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Abstract. The homeobox (HOX) gene family plays a 
fundamental role in carcinogenesis. However, the oncogenic 
mechanism of HOXC10 in head and neck squamous cell 
carcinoma (HNSCC) remains unclear. In the present study, 
it was revealed that HOXC10 expression was significantly 
higher in HNSCC tissues than in adjacent tissues, and a high 
level of HOXC10 was closely associated with worse clinical 
outcomes. HOXC10 overexpression promoted HNSCC cell 
proliferation, migration, and invasion, both in vitro and in vivo. 
Mechanistically, chromatin immunoprecipitation sequencing 
revealed that HOXC10 drove the transcriptional activation of 
a disintegrin and metalloproteinase 17 (ADAM17), and the 
ADAM17/epidermal growth factor receptor (EGFR)/ERK1/2 
signaling pathway facilitating the proliferation of HNSCC. 
Furthermore, mass spectrometric analysis indicated that 
HOXC10 interacted with ribosomal protein S15A (RPS15A) 
and enhanced RPS15A protein expression, activating the 
Wnt/β‑catenin pathway and contributing to invasion and metas‑
tasis of HNSCC. Additionally, the methylated RNA immune 
precipitation and RNA antisense purification assays showed 
that N6‑methyladenosine (m6A) writer, methyltransferase‑like 
3, catalyzed m6A modification of the HOXC10 transcript, m6A 
reader insulin like growth factor 2 mRNA binding protein 
(IGF2BP)1 and IGF2BP3 involved in recognizing and stabi‑
lizing m6A‑tagged HOXC10 mRNA. In summary, the present 
study identified HOXC10 as a promising candidate oncogene in 
HNSCC. The m6A modification‑mediated HOXC10 promoted 

proliferation, migration, and invasion of HNSCC through 
co‑activation of ADAM17/EGFR and Wnt/β‑catenin signaling, 
providing a novel diagnostic and prognostic biomarker and a 
potential therapeutic target for HNSCC.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is 
one of the most common malignancies in the world. 
Globally, >700,000 cases of HNSCC are newly diagnosed, 
and >300,000 patients with HNSCC succumb to this disease 
each year (1). Despite multimodality treatments, recurrence 
and metastasis of HNSCC develop in numerous patients. 
Therefore, revealing the underlying molecular mechanism of 
HNSCC progression and identifying new key targets for the 
diagnosis and treatment of HNSCC are especially urgent.

Homeobox C10 (HOXC10) is a member of the HOX 
genes, which include four clusters: HOXA, HOXB, HOXC, and 
HOXD (2). Accumulated evidence has indicated that the HOX 
gene family is markedly expressed in various cancers and plays 
an important role in cancer progression. For example, phar‑
macologic inhibition of HOXA9 suppressed TWIST1‑induced 
aggressive cellular phenotypes of prostate cancer in vitro and 
metastasis in vivo (3). Higher HOXB8 expression in ovarian 
serous carcinoma effusions was associated with significantly 
shorter overall survival in post‑chemotherapy patients (4). 
Invasive and metastatic potential of cancer cells were enhanced 
by HOXD3 through the TGF‑β‑dependent and ‑independent 
pathways (5). The HOXC10 gene is located on chromosome 12 
and plays an important role in embryonic morphogenesis and 
cellular identity (6). Pathiraja et al showed that aromatase 
inhibitor treatment of breast cancer resulted in downregulation 
of HOXC10 expression via methylation of HOXC10 promoter 
regions and confers inhibitors resistance (7). Moreover, 
another study reported that HOXC10 overexpression promoted 
angiogenesis in glioma via upregulation of VEGFA expres‑
sion and interaction with PRMT5 (8). HOXC10 may become 
a useful marker in the diagnosis or treatment evaluation of 
cancer. However, to date, only a limited number of studies 
have focused on the role of HOXC10 in the pathogenesis of 
HNSCC. The biologic mechanisms of HOXC10 in HNSCC 
remain unclear, and further study is required.
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In the present study, the expression and biological func‑
tions of HOXC10 were determined using HNSCC samples and 
animal models. In particular, the underlying mechanisms of 
HOXC10‑induced proliferation, invasion, and metastasis of 
HNSCC were also elucidated. Furthermore, it was found that 
the N6‑methyladenosine (m6A) writer, methyltransferase‑like 3 
(METTL3), and the m6A readers, insulin like growth factor 2 
mRNA binding protein (IGF2BP)1 and IGF2BP3 participated 
in increasing the stability of the HOXC10 transcript in HNSCC.

Materials and methods

Antibodies and reagents. Antibodies used for western 
blot analysis were as follows: Anti‑HOXC10 (1:1,000; 
cat. no. A303‑178A‑M; Thermo Fisher Scientif ic, 
Inc.), anti‑β‑actin (1:1,000; cat. no. ab8224; Abcam), 
anti‑E‑cadherin (1:1,000; cat. no. 3195), anti‑N‑cadherin 
(1:1,000; cat. no. 13116), anti‑vimentin (1:1,000; cat. no. 5741) 
and anti‑Snail (1:1,000; cat. no. 3879; all from Cell Signaling 
Technology, Inc.), anti‑ADAM17 (1:1,000; cat. no. ab39162), 
phosphorylated (p)‑ERK1/2 (1:1,000; cat. no. ab278538), 
anti‑ERK1/2 (1:1,000; cat. no. ab184699), anti‑p‑epidermal 
growth factor receptor (EGFR) (1:1,000; cat. no. ab40815) 
and anti‑EGFR (1:1,000; cat. no. ab52894; all from Abcam), 
anti‑RPS15A (1:1,000; cat. no. A304‑990A; Thermo Fisher 
Scientific, Inc.), anti‑Axin2 (1:1,000; cat. no. ab109307), 
anti‑MMP7 (1:1,000; cat. no. ab207299), anti‑c‑Myc 
(1:1,000; cat. no. ab32072), anti‑β‑catenin (1:1,000; 
cat. no. ab32572), anti‑histone H3 (1:1,000; cat. no. ab1791), 
anti‑METTL3 (1:1,000; cat. no. ab195352), anti‑IGF2BP1 
(1:1,000; cat. no. ab184305) and anti‑IMP3 (1:1,000; 
cat. no. ab177477; all from Abcam). The following anti‑
bodies were used for immunohistochemistry: Anti‑HOXC10 
(1:500; cat. no. ab153904; Abcam), anti‑E‑cadherin (1:400; 
cat. no. 3195; Cell Signaling Technology, Inc.), anti‑vimentin 
(1:400; cat. no. 5741; Cell Signaling Technology, Inc.), and 
anti‑Snail (1:1,000; cat. no. ab85936; Abcam). Anti‑HOXC10 
(1:100; cat. no. A303‑178A) and anti‑RPS15A (1:100; 
cat. no. A304‑990A; both from Thermo Fisher Scientific, Inc.) 
were used for immunoprecipitation (IP). Actinomycin D was 
obtained from MedChemExpress.

Patients and specimens. HNSCC tissues and para‑carci‑
noma tissues were obtained from 77 patients diagnosed with 
HNSCC from the Eye and ENT Hospital, Fudan University 
(Shanghai, China), from November 2017 to March 2022. There 
were 75 males and 2 female patients, aged 43‑84 years, with a 
mean age (± standard deviation) of 64.4±9.3 years. The inclu‑
sion criteria were as follows: Patients who were diagnosed 
with primary HNSCC, had available tumor tissue samples 
suitable for tissue microarray (TMA) construction, and had 
complete clinical and pathological data. Patients who had 
received prior chemotherapy, immunosuppressive therapy, or 
had severe comorbidities or medical conditions were excluded 
from the study. The tissues were stored at ‑80˚C until their use. 
Neoplastic and matched normal tissues were used for TMA 
construction. Pannoramic MIDI (3DHISTECH, Ltd.) was then 
used to scan the microarray. The present study was authorized 
by the Ethics Committee of the Eye and ENT Hospital of 
Fudan University (approval. no. 2018036). These patients had 

received no treatment before surgery. All patients provided 
written informed consent.

Cell culture. The human HNSCC cell lines, Tu686 and FaDu 
(The Cell Bank of Type Culture Collection of The Chinese 
Academy of Sciences), were used in the present study. 
HuLa‑PC (CRL‑3342; ATCC), a human normal laryngeal cell 
line, was also used in the present study. Tu686 was cultured 
using RPMI‑1640 medium (HyClone; Cytiva) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin‑streptomycin. FaDu and 
HuLa‑PC was cultured in Dulbecco's modified Eagle's medium 
(DMEM; HyClone; Cytiva) supplemented with 10% FBS and 
1% penicillin‑streptomycin. All cells were placed in an incu‑
bator with 5% CO2 at 37˚C. AMC‑HN8 cells were a kind gift 
from Professor Sang Yoon Kim of Samsung Medical Center 
(Seoul, Korea). Tu212 and M4E cell lines were obtained from 
Central South University (Changsa, China). AMC‑HN8, Tu212 
and M4E were cultured using RPMI‑1640 medium (HyClone; 
Cytiva) supplemented with 10% and 1% penicillin‑strepto‑
mycin, and were placed in an incubator with 5% CO2 at 37˚C. 
For the mRNA stability assay, transfected HNSCC cells were 
treated with Actinomycin D (5 µg/ml; cat. no. S8964; Selleck 
Chemicals) at 37˚C for 0, 3 and 6 h prior to RNA isolation.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cell lines and tissues using Trizol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and then 
was reverse‑transcribed into cDNA using a RevertAid First 
Strand cDNA Synthesis kit (cat. no. K1622; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
The resulting cDNA was amplified with a gene‑specific primer 
and a qPCR SYBR Green Master Mix kit (Shanghai Yeasen 
Biotechnology Co., Ltd.). The PCR reaction involved an initial 
denaturation step at 95˚C for 5 min followed by 40 cycles 
of denaturation at 95˚C for 10 sec, annealing at 55‑60˚C for 
20 sec, and extension at 72˚C for 20 sec. The primer sequences 
are listed in Table I. The relative expression levels of the target 
genes were normalized to β‑actin and reported as 2‑ΔΔCq (9). 
In addition, HNSCC cells were treated with 5‑AZA‑CdR 
(cat. no. S1200; Selleck Chemicals) at 1 µM for 48 h, and the 
HOXC10 mRNA level was examined using RT‑qPCR.

Western blot analysis. Total proteins were extracted using 
RIPA lysis buffer containing 1% phenylmethanesulfonyl 
fluoride (PMSF; Beyotime Institute of Biotechnology). The 
protein concentration was detected using a BCA protein 
assay (Beyotime Institute of Biotechnology). A total of 
~20 µg protein/lane was separated by 6‑12% SDS‑PAGE and 
then transferred onto a PVDF membrane (MilliporeSigma). 
Subsequently, the membranes were blocked using 5% nonfat 
milk for 1 h at room temperature, and then incubated with 
the primary antibodies at 4˚C overnight. The following day, 
secondary antibodies: HRP‑labeled goat anti‑rabbit IgG (H+L) 
(cat. no. A0208; 1:1,000) and HRP‑labeled goat anti‑mouse IgG 
(H+L) (cat. no. A0216; 1:1,000), provided by Beyotime Institute 
of Biotechnology, were used to incubate the membranes at 
room temperature for 1 h. Target protein bands were finally 
visualized using an ECL system (MilliporeSigma). β‑actin 
served as the control.
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Cell migration, invasion, and proliferation assays. Cellular 
migration and invasion abilities were determined in 24‑well 
Transwell chambers (Corning, Inc.). For migration assays, 
5x104 cells with 200 µl of serum‑free media were added to the 
upper chamber, whereas 600 µl of complete media (RPMI‑1640 
medium supplemented with 10% FBS) was added to the bottom 
chamber. After 24 h at 37˚C, the cells in the lower chambers 
were fixed and stained with crystal violet (Beyotime Institute 
of Biotechnology) for 30 min at room temperature. For the 
invasion assays, a polycarbonate membrane was pre‑coated 
with Matrigel (Corning, Inc.) at 37˚C for 3 h. For quantifica‑
tion, a light microscope (Leica Microsystems GmbH) was 
used to analyze the number of cells.

5‑Ethynyl‑2'‑deoxyuridine (EdU) assay was performed 
to evaluate the ability of cellular proliferation based on the 
BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 
555 (cat. no. C0075S; Beyotime Institute of Biotechnology). 
The transfected cells were seeded into 24‑well plates 
(5x103 cells/well). The cells were cultured in EdU (10 µM) 
for 2 h at 37˚C and then fixed with 4% paraformaldehyde for 
10 min at room temperature. Subsequently, the samples were 
stained with the kit at room temperature for 1 h, according to 
the manufacturer's instructions. Images were detected using a 
fluorescence microscope (Leica Microsystems GmbH).

Co‑immunoprecipitation (Co‑IP) and ubiquitination assays. 
Proteins were extracted using 450 µl IP lysis buffer (Thermo 
Fisher Scientific, Inc.) containing 1% PMSF (Beyotime 
Institute of Biotechnology). Following cell lysis the superna‑
tant was collected by centrifugation at 12,000‑16,000 x g for 
10 min at 4˚C) and then incubated with the primary antibodies 
on a shaker at 4˚C overnight. Subsequently, the samples 
were incubated overnight with protein A/G magnetic beads 
(cat. no. LSKMAGAG02; MilliporeSigma). The beads were 
then washed 3 times with lysis buffer (cat. no. 87788; Thermo 
Fisher Scientific, Inc.) and then boiled at 100˚C in loading 
buffer for 30 min for subsequent western blot analysis assays.

For ubiquitination (Ubi) assays, transfected HNSCC 
cells were treated with MG132 (5 µmol; Selleck Chemicals) 
at 37˚C for 4 h before being harvested. The cell lysates 

were immunoprecipitated with the RPS15A antibody 
(cat. no. A304‑990A; Thermo Fisher Scientific, Inc.) and 
analyzed by western blotting with ubiquitin antibody 
(cat. no. sc8017; Santa Cruz Biotechnology, Inc.) at 4˚C over‑
night.

Transfection. For transient cell transfection, siRNAs against 
human ADAM17 (5'‑ACU UCA CAC UGU ACU CGC UTT‑3'), 
RPS15A (5'‑GAU GAU GAA GCA UGG UUA CAU‑3'), 
METTL3 (5'‑CUG CAA GUA UGU UCA CUA UGA‑3'), 
IGF2BP1 (5'‑GGC TCA GTA TGG TAC AGT A‑3'), IGF2BP3 
(5'‑GCT GAG AAG TCG ATT ACT A‑3') and the control 
siRNAs (5'‑TTC TCC GAA CGT GTC ACG T‑3') were obtained 
from Genomeditech (Shanghai) Co., Ltd. The RPS15A 
overexpression plasmid (Fig. S1A), ADAM17 overexpression 
plasmid (Fig. S1B), and empty plasmids were purchased from 
Genomeditech (Shanghai) Co., Ltd. The siRNAs (50 nM) or 
plasmids (2 µg/ml) were transfected using Lipofectamine® 
2000 (Thermo Fisher Scientific, Inc.) at 37˚C (for siRNAs, 
48 h and plasmids, 6 h). For stable cell transfection (at 37˚C 
for 18‑20 h), the HOXC10 overexpression and knockdown 
lentivirus (5'‑ACC TAG TGT CAA GGA GGA GAA‑3') were 
obtained from Genomeditech (Shanghai) Co., Ltd. The 
3rd generation system was used and the interim cell line used 
was 293T (ATCC). The quantity of lentiviral plasmid that was 
used was 20 µg, for transfection, and the ratio used for the 
lentivirus, packaging and envelope plasmids was: 3:1:1. The 
medium was collected by centrifugation at 500 x g for 5 min 
at 4˚C at a multiplicity of infection of 10. The duration of trans‑
fection into the cells of interest was 16 h and the time interval 
between transduction and subsequent experimentation was 
~2 weeks. To create stable cell lines, the selection method used 
was puromycin (5 µg/ml), and the concentration of puromycin 
used for maintenance was 2 µg/ml.

Immunofluorescence. The cells were fixed with 4% para‑
formaldehyde (Beyotime Institute of Biotechnology) at 
room temperature for 15 min. and then permeabilized with 
0.2% Triton X‑100 (Beyotime Institute of Biotechnology). 
Subsequently, the cells were blocked using 1% BSA at room 

Table I. Sequences of primers.

Gene symbol Forward primer (5'‑3') Reverse primer (5'‑3')

HOXC10  AGCCTCGCCCTCAACACCTATC GCAGCAGACATTCTCCTCCTTGAC
MMP7 GAGGATGAACGCTGGACGGATG AGGATCAGAGGAATGTCCCATACCC
Myc AGCAGCGACTCTGAGGAGGAAC TCCAGCAGAAGGTGATCCAGACTC
Axin2 CACCACCACCATTCGCAGTACC ACATGCTTCGTCGTCTGCTTGG
METTL3 TGCCTTTGCCAGTTCGTTAGTCTC ACTGACCTTCTTGCTCTGTTGTTCC
IGF2BP1 CACCCGAAACACCTGACTCCAAAG GCCATAGATTCTTCCCTGAGCCTTG
IGF2BP3 TCACTTCTATGCTTGCCAGGTTGC CCTTCTGTTGTTGGTGCTGCTTTAC
RPS15A AACCTCACAGGCAGGCTAAACAAG TGGCGGGATGGAAGCAGATTATTC
ADAM17 AGCAGATTCGCATTCTCAAGTCTCC GCAACATCTTCACATCCCAAGCATC
β‑actin GCACTCTTCCAGCCTTCCTTCC GCGGATGTCCACGTCACACTTC

HOXC10, homeobox C10; METTL3, methyltransferase‑like 3; IGF2BP1, insulin like growth factor 2 mRNA binding protein 1; IGF2BP3, 
insulin like growth factor 2 mRNA binding protein 3; RPS15A, ribosomal protein S15A; ADAM17, a disintegrin and metalloproteinase 17.
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temperature for 1 h and then incubated with the primary 
antibodies at 4˚C overnight. The following day, the cells 
were incubated with fluorescent secondary antibodies at 
room temperature for 1 h. The stained cells were analyzed 
using a Leica microscope (Leica Microsystems GmbH). The 
following primary antibodies were used for immunofluo‑
rescence: Anti‑HOXC10 (1:100; cat. no. ab153904; Abcam), 
anti‑E‑cadherin (1:1,000; cat. no. 3195; Cell Signaling 
Technology, Inc.), anti‑vimentin (1:100; cat. no. 5741; Cell 
Signaling Technology, Inc.), anti‑Snail (1:100; cat. no. A5243; 
ABclonal), anti‑RPS15A (1:100; cat. no. DF9117; Affinity 
Biosciences), and anti‑β‑catenin (1:200; cat. no. ab32572; 
Abcam). The fluorescent secondary antibodies used were as 
follows: Alexa fluor 488‑labeled goat anti‑mouse IgG (H+L) 
(1:500; cat. no. A0428) and Alexa fluor 555‑labeled donkey 
anti‑rabbit IgG (H+L) (1:500; cat. no. A0453; both from 
Beyotime Institute of Biotechnology).

Immunohistochemistry. Tissues were fixed with 4% parafor‑
maldehyde at room temperature for 24 h. and then embedded 
in paraffin. The paraffin‑embedded tissues were sectioned 
into 4‑µm thick slices. Tissue slices were deparaffinized, 
rehydrated, blocked with 10% goat serum (cat. no. C0265; 
Beyotime Institute of Biotechnology) at 37˚C for 60 min, 
and then incubated overnight with primary antibodies at 
4˚C. Subsequently, the slices were incubated with secondary 
antibodies [HRP‑labeled goat anti‑mouse IgG (H+L) (1:50; 
cat. no. A0216) and HRP‑labeled goat anti‑rabbit IgG 
(H+L) (1:50; cat. no. A0208; both from Beyotime Institute 
of Biotechnology] and stained with DAB. The slides were 
analyzed using a light microscope (Leica Microsystems 
GmbH). The histochemistry score (H‑Score) value was 
calculated using Image‑Pro Plus software 6.0 and used as an 
indicator of the level of protein.

Dual‑luciferase reporter assay. The lentivirus‑transfected 
cells were seeded in 24‑well plates. ADAM17 promoter plas‑
mids [Genomeditech (Shanghai) Co., Ltd.] were transfected 
into these cells. After 48 h of transfection using Lipofectamine 
2000 (cat. no. 11668019; Thermo Fisher Scientific, Inc., the rela‑
tive luciferase activity of reporter vectors was analyzed using 
a Dual‑Luciferase Reporter Gene Assay kit (cat. no. RG027; 
Beyotime Institute of Biotechnology) following the manufac‑
turer's protocols. The luciferase activity against that of Renilla 
was measured.

RNA antisense purification (RAP) assay. In this experi‑
ment, a RAP assay was performed using a RAP kit 
(cat. no. Bes5103‑1‑S; Guangzhou Bersinbio Co., Ltd.), 
following the manufacturer's protocols and as previously 
described (10,11). The biotin‑labeled specific probe was used to 
pull down the target RNA. RNAs and proteins that interacted 
with the target RNA were also obtained. The RNA products 
were then analyzed by RT‑qPCR, and the protein products 
were analyzed by western blotting.

Methylated RNA immune precipitation (MeRIP). Total RNA 
was extracted using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). The RNAs were cleaved into RNA 
fragments. The fragmented RNAs were immunoprecipitated 

with an anti‑m6A antibody (included in a MeRIP kit; 
cat. no. Bes5203‑2; Bersinbio). Protein A/G magnetic beads 
(20 µl per IP; included in the aforementioned kit) were added 
to the mixture at 4˚C, overnight. The beads were washed three 
times with an elution buffer. The RNAs were extracted using 
phenol‑chloroform‑isoamylol (included in the aforementioned 
kit; 25:24:1). The expression of the RNA was then analyzed by 
RT‑qPCR.

Animal experiments. A total of 20 male BALB/c nude mice 
(4‑6 weeks old; weight, 18‑20 g) were obtained from the 
Shanghai SLAC Laboratory Animal Co., Ltd. The present 
study was performed according to the guidelines of the 
National Institutes of Health for the Care and Use of Laboratory 
Animals (12). Mice were housed in animal rooms with a 10‑h 
light/14‑h dark cycle and at a constant temperature (22‑27˚C). 
Animals had free access to standard rodent chow and water. 
For the subcutaneous xenograft tumor model, transfected cells 
(5x106) were injected on the sides of the flanks of mice (n=5 
per group). Subsequently, 30 days later, the mice were eutha‑
nized by cervical dislocation following anesthesia induced 
by intraperitoneal injection of 0.3% sodium pentobarbital 
(30 mg/kg). Euthanasia was confirmed by verifying respiratory 
and cardiac arrest, along with pupil dilation, for a minimum of 
10 min. Tumor size and tumor weight were measured (max 
tumor diameter, 9.6 mm; max area, 82.56 mm2; max volume, 
355.01 mm3). For the pulmonary metastasis model, transfected 
cells (2x106) were injected into the mouse tail veins (n=5 per 
group). Subsequently, 60 days later, the mice were sacrificed, 
and lungs were obtained. Finally, lung and tumor tissues were 
available for H&E staining at room temperature for 5 min 
or immunohistochemistry staining. All animal procedures 
were approved (approval no. 202212201) by the Eye and ENT 
Hospital, Fudan University (Shanghai, China).

RNA sequencing. Total RNA was extracted using the TRIzol 
reagent (cat. no. 15596018CN; Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. RNA 
purity and quantification were evaluated using a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, Inc.). RNA 
integrity was assessed using the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc.). The libraries were then constructed 
using NEBNext®Ultra™ RNA Library Prep Kit for Illumina® 
(New England BioLabs, Inc.) following manufacturer's recom‑
mendations. The transcriptome sequencing and analysis were 
conducted by Orizymes Biotechnologies (Shanghai) Co., Ltd. 
The libraries were sequenced on an Illumina HiSeq X Ten plat‑
form and 150‑bp paired‑end reads were generated. Raw data 
(raw reads) of fastq format (https://maq.sourceforge.net/fastq.
shtml.) were firstly processed using Trimmomatic (http://www.
usadellab.org/cms/index.php?page=trimmomatic). Clean data 
were obtained for downstream analyses by removing reads 
containing adapter, reads containing ploy‑N and low‑quality 
reads from raw data. The clean reads were mapped to the 
human genome (hg38p13) using HISAT2 (https://ccb.jhu.
edu/software/hisat2) . The FPKM value of each gene was 
calculated using Cufflinks (13), and the read counts of each 
gene were obtained by HTSeq‑count (14). Differential 
expression analysis was performed using the DESeq (2012) 
R package (15). A P‑value <0.05 and fold change >2 or fold 
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change <0.5 were set as the threshold for significantly differ‑
ential expression. The heatmap and volcano plot were created 
using OmicStudio (https://www.omicstudio.cn).

ChIP‑sequencing. DNA and protein cross‑linking was 
achieved by adding 1% formaldehyde solution (cat. no. F8775; 
Sigma‑Aldrich, Merck KGaA), followed by quenching the 
reaction with 125 mM glycine (included in a CHIP kit; 
cat. no. Bes5001; Bersinbio). Chromatin was extracted from 
the cross‑linked cells using lysis buffer (included in a CHIP 
kit; cat. no. Bes5001; Bersinbio). The chromatin DNA was 
sonicated to obtain fragments ranging from 100 to 500 base 
pairs using MinElute PCR Purification Kit (cat. no. 28004; 
QIAGEN China Co., Ltd.). Immunoprecipitation of the 
chromatin DNA and antibody‑associated beads was 
performed by incubating them overnight at 4˚C. The immu‑
noprecipitated protein‑DNA complexes were eluted from 
the Dynabeads (included in a CHIP kit; cat. no. Bes5001; 
Bersinbio) using an optimal method (https://v2.fangcloud.
com/share/bcc477b7f13badd6dc7c0163a4). Sequencing 
libraries of the immunoprecipitated chromatin DNA were 
generated using the NEBNext® Ultra™ DNA Library Prep 
Kit for Illumina (New England BioLabs, Inc.). DNA purity 
and quantification were evaluated using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Inc.). DNA 
integrity was assessed using the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc.). The libraries underwent end 
repair, adaptor ligation, and removal of base U of the adaptor. 
After purification and size selection, the libraries were 
quantified using Qubit and the insert size was assessed using 
a high‑sensitivity DNA chip. The libraries (12 pM) were 
sequenced on an Illumina NovaSeq 6000 platform using 
NovaSeq 6000 SP reagent kit (100 cycles; cat. no. 2002746; 
Illumina Inc.), generating 150 bp paired‑end reads. The 
raw sequencing data in fastq format were processed using 
fastp software [FASTP (version 0.20.1) (https://github.
com/OpenGene/fastp] to obtain clean reads by removing 
adapters, poly‑N sequences, and low‑quality reads. The clean 
reads were then mapped to the genome using Bowtie2 (16) 
and peaks were called using MACS2 (version 2.2.7.1) (17). 
The called peaks were visualized using IGV software and 
annotated using the ChIPseekerv (18) package in R. De 
novo and known motifs were identified using MEME‑ChIP 
(version 4.9.1) (19), and GO enrichment analysis was 
performed using clusterProfiler (20).

Bioinformatic analyses. The pathways associated with 
HOXC10 in HNSCC were analyzed by Gene set enrich‑
ment analysis (GSEA) analysis with the R package 
ClusterProfiler (20). A total of 520 patients with HNSCC from 
TCGA database (https://portal.gdc.cancer.gov/) were divided 
into high and low expression groups based on HOXC10 expres‑
sion, and the the median expression level of HOXC10 was set 
as the cut‑off. Normalized enrichment score (NES), P‑value, 
and false discovery rate (FDR) for all variables and signatures 
were obtained by running GSEA.

For m6A site prediction, site‑specific RNA adenosine meth‑
yltransferase peaks (SRAMP; http://www.cuilab.cn/sramp/) 
and RMBase_v2.0 (http://rna.sysu.edu.cn/rmbase/) were 
used.

Statistical analysis. GraphPad Prism 9 software (GraphPad 
Software, Inc.; Dotmatics) and Stata 13.0 (StataCorp LP) 
were used for the statistical analysis. All data represent the 
mean ± standard deviation (SD) of triplicate repeats. Student's 
unpaired t‑test was used to compare two groups. The correla‑
tion between the two proteins was assessed using Pearson's 
correlation coefficient. Comparisons of three groups were 
performed using one‑way analysis of variance (ANOVA) with 
Tukey's multiple comparison test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

HOXC10 is overexpressed in HNSCC tissues and is associ‑
ated with a poor prognosis. The sum of three pairs of cancer 
and adjacent tissues were first selected for RNA‑seq and it 
was found that the expression of HOXC10 in HNSCC was 
increased (Fig. 1A and B), which was consistent with the 
results obtained from RT‑qPCR and western blot analysis 
(Fig. 1C‑E). HOXC10 expression was also upregulated in 
other cancer types, such as esophageal cancer (ESCA) and 
cervical squamous cell carcinoma and endocervical adeno‑
carcinoma (CESC; Fig. 1F). Immunohistochemical staining of 
tissues from 77 patients with HNSCC revealed that HOXC10 
expression was significantly higher in cancer tissues than in 
adjacent tissues (Fig. 1G). A high level of HOXC10 expres‑
sion was markedly associated with advanced TNM stage 
(Table II), shorter survival times, and a higher rate of recur‑
rence (Fig. 1H). These results demonstrated that HOXC10 is 
highly expressed in HNSCC tissues and is associated with a 
poor prognosis in patients with HNSCC.

In Table II, clinical stage IV included 40 patients with 
HNSCC, of which 28 had laryngeal cancer and 12 had 
hypopharyngeal cancer. It is crucial to note that among the 
40 stage IV patients included in the present study, 38 were 
categorized as stage IVa, 2 were classified as stage IVb, and 
there were no cases of stage IVc. The patients with metastases 
are primarily characterized by neck lymph node involvement, 
and notably, there were no instances of distant metastases in 
the present study. Surgical management in cases of neck lymph 
node metastasis involved radical neck lymph node dissection, 
which has demonstrated the capability to achieve substantial 
removal of metastatic regions in the neck. Furthermore, the 
primary tumors of the stage IV patients were relatively large. 
The post‑operative pathology reports indicated that 2 patients 
had positive margins. Thus, in the present study, surgery 
was found to effectively remove a significant portion of the 
tumors in most stage IV patients with HNSCC, but it may not 
completely remove tumors in all patients with stage IV disease.

High levels of HOXC10 promote HNSCC progression in vivo 
and in vitro. HOXC10 expression was revealed in five HNSCC 
cell lines and a normal nasopharyngeal epithelial cell line. 
As shown in Fig. 2A, HOXC10 expression in cancer cells was 
higher than in normal cells. Furthermore, HOXC10 was trans‑
fected with shRNAs into FaDu cells and HOXC10 vectors 
into Tu686 cells; transfection efficiencies were detected by 
RT‑qPCR and western blotting (Fig. 2B and C). The migra‑
tion and invasion assays revealed that HOXC10 knockdown 
inhibited the motility of FaDu cells. The EdU assay showed 
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Figure 1. Overexpression of HOXC10 is positively correlated with the poor prognosis of patients with HNSCC. (A) RNA‑seq was performed with three pairs 
of HNSCC and adjacent tissues. (B) Volcano plot of differentially expressed genes. Red represents upregulated genes, grey indicates genes not altered, and 
downregulated genes are in blue. (C and D) HOXC10 mRNA levels in 50 matched pairs of HNSCC and adjacent tissues were quantified using RT‑qPCR. 
(E) Representative bands of HOXC10 protein levels in HNSCC and adjacent tissues. (F) The mRNA levels of HOXC10 in different types of cancer were 
analyzed using TCGA. (G) Immunohistochemistry was applied to assess the expression of HOXC10 in tissue microarrays, including 77 patients with HNSCC 
and representative images are presented. HOXC10 expression levels were analyzed by H‑score. (H) Prognostic analysis of HOXC10 expression in 77 patients 
with HNSCC. **P<0.01. HOXC10, homeobox C10; HNSCC, head and neck squamous cell carcinoma; TCGA, The Cancer Genome Atlas Program; T, tumor; 
N, normal.
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that knockdown of HOXC10 suppressed the cell growth rate 
of FaDu cells; by contrast, HOXC10 upregulation significantly 
promoted the migration, invasion, and growth rates of Tu686 
cells (Fig. 2D‑F). To analyze the function of HOXC10 in vivo, 
a subcutaneous xenograft model was established and a pulmo‑
nary metastasis model, as shown in Fig. 2G‑J. FaDu‑NC cells 
exhibited a higher proliferation ability than FaDu‑shRNA2 
cells; beyond that, the incidence of lung metastasis for 
FaDu‑NC cells was higher than that of FaDu‑shRNA2 cells 
(Fig. 2K). These results revealed that HOXC10 upregulation 
promotes HNSCC progression, both in vivo and in vitro.

EMT is widely recognized as an important event associ‑
ated with cancer progression (21). The cellular morphology 
of the transfected HNSCC cells was detected and it was 
observed that FaDu‑shRNA2 and Tu686‑NC cells exhibited 
a cobblestone‑like appearance such as epithelial cells, while 
FaDu‑NC and Tu686‑HOXC10 cells exhibited a spindle‑like 
morphology such as fibroblasts (Fig. 3A). Next, it was found 
that knockdown of HOXC10 enhanced E‑cadherin expres‑
sion but reduced the expression of vimentin, N‑cadherin and 
Snail in FaDu cells. Conversely, HOXC10 overexpression 

brought about the opposite changes in the expression of these 
EMT markers in Tu686 cells (Fig. 3B), which was further 
supported by immunofluorescence and immunohistochemical 
analyses (Fig. 3C‑E). Taken together, these results indicated 
that HOXC10 could facilitate the progression of HNSCC by 
inducing EMT.

ADAM17 is a direct target of HOXC10 in HNSCC cells. To further 
investigate the target genes regulated by HOXC10, chromatin 
immunoprecipitation sequencing (ChIP‑seq) was performed 
in Tu686‑HOXC10 cells. To identify and annotate these target 
genes, MACS2 was introduced for peak calling filtered with the 
P‑value and peak enrichment, and ChIPseeker was applied to 
annotate the peak regions in gene promoter regions following 
the promoter regions ranging from TSS 3,000 bp upstream to 
3,000 bp downstream (Fig. 4A). As shown in Fig. 4B, peak regions 
in the whole genome were distributed as follows: 9.26% enrich‑
ment in the promoter regions, majority located introns (50.07%) 
and intergenic regions (33.7%), minority located in other regions 
including 0.71% downstream, 3.59% exons, 2.08% 3'UTR, and 
0.58% 5'UTR. GO enrichment revealed that HOXC10 played 

Table II. Association between HOXC10 and clinicopathological characteristics in 77 patients with head and neck squamous cell 
carcinoma.

 No. of patients
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables 38 HOXC10high 39 HOXC10low P‑value

Age (years)   
  <65 17 21 
  ≥65 21 18 0.424
Smoking   
  Yes 33 32 
  No 5 7 0.562
Drinking   
  Yes 19 24 
  No 19 15 0.308
Hypertension   
  Yes 13 12 0.747
  No 25 27 
Tumor size (cm)   
  <4 20 29 0.048
  ≥4 18 10 
Lymphatic metastasis   
  Metastasis 19 15 
  Nonmetastasis 19 24 0.308
Differentiation   
  Moderate to poor  29 29 
  High 9 10 0.842
Clinical stages   
  I ‑ III 14 23 0.016
   IV 24 16 

P<0.05 was considered statistically significant. HOXC10, homeobox C10.
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Figure 2. HOXC10 is involved in HNSCC cell migration, invasion, and proliferation in vitro and in vivo. (A) mRNA and protein levels of five HNSCC cell 
lines and a normal nasopharyngeal epithelial cell line. (B and C) The efficiency of transfection in the FaDu and Tu686 cell lines was verified by reverse 
transcription‑quantitative PCR and western blot analysis. (D‑F) Migration, invasion, and proliferation ability in transfected HNSCC cells were assessed 
by Transwell migration and EdU assays. Scale bar, 100 µm for D and E; scale bar, 50 µm for F. (G) Tumors derived from nude mice were subcutaneously 
transplanted with FaDu‑NC and FaDu‑shRNA2 cells. (H) Weight measurement of tumors. (I) Growth curves of subcutaneous tumors. (J) Ki67 expression was 
measured by immunohistochemistry. Scale bar, 50 µm. (K) Nude mice tails were intravenously injected with FaDu‑NC and FaDu‑shRNA2 cells to establish 
the pulmonary metastasis models; representative images show pulmonary metastases. Scale bar, 200 µm. **P<0.01. HOXC10, homeobox C10; HNSCC, head 
and neck squamous cell carcinoma; EdU, 5‑ethynyl‑2'‑deoxyuridine; NC, negative controls; sh, small hairpin.
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an important role in the ‘epidermal growth factor receptor 
signaling pathway’ (Fig. 4C). The metalloprotease, ADAM17 
has been reported to activate ligands of EGFR and contribute 
to tumor progression (22). In the present study, it was found 
that a putative HOXC10‑binding peak at the promoter region 
of the ADAM17 gene (Fig. 4D). Based on this, the potential 
motif bound by HOXC10 was also identified with MEME motif 
software (Fig. 4E). A dual‑luciferase reporter assay revealed 
that HOXC10 enhanced the transcriptional activity of ADAM17 
(Fig. 4F). Knockdown of HOXC10 reduced the expression of 
ADAM17 in FaDu cells; conversely, HOXC10 overexpression 
yielded the opposite effect in Tu686 cells (Fig. 4G and H). 

A previous study reported that ADAM17‑EGFR signaling 
axis‑dependent ERK activation mediated the proliferation of 
collecting duct kidney epithelial cells (23). In the present study, 
it was revealed that ADAM17 treatment significantly promoted 
the phosphorylation of EGFR and ERK1/2 in Tu686 cells 
(Fig. 4I). HOXC10 knockdown in FaDu cells suppressed the 
EGFR and ERK1/2 phosphorylation levels, which were restored 
after ADAM17 overexpression; by contrast, HOXC10 overex‑
pression in Tu686 cells enhanced the phosphorylation of EGFR 
and ERK1/2, which was inhibited after ADAM17 knockdown 
(Fig. 4J). Correspondingly, HOXC10 knockdown restrained the 
growth rate of FaDu cells, which was regained after ADAM17 

Figure 3. HOXC10 promotes cellular EMT in HNSCC. (A) The cellular morphology of the transfected HNSCC cells was detected. Scale bar, 10 µm. 
(B and C) Expression levels of EMT markers were analyzed by western blot analysis and immunofluorescence staining. Scale bar, 12.5 µm for C. 
(D and E) Immunohistochemical staining of EMT markers in serial sections of xenograft tumor and human HNSCC tissues. Scale bar, 50 µm. HOXC10, 
homeobox C10; EMT, epithelial‑mesenchymal transition; HNSCC, head and neck squamous cell carcinoma; H&E, hematoxylin and eosin.
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Figure 4. HOXC10 enhances the proliferation of HNSCC cells by targeting ADAM17. (A) Heat map of chromatin immunoprecipitation sequencing read densi‑
ties around the HOXC10‑bound regions 3 kb upstream of the TSS and 3 kb downstream of the TES. (B) Pie chart showing the distribution of HOXC10 peaks 
across the genome. (C) GO enrichment analysis of the top 10 biological processes, cellular components, and molecular function categories. (D) Distribution 
of HOXC10 binding peaks at ADAM17 promoters. (E) The ADAM17 promoter region contains a motif bound by HOXC10. (F) Transcriptional activity of 
ADAM17 was assessed by dual luciferase reporter assay. (G and H) Reverse transcription quantitative‑PCR and western blot analyses were used to detect the 
expression of ADAM17 in the indicated cells. (I) Western blotting showed phosphorylation levels of EGFR and ERK1/2 in Tu686 cells treated with rhADAM17. 
(J) Phosphorylation levels of EGFR and ERK1/2 in the indicated cells were analyzed by western blotting. (K) The proliferation ability in transfected HNSCC 
cells was assessed by EdU assay. Scale bar, 50 µm. (L) GSEA, based on the TCGA dataset, showed that HOXC10 expression was positively associated with 
DNA replication. **P<0.01. HOXC10, homeobox C10; HNSCC, head and neck squamous cell carcinoma; ADAM17, a disintegrin and metalloproteinase 17; 
TSS, transcription start site; TES, transcription end site; GO, Gene Ontology; EGFR, epidermal growth factor receptor; EdU, 5‑ethynyl‑2'‑deoxyuridine; 
GSEA, Gene Set Enrichment Analysis; TCGA, The Cancer Genome Atlas Program; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 5. HOXC10 facilitates Wnt/β‑catenin signaling in HNSCC by interacting with RPS15A. (A‑C) The binding partners of HOXC10 were analyzed 
by the combination of Co‑IP and mass spectrometric analyses, and 11 proteins are presented. (D) Co‑IP and western blot analysis were used to verify the 
interaction between HOXC10 and RPS15A. (E) Immunofluorescence was used to identify the colocalization of HOXC10 and RPS15A. Scale bar, 25 µm. 
(F and G) RT‑qPCR and western blot analysis of RPS15A expression in HNSCC cells transfected with shRNA2 or HOXC10. (H) Ubiquitination assay 
for the effects of HOXC10 on RPS15A ubiquitination. (I) GSEA based on the TCGA dataset suggested that HOXC10 expression was positively associated 
with the activation of the Wnt/β‑catenin pathway. (J) The efficiency of transfection in the indicated cells was confirmed by RT‑qPCR and western blotting. 
(K) Immunofluorescence detection of β‑catenin in the nucleus after transfection with shRNA2, HOXC10, RPS15A, or siRPS15A in indicated cells. Scale bar, 
25 µm. (L) Western blot analysis was performed to detect β‑catenin, Myc, MMP7, Axin2, and RPS15A protein in HNSCC cells transfected with shRNA2, 
HOXC10, RPS15A, or siRPS15A. (M) Myc, MMP7, and Axin2 mRNA levels were analyzed by RT‑qPCR in transfected HNSCC cells. (N) The activity of the 
Wnt/β‑catenin pathway was analyzed by TOP/FOP‑Flash luciferase reporter assay. (O and P) Migration and invasion ability in transfected HNSCC cells were 
assessed by Transwell assay. Scale bar, 100 µm **P<0.01. HOXC10, homeobox C10; HNSCC, head and neck squamous cell carcinoma; RPS15A, ribosomal 
protein S15A; Co‑IP, co‑immunoprecipation; RT‑qPCR, reverse transcription quantitative‑PCR; shRNA, short haipin RNA; siRPS15A, small interfering 
RPS15A; GSEA, Gene Set Enrichment Analysis; TCGA, The Cancer Genome Atlas Program.
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overexpression; HOXC10 overexpression enhanced the growth 
rate of Tu686 cells, which was suppressed after ADAM17 
knockdown (Fig. 4K). Gene Set Enrichment Analysis (GSEA), 
based on the TCGA dataset, also indicated that HOXC10 expres‑
sion was positively associated with ‘DNA replication’ (Fig. 4L). 
Collectively, these data demonstrated that HOXC10 promotes 

the proliferation of HNSCC via targeting the ADAM17/EGFR 
pathway.

HOXC10 facilitates Wnt/β‑catenin signaling in HNSCC by 
interacting with RPS15A. To further explore the potential 
mechanism through which HOXC10 promotes the invasion 

Figure 6. HOXC10 is modulated by m6A RNA methylation. (A) HNSCC cells were treated with 5‑AZA‑CdR at different concentrations for 48 h, and the 
HOXC10 mRNA level was examined using RT‑qPCR. (B) Predicted m6A sites in HOXC10 mRNA from overlapping results of SRAMP and RMBase_ v2.0. 
(C) m6A RIP‑qPCR analysis showed that m6A was highly enriched within the predicted m6A sites in FaDu cells. (D) RAP‑western blot assays indicated 
that HOXC10 mRNA interacted with METTL3. (E) HOXC10 mRNA and protein levels were analyzed by RT‑qPCR and western blotting in the indicated 
HNSCC cells. (F) MeRIP assay for m6A‑modified HOXC10 mRNA in FaDu cells transfected with si‑NC or si‑METTL3. (G) HNSCC cells with METTL3 
knockdown were treated with actinomycin D (5 µg/ml) for the indicated time points, and the HOXC10 mRNA level was examined by RT‑qPCR. (H) HOXC10 
mRNA and protein levels in HNSCC cells with METTL3 knockdown were detected by RT‑qPCR and western blotting. **P<0.01. HOXC10, homeobox C10; 
m6A, N6‑methyladenosine; HNSCC, head and neck squamous cell carcinoma; RT‑qPCR, reverse transcription quantitative‑PCR; RIP‑qPCR, RNA immune 
precipitation‑quantitative PCR; RAP, RNA antisense purification; METTL3, methyltransferase‑like 3; MeRIP, methylated RNA immune precipitation; si‑, 
small interfering; NC, negative control.
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Figure 7. IGF2BP1 and IGF2BP3 participated in the recognition and stabilization of m6A‑modified HOXC10 mRNA. (A) The RAP‑western blot assays indi‑
cated that HOXC10 mRNA interacted with IGF2BP1 and IGF2BP3. (B and C) IGF2BP1 and IGF2BP3 mRNA and protein levels were analyzed by RT‑qPCR 
and western blotting in the indicated HNSCC cells. (D) HNSCC cells with IGF2BP1 or IGF2BP3 knockdown were treated with actinomycin D (5 µg/ml) for 
the indicated time points, and the HOXC10 mRNA level was examined by RT‑qPCR. (E) HOXC10 mRNA and protein levels in HNSCC cells with IGF2BP1 
or IGF2BP3 knockdown were detected by RT‑qPCR and western blotting. (F) The mRNA expression of HOXC10, IGF2BP1, IGF2BP3, and METTL3 in 
30 HNSCC tumor tissues was detected by RT‑qPCR. A representative image is shown. (G) Pearson's correlation analysis between HOXC10 and IGF2BP1, 
IGF2BP3, or METTL3 was performed at the mRNA level. (H) The protein expression of HOXC10, IGF2BP1, IGF2BP3, and METTL3 in 30 HNSCC 
tumor tissues was detected by western blot analysis, and representative images are shown. (I) Pearson's correlation analysis between HOXC10 and IGF2BP1, 
IGF2BP3, or METTL3 was performed at the protein level. (J) Representative immunostaining images of HOXC10, IGF2BP1, IGF2BP3, and METTL3 in 
HNSCC tumor tissues. Scale bar, 500 µm. The enlarged image scale bar, 50 µm. (K) Correlation analysis of H‑scores of HOXC10, IGF2BP1, IGF2BP3, and 
METTL3 using the Pearson's correlation coefficient. **P<0.01. IGF2BP1, insulin like growth factor 2 mRNA binding protein 1; IGF2BP3, insulin like growth 
factor 2 mRNA binding protein 3; m6A, N6‑methyladenosine; HOXC10, homeobox C10; RAP, RNA antisense purification; RT‑qPCR, reverse transcription 
quantitative‑PCR; HNSCC, head and neck squamous cell carcinoma; METTL3, methyltransferase‑like 3; NC, negative control.
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and metastasis of HNSCC, Co‑IP and mass spectrometric 
(MS) analyses were performed to identify the underlying 
HOXC10‑binding proteins in HNSCC cells. As shown in 
Fig. 5A‑C, 11 proteins were identified among the candidate 
HOXC10‑interacting partners. RPS15A was selected for 
further investigation, as prior studies have indicated that it is 
involved in the progression of gastric cancer and colorectal 
cancer (24‑25), but its role in HNSCC has not been well 
studied. The interaction between HOXC10 and RPS15A was 
verified by co‑IP and colocalization assays (Fig. 5D and E). 
Moreover, changes in the expression of HOXC10 did not influ‑
ence RPS15A mRNA levels, whereas HOXC10 knockdown 
significantly downregulated RPS15A protein levels in FaDu 
cells, and overexpression of HOXC10 upregulated RPS15A 
protein levels in Tu686 cells (Fig. 5F and G). This indicated 
that HOXC10 influenced RPS15A expression at the protein 
level but not at the mRNA level. Ubiquitin‑mediated prote‑
olysis regulates protein stability without influencing mRNA 
levels and plays an important role in tumor progression (26). 
In the present study, it was hypothesized that the interaction 
between HOXC10 and RPS15A may regulate RPS15A prote‑
olysis and thereby influence the protein level of RPS15A. As 
shown in Fig. 5H, ubiquitination assays showed that knock‑
down of HOXC10 obviously increased RPS15A ubiquitination 
after MG132 treatment; overexpression of HOXC10 produced 
the opposite effect. A previous study reported that RPS15A 
promoted angiogenesis in HCC by enhancing Wnt/β‑catenin 
signaling (27). In the present study, GSEA based on the 
TCGA dataset demonstrated that HOXC10 expression was 
positively associated with genes upregulated by activation of 

the Wnt/β‑catenin pathway (Fig. 5I). HOXC10 knockdown 
suppressed the expression levels of nuclear β‑catenin and its 
downstream target genes, such as MMP7, Myc, and Axin2, 
which were partially restored by RPS15A overexpression; by 
contrast, HOXC10 overexpression or RPS15A knockdown 
yielded the opposite effect (Fig. 5J‑M), which was then 
further confirmed by a TOP/FOP‑Flash luciferase reporter 
assay (Fig. 5N). Additionally, it was observed that RPS15A 
overexpression restored cell migration and invasion impaired 
by HOXC10 knockdown in FaDu cells. RPS15A knockdown 
abrogated cell migration and invasion induced by HOXC10 
overexpression in Tu686 cells (Fig. 5O and P). Taken together, 
these results indicated that HOXC10 interacts with RPS15A to 
facilitate the Wnt/β‑catenin pathway activation and contribute 
to the invasion of HNSCC.

m6A modification is associated with HOXC10 upregulation in 
HNSCC cells. Advances in tumor epigenetic regulation have 
shed light on the role of m6A RNA methylation modification in 
tumor development and progression (28); whether HOXC10 is 
modulated by m6A RNA methylation in HNSCC cells remains 
unclear. We found that the DNA methyltransferase inhibitor 
(5‑Aza‑CdR) failed to upregulate HOXC10 expression 
(Fig. 6A). m6A modification has been reported to preferentially 
locate in the consensus motif ‘RRm6ACH’ (R=G or A; H=A, 
C or U) (29), according to the results from online bioinfor‑
matics databases SRAMP and RMBase v2.0. The sum of 
three potential m6A sequence motifs were found in HOXC10 
mRNA (Fig. 6B). MeRIP analysis showed that m6A was highly 
enriched within these predicted m6A sites (Fig. 6C). As a 
crucial m6A methyltransferase, METTL3 has been reported 
to play a significant role in catalyzing m6A formation (30); 
RAP‑western blot assays indicated that HOXC10 mRNA inter‑
acts with METTL3 (Fig. 6D). In addition, it was revealed that 
METTL3 expression was higher in HNSCC cells compared 
with HuLa‑PC cells, and METTL3 knockdown reduced m6A 
levels of HOXC10 mRNA (Fig. 6E and F). Notably, RNA 
stability assays demonstrated that METTL3 knockdown 
significantly decreased the stability of HOXC10 mRNA under 
actinomycin D treatment; knockdown of METTL3 resulted 
in a decrease in HOXC10 expression (Fig. 6G and H). These 
findings indicated that METTL3‑mediated m6A modification 
is associated with the upregulation of HOXC10 in HNSCC, 
probably by increasing the stability of its transcript.

Previous research reported that IGF2BPs could recognize 
m6A modications in mRNA transcripts and enhance the 
stability and translation of these mRNAs (31); therefore, it 
was investigated whether IGF2BPs participate in the recogni‑
tion and stabilization of m6A‑modified HOXC10 mRNA, and 
thereby regulate HOXC10 expression. As shown in Fig. 7A, the 
RAP‑western blot assays showed that IGF2BP1 and IGF2BP3 
bound to HOXC10 mRNA. IGF2BP1 or IGF2BP3 expression 
was higher in HNSCC cells compared to HuLA‑PC cells 
(Fig. 7B‑C). IGF2BP1 or IGF2BP3 knockdown decreased 
the stability of HOXC10 mRNA at different degrees after 
actinomycin D treatment (Figs. S2 and 7D). Moreover, 
knockdown of IGF2BP1 or IGF2BP3 resulted in a significant 
decrease in HOXC10 expression at both the mRNA and 
protein levels (Fig. 7E). These results indicated that IGF2BP1 
and IGF2BP3 recognize and stabilize m6A‑tagged HOXC10 

Figure 8. Proposed mechanism scheme of HOXC10 in HNSCC. A working 
model depicting that m6A modification‑mediated HOXC10 upregulation 
promotes proliferation and invasion of HNSCC cells by co‑activation of 
ADAM17/EGFR and Wnt/β‑catenin signaling. HOXC10, homeobox C10; 
HNSCC, head and neck squamous cell carcinoma; m6A, N6‑methyladenosine; 
ADAM17, a disintegrin and metalloproteinase 17; EGFR, epidermal growth 
factor receptor; IGF2BP1/3, insulin like growth factor 2 mRNA binding 
protein 1/3; RPS15A, ribosomal protein S15A.
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mRNA. Finally, the results of Pearson's correlation analysis, 
RT‑qPCR and western blotting indicated that the expression 
level of HOXC10 was positively correlated with the levels of 
IGF2BP1, IGF2BP3, and METTL3 in HNSCC tissues, which 
was further supported by immunohistochemistry analysis in 
the tissue microarray (Fig. 7F‑K).

Discussion

The present study demonstrated that HOXC10 is significantly 
elevated in HNSCC tissues, that a high level of HOXC10 is 
associated with the malignant phenotype of HNSCC, and that it 
is also an important prognostic factor for patients with HNSCC. 
The experimental approach combining CHIP‑seq with MS 
analysis revealed the underlying mechanism by which HOXC10 
promoted ADAM17 expression by binding its promoter region, 
and ADAM17/EGFR pathway activation facilitated the prolif‑
eration of HNSCC. Furthermore, HOXC10 interacted with 
RPS15A and enhanced RPS15A protein expression, which 
activated Wnt/β‑catenin pathways and contributed to invasion 
and metastasis of HNSCC. Additionally, m6A writer METTL3 
regulated the m6A modification of the HOXC10 transcript, and 
m6A readers IGF2BP1 and IGF2BP3 participated in the recog‑
nizing and stabilizing of m6A‑tagged HOXC10 mRNA.

HOXC10 is a member of the HOX genes, which are a 
family of homeodomain transcription factors including HOXA, 
HOXB, HOXC, and HOXD (2). Previous studies have revealed 
that aberrant HOX gene expression plays a crucial role in the 
progression of human cancer. For example, the HOXA4/HOXB3 
gene expression signature may be a biomarker of recurrence of 
high‑grade serous ovarian cancer after cytoreductive surgery 
and adjuvant chemotherapy (32). The growth and metastasis of 
breast cancer may be regulated by the HMGA2/TET1/HOXA9 
signaling pathway (33). HOXD9 promoted the invasion and 
metastasis of gastric cancer cells by transcriptional activation 
of RUFY3 (34). IL‑1β induced HOXC10 upregulation and 
then promoted HCC metastasis by transactivating PDPK1 and 
VASP expression (35). In the present study, it was demonstrated 
that HOXC10 is overexpressed in HNSCC, and that HOXC10 
overexpression endowed HNSCC cells with enhancement of 
proliferation, migration, and invasion abilities.

ADAM17, known as tumor necrosis factor‑α (TNFα)‑ 
converting enzyme (TACE), is responsible for protease‑driven 
shedding of membrane‑tethered cytokines, cell surface recep‑
tors, and growth factors; among these, EGFR family ligands 
are included (36). The large number of substrates processed 
by ADAM17 renders it a key coordinator of numerous physi‑
ological and pathological processes, especially those related 
to the occurrence and development of cancer. For example, 
ADAM17 is overexpressed in diverse cancers, including 
colon carcinoma, breast cancer, hepatocellular carcinoma, 
and gastric cancer (37‑40). ADAM17‑mediated EGFR ligand 
shedding facilitated cancer cell invasion promoted by macro‑
phages (22). Genetic, antibody‑mediated, or pharmacological 
methods targeting ADAM17 prevented formation of metas‑
tases in the lung, suppressed tumor growth in various cancers, 
and have become a new strategy for advanced‑stage cancer 
therapy (41‑43). In the present study, to further investigate target 
genes regulated by HOXC10, ChIP‑seq was performed. The 
results revealed that a putative HOXC10 binding site located at 

the promoter region of ADAM17, HOXC10, could enhance the 
transcriptional activity of ADAM17. Activation of ADAM17 by 
carcinogenic forms of Src has been reported to help promote 
tumorigenesis by enhancing signaling via EGFR and ERK in 
an autocrine and paracrine manner (44). Silencing ADAM17 
may repress the activity of the EGFR/ERK pathway to reduce 
the proliferation of keloid fibroblasts (45). Consistently, the 
experiments that were conducted in the present study revealed 
that HOXC10 enhanced ADAM17 expression, increased the 
ADAM17‑activated EGFR‑ERK pathway, and contributed to 
the proliferation of HNSCC.

In order to explore the potential mechanism of HOXC10 in 
the progression of HNSCC more thoroughly, MS analysis was 
also applied, apart from ChIP‑seq. Co‑IP and MS confirmed 
a direct interaction between HOXC10 and RPS15A proteins. 
Notably, HOXC10 influenced RPS15A expression at the protein 
level but not the mRNA level. Previous studies have indicated 
that ubiquitin‑mediated proteolysis regulates protein stability 
without influencing mRNA levels and plays an important role 
in tumor progression (46). In the present study, overexpression 
of HOXC10 decreased RPS15A ubiquitination and increased 
the protein level of RPS15A. HOXC10 itself does not belong to 
deubiquitinating enzymes; the HOXC10/RPS15A complex may 
influence the interaction between RPS15A and E3 ligase and 
thereby affect ubiquitin‑mediated proteolysis of RPS15A. In 
future research, the mechanism through which HOXC10 regu‑
lates the ubiquitylation level of RPS15A, will be further analyzed. 
A previous study reported that RPS15A enhanced angiogenesis 
in HCC by enhancing Wnt/β‑catenin signaling (27). RPS15A 
knockdown downregulated β‑catenin expression and blocked 
the activation of Wnt signaling (47). In the present study, 
HOXC10 was demonstrated to influence RPS15A expression, 
HOXC10 knockdown supressed Wnt/β‑catenin pathway activa‑
tion, and RPS15A overexpression restored cell migration and 
invasion impaired by HOXC10 knockdown.

It is widely known that chemical modifications to human 
RNAs are involved in numerous pathophysiological processes, 
including cancer. Notably, N6‑methyladenosine (m6A) modi‑
fication, one of the most abundant post‑translational mRNA 
internal modifications, participated in all stages of the RNA 
life cycle, such as RNA production and stability (48). m6A 
modification is a dynamic and reversible biological process 
regulated by ‘writers’ (METTL3, METTL14, and WTAP), 
‘erasers’ (FTO and ALKBH5), and ‘readers’ (YTH domain 
proteins and IGF2BPs) (49). The deposition of m6A is encoded 
by writers (methyltransferases), which catalyze the formation 
of m6A. Erasers (demethylases) selectively remove the m6A 
code. Readers (specific RNA‑binding proteins) decode m6A 
methylation and modulate the m6A progression (49). ‘Writers’, 
‘erasers’, and ‘readers’ are frequently dysregulated in human 
cancers, which influence the expression of oncogene transcripts 
and oncoproteins (49). However, the relationship between m6A 
modification and the oncogenic role of HOXC10 in HNSCC 
remains unclear. Recently, Wu et al (50) demonstrated that 
METTL3 alleviated human mesenchymal stem cell senes‑
cence through m6A modification‑dependent stabilization of 
the MIS12 transcript. Herein, the results of the present stydy 
showed that m6A methylation was enriched within HOXC10 in 
HNSCC cells; moreover, METTL3 regulated the m6A modifi‑
cation, and IGF2BP1 and IGF2BP3 participated in recognizing 
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and stabilizing the m6A‑modified HOXC10 transcript, thus 
affecting its mRNA expression. These results indicated that 
the upregulation of HOXC10 in HNSCC may be attributed to 
m6A modification.

In the present study, the importance of HPV infection status 
is acknowledged as a clinically relevant parameter. However, 
a limitation due to the absence of routine preoperative HPV 
testing must be noted in the clinical protocol of the present 
study, which prevented the authors from including HPV data in 
Table II. Future studies with HPV infection status assessment 
could provide valuable insights into its potential implications, 
and its incorporation in the analyses of the present study will 
be considered when such data becomes available.

In conclusion, HOXC10 was demonstrated to be overex‑
pressed in HNSCC, and m6A modification‑mediated HOXC10 
upregulation promoted proliferation and invasion of HNSCC 
cells by co‑activation of ADAM17/EGFR and Wnt/β‑catenin 
signaling (Fig. 8). Therefore, HOXC10 may be a novel marker 
and a potential therapeutic strategy for HNSCC.
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