
Summary. Objective. Hepatocellular carcinoma (HCC) 
is a highly fatal cancer. This study aims to investigate 
the underlying mechanism of tripartite motif-containing 
22 (TRIM22) in HCC cell invasion and metastasis 
through the K (lysine) acetyltransferase 2A (KAT2A)/ 
glutathione peroxidase 4 (GPX4) axis. 
      Methods. Human HCC cells BEL7405 were cultured 
in vitro and treated with MG-132, Ferrostain-1, 
pcDNA3.1-TRIM22, pcDNA3.1-KAT2A, or pcDNA3.1-
NC. TRIM22-KAT2A interaction and KAT2A 
ubiquitination level, cell proliferation, invasion, 
migration, and histone H3 lysine 9 acetylation (H3K9ac) 
enrichment level on the GPX4 promoter were assessed 
by Co-IP, CCK-8, Transwell, and ChIP-qPCR assays. 
Mice were injected subcutaneously with Lv-oe-NC or 
Lv-oe-TRIM22 BEL7405 cells via the tail vein. Tumor 
proliferation and levels of TRIM22, KAT2A, GPX4, 
Fe2+, malondialdehyde (MDA), reactive oxygen species 
(ROS), and glutathione (GSH) in tissues and cells were 
evaluated by immunohistochemistry, RT-qPCR, western 
blot, and kits. 
      Results. oe-TRIM22-treated BEL7405 cells 
exhibited increased TRIM22 expression, and abated 
KAT2A protein expression and malignant cell biological 
behaviors, which were partially reversed by upregulating 
KAT2A or suppressing ferroptosis. TRIM22 interacted 
with KAT2A, which was ubiquitinated to regulate GPX4 
histone acetylation. TRIM22 overexpression elevated 
Fe2+, MDA, and ROS levels and cell death, and 
diminished GSH, GPX4, and H3K9ac enrichment levels, 
whereas further overexpression of KAT2A brought about 
opposite trends. TRIM22 suppressed HCC growth and 
metastasis by mediating ferroptosis through the 

KAT2A/GPX4 axis. 
      Conclusions. TRIM22 promoted KAT2A ubiquitina-
tion degradation to reduce H3K9ac enrichment levels in 
the GPX4 promoter region, and facilitated ferroptosis, 
thereby inhibiting HCC cell invasion and metastasis and 
in vivo growth and metastasis. 
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Introduction 
 
      Hepatocellular carcinoma (HCC), arising from liver 
cells, accounts for roughly 90% of all cases of primary 
liver cancer (Chakraborty and Sarkar, 2022). HCC ranks 
in the top three leading causes of cancer-related 
mortality and is among the six most frequent 
malignancies globally (Ferlay et al., 2021). 
Unfortunately, HCC exhibits significant resistance to 
conventional cancer treatments, such as chemotherapy 
and radiotherapy, and its definitive diagnosis frequently 
arises in advanced stages, with an elevated probability of 
recurrence following curative treatment and a typically 
low overall survival rate (Song et al., 2021; Chakraborty 
and Sarkar, 2022). Therefore, accurate diagnosis and 
careful selection of target genes, along with the use of 
safe and efficient treatments such as immunotherapy or 
gene therapy, are crucial for the effective treatment of 
HCC (Chakraborty and Sarkar, 2022). 
      As an independent predictor of recurrence-free 
survival in HCC patients, E3 ubiquitin ligase tripartite 
motif-containing 22 (TRIM22) is lowly expressed in 
HCC tissues, and its overexpression has the potential to 
inhibit HCC cell proliferation (Lee et al., 2020; Wang et 
al., 2023). TRIM22 is crucial in inducing cell senescence 
in HCC cells, and the overexpression of TRIM22 
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specifically targets protein kinase B (AKT) phosphatase 
PHLPP2, resulting in cell senescence; as such, TRIM22 
may function as a therapeutic target for cancer treatment 
(Kang et al., 2024). Nevertheless, little is known about 
the molecular mechanism underlying HCC cell invasion 
and metastasis. Notably, K (lysine) acetyltransferase 2A 
(KAT2A) is a histone acetyltransferase exerting a 
modulatory role in post-translational modification 
(Bondy-Chorney et al., 2019), and it is highly expressed 
in HCC tissues (Ling et al., 2018). A recent study 
suggested that the glycolytic enzyme fructose-1,6-
bisphosphate aldolase B (ALDOB) inhibits the activity 
of KAT2A through direct interaction, leading to 
decreased histone H3 lysine 9 acetylation (H3K9ac), 
which subsequently suppresses HCC and TGF-β 
signaling (Yin et al., 2023). It has also been reported that 
TRIM22 interacts with KAT2A and facilitates its 
degradation via a ubiquitin-dependent mechanism, thus 
hindering malignant progression in melanoma cells, 
including proliferation, migration, and in vivo growth 
(Gu et al., 2023). Thus, TRIM22 may contribute to the 
degradation of the KAT2A protein by ubiquitination 
degradation, hence repressing the invasion and 
metastasis of HCC cells.  
      Importantly, ferroptosis has attracted a lot of 
interest because of its powerful effect on cancer cells, 
and its promotion has been shown to trigger innate and 
adaptive anti-tumor immune responses, contributing to 
the repression of HCC tumor growth (Cheu et al., 2023; 
Zheng et al., 2023). Recently, it has been documented 
that longevity assurance homologue 2 presents an 
inhibitory effect on the metastasis of tumor cells by 
affecting ferroptosis in the liver, thyroid, and breast 
cancer cells (Xu et al., 2024). Based on the above, we 
conjectured that TRIM22 could potentially degrade 
KAT2A through ubiquitination, diminishing H3K9ac 
enrichment levels in the glutathione peroxidase 4 
(GPX4) promoter area to stimulate HCC cell 
ferroptosis, thereby preventing HCC cells from 
invasion and metastasis. However, relevant reports are 
limited. Our research mainly explores the mechanism 
by which TRIM22 facilitates the ubiquitination 
degradation of KAT2A to modulate ferroptosis in HCC 
invasion and metastasis, providing a foundation for the 
development of novel therapeutic targets and effective 
drugs for HCC. 
 
Materials and methods 
 
Ethics statement 
 
      The experiment was examined and approved by the 
Animal Ethics Committee of Xiamen Humanity Hospital 
Fujian Medical University, and the approved agreement 
was strictly abided by. We strictly adhered to the 
approved protocol, placing significant emphasis on 
reducing the number of animals used and mitigating 
their suffering. 

Cell culture 
 
      Human HCC cells BEL7405 (Cat. No.: FH0834) 
were cultured in BEL7405 complete media (FH-
BEL7405) in an incubator maintained at 95% humidity 
and 5% CO2 at 37°C. Cells and culture media were 
obtained from Fuheng Biotechnology Co., Ltd. 
(Shanghai, China). 
 
Cell line transfection and grouping 
 
      pcDNA3.1-TRIM22 (oe-TRIM22), pcDNA3.1-
KAT2A (oe-KAT2A), and its control pcDNA3.1-NC (oe-
NC) (GenePharma, Shanghai, China) were transfected 
into human HCC cell line BEL7405, all at a final 
transfection concentration of 100 ng/μL, using 
Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA). 
The operation was performed under the product’s 
manuals (Hou et al., 2018). 
      Cell grouping was as follows: Blank group (BEL7405 
cells were cultured under standard conditions for 48 h), 
oe-NC group (BEL7405 cells were transfected with oe-
NC for 48 h), oe-TRIM22 group (BEL7405 cells were 
transfected with oe-TRIM22 for 48 h); oe-TRIM22+MG-
132 group [BEL7405 cells were delivered with oe-
TRIM22 and simultaneously treated with 1.5 μmol/L MG-
132 (HY-13259, MCE, Monmouth Junction, NJ, USA) for 
48 h] (Wu et al., 2008); oe-TRIM22+vehicle group 
[BEL7405 cells were treated with oe-TRIM22 and the 
equal amount of MG-132 solvent [10% dimethyl 
sulfoxide (DMSO)+90% corn oil] simultaneously for 48 
h]; oe-TRIM22+oe-NC group (BEL7405 cells underwent 
48 h co-transfection with oe-TRIM22 and oe-NC); oe-
TRIM22+oe-KAT2A group (BEL7405 cells underwent 48 
h co-transfection with oe-TRIM22 and oe-KAT2A); oe-
TRIM22+Fer-1 [BEL7405 cells were transfected with oe-
TRIM22 and simultaneously treated with 1 μM 
Ferrostain-1 (HY-100579, MCE) for 48 h] (Li et al., 
2023); and oe-TRIM22+vehicle group [BEL7405 cells 
were simultaneously cultured in the presence of oe-
TRIM22 and an equivalent amount of Ferrostatin-1 
solvent (10% DMSO+90% corn oil) for 48 h]. Each cell 
treatment was repeated three times independently. 
 
Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) 
 
      Total RNA was extracted with TRIzol reagent 
(Invitrogen) and then reverse transcribed into cDNA 
using the PrimeScript RT reagent kit (Takara, Dalian, 
Liaoning, China). The TaqMan primers and probes used 
were sourced from Takara (Tokyo, Japan). qPCR was 
performed using the ABI PRISM 7900 sequence 
detection system of SYBR Green II (Takara). The PCR 
program was pre-denaturation at 95°C for 5 min, and 40 
cycles of denaturation at 95°C for 15 s, annealing at 
60°C for 20 s, and extension at 72°C for 35 s. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
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served as the internal reference; data were analyzed by 
the 2-ΔΔCt method. The primer sequences were 
synthesized by Sangon Biotech Co., Ltd. (Shanghai, 
China), as shown in Table 1. 
 
Western blot 
 
      Lysate (AR0107, Boster Biotechnology Co., Ltd., 
Wuhan, Hubei, China) was added to the cells to extract 
proteins, and the protein concentration was determined 
using the bicinchoninic acid kit (AR1189, Boster 
Biotechnology Co., Ltd.). Subsequently, an appropriate 
amount of loading buffer was added to the protein 
sample and denatured in a boiling water bath for 5 min. 
The denatured protein samples were then added to the 
loading wells, followed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis to separate the 
proteins. Thereafter, the separated proteins were moved 
onto the polyvinylidene fluoride membrane via 
electrotransformation and then blocked in 3% bovine 
serum albumin for 2 h. After interaction with the 
primary antibodies (Table 2) at 4°C overnight, the 
samples were cultivated with goat anti-rabbit 
immunoglobulin G (IgG) H&L (HRP) at room 
temperature without light for 1h, followed by color 
development using the enhanced chemiluminescence 
working solution (AR1191, Boster Biotechnology Co., 
Ltd.). Image Pro Plus 6.0 (Media Cybernetics, Silver 
Spring, MD, USA) was used to quantify the gray value 
for western blot bands. GAPDH was regarded as an 
internal reference. The experiment was repeated thrice. 
 
Co-immunoprecipitation (Co-IP) assay 
 
      Cell lysates were incubated with the antibodies anti-
KAT2A (1:30, ab217876, Abcam, Cambridge, UK) or NC 
IgG (1:30, ab313801, Abcam), respectively, at  
4°C overnight, followed by 2h incubation with 
PureProteome™ Protein A/G Mix Magnetic Beads 
(Merck Millipore, Billerica, MA, USA). The pre-cooled 
phosphate-buffered saline (PBS) was used to rinse agarose 
beads, before the elution of the binding protein. The 
precipitated protein was acquired via centrifugation and 
subsequently subjected to western blot assay to analyze 
the interaction between TRIM22 and KAT2A and the 
KAT2A ubiquitination level. The antibodies used for the 
western blot assay included an anti-TRIM22 antibody 
(1:1000, orb158646, Biorbyt, Waterbeach, Cambridge, 
UK) and anti-ubiquitin (1:30, ab209263, Abcam). 

Cell counting kit-8 (CCK-8) assay 
 
      Differently treated cells (5×103 cells/well) were 
seeded in 96-well plates. Cell viability was assessed at 0, 
12, 24, and 48 h using the CCK-8 kit (CA1210, Solarbio, 
Beijing, China). Afterward, 100 μL CCK-8 working 
solution was added to each well, and the cells were 
cultivated at 37°C for 2h. The microplate reader 
(Thermo Fisher Scientific, Waltham, MA, USA) was 
utilized to measure the optical density value at 450 nm. 
 
Transwell assay 
 
      Cell invasion was detected using a Transwell 
chamber pre-filled with Matrigel matrix (BD 
Biosciences, Franklin Lakes, NJ, USA), and cell 
migration was evaluated using a Transwell chamber 
without the use of Matrigel. Before experiments, cells 
were subjected to 24 h culture in serum-free media and 
then resuspension in the medium containing 1% fetal 
bovine serum (FBS). The apical chamber was seeded 
with 1×105 cells, then 600 μL complete medium 
comprising 10% FBS was added to the basolateral 
chamber. Following incubation for 24 h, cells that failed 
to traverse the apical chamber were wiped with cotton 
swabs. Subsequently, cells were fixed with 4% 
paraformaldehyde and stained with hematoxylin (517-
28-2, MACKLIN, Shanghai, China). Finally, three visual 
fields were randomly picked to observe and calculate the 
number of cells. 
 
Lactate dehydrogenase (LDH) assay 
 
      The LDH assay kit (A020-2-2, Jiancheng Biological 
Engineering Research Institute, Nanjing, Jiangsu, China) 
was used to quantify cell death. Specific experimental 
steps were carried out according to the instructions (Li et 
al., 2022). 
 
Chromatin immunoprecipitation (ChIP) assay 
 
      ChIP assay was performed utilizing the Simple ChIP 
Plus chromatin IP kit (#9005, Cell Signaling Technology, 
Beverly, MA, USA) as per the kit’s instructions. Simply 
put, the sample was cut into pieces, crosslinked with 1.5% 
formaldehyde for 10 min at room temperature, and 
quenched for 5 min by the addition of glycine. Afterward, 
the samples were homogenized to create a single-cell 
suspension. Chromatin was incubated with 0.5 μL 
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Table 1. Primer sequences. 
 
Gene                                                           Forward 5’-3’                                                                                             Reverse 5’-3’ 
 
TRIM22                                                       GAGATGTCTGTGAGCACCAT                                                                TCCTTGACCACCTCGTTT 
KAT2A                                                         TTCCGAGTGGAGAAGGACA                                                                 AGCATGGACAGGAATTTGG  
GPX4                                                           CCTTTGCCGCCTACTGAAG                                                                  GGTCGACGAGCTGAGTGTAG 
GAPDH                                                       CTCAGACACCATGGGGAAGGTGA                                                       ATGATCTTGAGGCTGTTGTCATA



micrococcal nuclease for 20 min at 37°C, followed by 
ultrasonic treatment (a cycle of 100 W, 1 s on/5 s off; 10 
cycles) to destroy the nuclear membrane. For IP, diluted 
chromatin was cultured in the presence of 3 μL normal 
IgG (control) (1:30, ab313801, Abcam) or 3 μL ac-H3K9 
antibody (2 µg for 106 cells, ab4441, Abcam) overnight at 
4°C in constant rotation, followed by 2 h incubation with 
30 μL Protein G magnetic beads. Next, DNA was eluted 
from the magnetic beads, purified, and subjected to RT-
qPCR using GPX4 (F: CCTTTGCCGCCTACTGAAG; 
R: GGTCGACGAGCTGAGTGTAG) primers. The ChIP-
qPCR results were calculated as a percentage of input 
DNA (Lin et al., 2023). 
 
Establishment of the HCC mouse model 
 
      A total of 18 BALB/c nude mice and 18 BALB/c 
mice (n=18, weighing 20±2 g), obtained from the 
Xiamen Institute of Food and Drug Quality Inspection 
[SYXK (Fujian) 2020-0009, Xiamen, Fujian, China], 
were fed in a standard specific pathogen-free animal 
room at 24±2°C, with 50±10% humidity, with a 12h 
light and dark cycle. 
      Lipofectamine® 2000 (Invitrogen) was used to 
transfect oe-TRIM22 lentivirus (Lv-oe-TRIM22) and its 
NC (Lv-oe-NC; GenePharma) into human HCC cells 
BEL7405 at a final transfecting concentration of 100 
ng/μL following the product’s instructions. 
      BALB/c nude mice were stochastically assigned to 
the following three groups (six mice per group): Model-1 
group: BALB/c nude mice were subcutaneously 
inoculated with BEL7405 cells (5×106) on the back (Pang 
et al., 2023; Pittala et al., 2018); Lv-oe-NC-1 group: 
5×106 of Lv-oe-NC-delivered BEL7405 cells were 
subcutaneously inoculated into the back of BALB/c nude 
mice; Lv-oe-TRIM22-1 group: BALB/c nude mice were 
injected subcutaneously on the back with 5×106 BEL7405 
cells delivered with Lv-oe-TRIM22. After 10 days, the 
mice were euthanized with 150 mg/kg of 0.5% 
pentobarbital sodium (P3761, Sigma-Aldrich, St. Louis, 
MO, USA), and tumor tissues were collected. Tumor 
volumes were computed using the following formula: 
π/6×length×width2 (Xian et al., 2021). In each group, half 
of the tumor tissues of nude mice were processed into 
paraffin sections for histological detection, and the 
remaining half were prepared as tissue homogenates and 
kept at -80°C for subsequent use. 
      BALB/c mice were randomly classified into three 
groups (six mice/group): Model-2 group: BALB/c mice 
were subjected to tail intravenous injection with 2×106 
BEL7405 cells); Lv-oe-NC-2 group: BALB/c mice were 
injected with BEL7405 cells transfected with 2×106 Lv-
oe-NC via the tail vein); and Lv-oe-TRIM22-2: BALB/c 
mice were injected with 2×106 of Lv-oe-TRIM22-
transfected BEL7405 cells via the tail vein) (Yang et al., 
2020). After 20 days, 150 mg/kg of 0.5% pentobarbital 
sodium (P3761, Sigma-Aldrich) was used to euthanize 
mice to examine the load of lung metastases. Lung 
metastases were counted by hematoxylin and eosin 

(H&E) staining (Yang et al., 2020). 
 
mmunohistochemistry (IHC) 
 
      After careful rinsing with PBS, paraffin sections 
were placed in 0.01 M sodium citrate buffer (Sigma-
Aldrich) and boiled to clear the antigens. Thereafter, 
sections were incubated in 3% H2O2 for 15 min at room 
temperature and blocked with 5% goat serum (SL038, 
Solarbio) for 30 min. Cells were mixed with anti-
TRIM22 (1:500, ab224059, Abcam), anti-KAT2A 
(1:1000, ab254661, Abcam), anti-GPX4 (1:200, 
ab125066, Abcam), or anti-Ki67 (5 µg/mL, ab15580, 
Abcam) for overnight incubation at 4°C. After that, 
sections underwent interaction with goat anti-rabbit HRP 
(1:1000, ab214050, Abcam) secondary antibody at 37°C 
for 60 min. Finally, 3,3’-diaminobenzidine (DA1016, 
Solarbio) staining and hematoxylin (H8070, Solarbio) 
counterstaining were performed, and sections were 
observed and photographed under a microscope 
(Olympus, Tokyo, Japan). The quantitative analysis was 
conducted using Image-Pro Plus 6.0 (Media 
Cybernetics) (Wan et al., 2019). 
 
Determination of Fe2+, malondialdehyde (MDA), 
glutathione (GSH), and reactive oxygen species (ROS) 
 
      The levels of Fe2+, MDA, GSH, and ROS were 
measured using the iron test kit (ab83366, Abcam), 
MDA assay kit (ab118970, Abcam), reduced GSH assay 
kit (BC1175, Solarbio), and ROS assay kit (ab186029, 
Abcam), respectively, following the manufacturers’ 
protocols. 
 
H&E staining 
 
      Tissues received 24h fixation in 4% para-
formaldehyde. Then, the samples were embedded in 
paraffin, sliced into 4-μm-thick sections, and dyed with 
the HE Kit (C0105S, Beyotime, Shanghai, China). 
Specific operations were executed as per the provided 
manuals. Thereafter, five visual fields were chosen at 
random, and histopathological alterations in lung tissues 
were observed using a microscope (Olympus) (Xu et al., 
2021a ; Gao et al., 2023). 
 
Statistical analysis 
 
       Data analysis was implemented using GraphPad Prism 
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Table 2. Antibodies used for western blot. 
 
Antibodies                        Cat. No. & Company                    Dilution ratio 
 
TRIM22                              orb158646, Biorbyt                          1/1000 
KAT2A                               ab217876, Abcam                           1/1000 
GPX4                                 orb340797, Biorbyt                          1/2000 
GAPDH                              ab181602, Abcam                           1/1000 
IgG H&L (HRP)                  ab6721, Abcam                               1/2000



8.01 statistical software (GraphPad Software Inc., San 
Diego, CA, USA). Data were tested to be normally 
distributed by the Kolmogorov-Smirnov test, and the results 
are expressed as mean±standard deviation (SD). One-way 
analysis of variance (ANOVA) was used for multi-group 
comparisons, followed by Tukey’s multiple comparison test. 
p-values below 0.05 were considered significant. 

Results 
 
TRIM22 downregulated KAT2A protein levels in a 
ubiquitination-degradation manner, and suppressed the 
proliferation, invasion, and migration of HCC cells 
 
      Firstly, we cultured human HCC BEL7405 cells in 
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Fig. 1. TRIM22 downregulated KAT2A protein levels in a ubiquitination-degradation manner and repressed HCC cell invasion, proliferation, and 
migration. A. RT-qPCR to determine TRIM22 and KAT2A mRNA levels. B. Western blot to measure TRIM22 and KAT2A protein levels. C. CCK-8 
detection to assess cell proliferation. D. Transwell assay to evaluate cell invasion and migration. E. Co-IP assay to detect the interaction between 
TRIM22 and KAT2A. F. Co-IP assay to detect the ubiquitination level of KAT2A. The cell experiment was repeated three times independently, and the 
data are expressed as mean±SD. One-way ANOVA was used for data comparisons between multiple groups, and Tukey’s multiple comparison test 
was used for the post-hoc test. *p<0.05, **p<0.01, ***p<0.001.



vitro and transfected the cells with oe-TRIM22 and its 
NC. As detected by RT-qPCR and western blot, 
compared with the oe-NC group, TRIM22 expression in 
the oe-TRIM22 group was increased (p<0.001), the level 
of KAT2A protein was decreased (p<0.001), and KAT2A 
mRNA expression did not vary significantly (p>0.05) 
(Fig. 1A,B). Additionally, the oe-TRIM22 group showed 
diminished cell proliferation (p<0.001) (Fig. 1C) and 
reduced cell invasive and migratory capacities (p<0.01) 
(Fig. 1D) relative to the oe-NC group. Co-IP assay 
revealed that there was an interplay between TRIM22 
and KAT2A (Fig. 1E), and KAT2A was ubiquitinated 
(Fig. 1F). Later, we treated BEL7405 cells with oe-
TRIM22 and the ubiquitin-proteasome inhibitor MG-
132. The results elicited no distinct change in the 
expression of KAT2A mRNA (p>0.05); yet, there was an 

elevation in the expression of KAT2A protein (p<0.01) 
and promotion in cell proliferation, invasion, and 
migration (p<0.05) (Fig. 1A-D). These findings 
indicated that TRIM22 curbed the malignant phenotypes 
of HCC cells by downregulating KAT2A protein levels 
in a ubiquitination-degradation manner. 
 
KAT2A upregulation partly counteracted the inhibitory 
effects of TRIM22 on HCC cell invasion, proliferation, 
and migration 
 
       Furthermore, we used oe-TRIM22 and oe-KAT2A to 
concurrently transfect human HCC BEL7405 cells. The 
results delineated that KAT2A expression was increased 
(p<0.01) (Fig. 2A,B), cell proliferation was promoted 
(p<0.001) (Fig. 2C), and cell migratory and invasive 
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Fig. 2. Upregulation of KAT2A partially annulled the suppressive effects of TRIM22 on the proliferation, invasion, and migration of HCC cells. A. KAT2A 
mRNA level was determined by RT-qPCR. B. KAT2A protein level was measured by western blot. C. Cell proliferation was evaluated by the CCK-8 
assay. D. Cell invasion and migration were assessed by Transwell assay. The cell experiment was repeated three times independently. The data are 
expressed as the mean±SD. One-way ANOVA was used for data comparisons, and Tukey's multiple comparison test was used for the post-hoc test. 
**p<0.01, ***p<0.001.



capacities were intensified (p<0.01) (Fig. 2D). These results 
manifested that the upregulation of KAT2A partly 
abrogated the inhibitory effects of TRIM22 on the 
migration, invasion, and proliferation abilities of HCC cells. 
 
TRIM22 inhibited H3K9ac enrichment in the GPX4 
promoter region by regulating KAT2A, thus stimulating 
ferroptosis in HCC cells 
 
      We detected the levels of Fe2+, GSH, MDA, and 
ROS in HCC cells using reagent kits. In comparison 
with the oe-NC group, MDA, Fe2+, and ROS levels 
showed incremental trends (p<0.01), whereas GSH 
levels were on a downward trend (p<0.001) (Fig. 3A) in 
the oe-TRIM22 group. The results of the LDH assay 
illustrated that cell death was increased in the oe-
TRIM22 group versus the oe-NC group (p<0.01) (Fig. 
3B). Concerning the results of RT-qPCR and western 
blot, compared with oe-NC group, the expression of 
GPX4 in the oe-TRIM22 group was diminished 
(p<0.001) (Fig. 3C,D). Moreover, the oe-TRIM22 group 
displayed lower H3K9ac enrichment levels in the GPX4 
promoter region than the oe-NC group (p<0.01) (Fig. 
3E), as was shown by the ChIP assay. In addition, we 
further used oe-KAT2A and oe-TRIM22 to 
concomitantly treat BEL7405 cells, which resulted in 
diminished levels of Fe2+, ROS, and MDA (p<0.05), 
heightened levels of GSH and GPX4 (all p<0.01), 
suppressed cell death (p<0.01), and increased H3K9ac 

enrichment levels in the GPX4 promoter region (p<0.05) 
(Fig. 3A-E). In a word, TRIM22 suppressed the 
enrichment of H3K9ac in the GPX4 promoter region by 
modulating KAT2A, which in turn accelerated 
ferroptosis in HCC cells. 
 
Inhibition of ferroptosis partially annulled the inhibitory 
effects of TRIM22 on the malignant behaviors of HCC 
cells 
 
      Subsequently, we simultaneously treated BEL7405 
cells with oe-TRIM22 and the ferroptosis inhibitor 
Ferrostain-1. The levels of Fe2+, MDA, and ROS dropped 
(p<0.05), GSH levels rose (p<0.05), cell death was abated 
(p<0.05), cell proliferation was boosted (p<0.01), and cell 
invasion and migration were also reinforced (p<0.05) (Fig. 
4A-D). The data evidenced that the repression mediated by 
TRIM22 on HCC cell malignant behaviors was partially 
negated by ferroptosis inhibition. 
 
TRIM22 repressed the growth of HCC in vivo by 
mediating ferroptosis through the KAT2A/GPX4 axis 
 
      Finally, we performed xenograft tumor experiments 
in nude mice via subcutaneous injection of HCC cells 
(BEL7405) transfected with Lv-oe-NC or Lv-oe-
TRIM22 lentivirus. Mice in the Lv-oe-TRIM22-1 group 
had diminished tumor volumes (p<0.05) (Fig. 5A). 
Furthermore, as reflected by the IHC assay, in contrast to 
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Fig. 3. TRIM22 boosted ferroptosis in HCC cells by modulating KAT2A to mediate H3K9ac in the GPX4 promoter region. A. Fe2+, ROS, GSH, and 
MDA levels in cells were determined using kits. B. LDH assay to evaluate cell death. C. GPX4 mRNA level was measured using RT-qPCR. D. GPX4 
protein level was determined by western blot. E. Enrichment level of H3K9ac on the GPX4 promoter was assessed by ChIP assay. The cell experiment 
was repeated three times independently. Data are exhibited as mean±SD. One-way ANOVA was used for multi-group data comparisons and Tukey’s 
multiple comparison test was used for the post-hoc test. *p<0.05, **p<0.01, ***p<0.001.



the Lv-oe-NC-1 group, TRIM2 expression in tumor 
tissues was elevated (p<0.05), and KAT2A and GPX4 
expression levels were abated (p<0.05) (Fig. 5B) in the 
Lv-oe-TRIM22-1 group. Compared with the Lv-oe-NC-
1 group, the Lv-oe-TRIM22-1 group showed elevated 

Fe2+, MDA, and ROS levels (p<0.01), as well as reduced 
GSH levels (p<0.05) (Fig. 5C) in tumor tissues. 
Additionally, significantly decreased levels of Ki67-
positive cells were found in the Lv-oe-TRIM22-1 group 
versus the Lv-oe-NC-1 group (p<0.05) (Fig. 5D). 
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Fig. 4. Inhibition of ferroptosis partly abolished the inhibitory effects of TRIM22 on the proliferation, invasiveness, and migration of HCC cells. A. MDA, 
ROS, GSH, and Fe2+ levels were tested using kits. B. LDH assay to assess cell death. C. CCK-8 assay to evaluate cell viability. D. Cell invasion and 
migration were evaluated by the Transwell assay. The repetition of independent cell experiments was performed thrice. Data are exhibited as 
mean±SD. One-way ANOVA was employed for multi-group data comparisons and Tukey’s multiple comparison test was used for the post-hoc test. 
*p<0.05, **p<0.01.



1303

Role of TRIM22/KAT2A in HCC cell invasion and metastasis

Fig. 5. TRIM22 restricted HCC in vivo growth by mediating ferroptosis via the KAT2A/GPX4 axis. A. Representative graph of tumor size and volume 
changes. B. The expression levels of TRIM22, GPX4, and KAT2A in tissues were determined by IHC. C. The levels of MDA, GSH, Fe2+, and ROS in 
tissues were measured using kits. D. Tumor proliferation was evaluated by Ki67 IHC staining. n=6. Data are presented as mean±SD. Multi-group data 
comparisons were performed by one-way ANOVA and Tukey’s multiple comparison test was used for the post-hoc test. *p<0.05, **p<0.01.



Overall, TRIM22 suppressed the growth of HCC in vivo 
by mediating ferroptosis through the KAT2A/GPX4 
axis. 
 
TRIM22 suppressed the in vivo metastasis of HCC by 
targeting the KAT2A/GPX4 axis 
 
      To further verify whether TRIM22 could repress the 
metastasis of HCC in vivo via the KAT2A/GPX4 axis, 
we injected 2×106 BEL7405 cells that were transfected 
with Lv-oe-NC or Lv-oe-TRIM22 lentivirus into 
BALB/c mice via the tail vein. We found that the Lv-oe-
TRIM22-2 group displayed fewer lung metastases in the 
lungs of mice than the Lv-oe-NC-2 group (p<0.05) (Fig. 
6A). Also, we determined the expression levels of 
TRIM22, KAT2A, and GPX4 in lung tissues by IHC. In 
comparison with the Lv-oe-NC-2 group, mice in the Lv-
oe-TRIM22-2 group exhibited increased TRIM2 
expression (p<0.05), as well as decreased KAT2A and 
GPX4 expression levels in lung tissues (p<0.05) (Fig. 
6B). These findings demonstrated that TRIM22 
restrained the metastasis of HCC in vivo through the 
KAT2A/GPX4 axis. 

Discussion 
 
      The preferable therapeutic approach for HCC is 
surgery due to its potential to attain long-term survival 
and cure; however, a significant proportion of HCC 
patients in China have progressed to an advanced to 
intermediate stage of the illness, rendering surgical 
intervention impracticable (Zhou and Song, 2021). As 
such, understanding the molecular mechanisms of HCC 
is crucial for the timely identification, diagnosis, and 
treatment of this condition (Zhou et al., 2018). 
Interestingly, TRIM proteins have been demonstrated to 
be implicated in cell proliferation, cell death, and 
treatment resistance in HCC (Lu et al., 2022). Our study 
provided valuable evidence regarding the target gene 
TRIM22, highlighting its potential for better treatment 
strategies for patients with HCC. This study 
demonstrated that TRIM22 reduced invasion and 
metastasis of HCC cells by facilitating the ubiquitination 
degradation of KAT2A to inhibit ferroptosis. 
      As a family of E3 ubiquitin ligases, TRIMs can 
promote proteasome-mediated protein degradation (Zhao 
et al., 2021; Zou et al., 2021). Prior studies have 
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Fig. 6. TRIM22 inhibited HCC metastasis in vivo via the KAT2A/GPX4 axis. A. H&E staining to count lung metastatic tumors. B. The expression levels 
of GPX4, KAT2A, and TRIM22 in lung tissues were determined by IHC. n=6. Data are denoted as mean±SD. Multi-group data comparisons were 
conducted using one-way ANOVA and Tukey’s multiple comparison test was used for the post-hoc test. *p<0.05.



provided insight into the various functions of TRIM22 in 
the immune system, especially its ability to identify viral 
agents, inhibit their reproduction, enhance immune 
responses, and contribute to ubiquitination processes 
(Pagani et al., 2021; Reddi et al., 2021). Recent data 
demonstrated that TRIM22 modulates the proteasomal 
degradation of PHLPP2, thereby regulating cancer cell 
senescence in HCC cells, suggesting that TRIM22 may 
represent a viable therapeutic target in the treatment of 
HCC (Kang et al., 2024). Functionally, TRIM22 
mediates the ubiquitination of the KAT2A protein 
through its interactions with KAT2A, a confirmed target 
of TRIM22, and the absence of TRIM22 leads to a 
significant increase in the level of KAT2A protein in 
melanoma (Gu et al., 2023). Of interest, TRIM22 
overexpression exerts inhibitory effects on the growth, 
colony formation, and metastasis of gastric cancer cells 
(Zhou et al., 2021). Liu et al. reported that TRIM22 
impedes osteosarcoma progression by engaging with and 
enhancing the ubiquitination and breakdown of nuclear 
factor erythroid 2-related factor 2 (Liu et al., 2022). 
Notwithstanding, the essential role of the succinyl-
transferase activity of KAT2A in stimulating 
proliferation or migration cannot be underestimated (Lu 
et al., 2021). Specifically, KAT2A mediates H3K79 
succinylation to affect the stability of β-catenin and 
accelerate the proliferation and invasion of pancreatic 
cancer cells (Tong et al., 2020). The inhibition of 
KAT2A brought about a reduction in the invasive and 
migratory capabilities of lung cancer cells (Qu et al., 
2024). Similar to these previous studies, we found that 
oe-TRIM22 induced downregulated KAT2A protein 
levels, cell migration, invasion, and growth by 
interacting with and potentiating KAT2A ubiquitination 
degradation. Beyond that, KAT2A is markedly increased 
in multiple cancer types, enhancing proliferation and 
exacerbating the invasion and migration of cancer cells 
(Sandoz et al., 2019; Jiang et al., 2020). Unsurprisingly, 
we also noted that KAT2A upregulation partially 
invalidated the suppressive impacts of TRIM22 on the 
invasion, migration, and proliferation of HCC cells. 
      Ferroptosis is an iron-dependent cell death process, 
characterized by an elevation in Fe2+ buildup within 
cells, ROS accumulation, and the occurrence of lipid 
peroxidation like MDA, which exerts vital modulatory 
effects on the occurrence and development of cancer, 
such as HCC (Dixon et al., 2014; Yang and Stockwell, 
2016; Xu et al., 2021b). As reported, KAT2A can 
modulate GPX4 levels to stimulate the malignant 
phenotypes of colorectal cancer cells and induce 
ferroptosis (Xu et al., 2024). In a similar light, our in 
vitro experiments validated that overexpressing TRIM22 
limited the histone acetylation of GPX4 by regulating 
KAT2A, thus speeding up ferroptosis in HCC cells, as 
evidenced by elevated levels of ROS, Fe2+, and MDA, 
along with lessened GSH. Moreover, we conducted the 
analysis of co-treatment with oe-TRIM22 and 
Ferrostatin-1 in BEL7405 cells. It is interesting to note 
that Ferrostatin-1 partly counteracted the inhibition of 

HCC cell growth, invasion, and metastasis induced by 
TRIM22 overexpression. Similarly, recent research 
indicated that repression of ferroptosis by Ferrostatin-1 
nullifies all-trans retinoic acid-suppressed HCC cell 
growth, migration, and invasiveness (Sun et al., 2022). 
Another study reported that the ferroptosis inhibitor, 
Ferrostatin-1, partially counteracts the repression of 
HCC cell growth mediated by rhamnazin (Mei et al., 
2022). Consequently, repressing ferroptosis partly 
annulled TRIM22-induced suppression of the malignant 
behaviors of HCC cells. Additionally, in vivo assays 
were further conducted to assess the effects of TRIM22 
by regulating KAT2A/GPX4 in HCC in vivo growth and 
metastasis. There is convincing proof that KAT2A 
deletion greatly suppresses renal carcinoma cell growth 
and distal metastasis in the A498 metastatic model (Guo 
et al., 2021). Besides, the knockdown of GPX4 by RSL3 
has been documented to augment the anticancer 
properties of cisplatin by suppressing tumor growth via 
ferroptosis (Zhang et al., 2020). According to the 
findings of in vivo tumor formation experiments, we 
uncovered that Lv-oe-TRIM22-transfected BALB/c 
nude mice exhibited reduced tumor volumes, decreased 
KAT2A and GPX4 expression levels, augmented 
ferroptosis, as well as reduced Ki67-positive cell levels 
and lung metastases. Based on the evidence, TRIM22 
hindered HCC growth and metastasis in vivo by 
expediting ferroptosis via the KAT2A/GPX4 axis. 
      In conclusion, the present data showed that TRIM22 
suppressed ferroptosis by enhancing KAT2A ubi-
quitination degradation to modulate ferroptosis, thereby 
diminishing the invasion and metastasis of HCC cells. In 
addition, TRIM22 mediated ferroptosis through the 
KAT2A/GPX4 axis, thereby curbing the growth and 
metastasis of HCC in vivo. However, there were some 
limitations in the current study in that we did not 
investigate the mechanism by which TRIM22 simulated 
KAT2A ubiquitination degradation to inhibit ferroptosis, 
thus reducing HCC cell invasion and metastasis at the 
clinical level. Therefore, in the future, our focus will be on 
identifying the upstream or downstream target of TRIM22 
to promote the ubiquitination degradation of KAT2A and 
studying the role of other related signal pathways in HCC. 
Alternatively, we may begin by studying autophagy, 
mitochondrial autophagy, or oxidative stress. 
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