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Abstract Background/purpose: Oral squamous cell carcinoma (OSCC) is a highly metastatic

cancer with a poor prognosis, partly driven by epithelial—mesenchymal transition (EMT).

Although several cytokines have been implicated in OSCC progression, the specific role of

cancer-associated fibroblast (CAF)-derived interleukin-6 (IL-6) in EMT and metastasis remains

poorly understood. This study investigated the contribution of CAF-derived IL-6 to the promo-

tion of EMT and metastasis in OSCC.

Materials and methods: Conditioned media from gingival fibroblasts (GF) treated with OSCC-

conditioned media (SCC25-GF CM) were analyzed using secretomic and functional assays.

EMT marker expression, migration, and invasion were evaluated by RT-qPCR, Western blotting,

immunofluorescence, and an IL-6 neutralizing antibody.
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Results: SCC25-GF CM significantly downregulated E-cadherin and upregulated N-cadherin, vi-

mentin, and Snail expression, indicating EMT induction. Secretome analysis revealed elevated

levels of multiple EMT- and metastasis-associated factors, including stromelysin-1, glia-derived

nexin, tenascin, procathepsin L, and IL-6, in SCC25-GF CM. IL-6 neutralization reduced EMT

marker expression, migration, and invasion in SCC25 cells, demonstrating that IL-6 is a key

driver of CAF-mediated EMT in OSCC.

Conclusion: These findings indicate that IL-6 is a central mediator of CAF-induced EMT and

contributes to the metastatic potential of OSCC, highlighting IL-6 as a promising therapeutic

target.

ª 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital

Commons. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Squamous cell carcinoma (SCC) is the most prevalent form

of head and neck cancer, accounting for over 90 % of all oral

cavity malignancies. Oral squamous cell carcinoma (OSCC)

presents significant clinical challenges due to its aggressive

nature and poor prognosis.1—3 According to recent data

from the Global Cancer Observatory, the annual mortality

rate associated with oral cavity cancers is projected to rise

dramatically, from 178,000 deaths in 2020 to 263,000 by

2040, reflecting a 47 % increase.4 OSCC is associated with a

five-year survival rate of less than 60 %, primarily due to its

tendency for local recurrence and distant metastasis,

which are hallmarks of advanced disease.5 These poor

outcomes have prompted intensive research into the mo-

lecular and cellular mechanisms underlying OSCC progres-

sion, with a particular focus on identifying factors involved

in recurrence and metastasis. Such insights hold the po-

tential to enable earlier diagnosis and guide targeted

therapies development.

Epithelial-mesenchymal transition (EMT), a biological

process in which epithelial cells lose their cell—cell

adhesion properties and acquire mesenchymal traits,

thereby acquiring enhanced migratory and invasive capa-

bilities,6 plays a central role in the metastatic cascade of

OSCC. In OSCC, EMT enables tumor cells to invade sur-

rounding tissue and enter the vasculature, facilitating

distant metastasis. The tumor microenvironment (TME)

significantly influences the EMT process through its various

components, including growth factors, cytokines, and the

extracellular matrix (ECM), which act as key effectors.

These EMT-inducing signals reprogram cellular behavior

and promote tumor progression and dissemination.

Markers such as E-cadherin (encoded by CDH1) are typi-

cally downregulated during EMT, correlating with poor

differentiation, advanced TNM stage, and frequent

metastasis.7,8 Conversely, mesenchymal markers such as

N-cadherin (encoded by CDH2) and vimentin, along with

transcription factors including Twist, ZEB1/2, and Snail,

are upregulated, facilitating cellular migration and

invasion.9—11 These changes indicate adverse prognostic

factors and are also associated with larger tumors,

increased metastasis, and poor overall survival.

Collectively, these markers reflect the dynamic changes

that drive EMT and underscore their significance in OSCC

progression.

Cancer-associated fibroblasts (CAFs), a dominant stro-

mal component of the tumor microenvironment (TME), are

critical mediators of oral squamous cell carcinoma (OSCC)

progression. They originate from resident stromal cells,

such as gingival fibroblasts, which undergo activation and

phenotypic reprogramming in response to tumor-derived

factors.12,13 Upon activation, CAFs acquire distinct char-

acteristics, including the expression of mesenchymal

markers such as alpha-smooth muscle actin (αSMA) and

vimentin and exhibit increased secretion of ECM compo-

nents and cytokines that drive TME remodeling.14—16 This

reprogramming is facilitated by proinflammatory and

tumor-derived signals. Previous studies, including our own,

have demonstrated that OSCC-conditioned medium (OSCC

CM) induces the differentiation of gingival fibroblasts into

CAFs. Notably, cytokines such as CXCL1 play a pivotal role

in mediating this transition, creating a positive feedback

loop that enhances tumor—stromal interactions.17 CAFs

further establish a supportive niche for OSCC by promoting

tumor cell proliferation, migration, invasion, and metas-

tasis. These contributions highlight the dynamic and

reciprocal interactions between cancer cells and stromal

components, positioning CAFs as a central focus in under-

standing OSCC progression and developing potential ther-

apeutic strategies. Despite these insights, the precise

molecular mechanisms and specific factors secreted by

CAFs that drive metastatic processes within the TME remain

inadequately characterized, emphasizing the need for

further investigation into the complex interplay between

CAFs and tumor cells.

Cytokines such as transforming growth factor-beta,

tumor necrosis factor-alpha, and monocyte chemo-

attractant protein-1 have been extensively studied for their

contributions to EMT.18—20 Among these, interleukin-6 (IL-6)

has garnered significant attention due to its multifaceted

role in OSCC.21 IL-6 is a pleiotropic cytokine that activates

the JAK/STAT3 signaling pathway, inducing the expression

of mesenchymal markers while suppressing epithelial traits,

thereby promoting tumor cell migration and invasion.22,23

In addition to its role in EMT, IL-6 contributes to immune
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modulation, stromal remodeling, and angiogenesis, further

accelerating tumor progression.24—26 However, the precise

cellular sources of IL-6 within the TME, the mechanisms

regulating its secretion, and its precise impact on OSCC

progression remain poorly understood. This underscores the

importance of elucidating IL-6’s role in the TME to evaluate

its potential as a therapeutic target in OSCC treatment.

This study builds on our previous findings that identified

CXCL1 as a key inducer of CAF differentiation in gingival

fibroblasts exposed to OSCC-CM. Here, we investigated the

functional role of these differentiated CAFs in OSCC pro-

gression, focusing on CAF-secreted IL-6 as a potential driver

of EMT. Using secretomics and functional assays, we char-

acterized the proteomic landscape of CAF-CM and identi-

fied critical cytokines involved in promoting EMT in OSCC.

Ultimately, our findings highlight IL-6 as a central mediator

of EMT and metastasis and provide new insights into its

potential as a therapeutic target in OSCC.

Materials and methods

Reagents

Minimum essential medium with alpha modifications (α-

MEM), Dulbecco’s Modified Eagle Medium (DMEM), RPMI

1640 Medium, and Dulbecco’s phosphate-buffered saline

(DPBS) were obtained from Welgene, Inc. (Daegu, Republic

of Korea). Fetal bovine serum (FBS), trypsin—EDTA, and

penicillin-streptomycin (P/S) were purchased from Gibco

(Thermo Fisher Scientific Inc., Waltham, MA, USA). Anti-

bodies against vimentin, β-actin, E-cadherin, and N-cad-

herin were obtained from Cell Signaling Technology

(Danvers, MA, USA). Neutralizing monoclonal antibodies

against human IL-6 and mouse control IgG were purchased

from InvivoGen (San Diego, CA, USA).

Cell culture

Gingival fibroblasts (GF) were purchased from ScienCell

(California, USA) and cultured in α-MEM supplemented with

10 % FBS and 1 % P/S. SCC25 cells were purchased from the

American Type Culture Collection (Manassas, VA, USA) and

cultured in DMEM supplemented with 10 % FBS and 1 % P/S.

All cells were maintained at 37 �C in 5 % CO2 and passaged

upon reaching 90 % confluence.

Preparation and application of conditioned medium

(CM)

For SCC25 CM preparation, SCC25 cells were seeded in 150-

mm dishes and grown to sub-confluence. After washing

twice with DPBS to remove residual serum, cells were

incubated in 20 mL of serum-free medium for 24 h. The

collected medium was centrifuged at 3000�g for 10 min to

remove cell debris and filtered through a 0.2 μm syringe

filter (Sartorius, Goettingen, Germany). For GF CM prepa-

ration, GF were grown to sub-confluence, washed twice

with DPBS, and incubated in serum-free medium either

alone (Control GF CM) or supplemented with 50 % SCC25 CM

(SCC25-GF CM) for 48 h. After this incubation, the cells

were thoroughly washed with DPBS to remove residual

SCC25 CM and then cultured in fresh serum-free medium for

an additional 24 h. The resulting CM was processed as

described for SCC25 CM. Prepared Control GF CM and

SCC25-GF CM were subsequently applied to SCC25 cells.

Enzyme-linked immunosorbent assay (ELISA)

IL-6 protein levels in conditioned media were quantified

using the ELISA MAX� Deluxe Set Human IL-6 (BioLegend,

San Diego, CA, USA) according to the manufacturer’s in-

structions. Absorbance was measured at 450 nm using an

Opsys MR microplate reader.

Western blotting

Protein lysates were extracted using RIPA buffer (50 mM

Tris, pH 8.0, 150 mM NaCl, 0.5 % sodium deoxycholate,

1 mM EGTA, 1 % Triton X-100, 10 mM NaF, PMSF, and com-

plete protease inhibitor cocktail). Equal amounts of protein

(20 μg) were separated by SDS-PAGE (10 % or 15 % gel) and

transferred to nitrocellulose membranes. Membranes were

blocked with 5 % skim milk for 1 h and incubated overnight

at 4 �C with primary antibodies. After washing, membranes

were incubated with horseradish peroxidase-conjugated

secondary antibodies for 1 h at room temperature. Pro-

tein bands were visualized using an enhanced chem-

iluminescence reagent (Amersham Pharmacia Biotech

Ltd.). β-actin was used as a loading control.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted using the RNeasy Mini Kit (Qiagen)

and reverse transcribed into cDNA using Superscript II

(Invitrogen, Waltham, MA, USA). For RT-qPCR, 50 ng of

cDNA was amplified using SYBR Green PCR Master Mix

(Applied Biosystems, Foster City, CA, USA) and analyzed on

an AB7500 system (Applied Biosystems) for 40 cycles. Ex-

periments were performed in triplicate, and expression

levels were normalized to ACTB. The 2—ΔΔCt method

was used for data analysis. The primer sequences used

were as follows: CDH1, 50- GCCTCCTGAAAAGAGAGTGGAAG-

30, 50-TGGCAGTGTCTCTCCAAATCCG-30; CDH2, 50-CCTCCA-

GAGTTTACTGCCATGAC-30, 50-GTAGGATCTCCGCCACTGATT

C-30; Vimentin, 50-AGGCAAAGCAGGAGTCCACTGA-30, 50- AT

CTGGCGTTCCAGGGACTCAT-30; Snai1, 50- TGCCCTCAAGAT

GCACATCCGA-30, 50- GGGACAGGAGAAGGGCTTCTC-3’; ACT

B, 50-ACTCTTCCAGCCTTCCTTCC-30, 50-TGTTGGCGTACAGGT

CTTTG-30.

Immunocytochemistry

Cells were fixed with 4 % paraformaldehyde and per-

meabilized with 0.2 % Triton X-100. After blocking with 5 %

BSA, cells were incubated with primary antibodies against

E-cadherin, N-cadherin, or vimentin, followed by fluo-

rescently labeled secondary antibodies (Alexa Fluor 488 or

Alexa Fluor 555, Thermo Fisher Scientific). Nuclei were

counterstained with DAPI (Sigma—Aldrich). Images were

acquired using a confocal microscope (LSM 700; Carl Zeiss).
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Liquid chromatography—tandem mass

spectrometry (LC-MS/MS) analysis

Protein concentrations were measured using the Pierce

BCA Protein Assay Kit (Thermo Fisher Scientific). For

digestion, 100 μg of each protein sample was processed

using the Filter-Aided Sample Preparation (FASP) method.

Samples were reduced with Tris (2-carboxyethyl)

phosphine (TCEP), alkylated with iodoacetic acid, and

digested with trypsin at a 1:50 enzyme-to-protein ratio at

37 �C for 18 h. Peptides were desalted using a C18 spin

column and eluted with 80 % acetonitrile containing 0.1 %

formic acid. Peptide samples were analyzed using a

SCIEX TripleTOF 5600þ mass spectrometer coupled to an

Ekspert NanoLC 425 system (Eksigent). Chromatographic

separation was carried out using a ChromXP C18CL

analytical column at 40 �C. Peptides were eluted using a

linear acetonitrile gradient in 0.1 % formic acid for 37 min.

Data were acquired in SWATH mode using 100

variable windows, with a scan range of 400—1250 m/z and

a cycle time of 2.8 s. Raw spectral data were processed

using the UniProt Human Reference Library. Proteins were

identified with a 1 % false discovery rate (FDR) threshold.

Differential expression analysis was conducted in R

(version 3.6.0) using log-transformed values. Statistical

significance was determined using paired t-tests followed

by the Benjamini-Hochberg correction for multiple

comparisons.

Transwell invasion assay

SCC25 cells (5 � 104 cells/well) were seeded in serum-free

medium in the upper chamber of 8 μm pore-size

transwell inserts (SPL, Republic of Korea) coated with

Matrigel. The lower chamber contained either serum-free

medium or CM. After 16 h, non-invasive cells were

removed, and invasive cells were fixed, stained with 0.1 %

crystal violet, and counted under a microscope (Nikon,

Eclipse Ts2).

Scratch wound migration assay

SCC25 cells were cultured to confluence in a 24-well plate

and scratched with a pipette tip to create a wound.

Cells were then incubated in serum-free medium or CM.

After 16 h, wound closure was assessed by measuring the

area covered by migrating cells relative to the original

wound area.

Interleukin-6 neutralization

To inhibit IL-6 activity, 100 μg/mL of an IL-6 neutralizing

antibody (nIL-6 Ab) was added to SCC25-GF CM. Mouse IgG

was used as a control.

Statistical analysis

Statistical comparisons were performed using Student’s t-

tests or one-way ANOVA with Bonferroni post hoc tests for

multiple group comparisons. Results were considered

statistically significant at P < 0.05 (*P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001) and are presented as mean � SD from at least

three independent experiments.

Results

Conditioned medium from SCC25-activated gingival

fibroblasts enhances epithelial—mesenchymal

transition-associated changes in SCC25 cells

SCC25 cells were treated with conditioned media to

evaluate changes associated with EMT. Control GF-

conditioned medium (Con-GF CM) was derived from non-

activated GF, while SCC25-GF CM was obtained from GF

activated with SCC25-CM. These CM were applied to

SCC25 cells, and changes in EMT-related markers were

analyzed. E-cadherin (CDH1) served as an epithelial

marker, while N-cadherin (CDH2), vimentin, and Snai1

served as mesenchymal markers. RT-qPCR showed signifi-

cant downregulation of CDH1 expression and upregulation

of CDH2, vimentin, and Snai1 in SCC25-GF CM-treated cells

compared to both the Con-GF CM-treated and control

groups (Fig. 1A). Western blot analysis confirmed these

findings at the protein level: E-cadherin protein levels

were reduced, while N-cadherin and vimentin levels were

elevated in SCC25-GF CM-treated cells (Fig. 1B). Immu-

nofluorescence imaging further supported these results. E-

cadherin was strongly localized at cell—cell junctions in

control cells but was significantly reduced in SCC25-GF CM-

treated cells. In contrast, N-cadherin and vimentin dis-

played increased fluorescence intensity and were pre-

dominantly localized in the cytoplasm of SCC25-GF CM-

treated cells (Fig. 1C). These results highlight both

expression-level and spatial changes in key EMT markers

following SCC25-GF CM treatment.

Conditioned medium from SCC25-activated gingival

fibroblasts promotes migratory and invasive traits

in SCC25 cells

To assess the functional impact of SCC25-GF CM on EMT,

scratch wound migration and Transwell invasion assays

were conducted. In the scratch wound assay, Con-GF CM

treatment modestly increased wound closure compared to

the control group, while SCC25-GF CM treatment signifi-

cantly enhanced wound closure (Fig. 2A). Quantitative

analysis confirmed that SCC25-GF CM-treated cells exhibi-

ted significantly higher wound closure rates than both

control and Con-GF CM-treated groups (Fig. 2B). In the

Transwell invasion assay, Con-GF CM-treated cells showed

an increased number of invasive cells compared to controls,

whereas SCC25-GF CM-treated cells displayed a markedly

enhanced invasive capacity (Fig. 2C). Quantification of

invasive cells per field further demonstrated that SCC25-GF

CM induced significantly greater invasiveness than Con-GF

CM (Fig. 2D). These results suggest that SCC25-GF CM con-

tains a higher concentration of EMT-promoting factors,

contributing to the increased migratory and invasive char-

acteristics of SCC25 cells.
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Uncovering interleukin-6 as an

epithelial—mesenchymal transition inducer

through secretome profiling

To identify EMT-promoting proteins in SCC25-GF CM,

secretome profiling was performed using LC-MS/MS. A total

of 715 proteins were identified, among which 262 were

upregulated and 453 were downregulated in SCC25-GF CM

compared to Con-GF CM. Notably, several proteins known

to be involved in tumor metastasis and EMT, including

stromelysin-1 (MMP3), glia-derived nexin (SERPINE2),

tenascin (TNC ), procathepsin L (CTSL), and IL-6, were

among the most upregulated factors (Fig. 3A and Table S1).

Given the well-established role of IL-6 in EMT regulation,

we focused on IL-6. To validate the LC-MS/MS findings, RT-

qPCR was performed to assess IL-6 gene expression in Con-

GF and SCC25-GF cells. IL-6 expression was significantly

higher in SCC25-GF cells compared to Con-GF cells

(Fig. 3B). To further confirm these findings at the protein

level, IL-6 concentrations in Con-GF CM and SCC25-GF CM

were quantified using ELISA. Consistent with the transcript

data, SCC25-GF CM contained significantly higher IL-6 pro-

tein levels compared to Con-GF CM (Fig. 3C). These results

confirm that IL-6 is upregulated in SCC25-GF CM and may

serve as a key inducer of EMT in this context.

Neutralization of interleukin-6 mitigates

epithelial—mesenchymal transition marker

alterations

To confirm the role of IL-6 as a key driver of EMT, an nIL-6

Ab was added to inhibit IL-6 activity in SCC25-GF CM. RT-

qPCR analysis revealed that treatment with SCC25-GF CM

with control IgG significantly reduced CDH1 expression and

increased the expression of CDH2, vimentin, and Snai1.

However, the addition of nIL-6 significantly attenuated

these effects, lessening CDH1 downregulation and miti-

gating the upregulation of CDH2 and vimentin (Fig. 4A).

Western blot analysis further supported these findings.

While SCC25-GF CM with control IgG showed decreased E-

cadherin levels and elevated N-cadherin and vimentin

levels, the addition of nIL-6 Ab reversed these changes,

Figure 1 Analysis of EMT marker expression in SCC25 cells treated with conditioned media from gingival fibroblasts. (A) Quan-

titative RT-qPCR analysis of CDH1, CDH2, Vimentin, and Snai1 mRNA levels in SCC25 cells treated with control gingival fibroblast-

conditioned medium (Con-GF CM) or SCC25-activated gingival fibroblast-conditioned medium (SCC25-GF CM) for 24 h. (B) Western

blot analysis of E-cadherin, N-cadherin, and vimentin protein levels in SCC25 cells treated with either Con-GF CM or SCC25-GF CM.

ACTB was used as a loading control. (C) Immunofluorescence staining of E-cadherin, N-cadherin, and vimentin in SCC25 cells

treated with Con-GF CM or SCC25-GF CM. Nuclei were counterstained with DAPI. Scale bars � 50 μm. Data are presented as

mean � SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA. Con-GF CM, conditioned medium from non-activated

gingival fibroblasts; SCC25-GF CM, conditioned medium from SCC25-activated gingival fibroblasts; ns, not significant.
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resulting in marker expression patterns similar to those of

the control group (Fig. 4B). Immunofluorescence imaging

was performed to assess the localization and expression

patterns of EMT markers. In cells treated with SCC25-GF CM

and control IgG, E-cadherin staining at cell—cell junctions

was reduced, while N-cadherin and vimentin showed

increased cytoplasmic localization. In contrast, treatment

with SCC25-GF CM containing nIL-6 Ab partially restored E-

Figure 2 Analysis of migration and invasion in SCC25 cells treated with conditioned media from gingival fibroblasts. (A)

Representative images from a scratch wound migration assay of SCC25 cells treated with control gingival fibroblast-conditioned

medium (Con-GF CM) or SCC25-activated gingival fibroblast-conditioned medium (SCC25-GF CM) for 16 h. (B) Quantitative anal-

ysis of wound closure percentage under each treatment group. (C) Representative images of transwell invasion assay showing

invasive SCC25 cells treated with either Con-GF CM or SCC25-GF CM. (D) Quantification of invaded cells per field under each

treatment group. Scale bars � 50 μm. Data are presented as mean � SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA.

Con-GF CM, conditioned medium from non-activated gingival fibroblasts; SCC25-GF CM, conditioned medium from SCC25-activated

gingival fibroblasts; ns, not significant.

Figure 3 Secretome profiling and IL-6 expression analysis in conditioned media from gingival fibroblasts. (A) Top 30 upregulated

proteins in SCC25-activated gingival fibroblast-conditioned medium (SCC25-GF CM) compared to control gingival fibroblast-

conditioned medium (Con-GF CM), ranked by fold increase based on LC-MS/MS analysis. (B) Quantitative RT-qPCR analysis of IL-

6 mRNA expression in gingival fibroblasts treated with either Con-GF CM or SCC25-GF CM. (C) ELISA quantification of IL-6 protein

levels in Con-GF CM and SCC25-GF CM. Data are presented as mean � SD. ***P < 0.001 by Student’s t-tests.
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cadherin localization and decreased the expression of N-

cadherin and vimentin (Fig. 4C). These results confirm that

IL-6 plays a pivotal role in regulating EMT marker expression

in the context of SCC25-GF CM and that its inhibition

effectively reverses these EMT-associated changes.

Impact of interleukin-6 blockade on migration and

invasion in SCC25 cells

To examine the functional consequences of IL-6 inhibition,

SCC25-GF CM-treated SCC25 cells were subjected to

scratch-wound migration and invasion assays. In the scratch

wound assay, SCC25-GF CM with control IgG significantly

enhanced wound closure compared to the control group.

However, the addition of nIL-6 Ab significantly reduced the

extent of wound closure induced by SCC25-GF CM (Fig. 5A).

To determine whether similar effects occur in other OSCC

cell lines, we repeated the experiments using CA9-22 and

HSC-3 cells. Consistent with the findings in SCC25 cells, IL-6

neutralization in these additional cell lines attenuated the

upregulation of mesenchymal markers and partially

restored epithelial marker expression (Fig. S1). Quantita-

tive analysis confirmed that wound closure was markedly

diminished in the nIL-6 Ab-treated group compared to the

control IgG group (Fig. 5B). Similarly, in the Transwell in-

vasion assay, SCC25-GF CM with control IgG significantly

increased the number of invasive cells compared to the

control group. In contrast, treatment with nIL-6 signifi-

cantly reduced the invasive capacity of SCC25 cells exposed

to SCC25-GF CM (Fig. 5C). Quantification of invasive cells

per field revealed a marked decrease in invasiveness in the

nIL-6 Ab-treated group compared to the control IgG group

(Fig. 5D). These findings demonstrate that IL-6 inhibition

effectively suppresses the migratory and invasive behaviors

induced by SCC25-GF CM, underscoring the critical role of

IL-6 in driving EMT and associated functional changes in

SCC25 cells.

Discussion

The transformation of GFs into CAFs under the influence of

OSCC CM highlights the dynamic interaction between can-

cer cells and TME. Consistent with previous studies, our

findings demonstrate that CAFs derived from GF, when

treated with SCC25 CM, acquire mesenchymal characteris-

tics, as indicated by increased α-SMA and vimentin

Figure 4 Effect of IL-6 depletion from SCC25-GF conditioned medium on EMT marker expression in SCC25 cells. (A) Quantitative

RT-qPCR analysis of CDH1, CDH2, Vimentin, and Snai1 mRNA levels in SCC25 cells treated with SCC25-GF CM supplemented with

either control IgG (Con IgG) or IL-6 neutralizing antibody (nIL-6 Ab). (B) Western blot analysis of E-cadherin, N-cadherin, and

vimentin protein levels under the same treatment conditions. ACTB was used as a loading control. (C) Immunofluorescence staining

of E-cadherin, N-cadherin, and vimentin in SCC25 cells treated as indicated. Nuclei were counterstained with DAPI. Scale

bars � 50 μm. Data are presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA. SCC25-GF CM, conditioned

medium from SCC25-activated gingival fibroblasts; nIL-6 Ab, neutralizing IL-6 antibody; ns, not significant.
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expression.27,28 These CAFs secrete SCC25-GF CM, which

significantly downregulates epithelial markers like E-cad-

herin and upregulates mesenchymal markers, including N-

cadherin and Snail, in OSCC cells, thereby inducing EMT.

Using secretome analysis, we expanded earlier research by

identifying key CAF-derived factors that actively mediate

EMT and migration. Unlike previous studies that primarily

implicated ECM remodeling in CAF-mediated EMT,29 our

data emphasize the critical role of cytokines, particularly

IL-6, in this process. While other CAF-derived components,

such as exosomes,30 may also contribute, our focus on IL-6

underscores its potential as a primary mediator, enhancing

our understanding of stromal—tumor interaction in OSCC

progression.

The identification of IL-6 as a critical cytokine driving EMT

represents a significant advancement in understanding OSCC

progression. Secretome analysis revealed elevated IL-6

levels in SCC25-GF CM, and functional assays confirmed

that IL-6 neutralization mitigated the EMT-promoting effects

of this medium. These findings are consistent with previous

reports identifying IL-6 as a potent EMT inducer in various

cancers, including esophageal and breast cancers.31,32

However, our study specifically focuses on IL-6’s role within

the OSCC-specific TME, providing deeper insight into its

mechanisms of action. Our work bridges existing gaps by

demonstrating that IL-6 neutralization directly impacts EMT

marker expression and functional traits such as migration

and invasion. Nonetheless, further investigation is required

to elucidate the downstream signaling pathways, such as

STAT3, PI3K/Akt/mTOR, and MAPK/ERK,33—35 that mediate

IL-6-driven EMT in OSCC. Such mechanistic insights may pave

the way for combination therapies that target both IL-6 and

its downstream effectors.

EMT directly contributes to OSCC metastasis by

enhancing the migratory and invasive properties of tumor

cells. Our results showed that SCC25-GF CM-treated cells

exhibited significantly greater migration and invasion than

controls, underscoring the functional consequences of EMT

induction. These findings align with clinical observations

linking EMT marker expression, such as increased vimentin

and N-cadherin, to advanced TNM staging and poor prog-

nosis in OSCC patients.36,37 By neutralizing IL-6, we

demonstrated that cytokine-mediated EMT can be effec-

tively reversed, highlighting the therapeutic potential of

targeting IL-6 in OSCC. Compared to previous studies, our

emphasis on the CAF-derived secretome provides a more

comprehensive understanding of the interaction between

stromal components and tumor cells. Although our in vitro

assays robustly demonstrate the functional implications of

EMT, further validation using in vivo models is necessary to

assess these findings within a more complex physiological

context. Nevertheless, the data presented here underscore

the therapeutic potential of targeting EMT-related mecha-

nisms in OSCC to impede disease progression.

The application of secretomics in this study offered

valuable insights into the proteomic landscape of SCC25-GF

CM, revealing IL-6 along with several other highly upregu-

lated proteins. In addition to IL-6, factors such as MMP3,

SERPINE2, TNC, and CTSL were markedly enriched, all of

which are implicated in extracellular matrix remodeling,

Figure 5 Effect of IL-6 depletion from SCC25-GF conditioned medium on migration and invasion of SCC25 cells. (A) Represen-

tative images of scratch wound migration assay of SCC25 cells treated with SCC25-GF CM supplemented with either control IgG (Con

IgG) or neutralizing IL-6 antibody (nIL-6 Ab). (B) Quantitative analysis of wound closure percentage for each treatment group. (C)

Representative images from a transwell invasion assay showing invasive SCC25 cells under the same treatment conditions. (D)

Quantification of invaded cells per field in each group. Scale bars � 50 μm. Data are presented as mean � SD. *P < 0.01 and

**P < 0.001 by one-way ANOVA. SCC25-GF CM, conditioned medium from SCC25-activated gingival fibroblasts; nIL-6 Ab, neutralizing

IL-6 antibody.
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cell adhesion, and invasive behavior. These findings un-

derscore that CAF-mediated regulation of OSCC is likely

driven by a network of secreted factors rather than a single

cytokine. For example, MMP3 facilitates matrix degrada-

tion, SERPINE2 supports tumor cell survival, and TNC pro-

motes structural plasticity within the tumor

microenvironment, collectively suggesting synergistic in-

teractions with IL-6 in promoting EMT and metastasis.38,39

Future studies should aim to delineate the combined

functional roles of these molecules and clarify how they

interact within the CAF secretome, potentially guiding

combination therapeutic strategies. Unlike previous studies

that broadly examined cytokine effects,22,40 our approach

emphasizes the collective contribution of multiple secreted

factors to EMT, providing a refined perspective for trans-

lational applications. Although variability in secretome

composition among CAF populations remains a challenge,

our results provide a strong foundation for future research

into combinatorial therapies targeting multiple cytokines.

Moreover, this study underscores the utility of integrating

secretomics with functional assays, offering a valuable

framework for identifying therapeutic targets in OSCC and

other cancer types.

While the CM-based approach provided a simplified and

controlled system to investigate CAF-derived factors influ-

encing OSCC cells, it is important to acknowledge its limi-

tations. Unlike co-culture or organoid systems, which allow

dynamic and reciprocal interactions between cancer cells

and stromal components, the CM model represents a unidi-

rectional regulation. Therefore, it cannot fully replicate the

bidirectional signaling and complex architecture present in

the tumor microenvironment. These reciprocal interactions

may involve feedback loops that influence cytokine secre-

tion, ECM remodeling, and resistance mechanisms, which

were not captured in our current model. Future studies

incorporating co-culture or organoid models will be essential

to validate and expand upon the findings reported here.
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