 1.

Plasmid Transfection
The AGXT2 overexpression plasmid and control vector were purchased from the MiaoLing Plasmid Platform in Hubei,
China. Cells were transfected with Lipofectamine 3000 following the manufacturer’s instructions. Transfection was done

in serum-free medium and switched to serum-containing medium after 6 h for continued culture.

Protein—Protein Molecular Docking

The first step involved searching the UniProt database for human AGXT2 and LDLR proteins. AGXT2’s structure was
predicted using alphafold2, while LDLR prediction used a 11JQ structure. Various operations were performed on the
proteins, including bond distribution, hydrogenation, and optimization of the hydrogen bond network. The optimized
potentials for liquid simulations (OPLS) force field was used to minimize protein energy before molecular docking with
the Schrodinger Piper module. Docking was performed in standard mode with 70,000 rotatable probes for the ligand and
30 conformational samples generated. Only one strand was used for docking proteins with multiple strands. Piper
grouped the first 1000 rotational conformations by RMSD and selected representative conformations with the most
neighbor in each class. The resulting conformations were ranked based on the number of clusters, with those with the

most clusters selected for further analysis.

Co-Immunoprecipitation

The co-immunoprecipitation assay was conducted using the Pierce™ Classic Magnetic Bead method, as outlined in the
co-immunoprecipitation Kit manufactured by Thermo Scientific (item no. 88804, REF 1861603, lot no. XL358320,
USA). Cultured cell lysate was incubated with a specific antibody for immunoprecipitation for either 1-2 h at room
temperature or overnight at 4°C. The antigen/antibody complex was then bound to Protein A/G magnetic beads and
incubated for 1 h at room temperature. The beads were then washed twice with IP Lysis/Wash Buffer and once with
distilled water before the separation of the antigen/antibody complex.

Transwell Assays

An 8-um pore transwell compartment from R&D Systems was used for migration and invasion tests. A total of 50,000
cells were added to the top chamber without serum, while a serum-containing medium was added to the lower chamber.
Matrigel was used for the invasion tests. After a 24-h incubation, the cells were stained with crystal violet and analyzed.

Scratch Test Assay
Huh7 cells were grown in 6-well plates until almost fully grown. The cells were then scraped off gently and rinsed with

serum-free medium. The remaining cells were observed for migration progress at 0 h and 48 h.

DNA Content Quantitation Assay (Cell Cycle)

The cells were transfected with AGXT?2 plasmid and siRNA, followed by collection and centrifugation. The cells were
then fixed with 70% ethanol for 2 h or overnight at 4°C. The solution was washed with PBS before staining. Cells can be
filtered if necessary. They were treated with RNase A and PI dye and then incubated at 37°C for 30 min. After incubation
at 4°C for 30 min in the dark, red fluorescence was detected by computer at 488 nm.

Journal of Hepatocellular Carcinoma 2024:11 hetps: 1627

Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

Experiment of Subcutaneous Tumor Formation in NOD-SCID IL2Rynull (NTG) Mice
Fourteen 4-week-old NTG mice (SiPeiFu, Beijing, SCXK2019-0010) were divided into two groups, each consisting of
seven mice. The overexpression group received injections of Huh7 cells transfected with overexpressed lentivirus (phblv-
adAGXT2) subcutaneously under the armpit, while the control group received unilateral axillary subcutaneous injections
of blank Huh7 cells. The mice were observed for a period of 28 days. The mice experiments were performed in
accordance with the “Guide for the Care and Use of Laboratory Animals” of the National Institute of Health in China and
approved by the Ethics Committee of Chongqing University Three Gorges Hospital (file number: SXYYWD2023).

Quantification and Statistical Analysis

Each cell and biochemical assay was repeated a minimum of three times to ensure robust and conclusive results, while
human tissue experiments were replicated twice. Data analysis was performed using SPSS 29.0 and GraphPad Prism 8 to
compare the outcomes across the various groups. Statistical analyses included the two-tailed Student’s ¢-test for pairwise
comparisons, one-way ANOVA with Tukey’s post-test for single-variable assessments, two-way ANOVA with
Bonferroni’s post-test for dual-variable analyzes, and the Pearson coefficient for evaluating linear correlations between
variables. We use the normality test of the data distribution to evaluate whether the data conforms to the hypotheses of
the statistical test. Statistical parameters are located in the figure captions, with values below 0.05 deemed statistically

significant.

Results
Expression Profile of AGXT2 at the mRNA Level Based on TCGA, BioGPS, GTEx,
GEO Database, and HCC Patients

We investigated AGXT2 mRNA expression levels in diverse human tumor types by interrogating the TCGA database.
AGXT?2 exhibited significantly diminished expression in several tumor tissues, including liver hepatocellular carcinoma
(LIHC), cholangiocarcinoma (CHOL), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), and
kidney renal papillary cell carcinoma (KIRP). However, we found no substantial differentiation of the gene in numerous
other tumor types. These findings imply that AGX72 may have varying implications for the pathogenesis of liver and
kidney tumors (Figure 1A). We employed the BioGPS database to examine AGX72 mRNA expression levels in various
normal human tissues. AGXT2 demonstrated significantly elevated expression in the kidney, kidney cortex, kidney
medulla, and liver. Other tissues exhibited low levels of AGXT2 expression (Figure 1B). The levels of AGX7T2 mRNA
exhibited a significant decrease in HCC when compared to normal liver tissues, as evidenced by data from TCGA and
GTEXx databases (p < 0.001, Figure 1C). GSE63898 data also indicated a significant decrease in AGXT2 mRNA levels in
HCC tissues when compared to normal liver tissues (p < 0.001, Figure 1D). The expression of AGXT2 gene mRNA was
significantly downregulated by real-time reverse transcriptase-polymerase chain reaction (RT-qPCR) in 32 cases of HCC
(p <0.001, Figure 1E).

The Expression of AGXT2 Was Downregulated in HCC Tissues and Serum

AGXT?2 has the potential to serve as a diagnostic marker for HCC in pathological assessments. Western blot analysis
showed a notable decrease or lack of AGXT?2 protein expression in the cancer tissues of 12 HCC patients compared to
the adjacent liver tissues, with a significant value of p = 0.0011 (Figure 2A and B). AGXT?2 protein expression was also
significantly downregulated in the sera of 40 patients with liver cancer, as detected by ELISA, compared to the sera of 40
normal persons (Figure 2C). We conducted IHC staining on a tissue microarray containing 40 human primary liver
tumors and corresponding normal liver tissues to investigate the presence and clinical significance of AGXT2 in HCC.
Interestingly, we discovered a notable decrease in AGXT2 expression in human liver tumors compared to nearby normal
liver tissues. Specifically, it was feasible to differentiate tumor tissue from neighboring normal tissue visually

(Figure 2D). Under a microscope, we could clearly distinguish liver cancer tissue from adjacent tissue (Figure 2E and F).
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analyzed using Western blot assay. (B) Statistical analysis of AGXT2 protein levels in 12 pairs of human liver tumors and adjacent normal liver tissues was conducted through
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from a liver cancer patient were examined.

Notes: Significance levels are denoted as follows: *p < 0.05, *p < 0.01, **p < 0.001).

1630 https://doi.org/10.2147/JHC.S470250 Journal of Hepatocellular Carcinoma 2024:1 1
DovePress


https://www.dovepress.com
https://www.dovepress.com

Dove Chen et al

RNA-Seq Data and UPLC-MS/MS Data Analysis from Huh7 Overexpressing AGXT?2
Initially, we established an AGXT2-overexpression model in Huh7 cells through infection with Ad-AGXT2 and Ad-GFP.
RNA-Seq analysis was performed on extracted total RNA to identify differentially expressed genes (DEGs). Over
92.51% of Q30 bases were present, and the alignment rate of clean reads with the specified reference genome fell
between 94.02% and 94.48%. A total of 15481 genes were detected. The heat map created with the DEGs showed that
415 genes were upregulated and 345 genes were downregulated in the cells with AGXT2 overexpression (Figure 3A).
Using the AGXT2-overexpression model, we examined the 60 most differentially expressed genes. There were notable
increases in expression levels of the genes such as AGXT2, CASP14, HSPAIB, HSPAS, EGLN3, HSPA1A, COL6A42, and
ANGPTLA4, while genes such as FGF21, CHACI, CTH, UNC5B, ATF3, PSG4, and CLDNI showed significant decreases
(Figure 3B). The genes controlled by AGXT2 are closely associated with biological function and strongly linked to
tumorigenesis. To understand the varying status of DEGs, we employed a volcano plot to display the gene expression
level on the horizontal axis and the differences in gene expression between groups on the vertical axis, as depicted in
Figure 3C. We then identified differentially expressed transcripts (DETs) in the AGXT2 overexpression model. The
combined number of metabolites identified in the Ad-AGXT2 and Ad-GFP analyses was 261, as illustrated by the
differential expression tags visualized in a heatmap (Figure 3D). The total number of differential metabolites was 42
DETs (Figure 3E). Some of the DETs exhibited distinguished transcriptome profiles (17 upregulated and 25 down-
regulated DETs) (Figure 3F). Following AGXT?2 gene overexpression in Huh7 cells, cholesterol was most significantly
downregulated in metabolites (Log FC = —7.01, p = 0.0129) (Figure 3G).

AGXT?2 Regulates Intracellular Cholesterol Levels by Affecting LDLR and PCSK9

We performed a KEGG pathway enrichment joint analysis using DEGs and DETs. Lipid and atherosclerosis pathways
were the most significant (p = 8.63E-07). Cholesterol metabolic pathways can influence the source and transport levels of
cholesterol. Consequently, to understand the mechanism of AGXT2 regulation of cholesterol, we chose to study the
cholesterol metabolic pathway (Figure 4A). We intersected 51 genes of the cholesterol metabolic pathway with the top
500 DEG genes of the overexpressing AGXT2. We obtained three intersecting genes: ANGPTL4 (Log2FC =229, p =
3.366E-29), LDLR (Log2FC =1, p = 8.649E-13), and PCSK9 (Log2FC = 1.78, p = 2.654E-07) (Figure 4B). According to
the cholesterol metabolism pathway map, ANGPTL4 mainly regulates extracellular triglyceride and fatty acid metabolism
in the liver. Therefore, we focused on LDLR and PCSK9 and verified the upregulation of LDLR mRNA and PCSK9
mRNA by RT-qPCR. We found the results consistent with the seq-RNA results (Figure 4C). An experiment using oil red
O staining was performed to identify the increased expression of AGXT2 plasmid and alterations in lipid droplets
following siRNA knockdown in Huh7 HCC cells. Different interventions of the AGXT2 gene were divided into five
groups: overexpressed plasmid Ad-AGXT2 group, no-loaded pcDNA3.1 group, siRNA-AGXT2 group, siRNA-NC
group, and control group. We found that lipid droplets increased after AGXT2 knockdown (p = 0.0001) and decreased
after AGXT?2 overexpression (p = 0.0179) (Figure 4D). Protein—protein docking computer software analysis showed that
AGXT?2 protein and LDLR protein had six hydrogen bonds and one salt bridge (Figure 4E). Subsequent to AGXT2
overexpression, the protein levels of LDLR were downregulated, while those of PCSK9 were upregulated. Conversely,
there was no significant variance in ANGPTL4 protein expression (Figure 4F). A plasmid encoding the AGXT2-3HA tag
was constructed and transfected into 293T cells. A co-immunoprecipitation experiment was carried out, revealing the
binding of the AGXT2 protein to the LDLR protein (Figure 4G).

AGXT?2 Inhibits the Growth and Spread of Tumors in Living Organisms and in vitro

Huh7 cells were incubated with SIRNA-AGXT2 and Ad-AGXT2 for 48 h to activate or inhibit AGXT2 expression,
respectively. The migration ability of the cells was detected using the scratch test. A transwell migration assay was used
to detect the invasion ability of the cells and statistically analyzed using ImageJ computer software. The scratch assay
results showed a significant increase in the proportion of wound healing after AGXT2 inhibition, while it was
significantly decreased after AGXT2 upregulation (Figure 5A). The statistical analysis results obtained from Imagel
and GraphPad revealed a significant disparity in the proportion of cells participating in the process of wound healing
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(Figure 5B). The transwell migration assay results showed that the siRNA-AGXT2 group had the highest number of
penetrated cells (p = 0.0049). The number of penetrating cells in the Ad-AGXT2 group was the highest (p = 0.0120), and
the difference was statistically significant. The results showed that the invasive ability of the cells was significantly
increased after AGXT2 knockdown, while the invasive ability was decreased after AGXT2 activation (Figure 5C).

Flow cytometry analysis showed that Huh7 and HepG2 cells were blocked in the G2 phase after the overexpression of
AGXT?2 (Figure 5D).

Further, the NTG mice experiment revealed that the ability of subcutaneous tumor formation was reduced with
AGXT2 overexpression, in contrast to the AGXT2 overexpression group and the blank Huh7 cell control group
(Figure 5E). Overexpression of AGXT2 inhibited the formation of subcutaneous tumors in the NTG mice, with
a statistically significant difference (Figure 5F). H&E staining was performed on the subcutaneous tumor tissues of
NTG mice (Figure 5QG).

The predictive significance of the AGXT2 protein in individuals with HCC was assessed in a clinical group using
gene expression profiling interactive analysis (GEPIA2). Low expression of AGXT2 protein indicated poor overall
survival (Figure 5H).

Discussion

Globally, primary liver cancer ranks second in terms of death rates from cancer.’® Hepatitis B virus infection (HBV),
hepatitis C virus infection (HCV), and nonalcoholic fatty liver disease are the primary culprits behind the majority of liver
cancer cases.”' Approximately 90% of liver cancer cases are HCC cases that arise due to prolonged liver inflammation.**

The bidirectional interaction between tumor metabolic dysregulation and epigenetics is the driving force of tumor
progression.® Cancer is often associated with disruptions in cholesterol balance. Cholesterol is crucial in the diverse
functions of cancer cells, such as regulating membrane traffic, internal signal transmission, and the synthesis of hormones
and steroids.”> In cancer cells, cholesterol metabolic reprogramming is mainly manifested by increased intracellular
cholesterol synthesis, increased activity of multiple genes related to cholesterol synthesis in tumor tissues, and abnormal
cholesterol accumulation in cancer tissues.”* Cancer cells maintain the high cholesterol levels needed for rapid
proliferation by increasing cholesterol biosynthesis or cellular uptake. Increased cholesterol metabolism in cancer cells
can enhance the processes that lead to cancer, including the formation, movement, and growth of tumor cells.’

AGXT?2, a versatile aminotransferase found in mitochondria, was initially discovered in 1978. The physiological
importance of AGXT2 has been largely overlooked for four decades.?® Previous research has reported that AGXT2 plays
a key regulatory role in diabetes, hypertension, ischemic stroke, coronary heart disease, arteriosclerosis, fatty liver
disease, and other metabolic diseases.”® >’ Currently, there is a lack of studies linking alterations in AGXT2 expression to
the development of cancer and cholesterol metabolic reprogramming in HCC. Nevertheless, contemporary genomic and
metabolomic research has uncovered additional roles for AGXT2.'" Based on these studies, we speculate that AGXT?2
may be involved in the metabolic reprogramming of HCC.

Through bioinformatics analysis in this study, we revealed that the expression of AGXT2 mRNA was notably
decreased in liver cancer tissues. In the HCC patients we examined, AGXT2 mRNA and protein expression were both
significantly downregulated in cancer tissue compared to surrounding normal tissue by RT-qPCR and Western blot.
Furthermore, AGTX2 exhibited a notable decrease in serum levels among individuals diagnosed with HCC. Moreover,
the pathological immunohistochemical results of AGXT2 can be used for cancer identification by the naked eye. These
results prove that AGXT2 has potential and clinical application value as a molecular diagnostic marker for HCC.

To delve deeper into the function of AGXT2 in liver cancer, we developed a cellular model with increased expression
of AGTX2. Through the combined analysis of RNA-seq and UPLC-MS/MS omics, we found that AGXT2 can
significantly regulate the level of cholesterol in liver cancer cells. The oil red O experiment verified the conclusion
that overexpression of AGXT2 downregulated cholesterol. Cholesterol is one of the basic components of the animal cell
membrane and is involved in regulating membrane fluidity and phase transition. Furthermore, cholesterol is crucial for
the body’s normal physiological functions, as it serves as a precursor for bioactive compounds, such as steroid hormones
and bile acids.>*? Cholesterol and its related compounds (ancestors and byproducts) are significant factors in the
development of cancer. Recent research has highlighted the role of cholesterol metabolism in controlling various tumor-
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related processes, including oncogenic signaling pathways, ferroptosis, and the tumor microenvironment. Studies
conducted before clinical trials have shown that inhibiting cholesterol production and absorption can hinder the
development and expansion of tumors.>>

To delve deeper into the process of cholesterol reduction, we examined the KEGG pathway and identified AGXT2 as
a regulator of the cholesterol metabolism pathway. RT-qPCR and seq-RNA analysis demonstrated that AGX7?2 has the
ability to increase the mRNA content of LDLR and PCSKY. Our findings show that increased expression of AGXT2 led
to decreased levels of LDLR protein and increased levels of PCSK9 protein in the cholesterol metabolism pathway.
Additionally, co-immunoprecipitation experiments indicated that the AGXT2 protein interacts with the LDLR protein.
Major proteins carry cholesterol in the bloodstream, with LDL being taken up through endocytosis by binding to LDL
receptors on the plasma membrane surface.** LDLR acting as a solitary transmembrane receptor, plays a role in the
absorption of cholesterol and the maintenance of cholesterol balance in different cancer cells.”>*> LDLR plays a role in
the development of numerous types of cancer, and its abnormal expression have been observed in colon, prostate, lung,
ovarian, breast, and liver tumors. Knocked-down LDLR could sensitize while overexpressed LDLR could insensitize
epithelial ovarian cancer cells to the cytotoxic effects of cisplatin.*® LDLR has been discovered to play a role in multiple
signaling pathways, including the MAPK, NF-kB, and PI3K/Akt pathways that affect cancer cells and their nearby
environment.”> Numerous studies have verified that the hepatitis virus entry mechanism facilitated by LDLR is crucial in
controlling hepatitis virus transmission, potentially influencing the development of HCC caused by hepatitis virus
infection.’”** Studies have shown that LDLR plays a role in triggering the MAPK/ERK signaling pathway in response
to HCV-E2 protein, leading to the growth of human hepatoma Huh-7 cells.*® Increased expression of LDLR can speed up
the buildup of cholesterol inside cells by enhancing the absorption of external cholesterol, potentially leading to
inflammation and advancing the progression of HCC.*%#!

PCSKD9 has been recognized as a cancer inhibitor in liver cancer. PCSK9 plays a role in facilitating the entry of LDLR
and LDL into lysosomes by interacting with the EGF domain of LDLR, resulting in the degradation of LDLR and
ultimately lowering intracellular cholesterol levels.*? Consistently, we found a notable decrease in PCSK9 levels and
a substantial increase in LDLR levels in HCC tissues compared to neighboring liver tissues, which might have led to the
enhanced absorption of external cholesterol in the liver cancer tissues.*

AGXT?2 can reduce the transport of cholesterol into the cell by reducing the level of LDLR protein, reducing the level
of intracellular cholesterol, and regulating tumor metabolism. The mechanism by which AGXT2 affects LDLR protein
levels may involve two aspects. First, AGXT2 can cause LDLR protein degradation by upregulating PCSK9 protein
content without affecting the LDLR mRNA level. Second, AGXT2 may bind directly to LDLR proteins, leading to
protein degradation or other regulatory processes.

An in vivo experiment is necessary to verify the effect of the gene. As expected, our in vivo experiments revealed that
AGXT2 overexpression caused stable metastases of HCC carcinoma and showed reduced tumorigenic ability in
subcutaneous tumorigenesis of NTG mice compared to control mice. We also showed that AGXT?2 potentially hindered
the movement and penetration of liver cancer cells by disrupting the cell cycle. Thus, it appears that AGXT?2 plays a role
in inhibiting the growth and spread of liver cancer, as indicated by these findings from experiments conducted in living
organisms in a controlled environment.

Reduced metabolic activity in neighboring tissues and increased metabolic activity in cancerous tissues result in an
improved ability for liver cancer cells to utilize cholesterol, facilitating their acquisition of sufficient cholesterol from the
surrounding environment to support their proliferation and expansion. Following AGXT2 overexpression, we observed the
downregulation of the LDLR protein level, indicating that in HCC cells, cholesterol acquisition can be reduced by reducing
LDLR-mediated intracellular cholesterol transport, thereby reducing the growth and metastasis of liver cancer tumors.

Clearly, this study demonstrated that AGXT2 could serve as a diagnostic indicator for liver cancer, validated the
suppressive impact of AGXT2 in both living organisms and laboratory settings, and elucidated its potential mode of
operation; however, it also highlighted certain constraints. Currently, the connection between cholesterol and the onset of
liver cancer remains uncertain. Through the utilization of multi-omics sequencing and in vitro experiments, we
discovered that AGXT2 has the ability to control cholesterol levels and impede the proliferation and movement of
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liver cancer cells. Using AGXT?2 inhibitors or knockout mice is crucial for additional validation. Future research should
investigate the mechanism of AGXT2 in different liver cancer models in vivo.

Conclusion

The study determined that AGXT2 could serve as a diagnostic indicator for liver cancer and could lower intracellular
cholesterol levels in liver cancer cells by controlling LDLR and PCSK9 molecules in the cholesterol metabolism
pathway. Furthermore, AGXT2 was discovered to suppress the movement and penetration of HCC cells, arrest them
in the G2/M phase, and hinder the development of subcutaneous tumors in NTG mice. The absence of AGXT2 in liver
cancer, viewed from a mechanistic perspective, results in the buildup of cholesterol in liver cancer cells and fosters the
spread and spread of cancer by triggering the cholesterol metabolism signaling pathway controlled by LDLR. In
summary, AGXT?2 is a novel target for the diagnosis and metabolic treatment of HCC.

Animal Studies

This study is in accordance with the protocols of the Chongqing University Three Gorges Hospital and the “Guide for the
Care and Use of Laboratory Animals” of the National Institute of Health in China.
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