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Abstract: Objectives: Excessive activity in the DNA damage repair (DDR) pathway causes genomic instability, leading 
to the development of hepatocellular carcinoma (HCC), the most common form of liver cancer. The long non-coding 
RNA (lncRNA) tumor necrosis factor receptor-associated factor 3 interacting protein 2 antisense RNA 1 (TRAF3IP2-
AS1) acts as a tumor suppressor. MicroRNA (miR)-374a-5p is a target miRNA for TRAF3IP2-AS1, while SEL1L ERAD 
E3 ligase adaptor subunit (SEL1L) acts as a target gene of miR-374a-5p. Moreover, DDR-participating molecule 
ribosomal protein L6 (RPL6) interacts with SEL1L. In this study, we aimed to explore the role and mechanism of 
TRAF3IP3-AS1 in HCC. Methods: In vitro HCC cell lines were cultured. In vivo, a mouse in situ HCC model was con-
structed using a liver injection of HepG2 cells. Additionally, clinical HCC and adjacent tissues were used to verify 
the pathway. Results: Oxidative stress downregulated TRAF3IP2-AS1 in HCC cells. TRAF3IP2-AS1 downregulated 
the proliferation, migration, and invasion of HCC cells by inhibiting miR-374a-5p levels. SEL1L was a target gene of 
miR-374a-5p in HCC cells. Mir-374a-5p facilitated the proliferation, migration, and invasion of HCC cells by inhibiting 
SEL1L. TRAF3IP2-AS1 and miR-374a-5p regulated the interaction between SEL1L and RPL6 as well as RPL6 ubiqui-
tin degradation in HCC cells in an opposite manner. DDR was upregulated in HCC cells through the TRAF3IP2-AS1/
miR-374a-5p/SEL1L1/RPL6 pathway. Downregulated SEL1L promoted the proliferation, migration, and invasion of 
HCC cells by upregulating RPL6 expression. Furthermore, the TRAF3IP2-AS1/miR-374a-5p/SEL1L/RPL6 pathway 
exacerbated the progression of HCC in mice. This pathway also promoted the proliferation, migration, and invasion 
of in vivo HCC cells by enhancing DDR. Conclusions: TRAF3IP2-AS1/miR-374a-5p/SEL1L/RPL6 pathway in HCC 
cells promoted DDR and HCC progression. Our data identify the role and mechanism of TRAF3IP2-AS1 in HCC and 
imply treatment targets for HCC.
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Introduction

Liver cancer is the sixth most common cancer 
and the third most frequent cause of cancer-
related death globally [1]. Hepatocellular carci-
noma (HCC), the most common form of liver 
cancer, accounts for approximately 90% of all 
liver cancer cases [2]. The DNA damage repair 
(DDR) pathway is required when DNA genes are 

damaged, and it is indispensable for normal cell 
replication and metabolism. However, exces-
sive activation of the DDR pathway can lead to 
genomic instability, leading to the development 
of HCC [3].

MicroRNAs (miRs) are a non-coding RNA with a 
length of approximately 22 nucleotides. They 
exist in a wide variety of different organisms, 
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ranging from viruses to plants to humans. MiRs 
have many roles: specifically, they bind to the 
mRNA and recruit relevant RNases, leading to 
mRNA degradation and thereby blocking the 
expression of protein-coding genes and influ-
encing their biological functions. Recent stud-
ies have revealed that miRs regulate the bio-
logical activities of HCC cells, including pro- 
liferation, invasion, metastasis, and epithelial-
mesenchymal transition. Moreover, miR affects 
the metabolic processes, such as glycolysis, of 
HCC cells. For example, as an oncogene, miR-9 
downregulates the expression of the p53 target 
gene p21, promoting the proliferation and inva-
sion of HCC cells, thus contributing to the pro-
gression of HCC [4]. MiR-139-5p inhibits aero-
bic glycolysis, proliferation, migration, and inva-
sion of HCC cells through reciprocal inhibitory 
effects with E26 transformation specific-1 [5]. 
In our study, we observed miR-374a-5p upregu-
lation in human HCC tissues through miR 
sequencing results from the Gene Expression 
Omnibus (GEO) platform (GEO series number: 
GSE20594).

Long non-coding RNA (lncRNA), which is longer 
than 200 nt, acts on its downstream miR, 
affecting the expression and functions of miR. 
We focused on the tumor necrosis factor re- 
ceptor-associated factor 3 interacting protein  
2 antisense RNA 1 (TRAF3IP2-AS1), an 
upstream lncRNA of miR-374a-5p that is as- 
sociated with tumors as determined through 
the starBase lncRNA-mir interaction data- 
base (website: http://starbase.sysu.edu.cn/
starbase2/browseNcRNA.php). Downregulated 
TRAF3IP2-AS1 facilitates the progression of 
renal cell carcinoma [6]. In mouse psoriasis 
and autoimmune encephalomyelitis models (an 
animal model for multiple sclerosis), TRAF3IP2-
AS1 promotes the production of the pro-inflam-
matory cytokine interleukin-17A [7].

We identified SEL1L ERAD E3 ligase adaptor 
subunit (SEL1L) as a target gene of miR-374a-
5p through the MiRDB database (website: 
http://mirdb.org/cgi-bin/search.cgi?searchTyp
e=miRNA&searchBox=hsa-miR-374a-5p& 
full=1). SEL1L, which is highly conserved in var-
ious organisms, promotes the endoplasmic 
reticulum-associated degradation (ERAD) path-
way by the ubiquitin-proteasome system. The 
ERAD pathway preserves cellular normal secre-
tory function by recognizing and processing 
misfolded peptides for proteasome degrada-

tion. The overexpression of SEL1L can decrease 
the levels of hepatitis B virus (HBV) RNA, DNA, 
and cone and envelop proteins in hepatocytes. 
On the other hand, knockdown of SEL1L blocks 
the ERAD pathway, thereby activating the alter-
native endoplasmic reticulum quality control 
(ERQC)-autophagy pathway and leading to in- 
creased HBV RNA and cone protein levels [8]. 
Esophageal squamous cell carcinoma patients 
with a deficiency in the expression of SEL1L 
show a poor prognosis, indicating an anti-tumor 
effect of SEL1L [9]. Additionally, in non-small 
cell lung adenocarcinoma (NSCLA), the expres-
sion of SEL1L displays a negative correlation 
with the grade [10]. SEL1L inhibits pancreatic 
cancer cell proliferation in vitro, further affirm-
ing its tumor-suppressive role [11]. More impor-
tantly, SEL1L is expressed in hepatocytes [12], 
suppressing chemically induced hepatocyte 
proliferation and tumorigenesis in mice [13]. 
But several studies reveal an oncogenic role of 
SEL1L. For example, SEL1L immunoreactivity 
positively correlated with tumor progression 
and cell proliferation, and poor patient survival 
and response to therapy of human malignant 
gliomas [14].

Subsequently, using the Biological General 
Repository for Interaction Datasets (BioGRID) 
database (https://thebiogrid.org/112300), we 
found 85 kinds of proteins that interact with 
SEL1L. We focused on the ribosomal protein L6 
(RPL6) among these proteins. RPL6 is a highly 
conserved ribosomal protein and acts as an 
essential component of the 50S subunit of 
ribosomes [15]. In response to DNA damage, 
RPL6 directly binds to histone H2A, and RPL6 
silencing impairs DNA damage-induced H2A/
H2AX ubiquitination and the interaction be- 
tween MDC1 and gamma H2A histone family 
member X (γH2AX), leading to defects in DNA 
repair and reduced cell survival. RPL6 has been 
identified as a critical regulatory factor involved 
in DDR [16]. In addition, RPL6 plays a tumori-
genesis role in multiple cancers, such as lung 
cancer [17], gastric cancer [18], and gallblad-
der carcinoma [19].

In this study, we investigated the effect of the 
TRAF3IP2-AS1/miR-374a-5p/SEL1L1/RPL6 
pathway on the progression of HCC through the 
DDR mechanism. We cultured HCC cell lines in 
vitro. In vivo, a mouse in situ HCC model was 
created by injecting HepG2 cells into the liver. 
Additionally, clinical HCC and adjacent tissues 
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were used to verify the pathway. Our study aims 
to discover a novel regulation mechanism of 
DDR during HCC, thus supplying candidate 
molecular targets for the treatment of HCC.

Materials and methods

Tissue samples

A total of 20 pairs of HCC tissues and matched 
para-HCC tissues were collected from HCC 
patients at Jintan Hospital (Jiangsu, China), 
with written informed consent. Preoperative 
chemotherapy or radiotherapy was adminis-
tered to each of the patients in this study.

Cell culture and treatment

L02 cells (CRL-12461) purchased from the 
American Type Culture Collection (ATCC) as  
well as HepG2 (SCSP-510) and Huh7 (SCSP-
526) cells purchased from the Chinese 
Academy of Sciences Cell Bank were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM; 
11965092, Gibco, USA) supplemented with 
10% fetal bovine serum (FBS; 10091, Thermo 
Fisher Scientific, USA) at 37°C and under 5% 
CO2. The cells were treated with 0.1% dimethyl 
sulfoxide (DMSO; 67-68-5, Sigma Aldrich, USA; 
10 μL) for 24 h, hydrogen peroxide (H2O2; an oxi-
dative stress inducer; 31642, Sigma Aldrich; 
200 μM) for 24 h, and H2O2 + resveratrol (RSV; 
an antioxidant; 501-36-0, Sigma Aldrich; 10 
μM) for 24 h. 

Plasmid construction and transfection

The human TRAF3IP2-AS1 sequence was syn-
thesized by GeneChem Technology (China) and 
subcloned into the hemagglutinin (HA)-tag vec-
tor (55182, Addgene, USA). The human RPL6 
cDNA ORF Clone (HG17086-UT, SinoBiological, 
USA) was subcloned into the Flag-tag vector 
(55180, Addgene). The SEL1L3’-3’-untranslated 
region (UTR) wild type (WT) or pmirGLO-
SEL1L3’-UTR mutant (sequences can be found 
in Figure 3E) was subcloned (GeneChem 
Technology) into pmirGLO (VT1439, YouBio, 
China). The cells were transfected through 
HA-tag (empty vector; 40 μg), HA-TRAF3IP2-
AS1 (TRAF3IP2; 40 μg), TRAF3IP2 siRNA 
(TRAF3IP2-AS1 inhibitor; 4390771, Thermo 
Fisher Scientific, USA; 10 nM), miR-374a-5p 
mimics (HY-R00829, MedChemExpress, USA; 
50 nM), miR-374a-5p inhibitor (AM17000, 

Thermo Fisher Scientific; 100 nM), SEL1L siRNA 
(SR304313, Origene; 10 nM), pcDNA3.1-SEL1L 
(OHu19523, GenScript, USA; 1 μg), RPL6 siRNA 
(AM16708, Thermo Fisher Scientific; 10 nM), 
Flag-RPL6 (1 μg), miR-374a-5p mimics NC 
(4464058, Thermo Fisher Scientific; 50 nM), 
pmirGLO-SEL1L3’-untranslated region (UTR) 
wild type (WT; 1 μg), or pmirGLO-SEL1L3’-UTR 
MUT (1 μg), using Lipofectamine 2000 
(11668019, Thermo Fisher Scientific). The 
transfection lasted for 24 h, after which subse-
quent experiments were performed.

RNA isolation and quantitative real-time poly-
merase chain reaction (qRT-PCR)

Total RNA was extracted from human HCC, 
para-HCC tissues, L02, HepG2 cells, Huh7 
cells, or mouse liver tissues using TRIzol 
(15596026). Then, 1 mg of total RNA for each 
sample was reverse-transcribed using the 
SuperScript II Reverse Transcriptase (18064- 
022). The resulting cDNA was subjected to qRT-
PCR using SYBR Green Real-Time PCR Master 
Mix (4309155). All the reagents used for RNA 
isolation and qRT-PCR were purchased from 
Thermo Fisher Scientific. All gene expression 
results were expressed as arbitrary units rela-
tive to the expression of GAPDH. The primer 
sequences used were as follows: 1. TRAF3IP2-
AS1 forward: 5’-TTTGGCGGCTATGCAGGATT-3’ 
and reverse: 5’-TGTCCATGTGGTATTGGGCA-3’ 
[6]. 2. miR-374a-5p forward: 5’-GCGCGCTTA- 
TAATACAACCTGA-3’ and reverse: 5’-GTGCAGG- 
GTCCGAGGT-3’ [20].

Cell proliferation assay

The proliferation of HepG2 and Huh7 cells was 
assessed using the 5-ethynyl-2’-deoxyuridine 
(EdU) cell proliferation assay with the Cell-
LightTM Cell-Light EdU Apollo567 In Vitro Kit 
(C10310-1, Guangzhou RiboBio, China). Briefly, 
HepG2 or Huh7 cells (1 × 104) were seeded in 
each well of 96-well plates for transfection. 
After incubation at 37°C and under 5% CO2 for 
24 h, the cells were treated with 50 mM EdU 
and incubated for an additional 2 h. The cells 
were then fixed with 4% paraformaldehyde 
(PFA) and stained with ApolloH Dye Solution to 
detect proliferating cells. All the cell nuclei were 
stained with DAPI (C1002, Beyotime, China). 
Images were captured using a fluorescence 
microscope (Olympus, Japan).
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Transwell migration assay

Transwell chambers with 8 µm pores for 24-well 
plates (3422, Corning, USA) were prepared. 
HepG2 or Huh7 cells were seeded into the 
upper chambers at a density of 1 × 104 cells/
well, while the lower chambers were filled with a 
600 μL medium containing 10% FBS. The cells 
were treated differently for 24 h. Then, the cells 
that migrated to the lower chambers were fixed 
with 4% PFA and stained with 0.5% crystal  
violet (C0121, Beyotime) before counting using 
an inverted microscope 24 h later.

Transwell Matrigel invasion assays

Matrigel (10 mg/mL; 356234, Corning) was left 
at 4°C and melted overnight, and then diluted 6 
times with DMEM. Sixty microliters of diluted 
Matrigel were added to the upper chamber of 
an 8 µm Transwell for a 24-well plate. After 
incubation at 37°C for 2 h, the Matrigel solidi-
fied. HepG2 cells were seeded in the upper 
chamber of the Transwell at a density of 1 × 104 
cells/well using serum-free DMEM. Five hun-
dred microliters of DMEM with 10% FBS were 
added to the lower chamber of Transwell. After 
24 h, the chambers were fixed with 4% PFA and 
stained with 0.5% crystal violet.

Western blot

Proteins (50 μg/lane) were separated through 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-AGE) and transferred 
onto polyvinylidene difluoride (PVDF) mem-

branes [21]. The membranes were blocked in 
5% nonfat dried milk for 1 h at room tempera-
ture. The membranes were subsequently incu-
bated with a specific primary antibody over-
night at 4°C and then incubated with a co- 
rresponding horseradish peroxidase (HRP)-
conjugated secondary antibody for 1 h at room 
temperature. The primary antibodies were as 
follows: mouse anti-SEL1L (sc-377350, Santa 
Cruz Biotechnology, USA; 1 µg/ml); mouse  
anti-p-ataxia telangiectasia mutation (ATM; 
Ser1981; MA1-2020, Thermo Fisher Scientific; 
1:500); rabbit anti-ATM (MA5-32063, Thermo 
Fisher Scientific; 1:2000); rabbit anti-γH2AX 
(Ser139; 2595, Cell Signaling Technology, USA; 
1:1000); rabbit anti-RPL6 (PA5-30217, Thermo 
Fisher Scientific; 1:4000); mouse anti-GAPDH 
(sc-47724, Santa Cruz Biotechnology; 0.5 µg/
ml); mouse anti-β-actin (sc-47778, Santa Cruz 
Biotechnology; 0.5 µg/ml). 

The secondary antibodies used were HRP-
conjugated goat anti-mouse IgG (SA00001-1, 
Proteintech, USA; 1:4000) and HRP-conjugated 
goat anti-rabbit IgG (SA00001-2, Proteintech; 
1:4000). After each incubation, PBS was 
washed 3 times. Finally, the proteins were  
visualized using enhanced chemiluminescent 
reagents (34580; Thermo Fisher Scientific).

Luciferase reporter assay

After 24 h of transfection, HepG2 or Huh7 cells 
were harvested and assayed using a dual-lucif-

Figure 1. Oxidative stress downregulates tumor necrosis factor receptor-associated factor 3 interacting protein 2 
antisense RNA 1 (TRAF3IP2-AS1) in HCC cells. A: TRAF3IP2-AS1 levels in human hepatocellular carcinoma (HCC) 
and adjacent tissues were evaluated through quantitative real-time polymerase chain reaction (qRT-PCR). *P < 0.05 
vs. the para-HCC group. B: TRAF3IP2-AS1 levels in L02, HepG2, and Huh7 cells were detected through qRT-PCR. 
**P < 0.01 and ***P < 0.001 vs. the L02 cell group. HepG2 and Huh7 cells were divided into normal, 0.1% dimethyl 
sulfoxide (DMSO) (10 μL for 24 h), hydrogen peroxide (H2O2) (200 μM for 24 h), and H2O2 + resveratrol (RSV) (10 μM 
for 24 h) groups. C: TRAF3IP2-AS1 levels in HepG2 cells were evaluated using qRT-PCR. *P < 0.05 and **P < 0.01 
vs. the HepG2 cell normal group. D: TRAF3IP2-AS1 levels in Huh7 cells were evaluated through qRT-PCR. *P < 0.05 
and **P < 0.01 vs. the Huh7 cell normal group.
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erase reporter assay system (E1910; Promega, 
USA).

Chromatin immunoprecipitation (ChIP)

ChIP was performed using a magnetic ChIP kit 
(26157; Thermo Fisher Scientific). In brief, 80% 
of confluent HepG2 or Huh7 cells were cross-
linked with formaldehyde to a final concentra-
tion of 1%. The cells were lysed using SDS lysis 
buffer and sonicated to shear DNA to 200-500 
base pair fragments. Subsequently, the DNA 
fragments were immunoprecipitated overnight 
with 10 µg of anti-SEL1L antibody per reaction. 
Purified and eluted DNA fragments were then 
quantified using real-time PCR.

Immunoprecipitation (IP)

For IP, HepG2 or Huh7 cells were transfected 
with HA-Ubiquitin (Ub) (18712; Addgene; 1 µg) 
and lysed in IP buffer supplemented with a  
protease inhibitor cocktail (ab271306; Abcam, 
USA). Then the cell lysates were incubated 
overnight at 4°C with RPL6 or SEL1L antibody 
at a 1:100 dilution along with Protein G agarose 
beads (sc-2002; Santa Cruz Biotechnology) as 
previously described [22]. The immunoprecipi-
tants were enriched and denatured at 100°C 
for 10 min in a 2 × SDS-PAGE loading buffer. 
The inputs and immunoprecipitants were then 
subjected to western blot (WB) analysis.

Cycloheximide (CHX) chase assay

To determine the change of RPL6 stability in 
HepG2 or Huh7 cells, a CHX chase assay was 
performed. In brief, the cells were treated with 
CHX (HY-12320, MedChemExpress; 20 pg/ml 
for 24 h) to inhibit protein synthesis. The expres-
sion of RPL6 was analyzed using western blot-
ting with corresponding antibodies.

Mouse xenograft model of HepG2 cells

All animal experiments were performed in 
accordance with replacement, reduction, and 
refinement principles to minimize animal suf-
fering. A total of 63 male BALB/c nude mice, 
aged 5-6 weeks and weighing 16 ± 2 g, were 
purchased from the Laboratory Animal Center 
of Soochow University. The prepared HepG2 
cells (approximately 2 × 106 cells in 200 µL) 
were injected subcutaneously on the back of 
each nude mouse. The tumor size of the mouse 
was assessed daily using a vernier caliper. The 
tumor volume was calculated using the formu-
la: tumor size = length × (width)2/2.

Mouse serum alpha-fetoprotein (AFP) detec-
tion

Serum was prepared from mouse blood sam-
ples by centrifugation, and AFP in mouse serum 
was tested using an enzyme-linked immuno-
sorbent assay (ELISA) kit (MAFP00, R&D 
Systems, USA).

Immunohistochemistry (IHC)

HCC or mouse tumor tissues were fixed in 10% 
formalin and embedded in paraffin. Next, 4 
μm-thick consecutive sections were cut and 
mounted on glass slides. After deparaffiniza-
tion, antigen retrieval was done on the tissue 
sections, and then they were washed and treat-
ed with a peroxidase-blocking solution (Santa 
Cruz). Then, the sections were incubated with 
mouse anti-SEL1L (1:50), rabbit anti-RPL6 
(1:500), mouse anti-proliferating cell nuclear 
antigen (PCNA; ab29, Abcam; 1:10000), mouse 
anti-F-actin (ab205, Abcam; 1:5000), or mouse 
anti-β1-integrin antibody (sc-9970, Santa Cruz 
Biotechnology; 1:50). After washing with PBS, 
the sections were incubated with a biotinylated 
goat anti-mouse IgG (31800, Thermo Fisher 

Figure 2. TRAF3IP2-AS1 downregulates the proliferation, migration, and invasion of HCC cells by inhibiting microR-
NA (miR)-374a-5p levels. HepG2 and Huh7 cells were divided into the normal, empty vector, TRAF3IP2-AS1, miR-
374a-5p inhibitor, and TRAF3IP2-AS1 + miR-374a-5p mimics groups. Each vector or sequence was transfected for 
24 h. (A) HepG2 cell proliferation was determined through a 5-ethynyl-2’-deoxyuridine (EdU) assay. (B) The ratio of 
EdU-positive HepG2 cell number to DAPI-positive HepG2 cell number was analyzed. (C) Huh7 cell proliferation was 
detected using the EdU assay. (D) The ratio of EdU-positive Huh7 cells to DAPI-positive Huh7 cells was analyzed. (E) 
The migration of HepG2 cells was detected through a Transwell assay. (F) The number of migrated HepG2 cells was 
analyzed. (G) The migration of Huh7 cells was detected through the Transwell assay. (H) The number of migrated 
Huh7 cells was analyzed. (I) The invasion of HepG2 cells was detected using the Matrigel Transwell assay. (J) The 
number of invaded HepG2 cells was analyzed. (K) The invasion of Huh7 cells was detected using the Matrigel Tran-
swell assay. (L) The number of invaded Huh7 cells was analyzed. In (B, F, J), *P < 0.05 vs. the HepG2 cell normal 
group. #P < 0.05 vs. the HepG2 cell TRAF3IP2-AS1 group. In (D, H, L), *P < 0.05 vs. the Huh7 cell normal group. #P 
< 0.05 vs. the Huh7 cell TRAF3IP2-AS1 group.
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Figure 3. SEL1L ERAD E3 ligase adaptor subunit (SEL1L) is the target gene of miR-374a-5p in HCC cells. HepG2 and Huh7 cells were divided into the normal, miR-
374a-5p mimics, and miR-374a-5p inhibitor groups. A: SEL1L protein levels in HepG2 cells were detected using western blot (WB). B: SEL1L protein levels in HepG2 
cells were analyzed. **P < 0.01 the HepG2 cell miR-374a-5p mimics group vs. the HepG2 cell normal group. #P < 0.05 the HepG2 cell miR-374a-5p inhibitor group vs. 
the HepG2 cell normal group. C: SEL1L protein levels in Huh7 cells were determined through WB. D: SEL1L protein levels in Huh7 cells were analyzed. **P < 0.01 the 
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Scientific; 1:2000), biotinylated goat anti-ra- 
bbit IgG (65-6140, Thermo Fisher Scientific; 
1:8000), and HRP-streptavidin complex (ab- 
64269, Abcam). The color was developed using 
a diaminobenzidine substrate. All sections were 
counterstained with diluted hematoxylin.

Statistical analysis

All the values were presented as mean ± stan-
dard error of the mean (SEM) of at least three 
independent experiments. SPSS 20.0 software 
package was used for statistical analyses. A 
two-sided t-test was used for comparisons of 
two groups, while a one-way ANOVA with Tukey’s 
post hoc test was used for all other variables. P 
< 0.05 was considered significant.

Results

Oxidative stress downregulates TRAF3IP2-AS1 
in HCC cells

According to the GEO database (GSE49515), 
TRAF3IP2-AS1 levels in peripheral blood mono-
nuclear cells of HCC patients were found to be 
lower than those in normal controls. TRAF3IP2-
AS1 decreased in HCC tissues compared  
to adjacent tissues (Figure 1A). Similarly, 
TRAF3IP2-AS1 was lower in HepG2 and Huh7 
cells than it was in L02 cells (Figure 1B). 
Mounting evidence has revealed that oxidative 
stress (OS) in hepatocytes is associated with 
the development of HCC [23]. Under OS, Keap1 
regulation-associated lncRNA (KRAL) is down-
regulated in HCC cells [24]. Therefore, the 
effect of OS on TRAF3IP2-AS1 was investigat-
ed. In both HepG2 (Figure 1C) and Huh7 (Figure 
1D) cells, the TRAF3IP2-AS1 level decreased 
when treated with H2O2 and increased when 
treated with RSV (an antioxidant reagent), indi-
cating that OS in HCC cells downregulates 
TRAF3IP2-AS1.

TRAF3IP2-AS1 downregulates the proliferation, 
migration, and invasion of HCC cells by inhibit-
ing miR-374a-5p levels

The downstream miR-374a-5p levels of TR- 
AF3IP2-AS1 in HCC tissues were higher than in 
adjacent tissues (Figure S1A). Similarly, MiR-
374a-5p levels were higher in HepG2 and Huh7 
cells than in analogous L02 cells (Figure S1B). 
The interaction sites between miR-374a-5p 
and TRAF3IP2-AS1 were obtained from the 
starBase lncRNA-mir interaction database 
(Figure S2A). In HepG2 (Figure S2B) and Huh7 
(Figure S2C) cells, TRAF3IP2-AS1 decreased 
mir-374-5p levels, suggesting that TRAF3IP2-
AS1 downregulates miR-374a-5p. TRAF3IP2-
AS1 decreased the EdU-positive cell ratio 
(Figure 2A-D), migrated cell number (Figure 
2E-H), and invaded cell number (Figure 2I-L) of 
HepG2 and Huh7 cells, while miR-374a-5p 
mimics partly reversed the effects of TRAF3IP2-
AS1. At the same time, the miR-374a-5p inhibi-
tor showed similar effects as TRAF3IP2-AS1.

SEL1L is the target gene of miR-374a-5p in 
HCC cells

The target gene of miR-374a-5p was identified 
as SEL1L, whose expression was positively cor-
related to the total survival time of HCC patients 
(Figure S3A). SEL1L expression was lower in 
HCC tissues than in adjacent tissues, as deter-
mined through IHC (Figure S3B) and WB (Figure 
S3C, S3D). Additionally, SEL1L expression in 
HepG2 and Huh7 cells was weaker than in L02 
cells (Figure S3E, S3F). In HepG2 (Figure 3A, 
3B) and Huh7 (Figure 3C, 3D) cells, SEL1L 
expression was decreased by miR-374a-5p 
mimics and increased by the miR-374a-5p 
inhibitor. Additionally, SEL1L3’-UTR WT and 
SEL1L3’-UTR MUT (Figure 3E) luciferase plas-
mids were constructed and transfected. MiR-

Huh7 cell miR-374a-5p mimics group vs. the Huh7 cell normal group. #P < 0.05 the Huh7 cell miR-374a-5p inhibitor 
group vs. the Huh7 cell normal group. E: The binding sequence between miR-374a-5p and the untranslated region 
(UTR) of SEL1L mRNA. HepG2 and Huh7 cells were divided into miR-374a-5p mimics NC + pmirGLO-SEL1L3’-UTR 
wild type (WT), miR-374a-5p mimics NC + pmirGLO-SEL1L3’-UTR MUT, miR-374a-5p mimics + pmirGLO-SEL1L3’-
UTR WT, and miR-374a-5p mimics + pmirGLO-SEL1L3’-UTR MUT groups. F: The activity of SEL1L promoter in HepG2 
cells was determined through a luciferase reporter assay. “n.s.” indicates no significance compared to the HepG2 
cell miR-374a-5p mimics NC + pmirGLO-SEL1L3’-UTR WT group. *P < 0.05 vs. the HepG2 cell miR-374a-5p mimics 
+ pmirGLO-SEL1L3’-UTR MUT groups. G: The activity of SEL1L promoter in Huh7 cells was determined through a 
luciferase reporter assay. “n.s.” vs. Huh7 cell miR-374a-5p mimics NC + pmirGLO-SEL1L3’-UTR MUT group. *P < 
0.05 vs. Huh7 cell miR-374a-5p mimics + pmirGLO-SEL1L3’-UTR WT groups. HepG2 and Huh7 cells were divided 
into input, IgG, and anti-SEL1L groups with or without miR-374a-5p mimics and miR-374a-5p inhibitor transfection. 
The results are represented by the ratio to the input signal. H: Chromatin immunoprecipitation (ChIP) in HepG2 cells 
was followed by qRT-PCR for miR-374a-5p. *P < 0.05 vs. the HepG2 cell normal anti-SEL1L antibody group. I: ChIP in 
Huh7 cells was followed by qRT-PCR for miR-374a-5p. *P < 0.05 vs. the Huh7 cell normal anti-SEL1L antibody group.
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Figure 4. MiR-374a-5p facilitates the proliferation, migration, and invasion of HCC cells by inhibiting SEL1L. HepG2 
and Huh7 cells were divided into normal, miR-374a-5p mimics, miR-374a-5p mimics + SEL1L CRISPR activation 
plasmid (sc-403861-ACT, Santa Cruz Biotechnology), miR-374a-5p inhibitor, and miR-374a-5p inhibitor + SEL1L 
siRNA groups. (A) HepG2 cell proliferation was determined through an EdU assay. (B) The ratio of EdU-positive 
HepG2 cells to DAPI-positive HepG2 cells was analyzed. (C) Huh7 cell proliferation was determined through an EdU 
assay. (D) The ratio of EdU-positive Huh7 cells to DAPI-positive Huh7 cells was analyzed. (E) The migration of HepG2 
cells was determined through a Transwell assay. (F) The number of migrated HepG2 cells was analyzed. (G) The 
migration of Huh7 cells was determined through a Transwell assay. (H) The number of migrated Huh7 cells was ana-
lyzed. (I) The invasion of HepG2 cells was determined through a Matrigel Transwell assay. (J) The number of invaded 
HepG2 cells was analyzed. (K) The invasion of Huh7 cells was determined through a Matrigel Transwell assay. (L) 
The number of invaded Huh7 cells was analyzed. In (B, F, J), *P < 0.05 vs. the HepG2 cell normal group. #P < 0.05 
vs. the HepG2 cell miR-374a-5p mimics group. %P < 0.05 vs. the HepG2 cell miR-374a-5p inhibitor group. In (D, H, 
L), *P < 0.05 vs. the Huh7 cell normal group. #P < 0.05 vs. Huh7 cell miR-374a-5p mimics group. %P < 0.05 vs. the 
Huh7 cell miR-374a-5p inhibitor group.

374a-5p mimics, rather than miR-374a-5p 
mimics NC, decreased SEL1L 3’-UTR WT tran-
scription activity compared to that of SEL1L 
3’-UTR MUT in HepG2 (Figure 3F) and Huh7 
(Figure 3G) cells. Interestingly, miR-374a-5p 
mimics decreased the binding between miR-
374a-5p and SEL1L 3’-UTR in HepG2 (Figure 
3H) and Huh7 (Figure 3I) cells, while the miR-
374a-5p inhibitor increased this binding. These 
results may be due to the negative regulatory 
role of miR-374a-5p on SEL1L mRNA. Mir-374a-
5p decreased SEL1L mRNA, including SEL1L 
3’-UTR, leading to decreased binding of SEL1L 
3’-UTR to miR-374a-5p.

MiR-374a-5p facilitates the proliferation, mi-
gration, and invasion of HCC cells by inhibiting 
SEL1L

The EdU-positive cell ratio, migrated cell num-
ber, and invaded cell number for HepG2 and 
Huh7 cells were increased by miR-374a-5p 
mimics, while co-treatment with SEL1L overex-
pression partly reversed the effects of miR-
374a-5p mimics. In addition, the miR-374a-5p 
inhibitor decreased the EdU-positive cell ratio 
(Figure 4A-D), migrated cell number (Figure 
4E-H), and invaded cell number (Figure 4I-L)  
for HepG2 and Huh7 cells, which were partly 
reversed by co-treatment with SEL1L knock- 
down. 

TRAF3IP2-AS1 and miR-374a-5p regulate the 
interaction between SEL1L and RPL6 as well 
as RPL6 ubiquitin degradation in HCC cells in 
opposite directions

We observed that RPL6, an interacting protein 
of SEL1L, was negatively correlated to the total 
survival time of HCC patients (Figure S4A). 

RPL6 expression was higher in HCC tissues 
compared to adjacent tissues, as determined 
by IHC (Figure S4B) and WB (Figure S4C, S4D). 
Moreover, RPL6 expression was higher in 
HepG2 and Huh7 cells than it was in L02 cells 
(Figure S4E, S4F). We investigated the effect of 
the TRAF3IP2-AS1/miR-374a-5p/SEL1L path-
way on RPL6. In HepG2 (Figure S5A, S5B) and 
Huh7 (Figure S5C, S5D) cells, RPL6 expression 
was decreased by TRAF3IP2-AS1 overexpres-
sion, miR-374a-5p inhibitor, or SEL1L overex-
pression, indicating that the TRAF3IP2-AS1/
miR-374a-5p/SEL1L pathway upregulated RP- 
L6 expression in HCC cells. In L02 cells, 
TRAF3IP2-AS1 overexpression, the miR-374a-
5p inhibitor, or SEL1L overexpression had no 
effect on the interaction between SEL1L and 
RPL6 (Figure 5A and 5B). However, in HepG2 
(Figure 5C and 5D) and Huh7 (Figure 5E and 
5F) cells, the interaction between SEL1L and 
RPL6 was upregulated by TRAF3IP2-AS1 over-
expression, the miR-374a-5p inhibitor, or SEL- 
1L overexpression. These findings reveal that 
the TRAF3IP2-AS1/miR-374a-5p/SEL1L path-
way downregulated the interaction between 
RPL6 and SEL1L in HCC cells but not in normal 
human hepatocytes. Moreover, the ubiquitina-
tion of RPL6 in HepG2 (Figure 5G) and Huh7 
(Figure 5H) cells was upregulated by TRAF3IP2-
AS1 overexpression, the miR-374a-5p inhibitor, 
or SEL1L overexpression. Furthermore, the 
half-life of RPL6 in HepG2 (Figure S6A and S6B) 
and Huh7 (Figure S6C and S6D) cells was 
reduced by TRAF3IP2-AS1 overexpression, the 
miR-374a-5p inhibitor, or SEL1L overexpres-
sion. Therefore, we speculated that the TR- 
AF3IP2-AS1/miR-374a-5p/SEL1L pathway do- 
wnregulated the interaction between SEL1L 
and RPL, thereby inhibiting the ubiquitin degra-
dation of RPL6 in HCC cells.
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Figure 5. TRAF3IP2-AS1 and miR-374a-5p regulate the interaction between SEL1L and ribosomal protein L6 (RPL6) 
as well as RPL6 ubiquitin degradation in HCC cells in an opposing manner. L02, HepG2, and Huh7 cells were di-
vided into normal, TRAF3IP2-AS1, miR-374a-5p inhibitor, and pcDNA3.1-SEL1L groups. A: The interaction between 
SEL1L and RPL6 in L02 cells was evaluated by IP using the anti-SEL1L antibody. B: The interaction between SEL1L 
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and RPL6 in L02 cells was evaluated through IP using the anti-RPL6 antibody. C: The interaction between SEL1L 
and RPL6 in HepG2 cells was determined by Co-immunoprecipitation (CO-IP) using the anti-SEL1L antibody. D: The 
interaction between SEL1L and RPL6 in HepG2 cells was determined by CO-IP using the anti-RPL6 antibody. E: The 
interaction between SEL1L and RPL6 in Huh7 cells was determined by IP using the anti-SEL1L antibody. F: The inter-
action between SEL1L and RPL6 in Huh7 cells was determined by CO-IP using the anti-RPL6 antibody. HepG2 and 
Huh7 cells were divided into hemagglutinin (HA)-Ubiquitin (Ub) + MG132, HA-Ub + MG132 + TRAF3IP2-AS1, HA-Ub 
+ MG132 + miR-374a-5p inhibitor, and HA-Ub + MG132 + pcDNA3.1-SEL1L groups. G: The ubiquitination levels of 
RPL6 in HepG2 cells were detected by IP using the anti-HA antibody. H: The ubiquitination levels of RPL6 in Huh7 
cells were determined by IP using the anti-HA antibody.

DDR is upregulated in HCC cells by the 
TRAF3IP2-AS1/miR-374a-5p/SEL1L1/RPL6 
pathway

During DDR, ATM is activated through its phos-
phorylation on S1981. Then activated ATM 
phosphorylates one of the variants of histone 
H2AX - histone H2AX on Ser139 (γH2AX) - that 
is not only a major participant but also an early 
marker of cellular response to DNA damage 
[25]. In HepG2 (Figure 6A-D) and Huh7 (Figure 
6E-H) cells, p-ATM, ATM, and γH2AX expression 
was decreased by TRAF3IP2-AS1 overexpres-
sion, the miR-374a-5p inhibitor, SEL1L overex-
pression, or RPL6 knockdown. 

Downregulated SEL1L promotes the prolifera-
tion, migration, and invasion of HCC cells by 
promoting RPL6 expression

We investigated the roles of the SEL1L/RPL6 
pathway in the biological behaviors of HCC 
cells. EdU-positive cell ratio (Figure 7A-D), 
migrated cell number (Figure 7E-H), and invad-
ed cell number (Figure 7I-L) of HepG2 and Huh7 
cells were decreased by RPL6 knockdown or 
SEL1L overexpression, but SEL1L overexpres-
sion with RPL6 overexpression partly counter-
acted the influence of SEL1L overexpression.

The TRAF3IP2-AS1/miR-374a-5p/SEL1L/
RPL6 pathway exacerbates the progression of 
HCC in mice

To further validate the expression and role of 
the TRAF3IP2-AS1/miR-374a-5p/SEL1L/RPL6 
pathway in HCC, an in situ HCC mouse model 
was established by injecting HepG2 cells into 
the skin for 28 d. The expression of TRAF3IP2-
AS1 was lower (Figure 8A), while that of miR-
374a-5p was higher (Figure 8B) in mouse HCC 
tissues than in adjacent tissues. Furthermore, 
SEL1L expression decreased while RPL6 
expression increased (Figure 8C-E) in mouse 
HCC tissues relative to adjacent tissues. 

Additionally, tumor volume (Figure 8F), tumor 
weight (Figure 8G), and serum AFP (Figure 8H) 
were decreased by TRAF-AS1 overexpression, 
the miR-374a-5p inhibitor, SEL1L overexpres-
sion, or RPL6 knockdown.

The TRAF3IP2-AS1/miR-374a-5p/SEL1L/
RPL6 pathway promotes the proliferation, mi-
gration, and invasion of in vivo HepG2 cells by 
promoting DDR

The expression of DDR markers p-ATM, ATM, 
and γH2AX increased in mouse HCC tissues 
compared to adjacent tissues (Figure 9A-D). 
However, TRAF-AS1 overexpression, the miR-
374a-5p inhibitor, SEL1L overexpression, or 
RPL6 knockdown decreased p-ATM, ATM, and 
γH2AX expression in mouse HCC tissues 
(Figure 9E-H). In addition, TRAF-AS1 overex-
pression, the miR-374a-5p inhibitor, SEL1L 
overexpression, or RPL6 knockdown decreased 
the reactivity of PCNA (a cell proliferation mark-
er; Figure 9I), F-actin (a cell migration marker; 
Figure 9J), and β1-integrin (a cell invasion mark-
er; Figure 9K) in mouse HCC tissues. 

In summary, TRAF3IP2-AS1 is downregulated 
by oxidative stress in HCC cells. The down-
stream miR-374a-5p is upregulated by down-
regulation of TRAF3IP2-AS1. MiR-374a-5p in- 
hibits the expression of its target gene, SEL1L, 
an ERAD E3 ligase adaptor subunit. Con- 
sequently, the interaction between SEL1L and 
RPL6 decreases, resulting in a decrease in pro-
teasome-dependent degradation of RPL6 and 
an increase in RPL6 expression. RPL6 pro-
motes DDR inside HCC cells, thereby facilitat-
ing the proliferation, migration, and invasion of 
HCC cells (Figure 10).

Discussion

We first observed that TRAF3IP2-AS1 was 
downregulated by oxidative stress, while miR-
374a-5p was upregulated in HCC. Furthermo- 
re, TRAF3IP2-AS1 inhibited the proliferation, 
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Figure 6. DNA damage repair (DDR) is upregulated in HCC cells by the TRAF3IP2-AS1/miR-374a-5p/SEL1L1/RPL6 pathway. HepG2 and Huh7 cells were divided 
into the normal, TRAF3IP2-AS1, miR-374a-5p inhibitor, pcDNA3.1-SEL1L, and RPL6 siRNA groups. (A) p-ataxia telangiectasia mutation (p-ATM) (S1981), ATM, and 
gamma H2A histone family member X (γH2AX) protein levels in HepG2 cells were evaluated through WB. (B-D) p-ATM, ATM, and γH2AX protein levels in HepG2 cells 
were analyzed. (E) p-ATM, ATM, and γH2AX protein levels in Huh7 cells were determined through WB. (F-H) p-ATM, ATM, and γH2AX protein levels in Huh7 cells were 
analyzed. In (B-D), *P < 0.05 vs. the HepG2 cell normal group. In (F-H), *P < 0.05 vs. the Huh7 cell normal group.
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migration, and invasion of HCC cells by down-
regulating miR-374a-5p levels. A previous study 
has found that under oxidative stress, lncRNAs, 
including AC091057.1 and SNHG5, are signifi-
cantly downregulated in AGS and HGC-27 cells 
(two stomach adenocarcinoma cell lines) [26]. 
Similarly, we found that TRAF3IP2-AS1 was 
downregulated by oxidative stress in HCC cells. 
TRAF3IP2-AS1 acts as a tumor suppressor in 
multiple kinds of cancers, such as cervical can-
cer [27], glioblastoma multiforme [28], and 
pancreatic ductal adenocarcinoma [29], by 
sequestering downstream miRNAs or mRNA. 
These findings show the potential of TRAF3IP2-
AS1 as a therapeutic target for cancers.

lncRNAs, which regulate oncogenic molecular 
networks in a cell type-restricted manner, have 
become a promising target for cancer therapy. 
lncRNAs differ from mRNAs and proteins in 
important aspects that both increase their 
value as therapeutic targets (for example, cell 
specificity, disease roles) but also present 
obstacles (for example, repetitiveness, rate of 
sequence evolution, and poor annotation) [30]. 
A hallmark of lncRNAs is their relatively high 
rate of sequence evolution compared with pro-
tein-coding genes, resulting in a lower rate of 
orthologue identification: only 16% of lncRNA 
genes have an orthologue between human and 
mouse, compared with 75% of protein-coding 
genes [31]. The lack of identifiable orthologues 
creates challenges in testing the disease roles 
and therapeutic perturbation of lncRNAs in 
genetically edited mouse models, which is com-
monly a vital step prior to clinical trials in 
humans. However, lncRNA structure is often 
more conserved than its primary sequence, 
raising the potential for small molecule inhibi-
tors to target a conserved binding pocket [32].

miR-374a-5p promotes tumor progression in 
triple negative breast cancer [33] and gastric 
cancer [34]. SEL1L is a target gene of miR-

374a-5p, and inhibits the progression of liver 
cancer, as evidenced by studies showing that 
hepatocyte-specific deletion of SEL1L predis-
poses mice to diet/chemical-induced tumors 
[13]. Additionally, SEL1L interference with 
SEL1L enhances valproic acid cytotoxic effects 
on glioma stem cells [35]. DDR contributes to 
the formation of HCC [36]. Interestingly, SEL1L 
interacts with RPL6, promoting the ubiquitina-
tion degradation of RPL6. RPL6 expression 
increases in HCC tissues and cells due to the 
decrease of SEL1L. RPL6 directly binds to his-
tone H2A in response to DNA damage, and 
RPL6 silencing impairs DNA damage-induced 
H2A/H2AX ubiquitination, resulting in defects 
in DNA repair [16]. Our data also indicate that 
the increase of RPL6 mediated by downregu-
lated SEL1L facilitates DDR in HCC cells.

In a mouse xenograft model of HepG2 cells, 
TRAF3IP2-AS1, miR-374a-5p, SEL1L, and RPL6 
displayed similar changes as those observed  
in HCC cells. Moreover, TRAF3IP2-AS1 over- 
expression, miR-374a-5p knockdown, SEL1L 
overexpression, or RPL6 knockdown decreased 
liver tumor volume, weight, and mouse serum 
AFP levels, which extended the knowledge 
about the role of these molecules in HCC 
obtained from previous studies [6, 13, 37], sug-
gesting effective strategies for interfering with 
HCC. 

DNA damage is known to play an important role 
in the initiation of HCC, however the aberrant 
activation of DNA repair systems is also vital for 
the survival of HCC cells [38]. HCC is highly 
resistant to most classical chemotherapies, 
including those which work by inducing DNA 
damage, such as cisplatin [39]. The proposed 
DNA damage mechanism of HCC presents a 
tantalizing opportunity for targeted therapy 
towards HCC cells, due to an effect known as 
‘synthetic lethality’. When cancers arise due to 
deficiencies in DNA repair, and these pathways 

Figure 7. Downregulated SEL1L promotes the proliferation, migration, and invasion of HCC cells by upregulating 
RPL6 expression. HepG2 and Huh7 cells were divided into normal, RPL6 siRNA, pcDNA3.1-SEL1L, and pcDNA3.1-
SEL1L + Flag-RPL6 groups. (A) HepG2 cell proliferation was detected using the EdU assay. (B) The ratio of EdU-
positive HepG2 cells to DAPI-positive HepG2 cells was analyzed. (C) Huh7 cell proliferation was assessed using 
the EdU assay. (D) The ratio of EdU-positive Huh7 cells to DAPI-positive Huh7 cells was analyzed. (E) The migration 
of HepG2 cells was evaluated using the Transwell assay. (F) The number of migrated HepG2 cells was analyzed. 
(G) Migration of Huh7 cells was evaluated using the Transwell assay. (H) The number of migrated Huh7 cells was 
analyzed. (I) The invasion of HepG2 cells was determined through the Matrigel Transwell assay. (J) The number of 
invaded HepG2 cells was analyzed. (K) The invasion of Huh7 cells was assessed using the Matrigel Transwell assay. 
(L) The number of invaded Huh7 cells was analyzed. In (B, F, J), *P < 0.05 vs. the HepG2 cell normal group. #P < 0.05 
vs. the HepG2 cell pcDNA3.1-SEL1L group. In (D, H, L), *P < 0.05 vs. the Huh7 cell normal group. #P < 0.05 vs. the 
Huh7 cell pcDNA3.1-SEL1L group.
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Figure 8. The TRAF3IP2-AS1/miR-374a-5p/SEL1L/RPL6 pathway exacerbates the progression of HCC in mice. (A) TRAF3IP2-AS1 levels in mouse HCC and adjacent 
tissues were evaluated through qRT-PCR. (B) Mir-374a-5p levels in mouse HCC and adjacent tissues were evaluated using qRT-PCR. (C) SEL1L and RPL6 protein 
levels in mouse HCC and adjacent tissues were assessed using WB. (D, E) SEL1L and RPL6 protein levels were analyzed. The mice were divided into HCC, HCC + 
TRAF3IP2-AS1, HCC + miR-374a-5p inhibitor, HCC + pcDNA3.1-SEL1L, and HCC + RPL6 siRNA steady transfection groups. (F) The volume of HCC tissue was mea-
sured and calculated. (G) The weight of HCC tissue was measured. (H) AFP in mouse serum was detected using ELISA. In (A, B, D, E), *P < 0.05 vs. the normal liver 
tissue group. In (F-H), *P < 0.05 vs. the HCC group.
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Figure 9. The TRAF3IP2-AS1/miR-374a-5p/SEL1L/RPL6 pathway promotes the proliferation, migration, and invasion of in vivo HCC cells by enhancing DDR. (A) p-
ATM, ATM, and γH2AX protein levels in mouse HCC and adjacent tissues were evaluated using WB. (B-D) p-ATM, ATM, and γH2AX protein levels were analyzed. The 
mice were divided into HCC, HCC + TRAF3IP2-AS1, HCC + miR-374a-5p inhibitor, HCC + pcDNA3.1-SEL1L, and HCC + RPL6 siRNA steady transfection groups. (E) 
p-ATM, ATM, and γH2AX protein levels in mouse HCC tissues were evaluated using WB. (F-H) Analysis of p-ATM, ATM, and γH2AX protein levels. (I-K) PCNA, F-actin 
and β1-integrin in mouse HCC tissue were detected using IHC. In (B-D), *P < 0.05 vs. normal liver tissue group. In (F-H), *P < 0.05 vs. the HCC group.
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are recovered by other redundant repair path-
ways, they become highly sensitive to thera-
peutics targeting those repair pathways. This 
means that pharmacological inhibitors are syn-
thetically lethal to these cancer cells, while they 
have little effect on functionally normal cells 
[40]. Furthermore, evidence suggests that 
while most cancer types tend to have co-occur-
rence of mutations in DNA-repair enzymes, 
liver cancer is unique in that DNA-repair muta-
tions are generally mutually exclusive [41]. This 
suggests that loss of multiple DNA repair path-
ways is particularly detrimental to HCC, mean-
ing that they would be hypersensitive to syn-
thetically lethal drugs. DDR is upregulated in a 
mouse xenograft model of HepG2 cells, where-
as TRAF3IP2-AS1 overexpression, miR-374a-
5p knockdown, SEL1L overexpression, or RPL6 
knockdown inhibits DDR. A previous study 
revealed that TRAF3IP2-AS1 is associated with 
DDR of diffuse large B-cell lymphoma (DLBCL), 
although the specific role and mechanism were 
not elucidated [42]. Our study sheds new light 
on the role and mechanism of TRAF3IP2-AS1 in 
DDR. As far as we know, the role of miR-374a-
5p during DDR is obscure, but our study sug-
gests that miR-374a-5p promotes DDR during 
the progression of HCC. Presently, the role of 
SEL1L in DDR is unclear. Our study reveals a 
negative regulatory function of SEL1L in DDR, 
extending its biological function. Additionally, 

tor to confirm the role of DDR in HCC. In addi-
tion, the lung metastasis of HepG2 cells has 
not been assessed using an in vivo imaging 
system, which is our future research direction. 
Despite these limitations of our study, our data 
suggest that the TRAF3IP2-AS1/miR-374a-5p/
SEL1L/RPL6 pathway plays a vital function in 
the progression of HCC and may be a treatment 
option for HCC.
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Figure 10. Illustration of the TRAF3IP2-AS1/miR-374a-5p/SEL1L/RPL6 
pathway in HCC. In HCC cells, TRAF3IP2-AS1 is downregulated by oxida-
tive stress. The downstream miR-374a-5p is upregulated by downregulated 
TRAF3IP2-AS1. Subsequently, miR-374a-5p inhibits the expression of its tar-
get gene ERAD E3 ligase adaptor subunit SEL1L. A decreased interaction 
between SEL1L and RPL6 leads to a reduction in proteasome-dependent 
degradation of RPL6 and an increase in RPL6 expression. RPL6 promotes 
DDR inside HCC cells, consequently facilitating the proliferation, migration, 
and invasion of HCC cells.

our investigation demonstr- 
ates the positive regulatory 
role of RPL6 in DDR [16]. In 
studies, PCNA, F-actin, and 
β1-integrin were used as 
markers of HCC cell proli- 
feration [43], migration [44], 
and invasion [45] to iden- 
tify TRAF3IP2-AS1 overexpres-
sion, knockdown, SEL1L over-
expression, or RPL6 knock-
down inhibition effects on  
in vivo HepG2 cell tumor 
behavior.

Conclusion

Our study showed that the 
TRAF3IP2-AS1/miR-374a-5p/
SEL1L/RPL6 pathway in HCC 
cells promotes DDR and HCC 
progression. Admittedly, we 
have not used the DDR inhibi-
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Figure S1. MiR-374a-5p increases in human HCC tissues and cells. A: MiR-374a-5p levels in human HCC and adja-
cent tissues were determined through qRT-PCR. *P < 0.05 vs. the normal liver tissue group. B: MiR-374a-5p levels 
in L02, HepG2, and Huh7 cells were determined through qRT-PCR. *P < 0.05, **P < 0.01 vs. the L02 cell group.

Figure S2. TRAF3IP2-AS1 downregulates miR-374a-5p in HCC cells. A: The binding site between miR-374a-5p and 
TRAF3IP2-AS1 is shown. HepG2 and Huh7 cells were divided into normal, empty vector, and TRAF3IP2-AS1 groups. 
B: Mir-374a-5p levels in HepG2 cells were determined through qRT-PCR. **P < 0.01 vs. the HepG2 cell normal group. 
C: MiR-374a-5p levels in Huh7 cells were evaluated through qRT-PCR. **P < 0.01 vs. the Huh7 cell normal group.
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Figure S3. SEL1L is decreased in human HCC tissues and cells, which positively correlates with a poor prognosis in HCC patients. A: The negative correlation be-
tween SEL1L and the overall survival of HCC patients from TCGA is shown. B: SEL1L expression in human HCC and adjacent tissues was determined through IHC. 
C: SEL1L protein levels in human HCC and adjacent tissues were evaluated through WB. D: SEL1L relative protein levels were analyzed. *P < 0.05 vs. the normal 
liver tissue group. E: SEL1L protein levels in L02, HepG2, and Huh7 cells were determined through WB analysis. F: SEL1L relative protein levels were analyzed. *P 
< 0.05 vs. the L02 cell group.
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Figure S4. RPL6 is decreased in human HCC tissues and cells, which is positively correlated with a poor prognosis in HCC patients. A: Negative correlation between 
RPL6 and the overall survival of HCC patients from TCGA is shown. B: RPL6 expression in human HCC and adjacent tissues was evaluated using IHC. C: RPL6 protein 
levels in human HCC and adjacent tissues were determined through WB. D: RPL6 relative protein levels were analyzed. *P < 0.05 vs. the normal liver tissue group. 
E: RPL6 protein levels in L02, HepG2, and Huh7 cells were determined through WB. F: RPL6 relative protein levels were analyzed. *P < 0.05 vs. the L02 cell group.
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Figure S5. RPL6 in HCC cells is upregulated by the TRAF3IP2-AS1/miR-374a-5p/SEL1L pathway. HepG2 and Huh7 
cells were divided into normal, TRAF3IP2-AS1, miR-374a-5p inhibitor, and SEL1L plasmid groups. A: RPL6 protein 
levels in HepG2 cells were determined through WB. B: RPL6 protein levels in HepG2 cells were analyzed. *P < 0.05 
vs. the HepG2 cell normal group. C: RPL6 protein levels in Huh7 cells were evaluated through WB. D: RPL6 protein 
levels in Huh7 cells were analyzed. *P < 0.05 vs. the Huh7 cell normal group.
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Figure S6. The half-life of RPL6 is upregulated by the TRAF3IP2-AS1/miR-374a-5p/SEL1L1 pathway in human HCC 
cells. HepG2 and Huh7 cells were divided into CHX (20 pg/ml for 24 h), CHX + TRAF3IP2-AS1 (transfection for 24 
h), CHX + miR-374a-5p inhibitor (transfection for 24 h), and CHX + pcDNA3.1-SEL1L (transfection for 24 h) groups. 
A: RPL6 protein levels in HepG2 cells were determined through WB. B: RPL6 protein levels in HepG2 cells were ana-
lyzed. *P < 0.05 vs. the HepG2 cell normal group. C: RPL6 protein levels in Huh7 cells were determined through WB. 
D: RPL6 protein levels in Huh7 cells were analyzed. *P < 0.05 vs. the Huh7 cell normal group.


