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Abstract: Hepatocarcinogenesis is a complex multistep biological process involving genetic and epigenetic altera-
tions that are accompanied by activation of oncoproteins and inactivation of tumor suppressors, which in turn 
results in Hepatocellular carcinoma (HCC), one of the common tumors with high morbidity and mortality worldwide. 
The ubiquitin-proteasome system (UPS) is the key to protein degradation and regulation of physiological and patho-
logical processes, and E3 ligases are key enzymes in the UPS that contain a variety of subfamily proteins involved in 
the regulation of some common signal pathways in HCC. There is growing evidence that many structural or function-
al dysfunctions of E3 are engaged in the development and progression of HCC. Herein, we review recent research 
advances in HCC-associated E3 ligases, describe their structure, classification, functional roles, and discuss some 
mechanisms of the abnormal activation or inactivation of the HCC-associated signal pathway due to the binding 
of E3 to known substrates. In addition, given the success of proteasome inhibitors in the treatment of malignant 
cancers, we characterize the current knowledge and future prospects for targeted therapies against aberrant E3 in 
HCC.
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Introduction

Hepatocellular carcinoma (HCC) accounts for 
7% of all cancers worldwide and is the most 
common primary liver cancer [1]. It is an aggres-
sive tumor with a poor prognosis and is the sec-
ond leading cause of cancer-related death [2]. 
The most common cause of HCC is hepatitis B 
virus (HBV) or hepatitis C virus (HCV) infection, 
which accounts for more than 90% of HCC 
cases in developing countries and nearly half of 
the cases in developed countries [3]. Other risk 
factors include aflatoxin, alcoholic liver disease, 
nonalcoholic fatty liver, autoimmune hepatitis, 
obesity, and diabetes mellitus [3]. Current 
treatment options, including liver transplanta-
tion or surgical resection, can only partially 
cure patients with early-stage HCC [4]. However, 
mainly due to the lack of symptoms and effec-
tive screening strategies for HCC, 80% of 
patients are diagnosed with advanced HCC [5]. 
Due to limited treatment options, broad-spec-
trum conventional cytotoxic drugs are often 
used, especially when surgical resection is not 
possible [6]. Unfortunately, HCC is also highly 

resistant to conventional chemotherapy using 
cytotoxic agents [6]. HCC tumorigenesis is a 
complex multistep biological process involving 
genetic and epigenetic alterations [7]. These 
alterations lead to structural activation of onco-
genic signal pathways or dysregulation of key 
pathways that regulate tumor suppressor activ-
ity [7]. Several different signal pathways have 
been identified as responsible for initiating and 
promoting HCC, such as Wnt/β-catenin path-
way, PI3K/AKT/mTOR pathway, RAS/RAF/MEK/
ERK pathway, Hippo pathway, Keap1/Nrf2 
pathway, HIF-1α pathway, TGF-β/SMAD path-
way, Notch pathway and NF-κB pathway [7, 8]. 
These pathways are accomplished by complex, 
multi-protein and highly precisely regulated 
molecules that are subject to post-translational 
modifications such as ubiquitination, phosphor-
ylation and acetylation.

The ubiquitin-proteasome system (UPS) is a 
common post-translational modification path-
way responsible for the degradation of approxi-
mately more than 80% of intracellular proteins 
in normal and pathological states [9]. Ubiquitin, 
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which is highly conserved in eukaryotic cells, is 
a modified molecule consisting of 76 amino 
acids that covalently binds and labels target 
substrates through a cascade reaction of ubiq-
uitin-activating enzyme (E1), ubiquitin-conju-
gating enzyme (E2) and ubiquitin-protein ligase 
(E3) [10]. Subsequently, the modified substrate 
is recognized by the 26S proteasome complex 
for ubiquitination-mediated degradation (Fig- 
ure 1A) [10]. Under physiological conditions, 
UPS-mediated protein hydrolysis removes mis-
folded, damaged or excess proteins, which is 
important for maintaining protein homeostasis 
[11]. Besides, UPS plays a critical role in the 
regulation of cell cycle and apoptosis [12-14]. In 
addition, non-proteasome ubiquitin also exerts 
an important role in many cellular processes, 
such as signal transduction, DNA repair, and 
autophagy (Figure 1A) [15, 16]. More impor-
tantly, abnormalities in UPS-related proteins 
have been reported to be closely associated 
with various human cancers in pathological sit-
uations [17].

Mechanistically, the E1-E2-E3 catalytic cas-
cade requires three steps: first, ubiquitin is 
recruited and activated by the E1 enzyme in an 
ATP-dependent manner, then transferred to the 
cysteine residue of the E2 enzyme, and then 

covalently bound to the lysine residue of the 
target protein via E3 enzyme [9]. The repeated 
three-step reaction catalyzes the polymeriza-
tion of ubiquitin to form ubiquitin chains (Figure 
1A) [9]. Moreover, the seven acceptor lysines of 
the ubiquitin molecule (K6, K11, K27, K29, 
K33, K48 and K63, respectively) can be 
engaged in sequential conjugation, which in 
turn leads to different linkages of the ubiquitin 
chain, thus determining the different fates and 
functions of the target proteins [18]. Usually, 
polyubiquitin chains coupled to the K48 site, 
the K11 site and the K29 site lead to 26S pro-
teasome-mediated degradation of labeled sub-
strates. On the other hand, non-protein-hydro-
lyzed ubiquitin chains containing K63, K6, K27, 
and K33, are involved in many key biological 
processes such as signal transduction, DNA 
repair, and transcriptional regulation (Figure 
1A) [19-21]. Evidently, E3s are particularly 
important throughout the ubiquitination pro-
cess as they are responsible for the specific 
recognition and labeling of substrates [9]. In 
short, E3s can not only maintain the relative 
homeostasis of intracellular proteins but also 
participate in most cellular processes of nor-
mal physiological activity. Therefore, dysregula-
tion of E3s would contribute to abnormal acti-
vation or inactivation of signal pathways, accu-

Figure 1. A. Overview of the ubiquitin-proteasome system and the E3 ligase family. Ubiquitin attaches to proteins 
through a cascade reaction involving E1, E2 and E3 ligases. E3s attaches ubiquitin through specific lysine residues, 
which determine the fate of the protein after ubiquitin coupling. Among them, K48, K11 and K29 mainly mediate 
the degradation of substrates via 26s proteasome pathway; while K63, K6, K27 and K33 are primarily involved in 
the regulation of some cellular processes such as signal transduction, transcriptional regulation, growth response, 
DNA repair and replication, etc. B. The classification of E3 ligases. Based on its structural and biochemical char-
acteristics, E3s are classified into three major isoforms: the truly interesting novel genes (RING), C-terminus of E6-
associated proteins (HECT), and RING homology-in-between-RING (RBR) E3s. 
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mulation of misfolded or dysfunctional proteins, 
or inadequate assembly of protein complexes 
[22], thus promoting the development and pro-
gression of many types of cancers, including 
HCC [23]. In recent years, an increasing num-
ber of E3 ligases have been identified in HCC, 
and some of these E3s are oncoproteins, while 
others function as tumor suppressors. There- 
fore, a comprehensive study of these multifunc-
tional E3s may provide a new direction for the 
future treatment of HCC. Herein, we review 
recent research advances in HCC-associated 
E3s, describing their structure, classification, 
functional roles, and discussing some mecha-
nisms of the abnormal activation or inactiva-
tion of the HCC-associated signal pathways. In 
addition, given the success of proteasome 
inhibitors in the treatment of malignant can-
cers, we describe current knowledge and future 
prospects for targeted therapies against aber-
rant E3s in HCC.

The classification of E3 ligases

To date, more about 650 E3 ligases have  
been described in humans and classified into 
three main types based on their structural  
and biochemical characteristics: homologous 
to E6-associated protein C-terminus (HECT), 
really interesting new gene (RING), and RING-in-
between-RING (RBR) E3s (Figure 1B) [24]. A 
detailed classification of E3 ligases is shown in 
Table 1.

The RING-type subgroup contains the largest 
number of E3 ligases, up to more than 600 in 
humans, which can be classified into two cate-
gories: typical and atypical. The typical RING 
structural domain has a RING fold structure 
with the zinc-binding site, while the atypical 

one, called the U-box domain, has the same 
RING fold structure but lacking the zinc-binding 
site [25]. Remarkably, RING E3s can act as a 
scaffold to transfer ubiquitin directly from E2 
enzyme to the substrate (Figure 1B) [26]. 
Moreover, both RING and U-box E3 ligases can 
function as monomers, homodimers, heterodi-
mers, or multiple subunits [24, 27]. Cullin-RING 
ligases (CRLs) are a family of multisubunit RING 
E3 ligases that can be further divided into 
Skp1/Cullin 1/F-box protein complex (SCF), 
Cullin 2-Elongin B/C-VHL or SOCS proteins 
(CRL2), Cullin 3-BTBs (CRL3), Cullin4-DDB1-
DCAFs (CRL4), Cullin5-ElonginB/C-SOCS pro-
teins (CRL5), and the Cullin7/FBXW8 (CRL7) 
[28, 29]. Besides, the anaphase-promoting 
complex/cyclosome (APC/C) is another key 
multisubunit E3, consisting of 19 subunits, reg-
ulating mitosis and DNA replication [30].

The HECTs are the second largest family of 
human E3 ligases, consisting of approximately 
30 HECT E3 ligases [31]. The HECT domain is 
located at the C-terminus of these E3 proteins 
and contains three regions: the N-terminal 
lobe, the C-terminal lobe, and the flexible chain 
between these two lobes [32]. The N lobe binds 
E2 and recognizes specific ligase substrates, 
the C lobe receives and delivers ubiquitin for 
the E2 enzyme, and the flexible chain allows for 
the rotation of both lobes during the enzyme 
reaction [32]. Usually, HECT E3 ligase catalyzes 
the ubiquitination of the substrate in two steps: 
first, the HECT domain interacts with the E2 
enzyme and transfers ubiquitin to the C lobe via 
trans-thioesterification reaction, and then ubiq-
uitin is further transferred to the substrate 
(Figure 1B) [32]. Based on the N lobe structure, 
HECT E3s can be further divided into three sub-
families. One is the NEDD4 subfamily, consist-

Table 1. Classification of E3 ligases

Types Characteristic domains Member Subtypes Characteristic domains of 
subtypes Examples

RINGs RING fold structure with/
without zinc-binding site 
(RING/U-box)

>600 Monomers Monomeric RING/U-box c-CBL, TRIM11, E4B

Homodimers Homomeric RING/U-box Chip, SIAH1

Heterodimers Heteromeric RING MDM2, HaKai

Cullin-RING ligases (CRLs) Cullin scaffold structure SKP1, RBX1, CRL1/2/3/4/5/7/9,
FBPs: FBXL, FBXW, FBXO

Other Multi-subunit E3s Multiple subunit structure APC/C

HECTs N-terminal lobe, C-terminal 
lobe, and a flexible tether 
between two lobes

About 30 NEDD4 family Tryptophan-tryptophan (WW) motifs NEDD4, ITCH, SMURF1, SMURF2

HERC family RCC1-like domain HERC1-2, HERC3-6

Other HECTs Various domain E6AP

RBRs Two RING domains and 
one-in-between-RING (IBR) 
domain2

14 Ariadne family Ariadne domain HHARI, TRIAD1

Other RBRs Various domain PAPKIN, HOIL-1L
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ing of nine members whose structures contain 
multiple tryptophan-tryptophan (WW) motifs, 
such as NEDD4, NEDD4-2 (NEDD4L), ITCH, 
SMURF1, SMURF2, WWP1, WWP2, etc. The 
second subfamily is the HECT and RCC1-like 
structural domain (HERC) subfamily, which con-
sists of six members in humans, an example 
being HERC1~6. Structurally, HERC proteins 
can contain single or multiple RCC1-like do- 
mains. Finally, the remaining HECT E3s with dif-
ferent structural domains are classified as 
other HECT E3s like E6AP [31, 32].

In recent years, a series of studies have identi-
fied another emerging type of E3 ligase, named 
RBR E3 ligase. To date, 14 RBR E3s have been 
identified in the human genome [33, 34]. RBR 
E3s contain two RING domains (RING1, RING2) 
and an in-between-RING (IBR) domain. In gen-
eral, RING1 is responsible for binding ub-load-
ed E2, and RING2 catalyzes the trans-thioes-
terification reaction through cysteine residues 
and obtains ubiquitin from RING1. In the ubiqui-
tin transfer mechanism, RBR E3s have fusion 
characteristics of HECT and RING E3s. Speci- 
fically, RING1 takes up ubiquitin-loaded E2, 
transfers the ubiquitin to RING2 via the trans-
thioesterification reaction, and subsequently, 
the RING2 domain transfers the received ubiq-
uitin to the substrate (Figure 1B) [34]. RBR E3s 
can also be divided into several subfamilies, for 
instance, the Ariadne family (HHARI, TRIAD1, 
PARC, ANKIB1) is characterized by the pres-
ence of the Ariadne domain, while other sub-
family members, such as Parkin, HOIL-1L and 
HOIP, contains various other domains [35].

E3 ligases: aberrant regulation and their in-
volvement in HCC

Accumulating evidence has shown that E3 
ligases perform an important role in HCC by 
regulating the degradation of tumor promoters 
or repressors. In addition, some important 
HCC-related signal pathways and pathological 
processes, such as Wnt/β-catenin pathway, 
PI3K/AKT/mTOR pathway, RAS/RAF/MEK/ERK 
pathway, Hippo pathway, Keap1/Nrf2 pathway, 
HIF-1α pathway, TGF-β/SMAD pathway, Notch 
pathway, NF-κB pathway and HBV infection 
have been rigorously shown to be regulated by 
multiple E3 ligase targets. In the following sec-
tions, we will describe and discuss the links 
between some important E3 ligases and HCC 
in different signal pathways and pathological 
processes (Table 2; Figures 2-6).

Wnt/β-catenin pathway

As an evolutionarily conservative signal, the 
Wnt/β-catenin signal pathway serves an essen-
tial role in cell fate determination, proliferation, 
migration, angiogenesis, and organogenesis 
during embryonic development [36]. Under nor-
mal cellular conditions (in the absence of a Wnt 
signal), β-catenin is a cytoskeletal protein that 
forms a complex with E-cadherin at the cell 
membrane to maintain cell-to-cell adhesion 
and prevent cell migration [37, 38]. At the same 
time, β-catenin in the cytoplasm undergoes 
UPS-mediated degradation through interaction 
with a destructive complex (DC), which is com-
posed of scaffolding protein Axin, adenoma-
tous polyposis coli (APC) protein, Ser/Thr kinas-
es glycogen synthase kinase 3 (GSK-3), casein 
kinase 1 (CK1), and E3-ubiquitin ligase β-TRCP 
[37]. Besides, protein Disheveled (Dvl) and 
phosphatase 2A (PP2A) also bind to the com-
plex [38, 39]. However, the binding of Wnt to 
cell surface receptors turns off the degradation 
of β-catenin, and the stable β-catenin translo-
cates to the nucleus, thereby binding to the 
TCF/Lef transcription factors to activate tran-
scription of Wnt target genes (such as cyclin D1 
and c-Myc) [40, 41]. Abnormal accumulation of 
β-catenin and its targeted gene expression are 
the main drivers of cell transformation in sev-
eral human malignant tumors [42-44]. Multiple 
studies have shown that E3 ligases cause the 
accumulation of β-catenin and subsequent 
activation of Wnt signal via mediating the ubiq-
uitination degradation of key molecules on the 
Wnt/β-catenin pathway, and finally promote 
tumorigenesis [45-47]. Evidently, E3 ligases 
are significantly involved in the occurrence and 
development of HCC by targeting the Wnt/β-
catenin pathway (Table 2; Figure 2), including 
ITCH [48-53], SIAH1 [54-58], Hakai [59, 60], 
Mule [61-63] and other E3 ligases [64-66]. In 
addition, the substrates targeted by these E3 
ligases have also been identified, including 
Disheveled2 (Dvl2) [52], Dvl3 [53], E-cadherin 
[59], Ajuba [60] and β-catenin [58, 63-66].

ITCH

ITCH, a member of E3 ligases, belonging to the 
HECT-type E3 subfamily, plays a key role in reg-
ulating cell growth and apoptosis [67-69]. 
During the past 10 years, an increasing number 
of ITCH’s targets have been implicated in 
tumorigenesis and chemosensitivity, such as 
p63, p73, Notch1, and others [70-72], suggest-
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Table 2. Summary of abnormal E3s in HCC
Types Sub-types E3s Substrates in HCC Degraded or not Role Reference
Wnt/β-catenin pathway
    RINGs Monomers TRIM37 β-catenin No Oncogene [65]

TRIM56 β-catenin No Tumor suppressor [64]
Homodimers SIAH1 β-catenin Yes Tumor suppressor [58]
Heterodimers Hakai Ajuba, E-cadherin Yes Oncogene [59, 60]
CRLs CUL4B β-catenin No Oncogene [66]

    HECTs ITCH DVI2, DVI3 Yes Tumor suppressor [52, 53]
Mule β-catenin Yes Tumor suppressor [63]

PI3K/AKT/mTOR pathway
    RINGs Monomers TRIM7 Src Yes Tumor suppressor [109]

TRIM11 AKT No Oncogene [122]
TRIM31 TSC1-TSC2 complex Yes Oncogene [117]
HRD1 PTEN Yes Oncogene [125]

Heterodimers BARD1 AKT No Oncogene [131]
    HECTs - NEDD4 PTEN Yes Oncogene [128]
RAS/RAF/MEK/ERK pathway
    RINGs Monomers c-CBL EGFR Yes Tumor suppressor [136, 137]

RNF128 EGFR No Oncogene [138]
Hippo pathway
    RINGs Heterodimers MDM2 YAP Yes Tumor suppressor [152]

CRLs Fbxw7 YAP Yes Tumor suppressor [153]
CUL4A LATS1, YAP Unknow Oncogene [154]

    HECTs - NEDD4 LATS1 Unknow Tumor suppressor [169]
Keap1/Nrf2 passway
    RINGs Monomers TRIM21 P62 No Oncogene [174, 178]

TRIM25 Keap1 Yes Oncogene [175]
HIF-1α passway
    RINGs Multi-subunit E3s APCCDC20 PHD3 Yes Oncogene [194]

CRLs VHL HIF-1α Yes Tumor suppressor [193]
TGF-β/SMAD passway
    RINGs Monomers PJA1 SMAD3 Yes Oncogene [206]
NF-κB passway
    RBRs - Parkin TRAF2, TRAF6 Yes Tumor suppressor [217]
Notch passway
    RINGs CRLs Fbxw7 Notch1 Unknow Tumor suppressor [166]
HBV infection
    RINGs Monomers MARCH5 HBx Yes Tumor suppressor [241]

Homodimers SIAH1 HBx Yes Tumor suppressor [240]
Heterodimers HDM2 HBx No Oncogene [242]
CRLs CUL4B HBx No Oncogene [245]

MSL2 APOBEC3B Yes Oncogene [243]
DDB1 Smc5/6 complex Yes Oncogene [244]

    HECTs - NEDD4 HBx Yes Tumor suppressor [238]
Other E3s
    RINGs Monomers ZFP91 hnRNPA1 Yes Tumor suppressor [278]

A20 PFKL Yes Tumor suppressor [279]
UHRF1 MEG3 Unknow Oncogene [280]
UHRF2 H3K9ac Unknow Oncogene [281]
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RNF6 FOXA1 Yes Oncogene [282]
RNF41 CACYBP Yes Tumor suppressor [283]
TRAF6 HDAC3 No Oncogene [284]
TRAF7 KLF4 Yes Oncogene [285]

TRIM16 ZEB2 Unknow Tumor suppressor [286]
TRIM50 SNAIL Yes Tumor suppressor [287]

Homodimers Chip ERα Yes Oncogene [288]
CRLs RBX1 PD-L1 Yes Tumor suppressor [289]

CUL2 MAF1 Yes Oncogene [290]
FBXO22 P21 Yes Oncogenev [291]
DCAF15 ZEB1 Yes Tumor suppressor [292]

SPOP ZEB2 Unknow Tumor suppressor [293]
FBXL6 HSP90AA1 No Oncogene [294]

SCFβ-TRCP TRIB2 Yes Tumor suppressor [295]
SCFskp2 P21, p27 Yes Oncogene [296]

HECTs - WWP1 Caspase3, p53 Unknow Oncogene [297]

Figure 2. The role of E3 ligases in Wnt/β-catenin passway in HCC. Under normal cellular conditions (Wnt signal off), 
β-catenin in the cytoplasm undergoes UPS-mediated degradation by interacting with the destructive complex (DC). 
However, the binding of Wnt to cell surface receptors shuts down the degradation of β-catenin, producing stable 
β-catenin translocated to the nucleus, which binds to TCF/Lef transcription factors to activate transcription of Wnt 
target genes. Some E3 ligases are involved in the development of HCC by targeting the Wnt/β-catenin pathway. ITCH 
promotes ubiquitination and degradation of phosphorylated Dvl2 and Dvl3, thereby inhibiting Wnt signal. Overex-
pression of SIAH1 inhibits Wnt signal in the form of β-catenin degradation. HaKai causes ubiquitinated degradation 
of E-calmodulin, leading to nuclear translocation of β-linked proteins and subsequent activation of Wnt signal. Mule 
can directly degrade β-catenin and suppress Wnt signal. CUL4B represses GSK-3 activity to prevent degradation of 
β-catenin, which in turn promotes Wnt signal.
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ing that ITCH may be significantly associated 
with tumorigenesis. Data from the International 
Cancer Genome Consortium (ICGC, https:// 
dcc.icgc.org/genes/ENSG00000078747) data-
base indicate that ITCH has been detected 
2.49% of mutations in HBC-associated HCC tis-
sues (10/402). A previous study found that 
inhibiting ITCH could promote HCC cell colonies 
formation [48]. Furthermore, another study 
identified Dvl2 as a downstream substrate of 
ITCH in HCC [52]. Dvls are the central mediator 
of Wnt signal and phosphorylated Dvl is 
required for Wnt signal [73]. ITCH could pro-
mote the ubiquitination and degradation of 
phosphorylated Dvl2 and therefore inhibit Wnt 
signal [52]. Similarly, Dvl3 has also been report-
ed to be degraded as a downstream substrate 
of ITCH, thereby repressing the transcriptional 
activity of β-catenin, and ultimately repressing 
the cancer stem cells (CSCs) of HCC [53]. 
Besides, Wu M et al. have demonstrated that 
micro RNA-411 (miR-411) could bind to the 
3’-untranslated region (3’-UTR) of ITCH and 
inhibit its translation, thus repressing the prolif-
eration of HCC cells [50].

Circular RNAs (CircRNAs) commonly act as 
miRNA sponges and repress miRNA activities 
[74]. A recent study found that CircRNA-ITCH 
(Circ-ITCH) has some miRNA binding sites in the 
ITCH 3’-UTR [51]. As a miRNA sponge, Circ-ITCH 
may promote ITCH protein expression by inter-
acting with miR-7 and miR-214 [51]. Moreover, 
Circ-ITCH down-regulates the protein level of 
β-catenin and two target genes c-Myc and 
cyclinD1, thus repressing the cell proliferation 
and promoting apoptosis in HCC [51]. Clinically, 
the high expression of Circ-ITCH was associat-
ed with favorable survival of HCC [49, 50]. 
Notably, numerous studies have also shown 
that Circ-ITCH and ITCH could repress the 
development and progression of many other 
tumors, such as gastric cancer [75], prostate 
cancer [76], breast cancer [77], etc., via sup-
pressing the Wnt/β-catenin signal pathway. 
Together, the above results suggest that ITCH is 
an inhibitor of the Wnt/β-catenin pathway and 
functions as a tumor suppressor in HCC.

SIAH1

Seven in absentia homolog 1 (SIAH1), a RING-
type E3 ligase, has been implicated in a variety 
of biological processes, including the cell cycle, 
programmed cell death and oncogenesis [78]. 
SIAH1 has been implicated in a variety of 

human malignancies, including breast cancer 
[79], gastric cancer [80], and leukemia [81]. 
Interestingly, SIAH1 appears to have a dual role 
in HCC, acting as a tumor promoter or a tumor 
suppressor. Previous studies have shown that 
SIAH1 expression was changed in HCC tissues, 
and SIAH1 inactivation contributes to HCC pro-
gression [54, 55]. Besides, the downregulation 
of SIAH1 caused an increase in protein stability 
of Zeb1, a strong EMT-related transcription fac-
tor (EMT-TF), which was significantly increased 
in HCC cells resistant to doxorubicin [56]. 
However, in another study, nuclear accumula-
tion of the SIAH1 supports numerous pro-
tumorigenic cellular processes which is associ-
ated with tumor growth and tumor cell dissemi-
nation [57]. It may use the transcription factor 
far-upstream element (FUSE)-binding protein 
(FBP)-3 (a tumor promoter whose expression 
level is negatively correlated with the prognosis 
of HCC patients), at least in part, to increase 
HCC cell growth, but the molecular mechanism 
is not fully elucidated [57]. SIAH1 has been 
shown to be one of the most selective RING-
finger E3s in the Wnt/β-catenin signal pathway, 
mediating ubiquitination and degradation of 
β-catenin [82]. In one study, overexpression of 
SIAH1 causes growth arrest and apoptosis of 
HCC cells in a β-catenin degradation-depen-
dent way [58]. Taken together, SIAH1 has a 
complicated function in HCC development, 
which is consistent with the large spectrum of 
protein substrates that they control. Among 
them, β-catenin was identified as a new down-
stream substrate of SIAH1, which will help us 
better understand the relationship between 
deregulated β-catenin signal and the tumori-
genesis of HCC.

Hakai

Hakai is a Casitas B-lineage lymphoma (Cbl)-
like ubiquitin ligase that mediates ubiquitina-
tion of E-cadherin and regulates E-cadherin 
complex endocytosis [83-85]. Hakai-mediated 
down-regulation of E-cadherin is involved in 
oncogenic and/or tumor-suppressive signal 
pathways such as RACK1 and Slit-Robo signal 
[84, 86, 87]. The ICGC database shows it with a 
high mutation rate of 8.93% (59/660) in HCC 
(virus-associated). Besides, HaKai has been 
reported to cause ubiquitination degradation of 
E-cadherin, which led to the nuclear transloca-
tion of β-catenin and finally promoted the epi-
thelial-mesenchymal transition (EMT) of HCC 
[59]. Ajuba belongs to the Ajuba family, and it is 
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required to maintain E-cadherin adhesion [88]. 
In addition, Hakai degrades Ajuba protein 
through the Neddylation pathway, which result-
ed in the loss of E-cadherin, nuclear transloca-
tion of β-catenin and activation of Wnt signal, 
thus promoting the proliferation of HCC [60]. All 
the evidence points to HaKai may be a poten-
tial tumor promoter in HCC and works by target-
ing the E-cadherin and Wnt/β-catenin pathway. 
Given there are few relevant studies, further 
verification is needed.

Mule

Mcl-1 ubiquitin ligase E3 (Mule; also known as 
HUWE1, ARF-BP1 or HectH9) is a member of 
HECT E3 ligase family, which is participating in 
the regulation of many pathophysiological pro-
cesses, including transcription regulation, pro-
tein toxicity stress, DNA replication and injury 
repair, cell proliferation, differentiation, autoph-
agy and apoptosis [89-92]. Mule is reported  
to be a tumor suppressor in HCC, which  
can degrade carcinogenic phosphatidylinositol 
3,4,5-trisphosphate-dependent rac exchanger 
2 (PREX2) protein through ubiquitination [61]. 
In addition, Mule expression was inhibited in 
HCC induced by obesity [62]. Furthermore, a 
recent study showed that Mule can directly 
degrade β-catenin and repress β-catenin medi-
ated CSCs in HCC [63]. Interestingly, Mule was 
able to target β-catenin for degradation to stop 
abnormal activation of Wnt signal in colorectal 
cancer [93].

Other E3 ligases

Besides ITCH and Hakai, several other E3 ligas-
es involved in HCC development and progres-
sion through regulation of the Wnt/β-catenin 
pathway have been identified and are described 
separately because their regulatory mecha-
nisms are not fully understood.

Tripartite motif (TRIM) contains three domains, 
including an N-terminal RING domain, one or 
two B-box domains and a C-terminal coiled-coil 
domain [94, 95]. The RING domain confers 
TRIM as the catalytic function of the E3 ligase, 
and a single TRIM has been shown to ubiquiti-
nate their interacting partners directly [96]. 
TRIM56 is an important member of the TRIM 
family, but the role of TRIM56 in many tumors is 
not fully understood. In one study, TRIM56 
inhibits the proliferation of multiple myeloma 
cells and induces apoptosis [97]. In another 

study, TRIM56 can mediate K48 ubiquitin liga-
tion of waveform proteins and promote their 
degradation, thereby inhibiting ovarian cancer 
progression [98]. However, in breast cancer, 
TRIM56 mediates K63 ubiquitination via estro-
gen receptor-α (ER-α), upregulates ER-α protein 
stability and promotes cell proliferation [99]. 
Until recently, Yang Y et al. reported the role 
and mechanistic studies of TRIM56 in HCC 
[64]. The results showed that HCC patients 
expressing low levels of TRIM56 with higher 
grade clinical stage and poorer survival rate 
[64]. In addition, overexpression of TRIM56 
suppressed the proliferative potential of HCC 
cells [64]. Mechanistically, TRIM56 can nega-
tively regulate the expression of β-catenin, a 
key gene in Wnt signal, which in turn inactivates 
Wnt signal to inhibit the malignant progression 
of HCC [64]. However, whether TRIM56 regu-
lates β-catenin through its E3 activity is  
still unclear. In addition, another member of  
the TRIM family, TRIM37, was significantly up-
regulated in HCC tissues and activated Wnt/β-
catenin signal and mediated EMT [65]. 
Collectively, these two studies have not eluci-
dated the molecular mechanism of TRIM in 
regulating the Wnt/β-catenin passway yet, 
which needs further investigation.

Cullin-Ring ligases (CRL) 4B, a scaffold protein 
that assembles CRL4B ubiquitin ligase com-
plex, functions as a tumor promoter in multiple 
cancers [100, 101]. Yuan J et al. showed that 
CUL4B was up-regulated in HCC tissues, and 
the development of HCC was accelerated in 
CUL4B transgenic mice [102]. Moreover, CUL4B 
could repress the GSK-3 activity to prevent pro-
teasome degradation β-catenin and silence 
multiple Wnt inhibitors (such as DKK1 and 
PPP2R2B), thereby promoting hepatocarcino-
genesis [66]. However, it is unclear whether 
CUL4B is involved in the regulation of Wnt sig-
nal through its E3 ligase activity.

PI3K/AKT/mTOR pathway

The phosphoinositide 3-kinase/serine/threo-
nine protein kinase AKT/mechanistic target of 
rapamycin (PI3K/AKT/mTOR) pathway is one of 
the most common activated pathways in HCC, 
which is up-regulated in up to 50% (HCC) 
tumors [103]. Under physiological conditions, 
this pathway is activated in response to growth 
factors, cytokines and insulin, regulating key 
metabolic processes, including glucose metab-
olism, biosynthesis, and maintenance of redox 
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balance, to support systemic metabolic homeo-
stasis and individual growth and metabolism. 
In cancer cells, abnormal activation of the 
PI3K/AKT pathway reprograms cellular metab-
olism to support the anabolic needs of abnor-
mally grown cells [104]. Mechanistically, PI3K-
related downstream signal is subsequently 
activated after activation of receptor tyrosine 
kinases (RTK), cytokine receptors, integrins 

driving factors of tumorigenesis, including acti-
vation mutation of p110α catalytic subunit of 
PI3K, function loss mutation and deletion in 
PTEN, and amplification and function acquired 
missense mutation of AKT [105-107], etc. 
Notably, a series of findings showed that E3 
ligases participated in the carcinogenesis of 
HCC by targeting the AKT pathway (Table 2; 
Figure 3). Multiple E3 ligases (such as the 

Figure 3. The role of E3 ligases in PI3K/AKT/mTOR and RAS/RAF/MEK/ERK 
pathway in HCC. When RTK binds to their cognate ligands, RTK undergoes 
autophosphorylation, which generates downstream signals and triggers the 
activation of several pathways, including the MAPK pathway. PI3K located 
downstream is subsequently activated following RTK activation. Activated 
PI3K can gradually activate PIP2 and PIP3, and this signal process can be in-
hibited by PTEN. Accumulation of PIP3 can trigger activation of AKT by PDK1 
and mTORC2. Activated AKT phosphorylates and inhibits the “TSC1-TSC2” 
complex, which in turn activates mTORC1 and ultimately regulates many 
oncogenic signal targets. Similar to PI3K signal, upon receiving signals from 
receptors such as RTKs, RAS is phosphorylated and activated, which in turn 
activates RAF, and the activated RAF kinase further activates downstream 
MEK and ERK, ultimately activating multiple transcription factors and other 
nuclear substrates in the nucleus. Many E3s have been reported to be in-
volved in regulating these two pathways to participate in HCC development. 
TRIM7 inhibits mTORC1-S6K1 signal by degrading Src. TRIM31 activates 
AKT-mTORC1 signal by degrading the “TSC1-TSC2” complex. TRIM11 acti-
vates PI3K/AKT signal by upregulating PI3K and AKT protein levels. HRD1 
promotes PTEN degradation, thereby inhibiting the AKT pathway. BARD1 
activates AKT signal by upregulating AKT, mTOR protein expression. c-CBL 
mediates the degradation of EGFR (a typical transmembrane RTK), thereby 
inactivating RAS/RAF/MEK/ERK signal. RNF128 activates the RAS/RAF/
MEK/ERK pathway in turn by upregulating the expression of EGFR as well 
as other RAS signal components. 

and G protein-coupled recep-
tors (GPCRs). The activated 
PI3K is recruited to the plasma 
membrane and phosphory-
lates phosphatidylinositol 4,5- 
diphosphate (PIP2), thus pro-
ducing the second messenger 
phosphatidylinositol 3,4,5-tri-
phosphate (PIP3), and this sig-
nal transduction process can 
be inhibited by phosphatase 
and tensin homolog (PTEN). 
The accumulation of PIP3 then 
recruits AKT to the plasma 
membrane, where it is com-
pletely activated by phosphor-
ylation of phosphoinositide-
dependent protein kinase 1 
(PDK1) and mTOR complex2 
(mTORC2) protein kinases at 
T308 and S473, respectively. 
Activated AKT phosphorylates 
and inhibits tuberous sclero- 
sis complex1-tuberous sclero-
sis complex 2 (TSC1-TSC2) co- 
mplex, and activates mTORC1 
via relieving the inhibition of 
Ras homolog enriched in brain 
(Rheb) mediated by TSC1-TSC2 
complex. Ribosomal protein 
S6 kinase1 (S6K1) and eukary-
otic translation initiation factor 
4E binding protein (4EBP1)  
are typical downstream tar-
gets of mTORC1, which are 
used together with other tar-
gets to stimulate mRNA trans-
lation of sterol regulatory ele-
ment binding protein (SREBP), 
MYC, hypoxia-inducible factor 
1α (HIF-1α), and activating 
transcription factor 4 (ATF4) 
[104]. Besides, some genetic 
alterations that lead to abnor-
mal activation of PI3K/AKT/
mTOR pathway are important 
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TRIM7, TRIM11, TRIM31, HRD1, NEDD4, and 
BARD1) and downstream substrates (such as 
PTEN, Src, and TSC1-TSC2 complex) have been 
identified.

TRIM family

TRIM7: The proto-oncogene tyrosine kinase 
Src, as a non-receptor protein tyrosine kinase, 
plays a broad role in cellular biological process-
es, including proliferation, differentiation, sur-
vival and metabolism. The activation of Src 
kinase promotes multiple downstream trans-
duction cascades, including PI3K/AKT, mito-
gen-activated protein kinase (MAPK), and sig-
nal transduction and activator of transcription 
3 (STAT3) [108]. Zhu et al. identified Src as the 
target of tripartite motif (TRIM) 7 ubiquitin 
ligase [109]. TRIM7 is a new member of the 
TRIM protein family, and it was originally identi-
fied in proteins that interact with glycogen pro-
duction [110-112]. TRIM7 has an N-terminal 
RING domain, a B-box domain, a coiled-coil 
domain and a C-terminal B30.2/SPRY domain, 
indicating that as a RING-type E3 ligase, it can 
directly bind to the target for ubiquitination 
[113]. For example, TRIM7 overexpression en- 
hances the polyubiquitination and degradation 
of dual-specific phosphatase 6 (DUSP6), which 
in turn down-regulates the expression of phos-
phorylated p38 (p-p38) and up-regulates the 
levels of p53 and p21, ultimately resulting in 
the occurrence of HCC [114]. What’s more, Zhu 
L et al. showed that TRIM7 induces K48-linked, 
RING domain-dependent polyubiquitination of 
Src protein, which further leads to the suppres-
sion of its downstream mTORC1-S6K1 signal 
and acts as a tumor suppressor in HCC [109].

At present, tyrosine kinase inhibitors (TKIs) 
such as dasatinib, bosutinib, vandetanib and 
ponatinib have been approved by the Food and 
Drug Administration (FDA) as Src inhibitors for 
drug treatment of malignant diseases, which 
indicates the great potential of targeted Src in 
clinical treatment [108]. Therefore, TRIM7, as a 
new regulator of Src, may provide great thera-
peutic potential for HCC. At present, there are 
few studies on TRIM7 in HCC, so it needs fur-
ther verification and exploration.

TRIM31: TSC1 and TSC2 are upstream inhibi-
tors of the mTORC1 pathway and also well-rec-
ognized tumor inhibitors in some cancers 
including HCC [103, 115, 116]. In one study, 

the TSC1-TSC2 complex was identified as a 
direct downstream target of tripartite motif 
(TRIM) 31 in HCC [117]. They further proved 
that TRIM31 directly interacts with the TSC2 
complex to mediate K48-linked ubiquitination 
and degradation of the complex, thereby over-
activating the mTORC1 pathway to promote the 
progression of HCC [117]. Furthermore, the 
oncogenic effect of TRIM31 has also been con-
firmed in clinical HCC specimens, cellular mod-
els, and animal models [117]. Besides, the 
same group has proved that TRIM31 can direct-
ly target p53 and mediate the degradation of 
K48-related p53 in a manner that depends on 
the RING domain, and subsequently promote 
the anoikis resistance of HCC [118]. In addi-
tion, Lv T et al. discovered that miR-29c-3p, as 
a tumor suppressor, inhibits the malignant pro-
gression of HCC by reducing the expression of 
TRIM31, and the upregulation of TRIM31 can 
partially abolish the anti-cancer effect of miR-
29c-3p in HCC [119]. These findings consis-
tently point out that TRIM31 is a potential tumor 
suppressor in HCC.

TRIM11: Tripartite motif (TRIM) 11, a member 
of the TRIM family, has attracted much atten-
tion because of its involvement in the develop-
ment of the central nervous system [120, 121]. 
Zhang Z et al. found that TRIM11 was overex-
pressed in HCC tissues and cell lines [122], 
and the down-regulation of TRIM11 inhibited 
the proliferation, invasion, and EMT of HCC 
cells in vitro and in vivo. Specifically, down-reg-
ulation of TRIM11 reduced the protein levels of 
phosphorylated PI3K and AKT in HCC cells, 
thereby inhibiting the activation of the PI3K/
AKT signal pathway [122]. In another study,  
the expression of TRIM11 was significantly 
increased in HCC tissues, and the overexpres-
sion of TRIM11 was closely related to the pro-
gression of HCC and the poor survival of 
patients [123]. Collectively, these results indi-
cate that TRIM11 plays a tumor-promoting 
effect in HCC, but the specific mechanism is 
not fully understood.

HRD1

HMG-CoA reductase degradation 1 (HRD1), 
also known as synoviolin, is an E3 ligase with 
RING finger domain located on the endoplas-
mic reticulum (ER) membrane [124]. It is report-
ed to play an important role in the ubiquitina-
tion and degradation of unfolded/misfolded 
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major histocompatibility complex І (MHC І) 
heavy chain proteins [124]. Liu L et al. used 
proteomics methods to determine that HRD1 is 
the interacting partner of PTEN [125]. HRD1 
can promote PTEN ubiquitination and protea-
some degradation, and subsequently inhibit 
the proliferation of HCC cells [125]. As men-
tioned previously, PTEN can inhibit the conver-
sion from PIP2 to PIP3, thereby inhibiting the 
activation of PI3K/AKT signal. Therefore, the 
ubiquitination and degradation of PTEN medi-
ated by HRD1 may exert anticancer activity by 
inhibiting PI3K/AKT signal, which needs further 
confirmation.

NEDD4

Neuronally expressed developmentally down-
regulated 4 (NEDD4, often known as NEDD4-1) 
is an E3 ligase containing the HECT domain, 
which is responsible for the selective ubiquiti-
nation of some regulatory proteins involved in 
transcription and membrane transport [126]. 
NEDD4-1 was found to be a potential proto-
oncogene that negatively regulates PTEN 
through ubiquitination in a manner similar to 
that of mouse double minute 2 homolog 
(MDM2, in human known as HDM2) mediated 
p53 regulation [127]. Compared with normal 
hepatocytes and adjacent tissue of HCC, HCC 
cell lines and human HCC tissues show higher 
NEDD4 expression level and lower PTEN 
expression level, and the depletion of NEDD4 
inhibits the growth and migration of HCC cells, 
without affecting the expression level of total 
AKT, but decreasing the expression of p-AKT 
(phosphorylated AKT) [128]. Similarly, it was 
found that depletion of NEDD4 increased the 
protein level of PTEN and significantly reduced 
the activity of AKT. Together, NEDD4 may acti-
vate the PI3K/AKT pathway by down-regulating 
the expression of PTEN, and ultimately exerts a 
carcinogenic effect [129]. However, the molec-
ular mechanism of NEDD4 regulating PTEN and 
PI3K/AKT pathways is not clear yet, and further 
research is needed, such as in vivo and in vitro 
ubiquitination analysis to determine whether 
NEDD4 regulates PTEN through its E3 ligase 
function.

BARD1

BRCA1-associated RING domain 1 (BARD1) is 
an E3 ligase that is required for homologous 
repair of DNA double-strand breaks [130]. Liao 

Y et al. discovered that BARD1 was significantly 
elevated in HCC tumor tissues and the eleva-
tion of BARD1 was significantly associated with 
lower survival rates and advanced stages of 
HCC patients (34.86 months; 95% confidence 
interval (CI: 29.23-40.49, P=0.002) [131]. In 
addition, knockdown of BARD1 inhibits the AKT 
signal pathway. Specifically, silencing BARD1 
represses the signal pathway by reducing the 
levels of AKT, mTOR, and matrix metallopro-
tein-9 (MMP-9), and repressing the phosphory-
lation of AKT (Ser473) and mTOR (Ser2248) 
[131], but the specific regulation mechanism is 
quite not clear.

RAS/RAF/MEK/ERK pathway

As the most well-studied signal transduction 
cascade of the mitogen-activated protein 
kinase (MAPK) cascade, the RAS/RAF/MEK/
ERK pathway regulates basic cell functions like 
cell proliferation, differentiation, and survival 
[132]. Besides, it is abnormally activated in 
more than one-third of human cancers and 
90% of skin melanomas, and almost all patients 
with advanced HCC have reported activation of 
ERK [133-135]. Similar to PI3K/AKT/mTOR 
pathway, the RAS/RAF/MEK/ERK pathway is 
mainly activated by signals generated via mem-
brane-bound receptors such as RTKs, GPCRs, 
etc. Then GTPase and rat sarcoma (RAS) are 
activated, which in turn recruits rapidly acceler-
ated fibrosarcoma (RAF) kinase to the plasma 
membrane for activation. Activated RAF kinase 
phosphorylates downstream mitogen-activated 
protein kinase kinase (MEK), which then 
sequentially phosphorylate Tyr and Thr resi-
dues of ERK and drives its nuclear transloca-
tion. ERK activates a variety of transcription 
factors and other nuclear substrates in the 
nucleus, as well as its cytoplasmic targets 
[135]. Recently, some studies have found that 
several E3 ligases are involved in the tumori-
genesis and development of HCC by targeting 
this pathway (Table 2; Figure 3), such as c-CBL 
[136, 137] and RNF128 [138].

c-CBL

c-CBL is a RING domain E3 ligase, consisting of 
a tyrosine kinase binding (TKB) domain, a RING 
domain and a C-terminal ubiquitin-related 
(UBA) domain. The TKB domain binds to the 
tyrosine phosphorylation target, and the RING 
domain binds to the E2 binding enzyme [139]. A 
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series of studies have proved that c-CBL pro-
motes the ubiquitination of epidermal growth 
factor receptor (EGFR) [139, 140] and several 
other RTKs [141] through the recruitment  
of RING-dependent E2 ubiquitin-conjugating 
enzyme near the receptor. Specifically, the 
ligand binds to and initiates receptor autophos-
phorylation, and then the c-CBL TKB domain  
is recruited to specific phosphotyrosine site, 
such as EGFR Tyrosine 1045 (Y1045) [139]. 
This affinity promotes c-CBL-mediated receptor 
monoubiquitination and subsequent degrada-
tion via the lysosomal pathway, thereby termi-
nating RTK signal transduction [139-141]. 
Recently, Jiang R et al. discovered that lncRNA-
EGFR bound to EGFR and inhibited c-CBL-medi-
ated ubiquitination and subsequent degrada-
tion of EGFR, thereby stabilizing the activation 
of its downstream RAS/RAF/MEK/ERK signal, 
which ultimately led to regulatory T cells (Tregs) 
differentiation and HCC development [136]. 
Similarly, in another study, 14-3-3σ protein can 
inhibit EGFR-c-CBL binding and subsequent 
c-CBL-mediated ubiquitination and degradation 
of EGFR, thereby prolonging the activation of 
EGFR/ERK signal and causing HCC cells apop-
tosis resistance [137]. These results suggest 
that c-CBL exerts as an inhibitor of EGFR to 
negatively regulate the RAS/RAF/MEK/ERK 
pathway.

RNF128

RING finger 128 (RNF128), also known as lym-
phocyte anergy-related gene (GRAIL), is a ring 
finger protein family E3 ligase that participates 
in the induction of T cell anergy [142]. The role 
of RNF128 in tumors is controversial. As report-
ed, RNF128 interacts with p53 and activates 
the EGFR/MAPK pathway to promote the inva-
sion and migration of esophageal squamous 
cell carcinoma [143]. However, in melanoma, 
RNF128 regulates Wnt/β-catenin signal to 
inhibit EMT and stemness through a mecha-
nism involving CD44 ubiquitination [144]. 
Besides, down-regulation of RNF128 is associ-
ated with poor prognosis of upper urinary tract 
and bladder cancer [145]. At present, only one 
study has provided insight into the role of 
RNF128 in HCC [138]. In vivo and in vitro exper-
iments have found that high levels of RNF128 
promote HCC cell proliferation, migration and 
invasion, inhibit apoptosis, and promote tumor 
formation. Additionally, the analysis of the clini-
cal data of 171 HCC patients showed that 

RNF128 is an independent risk factor for HCC 
recurrence and survival. At the same time, high 
RNF128 levels are significantly associated with 
malignant phenotypes, including tumor size, 
Edmondson-Steiner grade, and TNM staging 
[138]. Mechanistically, p-EGFR, p-MEK and 
p-ERK1/2 were significantly up-regulated in 
cells overexpressing RNF128. In addition, 
RNF128 can reactivate the EGFR/MEK/ERK 
pathway that is inhibited by the EGFR antago-
nist gefitinib [138]. This evidence shows that 
RNF128 may promote HCC tumorigenesis by 
activating the EGFR/MEK/ERK pathway, but 
the specific mechanism still needs further 
exploration.

Hippo pathway

The Hippo pathway, evolutionarily conserved, 
plays a central role in organ development, tis-
sue regeneration, wound healing and immune 
regulation [146, 147]. Yes-associated protein 
(YAP)/transcriptional co-activator with PDZ-
binding motif (TAZ) has been identified as the 
key and main effector of the Hippo pathway, 
which control gene expression via regulating 
transcription factors (TFs) represented by the 
TEA domain transcription factor (TEAD) family, 
and then promote cell proliferation and survival 
signals [148]. YAP/TAZ is mainly regulated by 
phosphorylation, which could promote the cyto-
plasmic localization of YAP/TAZ to undergo E3 
ligase β-TRCP-mediated ubiquitination and pro-
teasome degradation, thus inhibiting the YAP/
TAZ transcriptional activity. Two members of 
the NDR kinase family, LATS1 and LATS2 (here-
inafter referred to as LATS1/2) are the major 
regulators of YAP/TAZ, which phosphorylate 
YAP/TAZ and cause its destabilization and 
restricted access to the nucleus [148]. Many 
upstream signals regulate YAP/TAZ activity, 
including those signals activated by mechani-
cal force, cell polarity, cell adhesion, mitogen, 
extracellular matrix (ECM), RTKs, GPCRs, and 
most of the regulation is relayed by LATS1/2 
[148]. However, the dysregulated Hippo path-
way and YAP/TAZ-TEAD activity are related to 
various cancers [149]. Wang H et al. found that 
the Hippo pathway was inactivated in HCC 
induced by c-Myc, and the ablation of TAZ com-
pletely prevented the development of tumors 
[150]. In addition, YAP/TAZ is continuously acti-
vated to drive the proliferation and dedifferen-
tiation of hepatocytes, thereby promoting the 
occurrence of hepatobiliary carcinoma in non-
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alcoholic fatty liver disease [151]. This evidence 
demonstrates that YAP/TAZ plays a key role in 
the development of HCC. Most importantly, 
apart from the physiological ubiquitination 
modification of YAP (when the Hippo pathway is 
activated), many E3 ligases have been found to 
participate in oncogenesis and progression 
through degrading the core component of the 
Hippo pathway (Table 2; Figure 4), including 
MDM2 [152], Fbxw7 [153], CUL4A [154] and 
NEDD4 [155].

MDM2

As we all know, MDM2 is the major negative 
regulator of p53, which mediates the ubiquiti-
nation modification of p53, and the ubiquitinat-

contrary to the current mainstream view of 
MDM2 as a tumor promoter in HCC. Since most 
of the current research on MDM2 in HCC mainly 
focuses on the MDM2/p53 axis, it is necessary 
to continue to search for potential targets and 
roles of MDM2 in HCC.

Fbxw7

F-box and WD repeat domain-containing 7 
(Fbxw7), a F-box protein in the SKP1-CUL1-F-
box protein (SCF) E3 ligase complex, which acts 
as a general tumor suppressor by targeting sev-
eral well-known oncoproteins for ubiquitination 
and proteasomal degradation like c-Myc [161], 
c-Jun [162], mTOR [163], etc. Akhoondi S et al. 
conducted a comprehensive genetic screening 

Figure 4. The role of E3 ligases in Hippo pathway in HCC. Under normal cel-
lular conditions (Hippo ON), the binding of extracellular signals to the GPCR 
triggers the activation of two members of the NDR kinase family, LATS1 and 
LATS2 (LATS1/2), which are responsible for the phosphorylation of YAP/
TAZ and promote its cytoplasmic localization for E3 ligase β-TRCP-mediated 
ubiquitination and proteasomal degradation, thereby inhibiting YAP/TAZ 
transcriptional activity. In contrast, in tumor cells (Hippo OFF), inactivation 
of LATS1/2 results in its inability to phosphorylate YAP/TAZ, which subse-
quently escapes ubiquitination degradation by β-TRCP and translocates to 
the nucleus to activate the expression of target genes involved in tumori-
genesis and progression. MDM2 mediates cytoplasmic translocation and 
subsequent degradation of YAP, which in turn inhibits the Hippo pathway. 
Fbxw7 suppresses Hippo signal by ubiquitinating degradation of YAP. CUL4A 
ubiquitinates LATS1 and downregulates its protein levels, while repressing 
phosphorylation of YAP, together leading to inactivation of Hippo signal. 
NEDD4 represses the Hippo pathway by inactivating LATS1.

ed p53 is subsequently trans-
ferred to the cytoplasm and 
degraded via the proteasome 
pathway [156]. Thus, MDM2 
can regulate the stability of the 
p53 signal pathway and act as 
a tumor promoter in many 
malignant cancers including 
lung cancer, breast cancer, 
HCC, esophagogastric cancer 
and colorectal cancer [156, 
157]. As an E3 ligand contain-
ing a RING domain, in addition 
to targeting p53, many down-
stream substrates of MDM2 
have been gradually identi- 
fied such as p21, insulin-like 
growth factor 1 receptor (IGF-
1R) and retinoblastoma pro-
tein (Rb) [158-160]. Recently, 
one study showed that down-
regulation of MDM2 weakened 
the translocation of YAP from 
the nucleus to the cytoplasm 
and increased tumorigenesis 
in HepG2 cells (a HCC cell line) 
[152]. The mechanism explora-
tion of the same research 
showed that MDM2 ubiquiti-
nates YAP in a p53-indepen-
dent way, and accelerates  
its cytoplasmic translocation 
and subsequent degradation 
[152], suggesting that MDM2 
may act as a potential tumor 
suppressor in a p53-indepen-
dent manner in HCC, this is 
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of primary tumors. Their data showed that 
genetic mutations cause Fbxw7 inactivation in 
various types of human cancers, and the over-
all mutation frequency is about 6% [164]. 
Likewise, Fbxw7 also functions as a tumor sup-
pressor in HCC. Compared with normal tissues, 
Fbxw7 expression in HCC tissues is reduced 
[165, 166], and it is associated with tumor dif-
ferentiation, the incidence of portal vein or 
hepatic vein infiltration, and metastasis [166]. 
In addition, the expression of Fbxw7 protein in 
HCC tissues is negatively correlated with its 
substrate c-Myc and cyclin E [165]. Besides, 
lower Fbxw7 expression is associated with poor 
clinicopathological characteristics, including 
large tumors, high pathological grades, and 
advanced TNM staging [167]. Accordingly, high-
er Fbxw7 mRNA expression is associated with 
better five-year overall survival rate and longer 
disease-free survival, and Fbxw7 expression 
can be an independent risk factor for HCC 
recurrence [167]. However, it is not clear wheth-
er Fbxw7 regulates these substrates through 
its E3 ligase function. Tu K et al. identified YAP 
as a direct substrate of Fbxw7 in HCC, and 
Fbxw7 inhibited cell proliferation and induced 
apoptosis by promoting ubiquitinated degrada-
tion of YAP, which in turn inhibited the progres-
sion of HCC [153]. The evidence mainly sup-
ports Fbxw7 as a tumor suppressor in HCC,  
but the corresponding mechanistic studies are 
still poor, especially the identification of its 
substrates.

Other E3 ligases

As the CUL4B mentioned above, CUL4A is the 
core component of the CRL4 complex, and its 
N-terminus binds to the cullin-specific adaptor 
protein to recruit a large number of substrates. 
Previous studies have demonstrated that 
CUL4A directly targets the LATS1 protein and 
enhances its proteasomal degradation. In 
another study, the de-inhibition of CRL4DCAF1 
inhibited Hippo passway by directly binding and 
ubiquitinating LATS1/2 in NF2-mutated tumors 
in the nucleus [168]. Recently, Ni W et al. dis-
covered that CUL4A ubiquitinated LATS1 and 
down-regulated its protein level and at the 
same time inhibited YAP phosphorylation at 
Serine 127 (S127), which in turn leads to the 
inactivation of Hippo kinase signal and the pro-
gression of HCC [154].

As mentioned above, NEDD4 may activate the 
PI3K/AKT pathway by down-regulating the ex- 

pression of PTEN, and act as a potential onco-
genic protein in HCC [129]. Similarly, it was 
identified in HCC that LATS1, the main negative 
regulator of YAP, is the downstream target of 
NEDD4, which partially exerts its tumor promot-
er function by inactivating the LATS1 signal in 
HCC cells [169], but the specific mechanism is 
not clear. It is worth noting that NEDD4 directly 
targeted LATS1 and caused its ubiquitination 
degradation, which in turn increased the tran-
scriptional activity of YAP [155]. This evidence 
indicates that NEDD4 may directly target the 
degradation of LATS1 to participate in the 
occurrence of HCC.

Keap1/Nrf2 passway

The Kelch-like ECH-associated protein 1 
(Keap1)/nuclear factor E2-related factor 2 
(Nrf2) pathway exerts a major role in regulating 
cellular redox balance. Under normal condi-
tions, Nrf2 is targeted for degradation by the 
E3 ligase Kelch-like ECH-related protein 1 
(Keap1) and remains at a low level. Under 
Oxidative stress, it can change the conforma-
tion of Keap1 through the oxidation of cysteine 
residues, thereby separating Keap1 from Nrf2. 
Then NRF2 enters the nucleus and binds to 
ARE to activate the transcriptional activity of its 
target genes, such as NAD(P)H: quinone oxido-
reductase 1 (NQO1), heme oxygenase (HO-1), 
glutamate-half Cystine ligase catalytic subunit 
(GCLC) and glutamate-cysteine ligase modified 
subunit (GCLM) [170, 171]. In addition to the 
classic way that Keap1 oxidizes and promotes 
the failure of Nrf2 proteasome degradation to 
cause Nrf2 to enter the nucleus, there is also 
an atypical way that p62 can interact with 
Keap1 to form protein aggregates and isolate 
Keap1 to release Nrf2. In response to oxidative 
stress, p62 dimerizes through the hydrogen 
bond between Lysine 7 (K7) and Aspartic acid 
69 (D69) in its PB1 domain, and is formed by 
chelating with Keap1 protein aggregates. This 
Keap1 chelation releases Nrf2, thus promoting 
nuclear translocation of Nrf2 and transcription-
al activation of its targets [172]. Keap1/Nrf2 
signals seem to play a contradictory role in can-
cers. Generally, Nrf2 is considered a tumor sup-
pressor because it has a cytoprotective effect 
and can resist damage from exogenous sub-
stances and oxidative stress. However, some 
evidence has found high constitutive activation 
of Nrf2 in many tumors, such as HCC, lung can-
cer, ovarian cancer, gallbladder cancer, gastric 
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cancer, and breast cancer [173]. Recently, 
some studies have found that a few E3 ligases 
play a key role in the tumorigenesis of HCC by 
targeting molecules related to the Keap1/Nrf2 
pathway (Table 2; Figure 5), including TRIM21 
[174] and TRIM25 [175].

TRIM21

TRIM21 is an E3 ligase containing a RING finger 
domain and participates in a variety of biologi-
cal processes including cellular metabolism, 
redox homeostasis, immune response, and 
cancer development [176]. In HCC, while one 
study suggested that TRIM21 may be a tumor 
suppressor [177], several comprehensive se- 
ries of gene expression studies and TCGA data-
sets have shown the opposite role of TRIM21 
(i.e., increased expression is associated with 
poor HCC development and prognosis) [174]. In 
addition, TRIM21 promotes diethylnitrosamine 
(DEN)-induced HCC by inhibiting the p62/
Keap1/Nrf2 antioxidant pathway. Specifically, 
TRIM21 can ubiquitinate p62 and repress 
p62-mediated Keap1 chelation, thereby re- 
pressing the Keap1/Nrf2 pathway to promote 
DEN-induced oxidative stress [174]. Further- 
more, their previous studies have demonstrat-
ed that TRIM21 mediates ubiquitination of p62 
at K7, which leads to failure of Keap1 chelation 
and negatively regulates the Keap1/Nrf2 anti-
oxidant pathway [178]. The true role of TRIM21 
in HCC is still controversial and further search 
for downstream substrates and mechanistic 
studies are necessary.

TRIM25

TRIM25 is also an E3 ligase with the RING 
domain, which plays an important role in innate 
immunity and defense against viral infections, 
control of cell proliferation and cancer cell 
migration [179]. TRIM25 mainly regulates vari-
ous physiological functions by regulating the 
ubiquitination of its target protein. For example, 
TRIM25 regulates retinoic acid-inducible gene-
1 (RIG-1)’s in a K63-linked polyubiquitination, 
which is essential for host antiviral innate im- 
munity in interferon signal transduction [180]. 
In addition, recent studies have found that 
TRIM25 is essential for tumorigenesis of HCC, 
but its role in HCC is still controversial. In one 
study, TRIM25 regulates the ubiquitinated deg-
radation of normal hepatocyte metastasis-
associated protein (MTA) 1, an essential pro-

tein that promotes the progression of HCC 
metastasis, which in turn inhibits the metastat-
ic ability of HCC cells [181]. However, in another 
study, TRIM25 promotes the survival and 
growth of HCC cells by targeting the Keap1-
Nrf2 pathway [175]. Mechanistically, TRIM25 
directly targets Keap1 through ubiquitination 
and degradation, which leads to activation of 
Nrf2, thereby enhancing antioxidant defense 
and cell survival [175]. Furthermore, Zhang Q, 
et al. showed that TRIM25 directly ubiquiti-
nates and degrades Fbxw7α, the major E3 
ligase of c-Myc, thereby stabilizing c-Myc for 
HCC development [182]. In addition, high 
expression of TRIM25 has been shown to occur 
in a variety of cancers, such as colorectal can-
cer, lung cancer and breast cancer [183-185]. 
These results suggest that most of the evi-
dence supports the pro-oncogenic role of 
TRIM25, but due to the high heterogeneity of 
HCC, the role of TRIM25 in HCC needs to be 
further explored.

HIF-1α passway

As the main regulator of oxygen homeostasis, 
hypoxia-inducible factor-1 (HIF-1) is composed 
of hypoxia-sensitive HIF-1α subunits and con-
stitutively expressed HIF-1β subunits [186, 
187]. HIF-1 induces the transcription of more 
than 100 genes, which are involved in various 
biological processes, such as angiogenesis, 
red blood cell production, anaerobic glycolytic 
metabolism, cell proliferation, survival, inflam-
mation, and cancer metastasis [188]. The 
activity of HIF-1 is regulated by the stability of 
HIF-1α, which is hydroxylated by the oxygen-
dependent prolyl hydroxylase (PHD) [189]. 
Under normoxic conditions, PHD is activated by 
oxygen and cause HIF-1α to be hydroxylated at 
prolyl residues 402 and 564, which are then 
recognized by the tumor suppressor protein  
E3 ligase von Hippel-Lindau (VHL) ubiquitin-
labeled, and then HIF-1α rapid degradation 
through the ubiquitin-proteasome pathway 
[189, 190]. On the contrary, under hypoxia, the 
activity of PHD and VHL is inhibited by low oxy-
gen and HIF-1α can thus be stabilized [189, 
190]. Intratumoral hypoxia and low oxygen lev-
els are key features of all solid tumors, espe-
cially HCC. Furthermore, hypoxia mainly uses 
HIF to cause a series of metabolic changes in 
HCC cells to adapt to hypoxia, and hypoxia cre-
ates HCC resistance [191, 192]. Given that the 
HIF-1α pathway is the core hub of HCC cells 
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Figure 5. The role of E3 ligases in TGF-β/SMAD, HIF-1α, Notch, Keap1/Nrf2, and NF-κB passway in HCC. Under normal conditions, Nrf2 is targeted for degradation 
by the Keap1 and remains at low levels. Under oxidative stress, Nrf2 segregates from Keap1 and enters the nucleus to bind to the ARE and activate the transcrip-
tion of its target gene. In addition, p62 can interact with Keap1 to form protein aggregates and release Nrf2 and enter the nucleus. TRIM21 inhibits Nrf2 release 
and the Keap1/Nrf2 pathway by ubiquitinating p62. TRIM25 releases Nrf2 and activates the Keap1/Nrf2 pathway by degrading Keap1. Under normoxic conditions, 
PHD is activated and hydroxylated to modify HIF-1α, which is subsequently degraded by VHL. Under hypoxic conditions, the activity of PHD and VHL was inhibited, 
thus stabilizing HIF-1α. APCCDC20 mediated the degradation of PHD3 and activated HIF-1α signal. TGF-β binds to TGF-β type I and type II serine/threonine kinase 
membrane receptors (i.e., TβRI and TβRII) to trigger the formation of heterotetrameric complexes and phosphorylation of SMAD 2/3. Thereafter, phosphorylated 
SMAD2/3 forms a complex with SMAD4 and translocates to the nucleus, where they are required to interact with other TFs to activate or repress transcription of 
target genes. PJA1 promotes TGF-β signal through ubiquitination and degradation of SMAD3. Pro-inflammatory cytokines bind to receptors on the cell surface and 
activate the ligand protein TRAF or receptor-interacting protein RIP, which in turn promotes the activation of IκB kinase β (IKKβ). Subsequently, IκB bound to NF-κB 
dimers (e.g., p50-RELA, p50-REL) is phosphorylated by activated IKKβ, which induces IκB ubiquitination and proteasome-mediated degradation, ultimately releas-
ing NF-κB dimers into the nucleus and activating transcription of target genes. Parkin inhibits NF-κB pathway through ubiquitination and degradation of TRAF2 and 
TRAF6. The membrane Notch receptor is activated by the typical ligands DLL1, DLL4, Jagged 1 or Jagged 2. Binding of the ligand to its receptor induces the prote-
ases ADAM10 or ADAM17 to cleave the Notch receptor and produce the Notch extracellular (NEXT) fragment. The NEXT fragment is further cleaved by γ-secretase 
to form the Notch intracellular structural domain (NICD), which is released from the membrane. Fbxw7 represses Notch signal by downregulating the expression of 
Notch1 and its downstream molecule NICD.
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responding to the hypoxic microenvironment, it 
is reasonable to participate in HCC tumorigen-
esis through regulating key molecules in the 
HIF-1α pathway. Notably, VHL has been report-
ed to exert anticancer effects in HCC through 
negative regulation of HIF-1α, and intraportal 
injection of VHL and doxorubicin significantly 
inhibited HCC growth in mice compared to 
doxorubicin alone [193]. Besides, another E3 
ligase APCCDC20 in HCC that regulates the HIF-1α 
pathway has recently been discovered (Table 2; 
Figure 5) [194].

APCCDC20

Anaphase Promoting Complex (APC), a multi-
subunit E3 ligase enzyme, has long been 
thought to be one of the major driving forces 
governing cell cycle progression [195]. More- 
over, the APC complex is associated with the 
activators CDC20, which determine the APC’s 
substrate specificity [196]. To carry out its bio-
logical functions, CDC20 recruits substrates 
using a variety of motifs, and it typically binds 
to substrates with a Destruction-box (D-box) 
[196]. Furthermore, CDC20 has been linked to 
the development of HCC, with CDC20 depletion 
inhibiting cell proliferation and causing mitotic 
arrest in HCC cells [197], but CDC20’s specific 
substrates in HCC have yet to be identified. 
Until recently, Shi M et al. discovered that 
APCCDC20 is directly upstream of PHD3, and 
APCCDC20 mediated polyubiquitination and deg-
radation of PHD3 increases the stability and 
activity of HIF-1 [194]. Specifically, APCCDC20 
binds to the D-box motif in the PHD3 protein to 
exert its ubiquitination effect [194]. Further- 
more, it was discovered that CDC20 is overex-
pressed in HCC in both the TCGA data and clini-
cal HCC samples, and that high CDC20 expres-
sion is substantially associated with HCC 
patient prognosis [194]. Additionally, depletion 
of endogenous CDC20 also suppresses HCC 
cell proliferation in vitro and in vivo, indicating 
that it has a carcinogenic function in HCC [194].

TGF-β/SMAD passway

Transforming growth factor-β (TGF-β) signal is 
important for tissue homeostasis since it regu-
lates a variety of cellular functions such as pro-
liferation, differentiation, migration, and cell 
death [198]. Almost all cells, including hepato-
cytes, can produce and secrete TGF-β [199]. 
TGF-β binds to TGF-β type I and type II serine/

threonine kinase membrane receptors (i.e., 
TβRI and TβRII) to trigger the formation of het-
erotetrameric complexes in which constitutive 
activated TβRII phosphorylates and activates 
TβRI. After transmembrane transduction of 
extracellular signals, activated TβRI initiates 
the typical TGF-β signal pathway through phos-
phorylation of mothers against decapentaple-
gic homolog (SMAD) 2 and 3 in its C-terminal 
serine residues. Thereafter, the phosphorylat-
ed SMAD2 and 3 form a complex with the 
SMAD4 and transfer to the nucleus, where they 
need to interact with other TFs to activate or 
inhibit the transcription of target genes [200]. 
In non-transformed hepatocytes, TGF-β inhibits 
proliferation [201] and induces apoptosis 
[202], thus playing a role in suppressing the 
development of HCC. However, the anti-tumor 
effect of TGF-β signal can be inactivated in two 
ways: i. by inactivating the basic components of 
the pathway; ii by hyperactivating parallel path-
ways that antagonize TGF-β signal (for example, 
the synthesis of autocrine substances such as 
EGFR or PDGF ligands and its receptors) [203, 
204]. PJA1, a new negative regulator of the 
TGF-β/SMAD signal pathway has been identi-
fied in early research [205], and the latest study 
showed that PJA1 is involved in HCC tumorigen-
esis in a TGF-β-dependent manner (Table 2; 
Figure 5) [206].

PJA1

PJA1 is a RING finger E3 ligase of the Praja fam-
ily, and a variety of its specific substrates have 
been identified including SMAD3, homeodo-
main protein Dlx5, polycomb inhibitory complex 
2 protein (PRC2), and zeste homolog 2 enhance-
ment Agent (EZH2) [207-209]. Notably, accord-
ing to TCGA data, increased PJA1 mRNA expres-
sion was associated with a significant decrease 
in overall survival in HCC patients, implying that 
PJA1 activity is linked to poor prognosis of HCC 
patients [210], but the specific mechanism is 
not clear. Compared with normal liver, the level 
of PJA1 in HCC is elevated significantly [207]. 
Furthermore, PJA1 promoted the ubiquitination 
and degradation of phosphorylated SMAD3, 
thereby enhancing the TGF-β signal and pro-
moting the development of HCC [206].

NF-κB passway

Nuclear factor kappa-B (NF-κB) is a family of 
inducible transcription factors expressed in all 
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tissues and cell types. It is activated by a wide 
range of signals and is necessary for the rapid 
activation of cellular responses by innate immu-
nity and adaptive immunity [211]. In most 
cases, the NF-κB-IκB complex is located in the 
cytoplasm [212]. In the canonical pathway, pro-
inflammatory cytokines such as tumor necrosis 
factor α (TNFα) and interleukin-1β (IL-1β) bind 
to the TOLL-like receptor (TLR) and tumor necro-
sis factor receptor 1 (TNF-R1) on the cell sur-
face to activate the connection protein [TNF 
receptor-associated factor (TRAF) or receptor-
interacting protein (RIP) kinase], which in turn 
promotes the activation of IκB kinase β (IKKβ). 
Subsequently, IκB bound to NF-κB dimers (for 
example, p50-RELA, p50-REL) is phosphorylat-
ed by activated IKKβ, thereby inducing ubiquiti-
nation and proteasome-mediated degradation 
of IκBα, and finally releasing NF-κB dimeriza-
tion enters the nucleus and activates target 
genes [212]. It is known that NF-κB-induced 
inflammation can promote HCC tumorigenesis 
[213, 214]. In contrast, the basic NF-κB activity 
in liver cells prevents HCC by inhibiting liver cell 
apoptosis [215, 216]. In the liver, the combina-
tion of hepatocyte apoptosis and compensato-
ry proliferation increases the incidence of carci-
nogenic mutations, and the anti-apoptotic func-
tion of NF-κB can prevent the development of 
HCC by inhibiting compensatory proliferation 
[215, 216]. At present, a study found that E3 
ligase Parkin was involved in the regulation of 
NF-κB signal transduction and HCC tumorigen-
esis (Table 2; Figure 5) [217].

Parkin

Parkin is an E3 ligase that belongs to the multi-
RING domain family, which was originally found 
to be associated with autosomal recessive ado-
lescent Parkinson’s syndrome (ARJP) [218]. 
Accumulating evidence has shown that Parkin 
serves as a cancer suppressor in the carcino-
genesis of multiple tumors, such as HCC, lung 
cancer, breast cancer, colon cancer, cervical 
cancer, and so on [219]. A study involving 
Parkin gene knockout (-/-) transgenic mice 
model showed that hepatocyte proliferation 
was promoted in mice with a homozygous dele-
tion of exon 3, while heterozygous (+/-) Parkin 
siblings proved to have no such effect [220]. 
Besides, the expression of Parkin in HCC tis-
sues is significantly reduced, and the ectopic 
overexpression of Parkin in cell lines leads to 

an overall decline in cell growth and increases 
the sensitivity to apoptosis [221]. Further 
mechanism studies have shown that Parkin 
inhibits the NF-κB pathway through the ubiquiti-
nation and degradation of TRAF2 and TRAF6, 
thereby inducing HCC cell apoptosis [217]. 
Therefore, the induction of cell apoptosis 
through this molecular mechanism provides a 
new UPS-dependent strategy for the treatment 
of HCC [217].

Notch passway

The Noch pathway controls a variety of pro-
cesses, including cell differentiation, prolifera-
tion, and apoptosis events at various stages  
of development [222]. Four Notch receptors 
(Notch1-4) have been identified in humans. 
Membrane Notch receptors are activated by 
typical ligands DLL1, DLL4, Jagged 1 or Jagged 
2. The binding of the ligand to its receptor 
induces the protease ADAM10 or ADAM17 to 
cleave the Notch receptor and produce a Notch 
extracellular (NEXT) fragment. The NEXT frag-
ment is further cleaved by γ-secretase at the 
S3 site and forms Notch intracellular domain 
(NICD) to be released from the membrane. The 
NICD then translocates into the nucleus, where 
it is recruited into the Notch transcription com-
plexes (NTCs) containing CBF1 Suppressor of 
Hairless Lag (CSL), binds to DNA and activates 
transcription of target genes [223]. The role of 
Notch signal in HCC is still controversial, and 
the main reports currently support Notch’s car-
cinogenic effects. For example, after the consti-
tutive activation of NICD, mice developed HCC 
[224]. Moreover, aberrant Notch expression 
and resistance to anticancer therapy are fre-
quently found in human HCC tissues [225-227]. 
However, Viatour et al. found that in mouse 
models, the blockade of Notch gene leads to 
accelerated HCC development, thereby sup-
porting the tumor suppressor effect of Notch 
signal [228]. The only study to date found that 
Notch1 acts as a substrate for the E3 ligase 
Fbxw7 (Table 2; Figure 5) [166].

Fbxw7

As mentioned above, Fbxw7 has been recog-
nized as a universal tumor suppressor in human 
cancers. It is responsible for the transfer of 
ubiquitin molecules to substrates, leading to 
their degradation [229]. Studies have shown 
that several specific substrates of Fbxw7 
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include Notch1, c-Myc, etc. [161, 230]. In addi-
tion, the deletion of Fbxw7 leads to the contin-
ued accumulation of Notch1 and its down-
stream molecule NICD as well as migration and 
invasion of HCC, suggesting that Fbxw7 may act 
as a tumor suppressor by negatively regulating 
the abundance of Notch1 in HCC [166]. 
However, it is not clear whether Fbxw7 down-
regulates the expression of Notch1 through 
UPS-dependent methods, and further verifica-
tion is needed.

HBV infection

The most prominent pathogenic factor of HCC 
is chronic HBV infection, which accounts for up 
to 54% of HCC cases [231]. HBV DNA integrates 
into the host genome early in the infection, 
causing genomic instability and direct inser-
tional mutagenesis of different oncogenes 
[232]. The neoplastic transformation of liver 
cells can be accelerated by the persistent 
expression of HBV regulatory proteins [231]. 

The HBV X protein (HBx), a multifunctional regu-
lator encoded by the HBV genome, has been 
shown to be significantly engaged in the malig-
nant transformation process of HCC [233]. For 
instance, HBx restricts the nucleotide excision 
repair pathway [234], and prevents apoptosis 
via the PI3K/AKT and p38/MAPK pathways 
[235, 236]. Furthermore, anti-HBV drugs such 
as telbivudine, entecavir, and interferon-2b 
have been shown to inhibit the growth of HBV-
related HCC by downregulating the expression 
of HBx [237]. Increasing evidence shows that 
Hbx is implicated in the pathophysiology of 
HBV-related liver diseases, and that HBx down-
regulation is one of the treatment options for 
HBV-related HCC [237]. Recently, many studies 
have demonstrated that various E3 ligases reg-
ulate HBV replication and HBx protein expres-
sion via ubiquitination modification to exert 
cancer-promoting or anti-tumor effects in HBV-
related HCC (Table 2; Figure 6), such as NEDD4 
[238], SIAH1 [239, 240], MARCH5 [241], HDM2 
[242], MSL2 [243], DDB1 [244], and CUL4B 
[245].

NEDD4

NEDD4 is overexpressed in a variety of human 
cancers and can function as either a tumor  
promoter or suppressor [246]. As described 
above, NEDD4 has been reported to promote 
the occurrence of HCC by targeting the PI3K/
AKT/mTOR pathways and the Hippo pathway, 
respectively [128, 129, 155]. Similarly, other 
reports have also found the carcinogenic 
effects of NEDD4 in HCC [127, 169]. However, a 
recent study has provided a different conclu-
sion. Wan T et al. found that the upregulation  
of NEDD4 in HBV-associated HCC cell lines 
decreased proliferation, migration, and inva-
sion [238]. Mechanistically, NEDD4-mediated 
K48-linked ubiquitination of HBx protein inhib-
its HBV-associated HCC progression [238]. In 
addition, another previous study also reported 
the anti-tumor effect of NEDD4 [247]. They 
showed that NEDD4 induces the degradation 
of GUCD1, which is upregulated in proliferating 
hepatocytes [247]. In summary, these findings 
indicate that the function of NEDD4 in HCC may 
be context-dependent, and further classifica-
tion and exploration based on different con-
texts of HCC (such as virus-related, alcohol-
related or adiposity-related, etc.) are expected 
to reveal the role of NEDD4 in HCC.

Figure 6. The role of E3 ligases in HBV infection in 
HCC. HBV DNA integrates into the host genome of 
normal hepatocytes early in infection, leading to ge-
nomic instability and direct insertional mutations of 
different oncogenes. Sustained expression of HBV 
regulatory proteins contributes to tumor transforma-
tion of hepatocytes. NEDD4, SIAH1 and MARCH5 
repress HBV-associated HCC progression by ubiq-
uitinating and degrading HBx. HDM2 stabilizes 
the structure of HBx by mediating the Neddylation 
modification of HBx, which in turn promotes HCC 
development. CUL4B promotes HBV replication and 
HCC development by inhibiting the ubiquitinated 
degradation of HBx. MSL2 maintains HBV stability 
and contributes HCC tumorigenesis by ubiquitina-
tion and degradation of APOBEC3B. DDB1 mediates 
ubiquitination degradation of the Smc5/6 complex, 
thereby reducing transcriptional repression of HBV 
by Smc5/6, and ultimately stimulating HBV gene ex-
pression and promoting HCC development.
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SIAH1

As mentioned earlier, SIAH1 plays a tumor-pro-
moting or anti-tumor effect by regulating a vari-
ety of downstream substrate proteins [56-58]. 
Recently, HBx was identified as a novel sub-
strate of SIAH1 that can be specifically recog-
nized and ubiquitinated for degradation by 
SIAH1, and SIAH1 can inhibit the transcription-
al capacity of HBx in vitro and in vivo [239]. 
Importantly, the same group also showed that 
SIAH1 mRNA and protein expression were sig-
nificantly down-regulated in 270 HCC tissue 
specimens and 9 HCC cell lines [240]. In addi-
tion, they further identified three truncated 
natural HBx variants (HBx-D1, HBx-D2 and HBx-
D3) derived from HCC tissue samples, and 
found that SIAH1 could not reduce the three 
truncated HBx variants and failed to inhibit 
their transactivation activity in the heat shock 
element (HSE) [240]. Moreover, compared with 
full-length HBx, SIAH1 has a weaker associa-
tion with three HBx truncations, suggesting 
that high frequency of HBx truncates in HCC 
may protect HBx variants from SIAH1 mediated 
degradation, and the accumulation of HBx vari-
ants may improve their ability to promote HCC 
development [240].

MARCH5

Membrane-associated RING-CH E3 (MARCH) 
5/MITOL is a RING-type E3 ligase, which has an 
important role in mitochondrial dynamics and 
protein quality control [248]. The study has 
shown that high expression levels of HBx result 
in abnormal mitochondrial morphology and 
function [249]. And mitochondrial damage in- 
duced by HBx increases ROS levels and cyclo-
oxygenase-2 gene expression, which in turn 
leads to liver inflammation and HBV-related 
HCC [250]. Furthermore, Yoo YS et al. identified 
the HBx protein as the target of MARCH5 in 
HCC [241]. Specifically, MARCH5 degrades HBx 
through the proteasome-dependent pathway, 
thereby reducing the occurrence of liver inflam-
mation and HBx-mediated HCC [241].

HDM2

Human double minute (HDM) 2 (in mouse 
known as MDM2) E3 ligase is a major negative 
regulator of p53. Increased HDM2 expression 
has been seen in a variety of malignancies, 
indicating that it has an oncogenic function 

[251]. Neddylation is a ubiquitin-like modifica-
tion that regulates a variety of signal pathways, 
such as apoptosis, DNA damage, and nucleolar 
stress signals, by controlling the stability and 
activity of the target protein [252]. In addition 
to the ubiquitination regulation pathway of p53, 
HDM2 has been reported to mediate a new 
type of post-translational modification (Neddy- 
lation) of HBx protein [242]. NEDD8, a ubiqui-
tin-like molecule recruited by HDM2, specifical-
ly Neddylates HBx at the K91 and K95 sites, 
thereby preventing the ubiquitination modifica-
tion of HBx and maintaining the structural sta-
bility of HBx [242]. Furthermore, in vivo and in 
vitro experiments have shown that Neddylation 
of HBx is beneficial to its functions in promoting 
cell proliferation and tumor growth [242]. These 
results indicate that HDM2 exerts a potential 
carcinogenic effect through Neddylation modifi-
cation of HBx that is independent from the p53 
pathway in HCC.

Other E3 ligases

In addition to the E3 ligase that can directly tar-
get HBx, several E3 ligases may play a role in 
HCC carcinogenesis by regulating HBx in inde-
terminate or indirect manners. Liu N et al. have 
demonstrated that HBx-elevated male-specific 
lethal (MSL)2, an E3 ligase with RING finger 
domain can maintain the stability of nuclear 
HBV covalently closed circular DNA (cccDNA) by 
ubiquitinating and degrading APOBEC3B in 
HCC cells [243]. It has been reported that 
APOBEC3B is responsible for the deamination 
of HBV cccDNA, and overexpression of APO- 
BEC3B can reduce the level of HBV cccDNA in 
HCC cells infected with HBV particles [253]. In 
another study, HBx induces DNA-damage bind-
ing (DDB) 1 protein E3 ligase targets the struc-
tural maintenance of chromosome (Smc)5/6 
complex for degradation, thereby reducing the 
transcriptional inhibition of Smc5/6 and stimu-
lating HBV gene expression [244]. In addition, 
one latest report showed that CUL4B facilitates 
HBV replication by interacting with HBx and pre-
venting its ubiquitin-dependent proteasomal 
degradation [245].

Other E3s

Above we introduced some E3s that regulate 
important signal pathways and pathological 
processes involved in the hepatocarcinogene-
sis. Moreover, many E3s have been identified 
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to be abnormally expressed in HCC or partici-
pate in HCC tumorigenesis by targeting other 
tumor promoters or repressors. Here we will 
not expand the description further, and sum-
marize them in Table 2.

Targeting E3s for HCC therapy

Accumulating data strongly indicated that 
deregulation of UPS contributes to cancer pro-
gression and that overexpression of certain 
components of UPS such as E3 ligase is usually 
associated with poor prognosis. Thus, targeting 
the activity of UPS components has been con-
sidered as a possible cancer treatment strate-
gy. Bortezomib, a selective proteasome inhibi-
tor, is used to treat refractory myeloma and 
mantle cell lymphoma [254, 255]. Its success-
ful application opens up the possibility of regu-
lating the UPS to treat human malignant tumors 
[254, 255]. At the same time, this also sug-
gests that UPS-related regulation may be a new 
strategy for the treatment of HCC. A previous 
international multicenter phase II trial evaluat-
ed Bortezomib as a monotherapy for patients 
with unresectable HCC [256]. Despite the lack 
of a meaningful therapeutic benefit, this trial is 
nevertheless a ground-breaking clinical trial for 
UPS-related drug development in HCC. Besides, 
another study showed that Disulfiram, which is 
used to treat alcoholism, has been found to 
have proteasome inhibitory activity as well as 
specific activity of against zinc fingers and 
RING-finger ubiquitin ligase [257]. In addition, 
as a new proteasome inhibitor, the carcinogen-
ic effect of Disulfiram has been confirmed in 

further preclinical and clinical studies [258]. 
Thence, Disulfiram may become a powerful 
anticancer agent in HCC related alcohol or 
other kinds of HCC.

Generally, inhibitors in the UPS upstream of the 
proteasome can prevent the degradation of 
one or several key proteins. Targeting a specific 
E3 will make it possible to selectively stabilize 
proteins regulated by related E3, and compared 
with the inhibition of the proteasome, may in 
turn lead to reduced toxicity and increased 
therapeutic index. Considering that many E3s 
play key roles in HCC tumorigenesis, targeting 
E3 may become a new approach for HCC treat-
ment. In this regard, the development of inhibi-
tors of some potential tumor promoters in HCC 
has made certain progress. For example, cis-
imidazoline derivatives (nicknamed “Nutlins”) 
developed by Roche competitively binds to the 
MDM2-p53 interaction to activate the p53 
pathway, leading to cell cycle arrest, cell death, 
and growth inhibition (Table 3) [259, 260]. In 
addition, inhibitors of E3s such as SKP2, Cdc20 
and IAPs have also been used in prostate can-
cer, breast cancer, and osteosarcoma and 
other malignant tumors (Table 3) [261-264]. 
More importantly, a study has demonstrated 
that the anti-cancer small molecule MLN4924 
induces autophagy and apoptosis, and inhibits 
the growth of HCC cells [265]. Mechanistically, 
MLN4924 can block the Neddylation modifica-
tion of cullin and inactivate the function of CRL, 
leading to the accumulation of CRL substrates, 
thereby triggering cell cycle arrest, apoptosis 
and senescence in cancer cells [261]. On the 

Table 3. Summary of inhibitors targeting the E3s in HCC
Targets Compound Chemical nature Mechanism of action Clinical stage in HCC Reference
IAP Smac - Increasing the apoptosis of XIAP Proof of principle [262]

LCL161 Mimetic of Smac Combining with paclitaxel Phase I [263, 298, 299]

MDM2/p53 Nutlin-2 Cis-imidazoline Targeting the p53-binding site of MDM2 Proof of principle [259, 260]

RITA - Preventing the recognition of p53 by MDM2 Proof of principle [300]

Spiro-oxindoles - Competing MDM2 Proof of principle [301]

PXN727/PXN822 Isoquinolinone Serving as the MDM2 antagonist Proof of principle [302]

TDP521252/TDP
-665759

Benzodiazepin
-edione

Serving as the MDM2 antagonists Proof of principle [302]

JNJ26854165 Tryptamine Serving as the MDM2 antagonists Proof of principle [302]

HLI98 series - Serving as the MDM2 antagonists Proof of principle [302]

MEL23/MEL24 Tetrahydro-β-carboline 
with barbituric acid group

Serving as the MDM2 antagonists Proof of principle [302]

SJ172550 - Serving as the MDM2 antagonists Proof of principle [302]

RO2443/RO5963 Indolyl hydantoins Serving as the MDM2 antagonists Proof of principle [302]

SCFskp2 CpdA - Interfering with SKP2 ligase function Proof of principle [264]

C1, C2, C16, C20 - Contacting key compound-receptor Proof of principle [303]
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other hand, some E3s are recognized as tumor 
suppressors in HCC. As well known, VHL inhib-
its the occurrence and progression of HCC by 
repressing the expression and activity of HIF 
and NF-κB [215, 266, 267]. Wang J et al. have 
shown that combined intraportal injection of 
VHL and doxorubicin can significantly inhibit 
the growth of HCC in mice compared to doxoru-
bicin alone [193]. This makes it possible to use 
VHL expression vector in combination with 
doxorubicin for transcatheter arterial chemo-
embolization (TACE) [193], which is the stan-
dard treatment for unresectable liver cancer 
[268]. In addition, as mentioned earlier, Fbxw7 
can target to degrade some tumor promoters 
to exert its anti-cancer effect, such as Notch1, 
c-Myc and so on [186, 187]. Several recent 
studies have shown that Fbxw7 can enhance 
the sensitivity of liver cancer cells to sorafenib 
[269, 270]. Therefore, the use of E3s analogs, 
or the use of E3s agonists in combination with 
other treatment methods, may become a neo-
adjuvant therapy for HCC within a few years. 
However, due to frequent mutations of E3s 
have insufficient specificity to recognize tar-
gets, it may cause off-target effects, which may 
lead to treatment failure. Notably, proteolysis 
targeting chimeras (PROTACs), a type of multi-
functional small molecules that utilize the UPS 
to degrade proteins of interest (POI) [271]. 
PROTACs may be preferable to traditional small 
molecule inhibitors (SMIs) because of their 
unique mechanism of action, which degrades 
POI in a substoichiometric manner and allows 
PROTACs to produce longer and stronger bio-
logical effects on the target than SMIs [271]. 
Furthermore, PROTACs can target “non-druga-
ble” and mutant proteins, and improve the tar-
geting selectivity of downstream tumor promot-
ers [271]. As a result, PROTACs have emerged 
as a promising technique for the development 
of novel targeted anti-cancer therapies. In fact, 
this emerging technology has been applied in 
various stages of preclinical and clinical devel-
opment of some hematological malignancies 
[272-274]. We have reason to believe that it is 
expected to be used in targeted therapy of HCC 
in the future.

Discussion

Tumors are highly heterogeneous diseases and 
are complex at the genetic and epigenetic lev-
els. In addition to simple mutations and ampli-
fications, post-translational modifications of 

proteins are now being revealed on a larger 
scale. In this complex environment, E3 ligases 
can regulate the activity and function of sub-
strates, including oncogenic and anti-oncogen-
ic proteins, which are critical for tumorigenesis 
and progression as well as drug treatment sen-
sitivity. In addition to targeting substrates for 
proteasomal degradation, E3 ligases also regu-
late the DNA damage response and the local-
ization and activity of key protein kinases in 
many signal pathways, such as NF-κB, PI3K/
AKT, and Wnt/β-catenin [21, 59], which makes 
them a central hub for promoting cancer signa-
tures. The pathogenesis of HCC is complex and 
its development involves multiple key signal 
pathways. Apart from their individual indepen-
dent signal pathways, there are multiple levels 
of crosstalks between these signal pathways to 
regulate each other. Therefore, it is not surpris-
ing that E3 ligases play different roles in HCC.

The function and significance of E3 ligases in 
HCC have been well studied, but many ques-
tions still remain to be addressed. For example, 
the main pathways responsible for ectopic 
expression of E3s are not yet clear. Although 
the function of most E3s in tumor progression 
is dependent on E3 activity, whether specific 
E3s play a proteolytic or non-proteolytic role in 
HCC remains to be investigated. Furthermore, 
the substrates and downstream effectors of 
some E3s in HCC are still largely unknown. One 
more important question is how E3 ligases rec-
ognize their specific substrates, as only a few 
recognition motifs, called “degron”, have been 
identified so far [275]. Degron is the target of 
E3 ligases and directs the destruction of pro-
teins bearing degrons via UPS [275]. Depending 
on the degron motif, E3 ligases achieve precise 
targeting and degradation of oncogenic protein, 
thereby controlling the stability of the protein 
and its involvement in physiological processes 
or tumorigenesis [276]. Recent systematic an- 
alyses of primary tumors have shown that sta-
ble mutations in the oncogenic protein degron 
and inactivating mutations in E3 that recognize 
such degron are driving events for tumorigene-
sis [277]. Specifically, these abnormal muta-
tions disrupt the precise recognition of sub-
strates by E3, resulting in abnormal accumula-
tion of oncogenic protein, ultimately triggering 
the malignant transformation process in nor-
mal cells. Therefore, the design of precision 
therapies targeting E3 based on degron recog-
nition should be promising. However, only 25 
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classes of degron motifs have been identified 
compared to the approximately 600 E3 ligases 
in the human proteome [275]. Without knowl-
edge of degron motifs, it is difficult to assess 
whether post-translational modifications regu-
late the interaction of E3 ligases with degrons 
and whether there is a direct relationship 
between E3 ligases and putative substrates. 
Some of the following measures are expected 
to solve the above problems: (i) further mining 
the specific recognition motifs of E3s to sub-
strates; (ii) integration of target E3 structural 
information, affinity purification-mass spec-
trometry (AP-MS) and degron motif mining for 
system-wide identification of downstream sub-
strates in HCC; (iii) identification of the type of 
E3 modifications to substrates and the major 
pathways responsible for E3 ectopic expres-
sion in HCC.

Given the critical role of E3 ligases in regulating 
multiple important cellular pathways in HCC, 
including Wnt/β-catenin, RAS/RAF/MEK/ERK, 
PI3K/AKT/mTOR, etc., E3 ligases are attractive 
drug targets for cancer therapy. Compared  
to proteasome inhibitors that non-selectively 
blocks protein degradation throughout the sys-
tem, compounds targeting specific E3 enzymes 
are expected to more selectively modulate  
protein levels, thereby increasing specificity 
with minimal toxicity. Notably, PROTACs have 
emerged as an important future therapeutic 
opportunity in the field of E3 ligases. PROTACs 
induce the proximity of E3 ligases to target pro-
teins (e.g., oncogenic protein) to promote ubiq-
uitination and degradation of the target protein 
[271]. Central to this technology is the identifi-
cation of a specific ligase to which it will bind, 
and this is an area that requires focused atten-
tion to accelerate the translation of this tech-
nology into the clinical setting. In conclusion, 
E3 ligases are important tumor regulators and 
potential therapeutic targets for HCC. The 
development of novel anticancer drugs target-
ing specific E3 ligases and E3 ligase-based 
cancer biomarkers will also be used in the clinic 
as therapeutic, diagnostic tools or prognostic 
indicators for the benefit of HCC patients.
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