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A B S T R A C T

Emerging evidence suggests that circular RNAs (circRNAs) are involved in the regulation of
tumourigenesis and progression of a variety of malignant tumours. In this study, we aimed to
identify laryngeal squamous cell carcinoma (LSCC)-specific circRNAs and explore their biological
functions and underlying molecular mechanisms. Employing microarray and qRT-PCR, hsa_-
circ_0000825 was found to be significantly increased in LSCC tissues versus para-cancerous tis-
sues. High hsa_circ_0000825 expression was positively associated with advanced clinical stages,
lymph node metastasis, and poor survival. Furthermore, the overexpression of hsa_circ_0000825
in TU177 and AMC-HN-8 cells promoted cell proliferation. Transwell assays showed enhanced
migration and invasion of TU177 and AMC-HN-8 cells upon overexpression of hsa_circ_0000825.
Conversely, the knockdown of hsa_circ_0000825 had the opposite effect. Xenograft tumours in
BALB/c nude mice derived from hsa_circ_0000825-overexpressed TU177 cells showed greater
volume and weight than those derived from control TU177 cells. Mechanistically, nuclear-
cytoplasmic fractionation assay confirmed that hsa_circ_0000825 was mainly located in the
cytoplasm of TU177 and AMC-HN-8 cells. The AGO2-RNA immunoprecipitation (RIP) assay
revealed that hsa_circ_0000825 was significantly enriched in the AGO2-precipitated complex in
both TU177 and AMC-HN-8 cells, suggesting that this circRNA may function via a competitive
endogenous RNA (ceRNA) mechanism. Next, bioinformatics analysis, biotinylated-oligo pull-
down assay and dual-luciferase reporter assay verified that miR-766 could be sponged by hsa_-
circ_0000825 and also target 3′UTR of HOXD10 mRNA. Moreover, miR-766 was shown to be
involved in the pro-oncogenic effect of hsa_circ_0000825. This occurred via the mediation of
hsa_circ_0000825-enhanced HOXD10 mRNA by the ceRNA mechanism in TU177 and AMC-HN-8
cells. Besides, RNA-binding protein (RBP) ELAVL1 interacted with hsa_circ_0000825 in TU177
and AMC-HN-8 cells, as revealed through bioinformatics analysis, biotinylated-oligo pull-down
assays, and RIP assays. ELAVL1 knockdown decreased cell proliferation by 38 % and 34 % in
hsa_circ_0000825-overexpressed TU177 and AMC-HN-8 cells (P < 0.05). Similarly, ELAVL1 was
involved in the pro-migration and pro-invasion effects of hsa_circ_0000825 overexpression. In
addition, comprehensive analysis of mRNA-seq in hsa_circ_0000825-overexpressed TU177 cells,
as well as catRAPID and TCGA databases, suggested that ITGB2, HOXD10, and MTCL1 might be
crucial downstream target mRNAs of ELAVL1 in LSCC, participating in the hsa_circ_0000825-
ELAVL1 axis pro-oncogenic effect. Taken together, hsa_circ_0000825 plays a pro-oncogenic role
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in LSCC via the miR-766/HOXD10 axis and ELAVL1 and may serve as a promising specific
biomarker and therapeutic target for LSCC.

1. Introduction

Laryngeal squamous cell carcinoma (LSCC) is a common type of squamous cell carcinoma of the head and neck, accounting for
approximately 25–30 % of cases [1]. In 2020, there were 184,615 diagnosed cases of LSCC worldwide, with 99,840 deaths [2]. The
onset of LSCC is insidious, with early symptoms often vague and non-specific, leading many patients to be diagnosed at advanced
stages (clinical stages III and IV) [3]. Owing to the anatomical limitations of the throat and abundant submucosal lymph nodes, LSCC is
prone to local invasion and cervical lymph node metastasis [4]. Currently, surgery, radiotherapy, and chemotherapy are the primary
treatment methods for LSCC, but targeted therapy is very limited [5]. According to data from the Surveillance, Epidemiology, and End
Results Program, the 5-year relative survival rate of patients with laryngeal cancer was estimated to be 61.6 % from 2013 to 2019 [6].
Therefore, it is crucial to explore the pathological mechanisms involved in the occurrence and development of LSCC and to search for
potential specific biomarkers and therapeutic targets.

Circular RNAs (circRNAs) are non-coding RNAmolecules that have covalently closed loop structures without a 5′ cap and 3′poly(A)
tail [7]. With the continuous progress in biological technologies, an increasing number of circRNAs have been identified through RNA
sequencing, and their characteristics, such as stability, sequence conservation, and expression specificity, have been revealed [8].
CircRNAs are also involved in the regulation of tumourigenesis and progression of a variety of malignant tumours [9]. The mechanisms
by which circRNAs affect cell function include acting as sponges for microRNAs (miRNAs), competing with mRNAs for binding to
RNA-binding proteins (RBPs), interacting with proteins to influence their stability and function, binding to RNA polymerase II to
regulate gene transcription, and encoding polypeptides, etc. [10–14] Because of their stability, disease specificity, and function,
circRNAs are ideal candidates for the early diagnosis, prognosis evaluation, and treatment of malignant tumours [9]. Therefore,
studying the expression, function, and molecular mechanisms of circRNAs in LSCC is very important for the discovery and identifi-
cation of specific biomarkers and ideal therapeutic targets.

In the present study, hsa_circ_0000825 expression was significantly higher in LSCC tissues than in para-cancerous tissues. High
hsa_circ_0000825 expression was positively associated with advanced clinical stages, lymph node metastasis, and poor survival.
Furthermore, hsa_circ_0000825 overexpression promoted the proliferation, migration, and invasion of TU177 and AMC-HN-8 cells in
vitro and the growth of TU177 cell-derived xenograft tumours in vivo. Mechanistically, miR-766 could be sponged by hsa_circ_0000825,
and also target 3’ untranslated region (3′UTR) of HOXD10 mRNA. Moreover, miR-766 was involved in the pro-oncogenic effect of
hsa_circ_0000825 by mediating hsa_circ_0000825-enhanced HOXD10 mRNA through ceRNA mechanism in TU177 and AMC-HN-8
cells. Besides, the RBP ELAVL1 interacted with hsa_circ_0000825 in TU177 and AMC-HN-8 cells. Then, knockdown of ELAVL1
attenuated the pro-proliferation, pro-migration, and pro-invasion effects of hsa_circ_0000825 overexpression in TU177 and AMC-HN-
8 cells. In addition, comprehensive analysis of mRNA-seq in hsa_circ_0000825-overexpressed TU177 cells, as well as catRAPID and
TCGA databases, indicated that ITGB2, HOXD10, and MTCL1 may be crucial downstream target mRNAs of ELAVL1 in LSCC,
participating in the hsa_circ_0000825-ELAVL1 axis pro-oncogenic effect.

2. Materials and methods

2.1. LSCC patient tissues

Forty-eight pairs of LSCC andmatched para-cancerous tissues were collected from surgical patients at The Second Hospital of Hebei
Medical University. None of the patients received radiotherapy or chemotherapy before surgery. This study was approved by the
Medical Ethics Committee of Hebei Medical University (P2022067, March 10, 2022). All enrolled patients provided written informed
consent.

2.2. Cell lines and cell culture

Human LSCC cell lines (TU177 and AMC-HN-8), human nasopharyngeal epithelial cell line (NP69), and HEK293T cell line were
used in this study. All the cell lines were stored in the Biobank of Otorhinolaryngology Head and Neck Surgery of Hebei Medical
University. TU177 cells were grown in RPMI1640 medium (Gibco, Shanghai, China) containing 10 % fetal bovine serum (FBS)
(Lonsera, Uruguay). AMC-HN-8 and HEK293T cells were maintained in DMEMmedium (Gibco, Shanghai, China) containing 10% FBS.
NP69 cells were grown in keratinocyte medium (ScienCell, United States) containing 1 % keratinocyte growth supplement (ScienCell,
United States) and 1 % penicillin/streptomycin solution (ScienCell, United States). All cells were cultured in an incubator at 37 ◦C with
5 % CO2.

2.3. RNA extraction, genomic DNA (gDNA) extraction, and qRT-PCR

Total RNA was extracted from tissues and cells using the RNA-easy Isolation Reagent (Vazyme, Nanjing, China) according to the
manufacturer’s instructions. The PARIS™ Kit (Invitrogen, California, USA) was utilised to isolate nuclear and cytoplasmic RNA
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fractions. Genomic DNA was isolated with a DNA Extraction Reagent (Solarbio, Beijing, China). Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnosis, Mannheim, Germany) was used for reverse transcription. Sequences of the stem-loop RT primers for
the miRNAs are listed in Supplemental Table 1 qRT-PCR was conducted according to the instruction of GoTaq®qPCR Master Mix
(Promega, Wisconsin, USA). GAPDH or 18S rRNAwas used as an internal control for circRNA andmRNA, while miRNA expression was
normalised by U6. The fold change was expressed in the 2-ΔΔCt method. Sequences of the PCR primers are listed in Supplemental
Table 1.

2.4. Sanger sequencing

Sanger sequencing was conducted by Sangon Biotech (Shanghai, China) to confirm the amplification products of circRNAs.

2.5. RNase R treatment

RNase R (3U/μg, Epicentre Technologies, Wisconsin, USA) was added to total RNA (2 μg) of LSCC cells in the experimental groups,
while solvent was added to the control group. The mixture was incubated at 37 ◦C for 25 min and 70 ◦C for 10 min, according to the
manufacturer’s instructions. RT-PCR was conducted to analyse the products.

2.6. Cell transfection

The hsa_circ_0000825 overexpression plasmid was purchased from HanBio (Shanghai, China). HOXD10 and ELAVL1 over-
expression plasmid were purchased from YouBio (Changsha, China). To knockdown hsa_circ_0000825, HOXD10, and ELAVL1, the
DNA oligo of the corresponding short hairpin RNA was cloned into the pGenesil-1 vector (YouBio, Changsha, China). For luciferase
reporter plasmids, the hsa_circ_0000825 sequence and HOXD10 3′UTR sequence of wild type or miR-766 binding site mutant were
cloned into the pmirGLO vector (YouBio, Changsha, China). MiR-766 mimics and inhibitor were synthesised by RiboBio (Guangzhou,
China). Lipofectamine 2000 (Invitrogen, California, USA) was used for transient transfection of cells according to the manufacturer’s
instructions. The sequences used for plasmid construction and the miR-766 mimics and inhibitor sequences are listed in Supplemental
Table 1.

2.7. MTS assay

CellTiter 96® AQueous One Solution Cell Proliferation Assay Kit (Promega, Wisconsin, USA) was used to detect the proliferation
ability of transfected LSCC cells. Cells (2 × 103 cells per well) were seeded in 96-well plate, and 20 μl MTS was added into each well.
The cells were incubated at 37 ◦C for 2 h. The absorbance was measured at 490 nmwavelength using a microplate reader (Mod: SPARK
10 M, TECAN, Switzerland).

2.8. Colony formation assay

A total of 2 × 103 LSCC cells were collected and seeded into a 6-well plate, followed by culturing at 37 ◦C for 10 days. After
removing the culture medium, the cells were fixed with 4 % paraformaldehyde for 20 min and stained with 0.1 % crystal violet for 20
min. The number of colonies was then counted.

2.9. Transwell migration and invasion assays

A total of 1× 105 LSCC cells transfected for 48 h were suspended in 100–200 μl of serum-free medium. The cell suspension was then
added to the upper chamber of the transwell chamber (Corning, New York, USA) andmedium (650 μl) containing 10 % FBS was placed
in the lower chamber. The invasion assay was conducted using transwell chambers pre-coated with Matrigel (Corning, New York,
USA). After 24 h of routine incubation, cells that did not thread through the filter membrane were removed, and cells that threaded
through the filter membrane were fixed with 4 % paraformaldehyde for 20 min and stained with 0.1 % crystal violet for 20 min.
Finally, the cells were counted under a microscope.

2.10. RNA immunoprecipitation (RIP)

RIP assay was used to verify the binding between AGO2 and hsa_circ_0000825 and between ELAVL1 and hsa_circ_0000825. Ac-
cording to the instructions of the RNA Immunoprecipitation Kit (Geneseed Biotech, Guangzhou, China), 1 × 107 cells were collected,
and 1 ml lysis buffer containing protease inhibitors and RNase inhibitors was added to the cells. The protein A + G magnetic beads
combined with AGO2 antibody (#ab186733; Abcam, Cambridge, USA), FLAG antibody (#0912–1; HUABIO, Hangzhou, China), or IgG
(# HA1002; HUABIO, Hangzhou, China) were added to the cell lysate and incubated overnight at 4 ◦C. Proteins and RNA were
collected separately. Western blot analysis was conducted to verify the validity of the experiment, and qRT-PCR was used to verify the
enrichment of hsa_circ_0000825.
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2.11. Biotinylated-oligo pull-down assay

Biotinylated-oligo pull-down assay was performed to detect the miRNAs and RBPs that could bind to hsa_circ_0000825. Briefly, 4×

107 cells were cross-linked with formaldehyde, and the cross-linking was then quenched with glycine. Subsequently, the cells were
lysed and incubated with biotinylated-oligo probes (RiboBio Shanghai, China) for 4h at 37 ◦C. Next, the probes-lysate complex was
captured using streptavidin beads. RNA and proteins were collected separately. qRT-PCR was used to analyse the miRNAs binding to
hsa_circ_0000825. Western blot analysis was performed to analyse the RBP of hsa_circ_0000825. The probe sequences are listed in
Supplemental Table 1.

2.12. Dual-luciferase reporter assay

MiR-766 mimics or NC mimics and luciferase reporter plasmids were co-transfected into HEK293T cells. Cells transfected for 48 h
were lysed, and luciferase activity was measured according to the instructions of the Dual-Luciferase Reporter Assay System (Promega,
Wisconsin, USA). The ratio of firefly luciferase to renilla luciferase activity was used to represent relative luciferase activity.

2.13. Western blot analysis

Total protein was extracted using RIPA lysis buffer (Solarbio, Beijing, China) containing protease inhibitor cocktail (Promega,
Wisconsin, USA). The BCA Protein Assay Kit (Generay, Shanghai, China) was used to determine the protein concentration. Protein
(20μg/sample) was separated via SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, California,
USA). The PVDF membranes were blocked with 5 % skim milk (Biofroxx, Einhausen, Germany) for 2 h at room temperature and
incubated with primary antibodies against AGO2 (#ab186733, 1:2000; Abcam, Cambridge, USA), HOXD10 (#sc-166235, 1:1000;
Santa Cruz, Shanghai, China), ELAVL1 (#1862775, 1:1000; Thermo Scientific, Shanghai, China), FLAG (#0912–1, 1:5000; HUABIO,
Hangzhou, China), β-Actin (#66009-1-Ig, 1:20000; Proteintech, Wuhan, China), or β-Tublin (#10094-1-AP, 1:10000; Proteintech,
Wuhan, China) overnight at 4 ◦C. After washing three times with TBST, the membranes were incubated with secondary antibodies for
2 h at room temperature. The bands were visualised using enhanced chemiluminescence (ECL) detection reagents (Vazyme, Nanjing,
China) with ChemiDoc™ XRS + System (Bio-Rad, California, USA).

2.14. Generation of hsa_circ_0000825 overexpression cells and xenograft tumorigenesis

The hsa_circ_0000825 overexpression lentivirus was purchased fromHanBio (Shanghai, China). The viral supernatant was added to
TU177 cells and incubated for 72 h. Puromycin (2 μg/ml) was then added and incubated for 48 h, and the stable cells were screened.
Male SPF-grade BALB/c nude mice (5–6 weeks) were purchased from Beijing Vital River Laboratory Animal Technology Co., Limited.
(Beijing, China). The mice were randomly divided into two groups, with seven mice per group. Cells were collected and resuspended in
PBS, and 5 × 106 cells (200 μl) were subcutaneously injected into each mouse. The tumour volume was measured every 7 days after
injection. After 28 days, the mice were euthanised, and the tumours were weighed. Tumour volume was calculated using the following
formula: V (volume)= (length×width2)/2. The animal experiments in this study were approved by the Laboratory Animal Ethical and
Welfare Committee of Hebei Medical University (LACUC-Hebmu-P 2022101, March 11, 2022).

2.15. Statistical analysis

SPSS 25.0 and GraphPad Prism 9 were used for statistical analysis. Differences between the two groups were assessed using a two-
tailed Student’s t-test or Mann-Whitney U test. Kaplan-Meier survival curve and log-rank test were used to compare overall survival.
Data are presented as mean ± standard deviation (SD). P values of <0.05 was set as the threshold for significant difference.

Fig. 1. Identification, characteristics, expression and clinical significance of hsa_circ_0000825 in LSCC
A Volcano plot of the differentially expressed circRNAs in three pairs of LSCC tissues and para-cancerous tissues. The red dots represent higher
expression levels, while the blue dots represent lower expression levels. B Schematic illustration showed the cyclization of MTCL1 exons 3 and 4 to
form hsa_circ_0000825. Sanger sequencing following RT-PCR was used to show the “head-to-tail” splicing of hsa_circ_0000825. C Hsa_circ_0000825
expression in LSCC cells verified by RT-PCR. Agarose gel electrophoresis showed that divergent primers amplified hsa_circ_0000825 in cDNA but not
in gDNA. GAPDH served as a negative control. D Validation of hsa_circ_0000825 stability by RNase R treatment and RT-PCR assay. E Hsa_-
circ_0000825 abundance in nuclear and cytoplasmic fractions of LSCC cells was evaluated by qRT-PCR. GAPDH acted as a positive control of RNA
distributed in the cytoplasm, and U6 RNA acted as a positive control of RNA distributed in the nucleus. F Expression levels of hsa_circ_0000825 in 48
paired LSCC tissues were determined by qRT-PCR. G-H The expression of hsa_circ_0000825 in different groups was evaluated according to the
clinical features (n (clinical stage I+II) = 27, n (clinical stage III+IV) = 21; n(N0) = 31, n(N+) = 17). I Kaplan-Meier analysis of the correlation between
hsa_circ_0000825 expression and overall survival. *P < 0.05, **P < 0.01, ***P < 0.001. Div, divergent primer; Con, convergent primer; N0, patients
without cervical lymph node metastasis; N+, patients with cervical lymph node metastasis.
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3. Results

3.1. Identification and characteristics of hsa_circ_0000825 in LSCC

Three pairs of LSCC and para-cancerous tissues were selected for transcriptome microarray analysis to identify LSCC-specific
circRNAs. There were 3256 significantly differentially expressed (|log2FC|≥1 and P < 0.05) circRNAs, including 2159 upregulated
circRNAs and 1097 downregulated circRNAs (Fig. 1A). Among these, hsa_circ_0000825 (log2FC = 1.73 and P = 0.017) was signifi-
cantly increased in LSCC tissues. As reported for circBase, hsa_circ_0000825 (chr18:8718421–8720494) is composed of head-to-tail
splicing of exon 3–4 (384bp) of MTCL1 gene. Next, through Sanger sequencing, we confirmed that the back-splice site sequence of
hsa_circ_0000825 was ‘AGGA’ in TU177 cells (Fig. 1B). Furthermore, cDNA and gDNA were amplified using divergent and convergent
primers. Hsa_circ_0000825 could be amplified by divergent primers in cDNA rather than in gDNA of TU177 and AMC-HN-8 cells.
Linear MTCL1 could be amplified by convergent primers in both cDNA and gDNA (Fig. 1C). To confirm the circular structure of
hsa_circ_0000825 in TU177 and AMC-HN-8 cells, we performed RNase R digestion experiments. As seen in Fig. 1D, the linear MTCL1
was mostly degraded after RNase R digestion. Differentially, the circular hsa_circ_0000825 expression was not significantly altered by
RNase R digestion. Subsequently, hsa_circ_0000825 was confirmed to be mainly located in the cytoplasm of TU177 and AMC-HN-8
cells by nuclear-cytoplasmic fractionation assay (Fig. 1E).

3.2. Expression of hsa_circ_0000825 in patients with LSCC and its clinical significance

We further used qRT–PCR to detect the expression of hsa_circ_0000825 in 48 pairs of tissue samples, including LSCC tissues and the
corresponding para-cancerous tissues. Hsa_circ_0000825 was significantly upregulated in LSCC tissues compared to para-cancerous
tissues (P < 0.001) (Fig. 1F). Next, we investigated the correlation between hsa_circ_0000825 expression and the clinicopatholog-
ical features of patients with LSCC. Hsa_circ_0000825 expression was related to clinical stage, lymph nodemetastasis, and prognosis. In
detail, the expression of hsa_circ_0000825 in stages III and IV was significantly higher than that in stages I and II (P < 0.01) (Fig. 1G).
Patients with cervical lymph nodemetastasis had higher expression levels of hsa_circ_0000825 than those without cervical lymph node
metastasis (P < 0.01) (Fig. 1H). In addition, Kaplan-Meier survival analysis showed that patients with high hsa_circ_0000825
expression had poorer overall survival than those with low expression (P = 0.04) (Fig. 1I).

3.3. Hsa_circ_0000825 promoted proliferation, migration, and invasion of LSCC cells in vitro and the growth of tumours derived from
TU177 cells in vivo

We further investigated the expression of hsa_circ_0000825 in human LSCC cell lines (TU177 and AMC-HN-8) and human naso-
pharyngeal epithelial cell line (NP69). Hsa_circ_0000825 expression was approximately increased by 2.2 times in TU177 cells and
nearly 2.7 times in AMC-HN-8 cells compared to that in NP69 cells (Fig. 2A). To elucidate the biological function of hsa_circ_0000825
in LSCC cells, the hsa_circ_0000825 recombinant expression plasmid and shRNA plasmid were transfected into TU177 and AMC-HN-8
cells. As shown by the qRT-PCR results, the transfection successfully upregulated or downregulated hsa_circ_0000825 expression
without affecting the expression of linear MTCL1 mRNA (Fig. 2B). The MTS assay revealed that overexpression of hsa_circ_0000825
significantly promoted the viability of TU177 and AMC-HN-8 cells, whereas knockdown of hsa_circ_0000825 markedly inhibited cell
viability (Fig. 2C and D). The colony formation assay demonstrated that upregulation of hsa_circ_0000825 increased cell proliferation
by approximately 2 times and 1.3 times in TU177 and AMC-HN-8 cells, respectively, whereas the proliferation of TU177 and AMC-HN-
8 cells in the hsa_circ_0000825 downregulated group was reduced by approximately 49 % and 34 %, respectively (Fig. 2E and F). We
also verified the effects of hsa_circ_0000825 on the migration and invasion of LSCC cells. Transwell assay results showed that the
migration of TU177 and AMC-HN-8 cells in the hsa_circ_0000825 upregulated group was enhanced by approximately 2 times and 2.4
times, respectively, while downregulation of hsa_circ_0000825 decreased cell migration by approximately 39 % and 50 % in TU177
and AMC-HN-8 cells, respectively (Fig. 2G and H). Similarly, the invasion of LSCC cells was enhanced by the overexpression of
hsa_circ_0000825 and suppressed by the knockdown of hsa_circ_0000825 (Fig. 2I and J). To explore the effect of hsa_circ_0000825 on
LSCC growth in vivo, we constructed xenograft tumour models in nude mice by subcutaneously injecting TU177 cells that stably
overexpressed hsa_circ_0000825 or control cells. The volume and weight of xenograft tumours formed by hsa_circ_0000825 over-
expressing TU177 cells were significantly higher than those in the control group (Fig. 2K and L).

Fig. 2. Hsa_circ_0000825 promoted proliferation, migration and invasion of LSCC cells in vitro and the growth of tumours derived from TU177 cells
in vivo
A qRT-PCR analysis of the hsa_circ_0000825 expression in human LSCC cell lines (TU177 and AMC-HN-8) and human nasopharyngeal epithelial cell
line (NP69). B The efficacy of hsa_circ_0000825 overexpression plasmid and knockdown plasmid were detected by qRT-PCR. C&D The effect of
hsa_circ_0000825 on cell vitality in TU177 and AMC-HN-8 cells was detected by MTS assay. E&F Up-regulation of hsa_circ_0000825 prominently
promoted the colony formation of LSCC cells, while the colony formation of LSCC cells in hsa_circ_0000825 down-regulated group was repressed. G-
J The cell migration and invasion ability of LSCC cells after overexpression and knockdown of hsa_circ_0000825 were examined by transwell assay.
K Images of xenograft tumours in nude mice. And comparison of the tumor volume in hsa_circ_0000825-OE and control group (n = 7 each group). L
Comparison of the tumor weight in hsa_circ_0000825-OE and control group (n = 7 each group). *P < 0.05, **P < 0.01, ***P < 0.001.

M. Yu et al.



Heliyon 10 (2024) e37264

8

3.4. Hsa_circ_0000825 acts as a sponge for miR-766 in LSCC

Hsa_circ_0000825 is mainly located in the cytoplasm, therefore, we investigated whether it binds to miRNAs. The AGO2-RIP assay
revealed that hsa_circ_0000825 was significantly enriched in the AGO2-precipitated complex compared with the IgG precipitate in
both TU177 and AMC-HN-8 cells, suggesting that this circRNA may function through a ceRNA mechanism (Fig. 3A). Next, the
potential-binding miRNAs were predicted using the Circular RNA Interactome, in which the miRNAs with the 8mer-1a site type
included miR-1236, miR-516b, and miR-766 (Fig. 3B). Furthermore, biotinylated-oligo pull-down assays were conducted in both
TU177 and AMC-HN-8 cells, and the results suggested that miR-766, but not miR-1236 or miR-516b, was considerably enriched in the
hsa_circ_0000825-specific probe pull-down sample compared to that in the control group (Fig. 3C). Besides, dual-luciferase reporter
assay was performed to confirm the direct binding between hsa_circ_0000825 and miR-766. The results revealed that miR-766 mimics
diminished the luciferase activity of the hsa_circ_0000825 wild-type reporter gene by approximately 30 % but had no significant effect

Fig. 3. Hsa_circ_0000825 acts as a sponge for miR-766 in LSCC
A RIP assay was carried out with AGO2 antibody in TU177 and AMC-HN-8 cells, and then the enrichment of hsa_circ_0000825 was detected by qRT-
PCR. B The potential-binding miRNAs were predicted by Circular RNA Interactome. C Relative level of hsa_circ_0000825 and three miRNAs in
TU177 and AMC-HN-8 lysates after RNA pull down using hsa_circ_0000825 probe or NC probe. D HEK293T cells were co-transfected with miR-766
mimics and wild-type (hsa_circ_0000825-WT) or mutant (hsa_circ_0000825-MUT) hsa_circ_0000825 luciferase reporter vector, and luciferase ac-
tivity was detected. *P < 0.05, **P < 0.01, ***P < 0.001. NC, negative control.
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on the luciferase activity of the hsa_circ_0000825 mutant reporter gene (Fig. 3D).

3.5. MiR-766 partially mediates the pro-oncogenic function of hsa_circ_0000825 in LSCC

We further performed qRT–PCR to detect the expression of miR-766 and found that miR-766 was evidently downregulated in LSCC
tissues compared with that in para-cancerous tissues (P < 0.05) (Fig. 4A). Next, MTS, colony formation, and transwell assays were
conducted to verify the function of miR-766 in TU177 and AMC-HN-8 cells. The results demonstrated that, compared to that observed
for the control group, the miR-766 inhibitor distinctly promoted the proliferation, migration, and invasion of TU177 and AMC-HN-8
cells (Fig. 4B–E). Furthermore, the results of the MTS and colony formation assays indicated that the overexpression of hsa_-
circ_0000825 partially weakened the inhibitory effects of miR-766 mimics on cell viability and proliferation (Fig. 4F and G). Mean-
while, cell migration and invasion were determined using transwell assay. Compared with cells transfected with miR-766 mimics
alone, those co-transfected with the hsa_circ_0000825 overexpression plasmid were more capable of migration and invasion (Fig. 4H
and I).

3.6. HOXD10 is regulated by the hsa_circ_0000825/miR-766 axis in LSCC cells

To screen the downstream target genes of miR-766, miR-766 target mRNAs from TargetScan, upregulated genes from tran-
scriptomic sequencing in hsa_circ_0000825-overexpressed TU177 cells, and upregulated genes of LSCC in the TCGA database were
visually analysed. HOXD10 was not only a miR-766 target mRNA but also an upregulated gene after overexpressing hsa_circ_0000825

Fig. 4. MiR-766 partially mediate the pro-oncogenic function of hsa_circ_0000825 in LSCC
A Expression levels of miR-766 in LSCC tissues were determined by qRT-PCR. B The effect of miR-766 on cell vitality in LSCC cells was detected by
MTS assay. C MiR-766 inhibitor promoted colony formation of both TU177 and AMC-HN-8 cells. D&E The cell migration and invasion ability of
LSCC cells after miR-766 knockdown were examined by transwell assay. F&G MTS and colony formation assays indicated that cell proliferation
ability of LSCC cells transfected with miR-766 mimics was partially reversed when co-transfected with overexpression plasmid of hsa_circ_0000825.
H&I Transwell assay demonstrated that cell migration and invasion abilities of LSCC cells transfected with miR-766 mimics were attenuated when
co-transfected with overexpression plasmid of hsa_circ_0000825. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 5. HOXD10 was regulated by hsa_circ_0000825-miR-766 axis in LSCC cells
A Combined analysis to screen for miR-766-binding mRNAs. B The miR-766 mimics and wild type (HOXD10-WT) or mutant (HOXD10-MUT)
HOXD10-luciferase reporter vector were co-transfected into HEK293T cells, and the luciferase activity was detected. C&D The effect of miR-766 on
HOXD10 was verified by qRT-PCR and Western blot analysis. E&F qRT-PCR and Western blot analysis demonstrated that hsa_circ_0000825 could
attenuate the influence of miR-766 mimics on HOXD10 expression in LSCC cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. Downregulation of HOXD10 attenuated the pro-oncogenic effect of hsa_circ_0000825 in LSCC cells
A Western blot analysis was used to verify the successful overexpression of HOXD10 in LSCC cells. B The effect of HOXD10 on cell vitality in TU177
and AMC-HN-8 cells was detected by MTS assay. C HOXD10 overexpression promoted colony formation of both TU177 and AMC-HN-8 cells. D&E
The cell migration and invasion ability of TU177 and AMC-HN-8 cells after overexpression of HOXD10 were examined by transwell assay. FWestern
blot analysis was used to verify the successful knockdown of HOXD10 in LSCC cells. G&H MTS and colony formation assays indicated that cell
proliferation ability of TU177 and AMC-HN-8 cells transfected with overexpression plasmid of hsa_circ_0000825 was reversed when co-transfected
with knockdown plasmid of HOXD10. I&J Transwell assays demonstrated that cell migration and invasion abilities of TU177 and AMC-HN-8 cells
transfected with overexpression plasmid of hsa_circ_0000825 were attenuated when co-transfected with knockdown plasmid of HOXD10. *P < 0.05,
**P < 0.01, ***P < 0.001.

Fig. 7. The binding of hsa_circ_0000825 to ELAVL1 was verified, and the function of ELAVL1 in LSCC cells
A Combined analysis of two online databases (RBPDB and Circular RNA Interactome) to screen for hsa_circ_0000825-binding proteins. B&C
Biotinylated-oligo pull-down assay and RIP assay were performed to prove the combination of ELAVL1 and hsa_circ_0000825. D Western blot
analysis was used to verify the successful overexpression of ELAVL1 in LSCC cells. E The effect of ELAVL1 on cell vitality in TU177 and AMC-HN-8
cells was detected by MTS assay. F ELAVL1 overexpression promoted colony formation of both TU177 and AMC-HN-8 cells. G&H The cell migration
and invasion ability of TU177 and AMC-HN-8 cells after overexpression of ELAVL1 were examined by transwell assay. *P < 0.05, **P < 0.01, ***P
< 0.001.
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and an upregulated gene of LSCC (Fig. 5A). Next, dual-luciferase reporter assay was performed to confirm the direct binding of
HOXD10 3′UTR andmiR-766. The results revealed that miR-766mimics decreased the luciferase activity of the wild-type reporter gene
by approximately 51 % but not that of the mutant reporter gene (P < 0.01) (Fig. 5B). Furthermore, the expression of HOXD10 at the
mRNA and protein levels increased significantly after transfection with the miR-766 inhibitor compared to that in the negative control
group (Fig. 5C and D). In addition, qRT-PCR analysis demonstrated that HOXD10 mRNA expression was reduced by approximately 63

Fig. 8. Hsa_circ_0000825 promoted proliferation, migration and invasion of LSCC cells via ELAVL1
AWestern blot analysis was used to verify the successful knockdown of ELAVL1 in LSCC cells. B&CMTS and colony formation assays indicated that
cell proliferation ability of TU177 and AMC-HN-8 cells transfected with overexpression plasmid of hsa_circ_0000825 was partially reversed when co-
transfected with knockdown plasmid of ELAVL1. D&E Transwell assays demonstrated that cell migration and invasion abilities of TU177 and AMC-
HN-8 cells transfected with overexpression plasmid of hsa_circ_0000825 were attenuated when co-transfected with knockdown plasmid of ELAVL1.
F Western blot analysis was performed to detect the effect of hsa_circ_0000825 on ELAVL1 expression. G Combined analysis to screen for ELAVL1-
binding mRNAs. *P < 0.05, **P < 0.01, ***P < 0.001.
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% and 57 % in TU177 and AMC-HN-8 cells transfected with miR-766 mimics, respectively, relative to control cells. Subsequently, the
overexpression of hsa_circ_0000825 caused nearly 1.75-fold and 1.57-fold increases in HOXD10 mRNA expression in miR-766 mimics-
transfected TU177 and AMC-HN-8 cells, respectively (Fig. 5E). Similarly, Western blot analysis confirmed that HOXD10 protein level
decreased in TU177 and AMC-HN-8 cells transfected with miR-766 mimics compared to those in control cells, and overexpression of
hsa_circ_0000825 significantly increased HOXD10 protein level in miR-766 mimics-transfected TU177 and AMC-HN-8 cells (Fig. 5F).

3.7. Downregulation of HOXD10 attenuates the pro-oncogenic effect of hsa_circ_0000825 in LSCC cells

To further investigate whether HOXD10 is involved in the pro-oncogenic effects of hsa_circ_0000825, we initially transfected
HOXD10 overexpression plasmid into TU177 and AMC-HN-8 cells. As shown in Fig. 6A, the transfection effectively increased the
protein level of HOXD10. Subsequently, we conducted cellular functional detection, including MTS, colony formation, and transwell
assays, to explore the direct effect of HOXD10 on cells. MTS assay revealed that the overexpression of HOXD10 greatly enhanced the
viability of TU177 and AMC-HN-8 cells (Fig. 6B). The colony formation assay demonstrated that the upregulation of HOXD10 resulted
in an increase in cell proliferation of approximately 1.54 times and 1.44 times in TU177 and AMC-HN-8 cells, respectively (Fig. 6C).
The transwell assay results showed that the migration of TU177 and AMC-HN-8 cells in HOXD10 upregulated group was increased by
approximately 1.6 times and 1.5 times, respectively (Fig. 6D). Similarly, the overexpression of HOXD10 significantly promoted the
invasion of TU177 and AMC-HN-8 cells (Fig. 6E).

Next, we conducted rescue experiments in TU177 and AMC-HN-8 cells co-transfected with the hsa_circ_0000825 recombinant
expression plasmid and HOXD10 shRNA to investigate the functional connection between hsa_circ_0000825 and HOXD10. As shown in
Fig. 6F, the HOXD10 shRNA successfully reduced the protein levels of HOXD10. The MTS assay indicated that the downregulation of
HOXD10 partially counteracted the enhanced effects of hsa_circ_0000825 overexpression on LSCC cells viability (Fig. 6G). Moreover,
HOXD10 knockdown decreased the proliferation of hsa_circ_0000825-overexpressed TU177 and AMC-HN-8 cells by approximately 33
% and 39 %, respectively (Fig. 6H). Meanwhile, the migration ability of overexpressed hsa_circ_0000825 TU177 and AMC-HN-8 cells
transfected with HOXD10 shRNA decreased by approximately 28 % and 47 %, respectively, compared with overexpressed hsa_-
circ_0000825 cells transfected with the pGenesil-1 empty vector (Fig. 6I). Similarly, the transwell assay showed that the invasion
ability of cells overexpressing hsa_circ_0000825 transfected with HOXD10 shRNA was evidently decreased compared with the cells
transfected with only the hsa_circ_0000825 recombinant expression plasmid (Fig. 6J).

3.8. Hsa_circ_0000825 promotes proliferation, migration, and invasion of LSCC cells by binding to ELAVL1

CircRNAs not only act as miRNA sponges but also function by binding to RBPs. To predict hsa_circ_0000825 associated RBPs, two
databases (RBPDB and Circular RNA Interactome) were used. ELAVL1 was revealed to be a putative binding RBP of hsa_circ_0000825
(Fig. 7A). Subsequently, we performed pull-down assay using biotinylated oligo probe targeting hsa_circ_0000825 back-spliced
sequence. The results showed that ELAVL1 was enriched in the hsa_circ_0000825 probe group but not in the negative control
group (Figs. 3C & 7B). In addition, we transfected 3xFLAG-tagged ELAVL1 overexpression plasmid into TU177 and AMC-HN-8 cells
and conducted RIP assay using FLAG antibody. The enrichment of hsa_circ_0000825 in the FLAG antibody group was significantly
higher than that in the IgG group (Fig. 7C), suggesting that hsa_circ_0000825 binds to ELAVL1.

To explore the potential involvement of ELAVL1 in the pro-oncogenic effects of hsa_circ_0000825, we initially transfected an
overexpression plasmid of ELAVL1 into TU177 and AMC-HN-8 cells. As shown in Fig. 7D, transfection successfully increased the
protein level of ELAVL1. Next, we performed cellular functional detection, including MTS, colony formation, and transwell assays, to
investigate the direct effect of ELAVL1 on LSCC cells. MTS assay demonstrated that the overexpression of ELAVL1 significantly
increased the viability of TU177 and AMC-HN-8 cells (Fig. 7E). Colony formation assay showed that the up-regulation of ELAVL1 led to
a respective increase in cell proliferation of approximately 1.53 times and 1.40 times in TU177 and AMC-HN-8 cells (Fig. 7F). The
results of the transwell assay indicated that the migration of TU177 and AMC-HN-8 cells in the ELAVL1-upregulated group was
enhanced by approximately 1.76 times and 1.92 times, respectively (Fig. 7G). Similarly, the overexpression of ELAVL1 significantly
promoted the invasion of TU177 and AMC-HN-8 cells (Fig. 7H).

Subsequently, we performed rescue experiments in TU177 and AMC-HN-8 cells co-transfected with the hsa_circ_0000825 over-
expression plasmid and ELAVL1 shRNA to examine the functional relationship between hsa_circ_0000825 and ELAVL1. As shown in
Fig. 8A, ELAVL1 shRNA effectively decreased the protein level of ELAVL1. The MTS assay revealed that reducing the expression of
ELAVL1 partially mitigated the intensified effects of hsa_circ_0000825 overexpression on the viability of LSCC cells (Fig. 8B). More-
over, ELAVL1 knockdown decreased cell proliferation by approximately 38% and 34% in hsa_circ_0000825-overexpressed TU177 and
AMC-HN-8 cells, respectively (Fig. 8C). Meanwhile, the migration ability of overexpressed hsa_circ_0000825 TU177 and AMC-HN-8
cells transfected with ELAVL1 shRNA decreased by approximately 41 % and 49 %, respectively, compared to that of overexpressed
hsa_circ_0000825 cells transfected with pGenesil-1 empty vector (Fig. 8D). Consistently, ELAVL1 depletion greatly reversed the
promoting effect of hsa_circ_0000825 overexpression on TU177 and AMC-HN-8 cells invasion (Fig. 8E).

CircRNAs can interact with RBPs and modulate their stability. To further study the exact mechanism by which hsa_circ_0000825/
ELAVL1 regulates LSCC progression, we first determined the effect of hsa_circ_0000825 on ELAVL1 using Western blot analysis.
However, there was no significant change in the protein levels of ELAVL1 after overexpression of hsa_circ_0000825 (Fig. 8F). We
further reviewed the literature and found that ELAVL1 could regulate the stability and translation efficiency of target mRNA by
specifically binding to mediate the development and progression of various tumours. To screen the downstream target mRNAs of
ELAVL1, ELAVL1-binding mRNAs from catRAPID, upregulated genes from transcriptomic sequencing in hsa_circ_0000825-
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overexpressed TU177 cells, along with upregulated genes of LSCC in TCGA database, were visually analysed. The results indicate that
ITGB2, HOXD10, and MTCL1 may be crucial downstream target mRNAs of ELAVL1 in LSCC, participating in the pro-oncogenic effect
of the hsa_circ_0000825/ELAVL1 axis (Fig. 8G).

4. Discussion

Increasing numbers of circRNAs have been proven to be differentially expressed in LSCC, which can promote or inhibit the pro-
gression of LSCC. [15] In this study, we found that hsa_circ_0000825 was highly expressed in LSCC tissues. Furthermore, high hsa_-
circ_0000825 expression was positively associated with advanced clinical stages, lymph node metastasis, and poor survival.
Inconsistent with our results, Tang et al. revealed that the expression of hsa_circ_0000825 in colorectal cancer tissues is significantly
lower than that in para-carcinoma tissues [16]. These suggest that circRNAs exhibit tissue-specific expression patterns. [17] In the
further functional study, overexpression of hsa_circ_0000825 promoted the proliferation, migration, and invasion of LSCC cells in vitro
and the growth of xenograft tumours derived from TU177 cells in vivo. Similarly, Wang et al. showed that hsa_circ_0000825 may be
involved in the development of Hirschsprung’s disease by influencing cell migration and proliferation. [18].

The competitive endogenous RNA (ceRNA) hypothesis proposes that transcripts such as circRNAs and lncRNAs, which have the
same miRNA-binding site as that of mRNA, affect the stability or translation of target mRNAs by competitively binding to miRNAs
[19]. In the present study, we confirmed that hsa_circ_0000825 was mainly located in the cytoplasm of LSCC cells. The AGO2-RIP assay
revealed that hsa_circ_0000825 was significantly enriched in AGO2-precipitated complexes of LSCC cells. AGO2 is the catalytic
component of the RNA-induced silencing complex and is important for miRNA-mediated gene silencing [20]. Therefore, we suspected
that hsa_circ_0000825 may function as a miRNA sponge. Previous studies have shown that hsa_circ_0000825 may function as a
miR-145-5p sponge to regulate the expression of SMAD3 in Hirschsprung’s disease [18]. In this study, direct binding between hsa_-
circ_0000825 and miR-766 was confirmed through bioinformatics analysis, biotinylated-oligo pull-down assay, and dual-luciferase
reporter assay. After exploring the expression of miR-766 in our own specimen library via qRT-PCR, miR-766 was downregulated
in LSCC tissues compared to that in para-carcinoma tissues, implying that miR-766 may act as a tumour suppressor. In addition, the
miR-766 inhibitor promoted the proliferation, migration, and invasion of LSCC cells. Similarly, miR-766 has been reported as a tumour
suppressor gene that influences the malignant progression of colorectal cancer [21] and papillary thyroid carcinoma [22]. However,
Zhang et al. revealed that miR-766 inhibition suppressed cutaneous squamous cell carcinoma cell proliferation, metastasis, and
glycolysis [23]. Subsequent rescue assays indicated that the overexpression of hsa_circ_0000825 partially reversed the miR-766
mimics-inhibited proliferation, migration, and invasion of TU177 and AMC-HN-8 cells, suggesting that miR-766 partially mediates
the pro-oncogenic effect of hsa_circ_0000825. Previous studies have shown that miR-766 partially mediates the pro-oncogenic effects
of circ_0021093 in hepatocellular carcinoma [24]. In addition, a series of experiments verified that miR-766 could bind to the HOXD10
3′UTR and influence the expression of HOXD10 at mRNA and protein levels. Furthermore, the overexpression of hsa_circ_0000825
attenuated the inhibitory effect of miR-766 mimics on HOXD10. Similarly, Liu et al. have shown that circPCNXL2 can regulate the
expression of SRSF1 by sponging miR-766 in intrahepatic cholangiocarcinoma [25]. HOXD10 is a member of the Abd-B homeobox
family and encodes a protein with a homeobox DNA-binding domain [26]. Hakami et al. revealed that HOXD10 overexpression
increased cell proliferation, adhesion, and migration but decreased cell invasion in head and neck squamous cell carcinoma [27]. In
addition, it was reported that HOXD10 promoted cell proliferation andmigration of LSCC [28]. In this study, the results of MTS, colony
formation, and transwell assays demonstrated the oncogenic effects of HOXD10 in LSCC. HOXD10 knockdown weakened the pro-
moting effect of hsa_circ_0000825 overexpression on the proliferation, migration, and invasion of TU177 and AMC-HN-8 cells.
Therefore, we confirmed that the competitive binding of hsa_circ_0000825 and miR-766 relieved the inhibition of HOXD10 expression
by miR-766, upregulated the expression of HOXD10, and further promoted the proliferation, migration, and invasion of LSCC cells.

CircRNAs not only act as miRNA sponges but also function by binding to RBPs [29]. To identify hsa_circ_0000825-binding RBPs,
bioinformatics analysis was performed, and the results showed that ELAVL1, also known as HuR, is a putative binding partner of
hsa_circ_0000825. Next, using biotinylated-oligo pull-down and RIP assays, the binding between hsa_circ_0000825 and ELAVL1 was
confirmed. Cho et al. revealed that the expression of HuR in LSCC tissues was significantly higher than that in normal and dysplastic
laryngeal epithelium [30]. Chen et al. reported that circRHOBTB3 bound to HuR to repress metastasis in colorectal cancer [31].
Additionally, it is reported that circDLC1 regulated liver cancer progression via interaction with HuR [32]. In this study, ELAVL1
knockdown attenuated the promoting effect of hsa_circ_0000825 overexpression on the proliferation, migration, and invasion of
TU177 and AMC-HN-8 cells. Based on these results, we confirmed that hsa_circ_0000825 could bind to ELAVL1 and play a
pro-oncogenic role in LSCC. Furthermore, to study the exact mechanism by which hsa_circ_0000825/ELAVL1 regulates the progression
of LSCC, we first determined the effect of hsa_circ_0000825 on ELAVL1 using Western blot analysis. However, hsa_circ_0000825 did
not affect the protein levels of ELAVL1 in TU177 or AMC-HN-8 cells. It is reported that HuR regulates the stability and translation
efficiency of target mRNA by specifically binding to mediate the development and progression of various tumours [33]. Several
oncogenic circRNAs have been reported to promote the stability of target mRNAs by interacting with HuR. For example, He et al.
showed that circATG7 acted as a scaffold to increase the interaction between HuR protein and ATG7 mRNA, thereby enhancing ATG7
mRNA stability in pancreatic cancer [34]. Zhu et al. showed that circTICRR interacted with HuR protein, thereby stabilizing GLUD1
mRNA in cervical cancer [35]. Moreover, it is reported that circTHBS1 could enhance the HuR-mediated mRNA stability of INHBA,
thereby activating TGF-β pathway and promoting gastric cancer progression [36]. In the present study, to screen the downstream
target mRNAs of ELAVL1, ELAVL1-binding mRNAs from catRAPID, upregulated genes from transcriptomic sequencing in
hsa_circ_0000825-overexpressed TU177 cells, and upregulated genes of LSCC in TCGA database were visually analysed. The results
suggested that ITGB2, HOXD10, and MTCL1 might be crucial downstream target mRNAs of ELAVL1 in LSCC, participating in the
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pro-oncogenic effects of the hsa_circ_0000825/ELAVL1 axis. However, currently, only bioinformatics analysis and RNA-sequencing
data support this result. In future research, a series of in vitro and in vivo experiments need to be carried out to fully confirm this
hypothesis.

5. Conclusion

Overall, this study indicates that hsa_circ_0000825 plays a pro-oncogenic role in LSCC via the miR-766/HOXD10 axis and ELAVL1
(Fig. 9) and may be a promising specific biomarker and therapeutic target for laryngeal squamous cell carcinoma.
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