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Background: As hepatocellular carcinoma (HCC) having the second-highest mortality rate globally, the early diagnosis and
prognosis of HCC have always been the focus of various studies. Although PSME4 has been reported to be closely related to several
malignancies, its role in HCC remains unclear.
Materials and Methods: The TCGA-LIHC database and HCC tissues were used to explore the expression of PSME4 in HCC. Gene
set enrichment analysis (GSEA) was used to forecast the biological behavior of HCC cells that PSME4 might be involved in
regulation. In addition, CCK-8, colony formation and flow cytometry assays were used to explore the effect of PSME4 on HCC cells.
Furthermore, the underlying PSME4-related signaling pathways in HCC were further confirmed using GSEA.
Results: We found that the expression of PSME4 in HCC tissues was significantly higher than that in adjacent normal tissues, and
patients with high PSME4 expression have a poor prognosis. CCK-8, colony formation and flow cytometry assays shown that
knockdown of PSME4 inhibits HCC cell proliferation of HCC cells, promotes cell apoptosis and moves the cell cycle away from the S
phase. Mechanistically, PSME4 may promote the development of HCC through mTOR signaling pathway.
Conclusion: The high expression of PSME4 in HCC promotes the proliferation of HCC cells via the mTOR signalling pathway.
Therefore, PSME4 is an emerging tumour marker for the early diagnosis and prognosis of HCC.
Keywords: hepatocellular carcinoma, mTOR signaling, liver cancer prognosis, PSME4

Introduction
Liver cancer has the fifth-highest incidence rate and second-highest mortality rate worldwide.1 The major risk factors for
liver cancer include genetics, race, age, sex, viral hepatitis, alcohol, non-alcoholic fatty liver disease/non-alcoholic
steatohepatitis, metabolic syndrome, etc.2–4 As the most common pathological type of liver cancer, hepatocellular
carcinoma (HCC) accounts for approximately 90% of all liver cancer cases. Diagnosis of hepatocellular carcinoma is
significant which includes two main approaches: imaging and biomarkers. Imaging is relatively simple includes a
contrast-enhanced ultrasound (CEUS), dynamic contrast-enhanced computed tomography (CT), dynamic contrast-
enhanced magnetic resonance imaging (MRI).5 Biomarkers are varied compared to imaging and thus have the potential
for further exploration. Current biomarkers of liver cancer are tissue biomarkers, serum biomarkers, protein markers,
autoantibody markers, growth factors, and genetic biomarkers.6 Alpha-fetoprotein (AFP) is a typical biomarker for HCC,
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however, it has low sensitivity (41–65%) and specificity (80–94%).7 Therefore, identifying an ideal HCC biomarker with
high sensitivity and specificity, which could increase the potential for the early diagnosis, prognosis, and targeted
treatment of HCC, remains the highlight of various studies.

Proteasomal activity subunit 4 (PSME4) is a proteasomal activator, that regulates protein degradation by regulating
proteasomal function. PA200, encoded by PSME4, is a mammalian protein highly expressed in the testis and sperm.8

Moreover, proteasome activators not only regulate the function of the proteasome, but also have the potential to become
predictors of various malignant tumors. PSME1 and PSME2 have been reported to be potential biomarkers and
prognostic indicators of gastric cancer. Whereas PSME3 and PSME4 are precited to be promising therapeutic targets
for gastric cancer as oncogenes in tumorigenesis.9 Additionally, PSME4 has been reported to be a candidate protein
marker for oral tumors.10 PSME4 is a key nodal protein involved in liver regeneration, which promotes of liver cell
regeneration.11 Based on the correlation between tumors and PSME4 along with the unclear role of PSME4 in HCC, this
study hypothesizes that PSME4 plays an important role in the occurrence and development of HCC.

In this study, the differential expression of PSME4 in HCC tissues and adjacent normal tissues was analyzed, and the
relationship between PSME4 and the prognosis of patients with HCC was explored. Additionally, the effect of PSME4 on
HCC cells was further explored by analyzing the biological behavior and gene expression characteristics. Finally, the
underlying molecular mechanism of PSME4 in the progression of HCC was investigated.

Materials and Methods
Patients and Tissue Samples
The diagnostic criteria for liver cancer include the following aspects: (1) Liver space-occupying lesions or extrahepatic
metastases biopsy or surgical resection of tissue specimens are diagnosed as liver cancer via histopathological or
cytological examination; (2) Various imaging examinations have an auxiliary or even direct diagnosis function including
dynamic enhanced CT, multi-modal MRI scan, digital angiography and PET-CT, which are more instructive for
diagnosis; (3) Serum AFP is commonly used for the diagnosis of liver cancer and monitoring of its curative effect.
Liver cancer is suspected when AFP ≥ 400ug/L lasts more than 4 weeks, excluding pregnancy, chronic or active liver
disease, gonadal embryogenic tumors and gastrointestinal tumors; (4) Patients with hepatitis infection, excessive
drinking, non-alcoholic steatohepatitis, the long-term consumption of Aspergillus flavus contaminated food or a family
history of related liver disease, are considered to be high-risk factors for liver cancer, which aid in effective diagnosis
combined with other diagnostic methods.12,13 A total of 20 pairs of liver cancer and its adjacent normal tissues were
collected from the Affiliated Hospital of Nantong University, which included excised tissue specimens after surgery from
2019 to 2020 that had undergone an accurate histopathological diagnosis. This study was approved by the Human
Research Ethics Committee of the Affiliated Hospital of Nantong University, and each patient provided written informed
consent.

Cell and Transfection
Liver cancer cell lines (SMMC-7721, Huh7, HepG2 and Hep1) and normal liver cells (LO2) were selected for this study.
Complete Dulbecco’s modified Eagle’s medium (DMEM), which was co-cultured with 10% fetal bovine serum (FBS),
1% penicillin-streptomycin, and 0.02% tetracycline in an incubator with 5% CO2 at 37°C, was used as the culture
medium. HepG2 was selected and cultured in 6-well plates before transfection. When the cells were approximately
70–80% distributed, the primary medium was converted to a serum-free medium and transfected with small interfering
RNA (siRNA) targeting PSME4 (PSME4-siRNA) and its negative control siRNA(siCtrl). PSME4-siRNA and control-
siRNAwere projected and synthesised by Gene Pharma (Shanghai, China). Sequences of the siRNAs used are as follows:
PSME4-homo-481 siRNA (sense, 5′-GGAGACCACUUUAUGACAUTT −3′ and antisense, 5′-AUGUCAUAAAGUG
GUCUCCTT −3′) and negative control siRNA (sense, 5′-UUCUCCGAACGUGUCACGUTT-3′ and antisense, 5′-
ACGUGACACGUUCGGAGAATT-3′). HepG2 cells were transfected with liposome 2000 transfection reagent
(Invitrogen, Shanghai, China). At 6 h post-transfection, the serum-free medium was replaced with complete DMEM.
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After 48 hours, the cells were collected and the transfection efficiency was detected using real-time quantitative
polymerase chain reaction (RT-qPCR) and Western blotting.

Western Blot
To analyse the expression of each molecule at the protein level, RIPA (Beyotime, Jiangsu, China) buffer was used to fully
lyse the cells. Following this, the sample was centrifuged for 10 minutes at 10,000 rpm at 4°C to collect the supernatant.
The supernatant was boiled at 100°C for 15 minutes with a 5× sodium dodecyl sulphate loading buffer to obtain protein
samples. Proteins were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
electro-transferred to polyvinyl difluoride membranes (Millipore, Burlington, MA, USA). Tris-buffered saline with
Tween-20 (TBST) containing 5% skim milk was used to block the membranes at room temperature for 2 h and incubated
with diluted primary antibodies against PSME4 (Cat No.18799-1-AP,1:1000, Proteintech), p-mTOR (sc-293132,1:1000,
SANTA), mTOR (WL02477,1:1000, Wanleibio), MAPK (T202/Y204,1:1000, Cell Signaling Technology), p-MAPK
(8544,1:1000, Cell Signaling Technology), Erk (4370,1:1000, Cell Signaling Technology), p-Erk (18,251,1:1000, RD
systems), Akt (abs131788,1:1000, Absin), p-Akt (sc-271966,1:500, Santa), Mek (GB11304-1,1:500, Servicebio), p-Mek
(9127,1:1000, Cell Signaling Technology) at 4°C for 24 h. After washing with TBST thrice and incubating with species-
specific antibodies for 2 hours, target bands were visualized using a bioimaging system (Bio-Rad, Hercules, CA, USA)
that use an enhanced chemiluminescent kit (NCM Biotech, Suzhou, China). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was employed as the internal reference, and finally protein bands were quantified by Image J software.

Real-Time PCR
Total RNA were isolated from HCC tissues, adjacent normal tissues and various cells by TRIzol reagent (Ambion,
Austin, TX, USA) and reverse transcribed into complementary DNA(cDNA) by the first-strand cDNA synthesis kit
(Vazyme, Nanjing, China). The differential expressions of various molecules in the tissues were determined by using a
SYBR Green PCR Kit (Qiagen, Hilden, Germany) on a Roche Light Cycler 480 system (Roche Holding AG, Basel,
Switzerland). Primer sequences were purchased from Sangon Biotech (Shanghai, China). The primer sequences provided
in this analysis were as follows: PSME4, forward 5′-TGTGGAGCAAAGAAACCTG-3′ and reverse 5′-AAACCGT
ATGGCACGAAG-3′; MAPK, forward 5′-CAAGAAAATCAGCCCCTTTG-3′ and reverse 5′-TCTCATGTCTGAAGCG
CAGT-3′; Akt, forward 5′-CAGGAGGAGGAGAGATGGACTTC-3′ and reverse 5′-CACACGGTGCTTGGGCTTGG-
3′; PCNA, forward 5′-GGAGAGCTTGGCAATGGGAA-3′ and reverse 5′-TAGGAGACAGTGGAGTGGC-3′;c-Myc,
forward 5′-TAACTGACTAGCAGGCTTGTCG-3′ and reverse 5′-TCCACATACAGTCCTGGATGATGATG-3′;18s, for-
ward 5′-CGCCGCTAGAGGTGAAATTC-3′ and reverse 5′-CCAGTCGGCATCGTTTATGG-3′.

Proliferation and Apoptosis Experiment
The proliferation ability of the cells were evaluated via the CCK8 cell proliferation experiment, which used a WST-1
proliferation reagent for detection at 0, 24, 48, 72 hours with Cell-Counting kit 8(BBI Life Sciences). Each group of cells
was screened by counting 2000 cells, cultured for 14 days under half starvation (5% FBS), and finally photographed. For
the determination of apoptosis ability, we collected the cells of the two groups, added 1mL precooled 70% ethanol, blew
them evenly at 4°C overnight, centrifuged them (1200rpm 4min 14°C), then supernatant was removed, re-suspended with
1mL phosphate-buffered saline (PBS), and removed the supernatant. AnnexinV Alexa Fluor647/PI (Fcmacs) apoptosis
reagent was added to detect the apoptosis ability of the cells by flow cytometry. Additionally, the two groups of cells
were collected for the determination of the cell cycle. The supernatant was centrifuged, and PBS was used for re-
suspension. The DNA content detection reagent (Solarbio) was added to determine the status of each phase of the cell
cycle was detected by flow cytometry.

TCGA LIHC Database Analysis
The XENA (http://xenabrowser.net/heatmap/) website was used to download the expression level of PSME4 mRNA, and
the TCGA LIHC (The Cancer Genome Atlas- liver hepatocellular carcinoma) database was used to download the
corresponding clinical data, including tumor stage and grade.
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Gene Set Enrichment Analysis (GSEA)
GESA14 was used to divide the obtained data into PSME4 high and low expression groups, wherein the differences in
gene enrichment between the two groups was determined.

Statistical Analysis
The results are reported as the mean±standard error. All values were obtained from at least three independent assays.
Statistical analyses were performed by GraphPad Prism 8.0.2 software for Windows. The paired rank-sum test was used
to analyze the data on paired HCC and its adjacent tissues. A two-tailed Student’s t-test was conducted to compare the
differences between two groups. P>0.05 was considered statistically significant.

Results
PSME4 Was Highly Expressed in HCC Tissues
To explore the role of PSME4 in the development of HCC, the HCCDB and ONCOMINE databases were used to analyze
the expression of PSME4. As shown in Figure 1, the expression of PSME4 in HCC tissues was significantly higher than

Figure 1 PSME4 was highly expressed in HCC tissues. (A and B) The expression of PSME4 in the HCCDB and ONCOMINE database is different between HCC and ANT
tissues and three typical groups of data sets with obvious differences were picked out. (C) PSME4 expresses higher in the HCC tissues than adjacent normal tissues in two
independent samples. p=2.2e-12 (D) PSME4 expresses higher in the HCC tissues than adjacent normal tissues in two paired samples. p=1.4e-06 (E) Normal liver tissues (n =
20) and HCC tissues (n = 20) were evaluated by qRT-PCR. P=0.000.
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that in adjacent normal tissues (ANT) (Figure 1A), with the three groups of data sets showing obvious differences
(Figure 1B). Additionally, through analyzing two independent samples (Figure 1C) and two paired samples (Figure 1D),
PSME4 was found to be highly expressed in HCC tissues. This was further verified using the tissues samples obtained
from the Affiliated Hospital of Nantong University (Figure 1E). Therefore, compared to adjacent normal tissues, PSME4
was highly expressed in HCC tissues. However, the expression of PSME4 in HCC and its adjacent tissues had no
significant relationship with race, gender, weight, age and histological subtype (Supplement Figure S1).

High Expression of PMSE4 Predicts Poor Prognosis in Patients with HCC
The high expression of PSME4 in HCC led to the speculation that PSME4 might be related to the prognosis of HCC.
Analyses of the clinical data obtained from the TCGA-LIHC database revealed that the overall survival rate of patients
with HCC having high expression of PSME4 was significantly lower than that of patients with low expression of PSME4
(Figure 2A). Moreover, the expression of PSME4 in HCC tissues with nodal metastasis (N1) was significantly higher
than that in HCC tissues without nodal metastasis (N0) or in the normal group (Figure 2B). In addition, with increased
tumor grade or individual cancer stage, the expression of PSME4 was increased (Figure 2C and D). Therefore, PSME4 is
negatively related to the prognosis of HCC.

Figure 2 High expression of PMSE4 predicts poor prognosis in patients with HCC. (A) The overall survival rate between HCC patients with or without high expression of
PSME4 was found by analyzing the TCGA-LIHC database. (B–D) The expression of PSME4 about nodal metastasis, tumor grade or individual cancer stage was about by
analyzing the TCGA-LIHC database. ns p≥0.5, *p< 0.05, ***p<0.001.
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GSEA Between PSME4 High and Low Expression Groups
The HCC tissues data obtained from the TCGA-LIHC database was divided into PSME4 high and low expression groups, and
GSEAwas used to determine the tumor-related functional pathways that may involve PSME4. As shown in Figure 3A–D, the
effects of PSME4 on the biological behavior of HCC cells focused on apoptosis, cell cycle regulation, glycolysis and other
pathways. TP53, a well-known tumor suppressor gene. The mutation of TP53 which is a well-known tumor suppressor,
promotes cell proliferation but has no inductive effect on cancer cell apoptosis. Interestingly, the expression of PSME4 in
patients with HCC having TP53 mutation was significantly higher than that in those without TP53 mutation or the normal
group (Figure 3E). These results suggested that PSME4 plays a significant role in the tumorigenesis of HCC by affecting
phenotypic functional pathways, which include cell proliferation, apoptosis and cell cycle.

Changes in the Functional Phenotype of HCC Cells After PSME4 Knockdown
To further elucidate the effect of PSME4 on cell proliferation, apoptosis and cell cycle, the expression of PSME4 in
various HCC cell lines and normal liver cell (LO2) lines was determined by Western blotting, wherein the expression of
PSME4 was the highest in HepG2 cell (Figure 4A). Therefore, subsequent experiments were conducted using HepG2

Figure 3 GSEA between PSME4 high and low expression groups. (A–D) GSEA was utilized to analyze the effects of PSME4 on the biological behavior of HCC cells. (E) The
expression of PSME4 about TP53 mutation and nonmutation was about by analyzing the TCGA-LIHC database. ***p<0.001.
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cells. Analysis of HepG2 cells transfected with PSME4-siRNA or control-siRNA (Figure 4B) using CCK8 and colony
formation assays revealed that the proliferation ability of HepG2 cells was significantly reduced after PSME4 knockdown
(Figure 4C and D). Additionally, flow cytometry revealed that the proportion of cells with early and late withering was
significantly increased in HepG2 cells transfected with PSME4-siRNA (Figure 4E). Furthermore, the number of cells
arrested in the S phase was increased after PSME4 knockdown (Figure 4F). Apoptosis (Supplement Figure S2) and cell
cycle (Supplement Figure S3) experiments were repeated in triplicate between the control group and PSME4-siRNA
group. Therefore, PSME4 plays a significant role in the tumorigenesis of HCC, which mainly through affecting
phenotypic functional pathways including cell proliferation, apoptosis and cell cycle.

PSME4 Plays a Role in HCC via the mTOR Signaling Pathway
The underlying molecular mechanisms driving PSME4-induced cell proliferation in HCC remains uncertain. GSEA
(Figure 3A) revealed that the mTOR signaling pathway was found to be involved in the progression of HCC regulated by
PSME4. Therefore, the expression of genes related to the mTOR signaling pathway was analyzed. p-mTOR was
significantly decreased in HepG2 cells transfected with siRNA-PSME4 than that in the control group. Additionally,
the expression of mTOR, p-Akt, Akt, p-MAPK, MAPK, p-Erk, Erk, p-Mek and Mek were also reduced (Figure 5A).
Further verification of the expression of upstream and downstream molecules of the mTOR signaling pathway at the
RNA level showed decreased levels after PSME4 knockout, including AMPK, Akt, c-myc and PCNA (Figure 5B).
Therefore, mTOR plays an important role in promoting HCC of PSME4.

Discussion
As a member of the proteasome activator family, PSME4, encoding PA200 protein is speculated to play an important role
in protein degradation.15 However, the specific role of PSME4 and its influence on HCC remains unclear and unexplored.
Other proteasome activator subtypes similar to PSME4, such as PSMA7 and PSMB5, have been shown to inhibit cell
apoptosis and promote tumor proliferation.16,17 Therefore, a preliminary exploration of the collected data revealed that
the expression of PSME4 in HCC was significantly higher than that in adjacent tissues. Further analysis of the TCGA
LIHC data showed that the high expression of PSME4 had a significantly negative effect on the prognosis of HCC, which
is reflected in tumor grade, nodal metastasis, overall survival rate, and TP53 expression. TP53 mutation is one of the
most common somatic events in cancer and has an adverse effect on cancer prognosis.18 Therefore, the positive
correlation between PSME4 and TP53 expression reflects the negative effect of PSME4 on liver cancer prognosis.

Moreover, PSME4 affects HCC through functional pathways, including apoptosis, cell cycle, glycolysis, mitosis,
androgen and MYC oncogene. Among them, apoptosis, cell cycle and glycolysis have a more prominent correlation with
tumorigenesis. Apoptosis, known as programmed cell death, is one of the major forms of cell death.19 Studies have used
this positive effect to unravel the therapeutic efficacy of diseases.20 For example, small molecule apoptosis inducers have
been clinically proven to treat or even cure some diseases by eliminating diseased cells.21 Similarly, the present study
shows that PSME4 may play an inhibitory role in HCC by regulating apoptosis, which was confirmed by flow cytometry
analysis. Compared with the cells in the control group, the early and late-modulated cells in the PSME4 knockdown
group were significantly increased. Meanwhile, a significant difference in the cell cycle status between the control and
PSME4 knockdown groups was observed, wherein the proportion of cells in the S phase decreased significantly in the
PSME4 knockdown group, whereas that in the G1 and G2 phases increased to varying degrees. The cell cycle is divided
into the intercellular phase and mitotic phase (M phase), with the intercellular phase mainly including the prophase of
DNA synthesis (G1 phase), DNA synthesis phase (S phase) and anaphase of DNA synthesis (G2 phase).22 G1 and G2
phases bridge the gaps between DNA synthesis and mitosis in the cell cycle. The transition from G1 to S phase represents
cellular DNA synthesis, which indicates the ability of cells to proliferate, whereas the transition G2 to M phase is another
significant marker of cell mitosis.22 These two stages involve complex and active molecular changes, which are easily
affected by environmental conditions. Therefore, cancer cells and tumor suppressor factors have the potential to modify
the cell cycle. The proportion of G1 and S phase cells in the knockout group was significantly reduced, which indicated
the reduced proliferation ability of cells after PSME4 knockdown. This was consistent with the results of the CCK8 cell
proliferation experiment and colony formation assay. As a transcription factor, TP53 not only reflects tumor prognosis,
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Figure 4 Changes in the functional phenotype of HCC cells after PSME4 knockdown. (A) The expression of PSME4 was measured in various HCC cell lines and in normal
liver cell by Western blot. (B) HepG2 cells were transfected with PSME4 siRNA and non-targeting control siRNA and the expression of PSME4 was measured by Western
blot. (C) CCK8 assays, (D) Colony formation assays, (E) Apoptosis and (F) Cell cycle experiments were performed after transfection. Results were represented as mean
±SD of three independent experiments. *p< 0.05, ***p<0.001.
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but also regulates apoptosis, cell cycle and DNA repair to affect cell proliferation. Moreover, the mutation of TP53
promotes cell proliferation and tumor development.23 This effect has been demonstrated in a variety of tumors, including
cervical,24 colorectal25 and lung cancers.26 PSME4 expression was significantly increased after TP53 mutation, indicat-
ing that PSME4 promotes HCC proliferation and growth.

Although the oncogenic role of PSME4 in the occurrence and development of liver cancer has been indicated, the specific
mechanisms remain unclear. GSEA revealed that PSME4 could regulate tumor development via the mTOR complex 1
(mTORC1). mTOR, a serine/threonine-protein kinase in the PI3K-associated kinase family, consists of two catalytic subunits,
mTORC1 and mTOR complex 2 (mTORC2).27 As a well-known eukaryotic signaling pathway, mTOR can regulate cell
growth and metabolism through environmental coordination. It promotes protein and lipid synthesis, regulates glucose
metabolism and inhibits protein catabolism.27 mTORC1 is a downstream effector of various frequently mutated oncogenic
pathways, including the PI3K/Akt and Ras/Raf/MEK/ERK (MAPK) pathways.28 It has also been reported to lead to the
overactivation of mTOR in various cancers, including breast cancer,29 neuroglioma30 and hepatic carcinoma.27 Therefore,
targeting mTOR could provide novel avenues in cancer therapy. Furthermore, the expression of PCNA and c-myc, which are
representative genes of proliferation31,32 is consistent with the decreased expression of PSME4 and mTOR. In addition, the
expression of mTOR/p-mTOR, AKT/p-AKT, ERK/p-ERK,MAPK/p-MAPK andMEK/p-MEKwere decreased after PSME4
knockdown, which substantiates that PSME4 can regulate the occurrence and development of liver cancer via the mTOR
signaling pathway. However, further study is required to elucidate the specific mechanisms.

Conclusion
PSME4 promotes the occurrence and development of liver cancer through the mTOR signalling pathway, while having
adverse effects on its prognosis. Therefore, PSME4 has the potential to become a new tumor marker for the early
diagnosis and prognosis of liver cancer.

Figure 5 PSME4 plays a role in HCC through mTOR signalling way. (A) Western blotting analyses the expression of mTOR/p-mTOR, AKT/p-AKT, ERK/p-ERK, MAPK/p-
MAPK and MEK/p-MEK in HepG2 cells transfected with siRNA-PSME4 and in control HepG2 cells. (B) The expression of AKT, MAPK and other proliferation related genes
(PCNA and c-myc) were measured in transfected HepG2 cells by qRT-PCR. Results were represented as mean±SD of three independent experiments. *p< 0.05.
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