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ABSTRACT

Head and neck squamous cell carcinoma (HNSCC) primarily originate from epithelial tissues, with
squamous cell carcinoma accounting for over 90% of cases. While surgery remains primary treatment
approach, its outcomes are often unsatisfactory, underscoring the urgent need for innovative biological
therapies to improve cure rates and survival. In this study, miRNA-mRNA interaction pairs with
potential therapeutic were identified by data mining and bioinformatics techniques, considering miRNA
expression profiles, regulatory networks, and target mRNA interactions. Human tongue squamous
carcinoma cell line Cal27 was used as cell model, while RNA4WJ nanoparticles were employed as
delivery vehicles to transport drug, nucleic acid aptamers, and therapeutic inhibitor for identified

ABBREVIATIONS: Figure note description, 4WJ: a four-stranded structured nucleic acid nanoparticle that may be used for vector-mediated
drug delivery or specific gene expression regulation. EGFRapt: a ligand (aptamer) targeting the epidermal growth factor receptor (EGFR),
indicating that this set of nanoparticles may have a function or effect that acts through the EGFR signaling pathway. LNA21: Locked Nucleic Acid
21 (LNAZ2I) for miRNA targeting and regulation. PTX: paclitaxel, a commonly used anticancer drug for the treatment of a variety of malignant

tumors.
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miRNA. Both in vitro and in vivo experiments demonstrated the precise delivery and selective inhibition
of Cal27 cells, validated by the targeting and anticancer effects of RNA4WJ nanoparticles. Additionally,
the underlying mechanisms of these therapeutic effects were explored. Collectively, this study provides
anovel and promising therapeutic approach with significant potential for clinical application in HNSCC

management.

Keywords: RNA nanotechnology; micro ribonucleic acids; head and neck squamous cell carcinoma;

cancer therapy

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC),
predominantly originating from epithelial tissues,
represent a significant global health challenge. Among
these, squamous cell carcinoma (SCC) constitutes the
majority, characterized by high aggressiveness and rapid
metastasis. Currently, head and neck squamous cell
carcinoma (HNSCC) ranks as the sixth most common
malignancy worldwide, with an increasing incidence rate
annually 2. According to recent statistics, over 830,000
new cases of HNSCC are reported globally each year,
resulting in more than 430,000 deaths, thereby imposing
a considerable burden on healthcare systems’. While
approximately 30-40% of patients are diagnosed at an
carly stage (stage I or II), which allows for interventions
such as surgery and radiotherapy, over 60% of cases are
identified at advanced stages (stage III or IV). Despite
advances in medical technology and the development of
comprehensive treatment modalities, the 5-year survival
rate for HNSCC remains below 50%*, highlighting the
need for more effective therapeutic strategies to improve
patient outcomes.

MicroRNAs (miRNAs) are small, non-coding RNAs
that regulate gene expression post-transcriptionally
by binding to the 3’ untranslated regions (3> UTRs) of
target mRNASs®>. In HNSCC, miRNAs play dual roles
as oncogenes or tumor suppressors, influencing key
processes such as cell proliferation, apoptosis, invasion,
and metastasis® 7. Dysregulated miRNA expression is
often associated with HNSCC development, progression,
and resistance to therapy, making them potential
biomarkers for diagnosis, prognosis, and therapeutic
targets in HNSC®. However, the specific function and role
of miR-21-5p in HNSCC remain unclear.

Nanotechnology presents a novel avenue for enhancing
drug delivery by encapsulating therapeutic agents
within nanocarriers, improving targeting, stability, and
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bioavailability. RNA nanotechnology, in particular, has
gained attention for its ability to construct nanoparticles
predominantly from RNA®'°, These nanoparticles exhibit
high thermal stability and can be engineered for precise
delivery of therapeutic agents'. For instance, Guo et
al. successfully developed pRNA-3WJ nanoparticles
with exceptional thermodynamic stability, subsequently
enhancing their resistance to ribonuclease (RNase)
degradation through 2’-F modifications'>. These RNA-
3WJ motifs have been widely utilized as delivery
platforms for cancer-specific therapies, demonstrating
robust efficacy in preclinical models'*!. Building on this,
RNA4WJ nanoparticles have been engineered to bind
water-insoluble paclitaxel, increasing its solubility by
over 32,000-fold and achieving efficient drug delivery'.
Although RNA nanotechnology has shown significant
potential in cancer therapy, its application in HNSCC
remains unexplored.

This study aims to leverage bioinformatics and
data mining technologies to identify miRNA-mRNA
interaction pairs of therapeutic value, providing precise
targeting options for personalized treatment of HNSCC
(Fig. 1). Using human tongue squamous carcinoma cell
line and xenograft models, the study will evaluate the
targeting and antitumor effects of RNA4W1J nanoparticles
carrying a conventional drug Paclitaxel (PTX), nucleic
acid aptamer for epidermal growth factor receptor
(EGFR) ligand, and therapeutic inhibitor for miR-21-5p.
The findings will elucidate the underlying mechanisms
of action and pave the way for innovative therapeutic
approaches for clinical management of HNSCC.

MATERIALS AND METHODS
Ethic approval
This study was approved by the Ethics Committee on

Animal Experiments of Guangzhou Medical University
(Approval Number: GY2020-096).
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Data Sources of miRNA and RNA-Seq

The miRNA-Seq isoform raw read counts and
normalized RPM values, along with RNA-Seq raw read
counts and normalized gene expression values (FPKM),
forhead and neck squamous cell carcinoma (HNSCC) were
obtained from the TCGA-HNSCC (The Cancer Genome
Atlas-Head and Neck Squamous Cell Carcinoma) dataset
through the TCGA database (https:/portal.gdc.cancer.
gov/). Additionally, Gene Expression Omnibus (GEO),
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a public database providing extensive gene expression
data, including miRNAs and mRNAs, was utilized. Two
miRNA-Seq expression profiles datasets of HNSCC
tissues, GSE28100 and GSE34496, were obtained from
GEO.

The miRNA-Seq data from 34496 were downloaded
and processed using the R package GEOquery This
facilitated further exploration of miRNA expression
profiles in HNSCC, enabling comparisons between the
datasets to identify differential miRNA and RNA-Seq
expression. Additionally, survival analyses, including
disease-free survival (DFS) and overall survival (OS),
were conducted to determine potential associations
between miRNA expression and clinical outcomes.

Prediction of miRNA Target Genes

To reveal the mechanisms of action of the identified
differential miRNAs in HNSCC, three established miRNA
target prediction databases, including TargetScan, miRDB
and miRTarBase, were used in this study. The predicted
target genes from these databases were cross-referenced
to identify a shared set of miRNA target genes. This
approach aimed to determine potential miRNA targets
specifically associated with HNSCC for further analysis.

Functional Analysis of Differentially Expressed
miRNA Target Genes

To gain deeper insights into the roles of differentially
expressed miRNA target genes in biological functions and
metabolic pathways associated with HNSCC, functional
enrichment analyses were conducted using R package
clusterProfiler. This process includes Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, and Gene Set Enrichment
Analysis (GSEA) of differentially expressed miRNA
target genes. The aim of this analysis was to reveal the
biological significance and key pathways involved in the
development and progression of HNSCC.

Construction of a LASSO-COX Model Using miRNA
and Target Gene Sets to Classify Risk Levels

To perform an in-depth analysis, target gene sets
identified previously were further analyzed by extracting
their FPKM values from the TCGA-HNSCC dataset,
along with the relative miRNA expression levels (RPM).
Using the R package glmnet, LASSO regression analysis
was conducted to construct a multifactor Cox proportional
hazards model for DFS, leading to the formulation of a
risk score equation:

Risk score =X, + X, + ..+ B X
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Here, P represents the regression coefficient of each
gene, while X represents the expression level of the
corresponding gene. This risk score formula was applied
to calculate the individual risk scores of patients, allowing
for an assessment of their prognostic status in terms of
DEFS for HNSCC. A higher risk score indicates an elevated
risk, whereas a lower score suggests a reduced risk.

Drug Sensitivity Analysis

The R package oncoPredict, designed for cancer drug
sensitivity prediction and personalized treatment research,
was utilized in this study. Its functionalities include drug
sensitivity analysis and gene expression association
analysis. Using the Wilcoxon rank-sum test (Wilcoxon
test), the study compared the IC50 values of 198 drugs
between high-risk and the low-risk groups. This test was
employed to identify the significant differences in drug
sensitivity between the two groups.

Immune cell infiltration

CIBERSORT, a widely used computational tool in
tumor immunology, was applied to quantitatively assess
the relative proportions of 22 immune cell types in
HNSCC samples, providing insights into the immune
infiltration status of the tumors. The Wilcoxon test was
employed to compare differences in immune infiltration
scores among the 22 immune cell types, facilitating the
identification of significant variations in immune cell
infiltration between different groups.

Quantification of Immune Microenvironment
Characteristics

To comprehensively analyze the tumor
microenvironmental characteristics of HNSCC patients,
the Wilcoxon test was employed to calculate the stromal
scores, immune scores, microenvironmental scores,
ESTIMATE scores, and tumor purity based on the TCGA-
HNSCC dataset. The risk model, constructed using
miRNAs and target genes identified in earlier analyses,
was integrated with data derived from the R package
ESTIMATE. This analysis utilized gene expression data
from all tumor samples in the TCGA-HNSCC cohort
to provide a deeper understanding of the association
between tumor microenvironment characteristics and
patient prognosis.

Quantification of Absolute Abundance of Immune
Cells

To investigate the absolute abundance profiles of
immune and stromal cells in HNSCC patient samples, the
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absolute abundance of 8 immune cell types and 2 stromal
cell types was quantified. The R package MCPCounter,
a tool designed for assessing the absolute abundance of
different cell populations in the tumor microenvironment
based on gene expression data, was employed to analyze
these HNSCC samples. The Wilcoxon test was applied
to analyze differences in cell population abundance,
providing insights into the composition and presence
of diverse immune and stromal cells within the tumor
microenvironment.

Preparation and Characterization of RNA4WJ
Nanoparticles

Computational modeling was used to predict the
folding pattern of RNA4WIJ nanoparticles as well as
intra- and inter-RNA interactions. RNA building blocks
were synthesized either chemically or via transcription
using T7 polymerase. To facilitate labeling and tracking,
an additional fluorescence imaging module, AF647,
was incorporated into the RNA fragments. The RNA
building blocks were subsequently assembled into RNA
nanoparticles using a bottom-up approach, ensuring
stability and structural integrity through precise assembly
techniques and condition control. The fluorescence
imaging module AF647 was also validated for stability
and effectiveness. RNA fragments and RNA nanoparticles
were purified to remove impurities. Finally, transmission
electron microscopy (TEM) was performed to evaluate
the size, morphology, and other key physicochemical
properties of the RNA4WJ nanoparticles.

In vitro Experiments with RNA4WJ Nanoparticle
Based on the screening of miRNAs and their target
genes, a human tongue squamous carcinoma cell line
(Cal27) was selected as the in vitro experimental model
to investigate the stability, loading capacity, and targeting
of RNA4WIJ nanoparticles. In this study, a nuclease-
resistant locked nucleic acid (LNA) 21 (LNA21, sequence:
5’-CAACATCAGTCTGATAAGCT-3’), designed to
target human miR-21, was used to specifically inhibit the
function of hsa-miR-21-5p. A negative control LNA (NC,
sequence: 5-GTGTAACACGTCTATACGCCCA-3’) was
employed as a control. LNAZ21, paclitaxel (PTX), and/
or the EGFR ligand (EGFRapt) were incorporated into
RNA4W]J nanoparticles to generate distinct nanoparticle
formulations with varied loading profiles. Confocal
microscopy, flow cytometry and cell proliferation assays
were employed to evaluate the intracellular uptake
efficiency and anti-tumor efficacy of RNA nanoparticles
in cultured Cal27 cells. The cells were treated with
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4WJ-AF647 or 4WJ-EGFRapt-AF647 nanoparticles at a
concentration of 400 nM for 4 hours, followed by staining
with iFluor 488 phalloidin to visualize F-actin and DAPI
for nuclear staining. The fluorescent images were obtained
by using an Olympus microscope. Additionally, the cells
were exposed to the specified nanoparticles containing
500 nM LNAZ21 and/or 50 nM PTX for 24 hours. Cell
viability and proliferation were subsequently evaluated
using the CCK-8 assay, performed in accordance with the
manufacturer’s instructions.

In vivo Experiments with RNA4WJ Nanoparticles

To evaluate the in vivo targeting and anti-tumor
efficacy of RNA4WJ nanoparticle, an animal model with
a subcutaneous injection of 5x10° Cal27 cells into female
5-6 week-old nude mice was established. The targeting
and biodistribution characteristics of near-infrared (NIR)-
labeled RNA4W1J nanoparticles were assessed using an in
vivo imaging system (IVIS, PerkinElmer) to monitor their
biodistribution in tumor-bearing mice. Briefly, tumor-
bearing mice were intravenously injected with 4WJ-
AF647 or 4WJ-EGFRapt-AF647 nanoparticles, with PBS
serving as the control. At 8-hour post-injection, the mice
were euthanized via CO2 overdose. Major organs were then
harvested for fluorescence imaging (Ex = 640 nm, Em =
680 nm). Alternatively, one week after cell inoculation,
the mice were randomly divided into 10 groups (n = 5
per group). The groups received the following treatments:
PBS, PTX (10 mg/kg/week) via intravenous injection, or
nanoparticles with different loading profiles (equivalent
to 10 mg/kg PTX per week) via intravenous injection.
The treatment period lasted for 4 weeks. Tumor volume
was calculated using the formula (length x width?/2) and
monitored every four days. On Day 30 post treatment, the
mice were sacrificed via CO: overdose.

RESULTS

Differential Expression Analysis of miRNA and
RNA-Seq

This study conducted differential expression analyses
of miRNAs wusing three datasets: TCGA-HNSCC,
GSE28100, and GSE34496 (Fig. 2A). For the GSE28100
dataset from GEO, differential expression analysis
between tumor and healthy samples was performed using
the limma R package. A total of 56 miRNAs exhibited
significant differential expression, with 11 downregulated
and 45 upregulated. Similarly, analysis of the GSE34496
dataset revealed 35 significantly differentially expressed
miRNAs, including 17 downregulated and 18 upregulated
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miRNAs. In the TCGA-HNSCC dataset, differential
expression analysis was performed using DESeq2,
identifying 363 significantly differentially expressed
miRNAs, of which 163 were downregulated and 200 were
upregulated.

After conducting intersection analysis of the
differentially expressed miRNAs identified from the
TCGA-HNSCC, GSE28100, and GSE34496 datasets, a
total of 18 miRNAs were obtained. These differentially
expressed miRNAs may be involved in key signaling
pathways and regulatory networks associated with
HNSCC development, progression, and treatment
response. Additionally, differential expression analysis
of genes in TCGA-HNSCC tumor and control samples
was performed using DESeq2 software (Fig. 2B). This
analysis identified 7,600 differentially expressed genes,
including 3,188 down-regulated and 4,412 up-regulated
genes. These results provide a comprehensive dataset for
subsequent investigations into the molecular mechanisms
underlying HNSCC.

DFS and OS Survival Analysis

DFS analysis was performed for each of the 18
differentially expressed miRNAs using the R package
survminer. The analysis, based on the optimal cutpoint
method, revealed that only the expression level of hsa-
miR-21-5p showed a significant association with DFS
outcomes. The optimal cutoff value for DFS analysis
was determined using the surv_cutpoint function, with a
cutpoint set at 264899.59. This value was used to divide
the patients into high- and low-expression groups for
further investigation. Patients in the high-expression
group of hsa-miR-21-5p exhibited significantly poorer
DFS compared to the low-expression group. The hazard
ratio (HR) for the high-expression group was 0.47 (95%
confidence interval (CI): 0.31-0.71), indicating higher
risk of adverse survival events in this cohort. Statistical
significance was confirmed using the log-rank test, with
a p-value of 0.0004, further validating the prognostic
relevance of hsa-miR-21-5p in HNSCC.

OA analysis was conducted to complement the DFS
findings, as DFS and OS provide insights into different
dimensions of patient survival. The analysis employed
the optimal cutoff value method, with results showing
that patients in the hsa-miR-21-5p high-expression group
experienced poorer OS outcomes across 1-, 3- or 5-year
survival intervals. This finding reinforces that high
expression of hsa-miR-21-5p correlates with increased
survival risk and a higher susceptibility to lethal events
compared to the low-expression group (Fig. 2D). To further
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validate these findings, a comparative analysis of hsa-
miR-21-5p expression levels between HNSCC tissues and
healthy tissues was performed using TCGA-HNSCC data.
Statistical box plot analysis demonstrated significantly
elevated hsa-miR-21-5p expression in HNSCC tissues
compared to healthy controls (Fig. 2E). These results
strongly indicate that the high expression of hsa-miR-21-
5p is closely associated with tumorigenesis, progression,
and its potential role as a prognostic biomarker in HNSCC.

Functional Analysis of Differentially Expressed
miRNA Target Genes

TargetScan, miRDB, and miRTarBase were used to
predict miRNA target genes, and 7,600 differentially
expressed genes were analyzed as a reference set. This
approach identified 836 differentially expressed miRNA
target genes, including 381 up-regulated and 455 down-
regulated genes. GO enrichment analysis and KEGG
pathway analysis were conducted to annotate and
characterize these genes in terms of biological processes,
molecular functions, and cellular components.

GO Analysis

GO analysis identified the Top 10 enriched
biological processes (Fig. 2F), providing insights into
the development and progression of HNSCC. Notably,
processes such as urogenital system development and
renal system development suggest systemic metabolic and
hormonal imbalances that may contribute to HNSCC risk.
Additionally, lifestyle factors such as tobacco and alcohol
consumption align with biological pathways linked to
nutritional intake regulation, both key triggers of HNSCC.
From a developmental perspective, abnormalities in
mesenchymal cell differentiation (MCCD) highlight its
role as a precursor for various tissues. Disruptions in
spatial localization and differentiation of mesenchymal
cells may lead to aberrant proliferation and differentiation
of epithelial cells, promoting HNSCC formation.

KEGG Analysis

The top 10 pathways identified through KEGG
analysis highlight critical mechanisms involved in the
pathogenesis of HNSCC (Fig. 2G). These pathways
include small cell lung cancer, human papillomavirus
infection, proteoglycans in cancer, cellular senescence,
arrhythmogenic right ventricular cardiomyopathy, stem
cell pluripotency regulation signaling pathway, PI3K-Akt
signaling pathway, p53 signaling pathway, focal adhesion,
and extracellular matrix-receptor interactions. These
findings underscore the complexity and multifaceted
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nature of HNSCC development, offering insights into
the molecular pathways that could serve as potential
therapeutic targets or diagnostic markers.

LASSO-COX Modeling of hsa-miR-21-5p Target
Genes

To elucidate the role of hsa-miR-21-5p in HNSCC, its
target genes were analyzed using the LASSO-COX model
(Fig. 3A-D). The LASSO (Least Absolute Shrinkage and
Selection Operator) algorithm was employed for feature
selection, narrowing down 21 candidate genes to those
with the highest predictive value for survival analysis.
Cross-validation determined the optimal regularization
parameter (M), after which the model was refitted to derive
the coefficients for each gene. As a result, six genes,
including JPH1, EPM2A, DDAHI, NFIA, SATBI, and
NTF3, were identified as significantly influencing patient
survival. These findings enhance the predictive accuracy
and interpretability of the survival model.

Survival analysis of target genes

hsa-miR-21-5p emerged as a potential prognostic
marker for HNSCC, prompting a detailed exploration
of its target genes. Analysis revealed that 21 genes were
upregulated in samples with downregulated hsa-miR-
21-5p, underscoring its regulatory role. A Cox model
incorporating hsa-miR-21-5p and its target genes identified
6 key genes-JPH1, EPM2A, DDAHI, NFIA, SATBI, and
NTF3-for DFS and OS analyses (Fig. 3E).

For JPHI and EPM2A, optimal cutoff values (4.88 and
0.37, respectively) were established to stratify patients into
high- and low-expression groups. DFS survival analysis
for JPH1 and EPM2A expression levels revealed poorer
outcomes in the high-expression group, with hazard ratios
(HRs) of 0.69 and 0.71, respectively (Fig. S1-S2). Survival
data at 1, 3, and 5 years further confirmed that patients
in the high-expression group had a higher risk of adverse
survival events compared to the low-expression group.
OS analysis further demonstrated similar results. While
studies on DDAHT1’s role in tumorigenesis and progression
are limited, in this study, its aberrant expression in
certain cancers has been associated with malignancy and
prognosis (Fig. S3). NFIA aberrations may be linked to
tumor proliferation, metastasis, and invasion capacity
(Fig. S4). SATBI, overexpressed in various cancers such
as breast cancer and HNSCC, is strongly associated
with tumor progression, metastasis, and prognosis (Fig.
S5). NTF3, involved in neurite growth and synapse
formation, may impact tumor angiogenesis and resistance
to treatment when aberrantly expressed (Fig. S6).
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Fig. S2. Disease free survival (DFS) and overall survival (OS) analyses of patients with different EPM2A expression levels.
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Fig. S3. Disease free survival (DFS) and overall survival (OS) analyses of patients with different DDAH1 expression levels.
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Drug Sensitivity Analysis

An in-depth drug sensitivity analysis was performed
using the oncoPredict software package and the GDSC
database (Fig. 4). A total of 198 drugs were analyzed, and
their sensitivities were compared between high- and low-
risk groups, categorized based on hsa-miR-21-5p and the 6
target gene risk models. The IC50 values of the drugs were
evaluated using the Wilcoxon test. The results identified
38 drugs as potential candidates for low-risk groups,
indicating that these drugs might offer better therapeutic

efficacy for low-risk patients. Additionally, 60 drugs were
identified as suitable for high-risk groups, suggesting their
enhanced effectiveness in patients at higher risk.

Violinplots were used to visualize the IC50 distributions
of these drugs across the two groups, providing a clear
and intuitive comparison. This analysis offers valuable
insights for clinicians, helping in the selection of more
effective treatment strategies tailored to the risk profiles
of individual patients.
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Fig. 4. Drug sensitivity analysis of IC50 values using the Wilcoxon test.

The sensitivities were compared between high- and

low-risk groups based on hsa-miR-21-5p and the 6 target gene risk models. (A) Drugs as potential candidates for low-risk groups.
(B) Drugs as potential candidates for high-risk groups.
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Immune Cell Infiltration

The composition of 22 immune cell types was
analyzed using the CIBERSORT software package
(Fig. 5A). By integrating the risk model of hsa-miR-
21-5p and its target gene composition with immune
infiltration characteristics, samples were divided based
on the risk score corresponding to the maximum AUC
value from the ROC curve. Subsequently, Differential
analysis of immune cell infiltration scores was conducted
using the Wilcoxon test. Significant differences in the
infiltration scores of several immune cell types, including
macrophages M1, T follicular helper cells, naive B cells,
resting NK cells, plasma cells, regulatory T cells (Tregs),
neutrophils, activated NK cells, and gamma delta T cells,
were observed between high- and low-risk patients with
HNSCC.

Stromal and Immune Score Calculation

The Wilcoxon test results demonstrated significant
differences in stromal score, immune score,
ESTIMATEScore, and tumor purity between high- and
low-risk HNSCC patients (Fig. 5B, C). These findings
reveal the variability in the tumor microenvironment
across risk groups, providing important insights for
investigating tumor development mechanisms and
advancing personalized treatment approaches. The
stromal score assesses the extent of connective tissue
and blood vessel formation surrounding the tumor, while
the immune score represents the level of immune cell
infiltration within tumor tissues. Significant differences in
these scores between high- and low-risk groups suggest
a profound influence on tumor growth, progression, and
response to therapy.

Calculation of Absolute Abundance of Immune Cells

The absolute abundance of 8 immune cells, including
T cells, CD8+ T cells, cytotoxic lymphocytes, NK cells,
B cell lineage, monocytes, myeloid dendritic cells, and
neutrophils, and 2 stromal cells, inducing endothelial cells
and fibroblasts, was evaluated using the MCPCounter R
package, based on gene expression levels from TCGA-
HNSCC samples (Fig. 5D). The results showed the low-
risk group exhibited a significantly higher abundance of
these immune and stromal cells compared to the high-risk
groups. This difference indicates that the low-risk group
may benefit from a more robust immune response and
enhanced immune surveillance. In contrast, the reduced
immune cell abundance in the high-risk group could
contribute to an immunosuppressive state and facilitate
immune escape mechanisms.
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Differential Expression of has-miR-21-5p

The differential expression of the miRNA hsa-miR-
21-5p and its target gene (NTF3) was validated using
in situ hybridization (ISH) and immunohistochemistry
(IHC) analyses on tissue sections (catalog number:
HOraC060PGO1, Shanghai Outdo Biotechnology
Co., Ltd). This study included 56 patients with oral
cancer, including 55 cancerous tissue samples and 5
paracancerous epithelial samples, with each specimen
taken from a distinct point. Tissue sections had a diameter
of 2.0 mm and a thickness of 4 um. The results revealed
significantly elevated expression of hsa-miR-21-5p (Fig.
6A), along with its target gene NTF3 (Fig. 6B, C), in
cancerous tissues compared to paracancerous tissues.
These findings suggest a pivotal role for hsa-miR-21-
5p in the development and progression of oral cancer,
potentially through its regulation of target gene. Moreover,
the observed heterogeneity in expression patterns reflects
the molecular diversity of oral cancer, highlighting the
importance of personalized approaches to diagnosis and
treatment.

In vitro Delivery and anti-tumor effects of RNA4WJ
Nanoparticles

Following the screening of hsa-miR-21-5p targets,
4WJ-AF647 and 4WIJ-EGFRapt-AF647 nanoparticles
containing EGFR ligand were characterized with
diameters ranging from 10 to 20 nm (Fig. 7A, B). Human
tongue squamous carcinoma cell line (Cal27) primarily
employs integrin were selected for in vitro experiments to
evaluate the targeting efficiency and intracellular uptake of
these RNA nanoparticles. Confocal microscopy and flow
cytometry analyses confirmed effective cellular uptake
and targeting by 4WJ-EGFRapt-AF647 nanoparticles (Fig.
7C, Fig. S7). Cell viability assays revealed no significant
difference in survival rates between the control and 4WJ-
NC groups, indicating minimal cytotoxic effects of the
4WIJ-NC nanoparticles (Fig. 7D). However, a significant
decrease in cell viability was observed in the 4WJ-LNA21
group compared to the 4WJ-NC group, demonstrating a
significant inhibitory effect on HNSCC cell survival.
These findings suggest that the addition of LNAZ2I
enhances the therapeutic efficacy of RNA nanoparticles.
Collectively, the results highlight the potential of RNA4WJ
nanoparticles as a therapeutic strategy for targeting
HNSCC cells, underscoring their capability for effective
cellular interaction and antitumor activity.

To enhance therapeutic efficacy, PTX was incorporated
into RNA4WIJ nanoparticles, and in vitro delivery
experiments were conducted (Fig. 7E). Significant
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differences were observed between the 4WJ and 4WJ-
PTX groups, as well as between the 4WJ-NC-PTX and
4WJ-LNA21-PTX groups. The observed difference
between the 4WJ and 4WJ-PTX groups indicates that
the incorporation of PTX modifies the nanoparticles’
mechanism of action, thereby enhancing their therapeutic
potential. Additionally, the difference between the 4WJ-
NC-PTX and 4WJ-LNA21-PTX groups highlights the
potential impact of hsa-miR-21-5p variants on the targeting
efficiency and intracellular effects of the nanoparticles.
These results underscore the importance of PTX loading
and miRNA selection in optimizing the therapeutic
efficacy of RNA4W1J nanoparticles for cancer treatment.

In vivo Delivery anti-tumor effects of RNA4WJ
Nanoparticles using tumor-bearing nude mice
In vivo experiments were conducted to evaluate the
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delivery efficiency of RNA4WIJ nanoparticles in nude
mice bearing Cal27 tumors. Comparisons were made
between 4WJ-AF647 nanoparticles and 4WJ-EGFRapt-
AF647 nanoparticles containing EGFR ligand. The
addition of the EGFR ligand enhanced the selectivity
of the nanoparticles for EGFR, thereby improving their
targeting and intracellular uptake efficiency, which were
prominently observed fluorescence in Cal27 tumors (Fig.
8A).

To further investigate therapeutic efficacy, PTX
was incorporated into the RNA4WJ nanoparticles.
Comparisons between 4WJ-PTX nanoparticles and
4WJ-EGFRapt-PTX nanoparticles revealed that the
combination of PTX with EGFR ligand-functionalized
nanoparticles further improved drug targeting and
anti-tumor efficacy (Fig. 8B). Similarly, the therapeutic
efficacy of 4WJ-LNA21 nanoparticle was compared with
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Fig. 6. Validation of the expression of hsa-miR-21-5p and its target gene NTF3 in oral cancer tissue sections using in situ
hybridization (ISH) and immunohistochemistry (IHC) analyses. (A) The expression of hsa-miR-21-5p in cancerous tissues and
paracancerous tissues. (B) The expression of target gene NTF3 in cancerous tissues and paracancerous tissues. (C) Representative

IHC images of NTF3 in paracancerous and cancerous tissues.

46 October 2025

RNA NanoMed Volume 2 Issue 1

RNANanoMed.org



A 4WJ-AF647 B AWJ-EGFRapt-AF647

Event (particles)
» & o f
Event (particles)
o

WSize (nm) Size (nm)
DAPI Phalliodin iFluor AF647 Merge
C .
<
[f=]
L
<
s
]
14
T8
]
i
-
=
<
M=
<t
[{-]
18
<
=
=
D 1.5+ mm Control 5 mm Control
# = 4WJU-NC - = 4WJ-NC
= ' | mm 4WULNA21 E 4, — = AWJ-PTX
$ 1.04 L g 3 4WJ-NC-PTX
e 5 i
> a —— B AWJLNA21-PTX
— D 05+
— (&}
8 0.5
0.0~ T T l
0.0- N
N ‘\(: N F &‘o &‘\0 )9«*- U«"r \9«'\-
&
& & \xV} RS S &
¢ " M R\ >
&3 N y\f
s o

Fig. 7. In vitro delivery experiments using RNA4WJ nanoparticles with or without PTX. (A) Size distribution of 4WJ-AF647
nanoparticles. (B) Size distribution of 4WJ-EGFRapt-AF647 nanoparticles. (C) Confocal microscopy showing EGFR ligand-
labeled nanoparticles specifically binding to Cal27 cells. Scale bar: 20 um. (D) In vitro delivery efficiency of RNA4WJ
nanoparticles incorporating with LNA21 or NC. (E) In vitro delivery efficiency of RNA4WJ nanoparticles with added PTX and/
or LNAZ2I1. Student’s t-Test. #: p<0.05, ###: p<0.001.

October 2025 RNA NanoMed Volume 2 Issue 1 RNANanoMed.org 47



4WJ-EGFRapt-LNA21 nanoparticles. The inclusion of the
EGFR ligand in the latter formulation enhanced miRNA-
targeted modulation and anti-tumor efficacy. Among the
experimental groups, the RNA4WJ formulation without
additional functionalization demonstrated the least

pronounced therapeutic effect, achieving the greatest
reduction in tumor size (Fig. 8B). These findings highlight
the potential of multifunctional nanoparticle systems in
enhancing the efficacy of combination therapy and provide
valuable insights for the treatment and management of

efficacy in suppressing tumor size (Fig. 8B). In contrast, HNSCC.

the 4WJ-EGFRapt-LNA21-PTX group exhibited the most
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Fig. S7. Evaluation of the intracellular uptake efficiency of Cal27 cells by flow cytometry analysis. Cal27 cells with PBS, 4WJ-

AF647, or AWJ-EGFRapt-AF647 treatments were subjected to flow cytometry.
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Fig. 8. In vivo delivery experiments using RNA4WJ nanoparticles with differing loading profiles in a mouse model. (A) In
vivo distribution of targeted nanoparticles in tumor-bearing nude mice. The mice were intravenously injected with indicated
nanoparticles for 8 hours. Major organs were harvested for fluorescence imaging using IVIS imaging system (Ex = 640 nm, Em
=680 nm). (B) Tumor volume variations at different time points post-treatment (n = 5 per group). The mice were received PBS,
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per week) via intravenous injection. The treatment period lasted for 4 weeks.
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DISCUSSION

The advent of miRNA-Seq and RNA-Seq technologies
has revolutionized genomics research by providing a
high-resolution platform for examining the expression
profiles of miRNAs and mRNAs. These advancements
have substantially improved our understanding of
gene regulatory networks and their roles in disease
progression'. In this study, datasets from the TCGA and
GEO databases were utilized for an in-depth analysis. The
miRNA-Seq dataset comprised 569 samples, including
525 HNSCC tumor samples and 44 normal control
samples. Similarly, the RNA-Seq dataset included 546
samples, with 502 tumor samples and 44 normal controls.
By integrating and analyzing these datasets, this study
systematically examined the expression patterns of
miRNAs and mRNAs in HNSCC.

A set of 18 miRNAs with significant regulatory roles in
HNSCC was identified through a comprehensive analysis
of differential miRNA expression across three datasets:
TCGA-HNSCC, GSE28100, and GSE34496. These
miRNAs are implicated in key signaling pathways and
regulatory networks involved in HNSCC development,
progression, and treatment. Notably, hsa-miR-21-5p
emerged as a significant prognostic indicator, suggesting
its pivotal involvement in the progression and outcomes
of HNSCC. Additionally, DFS and OS analyses were
conducted to comprehensively evaluate the prognostic
impact of hsa-miR-21-5p. Comparative expression analysis
using TCGA-HNSCC data revealed elevated expression
of hsa-miR-21-5p in tumor tissues, correlating with tumor
initiation and progression, which are consistent with
previous reports®.

HNSCC, a malignant tumor arising from the mucosal
epithelial tissues of the head and neck, is driven by
complex biological processes and diverse molecular
mechanisms?. In this study, GO and KEGG pathway
analyses identified critical biological processes,
molecular functions, and pathways, including the PI3K-
Akt and p53 signaling pathways, contributing to a deeper
understanding of HNSCC pathogenesis and therapeutic
opportunities. The LASSO-Cox model further refined
these analyses by selecting six significant genes (JPHI,
EPM2A, DDAHI, NFIA, SATBI, and NTF3) from a pool
of 21 target genes associated with hsa-miR-21-5p. Among
these, a specific interaction between hsa-miR-21-5p and
NTF3 was observed (data not shown). miR-21 ISH and
NTF3 IHC staining in cancerous and paracancerous tissue
samples confirmed their direct relationship in oral cancer.
This study also integrated miRNA and gene expression

October 2025

data from TCGA-HNSCC to construct a robust risk score
formula, enabling precise prognostic predictions and
guiding personalized treatment®. Consequently, hsa-
miR-21-5p emerges as a key prognostic marker, with its
target genes offering actionable insights into therapeutic
approaches?.

Drug sensitivity analysis revealed significant IC50
differences between high- and low-risk patient groups for
198 drugs, offering a practical reference for clinicians.
Immune infiltration analysis identified variations in
immune cell compositions, such as macrophages (M1),
follicular helper T cells, and naive B cells, providing
insights into the immune escape mechanisms in
HNSCC*. Additionally, stromal and immune scores
highlighted tumor microenvironment differences, crucial
for understanding HNSCC biology and therapeutic
responses®.

The study also explored the application of RNA4WJ
nanoparticles, a novel nanocarrier characterized by
exceptional stability, biocompatibility, and targeting
capabilities®®. PTX, a widely used anticancer agent,
demonstrates favorable therapeutic effects both as a
free drug and when loaded into nanoparticles?” 8. In
this study, RNA4WJ nanoparticles were co-loaded with
a miR-21-5p inhibitor and PTX, achieving significant
anti-tumor efficacy in both in vitro and in vivo models.
In addition, EGFR-targeted therapies have demonstrated
significant clinical efficacy in treating HNSCC*:
Here, the EGFR ligand, LNA21, and PTX loaded in
RNA4WJ nanoparticles resulted in the most potent
tumor suppression, highlighting the synergistic effects
of targeted miRNA delivery and chemotherapeutic drug
therapy. However, further investigation is required to
validate the expression of NTF3 in tumor tissues following
treatment with these nanoparticle formulations, as this
would strengthen the current bioinformatics analysis.
Collectively, by leveraging RNA4WJ nanoparticles and
miRNAs, this study developed an innovative nanoparticle-
based miRNA therapeutic strategy for precision treatment
of HNSCC, offering a promising avenue to improve
patient outcomes.

CONCLUSION

In this study, an efficient LASSO-COX screening
model was developed using data mining and
bioinformatics approaches to identify miRNA-mRNA
interaction pairs with potential therapeutic value. The
model considered various factors, including miRNA
expression levels, regulatory networks, and interactions
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with target mRNAs, providing more precise targeting
options for personalized treatment of HNSCC. To validate
the findings, human tongue squamous carcinoma cell line
was used both in vitro and in vivo to evaluate the targeting
and anticancer effects of RNA4WJ nanoparticles carrying
PTX, EGFR ligand and therapeutic inhibitor for miR-21-
5p. The results of this study are expected to contribute
to the development of innovative and effective treatment
approaches for HNSCC in clinical settings.
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