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ARTICLE INFO ABSTRACT

Keywords: Background: Nasopharyngeal carcinoma (NPC) is an Epstein-Barr virus-associated malignancy. Tumor-associated
Nasopharyngeal carcinoma macrophages play a pivotal role in NPC development, but molecular mechanisms remain unclear. This study
Clic6

aimed to identify M1 macrophage-associated hub genes and investigate their biological functions in NPC via
bioinformatics and experimental validation.

Methods: GSE12452 and GSE53819 datasets were integrated to assess immune cell infiltration using CIBERSORT.
WGCNA identified gene modules correlated with M1 macrophages. Hub genes were identified by intersecting
differentially expressed genes with module genes, followed by LASSO regression and clinical specimen valida-
tion. CCK-8, Transwell assays, and macrophage co-culture systems were used to evaluate CLIC6 effects on NPC
cell proliferation, invasion, and M1 polarization. RNA-seq and Western blot were performed to explore down-
stream mechanisms, with rescue experiments using NF-kB activator or inhibitor.

Results: M1 macrophages were significantly enriched in NPC tissues and negatively correlated with cilia-related
gene modules. Six hub genes (MUC16, MS4A8, MUC20, AMIGO1, PHYHD1, CLIC6) were identified, with CLIC6
showing significant downregulation in NPC tissues and cell lines and negative correlation with M1 macrophages.
CLIC6 recombinant protein promoted NPC cell proliferation and invasion while inhibiting M1 polarization,
whereas CLIC6 silencing produced opposite effects. Mechanistically, CLIC6 suppressed NF-kB signaling by
inhibiting IkBa and p65 phosphorylation, confirmed by RNA-seq and Western blot. Functional rescue experi-
ments demonstrated that NF-x<B modulation reversed CLIC6-mediated effects.

Conclusion: CLIC6 functions as a tumor suppressor in NPC by inhibiting NF-kB signaling, thereby regulating
tumor cell proliferation, invasion, and macrophage polarization. The CLIC6-NF-kB axis represents a potential
diagnostic biomarker and therapeutic target for NPC.

M1 macrophages
Nf-kb signaling pathway
Tumor microenvironment

Introduction

Nasopharyngeal carcinoma (NPC) is a distinct head and neck ma-
lignancy with unique epidemiological characteristics, exhibiting the
highest incidence rates in East and Southeast Asia, where over 70% of
new cases occur annually [1,2]. Although advances in
intensity-modulated radiotherapy and concurrent chemoradiotherapy
have improved treatment outcomes for early-stage patients, the prog-
nosis for individuals with recurrent or metastatic disease remains poor,
with mortality rates remaining unacceptably high [3,4]. The lack of
specific early symptoms and reliable diagnostic biomarkers often leads
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to delayed diagnosis, highlighting the urgent need for novel molecular
targets for early detection and therapeutic intervention [5,6].

The tumor microenvironment (TME) plays a critical role in NPC
progression, with tumor-associated macrophages (TAMs) representing
the most abundant immune cell population, comprising 50-80% of non-
tumor stromal cells [7,8]. Macrophages exhibit remarkable plasticity
and are broadly classified into two polarized phenotypes: classically
activated M1 macrophages and alternatively activated M2 macrophages
[9,10]. M1 macrophages possess pro-inflammatory and antitumor
properties, secreting cytokines such as interleukin-6 (IL-6),
interleukin-12 (IL-12), and tumor necrosis factor-a (TNF-a) to promote
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immune responses against cancer cells. Conversely, M2 macrophages
exert immunosuppressive and pro-tumorigenic functions through the
production of interleukin-10 (IL-10) and transforming growth factor-p
(TGF-p), facilitating tumor cell proliferation, angiogenesis, and metas-
tasis [11]. Previous studies have demonstrated that elevated TAM
infiltration correlates with poor prognosis and metastatic potential in
NPC [12-14]. However, the specific molecular mechanisms by which
TAMs, particularly M1 macrophages, contribute to NPC pathogenesis
remain largely unexplored [15]. Elucidating the interaction between
tumor cells and macrophages, and identifying key regulatory molecules,
may provide new insights for NPC diagnosis and treatment [16-19].

In this study, we integrated multiple GEO datasets and employed
comprehensive bioinformatics approaches—including CIBERSORT im-
mune infiltration analysis, weighted gene co-expression network anal-
ysis (WGCNA), and LASSO regression machine learning—to identify M1
macrophage-associated hub genes in NPC. Among the six hub genes
identified, CLIC6 (chloride intracellular channel 6) attracted particular
attention due to its consistent downregulation in NPC tissues and sig-
nificant negative correlation with M1 macrophage infiltration. Subse-
quent in vitro experiments revealed that CLIC6 expression was
significantly reduced in NPC cell lines, and recombinant CLIC6 protein
promoted tumor cell proliferation and invasion while suppressing M1
macrophage polarization. Mechanistically, transcriptome sequencing
and molecular studies demonstrated that CLIC6 exerts its functions
through inhibition of the NF-kB signaling pathway, a master regulator of
inflammation and immunity. Functional rescue experiments using NF-
kB activator and inhibitor confirmed that CLIC6 regulates NPC cell
malignant behaviors and macrophage polarization in an NF-kB-depen-
dent manner. Our findings establish CLIC6 as a novel M1 macrophage-
associated tumor suppressor in NPC and reveal a previously unrecog-
nized CLIC6-NF-kB regulatory axis, offering potential therapeutic tar-
gets for this challenging malignancy.

Methods
Datasets acquisition and preprocessing

The datasets GSE12452 and GSE53819 were obtained from the Gene
Expression ~ Omnibus(GEO,  https://www.ncbi.nlm.nih.gov/geo/).
GSE12452 comprised 31 NPC samples and 10 normal nasopharyngeal
tissues. And GSE53819 consisted of 18 NPC primary tumors and 18 non-
cancerous nasopharyngeal tissues. Then we merged the two datasets and
removed batch effects with ComBat function from the “sva” R package.

To illustrate the expressions of hub genes, GSE64634 containing 12
NPC and 4 normal nasopharyngeal tissues, was downloaded.

In addition, we used the hub genes to construct logistic equation
which classified NPC samples from the GSE102349 into high-and low-
risk groups.

Landscape of immune infiltration in NPC

In order to explore immune cells infiltration in NPC, we utilized the
CIBERSORTx online platform (https://cibersortx.stanford.edu/) to
analyze immune cell infiltration and then visualized the results using the
R softwarewith the “ggplot2” package . Between NPC and control group,
we compared the relative proportions of 22 immune cells, their in-
tercorrelations were further calculated. Additionally, weighted gene co-
expression network analysis (WGCNA) was conducted.

Weighted gene co-expression network analysis (WGCNA)

To investigate the correlations among gene expression and immune
cells infiltration in NPC, WGCNA was used to identify highly-correlated
gene modules. With the pickSoftThreshold, we set the soft power value
(p = 26) according to the R2 > 0.9 criterion. Subsequently, an adjacency
matrix was created using a soft power value, which was then converted
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into a topological overlap matrix (TOM). Subsequently, a hierarchical
clustering dendrogram was built so that genes could be divided into
distinct modules, using a minimum module size of 30 and a merge cut
height of 0.25. Each module’s eigengene (ME) and its correlation with
immune cells were calculated, focusing on M1 macrophage-related
modules. Significant correlations were found among all genes in the
blue module, leading to their selection for further study.

Identification of differentially expressed genes (DEGS)

We obtained the DEGs between NPC samples and control tissues by
using “limma” R package in which DEGs qualified for the criteria (|
log2FC| > 1, q < 0.05). Besides, the heatmap and volcano figures were
plotted basing on the “pheatmap” and “ggplot2” R packages. We then
identified the intersection of DEGs with the genes in M1 macrophage-
associated hub module, labeling them as M1 macrophage-associated
DEGs.

Analysis of functional and pathway enrichment

We used the 'Clusterprofiler' R package to perform a Gene Ontology
(GO) enrichment analysis, aiming to further explore the biological roles
and pathways of DEGs associated with M1 macrophages. The GO
annotation included biological process (BP), molecular function(MF)
and cellular component (CC) . The most important GO terms was visu-
alized by the “GOplot” R package.

Constructing machine learning model and establishing the risk signature

To further screen the key genes related to M1 macrophages infil-
tration in NPC, we built the LASSO regression with “glmnet” R packages.
In the LASSO regression, we identified the appropriate lambda value
using the cv.glmnet function. Then we sorted out those genes based on
the criterion that gene-associated coefficient was not equal to zero in the
LASSO regression model. Subsequently, logistic regression was per-
formed to acquire the odd ratio (OR), 95% confidence interval of OR,
regression coefficients (beta) using the “glm” function. The risk score
was computed as follows:

Riskscore = Zil (Coef;, x,Exp;) +6.76

where Expi signifies the expression of genes associated with M1
macrophage,and Coefi is the corresponding regression coefficient. With
this regression equation, a risk score was calculated for each tumor
sample. We classified the tumor samples into high and low risk groups
for the next analysis, basing on the median risk score.

Patient recruitment and clinical specimens

In this study, eleven cases suffering from NPC diseases were enrolled
from January 2023 to August 2023. All specimens were pathologically
confirmed in accordance with the histological classification criteria for
NPC established by the World Health Organization. We also collected 9
control tissues from the noncarcinogenic patients.

RNA extraction and quantitative real-time PCR (qRT-PCT)

Total RNA was extracted from NPC and normal control tissues using
Trizol reagent (Invitrogen, USA). The following synthesis of first-strand
cDNA was carried out with a reverse transcriptase kit (Vazyme
Biotechnology, China). Then we conducted the measurement of mRNA
by performing qRT-PCT with SYBR Green PCR Master Mix (Vazyme
Biotechnology, China). As an internal control, we selected Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). The mean cycling threshold
was determined using the 2 -AACt method. The primer sequences for the
study’ genes were as follows: CLIC6 froward,
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Fig. 1. Immune cells infiltration in NPC and control samples. (A) Estimated percentages of 22 types of immune cells in each sample. (B) Comparison of immune cells
infiltration between NPC group and normal group. (C) Correlations among 22 types of infiltrating immune cells (red, positive correlation; blue, negative correlation).
(D) Heatmap showing the distributions of 22 kinds of immune cells between the normal and NPC groups. ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001,

*P < 0.0001.

TCACCCTCTTCGTCAAGGTAA; reverse, AGAGACGCTGAGAAAACGGG.
PHYHDI1 froward, GAAGTCTGGGCCTCCAGATG; reverse, TTCACCGC-
CAAAGTGAGGTT. MS4A8 froward, GGGGAGGCTTGTGGTTTATCA;

reverse, TTCAAGCCCAAACTGCCAGA. MUC16 froward, CTGGCCA
GGGCTGCCT; reverse, CCACGGAGCTGATGAGTGAC. AMIGO1 froward,
TCCTCGCCGAGCAGTGAC; reverse, AGGAAGATCTGGGAGGAGGT.

MUC20 froward, CAGACGTGAGTGCAGGTGAA; reverse, TCTGGGG
TCAGTGAGGTCTT. GAPDH froward, GAAAGCCTGCCGGTGACTAA;

reverse, GCCCAATACGACCAAATCAGAG.

Cell lines and culture

Human NPC cell lines (5-8F, HNE-1, and C666-1) and immortalized
nasopharyngeal epithelial cell line NP69 were used in this study. 5-8F
and HNE-1 cells were cultured in RPMI-1640 medium (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco). C666-1 cells
were maintained in RPMI-1640 medium with 10% FBS. NP69 cells were
cultured in keratinocyte serum-free medium (KSFM, Gibco) supple-
mented with bovine pituitary extract and epidermal growth factor. All
cells were incubated at 37 °C in a humidified atmosphere containing 5%

COa.

Reagents and antibodies

NF-xB activator 1 (HY-12315) and IKK16 (HY-13313) were obtained
from MedChemExpress (USA). Antibodies against CLIC6, p65, phospho-

p65 (Ser536), IkBa, phospho-IkBa (Ser32/36) were purchased from

Proteintech (USA).

Western blot analysis

Cells were lysed in RIPA buffer (Beyotime, China) containing pro-
tease and phosphatase inhibitors. Protein concentrations were deter-
mined using a BCA protein assay kit (Thermo Fisher Scientific). Equal
amounts of protein (30 pg) were separated by SDS-PAGE and transferred
onto PVDF membranes (Millipore, USA). Membranes were blocked with
5% non-fat milk in TBST for 1 h at room temperature and incubated
overnight at 4 °C with primary antibodies. After washing, membranes
were incubated with HRP-conjugated secondary antibodies for 1 h at
room temperature. Protein bands were visualized using an ECL chem-
iluminescence detection kit (Millipore) and imaged with a ChemiDoc

XRS+ system (Bio-Rad, USA).

Cell proliferation assay
Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8,
Dojindo, Japan). Cells were seeded in 96-well plates at a density of 3 x
103 cells per well and cultured overnight. After treatment, 10 pL of CCK-
8 solution was added to each well and incubated for 2 h at 37 °C.
Absorbance was measured at 450 nm using a microplate reader (BioTek,
USA). Experiments were performed in triplicate and repeated three

times.
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Fig. 2. Construction of weighted co-expression network. (A) Selection of a soft threshold power of 26 (scale-free R2 = 0.9) and establishment of a scale-independent
topological network. (B) Hierarchical clustering dendrogram showing clinical grouping features based on color annotations. (C) Correlations between module
eigengene and those immune cells which presented significant difference between NPC and control groups. The number in each square indicates correlation co-
efficients between immune cells infiltration and corresponding modules; meanwhile, P values are shown in the brackets below (red, positive correlation; blue,
negative correlation). (D) Correlation of module membership in blue modules and gene significance for M1 macrophages.

Transwell invasion assay

Cell invasion ability was evaluated using Transwell chambers (8 pm
pore size, Corning, USA) coated with Matrigel (BD Biosciences, USA).
Cells (5 x 10%) in 200 pL serum-free medium were seeded into the upper
chamber, while 600 pL medium containing 10% FBS was added to the
lower chamber as a chemoattractant. After 24 h of incubation, non-
invading cells on the upper surface were removed with a cotton swab,
and invading cells on the lower surface were fixed with 4% para-
formaldehyde and stained with 0.1% crystal violet. Stained cells were
counted in five random fields under an inverted microscope (Olympus,
Japan).

Macrophage polarization assay

THP-1 cells were induced to MO macrophages by incubation with
100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma, USA) for 48
h. Conditioned medium (CM) from treated NPC cells was collected,
centrifuged, and mixed with fresh RPMI-1640 medium at a 1:1 ratio. MO
macrophages were cultured in the CM mixture for 48 h. Total RNA was
extracted from macrophages, and expression levels of M1 markers (TNF-
a, IL-1p, IL-6) were detected by qRT-PCR.

RNA sequencing and bioinformatics analysis

RNA-seq was performed on HNE-1 cells treated with CLIC6 (500 ng/
mL, 24 h; n = 3). Libraries were prepared and sequenced (NovaSeq

6000). Reads were filtered (Fastp), aligned (Hisat2), and quantified
(Htseg-Count, FPKM). DEGs were identified by DESeq2 (|logzFC|>1, adj
P < 0.05). PCA, GO/KEGG, and GSEA analyses were conducted.

siRNA transfection

Three specific siRNAs targeting human CLIC6 (siCLIC6-1, siCLIC6-2,
siCLIC6-3) and a negative control siRNA (si-NC) were designed and
synthesized by Tsingke Biotechnology (China). The siRNA sequences
were as follows: siCLIC6-1 sense: 5-GGUUAUGAUGGUGAGAGUA-3,
antisense: 5-UACUCUCACCAUCAUAACC-3' siCLIC6-2 sense: 5'-GCUA-
GAGAUGAGUUCACAA-3, antisense: 5-UUGUGAACUCAUCUCUAGC-3'
siCLIC6-3 sense: 5-GAAGCUGGAUAAUUACUUA-3/, antisense: 5'-UAA-
GUAAUUAUCCAGCUUC-3' si-NC sense: 5-UUCUCCGAACGUGU-
CACGUTT-3/, antisense: 5-ACGUGACACGUUCGGAGAATT-3'

Cells were seeded in 6-well plates and transfected at 70-80%
confluence using Lipofectamine 3000 (Invitrogen, USA) according to the
manufacturer's instructions. Briefly, siRNA (50 nM final concentration)
and Lipofectamine 3000 were diluted separately in Opti-MEM medium
(Gibco), mixed, and incubated for 20 min at room temperature. The
mixture was added to cells and incubated for 4-6 h, after which the
medium was replaced with fresh complete medium. Transfection effi-
ciency was assessed by qRT-PCR (48 h post-transfection) and Western
blot (72 h post-transfection).
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Fig. 3. CLIC6 is downregulated in nasopharyngeal carcinoma cell lines and promotes cell proliferation, invasion, and inhibits M1 macrophage polarization. (A)
Western Blot detection of CLIC6 protein expression levels in nasopharyngeal carcinoma cell lines (5-8F, HNE-1, C666-1) and human immortalized nasopharyngeal
epithelial cells NP69; (B) qRT-PCR detection of CLIC6 mRNA expression levels in the above cells; (C-E) CCK-8 assay for proliferation activity of 5-8F, HNE-1, and
C666-1 cells treated with recombinant CLIC6 protein at 24 h and 48 h; (F-H) Transwell assay for changes in invasion capacity of NPC cell lines treated with re-
combinant CLIC6 protein; (I-K) qRT-PCR analysis of inflammatory marker expression levels (TNF-a, IL-1, IL-6) in M1 macrophages co-cultured with conditioned

medium from CLIC6 recombinant protein-treated NPC cells. *P < 0.05.

Statistical analysis

In this study, R software (Version 4.2.0) was employed for the bio-
informatic analysis. The qPCR experiment was repeated for three times
to measure the mRNA expression of hub genes. Data were expressed as
mean =+ standard deviation, and an unpaired Student’s t-test was uti-
lized for analysis. Pearson correlation was applied to analyze the cor-
relation. All figures were typeset by Adobe Illustration CC 2018. P values
< 0.05 were considered statistically significant.

Results
Brief recapitulation of study design

The flowchart was presented in Supplementary Figure 1. At first,
GSE12452 and GSE53819 containing NPC samples from GEO were
merged. We conducted the CIBERSORT and WGCNA algorithm to
confirm the hub gene module related to M1 macrophages in NPC sam-
ples. Next, we identified the M1 macrophage-associated hub genes by
taking the intersection of DEGs and genes in hub module. To further
pinpoint the hub genes in the process of M1 macrophage filtration, we
built the machine learning model and acquired 6 hub genes including
MUC16, MS4A8, MUC20, AMIGO1, PHYHD1 and CLIC6. Finally, we
verified the mRNA expressions of these hub genes in NPC and control
mucous samples by RT-qPCR method. In addition, we used logistic
regression to divide GSE102349 dataset into high- and low- risk groups,
and analyzed the stromal and immune scores between the two groups.

We merged GSE12452 and GSE53819, and drew a box diagram to
show the distribution of gene expressions in the samples (Supplementary
Figure 2A). Then we applied principal component analysis (PCA) with
“FactoMineR” and “factoextra” R packages to examine the merged data
(Supplementary Figure 2B), which displayed the batch effects between
the two datasets. Then, ComBat function in “sva” R package was applied
to remove batch effects (Supplementary Figure 2C). As illustrated in
Supplementary Figure 2D, the scatter points on behalf of the samples
within the group showed mutual aggregation, indicating a better
repeatability of data.

Analysis of immune cell filtration in NPC sample

Emerging evidences has revealed the key function of infiltrated im-
mune cells in tumor development and prognosis, but whether immune
infiltration contributed to the process of NPC deserved to be explored.
Herein, we employed CIBERSORT algorithm to analyze the relative
abundance of 22 types immune cells in NPC and normal tissues. The
histogram in Fig. 1A displayed the estimated percentages of immune
cells in each sample. In Fig. 1B, we further showed that the proportions
of M1 macrophages, resting dendrite cells, activated CD4 memory T cells
and gamma delta T cells in NPC samples were significantly increased,
while M2 macrophages, memory B cells, naive B cells, and resting CD4
memory T cells were decreased when comparing with healthy tissues.
Next, we investigated the correlations of different types of immune cells.
The results exhibited M1 macrophages had significantly positive corre-
lations with activated CD4 memory T cells, gamma delta T cells and
resting dendritic cells, but inversely presented negative correlations
with M2 macrophages, memory B cells, naive B cells, and resting CD4
memory T cells (Fig. 1C). The heatmap showed the distributions of 22
kinds of immune cells between the normal and NPC groups (Fig. 1D).

Therefore, we proposed that M1 macrophages might play a fundamental
role in the pathological mechanism of NPC disease.

Development of a co-expression network and detection of hub modules
related to M1 macrophages

To identify the genes related to M1 macrophage in NPC subjects, we
employed WGCNA and divided the genes into different modules. The
“pickSoftThreshold” function was used to automatically select a soft
threshold power of 26 (scale-free R2 = 0.9) and Fig. 2A also showed the
mean connectivity in different soft thresholds. Next, the plotDen-
droAndColors function was used to plot hierarchical clustering
dendrogram (Fig. 2B). The data was clustered into 4 modules based on
hierarchical clustering method and these modules were marked with
different colors. We calculated the correlations between different gene
modules and immune cells using Pearson correlation analysis. The re-
sults indicated the blue module had a significantly negative correlation
with M1 macrophage filtration (r = —0.62, p = 3e-09), as shown in
Fig. 2C. The membership in blue module and gene significance for M1
macrophage had a marked correlation as illustrated in Fig. 2D (r = 0.71,
p = 3.1e-23). Finally, we identified the blue module including 143 genes
as the hub one which was highly correlated to M1 macrophage infil-
tration in NPC subjects, and these genes were selected for subsequent
analysis.

Identification of M1 macrophage-associated DEGs

In order to further identify the genes associated with M1 macrophage
infiltration in NPC, we screened out the DEGs and took the overlap of the
DEGs and the blue module mentioned above. The volcano plot in Sup-
plementary Figure 3A demonstrated that A total of 828 DEGs were
identified in NPC samples, comprising 301 up-regulated and 527 down-
regulated genes. We obtained 131 DEGs as the M1 macrophage-
associated hub genes by intersecting the 828 DEGs and the genes in
blue module (Supplementary Figure 3B). Supplementary Figure 3C il-
lustrates the relative expression levels of genes associated with M1
macrophages. These genes were utilized for further functional enrich-
ment analysis.

Function enrichment and biological pathway in M1 macrophage-associated
DEGs

To investigate the biological function and potential signaling
pathway of M1 macrophage-associated DEGs, GO enrichment analysis
was performed. The BP terms with the highest enrichment included
microtubule-based movement, cilium movement, cilium organization,
cilium assembly, and cell motility dependent on cilia or flagella (Sup-
plementary Figure 4A). The most enriched MF terms were tubulin
binding, cytoskeletal motor activity, microtubule motor activity and
microtubule binding (Supplementary Figure 4B). The most enriched CC
terms were motile cilium, axoneme, ciliary plasm and plasm membrane
bounded cell projection cytoplasm (Supplementary Figure 4C). The GO
analysis findings showed that DEGs linked to M1 macrophages were
primarily associated with cilium movement based on microtubules and
tubulin binding. A chord graph was used to visualize the most enriched
GO terms and associated genes (Supplementary Figure 4D) and in a
cluster graph (Supplementary Figure 4E). Hence, we made a conjecture
that M1 macrophage-associated immune response might damage the
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Fig. 4. CLIC6 recombinant protein treatment induces transcriptional reprogramming in HNE-1 cells, significantly suppressing inflammatory gene expression and
signaling pathways, with validation of its inhibitory effect on the NF-kB pathway at the protein level. (A) Principal Component Analysis (PCA) reveals overall
transcriptional differences between CLIC6 recombinant protein-treated and control HNE-1 cells; (B) Heatmap clustering analysis reveals the downregulated in-
flammatory gene expression profile in the CLIC6-treated group; (C) Expression level comparison of representative inflammatory genes (CCL20, CXCLS8, IL1B, IL6,
IL1A, IL24, TNF, GADD45A, TNFAIP6, TNFAIP2) in the CLIC6-treated group; (D) KEGG pathway enrichment analysis bubble chart showing significantly down-
regulated inflammation-related signaling pathways in the CLIC6-treated group; (E) Gene-pathway association network diagram (cnetplot) illustrating the relationship
between downregulated genes and inflammatory pathways; (F-K) Gene Set Enrichment Analysis (GSEA) validating the inhibitory effects of CLIC6 treatment on the
NF-kB signaling pathway, TNF signaling pathway, IL-17 signaling pathway, Toll-like receptor signaling pathway, JAK-STAT signaling pathway, and chemokine
signaling pathway; (L-N) Western Blot analysis of changes in phosphorylation levels of core NF-kB signaling molecules IkBa and P65 in 5-8F, HNE-1, and C666-1

cells following CLIC6 recombinant protein treatment. *P < 0.05, **P < 0.01.

cilium movement and assembly of the epithelial cells in the nasopharynx
in NPC.

Machine learning model and validation in GEO dataset

To further pinpoint M1 macrophage-associated DEGs in NPC, 131
DEGs were used to construct machine learning model like LASSO
regression model. We used the “glmnet” package to carry out lambda.
min and lambda.lse (Supplementary Figure 5A). Lambda.lse was
selected to calculate the coefficient of each gene by using the coef
function. And those genes whose coefficients were not equal to 0 were
reserved (Supplementary Figure 5B). Eventually, we identified six M1
macrophage-associated genes, such as CLIC6, PHYHD1, MS4AS,
MUC16, AMIGO1 and MUC20. These genes were validated in the
GSE64634 (Supplementary Figure 5C). And we found these six genes
presented significantly lower expressions in NPC group. Next, we
employed the six hub genes to create a logistic regression model for
prediction. Among these genes, MUC16, MUC20, AMIGO1, PHYHDI,
and CLIC6 had a negative effect on nasopharyngeal carcinogenesis with
odd ratios (ORs) < 1 except for OR value of MS4A8 > 1(Supplementary
Figure 5D). These results reminded us that MUC16, MUC20, AMIGO1,
PHYHDI, and CLIC6 might exert a negative regulation of the patho-
logical process of NPC disease.

Verification of M1 macrophage-related hub genes in NPC and control
samples

Using the RT-qPCR method, we confirmed the reliability of the six
hub genes by detecting mRNA expression levels in nasal tissues from 11
patients with NPC and 9 control subjects. In Supplementary Figure 6, the
results presented decreased mRNA expressions of MUC16, MUC20,
AMIGO1, PHYHD], and CLIC6 in NPC samples, through MUC20 did not
have a statistical difference due to a small sample size or NPC patho-
logical subtypes probably. The low expressions of six hub genes in NPC
subjects were consistent with the above results, which indicated these
genes might interact with M1 macrophages to facilitate the progression
of NPC.

Establishing the M1 macrophage-related risk signature

Six M1l-related genes were used to construct a risk model in
GSE102349. High-risk patients showed upregulation of cancer-
immunity cycle inhibitors and immune checkpoints (Supplementary
Figure 7A-B), along with decreased immune/stromal scores (Supple-
mentary Figure 7C). Correlation analysis linked these genes to immu-
nosuppressive markers (Supplementary Figure 7D-E). Low expression of
key genes, including CLIC6, predicted immunosuppression and poor
prognosis.

Analysis of immune cells infiltration between NPC low- and high-risk
groups

CIBERSORT revealed immune cell distributions (Supplementary
Figure 8A-B) and correlations (Supplementary Figure 8C). M1 macro-
phages negatively correlated with B cells, M2 macrophages, and CD4

memory T cells, but weakly positively with dendritic cells. Hub genes,
including CLIC6 and AMIGO1, were negatively associated with M1
macrophages (Supplementary Figure 8D), supporting model validity.

CLIC6 is downregulated in nasopharyngeal carcinoma cells, and its
recombinant protein promotes malignant phenotypes in tumor cells while
inhibiting M1 macrophage polarization

To validate the bioinformatics analysis finding that CLIC6 is down-
regulated in nasopharyngeal carcinoma (NPC), we first assessed its
expression levels in NPC cell lines. Western Blot (Fig. 3A) and qRT-PCR
(Fig. 3B) results both showed that compared to the immortalized naso-
pharyngeal epithelial cell line NP69, CLIC6 mRNA and protein expres-
sion levels were significantly downregulated (P < 0.05) in the three NPC
cell lines 5-8F, HNE-1, and C666-1, confirming the bioinformatics
analysis results.

Given its low expression profile, we further investigated the impact
of CLIC6 on NPC cell biological behaviors. CCK-8 proliferation assays
(Fig. 3C-E) and Transwell invasion assays (Fig. 3F-H) demonstrated that
exogenous CLIC6 recombinant protein treatment significantly enhanced
the proliferation and invasive capabilities of all three NPC cell lines (P <
0.05). Furthermore, based on the bioinformatics analysis revealing a
negative correlation between CLIC6 and M1-type macrophages, condi-
tioned medium from NPC cells treated with CLIC6 recombinant protein
was collected and co-cultured with MO-type macrophages. qRT-PCR
detection revealed that this conditioned medium significantly sup-
pressed the expression of M1 macrophage markers TNF-a, IL-1p, and IL-
6 (P < 0.05, Fig. 31-K). These results indicate that CLIC6 not only directly
promotes the malignant phenotype of NPC cells but may also suppress
anti-tumor immunity by reshaping the tumor microenvironment.

CLIC6 reshapes the NPC transcriptome landscape, primarily suppressing
the NF-xB inflammatory signaling pathway

RNA-seq of HNE-1 cells showed CLIC6 markedly altered gene
expression (Fig. 4A-C), with downregulation of inflammatory genes (e.
g., CCL20, CXCL8, IL1B, TNF). KEGG and GSEA revealed suppression of
NF-kB, TNF, and IL-17 pathways, with NF-kB most significantly inhibi-
ted (Fig. 4D-K). Western blot confirmed reduced phosphorylation of
IkBa and p65 without affecting total levels (Fig. 4L-N), indicating in-
hibition at transcriptional and protein levels.

CLIC6 regulates NPC cell proliferation, invasion, and macrophage
polarization by inhibiting the NF-xB signaling pathway

To further determine whether CLIC6's regulation of NPC malignant
phenotypes depends on the NF-kB signaling pathway, we performed
functional rescue experiments. Following treatment with CLIC6 re-
combinant protein, we co-administered an NF-kB pathway activator
(NF-xB activator 1). Western blot results showed that this activator
effectively reversed CLIC6's inhibition of IkBa and p65 phosphorylation
(Fig. 5A-C).

Correspondingly, at the cellular functional level, the NF-kB activator
significantly attenuated the CLIC6-promoted proliferation (Fig. 5D-F)
and invasion (Fig. 5G-I) effects. Furthermore, in macrophage co-culture
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Fig. 5. NF-xB pathway activators reverse the regulatory effects of CLIC6 on malignant biological behavior in nasopharyngeal carcinoma cells and macrophage
polarization. (A-C) Western Blot analysis of changes in IxkBa and P65 protein phosphorylation levels in 5-8F, HNE-1, and C666-1 cells following co-treatment with
NF-xB activator 1 and CLIC6 recombinant protein; (D-F) CCK-8 assay measuring proliferation activity of NPC cell lines under the aforementioned treatment con-
ditions; (G-I) Transwell assay showing changes in invasion capacity of NPC cell lines under the aforementioned treatment conditions; (J-L) gqRT-PCR detecting
expression levels of M1 macrophage inflammatory markers TNF-q, IL-1p, and IL-6 after co-culture with conditioned medium from NPC cells in each treatment group.

*P < 0.05, **P < 0.01.

systems, the NF-xB activator similarly reversed CLIC6's suppression of
M1 macrophage polarization, manifested as restored expression of
proinflammatory factors (TNF-a, IL-1p, IL-6) (Fig. 5J-L). These findings
confirm that CLIC6 exerts its dual functions of promoting NPC malignant
progression and suppressing antitumor immunity by inhibiting the NF-
kB signaling pathway.

Silencing CLIC6 activates the nf-kb pathway, suppresses the malignant
phenotype of NPC, and promotes M1 macrophage polarization

To reverse-validate CLIC6's function, we employed siRNA technol-
ogy to knockdown CLIC6 expression in three NPC cell lines (Fig. 6A-F).
Results showed that CLIC6 silencing significantly increased IkBa and
p65 phosphorylation levels, activating the NF-kB signaling pathway—an
effect blocked by the NF-kB-specific inhibitor IKK16 (Fig. 6G-I).

Functionally, CLIC6 silencing markedly suppressed NPC cell prolif-
eration (Fig. 6J-L) and invasion capacity (Fig. 6M-O), while co-
treatment with IKK16 partially reversed these inhibitory effects.
Finally, in a macrophage co-culture system, conditioned medium from
CLIC6-silenced NPC cells significantly promoted M1 macrophage po-
larization, an effect similarly antagonized by IKK16 (Fig. 6P-R). These
results provide further evidence from a reverse genetics perspective that
CLIC6 regulates NPC cell function and tumor-associated macrophage
polarization by inhibiting the NF-kB signaling pathway.

Discussion

Nasopharyngeal carcinoma (NPC) is a distinct head and neck ma-
lignancy with unique epidemiological and etiological characteristics,
closely associated with Epstein-Barr virus (EBV) infection, genetic sus-
ceptibility, and environmental factors [20-22]. Despite advances in
radiotherapy and chemotherapy, patients with recurrent or metastatic
disease still face poor prognosis, underscoring the urgent need for novel
therapeutic targets [23,24]. The tumor microenvironment (TME),
particularly tumor-associated macrophages (TAMs), plays a pivotal role
in NPC progression and therapeutic response [25]. However, the mo-
lecular mechanisms linking TAMs to NPC pathogenesis remain incom-
pletely understood [26]. In this study, we integrated bioinformatics
analysis with in vitro experiments to systematically investigate the role
of CLIC6, an M1 macrophage-associated hub gene, in NPC.

Through comprehensive bioinformatics analysis of GEO datasets, we
first identified that M1 macrophages were significantly enriched in NPC
tissues compared to normal controls, while M2 macrophages showed
decreased infiltration. Our WGCNA analysis identified a blue module
significantly negatively correlated with M1 macrophage infiltration, and
functional enrichment analysis revealed that genes in this module were
primarily associated with cilium assembly and movement. This
intriguing finding suggests that M1 macrophage-associated immune
responses might compromise ciliary function in nasopharyngeal
epithelial cells, potentially contributing to NPC pathogenesis [13,14].

By intersecting DEGs with the blue module genes and applying
LASSO regression, we identified six M1 macrophage-associated hub
genes: CLIC6, PHYHD1, MS4A8, MUC16, AMIGO1, and MUC20. Among

10

these, CLIC6 particularly captured our attention due to its consistent
downregulation across multiple datasets and its significant negative
correlation with M1 macrophages. Chloride intracellular channel 6
(CLIC6) belongs to the CLIC family of metamorphic proteins that exist in
both soluble and membrane-associated forms, participating in diverse
cellular processes including cell cycle regulation, apoptosis, and
metastasis [27,28]. While CLIC family members have been implicated in
various cancers—for instance, CLIC1 promotes gastric cancer progres-
sion and CLIC4 exhibits tumor-suppressive functions in certain con-
texts—the role of CLIC6 in NPC has not been previously characterized
[29-31]. Our RT-qPCR validation in clinical specimens confirmed
significantly lower CLIC6 expression in NPC tissues compared to normal
controls, consistent with our bioinformatics predictions and suggesting a
potential tumor-suppressive role. CLIC6 promotes NPC proliferation and
invasion while suppressing NF-kB signaling, evidenced by reduced IkBa
and p65 phosphorylation, suggesting a compensatory mechanism
despite its low tumor expression. The NF-kB pathway holds particular
significance in NPC pathogenesis [32]. While NF-kB activation is tradi-
tionally associated with promoting inflammation and tumor progres-
sion, its role in cancer is context-dependent and can even be
tumor-suppressive under certain conditions [33,34]. Our findings
reveal that CLIC6-mediated NF-kB inhibition actually promotes NPC cell
proliferation and invasion, suggesting that in the NPC context, basal
NF-xB activity might exert tumor-suppressive effects—a notion sup-
ported by some recent studies showing that excessive NF-kB activation
can trigger senescence and apoptosis [35-38]. The functional rescue
experiments using NF-kB activator 1 provided definitive evidence:
restoration of NF-kB signaling significantly attenuated CLIC6-induced
proliferation and invasion, establishing a causal relationship. CLIC6
modulates the immune microenvironment via NF-kB-dependent regu-
lation of NPC secretory profiles, suppressing M1 macrophage polariza-
tion and promoting immunosuppression. A six-gene risk model links low
CLIC6 expression to immune-inhibitory features and poor prognosis.
Limitations include small sample size, lack of in vivo validation, and
unclear mechanisms underlying NF-«xB regulation.

Conclusions

This study integrates bioinformatics analysis with experimental
validation to establish CLIC6 as a novel M1 macrophage-associated
tumor suppressor in NPC. We demonstrate that CLIC6 inhibits NPC
cell proliferation, invasion, and modulates macrophage polarization
through suppression of NF-«B signaling. The identification of a CLIC6-
centered regulatory axis linking intrinsic tumor properties with im-
mune microenvironment offers new insights into NPC pathogenesis and
suggests that restoring CLIC6 function or targeting its downstream ef-
fectors might represent therapeutic opportunities. Future studies should
focus on elucidating the structural basis of CLIC6-mediated NF-xB
regulation, validating its therapeutic potential in preclinical models, and
exploring its value as a biomarker for patient stratification and prognosis
prediction in NPC.
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Fig. 6. siRNA-mediated CLIC6 gene silencing activates the NF-kB signaling pathway and suppresses the malignant phenotype of nasopharyngeal carcinoma cells,
while IKK16 partially reverses this effect. (A-C) QqRT-PCR detection of CLIC6 mRNA expression levels in three nasopharyngeal carcinoma cell lines (5-8F, HNE-1,
C666-1) after transfection with three CLIC6-specific siRNAs and the negative control siRNA-NC; (D-F) Western Blot analysis of CLIC6 protein expression levels
post-transfection; siRNA-3, exhibiting the highest silencing efficiency, was selected for subsequent experiments; (G-I) Western Blot analysis of changes in IkBa and
P65 protein phosphorylation levels in each nasopharyngeal carcinoma cell line following treatment with siCLIC6 alone or in combination with the NF-kB pathway
inhibitor IKK16; (J-L) CCK-8 assay to detect proliferation activity in each cell line after the above treatments; (M-O) Transwell assay to detect changes in invasion
capacity in each cell line after the above treatments; (P-R) qRT-PCR to detect expression levels of M1 macrophage inflammatory markers TNF-a, IL-1f, and IL-6 after
co-culture with conditioned medium from NPC cells in each treatment group. *P < 0.05, **P < 0.01.
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