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A B S T R A C T   

Background: Head and Neck Squamous Cell Carcinoma (HNSCC) is a malignancy characterized by 
a high incidence and recurrence rate. 5-methylcytosine (m5C) RNA modification is a common 
alteration affecting cancer progression; however, how m5C operates within the tumor microen-
vironment of HNSCC remains to be elucidated. 
Methods: We conducted Nanopore sequencing on 3 pairs of cancer and paracancerous tissues from 
mid- and late-stage HNSCC, obtaining 132 upregulated genes (transcriptomically upregulated, 
m5C elevated) and 129 downregulated genes (transcriptomically downregulated, m5C reduced). 
Subsequent Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses were performed; a differential gene interaction network (PPI) was con-
structed, revealing the interactions of each gene with others in the network. Co-expression 
analysis was performed on the genes within the PPI, unveiling their expression and regulatory 
relationships. Through GSVA analysis, variations in related pathways under different states were 
identified. Furthermore, results of m5C in lncRNA were screened, followed by target gene 
prediction. 
Results: Sequencing results from the 3 pairs of mid- and late-stage HNSCC cancer and para-
cancerous tissues demonstrated that RPS27A, RPL8, and the lncRNAs including differentiation 
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antagonizing nonprotein coding RNA (DANCR), DCST1 antisense RNA 1 (CCDC144NL-AS1), 
Growth Arrest-Specific Transcript 5 (GAS5), Nuclear Paraspeckle Assembly Transcript 1 (NEAT1), 
and Small Nucleolar RNA Host Gene 3 (SNHG3), etc., under m5Cregulation, have close connec-
tions with surrounding genes. The differentially m5Cmodified genes are primarily involved in 
ribosomal protein synthesis, oxidative stress response, metabolic reprogramming, immunity, and 
other life processes; pathways like mitochondrial protein import and photodynamic therapy 
induced unfolded protein response are upregulated in the tumor, while pathways, including the 
classic P53, are suppressed. Analysis on m5C-regulated long non-coding RNAs (lncRNAs) revealed 
tight associations with RPS27A and RPL8 as well. 
Conclusion: Our study identifies the key factors and signaling pathways involving m5C in HNSCC. 
The findings suggest that ribosome-related genes might regulate ribosomal protein synthesis, 
oxidative stress response, metabolic reprogramming, and immune response through m5C RNA 
modification by means like hypoxia and ferroptosis, thereby playing a pivotal role in the onset 
and progression of HNSCC. Hence, attention should be paid to the role of ribosomes in HNSCC. 
These findings may facilitate the precision and individualized treatment of patients with mid- and 
late-stage HNSCC in clinical settings.   

1. Introduction 

HNSCC is a highly heterogeneous malignant tumor, originating from various regions within the upper respiratory and digestive 
tracts. In 2018, on a global scale, head and neck cancer ranked as the seventh most common cancer, with 890,000 new cases and 
450,000 deaths reported. In the United States, head and neck cancer comprises 3% of all cancers, with 51,540 new cases, accounting 
for over 1.5% of all cancer deaths, which totals to 10,030 deaths [1]. In China, approximately 90,000 new patients are diagnosed 
annually, with about 50,000 succumbing to the disease [2]. Over 60% of HNSCC patients are diagnosed at stage III or IV of the disease 
and possess a heightened risk of local recurrence in advanced stages of head and neck cancer (15% – 40%) as well as distant metastasis, 
presenting a poor prognosis (with an overall 5-year survival rate of less than 50%) [1]. 

Currently, surgical resection remains the most effective treatment approach for HNSCC. Patients who are not surgical candidates 
may undergo adjuvant radiotherapy or chemoradiotherapy (CRT) based on the staging of the disease. CRT has consistently been the 
primary modality for the treatment of pharyngeal carcinomas. Aside from early-stage oral carcinomas (treated solely by surgery) or 
carcinomas (which can be treated by either surgery or radiation), the majority of HNSCC patients require multimodal therapeutic 
strategies, thus necessitating multidisciplinary care. The monoclonal antibody cetuximab, which targets the Epidermal Growth Factor 
Receptor (EGFR; also known as HER1), has been approved by the U.S. Food and Drug Administration as a radiosensitizer, and can be 
used alone or in combination with chemotherapy for the treatment of recurrent or metastatic diseases. Immune checkpoint inhibitors 
have been sanctioned for the treatment of platinum-refractory recurrent or metastatic HNSCC. Nevertheless, the prognosis for met-
astatic, recurrent, and advanced HNSCC remains unsatisfactory, and there’s a dearth of knowledge concerning the mechanisms behind 
HNSCC progression and metastasis. Hence, there’s an urgent need to investigate the mechanisms underlying HNSCC progression to 
formulate novel therapeutic strategies [3]. 

RNA modifications, such as N6-methyladenosine (m6A), play pivotal roles in epigenetic gene regulation and cellular functions and 
are intimately associated with a multitude of human diseases, including cancers, neurological disorders, and immune dysregulations. 
Recently, an RNA modification that has garnered increasing attention is m5C modification. Analogous to m6A, m5C involves 
methylation at the fifth nitrogen of cytosine nucleotide, predominantly located within CG-enriched regions, and a myriad of m5C 
methylation sites are present in both coding RNAs and non-coding RNAs. Currently identified genes related to m5C are majorly 
categorized into three types: 1) writers: methyltransferases that facilitate RNA methylation modification, including NSUN1, NSUN2, 
NSUN3, NSUN4, NSUN5, NSUN6, NSUN7, DNMT1, DNMT2, DNMT3A, and DNMT3B. Erasers: demethylases, which negate methyl-
ation, include TET2. 3) readers: m5C-binding proteins that recognize and bind to m5C sites on mRNA, including ALYREF. The “writer” 
forms a methyltransferase complex and amplifies m5C levels, while the “eraser” operates as an m5C demethylase, counteracting the 
“writer” function. Furthermore, the “reader” acts as a decoding effector, translating m5C methylation information into functional 
signals. It is known that these regulators collaborate with m5C modification to participate in the progression of various tumors. 
Abundant evidence suggests that NSUN2, being a crucial component of the m5C methyltransferase complex, exerts non-negligible roles 
in numerous biological functions, such as cell differentiation, proliferation, migration, and is involved in tumorigenesis in an m5C- 
dependent manner. Immunohistochemical analyses have verified the overexpression of NSUN2 in various tumors, including those of 
the esophagus, stomach, liver, pancreas, cervix, prostate, kidney, bladder, thyroid, and breast. Using a specialized universal primer 
presents an opportunity to enhance understanding of expression patterns within the regulator family genes and potentially serve as 
predictive markers [4]. However, the regulatory mechanisms and distribution of m5C in human HNSCC remain largely uncharted, and 
the expression and function of these regulators in HNSCC are yet to be elucidated [5]. 

Ribosomes represent a complex assembly, composed of ribosomal RNA and ribosomal proteins, functioning as translational ma-
chinery that converts messenger RNA into proteins. Disruptions in these checkpoints and pathways can potentially lead to the 
hyperactivation of ribosomal biogenesis. The onset of ribosomopathies is associated with mutations in ribosomal proteins, rRNA 
processing, and ribosomal assembly factors, elevating the risk of malignant tumor development. Recent findings suggest that cancer 
cells possess a distinct set of ribosomes that promote the translational program of oncogenes, regulate cellular functions, and drive 
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metabolic reprogramming. Contemporary research has linked ribosomal protein mutations and aberrant ribosomes to poor prognosis, 
underscoring the promise of ribosome-targeted therapies for cancer patients [6]. Ribosomal protein S27a (RPS27a) encodes a fusion 
protein comprising an N-terminal ubiquitin and a C-terminal ribosomal protein S27a. RPS27a is a component of the ribosomal 40S 
subunit and belongs to the ribosomal protein S27AE family. It contains a C4-type zinc finger domain and is localized in the cytoplasm 
(https://www.genecards.org/cgi-bin/carddisp.pl?gene=RPS27A&keywords=RPS27a). RPS27a, as a ribosomal protein (RP), not only 
assembles into the ribosome but also functions independently of it. As an RNA-binding protein, RPS27a undertakes extra-ribosomal 
functions, encompassing ribosomal biogenesis and post-translational modification processes. RPS27a has been substantiated as a 
direct transcriptional target of p53. It plays roles in promoting proliferation, regulating cell cycle progression, and inhibiting apoptosis 
through overexpression in DNA damage and in various cancers, such as renal, breast, and colon cancer. Furthermore, RPS27a par-
ticipates in the progression of numerous diseases or cancers, such as liver cancer, chronic myeloid leukemia, and is associated with 
poor prognosis. It potentially serves as a latent target for EBV-induced LMP1-positive cancer cells, with its upregulation fostering the 
growth of colorectal cancer cells and inhibiting apoptosis, implicating in the pathogenesis mechanism of diabetes pancreatic ductal 
adenocarcinoma (PDAC), and it is also one of the pathway elements promoting the proliferation of HPV-immortalized cervical 
epithelial cells (H8), facilitating the occurrence of cervical cancer. The murine double minute 2 (MDM2)/P53 axis is the principal 
pathway through RPS27A regulates cancer development [7,8]. Liao et al. uncovered that RPS27A/USP9X induces the upregulation of 
PPP1R14B, elevates STMN1 activity, and results in breast cancer progression and resistance to paclitaxel [9]. Research by Li et al. 
suggests that RPS27A interacts with RPL11; the knockout of RPS27A enhances the binding of RPL11 and MDM2, thereby inhibiting 
MDM2-mediated p53 ubiquitination and degradation. Moreover, RPS27A plays a vital role in the progression and prognosis of lung 
adenocarcinoma (LUAD), positioning itself as a potential therapeutic target for LUAD patients [10]. Chen et al. elucidated the 
oncogenic role of GYS1 in the proliferation and glycogen metabolism of clear cell renal cell carcinoma (ccRCC) cells. Overexpression of 
GYS1 facilitated tumor growth, while its silencing inhibited tumor growth through the activation of the canonical NF-κB pathway. An 
indirect interaction between GYS1 and NF-κB, mediated by RPS27a, promoted the phosphorylation and nuclear import of p65 [11]. 
Ribosomal Protein S8 (RPS8), encoding a ribosomal protein which is a constituent of the 40S subunit, belongs to the ribosomal protein 
S8E family (https://www.genecards.org/cgi-bin/carddisp.pl?gene=RPS27A&keywords=RPS8). The human RPS8 gene spans 3,161 
bp and encompasses six exons. It is chromosomally located at 1p32-p34.1 [12]. RPS8 is associated with pancreatic ductal adeno-
carcinoma (PDAC) and may serve as a potential therapeutic target to enhance survival rates in pancreatic cancer [13]; it is upregulated 
in astrocytoma [14], significantly correlates with recurrence-free survival and overall survival time in lung adenocarcinoma (LUAD) 
patients [15], and can act as a novel biomarker for patients with alcohol-related liver cancer [16]. Ribosomal Protein L8 (RPL8), which 
encodes a ribosomal protein and is a component of the 60S subunit, belongs to the ribosomal protein L2P family and is located in the 
cytoplasm (https://www.genecards.org/cgi-bin/carddisp.pl?gene=RPL8). RPL8, a ferroptosis-related gene, exhibits expression 
significantly altered with the grading of pancreatic tumors, correlates with the prognosis of pancreatic cancer, and is associated with 
the progression of glioma [17]. Platelets, which participate in tumor angiogenesis and cancer progression, stand as potential sources of 
cancer biomarkers. Studies have revealed an upregulation of RPL8 in the platelet proteome of cancer patients [18]. 

In this study, we aim to elucidate the regulatory mechanisms and distribution of m5C in HNSCC using nanopore sequencing. By 
analyzing differential gene expression and constructing interaction networks, we seek to uncover underlying biological processes and 
signaling pathways. Additionally, we aim to predict target genes for selected lncRNAs, offering potential avenues for personalized 
therapeutic strategies in HNSCC patients. 

2. Materials and methods 

2.1. Data processing 

2.1.1. RNA extraction, library preparation, and sequencing 
Prepared RNA of each sample was used for a DRS library preparation using the Oxford Nanopore DRS protocol (SQK-RNA002, 

Oxford Nanopore Technologies). For reversed connector connection, 9 μL prepared RNA, 3 μL NEBNext Quick Ligation Reaction Buffer 
(NEB), 1 μL RT Adapter (RTA) (SQK-RNA002) and 2 μL T4 DNA Ligase (NEB) were mixed together and incubated under 25 ◦C for 10 
min. Afterwards, 8 μL 5 × first-strand buffer (NEB), 2 μL 10 mM dNTPs (NEB), 9 μL Nuclease-free water, 4 μL 0.1 M DTT (Thermo 
Fisher) and 2 μL SuperScript III Reverse Transcriptase (Thermo Fisher Scientific, 18080044) were added into the above 15 μL reaction 
system and incubated under 50 ◦C for 50 min then 70 ◦C for 10 min. Reverse-transcribed mRNA was purified with 1.8 × Agencourt 
RNAClean XP beads and washed with 23 μL Nuclease-free water, and subsequently sequencing adapters were added using 8 μL 
NEBNext Quick Ligation Reaction Buffer, 6 μL RNA Adapter (RMX) and 3 μL T4 DNA Ligase. The mix was purified and washed again as 
above, and 50 μL RRB (SQK-RNA002) were added with 35 μL Nuclease-free water. This final reaction system was loaded into Nanopore 
R9.4 sequencing micro-array and sequenced for 48 – 72 h using PromethION sequencer (Oxford Nanopore Technologies). This was 
performed by Seqhealth Technology Co., LTD (Wuhan, China). 

2.1.2. Analysis of RNA sequence 
Initially, the raw sequencing data were filtered through SOAPnuke (version 1.6.0), excising low-quality and contaminated reads. 

Clean Reads were first clustered based on Unique Molecular Identifier (UMI) sequences, grouping identical UMI sequences into the 
same cluster. Upon generating all sub-clusters, multiple sequence alignments were executed, deriving a consensus sequence for each 
sub-cluster. Preprocessing, Alignment, and Analysis of New Genes and Transcripts. The Guppy software (version 5.0.16) was employed 
for base calling of raw reads and evaluating read quality, with Guppy also executing trimming of adapter sequences. Nanofilt (version 
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2.7.1) filtered low-quality (Q-value < 7) and short-length reads (< 50 bp) [19]. Remaining clean reads were corrected using Fclmr2 
(version 0.1.2) and short-length RNA-Seq data [20]. Subsequently, clean reads from each library were aligned with the Homo sapiens 
genome assembly T2T-CHM13v2.0 genome using Minimap2 (version 2.17-r941) [21]. Samtools (version 1.10) calculated the align-
ment rate of clean reads with reference genes [22]. Fair was utilized to obtain consensus sequences based on alignment results (version: 
1.5.0; parameters: t 20). To minimize result redundancy, alignments differing only in 5′ exons were merged, and non-redundant 
transcript sequences were attained using StringTie software (version: 2.1.4; parameters: L –R conservative) [23]. Gffcompare soft-
ware (version: 0.12.1; parameters: R –C -K -M) was utilized to compare transcripts with known genome transcripts and identify new 
transcripts and genes [24]. In order to acquire comprehensive functional information for new transcripts, annotations were performed 
on transcripts across seven databases, including NR, Pfam, UniProt, KEGG, GO, KOG/COG, and PATHWAY, based on sequence sim-
ilarity and base sequence similarity. The differential expression genes were screened by R package (DEseq2) based on a cutoff criterion 
of fold change ≥ 2 and FDR < 0.05 [25]. 

2.1.3. Analysis of m5C RNA methylation 
m5C site identification was calculated based on the alternative model of methylation model constructed by Tombo software. 

Methylkit software was used to analyze differential methylation sites. Logistic regression test is used detect differential methylation; 
When there was only one sample in each group. 

2.1.4. Structural analysis of gene transcripts 
Compare the transcript with the known transcript of the genome. If there is a region outside the boundary of the original transcript, 

extend the untranslated region of the transcript upstream and downstream, so as to correct the boundary of the transcript. Suppa2 
software (https://github.com/comprna/SUPPA; parameters: f IOE - e se SS MX RI FL) were used to obtain the variable splice type of 
each sample, and supa2 (DiffSplice) was used to identify the difference variable splice between groups. Tofu software (version: 13.0.0; 
parameter: default) was used to compare and find the fusion transcript. CNCI (version: 2.0; parameter: default) and CPC2 (version: 
standalone_python 3 v1.0.1) software and Pfam were used to predict the coding potential of the newly identified transcripts. Tapas 
software(https://github.com/arefeen/TAPAS Parameter: L 50) were usded to identifies APA in combination with the reference 
sequence of RefSeq database. 

2.1.5. Functional annotation (GO) and pathway enrichment (KEGG) analysis 
The differentially expressed genes (DEGs) identified in the aforementioned control groups underwent functional annotation, uti-

lizing the annotation and visualization of GO terms and meta-views. Subsequently, the DEGs were introduced into FunRich, a tool for 
functional enrichment analysis (http://www.funrich.org/), utilized for the KEGG pathway analysis. GENEMANIA was employed to 
establish a gene-gene interaction network of the DEGs to evaluate their functionalities. 

2.1.6. Construction of the PPI network 
The overlapping genes were analyzed for intergene interactions using STRING v11.0 (https://string-db.org/) with default pa-

rameters. This analysis provided insights into their relationships, with a selection criterion set at a combined score of ≥ 0.4. Subse-
quently, network visualization was generated using Cytoscape software (v3.5.1; http://cytoscape.org/) with default parameters. Co- 
expressed hub genes: Co-expression analysis of genes within the PPI facilitated the elucidation of their expression relationships, 
subsequently uncovering their regulatory associations within this experiment. 

2.1.7. lncRNA analysis 
The newly identified transcripts underwent coding potential prediction using CNCI (version: 2.0; default parameters), CPC2 

(version: standalone_python3 v1.0.1) software, and Pfam. CPC2, a coding potential calculation software, aligns the transcripts with 
known protein databases using BLAST alignment. It evaluates the coding potential of each transcript based on the biological sequence 
features of its coding frame using a support vector machine classifier. CNCI effectively distinguishes coding and non-coding sequences 
based on the frequency spectrum of adjacent tri-nucleotides and can efficiently predict the coding potential of incomplete transcripts 
and antisense transcript pairs. The Pfam database contains high-quality domain structures of most known proteins. The number of 
transcripts predicted as noncoding by each software was statistically analyzed for intersection. Target genes corresponding to lncRNA 
were forecasted using the ENCORI database (https://starbase.sysu.edu.cn/index.php) with default parameters. 

2.1.8. Gene Set Variation Analysis (GSVA) 
The GSVA package in R software (version 3.6) was utilized for the analysis of m5C. Variations in related pathways under distinct 

conditions were identified from the TPM (Transcripts Per Million) values obtained from RNA-seq data of two sets of six samples. 
Pathways with divergent enrichment were filtered using the t-test method. 

3. Results 

3.1. Clinical information of head and neck squamous cell carcinoma specimens collection 

In our study of HNSCC, we first collect three clinical specimens to elucidate the molecular signatures associated with this disease 
(Table 1). Transcriptomic and epitranscriptomic sequencing were performed using nanopore sequencing technology for these 
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specimens. 

3.2. Diffrentially methylated m5C genes and differential expressed genes participate in ribosome related pathways 

We identified the global mRNA expression patterns in normal and cancer groups. The results showed that a total of 1,416 mRNAs 
were significantly dysregulated in cancer group compared with normal group, including 833 down-regulated mRNAs and 583 up- 
regulated mRNAs (Supplementary Table 1). Additionally, we identified 114,200 m5C sites (Supplementary Table 2). Then, we 
filtered for both differentially expressed genes and differentially expressed genes associated with m5C.; Through the comparative 
filtering of two sets of differential genes, genes which were upregulated in both the transcriptome and m5C, as well as genes which 
were downregulated in both, were identified. We acquired 132 upregulated genes (upregulated in both transcriptome and m5C) and 
129 downregulated genes (downregulated in both transcriptome and m5C) (Supplementary Table 3). 

Subsequently, we explored the potential function of differentially expressed genes and the overlap of these genes with differential 
methylated m5C. The GO biological process analysis results showed that the upregulated genes (upregulated in the transcriptome and 
m5C) were significantly associated with cytosolic ribosome; ribosomal subunit; ribosome; polysome and so on (Fig. 1A). The ribosome 
functions as a molecular machine, orchestrating the translation of mRNA into proteins, which indicating that these genes would be 
associated with translation process. Additionally, the downregulated genes (downregulated in the transcriptome and m5C) were 
enriched in blood microparticle; proton-transporting ATP synthase complex, coupling factor F(0); cytosolic small ribosomal subunit 
and so on (Fig. 1B). The findings suggest that ribosomes could play crucial roles in the cancer process, while m5C modifications may 
influence transcript processing. 

3.3. KEGG analysis 

Pathway analysis unveiled those upregulated genes, concurrent in both the transcriptome and m5C datasets, exhibited significant 
enrichment in pathways related to ribosome function, coronavirus disease (COVID-19), viral myocarditis, and more (Fig. 2A). 
Conversely, downregulated genes, showing consistent downregulation in both datasets, were notably enriched in pathways associated 
with staphylococcus aureus infection, complement activation, coagulation cascades, among others (Fig. 2B). Notably, these genes play 
pivotal roles in diverse biological processes, including ribosomal protein synthesis, response to oxidative stress, metabolic reprog-
ramming, and modulation of immune responses. 

3.4. Key gene identification and the prediction of regulation 

In order to understand the interactions between proteins encoded by differentially methylated and differentially expressed genes, 
these mRNAs were uploaded to the STRING database for PPI network construction. By constructing the interaction network of 
differentially methylated and differentially expressed genes, we ascertain the relationship each gene within the network shared with 
others (Fig. 3A). Following the extraction and sorting of the degree table for gene PPI (Table 2), we meticulously scrutinized the data to 
identify hub genes within the network. Employing co-expression analysis, we delved into the intricate relationships among these hubs 
and their neighboring genes within the PPI network (Table 3). Remarkably, our analysis illuminated the pronounced interconnec-
tedness of RPS27A and RPL8 with surrounding genes, underscoring their pivotal roles in the regulatory landscape, particularly under 
the influence of m5C modification. Furthermore, through conducting co-expression analysis on the genes within the PPI, we were able 
to discern their expressive interrelations, thereby revealing their regulatory relationships (Fig. 3B). 

3.5. GSVA analysis 

To analyze the functional dynamics and pathway alterations across a spectrum of samples, GSVA was employed. We utilized TPM 
values obtained from RNA-seq data of two sets of six samples to investigate variations in related pathways under distinct conditions. 
Through the analysis of gene signal values and their associated pathways, we predicted pathways associated with varied disease states. 
Notably, our findings indicate the upregulation of several signaling pathways in tumors, such as mitochondrial protein import and 
photodynamic therapy induced unfolded protein response. Conversely, numerous pathways, including the classical P53 pathway, were 
observed to act as inhibitory pathways within the tumors (Fig. 4). 

3.6. Analysis of lncRNA associated with m5C regulation 

We identified a total of 154 m5C gene-related lncRNAs within HNSCC samples compared with normal samples (Supplementary 

Table 1 
Clinical data of the samples.  

Patients Gender Age Tobacco Alcohol Stage 

I male 58 + +- T3N2CM0 
II male 60 – – T4N3bM0 
III male 47 + + T4aN1M0  
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Table 4). The m5C alterations pertaining to lncRNA are sifted from the differential m5C table. Subsequent to this, target genes of 
lncRNA are prognosticated. LncRNA with upregulated m5C, mRNA with transcriptional upregulation, lncRNA with downregulated 
m5C, and mRNA with transcriptional downregulation are sieved. Among these genes NEAT1, SNHG3 and GAS5 operate as crucially 
down-regulated lncRNAs, while EPB41L4A-AS1, PSMA3-AS1 and SLX1B-SULT1A4 act as pivotal up-regulated lncRNAs (Fig. 5). 

4. Discussion 

Despite m5C being a prevalent modification in RNA, its regulation and biological functions in pathological conditions, such as 
cancer, remain elusive [26]. m5C, a common mRNA modification, is located in the untranslated regions (UTRs) of mRNA transcripts. 
m5C has been identified in rRNA and tRNA and was recently discovered in mRNA. The methylation process of m5C is analogous to m6A, 
and m5C RNA methyltransferases (RNMT) belong to the DNA methyltransferase family. Although the roles of these enzymes in tumor 
development are still unclear, an increasing number of individuals believe that m5C levels are associated with cancer [27]. 

In order to investigate the regulatory mechanisms and distribution of m5C in HNSCC, we employed nanopore sequencing tech-
nology to conduct Direct RNA sequencing on a total of six specimens, including both cancerous and adjacent non-cancerous tissues 
from patients with advanced-stage HNSCC. We filtered the transcriptomic differentially expressed genes and those with m5C modi-
fications, identifying 132 upregulated genes (with concurrent transcriptomic and m5C upregulation) and 129 downregulated genes 
(with concurrent transcriptomic and m5C downregulation). Genes at the intersection were subjected to intergene interaction pre-
diction. Subsequent co-expression analysis of genes within the PPI network facilitated the discernment of their expression relation-
ships, thereby elucidating their regulatory correlations. Notably, through the co-expression analysis of central genes in the PPI, 
RPS27A and RPL8 were found to be intimately linked with surrounding genes under m5C regulation. 

In our study, we undertook an analysis of lncRNAs and identified those that are subject to RNA m5C modification. This group 
includes the lncRNA differentiation antagonizing nonprotein coding RNA (DANCR), the lncRNA DCST1 antisense RNA 1 (CCDC144NL- 
AS1), Growth Arrest Specific 5 (GAS5), Nuclear Paraspeckle Assembly Transcript 1 (NEAT1), and Small Nucleolar RNA Host Gene 3 

Fig. 1. The GO analysis of differential expressed genes. A. the upregulated genes (upregulated in the transcriptome and m5C). B. the downregulated 
genes (downregulated in the transcriptome and m5C). 

Fig. 2. The KEGG analysis for differential expressed genes. A. The upregulated genes (with elevated m5C transcription). B. The downregulated genes 
(with reduced m5C translation). 
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(SNHG3). DANCR, a cancer-associated lncRNA, is upregulated in various cancer types such as lung cancer, gastric cancer, breast 
cancer, and hepatocellular carcinoma (HCC) [28]. Its dysregulation plays a pivotal role in in vitro cancer cell proliferation, apoptosis, 
migration, invasion, chemotherapy resistance, as well as in vivo tumor growth and metastasis [29]. CCDC144NL-AS1, characterized by 
its 144N-terminal coiled-coil domain-like structure, is aberrantly expressed in HCC, ovarian cancer (OC), gastric cancer (GC), 
non-small cell lung cancer (NSCLC), and osteosarcoma. It has potential as a prognostic biomarker and therapeutic target for cancers 
[30]. GAS5 regulates various cellular functions in diverse human cancers including leukemia, cervical cancer, breast cancer, OC, 
prostate cancer, bladder cancer, lung cancer, GC, colorectal cancer, liver cancer, osteosarcoma, and brain cancer. It acts as a tumor 
suppressor in various tumor types, with its upregulation increasing tumor sensitivity to chemotherapy or radiotherapy, playing a 
previously underestimated but crucial role in therapy-induced resistance [31]. GAS5 can modulate intracellular levels of autophagy, 

Fig. 3. The PPI of intersecting genes and co-expression relationships among genes within the PPI. The colors indicate the magnitude of upregulation 
or downregulation, with red signifying upregulated genes and green indicating downregulated genes. Deep blue denotes genes of higher degree, 
while lighter shades indicate those of a lesser degree. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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oxidative stress, and immune cell function, playing a role in cell proliferation, invasion, and apoptosis [32]. NEAT1, a long non-coding 
RNA (lncRNA), promotes cell growth, migration, and invasion while inhibiting apoptosis in cancer cells when elevated [33]. NEAT1 
modulates the invasive phenotype of cancer cells, promotes tumor glycolysis and cancer metastasis, and interacts with tumor 

Table 2 
Degree of gene in PPI. Degree signifies the quantity of other genes related to 
the gene in question; for instance, a degree of 10 indicates that there are 10 
genes interacting with it. A larger degree denotes a higher number of genes 
interacting with it (Only the top 10 rankings are displayed).  

Name Style Degree 

MYC up 37 
RPS27A up 33 
RPS3 up 30 
RPS8 down 26 
RPS14 up 25 
RPL8 up 24 
PTEN down 22 
RPL27 up 20 
CASP3 up 20 
RPS24 down 20  

Table 3 
Co-expression analysis of hub genes in the PPI.  

Name Degree 

RPS27A 16 
RPL8 14 
RPS3 12 
RPS14 11 
RPL36 10 
MYC 10 
RPL22L1 8 
NIFK 8 
RPL38 8 
PSMD2 8 
EIF4G1 7 
RPL27 7 
NME2 6 
CCT4 6  

Fig. 4. Variations in relevant pathways under diverse sample conditions. The color scheme transitions from blue to red in the figure, representing an 
elevation in enrichment score values, indicating pathway activation. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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suppressor transcriptional inhibitors. It has also been shown to interact with cyclin-dependent kinases and enzymes associated with 
glucose metabolism [34,35]. SNHG3 is overexpressed in the majority of tumors, including breast cancer, osteosarcoma, glioma, 
laryngeal cancer, GC, colorectal cancer, renal cell carcinoma, HCC, lung cancer, acute myeloid leukemia, and epithelial ovarian cancer. 
It plays a crucial role in the biology of tumor cells, impacting processes like proliferation, migration, invasion, and apoptosis [36]. 
Through the analysis of lncRNAs associated with m5C regulation, we also identified a strong association with ribosomal genes such as 
RPS27a and RPL8. 

Consequently, we posit that RPS27A and RPL8 exert a significant influence on mid-to-late-stage squamous cell carcinoma of the 
head and neck through m5C modifications. An analysis of the sequencing data via Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis reveals that genes exhibiting m5C modifications predominantly participate in vital 
biological processes such as ribosomal protein synthesis, oxidative stress response, metabolic reprogramming, and immunity. Research 
by Han et al. identified that in high-risk subgroups, the leading terms were notably correlated with "ribosome," "oxidative phos-
phorylation," "non-alcoholic fatty liver disease," and "synaptic vesicle cycle," among others [37], mirroring our results closely. This 
signifies that ribosomal proteins play a crucial regulatory role in life processes such as oxidative stress response, metabolism, and 
immune response in mid-to-late-stage head and neck squamous cell carcinoma. 

Further investigation through GSVA of relevant pathways reveals that signal pathways, such as mitochondrial protein import and 
photodynamic therapy induced unfolded protein response, are upregulated in tumors, while pathways, including the classical P53, 
serve as inhibitory pathways in the tumor milieu. Through GO, KEGG analysis, PPI, and co-expression analyses, it was discerned that 
hub genes, which maintain a close association and co-expression with adjacent genes, predominantly encode ribosomal proteins. 
Notably, classic oncogenes and tumor suppressor genes such as MYC and PTEN respectively, also undergo significant alterations. Our 
research comprehensively underscores the pivotal role of ribosomal proteins in cancer. They may influence life processes such as 
ribosomal protein synthesis, oxidative stress response, metabolic reprogramming, and immune response through mechanisms of 
ferroptosis and classical pathways such as P53 and NF-kappaB (NF-κB), thereby playing a substantial role in cancer dynamics. 

In summary, we utilized Nanopore sequencing technology to conduct direct RNA sequencing on both cancerous and adjacent non- 
cancerous tissues derived from clinical cases of advanced-stage HNSCC. Co-expression analysis of pivotal genes in PPI revealed that 
RPS27A and RPL8, along with LncRNAs such as DANCR, CCDC144NL-AS1, GAS5, NEAT1, and SNHG3, establish robust connections 
with neighboring genes under the regulation of m5C. Genes undergoing m5C variations principally participate in life processes, such as 
ribosomal protein synthesis, oxidative stress response, metabolic reprogramming, and immune response; signaling pathways such as 
mitochondrial protein import and photodynamic therapy induced unfolded protein response are upregulated in tumors, whereas 
several pathways, including the classical P53 pathway, are suppressed in tumor contexts. This implies that ribosomal-related genes 
regulate ribosomal protein synthesis, oxidative stress, metabolic reprogramming, and immune responses through m5C RNA modifi-
cations, adopting mechanisms such as hypoxia and ferroptosis, thereby playing a significant role in the occurrence and development of 
HNSCC. Furthermore, RPS27A and RPL8 may exert central regulatory effects therein. Therefore, we posit that attention should be 
accorded to the role of ribosomes in HNSCC. However, the sample size of this study was relatively small, with only six specimens 
analyzed. This might limit the generalizability of our findings to a broader population of HNSCC patients. Additionally, while nanopore 
sequencing technology offers several advantages, including long-read capabilities and direct RNA sequencing, it also has inherent 
limitations such as higher error rates compared to other sequencing platforms. Therefore, caution should be exercised in interpreting 
the results, and validation studies using alternative methodologies are warranted to confirm our findings. Furthermore, our study 

Fig. 5. Network of m5C-associated lncRNA, mRNA, and Corresponding Target Genes. Green signifies lncRNA is downregulated, red indicates 
lncRNA is upregulated, and blue represents mRNA. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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focused on the analysis of m5C modifications and their association with gene expression changes in HNSCC. While we identified 
significant correlations between m5C-modified genes and ribosomal-related genes such as RPS27A and RPL8, further mechanistic 
studies are needed to elucidate the functional implications of these modifications in cancer progression. 
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