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Abstract

Background Accumulating evidence indicates that N6-methyladenosine (m®A) modification of circular RNAs
(circRNAs) plays a pivotal role in regulating cancer progression. However, in head and neck squamous cell carcinoma
(HNSCCQ), the biological functions and underlying mechanisms of m°A modification in circRNAs remain insufficiently
elucidated.

Methods In this study, we analyzed the association between the expression of IGF2BP3—an upstream m°A reader—
and clinical outcomes of HNSCC patients, followed by investigating the interaction between IGF2BP3 and circHECTD2
as well as the effect of m®A modification on this interaction. Additionally, we explored the molecular mechanism

by which IGF2BP3 and circHECTD2 regulate HNSCC progression, focusing on their roles in modulating microRNAs
(miRNAs) and target mRNAs, and validated the functional impacts of the IGF2BP3/circHECTD2 axis on HNSCC cell
proliferation, invasion, and metastasis.

Results We found high expression of the m°A reader IGF2BP3 was significantly associated with poor clinical
outcomes in HNSCC patients. Further experiments showed that IGF2BP3 directly bound to circHECTD2 and stabilized
it, and m°A modification of circHECTD2 enhanced this binding and stabilization effect. Mechanistically, circHECTD2
functioned as a competing endogenous RNA (ceRNA) to sponge hsa-miR-4310 and hsa-miR-7157-5p, thereby
preventing the miRNA-mediated degradation of SMAD2 mRNA. Ultimately, the IGF2BP3/circHECTD2/SMAD?2 axis was
shown to promote HNSCC cell proliferation, invasion, and metastasis.

Conclusion We delineate an m°A-dependent IGF2BP3/circHECTD2/SMAD?2 regulatory axis that contributes to

HNSCC malignancy. Elevated IGF2BP3 expression correlates with poor patient outcome and enhances circHECTD2
stability through m6A-facilitated binding; circHECTD2 in turn acts as a ceRNA to sequester hsa-miR-4310 and hsa-miR-
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7157-5p, thereby maintaining SMAD2 expression. Functionally, this axis promotes HNSCC cell proliferation, invasion
and metastasis. Collectively, these findings suggest that IGF2BP3 and circHECTD2 may serve as promising prognostic

biomarkers and therapeutic targets for HNSCC.
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Introduction

Head and neck squamous cell carcinoma (HNSCC)
refers to a group of malignant tumors originating from
the mucosal epithelium of the oral cavity, pharynx, and
larynx and ranks as the seventh most common cancer
globally [1]. HNSCC is associated with a poor prog-
nosis, a high tendency for local invasion and lymphatic
metastasis, and frequent infiltration of critical structures
[2]. Despite advancements in treatment modalities, the
5-year survival rate remains dismally low, at less than 50%
[3]. Projections from the Global Cancer Observatory sug-
gest a 60% increase in incidence by 2025 [4]. Therefore,
exploring novel biomarkers and molecular mechanisms
of HNSCC with the aim of prolonging patient survival is
of significant clinical importance.

Circular RNAs (circRNAs) are a class of single-
stranded, closed circle-shaped RNAs generated through
back-splicing [5]. circRNAs are more stable than their
linear counterpart [6]. circRNAs participate in vari-
ous physiological and pathological processes, includ-
ing tumorigenesis and cancer progression, via multiple
mechanisms, including transcriptional regulation; alter-
native splicing; acting as molecular sponges for microR-
NAs (miRNAs) [7]; interacting with functional proteins;
and even undergoing translation [8]. The tissue-specific
expression of circRNAs and their stable detectability in
liquid biopsy samples (e.g., plasma, saliva, and urine)
highlight their potential as promising biomarkers for
early cancer diagnosis and prognostication [9-11]. Our
research group and others have demonstrated that cir-
cRNAs are closely associated with poor prognosis in
HNSCC, suggesting their potential as therapeutic targets
and biomarkers [12—-14].

RNA methylation is a major form of RNA epigen-
etic modification, accounting for over 60% of total RNA
modifications, and N6-methyladenosine (m°A) modi-
fication is the most prevalent type of RNA methylation
[15]. m®A modification is a dynamic and reversible pro-
cess regulated by methyltransferases (“writers”) [16],
demethylases (“erasers”) [17], and m®A-binding proteins
(“readers”) that recognize and mediate the effects of
mP®A modification [18-20]. In cancer, m°A modification
influences proliferation, metabolism, and metastasis by
regulating various biological processes, including RNA
splicing, degradation, and translation [21-23]. Reports
indicate that RNA m°A modification can regulate
HNSCC progression; for example, Huang et al. demon-
strated that m®A modification promotes the maturation

and accumulation of miR-151-5p, a process regulated by
methyltransferase-like 3 (METTL3). miR-151-5p directly
targets LY6/PLAUR domain-containing 3 (LYPD3) by
binding to the 3’-untranslated region of LYPD3 mRNA
through complementary base pairing, thereby accelerat-
ing HNSCC metastasis [24]. Zhao et al. confirmed that
m®A-modified HOXA10-AS and its downstream miR-
29b-3p/ITGA6 axis regulate oxidative resistance and
malignant progression of laryngeal SCC (LSCC) through
the Notch and Keapl/Nrf2 pathways, suggesting that
targeting this axis may represent a potential therapeutic
strategy for LSCC [25]. Additionally, studies have shown
that activation of the TMA7-UBA2-PI3K pathway, regu-
lated by the m®A methylation reader IGF2BP3, is the
main mechanism by which TMA?7 inhibits autophagy
and promotes LSCC progression [26]. However, the
relationship between m°®A modification of non-coding
RNAs (especially circRNAs) and HNSCC, as well as the
underlying molecular mechanisms, remains to be fully
elucidated.

In this study, we identified distinct m®A modification
profiles of circRNAs in HNSCC and adjacent non-tumor
tissues. Our findings demonstrate that the m°A reader
IGF2BP3 is significantly upregulated in HNSCC tissues
and that IGF2BP3 upregulation strongly correlates with
poor clinical prognosis. Furthermore, we identified cir-
cHECTD?2 as a downstream target of IGF2BP3. IGF2BP3
binds to the GG(m®A)C motif within circHECTD2,
thereby stabilizing circHECTD2 and enhancing its
capacity to adsorb downstream miRNAs miR-4310 and
miR-7157-5p. This interaction reduces the degradation
of SMAD2 mRNA by miR-4310 and miR-7157-5p, con-
sequently driving HNSCC progression. Our findings
suggest that IGF2BP3 and circHECTD2 may serve as
potential prognostic biomarkers and therapeutic targets
for HNSCC.

Methods

Patient specimens

HNSCC tissues and matched adjacent non-tumor tis-
sues were collected from patients who underwent resec-
tion at Qilu Hospital of Shandong University (Shandong,
China). All specimens were independently identified by
three pathologists, and the collection of human speci-
mens was approved by the Ethics Committee of Qilu
Hospital of Shandong University (KYLL-2020(KS)-320).
The inclusion criteria for HNSCC patients were (1)
HNSCC confirmed by pathology; (2) new cases with no
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treatment before surgery; and (3) patients gave written
informed consent. The exclusion criteria were (1) subtype
on pathological examination adenocarcinoma, malignant
melanoma, malignant lymphoma, soft tissue sarcoma, or
other non-squamous cell carcinoma; (2) HNSCC present
in combination with other subtype; (3) patient had other
acquired or congenital immunodeficiency disease, e.g.,
severe liver, kidney, or other systemic disease, or a his-
tory of organ transplant; and (4) patients received preop-
erative chemotherapy or radiotherapy. All samples were
stored at -80 °C until use. Detailed clinicopathological
characteristics are provided in Supplementary Table 1.

Cell lines and cell cultures

Human HNSCC cell lines, including FaDu, Tu686, and
SCC9, were obtained from the American Type Culture
Collection. FaDu and Tu686 cells were cultured in Dul-
becco’s modified Eagle medium (DMEM; Gibco, Grand
Island, NY, USA), and SCC9 cells were maintained in
DMEM/F12 medium (HyClone, USA). Both types of
media were supplemented with 10% fetal bovine serum
(Gibco), 100 U/mL penicillin, and 100 pg/mL streptomy-
cin (HyClone). All cells were incubated in a humidified
atmosphere containing 5% CO, at 37 °C.

Transfection of small interfering RNA (siRNA) and
establishment of stably transfected cell lines

For overexpression experiments, the coding DNA
sequence regions of IGF2BP3 and SMAD?2 were cloned
into the pLenti-C-Myc-DDK-IRES-Puro plasmid vector
(Origene, Catalog No. PS100069). The empty pLenti-
C-Myc-DDK-IRES-Puro vector served as the negative
control.

For gene knockdown experiments, two small interfer-
ing RNAs (siRNAs) each were designed for IGF2BP3,
circHECTD2, and SMAD?2, respectively, to minimize
off-target effects, and all siRNAs were purchased from
Sangon Biotech Co., Ltd. The knockdown efficiency was
verified using reverse transcription-quantitative poly-
merase chain reaction (QRT-PCR) and Western blotting.
Corresponding primers targeting common sequences of
si-IGF2BP3-1/2, si-circHECTD2-1/2, and si-SMAD2-1/2
were annealed and cloned into the pLKO.1-TRC plas-
mid vector (Addgene, Catalog No. 10878) to con-
struct the knockdown plasmids shIGF2BP3-1/2,
shcircHECTD2-1/2, and shSMAD2-1/2.

siRNA transfection: HNSCC cell lines were seeded into
six-well plates 24 h prior to transfection. When cell con-
fluence reached 50% to 70%, transfection was performed
using jetPRIME transfection reagent (Polyplus Trans-
fection, Illkirch, France) following the manufacturer’s
protocol.

Establishment of stably transfected cell lines: sShRNAs
were co-transfected with packaging system psPAX2/
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pMD2.G (Addgene, #12260/ #12259) into HEK-293T
cells. Cells were adjusted to optimal density before trans-
fection. At 48 h after transfection, the supernatant con-
taining lentivirus was collected, centrifuged, filtered, and
ultracentrifuged for virus concentration. The concen-
trated virus was aliquoted and stored at -80 °C. HNSCC
cells were infected with the lentivirus; this was followed
by medium replacement and selection with puromycin.
The knockdown efficiency was confirmed by qRT-PCR
and Western blotting.

The pLC5-ciR and pLC5-ciR-circHECTD2 plasmids
were purchased from GRNESEED (GS0108). miRNA
overexpression plasmids were purchased form GenePh-
arma. The pmirGLO plasmid was purchased from Pro-
mega. All target sequences are listed in Supplementary
Table 2.

qRT-PCR
For qRT-PCR, total RNA was isolated from tissues or
cells using TRIzol reagent (Invitrogen) following the
manufacturer’s instructions. RNA was reverse-tran-
scribed into ¢cDNA using PrimeScript RT Master Mix
(Takara, Japan). Real-time PCR was performed with the
SYBR Premix Ex Taq kit (Takara, Japan) and specific
primers (Supplementary Table 2) on the StepOnePlus
real-time PCR system (Applied Biosystems, USA). Actin
beta was used as the endogenous reference gene, and the
relative expression levels of target genes were calculated
using the 2042€D method.

Western blotting

Proteins were extracted using RIPA Lysis Buffer (Thermo
Fisher Scientific, USA), and protein concentration was
determined by the BCA method. Equal amounts of pro-
teins from cell lysates were separated by using 4% to
20% SDS-PAGE gels (Bio-Rad) and electrotransferred
onto nitrocellulose membranes (GE Healthcare). Mem-
branes were blocked with 5% skim milk powder at 37 °C
for 30 min, incubated with primary antibodies (diluted
1:1000 according to the manufacturer’s instructions) at
4 °C overnight, and then incubated with secondary anti-
bodies at room temperature for 1 h. Finally, protein bands
were visualized using the Odyssey CLx Imaging System.

CCK-8, colony formation, Transwell, scratch wound healing,
and EdU incorporation assays

CCK-8 assay: Cell viability was assessed using the Cell
Counting Kit-8 (CCK-8, Dojindo, Tokyo, Japan). Plas-
mid-transfected cells were seeded into 96-well plates at
a density of 10,000 cells per well and cultured for 0, 24,
48, 72, and 96 h, respectively. A 10-pL volume of CCK-8
solution was added to each well, and then cells were incu-
bated at 37 °C for 2 h. The optical density value of each
well was measured at 450 nm using a microplate reader
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(Bio-Rad). The assay was performed with 3 independent
biological experiments, and each condition included 6
technical replicate wells.

Colony formation assay: For colony formation assays,
200 to 400 cells were seeded into 6-cm-diameter dishes.
After 10 to 14 days of culture, cells were fixed with 4%
paraformaldehyde (Beyotime) and stained with 0.1%
crystal violet (Beyotime).

Transwell assay: Migration and invasion assays were
performed using Transwell chambers (Corning, USA)
with 8-pm-pore filters following the manufacturer’s pro-
tocol. For the migration assays, cells were plated in the
upper chambers (5 x 10* cells/well) with 300 pL of serum-
free medium, and the bottom chambers were filled with
600 pL of medium supplemented with 30% fetal bovine
serum. After 24 h of incubation, non-migrated cells on
the upper surface of the filters were gently removed with
a cotton swab. Cells that had migrated to the lower sur-
face were fixed with 4% paraformaldehyde for 10 min and
stained with 0.5% crystal violet solution (Beyotime) for
30 min at room temperature. Finally, migrated cells were
photographed and counted under a light microscope.
For the invasion assays, the procedures were the same as
for the migration assays except that the upper chambers
were coated with Matrigel (C0371, Beyotime) at 37 °C
before the cells were seeded.

Scratch wound healing assay: HNSCC cell lines were
seeded into six-well plates. Once cells were confluent,
a sterile 200-uL pipette tip was used to create uniform
scratches in the cell monolayer, and the cells were then
cultured in serum-free medium containing 1 pg/mL
mitomycin. At 0, 12, and 24 h, images of the wounds were
captured, and the wound width was measured.

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay:
EdU incorporation assays were performed using the
EdU cell proliferation kit (Beyotime, China). Briefly, cells
were incubated with 10-uM EdU for 2 h, fixed with 4%
paraformaldehyde, and permeabilized with 0.3% Triton
X-100 for 15 min. Subsequently, cells were stained with
click reaction buffer containing Azide 555 for 30 min
and DAPI for 10 min. Images were acquired using the
Lionheart FX Intelligent Cell Imaging Analysis System
(BioTek, USA).

Nuclear-cytoplasmic fractionation

Nuclear and cytoplasmic RNAs were isolated from
FaDu cells using Nuclear/Cytoplasmic Isolation Reagent
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s protocol. Expression levels were normalized
to Hsp90 (cytoplasmic control) and PCNA (nuclear con-
trol), and relative quantification was performed using the
2(-25CT) method.
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RNase R and actinomycin D treatment

Total RNA (1 pg) was treated with or without 2 U/ug
RNase R (Abcam) at 37 °C for 15 min. Additionally, FaDu
cells were treated with actinomycin D (1 pg/mL; Abcam)
for 0, 4, 8, 12, and 24 h. Quantitative real-time PCR (qRT-
PCR) was subsequently performed for detection.

RNA fluorescence in situ hybridization (FISH)

For FISH, circRNA or miRNA was hybridized with Cy3-
labeled or FITC-labeled probes following the manufac-
turer’s protocols (RiboBio, China). Nuclei were stained
with DAPI. The localization of circRNA or miRNA in
HNSCC cell lines was observed using a confocal laser
scanning microscope (Olympus FV1000).

Immunohistochemistry (IHC) and immunofluorescence
analyses

For IHC analyses, paraffin sections were incubated with
the primary antibody against IGF2BP3 (ab179807; dilu-
tion 1:300). Staining was scored on the basis of two
parameters: intensity of positive staining (strong=3,
moderate =2, weak=1, negative=0) and percentage of
positively stained cells (>75% = 4, 51%-75% = 3, 26%—
50% = 2, <25% = 1). Images were captured using an
Olympus multifunctional microscope (Olympus BX51,
Tokyo, Japan). All evaluations were conducted inde-
pendently by three senior pathologists using the same
microscope.

For immunofluorescence experiments, hypopharyngeal
carcinoma tissue sections were dehydrated and incubated
with anti-IGF2BP3 antibody (ab177477; dilution 1:300) at
4 °C overnight. After washing, sections were incubated
with the fluorescent secondary antibody (Alexa Fluor
488-conjugated goat anti-rabbit IgG; Thermo Fisher Sci-
entific) and imaged using a fluorescence microscope
(DM5000B, Leica).

Electrophoretic mobility shift assay (EMSA)

Biotin-labeled RNA probes were synthesized by San-
gon Biotech. EMSA was performed using the LightShift
Chemiluminescent RNA EMSA Kit (Thermo Fisher Sci-
entific, Waltham, USA, #20158) following the manufac-
turer’s instructions.

Northern blotting

Northern blotting was performed using the DIG North-
ern Starter Kit (12039672910, Roche) with minor modi-
fications to the manufacturer’s protocol. DNA templates
for in vitro synthesis of digoxigenin-labeled probes (tar-
geting circHECTD2 or linear HECTD2 mRNA) were
generated by PCR with the primer sequences listed in
Supplementary Table 2. Ten micrograms of total RNA
(with or without RNase R digestion) was resolved on
2% agarose gels containing formaldehyde and then
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transferred to a Hybond-N+ membrane (Solarbio) via
capillary transfer. RNA was crosslinked to the membrane
by UV irradiation (200,000 mJ/cm?® at 265 nm). Hybrid-
ization was carried out at 68 °C for 6 h using a biotin-
labeled oligonucleotide probe. Membranes were blocked
in blocking buffer for 30 min and then incubated in anti-
body solution for 30 min with gentle shaking. After three
washes with washing buffer, membranes were incubated
in detection solution for 5 min and exposed to X-ray film.
GAPDH served as the internal control.

RNA in situ hybridization (RNA-ISH)

RNA-ISH was performed using a digoxin-labeled probe
specific for circHECTD2 to assess circHECTD2 expres-
sion in tissue samples from Qilu Hospital. The tissue sec-
tions were dewaxed and rehydrated and then digested
with proteinase K. Hybridization with the digoxin-
labeled probe specific for circHECTD2 was carried out
at 45 °C overnight. Subsequently, the sections were incu-
bated with biotin-conjugated anti-digoxin antibodies at
4 °C overnight and stained with 3,3’-diaminobenzidine.
Samples were categorized into low or high expression
groups based on the mean RNA-ISH scores.

RNA immunoprecipitation (RIP) and m®A methylated RIP
(MeRIP)
RIP assays were performed using the RNA Immunopre-
cipitation Kit (Geneseed, China) following the manufac-
turer’s instructions. Briefly, cells were lysed in 1xBuffer
A supplemented with 1% protease inhibitor and RNase
inhibitor. For each reaction, 100 pL of Protein A+G
beads were pretreated with 0.5 mL of 1xBuffer A and
10 uL of Buffer D at 4 °C for 30 min, then washed twice
with 1xBuffer A. The pretreated beads were resuspended
in 1 mL of 1xBuffer A and incubated with 5 pg of anti-
PURB, anti—Argonaute 2, or IgG antibodies at 4 °C for
2 h. After two washes with 1xBuffer A, the antibody-
bead complexes were incubated with cell lysates at 4 °C
overnight and then washed five times with 1xBuffer B
(2 min each with vortexing). Immunoprecipitated RNAs
were extracted, reverse-transcribed, and detected by
qRT-PCR.

m®A MeRIP assays were performed using the m°A
MeRIP Kit (BersinBio™, China). Total cellular RNA was
extracted and quality-checked, then fragmented by ultra-
sonic treatment. A 50-uL aliquot was retained as the
input group, and the remaining RNA was divided into
two 400-pL aliquots, labeled the IP and IgG groups. For
the IP group, 20 uL of IP buffer 2 and 4 pg of anti-m°®A
antibody were added; for the IgG group, 20 pL of IP buf-
fer 2 and 4 pg of IgG antibody were added. Both groups
were incubated at 4 °C for 4 h on a vertical mixer. For
magnetic bead preparation, 40 pL of Protein A + G mag-
netic beads were mixed with 500 pL of IP buffer 3, then
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placed on a magnetic rack to collect beads and remove
supernatant. Beads were resuspended in 360 pL of IP
buffer 3 with 40 pL of BSA, shaken at 4 °C for 2 h, and
then washed twice with 200 pL of IP buffer 3. Beads were
resuspended in 200 pL of IP buffer 3 and split into two
100-pL aliquots, which were added to the IP and IgG
groups, respectively. The mixtures were then incubated at
4 °C for 1 h on a vertical mixer. Beads were collected on
a magnetic rack, and supernatants were discarded. Both
groups were washed three times with 500 pL of IP buf-
fer 3 (5 min each at 4 °C on a vertical mixer). RNA was
eluted by incubating beads with 200 pL of Elution Buf-
fer and 2 pL of Proteinase K at 4 °C with vertical mixing.
After beads were collected on a magnetic rack, superna-
tants were transferred to RNase-free tubes. Immunopre-
cipitated RNAs were extracted, reverse-transcribed, and
detected by qRT-PCR.

m6A RNA-Seq and data analysis

m6A RNA immunoprecipitation was performed with the
GenSeqTM m6A RNA IP Kit (GenSeq Inc., China) by
following the manufacturer’s instructions. Both the input
sample without immunoprecipitation and the m6A IP
samples were used for RNA-seq library generation with
NEBNext® Ultra II Directional RNA Library Prep Kit
(New England Biolabs, Inc., USA). The library quality was
evaluated with BioAnalyzer 2100 system (Agilent Tech-
nologies, Inc., USA). Library sequencing was performed
on an illumina Hiseq instrument with 150 bp paired-end
reads.

Briefly, Paired-end reads were harvested from Illumina
NovaSeq 6000 sequencer, and were quality controlled by
Q30. After 3’ adaptor-trimming and low quality reads
removing by cutadapt software (v1.9.3). First, clean
reads of input libraries were aligned to reference genome
(UCSC HG19) by STAR software. Then circRNAs were
identified by DCC software using the STAR alignment
results. After that, clean reads of all libraries were aligned
to the reference genome by Hisat2 software (v2.0.4).
Methylated sites on RNAs (peaks) were identified by
MACS software. Differentially methylated sites were
identified by diffReps. These peaks identified by both
softwares overlapping with exons of mRNA, LncRNA
and circRNA were figured out and choosed by home-
made scripts. GO and Pathway enrichment analysis were
performed by the differentially methylated protein cod-
ing genes, the associated genes of differentially meth-
ylated LncRNAs and the source genes of differentially
methylated circRNAs separately.

CircRNA-seq and data analysis

Ribosomal RNA (rRNA) was removed from the samples
using the NEBNext rRNA Depletion Kit (New England
Biolabs, Inc., Massachusetts, USA). The sequencing
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library was constructed with the NEBNext® Ultra™ II
Directional RNA Library Prep Kit (New England Biolabs,
Inc., Massachusetts, USA). Library quality control and
quantification were performed using the BioAnalyzer
2100 system (Agilent Technologies, USA), followed by
150 bp paired-end sequencing on the Illumina NovaSeq
6000 platform.

After sequencing on the Illumina NovaSeq 6000 instru-
ment, paired-end reads were generated. Quality con-
trol was conducted based on Q30 scores, and adapter
sequences and low-quality reads were trimmed using
Cutadapt software (v1.9.3) to obtain high-quality reads.
These high-quality reads were aligned to the reference
genome/transcriptome using STAR software (v2.5.1b),
and circular RNAs (circRNAs) were detected and identi-
fied with DCC software (v0.4.4).

The identified circRNAs were annotated using the
circBase database and Circ2Traits. Subsequently, data
normalization and screening of differentially expressed
circRNAs were performed using edgeR software
(v3.16.5). Additionally, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were conducted for the host genes of the differ-
entially expressed circRNAs.

RNA antisense purification

Biotin-labeled probes targeting the junction site of cir-
cHECTD2 were synthesized by Sangon Biotech. RNA
antisense purification was performed using the RNA
Antisense Purification Kit (Bes5103-3, BersinBio) fol-
lowing the manufacturer’s instructions. Potential inter-
acting proteins were subsequently analyzed by Western
blotting.

RNA pull-down

Biotin-labeled circHECTD2 oligonucleotide probes
(Sangon Biotech) were incubated with BeyoMagM
streptavidin magnetic beads (Beyotime; P2151) at room
temperature for 60 min. After binding to streptavidin
magnetic beads, the complexes were incubated overnight
at 4 °C with whole-cell lysates supplemented with prote-
ase/phosphatase inhibitor cocktail and RNase inhibitor.
Following washes with ice-cold PBS, RNA complexes
bound to the beads were eluted, extracted using the
RNeasy Mini Kit (QIAGEN), and analyzed by qRT-PCR.
For protein detection, the RNA-protein binding mixture
was boiled in SDS buffer, and the eluted proteins were
analyzed by Western blotting.

Dual-luciferase reporter assay

After complete lysis of cells, the supernatant was col-
lected by centrifugation for subsequent assays. For
luciferase activity detection, luciferase assay work-
ing solution was prepared by adding luciferase assay
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substrate (100x) to luciferase assay buffer at a ratio of
1:100 and adjusting the total volume according to the
requirement of 100 pL per sample. For each sample,
20 pL to 100 pL of cell lysate was taken, and an equal
volume of reporter cell lysate was used as the blank
control. Then, 100 pL of firefly luciferase detection
reagent was added, the mixture was mixed thoroughly,
and the relative light unit (RLU) value was measured
using a microplate reader (Bio-Rad). For Renilla lucif-
erase detection, 100 pL of Renilla luciferase working
solution was added, the mixture was mixed thoroughly,
and the RLU value was measured similarly. The fire-
fly luciferase RLU value was normalized to the Renilla
luciferase RLU value for final analysis.

Protein-nucleic acid docking

Sequence information of target proteins and nucleic
acids has been provided. Protein and nucleic acid struc-
ture prediction based on sequence using alphafold3.
The two proteins were interfaced using the professional
HDOCKv1.1 tool. The empirical iterated scoring func-
tion ITScorePP was used to score molecular docking and
configuration. A negative score indicates molecular bind-
ing. The greater the absolute value, the stronger the bind-
ing ability. The maximum output configuration quantity
color was set to 100, and the top 10 configurations were
scored. The configuration with the highest docking score
was selected for subsequent analysis, and PyMOL was
used for 3D mapping analysis. LigPlot software was used
to analyze residues that interacted between proteins.

In this study, the tool HDOCK was used for molecu-
lar docking, and a total of 100 binding configurations
were generated. The docking scores of the top 10 con-
figurations were calculated. The docking score given
by HDOCK can reflect the tightness of the bond to
some extent but is only a preliminary estimate of affin-
ity. Amore accurate prediction of binding free energy
requires molecular dynamics simulation to obtain spe-
cific data, and the final experimental data shall be subject
to.

Xenograft models

Female BALB/c nude mice (4—-6 weeks old, weighing
18-22 g) were purchased from Beijing Vital River. All
animal care and experimental procedures were con-
ducted in accordance with the guidelines of the Animal
Care and Use Committee and approved by Qilu Hos-
pital of Shandong University (KYLL-2023(ZM)-150).
The nude mice were housed in a barrier environment
in strict accordance with “Laboratory Animal Require-
ments of Environment and Facilities”. Specific condi-
tions were as follows: temperature was controlled at
22 +2 °C, humidity at 50 + 5%, with a 12-hour light/12-
hour dark cycle; the housing density per cage complied
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Fig. 1 Increased IGF2BP3 Expression Correlates with Poor Prognosis and Drives HNSCC Progression In Vivo and In Vitro. (A) Flow chart of single-cell RNA
sequencing. (B) Uniform manifold approximation and projection plot showing the different cell subsets. The feature plot demonstrates the expression
levels of IGF2BP3 in HNSCC tissues, adjacent non-tumor tissues, and metastatic lymph node tissues. (C) Expression levels of 19 common m®A modification-
related genes in HNSCC tissues and adjacent non-tumor tissues by qPCR (n=40). Due to the non-normal distribution of the data, statistical analysis was
performed using the Mann-Whitney U test. (D) Expression of /GF2BP3 in HNSCC tissues and adjacent non-tumor tissues by qPCR (n=120). Due to the
non-normal distribution of the data, statistical analysis was performed using the Mann-Whitney U test. (E) Survival curves of patients stratified by high
and low IGF2BP3 expression in gRT-PCR experiments were analyzed using the Kaplan-Meier method with the log-rank test. (F-G) Western blot analysis of
IGF2BP3 expression in 20 pairs of HNSCC tissues and matched adjacent non-tumor tissues. (H) IHC results of IGF2BP3 expression in 90 pairs of HNSCC tis-
sues and adjacent non-tumor tissues. (I) Survival curves of patients stratified by high and low IGF2BP3 expression in IHC experiments were analyzed using
the Kaplan-Meier method with the log-rank test. (J) FaDu and Tu686 cells of shiGF2BP3-1/2 and control groups were injected subcutaneously into the
armpit of nude mice. Tumor volume was measured every three days, and growth curves were plotted. On the 19th day, the mice were killed, and tumors
were excised and weighed (n=6). (K) Results of tumor dissection, hematoxylin-eosin (HE) staining, and IHC staining in nude mice with lung metastasis
established by tail vein injection of IGF2BP3 knockdown and control FaDu and Tu686 cells. (A-K) Cancer: HNSCC tissues, normal: adjacent non-tumor tis-

sues. Data are presented as mean +SD, *p <0.05, **p <0.01, ***p <0.001 using Student’s t test. BP3: IGF2BP3

with relevant standards, and standard sterile feed and
sterilized drinking water were provided. Pollution and
stress were strictly controlled to ensure animal welfare
and the reliability of experimental results.

For the subcutaneous tumor model, 100 pL of cell
suspension (1x10” cells/mL) was subcutaneously
injected into the axillary region of each mouse. Tumor
volume was measured every three days using the for-

mula volume = (length X Widt112) /2. After three
weeks, the tumors were excised for further analysis.
For the metastatic tumor model, FaDu and Tu686
cells transfected with plasmids (shCTR, shIGF2BP3-1/2,
shcircHECTD2-1/2, or shSMAD2-1/2) were injected
into the tail veins of mice at a density of 1x 10° cells per
mouse. After six weeks, all mice were euthanized, and
dissections were performed to examine metastases.

Statistical analysis

Quantitative data were statistically analyzed using
SPSS software (Chicago, IL, USA) and GraphPad
Prism 5.0 software (GraphPad, San Diego, CA, USA).
Experimental data are presented as the mean +stan-
dard deviation from at least three independent experi-
ments, each performed in triplicate. Prior to statistical
analysis, normality tests (Shapiro-Wilk test) were con-
ducted for all quantitative data. Student’s t-test was
used to analyze significant differences between groups
for data that conformed to the normal distribution,
while the Mann-Whitney U test was applied for data
that failed the normality test. The chi-square test was
used for comparisons of categorical data between
groups. Overall survival curves were generated using
the Kaplan-Meier method, and the log-rank test was
applied to determine the significance of differences in
overall survival curves. Spearman’s correlation analy-
sis was used to assess relationships between variables.
p<0.05 was considered statistically significant.

Results

Increased IGF2BP3 expression correlates with poor
prognosis and drives HNSCC progression in vivo and in
vitro

To identify m°®A-related proteins that regulate methyla-
tion, we analyzed HNSCC transcriptome data from the
Cancer Genome Atlas database. For 19 common key
genes involved in m°A modification—including well-
known “writers’, “erasers’, and “readers”—we generated
heatmaps (Supplementary Fig. 1A), boxplots (Supple-
mentary Fig. 1B), volcano plots (Supplementary Fig. 1C),
and patient survival curves based on gene expression
levels (Supplementary Fig. 1D, Supplementary Fig. 2)
to compare gene expression between HNSCC tissues
and adjacent non-tumor tissues. Results showed that
IGF2BP1 and IGF2BP3 were differentially upregulated
in tumor tissues, and patients with high expression of
these genes had significantly poorer survival outcomes
(P<0.05).

Given that transcriptome sequencing fails to exclude
interference from other components in the tissues, we
performed single-cell RNA sequencing (Fig. 1A) on five
matched pairs of HNSCC tissues, adjacent non-tumor
tissues, and metastatic lymph node tissues [27]. In these
tissues, we analyzed expression of the 19 genes, generat-
ing dimensionality reduction clustering plots (Fig. 1B,
Supplementary Fig. 3), bar charts of cellular proportion
(Supplementary Fig. 1E), and volcano plots (Supplemen-
tary Fig. 1F-G). Results demonstrated that the expres-
sion of IGF2BP3 increased in both HNSCC tissues and
metastatic lymph node tissues compared with non-tumor
tissues.

Both Cancer Genome Atlas data and single-cell RNA
sequencing data indicated that IGF2BP3 is upregulated in
tumor tissues, suggesting it may be a key gene affecting
methylation modification in HNSCC. We then detected
the expression of the 19 genes in 40 pairs of HNSCC tis-
sues and adjacent non-tumor tissues using qRT-PCR.
Results showed that IGF2BP3 mRNA expression was
significantly upregulated in HNSCC tissues compared
with adjacent tissues (p<0.01) (Fig. 1C). To validate
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this finding, we analyzed /GF2BP3 mRNA levels in 120
pairs of HNSCC tissues and adjacent tissues, confirm-
ing IGF2BP3 upregulation in tumor tissues (Fig. 1D).
Similarly, Western blot analysis of 20 pairs of matched
HNSCC and adjacent non-tumor tissues showed
increased IGF2BP3 protein levels in tumor tissues
(Fig. 1F-@G). IHC analysis of tissue microarrays contain-
ing 90 pairs of HNSCC tissues and adjacent non-tumor
tissues further confirmed these results, with IGF2BP3
expression significantly higher in HNSCC tissues than
in non-tumor tissues (Fig. 1H). We further analyzed the
relationship between IGF2BP3 mRNA levels and clini-
copathological characteristics in 120 HNSCC patients.
Results showed that high IGF2BP3 expression was signif-
icantly associated with tumor size and alcohol consump-
tion (Table 1). Importantly, elevated IGF2BP3 expression
was significantly associated with poor clinical outcomes
in HNSCC patients (Fig. 1E and I).

To verify the role of IGF2BP3 in HNSCC, we first
detected IGF2BP3 expression levels in various HNSCC
cell lines. Among three common cell lines tested, FaDu

Table 1 The relationship between IGF2BP3 expression and
clinicopathological characteristics of 120 patients with HNSCC

Characteristics Total 120 IGF2BP3 X PValue
expression
High Low
Agely) 1.032 03097
>=60 73 53 20
<60 47 30 17
Gender 3803 00512
Male 114 81 33
Female 6 2 4
Drink 50,542 0.0186
No 21 10 I
Yes 99 73 26
T classification 8657  0.0342
T 27 15 12
T2 50 32 18
T3 34 27 7
T4 9 9 0
N classification 5.75 0.1244
NO 37 24 13
N1 33 19 14
N2 47 37 10
N3 3 3 0
Tumor differentiation 1617 04455
Well 24 15 9
Moderate 67 49 18
Poor 29 18 1
AJCC stage 2186 05347
| I 6 5
Il 18 1M 7
Il 31 22 9
vV 60 44 16
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and Tu686 cells exhibited relatively high expression of
IGF2BP3, while SCC9 cells exhibited lower expression.
On the basis of these findings, we established stable
IGF2BP3-knockdown cell lines (shIGF2BP3-1/2) in FaDu
and Tu686 cells and stable /GF2BP3-overexpressing cell
lines in SCC9 cells (Supplementary Fig. 1H) for sub-
sequent functional experiments. A series of functional
assays—including CCK-8 (Supplementary Fig. 1I), EAU
incorporation (Supplementary Fig. 1J), colony forma-
tion (Supplementary Fig. 1K), Transwell (Supplementary
Fig. 1L), and scratch wound healing assays (Supplemen-
tary Fig. 1M)—were performed to evaluate the effects
of IGF2BP3 knockdown. Results showed that /GF2BP3
knockdown inhibited the proliferation, migration, and
invasion abilities of FaDu and Tu686 cells. Conversely, in
SCC9 cells, overexpression of IGF2BP3 enhanced these
abilities (Supplementary Fig. 4A—D). In vivo, nude mice
were subcutaneously implanted with FaDu and Tu686
cells featuring stable IGF2BP3 knockdown, as well as
SCCI cells with stable IGF2BP3 overexpression, to estab-
lish xenograft models. Compared with the control group,
the IGF2BP3 knockdown group exhibited a significant
reduction in tumor weight and volume (Fig. 1J), while
the overexpression group showed a marked increase in
these parameters (Supplementary Fig. 4E). Addition-
ally, IGF2BP3-knockdown FaDu and Tu686 cells were
injected into the tail vein of nude mice to assess tumor
cell capacity for formation of lung metastases. Subse-
quent hematoxylin-eosin and IHC staining of lung meta-
static tumors showed that both metastatic potential and
IGF2BP3 expression were lower in the knockdown group
than in the control group (Fig. 1K). Statistical data on
metastatic lung nodules are provided in Supplementary
Fig. 5. These results demonstrated that IGF2BP3 overex-
pression enhances cell proliferation, invasion, and migra-
tion abilities, whereas IGF2BP3 knockdown exerts the
opposite effects, both in vitro and in vivo.

IGF2BP3 regulates novel circRNA circHECTD2 in HNSCC

To investigate the molecular mechanism by which
IGF2BP3 regulates carcinogenic functions in HNSCC,
we performed circRNA-seq and m°A-circRNA-seq
(MeRIP-circRNA-seq) in IGF2BP3-knockdown cells.
Heatmaps of the top 20 upregulated and downregulated
circRNAs, along with corresponding volcano plots, are
presented for circRNA-seq (Fig. 2A—-B) and methylated
RNA immunoprecipitation sequencing (MeRIP-seq)
(Fig. 2C-D). To identify downstream circRNAs regu-
lated by IGF2BP3, we intersected the circRNA-seq and
MeRIP-circRNA-seq datasets, which yielded three can-
didate circRNAs (Fig. 2E). Detailed information on these
circRNAs is provided in Table 2. To identify the most rel-
evant of these circRNAs, we validated their expression in
control and IGF2BP3-knockdown cells. Results indicated
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Fig. 2 Identification and characterization of circHECTD2. (A) Heat map of top 20 upregulated and downregulated genes in terms of circRNA-seq. (B)
Volcano plot of all genes in terms of circRNA-seq. (C) Heat map of top 20 upregulated and down-regulated genes in terms of MeRIP-circRNA-seq. (D)
Volcano plot of all genes in terms of MeRIP-circRNA-seq. (E) Three candidate circRNAs discovered by intersection of circRNA-seq and MeRIP circRNA-seq
datasets. Detailed information on the three candidate circRNAs is provided in Table 2. (F) gPCR results regarding expression of three candidate circRNAs
in shIGF2BP3-1/2 and control cells. (G) Model diagram of circHECTD?2. (H) Presence of circRNAs derived from the HECTD2 gene validated by RT-PCR. Diver-
gent primers amplified circRNAs in cDNA but not in genomic DNA. 3-actin was used as a negative control. (I) gPCR to verify the effect of adding RNase R
on the expression of circHECTD2 and HECTD2 mRNA. (J) gPCR to verify the effect of adding actinomycin D on the expression of circHECTD2 and HECTD?2
mRNA at 0, 4, 8,12, and 24 h. (K) Northern blot analysis of circHECTD2 and HECTD2 mRNA levels in FaDu cells by hybridization with exon 2-5 and junction
probes with or without RNase R treatment. GAPDH mRNA with or without RNase R treatment was detected as a control. (L) FISH analysis of subcellular
localization of circHECTD2 in FaDu and Tu686 cells. (M) Levels of circHECTD?2 in the nuclear and cytoplasmic fractions of FaDu and Tu686 cells. HSP90
and PCNA were detected as a protein control. (A-M) BP3: IGF2BP3. Data are presented as mean +SD, **p < 0.01, ns, not significant, using Student’s t test
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Table 2 circRNAs revealed by circBase and circinteractome
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Genomic Length (bp)

Spliced Length (bp) RNAseq resources

circRNAID Location

hsa_circ_0007168 chr10:93185037-93,221,941 36,904
hsa_circ_00065244 Chr3:47651555-47,719,801 68,246
hsa_circ_0001274 chr10:17051165-17,056,403 5238

462 Salzman2013 (PMID:24039610)
1536 Salzman2013 (PMID: 24039610)
2601 Salzman2013 (PMID: 24039610)

that circHECTD2, designated as hsa_circ_0007168 in
circBase (http://www.circbase.org/), was most likely
regulated by IGF2BP3 via m°A modification (Fig. 2F).
circHECTD2 is predicted to originate from head-to-tail
splicing of exons 2, 3, 4, and 5 (462 bp) of the HECTD2
gene (Fig. 2G). To exclude the possibility of trans-splicing
or genomic rearrangement contributing to this head-to-
tail splicing, we performed four validation steps. First, we
designed convergent primers to amplify linear HECTD2
mRNA and divergent primers to amplify circ0007168,
using cDNA and gDNA from FaDu and Tu686 cells as
templates. The results demonstrated that the divergent
primers amplified circHECTD2 only from cDNA, not
from gDNA (Fig. 2H). Second, we performed RNase R
digestion analysis, which showed that circHECTD2 was
resistant to RNase R digestion, whereas linear RNA was
significantly degraded (Fig. 2I). Third, we treated cells
with actinomycin D, which inhibits transcription, and
found that circHECTD2 exhibited greater stability than
linear HECTD2 mRNA (Fig. 2]). Finally, we used probes
hybridizing with the back-splice junction and exons 2-5
to distinguish circHECTD2 from its linear counterpart
(Fig. 2K). To determine the subcellular localization of
circHECTD2, we performed FISH assays for subcellular
localization, which demonstrated that circHECTD2 was
primarily cytoplasmic (Fig. 2L, Supplementary Fig. 6A),
which was confirmed by nuclear-cytoplasmic fraction-
ation analysis (Fig. 2M).

To verify whether IGF2BP3 regulates circHECTD2
expression, we assessed circHECTD?2 levels in FaDu
and Tu686 cells with modulated IGF2BP3 via qRT-
PCR. Results showed that IGF2BP3 positively regu-
lated circHECTD2 expression (Fig. 3A -B), while
circHECTD2 had no effect on /GF2BP3 mRNA lev-
els (Supplementary Fig. 6B). To rule out the regu-
latory effect of IGF2BP3 on HECTD2 mRNA, we
performed qRT-PCR experiments, which revealed that
IGF2BP3 had no impact on HECTD2 mRNA expres-
sion (Supplementary Fig. 6C). After actinomycin D
treatment, the degradation rate of circHECTD2 was
slowed in IGF2BP3-knockdown cells (Fig. 3C). At the
tissue level, ISH and IHC on serial sections showed
expert-graded positive correlation between IGF2BP3
and circHECTD2 expression (Fig. 3D), confirmed
by Spearman correlation analysis (Fig. 3E). Notably,
patients with high co-expression of both IGF2BP3 and
circHECTD2 had the poorest prognosis (Fig. 3F), and
chi-square tests confirmed a significant association

between their expression levels (Fig. 3G). For the qRT-
PCR results of IGF2BP3 and circHECTD2 in tissue
samples, we performed statistical analyses including
Spearman correlation analysis, survival analysis based
on expression level stratification, and chi-square test
(Supplementary Fig. 6D). The results showed that the
expression of IGF2BP3 was significantly positively cor-
related with that of circHECTD2, and patients with
high expression of both molecules had the poorest
prognosis. To determine if regulation involves inter-
action, we established a stable circHECTD2-overex-
pressing cell line (pLC5-circHECTD2) and performed
RNA anti-sense purification (RAP) assays using a cir-
cHECTD2-specific probe in both overexpressing and
control groups. qRT-PCR showed the probe effectively
enriched circHECTD2 in the overexpressing group;
consistently, IGF2BP3 was also significantly enriched
in the circHECTD2 pulldown fraction (Fig. 3H),
indicating potential interaction. RIP assays in Flag-
IGF2BP3-overexpressing cells further confirmed that
higher IGF2BP3 pulldown in the overexpressing group
correlated with higher circHECTD?2 levels vs. controls
(Fig. 3I). These findings collectively demonstrate that
IGF2BP3 interacts with circHECTD2 and regulates
its stability. Co-localization was confirmed by immu-
nofluorescence and FISH in FaDu and Tu686 cells
(Fig. 3J; SCC9 results in Supplementary Fig. 6E) and
tissue samples (Supplementary Fig. 6F).

IGF2BP3 interacts with circHECTD2 through the KH3
domain

To define the precise binding interface between
IGF2BP3 and circHECTD2, we first identified a con-
sensus GGAC motif through analysis of MeRIP-
seq data, which was highly consistent with findings
reported by Huang et al. (Fig. 3K) [28]. Molecular
docking simulations identified specific interactions
between the KH3 domain of IGF2BP3 and the GGAC
motif of circHECTD2 in the conformation with the
lowest binding free energy. The analysis yielded an
optimal binding score of -61.589 for the protein-
nucleic acid complex, indicating a stable interaction
mediated by multiple amino acid residues of IGF2BP3.
The interaction profile primarily included hydro-
gen bonds, van der Waals forces, polar interactions,
and hydrophobic interactions. Specifically, a total
of 4 hydrogen bonds were detected, predominantly
formed between lysine (LYS) and serine (SER) residues
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Fig. 3 IGF2BP3 Regulates circHECTD2 in HNSCC Through Interaction Mediated by the KH3 Domain. (A-B) qPCR analysis of circHECTD2 expression in
IGF2BP3 knockdown, overexpression, and control groups in FaDu cells (A) and Tu686 cells (B). (C) gPCR analysis of the effect of actinomycin D treatment
on circHECTD2 expression in shiGF2BP3-1/2 transfected FaDu and Tu686 cells relative to their respective controls. (D) ISH and IHC results of circHECTD2
and IGF2BP3 in tissue sections. (E) Spearman correlation analysis for ISH scores of circHECTD2 and IHC scores of IGF2BP3. (F) Survival curves of patients
with high and low expression of IGF2BP3 and circHECTD2 revealed by HNSCC in IHC experiments, analyzed using the Kaplan-Meier method and log-
rank test. (G) Association between expression levels of circHECTD2 and IGF2BP3 analyzed using chi-square test. (H) gPCR and western blot analysis to
verify the RAP results of pLC5-circHECTD2 and the control group. (I) Western blot and gPCR to verify RIP results of Flag-IGF2BP3 and control groups. (J)
Co-localization of IGF2BP3 and circHECTD2 was demonstrated by IF and FISH experiments in FaDu and Tu686 cells. (K) Consensus GGAC motif in the
MeRIP-seq results. (L) Molecular docking pattern of IGF2BP3 protein and circHECTD2. Purple represents proteins, and brown represents nucleic acids.
The right panel shows the interacting residues/bases. Dark blue indicates N atoms, red indicates O atoms, and light blue denotes the formed hydrogen
bond interactions. Analysis showed that the optimal binding score between the protein and nucleic acid was —61.589, indicating an interaction between
them involving multiple amino acids. The main types of interactions include hydrogen bonds, van der Waals interactions, polar interactions, and hydro-
phobic interactions. (M) RNA-EMSA assay showing the binding ability of purified IGF2BP3 with biotin-labeled oligonucleotides containing GGAC motif
from circHECTD2. (N) Western blot and gPCR to verify RIP experiment results. (0) Mode pattern showing the dual-luciferase reporter vectors inserted
with circHECTD2 WT or mutant sequences downstream of the pmirGLO promoter and the relative activities of luciferase detected after co-transfection
of IGF2BP3 and negative control respectively. (P) Relative activities of luciferase detected after co-transfection of IGF2BP3 or IGF2BP3-AKH3 and negative
controlin pmirGLO-circHECTD2-WT. (A-P) BP3:1GF2BP3, circTD2: circHECTD2, CTR: negative control. Data are presented as mean £ SD, *p < 0.05, **p < 0.01,

ns, not significant, using Student’s t test

in the protein, and the phosphate groups (OP1, OP2)
as well as ribose (O2’) moieties in the nucleic acid;
these hydrogen bonds are critical for stabilizing the
protein-nucleic acid complex. Additionally, 30 non-
bonded contacts were identified, mainly consisting
of van der Waals interactions between various amino
acid residues of the protein (e.g., LYS, SER, ALA, GLY,
ARG, GLN, PHE, GLU, PRO) and the bases/ribose of
the nucleic acid. Collectively, these hydrogen bonds
and non-bonded contacts synergistically enhance
the structural stability of the IGF2BP3-circHECTD2
complex (Fig. 3L). On the basis of these observa-
tions, we hypothesized that the GGAC motif serves
as the binding region for binding of circHECTD2 to
IGF2BP3, with the adenine residue within this motif
being the methylation site. To test this hypothesis, we
designed wild-type (WT) and mutant probes for cir-
cHECTD?2 targeting this adenine residue (Supplemen-
tary Fig. 6G) and performed EMSA. Results showed
that IGF2BP3 specifically bound to WT probes con-
taining the GGAC motif, whereas no interaction was
detected with mutant probes (Fig. 3M). As previously
reported, IGF2BP3 contains six domains (Supplemen-
tary Fig. 6H) [28]. To identify the domain respon-
sible for binding to circHECTD2, we constructed
FLAG-tagged truncation mutants of IGF2BP3 and
performed RIP assays. Results indicated that the
KH3 domain is likely the key region mediating cir-
cHECTD2 binding (Fig. 3N). Subsequent lucifer-
ase reporter assays demonstrated that insertion of
the WT circHECTD2 sequence into the 3'UTR of
the reporter plasmid significantly enhanced rela-
tive luciferase activity via IGF2BP3 binding, whereas
the mutant circHECTD2 sequence had no such
effect (Fig. 30). Furthermore, overexpression of the
IGF2BP3-AKH3 mutant (lacking the KH3 domain)

in  pmirGLO-circHECTD2-GGAC-expressing cells
abolished this increase in relative luciferase activity
(Fig. 3P).

IGF2BP3 stabilizes circHECTD2 through METTL3-mediated
mSA modification

To confirm that IGF2BP3 functions as the methylation-
binding protein for the GGAC sequence, we performed
pull-down assays using methylated single-stranded RNA
bait containing the consensus sequence GG(m°A)C
and unmethylated control RNA. Results confirmed that
IGF2BP3 selectively bound to the methylated bait with
higher affinity than the unmethylated control (Fig. 4A).
Next, we aimed to demonstrate that IGF2BP3 stabilizes
circHECTD2 in a manner dependent on its methyl-
ated modification sites. We constructed two plasmids—
H-circHECTD2-WT and H-circHECTD2-MT—each
containing a nucleotide sequence of HA tag. The key dif-
ference was that H-circHECTD2-WT overexpressed the
circHECTD2-GGAC sequence, while H-circHECTD2-
MT overexpressed the circHECTD2-GGUC sequence
(Fig. 4B). To verify the function of this methylation modi-
fication, we planned to conduct studies by enhancing
or reducing its modification level. To this end, we first
focused on the common “writers” and “erasers” of this
methylation and successfully constructed small inter-
fering RNAs (siRNAs) targeting nine related enzymes
(Supplementary Fig. 7A). Subsequently, in cell models
with individual knockdown of these nine enzymes, we
detected the expression level of circHECTD2. The results
(Supplementary Fig. 7B) showed that circHECTD2 lev-
els were significantly decreased following knockdown of
METTL3, RBM15, or RBM15B, while circHECTD2 was
remarkably increased upon FTO or ALKBH5 knock-
down. Notably, the reduction magnitude in the METTL3-
knockdown group was more pronounced than that in
the RBM15-, RBM15B-, FTO- or ALKBH5- knockdown
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Fig. 4 IGF2BP3 stabilizes circHECTD2 through METTL3-mediated m®A modification. (A) The binding ability of IGF2BP3 was identified by RAP using
single-stranded RNA probes containing methylated or unmethylated adenosine. (B) Schematic diagrams of plasmid H-circHECTD2-WT and plasmid
H-circHECTD2-MT. (C) Western blot and gPCR to verify RIP experiment results in H-circHECTD2-WT cells. (D) gPCR to verify the expression of circHECTD2
in H-circHECTD2-WT cells. (E) gPCR to verify the methylation level of circHECTD2 in H-circHECTD2-WT cells. (F) Western blot and gPCR to verify RIP ex-
periment results in H-circHECTD2-MT cells. (G) gPCR to verify the expression of circHECTD2 in H-circHECTD2-MT cells. (H) gPCR to verify the methylation
level of circHECTD2 in H-circHECTD2-MT cells. (1) Relative activities of luciferase after co-transfection of H-circHECTD2-WT in pmirGLO-circHECTD2-WT
and pmirGLO-circHECTD2-MT. (A-l) BP3: IGF2BP3, circTD2: circHECTD2. Data are presented as mean+SD, *p <0.05, **p <0.01, ns, not significant, using

Student’s t test

groups. In addition, we performed a correlation analy-
sis between the qRT-PCR results, and the IHC and ISH
results. The results indicated no correlation in the qRT-
PCR results (Supplementary Fig. 7C-D), whereas a posi-
tive correlation between METTL3 and circHECTD2 was
observed in the combined IHC and ISH results (Supple-
mentary Fig. 7E). Furthermore, patients with high expres-
sion of both METTL3 and circHECTD2 exhibited poor
prognosis (Supplementary Fig. 7F). To assess the impact
of the IGF2BP3 KH3 domain on m°®A modification of cir-
cHECTD?2, we performed RIP assays in six experimental
groups using H-circHECTD2-WTT stable cell lines. Over-
expression of Flag-IGF2BP3-AKH4 or Flag-IGF2BP3-
AKH3 allowed pull-down of IGF2BP3 via the Flag tag;
however, only Flag-IGF2BP3-AKH4 successfully pulled
down circHECTD2-WT; Flag-IGF2BP3-AKH3 did not.
Moreover, co-overexpression of METTL3 resulted in
increased circHECTD2 pull-down (Fig. 4C). qRT-PCR
analysis of these six groups showed that overexpression
of Flag-IGF2BP3-AKH4 increased circHECTD2 expres-
sion, with a more pronounced effect when Flag-IGF2BP3-
AKH4 was co-overexpressed with METTL3. In contrast,
overexpression of Flag-IGF2BP3-AKH3 had no such
effect (Fig. 4D). MeRIP-qRT-PCR assays further revealed
that overexpression of Flag-IGF2BP3-AKH4 elevated cir-
cHECTD2 methylation levels, whereas overexpression of
Flag-IGF2BP3-AKH3 did not. Consistent with METTL3’s
role as an m°®A writer, METTL3 overexpression alone also
increased circHECTD2 methylation levels (Fig. 4E). We
repeated these experiments using H-circHECTD2-MT
stable cell lines. RIP assays showed that overexpression of
Flag-IGF2BP3-AKH4 pulled down only trace amounts of
circHECTD2, with no enhancement upon co-overexpres-
sion of METTL3 (Fig. 4F). qRT-PCR analysis revealed no
significant differences in circHECTD2 expression across
the six groups (Fig. 4G), and MeRIP-qRT-PCR assays
showed no detectable changes in circHECTD2 methyla-
tion levels (Fig. 4H). Luciferase reporter assays in these
six groups yielded consistent results: stable transfection
of pmirGLO-GGAC led to increased relative lucifer-
ase activity upon Flag-IGF2BP3-AKH4 overexpression,
with further enhancement when METTL3 was co-over-
expressed. In contrast, stable transfection of pmirGLO-
GGUC resulted in no significant differences in relative
luciferase activity between groups (Fig. 41).

To address whether IGF2BP3 can regulate circHECTD2
after METTL3 perturbation, we further overexpressed
IGF2BP3 in the context of METTL3 knockdown. The
results showed that when METTL3 was reduced,
IGF2BP3 overexpression still upregulated circHECTD2;
however, the upregulatory effect was significantly attenu-
ated due to the reduction in METTL3 (Supplementary
Fig. 7G). To further clarify whether METTLS3 is an essen-
tial component of this regulatory pathway, we attempted
to directly target its substrate—the m°A methylation sites
on circHECTD?2. For this purpose, we transfected cells
with two exogenous circHECTD2 expression vectors,
H-circTD2-WT and H-circTD2-WT with ablated m°A
methylation sites. The experimental results demonstrated
that IGF2BP3 overexpression significantly upregulated
the expression of wild-type circHECTD2, whereas it
exerted no obvious regulatory effect on the expression
of the MT circHECTD2 with deleted m°®A sites (Supple-
mentary Fig. 7G), confirming that IGF2BP3’s regulation
of circHECTD2 is dependent on METTL3-mediated
methylation.

Next, we sought to define how METTL3 knockdown
affects the binding between IGF2BP3 and circHECTD2
by performing RIP assays. The results demonstrated
that overexpression of Flag-IGF2BP3 efficiently enriched
IGF2BP3 protein via the Flag tag, while successfully pull-
ing down circHECTD2-WT; in contrast, concurrent
METTL3 knockdown led to a significant reduction in
the amount of precipitated circHECTD2 (Supplementary
Fig. 8A). qRT-PCR analysis revealed that Flag-IGF2BP3
overexpression markedly upregulated the expression
level of circHECTD2; whereas, when Flag-IGF2BP3 over-
expression was combined with METTL3 knockdown,
circHECTD2 expression was notably downregulated
(Supplementary Fig. 8B). MeRIP-qRT-PCR assays further
confirmed that Flag-IGF2BP3 overexpression enhanced
the methylation level of circHECTD2, whereas concur-
rent METTL3 knockdown significantly inhibited the
methylation of circHECTD2 (Supplementary Fig. 8C).
Subsequent functional experiments also verified that
METTL3 knockdown could effectively reverse the pro-
tumorigenic effect mediated by IGF2BP3 (Supplementary
Figs. 8D-@).

To establish a link between this molecular mecha-
nism and malignant phenotypes of HNSCC, we then
performed functional assays in FaDu and Tu686 cells,
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Fig. 5 circHECTD2 promotes progression of HNSCC in vivo and in vitro. (A) gPCR to verify the expression of circHECTD2 in HNSCC and adjacent non-
tumor tissues (n=120). Due to the non-normal distribution of the data, statistical analysis was performed using the Mann-Whitney U test. (B) Survival
curves of patients with high and low expression of circHECTD2 revealed by HNSCC in gPCR experiments using Kaplan-Meier method and log-rank test.
(C) The results of ISH in the tissues of 90 pairs of HNSCC and adjacent non-tumor tissues were divided into strong staining, moderate staining, weak stain-
ing, and negative staining. (D) The expression levels of HNSCC and adjacent non-tumor tissues in ISH results were analyzed. (E) Survival curves of patients
with high and low circHECTD2 expression indicated by HNSCC in ISH experiment using Kaplan-Meier method and log-rank test. (F) gPCR to verify the
circHECTD?2 level in si-circHECTD2-1/2 and control groups. (G) The stable cell lines shcircHECTD2-1/2 were constructed by knockdown circHECTD2. (H)
gPCR to verify the HECTD2 mRNA level in si-circHECTD2-1/2, sh-circHECTD2-1/2 and their control groups. (I-M) CCK-8 (1), EdU (J), colony formation (K),
Transwell (L), and scratch wound healing assays (M) of sh-circHECTD2-1/2 and control groups in FaDu and Tu686 cells. (N) Cells of sh-circHECTD2-1/2 and
control groups were injected subcutaneously into the armpit of nude mice (n=6). Tumor volume was measured every three days, and growth curves
were plotted. On the 19th day, the mice were killed, and tumors were excised and weighed. (0) Results of tumor dissection, hematoxylin-eosin (HE)
staining, and IHC staining in nude mice with lung metastases established by tail vein injection of circHECTD2 knockdown and control FaDu and Tu686
cells. (A-O) Cancer: HNSCC tissues, normal: adjacent non-tumor tissues, BP3: IGF2BP3, circTD2: circHECTD2. Data are presented as mean+SD, *p <0.05,

**p<0.01, ns, not significant, using Student’s t test

with groups including control, METTL3 overexpression,
IGF2BP3 overexpression, METTL3 and IGF2BP3 co-
overexpression, and parallel groups with circHECTD2-
WT/MT transfection. Assays included CCK-8 assay
(Supplementary Fig. 9A), EdU incorporation assay (Sup-
plementary Fig. 9B), scratch wound healing assay (Sup-
plementary Fig. 9C) and Transwell assay (Supplementary
Fig. 9D). These results showed that in circHECTD2 WT,
METTL3 and IGF2BP3 co-overexpression may more
strongly enhance cell proliferation, migration, and inva-
sion than each alone, while in the circHECTD2 MT, this
promoting effect was largely abolished. Collectively, our
data demonstrates that METTL3-mediated methylation
may be a necessary prerequisite for IGF2BP3 to regu-
late circHECTD?2, directly driving HNSCC malignant
phenotypes.

circHECTD2 promotes progression of HNSCC in vivo and in
vitro

To clarify the role of circHECTD2 in HNSCC, we first
detected circHECTD?2 expression in 120 pairs of HNSCC
and adjacent non-tumor tissues. Results showed that cir-
cHECTD?2 expression was significantly higher in HNSCC
tissues than in non-tumor tissues (p<0.05) (Fig. 5A).
Survival analysis based on qRT-PCR results indicated
that patients with high circHECTD2 expression tended
to have a poor prognosis (Fig. 5B). To further validate
these findings, ISH was performed on the same 90 pairs
of HNSCC and non-tumor tissues (Fig. 5C). Consistent
with qRT-PCR results, ISH analysis confirmed signifi-
cantly higher circHECTD2 expression in HNSCC tis-
sues (Fig. 5D), and patients with high circHECTD2 levels
had a worse prognosis (Fig. 5E). Analysis of correlations
between circHECTD2 expression and clinicopathological
features in the 120 cases revealed positive associations
with tumor size, tumor differentiation, and American
Joint Committee on Cancer clinical stage (Table 3). To
explore the functional role of circHECTD?2, we designed
siRNAs targeting circHECTD2 (si-circHECTD2-1/2)
(Fig. 5F) and established stable circHECTD2-knockdown
cell lines (Fig. 5G). Notably, circHECTD2 knockdown

did not affect the mRNA expression of its linear coun-
terpart (Fig. 5H). A series of functional assays—including
CCK-8 (Fig. 5I), EAU incorporation (Fig. 5]), colony for-
mation (Fig. 5K), Transwell (Fig. 5L), and scratch wound
healing assays (Fig. 5M)—were performed to evaluate
changes in proliferation, migration, and invasion abilities
in FaDu and Tu686 cells. Compared with the control, cir-
cHECTD2 knockdown significantly reduced these abili-
ties, whereas circHECTD2 overexpression in SCC9 cells
enhanced them (Supplementary Fig. 10). In vivo, FaDu
and Tu686 cells with stable circHECTD2 knockdown
were subcutaneously injected into nude mice to establish
xenograft models. Tumor growth was significantly inhib-
ited in the knockdown group, with a notable reduction in
tumor weight compared with the control group (Fig. 5N).
Additionally, tail vein injection of circHECTD2-knock-
down FaDu and Tu686 cells were used to assess meta-
static capacity. Subsequent hematoxylin-eosin and ISH
staining of lung metastatic tumors showed that both
metastatic potential and circHECTD2 expression were
lower in the knockdown group than in the control group
(Fig. 50). Statistical data on metastatic lung nodules are
provided in Supplementary Fig. 11. These results demon-
strated that circHECTD2 overexpression enhances cell
proliferation, invasion, and migration abilities, whereas
its knockdown exerts the opposite effects, both in vitro
and in vivo.

To verify that IGF2BP3 promotes HNSCC progres-
sion through circHECTD2, we performed rescue experi-
ments in three groups: IGF2BP3-overexpressing cells,
IGF2BP3-overexpressing cells with circHECTD2 knock-
down, and control cells. Functional assays—including
CCK-8 (Supplementary Fig. 12A), EdU incorporation
(Supplementary Fig. 12B), Transwell (Supplementary
Fig. 12C), and scratch wound healing assays (Supple-
mentary Fig. 12D)—were conducted in three HNSCC
cell lines: FaDu, Tu686, and SCC9. Results showed that
circHECTD2 knockdown rescued the pro-tumorigenic
effects of IGF2BP3 overexpression.
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Table 3 The relationship between circHECTD2 expression and
the clinicopathological characteristics of 120 HNSCC patients

Characteristics Total 120 circHECTD2 X PValue
express
High Low
Age (y) 09228 03367
>=60 73 45 28
<60 47 33 14
Gender
Male 114 74 40 0.0077  0.9300
Female 6 4 2
Drink 33800 0.0660
No 21 10 11
Yes 99 68 31
T classification 9.8630 0.0198
T 27 16 11
T2 50 27 23
T3 34 26 8
T4 9 9 0
N classification 9.1160 0.0278
NO 37 25 12
N1 33 15 18
N2 47 35 12
N3 3 3 0
Tumor differentiation 44180 0.1098
Well 24 13 I
Moderate 67 49 18
Poor 29 16 13
AJCC stage 0.6092 0.8943
| I 7 4
Il 18 1 7
I 31 19 12
vV 60 41 19

CircHECTD2 absorbs hsa_miR_4310/7157-5p

It is well known that circRNA acts as a miRNA sponge
[29] (Fig. 6A). Notably, numerous studies have demon-
strated that a subset of these miRNAs inherently exert
tumor-suppressive effects in various cancers[30, 31].
To identify miRNAs sponged by circHECTD2, we per-
formed a bioinformatics analysis using miRanda and
RNAhybrid databases, yielding six candidate miRNAs
at the intersection (Fig. 6B). RAP assays were then con-
ducted to validate the interaction of these candidate miR-
NAs with circHECTD?2, and results revealed significant
enrichment of two miRNAs, hsa-miR-4310 and hsa-miR-
7157-5p (Fig. 6C). RIP assays further confirmed that both
circHECTD2 and these miRNAs were co-precipitated
with anti—Argonaute 2 antibodies, indicating incorpo-
ration of the miRNAs into the RNA-induced silencing
complex (Fig. 6D). To visualize their colocalization, we
designed FISH probes targeting circHECTD2 and these
miRNAs. Fluorescence microscopy revealed significant
colocalization of circHECTD2 with hsa-miR-4310 and
hsa-miR-7157-5p in the cytoplasm of FaDu and Tu686
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cells (Fig. 6E), which was further validated in SCC9 cells
(Supplementary Fig. 13). Next, we investigated the func-
tional impact of these miRNAs on HNSCC progression.
We found that hsa-miR-4310/7157-5p mimics signifi-
cantly inhibited proliferation, migration, and invasion
in FaDu cells, as demonstrated by CCK-8 (Fig. 6F), EAU
incorporation (Fig. 6G), colony formation, Transwell
(Fig. 6H), and scratch wound healing assays (Fig. 6I).
Similar results were observed in Tu686 and SCC9 cells
(Supplementary Fig. 14), confirming the tumor-suppres-
sive roles of these miRNAs.

To establish a functional axis between circHECTD2
and these miRNAs, we performed rescue experiments in
HNSCC cell lines (FaDu, Tu686, SCC9) with three con-
ditions: circHECTD2 overexpression, co-overexpression
of circHECTD2 and hsa-miR-4310/7157-5p, and control.
Functional assays—including CCK-8 (Supplementary
Fig. 15A), EdU incorporation (Supplementary Fig. 15B),
scratch wound healing (Supplementary Fig. 15C), Tran-
swell assays (Supplementary Fig. 15D), and subcutane-
ous tumorigenesis assay in nude mice (Supplementary
Fig. 16)—demonstrated that miRNA overexpression
significantly attenuated the pro-tumorigenic effects of
circHECTD?2, including enhanced proliferation and
metastasis. Collectively, these results suggest that overex-
pression of hsa_miR_4310/hsa_miR_7157-5p could res-
cue the pro-tumorigenic effects of circHECTD2.

To clarify the functional dependency between cir-
cHECTD2, miRNAs, and IGF2BP3, we co-manipulated
these molecules in HNSCC cells, followed by functional
assays (CCK-8, EdU, wound healing, and Transwell
assays). As shown in Supplementary Fig. 17: compared
with the control group, overexpression of wild-type cir-
cHECTD2 significantly promoted the proliferation,
migration, and invasion of HNSCC cells; however, this
oncogenic effect was partially reversed upon co-trans-
fection with the target hsa_miR_4310/hsa_miR_7157-5p.
Notably, further co-overexpression of IGF2BP3 rescued
the inhibitory phenotype induced by hsa_miR 4310/
hsa_miR 7157-5p, restoring the malignant biologi-
cal behaviors of HNSCC cells. In contrast, when the
IGF2BP3-binding sites of circHECTD2 were mutated,
overexpression of IGF2BP3 exerted no significant effects
on the functional phenotypes. Collectively, these results
confirm that IGF2BP3 exerts its oncogenic function in
HNSCC by binding to and upregulating circHECTD?2,
which in turn sponges target miRNAs to abrogate their
downstream tumor-suppressive effects. Importantly, the
binding between circHECTD2 and IGF2BP3 is a core
prerequisite for the functional output of this regulatory
axis, which suggests the critical role of m°*A modification
of circHECTD?2 in this process.
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Fig. 6 CircHECTD2 absorbs hsa_miR_4310/7157-5p. (A) circRNA sponge model diagram. (B) The prediction about intersection of miRanda and RNAhy-
brid database of circHECTD2 absorbing miRNA. (C) The enrichment of six candidate miRNAs were evaluated by RAP assays using a circHECTD2 probe. (D)
The interaction between circHECTD2 and miR-4310/miR-7157-5p was determined by RIP assays using anti-AGO2 or IgG antibodies. (E) Co-localization
of circHECTD2 and miR-4310/ miR-7157-5p was demonstrated by FISH experiments in FaDu and Tu686 cells. (F-I) CCK-8 (F), EAU (G), colony formation,
Transwell (H), and scratch wound healing assays (I) of mimic-miR-4310/7157-5p and control groups in FaDu cells. (A-l) circTD2: circHECTD2, miR-4310:
hsa_miR_4310, miR-7157-5p: hsa_miR_7157-5p. Data are presented as mean +SD, *p <0.05, **p <0.01, ns, not significant, using Student’s t test

IGF2BP3/circHECTD2 regulates SMAD2 by hsa_
miR_4310/7157-5p

To delineate how the IGF2BP3/circHECTD2/hsa-
miR-4310/hsa-miR-7157-5p axis regulates HNSCC
progression, we performed RNA-seq on IGF2BP3-
knockdown cell lines. Volcano plots highlighted dif-
ferential expression of the SMAD2 gene between the
shIGF2BP3 and control groups (Fig. 7A). KEGG path-
way enrichment analysis of sequencing data identified
the top 10 enriched pathways (Fig. 7B), and subsequent
Gene Set Enrichment Analysis prioritized the TGF-f
signaling pathway for further investigation (Fig. 7C—
D). qRT-PCR validation of the top 10 differentially
expressed genes from RNA-seq confirmed consistent
changes in mRNA levels upon IGF2BP3 knockdown
or overexpression (Supplementary Fig. 18). Nota-
bly, TGE-p signaling-related genes (SMAD2, BMUP6,
ACVR2B) and MYC showed robust responses. Addi-
tionally, RNA-seq of circHECTD2-knockdown cells
identified six overlapping downregulated genes in both
knockdown groups (Fig. 7E), with SMAD2 emerg-
ing as the most significantly downregulated gene in
volcano plots (Fig. 7F). On the basis of these results,
together with the IGF2BP3-knockdown sequencing
results, SMAD2 was selected as a key target for further
study. Potential binding sites between circHECTD2,
hsa-miR-4310/hsa-miR-7157-5p, and SMAD2 were
predicted using TargetScanHuman, and then mutant
dual-luciferase reporter plasmids were constructed
(Fig. 7G). Dual-luciferase assays showed that trans-
fection with hsa-miR-4310/hsa-miR-7157-5p mim-
ics significantly decreased luciferase activity in the
pmirGLO-circHECTD2-WT and pmirGLO-SMAD2-
WT groups, but not in the mutant groups (Fig. 7H).
However, co-transfection with circHECTD2 restored
the luciferase activity reduced by hsa-miR-4310/hsa-
miR-7157-5p mimics in the pmirGLO-SMAD2-WT
group (Fig. 7H). These results demonstrated that cir-
cHECTD2 upregulates SMAD?2 expression by sponging
hsa-miR-4310 and hsa-miR-7157-5p. To confirm clini-
cal relevance, we analyzed hsa-miR-4310/hsa-miR-
7157-5p and SMAD?2 levels in 87 pairs of HNSCC and
adjacent non-tumor tissues. hsa-miR-4310 and hsa-
miR-7157-5p were downregulated and SMAD2 was
upregulated in tumor tissues (Fig. 7I). Spearman corre-
lation analysis revealed negative correlations between
hsa-miR-4310/hsa-miR-7157-5p and SMAD2 (Fig. 7]).

We also analyzed the correlation between SMAD2 and
circHECTD2 based on qRT-PCR results (Supplemen-
tary Fig. 19A), and the findings indicated a positive
correlation between them. Survival analysis revealed
that patients with low hsa-miR-4310/hsa-miR-7157-5p
expression had worse overall survival (Fig. 7K), and
patients with high SMAD2 expression had worse over-
all survival (Supplementary Fig. 19B). To further ana-
lyze the impact of upstream and downstream genes in
this regulatory axis on patients’ survival prognosis, we
performed survival prognostic analysis based on differ-
ent expression combinations of IGF2BP3 with SMAD?2,
hsa-miR-4310, and hsa-miR-7157-5p. The results
showed that patients with concurrent high expression
of IGF2BP3 and SMAD2 had the poorest prognosis
(Supplementary Fig. 19C); meanwhile, patients with
high IGF2BP3 expression and low expression of hsa-
miR-4310/hsa-miR-7157-5p also exhibited the worst
survival outcome (Supplementary Fig. 19D—E). West-
ern blot analysis revealed decreased protein levels of
SMAD2 and phosphorylated SMAD2 (p-SMAD2) in
cells with IGF2BP3 knockdown, circHECTD2 knock-
down, or hsa-miR-4310/hsa-miR-7157-5p overexpres-
sion. Overexpression of IGF2BP3 or circHECTD?2
increased the protein levels of SMAD2 and p-SMAD2,
an effect that was reversed by overexpression of hsa-
miR-4310/hsa-miR-7157-5p (Fig. 7L-M). All these
results indicate that IGF2BP3/circHECTD2 regulates
SMAD?2 by hsa_miR_4310/7157-5p.

To clarify the clinical co-expression profiles of
IGF2BP3, circHECTD2, and SMAD2 in clinical speci-
mens, we performed immunohistochemistry (IHC)
for IGF2BP3 and SMAD?2, as well as in situ hybrid-
ization (ISH) for circHECTD2, on serial sections of
patient tissues, followed by standardized quantitative
scoring of the staining signals. Representative serial
sections (Supplementary Fig. 20A) visually showed
that in cases with high expression, all three molecules
exhibited strong positive signals with consistent spa-
tial localization, while weak signals were observed in
low-expression cases, directly reflecting their co-local-
ization in clinical tissues. Spearman correlation analy-
sis further validated the positive correlations between
SMAD?2 and IGF2BP3, as well as between SMAD2 and
circHECTD2. Contingency table analysis confirmed
significant associations between SMAD2 expres-
sion and the expression of IGF2BP3 and circHECTD,
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and survival analysis demonstrated that patients with
co-high expression of IGF2BP3, circHECTD2, and
SMAD?2 had significantly poorer overall survival (Sup-
plementary Fig. 20B—C), collectively supporting the
clinical relevance of the co-expression pattern of these
three molecules in the studied cohort.

SMAD?2 acts as a downstream effector of circHECTD2 to
drive malignant progression of HNSCC

To verify the role of SMAD2 in HNSCC, we estab-
lished stable cell lines with SMAD2 knockdown (shS-
MAD2-1/2) in FaDu and Tu686 cells and with SMAD2
overexpression in SCC9 cells for subsequent functional
experiments. A series of functional assays, including
CCK-8 (Fig. 8A), EAU incorporation (Fig. 8B), colony
formation (Fig. 8C), Transwell (Fig. 8D), and scratch
wound healing assays (Fig. 8E), demonstrated that
SMAD2 knockdown significantly inhibited the prolif-
eration, migration, and invasion abilities of FaDu and
Tu686 cells. Parallel experiments in SCC9 cells showed
that SMAD?2 overexpression enhanced these malignant
phenotypes (Supplementary Fig. 21). Numerous studies
have reported that the SMAD2 signaling pathway can
promote tumor metastasis [32—-34]. To further validate
its role in vivo, we established a tumor metastasis model
by tail vein injection of SMAD2-knockdown FaDu and
Tu686 cells. hematoxylin-eosin staining and IHC analy-
sis of lung metastases revealed that both the metastatic
capacity and SMAD?2 expression level in the knockdown
group were significantly lower than those in the control
group (Fig. 8F). Statistical data on metastatic lung nod-
ules are provided in Supplementary Fig. 22. These results
indicated that SMAD2 overexpression enhanced cell
proliferation, invasion, and migration abilities, whereas
SMAD?2 knockdown exerted opposite effects, both in
vitro and in vivo.

To clarify whether hsa-miR-4310/hsa-miR-7157-5p
affects HNSCC progression by degrading SMAD2
mRNA, we designed two sets of rescue experiments.
The first set included three groups: hsa-miR-4310/
hsa-miR-7157-5p inhibition group, hsa-miR-4310/
hsa-miR-7157-5p inhibition combined with SMAD?2
knockdown group, and control group. Results from
CCK-8 (Supplementary Fig. 23A), EdU incorpora-
tion (Supplementary Fig. 23B), scratch wound healing
(Supplementary Fig. 23C), and Transwell assays (Sup-
plementary Fig. 23D) in three HNSCC cell lines (FaDu,
Tu686, and SCCY9) showed that knockdown of SMAD2
could reverse the promoting effect of hsa-miR-4310/
hsa-miR-7157-5p inhibition on tumor progression. The
second set of rescue experiments also consisted of three
groups: hsa-miR-4310/hsa-miR-7157-5p mimic group,
hsa-miR-4310/hsa-miR-7157-5p mimic combined with
SMAD2 overexpression group, and control group.
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Consistent with the first set of experiments, results
from CCK-8 (Supplementary Fig. 24A), EAQU incorpora-
tion (Supplementary Fig. 24B), scratch wound healing
(Supplementary Fig. 24C), and Transwell assays (Supple-
mentary Fig. 24D) in three HNSCC cell lines (FaDu and
Tu686) showed that overexpression of SMAD2 could
abrogate the inhibitory effect of hsa-miR-4310/hsa-miR-
7157-5p mimic on tumor progression.

To clarify whether circHECTD?2 affects the progression
of head and neck squamous cell carcinoma (HNSCC)
by degrading SMAD2 mRNA, we designed two rescue
experiments. The first rescue experiment included three
groups: the circHECTD2 overexpression group, the
circHECTD2 overexpression combined with SMAD?2
knockdown group, and the control group; the sec-
ond rescue experiment also consisted of three groups:
the circHECTD2 knockdown group, the circHECTD2
knockdown combined with SMAD2 overexpression
group, and the control group. CCK-8 assay (Supplemen-
tary Fig. 25A), EAU incorporation assay (Supplementary
Fig. 25B), scratch wound healing assay (Supplementary
Fig. 25C), and Transwell assay (Supplementary Fig. 25D)
were performed in FaDu and Tu686 cell lines. The results
showed that knockdown of SMAD2 could reverse the
pro-tumor progression effect induced by circHECTD2
overexpression, while overexpression of SMAD2 could
reverse the tumor-suppressive effect caused by cir-
cHECTD2 knockdown.

Discussion

As a stable form of RNA, circRNAs contribute to the ini-
tiation and progression of multiple tumors by inhibiting
apoptosis [35] and promoting invasion, metastasis [36],
and angiogenesis [37]. A multitude of studies have dem-
onstrated that circRNAs regulate key cancer-related sig-
naling pathways, including the Wnt/p-catenin pathway
[38], AKT/mTOR autophagy pathway [39], and MAPK
pathway [40]. m®A modification is one of the most
common RNA methylation modifications. m°A modi-
fication is one of the most prevalent RNA methylation
modifications. m®A modification is regulated by three
classes of molecules: m°A methyltransferases (“writ-
ers”), such as METTL3/14 and WTAP [41, 42]; m°A
demethylases (“erasers”), including FTO and ALKBH5
[43, 44]; and m°A recognition proteins (“readers”), such
as YTHDF1/2/3 and IGF2BPs [45, 46]. Accumulating
evidence indicates that m°A modification of circRNAs
participates in the initiation and development of various
cancers, including breast cancer [47], lung cancer [48],
liver cancer [49], melanoma [50] and other cancers, by
regulating circRNA stability, translation, and interactions
with proteins. However, the biological roles and underly-
ing mechanisms of m°*A-modified circRNAs in HNSCC
remain poorly understood.
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To further explore the molecular mechanisms under-
lying differential m°A modification of circRNAs in
HNSCC, we conducted qRT-PCR assays to detect the
expression of common m°A modification-related writers,

readers, and erasers, and we found that IGF2BP3 was
significantly upregulated in HNSCC. Recent studies
have identified IGF2BP3 as a novel oncogenic factor in
various solid tumors, including melanoma [51], kidney
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Fig. 7 IGF2BP3/circHECTD?2 regulates SMAD2 by hsa_miR_4310/7157-5p. (A) Volcano plot of RNA-seq on the IGF2BP3 knockdown cell lines. (B) KEGG
enrichment analysis of two IGF2BP3 knockdown cell lines. (C) Gene set enrichment analysis of the TGF-f signaling pathway. (D) Heat map of genes as-
sociated with the TGF-(3 pathway between shiGF2BP3-1/2 and control groups. (E) Venn diagram of RNA-seq on the two circHECTD2 knockdown cell lines.
(F) Volcano plot of RNA-seq on the two circHECTD2 knockdown cell lines. (G) CircHECTD2, hsa_miR_4310/hsa_miR_7157-5p, and SMAD2 binding sites in
TargetScanHuman and constructed mutated dual-luciferase reporter plasmids. (H) The relative activities of luciferase were detected after co-transfection
of miR-4310/miR-7157-5p mimic circHECTD2 and mimic-NC. (I) gPCR result of hsa_miR_4310, hsa_miR_7157-5p, and SMAD2 expression in HNSCC and
adjacent non-tumor tissues (n=87). Due to the non-normal distribution of the data, statistical analysis was performed using the Mann-Whitney U test.
(J) Spearman correlation analysis of qPCR results of hsa_miR_4310/ hsa_miR_7157-5p and SMAD?2 expression levels. (K) Survival curves of patients with
high and low miR-4310/7157-5p expression indicated by HNSCC in gPCR experiment using Kaplan-Meier method and log-rank test. (L) Western blot
was performed to detect SMAD2 and p-SMAD?2 protein expression levels in cells with IGF2BP3 knockdown, circHECTD2 knockdown, or hsa_miR_4310/
hsa_miR_7157-5p overexpression. (M) Western blot was performed to detect SMAD2 and p-SMAD?2 protein expression levels in cells with IGF2BP3 over-
expression, circHECTD2 overexpression, or hsa_miR_4310/hsa_miR_7157-5p overexpression. (A-M) BP3: IGF2BP3, cancer: HNSCC tissues, circTD2: cir-
CcHECTD2, miR-4310/4310: hsa_miR_4310, miR-7157-5p/7157-5p: hsa_miR_7157-5p, MT: mutant, normal: adjacent non-tumor tissues. Data are presented

as mean+SD, *p<0.05, **p<0.01, ns, not significant, using Student’s t test

cancer [52], thyroid cancer [53], and liver cancer [54],
with high IGF2BP3 expression correlating with metasta-
sis and poor prognosis. However, the oncogenic role of
IGF2BP3 in HNSCC remains unclear. Herein, we demon-
strated that high IGF2BP3 expression is associated with
poor prognosis in hypopharyngeal cancer. Loss-of-func-
tion experiments showed that IGF2BP3 promotes cancer
cell proliferation, migration, and invasion, indicating its
oncogenic role in HNSCC. These findings suggest that
IGF2BP3 could serve as a therapeutic target and a poten-
tial biomarker for clinical diagnosis and prognostic eval-
uation of HNSCC.

Through circRNA-seq and MeRIP-seq analyses follow-
ing IGF2BP3 downregulation, we identified circHECTD2
as a potential downstream target of IGF2BP3. We vali-
dated circHECTD2’s circular structure and subcellular
localization and confirmed that it also promotes HNSCC
proliferation and migration. We investigated whether
IGF2BP3 regulates the expression of HECTD2 mRNA.
Our preliminary qRT-PCR results showed that IGF2BP3
has no regulatory effect on HECTD2 mRNA expression.
The key distinction between linear HECTD2 mRNA and
circHECTD2 lies in the junction site generated by the
back-splicing event of the circular RNA—a feature that
is absent in the linear transcript. Our sequence analysis
confirmed that the GGAC motif is located 6 base pairs
downstream of the junction site of circHECTD2. We
speculated that circHECTD2 adopts a closed circular
topology due to back-splicing, whereas linear HECTD2
mRNA exists in a linear conformation. Such differ-
ences in topological conformations may lead to distinct
secondary and tertiary structures, which in turn could
contribute to the potential differential binding affin-
ity between these two RNA isoforms and IGF2BP3. Our
study demonstrated not only the interaction between
the KH3 domain of IGF2BP3 and the GGAC motif of
circHECTD2 but also the regulatory effect of IGF2BP3
on the expression level and methylation status of cir-
cHECTD?2 in both tissues and cells. IGF2BP3 contains
six canonical RNA-binding domains: two N-terminal
RNA recognition motifs and four C-terminal hnRNP-K

homology (KH) domains [55]. In vitro studies have
shown that stabilization of the IGF2BP3-RNA complex
is primarily mediated by the KH3 domain, which may
contribute to the binding of IGF2BP3 to the MYC cod-
ing region stability determinant (MYC-CRD) [28]. In
the work reported here, we found that the KH3 domain
of IGF2BP3 is also essential for its interaction with cir-
cHECTD?2 and for circHECTD2 methylation.

IGF2BP3 stabilizes the expression of circHECTD2 by
binding to its methylated form, while METTL3-medi-
ated methylation of circHECTD2 not only enhances the
interaction between IGF2BP3 and circHECTD?2 but also
improves the stability of circHECTD2. Based on our own
experimental data and existing research evidence, we
have identified METTL3 as the key methyltransferase
mediating the methylation of circHECTD?2. Specifically,
after performing knockdown screening on 9 common
m°®A “writers” and “erasers’, We found that knockdown of
METTL3, RBM15, or RBM15B all significantly reduced
the expression level of circHECTD2, while circHECTD2
was significantly increased upon FTO or ALKBH5
knockdown. Among these groups, the downregula-
tion of circHECTD2 in the METTL3-knockdown group
was the most pronounced. Mechanistically, as the core
catalytic subunit of the m°A methyltransferase complex,
METTL3 has inherent methyltransferase activity [56]; in
contrast, RBM15 and RBM15B mainly function as aux-
iliary recruitment factors, lacking independent catalytic
capacity and only being able to assist the methyltrans-
ferase complex in localizing to target RNAs [57]. Given
that the core of this study is to decipher the regulatory
mechanism of methylation modification on the stability
of circHECTD2, selecting METTL3, which has dominant
function and catalytic necessity, is crucial for effectively
regulating the methylation level of circHECTD2 and ver-
ifying its biological significance. The specific molecular
mechanism underlying the high expression of IGF2BP3
in HNSCC still needs further investigation.

circRNAs exert a miRNA sponging effect. Through
online prediction and experimental validation, we identi-
fied two miRNAs (hsa-miR-4310 and hsa-miR-7157-5p)
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Fig. 8 SMAD?2 affects the proliferation, invasion, and metastasis of HNSCC. (A-E) CCK-8 (A), EdU (B), colony formation (C), Transwell (D), and scratch
wound healing assays (E) of SMAD2 knockdown and control groups in FaDu and Tu686 cells. (F) Metastatic tumors and their hematoxylin-eosin and IHC
staining in SMAD2 knockdown and control groups. (G) Mechanism diagram of IGF2BP3 promoting progression of HNSCC by stabilizing circHECTD2 in a
mPA modification-dependent manner. Data are presented as mean = SD, *p < 0.05, **p < 0.01, ns, not significant, using Student’s t test

that are potentially adsorbed by circHECTD2. We veri-
fied the interaction between circHECTD2 and hsa-
miR-4310/hsa-miR-7157-5p and found that adsorption of
hsa-miR-4310/hsa-miR-7157-5p by circHECTD2 reduces
the degradation of SMAD2 mRNA, thereby promoting
the proliferation, invasion, migration, and metastasis of

HNSCC cells. Meanwhile, KEGG and gene set enrich-
ment analyses of RNA-seq data suggested that the
IGF2BP3/circHECTD2/hsa-miR-4310/hsa-miR-7157-5p/
SMAD?2 signaling pathway may represent a critical path-
way involved in regulating HNSCC progression.
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Furthermore, our experiments confirmed that knock-
down or overexpression of IGF2BP3, circHECTD2, or
hsa-miR-4310/hsa-miR-7157-5p led to corresponding
changes in the expression levels of SMAD?2 in this sig-
naling pathway. Notably, in the IGF2BP3/circHECTD2/
hsa-miR-4310/hsa-miR-7157-5p axis, knockdown or
overexpression of downstream molecules could affect
the tumor-related effects of upstream molecules. These
findings expand our understanding of the regulatory
mechanism underlying IGF2BP3 function in tumor cells,
which is mediated by the direct binding of circRNA to
IGF2BP3. In summary, these results indicate that target-
ing m°A modification-related readers and circular RNAs
may serve as a potential therapeutic strategy for cancer
treatment in the future.

Despite the meaningful findings presented above,
this study has several inherent limitations that warrant
explicit acknowledgment. First, the lack of in vivo thera-
peutic intervention experiments constitutes a major con-
straint—we have not validated the therapeutic potential
of targeting the IGF2BP3/circHECTD2 axis via small-
molecule inhibitors, antisense oligonucleotides, or siR-
NAs in animal models. While in vitro data confirm the
oncogenic role of this axis, its translational value in
clinical settings remains to be further verified through
rigorous preclinical studies. Second, the potential off-
target effects of targeting strategies have not been fully
explored: inhibiting IGF2BP3 may disrupt the stability
of other critical RNA targets beyond circHECTD2, and
oligonucleotide-based strategies targeting circHECTD2
(e.g., siRNAs) might inadvertently affect its host gene
HECTD2 or other RNAs with similar sequences. In
future research, we will focus on developing specific tar-
geting agents and conducting in vivo efficacy and safety
evaluations to advance the translational application
potential of this regulatory axis.

Conclusion

In conclusion, our research suggested that IGF2BP3
and circHECTD2 were important tumor promoters of
HNSCC. Functionally, IGF2BP3 and circHECTD2 could
promote the proliferation, migration, and invasion of
HNSCC cell lines. In the mechanism, circHECTD2
interacted with IGF2BP3, while IGF2BP3 and METTL3
modified m®A together to stabilize the structure of cir-
cHECTD2. CircHECTD2 acted as a molecular sponge
to adsorb hsa_miR_4310/hsa_miR_7157-5p, which pro-
moted the expression of SMAD2. Our study identified
circHECTD2 as a potential endogenous marker, broad-
ening the therapeutic management options for HNSCC.
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