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Abstract. The management of nasopharyngeal carcinoma 
(NPC), a malignancy with pronounced geographic prevalence 
in Southeast Asia, is undergoing a paradigm shift toward preci‑
sion medicine driven by innovations in early detection and 
minimally invasive therapy. Breakthroughs in Epstein‑Barr 
virus (EBV)‑based screening, such as CRISPR‑associated 
protein 12a (Cas12a) amplification‑free assays, P85 antibody 
profiling and T‑cell receptor sequencing, now achieve 97.9% 
sensitivity and 99.3% specificity, enabling ultra‑early risk 
prediction 6‑12  months before clinical diagnosis. These 
advances synergise with multimodal imaging techniques such 
as narrow‑band imaging and I‑scan virtual chromoendoscopy, 
which detect sub‑5 mm lesions with 90% sensitivity, revolu‑
tionizing screening protocols. Therapeutically, endoscopic 
nasopharyngectomy (ENPG) exemplifies precision oncology, 
achieving ≥90% negative resection margins and a 92.1% 
5‑year survival rate in early‑stage NPC while preserving key 
functions (such as swallowing and hearing) and reducing 
radiotherapy‑related morbidity. Yet, it should be regarded as an 
indication‑bounded option for carefully selected T1‑T2 disease 
in experienced centers and does not constitute a universal 
substitute for radiotherapy. Persistent challenges, including 
tumor heterogeneity, limited access to advanced technologies 
in resource‑constrained regions and restrictive ENPG eligi‑
bility, underscore the need for artificial intelligence‑driven 

multi‑omics risk models, portable diagnostic tools and multi‑
national trials to validate long‑term outcomes. By integrating 
surgical‑immune synergy (such as neoadjuvant programmed 
cell death protein 1 inhibitors) and equitable implementation 
strategies, NPC care is transitioning from empirical approaches 
to a precision framework targeting >80% early diagnosis and 
>90% functional preservation, offering a roadmap to mitigate 
the global burden of this regionally concentrated cancer.
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1. Introduction

Epidemiology and unmet clinical needs. Nasopharyngeal 
carcinoma (NPC) is a malignant epithelial tumor of the naso‑
pharynx with an uneven global distribution. East and Southeast 
Asia account for ~80% of cases, with the highest incidence 
concentrated in southern China, particularly Guangdong, 
Guangxi and Fujian (1), making NPC both regionally clus‑
tered and globally consequential. The disease primarily 
affects individuals aged 40‑70 years and shows a pronounced 
sex disparity, with men affected 2‑ to 3‑fold more often than 
women (1). Despite advances in cross‑sectional imaging and 
conformal radiotherapy, early detection remains elusive and 
long‑term quality of life is still shaped by late toxicities, such 
as xerostomia, dysphagia and otologic injury.

Clinical presentation in the early stages is frequently 
silent or non‑specific and includes blood‑tinged sputum, 
unilateral nasal obstruction or painless cervical lymphade‑
nopathy, so that 70‑80% of patients are diagnosed at advanced 
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stages (III/IV) (2) This late‑stage predominance at diagnosis 
largely explains the pronounced survival gradient across 
stages and highlights the clinical value of shifting detection 
toward earlier disease: The 5‑year survival rate is >90% when 
NPC is detected early, but falls to >40% in late‑stage disease. 
Distant metastasis and local recurrence remain the principal 
modes of treatment failure (3). Collectively, these realities 
define three persistent unmet needs: i) Scalable, non‑invasive 
screening deployable at the population level; ii) risk‑stratified 
care pathways that minimise overtreatment without compro‑
mising oncologic safety; and iii) implementation models that 
preserve quality and outcomes in resource‑limited settings (4). 
Addressing these gaps will require earlier, more reliable detec‑
tion and exact therapies capable of improving durable survival 
while mitigating treatment‑related morbidity. 

Current diagnostic bottlenecks and emerging precision solu-
tions. Legacy serology and conventional imaging lack the 
resolution to capture preclinical or very‑early NPC across 
diverse populations  (5). Epstein‑Barr virus (EBV)‑centric 
assays have advanced non‑invasive detection but remain 
vulnerable to EBV‑negative disease and cross‑platform 
variability; T‑cell receptor (TCR) repertoire profiling and 
radiomics/radiogenomics add discrimination yet require 
standardized pipelines and prospective external validation (6). 
In practice, the present review advocates a molecular‑imaging 
co‑screening approach that pairs liquid‑biopsy signals with 
advanced endoscopy to address historical blind spots in 
very‑early disease (4).

The emergence of molecular and surgical precision paradigms. 
Converging advances now support a dual‑front precision strategy 
for NPC. On the molecular/imaging side, CRISPR‑enabled 
assays, antibody‑augmented platforms and integrated 
multi‑omics/radiomics enable non‑invasive, risk‑stratified 
co‑screening suitable for population deployment (2). On the 
interventional side, endoscopic nasopharyngectomy (ENPG) 
has re‑emerged as an organ‑preserving option restricted to 
carefully selected T1‑T2 disease in experienced centers; it 
does not constitute a universal substitute for radiotherapy. 
Bringing these strands together, a pragmatic tri‑axis frame‑
work was adopted: Molecular detection, precision surgery 
(indication‑bounded ENPG) and immune modulation, coordi‑
nated through analytics spanning screening, diagnosis/triage, 
treatment and surveillance (long‑term endpoints and PROs 
have been synthesised in Table SI) (4).

Looking ahead, the field will hinge on harmonising preci‑
sion detection with targeted intervention to shift care upstream. 
Artificial intelligence‑assisted models that fuse multi‑omics 
[including circulating tumor DNA (ctDNA)], immune‑reper‑
toire signatures and radiomic biomarkers can refine dynamic 
risk stratification and flag pre‑clinical disease. In parallel, 
rational sequencing, for example, protocol‑guided programmed 
cell death protein 1 (PD‑1)/programmed death ligand 1 
(PD‑L1) strategies alongside indication‑bounded ENPG, may 
sustain oncologic control while preserving function in selected 
patients. Progress will depend on multi‑center prospective 
programs with harmonized endpoints [5/10‑year OS; late ≥G3 
toxicities and PROs such as M.D. Anderson dysphagia inven‑
tory (MDADI)/quality of life questionnaire‑head and neck 

module (QLQ‑H&N35)], and on equitable implementation via 
portable diagnostics and tele‑enabled expertise in endemic 
regions where the burden is greatest.

2. Early screening for NPC: Current status and recent 
advances

EBV and its associated biomarkers. The EBV, a central 
oncogenic driver of NPC, establishes its pathogenicity through 
persistent latent infection and immune evasion (1,2), making 
EBV‑specific biomarkers important for early detection. Current 
serological screening strategies targeting EBV antigens, such 
as viral capsid antigen IgA (VCA‑IgA) and early antigen 
IgA, exhibit limited diagnostic utility, with single‑antibody 
assays achieving only a sensitivity of ~25% (6). Dual‑antibody 
approaches (such as VCA‑IgA with EBNA1‑IgA) have been 
shown to improve sensitivity to ~75%, yet their clinical transla‑
tion is hampered by persistently low positive predictive values 
(<20%) and high false‑positive rates, underscoring the need for 
complementary biomarkers (7,8).

Legacy serology and conventional imaging lack the 
granularity to consistently detect preclinical or very‑early 
NPC across heterogeneous populations. EBV‑centric assays, 
including plasma EBV DNA and methylome (cfDNA), 
exhibit advanced non‑invasive detection but remain vulner‑
able to EBV‑negative disease, pre‑analytical variability and 
cross‑platform threshold drift (9‑11). TCR repertoire profiling 
and radiomics/radiogenomics add discriminatory power, 
yet require standardised pipelines and rigorous prospec‑
tive external validation (7,12). The net effect is a patchwork 
evidence base marked by heterogeneous cut‑offs and incon‑
sistent reporting windows, which impedes guideline adoption 
and real‑world scale‑up (13,14).

Recent advances in NPC screening have revolution‑
ized EBV biomarker detection through multi‑dimensional 
technological innovations. Next‑generation sequencing 
(NGS)‑enabled composite models now decode both quan‑
titative and fragmentomic profiles of plasma EBV DNA via 
real‑time PCR, achieving unprecedented precision  (15). 
A landmark study by Lam  et  al  (15) demonstrated that 
algorithmic optimization of NGS data elevates screening 
specificity from 98.6 to 99.3% and boosts positive predic‑
tive value by 78% (from 11.0 to 19.6%), markedly enhancing 
early‑stage detection. Parallel breakthroughs in nucleic acid 
testing include the CRISPR‑Cas12a‑based non‑amplification 
digital detection system developed at Sun Yat‑sen University 
Cancer Center, Guangzhou, China (15,16). By targeting EBV 
genomic repetitive sequences, this platform outperforms 
conventional quantitative PCR (qPCR), achieving superior 
sensitivity (98.5 vs. 95.2%) and specificity (99.1 vs. 97.8%), 
while reducing assay time by 60% and enabling real‑time 
monitoring of tumor load dynamics. These innovations not 
only address historical limitations in EBV‑driven screening but 
are also aligned with global efforts to reduce mortality due to 
NPC in endemic regions, where >80% of the cases occur (17).

Serological testing for NPC has undergone transformative 
innovation, addressing long‑standing gaps in early detection. 
The VCA‑IgA/EBNA1‑IgA dual‑antibody ELISA platform 
increases screening sensitivity threefold (from 25 to 75%) 
while maintaining 98.5% specificity, earning endorsement 
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as the National Health Commission's preferred protocol for 
high‑incidence regions  (15). Complementing this, the P85 
antibody (P85‑Ab) assay, co‑developed by Xiamen University 
(Xiamen, China) and Wantai Biotech marks a paradigm shift 
in serological screening. As a standalone test, it achieves 
97.9% sensitivity and 98.3% specificity, surpassing conven‑
tional biomarkers. When integrated with dual‑antibody 
screening (18), P85‑Ab elevated the positive predictive value 
from 10 to 44.6%, quadrupling diagnostic efficiency while 
reducing per‑test costs by 30% in pilot implementations (19). 
Approved for clinical use in late 2024, this combinatorial 
strategy redefines cost‑effective mass screening, particularly 
in endemic areas where NPC accounts for >80% of global 
cases  (6). By harmonizing high‑throughput serology with 
precision biomarkers, these advances align with World 
Health Organization targets to reduce NPC‑caused mortality 
through early interception, exemplifying how translational 
innovation can bridge diagnostic accuracy and scalability in 
resource‑variable settings (20).

The current landscape of EBV‑related biomarker detec‑
tion is characterized by three key developments. First, NGS 
and CRISPR‑based technologies are enhancing diagnostic 
precision through multi‑indicator nucleic acid testing strate‑
gies. Secondly, the identification of novel biomarkers, such 
as P85‑Ab, has opened new avenues for early screening. In 
combination, these advances provide key technical support 
for establishing a tiered prevention and control framework 
encompassing initial screening, refined screening and defini‑
tive diagnosis. Of note, the advent of high positive predictive 
value assays contributes to reducing the risk of overdiagnosis 
in clinical settings. Despite these promising developments, 
challenges remain. The high costs associated with NGS and 
CRISPR limit their accessibility at the primary care level, 
while the long‑term stability and clinical utility of emerging 
biomarkers such as P85‑Ab require validation in large‑scale 
cohorts. Future research directions include the development 
of portable, low‑cost diagnostic platforms, the integration 
of multi‑omics data to construct dynamic early warning 
systems and the application of artificial intelligence to opti‑
mize screening algorithms. These innovations aim to enable 
standardized, accurate and widely accessible early detection 
of NPC.

Plasma free DNA cfDNA and ctDNA. Recent advances 
in circulating biomarkers and protein‑based assays have 
transformed the non‑invasive diagnosis and prognostic 
stratification of NPC. cfDNA, comprising short DNA frag‑
ments shed into the bloodstream, includes a tumor‑derived 
fraction, ctDNA, that harbors somatic alterations such as 
TP53 and phosphatidylinositol‑4,5‑bisphosphate 3‑kinase 
catalytic subunit α (PIK3CA) mutations (21,22). Leveraging 
ultra‑sensitive platforms such as digital PCR and NGS, trace 
levels of ctDNA can now be reliably detected, enabling 
earlier diagnosis and real‑time monitoring of tumor burden 
in patients with NPC. Complementing these molecular 
assays, the immunohistochemical analysis of the p53 
tumor suppressor protein provides key prognostic insights: 
Loss‑of‑function TP53 mutations often result in aberrant 
p53 accumulation and elevated p53 expression within NPC 
tissues has been consistently associated with worse overall 

and disease‑free survival  (23). Together, ctDNA profiling 
and p53 immunostaining offer a powerful, minimally inva‑
sive toolkit for guiding individualized treatment decisions, 
facilitating both the early detection of NPC and the tailoring 
of therapeutic intensity based on tumor biology (Fig. 1).

3. Biomarker detection

Progress in microRNA (miRNAs) research of related 
biomarkers. miRNAs, a class of ~22‑nucleotide non‑coding 
RNAs, modulate gene expression post‑transcriptionally by 
binding to the 3' untranslated regions of target messenger 
RNAs, thereby playing key roles in oncogenesis. In NPC, a 
distinct and consistent pattern of miRNA dysregulation has 
been widely observed, underscoring their potential as diagnostic 
and prognostic biomarkers  (24‑26). This aberrant miRNA 
expression landscape not only reflects underlying tumor biology 
but also offers a promising avenue for non‑invasive molecular 
diagnostics. However, the clinical translation of miRNA‑based 
biomarkers in NPC remains contingent on the development 
of robust, standardized detection platforms and optimized 
analytical strategies that ensure sensitivity, specificity and 
reproducibility across diverse patient populations.

Early studies on miRNAs focused on identifying miRNAs 
specific to NPC. Zhang et al  (27) found that miR‑93 was 
markedly upregulated in NPC tissues and Zhou et al  (28) 
further confirmed its serum levels were positively associated 
with tumour stage. However, the sensitivity and specificity of 
miR‑93 alone for diagnosis are insufficient, suggesting the 
limited clinical value of a single miRNA.  Zhou et al (28), 
Duan et al (29), and Zhang et al (30) demonstrated that the 
combined detection of miR‑17‑5p and miR‑20a can increase 
the sensitivity of early NPC to 80% and the specificity to 
87%, notably outperforming traditional serum antibodies 
(such as VCA‑IgA). Of note, the specificity of miR‑17‑5p in 
distinguishing patients with early‑stage NPC from healthy 
individuals is relatively low (73%), indicating the need to 
combine other markers to improve accuracy.

The inherent limitations of single‑miRNA diagnostic 
approaches have catalyzed the development of multi‑analyte 

Figure 1. The mainstream treatment methods of nasopharyngeal carcinoma 
are radiotherapy, chemotherapy, surgery, targeted therapy and immuno‑
therapy (by Figdraw.com).
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biomarker integration strategies, with recent advancements 
demonstrating marked improvements in clinical detection 
accuracy. Of note, Zhu et al (31) pioneered a serum triplex 
miRNA panel (miR‑140‑3p, miR‑192‑5p and miR‑223‑3p) 
achieving 93.2% sensitivity and 93.5% specificity through 
the synergistic regulation of Wnt/β‑catenin signaling and 
epithelial‑mesenchymal transition (EMT) pathways. This 
paradigm shift toward biomarker combination was further 
validated by Jiang et al (32), who reported that incorporating 
circulating EBV microRNA BART2‑5p (miR‑BART2‑5p) into 
screening/triage markedly improved diagnostic performance 
(AUC ~0.96‑0.97 in validation cohorts)., outperforming 
conventional plasma EBV DNA assays (50% detection rate), 
while maintaining 94.2% sensitivity. Considerably advancing 
the field, Li et al  (24,25) and Allaya et al  (22) established 
a multi‑omics diagnostic framework combining miR‑10b 
with EBV Latent Membrane Protein 1 (LMP1). EBV‑related 
transcripts (for example, LMP1) and host regulators such 
as TWIST1 have been associated with NPC pathobiology, 
supporting their potential as components of multi‑marker 
panels (24). These collective findings underscore the potential 
of cross‑modal biomarker integration in overcoming biological 
heterogeneity and pathway redundancy limitations inherent 
to single‑marker approaches, establishing a new standard for 
precision diagnostics in complex disease states.

Although miRNA biomarkers hold considerable promise 
for the clinical management of NPC, their translation into 
routine practice is hindered by three principal challenges. 
First, tumor heterogeneity poses a notable obstacle: Molecular 
subtypes of NPC, such as variations in EBV latency patterns 
and the degree of stromal infiltration, result in marked differ‑
ences in miRNA expression profiles. For instance, miR‑93 
is consistently upregulated in EBV type III latency tumors, 
yet exhibits variable expression in type I, limiting its utility 
as a broadly applicable biomarker (33). Secondly, the lack 
of technical standardization undermines reproducibility and 
comparability across studies. While qPCR and microarray 
platforms are widely used for miRNA detection, there 
remains no consensus on key methodological parameters, 
including sample preprocessing protocols (such as exosome 
isolation) and reference gene selection (such as U6 small 
nuclear RNA vs. cel‑miR‑39). Finally, the clinical utility of 
miRNAs has been predominantly explored in the context 
of diagnosis, whereas their potential roles in prognosis and 
therapy remain underdeveloped. Of note, miR‑205 has been 
implicated in radiotherapy resistance, highlighting the need 
to further investigate miRNAs as prognostic indicators 
and therapeutic targets  (34). Addressing these challenges 
will be essential for harnessing the full clinical potential of 
miRNA‑based tools in NPC. 

Genetic markers. Recent large‑scale genomic sequencing 
efforts have substantially advanced understanding of the 
molecular landscape of NPC, revealing recurrent alterations 
in tumor suppressor genes and oncogenic drivers with marked 
clinical implications. Among these, TP53 mutations, one of the 
most common genetic events across different types of human 
cancer, display distinct patterns in NPC, being predominantly 
enriched in EBV‑negative subtypes and recurrent tumors. 
These mutations, which include missense variants, point 

mutations and splice site alterations, result in the functional 
inactivation of the p53 protein, thereby impairing key path‑
ways involved in DNA damage response, cell cycle regulation 
and apoptosis. The consequence is enhanced tumor resistance 
to radiotherapy and chemotherapy, often associated with poor 
clinical outcomes (35‑38).

In parallel, the dysregulation of the PI3K/AKT signaling 
pathway carries out a complementary oncogenic role. 
Activating mutations in PIK3CA, notably E545K and H1047R, 
directly enhance AKT phosphorylation, promoting cell prolif‑
eration and survival (39). Meanwhile, the tumor‑suppressive 
function of PTEN, a key negative regulator of this pathway, 
is frequently compromised by inactivating mutations or 
copy number loss, resulting in a sustained activation of the 
PI3K/AKT/mechanistic target of rapamycin axis. These 
molecular aberrations are further amplified by the dysregula‑
tion of EGFR signaling (39,40). In EBV‑positive NPCs, EGFR 
amplification or overexpression concurrently activates multiple 
downstream pathways, including MAPK, PI3K/AKT, and 
Janus kinase/signal transducer and activator of transcription 
signaling pathway, which collectively contribute to radioresis‑
tance and the acquisition of cancer stem cell‑like properties. 
This mechanistic convergence provides a compelling rationale 
for the clinical evaluation of EGFR‑targeted therapies, such 
as erlotinib, in selected subsets of patients with NPC (41‑43). 
Given the clinical relevance of EGFR, the use of targeted 
therapies, including anti‑EGFR monoclonal antibodies such as 
cetuximab (44,45), are increasing. Detecting EGFR expression 
levels allows for the selection of more appropriate treatment 
strategies and facilitates the prediction of patient response and 
overall prognosis.

The dysregulation of cell cycle checkpoints in NPC 
exemplifies a paradigm shift in understanding tumorigenic 
mechanisms. The amplification of cyclin D1 (CCND1) drives 
the aberrant G1/S transition through the enhanced assembly 
of cyclin D1‑Cyclin‑dependent kinase 4 and 6 (CDK4/6) 
complexes, while the concomitant epigenetic silencing 
of cyclin‑dependent kinase inhibitor 2A (CDKN2A) via 
promoter hypermethylation induces the functional inactiva‑
tion of cyclin‑dependent kinase inhibitor 2A, isoform p16, 
thereby relieving its restraint on CDK4/6 kinase activity. 
This dual disruption of cell cycle surveillance constitutes a 
hallmark of NPC pathogenesis, providing a robust biological 
rationale for the clinical evaluation of CDK4/6 inhibitors 
that have shown a therapeutic promise in other head and 
neck malignancies (46‑49). Paralleling these proliferation 
anomalies, the tumor microenvironment (TME) exhibits 
constitutive NF‑κB activation, a pathognomonic feature 
mediated by convergent genetic lesions including nuclear 
factor of κ light polypeptide gene enhancer in B‑cells inhib‑
itor, α truncating mutations impairing IκBα function and 
heterozygous deletions affecting TNF receptor‑associated 
factor 3/cylindromatosis‑mediated negative regulation. These 
molecular defects sustain NF‑κB transcriptional activity, 
resulting in the paracrine secretion of immunosuppressive 
cytokines (such as IL‑6 and TNF‑α) that create a pro‑tumor‑
igenic niche while conferring radioresistance through EMT 
programming (50‑52). 

Of note, the immunogenetic predisposition of NPC reveals 
an evolutionary arms race between viral persistence and host 
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immunity: Genome‑wide association studies implicate human 
leukocyte antigen A/B (HLA‑A/B) class I allele variants in 
defective EBV antigen presentation, compromising cytotoxic 
T‑cell surveillance and enabling viral oncogene‑mediated 
transformation  (53‑55). The synergistic interplay between 
these cell‑intrinsic (CCND1/CDKN2A axis) and cell‑extrinsic 
(NF‑κB‑inflammatory loop) drivers, superimposed upon 
(HLA)‑restricted immune evasion mechanisms, defines 
the landscape of the molecular heterogeneity of NPC. Such 
integrative molecular cartography not only elucidates the 
biological basis of the distinct clinical behavior of NPC but 
also informs precision therapeutics, exemplified by the combi‑
natorial targeting of PI3K/AKT and EGFR axes that converge 
on dysregulated growth factor signaling. This multi‑layered 
mechanistic dissection positions NPC as a paradigm for 
viro‑immunogenetic tumor models requiring context‑specific 
therapeutic interventions (Fig. 2).

Epigenetic markers. The epigenetic and transcriptional 
dysregulation of key genetic elements has emerged as a 
key mechanism in the pathogenesis of NPC. One notable 
example is Septin 9 (SEPT9_v2), a tumor suppressor gene 
whose promoter hypermethylation leads to transcriptional 
silencing and is closely associated with NPC progression. 
Functional studies have demonstrated that SEPT9_v2 
suppresses tumor cell proliferation, migration and invasion 
by inhibiting the Wnt/β‑catenin signaling cascade through 
the miR‑92b‑3p/frizzled class receptor 10 axis  (55,56). 
Conversely, the kinesin family member kinesin family 
member 23 (KIF23), an established oncogene, is notably 
overexpressed in NPC tissues and promotes tumor aggres‑
siveness through the activation of the same Wnt/β‑catenin 
pathway. Of note, KIF23 expression is transcriptionally 
regulated by the androgen receptor, providing a mechanistic 
association with the observed sex‑specific differences in NPC 

Figure 2. Molecular interaction mechanism diagram of associated genes (by Figdraw.com).

https://www.spandidos-publications.com/10.3892/or.2026.9058
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incidence and outcomes. Collectively, these findings under‑
score the dual role of the Wnt/β‑catenin pathway as both a 
downstream effector and an integrative hub for epigenetic 
and hormonal regulation in NPC, positioning SEPT9_v2 and 
KIF23 as promising biomarkers for prognostic evaluation 
and as candidate targets for therapeutic intervention.

Emerging evidence highlights the key role of non‑coding 
RNA signatures and epigenetic alterations in shaping the 
molecular landscape and clinical trajectory of NPC. Specific 
miRNA expression profiles, particularly hsa‑miR‑142‑3p, 
hsa‑miR‑29c and hsa‑miR‑30e, have shown robust associa‑
tions with overall survival and when integrated with clinical 
parameters, substantially improve the accuracy of prognostic 
models. In addition to their intracellular regulatory functions, 
miRNAs packaged into exosomes, such as miR‑34a‑5p, exert 
paracrine effects that modulate the TME and intercellular 
signaling networks (57,58).

Epigenetic dysregulation, especially DNA methylation, is 
another hallmark of NPC. The promoter hypermethylation of 
protocadherin 17 (PCDH17) leads to its complete silencing 
across NPC cell lines and the functional restoration of PCDH17 
inhibits angiogenesis and suppresses vascular endothelial 
growth factor secretion (59). In addition, differentially methyl‑
ated regions in genes such as calcitonin‑related polypeptide α, 
ALX homeobox 4 and homeobox D9 are detectable in cfDNA, 
laying the foundation for non‑invasive liquid biopsy‑based 
diagnostics (60,61). Of particular note, the methylation status 
of SEPT9_v2 and protocadherin 17 not only holds diagnostic 
potential but may also serve as predictive biomarkers for treat‑
ment responsiveness, underscoring the multifaceted utility of 
epigenetic markers in early detection, prognosis stratification 
and therapy optimization.

Metabolomics markers. Metabolic reprogramming represents 
a hallmark of NPC, contributing to tumor progression, invasion 
and metastasis. One notable feature of NPC is the abnormal 
accumulation of metabolites, such as lactic acid and glutamine, 
within the TME, reflecting a shift in energy metabolism and 
biosynthetic demands (62). By integrating single‑cell Raman 
spectroscopy with mass spectrometry, recent studies (63‑65) 
have revealed markedly elevated levels of unsaturated fatty 
acids in highly metastatic NPC cell lines (such as 5‑8F and 
CNE2), implicating dysregulated lipid metabolism as a driver 
of metastatic potential. Complementary NMR‑based metabolo‑
mics analyses have identified specific lipoprotein subfractions, 
very low‑density lipoprotein and low‑density lipoprotein, as 
closely associated with NPC onset. A metabolite‑derived risk 
score incorporating these lipoproteins demonstrated strong 
discriminative power in multicentre cohorts (AUC=0.841), 
supporting their potential as early diagnostic and stratification 
biomarkers (66).

Furthermore, disturbances in amino acid metabolism, 
particularly elevated levels of 4‑aminobutyric acid, have been 
shown to facilitate tumor invasion through the activation of 
the ubiquitin‑proteasome pathway, specifically through ubiq‑
uitin‑conjugating enzyme E2C (67). These findings not only 
enhance understanding of the metabolic underpinnings of NPC 
but also provide a framework for the development of targeted 
metabolic interventions. The integration of multi‑omics plat‑
forms with artificial intelligence‑aided analysis is expected to 

further refine metabolic phenotyping and identify actionable 
vulnerabilities in NPC (Fig. 3).

4. Application and cutting‑edge progress of immunotherapy 
in NPC

In NPC, an EBV‑associated malignancy with pronounced 
immune infiltration and viral antigenicity, immune checkpoint 
blockade has emerged as a transformative modality. The 
PD‑1/PD‑L1 axis plays a central role in immune evasion by 
impairing cytotoxic T‑cell activation within the TME. High 
PD‑L1 expression, driven in part by EBV‑related inflamma‑
tion and epigenetic regulation (such as acetylation‑mediated 
nuclear translocation), suppresses anti‑tumor immunity, 
enabling tumor persistence (68‑70). PD‑1/PD‑L1 inhibitors 
restore T‑cell function and have demonstrated meaningful 
clinical efficacy in recurrent/metastatic NPC (R/M NPC).

Multiple early‑phase trials have established the mono‑
therapeutic activity of PD‑1 blockade in pretreated R/M NPC. 
The KEYNOTE‑028 study reported an objective response 
rate (ORR) of 25.9% and median overall survival (OS) of 
16.5 months with pembrolizumab (71), while the NCI‑9742 
trial showed similar outcomes for nivolumab (ORR, 20.5%; 
OS 17.1, months) (72). Camrelizumab also achieved an ORR 
of 28.2% in the CAPTAIN trial (73). However, despite encour‑
aging activity, monotherapy responses were limited by modest 
durability and heterogeneous patient benefit, prompting 
combination strategies.

The paradigm shifted with the emergence of immune‑
chemotherapy combinations. In the landmark JUPITER‑02 
trial, toripalimab plus gemcitabine‑cisplatin prolonged 
progression‑free survival (PFS) to 11.7 vs. 8.0 months with 
chemotherapy alone, reducing the risk of mortality by 
40% (73). Similar benefits were observed in NCT03707509 
with camrelizumab, further confirming the synergy between 
chemotherapy‑induced immunogenic cell death and PD‑1 
blockade (74). Of note, PD‑L1 positivity and EBV DNA clear‑
ance were predictive of superior responses (75), underscoring 
the importance of biomarker‑driven treatment selection.

Yet, immune resistance remains a key challenge. 
Mechanisms include loss of PD‑L1 expression, T‑cell exhaus‑
tion, immune desertification and neoantigen depletion (75‑78). 
Tumor‑intrinsic alterations, such as NF‑κB pathway activa‑
tion and cytokine‑driven immunosuppression, further impair 

Figure 3. Biological markers of nasopharyngeal carcinoma. 
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durable response (79). To overcome these barriers, neoadjuvant 
immunotherapy (such as PD‑1 inhibitors preceding ENPG), 
immune‑antiangiogenic combinations and AI‑assisted 
immune landscape modeling are being investigated.

In conclusion, PD‑1/PD‑L1 inhibitors have redefined the 
therapeutic landscape of NPC, particularly in the metastatic 
setting and are increasingly being integrated into frontline 
regimens. Future directions focus on optimizing combina‑
torial immunotherapy, identifying predictive biomarkers 
and tailoring interventions based on EBV load, TME and 
host immune features. These efforts aim to achieve durable 
functional remission in a historically therapy‑resistant 
malignancy (Fig. 4).

5. Examination and treatment of NPC

In the early screening system for NPC, endoscopic technology 
has progressed from traditional white light observation to 
advanced image enhancement stages. Optical enhancement 
platforms, represented by narrow band imaging (NBI) and 
I‑scan virtual chromoendoscopy, have markedly transformed 
the mucosal lesion identification system (80‑82). NBI enhances 
microvascular patterns using narrow‑band blue‑green light, 
excelling in detecting microinvasive lesions with diameters 
>5 mm, achieving a sensitivity of 92.3% and specificity of 
93.1%, far surpassing white light endoscopy. I‑scan, through 
digital image post‑processing, enhances vascular morphology 
and glandular structure details, identifying potential vascular 
abnormalities in white‑light negative regions with a detection 
rate of 23%, thus making it a powerful secondary screening 
tool for high‑risk populations. However, challenges in clinical 
application remain, such as high false‑positive rates, operator 
dependence and high equipment costs  (83). Future break‑
throughs will likely focus on building a multimodal fusion 
intelligent screening system, integrating signals such as EBV 
DNA load, TCR subtype typing and AI image recognition, to 
establish a new ‘visual + molecular diagnosis’ paradigm for 
grassroots applications.

Radiotherapy has long been regarded as the first‑line treat‑
ment for early‑stage NPC. However, the long‑term survival 
benefit of re‑irradiation is limited (5‑year OS <45%), with 
a high incidence of complications (such as NP necrosis and 
temporal lobe damage), leading to the return of surgery as the 
core treatment approach. Traditional open surgical methods, 
such as those involving the hard palate or maxillary bone, 
achieve high local control rates (10‑year OS ≤73.8%) (84‑87). 
However, their high margin positivity rates (≤29%), post‑
operative functional impairment (such as swallowing and 
facial issues) and aesthetic damage limit their applicability. 
The rise of endoscopic technology (such as ENPG) marks a 
key turning point in NPC surgical treatment paradigms. By 
offering high‑definition magnification views, ENPG allows for 
precise exposure of the skull base structures while preserving 
key anatomy (such as the eustachian tube and internal carotid 
artery), achieving a postoperative 5‑year OS improvement to 
48‑52%, while markedly reducing the incidence of ≥3‑grade 
toxicity events (88,89). More importantly, the anatomical clas‑
sification system developed based on the endoscopic platform, 
such as the four‑segment internal carotid artery classification 
for the parapharyngeal segment and four‑level recurring NPC 

surgical classification, provides key support for enhancing 
surgical safety and expanding indications.

Building on the demonstrated efficacy of ENPG in treating 
recurrent NPC, clinical studies have progressively extended its 
application to patients with early‑stage NPC (90‑92). Several 
prospective studies indicate that for patients at T1‑T2 stage, the 
combination of ENPG with chemotherapy or low‑dose radio‑
therapy achieves survival outcomes comparable with those of 
standard radiotherapy [3‑year OS of 100% and disease‑free 
survival (DFS) of 95.8‑100%]. Of note, ENPG also enhances 
quality of life metrics, particularly in preserving salivary gland 
function, reducing dry mouth and improving speech function. 
More importantly, ENPG successfully meets the dual objec‑
tives of precise lesion resection and functional preservation 
by shortening the irradiation path, circumventing the need for 
repeated radiation and minimizing the trauma to the adhesion 
zones (Table I).

Although ENPG is currently used as part of a multimodal 
treatment regimen, emerging evidence is gradually confirming 
its potential as a standalone therapy for stage INPC. A 10‑year 
retrospective study from the Cancer Center of Sun Yat‑sen 
University revealed that patients with stage T1N0M0 NPC 
who underwent ENPG alone achieved a 100% three‑year PFS, 
markedly surpassing intensity‑modulated radiotherapy (IMRT) 
in terms of cost‑effectiveness and quality of life (93,94). This 
finding suggested that minimally invasive surgery could chal‑
lenge the established standards of radiotherapy for specific 
NPC subtypes. However, this approach remains in its infancy 
and current evidence is constrained by small sample sizes and 
limited follow‑up durations. Future research should prioritize 
multicenter randomized controlled trials that incorporate molec‑
ular characteristics, such as EBV DNA load, PD‑L1 expression 
and TME features. This would enable the development of a more 
refined treatment model, emphasizing surgery complemented by 
immunoradiotherapy. The focus should be on targeting low‑risk 
molecular subgroups, with the aim of expanding the role of ENPG 
as a curative therapy. Accordingly, ENPG is not recommended 
beyond T1‑T2 indications and should not be generalized outside 
centers with the requisite skull‑base expertise; radiotherapy 
remains the reproducible standard elsewhere.

Figure 4. The therapeutic mechanism of PD‑1 and the immune environment 
of NPC. NPC, nasopharyngeal carcinoma. PD‑1, programmed cell death 
protein 1. 

https://www.spandidos-publications.com/10.3892/or.2026.9058


JIN et al:  EBV-Driven Precision Oncology in NPC8

Looking ahead, three key strategies are poised to estab‑
lish ENPG as a primary treatment modality: i) Preoperative 
neoadjuvant therapy, such as PD‑1 inhibitors combined with 
gemcitabine‑platinum regimens, can markedly reduce tumor 
volume and broaden surgical indications; ii)  intraoperative 
integration of AI‑assisted navigation, enhanced vascular 
imaging and robotic manipulation will lower technical barriers 
and iii) the incorporation of multidisciplinary collaboration 
(involving ENT, radiotherapy, oncology and immunology) 
alongside the dynamic monitoring of EBV load will enable the 
development of an individualized treatment decision‑making 
system, ultimately targeting ‘functional cure’ rather than mere 
‘lesion elimination’ (Table II).

6. Long‑term outcomes and functional assessment

Across available comparative studies, endoscopic nasopharyn‑
gectomy has been explored as an organ‑preserving option in 
highly selected early‑stage disease, with oncologic outcomes 
that appear broadly comparable to radiotherapy in some 
cohorts, while potentially offering advantages in selected 
functional domains; however, the evidence remains limited 
by small sample size, centre expertise, and heterogeneity 
in endpoints and follow‑up  (90,93,94). Beyond oncologic 
parity, convergent patient‑reported data indicate functional 

advantages, with higher MDADI scores for swallowing‑related 
quality of life and lower European Organisation for Research 
and Treatment of Cancer QLQ‑H and N35 symptom burdens 
in xerostomia‑linked domains (such as dry mouth and 
sticky saliva), consistent with the organ‑preserving intent 
of ENPG  (1,3,95). Accordingly, radiotherapy remains the 
reproducible standard, whereas ENPG should be reserved 
for carefully selected T1‑T2 patients in experienced centres, 
ideally within registries or prospective trials (90,93).To provide 
a transparent evidence map for clinicians and health systems, 
5‑/10‑year survival and functional readouts were synthesized 
and summarized in Supplementary Table  SI, annotated 
by assessment windows (baseline, 12‑24 months, and last 
follow‑up) and highlighting the heterogeneity of instruments 
that currently limits cross‑study pooling (93,96‑100).

7. Conclusion

In recent years, notable advances have been made in the early 
screening and treatment strategies for NPC, culminating in the 
development of a new paradigm of ‘precise screening‑mini‑
mally invasive intervention‑functional preservation’ (9). In 
the realm of screening, continuous innovations in detection 
technologies for EBV‑related markers have substantially 
improved diagnostic performance (18,101). The introduction 

Table I. Summary of key advances in early detection technologies for NPC, focusing on innovations in diagnostic platforms and 
their clinical applicability. The table provides an overview of sensitivity, specificity, advantages and limitations of each method 
discussed in the manuscript.

		  Sensitivity	 Specificity		
Detection method	 Key technology	  (%)	  (%)	 Advantages	 Limitations

CRISPR‑Cas12a	 CRISPR‑based	 98.5	 99.1	 High sensitivity and	 Requires advanced
(Amplification‑free)	 non‑amplification 			   specificity; rapid	 technology and trained 
	 digital detection			   and cost‑effective	 personnel
P85 antibody profiling	 Antibody detection	 97.9	 98.3	 High positive 	 Limited validation
	 (P85)			   predictive value; 	 across different 
				    cost‑efficient for 	 populations
				    mass screening	
T‑Cell receptor	 TCR sequencing of	 98.6	 ‑	 Ultra‑early 	 Not widely accessible; 
sequencing	 EBV‑related clonal 			   prediction of NPC 	 requires high‑
	 expansions			   risk (6‑12 months 	 throughput sequencing 
				    prior to clinical 	 platforms
				    diagnosis)	
Narrow‑band imaging	 Optical 	 92.3	 93.1	 Can detect	 High false‑positive rate; 
	 enhancement with 			   micro‑invasive 	 operator‑dependent
	 blue‑green light			   lesions <5 mm; 	
				    superior to white 	
				    light endoscopy	
I‑Scan virtual	 Image enhancement	 87.5	 ‑	 Enhances vascular	 Limited to higher‑end
chromoendoscopy	 for detailed mucosal 	 (Stage II)		  morphology and 	 equipment; operator‑
	 patterns			   glandular structure 	 dependent
				    detail	

NPC, nasopharyngeal carcinoma.
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of CRISPR/Cas12a‑based non‑amplification detection and 
the novel P85‑Ab has enhanced the sensitivity and specificity 
of NPC screening to 97.9 and 98.3%, respectively (18,102). 
Furthermore, the integration of mRNA multi‑marker 
combined detection (such as the miR‑140‑3p triad model) with 
imaging techniques, such as NBI and I‑scan, marks a notable 
shift from a ‘single indicator’ approach to a more robust 
‘molecular‑imaging’ collaborative model (30,82).

In the treatment domain, ENPG has raised the 5‑year 
survival rate for patients with early‑stage NPC to 92.1% 
through precise resection and functional preservation. In addi‑
tion, quality‑of‑life metrics, such as swallowing and hearing 
functions, are markedly superior when compared with those 
achieved with traditional radiotherapy, signifying a shift in 
treatment goals from ‘survival first’ to a balanced emphasis 
on both ‘survival and quality of life’ (90,93). However, several 

Table II. A comparative analysis of ENPG and traditional radiotherapy in treating early‑stage NPC. This table highlights key 
clinical outcomes, functional preservation and the challenges associated with each treatment modality.

Parameter	 ENPG	 Traditional radiotherapy

5‑Year survival rate	 92.1%	 ~90%
Negative resection margins	 ≥90%	 N/A
Functional preservation	 Swallowing, hearing and cervical	 Notable loss in swallowing, hearing and neck
	 mobility preserved	 mobility
Radiotherapy‑related morbidity	 Reduced incidence of mucosal necrosis, 	 High incidence of mucosal necrosis, neck
	 fibrosis and other side effects	 fibrosis and functional impairments
Eligibility	 Early‑stage (I/II) and recurrent NPC; 	 Broader eligibility, including advanced stages
	 precision‑based patient selection	
Technical requirements	 High precision surgery; AI‑assisted	 High‑dose radiotherapy; established protocols
	 navigation; specialized equipment	
Patient recovery	 Faster recovery; fewer long‑term side	 Slower recovery; long‑term functional
	 effects	 impairments
Cost and accessibility	 Expensive; limited access in	 Widely available; lower initial treatment cost
	 low‑resource regions	

ENPG, endoscopic nasopharyngectomy; NPC, nasopharyngeal carcinoma.

Figure 5. Practice‑facing outlook for NPC precision care. NPC, nasopharyngeal carcinoma. RT, radiotherapy; ENPG, endoscopic nasopharyngectomy; OS, 
overall survival; CTCAE, Common Terminology Criteria for Adverse Events; PROs, patient‑reported outcomes; MDADI, MD Anderson Dysphagia Inventory; 
QLQ‑H&N35, EORTC Quality of Life Questionnaire‑Head and Neck 35; mo, months; T1‑T2, tumor stage T1‑T2; G3, grade 3.
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key challenges persist, tumor heterogeneity results in limited 
universality of markers (such as fluctuations in miR‑93 expres‑
sion) (103); the low penetration of NBI/I‑scan technologies 
at the grassroots level and the lack of operational standards 
hinder their widespread use, and the indications of ENPG 
remain confined to early‑stage NPC, with long‑term efficacy 
requiring further large‑scale validation  (104). EBV‑based 
detection anchors current non‑invasive screening, yet gaps 
persist in EBV‑negative disease and cross‑population general‑
izability; ENPG remains indication‑bounded (selected T1‑T2; 
experienced centers), with radiotherapy as the reproducible 
standard elsewhere (105,106).

Future research should prioritize multi‑omics integra‑
tion to build AI‑driven risk stratification models combining 
EBV‑related signals with immune and metabolic features. 
Surgery‑immunotherapy synergy also warrants exploration, 
including neoadjuvant PD‑1 blockade with ENPG in trial 
settings and adjuvant strategies guided by dynamic EBV 
monitoring. Meanwhile, standardization and access should be 
improved through portable assays and consensus endoscopic 
grading systems. Multidisciplinary collaboration across 
ENT/head‑and‑neck surgery, oncology and radiotherapy 
is essential to implement stage‑appropriate precision care. 
Finally, multicenter prospective studies with harmonized 
endpoints and standardized PROs are required to validate 
long‑term efficacy and functional benefit.

The diagnosis and treatment of NPC are rapidly evolving 
from empirical approaches to precision medicine. By fostering 
interdisciplinary collaboration and embracing technological 
innovation, the goal of achieving an ‘early diagnosis rate of 
>80% and functional preservation rate >90%’ is within reach. 
Ultimately, these advancements will help overcome the persis‑
tent challenges in the prevention and control of NPC.

Going forward, the present review will adopt an indica‑
tion‑bounded pathway anchored by three coordinated axes. 
Molecular detection (EBV DNA/methylome cfDNA, TCR and 
selected multi‑omics) will be deployed as co‑screening with 
predefined cut‑offs and external controls (107,108). Treatment 
selection remains stage‑appropriate: Radiotherapy as the repro‑
ducible standard, and ENPG reserved for carefully selected 
T1‑T2 in experienced centers (with optional dose‑optimized 
low‑dose RT). Immune modulation (PD‑1/PD‑L1) is integrated 
for high‑risk biology and in trial settings. Implementation 
will prioritize registries and embedded pragmatic designs 
with harmonized endpoints, 5/10‑year OS, late ≥G3 toxicities 
and standardized PROs (MDADI/QLQ‑H&N35 at baseline, 
12 months, 24 months and long‑term), and will explicitly 
address equity and access (such as, portable assays, tele‑navi‑
gation and center‑stratified analytics) (109,110). This program 
is intended to confirm survival parity where suggested and to 
quantify any durable functional advantages under real‑world 
constraints (Fig. 5).

Limitations. Several constraints temper inference from the 
present synthesis. i)  Biology and case‑mix: EBV‑centric 
algorithms underperform in EBV‑negative NPC and may 
vary across ethnicities and prevalence settings; current 
evidence lacks adequately powered, externally validated 
cohorts for these subgroups. ii) Assay and pipeline hetero‑
geneity: Platforms (qPCR/ddPCR/NGS/CRISPR), thresholds 

and pre‑analytics (plasma handling, batching) differ across 
studies, introducing spectrum and incorporation biases 
that limit cross‑study pooling. iii) Functional outcomes and 
toxicity: PROs (MDADI, QLQ‑H&N35) are inconsistently 
timed and analyzed (directionality, responder thresholds) and 
acute vs. late (≥G3) toxicities are not uniformly separated. 
iv) Surgical generalizability: ENPG results largely reflect 
stringent selection (T1‑T2) and center experience/learning 
curves; requirements for navigation, imaging and rescuability 
restrict applicability in low‑resource settings. v) Long‑term 
endpoints: 10‑year OS/DFS and durable functional stability 
remain sparse and heterogeneous, with non‑randomized 
designs susceptible to residual confounding (adjuvant and 
salvage policies). vi) Implementation and equity: Few studies 
report cost‑effectiveness, access or workforce implications, 
impeding translation at scale.
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