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Abstract: Ubiquitin-conjugating enzymes (E2s) are one of the three enzymes required by the ubiquitin-
proteasome pathway to connect activated ubiquitin to target proteins via ubiquitin ligases. E2s
determine the connection type of the ubiquitin chains, and different types of ubiquitin chains regulate
the stability and activity of substrate proteins. Thus, E2s participate in the regulation of a variety of
biological processes. In recent years, the importance of E2s in human health and diseases has been
particularly emphasized. Studies have shown that E2s are dysregulated in variety of cancers, thus it
might be a potential therapeutic target. However, the molecular basis of E2s as a therapeutic target
has not been described systematically. We reviewed this issue from the perspective of the special
position and role of E2s in the ubiquitin-proteasome pathway, the structure of E2s and biological
processes they are involved in. In addition, the inhibitors and microRNAs targeting E2s are also
summarized. This article not only provides a direction for the development of effective drugs but
also lays a foundation for further study on this enzyme in the future.
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1. Introduction

The 2004 Nobel Prize in Chemistry was awarded to three scientists (Aron Ciechanover,
Avaram Heshko and Irwin Rose) for their discovery of the mechanism of protein degra-
dation regulated by ubiquitin (Ub). They found the same class of peptides in mammals,
bacteria and plants, whose structures and properties were very similar. They named it Ub
because of its widespread existence [1]. Ub has the property of forming stable chemical
bonds with other proteins to regulate their stability, activity or position [2]. Ub modifies
substrate proteins through the ubiquitin-proteasome pathway (UPP), which requires three
key enzymes—Ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin ligase (E3), to hydrolyze the target proteins of ubiquitination in cells to maintain
protein homeostasis [3].

Residing at the center of the cascade, E2s largely determine Ub chain topology and
are responsible for recruiting E3 ligases and their substrates [4]. The relationship between
E2s and human cancer has been studied extensively. Ullah et al. [5] showed that increased
expression or mutation of UBE20O is common in breast cancer (BC), gastric cancer (GC),
renal carcinoma (RC) and ovarian cancer (OC). The UBE2C mRNA or protein can hardly be
detected in normal tissues; however, it is abnormally elevated in diseases such as cerebral
cancer, lung cancer (LC), leukemia, lymphoma, GC, BC, colon cancer (CC) and hepato-
cellular carcinoma (HCC) [6-9]. Even UBE2C transgenic mice are more likely to develop
spontaneous tumors and tumors induced by carcinogens [10]. Wu et al. [11] found that
UBE2N is related to the low overall survival rate of human BC and is directly involved
in the process of metastasis, which is necessary for lung colonization and the survival
and proliferation of established metastatic lesions. Cases of the abnormal expression of
other E2 members in different cancer cells or tissues are also widespread. This not only
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affects the protein turnover of cancer cells, but also indirectly regulates the proliferation,
metastasis, anti-apoptosis and drug resistance of cancer cells by participating in certain
biological processes. Although researchers are committed to studying the roles of E2s in
various diseases and constantly emphasize the potential of E2s as a therapeutic target, the
molecular basis of E2s as a potential therapeutic target for cancer has not been described
systematically. A newly published review classified systematically all the reported small
molecular inhibitors of the basic components of UPP, including E1, E2, E3, 20s proteasome
catalytic core particles and 19s proteasome catalytic core particles, as well as their mecha-
nisms of action and limitations [12]; however, the inhibitors and microRNAs (miRNAs)
targeting E2s were not fully summarized. Therefore, we reviewed the literature in the past
five years to cover these two aspects. We discuss the molecular basis of E2s as a target
for cancer therapy from the special position and functions of E2s in UPP, the structure
of E2s and biological processes they are participated in, and the efforts made to develop
corresponding inhibitors. Researchers can select E2 as a specific target and consider the
possible positive and negative effects according to the biological processes it participates in,
allowing them to develop effective inhibitors with few side effects to control the occurrence
and development of cancer.

2. The Position of E2 in UPP

The UPP comprises Ub, E1, E2, E3, 26S proteasome, deubiquitinating enzymes (DUBs)
and target proteins [13]. It exists widely in eukaryotes as well as in prokaryotes, and is
an important pathway for selective protein degradation in organisms. The UPP involves
two consecutive processes: The ubiquitination system ubiquitinates the substrate proteins
and 265 proteasome degrades ubiquitinated target proteins [14]. First, under the energy
supply of adenosine-triphosphate (ATP), the C-glycine residue of Ub forms a high energy
thioester bond with the cysteine residue of E1. Later, E1 connects the activated Ub to E2
through the intermediate product of Ub adenylation to form the E2-Ub sulfhydryl ester.
Although Ub can be transferred directly or indirectly from E2 to the substrate, E3 is usually
needed to identify specific substrates. Through a E3 enzyme, Ub is transferred from the
thioester intermediate to the ¢ amino group of the target protein (lysine residue) to form
an isopeptide bond and then subsequently activates the Ub to connect the 48th lysine
residue of the previous Ub molecule to form a signal. This polyubiquitin (polyUb) chain is
recognized and degraded by proteasome [15,16] (Figure 1).

E2 are multi-functional enzymes that primarily engage in two types of reactions with
a simple active site in the UPP: (1) Transthiolation (transfer from a thioester to a thiol
group) and (2) Aminolysis (transfer from a thioester to an amino group). Most E2s can
interact with E1 and one or more E3s [17], providing a binding platform for E1, E3, and
activated Ub/Ub-like (Ubl). Some E2s also play a role outside the traditional Ub transport
pathway by regulating the activity of other enzymes [18]. It should be pointed out that
Ub contains seven different lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and
Lys63), any of which can be covalently linked with other Ub molecules. Besides, the
N-terminal (N-) methionine (M1) of Ub is also a site for covalent binding of other Ubs to
form M1-linked linear ubiquitylation [19]. So, the type of these Ub chains and the fate
of substrate proteins are determined by E2s. PolyUbs can be formed through the same
Ub linkage (homotypic chains) or a combination of different lysine linkages, resulting
in mixed or branched structures (heterotypic chains). It is only through recognition of
these different Ub structures by Ub-binding proteins (UBPs) that the intracellular fate of
the protein is determined [20]. A branched Lys11/Lys48 chain in heterotypic chains is
considered to be a better signal for proteasome degradation [21]. Generally speaking, Lys48
and Lys11 chains are further involved in proteasome degradation. Proteasome shuttling
factors preferentially bind Lys48 chains compared with Lys11 chains. M1-linked ubiquitin
chains, Lys63 and Lys6 chains are usually involved in non-proteolytic processes, such as
immune homoeostasis [22], DNA repair, signal transduction, and endosomal-lysosomal
degradation [23]. The Lys11 chain is less studied than the Lys48 or Lys63 chain, but it seems
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to serve as a degradation signal for anaphase-promoting complex/cyclosome (APC/C)
substrates in the regulation of cell division [24]. The functions of other connection types of
Ub chains are not entirely clear.
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Figure 1. A schematic diagram of the ubiquitin-proteasome pathway (refer to [13]). Ubiquitin (Ub) is activated by
ubiquitin-activating enzyme in an adenosine-triphosphate-dependent manner. Ubiquitin-activating enzyme hydrolyzes
adenosine-triphosphate and forms a complex with Ub. Subsequently, Ub is transferred to one of many different E2s.
In some reactions, E2 (UBE20) can directly ubiquitinate the substrate, while others need the help of ubiquitin ligases
(E3s). E3s are currently categorized into three families, (i) Homologous to E6-associated Protein C-terminus (HECT),
(ii) Really Interesting New Gene (RING), and (iii) U-box Domain [25]. The Cullin-RING ligases (CRLs), APC/C ligase, and
RING-Between-RING ligases (RBRs) all belong to RING E3s. Ubiquitination of substrates occur as mentioned in the three
ways: Monoubiquitination, multi-monoubiquitination, and polyubiquitination (including linear polyubiquitination and

branched polyubiquitination).

3. The Structure and Classification of E2

To date, 1635 E2s have been identified in eukaryotic genomes and about 40 E2s in
human have been identified to be involved in the transfer of Ub/Ubl proteins (e.g., small
ubiquitin-like modifier (SUMO) and NEDDS), while other eukaryotic genome E2 families
have 16-35 members [26]. Their names consist of the designation ubiquitin enzyme E2
(UBE2) followed by a serial capital letter according to their consecutive discovery. Most
E2s have a highly conserved ubiquitin-conjugating region comprising 150-200 amino acids,
known as the UBC domain, which binds Ub/Ubl proteins activated by ATP (Figure 2A).
This domain adopts an o/ 3-fold, typically with four x-helices and a four stranded (-
sheets (Figure 2B). The UBC domain is embellished with functionally important insertions,
such as UBE2R1 or UBE2G2. Moreover, a few E2s have an additional structured domain
linked to their UBC domain (e.g., UBE2K) or are part of large multi-domain proteins (e.g.,
UBE20) [27]. Ubiquitin-conjugating enzyme variant (UEV) exhibits high similarity with
E2s both in structure and amino acid sequence, but lacks the UBC domain and the active-
site cysteine residue, and thus is catalytically inactive [28]. The E2 family has been divided
into four classes: Class I, UBC domain only; class II, UBC domain plus an N- extension;
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class III, UBC plus a C- extension; and class IV, UBC plus both N- and C- extensions [29].
These extra domains not only create E2s of diverse molecular size, including the largest E2,
BIRC6 (4857 amino acids), but also can govern intracellular localization, confer regulatory
properties, and enable specific interactions with particular E3s [30]. Although the shallow
and exposed nature of the catalytic site make it difficult to target the site directly with
small molecules, the distinct regions in which E2s are involved in many protein-protein
interactions raise the possibility of additional modes of inhibition [31].

Table 1. E2s, its synonyms, classification, relevant biological roles, and involvement in cancers.

Name e . . .
(Human) Synonyms Classification Biological Roles Relevant Cancers
Transcriptional regulation
UBE2A RAD6(A) Class I DNA repair [33] Chronic myeloid leukemia
Regulating myeloid differentiation [34]
Ubiquitinating H2A /B and MGMT to participate in
DNA repair
UBE2B RAD6(B) Class I Monoubiquitinating H2B to participate in MM, BC
transcriptional activation
Ubiquitinating p53 and Ki67 [35] to participate in MM of uterus, Melanoma,
o HCC [37], HNSCC [38], CRC
G2/M transition [36] . )
Regulating the level of phosphorylated ERK1/2 to [39], Glioma [40], TSCC [41],
UBE2C UBCH10 Class II & g e of phosphoryta Cerebral cancer, LC, Leukemia,
participate in cell apoptosis [42] Lymphoma, GC [6-9], BC
Its depletion reduced OC malignancy and reversed ympoma, At
DDP resistance via downregulating CDK1 [43] Esophageal cancer, CC,
) Endometrial carcinoma, OC
Regulating the level of p53 protein [44]
UBE2D(1/2/3) UBCHb5(a/b/c) Class I Ubiquitinating MDM2 and CCND1 Esophageal cancer [45], PCa
UBE2E1 UBCHb Class IT Affects the patient’s response to induction Acute myelogenous leukemia,
chemotherapy [46] PCa
UBE2E2 UBCHS Class IT Stable substrate protein with ISGlS can promote BC
cancer cell movement and invasion [47]
Maintaining mitochondrial homeostasis [48],
UBE2E3 UBCH9 Class II participating in NEDD4~ dependent epithelial Na* -
channel regulation [49]
Regulating inflammation and innate immune
UBE2G1 UBE2G/E217K Class 1 response [50], ubiquitinating and degrading of Myeloma
IKZF1 and IKZF3 [51]
Co-regulating immune receptor downregulation
UBE2G2 UBC?7 Class I mediated by human cytomegalovirus US2 with NSCLC [53], PCa [54]
TRCS [52]
Participating in neurodevelopment [55]
UBE2H UBC8/UBCH2 Class III TNF-a promotes the binding of the UBE2H -
promoter region to NF-«kB [56]
It negatively regulates interferon to promote RNA
virus infection [57]
UBEZ]1 UBC6 Class IIT Participating in spermatogenesis and growth and Medulloblastoma [58], PCa
development
Regulates ERAD induced by human
UBE2]2 NCUBE2 Class I cytomegalovirus US2 through TRCS [52] HCC 9]
UBE2K UBCH1/E2-25k Class III Regulating the cell cycle -
Participating in DSB repair
Ubiquitinating p53 and 1})2[761:11191 to regulate the cell HCC [60], Cervical
UBE2L3 UBCHY Class I cyce [o: Cancer [61], NSCLC [62],

Regulating the NF-«B signal driven by TNF-« [64],
Rate limiting factors and therapeutic targets of
LUBAC activity [65]

B-cell lymphoma
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Table 1. Cont.

Name [P . .
(Human) Synonyms Classification Biological Roles Relevant Cancers
UBE2N-UBE2V1 complex regulates innate
immunity and participates in the activation of
NF-kB [66]
UBE2N-UBE2V2 ubiquitinates PCNA and H2A BC, Cervical Cancer [67],
UBE2N UBC13 Class I Ubiquitinating and degrading Sirt1 and inhibiting HCC [68], DLBCL, LC,
histone H4 lysine 16 acetylation [70] Malignant melanoma [69]
Activating MAPKs
Involved in the internalization of cell surface
receptors
Ubiquitinates BMAL1 to regulate transcriptional
activity and circadian rhythm function [71]
Participating in erythropoiesis, ubiquitinating RPs
to participate terminal erythroid differentiation [75] .
UBE20 E2-230K Class IV Regulating apoptosis I\EIBISI [702% ?—I?\,IS]?CC C[[S;%‘]ArﬁeCIIE;Z’]
Monoubiquitinating SMADS to participate in bone T e
morphogenesis [76]
Ubiquitinating and degrading MXI1 at the
Lys46 residue
Regulating p53 [77]
UBE2Q1 UBE2Q/NICE5 Class II Regulation of lysosome integrity and HCC, BC, ALL [78], CRC [79]
lysophagy [80]
UBE2Q2 Nothing Class IT Regulating apoptosis HNSCC [81], CRC [82]
PP : Kipl /
UBE2R1 CDC34/UBC3/UBCH3 Class III Ubiquitinating and degrading p27 [83] MM, HCC [84], NSCLC [85],
and IkBx ALL [86]
Ubiquitinating CDKN1A, CCNB1, CDC20, and p53
(Lys11/Lys48 polyUb chain) to regulate apoptosis HCC [68], BC, OSCC [87],
UBE2S E2EPF/EPF5 Class III Ubiquitinating (3-catenin to maintain its stability NSCLC [88], Melanoma [89],
Ubiquitinating SOX2 to regulate neuroectodermal CRC
differentiation and maintaining mES cells [90]
FA [65,92], GC [93],
Nucleic acid excision repair for UV damage [91] Osteosarcoma [94], PCa [95],
Ubiquitinating and degrading p53 [101] LC [96], BC [97], HCC [98],
UBE2T FANCT/PIG50/ Class III Participating in Wnt/ 3-catenin signaling and Intrahepatic
P13K/AKT signaling, regulating BRCA1 cholangiocarcinoma [99],
degradation Gallbladder cancer [100], NPC,
CRC, MM [101], OC [102]
It participates in the activation of NF-«B together Metastatic CRC, BC,
UBE2V1 UEVIA Class II with UBE2N [71] Osteosarcoma [103]
UBE2V2 MMS2 Class 1 Participates in DNA repair together with UBE2N -
UBE2W UBC16 Class T UBE2W downreg}llation promotes cell apoptosis )
and correlates with hypospermatogenesis [104]
A positive regulator of HCC [106,107], NB [35,108],
BIRC6 Appolon/BRUCE Class IV macroautophagy/autophagy [105] CRC, PCa [109], OC [35]
Ub-like
UBE2F NCE2 Class I Promoting the survival of lung cancer cells [110] LC
Promoting the development of T cells [111],
SUMOylation of IRF4 promotes the M2 process of
macrophages [112], SUMOylation of IRF7 limits its
transcriptional activity [113]
SUMOylation of (SUMO1) NLRP3 activates the
inflammasome, Regulating the NF-kB
signaling [115]
UBE2I UBC9 Class I Participating in the formation of Lys49 polyUb HCC [114], BC

chain to resist senescence [116]
Affects BCL2 expression through the ER signaling
pathway [117]
UBE2I-PCGF2 complex inhibits the SUMOylation
of PML-RARA [118]
Participating in the development and survival of
CLPs [119]
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Table 1. Cont.

Name

(Human) Synonyms Classification Biological Roles Relevant Cancers
BC12/UB DNA repair [120] HCC [121], RC[122], LC,
UBE2M UBC S/ UBC- Class II Ubiquitinating and degrading UBE2F [124] Intrahepatic
R52 Participating in the cell cycle [125] cholangiocarcinoma [123]
UBE2Z USE1/HOYS7 Class IV Participating in the ERK and STAT3 signal HCC

pathway [126]

Figure 2. (A) The alignment of UBE2T and UBE2I (Ubl). The three dimensional (3D) structure of UBE2T is shown in
green, while UBE2I is shown in yellow, indicating that the structure of E2 family is conserved. UBE2T has a C-terminal
extension, which belongs to Class III, while UBE2I has no C- and N- extensions, and so belongs to Class I, which are
consistent with the summary shown in Table 1 (B) The 3D structure of UBE2T. We marked four a-helixes and four f3-
folds with white letters. N-term and C-term refer to the N- and C-termini of UBE2T, respectively. The main sites of
interaction between UBE2T and E1 and E3 are S1 and S2, respectively, and the active site cysteine (86) is highlighted
in red. Bl is opposite to the active site of UBE2T, which is called the ‘backside.” Backside binding between E2 and
Ub or SUMO contributes to chain building activities or regulates E2 activities via allostery [32]. The 3D structures of
UBE2T and UBE2I were downloaded from http://www.rcsb.org/ (accessed on 20 November 2020), numbered 5SNGZ
and 1AS3S, respectively. PYMOL software was used to align them, and the prediction of the active site was carried out
using http:/ /www.ebi.ac.uk/interpro/result/InterProScan/iprscan5-R20200618-032207-0413-15289371-p2m/ (accessed on
20 November 2020).

4. Biological Processes Involving E2s
4.1. DNA Repair Pathway

Certain proteins are ubiquitinated by radiation or treatment with DNA damaging
agents, including proliferating cell nuclear antigen (PCNA), histone H2A and its variant
H2A(X), 9-1-1 complex, Fanconi (FA) pathway proteins FANCD2 and FANCI, and replica-
tion factor 2 [127] (Figure 3). The pathways of E2s involved in DNA damage repair include:
DNA translesion synthesis (TLS) and error free pathway targeting PCNA, DNA double
strand break repair (DSBR) and the FA pathway centered on H2A(X) [33]. In addition,
some E2 members are involved in other types of DNA repair processes. The SUMOyla-
tion of Xerderma pigmentosum C by UBE2I is to participate in nucleotide excision repair
(NER) [128]. UBE2I also plays an important role in DNA-protein crosslinks (DPCs) repair
by subsequent proteasome hydrolysis of SUMOylation TOP1/TOP2-DPC (Topoisomerase
I/1I-DNA-protein crosslink), which repairs the inhibition of DNA metabolism caused by
the persistence of TOP (Topoisomerase) [129]. RAD6 mutants are sensitive to alkylating
agents, and alkylating agent-induced DNA damage is repaired by base excision repair
(BER) pathway, indicating that RAD6 may be involved in BER. UBE2K is involved in
these two different repair processes [130]. Damaged DNA can lead to cell cycle arrest
and induce the process of DNA repair. Once the damage is repaired, the cells that stop
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the checkpoint will resume the cell cycle. The accumulation of unrepaired DNA usually
triggers the activation of multiple cell death or carcinogenic pathways, resulting in cell
death, senescence, or cancer [131].

UBE2N cooperates with UBE2V2 to modify PCNA to participate in DNA replication
and repair pathways [132]. DNA damage induces monoubiquitination at Lys164 of PCNA,
which is catalyzed by UBA1, RAD6, and RAD18 (which also involved in the activation
of FA pathway). DNA damage induces nuclear entry of UBE2N and UBE2V2, which are
recruited into chromatin by RAD5, where they catalyze PCNA to form a Lys63-linked
polyUb chain. RAD6 binds to RAD18 to regulate the TLS pathway of mutant DNA in
response to genomic damage, including that induced by chemotherapy and radiotherapy.
In the absence of DNA damaging agent, PCNA is modified by SUMO in the S phase,
preventing post-replication repair enzymes from being recruited into an inappropriate
period of the cell cycle [133] (Figure 3A). UBE2N can also interact with RNF8 and RNF168
to participate in the DNA injury response. OTU domain-containing ubiquitin aldehyde
binding protein 1 (OTUBLI) regulates DNA repair by hydrolyzing the UBE2N-mediated
Lys63 polyUb chain [134].

DSBs can be repaired by homologous recombination (HR) or non-homologous end
joining (NHEJ). HR plays an important role in the S/G2 phase of the cell cycle, while
NHE] can function in all phases of the cell cycle [135]. UBE2S was found to be associated
with the components of the NHE] complex and participates in the NHE]J-mediated DNA
repair process [136]. The MRN complex (MRE11, RAD50, NBS1) detects DNA DSBs and
forms a complex with phosphorylated mediator of DNA damage checkpoint protein 1
(MDC1) and histone H2AX. MDC1 recruits RNF8/UBE2N/UBE2V2, to make H2AX form
a Lys63-linked polyUb chain. RAP80 recognizes the Lys63 polyUb chain on H2AX and
forms a complex with ABRA1 (Abraxas), BRCC36, breast cancer-1 (BRCA1), and BARD to
participate in HR (Figure 3C). OTUBI inhibits the process via deubiquitination of UBE2N.
By collaborating with the heterodimeric E3 ligase RNF20/RNF40, RAD6 catalyzes the
monoubiquitination of H2B to participate in the regulation of DNA damage repair [137].

UBE2T (also known as FANCT) is first identified in a case of FA, and catalyzes the
monoubiquitination of the FANCD2 and FANCI complex with FANCL (RING-type E3).
Then, they cluster in DNA interstrand cross-link (ICL) lesions by binding with unknown
X1 or X2 in the DNA repair process [138] (Figure 3B). The RAD18/RAD6 complex is also
crucial to activate the FA pathway. When the repair process is completed, the FANCD2
and FANCI complex is deubiquitylated and dissociated from the repaired ICL site by the
USP1-UAF1 complex and is then released from the DNA [139]. The destruction of UBE2T
expression leads to FA (a DNA repair defect) by affecting the damage repair response
of DNA ICL. On the one hand, it increases the risk of early cancer in adults [140]; on
the other hand, it increases the sensitivity of cancer cells to cross-linking agents [141].
Lyakhovich [142] showed that knocking down FANCD?2 increased the sensitivity of cancer
cells (BC, Bladder, or LC cell lines) to mitomycin C (MMC) and to a lesser extent, to gamma-
rays. Importantly, those cell lines with significant FANCD?2 depletion revealed a decreased
recurrence capacity. Ramaeker [143] showed that hypoxia can rapidly and forcefully reduce
the level of UBE2T mRNA in cancer cell lines, thus greatly increasing the sensitivity of
cancer cells to MMC therapy. Therefore, to reduce the risk of cancer, it is necessary to
ensure stable levels of UBE2T and other proteins involved in the FA pathway. To treat
patients with cancer, the combination of DNA cross-linking agents (e.g., MMC, Cisplatin
(DDP)) with inhibitors of the FA pathway might kill cancer cells by preventing them from
replicating and repairing. UBE2T can also promote the removal of DSBs in the process of
DNA HR repair [144].

Opverall, in normal cells, E2s are involved in DNA repair and restart of damaged DNA
replication forks to maintain genomic integrity and reduce the incidence of cancer [145].
The increased expression and activation of DNA damage response signals and repair genes
are the reasons for the resistance of cancer cells to radiotherapy [146]. Downregulation of
UBE2S expression in Glioblastoma (GBM) suppressed NHE]-mediated DSBR, and made
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GBM cells more sensitive to radiotherapy [136]. RAD6 regulates mutagenic TLS and
FA in response to various genomic insults, including chemo and radiation therapy [147].
TZ9 (a RADG6-specific small molecule inhibitor) treatment of triple negative breast cancer
(TNBC) and OC cells weakens the DNA repair signal of these cells, thus increasing the
sensitivity of drug-resistant cancer cells to carplatin [148]. UBE2B regulates the sensitivity of
nasopharyngeal carcinoma (NPC) cells to carmustine (BCNU) by ubiquitination of MGMT
(a DNA repair enzyme) [149]. UBE2D3 had the opposite effect, and its downregulation
promoted DNA damage repair in esophageal cancer cells and enhanced the radiation
resistance of cancer cells [150]. We know that NHE]J-mediated DSBR exists in all stages
of the cell cycle, and the repair process is fast but inaccurate. Although HR-mediated
DSBR only exists in the S/G2 phase of the cell cycle, the repair process is complex but
accurate. Therefore, UBE2S and UBE2N, which are involved in these two processes, can
be considered as anticancer targets. In view of the ineffectiveness of radiotherapy and
emergence of chemotherapy resistance, it is urgent to develop inhibitors of DNA damage
repair signals. Combining the inhibitors with radiotherapy and chemotherapeutic drugs
mighty increase the effectiveness of cancer treatment. This requires further study.

S-phase

Translesion synthesis Error free  DNA synthesis

1
IIIIIHHI
||I|I|||I|I||||ll|

C

Figure 3. E2s participate in the DNA repair pathway. (A) E2 ubiquitinates proliferating cell nuclear antigen (PCNA) to
participate in the DNA replication and repair process. (B) E2 ubiquitinates the FANCD2 and FANCI complex to participate
in the FA pathway. (C) E2 ubiquitinates H2A(X) to participate in the DNA replication and repair process. UBE2D3 can also
participate in the above (A,C) processes [151].

4.2. Cell Cycle

Cell cycle progression is monitored by a set of checkpoints G1/S, G2/M, and spindle-
assembly checkpoint (SAC) that push cells forward from one stage to the next [35], and
their transformation depend largely on the UPP (Figure 4A). Kinase inhibition protein
p27 (p27XiPl), as an inhibitor of cyclin-dependent kinase (CDK), can be ubiquitinated
by UBE2D and UBE2R1 in the transition of Glmax to S phase, thus alleviating the in-
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hibition of the CDK4/CDK6 complex [152]. The genes regulated by p27XiP! are closely
associated with poor cancer survival, indicating that p27XiP! is associated with cancer
progression [153]. UBE2D3 is also the initial ubiquitination enzyme for key regulatory
molecules such as cell cyclin D1 (CCND1), inhibitor of nuclear factor kappa B (IkB), p53,
and MDM2 [154]. UBE2R1 and UBE2R2 participate in the extension of cell cyclin E (CCNE)
ubiquitin chain [155]. UBE2C has been proposed to be rate-limiting in the late G1 phase,
when it is required to degrade cell cyclin A by APC/C to prevent premature DNA replica-
tion [156]. RAD6 influences the transcription of CDK1 by increasing monoubiquitinylation
of H2B and trimethylation of H3K4 in the CDK1 promoter region. Therefore, RAD6 pro-
motes G1/S phase transition and cell proliferation [157]. In addition, SUMO also plays a
significant role in the cell cycle, and CDK1, CDK9, CDK11, and CCNE have been identified
as targets of SUMO [158]. In GBM cells, SUMOylation of CDK6 can prevent its ubiquitina-
tion and degradation, and ensure its existence in the process of G1/S transformation [159].
In the transition of G/M phase, this process is promoted by ubiquitination of WEE1 [160].
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Figure 4. (A) E2s participate in the cell cycle process. (B) E2s regulate the cell cycle and apoptosis process by ubiquitinating
p53. p53 upregulated modulator of apoptosis (PUMA) and BCL2-associated X (BAX) can induce apoptosis through

increasing mitochondrial outer membrane permeability.

SAC ensures an equal distribution of chromosomes to daughter cells during mito-
sis [161]. Improper SAC results in malignancies or birth defects. APC/C (SAC inhibits
APC/C) is also one of the determinants of precise division of genetic material during mito-
sis [162]. The inhibition of APC/C by SAC is inhibited by the tetramer binding of mitotic
checkpoint complex (MCC) formed by cell division cycle 20 (CDC20), MAD2, BUBR1, and
BUB3 in the G2/S phase (Figure 4A). UBE2C has been reported to be required to dissoci-
ate the MAD2-CDC20 complex by ubiquitylating CDC20, thus releasing the MCC [163].
Inactive APC/C is activated by binding with free CDC20, and then the activated APC/C
ubiquitinates securin and cell cyclin B1 (CCNB1) via UBE2C and UBE2S [164]. Subsequently,
securin and CCNBI are ubiquitinated and degraded rapidly, resulting in the transition from
metaphase to anaphase of mitosis [165]. The recognition of different ubiquitin chains by
proteasomes gives different “priority” to the degradation of substrates. The heteromorphic
Lys11/Lys48 chains mediated by UBE2C and UBE2S in the cell cycle are vital for the orderly
and accurate progress of the cell cycle [166]. The formation of heterotypic chains with
multiple different lysine linkages on CCNBI1 is determined by the concentration of UBE2C
within the APC/C Ub reaction. Low concentrations of UBE2C form heterotypic chains
predominantly containing Lys11/Lys48 linkages, but at high concentrations, UBE2C forms
complex chains with six different Ub linkages. UBE2C or UBE2D co-operate with APC/C
for the initial ubiquitin attachment to substrates, while UBE2S co-operates with APC/C for
subsequent ubiquitin attachments, producing Lys11 chains [167].
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In addition, UBE2C, UBE2D2, UBE2D3 [168], UBE2N, UBE2Q1, UBE2S, and UBE2T [169]
can affect the stability and activity of p53 protein to mediate cell cycle arrest. p53 acts as a
homotetramer transcription factor, regulating the expression of genes including transac-
tivation of its target genes, including cyclin dependent kinase inhibitor 1A (CDKN1A, also
known as p21/Cipl), GADD45, and stratifin (SFN, also known as 14-3-30) or inhibits
CDC2 and CCNBI1 expression [170]. Mutation of p53 upregulates CCND1 and down-
regulates CDKN1A, leading to a highly active CDK4/CDK6 complex and thus ensuring
uninterrupted pancreatic cancer cell division and uncontrolled cell proliferation [171].
Overexpression of UBE2S in HCC functions as an oncogene by increasing the ubiquiti-
nation of p53 [172]. HEK293 cells overcame radiation-induced G2/M cell cycle arrest
through ubiquitination of p53 via UBE2K. Phosphorylated UBE2K inhibits p53, thereby
suppressing the expression of CDKN1A, and sequentially stimulating CCND and CCNE
to induce re-entry into the cell cycle. This suggests that UBE2K plays a regulatory role in
ultraviolet-induced cell cycle arrest and re-entry [173,174]. Knockdown of UBE2Q1 reduced
HCC cell proliferation, promoted apoptosis via induction of GADD45«, and suppressed
orthotopic tumorigenicity both in vitro and in vivo [175].

Disorders of cell cycle progression play a key role in the formation and development
of cancer, and the abnormal regulation of the cell cycle often leads to the occurrence
and development of cancer. UBE2S is highly expressed in melanoma cells and tissues.
Treatment of melanoma cells with a short hairpin RNA targeting UBE2S led to cell cycle
arrest in the G1/S phase and inhibition of cancer cell growth [176]. UBE2T knockout can
significantly inhibit the proliferation and colony formation of bladder cancer cells, induce
cell cycle arrest, and increase the rate of apoptosis, which might be related to the fact that
UBE2T is the target gene promoted by the E2F transcription factor [177]. Inhibition of
UBE2T in GC cells arrested the cell cycle in the G2/M phase, and ultimately inhibited
cell proliferation and colony formation [178]. UBE2C and APC/C affect the proliferation
rate and cell cycle distribution of esophageal cancer cells by interfering with the level
of CCNB [179]. The cell cycle regulator FOXM1 binds to the UBE2C promoter region in
esophageal cancer cells and activates its transcription, leading to upregulation of UBE2C
expression [180]. Overexpression of UBE2C can also induce epithelial to mesenchyme
transition (EMT) related to cancer cell invasion and metastasis through the APC/C complex
and Wnt/3-catenin [7], P13K/AKT, and p53 [181] signaling pathways. EMT is closely
related to the occurrence and development of cancer. Silencing UBE2C causes pancreatic
ductal adenocarcinoma cells to block in the G1/S phase, and reduces the levels of EMT
markers (VIM, E-cadherin) [182]. E2s that regulate EMT also include UBE20, UBE2V1,
and UBE2T [183]. Flavopiridol can significantly inhibit the activity of CDKs (1/2/4/6/7)
by interacting with the ATP binding pocket on the kinase, thereby causing G1/G2/M
phase block. It is a classic non-selective CDK inhibitor and has successfully entered clinical
trials [184]. Thus, blocking the cell cycle of malignant cell proliferation-associated diseases,
such as cancer, will be the basis for developing new drugs for many years. However, it can
be seen from the above that UBE2C and several special E2s promote the progress of cell
cycle. At the same time, UBE2N and other E2s regulate p53 to regulate cell cycle. Therefore,
the regulation of E2s on cell cycle is complex and extensive, which requires further study
of the unique role of single E2 in cancer cell.

4.3. Apoptosis

The UPP plays a key role in the regulation of apoptosis. Currently, three apoptosis
pathways are studied, namely the death receptor-mediated pathway, the mitochondria-
mediated pathway, and the endoplasmic reticulum pathway [185]. Regulatory factors of
apoptosis include B-cell leukemia/lymphoma 2 protein family (BCL2), inhibitor of apop-
tosis proteins (IAPs), and IkB kinase (IKK) regulatory factors. Some regulatory molecules
involved in apoptosis have been identified as proteasome substrates [186]. BIRCS6 is a
member of the IAP family. Its overexpression prevented apoptosis by ubiquitinating and
degrading second mitochondria-derived activator of caspases (SMAC) and caspase 9 in
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mouse fibroblasts [187]. BIRC6 can also bind to other active caspases, including caspases 3,
6, and 7, and such interactions have been shown to underlie its ability to inhibit the caspase
cascade and ultimately apoptosis [188]. Knockout of BIRC6 can block the CRC cell cycle
in the S phase and increase apoptosis [189]. High levels of BIRC6 protein are related to
poor clinical manifestations of patients with prostate cancer (PCa) [190], non-small cell lung
cancer (NSCLC) [191], acute leukemia [192], and epithelial OC [35], which are related to
poor prognosis. It can be seen that targeting E2 member BIRC6 in cancer cell can release
the inhibition and degradation of caspase activity, thus affecting the survival of cancer cell.
Inhibition of apoptosis prevents the death of cancer cells, either associated with carcinogenic
initiation or cancer therapy [193]. UBE20-mediated c-Maf ubiquitination and degradation,
which can induce multiple myeloma cell apoptosis [194]. UBE2M promoted osteoarthritis
chondrocyte apoptosis by activating the Axin-dependent Wnt/ 3-catenin pathway [195].

Certain E2s, such as UBE2B, UBE2C, UBE2D, UBE2Q), and BIRCS, function to regulate
cell apoptosis through the ubiquitination and degradation of p53. p53 regulates apoptosis
by regulating genes such as PUMA, NOXA, BIM, BAX, BCL2, FAS, and IGFBP3 (Figure 4B),
and it can also induce cell apoptosis through the death signal receptor protein pathway
(TNF receptor and Fas protein) [182]. Suppression of UBE2D can stabilize p53, leading
to enhanced apoptosis and markedly inhibited proliferation of human LC cells in a p53-
dependent manner [196]. The mutation of BIRC6 led to upregulation of p53, resulting in
mitochondrial apoptosis [197]. The upregulation of UBE2D1 in HCC promoted the growth
of HCC, which was achieved by mediating the ubiquitination and degradation of p53 [198].
Complete silencing of UBE2I in RAW264.7 cells resulted in apoptosis. Downregulation of
UBEZ2I decreased the level of the BCL2 protein in HepG2 cells and thus caused HCC cell
apoptosis [117]. These reports showed that UBE2I is necessary for cancer cell survival. The
above studies indicated that multiple E2 members can directly or indirectly regulate the
apoptosis of cancer cells. To a large extent, the drug resistance of cancer cells is also based
on the resistance to apoptosis. This observation will be useful to develop treatments for
diseases such as cancer and abnormal cell proliferation.

4.4. The Wnt/B-Catenin Pathway

Wnt/3-catenin signaling pathway plays an important role in embryonic develop-
ment [199]. As the core component of this pathway, 3-catenin is tightly regulated by post-
translational modifications that fine-tune its protein level and optimal activity. 3-catenin
is phosphorylated by CK1 and GSK-3§3 and then enters the UPP. Under the combined
action of SKP1/CUL1/F-box protein complex-f-transducin repeat-containing protein
(SCE-BTrCP) and some E2s, 3-catenin is degraded, which stabilize the concentration of
-catenin in the cytoplasm and block the Wnt/ 3-catenin signaling pathway [200]. As a
novel activator of the Wnt/(3-catenin signaling pathway, UBE2S modifies [3-catenin at
Lys19 via a Lys11-linked polyUb chain. This modification promotes [3-catenin stabiliza-
tion through antagonizing its Lys48-linked proteasomal degradation, mediated by the
destruction complex/BTrCP signaling [201]. UBE2B can also stabilize 3-catenin through
the Lys63-linked polyUb chain, and silencing UBE2B can inhibit the transcription activity
of 3-catenin [202]. This is because UBE2B is the transcription target of -catenin/T-cell
factor. Even if 3-catenin is ubiquitinated, it is stable and transcriptionally active, indicating
that there is positive feedback regulation between UBE2B and (3-catenin [203].

If the activity of E2 or E3 changes, it will destroy the stability of 3-catenin. The
concentration of (3-catenin might increase in the cytoplasm, which in turn activates the
Wnt/ 3-catenin signaling pathway, and ultimately regulates the transcription of target genes
C-MYC, CCND1, and matrix metalloproteinase 7 (MMP7) [204]. Overexpression of UBE2S
significantly upregulated the expression of 3-catenin, CCND1, and MMP7, and the activity
of Wnt/ 3-catenin signaling in A549 cells [205]. In addition, since Wnt/ 3-catenin signaling
is crucial for the activity of epithelial stem cells, it is not surprising that Wnt/ 3-catenin
pathway mutations are frequently observed in carcinomas [206]. The positive regulatory
relationship between UBE2S and hypoxia-inducible factor 1« (HIF-1x) in cancer cells might
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contribute to greater proliferation, angiogenesis, and metastasis of cancer [207]. Overexpres-
sion of UBE2S can also activate (3-catenin signaling by downregulating SOX6, inhibiting the
activity of CCNB1, and promoting the proliferation and migration of endometrial cancer
cells [208]. UBE2T downregulation suppressed the activity of the Wnt/ 3-catenin signaling
pathway, which ultimately suppressed NSCLC cell proliferation, migration, and invasion
in vitro [209]. The pathway activation and in vitro pro-metastasis effects of UBE2T were
blocked using an AKT inhibitor. Therefore, UBE2T might promote the development and
progression of NPC by activating the AKT/GSK3f / 3-catenin pathway [210]. However, it
remains challenging to develop effective molecules that specifically target this pathway to
improve cancer therapy. We believe that maintaining the activity and expression level of
related E2s in cancer cells might be a way to control cancer cell proliferation and metastasis.

4.5. Nuclear Factor-Kappa B (NF-xB) Pathway

E2s participate in signaling pathways by modifying certain key substrates, includ-
ing mTORC1, PTEN-AKT, TNF, TLR, NLR, RLR, and TCR. In addition to acting through
NEF-«B, it also acts through interferon regulatory factors (This topic has recently been
expertly reviewed [211]). The NF-«B signaling system (including the NF-«B dimer, I«B,
and IKK) can respond to stimuli from a variety of signaling pathways such as TNF, TLR,
NLR, RLR, and TCR [212]. Although NF-«B exists widely, it exists in an inactive state in
most cells. This is because NF-«B is “trapped” by IkB in the cytoplasm of unstimulated
cells [213]. The degradation of I«B, the key inhibitor of NF-kB, is coordinated by at least
four post-translational modifications, allowing activation only when several prerequisites
are met [165]. Under the action of various stimulating factors, including microorganisms,
UBE2N and UBE2V1 form a heterodimer, which binds to the loop domain of TNF receptor
associated factor (TRAF) family of adaptor proteins. This promotes the activation of TNFR
and TLR protein kinases involved in signal transmission [214]. UBE2D1 can collaborate
with ¢-IAP1 and mediate TNF-« stimulated receptor-interacting protein 1 (RIP1) ubig-
uitination [215]. UBE2N-UBE2V1, TRAF6, and TRAF2 are involved in the formation of
Lys63-linked chain on NF-«kB essential modifier (NEMO)/IKKy and/or RIP1 [216-219].
After a series of reactions, IkB is phosphorylated and activated. After phosphorylated
IkB enters the UPP, it forms a Lys48-linked ubiquitin chain under a two-step mechanism
mediated by UBE2D and UBE2R1 [220]. Finally, IkB is rapidly degraded, releasing NF-kB
into the nucleus, where it activates the transcription of a series of genes [221] (Figure 5).
UBE2N-UBE2V1 not only mediates NF-«B activation, but also activates the RHBDF2-TACE
signaling pathway to antagonize NF-«kB activation. Thus, UBE2N-UBE2V1 plays dual
roles in regulating the NF-«kB pathway [222]. Besides, UBE2I also has a dual role in the
regulation of NF-kB. SUMOL acylates I«B and inhibits its ubiquitination, while SUMO2/3
plays the opposite role, that is, it promotes the ubiquitination and degradation of IkB [223].
The products of NF-«B target genes TNFAIP (TNF alpha induced protein 3, also known as
A20) and IxBa terminate NF-«B activation.

In normal cells, NF-«kB becomes activated only after the appropriate stimuli, and then
upregulates the transcription of its target genes [224]. In cancer cells, different types of
molecular alterations might result in impaired regulation of NF-«kB activation. In such
case, NF-kB loses its inducibility and becomes constitutively activated [225]. This leads
to deregulated expression of genes under NF-«B control. Although NF-kB is known to
regulate immune and inflammatory responses, it also regulates the expression of cancer
cell related genes such as those involved in proliferation (e.g., CCND1), angiogenesis (e.g.,
VEGF), invasion (e.g., MMP9), metastasis (e.g., ICAM1I), and apoptosis (Promoting apoptosis
(e.g., FAS) or Inhibiting apoptosis (e.g., BCL2)) [226]. UBE2V1 mRNA levels appeared to
be elevated in all cancer cell lines examined [227]. Constitutive high-level expression of
UBE2V1 alone in cultured human cells was sufficient to cause a significant increase in
NF-kB activity, as well as the expression of its target anti-apoptotic protein, BCL2 [228].
Overexpression of UBE2V1 can inhibit stress-induced apoptosis of HepG2 cells by activating
NEF-«B signaling. Overexpression of UBE2V1 alone in BC cells was sufficient to activate
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NF-«kB, which in turn upregulated the MMP1 expression to enhance BC cell metastasis [229].
Collectively, these observations establish a close correlation between UBE2V1 expression
and tumorigenic potential. The N-terminal region of UBE2V1 is the molecular determinant
of its cellular functions in the NF-«B signaling pathway. Therefore, an ideal inhibitor should
target the N-terminal region of UBE2V1 instead of the UBE2N-UBE2V1 interface. RIP1
forms a Lysl11-linked polyUb chain under the action of UBE2D, UBE2S, and c-IAP1. NEMO
effectively binds to the Lys11-linked polyUb chain, which might play a signal role in the
activation of cell proliferation pathways [230]. After NF-B is activated, it can stimulate
activated macrophages to release pro-inflammatory mediators and promote the growth of
cancer cells [231]. These imply a tumor promotion function of E2.
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Figure 5. E2s participate in the NF-«B pathway. (A) T cell receptor (TCR) stimulation promotes the binding of SLP-76 and
UBE2I and increases the SUMOylation of SLP-76. SLP-76 and UBE2I synergize to augment TCR-mediated IL2 transcription
by nuclear factor of activated T cells (NFAT) in a manner dependent on SUMOylation of SLP-76 [232]. (B) Under the action
of the stimulation signal, IkBx will rapidly undergo phosphorylation modification under the stimulation of IKK. IKK
contains two catalytic subunits, IKK« and IKKf3, and one regulatory subunit IKKy [225]. In the classical pathway, IKKf(3
phosphorylates IkBa and is then recruited into the SKP1/CUL1/F-box protein (SCF) complex via TrCP containing the
F-box domain. BTrCP contains a WD40-repeat domain, which can specifically bind to two phosphorylated serine sites on
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the N-terminus of IkBot [233]. The RING domain contained in ROC1 can recruit E2 and to polyubiquitinylate phosphorylated

IkB«, so that it is degraded by the 26S proteasome and “releases” NF-kB into the nucleus [234]. (C) In the non-classical

pathway, activation of the pathway was suggested to depend on receptor-induced TRAF3 degradation and stabilization

of NF-«B inducing kinase (NIK) [235]. TRAF3 physically associates with NIK via a specific sequence motif located in the
N-region of NIK and ubiquitinates NIK to stabilize it with UBE2D [226]. CD40 and B cell activativing factor belonging to the
TNF family (BAFF) of the tumor necrosis factor (TNFR) superfamily activate NIK selectively, and then NIK phosphorylates

and activates IKKa. Activated IKK« catalyzes the phosphorylation of the two Ser sites at the C-terminus of the p100

precursor protein, and the phosphorylated modified p100 is recognized by the SCE-BTrCP complex [236]. The proteasome

only degrades the C-terminus of p100 that contains ankyrin repeats, but does not affect the N-terminus (that is, the p52

subunit) containing the rel-homology domain (RHD) [237]. Then, p52 combines with RelB to form a dimer, which promotes

the expression of target genes that can mature and activate B cells [238].

4.6. Other Cases

The number of identified substrates conjugated by a particular Ub varies considerably,
with tens of thousands of substrates identified for ubiquitin, thousands for SUMO, just
a few for URM1, and two for ATG [32]. Therefore, there are many more E2s modified
substrates that could participate in the regulation of cancer. For example, the UBE2N-
UE2V1A complex and TRAF6 together trigger the Lys63 ubiquitination of AKT kinase.
Then, AKT is phosphorylated to inhibit the regulation of BC cell cycle arrest and apoptosis
by the FOXO1 transcription factor [239]. UBE2N activates non-SMAD signals through
the TAK1-p38 MAP kinase cascade to regulate BC transfer, which is achieved by UBE2N
activation of mitogen-activated protein/ERK kinase kinase 1 (MEKK1) and TAK1 [11].
UBE2T promoted the proliferation of renal cell carcinoma cells by regulating P13K/AKT
signaling, suggesting that it might be a novel target for the treatment of patients with
renal cell carcinoma [240]. UBE2N and UBE2D are required to initiate monoubiquitination
and subsequent polyubiquitination of MHC class I molecules, which is necessary for their
efficient endocytosis and endolysosomal degradation [241]. The UBE2D complex is critical
to maintain KRAS protein stability, and targeting such a complex might be a unique strategy
to degrade mutant KRAS to kill cancer cells [242]. Downregulation of UBE20 promoted
AMPK«2-mediated suppression of the (mTORC1)-HIF-1« pathway, which is essential for
metabolic “reprogramming” of cancer cells [243]. SUMOylated collapsin response mediator
protein 2 (CRMP2) exists widely in GBM cells. Inhibition of CRMP2 SUMOylation could
suppress GBM proliferation significantly in vitro [244].

Although cancers are derived from numerous tissues with multiple etiologies, and its
progression carries with bewildering and seemingly endless combination of genetic and
epigenetic alterations. However, there is a relatively small amount of “mission critical”
events: deregulated cell proliferation and suppressed apoptosis. E2s not only promote
the overexpression of these “mission critical” events in cancer cells, but also promote the
progress of their entire life cycle. Understanding the biological processes involved and the
related cancers are necessary for the initial selection of anti-cancer targets (Table 1).

5. Inhibitors and miRNAs Targeting E2s

Cancer cells’ rapid division and disordered regulatory pathways make them more
susceptible to proteasome inhibition; therefore, proteasome inhibitors have become a new
class of chemotherapeutic drugs that cause cell cycle arrest and cell death. We know that
the UPP is currently one of the most widely studied target in disease treatment. Velcade and
Krypolis, which inhibit the activity of the 265 proteasome, have been developed successfully
to treat a variety of blood diseases [245]. The proteasome is the last step of the ubiquitination
process and targets large amounts of ubiquitinated proteins for degradation; therefore,
inhibiting the proteasome might lead to the accumulation of upstream ubiquitinated
proteins. This could have serious consequences, which limit the widespread use of these
drugs. Therefore, we could turn our attention to the specific components in the UPP, which
might be a better strategy to specifically suppress them. Currently, inhibitors targeting E3
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ligases and DUBs have been used in clinical trials to treat cancer [246]. Inhibitors targeting
E2s are still in basic research, such as preliminary screening. There are few Els; therefore,
targeting Els might affect multiple ubiquitination pathways. Based on the central position
of E2s in the UPP and their appropriate quantity and special structure, one or more of E2s
could be considered as targets to develop anticancer drugs, so as to provide the specificity
that E1 inhibitors cannot achieve.

Most of the E2 inhibitors currently studied change activity of E2s by binding to the
active site, allosteric site, or protein interaction site (Table 2). UBE2I is an anti-cancer target
for cancers driven by MYC and RAS/RAF. Researchers used the X-ray crystal fragment
screening method to find an allosteric small molecule binding site on the back of UBE2I.
They believe that compounds that bind to this site might interfere with various protein-
protein interactions in UBE2I's activities [247]. It was reported that arsenic can cross-link
adjacent cysteines in the catalytic domain of UBE20O, which can be used as a method to
inhibit UBE20O activity. Arsenic is currently in clinical trials for various cancers [30]. The
ligand molecules of the UBE2D2 activate site obtained through virtual screening include
pyridine, piperidine, and azol ring scaffolds, which can be used as candidates for the
development of anticancer drugs [248].

Table 2. Inhibitors and miRNAs targeting E2s.

Name Target Origin Inhibition Mechanisms Test Diseases Characteristics
Inhibitors
) Combines with Cys85 of UBE2D3 to Arthritis, oo . .
1J-5 [249] UBE2D3 Herb inhibit NF-B signaling Hepatitis Difficulty in synthesis
. The efficacy of 6d is
Compound 6d UBE2D3 oc—S.ant(?mn Same as above Arthritis greater than IJ-5, but 6d
[250] derivatives .
is unstable
1-hydrox It is more efficient in
y Y UBE2D Herbal medicine Same as above Inflammation combination with
alantolactone [251]
UBE2D3
The vinyl group of CW3 inhibits E2 by
CW3 [252] UBE2G2 Synthesis forming a covalent bond with the thiol Melanoma -
group of Cys48 of UBE2G2
TZ9 [253] UBE2B Synthesis - BC Selective suppression
It incorporates deep inside the UBE2B o .
New triazine drugs UBE2B Based on TZ9 binding pocket by interaction with OC, LG, BC, Inhﬁl{k;;og};laeccttlizlety >
(6a-c) [151] synthesis UBE2B active site residues Cys88 CC ! .
suppression
and Asp90.
It inserts into the hidden binding pocket
) . of the non-catalytic site of UBE2R1 and ey
CC0651 [254] UBE2R1 Synthesis interferes with the release of Ub to the - Allosteric inhibition
Lys residue of the substrate
. Preventing transfer of SUMO from the In vitro biochemical
2-D08 [255] UBE21 Synthesis UBE2I-SUMO thioester to the substrate . test
Compound 2 [256] UBE2L Synthesis Binding near the active site of UBE2I - Low potency, low
selectivity
I . Its hydrogenation
Leucettamol A Leucetta aff. Inhibiting the formation of the . Lo
[257] UBE2N microrhaphis UBE2N-UBE2V1 complex - increased its inhibitory
activity
Lissodendoryx The activities are more
Manadosterols A UBE2N fibrosa Same as above - potent than those of
and B [258]
manadosterols Leucettamol A
- . Impeding the formation of the UBE2N Efficacy > Doxorubicin
NSC697923 [259] UBE2N Synthesis and Ub thioester conjugate. NB and Etoposide
Luteolin and .
Quercetin [260] UBE2S Plants - Cervical cancer -
CU2 [261] UBE2T Synthesis Inhibiting UBE2T /FANCL-mediated ) Cell and biochemical
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Table 2. Cont.
Name Target Origin Inhibition Mechanisms Test Diseases Characteristics
miRNAs
miR-548e-5p [262] UBE2C Human LC Binding to the 3/-UTR of UBE2C NSCLC In vitro test
organization
miR661-3p [263] UBE2C Human 293 cells Binding to the 3/-UTR of UBE2C NSCLC Invivo fer;fsm vitro
ICT upregulates the level of miR-381-3p In vivo and in vitr
miR-381-3p [264] UBE2C Human PCa cells to downregulate the expression of PCa Ot " ©
UBE2C in human PCa cells s
miR-147b [69] UBE2N HC organization Binding to 3'-UTR of UBE2N HC Invivo fer;fsm vitro
miR-1305 [265] UBE2T Synthesis Binding to 3'-UTR of UBE2T LC Invivo fer;fsm vitro
miR-214 [266] UBE2I Synthesis Binding to 3'-UTR of UBE2I Glioma In vitro test

In addition to directly targeting the structure of E2s using small molecule inhibitors,
the use of miRNAs to inhibit E2 mRNAs might also affect the protein turnover process
of cancer cells. miRNAs are endogenous small noncoding RNAs that participate in the
regulation of gene expression [267]. miRNAs, as natural antisense nucleotides, showed
reduced immune response and low toxicity compared with plasmid DNA-based gene
therapy and protein-based drug molecules [268]. However, the low stability of miRNAs
and their difficult delivery into cells restrict their application in clinical practice. The
delivery of miRNAs combined into nanostructures might improve their biodistribution
and accumulation at the target site, with some papers showing encouraging results, both
in in vitro and in vivo [269]. miRNA drugs can target molecules that cannot be targeted
by chemical drugs or antibody drugs, and are expected to make breakthroughs in cancers
with poor efficacy under traditional drugs treatment. Table 2 summarizes the miRNAs that
target E2 members, providing a reference for the development of miRNA anticancer drugs.

6. Concluding Remarks and Future Perspectives

Through this review, we can see that E2s participate in different biological processes
by modifying different molecules, and their abnormal activation or dysfunction might
lead to the occurrence and development of cancer. Targeting certain E2 alone might affect
a variety of biological processes. For example, the inhibition of UBE2N might affect the
NF-kB pathway involving UBE2V1 and the DNA repair pathway involving UBE2V2. IJ-5
exerts an anti-inflammatory effect by binding to the active cysteine site of UBE2D; however,
enzymes such as DUBs, other cysteine proteases, and protein tyrosine phosphatases also
have cysteine active sites. Thus, IJ-5 might also inactivate these enzymes.

Based on a wide range of substrates and functions that are affected by E2s, it is neces-
sary to use appropriate in vivo models and genetic methods to study the unique mode of
action, functions, and specific modifications performed by a single E2 in different biological
environments. Finally, new treatment options will be studied for a single E2, E2 complex,
or specific E2-E3 interaction. In addition, it is necessary to understand the relationship
between the principle of a drug’s action and the pathogenesis of the treated disease, and to
develop the best drugs for comprehensive clinical evaluation. The development of drugs
is not done overnight. Although some compounds that inhibit E2s are summarized in
Table 2, they are limited to experimental studies. Therefore, the development of E2 in-
hibitors for clinical treatment remains challenging. Specific modifications to the reported E2
inhibitors to reduce these shortcomings, optimize their efficacy, and their use in combined
applications (chemotherapy drugs and inhibitors or multi-target inhibitors), might achieve
unexpected results.

This article clarifies the molecular basis of E2s as a cancer treatment target and the
efforts made to develop E2 inhibitors based on the special position and role of E2s in the
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UPP, the structure of E2s, and the biological processes that E2s participate in. Currently,
no E2 inhibitor is actually used in the clinical treatment of cancer; however, its potential
as a therapeutic target cannot be ignored. In addition, this review also provides a deeper
understanding of the various roles played by E2s in cells and the impact it produces, which
could provide a reference for basic research into E2s.
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ALL Acute Lymphoblastic Leukemia

BC Breast cancer

BMAL1 Brain and muscle arnt-like 1

C- C-terminal

CCN (A/B/D/E) Cell cyclin (A/B/D/E)

CDK Cyclin-dependent kinase

CLPs Common lymphatic progenitor cells
CRLs Cullin-RING ligases

DLBCL Diffuse large B-cell lymphoma

DUB Deubiquitinating enzyme

E2 Ubiquitin-conjugating enzyme

EBV Epstein-Barr virus

ERAD Endoplasmic reticulum-associated degradation
FA Fanconi

GBM Glioblastoma

HCC Hepatocellular carcinoma

HR Homologous recombination

ICL Interstrand cross-link

IKK IkB kinase

LC Lung cancer

LUBAC Linear ubiquitin chain assembly complex
mES Mouse embryonic stem cells

MM Multiple myeloma

MMP Matrix metalloprotinase

N- N-terminal

NF-«B Nuclear factor-kappa B

NIK NF-«B inducing kinase

NSCLC Non-small cell lung cancer

0scC Oral squamous cell carcinoma

PCa Prostate cancer

PCNA Proliferating cell nuclear antigen
polyUb Polyubiquitin

RING Really interesting new gene

RPs Ribosomal proteins

SCF SKP1/CUL1/F-box protein complex
TLS Translesion synthesis

TNF-o Tumor necrosis factor «

BTrCP -transducin repeat-containing protein
Ub Ubiquitin

Ubl Ub-like

APC/C Anaphase-promoting complex/cyclosome

BCL2 B-cell leukemia/lymphoma 2
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BRCA1 Breast cancer 1
CcC Colon cancer
CDC20 Cell division cycle 20
CDKN1A/p21/Cipl  Cyclin dependent kinase inhibitor 1A
CRC Colorectal cancer
DDP Cisplatin
DSBR DNA Double strand break repair
El Ubiquitin activating enzyme
E3 Ubiquitin ligase
EMT Epithelial to mesenchyme transition
ERK Extracellular regulated protein kinases
FOXM1 Forkhead box protein M1
GC Gastric cancer
HNSCC Head and neck squamous cell carcinoma
IAPs Inhibitor of apoptosis proteins
ICT Icaritin
IkB Inhibitor of nuclear factor kappa B
LCSCs Liver cancer stem cell
MDM2 Mouse double minute 2 homolog
miRNAs microRNAs
MMC Mitomycin C
MXI1 Max-interacting protein 1
NB Neuroblastoma
NHE] Non-homologous end joining
NPC Nasopharyngeal carcinoma
oC Ovarian cancer
p27Kipt Kinase inhibition protein p27
PCGF2 Polycomb group ring finger 2
PML-RARA Promyelocytic leukemia (PML) and the retinoic acid receptor-« (RARA)
RC Renal carcinoma
RIP1 Receptor-interacting protein 1
SAC Spindle-assembly checkpoint
SUMO Small ubiquitin-like modifier
TNBC Triple negative breast cancer
TRAF TNF receptor associated factor
TSCC Tongue Squamous Cell Carcinoma
UBC Ubiquitin-conjugating
urp Ubiquitin-Proteasome Pathway
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