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Epstein-Barr virus drives nasopharyngeal carcinoma metastasis
via RNA m5C modification of ICAM-1 mediated by NSUN2
and YBX3
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Epstein-Barr virus (EBV) is a critical epigenetic regulator in nasopharyngeal carcinoma (NPC) pathogenesis, primarily through well-
established mechanisms involving DNA methylation and histone modifications. However, the contribution of RNA modifications,
especially RNA 5-methylcytosine (m5C), to EBV-driven NPC progression remains largely unclear. Here, we performed RNA bisulfite
sequencing (RNA-Bis-seq) on NPC cells and observed a global elevation in RNA m5C levels following EBV infection. Notably, EBV
infection upregulated NSUN2, a known RNA m5C methyltransferase (“writer”), through LMP1-mediated activation of the NF-κB
signaling pathway, leading to RNA m5C elevation. Functional assays confirmed that NSUN2 significantly enhances NPC cell
migration and metastasis through its RNA m⁵C catalytic activity. Furthermore, we identified YBX3 as a novel RNA m⁵C-binding
protein (“reader”) that was simultaneously upregulated upon EBV infection. Mechanistically, NSUN2 catalyzed m5C modification on
ICAM-1. Subsequently, YBX3 specifically recognized the modified site, recruiting PABPC1 through interacting with its cold shock
domain and thereby enhancing ICAM-1 translation. Consistently, ICAM-1 overexpression effectively rescued the metastasis defects
induced by NSUN2 knockdown. Additionally, we observed significant positive correlations among NSUN2, YBX3, and ICAM-1
expression levels in NPC tissues, with their expression strongly associated with tumor progression and poor prognosis. Together,
our findings reveal the crucial role of RNA m5C modification in EBV-associated NPC progression, delineate the LMP1/NSUN2/YBX3/
ICAM-1 signaling cascade, and suggest this regulatory axis as a potential therapeutic target for NPC.
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INTRODUCTION
Nasopharyngeal carcinoma (NPC) is an epithelial malignancy
originating from the nasopharynx, with a particularly high prevalence
in Southern China and regions of Mediterranean Africa [1, 2]. NPC
pathogenesis involves a complex interplay of Epstein-Barr virus (EBV)
infection, genetic predispositions, and environmental factors [3]. Each
year, approximately 129,000 new NPC cases are diagnosed globally,
with over 90% closely linked to EBV infection [4, 5]. Although the
association between EBV and NPC has been extensively documen-
ted, highlighted by the presence of EBV-derived components within
tumors and elevated plasma EBV DNA levels in NPC patients [6], the
precise oncogenic mechanisms by which EBV contributes to NPC
progression remain incompletely defined.
RNA 5-methylcytosine (RNA m5C) is an essential post-

transcriptional modification predominantly found in eukaryotic
RNAs, influencing key biological processes such as mRNA stability,
translation efficiency, and nuclear export [7, 8]. The m5C
modification is primarily catalyzed by methyltransferases of the

NOL1/NOP2/sun (Nsun) family members and DNA methyltransfer-
ase 2 (DNMT2), collectively termed RNA m5C “writers”, while TET-
family enzymes act as m5C demethylases [9]. Following methyla-
tion, m⁵C-modified transcripts are specifically recognized by RNA-
binding proteins known as “readers”, which subsequently mediate
various downstream cellular effects [10]. Dysregulation of RNA
m5C modifications has been increasingly implicated in the
pathogenesis and progression of multiple cancers, including lung,
gastric, bladder cancers, and NPC [11–14]. For instance, in NPC, the
RNA m5C reader ALYREF enhances metastasis by stabilizing
NOTCH1 mRNA in an m5C -dependent manner[14].
Emerging evidence also highlights significant connections

between EBV infection and RNA modification, particularly
N(6)-methyladenosine (m6A), in EBV-associated malignancies
[15–17]. For example, the m6A reading protein
YTHDF1 suppresses EBV replication by promoting EBV RNA decay
[16], and the m6A demethylase FTO facilitates metastasis and
invasiveness in EBV-associated gastric carcinoma (EBVaGC) via the
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m6A-FOS-IGF2BP1/2 axis [18]. Recently, EBV-encoded non-coding
RNA EBER1 was found to undergo m5C modification, enhancing its
stability and viral pathogenicity [19]. However, the broader
significance and precise molecular mechanism of RNA m5C
modifications in EBV-driven tumorigenesis, particularly in NPC,
remain unclear.
Here, we performed RNA bisulfite sequencing (RNA-Bis-seq) on

EBV-infected NPC cells to systematically identify the RNA m5C
writers and readers involved in EBV-induced RNA modifications.
Integrating transcriptomic analysis with functional validation
experiments, we demonstrate that EBV-encoded
LMP1 significantly upregulates the RNA m5C writer NSUN2.
NSUN2 subsequently catalyzes the RNA m5C modification of
ICAM-1 mRNA, facilitating recruitment of the newly identified m5C
reader protein YBX3 and its partner PABPC1, thereby promoting
ICAM-1 translation and NPC metastasis. Our findings uncover a
previously unrecognized mechanism by which EBV promotes
tumor progression and establish the NSUN2/YBX3/m5C-ICAM-1
signaling axis as a potential therapeutic target for NPC.

MATERIALS AND METHODS
Clinical samples
For scRNA-seq, 10 NPC samples were collected at the Sun Yat-sen
University Cancer Center (SYSUCC, Guangzhou, China) between June 2018
and September 2018, as previously reported [20]. For bulk RNA-Seq, tumor
biopsy specimens from 95 NPC patients were collected at SYSUCC, while
another independent cohort of 113 NPC tumor biopsy samples was
obtained from a previously published study [21]. For IHC analysis, paraffin-
embedded NPC tissues (n= 100) were collected at SYSUCC between
September 2010 and March 2020. All cases were classified according to the
World Health Organization Histological Typing (WHOHT) criteria.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 7.0. Survival
curves were generated using the Kaplan-Meier method and compared
using the log-rank test. Pearson correlation analysis was conducted to
assess correlations between different genes. Statistical significance was
determined using a two-tailed Student’s t test for comparisons between
two groups and one-way analysis of variance (ANOVA) for comparisons
involving more than two groups. A P-value of <0.05 was considered
statistically significant. All histograms represent mean values ± standard
deviation (SD) derived from at least three independent experiments.

RESULTS
EBV infection enhances RNA m5C modification by LMP1-
mediated NSUN2 elevation in NPC
To investigate the role of RNA m5C modification in EBV-associated
NPC, we conducted integrated RNA bisulfite sequencing (RNA-Bis-
seq) analyses on HK-1 NPC cells infected with EBV in vitro (see
Methods). RNA-Bis-seq revealed a significant global increase in
RNA m5C modifications following EBV infection (Fig. 1A). To
identify key regulators responsible for the increased RNA m5C
modifications, we analyzed the expression of classical RNA m5C
“writers” (NSUN1-NSUN7) [22], and observed significant transcrip-
tional upregulation of NSUN2 in EBV-infected NPC cells (Fig. 1B
and Supplementary Fig. 1A). qPCR and western blot analyses
confirmed elevated NSUN2 expression at both mRNA and protein
levels (Fig. 1C, D). Single-cell RNA sequencing (scRNA-seq) analysis
further demonstrated significantly higher NSUN2 expression in
malignant NPC cells exhibiting high EBV gene activity (EBV-high)
compared to EBV-low cells (see Methods; Fig. 1E and Supplemen-
tary Fig. 1B). Consistent with these findings, correlation analysis
using clinical NPC samples indicated a strong positive association
between NSUN2 expression and EBV gene activation [23]
(Supplementary Fig. 1C). Importantly, NSUN2 knockdown mark-
edly decreased global RNA m5C modification level in HK-1-EBV
and CNE2-EBV cells, whereas its overexpression enhanced m5C

modification (Fig. 1F and Supplementary Fig. 1D). Collectively,
these findings suggest that NSUN2 is a crucial mediator of EBV-
induced RNA m5C modifications in NPC.
To explore the mechanism underlying EBV-induced NSUN2

upregulation, we examined correlations between NSUN2 and EBV-
encoded genes. Among these, LMP1 exhibited the strongest
correlation with NSUN2 expression (Fig. 1G and Supplementary
Fig. 1E). Furthermore, LMP1 overexpression significantly enhanced
NSUN2 expression at both mRNA and protein levels in HK-1-EBV
and CNE2-EBV cells (Fig. 1H, I). Consistently, dot blot analysis
revealed that LMP1 knockdown significantly reduced, whereas
LMP1 overexpression markedly enhanced, the global RNA m⁵C
modification levels in EBV-positive NPC cells (Supplementary
Fig. 1F). These data strongly suggest that EBV-encoded LMP1
promotes NSUN2 elevation in NPC.
To identify the signaling pathways mediating LMP1-regulated

NSUN2, we conducted bulk RNA sequencing on NPC cells with
LMP1 knockdown or overexpression (Supplementary Fig. 2A).
Pathway enrichment analysis of differentially expressed genes
resulting from LMP1 overexpression revealed gene enrichment in
interferon response, NF-κB signaling, JAK/STAT3 signaling, and
KRAS signaling pathways (Supplementary Fig. 2B). Transcriptional
correlation analysis demonstrated significant positive correlation
between NSUN2 expression and NF-κB pathway activation in NPC
tissues (Fig. 1J and Supplementary Fig. 2C). Moreover, Gene Set
Enrichment Analysis (GSEA) confirmed that NF-κB pathway was
significantly upregulated in NPC cells overexpressing LMP1, and
this upregulation was reduced upon LMP1 knockdown (Supple-
mentary Fig. 2D). Consistently, treatment with NF-κB pathway
inhibitor (PTDC) or knockdown of NF-κB or LMP1 significantly
attenuated LMP1-induced NSUN2 expression (Fig. 1K and
Supplementary Fig. 2E). Together, these findings strongly suggest
that LMP1 upregulates NSUN2 through NF-κB signaling, enhan-
cing global RNA m5C modifications in NPC.

NSUN2 regulates tumor metastasis through its RNA m5C
catalytic activity
To assess the biological impact of EBV-induced RNA m5C
modifications, we performed GSEA and Gene Ontology (GO)
analyses of the RNA-Bis-seq data. These analyses revealed that
genes with elevated m5C modification levels after EBV infection
were significantly enriched in cell migration and metastasis
pathways (Fig. 2A and Supplementary Fig. 3A). To confirm the
role of NSUN2 catalytic activity in tumor metastasis, we generated
NSUN2 knockdown in EBV-positive NPC cell lines (HK-1-EBV and
CNE2-EBV) and performed rescue experiments with either wild-
type NSUN2 (WT) or a double-mutant (DM) lacking functional
catalytic m5C sites (Cys271 and Cys321; Supplementary Fig. 3B, C).
Strikingly, NSUN2 knockdown significantly reduced NPC cell
invasion and migration, and this inhibitory phenotype was
reversed by re-expression of the WT-NSUN2 but not by the
mutant DM-NSUN2 (Fig. 2B).
Consistently, a series of in vivo metastasis mouse models

demonstrated that NSUN2 knockdown markedly inhibited NPC
metastases to lymph node, lung and liver, which was reversed by
the WT-NSUN2, but not the catalytic mutant (Fig. 2C-I and
Supplementary Fig. 3D). Notably, EBV infection alone was
insufficient to promote cell migration in the absence of NSUN2,
highlighting the essential role of NSUN2 in EBV-driven NPC
metastasis (Supplementary Fig. 3E). Collectively, these findings
firmly establish that NSUN2 contributes to EBV-induced NPC
metastasis through its RNA m5C catalytic activity.

YBX3 is a novel RNA m5C reader mediating EBV-induced
metastasis
To identify RNA m5C readers involved in EBV-induced metastasis,
we initially evaluated known readers, including ALYREF, YBX1,
YBX2, SRSF2, and LIN28B. These genes showed minimal or
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undetectable expression in EBV-infected cells and scRNA-seq
datasets (Supplementary Fig. 4A, B). Given that YBX1 and YBX2 are
established RNA m5C readers from the YBX family [24, 25]. We
hypothesized that YBX3, a related protein, might also function
similarly. Sequence alignment analysis revealed a high degree of
structural conservation across YBX family members, particularly in
the cold shock domain (CSD) and a putative m5C binding site
(Fig.3A, B). RNA pull-down and electrophoretic mobility shift
assays (EMSA) demonstrated that YBX3 binds specifically to
m5C-modified RNA oligos with affinity comparable to YBX1
(Fig. 3C, D and Supplementary Fig. 4C). Additionally, nucleic acid
mass spectrometry analysis further confirmed significantly higher

m5C levels in YBX3-bound RNAs compared to control samples
(Fig. 3E), strongly suggesting YBX3 as a novel RNA m5C reader.
To explore the link between EBV infection and YBX3 expression,

we performed transcriptomic analysis and revealed upregulated
YBX3 expression in EBV-infected cells (Supplementary Fig. 4D),
which was validated by qPCR and western blot assays at both
mRNA and protein levels, respectively (Fig. 3F, G). Furthermore,
scRNA-seq analysis revealed that YBX3 was remarkably upregu-
lated in EBV-positive NPC cells (Supplementary Fig. 4E). Moreover,
correlation analysis revealed a strong association between LMP1
and YBX3 expression in NPC samples (Supplementary Fig. 4F).
Additionally, LMP1 overexpression significantly induced YBX3

Fig. 1 EBV infection enhances RNA m5C level through upregulating NSUN2 in NPC. A RNA-Bis-seq analysis demonstrating overall
upregulation of RNA m5C modification in EBV-infected HK-1 cells (EBV+ ) compared with parental control cells (CTRL). B RNA-seq analysis
showing the upregulated NSUN2 transcription level in EBV+ HK-1 cells described in A. TPM: Transcripts Per Million. Data are the mean ± SD.
NSUN2 expression levels in HK-1 and CNE2 cells before (CTRL) and after EBV infection (EBV+ ) at mRNA and protein levels as determined by
qPCR (C) and western blot analysis (D), respectively. LMP1 serves as a reference. Data are the mean ± SD. E Single-cell transcriptome analysis
revealing higher NSUN2 transcription levels in EBV high (EBVhigh) than low (EBVlow) cell clusters of malignant cells in NPC clinical samples
(n= 10). Cells without EBV transcription detected by scRNA-seq are defined as EBV low; otherwise, EBV high. F RNA-Bis-seq analysis
demonstrating overall downregulation of RNA m5C modification in HK-1-EBV cells with NSUN2 knockdown (siNSUN2) compared with control
cells (siNC). G Transcriptional correlation between NSUN2 and EBV-encoded LMP1 in NPC samples (n= 95). NSUN2 expression levels in HK-1-
EBV and CNE2-EBV cells with LMP1 overexpression (LMP1-OE) or without (Vector) as determined by qPCR (H) and western blot analysis (I).
Data are the mean ± SD. J Transcriptional correlation between NSUN2 and NF-κB signaling pathway in NPC samples (n= 95). K Western blot
analysis evaluating the protein levels of NSUN2, NF-κB-p65, and LMP1 in HK-1-EBV and CNE2-EBV cells overexpressing LMP1 with or without
blocking NF-κB signaling pathway using the pathway inhibitor (PTDC) or siRNA (siNF-κB). Representative western blot images of three
biological replicates with similar results are shown in (D, I, K). Data in (C, H) are Mean ± SD from three independent experiments. Statistical
analyses were performed using appropriate tests based on data distribution: two-sided unpaired Student’s t test was applied for (A, B, C, F, H)
and correlation analyses for (G, J) were conducted using the cor. test function in R (v4.4.2). *P < 0.05, ** P < 0.01.
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expression in NPC cells (Fig. 3H, I). These findings strongly suggest
that YBX3 mediates EBV-driven activities in NPC.
To assess the functional role of YBX3 in NPC metastasis, we

established NPC-EBV cell lines with YBX3 knockdown, followed by
rescue with either wild-type YBX3 (WT) or mutant YBX3 lacking the
RNA m5C binding site (MUT; Fig. 3J). YBX3 knockdown dramati-
cally reduced NPC cell migration, while reintroducing wild-type
but not the m5C-binding-deficient mutant YBX3 fully restored

migration ability (Fig. 3J, K). Collectively, these findings demon-
strate that YBX3 functions as a critical RNA m5C reader to promote
EBV-induced NPC metastasis.

NSUN2 and YBX3 jointly regulate m5C modification of ICAM-1
to enhance its translation
To explore the mechanism by which NSUN2-mediated RNA m5C
modification contributes to NPC metastasis, we analyzed RNA-Bis-

Fig. 2 NSUN2 promotes NPC metastasis through its RNA m5C catalytic ability. A Gene Set Enrichment Analysis (GSEA) analysis of RNA m5C
up-regulated genes revealing upregulated EMT-related pathways in EBV-infected HK-1 cells. B Transwell assays showing the invasion and
migration abilities of HK-1-EBV and CNE2-EBV cells with NSUN2 knockdown using shRNA lentivirus while transiently rescuing wide-type
NSUN2 (WT), mutant lacking m5C catalytic site Cysteine 271 (C271) and Cysteine 321 (C321) determined as double mutant (DM), and empty
vector (EV) as control. Representative images of three biological replicates with similar results were shown. C Lymph node metastasis from
mice (n= 7 mice/group) with foot-pad inoculation of CNE2-EBV cells described in B. Extracted lymph nodes were imaged after one month of
inoculation. D IHC staining of pan-CK antibodies showing tumor metastasis in lymph nodes displayed in C. Scale bar, 500 μm. Percentages (E)
and areas (F) of metastasis in lymph nodes in (C). G Representative images of the lung and liver from mice (n= 5 mice/group) intravenously
injected with CNE2-EBV cells described in (B). Hematoxylin and eosin (HE) staining of lung (H) and liver (I) tissue sections from (G), with
statistical analysis of metastasis rates presented on the right. Statistical analyses were performed using appropriate tests based on data
distribution: the one-way ANOVA test was used for (B, F, H, I). *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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seq data and identified 81 genes with both elevated RNA m5C
levels upon EBV infection and reduced m5C levels following
NSUN2 knockdown (Fig. 4A). GO analysis revealed that these
overlapping genes were significantly enriched in pathways related
to metastasis and viral infection (Supplementary Fig. 5A), high-
lighting three key genes—ICAM-1, SLC7A1, and CHST2 (Supple-
mentary Fig. 5B). Among these, ICAM-1 exhibited the strongest
positive correlation with NSUN2 expression in clinical NPC samples

(Supplementary Fig. 5C). Furthermore, transcriptomic analysis
revealed a significant positive correlation between ICAM-1
expression and EBV gene expression, with LMP1 exhibiting the
most prominent association (Supplementary Fig. 5D, E). These
results suggest ICAM-1 as a primary target of NSUN2 regulation
upon EBV infection.
To confirm how NSUN2 catalyzes the m5C modification of ICAM-

1 RNA, we performed m5C RNA immunoprecipitation followed by

Fig. 3 YBX3 is a novel RNA m5C binding protein responding to EBV infection. A Schematic presentation of the functional domains for the
YBXs’ family members. CSD, cold shock domain. B Alignment of amino acid sequence of the cold shock domain across YBXs’ family members.
Conserved regions are highlighted in red. C Western blot assays showing YBX3 protein levels pulled down by biotin-labeled oligo-C or oligo-
m5C RNA probes in HK-1-EBV cells. D Electrophoretic Mobility Shift Assay (EMSA) showing the binding ability of YBX3 cold shock domain
(CSD) protein (YBX3CSD) with oligo-C or oligo-m5C RNA probes. E High Performance Liquid Chromatography (HPLC) detecting the RNA m5C
level in total (input) or YBX3-bound RNAs (YBX3-IP). YBX3 and LMP1 expression in HK-1 and CNE2 cells before (CTRL) and after EBV infection
(EBV+ ) as determined by qPCR (F) and western blot analysis (G), respectively. YBX3 and LMP1 expression in HK-1-EBV and CNE2-EBV cells
with (LMP1-OE) or without (Vector) LMP1 overexpression as determined by qPCR (H) and western blot analysis (I), respectively. J Western blot
analysis evaluating the expression of YBX3 and EMT-related markers in HK-1-EBV and CNE2-EBV cells. Cells were knocked down of YBX3 by
shRNA lentivirus and rescued with transient transfection of wild-type YBX3 (WT), mutant lacking m5C modification binding site (MUT), and
empty vector (EV) as control. Cells without YBX3 knockdown were scrambled. K Transwell assays assessing the migration abilities of cells
described in (J), with statistic of three biological replicates presented on the right. Scale bar, 50 μm. Representative western blot images of
three biological replicates with similar results are shown in (C, D, G, I, J). Data in (E, F, H) are Mean ± SD from three independent experiments.
Statistical analyses were performed using appropriate tests based on data distribution: two-sided unpaired Student’s t test was applied for
(E, F, H), and one-way ANOVA test was used for (K). *P < 0.05, ** P < 0.01, *** P < 0.001.
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qPCR (m5C RIP-qPCR) analysis, revealing a significant enrichment
of ICAM-1 RNA in NSUN2-immunoprecipated samples (Fig. 4B and
Supplementary Fig. 5F). RNA-Bis-seq analysis further identified a
specific m⁵C site (C base) at 1413 bp on ICAM-1 mRNA (Fig. 4C).
Consistently, in vitro methylation assays confirmed that bisulfite
treatment could convert C base at this position to T base,
indicating its unmethylated state (Fig. 4D, upper). In contrast, the
addition of recombinant NSUN2 protein prevented this conver-
sion, demonstrating that NSUN2 directly catalyzes m⁵C methyla-
tion at this specific site on ICAM-1 mRNA (Fig. 4D, bottom).
RIP-qPCR using YBX3 antibodies demonstrated that YBX3

directly binds to ICAM-1 RNA (Supplementary Fig. 5G), an
interaction significantly impaired upon YBX3 mutation lacking
the m5C-binding domain or NSUN2 knockdown (Fig. 4E, F).
Moreover, EMSA showed that NSUN2 knockdown markedly
reduced YBX3’s binding affinity to ICAM-1 RNA in HK-1-EBV cells
(Fig. 4G). Supportively, correlation analysis in clinical NPC samples
indicated a significant positive association between NSUN2 and
YBX3 protein levels (Fig. 4H). Collectively, these findings

demonstrate that NSUN2-mediated m5C modification of ICAM-1
RNA facilitates YBX3 binding, establishing a coordinated regula-
tory axis involving the RNA m5C writer NSUN2 and reader YBX3.
Previous studies have shown that RNA m5C modifications can

affect diverse cellular processes, including RNA stability and translation
[26–28]. To clarify whether NSUN2 and YBX3 regulate ICAM-1 RNA
stabilization, we treated NPC cells with actinomycin-D, a transcription
inhibitor, and measured the half-life of ICAM-1 mRNA. Interestingly,
knockdown of either NSUN2 or YBX3 did not significantly affect ICAM-
1 mRNA stability (Supplementary Fig. 5H). However, knockdown of
either NSUN2 or YBX3 significantly reduced ICAM-1 protein levels
(Fig. 4I, J), while their overexpression markedly increased ICAM-1
protein abundance (Fig. 4K, L). These results indicate that NSUN2 and
YBX3 predominantly regulate ICAM-1 expression at the translational
level, rather than by modulating mRNA stability.

YBX3 recruits PABPC1 to enhance ICAM-1 translation
Given that RNA m5C reader proteins commonly interact with
partner proteins to regulate post-transcriptional processes [28].

Fig. 4 NSUN2 and YBX3 jointly promote the m5C modification of ICAM-1. A Diagram showing the number of overlap genes with
upregulated m5C modification levels induced by EBV infection and those with downregulated levels upon NSUN2 knockdown. B m5C RIP
assays revealing m5C modification level of ICAM-1 with (siNSUN2) or without (siNC) NSUN2 knockdown in NPC cells. IgG-IP was used as
control. C RNA-Seq and Bis-Seq analyses of ICAM-1 in EBV-infected NPC cells, highlighting the m⁵C modification site (red arrow). D In vitro
methylation assays assessing the catalytic activity of NSUN2 protein on the specific m⁵C modification site of ICAM-1 using the bisulfite
conversion method. The red box indicates the m⁵C modification site. E, F RIP-qPCR assays revealing the binding ability of YBX3 with ICAM-1
RNA in NPC cells. HK-1-EBV cells were transfected with wild-type (WT) or catalytic mutant (MUT) YBX3 plasmids. HK-1-EBV and CNE2-EBV cells
were knocked down for NSUN2 (siNSUN2) or not (siNC); IgG-IP was used as a control. G Western blot revealing RNA binding ability of YBX3 in
the presence (siNSUN2-) or absence of NSUN2 (siNSUN2+ ) in HK-1-EBV cells with FLAG-YBX3 overexpression. Quantification statistics of RNA
levels bound to YBX3 protein are presented on the right. H Correlation of protein expression between YBX3 and NSUN2 in NPC tissues
(n= 100). Western blot analysis assessing the expression level of ICAM-1 in HK-1-EBV and CNE2-EBV cells transfected with NSUN2 (I) or YBX3
(J) siRNAs, or infected with lentivirus overexpressing NSUN2 (K) or YBX3 (L). Representative western blot images of three biological replicates
with similar results are shown in (G, I, J, K, L). Data in (B, E, F, G) are Mean ± SD from three independent experiments. Statistical analyses were
performed using appropriate tests based on data distribution: two-sided unpaired Student’s t test was applied for (E, G), one-way ANOVA test
was used for (B, F), and correlation analyses for (H) were conducted using the cor. test function in R. *P < 0.05, ** P < 0.01.
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We performed immunoprecipitation coupled with mass spectro-
metry (IP-MS) using YBX3-specific antibodies to identify potential
interacting partners involved in YBX3-mediated m5C functions.
Supportively, GO analysis of YBX3-associated proteins revealed a
significant enrichment in pathways related to protein translation
(Supplementary Fig. 6A). Notably, PABPC1 emerged as the most

abundant YBX3-interacting protein identified (Fig. 5A). To validate
this interaction, we conducted co-immunoprecipitation (co-IP)
assays using antibodies specific to either YBX3 or PABPC1,
confirming their direct interaction in NPC cells (Fig. 5B, C). Co-IP
assays with a series of domain-deletion mutants showed that CSD
deletion in YBX3 (YBX3-FLAG-ΔCSD) obviously abolished

Fig. 5 YBX3 recruits PABPC1 to regulate ICAM-1 translation. A Scatter plot of proteins bound to YBX3 or IgG in HK-1-EBV cells. X-axis
presents the peptide number bound to IgG, while y-axis shows the peptide number bound to YBX3. PSM, the peptide-spectrum matches.
YBX3 and its protein partner PABPC1 are highlighted in red. B, C Co-immunoprecipitation (Co-IP) assays showing the interaction between
YBX3 and PABPC1 in 293T cells. Cells were transfected with Flag-YBX3 and/or HA-PABPC1 plasmids as indicated. The immunoprecipitation
efficiency and enriched FLAG-YBX3 or HA-PABPC1 were detected by immunoblotting with antibodies against FLAG and HA, respectively.
Schematic diagram showing domain structures of wild-type and mutant constructs of YBX3-FLAG (D) and HA-PABPC1 (F). Co-IP assays in
293T cells co-transfected with either wild-type or mutant combination of HA-PABPC1 and FLAG-YBX3. Immunoprecipitations were performed
with anti-FLAG (E) anti-HA (G) antibodies. IP, immunoprecipitation. H Transcriptional correlation between YBX3 and PABPC1 in NPC samples
(n= 95). Correlation coefficient and P value were calculated using the ‘cor. test’ function in R. I RIP-qPCR assay detecting PABPC1’s binding
level to ICAM-1 in HK-1-EBV and CNE2-EBV cells with NSUN2 (siNSUN2) or YBX3 (siYBX3) knockdown, compared to control cells (siNC). IgG-IP
was used as a control. Data are the mean ± SD. J Western blot analysis evaluating ICAM-1 protein expression in HK-1-EBV and CNE2-EBV cells
with PABPC1 knockdown by siRNA and concurrently treated with puromycin. Representative western blot images of three biological replicates
with similar results are shown in (B, C, E, G, J). Data in (I) are Mean ± SD from three independent experiments. Statistical analyses were
performed using appropriate tests based on data distribution: correlation analyses for (H) were conducted using the cor. test function in R;
and one-way ANOVA test was used for (I). *P < 0.05, ** P < 0.01.
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interaction with PABPC1 (Fig. 5D, E). Similarly, PABPC1 lacking the
third and fourth RRM domains (PABPC1-HA-ΔRRM3 and PABPC1-
HA-ΔRRM4) failed to interact with YBX3 (Fig. 5F, G). These results
indicate that the CSD domain of YBX3 and the two RRM domains
of PABPC1 are critical for their interaction. Additionally, correlation
analysis of clinical NPC samples demonstrated a significant
positive association between YBX3 and PABPC1 expression levels
(Fig. 5H).
Considering the established role of PABPC1 in regulating mRNA

translation [29–31]. We investigated whether PABPC1 directly
interacts with ICAM-1 mRNA. RIP-qPCR assays confirmed signifi-
cant enrichment of ICAM-1 RNA in PABPC1-bound fractions in
NPC-EBV cells (Supplementary Fig. 6B). Importantly, this interac-
tion was significantly abolished upon knockdown of either NSUN2
or YBX3 (Fig. 5I). Furthermore, PABPC1 knockdown markedly
reduced ICAM-1 protein levels (Supplementary Fig. 6C, D).
Consistently, a puromycin incorporation assay, indicative of global
translational activity, revealed that PABPC1 depletion significantly
inhibited ICAM-1 mRNA translation in NPC cells (Fig. 5J and
Supplementary Fig. 6E). Collectively, these findings demonstrate
that YBX3 recruits PABPC1 to ICAM-1 mRNA, enhancing its
translation, thus highlighting a key functional axis by which RNA
m5C modifications promote NPC metastasis.

RNA m5C modification of ICAM-1 mediates NSUN2-induced
NPC metastasis
To determine the functional significance of RNA m5C modification
on ICAM-1 in NPC metastasis, we generated NPC-EBV cell lines
with stable ICAM-1 knockdown, followed by rescue expression
using either wild-type ICAM-1 (WT) or an ICAM-1 mutant lacking
the m5C modification site (MUT; Supplementary Fig. 7A). ICAM-1
knockdown significantly impaired NPC cells' migration, a defect
fully reversed by introducing WT-ICAM-1. In contrast, the
m5C-deficient ICAM-1 mutant (MUT) failed to rescue migration
(Fig.6A), underscoring the essential role of RNA m5C modification
in ICAM-1-mediated metastasis. To further assess whether ICAM-1
acts downstream of NSUN2 in promoting NPC metastasis, we
performed rescue experiments by overexpressing ICAM-1 in
NSUN2-knockdown NPC cells. Transwell assays demonstrated that
ICAM-1 overexpression significantly reversed the migration
defects induced by NSUN2 knockdown, achieving an effect
comparable to direct NSUN2 re-expression (Fig. 6B). These
findings were further corroborated by in vivo lymph node, lung
and liver metastasis models, where NSUN2 knockdown markedly
reduced NPC metastasis, while re-expression of either NSUN2 or
ICAM-1 fully restored metastatic capacity (Fig. 6C–G and
Supplementary Fig. 7B). These results demonstrate ICAM-1 as a
critical effector downstream of NSUN2 in promoting NPC
metastasis through RNA m5C modification.
Next, we examined the clinical significance of the identified

NSUN2/YBX3/ICAM-1 signaling axis in NPC. Transcriptomic analysis
revealed that NSUN2, YBX3, and ICAM-1 were significantly
elevated in NPC tumor samples compared to normal tissues
(Supplementary Fig. 7C). Immunohistochemistry (IHC) assays
confirmed predominant tumor-specific expression of NSUN2,
YBX3, and ICAM-1 (Fig. 7A). Additionally, correlation analysis
demonstrated a strong association between high ICAM-1 protein
levels and elevated NSUN2 and YBX3 expression in NPC tissues
(Fig. 7B). Importantly, elevated expression levels of these three
genes correlate with advanced tumor stages and lymph node
metastasis (N stages) in NPC patients (Fig. 7C, D and Supplemen-
tary Fig. 7D). Kaplan-Meier survival analysis also revealed that NPC
patients with high expression of NSUN2, YBX3, or ICAM-1 had a
poorer prognosis, with the combined upregulation of all three
genes in 29% cases demonstrating the most significant prognostic
impact (Fig. 7E). These data collectively suggest that the
integrated activity of the NSUN2/YBX3/ICAM-1 axis critically
contributes to NPC progression and prognosis.

DISCUSSION
EBV infection is a major etiological factor contributing to NPC
pathogenesis. Previous studies have shown that EBV influences
gene regulation at multiple regulatory levels, including transcrip-
tional, post-transcriptional, and post-translational processes [15,
32–34]. In this study, we demonstrate, for the first time to our
knowledge, that EBV infection globally increases RNA m⁵C
modifications in NPC by specifically upregulating NSUN2, a well-
established RNA m⁵C methyltransferase [10]. NSUN2 has been pre-
viously implicated in promoting tumor progression and resistance
to anti-PD-L1 immunotherapy across various malignancies
[35–37]. However, its precise mechanisms of activation and
tumor-promoting functions in EBV-associated NPC have remained
unclear. Our findings reveal that EBV encoding LMP1 drives
NSUN2 upregulation through NF-κB signaling, an oncogenic
pathway frequently activated in NPC [38, 39]. Functional assays
further corroborate that NSUN2 promotes NPC cell metastasis in
an RNA m⁵C-dependent manner, and silencing NSUN2 effectively
reverses the pro-metastatic phenotypes induced by EBV infection.
Collectively, these findings define a novel EBV-NSUN2-m⁵C
regulatory axis, underscoring the critical role of RNA m⁵C
modification in EBV-associated NPC metastasis.
RNA modifications represent a diverse class of epi-

transcriptomic marks, which typically exert their biological
functions through recognition by specific RNA-binding proteins,
termed “readers”, to modulate downstream cellular processes [40].
Here, we identify YBX3 as a novel RNA m5C reader that specifically
recognizes EBV-induced m5C modifications. YBX3 is a DNA/RNA-
binding protein previously linked to transcriptional regulation of
genes involved in DNA repair and implicated in various diseases
[41]. We found that YBX3 contains a highly conserved cold shock
domain (CSD), a structural motif essential for m⁵C-RNA binding,
shared by classical m⁵C readers within the YBX family (YBX1 and
YBX2) [24, 25]. Biochemical assays confirmed that YBX3 binds to
m⁵C-modified transcripts with high binding affinity, establishing
its functionality as a genuine RNA m⁵C reader. Furthermore,
functional experiments demonstrated that YBX3 promotes NPC
metastasis through its m⁵C-binding ability, consistent with
previously reported oncogenic roles of YBX3 in multiple malig-
nancies, including colon cancer [42], kidney renal clear cell
carcinoma [43], leukaemia [44], hepatocarcinoma [45], and NPC
[46]. Collectively, these findings expand the functional landscape
of YBX3, identifying it as a critical RNA m⁵C reader involved in EBV-
associated NPC metastasis.
We further identified ICAM-1 as a critical downstream target

regulated by the NSUN2/YBX3-mediated RNA m⁵C modification
pathway in NPC metastasis. ICAM-1 is a cell adhesion molecule
widely implicated in facilitating metastatic dissemination across
various cancer types [47–51]. In NPC, previous studies reported
that LMP1 promotes cell migration through ICAM-1 upregulation
[52, 53]. However, the detailed molecular mechanisms underlying
this regulatory relationship have remained unclear. Here, we
uncover a novel m⁵C-dependent mechanism whereby NSUN2
catalyzes m5C modification of ICAM-1 mRNA, enabling its specific
recognition by the m⁵C reader protein YBX3. Subsequently, YBX3
recruits the translation-promoting factor PABPC1 to the
m5C-modified site, thereby enhancing ICAM-1 translation. Func-
tional assays confirmed that ICAM-1 acts as a crucial mediator in
NSUN2-driven NPC metastasis in an RNA m5C-dependent manner.
Together, our findings elucidate how EBV hijacks the host RNA
modification machinery to drive NPC metastasis via the NSUN2-
YBX3-ICAM-1 axis.
Moreover, we observed significant upregulation of NSUN2,

YBX3, or ICAM-1 in NPC tumor tissues, and their elevated
expression correlated with poor prognosis. These findings indicate
that the NSUN2/YBX3/ICAM-1 regulatory axis may serve as a
crucial prognostic biomarker and a potential therapeutic target in
NPC. Currently, NPC treatment primarily relies on radiation and
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chemotherapy, which, although effective in early-stage disease,
remain limited in patients with metastatic disease or recurrent
NPC, or in those who are refractory to conventional therapies [54].
Our functional experiments demonstrate that depletion of NSUN2,
along with modulation of YBX3 and ICAM-1, significantly inhibits
NPC metastasis to lymph node, lung, and liver. These results
suggest that targeting this pathway could complement or
enhance existing treatment modalities, particularly for advanced
disease. Importantly, our clinical analyses show that approximately
30% of NPC patients exhibit concurrent high expression of NSUN2,
YBX3, and ICAM-1. This subset of patients tends to present with
more advanced disease and poorer prognosis, indicating that

therapeutic interventions aimed at disrupting the NSUN2/YBX3/
ICAM-1 axis may be especially beneficial in this high-risk group.
In summary, our study establishes a direct functional link

connecting EBV infection, RNA m5C modification, and NPC
metastasis. We demonstrate that EBV infection elevates LMP1
expression, activating the NF-κB signaling pathway, to promote
NSUN2 expression and thus increase RNA m5C modification of
ICAM-1 transcripts. These m5C-modified ICAM-1 are specifically
recognized by YBX3, a novel RNA m5C reader protein identified
here, which subsequently recruits PABPC1 through the cold shock
domain to promote efficient ICAM-1 translation (Fig. 7G). These
discoveries highlight RNA m⁵C modification as a critical post-

Fig. 6 m5C modification of ICAM-1 mediates NSUN2-induced NPC metastasis. A Transwell assays showing the migration abilities of HK-1-
EBV and CNE2-EBV cells with stable ICAM-1 knockdown by shRNA lentivirus and concurrently re-expression of wide-type ICAM-1 (WT) or
mutant lacking m5C modification site (MUT). Statistics of three biological replicates are presented on the right. Scale bar, 50μm. B Transwell
assays showing the migration abilities of HK-1-EBV and CNE2-EBV cells with stable NSUN2 knockdown by shRNA lentivirus and concurrently
re-expression of wide-type ICAM-1 or NSUN2. Statistics of three biological replicates are provided on the right. Scale bar, 50μm. C Growth of
lymph node metastasis from mice (n= 8 mice/group) with foot-pad inoculation of CNE2-EBV cells described in B. Extracted lymph nodes were
imaged (left) and volumed (right) after one month of inoculation. D IHC staining with pan-CK antibodies showing tumor metastasis in lymph
nodes displayed in (C). The metastasis percentage of the lymph nodes is shown on the right. Scale bar, 500 μm. E Representative images of the
lung and liver from mice (n= 5 mice/group) intravenously injected with CNE2-EBV cells described in (B). HE staining (F) of lung and liver tissue
sections from (E), with statistical analysis of metastasis rates presented in (G). Statistical analyses were performed using appropriate tests
based on data distribution: one-way ANOVA test was used for (A, B, C, G). *P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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transcriptional regulatory mechanism in EBV-associated NPC
metastasis and suggest that NSUN2, YBX3, and ICAM-1 represent
promising biomarkers and therapeutic targets, pending validation
in larger clinical studies. Despite these insights, we acknowledge
several limitations to our current study. First, although we focused
specifically on RNA m5C modifications, it remains possible that

other RNA modifications also contribute to EBV-induced tumor
metastasis, warranting further investigation. Second, our data
reveal widespread m5C modifications upon EBV infection,
suggesting additional m⁵C-modified transcripts beyond ICAM-1
may also significantly influence NPC pathogenesis, a direction
deserving future investigation.

Fig. 7 Clinical relevance of NSUN2, YBX3, and ICAM-1 in NPC patients. A Representative images of IHC staining showing high or low
expression of NSUN2, YBX3, and ICAM-1 proteins in tumor tissues from the same NPC patients (n= 100). Scale bar, 50μm. B Pearson
correlation analysis of ICAM-1 with NSUN2 or YBX3 expression based on IHC scores in NPC patients (n= 100). Box plots depicting the
correlations between the expression levels of NSUN2, YBX3, or ICAM-1 and clinicopathological features such as tumor grade (C), N stage (D).
Expression was based on IHC staining scores in NPC patients (n= 100). E Kaplan-Meier survival analysis illustrating patient outcomes based on
the individual or combined expression of NSUN2, YBX3, and ICAM-1, using IHC staining scores in NPC patients (n= 100). F Schematic diagram
of a proposed model for EBV-induced m5C modification in NPC metastasis. EBV encodes LMP1 to upregulate NSUN2 via NF-κB signaling
activation, leading to increased m5C modification of ICAM-1 RNA. The m5C-modified ICAM-1 is recognized by YBX3, a novel RNA m5C reader
protein, recruiting PABPC1 through its CSD to enhance ICAM-1 translation and thereby promoting tumor metastasis.
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