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Abstract
RNA-binding proteins can regulate nucleotide metabolism and gene expression. 
UPF3B regulator of nonsense mediated mRNA decay (UPF3B) exhibits dysfunction in 
cancers. However, its role in the progression of hepatocellular carcinoma (HCC) is still 
insufficiently understood. Here, we found that UPF3B was markedly upregulated in 
HCC samples and associated with adverse prognosis in patients. UPF3B dramatically 
promoted HCC growth both in vivo and in vitro. Mechanistically, UPF3B was found 
to bind to PPP2R2C, a regulatory subunit of PP2A, boosting its mRNA degradation 
and activating the PI3K/AKT/mTOR pathway. E2F transcription factor 6 (E2F6) di-
rectly binds to the UPF3B promoter to facilitate its transcription. Together, the E2F6/
UPF3B/PPP2R2C axis promotes HCC growth through the PI3K/AKT/mTOR pathway. 
Hence, it could be a promising therapeutic target for treating HCC.
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1  |  INTRODUC TION

Global Cancer Statistics 2022 highlights that primary liver cancer 
holds the sixth position in terms of incidence and is ranked third in 
mortality among all malignant tumors.1 Liver cancer is a common pri-
mary tumor, with HCC accounting for 75%–85% of the diagnoses. 
Despite a decline in mortality for many cancers, HCC remains one of 
the fastest-growing causes of cancer-linked fatalities worldwide.1,2 
As a significant histologic subtype of liver cancer, HCC is charac-
terized by a high risk of recurrence and heterogeneity, and there 
are currently few alternatives available for targeted therapy.3–5 
Therefore, discovering novel molecular targets that impact the onset 
and progression of HCC is crucial for both clinical diagnosis and the 
development of treatment approaches.

RNA binding proteins are a broad class of proteins that interact 
with transcript and noncoding RNAs. They bind to RNAs through one 
or more of their RNA-binding domains, regulating nucleotide metab-
olism of the bound RNAs and gene expression.6,7 Approximately 
1500 RBPs have been validated experimentally in humans, account-
ing for approximately 7% of all coding genes.8 Numerous human 
diseases, including cancer and neurological disorders, could be 
caused by RBP dysfunction.9,10 UPF3B is a core junction protein in 
the NMD pathway, involved in the exonuclear transport and quality 
supervision of mRNA, based on identifiable NMD-inducing features 
such as the exon-junction complex and long 3′-UTRs.11,12 Nonsense-
mediated mRNA decay is a highly protective RNA degradation 
mechanism that detects and represses aberrant mRNAs carrying 
premature termination codons, thus ensuring correct gene expres-
sion.13 Mammalian UPF3B is found to activate NMD without binding 
to the exon junction complex.14 UPF3B shows promise as a genetic 
prognostic modeling factor for predicting the progression of diverse 
tumor types, such as esophageal cancer, chromophobe renal cell car-
cinoma, and cutaneous melanoma.15,16 Despite these findings, the 
role of UPF3B in HCC still needs to be explored.

This study found that UPF3B showed heightened expression in 
HCC tissues and was linked with adverse prognosis. Furthermore, 
the acquired data indicated the involvement of PPP2R2C in the 
UPF3B-mediated activation of the PI3K/AKT/mTOR pathway. The 
study also noted that E2F6 could bind to UPF3B promoters to up-
regulate UPF3B expression and promote the development of HCC. 
The data acquired in this research highlight the potential of UPF3B 
to function as a therapeutic target.

2  |  MATERIAL S AND METHODS

2.1  |  Bioinformatic analysis

The evaluation of UPF3B expression in pan-cancer involved utiliz-
ing data from 33 tumor types sourced from TCGA data. Clinical 
data of 374 HCC tissue samples and 50 samples of normal liver 
tissues contained in the TCGA-LIHC cohort was accessed at the 
Genomic Data Commons (https://​portal.​gdc.​cancer.​gov/​). The 

RNA-seq data were downloaded, preprocessed by R software (R 
Foundation for Statistical Computing), and integrated with the cor-
responding clinical data. The Wilcoxon rank sum test was adopted 
to compare gene expression levels in tumor and normal tissues. 
Correlations between gene expression and several clinical vari-
ables were analyzed using univariate and multivariate Cox regres-
sion analysis. Survival analysis was undertaken using the Survival 
package of R software to explore the effect of the selected genes 
on overall (using the median value as a cut-off), disease-free, 
disease-specific, and progression-free survival (using the optimal 
cut-off with a minimal p value).

Expression profiling of 225 hepatitis B virus-related HCC sam-
ples was retrieved from the GSE14520 dataset (GPL3921 platform) 
in the Gene Expression Omnibus repository and preprocessed by 
R software. Correlations between gene expression were analyzed 
using Spearman's correlation analysis. Survival analysis was carried 
out using the Survival package of R software to explore the effect of 
the selected genes on overall survival using the optimal cut-off with 
a minimal p value.

2.2  |  Gene Set Enrichment Analysis

The RNA-seq expression matrix of TCGA-LIHC was used to iden-
tify signaling pathways associated with UPF3B expression levels by 
Gene Set Enrichment Analysis (version 4.1.0; UC San Diego/Broad 
Institute) software. A false discovery rate of less than 0.05 was con-
sidered statistically significant.

2.3  |  Cell culture

Human HCC cell lines, including HepG2, Hep3B, HuH-7, and SNU-
387, were obtained from the National Collection of Authenticated 
Cell Cultures. The human HCC cell lines of MHCC97H were obtained 
from Beyotime Biotech. Cells were cultured in DMEM or RPMI-1640 
medium (Gibco), supplemented with 10% FBS (Gibco) and 1% peni-
cillin–streptomycin solution (Beijing Solarbio Science & Technology) 
in an incubator at 37°C under 5% CO2.

2.4  |  Cell transfection

The UPF3B overexpression plasmid and control pEX-4 plasmid 
(Shanghai GenePharma) were introduced into cells showing low 
expression of UPF3B utilizing Lipofectamine 2000 (Invitrogen) per 
the manufacturer's instructions. Cells with stable high expression 
of UPF3B were obtained after being screened using kanamycin. 
siRNA and scramble control (GenePharma) were introduced into 
cells using Lipofectamine RNAiMAX (Invitrogen). siRNA oligonu-
cleotide sequences are listed in Table S1. UPF3B-interfering lenti-
viruses (GenePharma) were delivered into cells with high expression 
of UPF3B per the manufacturer's instructions, and cells were 
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further screened using a 1.25 μg/mL puromycin to obtain stable 
UPF3B-silenced cells. The E2F6 overexpression plasmid and control 
pcDNA3.1(+) vector (GenePharma) were introduced into MHCC97H 
and HepG2 cells with Lipofectamine 3000 (Invitrogen) per the given 
instructions. Cells with stable E2F6 overexpression were obtained 
after screening using G418.

2.5  |  Quantitative RT-PCR

The extraction of total RNA from cultured cells or tissues involved 
using E.N.Z.A. Total RNA Kit I (R6834-01, OMEGA). After reverse 
transcription of the isolated RNA into cDNA using the RevertAid 
First Stand cDNA Synthesis Kit (Thermo Fisher Scientific), qRT-PCR 
was carried out. This analysis was executed utilizing the FastSYBR 
Mixture provided by Beijing CoWin Biotech in a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories). β-Actin was set 
as the reference gene. The primers used for this analysis were ob-
tained from GenePharma, see Table S1.

2.6  |  Western blot analysis

Total cellular proteins were extracted by utilizing the RIPA Lysis 
Buffer from Sigma-Aldrich. Protein concentration was quanti-
fied using the BCA Kit for Protein Determination (Thermo Fisher 
Scientific). The extracted protein solution was electrophoresed by 
SDS-PAGE and transferred to a 0.22 μm PVDF membrane (Millipore 
Corporation). After blocking using 5% BSA (Solarbio), the mem-
branes were exposed to Abs against UPF3B (1:2000, ab134566; 
Abcam), p-AKT (1:2000, #4060; Cell Signaling Technology), AKT 
(1:2000, #4691; Cell Signaling Technology), p-S6 (1:2000, #4858; 
Cell Signaling Technology), S6 (1:2000, #2217; Cell Signaling 
Technology), E2F6 (1:10 000, ab155978; Abcam), and GAPDH 
(1:10 000, TA-08; ZSGB-Bio) overnight at 4°C. Subsequently, the 
membrane was washed and incubated with secondary Abs for 1 h 
at room temperature. Protein bands were detected using an en-
hanced chemiluminescence reagent (Millipore). The signal inten-
sity was quantified to calculate relative levels of UPF3B and E2F6 
normalized with GAPDH, p-AKT normalized with total AKT, and 
p-S6 normalized with total S6.

2.7  |  CCK-8 assay

The cell proliferation assay was undertaken using CCK-8 provided 
by Dojindo Laboratories. Cells were seeded in 96-well plates at a 
density of 2000 cells per well and kept at 37°C for 0, 24, 48, and 72 h 
in an incubator under 5% CO2. After the incubation period, 10 μL 
CCK-8 reagent was introduced to each well, and the cells were in-
cubated at 37°C for another 2 h, protected from light. A Multiskan 
FC Microplate Photometer (Thermo Fisher Scientific) was utilized to 
quantify the absorbance at 450 nm.

2.8  |  Colony formation assay

Cells were inoculated in 6-well plates at a density of 2000 cells per 
well. After 2–3 weeks of culture, the cells were fixed with 4% para-
formaldehyde (Solarbio) for 30 min and then exposed to 1% Crystal 
Violet-Gentian Violet Stain Solution (Solarbio) for another 30 min. 
Photographs were taken, and colonies with more than 50 cells were 
counted using ImageJ software (NIH).

2.9  |  EdU staining

Cells were spread in 12-well plates and kept at 37°C for 24 h. The 
next day, fixation and staining were carried out using EdU Imaging 
Kits (cy3) provided by APExBIO Technology per the given protocol. 
The cells were observed and photographed under a microscope.

2.10  |  RNA-seq

Total RNA was extracted from shCtrl- and shUPF3B-treated 
MHCC97H cells using TRIzol reagent (Invitrogen). The quantity and 
purity of total RNA were analyzed using Bioanalyzer 2100 and RNA 
6000 Nano LabChip Kit (Agilent). After purification, the mRNA was 
fragmented using divalent cations under elevated temperatures. The 
cleaved RNA fragments were then reverse-transcribed to cDNA 
using the SuperScript II Reverse Transcriptase (Invitrogen). Next, U-
labeled second-stranded DNAs were synthesized by Escherichia coli 
DNA polymerase I (NEB), RNase H (NEB), and dUTP Solution (Thermo 
Fisher Scientific). An A-base was then added to the blunt ends of 
each strand. After the heat-labile UDG enzyme (NEB) treatment of 
the U-labeled second-stranded DNAs, the ligated products were am-
plified with PCR. Finally, paired-end sequencing was carried out on 
an Illumina Novaseq 6000 by Hangzhou Lianchuan Biotechnology.

2.11  |  RNA immunoprecipitation sequencing

Lysates of shCtrl- and shUPF3B-treated MHCC97H cells were in-
cubated with UPF3B Ab (ab134566; Abcam) or isotype control IgG. 
The RNA–protein complexes were immunoprecipitated with protein 
A/G magnetic beads. The beads were then washed with ice-cold 
NT2 buffer five times. TRIzol reagent (Invitrogen) was used to iso-
late total RNA. Sample libraries were prepared with SMART-Seq ver-
sion 4 Ultra Low Input RNA Kit for Sequencing (Takara Bio). Libraries 
were sequenced on an Illumina NovaSeq 6000 by Hangzhou 
Lianchuan Biotechnology.

2.12  |  RNA stability assay

After 24 h of cell transfection, actinomycin D (MedChemExpress) 
at a final concentration of 10 μg/mL was introduced to the culture 
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medium and incubated until the indicated time. Quantitative RT-PCR 
analysis was carried out to determine the PPP2R2C mRNA levels in 
the actinomycin D-treated group at different time points.

2.13  |  Screening of transcription factors related 
to UPF3B

The database hTFtarget (https://​bioin​fo.​life.​hust.​edu.​cn/​hTFta​rget) 
was utilized to screen transcription factors associated with UPF3B 
promoter, cBioPortal (http://​cbiop​ortal.​org) was used to screen for 
genes correlated with UPF3B with a correlation coefficient >0.3. The 
binding scores of transcription factors on UPF3B were evaluated 
by Cistrome Data Browser (http://​cistr​ome.​org/​db), and JASPAR 
(https://​jaspar.​gener​eg.​net) was utilized to predict the relevant bind-
ing sites on UPF3B promoter.

2.14  |  Chromatin immunoprecipitation

Chromatin immunoprecipitation assay was undertaken using the 
SimpleChIP Enzymatic Chromatin IP Kit (Agarose Beads) (#9002; 
Cell Signaling Technology). Briefly, HepG2 cells were fixed with for-
maldehyde, and cross-linked chromatin was enzymatic fragmented. 
Protein A/G beads were pretreated before incubation with anti-
E2F6 Ab. Immunoglobulin G served as a negative control in the ex-
periments. After cross-link reversal, qRT-PCR was utilized to assess 
the binding of E2F6 to the promoter of UPF3B.

2.15  |  Mouse xenograft models

BALB/C nude mice aged 4–5 weeks were purchased from SPF 
(Beijing) Biotechnology and randomly grouped. MHCC97H cells 
in the logarithmic growth phase were suspended in a 1:1 mixture, 
containing 3 × 106 cells/mouse and Matrigel, and then s.c. injected 
into the mice. The size of the tumor was measured every 3 days. 
Tumor volume was calculated by the formula (length2 × width)/2. At 
the end of the experiment, mice were killed, tumors were excised 
and weighed, and tissue proteins were extracted using the Tissue 
or Cell Total Protein Extraction Kit (C510003; Sangon Biotech). The 
experimental protocols utilized in this research were approved by 
the Biology Ethics Committee of Shihezi University.

2.16  |  Human HCC samples

Primary tumor tissues and corresponding paracancerous tis-
sues were acquired from patients with HCC at the First Affiliated 
Hospital of Shihezi University with informed consent. The proteins 
were extracted by the FFPE Total Protein Extraction Kit (C500058; 
Sangon). The study protocol was approved by the Science and 

Technology Ethical Committee of the First Affiliated Hospital of 
Shihezi University.

2.17  |  Statistical analysis

Data are expressed as mean ± SD. Statistical significance was analyzed 
using GraphPad Prism 8.0 (GraphPad Software). The variance across 
the experimental and control groups was comparatively assessed by 
unpaired t-test or ANOVA. The differences in the survival rate of HCC 
patients were compared using the Kaplan–Meier curve and log-rank 
test. p < 0.05 indicates that the difference is statistically significant.

3  |  RESULTS

3.1  |  UPF3B highly expressed in HCC and linked to 
poor prognosis

According to the RNA-seq data from the TCGA database, UPF3B 
transcript showed significantly higher levels in various tumors, 
including HCC, compared to the corresponding normal tissues 
(Figure 1A,B). On further examination of the clinical data of individu-
als with HCC, elevated UPF3B expression was observed in patients 
with advanced histologic grades and pathologic stages (Figure 1C). 
Univariate and multivariate Cox regression analysis of clinical pa-
rameter variables, including patient age, gender, tumor grade, and 
stage, indicated that UPF3B expression could be used as an inde-
pendent predictive factor for predicting the overall survival of the 
patient (Figure 1D). The Kaplan–Meier survival analysis showed that 
patients with high UPF3B expression had decreased overall, disease-
free, disease-specific, and progression-free survival (Figure  1E). 
These results reveal that high UPF3B expression is linked to poor 
prognosis in individuals with HCC.

3.2  |  UPF3B promotes HCC cell proliferation

To investigate the potential role of UPF3B in HCC, tumor samples 
from TCGA-LIHC were grouped into high and low UPF3B expression 
using the median value as a cut-off. Subsequently, KEGG pathway 
enrichment analysis was carried out. As shown in Figure 2A, the cell 
cycle pathway is one of the top enriched pathways in the UPF3B-high 
group. Therefore, it was inferred that the high expression of UPF3B 
could promote the proliferation of HCC cells. To verify the above in-
ference, UPF3B expression was initially examined in a panel of HCC 
cell lines (Figure  2B). Subsequently, HepG2 and MHCC97H cells 
with high UPF3B expression were selected for UPF3B interference. 
Quantitative RT-PCR and western blot analysis were carried out to 
verify the efficiency of UPF3B knockdown in HepG2 and MHCC97H 
cells (Figure 2C,D). The CCK-8 assay (Figure 2E), colony formation 
assay (Figure 2F), and EdU assay (Figure 2G,H) showed attenuated 

https://bioinfo.life.hust.edu.cn/hTFtarget
http://cbioportal.org
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growth, decreased colony numbers, and reduced proportion of EdU+ 
cells, indicating that knocking down UPF3B considerably suppressed 
the proliferation of HepG2 and MHCC97H cells compared with the 
control group. In vivo experiments also highlighted that the knock-
down of UPF3B inhibited s.c. tumor growth (Figure 2I–K).

In contrast, after ectopic upregulation of UPF3B transcript and 
protein levels in Hep3B, SNU-387, and HuH-7 cells with endogenous 
low UPF3B expression (Figure S1A,B), CCK-8, colony formation, and 
EdU assays showed that overexpression of UPF3B significantly pro-
motes the proliferation of these cells (Figure S1C–E).

3.3  |  UPF3B activates PI3K/AKT/mTOR signaling

To explore the underlying mechanism of UPF3B in facilitating the 
proliferation of HCC cells, an enrichment analysis of the Hallmark 

gene sets was undertaken on TCGA-LIHC grouped according to dif-
ferent expression levels of UPF3B. As shown in Figure 3A, mTORC1 
signaling and PI3K/AKT/mTOR signaling were the top enriched path-
ways in the UPF3B high-expression group. After the overexpression 
of UPF3B in Hep3B, SNU-387, and HuH-7 cells, western blotting 
indicated that phosphorylation levels of the critical proteins AKT 
and S6 in the PI3K/AKT/mTOR pathway were elevated (Figure 3B). 
In contrast, the knockdown of UPF3B in HepG2 and MHCC97H 
cells resulted in decreased levels of p-AKT and p-S6 (Figure  3C). 
Subsequently, three cell lines showing low UPF3B expression 
were chosen for UPF3B overexpression and treatment with rapa-
mycin (mTORC1 inhibitor) and MK2206 (AKT inhibitor) (Figure 3D). 
CCK-8, EdU, and colony formation assays showed that the promo-
tion of cell proliferation by UPF3B could be reversed by AKT and 
mTORC1 inhibitor treatments in SNU-387, Hep3B, and HuH-7 cells 
(Figures 3E,F and S2).

F I G U R E  1  UPF3B is upregulated and correlates with poor survival noted in patients with hepatocellular carcinoma (HCC). (A) Expression 
of UPF3B in different types of tumor samples and normal tissues in The Cancer Genome Atlas (TCGA). (B) UPF3B mRNA levels in the TCGA-
LIHC dataset. (C) UPF3B expression in patients with the indicated histologic grades and pathologic stages. (D) Univariate and multivariate 
Cox regression analyses of the association between UPF3B expression and clinicopathologic characteristics. (E) Kaplan–Meier analysis of 
the association between UPF3B expression and overall, disease-free, disease-specific, and progression-free survival in patients with HCC. 
**p < 0.01, ***p < 0.001. CI, confidence interval; HR, hazard ratio.
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F I G U R E  2  Knockdown of UPF3B inhibits hepatocellular carcinoma (HCC) growth. (A) Top 10 enriched Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways in tumors with high UPF3B from The Cancer Genome Atlas (TCGA)-LIHC dataset by Gene Set Enrichment 
Analysis. (B) Expression of UPF3B in HCC cell lines. (C) Expression of UPF3B was examined by quantitative RT-PCR in control and UPF3B-
knocked down cells. (D) Protein levels of UPF3B were determined by western blotting in control and UPF3B-knocked down cells. (E) CCK-8 
assay for HCC cells with UPF3B knockdown. (F) Colony formation assays for HCC cells with UPF3B knockdown. (G) Representative images 
and (H) statistical analysis of EdU+ cells after UPF3B knockdown. (I) Subcutaneous xenograft volume was measured every 3 days. (J) Images 
and (K) weight of tumors collected at 16 days postinoculation (n = 5). *p < 0.05, ***p < 0.001. OD450, optical density at 450 nm.
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3.4  |  PPP2R2C implicated in UPF3B-mediated 
activation of PI3K/AKT/mTOR pathway

Given that UPF3B can bind and degrade specific target mRNAs,11,12 
RNA-seq and RIP-seq were carried out on control and UPF3B knock-
down MHCC97H cells to identify UPF3B target genes. Genes that 

were upregulated in RNA-seq (log2FC ≥1 and q < 0.05) and with 
decreased binding in RIP-seq (log2FC ≤−1 and p value <0.05) upon 
UPF3B interfering can be considered UPF3B-dependent NMD tar-
gets. The KEGG enrichment analysis showed that 26 genes were 
enriched in the PI3K/AKT pathway (Figure 4A, Table S2), including 
upstream suppressors such as PPP2R2C, a regulatory subunit of 

F I G U R E  3  UPF3B promotes the activation of PI3K/AKT/mTOR signaling. (A) Top 10 enriched HALLMARK gene sets in tumors with high 
UPF3B from The Cancer Genome Atlas (TCGA)-LIHC dataset by GSEA. Western blotting of proteins associated with the PI3K/AKT/mTOR 
signaling pathway following the (B) overexpression or (C) knockdown of UPF3B. (D) Western blotting of proteins associated with the PI3K/
AKT/mTOR signaling pathway after AKT and mTORC1 inhibitors treatment. (E) CCK-8 and (F) EdU assays for SNU-387 cells following UPF3B 
overexpression and treatment with mTORC1 inhibitor and AKT inhibitor. ***p < 0.001. OD450, optical density at 450 nm.
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the serine/threonine-specific phosphatase (PP2A). Previous stud-
ies have shown that PPP2R2C can participate in the aging process 
by inhibiting the phosphorylation of mTOR and AKT.17 Quantitative 

RT-PCR analysis confirmed that the expression levels of PPP2R2C 
were elevated after interfering with UPF3B in HepG2 and MHCC97H 
cells (Figure 4B). In contrast, the levels of PPP2R2C were decreased 

F I G U R E  4  PPP2R2C is involved in UPF3B-mediated PI3K/AKT/mTOR signaling activation. (A) Screening of UPF3B target genes by 
combining RNA sequencing (RNA-seq), RNA immunoprecipitation sequencing (RIP-seq), and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses. Expression of PPP2R2C in (B) UPF3B knocked down and (C) UPF3B overexpressed hepatocellular carcinoma 
(HCC) cells was detected by quantitative RT-PCR (qRT-PCR). (D) Binding of UPF3B with PPP2R2C mRNA was confirmed by RIP and qRT-PCR 
in MHCC97H cells. (E) PPP2R2C mRNA levels in control and UPF3B knocked down HCC cells after treatment with 10 μg/mL actinomycin D 
for the indicated time points. (F) PPP2R2C mRNA expression in HCC cells treated with shUPF3B and siPPP2R2C was examined by qRT-PCR. 
(G) CCK-8 assay for HCC cells treated with shUPF3B and siPPP2R2C. (H) Western blotting of proteins associated with the PI3K/AKT/mTOR 
signaling after shUPF3B and siPPP2R2C treatment. *p < 0.05, **p < 0.01, ***p < 0.001. OD450, optical density at 450 nm.

F I G U R E  5  E2F6 promotes UPF3B transcription. (A) Screening of potential UPF3B transcription factors (TFs) using hTFtarget and 
cBioPortal databases. (B) Correlation between E2F6 and UPF3B expression levels in The Cancer Genome Atlas (TCGA)-LIHC dataset. (C) 
Kaplan–Meier analysis of the association between E2F6 expression and overall, disease-free, disease-specific, and progression-free survival 
in TCGA-LIHC dataset. (D) Kaplan–Meier analysis of the association between E2F6 expression and overall survival in the GSE14520 dataset. 
(E) E2F6 mRNA levels in normal and tumor samples from TCGA-LIHC dataset. (F) E2F6 expression in patients with the indicated histologic 
grades and pathologic stages. (G) Expression of UPF3B mRNA was examined by quantitative RT-PCR (qRT-PCR) in control and E2F6-knocked 
down hepatocellular carcinoma (HCC) cells. (H) Protein levels of UPF3B were determined by western blotting in control and E2F6-knocked 
down HCC cells. (I) ChIP qRT-PCR analysis (left) shows that E2F6 binds to the UPF3B promoter in HepG2 cells. PCR products were subjected 
to agarose electrophoresis (right). (J) Western blot analysis of E2F6 and UPF3B protein levels in paired HCC samples (T) and normal tissues 
(N). *p < 0.05, **p < 0.01, ***p < 0.001. TPM, transcripts per million.
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after overexpression of UPF3B in SNU-387, Hep3B, and HuH-7 cells 
(Figure 4C). Both RIP and qRT-PCR confirmed the binding of UPF3B 
protein to PPP2R2C mRNA in MHCC97H cells, while UPF3B inter-
ference attenuated this interaction (Figure 4D). Analysis of mRNA 
stability showed that the knockdown of UPF3B restrained the 

mRNA decay of PPP2R2C in HepG2 and MHCC97H cells (Figure 4E). 
Next, qRT-PCR confirmed the efficiency of PPP2R2C interference 
(Figure 4F). The knockdown of PPP2R2C abolished the suppression 
of cell proliferation and p-AKT and p-S6 levels by UPF3B interfer-
ing in HepG2 and MHCC97H cells (Figure 4G,H). The above findings 
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indicate that UPF3B binds to PPP2R2C to accelerate its mRNA deg-
radation, activating the PI3K/AKT/mTOR signaling.

3.5  |  E2F6 induces UPF3B transcription

To delve deeper into the molecular mechanisms underlying the ab-
errant expression of UPF3B in HCC, an exploration of upstream 
mechanisms was carried out, involving the analysis of CNV, DNA 
methylation, N6-methyladenosine (m6A) methylation, and tran-
scription factors. As shown in Figure  S3A, analysis of the online 
database MEXPRESS indicated that the expression level of UPF3B 
was independent of gene CNV and only weakly correlated with the 
DNA methylation status of the promoter. After treatment of HCC 
cells with decitabine, a DNA methyltransferase inhibitor, qRT-PCR 
findings indicated that the expression of UPF3B was not affected 
by DNA methylation in HepG2 or MHCC97H cells (Figure  S3B). 
Similarly, no significant changes in UPF3B expression levels were 
observed after interfering with METTL3, METTL14, or METTL3/14 
inhibitor (Figure S3C,D).

Subsequently, transcription factors related to UPF3B promoter 
were screened from the hTFtarget database, and the genes cor-
related with UPF3B expression (r > 0.3) were screened from the 
cBioPortal database. The intersection of the above results obtained 
10 potential transcription factors: CBFB, LMNB1, BRCA1, TFDP1, 
TAF1, CREB1, SUZ12, E2F6, E2F7, E2F3 (Figure 5A). The GSE14520 
dataset was used to verify their correlation with UPF3B expression 
(r > 0.3), narrowing the number of potential transcription factors to 
five (Figure  S4A). Their binding reliability to UPF3B promoter was 
further validated by Cistrome Data Browser, in which the binding 
scores >1 were BRCA1, E2F6, and SUZ12 (Table S3). Next, survival 
analysis of the above three transcription factors was undertaken in 
TCGA-LIHC and GSE14520 datasets. The findings indicated that in-
dividuals with elevated expression of E2F6 and BRCA1 had signifi-
cantly shorter survival (Figures 5C,D and S4B,C). Furthermore, E2F6 
and BRCA1 showed elevated expression in HCC samples compared 
with normal tissues (Figures 5E and S4D). Elevated UPF3B expression 
was also observed in patients with advanced histologic grades and 
pathologic stages (Figures 5F and S4E). After interfering with E2F6 in 
HepG2 and MHCC97H cells, UPF3B mRNA and protein levels were 
significantly decreased (Figure 5G,H), while no marked variance in 
UPF3B expression levels was noted after interfering with BRCA1 
(Figure S4F). To ascertain whether E2F6 directly regulates UPF3B 
transcription, binding sites of E2F6 on the UPF3B promoter were 
predicted using the JASPAR database. The ChIP analysis in HepG2 
cells further substantiated that E2F6 binds to the UPF3B promoter 

(Figure 5I), thereby exerting regulatory control over the expression 
of UPF3B. Western blot analysis on clinical specimens collected from 
HCC patients verified that E2F6 and UPF3B were highly expressed 
in HCC samples compared with matched normal tissues (Figure 5J).

3.6  |  E2F6/UPF3B axis promoted HCC growth 
through PI3K/AKT/mTOR pathway

It has been reported that E2F6 is a member of the E2F family that 
could control cell proliferation.18–20 To elucidate whether E2F6 func-
tions on the proliferative capacity of HCC through UPF3B, qRT-PCR 
revealed that knocking down UPF3B after E2F6 overexpression re-
stored UPF3B expression in HepG2 and MHCC97H cells (Figure 6A). 
The CCK-8 assay (Figure 6B), EdU assay (Figure 6C), and colony for-
mation assay (Figure 6D) showed that UPF3B interference reversed 
the E2F6-enhanced proliferation of these cells.

The role of the E2F6/UPF3B axis in tumor development was 
further explored using a mouse xenograft model. As shown in 
Figure 6E–G, interference with UPF3B in MHCC97H cells was able 
to reverse the elevated tumor volume and weight induced by over-
expression of E2F6. Western blot analysis of the xenografts showed 
that the levels of p-AKT and p-S6 were considerably enhanced after 
E2F6 overexpression but decreased after interference with UPF3B 
(Figure 6H). In summary, the E2F6/UPF3B axis regulated the PI3K/
AKT/mTOR signaling to promote HCC growth.

4  |  DISCUSSION

High transcriptional levels of UPF3B were associated with worse 
prognosis in multiple cancer types,21 although the molecular mecha-
nisms of UPF3B in tumor progression are unclear. As an RBP, UPF3B 
can directly bind to the target mRNA and induce mRNA degrada-
tion.11,12 This study identified an E2F6/UPF3B/PPP2R2C axis that 
drives HCC growth (Figure 6I). First, UPF3B expression was notably 
elevated in HCC tissues relative to normal liver tissues and associ-
ated with poor patient prognosis. Second, overexpression of UPF3B 
enhanced the proliferative capacity of HCC cells. Additionally, el-
evated expression of UPF3B was driven by the upregulation of E2F6 
in HCC tissues and UPF3B-bound PPP2R2C, accelerating its RNA 
degradation and mediating the activation of the PI3K/AKT/mTOR 
signaling.

E2F is a family of transcription factors critically regulating eukary-
otic cell proliferation. In mammals, eight members of the E2F family 
(E2F1-E2F8) have been identified.22,23 E2F6 performs its biological 

F I G U R E  6  E2F6/UPF3B axis promotes hepatocellular carcinoma (HCC) growth and the activation of PI3K/AKT/mTOR signaling. (A) 
Expression of UPF3B was examined by quantitative RT-PCR in HCC cells with E2F6 overexpression and UPF3B interference. (B) CCK-8, (C) 
EdU, and (D) colony-formation assays in HCC cells with E2F6 overexpression and UPF3B interference. (E) Subcutaneous xenograft volume 
was measured every 3 days. (F) Images and (G) weight of tumors collected at 21 days postinoculation (n = 5). (H) Western blot analysis of 
proteins associated with the PI3K/AKT/mTOR signaling in the xenograft tumors. (I) Proposed model for the role of the E2F6/UPF3B/
PPP2R2C axis in promoting HCC growth through the PI3K/AKT/mTOR signaling. *p < 0.05, **p < 0.01, ***p < 0.001. OD450, optical density at 
450 nm.
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role by altering the transcription of downstream genes through bind-
ing to the DNA site 5′-TCCGC-3′.24 Extensive research has highlighted 
the elevated expression of E2F6 in diverse cancers, facilitating the 
growth of tumor cells.25 By binding to the PNO1 promoter, E2F6 
upregulates PNO1 expression and enhances the progression of 
triple-negative breast cancer.26 However, the mechanism of action 
between UPF3B and E2F6 remains unexplored. This research deter-
mined that E2F6 showed elevated expression in HCC tissues and was 
linked with adverse prognosis. Binding to the UPF3B promoter, E2F6 
upregulated the expression of UPF3B, subsequently promoting the 
growth of HCC. It is worth noting that when UPF3B was knocked 
down after E2F6 overexpression, the cell growth was slightly higher 
than that of the control group (Figure  6B), suggesting that UPF3B 
might not be the sole target of E2F6 in promoting cell proliferation.

The PI3K/AKT/mTOR signaling could regulate apoptosis, cell 
cycle, metabolism, and angiogenesis, offering a wide range of thera-
peutic possibilities.27 The AKT signaling could be dephosphorylated 
by PP2A.28 We found that PPP2R2C, a regulatory subunit of PP2A, 
is the target of UPF3B. PPP2R2C has been proven to be a tumor sup-
pressor.29 PPP2R2C is downregulated in glioma tissues and cells and 
inhibits the mTOR pathway, thus inhibiting tumor growth.30 It has 
also been reported that the expression of PPP2R2C is downregu-
lated in primary prostate cancer, and its low expression is related to 
poor survival and prognosis of patients.31 Our results are consistent 
with this: UPF3B can bind to PPP2R2C, accelerate its mRNA degra-
dation, and then activate the PI3K/AKT/mTOR signal transduction 
pathway to promote the proliferation of HCC cells. Similarly, a recent 
study showed that UPF3B-S (a truncated oncogenic splice variant) 
drives metastasis in HCC by targeting the 3′-UTR of CDH1 mRNA to 
enhance its degradation.32 However, the particular sites of PPP2R2C 
mRNA that bind to UPF3B protein require further examination.

In conclusion, this research indicates that UPF3B predicts an un-
favorable prognosis in individuals with HCC. In addition, this study 
reveals that the E2F6/UPF3B/PPP2R2C axis mediates the activation 
of PI3K/AKT/mTOR signaling to promote HCC growth. Therefore, 
targeting the E2F6/UPF3B/PPP2R2C axis could be a promising 
strategy for treating HCC.
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