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Circular RNAs (circRNAs) are a subclass of non-coding RNAs, playing an important regulatory 22 

role in tumor progression. Accumulating evidence has revealed that circRNAs can be regulated by 23 

m6A machinery, influencing their expression and biological functions. However, the functions and 24 

mechanisms of m6A-mediated circRNAs in nasopharyngeal carcinoma (NPC) remain to be 25 

elucidated. In this study, the sequence of hsa_circ_0005882 (circ_0005882) was determined by 26 

Sanger sequencing, and its localization in both the cytoplasm and nucleus was confirmed by 27 

fluorescence in situ hybridization. Furthermore, m6A RNA immunoprecipitation followed by qPCR 28 

(MeRIP-qPCR) and the single-base elongation- and ligation-based qPCR amplification (SELECT) 29 

assays revealed that circ_0005882 may harbor m6A modifications. Overexpression of circ_0005882 30 

significantly suppressed NPC cell proliferation. Mechanistically, the m6A reader YTHDF2 binds to 31 

circ_0005882 to promote its degradation, thereby reducing circ_0005882 stability. Additionally, 32 

circ_0005882 functions as a sponge for miR-654-3p, contributing to the inhibition of NPC 33 

proliferation. These findings collectively demonstrate that circ_0005882, which is negatively 34 

regulated by YTHDF2, functions as a tumor suppressor by sponging miR-654-3p to inhibit NPC 35 

cell proliferation, unveiling a novel regulatory model centered on the 36 

YTHDF2/circ_0005882/miR-654-3p axis in NPC pathogenesis. 37 
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Nasopharyngeal carcinoma (NPC) is a malignant tumor originating from the nasopharyngeal 42 

mucosal epithelium. Its incidence exhibits a significant geographical distribution disparity 43 

worldwide, with particularly high rates in Southern China and Southeast Asia  [1, 2]. Due to its 44 
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insidious and nonspecific early presentation, NPC is often diagnosed late, missing the optimal 45 

period for intervention. Consequently, patients with advanced-stage NPC frequently experience 46 

treatment failure due to disease recurrence or distant metastasis [3]. Although advances have been 47 

made in treating NPC with radiotherapy, chemotherapy, and targeted therapy, the underlying 48 

molecular mechanisms of NPC remain incompletely understood. Further investigation into the 49 

pathogenesis of NPC is therefore necessary to identify novel therapeutic targets and enhance 50 

anti-tumor efficacy. 51 

circRNAs, a subclass of non-coding RNAs, are characterized by their evolutionary conservation and 52 

notable structural stability. Distinct from conventional linear RNAs, circRNAs lack both 5′ cap and 53 

3′ poly(A) tail and are characterized by their formation via back-splicing to form covalently closed 54 

circular structures via 5′-3′phosphodiester bonds [4]. This covalently closed circular structure 55 

protects circRNAs from exonuclease-mediated degradation, thereby conferring high stability [5, 6]. 56 

Current research has shown that circRNAs are closely associated with tumorigenesis, and aberrant 57 

circRNA expression has been observed in many types of cancer [7-11]. 58 

N6-methyladenosine (m6A) modification is the most prevalent internal modification in eukaryotic 59 

RNAs and dynamically regulates RNA metabolism through the coordinated actions of “writers”, 60 

“erasers”, and “readers” [12]. As a reversible and tightly controlled process, m6A plays a crucial 61 

role in regulating mRNA stability, splicing, and translation and is closely associated with 62 

tumorigenesis and progression [13-15]. YTHDF2, a canonical m6A reader protein, selectively 63 

recognizes m6A-modified RNAs and regulates their stability, which is a key mechanism for 64 

modulating gene expression programs in cancer [16-18]. Increasing studies have demonstrated that 65 

aberrant YTHDF2 expression contributes to the growth, malignant progression and tumor immune 66 

evasion of multiple cancer types [17, 19, 20]. In recent years, accumulating evidence has revealed 67 

that some circRNAs are also regulated by m6A modification, which influences their stability and 68 

biological functions [21, 22]. However, the functional significance of m6A-modified circRNAs and 69 

their regulation by m6A machinery in NPC remains to be elucidated. 70 

In this study, we identified that circ_0005882, derived from exons 9 to 14 of the serine/threonine 71 

kinase 39 (STK39) gene via back‑ splicing, functions as a tumor suppressor to inhibiting NPC cells 72 

proliferation by sponging miR-654-3p. Further analyses indicated YTHDF2 decreased 73 

circ_0005882 stability in an m6A-dependent manner. Our work uncovers a novel 74 
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YTHDF2/circ_0005882/miR-654-3p axis and elucidates its role in epitranscriptomic dysregulation 75 

during NPC tumorigenesis. 76 

 77 

Materials and methods 78 

Cell cultures and reagents. NP69, an immortalized normal nasopharyngeal epithelial cell line, was 79 

purchased from Otwo Biotech (China). NPC cell lines 5-8F and HNE1 were kindly provided by 80 

Central South University. Cells were cultured in Dulbecco's modified Eagle's medium (Gibco, USA)  81 

supplemented with 10% fetal bovine serum (#S711-050S, Lonsera, China), penicillin and 82 

streptomycin (100 U/ml, #P1400, Solarbio, China) in a humidified incubator at 37 °C with 5% CO2. 83 

YTHDF2 overexpression vector and control vector were purchased from Huna n Fenghui 84 

Biotechnology Company (China). siRNAs were purchased from RIBOBIO (China). miR-654-3p 85 

mimics and inhibitors were purchased from Sangon Biotech (China). Circ_0005882 overexpression 86 

vector (pLC5-circ_0005882), si-circ_0005882 were purchased from GENSEED (China). The cells 87 

were transfected with RNAs and/or plasmids using Lipofectamine 3000 (#L300015, Invitrogen, 88 

USA). Sequences are listed in Supplementary Table S1. 89 

Nuclear and cytoplasmic fractionation. The nuclear and cytoplasmic fractionation was conducted 90 

using the PARISTM Kit (#AM1921, Thermo Fisher Scientific, USA) following the manufacturer’s 91 

instruction. Subsequently, the levels of circ_0005882 distributed in the cytoplasmic and nuclear 92 

compartments of NPC cells were quantified by RT-qPCR. GAPDH and U6 were used as the internal 93 

references for cytoplasmic and nuclear localized RNA, respectively. 94 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR). Total RNA was 95 

extracted using TRIzol reagent (#9108, Takara, Japan). For mRNA and circRNA detection, reverse 96 

transcription was performed using the RevertAid™ First Strand cDNA Synthesis Kit with DNase I 97 

(#K16225, Thermo Fisher Scientific, USA). For miRNA detection, reverse transcription was carried 98 

out by the miRNA 1st Strand cDNA Synthesis Kit (#MR201-01, Vazyme, China). qPCR was 99 

performed by Applied Biosystems system (Thermo Fisher Scientific, USA) using SYBR Green 100 

Master Mix (#EG20117M, Yugong Biotech, China). The relative expression levels were calculated 101 

by the cycle threshold (Ct) method. GAPDH and U6 were used to normalize the expression of 102 

mRNA and miRNA respectively. The primers used for qPCR are listed in Supplementary Table S2. 103 

Lentiviral transduction of target cells. For lentiviral production, 293T cells were seeded into 10 104 
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cm dish (2 × 106/ well) and were co-transfected with 8 µg pLC5-circ_0005882 vectors and 105 

components of packaging vectors: 5.28 µg pLP1 and 4 µg pLP2 packaging vector and 2.8 µg 106 

VSVG envelope vector, using Lipo293™ transfection reagent (#C0521, Beyotime Biotechnology), 107 

according to the manufacturer's protocol. The lentivirus-containing supernatant was harvested at 48 108 

h and 72 h post-transfection, filtered and then used to transduce the target 5-8F or HNE1 cells at a 109 

multiplicity of infection (MOI) of 10. After 48 h transfection, 5 µg/ml puromycin (#P8230, Solarbio, 110 

China) was added in culture medium to screen stable transfected cells for 7 days. Surviving cells 111 

were selected for subsequent culture after continuous puromycin administration. All sequences used 112 

were verified by DNA sequencing, and the overexpression efficiency of circ_0005882 was 113 

confirmed by RT-qPCR. 114 

CCK-8 assay. A total of 1,000 cells in a volume of 100   µl/well were cultured in five replicate 115 

wells in a 96-well plate in medium containing 10% FBS. Then, 10 µl CCK-8 reagent (#GK10001, 116 

GLPBIO, China) was added to 90   µl DMEM/RPMI 1640 to generate a working solution, of which 117 

100  µl was added per well and incubated for 2  h. Absorbance measurements were taken at 118 

various time points, including 0  h, 24  h, 48  h, 72  h and 96  h. 119 

EdU assay. Cells were seeded into 96-well plates and cultured overnight, followed by the addition 120 

of an equal volume of 2× EdU working solution (20 μM). After incubation at 37 °C, with 5% CO2 121 

for 2  h, the cells were fixed with 4% paraformaldehyde overnight and incubated with 0.3% 122 

Triton-X-100 in PBS for 15 min. The nuclei were stained with Hoechst dye 33,342 123 

(BeyoClick™EdU-555 Kit, #C0075S, Beyotime Biotechnology). Images of five randomly selected 124 

areas of each group were taken with a fluorescence microscope (Thermofisher Scientific). 125 

Fluorescence in situ hybridization (FISH). A cy3- labeled probe crossed the splice junction 126 

sequence against circ_0005882 was designed and synthesized by GenePharma. Cells were 127 

inoculated into 24-well plate and cultured in 10% FBS, the plate was fixed by incubation with 4% 128 

paraformaldehyde for 15  min at room temperature, then washed with PBS. The fixed cells were 129 

incubated with 0.1% buffer A for 15 min at room temperature. Subsequently, cells were incubated 130 

with pre-hybridization buffer for 30   min at 37 °C prior to the addition of probes in hybridization 131 

buffer for 73 °C 5 min and 37 °C overnight. Next, the cover liquid was removed, and the cells were 132 

washed with 0.1% Buffer F, 2× buffer C and 1× buffer C for 3 × 5 min at room temperature. The 133 

nuclei were stained with DAPI for 20  min at room temperature. The cell localization was detected 134 
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by laser scanning confocal image system. The pre-hybridization buffer and hybridization buffer 135 

were obtained from the FISH kit (GenePharma, China). The FISH probe sequence of 136 

hsa_circ_0005882 is listed in Supplementary Table S1. 137 

Luciferase reporter assay. 293T cells were seeded into 6-well plates and cotransfected with wild 138 

type (WT) or mutant (MUT) PRL-TK-pMIR-circ_0005882 and miR-654-3p mimics or mimics NC 139 

(negative control). After 48 h of incubation, seeding into 96-well plates, the Firefly and Renilla 140 

luciferase activities were measured with a dual- luciferase reporter assay (#DL101-01, Vazyme, 141 

China) and normalized to the Renilla luciferase activity. 142 

Actinomycin D and RNase R treatment. Cells were treated with 6 μg/mL actinomycin D 143 

(#GC16866, GLPBIO, USA) and collected at the designated time point. For the RNase R treatment, 144 

total RNA (2 µg) was incubated for 20 min at 37 °C with 2 U/µg of RNase R (#GE10003, GLPBIO, 145 

USA). After the actinomycin D or RNase R treatment, the expression level of circ_0005882 was 146 

analyzed by RT-qPCR. 147 

RNA immunoprecipitation (RIP). Antibodies for RIP assays against YTHDF2 (#24744-1-AP) and 148 

IgG (#10284-1-AP) were purchased from Proteintech. Briefly, cells were harvested, lysed with RIP 149 

lysis buffer and incubated with magnetic beads and specific antibodies or IgG antibodies on a 150 

rotator overnight at 4 °C. After magnetic separation, the protein-RNA complexes were treated with 151 

proteinase K at 55 °C for 30 min. The released RNA was purified using TRIzol Reagent (#9108, 152 

Takara, Japan), followed by reverse transcription and subsequent qPCR analysis. 153 

Methylated RNA immunoprecipitation qPCR (MeRIP-qPCR). This procedure was adapted 154 

from the published reports [23, 24]. Briefly, RNAs isolated from HNE1 cells was incubated with 5 155 

μg of anti-m6A antibody (#202003, Synaptic Systems, Germany) or normal rabbit IgG in IP buffer 156 

(150 mM NaCl, 10 mM Tris-HCl, 0.1% NP-40, pH 7.4) containing RNase inhibitor at 4 °C for 2 h. 157 

Subsequently, protein A/G magnetic beads (#HY-K0202, Medchemexpress, USA) were added and 158 

incubation with rotation at 4 °C for 2 h. After washing, the captured RNAs were eluted via 159 

competitive displacement with IP buffer containing 6.7 mM m6A sodium salt (#HY-111926, 160 

Medchemexpress, USA) and concentrated by ethanol precipitation. Then, the RNAs were used for 161 

cDNA synthesis and qPCR analysis as previously described. 162 

SELECT (Single-base elongation and ligation-based qPCR amplification). Specific positions of 163 

m6A modification on circ_0005882 were probed by single-base elongation and ligation-based 164 
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qPCR amplification (SELECT) as previously reported [25]. The SELECT primers were purchased 165 

from Sangon Biotech (China) and listed in Supplementary Table S3. 166 

circRNA high-throughput sequencing. Total RNA was extracted from si-NC and si-YTHDF2 167 

HNE1 cells using Magzol Reagent (#R4801-03, Magen, China) as per the manufacturer's 168 

instructions. After removal of ribosomal RNAs using the RiboCop rRNA Depletion Trial Kit 169 

(#K14496, LEXOGEN, Austria), the RNA was digested with RNase R (RNR07250, Epicentre, 170 

USA) and fragmented into ~200 bp fragments. The purified RNA fragments were then employed 171 

for first- and second-strand cDNA synthesis, followed by adapter ligation and low-cycle 172 

amplification according to the NEBNext® Ultra™ RNA Library Prep Kit for Illumina (#E7530L, 173 

NEB, USA) protocol. The quality of the libraries was evaluated using the Agilent 2200 TapeStation 174 

and Qubit (Thermo Fisher Scientific, USA). Subsequent sequencing was conducted on an Illumina 175 

platform with a paired-end 150 bp read length at Ribobio Co. Ltd (Ribobio, China). For circRNA 176 

identification, two algorithms, CIRI2 and CIRCexplorer2, were utilized. Reads were mapped to the 177 

human reference genome GRCh37/hg19 (http://genome.ucsc.edu/) via BWA-MEM or Tophat, 178 

respectively. Only circRNAs that were detected by both algorithms were considered reliably 179 

identified. A threshold of |log₂ FC| > 1 and p < 0.05 was applied to identify differentially expressed 180 

circRNAs. The datasets presented in this study have been deposited in the Gene Expression 181 

Omnibus (GEO) repository under accession number GSE335362. 182 

Sanger sequencing. RNA extracted from HNE1 cells was treated with RNase R and subsequently 183 

reverse-transcribed with random primers to generate cDNA. Circ_0005882 was amplified by PCR, 184 

followed by agarose gel electrophoresis, and the target band was excised and purified using a 185 

SanPrep Column DNA Gel Extraction Kit (#B518131, Sangon Biotech, China). The purified 186 

product was then ligated into a T-vector using the pMD™ 19-T Vector Cloning Kit (#6013, Takara, 187 

Japan). Selected colonies were subjected to Sanger sequencing (Sangon Biotech, China). Sanger 188 

sequencing was performed using the dideoxy chain-termination method, and the products were 189 

analyzed on a 3730×l DNA analyzer (Applied Biosystems, USA). 190 

Statistical analysis. All experiments were performed at three times independently. Data are 191 

presented as the means±standard deviation (SD). Statistical significance between two groups was 192 

determined by Student’s t-test, and three or more than three groups was assessed using one-way 193 

analysis of variance (ANOVA). P-value < 0.05 was considered statistically significant (*p < 0.05; 194 
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**p < 0.01; ***p < 0.001). 195 

 196 

  197 
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Results 198 

Characterization of circ_0005882. In our research on the epigenetic mechanisms underlying the 199 

occurrence and development of NPC, a circRNA named circ_0005882, which is abnormally 200 

increased upon knockdown of the m6A-binding protein YTHDF2 followed by circRNA sequencing, 201 

has attracted our attention (Supplementary Figure S1, Supplementary Table S4). circ_0005882 202 

originates from back-splicing of exons 9-14 of the human STK39 gene, resulting in a 402 nt circular 203 

transcript. Sanger sequencing showed that the PCR product of the circRNA corresponded to exon 9 204 

to exon 14 of the STK39 gene through head-to-tail splicing, matching the sequence reported for 205 

circ_0005882 in circBase (Figure 1A). To verify the circular feature of circ_0005882, RT-qPCR 206 

assay was conducted using oligo (dT) and random primers in 5-8F and HNE1 NPC cell lines. The 207 

results showed that compared with random primers, circ_0005882 expression was significantly 208 

reduced, while GAPDH expression did not change when using oligo (dT) primers, suggesting that 209 

circ_0005882 contained no poly-A tail (Figure 1B). Further analysis showed that after treatment of 210 

RNase R, the RNA level of STK39 was significantly reduced, whereas circ_0005882 remained 211 

unchanged, indicating that circ_0005882 resists RNase R digestion in both 5-8F and HNE1 cells 212 

(Figure 1C). These results indicate circ_0005882 harbors a circular RNA structure. FISH assay was 213 

further performed to clarify the subcellular localization of circ_0005882. The results indicated that 214 

circ_0005882 existed in both cytoplasm and nucleus in 5-8F and HNE1 cell lines with stable 215 

circ_0005882 overexpression (Figure 1D). The localization of circ_0005882 was also confirmed by 216 

cytoplasmic and nuclear fractionation assay (Figure 1E). These results indicated that circ_0005882 217 

is a real existing circular RNA present in both the cytoplasm and nucleus of NPC cells. 218 

circ_0005882 suppresses NPC cells proliferation. We further investigated the expression and 219 

function of circ_0005882 in NPC cells. RT-qPCR results indicated that circ_0005882 expression 220 

was reduced in the NPC cell lines (5-8F and HNE1) relative to the immortalized normal 221 

nasopharyngeal epithelial cell line NP69 (Figure 2A). To analyze the function of circ_0005882 in 222 

NPC, we transfected overexpression plasmids into 5-8F and HNE1 cells. The overexpression 223 

efficiency of circ_0005882 in 5-8F and HNE1 cells was confirmed by RT-qPCR (Figures 2B, 2C). 224 

CCK-8 assay showed that overexpression of circ_0005882 suppressed the cell viability of 5-8F and 225 

HNE1 (Figures 2D, 2E). EdU assay also revealed that overexpression of circ_0005882 significantly 226 

restricted the proliferative capacity of 5-8F and HNE1 (Figures 2F-2I). Stable cell lines 227 
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overexpressing circ_0005882 were generated in 5-8F cells (5-8F LV-circ_0005882) via lentiviral 228 

transduction (Figure 2J). Compared with the 5-8F LV-NC cell line, the 5-8F LV-circ_0005882 cell 229 

line displayed significantly inhibited proliferation. This inhibitory effect was reversed upon 230 

circ_0005882 silencing (Figures 2K, 2L). These results indicated that circ_0005882 suppresses 231 

NPC cells proliferation. 232 

circ_0005882 is identified as an m6A modified circRNA. To identify potential regulatory 233 

mechanisms, we examine the sequence of circ_0005882. Bioinformatic analysis identified nine and 234 

six putative m6A modification sites using circPrimer and SRAMP (http://www.cuilab.cn/sramp), 235 

respectively, lending support to its potential regulation by m6A (Figures 3A, 3B). MeRIP-qPCR 236 

assay was performed to confirm the existence of m6A modification in circ_0005882. The results 237 

showed that circ_0005882 was significantly enriched by the m6A antibody, indicating the existence 238 

of m6A modification in circ_0005882 (Figure 3C). To find the specific modification sites, we 239 

conducted the single-base elongation- and ligation-based qPCR amplification method (SELECT), 240 

according to a previous report [25]. The consistent sites (16, 51, 86, 93, 168, and 354) in 241 

circ_0005882 predicted by two prediction methods were detected. METTL3 is the pivotal enzyme 242 

that catalyzes m6A RNA modification, working as the active core of the methyltransferase complex 243 

to transfer a methyl group from S-adenosylmethionine to the N6 position of adenosine [26]. It has 244 

been demonstrated that METTL3 knockdown reduces m6A modification on circRNA [27]. When 245 

METTL3 was silenced in HNE1 cells, the SELECT product at the 51, 168, and 354 sites were 246 

increased, whereas the 16, 86, 93 sites and the non-m6A site were unaffected. This suggests that 247 

positions 51, 168, and 354 of circ_0005882 may harbor m6A modifications (Figures 3D-3J). 248 

YTHDF2 inhibited circ_0005882 expression by downregulating its stability in an 249 

m6A-dependent manner. Given that circ_0005882 contains m6A modification, we further 250 

investigated the regulatory effect of m6A modification on circ_0005882 in NPC. The results 251 

showed that knockdown of the key m6A methyltransferase METTL3 in 5-8F and HNE1 cell lines 252 

led to increased circ_0005882 expression levels (Figures 4A, 4B). Several recent studies have 253 

suggested that despite their higher stability compared to linear RNAs, the expression of circRNAs is 254 

still subject to regulation by the m6A reader YTHDF2 via a mechanism that mediates their 255 

degradation [28-30]. Therefore, we further determined whether the increase in circ_0005882 256 

expression upon METTL3 silencing was mediated by YTHDF2. Similarly, YTHDF2 knockdown led 257 
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to an elevation of circ_0005882 levels in both 5-8F and HNE1 cells (Figures 4C, 4D). Considering 258 

that YTHDF2 acts as an m6A binding protein that primarily mediates its effects by recognizing 259 

m6A-modified RNAs and regulating their stability, we further investigated whether this mechanism 260 

underlies the inhibitory effect of YTHDF2 on circ_0005882 expression. RIP-qPCR assay confirmed 261 

that YTHDF2 protein could bind circ_0005882 (Figure 4E). Upon treatment with actinomycin D, 262 

overexpression of YTHDF2 decreased the stability of circ_0005882 (Figure 4F). These results 263 

indicated that YTHDF2 downregulates circ_0005882 expression by inhibiting its stability in an 264 

m6A-dependent manner. 265 

YTHDF2 drives NPC cell proliferation via the regulation of circ_0005882. We further 266 

investigated the regulatory role of YTHDF2 in circ_0005882 functional consequence on NPC cell 267 

proliferation. EdU assay demonstrated that overexpression of YTHDF2 significantly enhanced the 268 

proliferative capacity of HNE1 cells, whereas this pro-proliferative effect was largely abrogated 269 

upon co-expression of circ_0005882 (Figures 5A, 5B). The functional rescue data suggested that 270 

downregulation of circ_0005882 may be a critical mediator underlying YTHDF2-induced NPC cell 271 

proliferation. 272 

circ_0005882 acts as a sponge for miR-654-3p in NPC. After identifying the 273 

YTHDF2-m6A-dependent regulation of circ_0005882, we investigated how it exerts its inhibitory 274 

effect on NPC progression. The primary regulatory mechanism of circRNAs involves their role as 275 

competing endogenous RNAs (ceRNAs), which function by sponging and sequestering miRNAs 276 

[31, 32]. To explore the miRNAs that could be sponged by circ_0005882, we integrated 277 

bioinformatic analysis including circinteractome and miRanda databases to predict its downstream 278 

miRNA targets (Figure 6A). From the pool of nine miRNAs overlapping in the two datasets, 279 

miR-654-3p was identified for further study due to its predicted favorable binding relationship with 280 

the circ_0005882 (Figure 6C) and high scores (miRanda score=148; circinteractome context+score 281 

percentile=98). RT-qPCR results showed that circ_0005882 overexpression significantly inhibited 282 

miR-654-3p level (Figure 6B). The wild-type (circ_0005882-WT) and mutant (circ_0005882-MUT) 283 

luciferase reporter plasmids were constructed based on the binding relationship between 284 

circ_0005882 and miR-654-3p (Figure 6C). The luciferase reporter assay showed that the luciferase 285 

activity of circ_0005882-WT but not the mutant was significantly reduced by miR-654-3p mimics 286 

(Figure 6D). These results demonstrate that circ_0005882 functions as a molecular sponge to absorb 287 
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and inhibit miR-654-3p. 288 

YTHDF2/circ_0005882/miR-654-3p axis contributes to NPC proliferation. To investigate the 289 

effects of YTHDF2/circ_0005882/miR-654-3p axis in NPC, a series of functional rescue 290 

experiments were performed. The results demonstrated that overexpression of miR-654-3p in HNE1 291 

LV- circ_0005882 cells can reverse the inhibitory effects of circ_0005882 on cells proliferation 292 

(Figures 7A, 7B). On the other hand, miR-654-3p inhibitor can reverse the promotive effect of 293 

YTHDF2 on 5-8F cell proliferation (Figures 7C, 7D). These results suggest that the mechanism by 294 

which YTHDF2 promotes NPC proliferation may partially involve the upregulation of miR-654-3p 295 

via the suppression of circ_0005882. Therefore, our research suggests that circ_0005882 functions 296 

as a sponge for miR-654-3p to inhibit NPC proliferation. m6A reader YTHDF2 promotes the 297 

degradation of circ_0005882 by recognizing its m6A sites, resulting in the release of sequestered 298 

miR-654-3p and subsequent proliferation of NPC cells (Figure 8). 299 

 300 

Discussion 301 

In recent years, the role of circRNAs in the occurrence and development of tumors has attracted 302 

increasing attention. Unlike linear RNAs, circRNAs are resistant to degradation by exonucleases 303 

like RNase R due to their closed-loop structure, which underlies their high stability. Circ_0005882 304 

attracted our attention due to its abnormally altered in YTHDF2-knockdown HNE1 cells, as well as 305 

the presence of multiple predicted m6A sites. Using Sanger sequencing and RNase digestion assays, 306 

we confirmed that circ_0005882 harbors a circular structure. Accumulating evidence establishes 307 

circRNAs as key regulators regulating the tumorigenesis and progression of multiple cancer types. 308 

However, the effects of circRNA vary in different tumors. For example, in gastric cancer, 309 

circMRPL35 enhances cell motility and invasion by sponging miR-6809-3p and upregulating 310 

ZNF90, primarily through modulating the epithelial-mesenchymal transition (EMT) process and the 311 

TGF-β1/SMAD2/3 signaling pathway [7]. CircZFAND6 exerted tumor-suppressive effects by 312 

inhibiting cellular proliferation, migration, and invasion, which was achieved through its regulation 313 

of the miR-6815-3p/APC/Wnt-β-catenin pathway in gastric cancer [10]. In NPC, the 314 

circSETD3/PDIA6 axis enhances tumor cell survival under radiotherapeutic stress by mitigating ER 315 

stress. Specifically, circSETD3 binds to and stabilizes PDIA6 mRNA, upregulating its protein level, 316 

maintaining ER proteostasis and suppresses the unfolded protein response (UPR) [11]. CircCLASP2 317 
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acted as a molecular scaffold that facilitated the approximation of DExH-Box Helicase 9 (DHX9) to 318 

protein-L- isoaspartate (D-aspartate) O-methyltransferase 1 (PCMT1) mRNA, leading to 319 

upregulation of cytoskeleton-associated proteins, and ultimately driving NPC cell proliferation and 320 

metastasis [33]. Yang et al. [34] employed circRNA high- throughput sequencing to delineate the 321 

circRNA expression profiles in four NPC patients and four healthy controls. Their analysis revealed 322 

a total of 93 upregulated and 77 downregulated circRNAs. circ_0005882 was detected in all 323 

examined samples, although no significant difference was observed between the two groups, 324 

confirming the objective existence of this circular RNA in both NPC tissue and nasopharyngeal 325 

epithelial tissue. Our study found that, compared to NP69 nasopharyngeal epithelial cells, the 326 

expression of circ_0005882 in NPC cell lines HNE1 and 5-8F is downregulated. Whether these 327 

discrepancies are attributable to genetic differences between clinical specimens and NPC cell lines, 328 

or to the modulatory effects of the tumor microenvironment present in clinical samples on 329 

circ_0005882 expression, warrants further investigation. Our study found that circ_0005882 exerted 330 

a tumor-suppressive role in NPC by effectively inhibiting 5-8F and HNE1 cells proliferation. 331 

Several recent studies have elaborated on the mechanisms of tumor-suppressive circular RNAs in 332 

NPC. For example, circCCNB1 competitively binds to nuclear factor 90 (NF90), blocking its 333 

interaction with pri-miR-7-1 and pri-miR-15b, thereby enhancing DGCR8-mediated production of 334 

mature miR-7-1-3p and miR-15b-5p. These miRNAs repress the expression of calumenin (CALU), 335 

kinesin family member 1B (KIF1B), and RNA polymerase III subunit G (POLR3G), downregulate 336 

vasculogenic mimicry (VM) markers, and suppress VM in NPC cells [35]. Additionally, circCCNB1 337 

also inhibits NPC cell migration and invasion by simultaneously binding to NF90 protein and tight 338 

junction protein 1 (TJP1) mRNA, thereby enhancing TJP1 mRNA stability [36]. Wang et al. [37] 339 

demonstrated that circTP63-N exerts tumor-suppressive functions in NPC by interacting with 340 

HSP90AB1, leading to the recruitment of LATS/YAP1 proteins and driving the phosphorylation- 341 

and ubiquitination-dependent degradation of YAP1, ultimately suppressing NPC proliferation and 342 

metastasis. Our discovery of the function of circ_0005882 further enriches the regulatory network 343 

of tumor-suppressive circRNAs in NPC. 344 

circRNAs exert their functional roles through diverse molecular mechanisms, including: 345 

functioning as competitive endogenous RNAs (ceRNAs) to sponge miRNAs; modulating protein 346 

activity or localization through direct interactions; regulating the transcription of their host genes; 347 



 

13 

and encoding functional peptides [38]. An increasing number of studies indicate that the ceRNA 348 

mechanism has emerged as the important mechanism underlying circRNA functionality in NPC. Ma 349 

et al. [39]. revealed that circ_CIT promoted NPC progression by sponging miR-409-3p to 350 

upregulate ZEB1, which enhanced tumor cell proliferation and metastasis and drove macrophage 351 

M2 polarization. Hong et al. [40] demonstrated that overexpression of circCRIM1 enhanced NPC 352 

cell metastasis and EMT by competitively sponging miR-422a, thereby preventing miR-422a from 353 

suppressing its target forkhead box Q1 (FOXQ1). CircCTDP1 sequesters miR-320b, leading to the 354 

upregulation of homeobox A10 (HOXA10), which in turn drives NPC progression [41]. In this study, 355 

we also found that circ_0005882 exerts its inhibitory effect on NPC proliferation through the 356 

mechanism of sponging miRNA. Luciferase assay results validated the ceRNA mechanism of 357 

circ_0005882, demonstrating its ability to sequester miR-654-3p. miR-654-3p has been found to 358 

exhibit dual roles in tumor progression, acting as both a tumor suppressor or an oncogene. Wang et 359 

al. [42] demonstrate that by directly binding to and repressing miR-654-3p, LINC00885 relieves the 360 

suppression on miR-654-3p target SLBP, activating the PI3K/Akt signaling pathway, ultimately 361 

promoting lung squamous cell carcinoma (LUSC) progression. AlkB homolog 5 (ALKBH5) 362 

enhanced the stability and expression of NEAT1, facilitating head and neck squamous cell 363 

carcinoma (HNSCC) progression by modulating the miR-654-3p/HOXA10 axis [43]. A study 364 

reported that circEFR3A acted as a miR-654-3p sponge to facilitate the proliferation and migration 365 

of NPC cell lines C666-1 and SUNE1. This competitive binding upregulated EFR3 homolog A 366 

(EFR3A), driving oncogenic phenotypes [44]. On the other hand, some research has indicated an 367 

oncogenic role for miR-654-3p. Deng et al. [45] demonstrate that miR-654-3p could enhance the 368 

growth of AGS and HGC27 gastric cancer (GC) cell lines. They identify p21 is a target of 369 

miR-654-3p. CircRHOBTB3 acted as a ceRNA for oncogenic miR-654-3p, thereby promoting p21 370 

expression and inhibiting tumor growth. Circ_0067514 suppresses GC progression and glycolysis 371 

by targeting the miR-654-3p/LATS2 axis [46]. Chen et al. [47] found that while lncRNA EMX2 372 

opposite strand/antisense RNA (EMX2OS) suppressed tumor cell growth, migration, invasion, and 373 

induced apoptosis, miR-654-3p overexpression conversely abolished these EMX2OS-mediated 374 

effects. Our study indicates that circ_0005882 exerts inhibitory effect on proliferation of 5-8F and 375 

HNE1 NPC cell lines by adsorbing miR-654-3p, suggesting that miR-654-3p is a pro-proliferative 376 

factor, at least in the 5-8F and HNE1 cell lines. These differences might be attributed to the 377 
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complex genetic profiles of different cell lines, a possibility that requires future study. 378 

The m6A modification represents the predominant form of internal RNA methylation in eukaryotes. 379 

In recent years, an increasing number of circRNAs have been found to undergo m6A modification. 380 

Li et al. [22] demonstrated that circNEK11, modified by m6A and exported to the cytoplasm via 381 

YTH N6-methyladenosine RNA binding protein C1 (YTHDC1), promoted hepatocellular 382 

carcinoma (HCC) progression and recurrence by sponging miR-1236-3p to upregulate GPX2 383 

expression. Another study revealed that m6A-modified cLMNB1 overcame osimertinib resistance in 384 

lung adenocarcinoma (LUAD) by destabilizing the fibroblast growth factor receptor 4 (FGFR4) 385 

protein, which highlights the therapeutic potential of cLMNB1 with an m6A modification site 386 

mutation as a novel nucleic acid agent [48]. Our study confirmed that circ_0005882 may harbor 387 

m6A modification sites and YTHDF2 promotes its instability. Similar to our findings, recent studies 388 

have shown that YTHDF2 can diminish the stability and biological functions of circRNAs. Park et 389 

al. [28] demonstrated that the m6A reader YTHDF2 recognizes m6A-modified circRNAs and 390 

recruits the RNase P/MRP and HRSP12 complex, thereby mediating their cleavage and subsequent 391 

degradation. Chen et al. [29] found that YTHDF2 recognized the m6A-modified circIRF2 and 392 

impaired its stability, thereby relieving the circIRF2-mediated competitive sequestration of 393 

miR-29b-1-5p, inhibiting forkhead box O3 (FOXO3) nuclear translocation and ultimately 394 

promoting liver fibrosis. In colorectal cancer (CRC), Chen et al. [30] reported that the decreased 395 

level of circ_0003215 resulted from m6A-mediated RNA degradation by the reader protein 396 

YTHDF2. Acting through the miR-663b/DLG4/G6PD axis, circ_0003215 was identified as a key 397 

regulator that curbs metabolic glucose reprogramming and inhibits tumor growth and progression. 398 

Yu et al. [49] recently demonstrated that in the NPC cell lines 5-8F and CNE1, overexpression of 399 

YTHDF2 suppressed FOXO1 expression by reducing its stability and promoting its degradation and 400 

thereby promoted malignant behavior in NPC. Interestingly, the ENCORI database [50] 401 

(https://rnasysu.com/encori) identifies FOXO1 as a putative target of miR-654-3p. Given our 402 

observation that YTHDF2 suppresses circ_0005882, thereby liberating miR-654-3p, we speculate 403 

that YTHDF2 may also downregulate FOXO1 by enhancing miR-654-3p-mediated targeting of 404 

FOXO1 mRNA. Nevertheless, further experimental investigation is needed to substantiate this 405 

possibility. 406 

This study has several limitations. First, the specific target genes of miR-654-3p have not been 407 
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identified. Second, EBV plays a critical role in the development of NPC, but our current 408 

experimental model does not account for the context of EBV infection. Future studies should 409 

incorporate this important factor. Third, our study is limited to in vitro experiments and lacks in 410 

vivo validation, which awaits further investigation. Despite these limitations, our article also reports 411 

several important findings. We constructed a regulatory YTHDF2/circ_0005882/miR-654-3p axis 412 

that plays an important role in NPC proliferation. YTHDF2 promotes NPC cell proliferation by 413 

suppressing circ_0005882, thereby relieving circ_0005882 inhibitory constraint on miR-654-3p. 414 

The identification of this regulatory axis provides novel mechanistic insight into NPC pathogenesis 415 

and, more importantly, pinpoints a targetable m6A-circRNA-miRNA network with therapeutic 416 

potential. These results suggest that circ_0005882 with m6A site mutations may have important 417 

clinical application value in the treatment of NPC. 418 
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 592 

Figure Legends 593 

 594 

Figure 1. Characterization of circ_0005882. A) The schematic diagram of genomic location of 595 

circ_0005882. The back-splicing of exons 9-14 of STK39 gene to form circ_0005882 was identified 596 

by Sanger sequencing. The green arrow and red arrow denote the location and orientation of 597 

primers spanning the circ_0005882 splice junction. B) Relative levels of circ_0005882 and 598 

GAPDH were determined by qPCR using oligo (dT) and random p rimers. C) Relative levels of 599 

circ_0005882 and STK39 mRNA in 5-8F and HNE1 cells were determined by qPCR after treatment 600 

with RNase R. D) FISH assay was used to determine subcellular localization of circ_0005882 in 601 

stably circ_0005882-expressing 5-8F and HNE1 cell lines. Nuclei were stained with DAPI (blue), 602 

and circ_0005882 was detected with specific probes (red). Scale bar, 10 μm. E) qPCR analysis to 603 

determine the subcellular localization of circ_0005882 in 5-8F and HNE1 cells employing 604 

cytoplasmic and nuclear fractionation assay. Abbreviation: ns-not significant; ***p < 0.001 605 

compared with the control group 606 

 607 

Figure 2. circ_0005882 suppresses the proliferation of NPC cells. A) The expression of 608 

circ_0005882 in NP69, 5-8F and HNE1 cells were determined by qPCR. B, C) 5-8F, and HNE1 609 

cells were transfected with either empty vector or circ_0005882 overexpression vector 610 
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(OE-circ_0005882). The circ_0005882 level was analyzed by qPCR. D, E) The proliferation of 611 

5-8F (D) and HNE1 (E) cells transfected with empty vector or OE-circ_0005882 was analyzed by 612 

CCK-8 analysis. F, G) The proliferation of 5-8F (F) and HNE1 (G) cells transfected with empty 613 

vector or OE-circ_0005882 was analyzed by EdU analysis. Scale bar, 300 μ m. The quantification of 614 

EdU positive cells in (F) and (G) were shown in (H) and (I), respectively. J) The expression of 615 

circ_0005882 in stably circ_0005882-expressing 5-8F cell line (5-8F LV-circ_0005882) and the 616 

control cell line (5-8F LV-NC) were determined by qPCR. K) The cell proliferative activity of 617 

LV-NC transfected with si-NC, LV-circ_0005882 transfected with si-NC and LV-circ_0005882 618 

transfected with si-circ_0005882 were determined by EdU assays. Scale bar, 300 μm. The 619 

quantification of EdU positive cells in (K) was shown in (L). *p < 0.05; **p < 0.01; ***p < 0.001 620 

compared with the control group. 621 

 622 

Figure 3. circ_0005882 is a m6A-modified circRNA in NPC cells. m6A modification sites in 623 

circ_0005882 were predicted by circPrimer (A) and SRAMP (B). C) MeRIP-qPCR assay was used 624 

to determine the level of circ_0005882 enriched by the m6A antibody. D) Stably 625 

circ_0005882-expressing HNE1 cells (HNE1 LV-circ_0005882) were transfected with siNC or 626 

siMETTL3. The expression of METTL3 was determined by qPCR. E-J) Relative SELECT products 627 

after performing SELECT method were determined by qPCR using pairs of primers designed for 628 

non-m6A control sites and each of the m6A sites (16, 51, 86, 93, 168 and 354). Abbreviation: ns-not 629 

significant; **p < 0.01; ***p < 0.001 compared with the control group 630 

 631 

Figure 4. YTHDF2 inhibited circ_0005882 expression by downregulating its stability in NPC cells. 632 

A, B) The RNA levels of METTL3 and circ_0005882 were determined by qPCR in 5-8F (A) and 633 

HNE1 (B) cells transfected with siNC and siMETTL3. C, D) The RNA levels of YTHDF2 and 634 

circ_0005882 were determined by qPCR in5-8F (C) and HNE1 (D) cells transfected with siNC and 635 

siYTHDF2. E) The interaction between YTHDF2 and circ_0005882 in HNE1 cells was analyzed by 636 

RIP-qPCR assays. F) The level of circ_0005882 exposed to actinomycin D treatment at the 637 

indicated time points in HNE1 cells was determined by qPCR. *p < 0.05; **p < 0.01; ***p < 0.001 638 

compared with the control group 639 

 640 
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Figure 5. YTHDF2 promotes NPC cell proliferation via the regulation of circ_0005882. (A) HNE1 641 

cells were transferred with OE-Ctrl + empty vector, OE-YTHDF2+empty vector, and OE-YTHDF2 642 

+ OE circ_0005882 respectively. Cell proliferation was determined by EdU assay. Scale bar, 300 643 

μm. (B) represents the quantification of EdU positive cells in (A). *p < 0.05; **p < 0.01 compared 644 

with the control group 645 

 646 

Figure 6. circ_0005882 acts as a sponge for miR-654-3p. A) Potential miRNAs candidates may 647 

bind to circ_0005882 were predicted by circinteractome (green), TargetScan (blue), and miRanda 648 

(red) databases. B) Relative level of miR-654-3p in HNE1 cells transfected with empty vector and 649 

OE-circ_0005882 was determined by qPCR. C) Putative miR-654-3p binding site in circ_0005882. 650 

The potential complementary residues are shown in black vertical lines. Mutant bases are in red. D) 651 

293T cells were cotransfected with wild type (WT) or mutant (MUT) PRL-TK-pMIR-circ_0005882 652 

and miR-654-3p mimics or mimics NC. The Firefly and Renilla luciferase activities were measured 653 

with a dual- luciferase reporter assay and normalized to the Renilla luciferase activity. ns, not 654 

significant; ***p < 0.001 compared with the control group 655 

 656 

Figure 7. YTHDF2/circ_0005882/ miR-654-3p axis regulates the proliferation of NPC cells. A) 657 

EdU assay was used to analyze cell proliferation of HNE1 LV-NC transfected with mimics NC, 658 

LV-circ_0005882 transfected with mimics NC and LV-circ_0005882 transfected with miR-654-3p 659 

mimics groups. Scale bar, 300 μm. The quantification of EdU positive cells in (A) was shown in (B). 660 

C) 5-8F cells were transfected with OE-Ctrl + inhibitor NC, OE-YTHDF2 + inhibitor NC, and 661 

OE-YTHDF2+miR654-3p inhibitor. Cell proliferation was determined by EdU assay. The 662 

quantification of EdU positive cells in (C) was shown in (D). **p < 0.01; ***p < 0.001 compared 663 

with the control group. 664 

 665 

Figure 8. Diagram illustrating the mechanism by which YTHDF2/circ_0005882/miR-654-3p axis 666 

regulates NPC proliferation. Briefly, by recognizing the m6A sites on circ_0005882, YTHDF2 667 

promotes circ_0005882 degradation, which leads to the inhibition of adsorbing oncogenic 668 

miR-654-3p, subsequently promoting the proliferation of NPC cells. 669 
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