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TRIM31 promotes the progression of oral squamous cell carcinoma through 
upregulating AKT phosphorylation and subsequent cellular glycolysis 
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�e regulation of protein kinase B (AKT) phosphorylation by Tripartite motif-containing protein 31 (TRIM31) is impli-
cated as an essential mechanism in the progression of many malignant tumors. Nevertheless, the function of the TRIM31/
AKT pathway in oral squamous cell carcinoma (OSCC) remains elusive. Here, immunohistochemistry analysis of human 
OSCC tissue microarrays indicated signi�cantly higher levels of TRIM31 and phosphorylated AKT (p-AKT) in OSCC 
tumors than in adjacent tissue samples. Also, we detected a positive association between TRIM31 expression and clinical 
OSCC development. In in vitro studies, TRIM31 knockdown severely impaired OSCC cell growth, invasion, and migration. 
By contrast, TRIM31 overexpression improved these cell behaviors, while subsequent AKT inhibition abrogated the e�ect. 
In vivo tumorigenesis experiments using nude mice also validated the e�ects of TRIM31/AKT signaling in tumor growth. 
Furthermore, TRIM31 upregulation facilitated glucose uptake, as well as lactate and adenosine triphosphate production of 
OSCC cells, while such positive e�ects on glycolysis and malignant cell phenotypes were reversed by treatment with AKT 
or glycolysis inhibitors. In conclusion, TRIM31 may improve OSCC progression by enhancing AKT phosphorylation and 
subsequent glycolysis. Hence, TRIM31 has the potential as a treatment target in OSCC. 
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Oral squamous cell carcinoma (OSCC) comprises 
approximately 3% of adult malignant tumors and is among 
the most common oral and maxillofacial malignancies [1]. 
�e incidence of OSCC has been rising in recent years, with 
around half a million new patients worldwide annually [2]. 
Although surgical resection combined with radiotherapy 
and chemotherapy, targeted therapy, and immunotherapy 
have achieved some curative e�ects, the 5-year survival rate 
of patients with OSCC is < 60%, owing to tumor cell metas-
tasis [3]. Given the lack of highly e�ective treatments, further 
understanding of OSCC tumorigenesis is highly signi�cant, 
with the aim of discovering novel therapeutic targets and 
approaches.

Tripartite motif-containing protein 31 (TRIM31) is a 
TRIM protein family member, which features conserved 
RING-�nger, coiled-coil, and B-box domains [4]. TRIM31 
contributes to numerous biological processes, including gene 
transcription [5], protein ubiquitination [6], and regula-
tion of cell behaviors [7]. Importantly, TRIM31 is a crucial 

regulator of the development of several cancers, including 
hepatocellular carcinoma [8], gallbladder cancer [9], and 
colorectal cancer [4]; however, the role of the TRIM31 
molecular pathway in OSCC progression remains unclear.

Protein kinase B (AKT) signaling is pivotal in directing 
numerous cellular activities [10, 11], and phosphorylated 
AKT (p-AKT) has important roles in the growth, migra-
tion, and metabolism of cancer cells [6, 9, 12]. Also, p-AKT 
can promote cellular glycolysis, and stimulate adenosine 
triphosphate (ATP) and lactate production, to provide su�-
cient materials for biosynthesis [12], and the participation 
of p-AKT in glycolysis is considered to be among the most 
important biological mechanisms that facilitate cancer devel-
opment [12, 13].

Increased p-AKT levels have been detected in OSCC, as 
well as a positive association between AKT phosphorylation 
and the degree of OSCC malignancy [14]. �e TRIM31/AKT 
pathway has key roles in mediating tumor cell phenotypes in 
breast cancer and glioblastoma [5, 15]. Together, the above 
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findings indicate that exploration of TRIM31 and p-AKT 
functions and related molecular mechanism in OSCC 
progression is warranted.

In this study, TRIM31 and p-AKT expression patterns 
were evaluated in OSCC tissue microarrays, and their impor-
tance to the clinicopathological characteristics of individuals 
with OSCC was analyzed. Additionally, we used in vitro and 
in vivo assays to analyze the relationship between TRIM31, 
p-AKT, and glycolysis in OSCC development. Our results 
show that the TRIM31/AKT pathway may regulate cellular 
glucose metabolism and subsequent OSCC cell behaviors, 
thus influencing OSCC progression.

Patients and methods

Human OSCC tissue microarrays, OSCC cell lines, 
and culture. Commercial OSCC tissue microarrays 
(HN058OC01), including 39 primary OSCC tumor samples 
from tongue, buccal mucosa, and gingiva; 9 samples of 
OSCC-adjacent tissue; and 7 normal mucosa samples, were 
purchased from Zhongke Guanghua (Xi’an) Intelligent 
Biotechnology Co., Ltd. Tissue microarrays were provided 
with clinicopathological data from the cases, including sex, 
lymph node metastasis, and TNM stage.

Four human OSCC cell lines (Fadu, CLA27, HSC3, and 
HSC6) were acquired from the Cell Bank of Shanghai Insti-
tute of Cell Biology, Chinese Academy of Sciences. CAL27 
and Fadu cell lines were cultivated in Dulbecco’s modified 
Eagle’s medium (DMEM; HyClone, Logan, UT, USA), while 
HSC3, HSC6, and human oral epithelial cell (HOEC) lines 
were cultivated in minimum essential medium (HyClone, 
Logan, UT, USA), supplemented  with 10% fetal bovine 
serum (FBS) (Life Technology, Grand Island, NY, USA) and 
1% combined streptomycin and penicillin antibiotics, in a 
humidified incubator with 5% CO2 at 37 °C.

Immunohistochemical (IHC) staining and analysis of 
OSCC tissue microarrays. IHC staining was conducted to 
identify TRIM31 and p-AKT expression levels in OSCC tissue 
microarrays. Briefly, anti-TRIM31 (1: 500, Ab67785, Abcam, 
Cambridge, MA, USA) or anti-p-AKT (1: 1000, #9272, Cell 
Signaling Technology, Beverly, MA, USA) antibodies were 
incubated with the cancer microarrays overnight at 4 °C. 
After washing three times, microarrays were treated with 
secondary antibody for 30 min at 25 °C. IHC images were 
captured using a microscope (CX41RF, OLYMPUS, Tokyo, 
Japan). The following parameters were determined: 1) 
Positive area score (%), defined as the percentage of positively 
stained area in a section and counted using the ImageJ Fiji 
program (National Institutes of Health, Bethesda, MD, USA) 
[16]. 2) Positive cells score (%), defined as positively stained 
cell percentage in a sector, scored automatically using ImageJ 
Fiji software, and recorded as 0% = 0; 1–24% = 1; 25–50% 
= 2; 51–75% = 3; and 76–100% = 4 [17, 18]. 3) Staining 
intensity score, referring to staining intensity was scored by 
assessing average cell cytoplasm and nucleus staining inten-

sity (ImageJ Fiji), where scores of three, two, one, and zero 
represent intense, moderate, mild, and no staining, respec-
tively [17, 18]. 4) IHC scores, calculated by multiplying 
‘positive cells’ and ‘staining intensity’ scores. IHC score <6 
was considered to indicate low TRIM31/p-AKT expres-
sion, while IHC score ≥6 indicated increased expression [17, 
18]. Moreover, specific clinical manifestations of cases were 
examined to identify associations between TRIM31 levels 
and OSCC development.

Quantitative real-time polymerase chain reaction 
(qRT-PCR). To determine the mRNA expression levels in 
human OSCC and HOEC cells, qRT-PCR was conducted. 
TRIzol reagent (1596-026, Invitrogen, Carlsbad, CA, USA) 
was employed to obtain total RNA, which was then dissolved 
in RNAse-free H2O and preserved at –80 °C. cDNA was 
generated from RNA sample aliquots (1 μg) using a Fermentas 
Reverse Transcription kit (Fermentas, Hanover, MD, USA), 
and used as a template for qRT-PCR assays conducted with 
a SYBR Green PCR kit (#K0223, Thermo, Waltham, MA, 
USA) on an ABI-7300 real-time detector (ABI, Los Angeles, 
CA, USA). Reactions comprised pre-denaturation (10 min, 
95 °C) followed by 40 rounds of denaturation, annealing, 
and elongation for 15 s at 95 °C, 45 s at 60 °C, and 60 s at 
60 °C,  respectively.  Glyceraldehyde-3-phosphatedehy-
drogenase (GAPDH) served as the internal control for the 
calculation of relative gene expression levels using the ΔCT 
technique (2–ΔΔCT). The following primer sequences were 
used: TRIM31 (F: 5’-AAGGAAGAACGCAATCAG-3’ and 
R: 5’-TCGCAGAAATAGTGGAAC-3’) and GAPDH (F: 
5’-AATCCCATCACCATCTTC-3’ and R: 5’-AGGCTGTT-
GTCATACTTC-3’).

Western blotting assay. Radioimmunoprecipitation 
assay lysis buffer kit (BYL40825, JRDUN Biotechnology, 
Shanghai, China) was used to prepare lysates from cell 
lines for western blotting analysis. A bicinchoninic acid 
protein quantification kit (23225, Thermo, Waltham, 
MA, USA) was used to measure protein quantities. Equal 
quantities (20 μg) of protein samples extracted from cells 
were separated by sodium dodecyl sulfate-polyacrylamide 
gel  electrophoresis and then transferred to polyvinyli-
dene difluoride membranes. Membranes were treated with 
primary antibodies diluted in tris-buffered saline tween 
(TBST) buffer overnight at 4 °C. Antibodies against target 
proteins included: TRIM31 (1:500, Ab67785, Abcam, 
Cambridge, MA, USA), AKT (1:1000, #4060, Cell Signaling 
Technology, Danvers, MA, USA), p-AKT (1:800, #9272, Cell 
Signaling Technology, Danvers, MA, USA), hexokinase 2 
(HK2) (1:1000, Ab209847, Abcam, Cambridge, MA, USA), 
glucose transporter 1 (GLUT1) (1:5000, Ab115730, Abcam, 
Cambridge, MA, USA), and GAPDH (1:5000, 60004-1-Ig, 
Proteintech, Wuhan, China). To remove unbound primary 
antibodies, membranes were washed three times in TBST 
buffer for 5 min each. Membranes were then incubated with 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit 
secondary antibodies (IgG-HRP, 1:5000, ZB-2301, Zhong-
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shan Golden Bridge Biotechnology, Beijing, China) for 
1 h at room temperature, followed by three further washes 
with TBST bu�er. Finally, High-sig enhanced chemilumi-
nescence (Tanon 5200, Tanon Science and Technology Co., 
Ltd., Shanghai, China) was used to visualize blot signals. 
Semi-quantitative analysis was used to determine the level 
of expression of each protein; all protein blot densities were 
standardized to that of GAPDH.

Cell transfection and inhibitor treatment. pLKO.1-puro 
lentiviral vector (Addgene, Cambridge, MA, USA) was used 
to clone speci�c small hairpin RNA (ShRNA) sequences 
targeting TRIM31 mRNA (Sangon Biotech Co., Ltd., Shanghai, 
China). �e sequences of the Sh-TRIM31s were as follows: 
Sh-TRIM31-1 (456-465, 5’-GGAGAAGGAGACAGUA-
CAAGU-3’), Sh-TRIM31-2 (519-528, 5’-GGUAGAACAU-
GAGAAGCAAAG-3’), Sh-TRIM31-3 (582-591, 5’-GGAGC-
GAGCUCUCAGGAUACG-3’). Speci�c coding sequences 
(CDS) of TRIM31 were cloned in the pCDNA3.1(+) vector 
(Addgene, Cambridge, MA, USA), with the primers, F: (F: 
5’-CGGCTAGCATGGCCAGTGGGCAGTTTGT-3’ and R: 
5’-CCCTCGAGCACTCCAAGGAAGTTCGATT-3’). To 
knock down the TRIM31 expression, human OSCC cells 
(3×105/well) were transfected with 1.5 µl of pLKO.1-puro-
Sh-TRIM31, or blank pLKO.1-puro lentiviral vector as the 
negative control (Sh-NC), in 6-well plates and incubated 
for 6 h. Cells (3×105/well in 6-well plates) were transduced 
with either pCDNA3.1(+)-TRIM31 or a blank pCDNA3.1(+) 
vector as the negative control (Vector), and then incubated 
for 6 h. qRT-PCR and western blotting assays were employed 
to assess the transfection e�ciency.

Sh-TRIM31-transfected cells (Sh-TRIM31) were treated 
with 10 μM AKT activator (SC-79) (S786303, Sellect, 
Houston, TX, USA) for 24 h. Cells overexpressing TRIM31 
(Oe-TRIM31) were also incubated in the presence of AKT 
(LY294002) (Ab120243, Abcam, Cambridge, MA, USA) or 
glycolysis (2-DG) (GC17430, GlpBio, Montclair, CA, USA) 
inhibitors. OSCC cells that had undergone di�erent treat-
ments were used for in vitro cell behavior and glycolysis, and 
in vivo tumorigenesis assays.

Cell proliferation assay. Cell counting kit-8 (CCK-8) 
(C0038, Beyotime, Shanghai, China) was used to measure 
OSCC cell growth. Cells (5×103/well) were seeded in 96-well 
microplates, le� to adhere overnight in a humidi�ed 5% CO2 
incubator at 37 °C, and then regularly monitored. Cells were 
supplemented with CCK-8 at 0, 12, 24, and 48 h following 
transfection and then kept at 37 °C for 1 h. Absorbance values 
(optical density) at 450 nm were determined for each well 
using a microplate reader (DNM-9602, Perlong, Beijing, 
China).

Transwell invasion assay. OSCC cell invasion tests were 
conducted using Transwell chambers (3422, COSTAR, 
Cambridge, MA, USA). Target cells resuspended at 3×105 
cells/ml in a medium without FBS were introduced to the 
upper chambers, then DMEM containing 10% FBS was 
added into the lower chambers. Following two days of 

culture, cells were immediately �xed at room temperature by 
adding 4% formaldehyde for 15 min. Fixed cells were washed 
in phosphate-bu�ered saline (PBS) before staining for 30 
min with 0.1% crystal violet staining solution; a microscope 
(CX41RF, OLYMPUS, Tokyo, Japan) was used to view and 
count cells.

Wound healing assay. Wound healing tests were employed 
to evaluate OSCC cell migration. Cells (5×103/well) were 
seeded in 6-well plates and wound-healing experiments were 
conducted by scratching through the cell monolayer with a 
sterile pipette tip a�er the cells had achieved con�uence. To 
remove non-adherent cells, plates were washed twice with 
PBS. �en, cells were grown in a fresh medium for 48 h. 
At 0, 24, and 48 h, images were taken using a microscope 
(CX41RF, OLYMPUS, Tokyo, Japan). Cell migration rates 
were calculated as:

Cell migration rate (%) = ((scratch area at 0 h – scratch 
area at 48 h)/ scratch area at 0 h) × 100%.

Nude mouse tumorigenesis assay, IHC, Hematox-
ylin and Eosin staining. �e Institutional Animal Care 
and Use Committee of Shanghai Rat & Mouse Biotech 
Co., Ltd. (SHRM-IACUC-022) authorized all animal 
research, which was conducted based on the National 
Research Council’s Guide for the Care and Use of Labora-
tory Animals. �e Shanghai Model Organisms Center, Inc. 
provided 30 6-week-old female BALB/c nude mice. Mice 
were randomly assigned to �ve groups, as follows: 1) Vector, 
2) Sh-TRIM31, 3) Sh-TRIM31+SC-79, 4) Oe-TRIM31, 5) 
Oe-TRIM31+LY294002. OSCC cells treated with empty 
vector, Sh-TRIM31, and TRIM31-CDS were introduced 
subcutaneously into the right �anks of mice in the Vector, 
Sh-TRIM31, and Oe-TRIM31 groups, respectively; AKT 
activator (SC-79) and AKT inhibitor (LY294002) were 
simultaneously injected into mice in the Sh-TRIM31+SC-79 
and Oe-TRIM31+LY294002 groups, respectively. Every 
three days, the development of subcutaneous tumors was 
observed. Tumor volume was calculated as length × width2/2. 
�irty days following the injection, mice were euthanized 
and tumor tissues were collected and weighed.

To verify the TRIM31 expression, IHC staining was 
applied to tumor tissue specimens. Specimens were �xed 
for 48 h in 10% formaldehyde, then embedded in para�n, 
and 5 μm sections were cut from the tissue blocks. Slides 
were heated for 30 min at 65 °C, then depara�nized with 
xylene, and rehydrated with a series of ethanol solution 
concentrations. Antigen retrieval was conducted in 0.01 M 
citrate bu�er at 95 °C and samples were blocked with 5% 
bovine serum albumin for 30 min. Samples were stained 
for TRIM31 protein using the protocol described in section 
2.2 (Immunohistochemical (IHC) staining and analysis of 
OSCC tissue microarrays) above.

�e residual tumor samples were preserved in ethanol and 
para�n-embedded a�er being �xed in 10% formaldehyde 
for 48 h. Hematoxylin and eosin (#714094, BASO, Zhuhai, 
China) staining was used to stain tissue sections mounted 
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nm was determined using a microplate reader (DNM-9602, 
Perlong), and ATP levels were determined using the formula 
provided by the kit manufacturer.

Lactate colorimetric assay. Lactate assay kits (A019-2, 
Jiancheng, Nanjing, China) were used to measure lactate 
levels in OSCC cells. Cells (5×105/well) were seeded into 
6-well plates. A�er incubation for 48 h, cell supernatant 
aliquots (20 μl) were mixed with detection reagent, following 
the manufacturer’s protocol, and a�er incubation at 37 °C for 
10 min, absorbance measured at 530 nm using a microplate 
reader (DNM-9602, Perlong). Lactate concentrations were 
determined using the formula provided by the kit manufac-
turer.

Statistical analysis. All graphs were generated using 
GraphPad Prism (version 8.0, San Diego, CA, USA), and 
statistical analyses were conducted using SPSS (version 21, 
Chicago, IL, USA). Clinicopathological data from OSCC 
tissue microarrays were analyzed using the Chi-square 
test. Spearman correlation tests were conducted to analyze 
the relationships between OSCC clinical manifestations 
and TRIM31 expression levels. Data from in vitro assays 
using OSCC cells and in vivo experiments were examined 
by one-way analysis of variance (ANOVA) combined with 
Tukey’s post-hoc test. All results from three independent 
trials are presented as mean ± standard deviation. A p-value 
<0.05 was considered statistically signi�cant.

Results

TRIM31 and p-AKT expression levels are upregulated 
in human OSCC tissues, and associated with clinical 
manifestations of patients with OSCC. To investigate the 
TRIM31 and p-AKT protein expression levels in human 
OSCC, we performed IHC staining of tissue microarrays, 
comprising OSCC tumor and adjacent tissue samples. Both 
TRIM31 and p-AKT were positively stained brown in the 
cell cytoplasm and nucleus. In comparison to cells of the 
adjacent tissues, tumor cells with high expression of TRIM31 
and p-AKT appeared pleomorphic with obviously increased 
mitotic activity, while such characteristics of lowly-expressing 
cells slightly increased (Figure 1A). Positive area and cell 
percentages, as well as IHC scores for TRIM31 (Figures 1B, 
1D) and p-AKT (Figures 1C, 1D) were clearly higher in 
human OSCC tumors than in corresponding adjacent tissue 
samples. Overall, p-AKT and TRIM31 expression levels in 
the tissue types were positively correlated with one another, 
and the results from tumor, adjacent, and normal tissues 
were partially overlapped (Figure 1E).

We also analyzed whether there were associations 
between the clinical manifestations of patients with OSCC 
and TRIM31 expression in the tissue microarrays. As illus-
trated in Table 1, TRIM31 expression levels were signi�-
cantly increased in patients with larger tumor size, higher T 
and TNM stage, and more lymph node metastasis. Consis-

on slides for examination using a microscope (CX41RF, 
OLYMPUS).

Ethics statement. All animal experiments followed the 
National Research Council’s Guide for the Care and Use of 
Laboratory Animals and were approved by the Institutional 
Animal Care and Use Committee of Shanghai Rat &Mouse 
Biotech CO., Ltd. (SHRM-IACUC-022).

Glucose uptake assay. To evaluate the glucose uptake rate 
of OSCC cells, a 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-
4-yl) amino]-D-glucose (2-NBDG) Glucose Uptake Assay 
Kit (K682-50, Biovision, Milpitas, CA, USA) was used, 
following the manufacturer’s instructions. In summary, cells 
(3×105/well) were seeded in 6-well plates and incubated for 
one day. A�er removing the culture medium, PBS containing 
100 μmol/l of the �uorescent glucose analog, 2-NBDG, 
was added for 1 h. Free 2-NBDG was removed by washing 
twice with cold PBS. Cells were then stained with 5 mg/ml 
propidium iodide (PI) for 30 min at 37 °C, then lysed with 
0.25% trypsin-ethylenediaminetetraacetic acid (Solarbio, 
Beijing, China), followed by �ow cytometry to examine 
2-NBDG-positive and PI-negative cells (FACSAria III, BD 
Biosciences, Durham, NC, USA).

ATP production assay. Cellular ATP levels were quanti-
�ed using ATP detection kits (A095, Jiancheng, Nanjing, 
China). Six-well plates were seeded with cells (5×105/well). 
Following a 48 h incubation period, 20 μl aliquots of cell 
supernatant were obtained and combined with the identi�ca-
tion reagent following the manufacturer’s recommendations. 
Following incubation at 37 °C for 10 min, absorbance at 530 

Table 1. Basic information and clinical manifestations of patients with 
high and low expressions of TRIM31 from OSCC tissue microarrays.

Clinical manifestation
TRIM31 expression in the 

OSCC tissues p-value
High (n) Low (n)

Sex 0.947
Male 29 8
Female 1 1

Age (yrs) 0.154
<60 23 4
≥60 7 5

Tumor size (cm) 0.044
<4 17 9
≥4 13 0

T classi�cation 0.048
T1,2 10 7
T3,4 20 2

TNM stage (AJCC) 0.011
Stage I, II 10 8
Stage III, IV 20 1

Lymph node metastasis 0.021
Absent 15 9
Present 15 0

Abbreviation: AJCC-American Joint Committee on Cancer
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tently, the percentages of patients with increased TRIM31 
expression were higher among those presenting with worse 
clinical manifestations (Supplementary Figures S1A–S1D). 
Furthermore, Spearman correlation analysis revealed a 
positive correlation between OSCC clinical presentations 
and TRIM31 expression (Table 2). Analysis of distant metas-
tasis of OSCC was not performed due to missing data.

�e successful construction of OSCC cell models with 
TRIM31 expression down- and up-regulation. TRIM31 
protein expression in four human OSCC cell lines (Fadu, 
HSC6, CAL27, and HSC3) was analyzed by western blotting 
assay; the HOEC oral epithelial cell line was used as a 
control. In comparison to the control, maximum TRIM31 
expression was detected in CAL27 cells, while HSC6 cells 
only showed slightly elevated TRIM31 expression (Supple-
mentary Figure S2A). Next, TRIM31 levels were down- and 

up-regulated in CAL27 and HSC6 cells, respectively. Western 
blotting and qRT-PCR assays revealed clearly reduced 
TRIM31 protein and mRNA levels in CAL27 cells transfected 
with Sh-TRIM31s, with Sh-TRIM31-1 and Sh-TRIM31-2 
achieving higher knockdown e�ciencies (Supplementary 
Figures S2B, S2C). Additionally, HSC6 cells showed apparent 
enhancement of TRIM31 expression at both the protein and 
mRNA levels a�er TRIM31-CDS transfection (Supplemen-
tary Figures S2D, S2E).

TRIM31 regulates the malignant behaviors of OSCC 
cells via AKT signaling. To validate the important role of 
TRIM31 in the regulation of OSCC cell behaviors, in vitro 
CCK-8, Transwell, and scratch assays were �rst performed 
using CAL27 cells following di�erent treatments. TRIM31 
interference remarkably decreased CAL27 cell prolifera-
tion and invasion ability (Figures 2A, 2B). Quantitatively, 

Figure 1. Evaluation of TRIM31 and p-AKT expression levels using OSCC tissue microarrays. A) Expression patterns of TRIM31 and p-AKT in OSCC 
(le� two columns) and adjacent (right column) tissues detected by immunohistochemical staining (red arrows point to tumor cells with high expres-
sion of TRIM31/p-AKT, blue arrows point to lowly-expressing cells, ×200). B, C) Quanti�cation of B) TRIM31 and C) p-AKT positively stained areas 
and cells in OSCC and adjacent tissues. D) Corresponding IHC staining scores and E) scatter plot analysis of the correlation between TRIM31 and 
p-AKT IHC scores. Notes: High expression-tumor tissue with high TRIM31/p-AKT expression; Low expression-tumor tissue with low TRIM31/p-AKT 
expression; Adjacent-adjacent tissue, Normal-normal tissue. *p<0.05, ***p<0.001
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protein expression, p-AKT levels were markedly lower in 
Sh-TRIM31-transfected cells than in Sh-NC-transfected cell.

In contrast, aggressive OSCC cell phenotypes and 
intracellular AKT phosphorylation were signi�cantly 
enhanced in HSC6 cells a�er transfection of TRIM31-
CDS (Figures  3A–3D). Relative to control cells transfected 
with empty vectors, cell invasion, migration, and AKT 
phosphorylation was increased by approximately 25%, 25%, 
and 100%, respectively, in TRIM31-CDS-transfected cells 
(Figures 3B–3D).

To further explore the function of p-AKT in TRIM31 
regulation, TRIM31-CDS-transfected HSC6 cells were 
treated with the AKT inhibitor (LY294002).

As shown in Figures 3A–3D, the addition of  LY294002 
remarkably weakened the e�ect of TRIM31 overexpression 
on malignant cell behaviors, as well as intracellular AKT 
phosphorylation. Treatment of untransfected HSC6 cells 
with LY294002 alone yielded similar inhibitory e�ects on the 
analyzed phenotypes (Figures 3A–3D).

Figure 2. E�ects of down-regulating TRIM31 expression 
on CAL27 cell behaviors and AKT phosphorylation. Cell 
proliferation assessed by CCK-8 assay (A), invasion exam-
ined by Transwell assay (×200) (B), migration assessed by 
scratch assay (×200) (C), and AKT phosphorylation detect-
ed by western blotting assay (D), demonstrating the e�ects 
of inhibiting TRIM31 expression on CAL27 cell behaviors. 
Notes: Sh-NC-cells transfected with empty vector; Sh-
TRIM31s-cells transfected with Sh-TRIM31s. ***p<0.001 
compared with Sh-NC

Table 2. Correlation between TRIM31 expression and OSCC clinical 
manifestations analyzed by Spearman correlation test.

Clinical manifestation
TRIM31 expression in the OSCC tissues
Spearman 
correlation 95% CI p-value

Tumor size 0.387 0.632~0.072 0.015
T classi�cation 0.378 0.625~0.061 0.018
TNM stage (AJCC) 0.470 0.689~0.171 0.003
Lymph node metastasis 0.433 0.664~0.127 0.006

Abbreviation: AJCC-American Joint Committee on Cancer

cell invasion was approximately 60% lower in Sh-TRIM31-
transfected cells compared to that in Sh-NC-transfected cells 
(Figure 2B). TRIM31 knockdown evidently prohibited cell 
migration, with the migration rate of Sh-TRIM31-transfected 
cells decreased by around 50% relative to Sh-NC-transfected 
cells (Figure 2C). As illustrated in Figure 2D, although 
there was no apparent e�ect of TRIM31 inhibition on AKT 
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�e TRIM31/AKT pathway regulates OSCC growth 
in vivo. To verify the role of the TRIM31/AKT pathway in 
regulating OSCC development in vivo, we constructed nude 
mouse xenogra� cancer models by injecting the animals with 
OSCC cells treated with empty vector (Vector), Sh-TRIM31, 
Sh-TRIM31 plus AKT activator (Sh-TRIM31+SC-79), 
TRIM31-CDS (Oe-TRIM31), and TRIM31-CDS plus AKT 
inhibitor (Oe-TRIM31+LY294002) (Figure 4A). �e appear-
ance of tumors harvested from each group is shown in Figure 

4B. Tumor cells from all groups appeared as disorderly nest-
like structures, as demonstrated by hematoxylin and eosin 
staining (Figure 4C).

Tumors from mice in the Vector group were heavier and 
had larger volumes than those from the Sh-TRIM31 group 
(Figures 4B, 4D, 4E). Speci�c IHC staining of tumor tissue 
samples showed that TRIM31 expression was lowest in the 
Sh-TRIM31 group (Figure 4F). Additionally, compared 
with the Sh-TRIM31 group, the Sh-TRIM31+SC-79 group 

Figure 3. �e e�ects of up-regulating of TRIM31 expression on HSC6 cell behaviors and intracellular p-AKT levels. Cell proliferation detected by CCK-
8 assay (A), invasion assessed by Transwell assay (×200) (B), migration examined by scratch assay (×200) (C), and AKT phosphorylation determined 
by western blotting assay (D), showing the e�ects of overexpressing TRIM31 on HSC6 cells. Notes: Vector-cells transfected with empty vector; Oe-
TRIM31-cells transfected with TRIM31-CDS; LY294002-cells treated with LY294002 (AKT inhibitor) alone; Oe-TRIM31+LY294002-cells transfected 
with TRIM31-CDS and treated with LY294002. *p<0.05, **p<0.01, ***p<0.001
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had increased tumor development and TRIM31 expres-
sion (Figures 4B, 4D–4F). Moreover, the Oe-TRIM31 group 
exhibited the most rapid tumor growth, the largest tumor 
weight, and the strongest TRIM31 protein expression 
(Figure 4B, 4D–4F); however, the apparent tumor-promoting 
e�ect of TRIM31 overexpression in vivo was largely amelio-
rated by AKT inhibitor, as indicated by analysis of mice from 
the Oe-TRIM31+LY294002 group (Figure 4B, 4D–4F).

TRIM31 modulates OSCC cell glycolysis via the regula-
tion of AKT signaling. To assess the impacts of TRIM31 
on OSCC cell glycolytic metabolism, glucose consumption, 
ATP generation, and lactate excretion were �rst measured 
in CAL27 cells following di�erent treatments. As illustrated 
in Figures 5A–5C, TRIM31 interference clearly disturbed 
cellular glycolytic activity. Quantitatively, the values of the 
glycolysis-related indicators mentioned above were approxi-

Figure 4. Role of the TRIM31/AKT pathway in regulating tumor growth in nude mouse xenogra� tumor models. A) Grouping of xenogra� tumor 
models following di�erent treatments and harvesting of tumor tissues. �e appearance (B) and hematoxylin-eosin (HE) staining (×200) (C) of tumor 
tissues from each group. Volumes (D), weights (E), and immunohistochemical (IHC) staining of TRIM31 (red arrows point to tumor cells with high 
expression of TRIM31, blue arrows point to lowly-expressing cells, ×200) and the percentages of the positively stained areas and cells of tumor tissue 
samples from each group (F). Notes: Vector-cells transfected with empty vector; Sh-TRIM31-cells transfected with Sh-TRIM31; Sh-TRIM31+SC-79-
cells transfected with Sh-TRIM31 and treated with SC-79 (AKT activator); Oe-TRIM31-cells transfected with TRIM31-CDS; Oe-TRIM31+LY294002-
cells transfected with TRIM31-CDS and treated with LY294002 (AKT inhibitor). *p<0.05, **p<0.01, ***p<0.001
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mately 50% lower in the Sh-TRIM31-transfected cells than 
those in the Sh-NC-transfected cells. TRIM31 overexpression 
in HSC6 cells signi�cantly increased glycolytic processes; 
values of glucose consumption, lactate production, and ATP 
production in TRIM31-CDS-transfected cells were approxi-
mately 1.3, 3, and 2 times those in control cells transfected 
with empty vector (Figures 5D–5F).

To clarify the function of p-AKT in TRIM31 regulation 
of cellular glycolytic capacity, TRIM31-CDS-transfected 
HSC6 cells were further treated with an AKT inhibitor 
(LY294002). LY294002 addition clearly diminished the 
glycolysis-promoting in�uence of TRIM31 overexpression 
(Figures  5D–5F). Moreover, treatment of untransfected 
HSC6 cells with LY294002 alone achieved similar inhibitory 
e�ects on glycolytic activity (Figures 5D–5F).

TRIM31-induced glycolysis is an important mechanism 
regulating OSCC cell behaviors. To determine whether 
TRIM31-induced glycolysis can regulate OSCC cell behav-
iors, in vitro GLUT1 and HK2 protein expression, CCK-8, 

Transwell, and scratching assays were �rst carried out using 
CAL27 cells following di�erent treatments. As shown in 
Figure 6A, Sh-TRIM31-transfected CAL27 cells exhibited 
prominently decreased GLUT1 and HK2 expression levels, 
relative to those of cells transfected with empty vector. �e 
reduction of these two glycolysis-related proteins was accom-
panied by signi�cantly decreased cell proliferation, invasion, 
and migration abilities (Figures 6B–6D).

Compared with control HSC-6 cells transfected with 
empty vector, TRIM31-CDS-transfected cells demon-
strated remarkably enhanced GLUT1 and HK2 expression 
levels, as well as more aggressive behaviors (Figures 6G, 
6H). TRIM31-CDS-transfected cells were next treated with 
glycolysis inhibitor (2-DG). As illustrated in Figures 6G and 
6H, 2-DG treatment clearly inhibited the positive e�ects of 
up-regulating TRIM31 on GLUT1 and HK2 expression, as 
well as on malignant cell behaviors. Similarly, the application 
of 2-DG on untreated HSC6 cells also exerted suppressive 
e�ects on the analyzed phenotypes (Figures 6G, 6H).

Figure 5. TRIM31/AKT pathway regulation of glycolytic metabolism in OSCC cells. A) Cellular glucose uptake measured by �ow cytometry, B) lactate 
secretion evaluated by lactate detection kit, and (C) ATP production quanti�ed by ATP determination kit, demonstrating the e�ects of down-regulat-
ing TRIM31 expression on CAL27 cell glycolysis. D–F) �e above indicators were used to assess the e�ects of up-regulating the TRIM31/AKT pathway, 
with and without AKT inhibitor, on the glycolysis-related activities of HSC6 cells. Notes: Sh-NC-cells transfected with empty vector; Sh-TRIM31s-cells 
transfected with Sh-TRIM31s; Vector-cells transfected with empty vector; Oe-TRIM31-cells transfected with TRIM31-CDS; LY294002-cells treated 
with LY294002 (AKT inhibitor) alone; Oe-TRIM31+LY294002-cells transfected with TRIM31-CDS and treated with LY294002. *p<0.05, **p<0.01, 
***p<0.001
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Discussion

OSCC is categorized as carcinoma resulting from the 
epithelium covering the oral cavity, such as the tongue, 
gingiva, and �oor of the mouth [19]. Currently, OSCC is the 

sixth most common epithelial neoplasm occurring in the 
neck and head area [19, 20]. Despite great improvements 
in therapeutic approaches over the decades, the long-term 
survival rate of patients with OSCC remains suboptimal, 
and the pathogenesis of the disease remains unclear [21]. 

Figure 6. �e e�ect of TRIM31 on OSCC cell behaviors via regulation of glycolysis. A) HK2 and GLUT1 protein levels detected by western blotting, 
B) cell proliferation measured by CCK-8 assay, C) cell migration examined by scratch assay (×200), and D) cell invasion assessed by Transwell assay 
(×200), showing the e�ects of reducing TRIM31 expression on the glycolysis and subsequent behaviors of CAL27 cells. E–H) �e above indicators were 
used to evaluate the e�ects of enhancing TRIM31 expression on the glycolytic activities and behaviors of HSC6 cells in the presence and absence of a 
glycolysis inhibitor. Notes: Sh-NC-cells transfected with empty vector; Sh-TRIM31s-cells transfected with Sh-TRIM31s; Vector-cells transfected with 
empty vector; Oe-TRIM31-cells transfected with TRIM31-CDS; 2-DG-cells treated with 2-DG (glycolysis inhibitor) alone; Oe-TRIM31+2-DG-cells 
transfected with TRIM31-CDS and treated with 2-DG. *p<0.05, **p<0.01, ***p<0.001
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To improve the e�ectiveness of treatment, it is necessary 
to identify precise diagnostic biomarkers and therapeutic 
targets [22].

TRIM31 acts as a crucial regulating factor in cancer devel-
opment, and its involvement in breast cancer [7], glioblas-
toma [5], pancreatic cancer [23], and gastrointestinal cancer 
[24] has been proven; however, knowledge of the role of 
TRIM31 in OSCC is incomplete. In the present study, IHC 
staining of human OSCC tissue microarrays revealed signi�-
cantly stronger TRIM31 expression in tumor samples than 
that in adjacent tissue. Moreover, patients presenting with 
higher TRIM31 levels exhibited worse clinical manifesta-
tions. Given the close relationship between TRIM31 and the 
clinical invasiveness of OSCC, TRIM31 has the potential as a 
diagnostic marker for the disease. Additionally, in vitro and 
in vivo examinations showed that TRIM31 up-regulation 
enhanced the invasion, growth, and migration activities 
of OSCC cells, while TRIM31 down-regulation mitigated 
these aggressive phenotypes. �e above results indicate that 
TRIM31 may contribute to OSCC development.

Previous studies have demonstrated the participation 
of TRIM31/AKT signaling in regulating tumor cell malig-
nant behaviors; for example, p-AKT is a key downstream 
regulator of TRIM31 in the progression of breast cancer, 

glioblastoma, and gallbladder cancer [5, 9, 15]. Similarly, 
our �ndings suggest that TRIM31 and p-AKT expression 
levels in OSCC tumor tissues are consistent, and alteration 
of AKT phosphorylation was positively correlated with up- 
and down-regulation of TRIM31 expression in OSCC cells. 
In addition, treatment with the AKT inhibitor (LY294002) 
decreased TRIM31-induced cell aggressiveness, while the 
AKT activator (SC-79) reversed the negative e�ect of TRIM31 
knockdown on tumor growth. �erefore, p-AKT may be a 
crucial signaling pathway in the regulatory mechanism of 
TRIM31 in in�uencing OSCC development. As TRIM31 
improved the in vitro invasiveness of OSCC cells and in vivo 
tumor growth through activating AKT phosphorylation, 
the TRIM31/AKT pathway represents a possible treatment 
target for individuals with OSCC.

Glycolysis is a major cellular metabolic process involving 
the conversion of glucose to lactate and subsequent ATP 
production, which provides the necessary energy for cell 
functions [25]. Glycolysis is the primary source of ATP 
energy for tumor cells in aerobic situations [26–28]. Relative 
to normal cells, cancer cells o�en exhibit an increased 
demand for energy, and present with an enhanced glycolytic 
capacity, featuring accelerated glucose uptake and higher 
production of lactate and ATP, owing to their rapid growth 

Figure 7. �e possible mechanism by which TRIM31 promotes OSCC progression through upregulating AKT phosphorylation and subsequent 
glycolysis.
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and proliferation [29–31]. As glucose metabolism repro-
gramming is crucial for cancer cell survival a�er surgical 
resection and drug administration [32], therapies targeting 
glycolysis represent a valuable clinical approach [33]. Many 
studies have validated AKT signaling as an essential upstream 
regulator of glycolytic metabolism in various tumor cells 
[10, 11]. For example, antisense RNA1 of HIF1α (HIF1A-
AS1) and polo-like kinase 1 (PLK1) stimulate glycolysis via 
AKT signaling, thus regulating tumorigenesis of pancreatic 
cancer and laryngeal squamous cell carcinoma, respectively 
[34, 35]. In this study, the reduced AKT phosphorylation 
a�er the knockdown of TRIM31 was followed by a decrease 
in glucose uptake, as well as lower ATP and lactate produc-
tion, in OSCC cells. In contrast, the increased p-AKT levels 
following TRIM31 overexpression enhanced glycolysis-
related phenotypes, while treatment with an AKT inhibitor 
(LY294002) rescued the impacts of TRIM31 up-regulation. 
�erefore, we speculate that glycolysis may be a downstream 
mechanism in TRIM31/AKT pathway regulation of OSCC 
behaviors.

GLUT1 and HK2 are two key functional proteins in glycol-
ysis. Speci�cally, GLUT1 is a transmembrane protein, which 
transports glucose into cells through facilitative di�usion 
[36], while HK2 acts as a vital glycolytic enzyme catalyzing 
the transformation of glucose into glucose-6-phosphate [37]. 
Previous investigations of endometrial cancer, pancreatic 
cancer, hepatocellular carcinoma, and glioblastoma have 
demonstrated that GLUT1 and HK2 levels can be induced 
by various factors and that this process is a crucial step in 
enhancing glucose metabolism and subsequent cancer 
invasiveness [36, 38–40]. Our �ndings also showed a positive 
relationship between TRIM31, GLUT1, and HK2 expression 
levels and OSCC cell malignant activities, and the cancer-
promoting function of TRIM31 was subdued by treatment 
with the glycolytic inhibitor, 2-DG. �ese results implicate 
glycolysis as a potentially pivotal biological process in trans-
mitting “regulatory information” from TRIM31 to OSCC cell 
behaviors.

In summary, our data indicate that: �rst, p-AKT is a 
crucial downstream signaling factor in TRIM31 regulation 
of OSCC development; second, the TRIM31/AKT pathway 
regulates OSCC cell glycolysis; and third, glycolysis is an 
important process through which TRIM31 regulates OSCC 
cell behaviors. Hence, TRIM31 may induce OSCC progres-
sion by enhancing AKT signaling and subsequent cellular 
glycolysis.

�e present study has some limitations. As only human 
OSCC tissue microarrays, with a limited number of cases 
and clinical information were used, more OSCC speci-
mens, with complete data on patient clinical characteristics, 
manifestations, treatments, and prognosis, are necessary for 
future studies to validate our �ndings. Besides, although our 
�ndings suggest the TRIM31/AKT pathway and glycolysis as 
potential diagnostic and therapeutic targets of OSCC, further 
in-depth research, focusing on the underlying mechanism, 

such as related protein functional sites and detailed biolog-
ical steps, is still required.

In conclusion, TRIM31 may promote OSCC development 
by activating the AKT phosphorylation and subsequent 
glycolytic metabolism. �ese �ndings provide potentially 
important insights into OSCC pathological and molecular 
processes.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. Proportions of patients with high and low TRIM31 expression levels and various clinical manifestations of OSCC. Percent-
ages of patients with di�erent TRIM31 levels according to A) tumor size, B) TNM stage, C) T classi�cation, and D) lymph node metastasis. High 
expression, tumor tissue with high TRIM31/p-AKT expression; Low expression, tumor tissue with low TRIM31/p-AKT expression.
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Supplementary Figure S2. �e expression levels of TRIM31 in di�erent OSCC cell lines and the e�ciency of up- and down-regulation of TRIM31 in 
the OSCC cells. A) �e protein levels of TRIM31 in four human OSCC cell lines (Fadu, HSC6, CAL27 and HSC3) and in HOEC cell line were detected 
by western blotting assay, with HOEC as the normal control; B, C) �e knockdown e�ciency of the Sh-TRIM31 transfected CAL27 cells, and D, E) 
the overexpressing e�ciency of the TRIM31-CDS transfected HSC6 cells were detected by qRT-PCR and western blotting assays. In B, C), Control, 
untransfected cells; Sh-NC, cells transfected with empty vectors; Sh-TRIM31s, cells transfected with Sh-TRIM31s; ***p < 0.001 compared with Sh-NC. 
In D, E), Control, untransfected cells; Vector, cells transfected with empty vectors; Oe-TRIM31, cells transfected with TRIM31-CDS; ***p < 0.001 
compared with Oe-TRIM31.




