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Abstract

Background: Oral squamous cell carcinoma (OSCC) is an aggressive malignancy, frequently diagnosed
at advanced stages with regional and distant metastases that compromise survival. ldentifying key
molecular regulators of OSCC progression is essential for developing targeted therapies. Although
CXCLS8 is elevated in OSCC and linked to tumor progression, its precise pro-metastatic mechanisms and
downstream effectors remain unclear.

Methods: To identify key regulators of OSCC metastasis, we integrated bioinformatics analysis of
multiple GEO datasets and identified CXCL8 as an upregulated hub gene in OSCC tissues. Functional
assays were performed in OSCC cell lines (SCC4, SCC9, HSC3) to investigate the role of CXCL8 in cell
migration and elucidate its downstream signaling pathways. An orthotopic tongue xenograft mouse
model was established to validate the in vivo therapeutic relevance of targeting the CXCL8 pathway.

Results: CXCL8 expression was significantly upregulated in OSCC tissues and strongly correlated with
enhanced cell motility in OSCC cell lines. High CXCL8 expression was associated with poor overall
survival in head and neck cancer patients. Mechanistically, CXCL8 upregulated matrix metalloproteinase
1 (MMP1) expression and enhanced cell migration through activation of the CXCR1/2-JAK1-STAT3
signaling axis. CXCL8 treatment induced JAK1 and STAT3 phosphorylation, promoted STAT3 nuclear
translocation, and directly activated MMPIl promoter activity. Pharmacological inhibition or
siRNA-mediated silencing of CXCR1/2, JAK1, STAT3, or MMP1 significantly reversed CXCL8-induced
cell migration, wound healing, and MMP1 expression. In vivo, inhibition of CXCR1/2 reduced CXCL8 and
MMP1 expression in primary tumors and cervical lymph nodes, limiting regional metastasis.

Conclusion: This study reveals that CXCL8 drives OSCC metastasis via CXCRI/2-mediated
JAKI1/STAT3 activation leading to MMPI transcriptional upregulation. Our findings establish CXCL8 as
both a prognostic biomarker and a promising therapeutic target, and suggest that targeting this pathway
offers significant therapeutic potential for preventing OSCC metastatic progression.
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Introduction

Oral squamous cell carcinoma (OSCC)
represents one of the most prevalent and aggressive
malignancies of the head and neck region,
characterized by aggressive local invasion and high
metastatic potential [1-3]. Despite advancements in
diagnosis and treatment, including surgery,
chemotherapy, and radiotherapy, many OSCC cases
are diagnosed at advanced stages with extensive local
invasion or nodal involvement [1, 4]. These late-stage
diagnoses are associated with poor outcomes,
reduced quality of life, and limited treatment options.
One of the most critical factors influencing prognosis
is metastasis, which significantly increases the risk of
recurrence and cancer-related mortality [5]. Given
these challenges, there is an urgent need to identify
molecular drivers of OSCC progression and
metastasis, which could serve as potential targets for
therapeutic intervention. In parallel, clinical studies
have shown that OSCC is accompanied by
measurable alterations in circulating molecular
markers, suggesting that blood-based assays may
offer a complementary approach for early detection or
monitoring disease progression [6].

The tumor microenvironment plays a pivotal
role in cancer progression, with chemokines serving
as essential mediators that orchestrate immune cell
recruitment, angiogenesis, extracellular —matrix
remodeling, and malignant cell behavior [7-9].
Among the chemokine superfamily, C-X-C motif
chemokine ligand 8 (CXCLS8), also designated as
interleukin-8 (IL-8), has emerged as a critical
pro-tumorigenic factor across multiple malignancies,
promoting tumor growth, neovascularization,
immune evasion, and metastatic spread [10-12]. High
levels of CXCL8 expression have been documented in
multiple malignancies, including lung, liver, breast,
and colorectal cancers. CXCL8 predominantly
mediates its biological effects through interaction with
its receptors, CXC motif chemokine receptors CXCR1
and CXCR2, expressed not only on immune cells but
also on epithelial and tumor cells [7, 13]. Activation of
these receptors can trigger downstream pathways
such as Janus kinase (JAK)/ Signal transducer and
activator of transcription (STAT), Mitogen-activated
protein kinase (MAPK), Phosphoinositide 3-kinase
(PI3K)/Akt, and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB), all of which are
known to promote cell proliferation, survival,
migration, and invasion [11, 14]. Although elevated
CXCLS levels have been detected in OSCC tissues and
saliva [15], the precise molecular mechanisms through
which CXCL8 orchestrates OSCC metastasis—
particularly the identity of its critical downstream

effectors and the signaling pathways governing their
expression—remain poorly defined.

To explore this, we aimed to uncover potential
molecular targets involved in OSCC metastasis by
analyzing gene expression profiles from multiple
GEO datasets. Among the top-ranking hub genes,
CXCL8 emerged as a prominent candidate due to its
consistent upregulation in OSCC specimens and its
well-established involvement in inflammation-
associated malignancies. However, the specific
mechanisms by which CXCL8 drives OSCC metastatic
behavior, including its functional downstream targets
and the signaling networks mediating their regu-
lation, have not been comprehensively elucidated.
This prompted us to systematically investigate the
biological role of CXCLS8 and dissect the downstream
regulatory mechanisms governing OSCC cell
migration and invasion. Our study delineates the
functional consequences of CXCLS signaling through
the CXCR1/2 receptors and identifies matrix
metalloproteinase 1 (MMP1) as a critical downstream
effector whose expression is upregulated via
activation of the JAK1/STATS3 signaling axis. Through
a combination of in vitro functional assays and in vivo
validation, our findings unveil a novel CXCLS8-
CXCR1/2-JAK1-STAT3-MMP1 regulatory axis that
drives OSCC progression and metastasis, thereby
establishing this pathway as a promising target for
therapeutic intervention in oral cancer.

Materials and Methods

Data collection and differential gene
expression analysis

To explore gene expression differences in oral
squamous cell carcinoma (OSCC), three publicly
available microarray datasets — GSE13601,
GSE143905, and GSE31056 —were obtained from the
Gene Expression Omnibus (GEO) database
(https:/ /www.ncbi.nlm.nih.gov/geo/) [16-18].
GSE13601 includes 29 OSCC and 29 matched normal
tissue samples, GSE31056 contains 23 OSCC and 24
normal samples, and GSE143905 comprises 5 OSCC
and 5 normal tissue samples. Differentially expressed
genes (DEGs) between OSCC and normal tissues were
identified using the GEO2R analysis tool, with
selection criteria of adjusted p < 0.05 and absolute
log2 fold change (|logFC|) > 1.0. Common DEGs
across the three datasets were visualized using the

Interactive Venn tool (https://www.interactivenn.
net/) [19, 20].

Identification of hub genes

Protein-protein interaction (PPI) networks of
DEGs were constructed using the STRING database
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(https:/ /string-db.org/), with a confidence score
threshold of >0.4 [21, 22]. The resulting PPI network
was imported into Cytoscape software for
visualization. Key regulatory genes ("hub genes")
were identified using the CytoHubba plugin based on
degree centrality. The top 10 genes with the highest
connectivity scores were considered as hub genes.
Further module analysis was conducted using the
MCODE plugin to identify densely connected gene
clusters [23, 24].

Reagents and antibodies

Primary antibodies against CXCL8, MMP1,
CXCR1, CXCR2, phosphorylated JAK1 (p-JAK1), total
JAK1, phosphorylated STAT3 (p-STAT3), total
STAT3, and GAPDH, as well as HRP-conjugated
anti-rabbit secondary antibodies, were purchased
from GeneTex (Irvine, CA, USA). Recombinant
human IL-8 (CXCL8) was obtained from PeproTech
(Thermo Fisher Scientific, Waltham, MA, USA).
Culture inserts for wound healing assays were from
ibidi GmbH (Cat. No. 80209). Other chemicals were
purchased from Sigma-Aldrich.

Cell culture

The human OSCC cell lines SCC9, SCC4 (from
ATCC) and HSC3 (from Sigma-Aldrich) were used in
this study. Cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 pg/mL streptomycin, and cultured at 37 °C in
a humidified incubator with 5% CO,. To isolate
subpopulations with enhanced migratory capacity,
SCC4 cells were seeded into the upper chamber of
Transwell inserts (8 pm pore size). Cells that migrated
to the lower chamber after 24 hours were collected,
and repeated selection (10 rounds) generated a highly
migratory subpopulation with markedly increased
migratory ability.

Cell migration assay

Transwell migration assays were performed
using 24-well inserts with 8 pm pores. Cells (2 x 10%)
were seeded in the upper chamber in serum-free
medium under experimental conditions. After 24
hours, non-migrated cells were removed from the
upper surface with a cotton swab. Migrated cells on
the lower membrane were fixed in 4% formaldehyde,
stained with 0.05% crystal violet, photographed under
a microscope, and counted using Image] software
(version 1.52a, NIH, Bethesda, MD, USA).

Wound healing assay

For wound healing assays, SCC4 and HSC3 cells
(3 x 10* were seeded into two-chamber culture

inserts. After 24 hours of incubation, inserts were
removed to create a uniform cell-free gap. Cells were
then treated with or without CXCL8 and allowed to
migrate for 24 hours. Images were captured at 0 and
24 hours using a microscope, and wound closure was
analyzed using Image] 1.52a.

Transient transfection

Small interfering RNAs (siRNAs) targeting
CXCLS8, CXCR1, CXCR2, JAK1, and STATS3, as well as
a non-targeting control siRNA, were purchased from
Sigma-Aldrich. Transfections were carried out using
DharmaFECT 1 reagent (Horizon Discovery,
Waterbeach, Cambridge, UK) according to the
manufacturer’s instructions and incubated for 24
hours before downstream experiments. The siRNA
sequences used included: CXCL8: 5-CUGCGCCAA
CACAGAAAUU-3, CXCR1: 5- AUCUGUAAUAUU
UGACAUGUC-3, CXCR2: 5- UCUUACUUAUGG
CUUUAUCAU-3, JAKIL: 5-GAAAUGCUGGGA
AUUCCAA-3, STAT3: 5-UGAUUCUUCGUAGAU
UGUGCU-3'. Short hairpin (shRNA) targeting the
MMP1 plasmid was purchased from the National
RNAi Core Facility Platform (RNAi Core, Taipei,
Taiwan). The target sequence of the MMP1 shRNA
was 5'-TGAAGATGAAAGGTGGACCAA-3'.

Western blotting analysis

Following treatment, cells were lysed to extract
proteins, which were separated using SDS-PAGE and
transferred onto PVDF membranes (Merck Millipore,
Burlington, MA, USA). Membranes were blocked
with 5% nonfat milk in TBST and incubated overnight
at 4 °C with primary antibodies (1:1,000 dilution).
After washing, membranes were incubated with
HRP-conjugated secondary antibodies (1:10,000
dilution) for 1 hour at room temperature. Protein
bands  were  visualized using  enhanced
chemiluminescence and captured using a UVP
imaging system (Analytik Jena, Upland, CA, USA).

Real-time quantitative polymerase chain
reaction (qQPCR)

Total RNA was extracted using the easy-BLUE
RNA extraction kit (iNtRON Biotechnology, South
Korea). First-strand cDNA was synthesized using the
qPCRBIO cDNA Synthesis Kit (PCR Biosystems, UK).
Quantitative PCR was performed wusing iTaq
Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA, USA) on a CFX Connect Real-Time PCR
Detection System. All primers were obtained from
Sigma-Aldrich. The primer sequences used included:
MMP1: Forward: 5- GTATGCACAGCTTTCCTC
CAC-3, Reverse: 5'- TGCCTCCCATCATTCTTCAGG
-3, MMP3: Forward: 5-AGCAAGGACCTCGTTTTC
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ATT-3’, Reverse: 5-GTCAATCCCTGGAAAGTC
TTCA-3’, MMP10: Forward: 5- GGGCTCTTTCAC
TCAGCCAA-3, Reverse: 5- ATCACACTTGGC
TGGCATCT-3', MMP12: Forward: 5-AGTTTTGAT
GCTGTCACTAC-3, Reverse: 5-TTCATAAGCAGC
TTCAATGC-3', GAPDH: Forward: 5-ACAGTGCAT
GTAGACC-3, Reverse: 5-TTGAGCACAGGGTAC
TTA-3". Gene expression was normalized to GAPDH
using the 2-22Ct method.

Immunofluorescence analysis

To assess STAT3 localization, cells were fixed
with 4% formaldehyde for 15 minutes at room
temperature and permeabilized with 0.1% Triton
X-100 for 10 minutes. After washing, cells were
blocked in 3% bovine serum albumin (BSA) prepared
in phosphate-buffered saline (PBS) for 1 hour. Cells
were then incubated overnight at 4 °C with
anti-STAT3 primary antibody (1:200 dilution). The
following day, cells were washed and incubated with
a FITC-conjugated secondary antibody for 1 hour in
the dark. Nuclei were counterstained with DAPI, and
fluorescence images were captured using a Nikon
ECLIPSE Ti fluorescence microscope equipped with
NIS Elements AR software (version 5.02.01).

Luciferase Reporter Assay

To evaluate STAT3 transcriptional activity, cells
(5 x 10* per well) were seeded in 24-well plates and
transfected with either a STAT3 promoter-driven or
MMP1 promoter-driven luciferase reporter plasmid.
The STAT3 reporter plasmid was obtained from
Promega (Madison, WI, USA), and the MMP1
reporter construct was purchased from Gene
Universal (Chuzhou City, China) [25]. Transfections
were performed using Lipofectamine 3000 (Thermo
Fisher Scientific) according to the manufacturer’s
protocol. After 24 hours of transfection, cells were
treated with recombinant CXCLS for an additional 24
hours. In some experiments, cells were pretreated
with inhibitors targeting CXCR1, CXCR2, JAK1, or
STAT3 before CXCLS8 stimulation. Cells were then
lysed using reporter lysis buffer (E153A, Promega),
and luciferase activity was measured using a VICTOR
X2 microplate luminometer (PerkinElmer, Waltham,
MA, USA).

In vivo orthotopic-xenografted tumor model

To evaluate the in vivo relevance of the CXCLS8
signaling axis, an orthotopic tongue cancer xenograft
model was established in NOD SCID mice
(four-week-old males; BioLASCO, Taipei, Taiwan).
Mice were maintained under specific pathogen-free
conditions and randomly assigned into control and
treatment groups. After one week of acclimatization,

mice were anesthetized with isoflurane and injected
with 2 x 10° HSC3 cells in 25 pL mixture (medium:
Matrigel, 1:1) into the lateral tongue using a syringe.
Starting from day 7 post-inoculation, mice received
intraperitoneal injections of either vehicle or
Reparixin (30 mg/kg, every other day), a selective
CXCR1/2 inhibitor. On day 21, mice were sacrificed,
and lymph nodes, tongues, and blood samples were
harvested for further histological and molecular
analyses. All procedures were approved by the
Institutional Animal Care and Use Committee
(IACUC) of Shin Kong Wu Ho-Su Memorial Hospital
(Approval No. 114NSTCIACUCO010).

Immunohistochemistry

Paraffin-embedded tumor tissue sections (3 pm
thick) were deparaffinized and rehydrated in graded
alcohols and distilled water. Antigen retrieval was
performed by heating in 10 mM sodium citrate buffer
(pH 6.0) at 95-100°C for 20 minutes. Endogenous
peroxidase activity was blocked using peroxidase
blocking reagent (Novolink Polymer Detection
System, Leica Biosystems, IL, USA). After blocking
nonspecific binding, sections were incubated
overnight at 4 °C with primary antibodies against
Ki-67, CXCLS8, and MMP1 (Genetex, USA), followed
by incubation with the Novolink polymer secondary

antibody for 1 hour at room temperature.
Immunoreactivity was visualized with
3,3’-diaminobenzidine (DAB) and counterstained

with hematoxylin. Stained sections were evaluated
using a light microscope. Quantification of
immunostaining was performed based on the
percentage of positively stained cells (0-100%) and
staining intensity (0 to 3+), generating a composite
IHC score (range: 0-300).

Statistical analysis

Data are presented as mean * standard deviation
(SD). Statistical comparisons between two groups
were performed using the unpaired t-test, while
comparisons among multiple groups were analyzed
by one-way ANOVA. A p-value less than 0.05 was
considered statistically significant. Analyses were
conducted using GraphPad Prism software (version
8.0.2).

Results

CXCLS8 is overexpressed in oral cancer and
correlates with poor survival

Although CXCL8 overexpression in OSCC has
been previously reported [15], the precise
mechanisms through which it drives tumor
progression— particularly metastatic dissemination—
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remain inadequately characterized. To address this
gap, we performed comprehensive re-analysis of
multiple independent GEO datasets to confirm the
consistent upregulation of CXCL8 in OSCC and to
systematically investigate its association with clinical
prognosis and functional significance.

To identify key genes associated with oral
cancer, we analyzed three publicly available gene
expression datasets from the GEO database:
GSE13601 (29 OSCC tongue cancer and 29 normal
tissues), GSE143905 (5 tongue cancer and 5 normal
tissues), and GSE31056 (23 tongue cancer and 24
normal tissues). Differentially expressed genes
(DEGs) were identified by comparing tumor and
normal samples, focusing on those with significantly
increased expression in tongue cancer. A Venn
diagram was used to identify overlapping DEGs
across all three datasets, revealing 163 genes
consistently upregulated in oral tongue cancer (Figure
1A). To explore the potential biological significance of
these genes, we constructed a protein-protein
interaction (PPI) network using STRING and
visualized the network using Cytoscape software.
Genes were ranked based on their connectivity within
the network, and the top 10 hub genes were
identified: CXCLS8, SPP1, CXCL10, STAT1, FNI,
PXDN, MMP9, CCNB1, CDK1, and COL1A1 (Figure
1B). Notably, these hub genes are functionally

enriched in critical cancer-associated processes,
A B
GEO SET Patients Tumor | Normal |
GSE13601 Oral tongue cancer 29 29
GSE143905  Oral tongue cancer 5 5
GSE31056  Oral tongue cancer 23 24

GSE143905

including inflammatory signaling, cell cycle
regulation, extracellular matrix remodeling, and
tumor progression, underscoring their potential
relevance in OSCC pathogenesis.

To further validate these findings, we examined
the expression profiles of the top 40 upregulated
DEGs using another independent GEO dataset
(GSE74530), which includes 6 OSCC and 6 normal
oral mucosa samples. A heatmap analysis showed a
consistent increase in expression of cancer-associated
genes in OSCC tissues (Figure 1C). Notably, CXCLS8
stood out as one of the most significantly upregulated
genes, as confirmed by volcano plot visualization and
direct comparison of CXCL8 expression between
tumor and normal tissues (Figure 1D-E). Given the
established link between inflammation and cancer
progression, we next investigated the clinical
relevance of CXCL8 in patient outcomes. Using
survival data from the UCSC Xena browser, we found
that high CXCL8 expression was associated with
significantly shorter overall survival in patients with
head and neck squamous cell carcinoma (hazard ratio
= 1.54), supporting its potential role as a prognostic
marker (Figure 1F). Together, these results suggest
that CXCL8 is not only a consistently upregulated
gene in oral cancer but also may contribute to tumor
progression and poor prognosis, highlighting its
potential as both a biomarker and a therapeutic target
in OSCC.

CXCL8
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logrank P = 0.0039

y
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Figure 1. CXCLS8 is overexpressed in OSCC and associated with poor prognosis. (A) Venn diagram of upregulated DEGs identified from three GEO datasets:
GSEI13601 (n=29 OSCC, 29 normal), GSE143905 (n=5 OSCC, 5 normal), and GSE31056 (n=23 OSCC, 24 normal). (B) Hub genes ranked by interaction degree within the
protein—protein interaction network (Cytoscape). (C) Heatmap showing expression levels of the top 40 upregulated DEGs in OSCC tissues from GSE74530 (n=6 OSCC, 6
normal). (D) Volcano plot of significantly altered genes in GSE74530; red: upregulated, blue: downregulated. (E) Differential expression of CXCL8 between OSCC and normal
tissues in GSE74530. (F) Kaplan—Meier analysis showing overall survival in HNSCC patients with high and low CXCL8 expression (UCSC Xena).
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Figure 2. CXCLS8 expression positively correlates with OSCC cell motility. (A)-(B) Wound healing and Transwell migration assays comparing SCC9, SCC4, and HSC3
cell lines (n=4). (C) Western blot analysis of CXCL8 protein levels in the three cell lines (n=4). (D)-(G) The migration and wound closure were evaluated following CXCL8 (25-50
ng/ml) treatment in SCC4 and HSC3 cells (n=4). (H)-(l) Migration and wound healing ability of SCC4 subpopulations vs. parental SCC4 cells were assessed (n=4). (J)-(K) CXCL8
mRNA and protein expression in highly migratory SCC4 cells compared to parental cells were assessed (n=4). Results are expressed as the mean * SD of four independent
experiments. * p < 0.05 compared with the control group.

analysis revealed higher CXCLS8 protein expression in

CXC.: I..8 expression corre-lates. w't,h cell SCC4 and HSCS3 cells, correlating with their enhanced

motility and enhances migration in oral cancer mobility (Figure 2C). These results suggest a potential

cells link between elevated CXCL8 expression and
To further investigate the role of CXCL8 in oral  increased metastatic capacity in OSCC cells.

cancer metastasis, we compared the migratory To directly establish a causal relationship

abilities and CXCL8 expression levels of three OSCC  between CXCL8 and enhanced cell motility, we
cell lines: SCC9, SCC4, and HSC3. In both Transwell treated SCC4 and HSC3 cells with recombinant
migration and wound healing assays, SCC4 and HSC3 ~ human CXCL8 (25-50 ng/mL) and assessed
cells exhibited significantly greater motility compared =~ migratory behavior. Exogenous CXCL8 treatment
to SCCI cells (Figure 2A-B). Notably, Western blot  significantly accelerated wound closure in scratch
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assays (Figure 2D-E) and markedly increased the
number of migrated cells in Transwell assays (Figure
2F-G), demonstrating that CXCLS8 directly promotes
the motile and invasive behavior of OSCC cells in a
dose-dependent manner. To further validate this
association between CXCLS8 expression and metastatic
phenotype, we generated a highly migratory
subpopulation from parental SCC4 cells through
repeated rounds of Transwell-based selection. These
selected cells (referred to as highly mobile cells)
displayed markedly enhanced migration and wound
healing abilities compared to the parental population
(Figure 2H-I). Analysis of CXCL8 levels in these
highly mobile cells showed a substantial increase in
both mRNA and protein expression compared to
primary SCC4 cells (Figure 2J-K). Together, these
findings suggest that CXCL8 not only correlates with
cell motility but actively contributes to the metastatic
potential of OSCC cells. This highlights CXCL8 as a
promising molecular driver of oral cancer progression
and a potential therapeutic target for limiting
metastasis.

CXCL8 promotes oral cancer cell metastasis
by increasing MMP1 expression

Matrix metalloproteinases (MMPs) are enzymes
critical for tumor metastasis due to their ability to
degrade extracellular matrix (ECM) components,
facilitating cancer cell migration, invasion, and
eventual spread to distant sites [26, 27]. In cancer
progression, both tumor cells and surrounding
stromal cells cooperate to produce MMPs, particularly
MMP-1, MMP-9, and MMP-13, whose elevated levels
often correlate with advanced tumor stage and poor
prognosis in oral and other cancers [28-30]. To
determine which MMP family members might be
regulated by CXCLS in oral cancer, we used TIMER2.0
to analyze correlations between CXCL8 and MMP
expression in head and neck cancers (n=522). CXCL8
expression was positively correlated with several
MMPs, especially MMP1 (correlation coefficient =
0.7), indicating a potential regulatory relationship
(Figure 3A). Next, we evaluated whether CXCLS8
directly influences MMP expression in OSCC cells.
Quantitative PCR analyses showed that treating SCC4
and HSC3 cells with CXCL8 (50 ng/ml) significantly
enhanced MMP1 mRNA expression (Figure 3B-C).
Western blot analysis further confirmed a marked
increase in MMP1 protein levels following CXCLS8
(25-50 ng/ml) stimulation (Figure 3D). To validate the
functional role of MMP1 in CXCL8-induced
metastasis, we knocked down MMP1 using siRNA
and examined cell migration. Transwell migration
and wound healing assays demonstrated that
silencing MMP1 significantly reduced

CXCL8-induced cell motility, confirming that MMP1
is essential for the metastatic effects mediated by
CXCLS8 (Figure 3E-I). Moreover, SCC4 cells selected
for higher migratory capacity consistently expressed
higher levels of MMP1 at both the protein and mRNA
levels (Figure 3]J-K). Collectively, these results
confirm a strong positive correlation between CXCLS8
and MMP1 and establish that CXCLS facilitates oral
cancer cell metastasis by specifically upregulating
MMP1 expression.

CXCLS8 enhances oral cancer cell metastasis
by upregulating MMP1 through CXCRI1 and
CXCR2 receptors

CXCLS8 exerts its biological effects, including
promoting cancer cell migration and invasion,
primarily through binding to its specific receptors
CXCR1 and CXCR2, thereby activating downstream
signaling pathways [7, 11, 13, 14]. To verify whether
these receptors mediate CXCL8-induced metastasis in
oral cancer cells, we utilized selective inhibitors
targeting CXCR1 and CXCR2 (Reparixin, AZD5069,
and SB225002). Pre-treatment with these inhibitors
markedly reduced CXCL8-induced cell migration and
wound-healing capability in SCC4 and HSC3 cells
(Figure 4A-D). Consistently, inhibition of CXCR1 and
CXCR2 significantly suppressed the CXCL8-mediated
increase in MMP1 mRNA and protein expression
(Figure 4E-F). To further confirm these findings, we
employed siRNA-mediated knockdown of CXCR1
and CXCR2 receptors. Efficient silencing of CXCR1
and CXCR2 notably reversed the enhanced migration
and wound healing responses triggered by CXCL8
(Figure 4G-L). Correspondingly, knockdown of
CXCR1 and CXCR2 substantially inhibited the
CXCL8-driven upregulation of MMP1 at both the
protein and mRNA levels (Figure 4M-N). These data
collectively indicate that CXCR1 and CXCR2 receptors
are essential for CXCL8-induced MMP1 expression
and subsequent metastatic process in oral cancer cells.
Thus, targeting the CXCL8-CXCR1/2-MMP1
signaling axis represents a promising approach to
inhibit OSCC metastasis.

CXCL8 promotes oral cancer metastasis by
activating MMP1 expression through the
CXCRI1/2-JAK1/STAT3 signaling pathway

CXCL8 can activate several downstream
signaling pathways—including JAK/STAT, MAPK,
PI3K/Akt, and NF-xB—to enhance cancer
progression and metastasis, although the exact
mechanisms in OSCC remain incompletely
understood [11, 14]. Using TIMER2.0 database
analysis, we identified positive correlations between
CXCL8 and components of the JAK/STAT pathway in
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head and neck cancers, specifically with JAK1 (0.179)
and STAT3 (0.238), and a negative correlation with
STAT2 (-0.104), suggesting a potential role for CXCLS8
in activating the JAK1/STAT3 axis (Figure 5A). To
confirm  this experimentally, we  assessed
phosphorylation levels of JAK1 and STAT3 in SCC4
and HSC3 cells after treatment with recombinant
CXCLS8 (50 ng/ml). Western blot results demonstrated
that CXCL8 treatment significantly —enhanced
phosphorylation of both JAK1 and STAT3 proteins,
indicating activation of this signaling pathway (Figure
5B-C). To further validate that this activation occurs
through the CXCLS8 receptors CXCR1 and CXCR2, we
pre-treated cells with CXCR1/2 inhibitors (Reparixin,
AZD5069, and SB225002). This pre-treatment
markedly inhibited CXCL8-induced phosphorylation
of JAK1 and STATS3, confirming receptor-mediated
activation (Figure 5D-E). Similarly, inhibition of JAK1
using the selective inhibitor Itacitinib significantly
blocked STAT3 phosphorylation induced by CXCLS,
verifying that JAK1 acts upstream of STAT3 activation
(Figure 5F). These results clearly show that CXCLS8
signals through CXCR1/2 to activate the
JAK1/STAT3 pathway in oral cancer cells. Next, we
performed functional assays to determine if the
JAK1/STAT3 pathway mediates CXCL8-driven
OSCC metastasis. Both the JAK1 inhibitor (Itacitinib)
and the STAT3 inhibitor (C188-9) significantly
reduced CXCL8-induced cell migration and wound
healing (Figure 6A-D). Consistent with these
functional effects, inhibition of JAK1 or STAT3 also
markedly suppressed CXCL8-induced MMP1 mRNA
expression (Figure 6E). We further validated these
results by knocking down JAK1 and STAT3 using
siRNA. Effective silencing of JAK1 and STAT3
significantly reversed the enhancement of cell
migration and wound healing induced by CXCLS8
(Figure 6F-K). Likewise, siRNA-mediated reduction
of JAK1 or STAT3 also significantly decreased
CXCLS8-stimulated MMP1 expression (Figure 6L).
Together, these findings confirm a clear signaling
cascade wherein CXCL8 binds to CXCR1/2,
triggering JAK1 and subsequent STAT3 activation,
resulting in increased MMP1 expression and
promoting OSCC metastasis. These insights provide a
valuable foundation for targeting the CXCLS8-
CXCR1/2-JAK1-STAT3 axis as a therapeutic strategy
against oral cancer progression.

STAT3 directly mediates CXCL8-induced
MMP1 transcription

To fully elucidate how CXCL8 activates
downstream signaling pathways to promote oral
cancer metastasis, we explored its effect on STAT3

nuclear translocation and transcriptional activity.
SCC4 and HSC3 cells were treated with CXCL8 for 2
hours following pre-incubation with selective
inhibitors targeting CXCR1/2, JAK1, or STAT3.
Immunofluorescence staining revealed that CXCLS8
induced substantial nuclear localization of STATS3,
indicating its activation. In contrast, treatment with
inhibitors targeting CXCR1/2, JAK1, or STAT3
resulted in a marked reduction of STAT3 nuclear
accumulation, with signals predominantly observed
in the cytoplasm (Figure 7A). To further validate
CXCL8-induced transcriptional activation of STAT3,
we performed luciferase reporter assays. CXCL8 (50
ng/ml) significantly increased STAT3 transcriptional
activity, an effect that was markedly reversed by
CXCR1/2, JAK1, or STAT3 inhibitors (Figure 7B-C).
These findings strongly indicate that CXCLS8
promotes STAT3 nuclear translocation and
subsequent transcriptional regulation specifically
through the CXCR1/2-JAK1 signaling pathway. In
addition, to determine whether this signaling axis
drives the expression of metastasis-related genes, we
performed a luciferase assay using an MMP1
promoter reporter construct. CXCLS8 significantly
increased MMP1 promoter activity (Figure 7D).
Consistent with inhibition of upstream pathways,
pretreatment with CXCR1/2, JAK1, or STAT3
inhibitors significantly inhibited CXCL8-induced
MMP1 transcriptional activation (Figure 7E). These
findings strongly demonstrate that CXCL8 promotes
OSCC cells migration by triggering STAT3 nuclear
translocation and transcriptional activation, which in
turn directly enhances MMP1 gene expression.
Collectively, these findings provide comprehensive
molecular evidence that CXCL8 drives OSCC
metastasis through CXCR1/2-mediated JAK1/STAT3
activation, culminating in transcriptional induction of
the pro-metastatic effector MMP1.

CXCLS8 promotes oral cancer metastasis via
the CXCR1/2-JAK1-STAT3-MMPI1 axis in
vitro and in vivo

To confirm the functional significance of CXCL8
in oral cancer metastasis, we employed
CXCL8-targeted siRNA to reduce its expression.
Western blot analysis showed that knocking down
CXCL8 resulted in a significant decrease in
phosphorylation of both JAK1 and STAT3 proteins.
Concurrently, we observed substantial reductions in
MMP1 expression at both mRNA and protein levels
(Figure 8A-C). Additionally, silencing CXCL8 in
highly migratory SCC4 and HSC3 cells significantly
suppressed their migration and wound-healing
capacities (Figure 8D-G).
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Figure 3. CXCL8 promotes OSCC cell migration by inducing MMP1 expression. (A) TIMER2.0 analysis of correlations between CXCL8 and MMPs in HNSC (n=522).
(B)-(D) CXCL8-induced MMP1 expression was examined by qPCR and Western blot analysis in SCC4 and HSC3 cells (n=4). (E) Validation of MMP1 knockdown efficiency by
Western blot (n=4). (F)-(l) Functional analysis confirmed the effect of MMP1 knockdown on CXCL8-induced cell migration and wound healing (n=4). (J)-(K) MMP1 mRNA and
protein expression of highly migratory SCC4 subpopulations were analyzed by Western blotting and qPCR (n=4). Results are expressed as the mean * SD of four independent
experiments. * p < 0.05 compared with the control group; # p < 0.05 compared with the CXCL8-treated group.

To validate the therapeutic relevance of targeting
the CXCL8 pathway in vivo, we established an
orthotopic tongue xenograft model by injecting HSC3
cells into the lateral tongue of NOD/SCID mice
(Figure 8H). Immunohistochemical (IHC) analysis of
primary tongue tumors revealed no significant
difference in Ki67 expression between the vehicle-
and reparixin-treated groups (Figure 8I), indicating
comparable proliferative activity. However, CXCLS8
and MMP1 expression levels were significantly
reduced in the reparixin-treated tumors (Figure 8]J-K),

suggesting effective inhibition of the
CXCL8/CXCR1/2 signaling axis. Interestingly,
reparixin treatment also led to a marked reduction in
CXCLS8 expression within the primary tumor tissue,
suggesting a potential feedback mechanism. This
observation raises the possibility that downstream
effectors, such as STAT3, may participate in
sustaining ~CXCL8  expression  through a
self-reinforcing regulatory loop. Moreover, analysis of
cervical lymph nodes showed that reparixin treatment
resulted in reduced tumor dissemination, as
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evidenced by fewer Ki67-positive tumor cells and
lower CXCL8 and MMP1 expression levels (Figure
8L-N). To identify the cellular source of CXCLS8, we
analyzed the GSE103322 single-cell RNA-seq dataset
using the UCSC Cell Browser. We found that
malignant epithelial cells were the dominant source of
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(Supplementary Figure 1A-C). These findings suggest
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lymphatic spread.
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Figure 4. CXCL8 enhances MMPI1 expression and migration via CXCR1/2 receptors. (A)-(D) Wound healing and cell migration abilities were evaluated by
pre-treating CXCR1/2 inhibitors (Reparixin: 1 nM, AZD5069: 1 uM and SB225002: 200 nM) before CXCL8 (50 ng/ml) stimulation (n=4). (E)-(F) MMP1 expression was evaluated
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(M)-(N) MMPI expression was evaluated at both mRNA and protein levels after CXCR1/2 knockdown and CXCL8 stimulation (n=4). Results are expressed as the mean + SD
of four independent experiments. * p < 0.05 compared with the control group; # p < 0.05 compared with the CXCL8-treated group.
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Figure 5. CXCLS8 activates JAKI/STATS3 signaling via CXCRI1/2. (A) TIMER2.0 analysis showing correlation between CXCL8 and JAK/STAT pathway genes in HNSC.
(B)-(C) CXCL8-induced phosphorylation of JAKI and STAT3 in SCC4 and HSC3 was assessed using Western blot analysis (n=4). (D)-(E) Cells receiving pretreatment with
CXCR1/2 inhibitors and subsequent CXCL8 incubation, phosphorylation of JAK1 and STAT3 was assessed using Western blot analysis (n=4). (F) JAKI inhibition (Itacitinib: 50
nM) was followed by CXCL8 stimulation, and STAT3 phosphorylation was assessed by Western blotting (n=4). Results are expressed as the mean * SD of four independent
experiments. * p < 0.05 compared with the control group; # p < 0.05 compared with the CXCL8-treated group.

Taken together, these findings demonstrate that
CXCL8 critically promotes oral cancer metastasis
through CXCR1/2-dependent activation of the
JAK1/STAT3 pathway, ultimately enhancing STAT3
nuclear translocation, transcriptional activation, and
MMP1 expression. Clarifying these detailed
molecular mechanisms highlights CXCL8 as a
potential biomarker and therapeutic target for
managing metastatic oral cancer.

Discussion

The treatment of oral squamous cell carcinoma
(OSCC) continues to face significant clinical
challenges, primarily due to late diagnosis, extensive
local invasion, and metastatic spread, which limit
effective therapeutic strategies. Current treatments

typically  involve  surgery combined  with
chemotherapy or radiotherapy; however, these
interventions are often insufficient to control

metastasis, a critical factor contributing to poor
patient survival [31, 32]. The lack of -effective
molecularly targeted therapies highlights the urgent
need for identifying novel targets that can specifically
intervene in the metastatic process [5]. CXCLS8 is a
well-recognized pro-inflammatory chemokine, with
known overexpression in several cancers, including
OSCC. However, the precise molecular mechanism
linking CXCL8 to metastatic behavior in OSCC has
remained poorly defined. Our study addresses this
gap by identifying and validating the CXCL8-
CXCR1/2-JAK1-STAT3-MMP1 signaling axis as a
key driver of OSCC metastasis. Unlike previous
studies that simply documented CXCL8 expression,
we provide direct evidence that CXCL8 promotes
STAT3 nuclear translocation and transcriptional
activation, thereby upregulating MMP1 and
enhancing tumor cell migration.
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Figure 6. JAK1/STATS3 signaling is essential for CXCL8-mediated migration and MMP1 expression. (A)-(D) CXCL8-induced migration and wound healing were
assessed after incubation with JAK] (Itacitinib) and STAT3 (C188-9: 5 puM) inhibitors (n=4). (E) CXCL8-induced MMP1 mRNA was assessed using qPCR after incubation with
JAKI (Itacitinib) and STAT3 (C188-9) inhibitors (n=4). (F)-(G) Confirmation of JAK1 and STAT3 knockdown by Western blot (n=4). (H)-(K) CXCL8-mediated cell migration and
wound healing were evaluated following siRNA knockdown of JAK1/STAT3 (n=4). (L) CXCL8-induced MMP1 mRNA expression was assessed following JAK1/STAT3
knockdown (n=4). Results are expressed as the mean * SD of four independent experiments. * p < 0.05 compared with the control group; # p < 0.05 compared with the
CXCL8-treated group.

receptors, CXCR1 and CXCR2, which activate
downstream signaling cascades including JAK/STAT,
MAPK, and NF-xB pathways [39-42]. In our study, we
demonstrate that CXCL8 promotes OSCC metastasis
by activating the CXCR1/2-JAK1-STAT3 axis,
leading to upregulation of MMP1 and enhanced
tumor cell migration. Notably, inhibition of CXCR1/2
or downstream components such as JAK1 and STAT3
significantly suppressed CXCL8-induced signaling
and reduced cell motility. These findings not only

CXCLS is a well-characterized pro-inflammatory
chemokine implicated in multiple physiological and
pathological processes, including inflammation,
angiogenesis, and tumor progression [33]. Elevated
CXCL8 expression has been correlated with poor
prognosis across various malignancies—such as
colorectal, hepatocellular, and breast cancers —owing
to its roles in promoting tumor vascularization,
invasion, and immune evasion [34-38]. These effects
are primarily mediated through binding to its cognate
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reveal a novel CXCL8-driven metastatic mechanism
in OSCC but also highlight the therapeutic potential
of targeting this pathway. Several inhibitors of
CXCR1/2 and STAT3 are currently undergoing
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Among the MMP family members, MMP1 has
been specifically implicated in OSCC progression and
metastasis, with studies demonstrating that MMP1
expression is significantly elevated in invasive and
metastatic OSCC tissues and correlates with poor
clinical outcomes [45]. Recent investigations have

established that MMP1 is upregulated in head and
neck squamous cell carcinoma (HNSCC) tissues and
directly enhances the metastatic ability of cancer cells
by degrading type I collagen and other ECM
components, thereby facilitating tumor cell migration
through tissue barriers [46]. Immunohistochemical
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studies have further revealed that MMP1 expression
increases progressively from normal oral mucosa to
well-differentiated and poorly differentiated OSCC,
suggesting that MMP1 upregulation is a key event in
oral cancer progression [47]. Given that MMP1
overexpression is associated with enhanced
invasiveness and metastatic capabilities in OSCC,
modulating MMP1 activity represents a viable
therapeutic approach to prevent tumor invasion and
metastasis [48]. Despite the well-established role of
MMP1 in OSCC metastasis, the upstream regulatory
mechanisms governing its expression have remained
incompletely defined. Our study addresses this
critical knowledge gap by demonstrating that CXCL8
directly upregulates MMP1 expression through
activation of the CXCR1/2-JAK1-STAT3 signaling
axis. We provide multiple lines of evidence
supporting this regulatory mechanism: (1) CXCLS8
treatment dose-dependently increased MMP1 mRNA
and protein expression in OSCC cells; (2)
pharmacological inhibition or siRNA-mediated
knockdown of CXCR1/2, JAK1, or STAT3 abolished
CXCL8-induced MMP1 upregulation; (3) CXCL8
stimulation promoted STAT3 nuclear translocation
and directly activated the MMP1 promoter, as
demonstrated by luciferase reporter assays; and (4)
functional inhibition of MMP1 significantly
attenuated CXCL8-induced cell migration and
invasion.

To validate these results in vivo, we employed an
orthotopic tongue xenograft mouse model using
HSC3 cells. Pharmacologic blockade of CXCR1/2
with reparixin significantly reduced CXCL8 and
MMP1 expression in tumor tissues, as confirmed by
IHC (Figure 8J-K), but did not affect primary tumor
proliferation (Figure 8I). In contrast, reparixin
treatment led to a notable decrease in proliferative
tumor cells and CXCL8/MMP1 levels in cervical
lymph nodes (Figure 8L-N), suggesting that this
signaling axis plays a more prominent role in regional
metastasis rather than primary tumor growth. These
findings suggest that CXCL8 contributes more
prominently to regional metastasis rather than
primary tumor growth. These in vivo data reinforce
the functional role of the CXCL8-CXCR1/2 axis in
OSCC metastasis and support the therapeutic
potential of targeting this pathway. Interestingly,
pharmacological inhibition of CXCR1/2 with
reparixin in our OSCC xenograft model led to
reduced CXCL8 expression in tumor tissues,
suggesting the existence of a positive-feedback loop in
which downstream components of the CXCL8-
JAK1/STAT3 axis help to sustain CXCLS8
transcription. Similar STAT3-cytokine feedback
circuits have been reported in breast cancer, HNSCC,

and glioblastoma [49-51]. This observation raises the
intriguing possibility that activated STAT3 may
further enhance CXCL8 gene expression, thereby
sustaining a self-reinforcing pro-metastatic signaling
cycle. Similar feedback mechanisms between STAT3
and IL-8/CXCL8 have been documented in
glioblastoma, HNSCC, and breast cancer, where
STAT3 directly binds to the CXCL8 promoter and
drives its transcription, creating a self-amplifying
inflammatory loop that promotes tumor progression.
In the context of OSCC, such a feedback mechanism
would have important therapeutic implications, as it
suggests that targeting any component of the
CXCL8-CXCR1/2-JAK1-STAT3-MMP1 axis may
disrupt multiple interconnected pro-metastatic
processes simultaneously. Supporting this notion, our
single-cell RNA-seq analysis of OSCC tissues
(GSE103322) revealed that malignant epithelial cells
are the predominant source of CXCL8 and co-express
MMP1 (Supplementary Figure 1A-C). This indicates
that tumor cells may establish an autocrine circuit,
producing and responding to CXCL8 to reinforce
their own metastatic capacity through STAT3
activation and MMP1 upregulation. Furthermore, to
explore environmental factors that may initiate or
amplify this signaling cascade, we treated HSC3 cells
with arecoline, a known betel nut-derived carcinogen.
Arecoline induced CXCL8 expression in a
dose-dependent manner (Supplementary Figure 2),
suggesting that environmental exposure could trigger
or exacerbate CXCL8-driven metastasis in OSCC. This
finding provides additional translational relevance,
highlighting the potential of targeting the CXCLS8 axis
in patients with known risk exposures.

Taken together, this study provides the first
comprehensive evidence that CXCL8 orchestrates
OSCC metastasis by initiating a CXCR1/2-JAK1-
STAT3 signaling cascade that drives MMP1
transcription. Our integration of molecular, cellular,
and in vivo models reveals that this axis not only
mediates tumor dissemination but may also be
self-reinforcing. These findings position CXCLS8 as
both a prognostic biomarker and a therapeutic target
for preventing OSCC metastasis.

Conclusion

Our study identifies CXCL8 as a central
regulator of OSCC metastasis, acting through a
CXCR1/2-JAK1-STAT3-MMP1 signaling pathway.
Targeting this axis effectively attenuated metastatic
behavior in vitro and in an orthotopic xenograft
model, while scRNA-seq analysis confirmed tumor
cells as the primary source of CXCLS8. These findings
provide both mechanistic and translational insights,
supporting CXCL8 and its downstream effectors as
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promising targets for anti-metastatic therapies in
OSCC.
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