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ABSTRACT
◥

Emerging evidence has demonstrated that circular RNAs
(circRNA) are involved in cancer metastasis. Further elucidation
of the role of circRNAs in oral squamous cell carcinoma (OSCC)
could provide insights into mechanisms driving metastasis
and potential therapeutic targets. Here, we identify a circRNA,
circFNDC3B, that is significantly upregulated in OSCC and is
positively associated with lymph node (LN) metastasis. In vitro
and in vivo functional assays showed that circFNDC3B accelerat-
ed the migration and invasion of OSCC cells and the tube-forming
capacity of human umbilical vein endothelial cells and human
lymphatic endothelial cells. Mechanistically, circFNDC3B regulat-
ed ubiquitylation of the RNA-binding protein FUS and the deubi-
quitylation of HIF1A through the E3 ligase MDM2 to promote

VEGFA transcription, thereby enhancing angiogenesis. Meanwhile,
circFNDC3B sequestered miR-181c-5p to upregulate SERPINE1
and PROX1, which drove epithelial–mesenchymal transition (EMT)
or partial-EMT (p-EMT) in OSCC cells and promoted lymphangio-
genesis to accelerate LN metastasis. Overall, these findings uncov-
ered the mechanistic role of circFNDC3B in orchestrating cancer
cell metastatic properties and vasculature formation, suggesting
circFNDC3B could be a potential target to reduce OSCCmetastasis.

Significance: Dual functions of circFNDC3B in enhancing the
metastatic ability of cancer cells and promoting vasculature
formation through regulation of multiple pro-oncogenic signal-
ing pathways drive lymph node metastasis of OSCC.

Introduction
Oral cancer, predominantly oral squamous cell carcinoma (OSCC),

is the eighth most common cancer type, with 170,000 deaths and over
370,000 newly added cases in 2020 alone worldwide (1, 2). Despite
recent remarkable advances in the diagnosis and treatment of OSCC,
the 5-year survival rate of patients remains under 50% owing to high
rates of tumor metastasis, and the presence of cervical lymph node
(LN) metastasis is considered the most important prognostic deter-
minant of OSCC (3, 4). However, the mechanisms that lead to OSCC
spread via the lymphatic vessels remain largely unknown. Therefore, it
is urgently needed to investigate the underlying mechanisms for
identifying potential biomarkers and therapeutic targets for improving
the survival of affected patients.

LN metastasis, a major metastatic pattern of OSCC, is a multistep
process involving epithelial–mesenchymal transition (EMT) and the

intermediate state of EMT (p-EMT) associated withmigration, invasion,
and orchestrating the metastatic tumor microenvironment (TME) such
as angiogenesis and lymphangiogenesis (5, 6). Of note is that lymphan-
giogenesis is a key determinant of metastatic progression and a prom-
ising predictor of patient outcomes (7). The prospero homeobox 1
(PROX1) and sex-determining region Y-box 18 (SOX18) transcription
factors regulate the lymphangiogenic process by controlling the initiation
of endothelial branching andspreading (8).Highlymetastatic tumorcells
can also form structures similar to lymphatic vessels, fusing with native
lymphatic structures and thus facilitating metastatic dissemination (9).
Furthermore, the density of lymphatic vessels can predict OSCC patient
metastasis-free survival (10). Recently, emerging evidence highlights the
roles of circular RNAs (circRNA) in lymphangiogenesis, metastasis, and
related oncogenic processes through their transcriptional and posttran-
scriptional regulatory activities (11, 12), whereas the physiologic func-
tions of circRNAs in OSCC have not been completely established.

circRNAs are noncoding RNAs with a covalent closed-loop struc-
ture (13). Bioinformatics technologies have led to the characterization
of tissue-specific expression profiles for thousands of different cir-
cRNAs (14). Although the reverse splicing of precursor RNAs neces-
sary to generate circRNAs is less efficient than linear splicing such that
circRNAs transcription levels are decreased relative to those of paren-
tal genes, circRNAs are extremely stable and persist within cells owing
to their inherent exonuclease-resistant properties (15, 16). This sta-
bility has led to growing clinical interest in leveraging circRNAs as
specific biomarkers of varying diseases (17, 18). Mechanistically,
circRNAs can sequester complementary microRNAs (miRNA) and
thus alter gene expression, as in the case of circUHRF1, which drives
OSCC development via sequestering miR-526b-5p and promoting c-
Myc upregulation (19). circRNAs can also interact with RNA-binding
proteins (RBP) to alter target gene transcription and stability or to aid
enzyme colocalization (20). For example, circFoxo3 promotes the
MDM2-mediated ubiquitylation and degradation of p53 in breast
cancer (21). In certain settings, circRNA-derived peptides can also
regulate certain diseases (22). circ-LINC-PINT-derived FBXW-185aa
can suppress the transcriptional elongation of several oncogenes by
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interacting with PAF1c, in turn inhibiting glioblastoma develop-
ment (23). Therefore, exploring specific circRNAs functions in OSCC
might provide improved diagnosis and treatment for OSCC patients.

The fibronectin type III domain containing 3B (FNDC3B) gene
encodes a protein primarily found at the endoplasmic reticulum (ER)
membrane that is linked with cellularmigration and adhesion (24, 25).
FNDC3B dysregulation has been observed in cervical, nasopharyngeal,
and oral cancers (26–28). Here, a circRNA derived from FNDC3B
(exons 2–3; hsa_circ_0001361, circFNDC3B) significantly upregu-
lated in OSCC and linked with LN metastasis. Mechanistically,
circFNDC3B promotes the ubiquitin-mediated degradation of the
FUS and then regulates HIF1A and VEGFA expression, in turn,
enhanced angiogenesis in TME. Moreover, circFNDC3B sequesters
miR-181c-5p to promote upregulation of the lymphatic endothelial
cell-fate regulator PROX1 and the partial-EMTmarker Serpine1, thus
driving metastatic tumor activity and lymphangiogenesis in TME. To
our knowledge, this is the first evidence linking metastatic cancer cells
to vasculature formation in TME through circFNDC3B, contributing
to LN metastasis of OSCC.

Materials and Methods
Patient samples

In total, 104 paired tumor and paracancerous tissue samples from
OSCC patients (74males and 30 females, aged from 26 to 88 years old)
were harvested in the Department of Oral and Maxillofacial Surgery,
Affiliated Stomatological Hospital of Nanjing Medical University.
Histologic and pathologic diagnoses of tissue samples were indepen-
dently confirmed by 2 experienced histopathologists. Patient demo-
graphic and clinical characteristics are summarized in Supplementary
Table S1. Blood samples (2mL) of OSCC patients and healthy controls
were collected and centrifuged at 3,500 rpm for 10 minutes at room
temperature. The upper serum was frozen at �80�C until use. The
experimental content and protocol of this study were evaluated and
reviewed by the Ethics Committee of Affiliated Stomatological Hos-
pital of Nanjing Medical University. All patients mentioned above
have agreed to participate and signed written informed consent.

Cell culture
Head andneck squamous cell carcinoma (HNSCC) cell lines (SCC4,

HN4, HN6, and FADU (RRID: CVCL_7751, RRID: CVCL_8127,
RRID: CVCL_8129, and RRID: CVCL_1218)) and human oral ker-
atinocytes (HOK) cell lines were obtained from the Chinese Academy
of Sciences, HSC3 (RRID: CVCL_1288), CAL27 (RRID: CVCL_1107),
and SSC9 (RRID: CVCL_1685) cells were obtained fromATCC. SCC9
cell was cultured inDMEM/F-12 (Gibco)medium containing 10%FBS
(Biological Industries) and 1% penicillin/streptomycin (Invitrogen).

Other cell lines were appropriately cultured in high-glucose DMEM
(Gibco) containing 10% FBS and 1% penicillin/streptomycin. Human
umbilical vein endothelial cells (HUVEC) were gifts from Ning Chen
of Nanjing Medical University (Nanjing, China) and were cultured in
Endothelial Cell Medium (ECM, Gibco) containing 5% FBS. Human
lymphatic endothelial cells (HLEC) were obtained from Genio Bio-
technology andweremaintained in ECMcontaining 15%FBS. All cells
were grown in a humidified 37�C 5% CO2 incubator. All cell lines are
qualified after identification and Mycoplasma testing.

Fluorescent in situ hybridization
Fluorescent in situ hybridization (FISH) assays and circFNDC3B

probes synthesized were performed with a Ribo FISH Kit (RiboBio).
Cells were seeded on coverslips in 24-well plates (1�104 cells/well).
After a 2-day incubation, cells were then fixed using 4% paraformal-
dehyde at room temperature for 30 minutes and treated with Triton
X-100 for 15minutes. Next, after incubating in prehybridization
solution at 37�C for 30 minutes, coverslips were incubated with
circFNDC3B or internal reference FISH probes with hybridization
solution at 37�C overnight. The following day, the excess probe and
hybridization solution were removed by washing with 4�, 2� and 1�
Saline Sodium Citrate Buffer sequentially, and 40, 6-diamidino-2-
phenylindole (DAPI) was used for nuclear counterstaining. Cells were
then imaged via laser scanning confocalmicroscope (#LSM710, Zeiss).

Zebrafish metastasis model
To evaluate the impact of circFNDC3B on OSCC cell metastasis

ability, zebrafish were used to explore important data regarding
metastatic events. Wild-type zebrafish with better developmental
status were selected for culture. On the fourth day, each embryo was
microinjected with 250 green fluorescent protein (GFP)-labeled tumor
cells. Zebrafishwere quickly transferred to a 28�C incubator for 1 hour,
then transferred to a 31�C incubator for further incubation. On the
sixth day, zebrafish were fixed, and images of tumor cell migration in
caudal hematopoietic tissue were captured using the stereoscopic
fluorescence microscope (Leica).

RNA pulldown assays
Pierce Magnetic RNA-protein Pulldown Kit (#20164, Thermo) was

used to perform circFNDC3B pulldown. Biotin-labeled circFNDC3B
and oligonucleotide probes were designed and synthesized by RiboBio.
1�107 HSC3 or CAL27 cells were lysed with 100 mL IP lysis buffer
(Thermo) and collected into enzyme-free EP tubes. After centrifuga-
tion at 4�C for 10 minutes, the supernatant was obtained and
then added with 1 mL RNase inhibitor. Next, circFNDC3B sense
and scramble probes were incubated with cell lysates at 37�C for
4 hours. Meanwhile, 50 mL streptavidin magnetic beads mixed with

Figure 1.
The identification and characterization of hsa_circ_0001361 in OSCC. A, Downloaded GEO data sets for comprehensive analysis of differentially expressed
circRNAs. Twenty-nine upregulated expressed circRNAs were listed. B, The relative expression levels of 29 circular RNAs were detected in four groups
of HNSCC cell lines and HOK by qRT-PCR. Hsa_circ_0001361 has the highest relative expression. C, qRT-PCR analysis of hsa_circ_0001361 expression in
104 paired OSCC tissues and normal tissues. D, Serum hsa_circ_0001361 expression in healthy controls and OSCC patients were determined by qRT-PCR
(n ¼ 35, P ¼ 0.0026). E, ROC curves were used to evaluate the diagnostic value of serum circFNDC3B in OSCC, compared with CEA. F, FISH staining assay
showed that circFNDC3B expression in OSCC tissues with LN (�� , P ¼ 0.0030) metastasis was higher than that without LNs, and higher circFNDC3B
expression in OSCC primary tumor was positively correlated with its expression in paired LNs. G, Combining PCR with an electrophoresis assay indicated the
presence of circFNDC3B using divergent and convergent primers from cDNA or genomic DNA in HSC3 and CAL27 cells. H, Representative FISH images
showed the cellular localization of circFNDC3B. The circFNDC3B probe was labeled with Cy3 (red), and nuclei were stained with DAPI (blue). The images were
photographed at �400 magnification. I, The location of circFNDC3B was confirmed using a subcellular fractionation assay and qRT-PCR data indicated that
circFNDC3B is mainly located in the cytoplasm, and a minor part is in the nucleus. J and K, qRT-PCR and electrophoresis analysis for the resistance of
circFNDC3B and linear FNDC3B to RNase R in HSC3 and CAL27 cells. Two-tailed t test was used. L, Actinomycin D assay to evaluate the stability of circFNDC3B
and FNDC3B mRNA in HSC3 cells. Two-tailed t test was used. � , P < 0.05. #, Case numbers of patients. Scale bars, 100 mm (F) and 10 mm (H).
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50 mL 1� RNA capture and 50 mL 1� RNA-protein binding buffer
were incubated with cell lysates containing probes overnight at 4�C.
The second day, magnetic beads were purified with 20 mmol/L Tris
(PH ¼ 7.5) 3 times and treated with 50 mL elution buffer at 37�C for
30 minutes with oscillation. For protein detection, 50 mL elution
buffer with magnetic beads was added with 5� SDS loading buffer
(12.5 mL) and then boiled for 10 minutes. For enriched miRNAs
detection, 50 mL elution buffer should be added with 550 mL TRIzol
reagent to extract RNA.Detailed information on probes sequences was
listed in Supplementary Table S2.

Western blotting analysis
Radio immunoprecipitation assay buffer (Beyotime) containing

phenylmethanesulfonyl fluoride (PMSF; Beyotime) and protease
inhibitor (PI; Dalian Meilun Biotechnology) was used to lyse samples
and followed by centrifugation at 12,000 rpm for 10 minutes at 4�C.
The supernatant with 5� SDS loading buffer was boiled for 10
minutes. Subsequently, proteins were separated by 8%, 10%, or 12%
SDS-polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes (PVDF; Millipore). Blots were
blocked using 5% skim milk, probed with primary antibodies
(Supplementary Table S3) overnight at 4�C. The second day, the
PVDF membranes were immersed with the secondary antibodies
for 1 hour and imaged using Tanon High-sig ECL Western Blotting
Substrate (180-5001; Tanon). RRIDs of all antibodies are provided
in Supplementary Table S3.

Bioinformatics analysis of circRNAs in Gene Expression
Omnibus

The keywords "OSCC" and "circRNA" were searched through the
Gene ExpressionOmnibus (GEO) data sets. GSE131182 andGSE197138
were obtained for analysis. DESeq2, fold change (FC) ≥ 2, and P< 0.05
were used to analyze differentially expressed circRNAs. The common
highly expressed circRNAs were screened out by Venn analysis. The
demographic and clinical details of these data sets were provided in
Supplementary Table S4.

In vivo orthotopic xenograft model
In total, 20 female BALB/c nude mice were randomized into

4 groups. The tongue mucosa of each mouse was then injected with
GFP-control– or GFP-sh-circFNDC3B–transfected HSC3 cells, or
withGFP-control– orGFP-LV-circFNDC3B–transfectedCAL27 cells,
with each mouse being implanted with 5�106 cells in 50 mL of DMEM
andMatrigel. The weight of themice was measured every 3 days. After
14 days, in vivo imaging was used to confirm tongue cancer model
establishment, and mice were euthanized, after which, tongue tumors
and cervical LNs were collected for sizemeasurement, histopathologic,
immunofluorescence, and IHC staining to examine tumor cells pro-
liferation, micrometastases, and cancer-associated vasculature forma-
tion. Tumor and LNs volume (mm3)¼width (mm)2� length (mm)/2.
The area ratio of LN micrometastases and tongue tumors and the
number of neovascularization were measured by ImageJ software.

In vivo translational experiment
Fourty female BALB/c nude mice were randomized into 8 groups.

After nude mice adapted to the environment, the tongue mucosa of
each mouse in group 1, groups 2 to 4, group 5, and groups 6 to 8 nude
mice were injected with 5�106 HSC3-sh-NC, HSC3-sh-circFNDC3B,
CAL27-LV-NC, and CAL27-LV-cicFNDC3B cells, respectively. On
day 7 after implantation, bevacizumab (0.1 mg per mouse, HY-P9906,
MedChemExpress) was intratumorally injected into group 3 and 7
mice every 4 days, with 4 total injections. Similarly, 5 nmol/L of miR-
181c-5p antagomir (RiboBio) was intratumorally injected into groups
4 and 8. And other nude mice were injected with the same amount of
PBS. On day 21, mice were euthanized and then tongue tumors and
cervical LNs were collected for analysis of neovascularization and
metastasis.

Statistical analyses
All statistical calculations were performed using GraphPad Prism 8

software. Student t test (two groups), analysis of variance (multiple
groups), and X2 test (clinical parameters) were used to determine
statistical significance. Experiments were repeated at least three times.
�, P < 0.05 was the significance threshold.

Further applied methods
Additional methodological details and database URLs were pro-

vided in the Supplementary Materials.

Ethics approval and consent to participate
Written informed consent was obtained from all patients, and the

study was approved by the Ethics Committee of Affiliated Stomato-
logical Hospital of Nanjing Medical University (Approval no. PJ2019-
109-001). Animal experimental procedures were approved by the
Laboratory Animal Care and Use Committee at Nanjing Medical
University (Approval no. IACUC-2101038).

Data availability
The accession numbers of data for analyzing differentially

expressed circRNAs reported in this paper are GEO: GSE131182 and
GSE197138. The data generated in this study are also available upon
request from the corresponding author.

Results
Hsa_circ_0001361 is upregulated and correlated with LN
metastasis in OSCC patients

The GSE131182 and GSE197138 data sets were used to analyze
circRNAs expression in paired OSCC samples, 624 and 415 over-
expressed circRNAs were identified, respectively. Among them, 29 co-
upregulated circRNAs were detected including hsa_circ_0001361,
hsa_circ_0002805, hsa_circ_0089489 (Fig. 1A). Then, qRT-PCR was
used to detect the level of these circRNAs in four HNSCC cell lines,
revealing pronounced hsa_circ_0001361 overexpression, particularly
in tongue squamous cell carcinoma cells (CAL27, HSC3, and

Figure 2.
circFNDC3B accelerates the migration, invasion, EMT, and metastasis of OSCC cells. A and B, circFNDC3B and FNDC3B mRNA levels were assessed by qRT-PCR in
HSC3 and CAL27 cells treated with si-circFNDC3Bs and LV-circFNDC3B, as indicated. C, The migration capability was suppressed in HSC3 cells treated with si-
circFNDC3B#2 and si-circFNDC3B#4, whereas migration was promoted in HSC3 cells transfected with the LV-circFNDC3B, as determined using the wound-healing
assay.D, The cell invasion abilitywasmeasured using transwellMatrigel invasion assays after transfectionwith si-circFNDC3Bor circFNDC3Boverexpression in HSC3
cells.E,Zebrafish xenografts revealed that theHSC3-sh-NC group hadmore tumormetastasis to tail areas of the fish comparedwith theHSC3-sh-circFNDC3Bgroup,
whereas the CAL27-LV-circFNDC3B group had more tumor metastasis cancer cells than the CAL27-LV-NC group. F and G,mRNA and protein expression levels of
EMT and metastasis markers were detected via qRT-PCR and Western blot analysis in HSC3 and CAL27 cells. Data are presented as the mean of >3 independent
experiments � SD. � , P < 0.05. ns, no statistical significance. Scale bars, 100 mm (C–E).
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HN6; Fig. 1B). Consistently, hsa_circ_0001361 levels were increased
in OSCC tissues relative to paracancerous tissues, and overexpression
was positively associated with poor recurrence-free survival (RFS, P¼
0.0279; Fig. 1C; Supplementary Fig. S1A). Additionally, to assess
the value of hsa_circ_0001361 expression as a biomarker for distin-
guishing healthy people from OSCC patients, the expression of
hsa_circ_0001361 in the serum of 35 OSCC patients and 35 healthy
controls was detected and ROC curve analysis was performed. The
results showed that hsa_circ_0001361 in the serum of OSCC patients
was significantly higher than that of healthy individuals, and the area
under the ROC curve (AUC) of hsa_circ_0001361 was 0.7437, the best
cutoff value was 2.395 with a sensitivity of 62.86% and a specificity of
82.86%. Meanwhile, carcino-embryonic antigen (CEA), a well-known
biomarker, was considered as an internal control to identify the
effectiveness of hsa_circ_0001361. ROC curve analysis of CEA was
also detected, andAUCwas 0.8222with a cutoff value of 1.515 (Fig. 1D
and E). These results suggested that hsa_circ_0001361 expression had
a promising value of OSCC diagnosis. Subsequently, we detected the
expression of hsa_circ_0001361 in different HNSCC cells and human
oral mucosa keratinocytes (HOK) cell line, and focused on HSC3 and
CAL27 cell lines as research objects (Supplementary Fig. S1B). In
addition, we investigated whether hsa_circ_0001361 expression was
correlated with clinicopathologic features in the 104 OSCC patients
and found hsa_circ_0001361 upregulation significantly associated
with LN metastasis (Supplementary Table S1). FISH staining also
showed that hsa_circ_0001361 was significantly upregulated in pri-
mary tumor with LN metastasis and positively correlated with hsa_-
circ_0001361 expression in metastatic LNs (Fig. 1F). Together, our
data indicate that hsa_circ_0001361 is highly expressed in OSCC
tissues and cells and correlated with LN metastasis.

Characterization of circFNDC3B (hsa_circ_0001361) in OSCC
cells

The structure of hsa_circ_0001361 was analyzed by the circBase
database, revealing 215 nucleotide circRNA to be encoded at
chr3:171830241–171851336 and to be the result of the back-
splicing of exons 2 and 3 of FNDC3B (Supplementary Fig. S1C). We
also found that the other 6 circRNAs originated from FNDC3Bwere all
downregulated in HNSCC cells through qRT-PCR assays (Supple-
mentary Fig. S1D). The circularization of hsa_circ_0001361 (desig-
nated circFNDC3B) was confirmed by producing convergent and
divergent primers for the respective amplification of FNDC3BmRNA
and circFNDC3B. Sanger sequencing indicated that divergent primer
amplicons contained the predicted circFNDC3B head-to-tail splicing
site predicted by the circBase database, and the secondary structure of
circFNDC3B was predicted by RegRNA2.0 (Fig. 1G; Supplementary
Fig. S1E). Subsequently, the existence of circFNDC3B was confirmed
by qRT-PCR using different reverse transcription primers (Supple-
mentary Fig. S1F). Furthermore, we investigated the cellular locali-
zation of circFNDC3B in OSCC cells. Subcellular fractionation and
FISH analyses of circFNDC3B revealed it primarily localizing in the

cytosol, with limited levels of nuclear distribution (Fig. 1H and I;
Supplementary Fig. S1G). The circularization of circFNDC3B was
further confirmed through its resistance to RNase R digestion, in
contrast to linear FNDC3B mRNA (Fig. 1J and K). circFNDC3B
stability was detected through actinomycin D treating OSCC cells and
confirmed by an increased half-life of circFNDC3B transcript relative
to that of linear FNDC3B (Fig. 1L; Supplementary Fig. S1H). These
results suggest that circFNDC3B is a highly stable circRNA in OSCC.

circFNDC3B promotes the migration, invasion, EMT, and
metastasis of OSCC cells

Initial functional characterization of circFNDC3B in OSCC was
performed using small interfering RNAs (siRNA) specific for the
circFNDC3B back-splicing junction, and the results showed that
siRNAs of circFNDC3B effectively knocked down its expression in
HSC3 and CAL27 without any impact on FNDC3B levels, meanwhile,
circFNDC3B overexpression (cells transfected with LV-circFNDC3B)
increased its level without impacting FNDC3B (Fig. 2A and B; Sup-
plementary Fig. S2A). The proliferation of OSCC cells was unaffected
by circFNDC3B overexpression or knockdown (Supplementary
Fig. S2B and S2C). Considering a positive correlation between
circFNDC3B expression and LN metastasis in OSCC patients, we
assessed the roles of circFNDC3B in regulatingmigration and invasion
of OSCC cells, and found that circFNDC3B knockdown significantly
suppressed OSCC cells migration and invasion, whereas circFNDC3B
overexpression had the opposite effect (Fig. 2C andD; Supplementary
Fig. S2D–S2F). Currently, zebrafish is emerging as an attractive animal
model in cancer research, which provided important data regarding
metastatic events in vivo (9). Accordingly, the perivitelline space of
zebrafish was microinjected using GFP-labeled HSC3 cells transfected
with sh-circFNDC3B/sh-NC, or CAL27 cells with LV-circFNDC3B/
LV-NC. Significantly reduced tail metastasis was observed in the sh-
circFNDC3B group compared with the sh-NC group, whereas the
opposite result was observed for the LV-circFNDC3B group (Fig. 2E).
EMT enables epithelial cells to acquire migratory and invasive capa-
bilities; thereby, we further assayed the effects of circFNDC3B on
EMT- and metastasis-associated indexes via qRT-PCR and Western
blot, and found that N-cadherin, vimentin, and MTDH in si-
circFNDC3B group decreased, but E-cadherin increased. However,
the opposite results were observed in the LV-circFNDC3B group
(Fig. 2F and G). Collectively, our results indicate that circFNDC3B
promotes themigration, invasion, EMT, andmetastasis of OSCC cells.

circFNDC3B enhances angiogenesis and lymphangiogenesis
Given that angiogenesis and lymphangiogenesis play critical roles in

themetastasis of carcinoma,we further exploredwhether circFNDC3B
promoted angiogenesis and lymphangiogenesis. First, the expression
of VEGFA and CD31 in 104 OSCC samples was evaluated using IHC.
Combined with circFNDC3B expression and IHC score of VEGFA/
CD31, we found a positive correlation between circFNDC3B and
VEGFA/CD31 (Supplementary Fig. S3A). Furthermore, circFNDC3B

Figure 3.
circFNDC3B enhances angiogenesis and lymphangiogenesis. A, Western blot assays showed that si-circFNDC3B downregulated VEGFA expression, and LV-
circFNDC3B promoted its expression in HSC3. B, The conditioned medium from si-circFNDC3B HSC3 cells dramatically inhibited the tube formation of HUVECs
in vitro, whereas HSC3-LV-circFNDC3B had the opposite results. C, Pattern diagram of Matrigel plug assay for in vivo evaluation of angiogenesis and representative
images of resectedMatrigel plug. Intensity of the red color was used as a parameter for qualitative assessment.D,Representative image ofMatrigel plug cryosection.
Endothelial cells were stained for CD31 (green), and nuclei were stained with DAPI (blue). E,Western blot assays showed that si-circFNDC3B downregulated VEGFC
expression in HSC3, whereas LV-circFNDC3B upregulated its expression. F and G, Transwell assays (F) and tube formation (G) of HLECs treated with conditioned
medium from circFNDC3B-silencing or overexpressing HSC3 cells. H, The indicated tumor cells were seeded on HLEC monolayers reaching confluence in 24-well
transwell inserts. After incubation for 24 hours, the transmigrated HSC3 cells were imaged. These experiments were replicated three times. Data are presented as
the mean � SD. � , P < 0.05. Scale bars, 100 mm (B, D, and F–H); 0.25 cm (C).
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knockdown or overexpression inCAL27 andHSC3 evidently inhibited
or increased the expression of VEGFA (Fig. 3A; Supplementary
Fig. S3B). In vitro assays showed that the conditioned medium from
circFNDC3B-silencing or -overexpressing cells markedly suppressed
or promoted the tube formation of HUVEC (Fig. 3B; Supplementary
Fig. S3C). To further identify the proangiogenic function of
circFNDC3B in vivo, we used aMatrigel-implanted nudemousemodel
acknowledged as a standard method for research on morphologic and
functional angiogenesis (29). Consistently, enhanced neovasculariza-
tion was demonstrated in the circFNDC3B overexpression group,
which was further revealed by immunofluorescent staining (Fig. 3C
and D). Considering the critical role of lymphangiogenesis in
LN metastasis of OSCC, we also explored whether circFNDC3B
promoted lymphangiogenesis. Similarly, IHC of VEGFC and LYVE1
was performed and the positive relationship of circFNDC3B and
VEGFC/LYVE1 was discovered (Supplementary Fig. S3D). In cells,
circFNDC3B knockdown or overexpression, respectively, suppressed
or enhanced VEGFC expression (Fig. 3E; Supplementary Fig. S3E).
Moreover, the migration and tube formation of HLEC were dramat-
ically inhibited or promoted while cocultured with circFNDC3B-
silencing or -overexpressing cells (Fig. 3F and G; Supplementary
Fig. S3F and S3G). Endothelial adhesion is critical to transendothelial
migration (TEM) of tumor cells, which is the initiation of distant
metastasis of tumor cells (30). In this study, we found that
circFNDC3B overexpression or knockdown, respectively, enhanced
or inhibited the TEM of CAL27 and HSC3 cells (Fig. 3H; Supple-
mentary Fig. S3H). Taken together, these results indicate that
circFNDC3B in OSCC markedly enhances angiogenesis and
lymphangiogenesis.

circFNDC3B binds the RNA-binding protein FUS in OSCC cells
To investigate themechanisms of circFNDC3B in promotingOSCC

processes, biotinylated circFNDC3B-specific probes were used for an
RNA pulldown assay. Enriched proteins by circFNDC3B-mediated
pulldown were identified, and top-ranked proteins were listed
in Fig. 4A and Supplementary Table S5. CSCD, RBPDB, and Cir-
cInteractome databases were used to predict the interaction of
circFNDC3B with FUS (Fig. 4B). Consistent with the mass spectrom-
etry results, FUS was a ranked forward protein enriched by
circFNDC3B pulldown. After silver staining, the sense-specific band
at about 65 kDa (red box) was excised (Fig. 4C). The interaction
between circFNDC3B and FUS was further confirmed in both HSC3
and CAL27 cell lysates by RNA pulldown and RNA-binding protein
immunoprecipitation (RIP) assays (Fig. 4D). Meanwhile, anti-FUS
antibodies also pulled down circFNDC3B (Fig. 4E). Based on the
predicted binding sites of circFNDC3B with FUS (Supplementary
Fig. S4A), vectors encoding FLAG-tagged FUS deletion mutant con-
structs were generated, and circFNDC3B interacting with the RNA
recognition motif domains of FUS was identified by anti-FLAG-
mediated RIP (Fig. 4F). Immunofluorescent and FISH staining also

showed that FUS and circFNDC3B colocalized in OSCC cell nuclei
(Fig. 4G). Functionally, circFNDC3B overexpression decreased FUS
protein levels without affecting FUSmRNA expression (Fig. 4H). We
also found that the circFNDC3B expression was negatively correlated
with the IHC score of FUS in 104 OSCC samples (Supplementary
Fig. S4B). Accordingly, we found that circFNDC3B expression was
unaffected by FUSknockdown (Fig. 4I; Supplementary Fig. S4D–S4E),
indicating that FUS was the downstream of circFNDC3B. Next, the
cBioPortal database and Metascape assays demonstrated that FUS-
related genes were enriched in the VEGFA–VEGFR2 signaling path-
way (Supplementary Fig. S4C).Moreover, the expression of VEGFA in
FUS-silencing cells was upregulated, and a negative correlation of FUS
and VEGFA IHC score was shown in OSCC samples (Fig. 4J; Sup-
plementary Fig. S4F). We further showed that FUS-silencing func-
tionally rescued circFNDC3B knockdown-mediated changes of
VEGFA expression and angiogenesis (Fig. 4K and L). Collectively,
these findings suggest that circFNDC3B promotes angiogenesis by
destabilizing FUS protein.

FUS suppresses the transcription of VEGFA via modulating
MDM2–HIF1A interactions

Given the stable FUS mRNA levels following circFNDC3B knock-
down (Fig. 4H), cycloheximide andMG132 assays were used to further
evaluate FUS stability in the context of circFNDC3B-overexpressing or
-silencing (Supplementary Fig. S5A). Strikingly, circFNDC3B over-
expression or knockdown, respectively, decreased or increased the
half-life of FUS in HSC3 and CAL27 cells (Fig. 5A; Supplementary
Fig. S5B). Analyses of 293T cells further indicated that FUS ubiquityla-
tion was enhanced upon circFNDC3B overexpression (Fig. 5B), sug-
gesting that circFNDC3B drove proteasome-dependent FUS degrada-
tion. UbiBrowser was used to identify FUS-interacting E3 ubiquitin
ligases and showed that murine double minute 2 (MDM2) was pre-
dicted to interact most strongly (Fig. 5C), and the interaction of
FUS-MDM2was identified by coimmunoprecipitation (Fig. 5D).With
circFNDC3B downregulating, the FUS–MDM2 interaction was dis-
rupted, whereas the interaction was enhanced with circFNDC3B
upregulation (Fig. 5E). Then, we performed 293T cells expressing a
series of FUS deletion mutants and found the 1–269 and ZNF domains
of FUS specifically coimmunoprecipitated with MDM2 (Fig. 5F).
Furthermore, we also showed that FUS-silencing promoted MDM2
upregulation (Supplementary Fig. S5C). Together, these results suggest
that circFNDC3B facilitates FUS–MDM2 interaction, thus promoting
MDM2-induced FUS ubiquitylation and degradation.

Next, we determined whether FUS regulated angiogenesis via
MDM2 and found that FUS knockdown partially reversed the
decreased tube formation of HUVEC in MDM2-silencing (Fig. 5G;
Supplementary Fig. S5D and S5E).Moreover, MDM2 knockdown also
reduced the mRNA and protein expression of VEGFA (Fig. 5H;
Supplementary Fig. S5F). However, considering E3 ligases could not
directly alter transcriptional activity, we speculated that MDM2might

Figure 4.
circFNDC3B promotes angiogenesis by binding FUS in OSCC. A, List of the top 10 differentially expressed proteins identified by mass spectrometry, FDR < 0.05.
B, Venn diagram demonstrating the overlapping of the interacting RBPs of circFNDC3B predicted by CSCD, RBPDB, and CircInteractome. C, Silver staining of
circFNDC3B pulldown in OSCC cells. The red box shows different expressions of FUS (65 kDa) between the sense and antisense lanes. D, Western blot showed
circFNDC3B pulldown of the FUS. E, Expression of circFNDC3B was detected by qRT-PCR after RIP for FUS in HSC3 and CAL27. �� , P ¼ 0.0093; ��� , P ¼ 0.0009.
F, Truncated versions of FLAG-FUS were produced according to the FUS domain. mRNAs isolated from the RIP assays with anti-FLAG tag antibody were identified
by qRT-PCR analysis using circFNDC3B primers in 293T cells. Three independent experiments were performed. G, The colocalization of FUS and circFNDC3B
was detected by immunofluorescence staining in HSC3 cells. H, qRT-PCR and Western blot were used to detect the expression of FUS after transfection with
si-circFNDC3B and LV-circFNDC3B. I, Transcript level of circFNDC3B was not regulated by FUS. This means that FUS was downstream of circFNDC3B. J, The
transcriptional levels and protein expression of VEGFA were upregulated by FUS silencing. K and L, Vessel formation (K) andWestern blot (L) analysis showed that
si-FUS functionally rescued angiogenesis and the expression of VEGFAupon circFNDC3B silencing. �,P<0.05. ns, no statistical significance. Scale bars, 10mm(G) and
100 mm (K).
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ubiquitylate specific transcription factors to influence VEGFA tran-
scription. Accordingly, UbiBrowser was used to identify MDM2
substrates, and VEGFA-regulating transcription factors were identi-
fied through the PROMO and UCSC databases. Of the 9 transcription
factors intersecting between the two lists, HIF1A exhibited the highest
score (Fig. 5I; Supplementary Fig. S5G). Meanwhile, we showed that
HIF1A expression was evidently reduced in OSCC cells with MDM2-
silencing (Fig. 5J). Consistently, MDM2 overexpression in 293T cells
reducedHIF1Aubiquitylation (Fig. 5K). FUS knockdown reversed the
expression change of HIF1A and MDM2 in the context of
circFNDC3B-silencing (Fig. 5L). Notably, the JASPAR database
revealed the HIF1A binding site in the VEGFA promoter, and our
chromatin immunoprecipitation assays further confirmed the precip-
itation of HIF1A-specific antibodies with this VEGFA promoter
(Fig. 5M). In addition, the GEPIA database showed a positive corre-
lation of VEGFA and HIF1A expression in HNSCC patients. Intrigu-
ingly, we verified that VEGFA protein levels decreased in OSCC cells
with HIF1A-silencing (Supplementary Fig. S5H–S5J), and HIF1A-
silencing partially reversed the increased tube formation of HUVEC
and VEGFA expression of OSCC cells under MDM2-overexpressing
(Fig. 5N andO; Supplementary Fig. S5K). Taken together, these results
highlight that FUS suppresses VEGFA expression via regulating
interactions between MDM2 and HIF1A (Fig. 5P). Above all, we
conclude that circFNDC3B accelerates FUS ubiquitin degradation and
then promotes VEGFA expression and angiogenesis.

circFNDC3B functions as a miR-181c-5p sponge to promote
p-EMT in OSCC cells

Given circRNAs often act as a molecular “sponge” for miRNAs, we
first confirmed that circFNDC3B could interact with AGO2 by RNA
pulldown (Supplementary Fig. S6A), and found 9 miRNAs predicted
to bind circFNDC3B by CircInteractome and circMIR (Fig. 6A). Of
these 9 transcripts, only miR-181c-5p was found to be enriched by
circFNDC3B in pulldown assays (Fig. 6B). Therefore, we further
verified that miR-181c-5p was significantly downregulated in tissues
and cells (Fig. 6C; Supplementary Fig. S6B). Importantly, we con-
firmed that lower miR-181c-5p was associated with worse RFS in our
cohort (Fig. 6D). Moreover, in vitro data showed that miR-181c-5p
overexpression suppressed the migration, invasion, and EMTmarkers
expression of CAL27 and HSC3, whereas miR-181c-5p inhibition
showed the opposite outcome (Fig. 6E and F; Supplementary Fig. S6C
and S6D). These findings indicate that circFNDC3B functions as a
miR-181c-5p sponge, and miR-181c-5p inhibits the migration, inva-
sion, and EMT of OSCC.

Considering p-EMT as an independent predictor in HNSCC pati-
ents (31), p-EMT-related genes by The Cancer Genome Atlas RNA

sequencing data were compared with 396 putative miR-181c-5p target
genes predicted by miRDB, miRWalk 2.0, Targetscan, andmiRabel. We
identified Serpine1 as a potential p-EMT-related miR-181c-5p target
(Fig. 6G), and confirmed the physiologic function of miR-181c-5p by
luciferase reporter assay (Fig. 6H). Consistently, miR-181c-5p inhibitor
andmimics, respectively, enhanced and suppressed Serpine1 expression
(Supplementary Fig. S6E and S6F). Moreover, through evaluating the
relative expression of circFNDC3B and IHC score of Serpine1 in 104
OSCC samples, we showed a positive correlation between circFNDC3B
and Serpine1 (Fig. 6I). Meanwhile, we further demonstrated that higher
Serpine1 expression was associated with poorer patient prognosis, and
a positive correlation of Serpine1 expression in primary tumor and
metastatic LNs (Supplementary Fig. S6G and S6H).

To investigate whether miR-181c-5p inhibition impacts the effects
of circFNDC3B knockdown, si-circFNDC3B and miR-181c-5p inhi-
bitors were cotransfected inHSC3 andCAL27. The results showed that
miR-181c-5p inhibition partially reversed the decreasedmigration and
invasion of OSCC cells in the context of circFNDC3B-silencing
(Fig. 6J; Supplementary Fig. S6I and S6J). miR-181c-5p inhibition
not only rescued the effect of circFNDC3B knockdown on p-EMT but
also reversed corresponding changes of metastasis-associated markers
and EMT markers (Fig. 6K). Notably, key transcription factors for
EMT, ZEB1, and SNAI2 were also identified as miR-181c-5p targets
(Supplementary Fig. S6K and S6L). These data suggest that
circFNDC3B promotes the metastatic ability of OSCC cells through
sequestrating miR-181c-5p and then releasing key factors for p-EMT
and EMT.

circFNDC3B promotes lymphangiogenesis via
miR-181c-5p/PROX1

We further investigated whether circFNDC3B promoted lymphan-
giogenesis via sponging miR-181c-5p. Our findings revealed that the
conditionedmedium derived frommiR-181c-5p inhibitor-transfected
OSCC cells enhanced the tube formation, proliferation, andmigration
of HLEC, whereas miR-181c-5pmimics suppressed this promalignant
activity (Fig. 7A–C; Supplementary Fig. S7A and S7B). Moreover,
miR-181c-5p knockdown significantly enhanced the expression of
VEGFC, which is a characteristic factor of lymphangiogenesis
(Fig. 7D).

PROX1 acts as a master transcriptional regulator of lymphangio-
genesis and lymphatic endothelial cell growth, whereas ESM1mediates
the lymphangiogenic process (32, 33). We identified PROX1 and
ESM1 as targets of miR-181c-5p associated with lymphangiogenesis
through the GSE6550 data set (Fig. 6G) and the Targetscan database
(Supplementary Fig. S7C), and confirmed the ability of miR-181c-5p
regulating 30-UTR sequences of PROX1 and ESM1 (Fig. 7E). IHC

Figure 5.
FUS suppresses the transcription of VEGFA viamodulatingMDM2–HIF1A interactions.A,After treatmentwith cycloheximide (CHX; 10 mg/mL) andMG132(10 mg/mL)
for indicated times, protein levels of FUS were determined byWestern blot analyses of OSCC cells transfected with sh-/LV-circFNDC3B. B,Western blot analysis of
ubiquitin immunoprecipitatedwith anti-HA tag antibodies in 293T cells.C, TheUbiBrowser tool identified the E3 ligase that interactswith FUS.D, IP analysis revealed
the FUS/MDM2 interaction in HSC3 andCAL27 cells. E,The FUS–MDM2 interactionwas decreased in circFNDC3B downregulatedHSC3 cells, whereas overexpression
of circFNDC3B strengthened the interaction in CAL27 cells. F, Immunoprecipitation analysis determined that FUS 1-269 and Znf domains specifically immuno-
precipitated with MDM2. G, Quantification of tube formation presented that si-FUS could partially rescue the number of tubes through si-MDM2. Data are shown as
mean� SD of n > 3/group.H, Transcript level of VEGFAwas detected after transfecting si-MDM2. I,Venn diagram demonstrating the overlapping of MDM2 substrate
genes and VEGFA relative transcription factors. J, The protein expression of HIF1A was detected in OSCC cells transfected with the si-MDM2. K, Overexpression of
MDM2 inhibited HIF1A ubiquitination in 293T cells. L,Western blot analysis showed that the si-FUS could functionally rescue the expression of HIF1A andMDM2 upon
circFNDC3B silencing.M, The JASPAR database found a binding site within the HIF1A and VEGFA promoter region. Chromatin immunoprecipitation demonstrated
that theHIF1A antibody could be effectively precipitatedwith the region (�1698 to�1687) of the VEGFApromoter.N andO,Quantification of tube formation (N) and
Western blot (O) presented that si-HIF1A could partially rescue the number of tubes andVEGFAexpression through LV-MDM2. Data are shownasmean�SDof n>3/
group.P, Thepattern diagramof circFNDC3B in the nucleusmightmediate FUS/MDM2ubiquitination andattenuateMDM2/HIF1A/VEGFAaxis inOSCCangiogenesis.
� , P < 0.05.
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score of PROX1 in primary tumor and LNs showed a positive
correlation, which indicated that PROX1 was beneficial to LN meta-
stasis (Supplementary Fig. S7D). Moreover, miR-181c-5p inhibitor
significantly increased the expression of PROX1 and ESM1, whereas
miR-181c-5p mimics showed the opposite expression (Fig. 7D
and F). Notably, miR-181c-5p inhibitor promoted the pro-
liferation, migration, and tube formation of HLEC, whereas
circFNDC3B-silencing reversed these effects (Fig. 7G–I; Supple-
mentary Fig. S7E). Downregulated ESM1, PROX1, and VEGFC in
the context of circFNDC3B-silencing were also partially reversed
by an miR-181c-5p inhibitor (Fig. 7J). Together, these data suggest
that circFNDC3B promotes lymphangiogenesis via the miR-181c-
5p/PROX1 axis.

circFNDC3B enhances metastasis of OSCC in vivo
Lastly, 4 groups of nude mice were used to establish a tongue cancer

model via injecting 5�106 HSC3-sh-NC/HSC3-sh-circFNDC3B or
CAL27-LV-NC/CAL27-LV-circFNDC3B, respectively (Fig. 8A).
Fourteen days later, both LNs and tumors were harvested for analysis.
Results showed that circFNDC3B knockdown was associated with a
lower LN volume, whereas its overexpression increased LN micro-
metastasis compared with control cell implantation (Fig. 8B and C).
However, primary tumor volume was unaffected by circFNDC3B
(Fig. 8D; Supplementary Fig. S8A). Subsequent a-SMA/CD31 and
LYVE1/D2-40 immunofluorescent staining demonstrated that the
markers of lymphangiogenesis and angiogenesis were downregulated
in the sh-circFNDC3B group, whereas upregulated expressions were
showed in the LV-circFNDC3B group (Fig. 8E and F). In addition, we
further showed that the sh-circFNDC3B group exhibited decreased
markers expression of EMT and lymphangiogenesis compared with
the control group, whereas these markers upregulated in the
circFNDC3B overexpression group (Supplementary Fig. S8B).

To further explore the roles of VEGFA and miR-181c-5p in
circFNDC3B-mediated OSCC metastasis, bevacizumab (BEV; specif-
ically binding toVEGFA isoformswith high affinity) andmiR-181c-5p
antagomir were used in a tongue cancer model (Supplementary
Fig. S9A). At day 21, primary tumors and LNs were harvested and
measured (Supplementary Fig. S9B and S9C). IHC and IF staining
showed that BEV cooperated with sh-circFNDC3B to inhibit angio-
genesis in TME and metastatic LN, whereas miR-181c-5p antagomir
aggravated the effects of LV-circFNDC3B on promoting tumor-
related lymphangiogenesis and LNs metastasis (Supplementary
Fig. S9D and S9E). Together, these in vivo results indicate that
circFNDC3B enhances metastasis of OSCC via promoting angiogen-
esis/lymphangiogenesis in metastatic TME.

Discussion
Metastasis is the leading cause of cancer-related mortality, and

OSCC patients exhibit poor 5-year survival rates (34). As such, the

identification of novel diagnostic and therapeutic targets in OSCC
patients is urgently needed. The expression and functional roles of
circRNAs in a range of cancer have been studied in recent
years (11, 19, 35). However, the underlying mechanism of circRNAs
in themetastasis and neovascularization ofOSCC remains puzzling. In
this study, we found multiple circRNAs derived from the FNDC3B
gene, and only hsa_circ_0001361 was overexpressed in OSCC, which
might be due to the different biogenesis of these circRNAs. Several
studies indicated that circFNDC3B (hsa_circ_0006156) could dra-
matically inhibit tumor progression including bladder cancer
and colorectal cancer (36, 37). Furthermore, Yang and colleagues
also found that high circFNDC3B (hsa_circ_0001361) expression
in OSCC could repress cell ferroptosis (38). In this study, higher
hsa_circ_0001361 (circFNDC3B) expression was associated with LN
metastasis and neovascularization in OSCC patients. Meanwhile, to
our knowledge, this is the first evidence linking metastatic cancer cells
to vasculature formation in the TME through circRNAs and indicates
that circFNDC3B may be a potential therapeutic target for OSCC.

Angiogenesis is a critical mechanism that provides nutrients and
energy to support tumor cells. In this study, circFNDC3B was found
to promote the angiogenic activity of OSCC. Given that multiple
functions of circRNAs, including sponging microRNAs, interacting
with RBPs, and translating peptides, have been reported in a growing
number of studies (39), we further explored the possible role of
circFNDC3B in regulating angiogenesis in OSCC. FUS is a multifunc-
tional RBP in various diseases, including inhibition of cardiovascular
repair (40). In this report, circFNDC3Bwas found to bind nuclear FUS
and posttranscriptionally reduce FUS protein levels without impacting
FUS mRNA expression. Recent studies have identified ADAMTS9-
AS2 as a FUS scaffold capable of facilitating its MDM2-mediated
ubiquitylation, and FUS protein binding to ncRNA could cause its
closed-to-open conformational change to inhibit downstream mole-
cule expression, such as CCND1 (41, 42). As an E3 ubiquitin ligase,
MDM2 ubiquitylates a range of target proteins (43). Our findings also
supported that circFNDC3B promoted MDM2-medicated FUS ubi-
quitination and degradation. Given that FUS and circFNDC3B/
MDM2 exhibit distinct binding sites, we speculate that circFNDC3B
promotes a conformational change in FUS facilitating its ubiquityla-
tion. Subsequently, our data verified thatMDM2 stabilizedHIF1A and
thereby enhanced VEGFA transcription. Overall, these data suggest
that nuclear circFNDC3B may promote FUS/MDM2 ubiquitylation
and modulate MDM2/HIF1A/VEGFA signaling in the context of
OSCC-promoting angiogenesis.

Cancer metastasis often means poor prognosis and lymphangio-
genesis plays a critical role in metastatic progression (44, 45). Here,
circFNDC3B was found to promote OSCC metastasis by driving
lymphangiogenesis. However, no studies to date have focused on the
regulation of circRNAs and lymphangiogenesis in oral cancer. Exten-
sive studies have shown that circRNAs located in the cytoplasm could
bind to miRNAs, thereby terminating the regulation of miRNAs on

Figure 6.
circFNDC3BpromotesOSCCmetastasis throughthemiR-181c-5p/Serpine1pathway.A,Thepotential targetmiRNAsofcircFNDC3BwerepredictedusingCircInteractome
and circMIR. B, RNA pulldown assays revealed that miRNAs directly interact with circFNDC3B in HSC3 and CAL27 cells. C, Expression of miR-181c-5p was detected by
qRT-PCR in 104 paired OSCC tissues and normal tissues. D, The survival analysis revealed that lower miR-181c-5p levels were significantly associated with worse RFS.
E, Statistics of wound healing, transwell migration, and invasion assays were performed to identify the cell motility upon miR-181c-5p inhibitor or mimics in HSC3 and
CAL27cells.F,Westernblot assaysdetected theexpressionofEMTmarkers inHSC3andCAL27 cells transfectedmiR-181c-5p inhibitor ormimics.G,Schematic illustration
showing potential target genes of miR-181c-5p as predicted by four miRNA databases, TCGA-HNSC RNA sequencing (RNA-seq) data, and GSE6550. H, Schematic
illustration showed the alignment ofmiR-181c-5pwith Serpine1, and the red portion indicated themutagenesis nucleotides. Dual luciferase reporter assays ofmiR-181c-5p
with Serpine1were performed. I, The correlation between circFNDC3B expression and IHC score of serpine1was determined. Scale bar, 100 mm. J andK,Quantification of
wound healing, transwell invasion assays (J), andWestern blot (K) presented thatmiR-181c-5p inhibitor could partially rescue the cell motility and the expression of EMT
markers, MTDH and Serpine1 through si-circFNDC3B, respectively. Data were shown mean � SD of n > 3/group. � , P < 0.05.
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Figure 7.

circFNDC3B promotes lymphangiogenesis via the miR-181c-5p/PROX1 axis in OSCC. A–C, The conditioned medium from miR-181c-5p inhibitor OSCC cells was
dramatically beneficial to the proliferation (A), migration (B), and tube formation (C) of HLECs, whereas the miR-181c-5p mimics group had the opposite results.
D, The protein expression of VEGFC, PROX1, and ESM1 in HSC3 and CAL27 cells with miR-181c-5p inhibitor or mimics transfection was detected by Western blot.
E, Dual luciferase reporter assays showed the luciferase activity of WT or MUT PROX1 and ESM1 following cotransfection with miR-181c-5p mimics or NC. Relative
firefly luciferase expression was normalized to that of Renilla luciferase. F, The mRNA expression of PROX1 and ESM1 in HSC3 and CAL27 cells with miR-181c-5p
inhibitor or mimics transfection was detected by qRT-PCR. G–I, EdU (G), transwell migration assays (H), and tube formation (I) presented that the conditioned
medium from miR-181c-5p inhibitor could partially rescue proliferation, migration, and tube formation of HLEC cocultured with the conditioned medium from
si-circFNDC3B, respectively. J, Western blot analysis of ESM1, PROX1, and VEGFC. Data are presented as the mean � SEM from three independent experiments.
� , P < 0.05. Scale bars, 100 mm (A, H, and I).
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Figure 8.

circFNDC3B enhances OSCC metastasis and associated neovascularization in vivo. A, Schematic diagram of an animal model to study LN metastasis of OSCC.
B, Representative images of cervical LNs. C, IHC staining of LN micrometastases. D, Hematoxylin and eosin staining of tongue tumor. E and F, Immunofluorescence
staining of angiogenesis (white arrow; E) and lymphangiogenesis (yellow arrow; F) in the tongue tumor microenvironment. Yellow dashed lines demarcate
the boundary of tumor. G, Schematic illustration showing the suggested mechanism by which circFNDC3B functions as an oncogene for OSCC angiogenesis,
metastasis, and lymphangiogenesis through the FUS/MDM2/HIF1A/VEGFA axis and contributes as a miR-181c-5p sponge to upregulate Serpine1 and PROX1,
respectively. � , P, 0.05. ns, no statistical significance. Scale bars, 100 mm (C and D) and 50 mm (E and F).
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their target genes. circFNDC3B is primarily localized in the cytosol and
predicted to bind miR-181c-5p as confirmed in pulldown assays.
Notably, miR-181c-5p has been identified as a putative tumor sup-
pressor in OSCC, cervical cancer, and breast cancer (46–48). Consis-
tent with previous studies, miR-181c-5p was here found to suppress
lymphangiogenesis and metastasis in OSCC.

Our work indicated that circFNDC3B functioned in OSCC as a
miR-181c-5p sponge, and PROX1 and Serpine1 were identified as
miR-181c-5p target genes associated with two malignant processes.
Serpine1 is associated with partial EMT induction, which is linked
to greater metastatic risk relative to full EMT induction (31).
Importantly, PROX1, which regulates HLEC differentiation, pro-
liferation, and lymphatic vessel elongation by regulating the expres-
sion of HLEC-specific proteins such as podoplanin, VEGFR3, and
LYVE-1, is considered a master transcriptional switch involved
in lymphatic endothelial cell-fate and lymphangiogenesis (49).
Meanwhile, we also further identified the lymphangiogenic medi-
ator ESM1 and the EMT markers Snail and ZEB1 as miR-181c-5p
targets. Critically, miR-181c-5p inhibitor treatment significantly
reversed circFNDC3B knockdown-related changes in target gene
expression. Therefore, circFNDC3B regulates these key malignant
processes by sequestering miR-181c-5p.

Conclusion
In summary, our study demonstrates the pleiotropic function of

circFNDC3B as an oncogene in OSCC, which on the one hand
enhances the invasive and metastatic capacity of OSCC cells and on
the other hand promotes angiogenesis and lymphangiogenesis in
the tumor microenvironment. circFNDC3B regulates the FUS/
MDM2/HIF1A/VEGFA axis in the nucleus and miR-181c-5p/Ser-
pine1/PROX1 axis in the cytoplasm, respectively, via interacting
with RBPs and sponging microRNAs (Fig. 8G). Our study broadens
the knowledge of circRNAs in promoting cancer metastasis and

proposes new insights that circFNDC3B can be a potential target for
the diagnosis and treatment of OSCC.
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