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Editorial

Ubiquitination is a series of enzymatic reactions in which 

ubiquitin molecules attach to substrate proteins via ubiqui-

tin-activating enzymes (E1s), ubiquitin-conjugating en-

zymes (E2s), and ubiquitin ligases (E3s). This process is 

reversible and can be undone by deubiquitinating enzymes 

(DUBs). Deregulation of these enzymes leads to the post-

translational modification of proteins that are vital for con-

trolling various cellular processes, such as endoplasmic 

reticulum homeostasis, genomic integrity, epigenetic regu-

lation, cell growth, cell death, autophagy, and metabolic re-

programming.1-5 These modifications have a significant im-

pact on the development and progression of several types 

of cancers, including hepatocellular carcinoma (HCC).3-5 To 

date, two E1s, at least 40 E2s, over 800 E3s, and more 

than 100 DUBs have been identified in the human ge-

nome.6-8 In recent years, small molecule inhibitors targeting 

these enzymes have been developed, and their antitumor 

effects have been proven in various clinical trials.9 Notably, 

several of these inhibitors, such as bendamustine, thalido-

mide and mitoxantrone, have been Food and Drug Admin-

istration-approved for the treatment of cancers.10 Nonethe-

less, the majority of current research on ubiquitination has 

focused on the investigation of certain enzymes, and a 

systematic approach for screening key enzymes that have 

clinical relevance is currently limited. Therefore, there is an 

urgent need to systemically identify key ubiquitin-related 

enzymes with clinical value.

HCC is one of the deadliest diseases and is the 4th lead-

ing cause of cancer mortality worldwide.11 To prolong the 

survival of HCC patients, immense efforts have been made 

to identify molecules for diagnosis, prognosis and thera-

peutic intervention, with the ultimate goal of improving pa-

tient survival. In an issue of Clinical and Molecular Hepa-
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tology, Zhang et al.12 reported the use of a ubiquitin-related 

gene risk prediction model to evaluate the prognosis of 

HCC patients by analyzing 1,423 ubiquitin-related genes 

via LASSO and multivariate Cox regression analyses. 

Among these genes, a four-gene signature comprising 

SSR3, CYHR1, UBE2S, and SKP2 was established and 

serves as an independent prognostic factor for the predic-

tion of overall survival in HCC patients. Further clinical 

analysis revealed that only CYHR1 and UBE2S are signifi-

cantly overexpressed in HCC at both the mRNA and pro-

tein levels compared with adjacent normal tissues. These 

findings, along with the significant correlation between the 

expression level of UBE2S and the overall and disease-

free survival of HCC patients, prompted a focus on UBE2S 

for functional characterization and pathway elucidation.

 To gain insight into the molecular mechanism underlying 

UBE2S overexpression, Zhang et al. employed JASPAR 

database analysis and identified E2F2, a cell-cycle regula-

tory protein that is overexpressed in HCC, as the transcrip-

tion factor that binds to the promoter region of UBE2S. This 

analysis was further supported by a luciferase promoter 

assay showing increased UBE2S promoter activity upon 

E2F2 overexpression. Further truncation analysis revealed 

three binding sites in the UBE2S promoter region from 

–500 to –250 bp, where E2F2 binds, as confirmed by chro-

matin immunoprecipitation and qPCR analysis. Clinically, 

E2F2 and UBE2S were positively correlated in HCC sam-

ples at both the mRNA and protein levels. In addition to 

E2F2, FOXM1, another transcription factor that regulates 

cell cycle progression, was previously reported to increase 

UBE2S expression via promoter activation in HCC.13 Col-

lectively, these findings highlight that E2F2 directly binds to 

the UBE2S promoter region and thereby stimulates the 

transcriptional upregulation of UBE2S expression.

 Through the use of bulk RNA sequencing to characterize 

the genetic profiles of UBE2S knockout and control cells, 

several metabolic pathways, including glycerolipid metabo-

lism, pentose and glucuronate interconversion, glycolysis/

gluconeogenesis, pentose phosphate pathway, and phe-

nylalanine, tyrosine and tryptophan biosynthesis, were 

found to be significantly reduced in UBE2S-knockout cells 

via Kyoto Encyclopedia of Genes and Genomes pathway 

analysis. Specifically, the levels of glucose-6-phosphate, 

fructose-1,6-diphosphate, dihydroxyacetone phosphate, 

3-phosphoglycerate, 2-phosphoglycerate, and phospho-

enolpyruvate in the glycolysis pathway were also signifi-

cantly suppressed. Similarly, several parameters of glycoly-

sis, including glucose uptake, lactate production, and the 

extracellular acidification rate, were suppressed upon the 

repression of UBE2S. Conversely, the overexpression of 

UBE2S resulted in increased proliferation of HCC cells, 

which aligns with previous studies that reported similar 

findings.14,15 Interestingly, this enhanced proliferative effect 

was offset by treating UBE2S-overexpressing cells with 

2-DG, a known glycolysis inhibitor, further confirming the 

novel role of UBE2S in the regulation of glycolysis in HCC. 

Gene set enrichment analysis of the changes in glycolytic 

enzymes upon UBE2S suppression revealed that these 

genes may be regulated by the HIF-1 signaling pathway. 

Furthermore, alterations in the expression of UBE2S affect 

the protein level of HIF-1α. The functional role of UBE2S in 

the regulation of HIF-1α-mediated glycolysis in HCC cells 

was further confirmed in UBE2S-overexpressing HCC cells 

via the suppression of HIF-1α via genetic and pharmaco-

logical approaches.

 On the basis of the observation that there was no 

change in the HIF-1α mRNA level upon UBE2S alteration, 

the authors postulated that HIF-1α is regulated by UBE2S 

via posttranslational modification. Interestingly, Zhang et al. 

reported that UBE2S overexpression reduced the expres-

sion and protein stability of von Hippel-Lindau tumor sup-

pressor (VHL), a classical ubiquitin ligase that mediates the 

ubiquitination of HIF-1α.16 Further mutation and protein sta-

bility experiments further supported the regulatory role of 

UBE2S in VHL in a ubiquitin-proteasome-dependent man-

ner. Importantly, surface plasmon resonance demonstrated 

that UBE2S directly binds to VHL rather than through an-

other molecule. Screening of mutated ubiquitin forms for ly-

sine ubiquitination revealed that only K11O (Ub with an in-

tact Lys11 residue) could be linked to VHL by UBE2S, 

whereas its mutation form was not linked to VHL in HCC 

cells. An immunoprecipitation assay further revealed that 

Abbreviations: 
DUBs, deubiquitinating enzymes; DHAP, dihydroxyacetone phosphate; E1s, ubiquitin-activating enzymes; E2s, ubiquitin-conjugating enzymes; E3s, ubiquitin ligases; F-1,6-
BP, fructose-1,6-diphosphate; HCC, hepatocellular carcinoma; VHL, von Hippel–Lindau tumor suppressor
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the K171R and K196R mutations abolished UBE2S-mediat-

ed ubiquitination, indicating that K171 and K196 are specifi-

cally responsible for the UBE2S-catalyzed ubiquitination of 

VHL. An in vitro ubiquitination assay demonstrated that 

UBE2S increases the ubiquitination of VHL and promotes 

its degradation without requiring an E3 enzyme, thereby in-

creasing the protein stability of HIF-1α (Fig. 1). This finding 

provides a deeper understanding of the previously unan-

swered question of how UBE2S regulates sorafenib resis-

tance by regulating the stability of VHL in HCC.15

To investigate the impact of UBE2S on the development 

of HCC in vivo, a hepatocyte-specific UBE2S knockout 

mouse model was created by breeding UBE2Sloxp/1oxp mice 

with Alb-Cre mice. Zhang et al. reported that upon treat-

ment with diethylnitrosamine/CCl4, there was a significant 

delay in the onset of HCC development in UBE2S−/− mice 

compared with that in their wild-type counterparts, and this 

delay was accompanied by a decrease in the secretion of 

several key enzymes involved in liver damage. Most impor-

tantly, HIF-1α and a number of glycolytic enzymes were 

significantly downregulated in UBE2S−/− mice. Based on 

these in vivo observations, UBE2S may act as an onco-

gene that drives HCC development via the regulation of 

HIF-1α-mediated glycolysis. With the previous successful 

experience in the use of cephalomannine for the inhibition 

of UBE2S, Zhang et al. consistently reported that cephalo-

mannine inhibited the proliferation of HCC cells in vitro by 

effectively suppressing UBE2S. Given that HIF-1α is a 

downstream effector of UBE2S, the combined effect of 

cephalomannine and PX-478 was evaluated. They found 

that this combination exerts a maximal tumor suppressive 

effect in an HCC xenograft model, thus providing a poten-

tial novel therapeutic strategy for HCC patients.

 Overall, this study provides new mechanistic insight with 

clinical implications. First, this study develops a risk predic-

tion model and identifies UBE2S as a critical ubiquitination 

Figure 1. Schematic representation of the role of E2F2/UBE2S/VHL in regulating HIF-1α-driven glycolysis in HCC. VHL, von Hippel–
Lindau tumor suppressor; HCC, hepatocellular carcinoma.
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enzyme for the prediction of the overall survival of HCC pa-

tients. Second, E2F2 was identified as a novel transcription 

factor upstream of UBE2S. Third, like other E2 enzymes, 

including UBE2T17 and UBE2E18 reported previously, 

UBE2S facilitates ubiquitin-mediated degradation in an E3 

enzyme-independent manner. Finally, this study provides a 

novel strategy for the treatment of HCC patients by target-

ing UBE2S and HIF-1α. Although the current in vitro and in 

vivo data obtained by Zhang and colleagues are encourag-

ing, this study has several limitations. A previous report 

showed that UBE2S stabilized β-catenin against myocardi-

al ischemia/reperfusion injury by activating HIF-1alpha sig-

naling.19 Given the significant role of β-catenin in HCC 

pathogenesis and HIF-1α modulation, whether beta-catenin 

is independently involved in the mechanism of UBE2S-me-

diated promotion of glycolysis in HCC remains unclear. In 

addition, previous reports have suggested the presence of 

a positive feedback loop between UBE2S and HIF-1α, 

wherein the activity of UBE2S was found to be regulated 

by VHL/HIF-1α.20 Finally, although it has been suggested 

that targeting UBE2S and HIF-1α has therapeutic potential, 

further investigations using a variety of mouse HCC mod-

els are warranted.
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