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Cancer-associated fibroblasts-derived
exosomal piR-35462 promotes the
progression of oral squamous cell carcinoma
via FTO/Twist1 pathway
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Abstract

Background Cancer-associated fibroblasts (CAFs) represent a crucial component of tumor stroma and play critical
roles in cancer progression. However, the role of CAFs derived exosomes in oral squamous cell carcinoma (OSCC)
environment is unexplored. PIWI-interacting RNAs (piRNAs) serve as epigenetic effectors in cancer progression and
constitute significant compositions of exosomes. Here, we explored the functional mechanism of exosomal piRNAs in
OSCC development.

Methods We screened exosomal piRNAs derived from CAFs and normal fibroblasts (NFs) and assess their effect on
tumor proliferation and metastasis. A nude mouse model was established to assess the impact of exosomal piR-35462
on tumor progression.

Results CAFs-derived exosomes showed an enhanced piR-35462 expression and promoted OSCC cell proliferation,
migration and invasion. Additionally, elevated piR-35462 expression in OSCC tissues correlates with poor prognosis.
Mechanistically, CAFs-derived exosomal piR-35462 increased the expression of fat mass and obesity-associated
protein (FTO) in OSCC cells. By inhibiting N6-methyladenosine (m6A) RNA methylation, the overexpression of FTO
further enhances the stability and expression levels of Twist1 mRNA, thereby contributing to epithelial-mesenchymal
transition (EMT) and tumor progression. In vivo xenograft tumor model also confirmed the same results.

Conclusion The achieved outcomes elucidate that CAFs can deliver piR-35462 containing exosomes to OSCC cells
and promote OSCC progression via FTO/Twist mediated EMT pathways, and could represent a promising therapeutic
target for OSCC.
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Introduction

OSCC, a prevalent global malignancy, exhibits a five-year
survival rate of merely 50% [1-3]. Recent studies under-
score the tumor microenvironment’s essential role in
initiating and advancing tumors [4—6], underscoring the
necessity to decipher the molecular mechanisms influ-
encing OSCC tumorigenesis and metastasis within its
TME.

CAFs, a subtype of activated fibroblasts within the
TME, are implicated in various aspects of cancer progres-
sion [7-10]. Predominant in the TME of both primary
and metastatic tumors, CAFs significantly contribute to
tumor growth, invasion, and metastasis [11-13]. How-
ever, the mechanisms underlying CAF functions remain
partially understood. Concurrently, evidence is mount-
ing on the pivotal role of exosomes from CAFs in TME
intercellular communication [14-18], transferring criti-
cal biomolecules such as DNA, RNA, proteins, and lipids
that influence tumor infiltration and distant metastasis.
Among these molecules, PIWI-interacting RNAs (piR-
NAs), recently identified non-coding RNAs spanning 24
to 31 nucleotides, are known for their ability to regulate
gene expression and maintain genomic integrity via PIWI
protein targeting [19, 20]. Recent studies have identified
abnormal piRNA expression in various cancers [21-28],
yet the contribution of piRNAs from CAFs to OSCC
invasion and metastasis is yet to be clarified.

The research presents the first evidence of piR-35462
being efficiently transferred from CAFs to OSCC cells
via exosomes, promoting tumor proliferation, invasion,
metastasis, and correlating with poor OSCC prognosis.
Further mechanistic insights revealed that piR-35462
induces epithelial-mesenchymal transition in OSCC
cells via modulating the stability of Twistl mRNA.
This research uncovers a novel regulatory pathway for
OSCC invasion and metastasis, positioning piR-35462
as a potential oncogenic factor derived from CAFs. Our
findings offer novel insights into the molecular under-
pinnings of OSCC invasion and metastasis, potentially
paving the way for therapeutic interventions targeting
piR-35462.

Materials and methods
Additional information is provided in the Supplementary
Materials and Methods.

Approval of ethics

This research received approval from the Institutional
Review Board at Sun Yat-Sen Memorial Hospital, China
(No. SYSKY-2024-014-01).

Culture and transfection of cells

CAFs and NFs were extracted from OSCC patient surgi-
cal specimens. The OSCC cell lines SAS and CAL27 were
procured from the American Type Culture Collection
(ATCC, US). Transfections were conducted following the
manufacturer’s instructions [29].

Inhibitor, mimic, as well as plasmid construction

The ¢cDNA encoding Fat Mass and Obesity-Associated
Protein (FTO) was inserted into the pcDNA3.1-Myc/
His vector (Invitrogen, US) and its sequence was con-
firmed. Wild type (WT) FTO 3’-UTR sequences were
cloned into pmiRGLO vectors (Promega, US) for lucif-
erase assays. Mutated (MUT) luciferase reporters were
created employing PCR-based site-directed mutagenesis.
piR-35462 mimics, inhibitors, FTO shRNA, and control
sequences were produced by Shanghai GenePharma
(China), as outlined in Table 1.

Exosome isolation as well as fluorescent labeling

Exosomes were extracted from conditioned media
employing differential ultracentrifugation methods
detailed in prior studies [30]. Characterization of exo-
somes was conducted via Nanoparticle Tracking Analy-
sis with a ZetaView PMX 110 (Particle Metrix, Germany)
and confirmed through transmission electron micros-
copy. Exosomes were fluorescently labeled employing the
PKH26 kit, adhering to the manufacturer’s protocol [31].

Fluorescence in situ hybridization and
Immunofluorescence assay

For the FISH procedure, a commercial kit (RiboBio,
China) was employed according to the manufacturer’s
guidelines [32]. Briefly, CAL27 and SAS cells were inoc-
ulated in a 24- well plate and fixed by 10% paraformal-
dehyde. After being treated with protease K, Cells in a
glass-bottom dish overnight were incubated with pre-
hybridization solution at 37°C for 30 min. Then, hybrid-
ization solution containing 20 pM piR-35462 probes
was added to slides and the cells were incubated at
42 °C overnight. Next day, cells were washed with saline
sodium citrate (SSC) solution. The nuclei were incubated
with DAPI for 10 min at room temperature. Finally, the
results were examined employing a fluorescence micro-
scope (LSM5, Carl Zeiss, Germany).

Protein assessment via Western blot
The Western blot experimental procedure was conducted
in accordance with previously documented methods [33].
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Table 1 The sequence of inhibitor, mimics and ShRNAs

Name Sequence

piR-35462 inhibitor UGAUGCUCUACCAACUGAGCUAUCCAGGC
piR-35462 mimics GCCUGGAUAGCUCAGUUGGUAGAGCAUCA

piR-NC UUCUCCGAACGUGUCACGUTT
FTO shRNA GGATGACTCTCATCTCGAA
Rab27A shRNA GCTGCCAATGGGACAAACATA

Table 2 Stem-loop reverse transcription primers

Genes RT primer sequences
piR-33,082 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACAATCTG
piR-33,160 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACATCTGT
piR-60,565 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACGCCGAA
piR-35,467 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACCTGATG
piR-35,952 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACGCTATG
piR-36,225 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACAGCATGCGCT
piR-36,244 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACAGCACGCGCT
piR-35462 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACTGATGC
piR-56,450 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACCCTCGATCAG
piR-41,525 GTCGTATCCAGTGCGTGTCGTGGAGTCG-
GCAATTGCACTGGATACGACCCATTTTGTAGGTT
U6 TTCACGAATTTGCGTGTCAT’

Table 3 Primer sequences used for gPCR
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Molecular characterization involved qPCR, RNA-seq, as

well as Rna stability evaluation

Total RNA isolation was carried out employing TRIzol
reagent (Invitrogen, US) following the manufacturer’s
instructions. Detailed information regarding the reverse
transcription primers is provided in Table 2. Primer
sequences for qPCR are outlined in Table 3. Gene Set
Enrichment Analysis (GSEA) identified potential target
genes. RNA stability assessments involved treating OSCC
cells with actinomycin D (Santa Cruz, 5 pM), collecting
samples at specified intervals for qPCR, and calculating
mRNA stability (t1/2) in comparison to GAPDH.

Cell proliferation assessment

Proliferation assessment utilized the Cell Counting Kit-8
(CCK-8) and EdU cell proliferation assays, following
manufacturer guidelines [34, 35]. Proliferation rates were
monitored every 24 h with a multiscanner autoreader
(BioTek, VT, US) and a fluorescence microscope (Nikon,
Japan).

Assessment of cell migration as well as invasion

Migration and invasion assessments were carried out
employing Transwell chambers as previously described
[36, 37].

Assay of dual luciferase reporter
For the dual luciferase reporter assay, cells were co-
transfected with plasmids harboring either the wild-type

Genes Forward sequence Reverse sequence

FAP GGAAGTGCCTGTTCCAGCAATG TGTCTGCCAGTCTTCCCTGAAG
a-SMA AAAAGACAGCTACGTGGGTGA GCCATGTTCTATCGGGTACTTC
Vimentin GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
METTL14 AGTGCCGACAGCATTGGTG GGAGCAGAGGTATCATAGGAAGC
Twist1 GGCTCAGCTACGCCTTCTC TCCATTTTCTCCTTCTCTGGAA
ALKBH5 AGTTCCAGTTCAAGCCTATTCG TGAGCACAGTCACGCTTCC
METTL3 TTGTCTCCAACCTTCCGTAGT CCAGATCAGAGAGGTGGTGTAG
FTO ACTTGGCTCCCTTATCTGACC TGTGCAGTGTGAGAAAGGCTT
Rab27A ATGTCTGATGAGGATTATGATTACCTC GAGTTCAGAGGGAAGATACGAGCCAAGAGA
piR-35462 GCCTGGATAGCTCAGTTGGTAGA CAGTGCGTGTCGTGGAGT
piR-33,082 CCGGACACGGACAGGATTGA CAGTGCGTGTCGTGGAGT
piR-33,160 CCCGGACACGGACAGGATT CAGTGCGTGTCGTGGAGT
piR-60,565 TTCCCTGGTGGTCTAGTGGTTAGGA CAGTGCGTGTCGTGGAGT
piR-35,467 GCCTGGGTAGCTCAGTCGGTAGAG CAGTGCGTGTCGTGGAGT
piR-35,952 AGCGTTGGTGGTATAGTGGTGAG CAGTGCGTGTCGTGGAGT
piR-36,225 GGGGATGTAGCTCAGTGGTAGAG CAGTGCGTGTCGTGGAGT
piR-36,244 GGGGGTNTAGCTCAGTGGTAG CAGTGCGTGTCGTGGAGT
piR-35462 GCCTGGATAGCTCAGTTGGTAGA CAGTGCGTGTCGTGGAGT
piR-56,450 GGGCCCAAGTCCTTCTGA CAGTGCGTGTCGTGGAGT
piR-41,525 TCGCCGTGTTAAATAGCAAAG CAGTGCGTGTCGTGGAGT

U6 CGCTTCGGCAGCACATATAC TTCACGAATTTGCGTGTCAT
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(WT) or mutant (MUT) FTO 3’-UTR sequences in
conjunction with piRNA inhibitors employing Lipo-
fectamine 3000 (Invitrogen, US). Forty-eight hours post-
transfection, firefly and Renilla luciferase activities were
quantified employing the Dual-Luciferase Reporter Assay
System (Promega, US), in adherence to the manufactur-
er’s protocol [38].

Tumorigenesis and metastasis in vivo

Twenty female BALB/c nu/nu mice, were procured
from the Guangdong Medical Laboratory Animal Cen-
ter (SCXK [Yue] 2013-0002). A lateral dorsal subcuta-
neous injection was administered. Tumor growth was
monitored weekly employing Vernier calipers. Mice were
euthanized by CO, inhalation until respiratory and car-
diac arrest. All procedures were conducted in compliance
with the Institutional Animal Care and Use Committee’s
sanctioned protocols (SYSU-IACUC-2024B10019).

Determination of m6A level

For m6A level determination, mRNA was isolated with
the Dynabeads mRNA Purification Kit (Thermo Scien-
tific). The global m6A methylation status of the purified
mRNA was assessed employing the EpiQuik m6A RNA
Methylation Quantification Kit (Epigentek, Germany),
following the instructions provided. The assay utilized
200 ng of poly-A-enriched RNA.

Statistical assessment

Statistical analysis was performed employing GraphPad
Prism 9.0 (GraphPad Software, US) and SPSS 22.0 (IBM,
US). Significance levels set at *»<0.05, **»<0.01, and
*4 <0.001.

Results

CAFs-Derived exosomes enhance OSCC cell proliferation,
migration, as well as invasion

CAFs as well as NFs were isolated from oral squa-
mous cell carcinoma and surrounding non-tumor tis-
sues, respectively. They exhibited a spindle shape and
were confirmed as fibroblasts through positive immu-
nofluorescence staining for fibroblast-specific mark-
ers (Fig. 1A). Compared to NFs, CAFs showed elevated
levels of a-smooth muscle actin («-SMA) and fibroblast
activation protein (FAP) (Fig. 1A-C). Exosomes, pivotal
for cellular communication within the tumor micro-
environment, were isolated from CAFs and NFs-con-
ditioned mediums (CM) via ultracentrifugation [39].
Their presence was validated by western blotting and
electron microscopy, revealing an average diameter of
219 nm (range 30-220 nm) and characteristic double-
layered membranes (Fig. 1D, F). Elevated levels of exo-
somal markers CD63 and TSG101 and the absence of
calnexin, an endoplasmic reticulum marker, were noted

Page 4 of 15

in fibroblast-derived exosomes (Fig. 1E). The incorpo-
ration of exosomes derived from fibroblasts into OSCC
cells was demonstrated through PKH26 fluorescent dye
labeling; red fluorescence observed in SAS and CAL27
cells after three hours of co-culture indicated successful
absorption of these exosomes by OSCC cells (Fig. 1G).

An investigation into the effects of CAFs-secreted exo-
somes on OSCC cell proliferation, invasion, and migra-
tion was conducted. Experiments with SAS and CAL27
cell lines demonstrated that CAFs-derived exosomes
significantly augmented cell proliferation compared to
exosomes from NFs, as shown by CCK8 and EdU assays
(Fig. 2A, B). Furthermore, the presence of CAFs-derived
exosomes considerably elevated the migratory and inva-
sive capabilities of both SAS and CAL27 cells (Fig. 2C).
Treatment with CAFs-secreted exosomes resulted in
the upregulation of mesenchymal markers Twistl and
Vimentin and a decrease in the epithelial marker E-cad-
herin in both cell lines (Fig. 2D).

To further delineate the contributions of exosomes
to OSCC cell dynamics, particularly focemploying on
growth, migration, as well as invasion, supernatants
devoid of exosomes were obtained through ultracentri-
fugation. It was determined that CAFs facilitated oral
cancer cell proliferation and migration via exosomes
rather than via co-purifying complexes found in ultracen-
trifuged pellets (Fig. S1A, B), indicating a pivotal role of
CAFs-secreted exosomes in OSCC cell dynamics.

piR-35462 enrichment in CAFs-Derived exosomes
correlates with OSCC patient survival

Exosomes are known to be rich in small non-coding
RNAs, crucial for intercellular communication [40].
Through small RNA-sequencing of exosomes extracted
from three pairs of CAFs and NFs, numerous small
RNAs, particularly piRNAs, exhibited differential expres-
sion (adjusted p-value less than 0.05 and fold change
more than 2) between the two groups (Fig. 3A). Further
analysis of the highest ranked ten piRNAs from 20 pairs
of NFs or CAFs-derived exosomes revealed a significant
increase in piR-35462 and piR-60,565 levels in CAFs-
derived exosomes (Fig. 3B). Additionally, the assessment
of piRNA expressions was carried out in 76 matched
pairs of OSCC and adjacent normal tissues. qPCR
analysis showed elevated levels of piR-35462, but not
piR-60,565, in OSCC tissues (Fig. 3C, S2A). Elevated piR-
35462 expression was also significant in both recipient
OSCC cells and CAFs (Fig. 3D, E, and S2B, C). piR-35462
expression was notably associated with the N stage, with
no significant correlation to age, gender, T stage, or path-
ological stage (Table 4). High levels of piR-35462 were
indicative of reduced overall survival in OSCC patients
(Fig. 3E), suggesting a potential oncogenic role of piR-
35462 in OSCC progression.
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To ascertain if the elevation of piR-35462 in OSCC cells
resulted from transfer via CAFs-derived exosomes, acti-
nomycin D was introduced into the co-culture system.
This intervention did not alter piR-35462 levels in OSCC
cells, negating the theory of an endogenous source for
the increase (Figure S2D). Reduction of exosome secre-
tion was achieved through treatment with GW4869 (an
nSMase inhibitor) or knockdown of Rab27a via shRNAs,
which predictably decreased piR-35462 and piR-60,565
levels in CM from CAFs (Fig. 3G, S2E). RNA fluores-
cence in FISH analysis disclosed the presence of piR-
35462 within both the nucleus and cytoplasm of OSCC
cells following exosome uptake (Fig. 3H). Collectively,

these findings demonstrate that piR-35462 is upregulated
in exosomes from CAFs and in OSCC tissues, correlating
with an adverse prognosis for OSCC patients.

Augmentation of Exosomal piR-35462 in CAFs enhances
oral Cancer progression

The impact of CAFs-released exosomal piR-35462 on
OSCC advancement was further investigated. To assess
the capability of CAFs to transfer exosomal piR-35462
to OSCC cells, exosomes from CAFs, either transfected
with piR-35462 mimics or a control, were introduced
to SAS and CAL27 cell cultures. Notably, after 24 h of
exposure to exosomes from CAFs genetically modified
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to express Cy3-tagged piR-35462 mimics, both CAL27
and SAS cells displayed red fluorescence (Fig. S3A). Sub-
sequent qRT-PCR analysis post-24-hour exosome expo-
sure revealed a significant increase in piR-35462 within
the recipient cells (Fig. 4A). The addition of exosomes
from CAFs overexpressing piR-35462 to the OSCC cell

culture media led to a marked enhancement in cell prolif-
eration, as evidenced by CCK-8 and EdU assays (Fig. 4B,
C and S3B). Furthermore, exosomal piR-35462 positively
influenced OSCC cell migration and invasion under co-
culture conditions (Fig. 4D). These findings validate the
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Table 4 Baseline data table of 76 patients
Constitute(%)

Category piR-35462 high piR-35462low P
expression expression value
(n=38) (n=38)

Age 45.3(32-81) 514 (30-86) 0.562

Gender

Male 20(52.63) 25(65.22)

Female 18 (47.37) 13 (34.21) 0.243

Smoking or not

Non-smoking 17 (44.74) 20(52.63)

Smoking 21 (55.26) 18 (47.37) 0491

N stage®

NO 13(34.21) 26 (69.57)

NT+N2 25 (65.79) 12(31.58) 0.003

Stages®

| 13 (34.21) 15 (39.47)

Il 8(21.05) 10 (26.32)

Il 10 (26.32) 7(1842)

Y 7(1842) 6(15.79) 0.808

2American Joint Committeeon Cancer,7th Edition staging

ability of OSCC cells to internalize exosomes laden with
piR-35462 mimics, promoting OSCC progression.

Subsequent  experiments  involved  transfect-
ing CAL27 and SAS cells with piR-35462 mimics or
antagomir-35,462 to investigate the influence of piR-
35462 on OSCC growth and metastatic capabilities
(Fig. S3C). Proliferation assays, including CCK-8 and
EdU, revealed that piR-35462 significantly acceler-
ated cellular proliferation in CAL27 and SAS cells com-
pared to controls, an effect that was counteracted by
antagomir-35,462 (Fig. 5A-C, S3D). Moreover, enhanced
cell migration and invasion were observed following
piR-35462 overexpression, whereas its suppression nota-
bly curtailed OSCC cell metastasis (Fig. 5D). Given the
pivotal role of EMT in cancer metastasis, we assessed
the impact of altering piR-35462 levels on EMT marker
expression. Western blot results indicated that elevating
piR-35462 levels resulted in upregulation of mesenchy-
mal markers and downregulation of epithelial markers
(Fig. S3E). Collectively, these findings underscore the
potent role of piR-35462 in fostering OSCC cell prolifera-
tion, invasion, and migration.

Exosomal piR-35462 from CAFs facilitates epithelial-
mesenchymal transition (EMT) in OSCC cells through the
FTO/Twist1 signaling pathway

To explore the influence of piR-35462, carried by exo-
somes from CAFs, on the behavior of OSCC cells,
sequencing of RNA was conducted on CAL27 cells
treated with exosomes from CAFs and NFs. This analysis
identified distinct gene expression profiles between the
groups, with a notable upregulation of genes associated
with EMT in cells treated with CAFs-derived exosomes,
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particularly highlighting Twistl as significantly elevated
(Fig. 6A-C). This led to the hypothesis that piR-35462
from CAFs-derived exosomes might facilitate metastasis
via Twistl-mediated EMT processes. Subsequent investi-
gations confirmed that CAFs-derived exosomes carrying
piR-35462 indeed augmented the expression of Twist1 as
well as Vimentin within OSCC cells, a process mitigated
by inhibiting piR-35462 (Fig. 6D). Given piRNA’s lack of
complete complementarity to its mRNA targets, further
analysis revealed no direct binding sites between piR-
35462 and Twistl mRNA, suggesting an indirect regula-
tory mechanism.

The literature suggests piRNAs influence m6A meth-
ylation, prompting an examination of m6A levels post-
piR-35462 inhibition [21, 24, 41], revealing a reduction
in m6A methylation in OSCC cells (Fig. S3F). Analy-
sis of m6A regulatory proteins, which could potentially
interact with piR-35462, showed decreased FTO expres-
sion following piR-35462 inhibition (Fig. 6E). Notably,
a potential interaction site between piR-35462 and the
3UTR of FTO mRNA was identified, indicating that piR-
35462 may indirectly modulate Twistl expression via
FTO and m6A methylation adjustments (Fig. 6F). Dual
luciferase reporter assays further verified this regulatory
pathway, showing reduced luciferase activity in cells with
piR-35462 inhibition, an effect reversible by mutating the
predicted binding site (Fig. 6G). Additionally, piR-35462
overexpression was found to stabilize FTO mRNA, as
evidenced by actinomycin D assays (Fig. 6H), and West-
ern blot analysis confirmed that CAFs-derived exosomes
upregulated FTO expression, an effect nullified by piR-
35462 depletion (Fig. 6D). Furthermore, downregulating
FTO via shRNAs counteracted the EMT gene expression
changes induced by CAFs-derived exosomes (Fig. S3G),
with a positive correlation between FTO and Twistl
expressions observed within the TCGA database (Fig.
S3H). Collectively, these findings suggest that exosomal
piR-35462 from CAFs promotes OSCC cell EMT through
the FTO/Twistl signaling pathway, presenting a novel
mechanism of OSCC progression and a potential target
for therapeutic intervention.

piR-35462-containing exosomes derived from CAFs
promote OSCC progression in a xenograft animal model

In an in vivo study, we validated the impact of CAFs-
derived exosomal piR-35462 on OSCC progression by
administering a lateral dorsal subcutaneous injection
of a SAS cell mixture with either NFs, CAFs, or CAFs
with shRab27a knockdown into nude mice. Tumors co-
injected with CAFs exhibited significantly accelerated
growth compared to those injected with NFs. Conversely,
tumors from the CAFs-shRab27a group demonstrated
reduced growth rates (Figs. 7A—C). Further analysis via
qPCR revealed elevated levels of piR-35462 and Twistl in
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tumors co-cultured with CAFs compared to those with
CAFs-shRab27a (Fig. 7D, E). Moreover, tumors from
SAS cells mixed with CAFs showed decreased E-cad-
herin expression and increased Vimentin and Twist1 lev-
els, indicative of enhanced EMT, a trend reversed in the
CAFs-shRab27a group (Fig. 7F). These findings under-
score the function of CAFs-derived exosomal piR-35462
in promoting OSCC tumor growth and metastasis by
facilitating EMT in a xenograft mouse model.

Discussion
The challenge of managing local or regional recurrences
and cervical lymph node metastases significantly compli-
cates the clinical treatment of OSCC, impacting patient
quality of life detrimentally [42]. The enhanced prolifera-
tive and migratory capabilities of OSCC cells contribute
to treatment resistance and adverse patient prognoses.
The underlying mechanisms driving OSCC metastasis
and recurrence remain to be fully elucidated.

Recent findings highlight the tumor microenviron-
ment (TME) as a critical facilitator of tumor invasion and
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metastasis, with CAFs playing a pivotal role in modu-
lating these processes [43, 44]. As the predominant cell
type within the TME, CAFs alter the TME landscape
by secreting a diverse array of extracellular matrix pro-
teins, cytokines, angiogenic factors, metabolites, and
exosomes. This activity not only remodels local tissue
architecture but also fosters tumor cell invasion and
metastasis [17, 45, 46]. Given exosomes’ role in mediat-
ing intercellular communication by transferring ncRNAs,
proteins, and other molecules, it was postulated that
CAFs-derived exosomes might endow tumor cells with
enhanced proliferative and migratory abilities [47]. Com-
pared to exosomes from NFs, a higher expression of
various miRNAs IncRNA and circRNAs has been noted
in CAFs-derived exosomes across different tumor types

[48-50]. The question remains, however, whether CAFs-
derived exosomes contain other components that could
further encourage tumor proliferation and metastasis.
In this study, we identified a novel piRNA, piR-35462,
within CAFs-derived exosomes, revealing its potential to
trigger EMT in OSCC.

In this investigation, we distinguished several piRNAs
exhibiting substantial variance in CAFs-derived exo-
somes via non-coding RNA sequencing, noting that their
abundance was marginally less than that of miRNAs. Spe-
cifically, piR-35462 was found to be markedly elevated in
CAFs-derived exosomes, OSCC specimens, and among
patients exhibiting adverse survival outcomes, as con-
firmed through in situ hybridization and qRT-PCR analy-
ses. Additionally, our findings revealed that OSCC cells
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could internalize exosomes from CAFs, thereby acquiring
piR-35462. Functionally, elevated piR-35462 levels were
linked to increased OSCC cell proliferation, migration,
and invasion, as demonstrated through CCK8, EDU, and
Transwell assays conducted in vitro. Our in vivo investi-
gations further elucidated piR-35462’s role in facilitating
popliteal lymph node metastasis in nude mice employing

footpad xenografts. On a mechanistic level, the escala-
tion of piR-35462 expression was observed to potentiate
OSCC epithelial-mesenchymal transition via the FTO/
Twistl signaling pathway. Consequently, these findings
underscore piR-35462’s oncogenic role, highlighting its
potential as a pivotal therapeutic target and diagnostic
marker for OSCC.
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Recent research into piRNA dysregulation across vari-
ous cancers has highlighted its influential role in facili-
tating tumor cell growth, proliferation, metastasis, and
progression [21-23]. Compared to other non-coding
RNAs, piRNAs exhibit superior specificity, deliverabil-
ity, and tolerability within tumors, which makes them
the optimal targets for cancer therapy [51, 52]. PiRNAs,
with their profound impact on epigenetic regulation, are
emerging as pivotal diagnostic markers and therapeutic
avenues across a spectrum of malignancies. For instance,
in diffuse large B-cell lymphoma, the upregulation of piR-
30,473 is associated with an aggressive cancer phenotype;
its suppression, conversely, halts cell proliferation and
triggers cell cycle arrest [24]. Another investigation has
shown an increase in piR-DQ593109 within glomerular
endothelial cells, assembling a piRNA-induced silencing
complex with the PIWIL1 protein. This complex targets
the long non-coding RNA MEG3 for degradation, lead-
ing to the suppression of ZO-1, occludin, and claudin-5
expression [53]. Furthermore, piRNAs have been identi-
fied as regulators of DNA methyltransferases, notably in
breast cancer research, where piR-823 promotes DNA
methylation of the adenomatous polyposis coli (APC)
gene, thus activating the Wnt signaling pathway and
fostering stemness in luminal breast cancer cells [25].
Our research highlights the critical role of piR-35462 in
the post-transcriptional modulation of Twistl through
FTO-dependent m6A RNA demethylation, aligning with
findings that piR-17,560 augments EMT and chemoresis-
tance in breast cancer through similar mechanisms [41].

Conclusively, this study has established that CAFs-
derived exosomes, rich in piR-35462, are instrumental in
the transmission of this piRNA to OSCC cells, where it
engages in FTO-mediated m6A demethylation to adjust
the post-transcriptional activity of Twistl. This interac-
tion precipitates EMT, thus promoting OSCC cell pro-
liferation, invasion, as well as migration. These insights
suggest piR-35462’s potential as a promising candidate
for therapeutic intervention and as a prognostic marker
in OSCC management, offering new avenues for treat-
ment strategies.

Conclusion

Our study unveiled the enrichment of an previously
unreported piR-35462 in CAFs-derived exosomes.
Subsequently, analysis revealed a correlation between
elevated piR-35462 levels in OSCC tissues and an unfa-
vorable prognosis. Furthermore, CAFs-derived exosomal
piR-35462 was found to promote OSCC progression by
inducing EMT. Mechanistically, we identified that piR-
35462 promotes the progression of OSCC through the
FTO/Twistl pathway. These findings illuminate the role
of CAFs in delivering piR-35462-containing exosomes
to OSCC cells, thereby promoting OSCC progression
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through FTO/Twist-mediated EMT pathways and could
represent a promising therapeutic target for OSCC.

Clinical impact of the study

The identification of piR-35462 as a pivotal regulator of
OSCC progression through the FTO/Twistl axis pres-
ents a promising therapeutic target. Its role in promoting
EMT and metastasis highlights the potential of targeting
piR-35462 or its downstream effectors as a novel strategy
for OSCC treatment. Furthermore, the detection of piR-
35462 in exosomes suggests its potential as a non-inva-
sive biomarker for early diagnosis, prognosis prediction
and treatment monitoring in OSCC patients.

Putting in perspective

The discovery of piR-35462 as a mediator of EMT via
FTO-dependent m6A demethylation provides new
insights into the molecular mechanisms driving OSCC
invasion and metastasis. Future research should focus
on validating these findings in larger patient cohorts
and exploring targeted therapeutic approaches that dis-
rupt the piR-35462/FTO/Twistl axis. Given the growing
interest in RNA-based therapies, piR-35462 emerges as a
promising target for the development of novel treatment
strategies aimed at reducing OSCC aggressiveness and
enhancing patient outcomes.
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