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ARTICLE INFO ABSTRACT

Keywords: Background: Nasopharyngeal carcinoma (NPC) is a highly diverse and aggressive cancer type,
Nasopharyngeal carcinoma leading to varying prognoses and responses to immunotherapy. This study aims to develop a
Proteomics

protein-based signature that provides new insights into assessing the prognosis and immuno-

Ip;;osir;::ls therapeutic response in NPC patients.
DUSPL4 Methods and Results: We obtained transcriptomic and proteomic data for NPC from TCGA and

CPTAC databases, respectively. Differentially expressed proteins with prognostic significance
were identified using limma combined with uniCox analysis. A prognostic protein signature was
created utilizing the LASSO algorithm. Receiver operating characteristic (ROC) curve analysis
along with Kaplan-Meier survival analysis was conducted to assess the predictive accuracy of this
signature. To evaluate immune infiltration levels among patients categorized by high or low risk
scores (RPscores), we employed ssGSEA and ESTIMATE methods, while TIDE was used to forecast
responses to immunotherapy. Our research pinpointed four critical prognostic proteins: CdSTA,
AGR3, DUSP14, and LRRC17, allowing us to compute risk scores (RPscores). Kaplan-Meier curves
demonstrated that individuals in the low-risk category exhibited better survival rates. Further-
more, RPscore effectively predicted overall survival across both training and testing cohorts. The
ssGSEA results indicated that RPscore is linked with an immune-suppressive microenvironment
correlating with diminished immune responses. Notably, DUSP14 showed significant upregula-
tion in NPC cases; its role in promoting cell invasion and metastasis was confirmed through in
vitro studies.

Conclusion: We have established a robust protein-related signature capable of accurately fore-
casting prognosis as well as immunotherapy outcomes for NPC patients. Moreover, DUSP14
emerged as a potential therapeutic target due to its strong association with patient prognosis in
nasopharyngeal carcinoma.

1. Introduction

Nasopharyngeal carcinoma (NPC) is a squamous cell carcinoma that originates in the nasopharynx, particularly prevalent in East
and Southeast Asia [1]. The outlook for individuals diagnosed with NPC remains unfavorable [2], even with notable progress in
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treatment options such as immunotherapy, chemotherapy, and radiation therapy in recent years. Currently, most patients are already
in the advanced stage when diagnosed, with a high risk of recurrence and metastasis, and the 5-year survival rate is still only 40%-50 %
[3]. Subsequently, it is crucial to identify valuable biomarkers that can offer therapeutic insights aimed at enhancing the prognosis for
NPC patients [4].

NPC is believed to be assocaited with Epstein-Barr virus (EBV) infection, as well as, diet, smoking and genetic predisposition [5,6].
EBV infection creates a distinct immune microenvironment in NPC, leading to pronounced immune escape characteristics.
EBV-infected nasopharyngeal carcinoma cells produce exosomes and cytokines that affect stromal cells’ functions within the tumor
[7]. Immune escape presents a significant challenge for the NPC’s clinical management and treatment, particularly in the context of
immunotherapy. The alteration of the tumor microenvironment is considered as a crucial mechanism of immune escape and is closely
linked to metabolic processes. For example, chemotherapy has been shown to induce IL-18 secretion by macrophages. In tumor cells, it
upregulates the LAT2 (amino acid transporter), which in turn upregulates CD47 expression and suppresses macrophages phagocytosis,
facilitating tumor cell immune escape [8]. Additionally, HK2, a key glycolysis enzyme, phosphorylates IkBa, promoting its degradation
and activating the NF-xB pathway. This activates PD-L1, contributing to tumor immune escape [9]. Therefore, a deeper understanding
of metabolism-related proteins, especially secreted proteins, in shaping the tumor microenvironment and developing immunotherapy
strategies is crucial for addressing tumor escape.

Recently, extensive proteomic studies have been employed to explore the properties of proteins, providing a thorough new un-
derstanding of disease mechanisms (including NPC), cellular metabolism, and various biological processes at the protein level [10,11].
However, there is a lack of studies focusing on the analysis of prognosis and prognostic markers in nasopharyngeal carcinoma based on
protein expression levels.

The CPTAC project has generated extensive proteomic data for a wide range of tumors using mass spectrometry [12]. Leveraging
CPTAC’s proteomics data, we identified differently and prognostically relevant proteins in NPC and developed a prognostic model,
termed RPscore, based on four key proteins using machine learning techniques. Our findings indicate that RPscore is associated with
tumor grading and can distinguish the resistance to immunotherapy.

2. Materials and methods
2.1. Data collection

NPC proteomics datas were downloaded from CPTAC (https://portal.gdc.cancer.gov/), including normalized relative quantitative
data from TMT labeling experiments in 105 NPC patients, along with matched clinical information such as age, sex, grade, and TMN
stages. RNA-Seq data and clinical data of the 527 cases in The Cancer Genome Atlas Program (TCGA-HNSC) project were also
collected. The RNA-Seq data matrix was normalized using TPM and subsequently log2 (x+1) transformed.

2.2. Difference and enrichment analysis

We screened proteins with a foldchange >1.3 and P < 0.05 using the ‘limma’ program (v3.50.3) [13], with adjustments made by
the BH method. The analysis for biofunctional enrichment was conducted using the ‘clusterProfiler’ R package (version 4.2.2) and
Sangerbox14,15 to perform Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) assessments. GO enrichment
analysis was utilized to examine gene-related biological processes (BP), molecular functions (MF), and cellular components (CC), while
KEGG analysis focused on investigating the signaling pathways associated with these genes [14,15]. A PPI network was constructed
based on the String database (http://string-db.org/) [16]. We also conducted enrichment analysis of the PPI network using the Enrichr
website (https://maayanlab.cloud/Enrichr/) [17]. The top 10 enrichment items and their p-values are visualized in bar charts, with
bars colored according to their p-values.

2.3. Classification model construction and validation

Using the R package “glmnet”, we conducted a least absolute shrinkage and selection operator (LASSO) Cox regression (v4.1-4)
[18] to identify differential prognostic proteins in the data set for training, and calculate a risk protein score (RPscore) for each NPC
case using the equation below. Differential proteins were analyzed using univariate Cox regression and Kaplan-Meier survival analysis
to identify proteins that were significant in both prognostic methods, which were then used for LASSO modeling with the R package
“glmnet”. The training set and test set were constructed by split the samples randomly, and the LASSO model was trained on the
training set to get a multi-protein risk score (RPscore), calculated as follows, where coef; represents the coefficient of protein P; in the
model:

n
RPscore = Z coef;*P;
=1
High and low-risk groups were identified by divided samples by the median RPscore as the cut-off [19]. To evaluate the accuracy of
RPscore, receiver operating characteristic (ROC) curve analysis was performed across the training, test, and entire datasets.
Kaplan-Meier curves were employed to examine the ability of the RPscore to predict prognosis of NPC patients.
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2.4. Immune infiltration analysis

The immune cell infiltration profiles in the tumor microenvironment (TME) were assessed by the single sample gene set enrichment
analysis (ssGSEA) [20]. Previous studies identified 23 immune cell types infiltrating the TME according to genomes data [21]. Esti-
mation of Stromal and Immune cells in MAlignant Tumor tissues using Expression data (ESTIMATE) [22] algorithm was used to
calculate the proportions of stromal and immune cells. Correlation heatmaps were generated by the R package “corrplot” (v0.92) to
visualize the relationships between infiltrating immune cells.
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Fig. 1. Differential protein identification and functional analysis of NPC.

(A) Volcano map of differential proteins. (B) Heat map of Top 50 differential proteins. KEGG enrichment analysis of (C) up- and (D) down-regulated

differential proteins. Go analysis of (E) up- and (F) down-regulated differential proteins.
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2.5. Cell culture, transient transfection, RNA extraction and quantitative real-time PCR (qRT-PCR)

The human nasopharyngeal epithelial cell line NP69 and four nasopharyngeal carcinoma cell lines (HEN-1, HEN-2,5-8F, C666-1)
were purchased from the Cell Institute of the Chinese Academy of Sciences for this study. All cells were cultured in DMEM (Gibco, USA)
containing 10 % fetal bovine serum (Gibco, USA) or RPMI-1640 (Gibco, USA). Negative control (NC) and DUSP14 siRNA (Genome-
ditech, China) were transfected into nasopharyngeal carcinoma cells using Lipofectamine 2000 (Invitrogen, USA) according to the
manufacturer’s protocol. Cells were transfected with 30 pmol siRNA, incubated for 24 h, and subsequent experiments were conducted
after confirming transfection efficiency via RT-qPCR [23].

Total mRNA was extracted from cultured cells and reverse transcribed into cDNA using a reverse transcription kit (Takara) ac-
cording to the manufacturer’s protocol. The cDNA was then incubated with SYBR Green incubation and amplified using a real-time
PCR system. mRNA expression levels were normalized to GAPDH expression. The primer sequences for this study are shown in
Table S1.

2.6. Wound healing and transwell assay

Wound healing and transwell assays were conducted to assess the migration and invasion capabilities of nasopharyngeal carcinoma
cells following siRNA transfection. Cells (1.5 x 10%) were seeded into the respective compartments and incubated for 48 h, following
the manufacturer’s protocol.

2.7. Statistical analysis

Kaplan-Meier curves with log-rank test were used to evaluate OS associated with differential proteins. Univariate and multivariate
Cox regression analyses were conducted to assess the prognostic value of differential proteins and clinical factors. The correlation
between RPscore and clinicopathological features was determined using the Wilcoxon or Kruskal-Wallis tests. Pearson correlation was
performed to assess the relationship between immune cells and RPscore. Receiver operating characteristic (ROC) curves, generated
using the ‘survival ROC’ package in R, along with the area under the curve (AUC), were used to assess the prognostic capability of
overall survival (OS) risk scores at three years. The version of R employed for this analysis was 4.0.3. A p-value threshold of less than
0.05 was deemed statistically significant.
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Fig. 2. Construction of protein-protein interaction network.
(A) PPI network clustering diagram generated by String program. Enrichment analysis results of (B) red, (C) green, (D) blue clusters. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results
3.1. Analysis of differentially expressed genes in nasopharyngeal carcinoma and their functional implications

Differential analysis was conducted using the limma method, revealing 208 differently expressed (DE) proteins between 105 tumor
samples and 63 normal samples. DE proteins included 21 up-regulated and 187 down-regulated ones (Fig. 1A). A heat map visuali-
zation of the most significant 50 DE proteins is shown in Fig. 1B. The differently expressed proteins were subjected to GO and KEGG
analyses to elucidate functions and pathways of them. KEGG enrichment indicated that up-regulated proteins were closely associated
with ECM-receptor interaction, the PI3K-Akt signaling pathway, and cancer pathways, while down-regulated proteins were pre-
dominantly associated with various drug metabolism pathways, such as cytochrome P450-mediated metabolism of xenobiotics
(Fig. 1C and D). From the biological process category, it was observed that these proteins are primarily involved in extracellular
structural organization and the extracellular matrix (Fig. 1E and F). This suggests that metabolic alterations is important for the
progression of NPC disease. When comparing transcriptomics and proteomics data, among the 7771 proteins/mRNAs detected in both
TCGA and CPTAC, only 175 protein-mRNA pairs were commonly significantly up/down regulated in the same direction (Fig. S2B).
Functional analysis through GO enrichment of these 175 protein-mRNA pairs showed high consistency with the differential proteins
identified (Figs. S2C-F).

3.2. PPI network reveals distinct clusters determining NPC disease characteristics

By importing the differential proteins into the STRING program and clustering them using the K-mean algorithm, 3 different
clusters were identified within the protein-protein interaction (PPI) network (Fig. 2A). These clusters appear to represent different
functional categories. Enrichment analysis of the red, green, and blue clusters, which contain 72, 78, and 55 proteins respectively,
revealed the following functions: The red cluster is involved in drug metabolism functions, including Drug metabolism, Retinol
metabolism, Metabolism of xenobiotics by cytochrome P450, and Tyrosine metabolism (Fig. 2B); The green cluster is associated with
inflammatory and immune functions, such as Complement and coagulation cascades and cytokine-cytokine receptor interactions
(Fig. 2C); The blue cluster relates to tumor aggressiveness, including ECM-receptor interaction, Focal adhesion, and the PI3K-Akt
signaling pathway (Fig. 2D). These results suggest that the functional proteins in these clusters play a synergistic role in NPC pro-
gression. Details of the result of Enrichr analysis are provided in Table S2, including p-values and overlapped genes of each terms.

3.3. Construction of protein prognostic models

In the follow-up analysis, 208 proteins significantly associated with prognosis in NPC patients were included. First, five proteins
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Fig. 3. Prognostic Model Construction.
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corresponding constraints. (D) Coefficients for each protein in the model. (E) Expression of 4 proteins in high and low RPscore. (F) Correlation of
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were identified as being prognostically significant by filtering based on univariate Cox regression analysis (Fig. 3A). To determine the
model accuracy, training set and a test set (n = 52 and 53, respectively) were established by randomly dividing 105 NPC patients into
sets. Lasso regression analysis refined the molecules for the prognostic model, resulting in the identification of four key genes to
construct the model specifically in the training set (Fig. 3B and C). The model coefficients are shown in Fig. 3D. Prognostic score for
each patient was calculated based on the levels of these four proteins using the formula: RPscore = (0.968 x LRRC17 expression level)
+ (0.223 x DUSP14 expression level) + (—0.667 x CSTA expression level) + (—0.028 x AGR3 expression level). LRRC17 and AGR3
were more highly expressed in the high RPscore group, while DUSP14 and CSTA were more prevalent when RPscore was lower
(Fig. 3E). Correlation analysis further demonstrated the relationships between these four proteins, with AGR3 having the highest
negative correlation with DUSP14 (R < —0.6; P < 0.05) (Fig. 3F).

Since previous studies have indicated that the mRNA-protein concordance is only about 50 % [24], we compared transcriptome
data of the TCGA-HNSC cohort with protein data from CPTAC. Compared to normal tissues, in tumors, CSTA and AGR3 were
downregulated at both RNA and protein levels, while DUSP14 was upregulated at both levels. However, LRRC17 showed no differ-
ential expression at therth mRNA level, but its protein levels were decreased significantly (all p < 0.05) (Figs. S3A-B). Fu ermore,
among the mRNAs, only CSTA was associated with NPC prognosis. (Fig. S3C). These results suggest that revealing the prognostic
features of NPC requires both protein and RNA data, as relying solely on protein data is insufficient.
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Fig. 4. Validation of the prognostic model.

(A) Distribution of survival status between high and low RPscore. (B) Sort by RPscore from low to high. (C) PCA distribution map of high and low
RPscore. Kaplan-Meier survival curve plot for (D) all NPC patients, (E) training set and (F) test set. ROC curves for (G) all NPC patients, (H) training
set and (I) test set.
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3.4. Robustness of RPscore in NPC prediction

Scatter plots of RPscore distribution and median values indicated that patients with higher RPscore had higher mortality rates
(Fig. 4A and B). PCA plot showed that patients with higher and lower RPscore were distributed in distinct orientations, confirming the
reliability of the classification (Fig. 4C). Kaplan-Meier survival curves for all NPC patients, as well as for the training and test sets
separately, demonstrated that high-RPscore patients had poorer prognosis in each cohort (all p < 0.05) (Fig. 4D-F). AUC values for the
total NPC cohort, training set, and test set were 0.736, 0.754, and 0.692, respectively (Fig. 4G-I). Therefore, RPscore exhibits high
accuracy and stability in predicting NPC patients prognosis.

3.5. High RPscore represents higher histological grading of NPC patients

We compared RPscore with various clinical characteristics and found no correlation between RPscore and age, gender, TN, and
stage of NPC patients (Fig. 5A-D, F). In contrast, patients with higher histological grades (G2-3) had a significantly higher RPscore
(Fig. 5E) compared to those with lower grades (G1). Univariate Cox analysis showed that only histological grade and RPscore were
associated with NPC prognosis (p < 0.05; Fig. 5G), while multivariate Cox analysis further confirmed that RPscore and histological
grade were independent prognostic factors for NPC patients (p < 0.05; Fig. 5H). This explains why RPscore did not correlate with other
pathological factors.
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3.6. RPscore can be characterized as an immunosuppressive feature of NPC

Tumor immune cell infiltration is widely recognized as a crucial immune features of TME. Our previous findings suggest that
differential proteins may be associated with cellular response. So we wanted to know whether there is a relationship between RPsocre
and immune cell infiltration. Different types of immune cells are involved in anti-tumor responses and tumor immune escape pro-
cesses, with tumor growth, invasion, and metastasis being closely linked to immune cells. Additionally, stromal cells are thought to
significantly influence tumor growth, disease progression, and drug resistance [6,25]. The ESTIMATE result suggested that
high-RPscore patients had higher immune, stromal and ESIMATE scores, indicating a higher level of immune escape (Fig. 6A-C). To
explore the distribution and correlation of tumor-infiltrating immune cells in the CPTAC cohort, we assessed the level of infiltration of
23 immune cell types in each sample using ssGSEA (Fig. 6D), EPIC (Fig. S4), CIBERSORT [26] (Fig. S5), and MCP-Counter [27]
(Fig. S6). The high-RPscore group exhibited higher abundance of immunosuppressive cells, such as macrophages, MDSC, and Tregs (p
< 0.05) (Fig. 6D). A similar trend was observed for T follicular helper cells in the CIBERSORT results (Fig. S4). Correlation analysis
further revealed that, while there was no correlation with MDSC (Fig. 6G), RPscore was positively correlated with macrophages and
Tregs (Fig. 6E and F). Higher levels of immunosuppression in patients with a high RPscore may contribute to increased tumor escape.
Consequently, RPscore patients were further evaluated using the TIDE algorithm (Fig. 6H), which showed a positive correlation be-
tween RPscore and T-cell dysfunction (Fig. 6I).
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3.7. DUSP14 is upregulated in NPC cells and promotes migration and invasion in vitro

DUSP14 expression in NPC cells, compared to normal human nasopharyngeal epithelial cell lines, was assessed and significantly
upregulated in all four NPC cell lines (P < 0.05; Fig. 7A). DUSP14 was knocked down in HEN2 and HEN1 cells in vitro (Fig. 7B and C).
The Transwell assay (migration assay) demonstrated that depletion of DUSP14 reduced migration ability (P < 0.05; Fig. 7D). Similarly,
wound healing assay showed that knockdown of DUSP14 inhibited cell migration ability (P < 0.05; Fig. 7E and F).

4. Discussion

To some extent, the proteome provides more meaningful insights than the transcriptome. Unlike RNA expression, protein
expression reflects the outcomes of post-transcriptional modifications, alternative splicing, and ribosome activity. Proteins are primary
carriers of biological functions. Our results also confirm that there is not always a direct correspondence between the transcriptome
and proteome, validating the importance of proteome-based prognostic studies. Using CPTAC proteomic data, a prognostic model was
developed that includes four essential proteins and can effectively predict the survival of patients with NPC. In addition, we found that
RPscore was positively correlated with histological grading and represented an immunosuppressive feature of NPC.

Differently expressed proteins in NPC are enriched in several key pathways, which can be broadly categorized into metabolism,
immunity, and tumor malignant progression. We identified ECM [28]-receptor interaction pathway as a major pathway involved in the
dysregulation of proteins in NPC. Early research highlights the role for ECM degradation in cancer metastasis. Serglycin, a proteo-
glycan component of the ECM, serving as an independent unfavorable prognostic indicator, is known to promote NPC metastasis [29].
In renal cell carcinoma, the activation of the GSK3p pathway by acylglycerol kinase promotes tumor growth and metastasis through the
enhancement of PI3K/AKT signaling [30]. Additionally, miR-3188 regulates NPC proliferation and chemosensitivity through a pos-
itive feedback loop involving FOXO1 and the mTOR-p-PI3K/AKT -c- JUN signaling pathway [31]. Thus, protein interactions within the
blue cluster are crucial in regulating NPC malignancy. Furthermore, glycolysis/gluconeogenesis is a well-established aspect of tumor
metabolic reprogramming [32]. Our findings also associate tyrosine metabolism, fatty acid degradation, and pyruvate metabolism
with NPC. Previous research had revealed tyrosine kinase is associated with cell motility and disease progression in head and neck
squamous cell carcinoma [33]. Fatty acid oxidation can facilitate NPC cell proliferation through nucleoside metabolism [34], and
targeting CPT1A-mediated fatty acid oxidation can enhances NPC sensitivity to radiotherapy [35]. According to these results, targeting
metabolic pathways is a new potential strategy for NPC treatment.

Here we constructed a multi-protein model using CPTAC data by screening for differently expressed and prognostic-related proteins
and performing LASSO regression analysis. This model identified independent prognostic factors for NPC and classified patients into
two prognostic subgroups based on the RPscore. Kaplan-Meier curves, ROC curves, and PCA downscaled plots were used to
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demonstrate that RPscore has superior predictive performance. A key finding is that RPscore can be used as an immunosuppressive
marker for NPC. Immune cells are crucial for the response of immunotherapy as they are the cellular basis of it. Understanding the TME
is essential for revealing of molecular mechanisms and developing new immunotherapeutic strategies [36]. In our study, immune cell
infiltration were analyzed by various methods, with ssGSEA results considered the most reliable due to its applicability across different
expression matrices. Other methods, based on mRNA expression, showed varying results. For T-regulatory cells, some consistency was
observed across different algorithms. Macrophages were found to be more prevalent in patients with high RPscore, which may
represent a poorer prognosis. This is because NPC exosomes can induce macrophages to produce IL-6, thereby promoting tumori-
genesis [37]. In addition, MDSC has been shown to induce a pro-metastatic tumor microenvironment [38] and lead to resistance
against nasopharyngeal carcinoma to overt T-cell therapies [39]. The cytotoxic T cells did not show significant differences across
RPscore levels, suggesting that their cytotoxicity and cell killing are not directly related to RPscore. However, the changes observed in
Tregs suggest that T cell ancillary roles in antigen presentation and signaling are significant in both high and low RPscore NPC samples.
EBV-EBNA1 contributes to an immunosuppressive microenvironment in NPC, because it facilitates chemotaxis of regulatory T cells
[40]. Therefore, the high expression of suppressive immune cells in patients with high RPscore creates an immunosuppressive
microenvironment that facilitates tumor escape and results in poor prognosis.

Dual-specificity phosphatases (DUSPs) are capable of dephosphorylating both phosphotyrosine and phosphoserine/threonine
residues on the same substrate, thus influencing a range of cellular functions [41]. Research had revealed that DUSP14 is important in
pancreatic cancer, where it influences proliferation, invasion, and metastasis via modulating EMT, resulting in a deteriorate survival
profile [42]. Our findings confirm that DUSP14 is upregulated in NPC. Furthermore, knockdown of DUSP14 effectively reduced both
proliferation and migration of NPC cells.

However, there are limitations associated with research based on statistical analysis. Sample bias is an unavoidable factor, espe-
cially when data are drawn from various sources and sequencing methods. Results from statistical analyses may reflect mere corre-
lation rather than direct causal relationships. For clinical application, further validations in larger cohorts and additional
experimentations are necessary.

5. Conclusion

In summary, this study introduces a novel prognostic marker for NPC based on proteomic data. Additionally, the relationship
between this prognostic marker and clinical characteristics was investigated, along with its connection to the tumor microenviron-
ment. The present study provides a valuable theoretical insights into the mechanism underlying NPC development and identifies
potential therapeutic targets.
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