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Tribbles pseudokinase 3 drives cancer stemness
in oral squamous cell carcinoma cells by supporting
the expression levels of SOX2 and EGFR
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Abstract. Oral squamous cell carcinoma (OSCC) is a type
of head and neck cancer (HNC) with a high recurrence rate,
which has been reported to be associated with the presence of
cancer stem cells (CSCs). Tribbles pseudokinase 3 (TRIB3) is
involved in intracellular signaling and the aim of the present
study was to investigate the role of TRIB3 in the maintenance
of CSCs. Analysis of The Cancer Genome Atlas database
samples demonstrated a positive correlation between TRIB3
expression levels and shorter overall survival rates in patients
with HNC. Knockdown of TRIB3 in the SAS and HSC-3
OSCC cell lines reduced cell proliferation through the induc-
tion of cell cycle arrest, but not of apoptosis. The population of
OSCC-CSCs, defined by a high level of intracellular aldehyde
dehydrogenase activity and the ability to form tumorspheres,
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was also reduced in TRIB3-silenced OSCC cells. The
tumorigenicity of tumorspheres derived from the SAS OSCC
cell line was reduced following TRIB3 knockdown. These
results suggested the potential involvement of TRIB3 in the
self-renewal capability of the OSCC CSCs. Mechanistically,
TRIB3 was shown to positively regulate SOX?2 expression via
maintaining both the protein expression level and the SOX2
promoter-binding capability of E2F transcription factor 1
(E2F1). Additionally, TRIB3 also increased the expression
level of EGFR through preventing its lysosomal degradation.
The significant associations between TRIB3 and E2F1, SOX?2
or EGFR expression were also confirmed using a HNC tissue
array. Taken together, the findings of the present study may
suggest that TRIB3 is an oncogenic protein that supports
the stemness of OSCC and that targeting TRIB3 may be a
potential strategy for OSCC therapy in the future.

Introduction

Oral squamous cell carcinoma (OSCC) is the most common
type of head and neck cancer (HNC), which accounts for
~90% of HNC cases and its incidence varies depending on
the geographic region, patient age and lifestyle factors (1). The
causes of OSCC include genetic alterations in several genes,
including p53, PIK3 catalytic subunit a and Myc (2), and envi-
ronmental factors, including tobacco use, alcohol consumption
and betel quid chewing (3). The treatment of OSCC usually
comprises surgery, radiation therapy, chemotherapy or immu-
notherapy, although the effectiveness of these treatments is
ultimately limited due to factors such as late-stage diagnosis,
tumor heterogeneity, development of drug resistance and high
rates of recurrence and metastasis. The 5-year survival rate
for patients with OSCC remains relatively low, at ~50% (4).
Understanding the underlying molecular mechanisms that
govern OSCC development and progression should assist in
the design of more effective targeted therapies. Cancer stem
cells (CSCs) have been identified as a critical population of


https://www.spandidos-publications.com/10.3892/ijmm.2025.5485

2 HUANG et al: TRIB3 ENHANCES CANCER STEMNESS IN ORAL SQUAMOUS CELL CARCINOMA

cancer cells for the development and progression of OSCC.
OSCC-CSCs may be identified according to the positive
expression of CD44 (5) or a high activity level of intracellular
aldehyde dehydrogenase (ALDH) (6). This particular cancer
cell type has been found to be strongly associated with tumor
metastasis and resistance to chemotherapy or radiotherapy (7).
Therefore, targeting CSCs may be an effective strategy for
treating OSCC to improve patient outcomes (8). Tribbles
pseudokinase 3 (TRIB3) is a member of the Tribbles family of
proteins that is characterized by three structural domains: An
N-terminal domain that participates in cellular localization,
a pseudokinase domain (PKD) involved in protein-protein
interactions and a C-terminal domain that is implicated in
its ubiquitination (9). TRIB3 interacts with various proteins
involved in cellular processes and it serves a critical role in
the regulation of downstream signaling pathways, including
the PI3K/Akt/mTOR (10), NF-xB (11) and MAPK/ERK
pathways (12). The role of TRIB3 in cancer malignancy,
however, currently remains unknown. ABTL0812, a novel
autophagy inducer, has been used in clinical trials for the
treatment of various cancer types, such as colorectal cancer,
endometrial cancer and non-small cell lung carcinoma (13),
where TRIB3 has been proposed as a key molecule to suppress
the Akt/mTOR pathway to achieve anticancer effects (14).
Qu et al (15) reported that overexpression of TRIB3 in endo-
metrial cancer (EC) cells inhibited Akt activation and induced
apoptosis. By contrast, our previous study reported that knock-
down of TRIB3 in EC cells suppressed -catenin activation
and inhibited the self-renewal capability of EC-CSCs (16).
Subsequently, Shen et al (17) demonstrated that overexpression
of TRIB3 promoted cell proliferation in OSCCs by activating
the Akt/mTOR pathway.

While previous studies have established the role of TRIB3
in various types of cancer, including OSCC, the present study
aimed to focus on its specific involvement in maintaining CSC
properties in OSCC. By employing bioinformatics analysis
and a series of in vitro experiments, the present study aimed
to demonstrate that TRIB3 acted as an oncogenic protein
that supported the stemness characteristics of OSCC cells.
Uncovering the novel molecular mechanisms involving TRIB3
not only advances the understanding of OSCC pathogenesis
but could also identify new potential therapeutic targets for
OSCC treatment.

Materials and methods

Analysis of the head and neck squamous cell carcinomas
(HNSC) dataset of the cancer genome atlas (TCGA) database.
The differential expression of TRIB3 mRNA between normal
and HNSC tissues was analyzed using the Gene Expression
Profiling Interactive Analysis 2 web server (GEPIA2;
http://gepia2.cancer-pku.cn/#index). RNA-sequencing (RNA-
seq) data from paired normal and tumor tissues of 19 patients
with HNSC were downloaded from the Cancer Genomics Hub
(https://cghub.ucsc.edu) and analyzed using GraphPad Prism
software (version 5.0; Dotmatics). Overall survival data from
the HNSC dataset in the TCGA database were downloaded
from the Oncolnc web server (http://www.oncolnc.org/)
and analyzed using GraphPad Prism software (version 5.0;
Dotmatics).

Cell lines and culture conditions. The SAS (RRID:
CVCL_1675) and OECM1 (RRID: CVCL_6782) OSCC
cell lines were obtained from Professor Cherng-Chia Yu
at the Institute of Oral Sciences in Chung Shan Medical
University (Taichung, Taiwan). The HSC-3 cell line (RRID:
CVCL_1288) was purchased from MilliporeSigma. All OSCC
cell lines were cultured in DMEM (Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (HyClone; Cytiva), | mM
glutamine (Gibco; Thermo Fisher Scientific, Inc.), 100 ug/ml
penicillin/streptomycin/amphotericin B (Gibco; Thermo Fisher
Scientific, Inc.) and 1 mM sodium pyruvate (Gibco; Thermo
Fisher Scientific, Inc.). The authentication of the cell lines was
performed by short tandem repeat analysis at the Center for
Genomic Medicine, National Cheng Kung University (Tainan,
Taiwan). All cell lines were tested for mycoplasma contamina-
tion using the MycoAlert™ PLUS Mycoplasma Detection Kit
(cat. no. LT07-710; Lonza Group, Ltd.) and were confirmed to
be mycoplasma-free.

Gene silencing. Lentiviral-delivered shRNA was used for gene
silencing, with shRNA targeting LacZ (shLacZ) serving as a
negative control. The production and transduction of lentivi-
ruses carrying TRIB3-, SOX2- or LacZ-specific shRNAs were
performed according to our previous report (16). The shRNA
plasmids were provided by the RNA Technology Platform and
Gene Manipulation Core Facility (RNAI core) of the National
Core Facility for Biopharmaceuticals at Academia Sinica in
Taiwan as follows: Plasmids pPCMVA8.91, pMD.G and gene-
specific shRNAs [TRIB3 #1 (cat. no. TRCN0000307989),
TRIB3 #2 (cat. no. TRCN0000295920), SOX2 #1 (cat.
no. TRCN0000257314), SOX2 #2 (cat. no. TRCN0000355638)
and LacZ (cat. no. TRCN0000231722)]. The 293T cells were
obtained from the Bioresource Collection and Research
Centre (BCRC) in accordance with the recommended protocol
from RNAi Core. A plasmid DNA mixture (2.5 ug shRNA,
2.25 ug pCMVAS8.91 and 0.25 ug pMD.G) was complexed
with NTRII DNA transfection reagent (cat. no. JT97-NO02M,;
T-Pro Biotechnology) at a ratio of 1 ug DNA:3 ul transfection
reagent in OptiMEM media (Thermo Fisher Scientific, Inc.)
at room temperature for 15 min. Subsequently, DNA/trans-
fection reagent complexes were added to 293T cells and
incubated at 37°C for 8 h. Following this, the culture media
was replaced with fresh media (DMEM containing 10% FBS
and 1.1 g/100 ml BSA). Media containing lentivirus particles
were collected at 48 h post-transfection by removing 293T cells
with centrifugation at 300 x g at room temperature for 5 min.
Following filtration through a 0.45 um filter, the media were
used for titration of lentivirus titer by transduction to A549 cells
(BCRC) with a serial of medium volume followed puromycin
selection and cell viability test. Lentivirus-containing media
were then utilized to transduce OSCC cells at 30% conflu-
ence in a multiplicity of infection (MOI) of 1 with 8 pug/ml
polybrene (MilliporeSigma) at 37°C for 24 h. Thereafter, the
medium was replaced with fresh medium containing 2 pg/ml
puromycin (TOKU-E Corporation) to select successfully trans-
duced cells at 37°C for 48 h. The shRNA sequences used
were as follows: TRIB3#1, 5'-CCGGGCTAGTTCTTGTCT
AACTCAACTCGAGTTGAGTTAGACAAGAACTAGCTT
TTTG-3"; TRIB3#2,5-CCGGGCCGTGCTCTTCCGCCA
GATGCTCGAGCATCTGGCGGAAGAGCACGGCTTTTTGS3;
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SOX2#1,5'-CCGGTGGACAGTTACGCGCACATGACT
CGAGTCATGTGCGCGTAACTGTCCATTTTTG-3'; SOX2
2,5-CCGGCCCTGCAGTACAACTCCATGACTCGAGTC
ATGGAGTTGTACTGCAGGGTTTTTG-3'"; and LacZ,
5-CCGGCGCGATCGTAATCACCCGAGTCTCGAGAC
TCGGGTGATTACGATCGCGTTTTTG-3".

TRIB3 knockdown was also achieved by transfecting cells
with siRNA oligos. Briefly, cells at 30-40% confluence were
transfected with siRNAs (0.35 pug) using the TransIT-X2™
Dynamic Delivery System (cat no. MIR 6000; Mirus Bio,
LLC). A negative control (siNC; Life Technologies) and a
TRIB3-specific siRNA mixture (siTRIB3; cat. no. sc-44426;
Santa Cruz Biotechnology, Inc.) were used. After 48 h of
incubation at 37°C, the cells were harvested for further experi-
ments. The TRIB3 siRNA mixture contained three siRNA
duplexes with the following sequences: A sense, 5'-GACAAA
CUGGCAUCCUUGATT-3' and antisense, 5-UCAAGGAUG
CCAGUUUGUCTT-3'; B sense, 5-GGAUACCAUGAGUAU
GUAUTT-3' and antisense, 5-AUACAUACUCAUGGUAUC
CTT-3"; C sense, 5-GUUUACCUGUGCCUAAUAATT-3'
and antisense, 5S'-UUAUUAGGCACAGGUAAACTT-3"; and
siNC sense, 5"~ ACGUGACACGUUCGGAGAAUU-3' and
antisense, 5'-AAUUCUCCGAACGUGUCACGU-3'

Senescence-associated heterochromatin foci (SAHF) staining
with Hoechst 33342. Cells (5x10* cells/well) were seeded
into 12-well plates. Subsequently, cells were transduced with
shLacZ or shTRIB3 as previously described, or treated with
100 uM H,0, at 37°C for 30 min. After 48 h, cells were fixed
with 4% paraformaldehyde for 15 min at room temperature.
Cellular DNA was stained with 50 pg/ml Hoechst 33342
at room temperature for 10-15 min. An LSM900 confocal
microscope (Zeiss AG) was used to capture images of Hoechst-
stained nuclei and to visualise the Hoechst puncta indicative of
SAHF using ZEN microscopy software (version 3.7, ZEISS).

Gene overexpression by transient transfection. Cells
(1x10° cells/well) were seeded into 6-well plates and incubated
until 30-40% confluency prior to transfection. Transfections
were performed using the TransIT-X2™ Dynamic Delivery
System according to the manufacturer's protocol. Plasmid DNA
of the pCMV3 untagged negative control vector (pCMV3-
NCV) or full length TRIB3 plasmid (pCMV3-TRIB3-flag)
was mixed with TransIT-X2 reagent at a ratio of 1 g DNA:3 ul
reagent at room temperature for 15 min and then added to
cells. Cells were incubated at 37°C for 48 h. After transfection,
cells were harvested using 0.05% trypsin containing 0.53 mM
EDTA (cat. no. 15400054; Thermo Fisher Scientific, Inc.) at
room temperature for 3 min and subsequently processed for
experimental analysis.

Tumorsphere cultivation. Tumorsphere cultivation was
conducted as per our previous study (15). Briefly, single
cell suspensions of OSCC cells were suspended in culture
medium [(DMEM/F12 media (Thermo Fisher Scientific,
Inc.) containing 0.4% BSA (MilliporeSigma), 1X B27 supple-
ment (Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml EGF
(PeproTech, Inc.), 20 ng/ml basic FGF (PeproTech, Inc.),
5 ug/ml insulin (MilliporeSigma), 1 pg/ml hydrocortisone
(MilliporeSigma) and 4 ug/ml heparin (MilliporeSigma)]. The
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cell suspensions were seeded into ultralow attachment 6-well
plates (Greiner Bio-One Ltd.) and incubated at 37°C in a
5% CO, incubator for 7 days. For primary tumorsphere culture,
a density of 1x10* cells/well was used. For secondary tumor-
sphere formation, the primary tumorspheres were collected
using 100 pm cell strainers (BD Biosciences), dissociated into
single cells by incubating with HyQTase (MilliporeSigma) and
seeded at a density of 5x10* cells/well. To examine the role of
E2F1 in tumorsphere forming capability, a pan E2F inhibitor,
HLMO006474 (cat. no. S8963; Selleck Chemicals) was added
to the tumorsphere culture media at a final concentration of
40 uM, followed by incubation at 37°C for 7 days.

Clonogenic assay. SAS and HSC3 OSCC cells after trans-
ducing with shRNA carrying lentiviruses were plated at a
density of 200 cells/well in 12-well plates and incubated at
37°C for 7-10 days. After fixation with 2% formaldehyde at
room temperature for 5 min, the cell colonies were stained
with 1% crystal violet (MilliporeSigma) for 1 h at room
temperature and the number of colonies, defined as consisting
of =50 cells, were imaged using an inverted light microscope
(AE30; Motic Incorporation, Ltd.) and counted manually.

ALDEFLUOR assay using FACS. Following transduction
of the SAS cells with shRNA lentiviruses, the population
of ALDH"* cells was using the ALDEFLUOR assay (cat.
no. 01700; Stemcell Technologies, Inc.), in accordance with
the manufacturer's protocol. To establish a negative control
for gating the ALDH" cell population, a subset of cells was
treated with 15 uM diethylaminobenzaldehyde (DEAB), a
specific ALDH inhibitor. Fluorescence signals were measured
using a FACSCanto™ II flow cytometer (BD Biosciences)
with FASCDiva software (version 8.0; BD Biosciences) and
analyzed using FlowJo software (version 10; BD Biosciences).
The ALDH cells were defined by setting the gate such that the
DEAB-treated samples showed <1% positive cells.

Western blotting and co-immunoprecipitation (co-IP).
Western blotting and co-IP analyses were conducted as per
our previous study (16). Whole cell lysates of OSCC cells were
prepared by cell lysis in RIPA buffer (25 mM Tris-HCI pH 7.6,
150 mM NacCl, 1% NP-40, 1% sodium deoxycholate and 0.1%
SDS). For western blotting, 25 ug of total proteins per lane
were loaded into 10% SDS-PAGE gel for protein separation
by electrophoresis. Subsequently, the separated proteins were
transferred onto 0.45 ym PVDF membranes (cat. no. 66547,
Pall Corporation). After blocking with nonfat dry milk 5%
w/v in TBS buffer (cat. no. GTX48889; GeneTex, Inc.) at room
temperature for 1 h, the membranes were then incubated with
primary antibodies at 4°C for 16 h (Table SI). After washing
with 0.1% Tween-20/TBS buffer, the membranes were incu-
bated with secondary antibodies for 1 h at room temperature,
followed by incubation with horseradish peroxidase-conju-
gated secondary antibodies at room temperature for 1 h. The
signal was then developed using Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, Inc.) and imaged using
the Amersham Imager 680 (Cytiva). For co-IP analysis, 1 mg
of total cellular proteins were added into IP buffer (20 mM
HEPES pH 7.9, 2 mM MgCl,, 0.2 mM EDTA, 0.1 mM KClI,
1 mM dithiothreitol, 10% glycerol and 0.1% NP-40) followed
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by the addition of the appropriate antibodies and subse-
quent incubation at 4°C overnight. The protein complexes
were further isolated using Protein G Mag Sepharose (cat.
no. 28944008, Cytiva) followed by western blotting analysis
as described above. Band intensities were quantified using
Image J software (version 1.54k; National Institutes of Health).

Cell cycle analysis using 5-bromo-2-deoxyuridine (BrdU).
Cell cycle analysis was performed using the FITC BrdU
Flow Kit (cat. no. 559619; BD Pharmingen; BD Biosciences)
according to the manufacturer's instructions. Briefly, BrdU
was added to cell culture media at a final concentration of
10 #M and incubated at 37°C for 2 h before harvesting cells
using trypsin/EDTA (cat. no. 15400054; Thermo Fisher
Scientific, Inc.). The harvested cells were then fixed with
the fixation buffer provided in the kit at room temperature
for 30 min. After washing with washing buffer provided in
the kit and centrifugation at 4°C at 300 x g for 10 min, cells
were then resuspended in permeabilization buffer containing
FITC-conjugated anti-BrdU antibodies, which were supplied
in the FITC BrdU Flow Kit, as a dilution of 1:50 at room
temperature for 1 h followed by staining with 7-AAD at 4°C
protected from light for 30 min. The fluorescence signals of
FITC and 7-AAD were measured using FACS Canto-II flow
cytometry (BD Biosciences). Cell cycle distribution was
analyzed using FlowJo software (version 10.8.0; FlowJo LLC;
BD Biosciences).

Chromatin immunoprecipitation (ChIP). ChIP analysis was
performed according to the protocol described in our previous
report (15). The presence of the SOX2 promoter sequence
within the precipitated DNA was detected using SYBR
Green-based quantitative PCR (QPCR) with the iTaq Universal
SYBR Green Supermix (Bio-Rad Laboratories, Inc.). The
primer sequences used were as follows: SOX2-CoreP-E2F1-
sitel forward (F), 5-GAGAAGGGCGTGAGAGAGTG-3'
and reverse (R), 5~ AAACAGCCAGTGCAGGAGTT-3"; and
SOX2-CoreP-E2F1-site2 F, 5“-TGGAAGCAAGGAAGGTTT
TG-3' and R, 5-GTCATTGTTCTCCCGCTCAT-3". The ther-
mocycling conditions used were as follows: 95°C for 3 min;
followed by 40 cycles of 95°C for 10 sec and 60°C for 60 sec.
The data were analyzed using the percent input method, which
calculates levels relative to input chromatin, as previously
recommended (18).

Immunofluorescence analysis and imaging. Cells were washed
with PBS buffer followed by fixation with 4% paraformalde-
hyde at room temperature for 15 min and permeabilization
with 0.1% Triton X-100 at room temperature for 10 min. After
blocking with 1% BSA/PBS at room temperature for 1 h,
primary antibodies were added and incubated with the cells at
4°C overnight. The cells were then incubated with fluorescein-
conjugated secondary antibodies at room temperature for 1 hin
the dark. The cells were imaged using a ZEISS LSM 510 Meta
confocal microscope (Zeiss AG). The colocalization of fluo-
rophores was analyzed using ImagelJ software (version 1.54k;
National Institutes of Health) with a Colocalization Finder
plugin (http://questpharma.u-strasbg.fr/html/colocalization-
finder.html) to calculate the Pearson's correlation coefficient
of the two fluorophores.

E2F1 reporter assay. To investigate whether TRIB3
enhanced E2F1-induced transcriptional activity, luciferase-
based reporter plasmids were constructed. These plasmids
contained eight repeats of either the wild-type (wt) or mutant
(mut) E2F1 binding DNA elements. The sequence for the wt
element was 5'"-TTTCGCGCCA-3' and the sequence for the
mut element was 5-TTGCTCGACC-3', as previously detailed
by Iglesias-Ara et al (19). These sequences were designed to
assess E2F-induced transcriptional activity. The E2F1 reporter
plasmids were mixed with pRL plasmid DNA (cat. no. E223;
Promega Corporation), which carried the Renilla luciferase
gene to assess the transfection efficiency. The DNA/transfec-
tion reagent complex was formed by combining the plasmids
with the TransIT-X2™ transfection reagent at a ratio of 1 ug
DNA:3 pl reagent at room temperature for 30 min followed by
adding into cell culture wells for 24 h. The cell lysates were
harvested using passive lysis buffer (cat. no. E1941; Promega
Corporation). Luciferase activity was measured using the Dual-
Luciferase assay system (cat. no. E1910; Promega Corporation)
and the GloMax® 20/20 Luminometer with the spectral range
of light emission of 565+10 nm (Promega Corporation).

Prediction and examination of protein-protein interaction
between TRIB3 and E2F1. The amino acid (a.a.) sequences
of TRIB3 (accession no. NP_066981.2) and E2F1 (accession
no. NP_005216.1) were retrieved from the National Center for
Biotechnology Information (NCBI) database (https:/www.
ncbi.nlm.nih.gov/gene) and their 3D protein structures were
predicted using the Iterative Threading ASSEmbly Refinement
(I-TASSER) platform (20). The interactions between TRIB3
and E2F1 were predicted using the DOCK Proteins module
of the ZDOCK Server. The interaction residues of the
potential complex were then examined using the Protein-
Protein Interaction Server (InterProSurf; https:/curie.utmb.
edu/prosurf.html). The interaction sites were visualized using
PyMol (version 2.4.1_198; Schrodinger) with manually anno-
tated interacting amino acid residues. The full-length coding
sequences of TRIB3 (accession no. NM_021158.5) and E2F1
(accession no. NM_005225.3) were obtained from the NCBI
database. The E2F1 gene was further divided into N-terminal
(a.a. 1-251) and C-terminal (a.a. 252-437) segments. The
TRIB3 gene was further subdivided into N-terminal (a.a.
1-180), C-terminal (a.a. 181-358) and psudeokinase domain
(a.a. 72-315) segments. The DNA sequences of full-length
TRIB3, and two segments of E2F1 were then synthesized
(Genewiz, Inc.) and cloned into the pcDNA3.0-HA (Genewiz,
Inc.) or pPCMV3-6xHis (Genewiz, Inc.) vectors, respectively.
The restriction sites were BamGI at the 5' end and EcoRI at the
3' end for cloning into the pcDNA3.0-HA vector, and KpnlI at
the 5' end and Xbal at the 3' end for cloning into the pPCMV3-
6xHis vector. In addition, deletion mutants of TRIB3 with
deletion of a.a. 174-179, a.a. 236-240 or double deletion of a.a.
174-179 and a.a. 236-240 were synthesized and cloned into the
pcDNA3.0-HA vector. Plasmids carrying sequences of TRIB3
or E2F1 segments were co-transfected into 293T cells at a 1:1
ratio using the TransIT-X2™ transfection reagent. 293T cells
were seeded into wells of 6-well plates at a concentration of
1x10° cells/well. The plasmid DNA was introduced into the
cells by mixing the DNA and transfection reagent at a ratio
of 1 ug DNA:3 ul reagent at room temperature for 15 min.
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Complexed DNA was added into the wells containing the
attached 293T cells, which were then incubated at 37°C for 48 h.
Subsequently, the cell lysate was harvested by trypsin/EDTA
treatment at room temperature for 3 min, then cells were lysed
with RIPA buffer at 4°C for 5 min and 1 mg of total proteins
were subjected to IP with anti-hemagglutinin (HA) antibodies,
followed by immunoblotting with anti-polyhistidine (His)
antibodies, as aforementioned for co-IP.

RNA extraction and reverse transcription-qPCR (RT-qPCR).
Total RNA was extracted from OSCC cells using TRIzol®
Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total
of 1 ug of RNA was reverse-transcribed to cDNA using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Inc.). RT-qPCR was performed using the PCRmax
Eco 48 real-time PCR system (Cole-Parmer Instrument
Company, Ltd.) and iQ™ SYBR® Green Supermix (Bio-Rad
Laboratories, Inc.). The thermocycling conditions used were
as follows: 95°C for 3 min; followed by 40 cycles of 95°C for
10 sec and 60°C for 60 sec. The following primer sequences
were used: SOX2 forward (F), 5'-GCTACAGCATGATGC
AGGACCA-3" and reverse (R), 5-TCTGCGAGCTGGTCA
TGGAGTT-3"; and glucuronidase 3 (GUSB) F, 5'-CTGTCA
CCAAGAGCCAGTTCCT-3' and R, 5-GGTTGAAGTCCT
TCACCAGCAG-3'. GUSB has been previously validated for
use as a reference gene in OSCC cell lines (21). The expression
level of SOX2 was normalized to that of GUSB and the results
were analyzed using the 2244 method (22).

In vivo tumorigenicity assay. The animal experiment was
approved by the Institutional Animal Care and Use Committee
at Chung Shan Medical University (approval no. 2437,
Taichung, Taiwan). To obtain CSCs, SAS cells were cultured to
form tumorspheres, which were then digested by HyQTase to
obtain a single-cell suspension, as aforementioned. These cells
were transiently transduced with lentiviruses carrying shRNA
sequences of shLacZ or shTRIB3#1 and selected by 2 mg/ml
puromycin at 37°C for 48 h. CAnN.Cg-Foxn1nu/CrlNarl nude
male mice (aged 6 weeks) with an average body weight of
17.9+0.2 g were purchased from The National Laboratory
Animal Center (Taipei, Taiwan). A total of 4 mice were used
to examine the effect of TRIB3 on tumorigenicity in vivo. For
each mouse, shLacZ transduced SAS cells were injected in the
dorsal-left interscapular area, while shTRIB3#1 transduced
cells were injected into the dorsal-right interscapular area.
The injection cell number and volume was 1x10* cells/100 pl
Matrigel (BD Biosciences) at a concentration of 2 mg/ml per
site and a total of 4 mice were used to assess tumor formation.
The mice were housed in an environment that maintained
12 h of light and 12 h of dark, a temperature of 22-24°C and
humidity at 50-60%. The mice ate and drank ad libitum.
Tumor growth was monitored twice per week. The mice were
sacrificed on day 30 after the cell injection, when the tumor
volume of the shLacZ control group reached >1,000 mm?.
Tumor volume was calculated using the following equation:
Dxd?/2, where ‘D’ represented the length of the tumor and ‘d’
represented the width of the tumor. Animals were sacrificed in
a CO, cage at a flow rate of 30-70% of the cage volume/min.
The xenograft tumors were then excised for weighing and
immunohistochemistry (IHC) analysis.
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IHC analysis. A human HNC tissue microarray paraffin
sections containing 70 samples were purchased from
TissueArray.Com (cat. no. HN802d). The company ensured
that all tissue samples were collected with the full informed
consent of the donors. The use of HNC tissue was approved
by the Chang Gung Medical Foundation Institutional Review
Board (approval no. 202002207B0C501). Xenograft tumors
were excised and fixed in 5 ml of formaldehyde neutral
buffer solution (cat. no. 11-0705; MilliporeSigma) for 16 h
at room temperature, dehydrated through graded ethanol,
cleared in xylene and embedded in Paraplast Plus paraffin
resin (cat. o. P3683; MilliporeSigma). The xenograft tumor
tissue sections (5 gm) or tissue microarray slides were
stained with primary antibodies using the VECTASTAIN®
Elite® ABC Universal PLUS Kit (cat. no. PK-8200; Vector
Laboratories, Inc.; Maravai LifeSciences). Antigen retrieval
was performed by heating the samples in Antigen Unmasking
Solution (cat. no. H-3301; Vector Laboratories, Inc.; Maravai
LifeSciences) in a pressure cooker at 120°C for 1 min followed
by washing with PBS at room temperature for 5 min. The
endogenous peroxidase activity was inactivated by incubating
with BLOXALL Blocking Solution at room temperature for
10 min. The slides were then incubated with 2.5% normal
horse serum (Vector Laboratories, Inc.; Maravai LifeSciences)
at room temperature for 20 min. After blocking, the slides
were incubated with primary antibodies, which were diluted
with 1% BSA (cat. no. 05470; MilliporeSigma) diluted with
PBS buffer (cat. no. 10010001; Thermo Fisher Scientific Inc.)
at 4°C for 16 h. Details of the primary antibodies used for
IHC analysis, including catalog numbers, manufacturers and
dilutions are provided in Table SI. After washing three times
with PBS/0.1% Tween-20 for 3 min/wash at room temperature,
the slides were then incubated with prediluted biotinylated
horse anti-mouse/rabbit IgG secondary antibodies that were
supplied in the aforementioned kit at room temperature for 1 h,
followed by washing three times with PBS/0.1% Tween-20 for
3 min/wash at room temperature. Slides were then incubated
with the VECTASTAIN Elite ABC Reagent at room tempera-
ture for 30 min. The signals were then developed by incubating
with 3,3'-diaminobenzidine (Dako) at room temperature until
desired stain intensity developed. The sections were counter-
stained with Harris hematoxylin (MilliporeSigma) at room
temperature for 1 min, followed by dehydration through graded
ethanol and mounting. Tissues were imaged using bright-field
microscopy on a TissueFAXS PLUS system (TissueGnostics
GmbH) and analyzed using StrataQuest software (version 7.0;
TissueGnostics GmbH).

Statistical analysis. All experimental data were expressed as
mean + SD, except for tumor weights which were presented
as mean + SEM. Cell experiments were repeated three times
independently, while xenograft experiments were performed
twice. Statistical analyses were performed using GraphPad
Prism (version 5.0; Dotmatics). The unpaired Student's t-test
was used to compare quantitative data between two groups,
except for the comparison of TRIB3 between normal-tumor
pairs from the HNSC dataset of the TCGA database, where the
paired Student's t-test was used. One-way ANOVA followed by
the post-hoc Tukey's Honestly Significant Difference test was
used for the statistical analysis when comparing >2 groups.
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Figure 1. TRIB3 expression is positively correlated with the poorer overall survival in the TCGA HNC dataset. (A) The differential expression levels of TRIB3
mRNA in normal (green) and HNC (red) tissues were analyzed using the Gene Expression Profiling Interactive Analysis 2 website, a tool for analyzing TCGA
RNA sequencing data (55). The expression data were first log2(TPM+1) transformed for differential analysis and presented as log2FC, which is defined as
the median level of tumor samples-the median level of normal samples. Data were presented as mean + SD. Tumor samples, n=519; normal samples, n=44,
according to the information of TCGA database. (B) TRIB3 mRNA expression levels in 19 paired HNSC and normal tissues from the TCGA database were
compared using the paired Student's t-test. (C) Overall survival curves for patients with HNSC with the highest 25% (n=124) and the lowest 25% (n=124)
TRIB3 mRNA expression levels were analyzed using Kaplan Meier curves and the log-rank test. "P<0.05; ““P<0.001. TRIB3, tribbles pseudokinase 3; TCGA,
The Cancer Genome Atlas; HNC, head and neck cancer; HNSC, head-neck squamous cell carcinoma.

Overall survival between high- and low-TRIB3 expression
groups of patients with HNSC was calculated using the
Kaplan-Meier method with a log-rank test. Correlations were
analyzed using the Pearson correlation coefficient. P<0.05 was
used to indicate a statistically significant difference.

Results

TRIB3 positively regulates cell proliferation in OSCC cells.
The GEPIA2 tool was used to analyze the HNC RNA-seq
dataset from the TCGA database, which demonstrated that
the mRNA expression level of TRIB3 was significantly higher
in HNC tissues compared with normal tissues (Fig. 1A).
Additionally, in 19 pairs of matched HNC and normal tissue
samples, TRIB3 mRNA expression was significantly higher
in cancerous tissues compared with those in the adjacent
normal tissues (Fig. 1B). Patients with HNC who showed the
highest 25% expression levels of TRIB3 mRNA exhibited
significantly lower overall survival rates compared with
those in the lowest 25% expression levels of TRIB3 (Fig. 1C),
suggesting that TRIB3 may function as a potential oncogene
in HNC. Analysis of the western blotting results showed that
the protein expression levels of TRIB3 in SAS cells were the
highest, followed by HSC3 and OECMI1 cells, respectively
(Fig. S1). Subsequently, SAS and HSC3 cells were used
for TRIB3 knockdown experiments with TRIB3-specific
shRNA. These results showed a significant reduction in the
numbers of cell colonies in shTRIB3-treated cells (Fig. 2A),
suggesting the inhibition of cell proliferation after silencing
TRIB3 expression. BrdU incorporation analysis demon-
strated that knockdown of TRIB3 in SAS cells (Fig. 2B) or
HSC3 cells (Fig. 2C) by TRIB3-specific siRNAs decreased
the proportion of cells in S-phase and significantly increased
the proportion of cells in Gl-phase, although no increase was
observed in the sub-Gl cell population. The dysregulation of
cell cycle progression was also observed in shTRIB3 OSCC
cells (Fig. S2). Cells treated with shTRIB3 demonstrated a

significantly reduced protein expression level of CDKG6 in both
SAS and HSC3 cells, compared with control cells (Fig. 2D).
Other cell cycle-associated proteins, including cyclin A2,
cyclin Bl and CDKI1, showed a significant reduction in
expression levels in OSCC cell lines transduced with one of
the TRIB3-specific shRNAs, despite both shRNAs effec-
tively knocking down TRIB3 protein expression (Fig. 2D).
The decrease in expression levels of cyclin A2 and cyclin Bl
were observed in SAS cells after transduction of ShTRIB3#2,
but not shTRIB3#1. Although the significant reductions of
cyclin D1 were observed in SAS cells after transduction of
both shRNAs, this effect was not observed in HSC3 cells
(Fig. 2D). Furthermore, silencing of TRIB3 in SAS or HSC3
cells did not cause any upregulation of the protein expression
level of cleaved caspase-3 (Fig. S3). These results suggested
the presence of an apoptosis-independent mechanism of
TRIB3 silencing in the decreased proliferation of OSCC cells
that still led to cell cycle arrest. In addition, treatment of SAS
or HSC3 cells with palbociclib, a small molecule inhibitor of
CDKA4/6 that is currently used for treating advanced or meta-
static breast cancer (23), inhibited proliferation of cells in a
dose-dependent manner (Fig. S4). In addition, the knockdown
of TRIB3 in SAS cells caused cellular senescence as shown
by the elevated senescence-associated heterochromatin foci
(Fig. S5A). The increased level of H2AX at serine 139 in SAS
cells after TRIB3 knockdown was observed, suggesting the
induction of DNA damage (Fig. S5B). Taken together, these
results suggested that TRIB3 contributed to regulation of the
OSCC cell cycle and may be a potential therapeutic target for
the treatment of OSCC.

Inhibition of TRIB3 expression decreases the self-renewal
capability of OSCC-CSCs. Our previous study demonstrated
that TRIB3 positively regulates the activity of CSCs in EC (16);
therefore, the present study further investigated the effect of
TRIB3 expression on the self-renewal capacity of OSCC-
CSCs. Western blotting analysis demonstrated an increase
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Figure 2. TRIB3 depletion decreases cell proliferation and affects cell cycle distribution. (A) SAS and HSC3 oral squamous cell carcinoma cells were
transduced with lentiviruses carrying shRNA sequences for LacZ (control), sh-TRIB3#1 or sh-TRIB3#2. Western blotting results confirmed TRIB3 protein
knockdown. Cell proliferation was assessed by clonogenic assay, with colonies stained using crystal violet and visualized on day 14. (B) SAS and (C) HSC3
cells were transfected with siRNA NC or siTRIB3 for 48 h. Cells were then harvested for western blotting analysis to verify TRIB3 protein depletion and for
cell cycle analysis using BrdU. Anti-BrdU-FITC and PI fluorescence signals were detected using flow cytometry, analyzed using FlowJo software (version 10;
FlowJo LLC; BD Biosciences) and quantified. Data represented the percentage of cells at each cycle phase and were presented as mean + SD. (D) Western
blotting analysis was used to determine the protein expression levels of cell cycle regulators Cyclin A2, Cyclin Bl and Cyclin D1 following TRIB3 shRNA
transfection for 48 h in SAS and HSC3 cells. For quantification, CDK1 and CDKG6 levels were normalized to Tubulin using the upper TRIB3 blot, while
Cyclin A2, Cyclin Bl and Cyclin D1 levels were normalized to GAPDH using the lower TRIB3 blot. Blot images were representative of one of three indepen-
dent experiments. Statistical analyses were conducted using one-way ANOVA with post-hoc Tukey's Honestly Significant Difference test. "P<0.05; “P<0.01;
“"P<0.001. TRIB3, tribbles pseudokinase 3; shRNA, short hairpin RNA; siRNA, small interfering RNA; BrdU, 5-bromo-2-deoxyuridine; NC, negative

control; si, siRNA.

in the protein expression level of TRIB3 in tumorspheres
obtained from SAS or HSC3 cells (Fig. 3A). Furthermore,
a reduced ALDH* population of SAS cells was identified
following TRIB3 knockdown (Fig. 3B). Inhibition of TRIB3
expression in SAS (Fig. 3C) or HSC3 cells (Fig. 3D) led to
significant reductions in the formation of primary or secondary
tumorspheres, showing that TRIB3 expression may serve an
important role in the self-renewal capability of OSCC-CSCs.
To further substantiate the role of TRIB3 in sustaining CSC
activity in OSCC, CSCs from SAS cells were enriched through
tumorsphere culture and their tumorigenicity was assessed in
immunodeficient nude mice following lentiviral transduction
with shTRIB3 or control shLacZ sequences (Fig. 3E). All mice
remained alive at the day 28 and were to be sacrificed on day 30
after cell injection; however, 1 mouse was found deceased on
day 30. Based on the post-mortem changes observed, which
were similar with ~24 h decomposition time as previously
reported (24), and as spontaneous mortality without previous
signs of illness can be common in laboratory mice (25), the
mouse likely died within 24 h before the scheduled sacrifice
for unknown reasons. Tumor weights were quantitatively

analyzed and a significant reduction in the tumor weight of
the shTRIB3 group (0.013+0.015 g) compared with that of
the control shLacZ group (0.629+0.487 g) was demonstrated
(Fig. 3F). Notably, while the shLacZ group showed variable
tumor weights, the shTRIB3 group consistently produced
small tumors (Table SII). This contrast in tumor weights may
suggest a critical role for TRIB3 in maintaining the tumori-
genic capacity of OSCC-CSCs. Considered together, these data
suggest that TRIB3 may positively regulate the maintenance
of OSCC-CSCs.

TRIB3 positively regulates SOX2 expression through an
E2F1-mediated mechanism. To provide further support for the
positive regulatory role of TRIB3 in the maintenance of OSCC
CSCs, the expression levels of stem cell markers, including
CD44 (26,27) and KRT19 (28,29), were examined by western-
ting blot analysis. These results demonstrated that knockdown
of TRIB3 led to a significant reduction in the levels of these
CSC markers. However, silencing TRIB3 did not cause any
upregulation of the expression of epithelial markers, such as
E-cadherin (30) or KRT4 (31) (Fig. 4A). A significant reduction


https://www.spandidos-publications.com/10.3892/ijmm.2025.5485

8 HUANG et al: TRIB3 ENHANCES CANCER STEMNESS IN ORAL SQUAMOUS CELL CARCINOMA

w/o DEAB

B . w/ DEAB

SAS
1st tumorsphere

TRIB3
#1 #2

2nd tumorsphere
TRIB3
#1

shRNA  LacZ shRNA LacZ

PRI

P

FoR 010 R —
2 e
£ 800
2
® 600
o= 8 400
- ’ & 200
i - 0 L #1 #2 4 e 2
. b ShTRIB3 #2 shlacz ~ #1 ____#2 shLacZ
ek o q shTRIB3 ShTRIB3
D HSC3 E
shRNA LacZ shRNA LacZ @SASceIIs
Tumorsphere culture
*
e |
1.5

Tumor weight (g)
5

. 400 J—— _120 —
8 350 2100 _}
§ a0 § 80 - Eos
2 200 ® 60 F N
© 200 o - -
2 150 2 4 Cancer N : shLacZ shTRIB3
& 100 =3 stem cells
L o 20

50 o o

0 shLacZ #1 #2 shLacZ #1 #2 m

SHTRIBS SHTRIBS Nude mice
Tumor formation
30 Days

Harvest tumor mass

Figure 3. Knockdown of TRIB3 impairs the self-renewal capability of oral squamous cell carcinoma cells. (A) Western blotting analysis of TRIB3 protein
expression levels in SAS and HSC3 cells cultured in conventional adherent conditions (2D) or as tumorspheres (3D). GAPDH served as the loading control.
(B) ALDEFLUOR assay and flow cytometry quantification of ALDH* cells in SAS cells transduced with lentiviruses carrying shLacZ, shTRIB3#1 or
shTRIB3#2. The left panels show the gating of cell population, the middle panels show DEAB-treated samples for setting the ALDH" region and the right
panels show the percentage of ALDH* cells without DEAB. n=2. Tumorsphere formation assay for (C) SAS and (D) HSC3 cells transduced with shRNAs. n=3.
Data were analyzed using the one-way ANOVA with a post-hoc Tukey's Honestly Significant Difference test. Scale bar, 100 gm. (E) Experimental flowchart of
the in vivo tumor formation assay. Tumorsphere-derived SAS cells were transduced with shLacZ or shTRIB3, then injected subcutaneously (1x10* cells/mouse)
into nude mice (n=4) with shLacZ transduced cells injected at the left dorsal site and sh-TRIB3 transduced cells injected at the right dorsal site of each mouse.
(F) Representative images of tumor-bearing mice and corresponding harvested tumors at day 30 for shLacZ-transduced cells and shTRIB3-transduced cells.
Each row represents results from a single mouse. A ruler is included in tumor images for size reference. Data of tumor weights were presented as mean + SEM
and were analyzed using a unpaired Student's t-test. "P<0.05; ““P<0.001. TRIB3, tribbles pseudokinase 3; sh, short hairpin RNA; ALDH, aldehyde dehydro-

genase; DEAB, diethylaminobenzaldehyde.

in SOX2 protein expression levels was observed in SAS cells
following TRIB3 knockdown, which underscored the role of
TRIB3 in the regulation of SOX2. Additionally, after knocking
down TRIB3 in SAS cells, a significant decrease in the expres-
sion level of the E2F1 protein was observed (Fig. 4B). Upon
overexpressing TRIB3 in OECMI1 cells, the OSCC cell line
with the lowest expression level of TRIB3 compared with SAS
or HSC3 cells, a significant increase in the expression levels of
both SOX2 and E2F1 was observed (Fig. 4C). The functional
significance of SOX2 was examined via knockdown experi-
ments, where silencing SOX2 led to a marked reduction in
tumorsphere formation (Fig. 4D), confirming the critical role
of SOX2 in terms of maintaining the stemness properties of
OSCC cells.

As TRIB3 is a scaffold protein, which has been previously
reported to enter the cell nucleus (16), it was hypothesized
that TRIB3 may interact with E2F1, thereby leading to SOX2
transcription. First, it was demonstrated that the knockdown
of TRIB3 in SAS cells led to a reduction in the SOX2 mRNA
level (Fig. S6). Using the Eukaryotic Promoter Database to
predict the potential E2F1 binding sites within the SOX?2

promoter, two sites were identified [Fig. 4E; site 1 was located-
551 bp from the transcriptional start site (TSS), whereas site 2
was located-16 bp from TSS]. ChIP assay was subsequently
employed to show that, when TRIB3 expression was inhibited
by transfection with a specific shRNA, the binding of E2F1 to
the SOX2 promoter region at both binding sites was signifi-
cantly reduced (Fig. 4F). Using a TRIB3 antibody to perform
ChIP analysis, DNA fragments of the two E2F1 binding regions
were also detected within the SOX2 promoter (Fig. 4G). Upon
inhibiting E2F1 activity by treating the HSC3 cells with
HLMO006474, a pan-E2F inhibitor, a decrease in SOX2 protein
expression was observed (Fig. 4H). Furthermore, the inhibi-
tion of E2F1 activity induced by HLM006474 in HSC3 cells
also caused a decrease in tumorsphere formation (Fig. 41).

It has previously been reported that SOX2 expression
serves an important role in the self-renewal and tumorige-
nicity of OSCC CSCs (32). Using the GEPIA2 web server
to analyze the HNC dataset of TCGA database, a significant
positive correlation was found between SOX2 and TRIB3 at
the mRNA level (Fig. S7A). It has been previously reported
that E2F1 positively regulates SOX2 expression in HNC
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Figure 4. TRIB3 interacts with E2F1 in the nucleus to regulate SOX?2 promoter activity in oral squamous cell carcinoma cells. (A) Western blotting analysis
of CD44, E-cadherin, KRT4 and KRT19 protein expression levels in SAS and HSC3 cells transduced with shLacZ or shTRIB3. CD44, E-cadherin and KRT4
levels were normalized to the upper GAPDH band, while KRT19 levels were normalized to the lower GAPDH band. Blot images were representative of one
of three independent experiments. (B) Western blotting analysis of TRIB3, SOX?2 and E2F1 protein expression levels in SAS cells transfected with shLacZ,
shTRIB3, siNC or siTRIB3 normalized to GAPDH. The protein expression levels of SOX2 and E2F1 in TRIB3 knockdown cells were compared with siNC
or shLacZ cells. (C) Western blotting analysis of TRIB3, SOX2 and E2F1 protein expression levels in OEMCI1 cells transfected with TRIB3-OE or an empty
vector control normalized to GAPDH. (D) Tumorsphere formation assay of SAS cells transduced with shLacZ, sh-SOX2#1 or shSOX2#2 and the knockdown
efficiency of shSOX2. (E) Schematic representation of predicted E2F1 binding sites within the SOX2 promoter. Chromatin immunoprecipitation followed by
quantitative PCR analysis of (F) E2F1 and (G) TRIB3 binding to predicted sites within the SOX2 promoter in SAS cells transduced with shLacZ or shTRIB3#1.
Effect of the E2F inhibitor HLM (40 #M) on HSC3 cells. (H) Western blotting analysis of SOX?2 and E2F1 protein expression levels. (I) Tumorsphere formation
assay. Scale bars, 100 gm. Data were presented as mean + SD (n=3). The (A-C; F-H) Student's t-test or (D and I) one-way ANOVA with post-hoc Tukey's
Honestly Significant Difference test were used for statistical analysis. "P<0.05; “P<0.01; ““P<0.001. TRIB3, tribbles pseudokinase 3; E2F1, E2F transcription
factor 1; KRT, keratin; sh, short hairpin RNA; si, small interfering RNA; NC, negative control; OE, overexpression; TSS, transcriptional start site; HLM,
HLMO006474.

cells (33). The present study also identified a positive correla-  potential interaction regions between the two proteins. The
tion between TRIB3 and E2F1 (Fig. S7B), as well as between  results indicated that the C-terminal region of E2F1 potentially
E2F1 and SOX2 (Fig. S7TC) mRNA levels in the HNC dataset  interacts with TRIB3 (Fig. 5A). Through immunoprecipitation
from the TCGA database. These correlations, determined at  analysis, a direct interaction between TRIB3 and E2F1 was
both the mRNA and protein level, coupled with the findings  identified in the nuclear protein fraction of SAS cells (Fig. 5B).
obtained from previous studies, together provide a strong By contrast, this interaction was found to be weak in the cyto-
rationale for focusing on E2F1 and SOX2 as key downstream  plasmic protein fraction (Fig. S8). Collectively, these results
targets of TRIB3 in OSCC. As TRIB3 is a scaffold protein that ~ suggested that the TRIB3-E2F1 complex was predominantly
can enter the cell nucleus (16), it was hypothesized that TRIB3  formed in the nucleus of SAS cells, which is consistent with its
may interact with E2F1, thereby leading to SOX2 transcrip-  potential role in transcriptional regulation. Subsequently, the
tion. First, it was demonstrated that the knockdown of TRIB3  E2F1 protein was divided into two segments: The N-terminal
in SAS cells led to a reduction in the SOX2 mRNA level (1-251 a.a.) and the C-terminal (252-437 a.a.) segments, which
(Fig. S6). This suggested that the TRIB3-E2F1 complex exists ~ were cloned into a His-tagged plasmid used for investigating
in the nucleus of SAS cells, and potentially positively regulates  their interaction with full-length TRIB3, which was cloned
SOX2 expression. The I-TASSER platform was used to build  into a plasmid with a HA-tag. These plasmids were then trans-
the 3D structures of TRIB3 and E2F1. The predicted 3D struc-  fected into 293T cells and immunoprecipitation assays were
tures were then uploaded to the ZDOCK server to analyze  performed. These results showed that the C-terminal region of
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Figure 5. TRIB3 directly interacts with E2F1 and modulates its transcriptional activity. (A) Predicted protein-protein interaction between TRIB3 (green) and
E2F1 (cyan). The 3D structure models generated by I-TASSER were input into the ZDOCK SERVER for interaction site prediction. The visualization was
created using PyMol (version 2.4.1_198; Schrodinger) with manually annotated interacting amino acid residues shown in deep blue. (B) Western blotting
analysis of C and N fractions from SAS tumorspheres, using Lamin Bl and Tubulin as N and C markers, respectively. Co-IP assays of N fractions using
anti-TRIB3 or anti-E2F1 antibodies, with IgG as a negative control. (C) 293T cells co-transfected with HA-tagged full-length TRIB3 and His-tagged E2F1
fragments (1-251 or 252-437). (D) Luciferase reporter assay in OECM!1 cells transfected with flag-tagged TRIB3 (0.5 or 1 #g) and luciferase vectors containing
wildtype (8x-wtE2F) or mutant E2F1 DNA-binding sequences (8x-mutE2F). (E) Luciferase reporter assay in HSC3 cells transfected with luciferase vectors
and siCtrl or siTRIB3. Data are presented as mean + SD (n=3) and were analyzed one-way ANOVA with a post-hoc Tukey Honestly Significant Difference
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E2F1 predominantly interacted with TRIB3 (Fig. 5C). TRIB3
was subsequently overexpressed in OECMI1 cells with 0.5 ug or
1.0 ug of TRIB3-flag plasmid, which resulted in a significantly
increased level of E2F1 transcriptional activity in cells trans-
fected with 1 ug of TRIB3-flag plasmid (Fig. 5D). Conversely,
inhibition of TRIB3 expression in HSC3 cells led to a marked
reduction in E2F]1 transcriptional activity (Fig. 5E). To further
identify the precise interaction sites between E2F1 and TRIB3,
I-TASSER was used to analyze the TRIB3 protein structure
and to predict the potential interaction sites with E2F1. These
results demonstrated that the putative E2F1 interaction regions
of TRIB3 were located at a.a. positions 107-110, 174-179,
236-240,300-307 and 326-333 (Fig. S9A). To investigate these
potential interactive regions, TRIB3 was segmented into three
fragments: The N-terminal (1-180 a.a.), C-terminal (181-358
a.a.) and PKD (72-315 a.a.) regions (Fig. S9A). These fragments
were built into an HA-tagged pcDNA vector, followed by
co-transfection with a pCMV3 vector containing His-tagged
E2F1 C-terminal sequences in 293T cells. The co-IP experi-
ments demonstrated that TRIB3 fragments lacking regions
a.a. 107-110 and a.a. 326-333 continued to interact with E2F1
(Fig. S9B). Therefore, it was hypothesized that the interac-
tion sites between TRIB3 and E2F1 may have been located
at a.a. 174-179 or a.a. 236-240. To further refine the nature
of the interaction site, three HA-tagged TRIB3 mutants were
generated: These included one with a deletion at a.a. 174-179,
another with a deletion at a.a. 236-240 and a third with both
regions deleted. Co-IP analysis using anti-HA antibodies for
IP, followed by immunoblotting with anti-His antibodies,

showed that deletion of a.a. 236-240 led to a reduction in
E2F1-His co-precipitation. By contrast, deletion of a.a. 174-179
had no such effect (Fig. S9C). These results suggested that the
putative interaction site between TRIB3 and E2F1 was likely
located at a.a. 236-240. Taken together, these results indicated
that TRIB3 may directly interact with E2F1 to regulate its
transcriptional activity, thereby increasing SOX2 expression
and participating in the self-renewal of OSCC-CSCs.

TRIB3 maintains EGFR protein expression through preventing
lysosomal degradation. A previous study reported that EGFR
signaling promotes the formation of OSCC-CSCs (34).
Knockdown of TRIB3 in SAS or HSC3 cells led to a decrease in
the protein expression level of EGFR and the decreased activa-
tion of EGFR signaling, including the phosphorylation of EGFR
and ERK1/2 (Fig. 6A). Conversely, overexpression of TRIB3
in OECMI1 cells led to a significant increase in EGFR protein
expression levels compared with the control group (Fig. 6B).
Degradation of receptor tyrosine kinases by lysosomes has been
shown to regulate their signaling strength (35). Additionally,
TRIB3 expression in hepatic stellate cells may impede the
process of lysosome-mediated late endosome degradation (36).
Therefore, it was hypothesized that TRIB3 may regulate lyso-
somal activity in OSCC cells to maintain EGFR expression
levels. The knockdown of TRIB3 in SAS cells significantly
increased lysosomal activity (Fig. 6C). Chloroquine inhibits
lysosome activity (37). The downregulation of EGFR caused by
TRIB3 knockdown was significantly restored by chloroquine
treatment at a concentration of 30 mM (Fig. 6D). Furthermore,
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Correlation of TRIB3 expression levels with key regulatory
molecules in xenograft tumors and human OSCC specimens.
Subsequently, the expression levels of cell cycle-associated

immunofluorescence staining showed that when TRIB3 expres-
sion was suppressed in SAS cells, the colocalization of EGFR
and lysosomal-associated membrane protein 1, a lysosomal

marker protein, was significantly increased (Fig. 6E). Taken
together, these results suggested that the expression of TRIB3 in
OSCC cells regulated lysosomal activity, thereby contributing
to the maintenance of EGFR expression.

factors CDK1, CDK6, E2F1, SOX2 and EGFR were measured,
which are key molecules implicated in TRIB3-regulated cell
proliferation and CSC activity. Immunohistochemical staining
of xenograft tumor tissues demonstrated a significant reduction
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Figure 7. Knockdown of TRIB3 downregulates cell cycle and stemness markers in xenograft tumors. Tumors derived from SAS cells transduced with shLacZ
or shTRIB3 were analyzed by immunohistochemistry. Sections were stained for (A) TRIB3, (B) E2F1, (C) SOX2, (D) CDKI1, (E) CDK6 and (F) EGFR.
Representative immunohistochemical images are presented for each protein. Quantification of positive cells for each marker are presented. Staining intensities
were quantitatively assessed from two random objective fields across three independent tumor sections per group. Data are presented as mean + SD. Statistical
analysis was performed using the unpaired Student's t-test. Scale bar, 50 ym. TRIB3, tribbles pseudokinase 3; E2F1, E2F transcription factor 1; sh, short

hairpin RNA.

in TRIB3 (Fig. 7A), E2F1 (Fig. 7B), SOX2 (Fig. 7C), CDK1
(Fig. 7D) and CDKG6 (Fig. 7E) expression levels in the shTRIB3
group compared with the controls. A marked decrease in
EGFR expression levels following TRIB3 knockdown was
observed (Fig. 7F). This suggested a potential regulatory asso-
ciation between TRIB3 and EGFR in vivo. Furthermore, these
associations were analyzed in human HNC tissue array slides,
which included 70 HNC cases. Representative images of high
and low expression levels of TRIB3, E2F1, SOX2 and EGFR
were produced (Fig. 8A). Significant positive correlations
were observed between TRIB3 and E2F1 (Fig. 8B), TRIB3
and SOX2 (Fig. 8C), E2F1 and SOX2 (Fig. 8D) and TRIB3
and EGFR (Fig. 8E). In the HNSC RNA-seq dataset from the
TCGA database, the Hallmark_E2F_Targets gene set were
enriched in samples with high TRIB3 expression levels when
using the median as a cut-off value (Fig. S1I0A). In addition,
the EGFR-associated gene set was enriched in samples with
high median TRIB3 mRNA expression levels (Fig. S10B).
Collectively, these results suggested that the expression of
TRIB3 may maintain OSCC-CSC tumorigenicity through the
regulation of E2F1/SOX2 or EGFR expression.

Discussion

To the best of our knowledge, the present study is the first to
report the mechanistic link between TRIB3, E2F1 and SOX?2

in the context of OSCC stemness. Additionally, the present
study explored the role of TRIB3 in regulating EGFR stability
via lysosomal degradation in OSCC cells. Although it was
demonstrated that TRIB3 was a poor prognostic factor in the
HNC dataset from the TCGA database, future studies incorpo-
rating more detailed clinicopathological data and larger patient
cohorts could further the understanding of the role of TRIB3
in OSCC progression and patient outcomes. The results of the
present study, including a reduced rate of colony formation and
decreased BrdU incorporation, suggested a cell cycle arrest of
OSCC cells following TRIB3 knockdown, as evidenced by the
decreased expression levels of CDK6 in both SAS and HSC3
cells. As different cell lines were used in these experiments,
it was expected that there would be some variability in the
results obtained between cell lines. The CDK4/6 inhibitor
experiments demonstrated that when CDK4/6 activity was
inhibited, there was a concentration-dependent reduction in the
proliferation of both OSCC cell lines, which could potentially
be explained by the findings of the western blotting analysis,
whereby a significant decrease in CDK6 expression levels was
observed in both OSCC cell lines after TRIB3 knockdown.
This suggested that TRIB3 may not affect all cell cycle-related
proteins simultaneously, but rather regulated the proliferation
of OSCC cells through its role in CDKG6 expression.

Although the present study focused on cell cycle dynamics,
it is possible that TRIB3 knockdown may also influence
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Figure 8. TRIB3 expression is positively correlated with E2F1, SOX2 and EGFR expression in HNC tissues. (A) Representative immunohistochemistry
images of TRIB3, E2F1, SOX2 and EGFR expression in human HNC tissue microarray samples. Scale bar, 50 gm. Correlation analyses of protein expression
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other cellular processes, including senescence, apoptosis and
differentiation. In the present study, TRIB3 knockdown did
not induce apoptosis, as evidenced by the unchanged levels
of cleaved caspase-3 in the SAS and HSC3 OSCC cells.
However, it was noted that TRIB3 silencing could induce
cellular senescence, as evidenced by the presence of increased
senescence-associated heterochromatin foci with DAPI
puncta and an increase in H2AX phosphorylation at residue
Ser-139. Cellular senescence has been suggested as an internal
mechanism to prevent tumorigenesis, although persistent
senescence in tumor cells can lead to treatment resistance (38).
A combination of MEK and CDK4/6 inhibitors has been
reported to induce cell senescence to suppress the prolifera-
tion of pancreatic ductal adenocarcinoma (PDAC) cells and to
trigger angiogenesis according to the senescence-associated
secretory phenotype (SASP) to enhance the delivery of chemo-
therapeutic agents in PDAC xenograft tumors (39). Further
investigation is warranted to elucidate the role of TRIB3 with

respect to the regulation of cellular senescence and the SASP
phenotype in OSCC cells. Shen et al (17) previously reported
that knockdown of TRIB3 in SCC9 OSCC cells decreased
in vivo tumorigenic properties and that this was associated
with the upregulation of Akt/mTOR activation. In the present
study, it was demonstrated that TRIB3 functioned as an onco-
genic protein in OSCC cells and potentially served a role in
the maintenance of OSCC-CSCs.

The present study also demonstrated that TRIB3 bound to
E2F1 and that this process was involved in SOX2 expression
in OSCC cells. Furthermore, knocking down TRIB3 protein
expression also downregulated E2F1 expression, whereas
overexpression of TRIB3 led to an increase in the protein
expression level of E2F1. The reduced precipitation of E2F1-
bound SOX2 promoter fragments in TRIB3-knockdown cells
observed in the ChIP experiments may have resulted from
either reduced TRIB3-E2F1 interaction or the downregulation
of E2F1 protein expression in these cells. The regulatory role of
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TRIB3 in E2F1 transcriptional activity requires further inves-
tigation. Although the results of the present study supported
the hypothesis that there existed an interaction with TRIB3
involving the C-terminus of E2F1 and the putative interac-
tion site between TRIB3 and E2F1 was likely located at a.a.
236-240. This implied that TRIB3 may bind to the C-terminal
transactivation domain of E2F1 through the C-terminal region
of its PKD domain. However, the possibility that the region
spanning a.a. 300-307 may be another site of interaction with
E2F]1 could not be excluded. Further investigation using dele-
tion mutants with single mutations at a.a. 300-307, as well as
double mutations at a.a. 236-240 and 300-307, are needed
to confirm this hypothesis. Taken together, these results
suggested that the putative interaction site of TRIB3 with
E2F1 was likely to be located at a.a. 174-179. This implied that
TRIB3 may bind to the C-terminal transactivation domain of
E2F1 through its N-terminal of the PKD domain. However, it
is important to note that the precise sites within E2F1 require
further investigation, using site-specific mutants or additional
deletion mutants. The Hallmark_E2F_Targets gene set was
markedly enriched in samples with high TRIB3 expression
levels in the HNSC RNA-seq dataset from the TCGA database
This enrichment of E2F target genes was particularly signifi-
cant as E2F transcription factors are key regulators of cell
cycle progression and cell proliferation. E2F targets include
genes essential for G1/S transition and DNA replication (40),
suggesting that high TRIB3 expression may promote cell
cycle progression through an E2F-dependent mechanism. This
finding is consistent with our observed phenotypes of reduced
cell proliferation upon TRIB3 knockdown and provides a
potential mechanistic link between TRIB3 expression and cell
cycle regulation in OSCC cells. Furthermore, this association
between TRIB3 and E2F target genes may partially explain
the oncogenic function of TRIB3 that contributes to OSCC
progression.

The findings of the present study on the role of TRIB3
in OSCC-CSC formation have added to the growing body of
evidence on the complex regulation of E2F1 and its downstream
targets. A previous study showed that EGFR/RAS signaling is
able to post-transcriptionally upregulate the expression level
of E2F1 in Drosophila midgut enterocytes (41). Additionally,
it has been shown that suppression of proteasome 26S subunit,
non-ATPase 14, a deubiquitinating enzyme, leads to reduced
protein expression levels of both E2F1 and SOX2 in SCC15
and UM1 OSCC cells (33). These findings suggest that
multiple layers of regulation exist for the control of E2F1
activity. Although the role of TRIB3 in EGFR recycling has
been previously demonstrated in lung cancer cells (42), the
present study has extended this knowledge to encompass
OSCC-CSCs, suggesting a potentially conserved mechanism
across different cancer types. However, the specific role of
reduced EGFR signaling in the downregulation of E2F1 in
TRIB3-knockdown OSCC cells requires further investigation.
Moreover, the potential role of TRIB3 in regulating E2F1
activity through post-transcriptional modifications, including
ubiquitination and deubiquitination processes, presents an
avenue for future studies. These studies could potentially
provide us with a more comprehensive understanding of
the TRIB3-E2F1-SOX2 axis in OSCC-CSC formation and
maintenance.

Yu et al (43) reported that TRIB3 prevented the ubiquitina-
tion-mediated degradation of FOXOI, which led to an increased
level of SOX2 transcription, thereby enhancing the self-
renewal capability of breast CSCs. The involvement of TRIB3
in preventing the ubiquitination of SOX2 or EGFR, which
would increase their stability in OSCC cells, is a hypothesis
that could be investigated by cycloheximide chase experi-
ments in future studies. In breast cancer, a peptide designed to
mimic a.a. residues 191-204 of the Akt protein was found to
bind to TRIB3 (43). Treatment of breast cancer cells with this
peptide reduced their ability to form tumorspheres, suggesting
that inhibiting TRIB3-Akt interactions could suppress breast
CSCs (43). In the future, peptide drugs could be designed to
disrupt the interaction between TRIB3 and E2F1 in order to
test whether they can inhibit both the transcriptional activity
of E2F1 and the impact on OSCC-CSC self-renewal. It was
demonstrated in the present study that E2F1-His bound to all
three TRIB3 mutants: Del 174-179, del 236-240 and the double
deletions. However, a reduction in binding was specifically
detected in the del 236-240 mutant, suggesting this region
may be a key interaction site. Despite this, the presence of
some binding with all mutants, including the double deletion,
indicated that the precise role of other regions, such as a.a.
300-307, requires further investigation. Therefore, the current
data present a limitation in fully defining the binding sites
between TRIB3 and E2F1. This uncertainty may impact the
design of peptide-based drugs targeting these interactions, as
the exact binding regions remain to be conclusively identified.
Further studies, including the analysis of additional mutants,
are necessary to refine the understanding of the interaction
sites. Other challenges associated with peptide drugs also need
to be considered, including their susceptibility to degradation
by proteases following administration (44) and the potential
risk of immunogenicity from synthetic peptides (45).

The results of the present study demonstrated that TRIB3
was able to regulate lysosomal activity to maintain the expres-
sion of EGFR. Transcription factor EB (TFEB) is a master
regulator in the biogenesis of lysosomes (46). Ferron et al (47)
reported that TFEB can be phosphorylated by protein kinase C
(PKC), thereby maintaining its stability and promoting lyso-
some biogenesis. Yu et al (42) reported that knockdown of
TRIB3 resulted in a reduction in the expression level of PKC
protein. TRIB3 may regulate lysosome biogenesis through
the PKC-mediated phosphorylation of TFEB. In the HNC
RNA-seq dataset derived from TCGA database, it was shown
that the EGFR-associated gene set was markedlyenriched in
samples with high median expression levels of TRIB3 mRNA.
However, the finding that TRIB3 may positively regulate
EGFR expression in OSCC cell lines was further verified on
the basis of the IHC data from the HNC tissue microarray.
Yin et al (48) reported that LY2835219, a CDK4/6 inhibitor,
induced lysosomal biogenesis in multiple cell lines, including
HepG?2 liver cancer cells. In the present study, the decreased
expression of the CDK®6 protein in SAS and HSC3 cells was
observed following knockdown of TRIB3. Moreover, an
increased fluorescence intensity of the lysotracker may poten-
tially be induced by the suppression of CDK6 expression,
although this aspect requires further investigation.

Lv et al (49) reported that inhibition of EGFR activation in
HNC cells using the tyrosine kinase inhibitor (TKI) gefitinib
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led to decreased expression levels of SOX2. SOX2 interacts
directly with EGFR, preventing SOX2 degradation via
autophagy. In lung cancer cells, resistance to TKIs targeting
EGFR could increase SOX2 expression levels (50). In addition,
it was reported that there is a positive feedback loop between
SOX2 and EGFR in lung cancer/progenitor cells (51). However,
SOX2 expression is detectable in adult stem or progenitor cells
and this may serve a role in the maintenance of adult tissue,
such as promoting the differentiation of neural stem cells into
neuronal or glial cells (52). Therefore, therapies involving small
molecule inhibitors of SOX2 may be associated with consid-
erable side effects (53). Several small molecule compounds
have been reported to inhibit SOX2 expression, such as the
lysine-specific demethylase 1 inhibitor CBB1007, which was
found to decrease SOX?2 expression via increasing the binding
of lysine-9-methylated histone 3 to the SOX2 gene locus (54).
In OSCC, it may be possible to develop a combination therapy
of EGFR-TKIs with non-specific inhibitors to decrease the
expression level of SOX2, thereby reducing the development
of EGFR-TKI resistance and successfully decreasing the
population of CSCs.

Although the present study demonstrated the oncogenic
role of TRIB3 in OSCC cells through regulating SOX2
expression via recruitment of E2F1 to the SOX2 promoter, and
maintaining EGFR expression occurs via preventing lysosomal
degradation, certain limitations should be acknowledged. For
example, it remains to be investigated whether disrupting the
interaction between E2F1 and TRIB3 exerts any suppressive
effect on OSCC cells. Moreover, the mechanism through
which TRIB3 regulates lysosomal activity in OSCC cells
requires future exploration. Finally, to evaluate the therapeutic
potential of these findings in OSCCs, the ensuing develop-
ment of TRIB3 inhibitors that either suppress its expression or
inhibit its protein scaffolding activity is necessary.

In conclusion, the present study provided evidence
suggesting that TRIB3 may serve a critical role in OSCC
development. An elevated expression level of TRIB3 was
found to be correlated with poor patient prognosis, and this
was implicated in driving cell proliferation and self-renewal in
OSCC and OSCC-CSCs. Mechanistically, TRIB3 interacted
with E2F1 to augment SOX2 expression, thereby fostering
self-renewal capabilities. Moreover, TRIB3 stabilized the
EGFR protein through inhibiting its lysosomal degradation,
a process that contributed to signaling cascades relevant to
CSCs. Taken together, the findings of the present study demon-
strated a dual role of TRIB3 in OSCC: It contributed to the
regulation of cell proliferation and supported the maintenance
of CSC characteristics within OSCC. These findings not only
suggest that TRIB3 has a potential role as an oncogene, but
also highlighted its value as a therapeutic target for the future
management of OSCC.
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