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Abstract
Background  Epstein-Barr virus (EBV) reactivation is closely associated with poor prognosis in nasopharyngeal 
carcinoma (NPC). However, the molecular mechanisms underlying EBV reactivation in NPC progression remain 
unclear. This study aimed to identify key genes and pathways involved in EBV reactivation using an integrated multi-
omics approach.

Methods  An in vitro EBV reactivation model was established to investigate molecular changes associated with viral 
reactivation. Transcriptomic (RNA-seq) and proteomic (LC-MS/MS) analyses were performed to identify differentially 
expressed genes. Functional enrichment, protein-protein interaction network analysis, and survival analysis were 
conducted to elucidate the biological significance of key genes. RNA-seq data from NPC patients (GSE102349) were 
analyzed to assess the association between EBV reactivation (BZLF1 expression) and clinical outcomes.

Results  A ten-gene signature (PLAUR, SBSN, LAMC2, CDC42EP1, F3, S100A, CYP24A1, KRT6B, PTGS2, and NQO1) 
was identified as significantly associated with EBV reactivation. These genes are involved in epithelial-mesenchymal 
transition (EMT), metabolic reprogramming, and hypoxia response. Pathway analysis highlighted their roles in 
complement and coagulation cascades, laminin interactions, keratin complex formation, and metabolic regulation, 
all of which contribute to EMT. Additionally, analysis of NPC patient data (GSE102349) revealed a correlation between 
BZLF1 expression and poor prognosis.

Conclusions  This study identifies a novel prognostic gene signature associated with EBV reactivation in NPC through 
integrated multi-omics analyses, which provided insights into the molecular mechanisms of NPC progression. These 
findings suggest potential diagnostic and therapeutic targets for improving NPC.
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Introduction
Nasopharyngeal carcinoma (NPC) is a highly aggressive 
head and neck malignancy that arises from the epithelial 
lining of the nasopharynx and displays unique epidemio-
logical and etiological features [1]. The development of 
NPC results from a complex interplay of genetic predis-
position [2], environmental influences, and lifestyle fac-
tors that collectively contribute to its pathogenesis [3]. 
Among these, Epstein-Barr virus (EBV) infection plays a 
central role in both the initiation and progression of the 
disease [4, 5]. EBV not only infects nasopharyngeal epi-
thelial cells but also interacts with diverse genetic and 
epigenetic alterations, fostering a tumor microenviron-
ment that is uniquely conducive to malignant transfor-
mation. This multifaceted virus-host interplay impacts 
critical cellular pathways, compromises immune surveil-
lance, and drives oncogenic signaling, ultimately shaping 
the distinct biological behavior and clinical outcomes 
observed in NPC [6].

EBV exists in two primary states: latency and lytic reac-
tivation [7]. While latent infection permits viral persis-
tence with minimal viral gene expression, the lytic cycle 
is marked by robust viral gene transcription and replica-
tion [8, 9]. Emerging evidence suggests that even a par-
tial or abortive lytic reactivation can significantly impact 
tumor progression, aiding in NPC pathobiology [10]. A 
pivotal player in this reactivation is the immediate-early 
protein BZLF1(ZEBRA, ZTA), which orchestrates the 
onset of the lytic cycle [11–13]. Current studies imply 
that BZLF1-driven reactivation can disrupt cellular 
homeostasis, trigger epithelial-mesenchymal transition 
(EMT), and promote immune evasion [6]. By subverting 
multiple signaling networks, BZLF1 enhance NPC inva-
siveness and metastatic potential.

Despite therapeutic advances, including radiotherapy 
and chemotherapy, NPC still shows high rates of recur-
rence and metastasis, often linked to EBV reactivation 
events [14–16]. Understanding how EBV reactivation 
mediates these outcomes is crucial for designing more 
effective treatment strategies. Here, we aim to system-
atically elucidate the molecular pathways activated by 
BZLF1 in NPC during Lytic reactivation. By applying an 
integrated multi-omics approach, we aimed to identify 
a candidate gene signature that underpins EBV-driven 
tumor progression. Our study identified prognostic gene 
markers associated with EBV reactivation in nasopharyn-
geal carcinoma by integrating transcriptomic and pro-
teomic analyses. This finding provides new evidence for 
elucidating the molecular association between EBV and 
nasopharyngeal carcinoma, which not only deepens the 
understanding of EBV oncogenic mechanisms, but also 
provides important clues for clinical diagnosis and thera-
peutic target development.

Materials and methods
Publicly available datasets and preprocessing
RNA-seq data from NPC patients were obtained from the 
Gene Expression Omnibus (GEO) database [GSE102349]. 
After mapping probes to gene symbols based on plat-
form annotations and filtering out probes that mapped 
to multiple genes, the average expression value was used 
for genes with multiple probes. Samples missing survival 
information or with lost follow-up were excluded, leav-
ing 88 NPC patient samples for survival analysis. BZLF1 
expression levels were used to stratify patients into risk 
groups via the `surv_cutpoint` function in R (version 
[4.4.1]).

Cell lines and culture conditions
NPC43, HK1, and HK1-EBV NPC cell lines were 
obtained from Prof. George Sai Wah TSAO ’s Lab, the 
University of Hong Kong. NPC43 cells and its sublines 
were cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum (FBS) (Gibco, Cat. No. 
[A5256701]), 10 µM Y-27,632 (Selleck Chemicals, Cat. 
No. S1049), and 1% penicillin/streptomycin (ECOTOP, 
Cat. No. [ES8542]). HK1 and HK1-EBV cells were cul-
tured in RPMI 1640 medium supplemented with 10% 
FBS and 1% penicillin/streptomycin. All cells were main-
tained at 37 °C in a humidified atmosphere containing 5% 
CO2.

Plasmid transfection
Plasmids pcDNA3.1 (Umine-Bio, Cat. No. 
[YMSW20241210002]) and pcDNA3.1-BZLF1(+) 
(Umine-Bio, Cat. No. [YMSW20241210001]) were used 
for transfection. NPC43 cells (2 × 10⁵ per well) were 
seeded into six-well plates and incubated at 37  °C until 
reaching 80% confluence. Cells were transfected with 
2.5 µg/well of either pcDNA3.1 or pcDNA3.1-BZLF1(+) 
using Lipo8000™ Transfection Reagent (Beyotime, Cat. 
No. [C0533]) following the manufacturer’s protocol. 
Forty-eight hours post-transfection, BZLF1 expression 
was measured via RT-qPCR and Western blot.

Real-time PCR
Total RNA was extracted from NPC cells using TRIzol 
reagent (Beyotime, Cat. No. [R0016]). cDNA was synthe-
sized using a reverse transcription kit (TOYOBO, Cat. 
No. [FSQ-301]). RT-qPCR was performed with ChamQ 
SYBR qPCR Master Mix (Vazyme, Cat. No. [Q331-02]) 
on a 7500 Real-Time PCR System (Thermo Fisher Sci-
entific, Cat. No. [4351104]). Gene expression levels were 
normalized to ACTB, and relative expression was calcu-
lated using the 2^(-ΔΔCt) method.
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Western blot
Proteins were extracted using RIPA lysis buffer (Beyo-
time, Cat. No. [P0013B]) and quantified by BCA assay 
(Beyotime, Cat. No. [P0012S]). Protein samples (40  µg) 
were separated by SDS-PAGE and transferred to 
nitrocellulose membranes (Merck millipore, Cat. No. 
[IPVH00010]). Membranes were blocked with 5% skim 
milk in TBST for 30  min and incubated overnight at 
4  °C with primary antibodies: anti-β-actin (Zenbio, Cat. 
No. [380624], 1:5000) and anti-EBV ZEBRA (BZLF1) 
(Santa Cruz Biotechnology, Cat. No. [sc-53904], 1:500). 
Membranes were then incubated with HRP-conjugated 
secondary antibodies (Enogene, Cat. No. [E0L3032-1], 
1:1000) for 1 h at room temperature. Protein bands were 
detected using chemiluminescence reagents (Beyotime, 
Cat. No. [P0018M]) and analyzed via ImageJ software.

Migration assay
HK1 and HK1-EBV cells were serum-starved for 12  h 
before being resuspended in RPMI 1640 containing 2% 
FBS at 5 × 10⁵ cells/mL. A total of 500 µL of RPMI 1640 
with 10% FBS was added to the lower chamber of a Tran-
swell insert (Beyotime, Cat. No. [FTW061-48Ins], 8 μm 
pore), while 200 µL of the cell suspension was added to 
the upper chamber. Cells were incubated at 37  °C for 
24–48  h. After incubation, migrated cells were fixed 
with 4% paraformaldehyde for 20 min, stained with 0.1% 
crystal violet, and counted in five randomly selected 10× 
fields of view under a light microscope.

CCK8 cell viability assay
NPC43, C17, and HK1-EBV cells were transfected with 
BZLF1 plasmid. Twenty-four hours post-transfection, 
cells were trypsinized, resuspended, and seeded at 5000 
cells/well in 96-well plates. At 24, 48, and 72 h, 10 µL of 
CCK8 solution (MCE, Cat. No. [HY-K0301]) was added 
per well and incubated for 2 h at 37 °C. Absorbance was 
measured at 450 nm using a microplate reader (TECAN, 
Model [SUNRISE]).

Flow cytometry
NPC43 and its KO cells were treated with TPA (12-O-tet-
radecanoylphorbol-13-acetate) or DMSO for 72 h, fixed 
with 70% ethanol, and stained with PI (Yeasen, Cat. No. 
[40710ES03]) for cell cycle analysis using flow cytometry 
(Beckman Coulter, Model [MoFlo XDP]). Data were ana-
lyzed using FlowJo (version [10.8.1], ​h​t​t​p​​s​:​/​​/​f​l​o​​w​j​​o​.​c​​o​m​/​​f​
l​o​w​​j​o​​/​d​o​w​n​l​o​a​d). to compare the distribution differences 
in G0/G1, S, and G2/M phases between the TPA-treated 
and DMSO control groups. The experiment ensured a 
final DMSO concentration of ≤ 0.1% to avoid solvent tox-
icity interference.

RNA-seq and LC-MS/MS
RNA-seq
After 48  h of plasmid transfection treatment, total 
RNA was extracted from NPC43 cells, and mRNA was 
enriched using oligo(dT) magnetic beads for subsequent 
cDNA library construction. The library was subjected to 
paired-end sequencing (≥ 20  million reads) on the Illu-
mina sequencing platform. Raw data underwent quality 
control, alignment, and differential expression analysis to 
identify differentially expressed genes.

LC-MS/MS
NPC43 cells were treated with 40 ng/mL TPA for 72 h, 
after which total proteins were extracted and enzymati-
cally digested into peptides. The peptides were then sepa-
rated using C18 reversed-phase liquid chromatography. 
High-resolution mass spectrometry was employed to 
analyze the peptides in liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) mode, utilizing data-
independent acquisition (DIA). Peptide identification 
and quantification were performed based on a pre-con-
structed spectral library or through a direct DIA strat-
egy. Differential gene screening was performed using a 
two-step method: (1) differential molecules were sepa-
rately screened from RNA-seq and DIA; (2) genes show-
ing consistent changes in both datasets were selected for 
subsequent analysis.

Bioinformatics and statistical analysis
RNA-seq data were aligned to the human genome (hg38) 
using STAR (version [2.7.10a], [​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​a​l​e​x​​
d​o​​b​i​n​/​S​T​A​R​/​r​e​l​e​a​s​e​s]), and differential expression ​a​n​a​l​
y​s​i​s was performed using DESeq2 (version [1.40.2], [​h​t​t​
p​​s​:​/​​/​b​i​o​​c​o​​n​d​u​​c​t​o​​r​.​o​r​​g​/​​p​a​c​​k​a​g​​e​s​/​r​​e​l​​e​a​s​​e​/​b​​i​o​c​/​​h​t​​m​l​/​D​E​S​
e​q​2​.​h​t​m​l]). Differentiated screening criteria:|log2FC|>1 
for transcriptomic data (RNA-seq) to accommodate the 
broad nature of transcriptional regulation; and a more 
stringent|log2FC|>1.5 criterion for proteomic data (LC-
MS/MS) to reduce mass spectrometry’s inherent vari-
ability effects. Functional enrichment (Gene Ontology 
(GO) and KEGG pathway analysis) was conducted using 
DAVID (​h​t​t​p​​s​:​/​​/​d​a​v​​i​d​​b​i​o​​i​n​f​​o​r​m​a​​t​i​​c​s​.​n​i​h​.​g​o​v​/), while 
gene set enrichment analysis (GSEA) was performed 
using the GSEA software (Broad Institute, version [v4.3.3 
for Windows], ​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​s​e​a​​-​m​s​​i​g​d​b​​.​o​​r​g​/​​g​s​e​​a​/​d​o​​w​
n​​l​o​a​d​s​.​j​s​p). Protein-protein interaction (PPI) networks 
were constructed with STRING (URL) and visualized 
using Cytoscape (version [v.3.10.2], ​h​t​t​p​​s​:​/​​/​c​y​t​​o​s​​c​a​p​​e​.​o​​r​g​
/​d​​o​w​​n​l​o​a​d​.​h​t​m​l).

Survival analysis was performed using the “survival” 
package in R. The `surv_cutpoint` function was used to 
determine optimal gene expression cutoff points. Kaplan-
Meier survival curves were plotted, and differences 
between groups were assessed using the log-rank test. 

https://flowjo.com/flowjo/download
https://flowjo.com/flowjo/download
https://github.com/alexdobin/STAR/releases
https://github.com/alexdobin/STAR/releases
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://davidbioinformatics.nih.gov/
https://www.gsea-msigdb.org/gsea/downloads.jsp
https://www.gsea-msigdb.org/gsea/downloads.jsp
https://cytoscape.org/download.html
https://cytoscape.org/download.html
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Statistical significance between experimental and con-
trol groups was determined using a two-tailed Student’s 
t-test with GraphPad Prism 9.5. A p-value of < 0.05 was 
considered statistically significant (*P < 0.05, **P < 0.01, 
***P < 0.001). Data are presented as mean ± SEM.

Results
BZLF1 expression correlates with adverse clinical outcomes
EBV lytic reactivation has been frequently associated 
with treatment failure and metastasis in nasopharyn-
geal carcinoma (NPC), as demonstrated in multi-center 
studies [17, 18]. Previous investigations support the cen-
tral role of BZLF1—a master regulator of the EBV lytic 
cycle—in driving NPC aggressiveness. For example, 
Dochi et al. showed that elevated BZLF1 levels in NPC 
biopsy samples correlate with higher recurrence rates 
[19]. In a recent clinical study conducted by Changhua 
Christian Hospital in Taiwan, the authors stratified stage 
III NPC patients based on a plasma EBV DNA cutoff of 
1000 copies/mL [20] (determined by ROC curve analysis 
with AUC = 0.6706, P < 0.001, where 826 copies/mL was 
identified as the optimal cutoff then rounded to 1000 
copies/mL for clinical practicality) and demonstrated 
that patients with high viral loads (≥ 1000 copies/mL) had 
significantly higher rates of tumor recurrence and distant 
metastasis (P < 0.01) (Table  1). These findings highlight 
the clinical relevance of BZLF1 in nasopharyngeal car-
cinoma (NPC) patients and support the hypothesis that 
BZLF1 modulates host gene networks to enhance tumor 
aggressiveness.

To further investigate this hypothesis, we analyzed the 
GSE102349 dataset, which comprises 113 EBV-positive 
primary NPC samples (Fig. 1A). After excluding 26 sam-
ples due to incomplete survival data or EBNA1 negativity 
(Fig. 1B), the latter indicating latent EBV infection status 
incompatible with our lytic reactivation study. we strati-
fied the samples into BZLF1-negative and BZLF1-posi-
tive groups using the median expression level of BZLF1 
as the cutoff. Kaplan-Meier survival curves and Log-rank 

tests revealed a non-significant difference (p = 0.16) 
toward worse progression-free survival (PFS) in the 
BZLF1-positive group (n = 45) compared to the BZLF1-
negative group (n = 42) (Fig.  1C). Subgroup analyses in 
87 patients further indicated that, in undifferentiated 
tumors (n = 19 of 36, p < 0.24) and type I tumors (n = 25 
of 50, p < 0.3), BZLF1-positive cohorts tended to have 
poorer prognoses. Although these trends did not reach 
statistical significance—likely due to sample size limi-
tations—they suggest that elevated pEBV DNA levels, 
reflecting EBV reactivation, may contribute to increased 
tumor recurrence, enhanced metastatic potential, and 
more aggressive NPC progression.

Elevated BZLF1 expression drives aggressive metastatic 
behaviour in NPC cells
To elucidate its role in tumor progression, we established 
a robust in vitro EBV reactivation model using NPC43 
cells. In this system, cells were transfected with a BZLF1-
expressing plasmid or treated with TPA (12-O-tetra-
decanoylphorbol-13-acetate) to establish an EBV lytic 
reactivation model. Next, we performed RT‑qPCR and 
Western blot analyses and observed robust upregulation 
of BZLF1 at both the mRNA and protein levels (Fig. 2A), 
consistent with recent literature underscoring its pivotal 
role in EBV reactivation and tumor progression [19]. 
Next, we performed comprehensive RNA sequencing 
and LC‑MS/MS profiling of the reactivated cells. RNA-
seq analysis identified 106 differentially expressed genes 
(82 upregulated and 24 downregulated; Figs.  2B–C), 
reflecting profound transcriptional reprogramming. 
GO enrichment analysis revealed that these changes 
predominantly affected pathways involved in endo-
plasmic reticulum stress, viral gene regulation, glycoly-
sis, and protein folding (Fig.  2D), while KEGG pathway 
analysis highlighted enrichment in protein processing, 
metabolic reprogramming, leukocyte transendothelial 
migration, ferroptosis, hypoxia, and virus‑induced car-
cinogenesis (Fig.  2E). Moreover, Gene set enrichment 

Table 1  Summary of failure site(s) in 106 patients with high EBV DNA level vs. 250 patients with low EBV DNA level
Failure site(s) Pretreatment EBV DNA level subgroup

Total Low EBV DNA level subgroup
(<1000 copies/ml)

High EBV DNA level subgroup
(≥ 1000 copies/ml)

P values

n = 365 n = 250 n = 106
Primary Tumor T 22 15 7 /
Metastatic lymph nodes N 5 2 3 /
Distant metastases M 26 11 15 /
Regional cancer T + N 3 1 2 /
Distantly situated cancer T + M 6 1 5 /

N + M 3 1 2 /
T + N + M 1 0 1 /

The sum total of any failures 66 31 35 <0.01
Total number of M-level failures 36 13 23 <0.01



Page 5 of 12Luo et al. Journal of Translational Medicine          (2025) 23:616 

analysis revealed significant activation of pathways 
involving EMT, NF-κB signaling, hypoxia response, 
and inflammation (Fig.  2F). These pathways collectively 
establish a metastatic network through HIF-mediated 
matrix remodeling, inflammation-driven MMPs release, 
and EMT-CTGF synergy [21].

Using Cytoscape for network visualization (Fig.  2G), 
we identified increased activity in pathways such as 
mTOR signaling, ribosome biogenesis, and glycolysis/
gluconeogenesis, along with a clear downregulation of 

pathways related to oxidative phosphorylation, cell cycle 
regulation, and gap junction formation. To validate these 
molecular insights, we assessed cell proliferation using 
CCK8 assays (Fig. 2H) but observed no significant differ-
ences (P = 0.13) between BZLF1-overexpressing cells and 
controls. This finding led us to hypothesize that BZLF1 
might influence cell cycle regulation.

To test this hypothesis, we performed flow cytometry 
analysis, which revealed a significant 15.6% increase 
in the proportion of cells in the S + G2/M phases in 

Fig. 1  Acquisition of NPC Patient Data and Definition of Screening Criteria from Public Databases. (A) Pie chart showing clinical information of 113 fresh 
nasopharyngeal carcinoma patient samples divided into three groups: clinical stage, tumor differentiation type, and subtype.(B) A selection diagram 
based on high- and low-expression scoring criteria for BZLF1. (C) Survival analysis, differential expression profiles across tumor cell differentiation and 
subtype-specific expression patterns between BZLF1-negative and BZLF1-positive groups. Statistical significance is defined as p < 0.05
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TPA-treated cells compared to DMSO-treated controls 
(Fig.  2I). However, in BZLF1-overexpressing cells, the 
proportion of cells in the S + G2/M phases was 56.96%, 
which was not significantly different from the 56.24% 

observed in vector-transfected cells. Combined with 
CXCR4 regulatory studies, which promote G2/M block-
ade through negative regulation of BZLF1, although the 
EBV-encoded BZLF1 protein partially enhances tumor 

Fig. 2 (See legend on next page.)
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cell proliferation, it has a weak regulatory effect on the 
G2/S phase checkpoint, suggesting that this viral protein 
is not a key factor for cell cycle regulation in nasopharyn-
geal carcinoma progression.

In contrast, both wound healing and Transwell migra-
tion assays (Figs.  2J-K) demonstrated that elevated 
BZLF1 expression significantly enhanced the migratory 
capacity of nasopharyngeal carcinoma (NPC) cells. These 
findings provide strong evidence that BZLF1 directly pro-
motes tumor metastasis. The experimental data clearly 
demonstrate that BZLF1 overexpression significantly 
enhances the migratory capacity of NPC cells (p < 0.01), 
directly confirming its critical regulatory role in promot-
ing tumor metastatic potential through facilitating cell 
migration. Furthermore, they align with clinical observa-
tions linking BZLF1 expression to tumor aggressiveness, 
suggesting that epithelial-mesenchymal transition (EMT) 
and cell cycle modulation are critical downstream events 
in EBV-mediated tumor progression.

In summary, by integrating transcriptomic and pro-
teomic analyses, we found that BZLF1 expression not 
only reprograms key cellular pathways but also imparts 
a more aggressive, migratory phenotype in NPC cells. 
These findings highlight the potential of targeting BZLF1 
to mitigate EBV-associated tumor progression and pro-
vide a mechanistic basis for its role in driving tumor 
aggressiveness and metastasis.

Identification and functional analysis of a ten-gene 
signature
To refine our candidate gene list and gain deeper insights 
into EBV‑mediated oncogenesis in nasopharyngeal car-
cinoma (NPC), we integrated RNA‑seq and LC‑MS/
MS data from reactivated NPC43 cells. RNA‑seq analy-
sis identified 161 differentially expressed genes (DEGs) 
(|log2FoldChange| > 1, adjusted p < 0.05), while LC‑MS/
MS profiling revealed 428 differentially expressed pro-
teins (DEPs) (|log2FoldChange| > 1.5, adjusted p < 0.05). 
By converging transcriptional and proteomic datasets, we 

minimized false positives and highlighted putative “driv-
ers” of EBV‑induced malignancy. Venn diagram analysis 
revealed nine consistently upregulated genes—PLAUR, 
SBSN, LAMC2, CDC42EP1, S100P, F3, CYP24A1, 
KRT6B, and PTGS2—and one consistently downregu-
lated gene, NQO1 (Figs.  3A–B). While several of these 
genes (e.g., LAMC2, PTGS2) have established roles in 
solid tumors, their coordinated upregulation under EBV 
reactivation conditions adds a new dimension to NPC 
pathobiology.

GO functional analysis indicated that these candidate 
genes are predominantly associated with apoptosis sig-
naling, oxidative stress, hypoxia, pyridine nucleotide 
metabolism, and NAD metabolism (Fig. 3C), while KEGG 
pathway analysis highlighted enrichment in protein pro-
cessing, metabolic reprogramming, leukocyte transendo-
thelial migration, ferroptosis, hypoxia, and virus‑induced 
carcinogenesis. Network and functional enrichment 
analyses linked these genes to diverse oncogenic path-
ways, including complement and coagulation cascades 
(F3), keratin complex remodeling (KRT6B), laminin 
matrix interactions (LAMC2), and metabolic reprogram-
ming (CYP24A1, NQO1). Protein‑protein interaction 
networks constructed using the STRING database and 
visualized with Cytoscape (Fig. 3D) grouped these genes 
into distinct functional clusters; notably, F3 exhibited the 
highest interaction activity by regulating complement 
and coagulation cascades, with PLAUR contributing sig-
nificantly. Additionally, a cluster linked to ubiquinone 
and terpenoid quinone biosynthesis predominantly com-
prised NQO1 and PTGS2, while structural genes KRT6B 
and LAMC2 emerged as key players in epidermal struc-
ture formation and laminin complex assembly.

Next, to assess the clinical relevance of these candi-
dates, we analyzed expression scores using clinical data 
from 88 NPC patients. Patients were stratified into high‑ 
and low‑expression groups, and heatmap analysis of the 
five most consistent samples revealed elevated expression 
of EMT‑related genes coupled with downregulation of 

(See figure on previous page.)
Fig. 2  EBV lysis reactivation model promotes metastasis and induces cell cycle arrest in NPC cells. (A) Validation of BZLF1 overexpression on gene and 
protein levels in NPC43 cells using RT-qPCR and Western blotting. * p < 0.05, Control vs. TPA, Vector vs. BZLF1, Student’s t-test; (B) Determine the experi-
mental design and workflow of the NPC43-induced EBV lysis reactivation proteome and transcriptome in NPC cells; (C) Volcano plots of RNA-seq dif-
ferential genes show the types and percentages of genes that are up-regulated (red) and down-regulated (purple); the top 5 genes in each category are 
labeled; (D) Examples of GOBP functional annotations for differential genes (one-sided Fisher’s exact test, p < 0.05). Boxes highlight the relevant enriched 
term (red), and the size of the box represents the significance of enrichment. Blue dots represent the involved genes. (E) Representative KEGG function 
annotations for differential genes (one-sided Fisher’s exact test, p < 0.05). The size of the dots reflects the number of proteins associated with the relevant 
term. Color bars represent the significance of enrichment; (F) Gene set enrichment analysis (GSEA) mountain range plot of all mRNAs in transcriptomics 
based on Hallmark gene sets. Red color indicates positively enriched pathways and blue color indicates negatively enriched pathways. Pathway names 
are organized by FDR value; (G) Metabolic pathway network diagram produced using Cytoscape showing 8 metabolic pathways, metabolic pathway 
names (yellow), genes with increased expression (red) and genes with decreased expression (blue), with the color shade correlating with the change in 
log2FC values of the genes, with the larger the absolute value, the darker the color; (H) Cell viability of BZLF1 overexpressing HK1 versus HK1-EBV cells 
as determined by CCK8. ***p < 0.005, Vector and BZLF1, Student’s t-test; (I) Cell cycle analysis of BZLF1 overexpressing NPC43 cells analyzed by flow cy-
tometry using PI staining. DMSO with TPA, Vector and BZLF1; (J) Representative Transwell invasion assay images showing vector versus BZLF1-expressing 
HK1 and HK1-EBV cells (left panel), comparative quantitative analysis of invasive cell counts (right panel); (K) Light microscopic examination of wound 
healing assay in HK1 and HK1-EBV cells with different BZLF1 expression levels. Magnification 40×, bar = 200 μm. Vector with BZLF1 at 24 h, Student’s t-test
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Fig. 3  Candidate gene cluster screening and its functional analysis. (A) Conditional threshold and workflow for joint transcriptomics and proteomics 
screening of candidate genes or proteins; (B) UP-set plots combined with Venn diagrams show the distribution of genes and proteins in different sub-
groups. Candidate gene screening criteria are based on synchronized up-regulated (red) and synchronized down-regulated subgroups (blue); (C) Rep-
resentative GOBP functionally annotated Mulberry plots of candidate gene families (one-sided Fisher’s exact test, p < 0.05). The dot size represents the 
number of proteins associated with the relevant term, while the colour bars denote the level of enrichment significance. Top five up-regulated pathways 
(red) and top four down-regulated pathways (blue); (D) Protein interaction information of candidate gene families was collected using the STRING 
database and protein interaction networks (PPIs) were mapped by Cytoscape. k-means clustering analysis delineated four major functional clusters; (E) 
Heatmap analysis of candidate genes in groups of high and low expression, each group contains five samples from NPC patients, and the distribution of 
the corresponding pathways is indicated by different colors in the right matrix plot
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cell cycle‑related genes (Fig.  3E). Furthermore, glycoly-
sis‑related genes such as PLAUR, SBSN, LAMC2, and 
CDC42EP1 were significantly regulated, whereas NQO1 
exhibited an notably significant reduction during EBV 
reactivation—suggesting that its downregulation may 
contribute to NPC progression via non‑traditional path-
ways, potentially by enhancing glycolytic function.

Collectively, by intersecting the DEGs with the DEPs, 
we refined our candidate list to a ten‑gene panel—
PLAUR, SBSN, LAMC2, CDC42EP1, F3, S100P, 
CYP24A1, KRT6B, PTGS2, and NQO1. Network and 
enrichment analyses revealed that these genes converge 
on processes critical for NPC metastasis, including extra-
cellular matrix remodeling, oxidative stress responses, 
and immune evasion. Notably, the negative regulation of 
NQO1 during EBV lytic reactivation may exacerbate oxi-
dative stress, thereby synergizing with other oncogenic 
signals to enhance tumor aggressiveness. In summary, 

our integrative multi‑omics approach not only refines 
large-scale datasets into a focused subset of potential 
“driver” genes but also highlights the novelty of a coor-
dinated gene signature under EBV reactivation—provid-
ing fresh insights into the viral-driven pathophysiology of 
NPC.

Clinical validation and prognostic significance of the ten-
gene signature
To validate the expression patterns identified through 
RNA sequencing, we performed RT-qPCR analysis using 
RNA extracted from our in vitro EBV reactivation model. 
The RT-qPCR results demonstrated concordance with 
the RNA-seq data, confirming the differential expres-
sion of all ten signature genes during EBV reactivation 
(Fig.  4A). Further validation was conducted using the 
GSE102349 dataset comprising 88 NPC patient samples. 
Survival analysis revealed that elevated expression of 

Fig. 4  Identification of candidate gene clusters and survival analysis. (A) Expression levels of 10 candidate genes in NPC cell lines were assessed using 
RT-qPCR, with the experiments divided into Vector and BZLF1 plasmid transfection groups, Student’s t-test; (B) Survival curve analysis: the 10 candidate 
genes were classified into high and low expression groups according to the survival score, and their prognostic relationships were evaluated
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CYP24A1 (p = 0.021) and LAMC2 (p = 0.036) were signifi-
cantly associated with poor prognosis. While the remain-
ing signature genes (KRT6B, SBSN, PTGS2, PLAUR, and 
CDC42EP1) showed similar trends toward reduced sur-
vival, these associations did not reach statistical signifi-
cance, which may be influenced by several factors such as 
sample size and patient heterogeneity. Notably, decreased 
expression levels of S100P and F3 demonstrated a poten-
tial association with malignant progression, showing a 
trend toward statistical significance (p = 0.08 and p = 0.27, 
respectively). While decreased NQO1 expression cor-
related with unfavorable prognosis, though not reaching 
statistical significance (p = 0.31).

The validated gene signature encompasses multiple 
critical pathways in NPC pathogenesis, including metab-
olism, migration, immune escape, EMT, oxidative stress 
response, and hypoxia adaptation. These findings sug-
gest potential therapeutic strategies targeting specific 
molecular pathways, such as the hyperactivated coagu-
lation system (through F3/PLAUR) or disrupted oxida-
tive stress responses (via NQO1). Moreover, our results 
indicate that combining EBV-targeted interventions with 
approaches targeting these metabolic and migratory pro-
cesses could potentially enhance NPC treatment efficacy. 
The clinical validation of this ten-gene signature not only 
reinforces its prognostic value but also highlights its 
potential utility in identifying novel therapeutic targets 
for improved NPC management.

Discussion
Our findings provide significant insight into the role of 
EBV reactivation in NPC, particularly through the func-
tion of the immediate-early protein BZLF1. Traditionally, 
the viral lytic cycle was considered an antagonistic event 
in tumorigenesis, as full viral replication typically results 
in host cell lysis [22, 23]. However, increasing evidence 
suggests that abortive lytic reactivation contributes to 
tumor progression, allowing viral gene expression while 
evading complete immune recognition [23, 24]. In this 
study, we demonstrated that BZLF1 reprograms host cel-
lular pathways, affecting key biological mechanisms such 
as epithelial-mesenchymal transition (EMT), metabolic 
adaptation, and immune evasion.

Genomic instability is a hallmark of tumorigenesis 
[25], and our results indicate that BZLF1 may contrib-
ute to this process in NPC [10, 11]. Previous studies have 
shown that BZLF1 can alter chromatin structure and 
modulate host transcriptional networks, potentially lead-
ing to chromosome mis-segregation and DNA damage 
[26]. Our transcriptomic and proteomic analyses support 
this notion, revealing dysregulated pathways related to 
DNA repair and genomic integrity. The presence of such 
genomic alterations may promote tumor heterogeneity 
and contribute to therapeutic resistance, emphasizing the 

need for targeted interventions aimed at stabilizing the 
genome in EBV-positive NPC.

Another major finding of this study is the impact of 
BZLF1 on EMT, a critical process in cancer metastasis 
[10, 11]. EMT involves the loss of epithelial character-
istics and the acquisition of mesenchymal properties, 
allowing cells to detach, invade, and migrate [27]. Our 
study identified that BZLF1 upregulates MMP9 and 
MMP3, key matrix metalloproteinases involved in extra-
cellular matrix degradation [28]. These findings align 
with previous reports demonstrating that EBV infection 
enhances EMT through both viral and host gene inter-
actions. The upregulation of laminin γ2 (LAMC2) and 
suprabasin (SBSN) further supports this hypothesis, as 
these proteins play integral roles in cell adhesion and 
migration [29–31]. Collectively, these data suggest that 
EBV reactivation facilitates NPC metastasis, highlight-
ing potential therapeutic targets to inhibit EMT-driven 
tumor progression.

Metabolic reprogramming is another key hallmark of 
cancer, allowing tumor cells to adapt to hostile microen-
vironments [32–34]. We observed that EBV reactivation 
enhances glycolysis, a well-known metabolic adapta-
tion in NPC [35]. The increased expression of CYP24A1 
(Cytochrome P450 Family 24 Subfamily A Member 1), 
which plays a role in vitamin D metabolism, may further 
contribute to metabolic shifts, particularly in protecting 
tumor cells from ferroptosis, a form of iron-dependent 
cell death [36]. By evading ferroptosis, NPC cells may 
enhance their survival under oxidative stress, thus pro-
moting tumor aggressiveness [37]. The metabolic changes 
induced by EBV reactivation also suggest potential vul-
nerabilities that could be exploited for therapeutic inter-
vention, particularly in disrupting glycolytic pathways or 
inducing ferroptosis as a targeted treatment strategy.

Our findings further illustrate that EBV reactivation 
plays a role in modulating coagulation and immune eva-
sion mechanisms in NPC [26, 38]. The upregulation of 
tissue factor (F3) and urokinase-type plasminogen acti-
vator receptor (PLAUR) indicates that EBV-positive 
NPC tumors may create a pro-thrombotic microenvi-
ronment [39, 40], which can facilitate tumor growth, 
angiogenesis, and metastasis [41]. This supports previ-
ous research showing that hypercoagulability in cancer 
patients is associated with worse prognosis and increased 
metastatic potential [40]. Additionally, the modulation 
of immune pathways suggests that EBV reactivation may 
enable NPC cells to evade immune surveillance [26]. The 
downregulation of NAD(P)H: quinone oxidoreductase 1 
(NQO1), a key player in oxidative stress response [42], 
raises the possibility that EBV-positive tumors exploit 
redox imbalances to further suppress immune detection 
and enhance survival [43].



Page 11 of 12Luo et al. Journal of Translational Medicine          (2025) 23:616 

S100 calcium-binding protein P (S100P), an established 
oncogene in several malignancies [44], exhibited unique 
behavior in NPC. While its high expression is often cor-
related with tumor progression [45–47], our analysis 
suggests a context-dependent role in NPC, possibly influ-
enced by the EBV-positive tumor microenvironment. 
The functional plasticity of S100P indicates that its role 
in NPC may differ from other cancers, warranting further 
investigation into its precise regulatory mechanisms in 
EBV-driven oncogenesis.

While our findings provide critical insights, certain 
limitations must be acknowledged. The sample size, 
though sufficient for initial analyses, warrants expansion 
to validate our findings in larger, more diverse cohorts. 
Additionally, while transcriptomic and proteomic anal-
yses offer powerful tools to uncover gene expression 
changes, functional studies such as in vivo models, ChIP-
seq, and immunohistochemical validation are neces-
sary to confirm the mechanistic contributions of BZLF1 
and its downstream targets. Future studies should also 
explore therapeutic interventions that disrupt the path-
ways identified in our study, with a focus on metabolic 
vulnerabilities, EMT inhibition, and immune-targeted 
approaches.

In conclusion, our study highlights the oncogenic role 
of BZLF1 in NPC during EBV reactivation. By leverag-
ing transcriptomic and proteomic analyses, we have 
elucidated how BZLF1 contributes to EMT, metabolic 
reprogramming, immune evasion, and genomic instabil-
ity. These findings provide a foundation for developing 
targeted therapies that mitigate EBV-driven oncogen-
esis, with potential applications in precision medicine for 
NPC patients. Future research should focus on further 
validating these pathways and identifying effective strate-
gies to counteract the oncogenic effects of EBV reactiva-
tion in NPC.
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