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Abstract Background/purpose: Malignant head and neck squamous cell carcinoma (HNSCC)
is an aggressive cancer with complex tumor microenvironment interactions. We aimed to iden-
tify key molecular drivers and therapeutic targets using bioinformatics approaches and
examine their associations with cancer-associated fibroblasts (CAF).

Materials and methods: We analyzed three HNSCC transcriptomic datasets using bioinformat-
ics. Protein—protein interaction networks were created using STRING, and pathway enrich-
ment was also performed. The clinical relevance and CAF association of genes were
evaluated using the TCGA HNSCC cohort and TIMER 2.0. Molecular docking predicted ovatodio-
lide binding to target proteins. Bioinformatics findings were validated in HNSCC cell lines and
normal fibroblasts (WS1) by assessing cell viability, tumor spheroid formation, and CAF trans-
formation through viability assays, qPCR, and Western blot. A mouse model of cisplatin resis-
tance was used to test ovatodiolide’s therapeutic effect.

Results: Our bioinformatics identified a nine-gene oncogenic network in HNSCC enriched in in-
flammatory and profibrotic pathways. A core three-gene SIS oncogenic signature (SERPINE1, IN-
HBA, SPP1) was identified. High SIS expression correlated with poor survival and increased CAF
infiltration. Docking predicted favorable binding of ovatodiolide to SERPINE1, SPP1, and INHBA.
CAF-conditioned medium enhanced the stemness and chemoresistance of HNSCC cells, pro-
moting SIS signature and stemness markers. Ovatodiolide suppressed oncogenic properties
and CAF activation, decreasing SIS and CAF markers. In a mouse model, ovatodiolide overcame
cisplatin resistance by reducing the SIS signature.

Conclusion: The SIS signature contributes to HNSCC progression, stemness, and drug resistance
by facilitating CAF generation. Ovatodiolide disrupts this signature and inhibits CAF transfor-
mation.

© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

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

Introduction

Head and neck squamous cell carcinoma (HNSCC) encom-
passes a diverse group of malignancies that arise from the
mucosal lining of the oral cavity, pharynx, and larynx."?
HNSCC poses a significant global health challenge. Taiwan is
noted for having one of the highest incidence rates of HNSCC
in the world, particularly for oral and pharyngeal cancers.
According to statistics from the Taiwan Cancer Registry 2021,
invasive cancers of the oral cavity, oropharynx, and hypo-
pharynx ranked as the third most common cancer among
Taiwanese males, with an age-adjusted incidence rate of
40.94 per 100,000. Despite advancements in treatment op-
tions, including surgery, radiotherapy, chemotherapy, and
immunotherapy, many patients still face a poor prognosis
due to the high rates of locoregional recurrence, distant
metastasis, and ultimately the development of therapy
resistance.> Therefore, understanding the mechanisms
behind HNSCC’s acquired or inherent resistance to therapies
and identifying targetable biomarkers represents a critical
research gap that must be urgently addressed.
Accumulated reports indicate that the complexity of
HNSCC arises not only from genetic and epigenetic alter-
ations within the tumor cells but also from interactions with
the tumor microenvironment (TME).* The TME is a dynamic
ecosystem comprising various stromal cells, immune cells,
extracellular matrix components, and signaling molecules,
all collectively influencing tumor initiation, progression,
metastasis, and therapeutic response.’ Among the key TME
cellular constituents, cancer-associated fibroblasts (CAFs)
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are generally considered critical regulators of tumor
behavior. CAFs are activated fibroblasts that contribute to
matrix remodeling, secrete growth factors and cytokines,
and modulate immune cell infiltration, creating a pro-
tumorigenic and immunosuppressive niche. Insights into the
shared molecular networks underlying HNSCC tumorigenesis
and CAF transformation are key to developing strategies that
simultaneously target both tumor cells and the TME.

Based on these premises, we employed a comprehensive
bioinformatics approach, analyzing independent HNSCC
transcriptomic  datasets  (GSE31056,°  GSE23558,”
GSE75538).8 We then identified a novel oncogenic signa-
ture, the SIS signature (comprising SERPINE1, INHBA, and
SPP1), which was consistently upregulated in HNSCC tumors
and showed a significant correlation with poor overall sur-
vival and increased infiltration of cancer-associated fibro-
blasts (CAFs). These findings strongly suggest the SIS
signature acts as a critical mediator connecting HNSCC cells
with the pro-tumorigenic CAF-rich microenvironment.

Recognizing the potential of this novel SIS-CAF axis as a
therapeutic target, we explored potential therapeutic
strategies. Leveraging the vast potential of phytochemicals
as lead compounds for new therapeutics, we focused on
ovatodiolide. Ovatodiolide, a macrocyclic diterpenoid, was
selected based on its documented anti-inflammatory and
anti-cancer properties, including those previously demon-
strated by our group in suppressing malignancy and modu-
lating the TME.®"'° Furthermore, molecular docking results
indicated ovatodiolide’s potential to interact with members
of the SIS signature.
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Building on these findings and rationale, we aim to
clarify the precise role of the SIS signature in HNSCC
tumorigenesis while confirming its functional interaction
with CAFs. We evaluated ovatodiolide’s therapeutic po-
tential in disrupting this crucial SIS-CAF axis, both in vitro
and in vivo. More importantly, we demonstrated its ability
to overcome cisplatin resistance. Our results indicate that
the SIS signature serves as a vital link between HNSCC cells
and CAFs, promoting cancer stemness and cisplatin resis-
tance. Ovatodiolide can effectively disrupt this link, pre-
senting a promising therapeutic strategy for addressing
drug-resistant HNSCC.

Materials and methods

Identification of oncogenic signature for head and
neck cancer

The transcriptomic head and neck cancer datasets:
GSE31056,° GSE23558,” and GSE75538,% were retrieved
from the publicly available Gene Expression Omnibus (GEO)
database."" The samples were categorized into tumor and
normal samples and were then subjected to analysis using
GEO2R tools. The parameters were set as log2 fold change
(FC) threshold of 1.5, level of cutoff 0.05, and Benjamin &
Hochberg for P adjustment. The upregulated DEGSs were
downloaded and analyzed using Excel. The overlapped
genes between the datasets were analyzed and visualized
using jvenn.'? The protein—protein interactions among the
identified upregulated overlapped genes were evaluated
using the STRING database.’® Furthermore, the pathways
enriched were also investigated based on the Wikipathway
enrichment pathways. Among the nine identified DEGs,
three genes: SERPINE1, INHBA, and SPP1, were selected for
further evaluation.

SERPINE1, INHBA, SPP1 (SIS) expression, overall
survival (0S), and cancer-associated fibroblasts
(CAFs) infiltration analysis

The upregulated SIS signatures level was supported by the
results from GEPIA2.0 database'* search accessed on October
14, 2024. The parameters used both TCGA and GTEx data and
a cutoff of log2 fold change (FC) of 1.5. The expressions of
the genes were visualized using a box plot. Furthermore, the
head and neck cancer samples were divided into high and low
SIS gene signature expressions, and the overall survival (OS)
was estimated. The SIS expression in different molecular
subtypes of head and neck cancer was evaluated using TISIDB
database’ and the TIMER2.0 database'® was utilized to
determine the association between the expression of SIS
signatures and CAF infiltration. Due to the highest Rho values
and a significant P < 0.05, the tumor immune dysfunction and
exclusion (TIDE) method was chosen.

Molecular docking simulation of ovatodiolide and
SERPINE1, INHBA, SPP1

The 3D protein structures of SERPINE1 (PDB ID: 1LJ5) and
INHBA (PDB ID: 2ARV)'” were retrieved from the Protein
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Data Bank. The FASTA sequence of SPP1 was obtained from
Uniprot (ID: P10451)."® The FASTA sequence was used as the
input to generate the 3D protein structure using SWISSMO-
DEL." After generating the 3D structure, the heteroatoms
and water molecules in the proteins were removed using
Discovery Studio Visualizer. Then, the PDB files of the
proteins were converted to PDBQT files using Autodock.?’
Aside from the protein, the ligand, ovatodiolide, with a
chemical structure obtained from PubChem (CID:
38347030), was converted to a PDB file using an online
SMILES translator from NCI. Autodock was used to convert
the PDB to a PDBQT file. The molecular docking of ovato-
diolide and the SIS signature genes was performed using
Command Prompt (Vina), and the interactions were visu-
alized using BIOVIA Discovery Studio Visualizer 2024.

Cell lines and cell culture

Head and neck cancer cell lines (CAL27 and Ca9-22) and
human skin fibroblast cells (WS1) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA) and cultured according to the supplier’s recom-
mended conditions. The generation of tumor spheroids was
performed following a previously established protocol with
slight modifications.?" In brief, CAL27 and Ca9-22 cells were
seeded in ultra-low-attachment 6-well plates (Corning Inc.,
Taipei, Taiwan) at a concentration of 10,000 cells per well
in DMEM/F12 medium (Gibco, CA, USA), supplemented with
insulin, epidermal growth factor (20 ng/ml), basic fibro-
blast growth factor (10 ng/ml), N2, and B27 (Invitrogen, CA,
USA), for 5 days. Only tumor spheroids with a diameter
>200 pm were counted. The tumor-conditional medium
(TCM) was collected from CAL27 and Ca9-22 spheroid cul-
ture. TCM was centrifuged at 300xg for 5 min, followed by
another spin at 2000xg for 10 min to remove cell debris.
The TCM was then filtered through a 0.22 pm filter to
eliminate residual debris or apoptotic bodies further. This
TCM was then used for WS1 transformation experiments.

Cell viability assays

To determine the IC50 of CAL-27 and Ca9-22 cells in 2D cell
culture, the sulforhodamine B assay (SRB) was used. Ca9-22
and CAL-27 were seeded in 96-well plates at densities of
104 cells/well and 2 x 104 cells/well, respectively. The
next day after seeding, the cells were treated with ovato-
diolide. Following 48 h of incubation, the cell media was
removed, washed with PBS once, and 100 uL of 10 % TCA
was added to fix the cells. The plate was then incubated at
4 °C for at least 1 h or overnight. After the cells were fixed,
the wells were washed once with ddH20, and 50 puL of 0.4 %
SRB dye was added. The dye was left at room temperature
in the dark for 30 min. Subsequently, the SRB dye was
removed, the wells were rinsed three times with 1 % acetic
acid, and left to air dry overnight at room temperature.
Then, 10 mM of Tris buffer solution was added to each well
to dissolve the stained cells. The plate was placed on a
shaker for 15 min and then read in a microplate reader with
an absorbance measurement at 540 nm. The absorbance
values were then analyzed in Excel and GraphPad Prism
8.4.2. The cell viability of tumor spheroids was conducted
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using ATPase activity assay (Blossom Biotechnologies Inc.,
Taipei, Taiwan), following the vendor’s protocol.

Quantitative polymerase chain reaction (qPCR)

The CAL-27 and Ca9-22 cells were treated with ovatodiolide
and then harvested. The total RNA from ovatodiolide-
treated and control CAL-27 and Ca9-22 cells was isolated
using the GENEzol™ TriRNA Pure Kit (Geneaid Biotech Ltd,
New Taipei City, Taiwan) according to the manufacturer’s
guidelines. The total RNA was reverse transcribed into
complementary DNA (cDNA), and quantitative PCR (gqPCR)
was performed using SYBR Green (Thermo Fisher Scientific
Inc., Taipei, Taiwan). The data was analyzed and visualized
using GraphPad Prism 8.4.2. The statistical method used
was two-way ANOVA. The data presented in the bar graph
indicates the mean and standard deviation (SD). An asterisk
indicates the P, with *, **, *** indicating P < 0.05, P < 0.01,
and P < 0.001, respectively. The primers are listed in Table
1.

Western blotting

Total protein lysates from HNSCC cell lines, including
parental, tumor spheroids, and those from TCM coculture
experiments, were purified and collected using a Total
Protein Extraction Kit (Cat No. BC-K3011010, Blossom Bio-
technologies Inc., Taipei, Taiwan) according to the manu-
facturer’s protocol. A total of 10 ug of protein sample was
dissolved in reducing sample buffer and added to each well.
Protein samples were then separated with standard SDS-
PAGE procedures (Bio-Rad, Hercules, CA, USA) and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane.
The membranes were then blocked and incubated with
primary antibodies. The following antibodies were used in
this study: SERPINE1 (13801-1-AP, Proteintech, Rosemont,
IL, USA), INHBA (17524-1-AP, Proteintech, Rosemont, IL,
USA), SPP1 (ab63856, Abcam, Taipei, Taiwan), anti-MMP3
antibody (EP1186Y, Abcam, Taipei, Taiwan), YAP1 (13584-1-
AP, Proteintech, Rosemont, IL, USA), anti-GAPDH antibody

anti-rabbit 1gG (H + L) secondary antibody (SA00001-2,
Proteintech, Rosemont, IL, USA).

Immunofluorescence imaging

WS1 and thereafter transformed CAFs were plated in six-
well chamber slides (Nunc™, Thermo Fisher Scientific,
Rochester, NY, USA) for 24 h. The immunofluorescence
imaging experiment to examine the CAF markers was per-
formed according to the vendor’s protocol. Primary anti-
bodies were then added and incubated at room
temperature for 1 h. Antibodies used in these experiments
include: vimentin (ab137321, Abcam, Cambridge, UK), a-
SMA (ab7817, Abcam, Taipei, Taiwan), goat anti-rabbit I1gG
H&L (Alexa Fluor® 488) secondary antibody (ab150077,
Abcam, Taipei, Taiwan), and goat anti-mouse IgG H&L
(Alexa Fluor® 488) secondary antibody (ab150113, Abcam,
Taipei, Taiwan). Stained cells were then imaged using a
Zeiss Axiophot fluorescence microscope (Carl Zeiss, Ober-
kochen, Germany). Images were acquired with an AxioCam
MRc digital camera and analyzed with AxioVision software
(Carl Zeiss, Oberkochen, Germany).

In vivo evaluation of ovatodiolide’s therapeutic
potential

All in vivo experiments were strictly adhered to the Insti-
tutional Animal Care and Use Committee or Panel (IACUC/
IACUP) of the National Defense Medical Center (Approval
No.: IACUC-24-028). Six-week-old NOD/SCID mice (Bio-
LASCO, Taipei, Taiwan), weighing approximately 20 g, were
housed under specific pathogen-free conditions with a 12-h
light/dark cycle, controlled temperature, and humidity,
and had ad libitum access to clean food and water. Ca9-22
tumoroids containing cancer-associated fibroblasts (CAFs)
(Cell number ratio, Ca9-22:WS1 = 5:1) were first estab-
lished under 3D, serum-deprived conditions for 5 days, and
harvested and dissociated into single-cell suspensions to
establish the xenograft model. Cells were briefly washed in
PBS, counted, and resuspended in a 1:1 mixture of PBS and

(ab9485, Abcam, Taipei, Taiwan), and HRP-conjugated goat Matrigel (Corning, Taiwan) at a concentration of
Table 1  Primer list for qPCR.
GENE Forward Reverse
SERPINE1 TTCAAGATTGATGACAAGGGC CTCATCCTTGTTCCATGGC
INHBA GCAGTCTGAAGACCACCCTC ATGATCCAGTCATTCCAGCC
SPP1 CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT
MMP1 AAGGCCAGTATGCACAGCTT TGCTTGACCCTCAGAGACCT
MMP3 CGGTTCCGCCTGTCTCAAG CGCCAAAAGTGCCTGTCTT
CD44 CCCAGATGGAGAAAGCTCTG ACTTGGCTTTCTGTCCTCCA
YAP1 TAGCCCTGCGTAGCCAGTTA TCATGCTTAGTCCACTGTCTGT
a-SMA CTATGCCTCTGGACGCACAACT CAGATCCAGACGCATGATGGCA
Vimentin TGGCACGTCTTGACCTTGAA GGTCATCGTGATGCTGAGAA
TGFB1 CAACAATTCCTGGCGATACCTCA GGTAGTGAACCCGTTGATGTCCA
GAPDH CATCATCCCTGCCTCTACTG GCCTGCTTCACCACCTTC

Abbreviations: SERPINE1: serpin family E member 1, INHBA: inhibin subunit beta A, SPP1: secreted phosphoprotein 1, MMP1: matrix
metallopeptidase 1, MMP3: matrix metallopeptidase 3, YAP1: Yes1 associated transcriptional regulator, a-SMA: alpha smooth muscle
actin, TGFB1: transforming growth factor beta 1, GAPDH: glyceraldehyde-3-phosphate dehydrogenase. T: Thymine, C: cytosine, A:
adenine, G: guanine.
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1 x 10° cells per 100 uL. Each mouse was subcutaneously
injected with 100 puL cell suspension (approximately
1 x 108 cells) into the right flank. Mice were monitored daily
for general health and tumor development. Treatments
began approximately two weeks post-injection, once tumors
became palpable. Animals were randomly allocated to four
groups (n = 5 per group): (1) Sham control, receiving vehicle
(PBS, i.p., 5 times per week); (2) Cisplatin (CDDP) mono-
therapy, receiving CDDP (5 mg/kg, i.p., once weekly); (3)
Ovatodiolide (OV) monotherapy, receiving OV (10 mg/kg, i.
p., 5 times per week); and (4) Combination regimen,
receiving CDDP (2.5 mg/kg, i.p., once weekly) and OV
(10 mg/kg, i.p., 5 times per week). Tumor volume and body
weight were measured weekly using an electronic caliper
and scale, respectively. Tumor volume (V) was calculated as
V = (L x W%)/2, where L is the longest diameter and W is the
perpendicular diameter. At the end of the study, all mice
were humanely euthanized. No tumors exceeded a volume
of 1500 mm?, and no mice showed significant body weight
loss (>20 % of initial body weight) or other signs of distress
under IACUC guidelines. Tumor tissues were collected for
further analyses following euthanasia.

Results

Transcriptomic identification of an oncogenic
signature for head and neck cancer

We employed a bioinformatics approach to identify novel
molecular networks that contribute to the tumorigenic

GSE31056: TUMOR vs NORMAL GSE23558: TUMOR vs NORMAL
b
s :
g2k Jod change
MMP10
I ;
A
.Mh P3 SERPINE1 0.
SCGS
INHBA Ospm
24
Ntz
I CXCL10
Figure 1

GSE75538: TUMOR vs NORMAL

properties of HNSCC. First, we collected and analyzed
three transcriptomic datasets from head and neck cancer
patients (GSE31056, GSE23558, and GSE75538, Fig. 1A). We
assessed the most significantly upregulated genes across
the three datasets and identified nine commonly shared
genes: MMP1, MMP3, MMP10, SPP1, INHBA, SERPINE1, 1L24,
CXCL10, and SCG5 (Fig. 1B). Subsequently, a STRING anal-
ysis of these nine genes revealed an oncogenic network in
which SERPINE1, MMPs (1, 1,3, and 10), SPP1, CXCL10, and
INHBA form a functional cluster, suggesting their strong
associations (Fig. 1C). Gene set enrichment analysis (GSEA)
indicates that these genes are significantly enriched in
pathways involving proinflammatory and profibrotic medi-
ators, matrix metalloproteinases, TGF-beta receptor
signaling, and Oncostatin M signaling pathways (Fig. 1D).
Collectively, our bioinformatics data strongly suggest that
inflammation plays a key role in HNSCC tumorigenesis and
that the members of this oncogenic/inflammatory network
can potentially be therapeutic targets.

Elevated SERPINE1, INHBA, and SPP1 (SIS oncogenic
signature) expressions correlate with poor
prognosis in head and neck squamous cell
carcinoma and a high infiltration level of cancer-
associated fibroblasts (CAFs)

After establishing the nine-gene inflammatory/fibrotic
signaling network, we narrowed it down to three genes,
SERPINE1, INHBA, and SPP1 (the SIS oncogenic signature),
based on their roles in tumorigenesis and association with

MMP1
. A N MMP10

SPP1

MMP3
INHBA
SERPINE1
IL24
CXCL10

» SCGS

Transcriptomic identification of an oncogenic signature for head and neck cancer. (A) Workflow diagram showing

analysis of three head and neck cancer datasets (GSE31056, GSE23558, GSE75538) from the GEO database. (B) Venn diagram
displaying nine commonly upregulated genes (MMP1, MMP3, MMP10, SPP1, INHBA, SERPINE1, IL24, CXCL10, SCG5) across the three
datasets. (C) STRING network analysis reveals functional clustering of the nine genes. (D) Gene set enrichment analysis showing
enrichment in proinflammatory, profibrotic, matrix metalloproteinase, TGF-beta, and oncostatin M signaling pathways. GEO: Gene
Expression Omnibus; STRING: Search Tool for the Retrieval of Interacting Genes/Proteins; TGF: transforming growth factor.
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the tumor microenvironment (TME).?2"%* Gene expression
analysis from the TCGA HNSCC database supports our notion
that SERPINE1, INHBA, and SPP1 mRNA levels are signifi-
cantly higher in tumor tissues compared to their normal
counterparts (Fig. 2A). More importantly, patients with
higher expression of the SIS oncogenic signhature are
significantly associated with a lower overall survival rate
(Hazard ratio = 1.7; Logrank P = 6.9e-05, Fig. 2B). We
further examined the expression profile of the SIS onco-
genic signature, focusing on HNSCC molecular subtypes.'®
SPP1 expression is strongly associated with the classical and
mesenchymal subtypes, INHBA is higher in the basal and
mesenchymal subtypes, and SERPINE1 is elevated in basal,
classical, and mesenchymal subtypes (Fig. 2C). The high
expression level of the SIS oncogenic signature across the
different subtypes of HNSCC suggests that this signature
covers the heterogeneous nature of HNSCC. In addition, our
findings from the TIMER 2.0 analytical tool.'® Demonstrate
that the SIS oncogenic signature expression significantly
correlates with the level of tumor-infiltrating cancer-asso-
ciated fibroblasts (CAFs) in the HNSCC TCGA database
(Fig. 2D). INHBA expression shows the highest correlation
with CAF infiltration (Rho = 0.642; P = 1.64e-58), followed
by SERPINE1 (Rho = 0.583; P = 3.54e-46) and SPP1
(Rho = 0.339; P = 1.14e-14). Our findings indicate that an
increased expression of the SIS oncogenic signature corre-
lates with poor prognosis in HNSCC patients and a high level

A C

of tumor-infiltrating CAFs. The latter suggests a potential
underlying factor for drug resistance and distant metastasis.

Molecular docking simulations predict stable
binding of ovatodiolide to SERPINE1, INHBA, and
SPP1

Following our pathway-level analyses that implicated the
SIS oncogenic signature in inflammation, fibrosis, matrix
remodeling, and TGF-B/Oncostatin M-driven CAF activa-
tion, we aimed to identify small-molecule disruptors of this
signature. Ovatodiolide, a macrocyclic diterpenoid with
documented anti-inflammatory and anti-cancer proper-
ties,”?> was docked in silico against the SIS oncogenic
signature members, SERPINE1, SPP1, and INHBA, to eval-
uate its potential as a direct inhibitor. The docking simu-
lations (Fig. 3) demonstrated favorable binding free
energies (AG<O0) for all three proteins, with the strongest
predicted affinity for SERPINE1 (AG = -—7.5 kcal/mol),
followed by SPP1 (—6.5 kcal/mol) and INHBA (—6.4 kcal/
mol). In the SERPINE1: ovatodiolide complex, the ligand
(ovatodiolide) interacts with both hydrophobic residues
(Val274, Leu273, Phe358, Pro379) and polar contacts
(Ala239, Asp222), anchoring into the reactive-center loop
region (Upper panel, Fig. 3). For SPP1, two hydrogen bonds
to Arg159 and Gly160 secure the lactone core, while
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Figure 2 Elevated SERPINE1, INHBA, and SPP1 (SIS oncogenic signature) expression correlates with poor prognosis and high

cancer-associated fibroblast infiltration in head and neck squamous cell carcinoma. (A) Box plots showing significantly higher mRNA
expression of SERPINE1, INHBA, and SPP1 in tumor tissues compared to normal tissues from the TCGA database. (B) Kaplan—Meier
survival curve demonstrating lower overall survival in patients with high SIS signature expression (hazard ratio = 1.7; log-rank
P = 6.9e-05). (C) Expression profiles of SIS signature genes across different molecular subtypes (basal, classical, mesenchymal)
of head and neck cancer. (D) Correlation analysis from TIMER 2.0 showing significant positive correlation between SIS signature
expression and cancer-associated fibroblast infiltration (INHBA: Rho = 0.642, P = 1.64e-58; SERPINE1: Rho = 0.583, P = 3.54e-46;
SPP1: Rho = 0.339, P = 1.14e-14). TCGA: The Cancer Genome Atlas; SIS: SERPINE1, INHBA, SPP1; TIMER: Tumor Immune Estimation
Resource.
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SERPINE1

SERPINE1:Ovatodiolide (AG: -7.5 kcal/mol)

Amino Acid Position Bond Interaction Distance (A)
Alanine 239 Alkyl 4.10
Valine 274 Alkyl 3.81

SPP1:Ovatodiolide (AG: -6.5 kcal/mol)

Amino Acid Position Bond Interaction Distance (A)
Arginine 159 Conventional H Bond 31
Glycine 160 Conventional H Bond 3.13

]
A8

INHBA:Ovatodiolide (AG: -6.4 kcal/mol)

Amino Acid Position Bond Interaction | Distance (A)
Phenylalanine 16 Pi-Alkyl 4.00
Tyrosine 39 Pi-Alkyl 4.20

Figure 3

Molecular docking simulations of ovatodiolide and the SIS oncogenic signature. The three-dimensional (left) and two-

dimensional (right) views of the lowest-energy docking poses of ovatodiolide bound to SERPINE1 (upper panel, AG = —7.5 kcal/
mol), SPP1 (middle panel, AG = —6.5 kcal/mol), and INHBA (lower panel, AG = —6.4 kcal/mol). Hydrophobic surfaces are shown
in brown (scale: —3 to +3), while polar regions are represented in blue. Key interacting residues and bond types are indicated:
hydrogen bonds (green dashed lines), t— stacking (purple dashed line), and van der Waals contacts. Ovatodiolide exhibits the
strongest predicted affinity for SERPINE1, followed by SPP1 and INHBA.

flanking hydrophobic side chains (Ile237, Phe358, Ala238)
stabilize the orientation (middle panel, Fig. 3). In the
INHBA docking pose, a combination of mw—m stacking with
Phe16 and hydrogen bonding to Tyr39 within a hydrophobic
L3—a1 crevice underpins complex formation (lower panel,
Fig. 3). Collectively, these data provide a structural ratio-
nale for ovatodiolide as a multitarget disruptor of the SIS
oncogenic signature.

Cancer-associated fibroblast coculture promotes
SERPINE1, INHBA, and SPP1 expression and
cisplatin resistance

Next, we performed in vitro experiments using HNSCC cell
lines to validate our bioinformatics results. A cell viability
assay yielded IC50 values for cisplatin in CAL27 and Ca9-
22 cells (Fig. 4A). We then generated HNSCC tumor spher-
oids to mimic cancer stem-like cells. The tumor spheroids
demonstrated significantly higher IC50 values for cisplatin,
reflecting their inherent drug resistance (Fig. 4B). Subse-
quently, we examined the effects of tumor cells on the TME
by collecting the tumor culture medium (termed tumor-
conditional medium, TCM) and culturing WS1 (normal fi-
broblasts). TCM-treated WS1 cells were transformed into
cancer-associated fibroblasts (CAFs), as indicated by their
increased expression of «-SMA, vimentin (Vim), and TGFp1
(Fig. 4C). In a parallel experiment, CAF-conditional medium
(CAF-CM) was used to culture the parental CAL27 and Ca9-
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22 cells. CAF-CM-treated tumor cells exhibited an enhanced
ability to generate tumor spheroids under serum-free 3D
culture conditions (Fig. 4D). Furthermore, tumor spheroids
generated from CAF-CM express significantly higher levels
of the SIS oncogenic signature, markers of metastasis
(MMP1 and 3), and cancer stemness (CD44 and YAP1)
(Fig. 4E). These observations support the SIS oncogenic
signature in promoting cancer stemness and drug
resistance.

Ovatodiolide suppresses cancer stemness and
reduces CAF transformation

According to our molecular docking simulations, ovatodio-
lide can form a stable complex with the members of the SIS
oncogenic signature. Therefore, it prompts us to examine
its potential as an anti-HNSCC agent. HNSCC cells were
treated with ovatodiolide, demonstrating their sensitivity
(Fig. 5A). Comparative qPCR and Western blot analyses
revealed that ovatodiolide treatment reduced the expres-
sion of the SIS oncogenic signature, metastatic markers
(MMP1 and 3), and stemness markers (CD44 and YAP1,
Fig. 5B). In support, ovatodiolide-treated HNSCC cells
exhibited a significantly reduced spheroid-forming ability,
echoing the decreased expression in CD44 and YAP1
(Fig. 5C). Subsequently, we examined ovatodiolide’s ef-
fects on CAF transformation by culturing WS1 cells with
tumor-conditional medium (TCM) and ovatodiolide-treated
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Figure 4 Cancer-associated fibroblasts-derived signals enhance chemoresistance, stemness, and metastatic potential in tumor
cells. Dose-response curves illustrate the effect of cisplatin on the viability of CAL-27 and Ca9-22 HNSCC cells (A) and tumor
spheroids (B). IC50 values are indicated. (C) Transformation of cancer-associated fibroblast (CAF)-like phenotype in WS1 fibroblasts
by tumor-conditional medium (TCM). Immunofluorescence staining for vimentin (Vim) and a-smooth muscle actin (z-SMA) is shown.
Right panel: Quantitative RT-PCR analysis of «-SMA, Vim, and TGFB1 mRNA expression in WS1 cells treated with TCM versus control.
(D) Representative images (left) and quantification (right) of spheroid formation by CAL-27 and Ca9-22 cells cultured in control
medium or CAF-conditioned medium (CAF-CM). Only spheroids with a diameter of >200 pum were tabulated. (E) gPCR analysis of
tumor spheroids generated under control and CAF-CM conditions. Relative mRNA expression of the SIS signature (SERPINE1, INHBA,
SPP1), metastasis (MMP1, MMP3), and stemness (CD44, YAP1) in HNSCC spheroids generated from control medium or CAF-CM, as
determined by quantitative RT-PCR. TCM, tumor-conditional medium. CAF-CM, cancer-associated fibroblast conditioned medium.
**P < 0.001.

tumor-conditional medium (Ovato-TCM). WS1 cells cultured monotherapy group (2.5 mg/kg), resulted in the most pro-
with Ovato-TCM displayed significantly lower expression of nounced delay of tumor growth, suggesting that ovatodio-
a-SMA, Vim, and TGFB1 (CAF markers) than their control lide effectively re-sensitizes these cisplatin-resistant
counterparts (Fig. 5C), suggesting that adding ovatodiolide tumoroids to cisplatin (Fig. 6A). These findings were further
prevented CAF transformation. Collectively, these findings corroborated by examining the tumor weights at the study
indicate that ovatodiolide suppresses HNSCC tumorigenesis endpoint, where tumors harvested from the ovatodiolide
by reducing the SIS oncogenic signature and CAF only and combination treatment groups were significantly
transformation. smaller than those from the sham and cisplatin-alone

groups (Fig. 6B). Additionally, we showed that the

spheroid-forming ability was markedly reduced by ovato-

Ovatodiolide treatment delays tumorigenesis diolide alone and the combination treatment, compared to
in vivo and overcomes cisplatin resistance the sham and cisplatin-alone counterparts (Fig. 6C).

Quantitative PCR analysis of the tumor samples revealed
To validate our bioinformatics and in vitro results, we uti- that the elevated expression of the SIS signature (SERPINE1,

lized a Ca9-22 tumoroid (containing CAFs)-bearing xeno- INHBA, SPP1), was significantly suppressed by ovatodiolide
graft mouse model to assess the therapeutic potential of and the combination regimen, but not by cisplatin alone
ovatodiolide. The tumor size over time curves demon- (Fig. 6D). Furthermore, the expression of cancer stemness
strated that Ca9-22 tumors were resistant to cisplatin, as markers (YAP1, CD44) and the CAF marker FAP were
there was no significant difference between the tumor significantly downregulated in tumors from the ovatodiolide
growth curves of the sham and cisplatin-alone groups and ovatodiolide + cisplatin combination groups (Fig. 6D).

(Fig. 6A). Mice that received ovatodiolide exhibited signif- Aligns with the relative mRNA levels, the protein expression
icantly delayed tumor growth compared to their sham and levels of SIS oncogenic signatures were decreased in ova-
cisplatin-alone counterparts (Fig. 6A). Notably, the combi- todiolide treatment groups alone and in combination with

nation regimen of ovatodiolide and cisplatin, where cisplatin (Fig. 6E). These in vivo data collectively demon-
cisplatin was administered at half the dose used in the strated the therapeutic potential of ovatodiolide in
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conditional medium (TCM) or ovatodiolide-treated TCM (Ovato + TCM). Right: Green immunofluorescence of «-SMA and vimentin.

Scale bar = 50 um *P < 0.05, **P < 0.01.

delaying HNSCC growth, overcoming cisplatin resistance,
and targeting both cancer stemness and the CAF genera-
tion, consistent with our in vitro findings.

Discussion

Head and neck squamous cell carcinoma (HNSCC) remains a
clinical challenge to manage, exhibiting high recurrence
rates (therapy failure) and poor survival outcomes.?®:?’
These issues are often linked to the complex crosstalk
among tumor cells and the cellular components of the
tumor microenvironment (TME).?® Our study addresses
these issues by identifying a novel, functionally cohesive
oncogenic signature called SIS (SERPINE1, INHBA, and
SPP1). This signature not only predicts poor prognosis and
increased cancer-associated fibroblast (CAF) infiltration
across HNSCC subtypes, but it also serves as a therapeutic
target. We demonstrate that the SIS oncogenic network can
be pharmacologically disrupted by ovatodiolide, a phyto-
chemical that dampens the signaling between tumor cells
and their TME by inhibiting cancer stemness and CAF
transformation, thus providing a novel and dual-pronged
approach to treating drug-resistant HNSCC.

Our initial transcriptomic analysis across three inde-
pendent HNSCC datasets (GSE31056, GSE23558, GSE75538)
yielded a consistent upregulation of nine genes (MMP1,
MMP3, MMP10, SPP1, INHBA, SERPINE1, IL24, CXCL10, and
SCG5) in tumor tissues compared to their normal
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counterparts. Subsequent network and pathway analyses
revealed that a core subset of these genes, SERPINET,
MMPs, SPP1, and INHBA, forms a functional cluster signifi-
cantly associated with the inflammatory and profibrotic
pathways, matrix remodeling, and pivotal signaling cas-
cades such as TGF-B and Oncostatin M signaling, which are
essential to TME-driven HNSCC progression. From this, we
distilled the SIS oncogenic signature (SERPINE1, INHBA,
SPP1), selected for their established individual roles in
tumorigenesis and TME modulation, as well as their col-
lective power as a prognostic and mechanistic indicator.
For instance, elevated SERPINE1 expression is associated
with distant metastasis and cisplatin resistance in HNSCC
patients.?”*° Increased INHBA expression (a subunit of
activin A) has been reported to drive EMT and metastasis,
and facilitate immune surveillance.' Upregulation of SPP1
is detected in undifferentiated HNSCC tumor cells; its
expression is correlated with the late stage of HNSCC and
invasion.>? The reported functions of the members of the
SIS signature agree with our bioinformatics results, where
elevated expression of the SIS signature predicts signifi-
cantly lower overall survival rate in HNSCC patients. More
importantly, the elevated SIS signature is observed across
different HNSCC molecular subtypes (basal, classical,
mesenchymal), suggesting its broad relevance in HNSCC and
a novel oncogenic signature for HNSCC.

Furthermore, the significant positive correlation be-
tween the SIS signature expression, especially INHBA, and
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Figure 6 Ovatodiolide overcomes cisplatin resistance and delays HNSCC tumorigenesis in vivo. (A) Average tumor volume over
time curves. Mice were randomly assigned to treatment groups: sham control, cisplatin, ovatodiolide, or a combination of
CDDP + QOV. Note that the sham control and cisplatin-only curves are not statistically different. (B) Photographs of harvested
tumors from each treatment group at the experimental endpoint (left) and corresponding tumor weights (g) (right). Data are
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samples. Spheroids with a diameter >200 um were calculated. (D) Relative mRNA expression levels of the SIS signature genes
(SERPINE1, SPP1, INHBA), cancer stemness markers (CD44, YAP1), and the CAF marker FAP in harvested tumor samples from each
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the tumor-infiltrating level of cancer-associated fibroblasts therapeutic strategies targeting SIS. Molecular docking
(CAFs) signifies this signature’s function of linking the tumor simulations reveal that ovatodiolide, a natural macrocyclic
cells and the TME. CAFs are known to be a key cellular diterpenoid with anti-inflammatory and anti-cancer activ-
component of the pro-tumorigenic TME, not only promoting ities reported in our previous studies,”? is capable of
cancer cell proliferation, but also metastasis and drug forming stable complexes with the proteins of the SIS
resistance.>®> The strong association between the SIS signature (SERPINE1, SPP1, and INHBA). Our subsequent
signature and CAF infiltration suggests a reciprocal signaling in vitro experiments validated that ovatodiolide treatment
loop in which tumor cells expressing the SIS signature suppressed HNSCC cell viability and reduced the expression
actively recruit and activate fibroblasts (transformed to of the SIS oncogenic signature, as well as metastasis
CAFs), facilitating tumorigenesis. Our in vitro experiments markers (MMPs) and stemness markers (CD44 and YAP1).
provided evidence supporting the notion that tumor- Consistently, ovatodiolide  treatment  significantly
conditional medium (TCM) from HNSCC cells transformed decreased the spheroid-forming capacity of HNSCC cells.
normal fibroblasts into CAFs, characterized by increased Notably, ovatodiolide prevented the transformation of
expression of «-SMA, vimentin, and TGFB1. Conversely, normal fibroblasts into cancer-associated fibroblasts (CAFs)
CAF-conditioned medium (CAF-CM) enhanced the spheroid- induced by tumor-conditioned medium, as supported by the
forming ability (a surrogate of cancer stemness) of HNSCC reduced expression of CAF markers (a-SMA, TGFB1, and
cells, which was associated with the upregulation of the SIS Vimentin).

signature, metastasis markers (MMP1/3), and stemness These findings suggest that ovatodiolide acts as a mul-
markers (CD44, YAP1) in these spheroids. These results titarget inhibitor, simultaneously disrupting the SIS onco-
validate the importance of the SIS-CAF axis, emphasizing genic signature in tumor cells and interfering with the pro-
how CAF-derived signals reinforce cancer stemness and tumorigenic activation of CAFs. This dual-targeting

cisplatin resistance. approach exhibits promise for partially normalizing the
After identifying the central role of the SIS signature and dysfunctional tumor microenvironment. Our in vitro data
its association with CAFs, we investigated potential were supported by in vivo evidence, where ovatodiolide
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treatment significantly delayed tumor growth in Ca9-22
tumoroid-bearing mice. More importantly, combining ova-
todiolide and cisplatin treatment resulted in the slowest
tumor growth rate, suggesting that ovatodiolide can over-
come cisplatin resistance in the CAF-containing Ca9-22
tumoroids.

This finding aligns with previous studies using CAL27 and
SAS xenograft mice models.”** In both models, ovatodio-
lide as a single treatment and in combination with cisplatin
was found to significantly inhibit tumor growth, indicated
by a reduction in tumor size.”** Moreover, in the CAL27
xenograft mouse model, ovatodiolide alone or in combina-
tion with cisplatin also significantly reduced tumor spheroid
formation.’

Collectively, our study identifies the SIS oncogenic
signature (SERPINE1, INHBA, SPP1) as a clinically relevant
marker associated with poor prognosis and CAF infiltration
in HNSCC. We provide functional evidence supporting a
positive feedback loop between HNSCC cells and CAFs,
wherein tumor-derived signals promote the transformation
of CAFs. CAF-derived factors enhance HNSCC stemness and
SIS signature expression, contributing to chemoresistance.
Ovatodiolide is identified as a potential therapeutic agent
capable of disrupting this SIS-CAF interaction by down-
regulating SIS signature expression and preventing CAF
transformation.

Although our study provides valuable insights, several
limitations should be acknowledged. The clinical correla-
tions of the SIS signature are based on publicly available
datasets, so prospective studies are required to validate
these findings. Our in vitro experimental results provide
evidence for the tumorigenic role of the SIS signature
within the HNSCC cells and the CAF-transforming function.
However, these in vitro findings do not comprehensively
recapitulate the complexity of the tumor microenviron-
ment, which contains a spectrum of immune cells and other
stromal components. Further mechanistic studies are
necessary to elucidate how ovatodiolide interacts with
SERPINE1, INHBA, and SPP1, as well as the precise signaling
pathways involved in suppressing CAF transformation.
Finally, a more nuanced pharmacokinetics and pharmaco-
dynamics (PK/PD) study should be conducted to provide
more foundation for future human trials.
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