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Abstract
BACKGROUND
Hepatocellular carcinoma (HCC) is among the most prevalent cancers worldwide. Recent studies have indicated that 5-methylcytosine (m5c) RNA modifications play crucial roles in various biological processes through interactions with specific regulatory factors, including their involvement in the malignant progression of multiple tumors.

AIM
[bookmark: _Hlk214885638]To examine the impact of NOP2/sun RNA methyltransferase 5 (NSUN5), an m5c methyltransferase, on the functional behavior of HCC cells.

METHODS
NSUN5 expression in HCC and normal liver tissues was analyzed using the Gene Expression Profiling Interactive Analysis bioinformatics tool. Human normal hepatocytes (LO2) and HCC cells were examined. The m5c levels in cellular extracts and culture supernatants were quantified using enzyme-linked immunosorbent assay, while NSUN5 levels were quantified using quantitative reverse transcription polymerase chain reaction (for mRNA levels) and Western blotting (for protein levels). Changes in NSUN5 expression following silencing of NSUN5 using transfection with short hairpin RNA were determined. Functional assays were used to evaluate HCC cell growth (Cell Counting Kit-8 and Colony Formation Assays), migration and invasion (Transwell and Wound-Healing Assays), and cell cycle and apoptosis (flow cytometry).

RESULTS
NSUN5 mRNA was significantly upregulated in HCC compared with normal liver tissues, with expression levels varying across different HCC stages (P < 0.05). HCC cells – HepG2, HEP3B, Huh-7, SMMC7721, and SK-HEP-1 – showed significantly higher NSUN5 mRNA expression levels than the normal human hepatocyte line LO2 (P < 0.05). Following short hairpin RNA-mediated NSUN5 silencing, HepG2 and SMMC7721 cells exhibited reduced proliferation and growth, decreased migration and invasion, and enhanced apoptotic levels (P < 0.05); however, they showed no significant changes in cell cycles (P > 0.05).

CONCLUSION
Both HCC tissues and cell models consistently demonstrated elevated NSNU5 mRNA and protein expression. Genetic inhibition of the m5c methyltransferase NSUN5 suppresses HCC cell growth, reduces invasiveness and migration, and induces apoptosis.
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Core Tip: Epigenetic modifications are dynamic, reversible, and heritable chemical changes to biomolecules that occur without altering the sequence of nuclear DNA. Among these, the RNA modification 5-methylcytosine has garnered increasing attention. However, the roles of RNA modification 5-methylcytosine modifications and their modifying enzymes in gene regulation and chromatin organization remain largely unclear. While previous studies have reported the involvement of NOP2/sun RNA methyltransferase 5 in human cancers, its comprehensive role in hepatocellular carcinoma remains unexplored. Therefore, this study evaluates the effects of NOP2/sun RNA methyltransferase 5 on hepatocellular carcinoma cell growth, migration, and invasion at the cellular level.

INTRODUCTION
Globally, hepatic neoplasms rank among the most common cancers[1], with hepatocellular carcinoma (HCC) accounting for over 80% of cases. HCC is the sixth most frequently diagnosed cancer and the third leading contributor to cancer mortality worldwide[2]. Major risk factors include chronic hepatitis B or C virus infection and alcohol-related liver hepatopathy[3,4]. The high HCC mortality rate is primarily due to cancer metastases, complicated pathogenesis, and postoperative recurrence[5]. Moreover, the disease often presents with subtle or nonspecific symptoms, leading to late-stage diagnoses and poor long-term outcomes. Therefore, elucidating the molecular mechanisms of hepatocarcinogenesis remains a critical yet challenging area of research.
Epigenetic modifications are dynamic and reversible chemical alterations of biomolecules that occur without altering the nuclear DNA sequence. These modifications involve not only DNA and proteins but also RNA modifications, a relatively new area of research[6,7]. To date, more than 150 distinct RNA modification types have been identified, including N6-methyladenosine, which significantly influences epigenetic regulation and cellular processes. Such modifications have been implicated in a variety of human diseases, such as cancers, neurological disorders, and immune dysregulation[8-10]. Among these modifications, 5-methylcytosine (m5c) has attracted increasing attention[11]. However, its precise role in gene modulation, chromatin organization, and the mechanisms of its modifying enzymes remain to be fully elucidated. m5c modification depends on three classes of proteins: (1) Writers (methyltransferases); (2) Erasers (demethylases); and (3) Readers (methylation recognition proteins)[12]. NOP2/sun RNA methyltransferase 5 (NSUN5), one of the eight evolutionarily conserved m5c RNA methylases (NSUN1-7 and DNA methyltransferase 2), functions as a “writer” enzyme[13].
Previous studies have reported NSUN5 involvement in various human malignancies[14]. For example, epigenetic silencing of NSUN5 by DNA methylation has been identified as a marker of long-term survival in patients with glioma[15]. However, the specific functions of NSUN5 in HCC remain largely uncharacterized. Therefore, we aimed to investigate the role of NSUN5 in HCC initiation and progression, focusing on its modulation of cell proliferation, migration, and invasion at the cytological level.

MATERIALS AND METHODS
Bioinformatic analysis
NSUN5 mRNA expression profiles in HCC samples (n = 369) and normal liver tissue (n = 160) were obtained from the publicly available Gene Expression Profiling Interactive Analysis (GEPIA) bioinformatics tool. Gene expression patterns were subsequently analyzed based on tumor-node-metastasis staging classifications.

Cell cultivation
Normal human hepatocytes (LO2) and HCC cell lines (HepG2, HEP3B, Huh-7, SMMC7721, and SK-HEP-1) were obtained from the Cell Bank of the Shanghai Institute of Life Sciences, Chinese Academy of Sciences. LO2 cells were cultured in 10% fetal bovine serum (FBS)-enriched RPMI 1640 medium (Thermo Scientific, United States), whereas HCC cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. All cultures were incubated at 37 °C in a humidified atmosphere with 5% CO2. The day before transfection, logarithmically growing HCC cells were seeded into 6-well plates. When cell confluence reached 60%-80%, transfection was performed using NSUN5 short hairpin RNA (shRNA) constructs – shNSUN5-1 (NSUN5-i1: 5’-AGACCACACTCAGCAGTGGCTTCTTCGTT-3’), shNSUN5-2 (NSUN5-i2: 5’-GGCCAAGGTGCTAGTGTATGAGTTGTTGT-3’), and blank control vectors (all constructed by Shanghai GenePharma Co., Ltd.). Transfections were carried out according to the manufacturer’s instructions for the Lipofectamin 3000 kit (Invitrogen, Carlsbad, CA, United States). 

NSUN5 mRNA quantification
Total cellular RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Complementary DNA was synthesized using the PrimeScript RT Kit (Takara), which was then used as the template for quantitative polymerase chain reaction (qPCR). The qPCR was performed under the following conditions: (1) An initial hold at 50 °C for 2 minutes and 95 °C for 3 minutes; and (2) Followed by 40 cycles of 95 °C for 10 seconds and 65 °C for 30 seconds. Gene-specific primers were designed and synthesized by Sangon Biotech (Shanghai) Co., Ltd., as follows: (1) NSUN5: F: 5’-CTTCTGAAGAACCAAGGGAAGA-3’, R: 5’-AGCCAGTTCACAGCAAGAG-3’; and (2) GAPDH: F: 5’-GGACCTGACCTGCCGTCTAGAA-3’, R: 5’-GGTGTCGCTGTTGAAGTCAGAG-3’. Each sample was analyzed in triplicate, using GAPDH for normalization, with relative quantification based on Ct values.

[bookmark: _Hlk215044309]Detection of RNA m5c modifications
Quantification of m5c was conducted using the MethyFlash 5-mC SimpleStep Enzyme-Linked Immunosorbent Assay Kit (fluorescence-based; Epigentek, United States) following the manufacturer’s protocol. Briefly, 200 ng of RNA was added to wells precoated with a binding solution for 90 minutes at 37 °C. Anti-m5c antibody, signal indicator, and enhancer solution were sequentially added at specified dilutions, followed by incubation at room temperature (RT) for 60 minutes. Following fluorescent substrate addition and a 3-minute incubation at RT, fluorescence was recorded (530ex/590em nm) on a Synergy H1 plate reader (BioTek, Vermont) for 2-10 minutes.

Western blotting
For all groups, cells were collected 48 hours posttransfection, and total protein was extracted using a commercial protein extraction kit according to the manufacturer’s instructions. Protein concentration was determined using a BCA Quantitative Kit. Equal amounts of protein samples were then electrophoresed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. After transfer, membranes were blocked with 5% skim milk for 2 hours at RT and then incubated overnight at 4 °C with primary antibodies against NSUN5 or β-actin (1:1000; Cell Signaling Technology). Membranes were rinsed three times with tris-buffered saline tween-20, followed by incubation with horseradish peroxidase–linked secondary antibody (1:1000, 2 hours, RT). After additional tris-buffered saline tween-20 rinses, protein membranes were developed using an enhanced luminescence chromogenic reagent and imaged with a chemiluminescence detection system. Band intensities were quantified using Image J (optical density analysis).

Determination of proliferative potential
The proliferative capacity of HCC cells was evaluated using a Cell Counting Kit-8 (CCK-8) Assay (Dojindo, Japan). The transfected cells were seeded into 96-well plates and maintained under standard conditions (37 °C, 5% CO2). Cell viability was measured at 24 hours, 48 hours, 72 hours, and 96 hours. At each time point, 10 μL of CCK-8 solution was added to each well and incubated for 2 hours. Optical density was then determined at 450 nm using a plate reader. All experiments were performed in triplicate, and the results were averaged for analysis. Transfected HCC cells (24 hours posttransfection) were seeded in 6-well plates (2 × 10³ cells/well) and cultured for 14 days in DMEM supplemented with 10% FBS under 5% CO2. After fixation with 4% paraformaldehyde for 30 minutes and staining with 0.1% crystal violet for 30 minutes, colonies containing ≥ 50 cells were microscopically quantified.

Measurement of cellular invasiveness
A Transwell Invasion Assay was performed to assess changes in HCC cell invasiveness. The Matrigel matrix was first polymerized in the upper chamber at 37 °C for 2 hours. Transfected cells were trypsinized after 24 hours of culture, resuspended in medium, and seeded into the Transwell chamber (1 × 105 cells/well). The upper chamber was filled with 200 μL of serum-free medium, while the lower chamber contained 600 μL of medium supplemented with 10% FBS. After 24 hours of incubation under standard culture conditions, the insert was processed by: (1) Mechanical removal of nonmigratory cells from the upper surface using a cotton swab; (2) Washing twice with PBS; (3) Fixation with 4% paraformaldehyde for 20 minutes; and (4) Staining with 0.1% crystal violet solution for 20 minutes. Invaded cells were then visualized and quantified under a microscope.

Evaluation of migratory capacity
Logarithmically growing cells (1 × 106/well) were transfected and seeded in 6-well plates until reaching 90% confluence. Mechanical wounds were then created by drawing a straight line across the center of each well using a 10 μL pipette tip. The cells were then gently washed thrice with PBS and incubated in medium for 24 hours. Images of the wound area were captured immediately after scratching and at 48 hours using an Olympus microscope. Migratory capacity was quantified using Image Pro Plus v6.0 software, and the migration rate was calculated as follows: [(initial scratch width - 24 hours scratch width)/initial width] × 100%. Triplicate experiments were performed to obtain the mean value.

Statistical analysis
Data analysis and graphical representation were generated using GraphPad Prism v8.0. Differences in NSUN5 expression between tumor and adjacent normal liver tissue were tested with the Wilcoxon rank-sum test. Quantitative data are reported as mean ± SD. Two-group comparisons were analyzed using either a two-tailed Student’s t-test or the Wilcoxon rank-sum test, while a one-way analysis of variance was applied for comparisons involving three or more groups. Significance was set at P < 0.05 (two-tailed).

RESULTS
NSUN5 expression in HCC
Data from GEPIA, comprising 369 HCC samples compared with 160 normal liver tissue samples, revealed significant NSUN5 mRNA upregulation in HCC samples compared with normal counterparts (Figure 1A). Moreover, NSUN5 expression varied notably across tumor-node-metastasis stages (Figure 1B). In vitro experiments demonstrated elevated NSUN5 mRNA levels in HepG2, HEP3B, Huh-7, and SMMC7721 cells compared with LO2 cells (P < 0.05; Figure 1C), as well as elevated NSUN5 protein expression in all HCC cell strains, except HEP3B cells (Figure 1D). Enzyme-Linked Immunosorbent Assay measurements further showed higher m5c expression in HepG2, HEP3B, and SMMC7721 cells compared with LO2 cells (Figure 1E), as well as elevated m5c levels in the supernatants of HepG2, HEP3B, SMMC7721, and SK-HEP-1 cells (Figure 1F). Based on these expression profiles, HepG2 and SMMC7721, which exhibited the most significant differences, were selected for subsequent functional studies.

Effect of silencing NSUN5 on cell proliferation and growth
Efficient NSUN5 knockdown in HepG2 and SMMC7721 cells was confirmed by qPCR and Western blotting analyses following shRNA transfection. Functional assays revealed that silencing NSUN5 significantly reduced HepG2 and SMMC7721 cell viability (CCK-8) and colony formation capacity (P < 0.05; Figure 2).

Invasive capacity of HepG2 and SMMC7721
Transwell invasion assays revealed that NSUN5 knockdown significantly reduced the invasive potential of HepG2 and SMMC7721 (P < 0.05; Figure 3).

Migration capacity of HepG2 and SMMC7721
Scratch assays demonstrated a statistically significant decrease in migration rates of HepG2 and SMMC7721 following NSUN5 knockdown (P < 0.05; Figure 4).

Cell cycle changes in HepG2 and SMMC7721
Flow cytometric analysis showed no significant differences in cell cycle phase distribution (G1/S/G2) after NSUN5 interference in either the HepG2 or SMMC7721 cell lines (P > 0.05), indicating that NSUN5 suppression does not affect cell cycle progression in these HCC cells (Figure 5).

Apoptosis rates of HepG2 and SMMC7721
NSUN5 silencing markedly increased apoptosis in both HepG2 and SMMC7721 cells (Figure 6), suggesting that NSUN5 contributes to the anti-apoptotic phenotype of HCC.

DISCUSSION
Initially identified in DNA, m5c is among the most abundant epigenetic modifications among hundreds of known chemical modifications[16]. In DNA, m5c functions as a regulator of gene expression and genome stability[17]. Advances in m5c detection have revealed widespread RNA m5c modifications, in which a methyl group from the donor is added to the fifth carbon position of cytosine bases in RNA. These modifications influence multiple aspects of RNA metabolism, including transcriptional regulation, translational control, RNA stability maintenance, and ribosomal assembly[18]. Recent studies indicate that m5c, through interactions with specific regulatory factors, participates in key biological processes, including oncogenic progression[19,20]. Notably, m5c regulators are frequently overexpressed in various cancers, such as gastric, pancreatic, breast, and leukemia[21-24]. Our data showed elevated m5c RNA levels in HCC cells and in HCC cell supernatants, prompting an exploration of m5c modifications in HCC. We focused on NSUN5 to characterize its biological function in HCC.
Comparative analysis using the GEPIA database revealed significant upregulation of NSUN5 in HCC tissues relative to adjacent normal liver tissue, as well as stage-dependent differences in expression. In vitro experiments confirmed elevated NSUN5 expression in HCC cell lines compared with normal hepatocytes. These findings align with previous analyses of The Cancer Genome Atlas data and 122 HCC patient tissue samples by Zhang et al[25], which also identified NSUN5 overexpression and linked it to poorer survival outcomes. Increasing evidence underscores the critical role of NSUN5 in tumorigenesis and the malignant progression of various tumors[26], with the protein exerting its biological effects through diverse molecular pathways. Jiang et al[27] reported NSUN5 upregulation in colon cancer tissues, where NSUN5 modulates cellular proliferation through cell cycle regulation. In esophageal squamous cell carcinoma, NSUN5 was also significantly upregulated and directly bound to the METTL1 transcript, enhancing its m5c modification[28]. In our study, initial screening identified two HCC cell strains, HepG2 and SMMC7221, for functional assays. NSUN5 knockdown through shRNA transfection markedly reduced HCC proliferation, migration, and invasion. Furthermore, flow cytometric analysis revealed a substantial increase in HCC apoptosis in NSUN5-silenced cells. However, contrary to Jiang et al’s findings[27] in colorectal cancer, NSUN5 depletion in HCC did not affect cell cycle progression, suggesting the need for further investigation into the role of NSUN5 in HCC cell cycle regulation. Similarly, among other m5c regulators, Hussain et al[29] reported that the methyltransferase activity of NSUN2 was dispensable for its effects on cell cycle and spindle stability, suggesting that NSUN5 may primarily influence apoptosis-related pathways or protein translation efficiency. Emerging evidence also implicates NSUN5 in ribosome biogenesis. Epigenetic silencing of NSUN5 has been shown to promote long-term survival in patients with glioma and to sensitize gliomas to bioactive compounds that generate oxidative stress[30]. These findings, together with our data, highlight the complexity of m5c-mediated regulation and the necessity for deeper investigation into the tumorigenic mechanisms of NSUN5.
This study has several limitations. First, we only preliminarily explored the regulatory effects of NSUN5 on liver cancer cell functions and did not predict or validate its downstream target genes. Second, the selection of cell lines was limited: Only two were used for functional assays, and the same analyses were not performed on the other two sets, which may exhibit distinct characteristics. Third, the study design did not include rescue experiments to verify specificity. The absence of such validation fails to rule out off-target effects of the shRNA (e.g., silencing other genes that cause phenotypic changes) and cannot definitively confirm that the observed phenotypic changes are specifically caused by NSUN5 deficiency. Therefore, a well-designed, comprehensive study is needed to further verify the role of NSUN5 in HCC.

CONCLUSION
In summary, we primarily demonstrated that the RNA m5c methyltransferase NSUN5 is highly expressed in HCC. Downregulation of NSUN5 inhibited HCC cell proliferation, migration, and invasion, while promoting apoptosis in vitro. These findings suggest that suppressing NSUN5 expression may serve as a potential therapeutic approach for HCC management.
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Figure 1 NOP2/sun RNA methyltransferase 5 expression in hepatocellular carcinoma tissues and cell lines. A: NOP2/sun RNA methyltransferase 5 (NSUN5) mRNA expression in hepatocellular carcinoma patients (Gene Expression Profiling Interactive Analysis database, normal tissues are matched The Cancer Genome Atlas adjacent tissue and Genotype-Tissue Expression data); B: Differential NSUN5 mRNA expression levels across different tumor-node-metastasis stages (Gene Expression Profiling Interactive Analysis database); C: NSUN5 mRNA levels across cell lines; D: NSUN5 protein expression across cell lines; E: Intracellular 5-methylcytosine RNA contents; F: The 5-methylcytosine RNA levels in cell culture supernatants. aP < 0.05, cP < 0.001 vs LO2. LIHC: Liver hepatocellular carcinoma; m5c: 5-methylcytosine; NSUN5: NOP2/sun RNA methyltransferase 5.
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Figure 2 Impact of silencing NOP2/sun RNA methyltransferase 5 on hepatocellular carcinoma cell proliferation and growth. A: NOP2/sun RNA methyltransferase 5 (NSUN5) mRNA expression in HepG2 post-NSUN5 knockdown; B: NSUN5 protein expression in HepG2 post-NSUN5 knockdown; C: HepG2 viability; D: Colony formation ability of HepG2; E: NSUN5 mRNA expression in SMMC-7721; F: NSUN5 protein expression in SMMC-7721; G: SMMC-7721 proliferation capacity; H: Clonogenic potential of SMMC-7721. aP < 0.05, bP < 0.01, cP < 0.001. NC: No control; NSUN5: NOP2/sun RNA methyltransferase 5; OD: Optical density.
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[bookmark: OLE_LINK2738][bookmark: OLE_LINK2739]Figure 3 Effects of NOP2/sun RNA methyltransferase 5 suppression on cellular invasion. A: Invasive capacity of HepG2 ost-NOP2/sun RNA methyltransferase 5 knockdown; B: Invasion potential of SMMC7721 with NOP2/sun RNA methyltransferase 5 depletion. cP < 0.001. NC: No control; NSUN5: NOP2/sun RNA methyltransferase 5.
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Figure 4 Scratch assay of hepatocellular carcinoma cell migration. A: HepG2 migration post-NOP2/sun RNA methyltransferase 5 interference; B: SMMC7721 migration upon NOP2/sun RNA methyltransferase 5 depletion. bP < 0.01, cP < 0.001. NC: No control; NSUN5: NOP2/sun RNA methyltransferase 5.
[image: 图示

AI 生成的内容可能不正确。]
Figure 5 Cell cycle analysis of HepG2 and SMMC772. A: Cell cycle distribution in HepG2 following NOP2/sun RNA methyltransferase 5 knockdown; B: Cell cycle profile of SMMC7721 after NOP2/sun RNA methyltransferase 5 interference. NC: No control; NSUN5: NOP2/sun RNA methyltransferase 5.
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Figure 6 Flow cytometric quantification of HepG2 and SMMC772 apoptosis. A: HepG2 apoptosis; B: SMMC7721 apoptosis. aP < 0.05, bP < 0.01, cP < 0.001. NC: No control; NSUN5: NOP2/sun RNA methyltransferase 5.
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