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Abstract

The ubiquitin proteasome system (UPS) is important
for the degradation of proteins in eukaryotic cells. It
is involved in nearly every cellular process and plays
an important role in maintaining body homeostasis.
An increasing body of evidence has linked alterations
in the UPS to gastrointestinal malignancies, including
esophageal, gastric and colorectal cancers. Here, we
summarize the current literature detailing the involvement
of the UPS in gastrointestinal cancer, highlighting its
role in tumor occurrence and development, providing
information for therapeutic targets research and anti-
gastrointestinal tumor drug design.
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Core tip: The ubiquitin proteasome system (UPS) is
involved in almost every cellular process, playing an
important role in maintaining body homeostasis. Increas-
ing evidence indicates that alterations in the UPS are
correlated with gastrointestinal malignancies. Here, we
review current information describing UPS members
involved in gastrointestinal cancer, providing a resource
for further study and clinical application.
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INTRODUCTION

The ubiquitin proteasome system (UPS) is important
for the degradation of proteins in eukaryotic cells. Appro-
ximately 80%-90% of intracellular proteins involved in
every cellular function are degraded though the UPS!™.
Compared with the lysosomal system, the UPS is highly
selective. It can regulate the proteins that it degrades
via the ubiquitination-proteasome-deubiquitination me-
chanism to maintain homeostasis in the body. When
regulatory proteins are stabilized by a decrease in
degradation or are lost due to accelerated degradation,
an imbalance is generated and diseases such as cancer
occur.

Gastrointestinal cancer is a cancer of different organs
of the digestive system, the most frequently occurring
cancers of which are esophageal, gastric and colorectal.
Despite improvements in diagnostic and therapeutic
methods, gastrointestinal cancers remain a significant
threat to patients™®. Recently, growing evidence has
indicated that the UPS is linked to the development
of gastrointestinal cancer. In this review, we discuss
the members of the UPS thought to be involved in
gastrointestinal cancer and highlight their roles in tumor
occurrence and development.

The UPS is an important pathway for intracellular
protein degradation

In cells, there are two main systems utilized for protein
degradation: The autophagy-lysosome system and the
UPSP#, The lysosomal pathway degrades extracellular
proteins imported into the cell by endocytosis or pino-
cytosis, while the UPS controls the degradation of in-
tracellular proteins™®.

The UPS is composed of ubiquitin, ubiquitination
enzymes, deubiquitination enzymes (DUBs), and pro-
teasomes.

Ubiquitin is a highly conserved 76 amino acid protein,
wild-expressed in eukaryotic cells”. During the ubiquitina-
tion process, multiple ubiquitin proteins can be covalently
attached to a target protein by ubiquitination enzymes'®.
These ubiquitination enzymes include ubiquitin activating
enzyme (E1), ubiquitin carrier protein (E2), and ubiquitin
protein ligase (E3). Initially, E1 activates ubiquitin in
an ATP-dependent manner, forming a thioester link-
age between the carboxy-terminal glycine residue of
ubiquitin and a cysteine in the active site of the E1 en-
zyme. Activated ubiquitin is then transferred from an
E1l enzyme to a cysteine residue of an E2 enzyme. E3
then catalyzes the final step of the ubiquitination process
by transferring ubiquitin to lysine residues of targeted
proteins, forming a polyubiquitin chain that earmarks the
targeted proteins®®*%!, Humans possess two E1 enzymes
(UBA1 and UBAG6), several dozen E2 enzymes, and
several hundred E3 enzymes!'**?., The specificity of the
E3 enzymes determines the specific recognition of target
proteins, providing selectivity in which proteins are
targeted to the proteasome for degradation™®****,

Upon ubiquitination, targeted protein is degraded by
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the 26S proteasome in an ATP-dependent manner™®*”.,
The 26S proteasome is a complex consisting of a proteo-
lytic core particle (20S proteasome) that is capped at
both ends by 19S regulatory particles (19S regulatory
complex). The 20S proteasome is a barrel-shaped
complex comprised of four stacked rings and contains
multiple catalytic centers in the chamber. The 19S
proteasome recognizes a polyubiquitinated protein,
unfolds it, liberates it from the polyubiquitin chain, and
translocates the protein into the proteasome chamber
for degradation. The ubiquitin molecules are recycled,
and the peptides generated are used for antigen
presentation or are degraded into amino acids that are
recycled for new protein synthesis'®'*'”,

DUBs are a cluster of enzymes that oppose the
action of the E3 ligases by cleaving the isopeptide bonds
between lysine residues of targeted proteins and the
C-terminal glycine of ubiquitin. They play important roles
in maintaining the balance of the UPS. Analysis of the
human genome has indicated the presence of - 100
functional DUBs™®2,

Tumorigenesis consists of several steps, including
self-sufficiency in growth signals, insensitivity to growth
inhibitor signals, evasion of apoptosis, limitless replicative
potential, sustained angiogenesis, and tissue invasion
and metastasis'****\. The UPS is an important regulator
of protein degradation that is involved in every cellular
function, including cell proliferation, apoptosis, migration
and invasion. Thus, deregulation of this system may lead
to tumorigenesis.

The UPS in esophageal cancer

Esophageal cancer (EC) is the eighth most common type
of cancer, and ranks as the sixth leading cause of cancer-
related mortality worldwide. The incidence of EC varies
internationally, with the highest rates found in Eastern
Asia and in Eastern and Southern Africa™®®.

Several E2 enzymes, including ubiquitin-conjugating
enzyme H10 (UBCH10, also known as UBE2C), ubiquitin-
conjugating enzyme E2L3 (UBE2L3, also known as
UBCH7), E2-EPF ubiquitin carrier protein (UCP), and
ubiquitin-conjugating enzyme E2D3 (UBE2D3) have been
shown to be involved in the development of EC. UBCH10
is expressed in cancerous and dysplastic esophageal
lesions, but not in normal tissue. Its expression is posi-
tively correlated with lymph nodes metastasis (LNM),
TNM classification, and clinical stages, and negatively
correlated with relapse-free survival period. Down-
regulation of UBCH10 can inhibit cell proliferation and
induce the sensibility to the treatment of MG-2621%",
Knockdown of UBE2L3 expression can reduce the anoikis
resistance of EC cells™. Higher level of UCP has been
linked to a greater tumor burden, poor response to
neoadjuvant therapy, and worse overall survival for EC
patients. Furthermore, UCP down-regulation can inhibit
the proliferation, migration and invasion of EC cells,
probably through the VHL/HIF-1a-TGF-p1 pathway™.
UBE2D3 expression is significantly lower in EC tissues
and is correlated with histological grade, N stage, and
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recurrence, suggesting that it acts as a tumor suppressor
in EC. UBE2D3 may be involved the hTERT signal path-
way, which can promote the development of invasive
esophageal squamous cell cancer by interacting with the
epidermal growth factor receptor and p532°4,

Numerous E3 enzymes participate in the development
of EC, some of which promotes tumor development.
C-terminal Hsp-interacting protein (CHIP) exhibits a
higher expression level in metastatic lymph nodes and is
positively correlated with a poor survival rate in stage III
EC patients™. F-box protein 31 (FBXO31) is an ubiquitin
ligase whose cytoplasmic expression is concordant
with the nuclear expression of cyclin D1. In EC tissues,
higher FBXO31 expression level is significantly correlated
with depth of tumor invasion, clinical stage, and poorer
prognosis™*. p53-associated cellular protein-testes
derived (PACT) is highly up-regulated in EC. Experi-
mental studies have revealed that knockdown of PACT
significantly attenuates the p53-Hdm?2 interaction,
reduces p53 polyubiquitination, and enhances p53 accu-
mulation, leading to both apoptosis and cell growth
retardation™". SMAD specific E3 ubiquitin protein ligase
2 (Smurf2) targets TGF pathway-restricted Smad2. In
EC, high expression of Smurf2 is correlated with depth
of invasion, LNM, and poor survival rate. High expression
of Smurf2 can down-regulate Smad2, which in turn
regulates the TGF signaling pathway™®. S-phase kinase-
interacting protein 2 (Skp2) can interact with the S-phase
kinase Cdk2/cyclinA and is involved in the ubiquitin-
dependent degradation of p27. Skp2 expression is closely
correlated with TNM stage. High expression of Skp2 is
associated with poor overall survival in resectable EC.
Further study reveals that knockdown of Skp2 inhibits
cell migration and invasion and sensitizes cancer cells
to anoikis, at least in part through the phosphoinositidyl
3-kinase-Akt pathway®**"). Ubiquitin-like with PHD and
ring finger domains 1 (UHRF1) is overexpressed in EC
tissues. Its expression is correlated with the T-stage and
N-stage as well as with differentiation. Down-regulation
of UHRF1 can enhance the radio-sensitivity of TE-1 cells
by altering cell cycle progression, increasing apoptosis
and decreasing DNA damage repair capacity™®.

Some E3 enzymes act as tumor suppressors in EC.
F-box protein 4 (FBX4) is a ubiquitin ligase that directs
the ubiquitylation of cyclin D1. Increased FBX4 function
can enhance the normal activity of EC cells, and 14-3-3¢
is involved in regulating its function®. F-box and
leucine-rich repeat protein 19 (FBXL19) functions as
an antagonist of Rac3 by regulating its stability, and
it also regulates the TGFB1-induced down-regulation
of E-cadherin. Over-expression of FBXL19 attenuates
TGFB1-induced E-cadherin down-regulation and the
elongation phenotype of EC cells“**!l, F-box and WD
repeat domain containing 7 (FBXW?7, E3 ubiquitin protein
ligase) can induce the degradation of positive cell cycle
regulators, such as Myc, cyclin E and Jun. In EC tissues,
a decrease in FBXW7 copy number regulates FBXW7
MRNA expression, and reduced expression of FBXW?7 is
an independent prognostic factor in EC**.

Raishidenge ~ WJGO | www.wjgnet.com

200

Besides, there are still some E3 enzymes play contro-
versial roles in EC. MDM2 (MDM2 proto-oncogene)
is a key negative regulator of P53, but its expression
state and clinicopathological parameters in esophageal
squamous cell carcinoma are controversial. This may be
due to a lack of sufficient case numbers in each study or
the use of different methods to detect MDM2 expression.
Meta-analysis suggests that MDM2 acts as a potent
marker of early primary tumor stages but poses a high
risk of regional LNM in EC. Notably, the MDM2 309GG
genotype may be associated with an increased risk of EC
among Asians™®*,

DBUs, including ubiquitin specific peptidase 7 (USP7),
ubiquitin specific protease-9X (USP9X), Ubiquitin-
specific protease 22 (USP22), ubiquitin carboxyl-terminal
hydrolase 37 (UCH37), and ubiquitin carboxyl-terminal
hydrolasel (UCHL1) are correlated with EC develop-
ment. USP7 can deubiquitylate p53 and protect it from
proteasome-mediated degradation. EC cells can be
protected against metformin-induced growth inhibition
by siRNA against USP7™*!. Up-regulation of USP9X in
EC tissues plays an important role in the formation and
progression of precancerous lesions, and its increased
expression is significantly correlated with poorer survival
rate in EC patients'*®. High expression of the USP22
protein is significantly associated with tumor progression,
relapse and poor prognosis'’’. The expression of UCH37
is higher in EC tissues and is associated with outcome
and recurrence. UCHL1 is silenced by promoter region
hypermethylation in EC, and the restoration of its
expression suppresses EC cell colony formation®*%,

The UPS in gastric cancer

Gastric cancer (GC) is the second most common cause of
cancer-related death, and its incidence rates are highest
in Eastern Asia'.

The E2 enzyme UBCH10 is known to be involved in
GC. UBCH10 is expressed at higher levels in primary
stomach tumors compared with corresponding normal
tissues™™.

The oncogenic E3 ubiquitin ligases involved in
GC are discussed in detail below. Autocrine motility
factor receptor (AMFR) expression is significantly
increased in GC tissues and is associated with invasion
depth and LNM. Its expression is correlated with poor
overall survival and an increased risk of recurrence in
GC cases. AMFR is thought to participate in the EMT
pathway because its expression is negatively correlated
with E-cadherin expression and is positively correlated
with N-cadherin®®. Cullin 1 (CUL1) overexpression is
significantly correlated with GC TNM stage, depth of
invasion, LNM, worse overall survival rate, and 3-year
survival rate in GC patients. Experimental studies
have demonstrated that CUL1 knockdown inhibits
cell growth by up-regulating p27 expression and
decreases cell adhesion by suppressing the expression
of Src family kinases and focal adhesion kinase™!.
MDM2 protein level is significantly up-regulated in GC
and is significantly correlated with clinicopathologic
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characteristics and a shorter overall survival of GC
patients. Similar to its role in EC, the MDM2 309GG
genotype may be significantly associated with an
increased risk of GC****1, Makorin ring finger protein
1 (MKRN1) can simultaneously induce p53 and p21
ubiquitination as well as proteasome-dependent
degradation. In GC cells, MKRN1 could affect gastric
tumorigenesis by repressing cellular senescence and
tumor-suppressive effects through the down-regulation
of p14ARF in either a p53-dependent or -independent
manner®, RING box protein-1 (RBX1) exhibits a
higher expression level in GC tissues, and silencing
it significantly inhibits the proliferation of GC cells in
vitro'®,

E3 ubiquitin ligases with tumor suppressor activity
in GC are discussed in detail below. checkpoint with
forkhead and ring finger domains (CHFR) is reported to
promote the ubiquitination and degradation of oncogenic
proteins such as Aurora A and polo-like kinase 1%°., It
is frequently down-regulated in GC as a result of CHFR
promoter methylation, suggesting that it acts as a tumor
suppressor in GC. Methylation of the CHFR promoter is
correlated with tumor differentiation. CHFR methylation is
significantly higher in poorly differentiated GC samples®”.
Moreover, CHFR promoter methylation is a sensitive
marker of the effect of docetaxel in GC patients®™,
CHIP expression is significantly lower in GC tissues.
CHIP down-regulation is correlated with LNM and tumor
differentiation. Further study has demonstrated that
CHIP down-regulation results in increased angiogenesis
and contributes to GC progression and a poor prognosis,
probably through the NF-xB signaling pathway™*®".
FBXO31 expression is dramatically decreased in GC tissue
and is significantly associated with tumor size, infiltration,
clinical grade and patient prognosis. In vitro, FBXO31
overexpression significantly decreases colony formation,
induces a G1-phase arrest, and inhibits the expression
of CyclinD1 in GC cells. In vivo, ectopic expression of
FBXO31 dramatically inhibits xenograft tumor growth in
nude mice®. FBXW7 mRNA expression in GC samples
is markedly decreased, and its deregulation is associated
with the presence of LNM and GC stage II-IV, as well
as poor prognosis. Reduced FBXW?7 expression is
associated with MYC overexpression and a more invasive
phenotype in GC cells®®®. Neural precursor cell expressed,
developmentally down-regulated 4-like (NEDDA4L) is
strongly related to the invasion and metastasis of GC.
Tumors lacking NEDDA4L expression exhibit a greater
extent of LNM, lymphatic invasion, and venous invasion,
and present poor clinical outcomes for GC patients®”.
RNF180 (Ring finger protein 180) acts as a tumor
suppressor in GC, and the methylated CpG site count
of the RNF180 DNA promoter is highly associated with
patient survival®®. Zinc and ring finger 3 (ZNRF3) is
down-regulated in gastric adenocarcinoma tissues.
There is also a correlation between the down-regulation
of ZNRF3 and poor tissue differentiation. Further study
has revealed that ZNRF3 inhibits GC cell growth and
promotes cell apoptosis by affecting the Wnt/beta-
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catenin/TCF signaling pathway'®.

E3 ubiquitin ligases with controversial functions in
GC are discussed in detail below. Cbl proto-oncogene B
(CBLB) is highly expressed in GC tissue with EGFR, and
their expression levels have been linked to the invasion
and development of GC. However, some studies have
revealed that CBLB represses IGF-I-induced EMT, likely
by targeting IGF-IR for degradation and further inhibiting
the Akt/ERK-miR-200c-ZEB2 axis in GC cells!®®®.
Constitutive photomorphogenic 1 (COP1, also known as
RFWD2) has been shown to regulate c-Jun and p53.
One study found that COP1 mRNA was significantly
decreased in GC tissues, and knockdown of COP1 in GC
cells promoted cell proliferation and the expression of
MMP1, MMP7 and MMP10'"". However, another study
showed that COP1 overexpression was associated with
poor prognosis in primary GC”®. Neural precursor cell
expressed, developmentally down-regulated 4 (NEDD4)
is a regulator of PTEN and plays a complicated role in
GC. One study revealed that overexpression of NEDD4
was tightly associated with TNM stage and a lower GC
survival rate. And knockdown of NEDD4 dramatically
inhibited GC cell migration and invasion”*. However,
another study demonstrated that NEDD4 increased
in intestinal metaplasia compared to normal gastric
mucosa and decreased in gastric carcinoma compared to
dysplasia’?.

The DUBs involved in GC are discussed in detail
below. UCHL1 is frequently methylated in primary GCs
and has been found to be more frequently methylated in
diffuse-type GCs than in intestinal-type GCs. Moreover,
UCHL1 is involved in galangin-induced apoptosis in human
GC cells™**”?1, Ubiquitin-specific protease 10 (USP10)
is expressed at lower levels in GC tissues and cells
compared to their wild-type equivalents. A lack of USP10
expression results in a marked propensity toward gastric
wall invasion, LNM, highly malignant biological behavior,
and poor survival”?,

The UPS in colorectal cancer

Colorectal cancer (CRC) is the third most commonly
diagnosed cancer in males and the second in females.
The highest incidence rates are in Australia and New
Zealand, Europe, and Northern America.

The E2 enzymes related to CRC are discussed in detail
below. UBCH10 is highly expressed in CRC. The depletion
of UBCH10 hinders tumorigenesis both in vitro and in
vivo, probably by regulating the expression of cell cycle
proteins such as cyclin A and cyclin B1. Furthermore,
n-acetyl-leu-leu-norleucinal (ALLN) treatment is more
effective in tumors with lower UBCH10 expression'”.
Ubiquitin-conjugating enzyme E2Q family member 2
(UBE2Q2) expression is increased in 65.11% colorectal
carcinoma tissues compared with their corresponding
normal tissues”®. Ubiquitin-conjugating enzyme E2I
(UBE2I) RNAI suppresses the 3D growth of KRAS mutant
CRC cells in vitro and attenuates tumor growth in vivo”.

The oncogenic E3 ubiquitin ligases in CRC are dis-
cussed in detail below. F-box and leucine-rich repeat
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protein 20 (FBXL20) is overexpressed in human colo-
rectal adenocarcinoma. Moreover, the inhibition of
FBXL20 expression can effectively suppress cell proli-
feration and promote apoptosis in CRC cells, while the
overexpression of FBXL20 promotes the invasive ability
of CRC cells, possibly by inducing the degradation of
SET and E-cadherin through caspase activation™”®"?,
HECT, UBA and WWE domain containing 1 (HUWEL1)
is required for the growth of CRC cells in culture and in
orthotopic xenograft models. HUWE1 shRNA suppresses
the clonogenic growth of CRC cells, and small molecule
inhibitors of HUWEL1 can inhibit MYC-dependent trans-
activation in CRC cells but not in stem and normal colon
epithelial cells®. UHRF1 expression is up-regulated
in approximately two-thirds of CRC specimens and
is particularly expressed in right compared with left
hemicolon cancer. High UHRF1 expression tends to be
associated with the depth of invasion and with E2F-1
expression. Knockdown of UHRF1 suppresses cellular
growth in colon cancer cell lines®®. ubiquitin-like
with PHD and ring finger domains 2 (UHRF2) is up-
regulated at both the transcriptional and translational
levels in tumor tissues. Overexpression of UHRF2 is
highly linked to clinical stage, depth of invasion, nodal
involvement, tumor histologic grade and the presence of
metastases. Patients with UHRF2-positive tumors have a
much lower disease-free survival and overall survival®".
Skp2-siRNA effectively inhibits proliferation, increases
the level of apoptosis, and induces GO/G1 phase arrest
of colon cancer cells, along with increasing p27 and p16
protein levels. Tumorigenicity experiments show that
the inhibition of Skp2 significantly increases the survival
Skp?2 is associated with a poor therapeutic response and
adverse outcomes in rectal cancer patients treated with
neoadjuvant chemoradiotherapy™®”.

E3 ubiquitin ligases exhibiting tumor suppressor
activity in CRC are discussed in detail below. CHIP is
down-regulated, predominantly in the late stages of
CRC, and the CHIP promoter is hypermethylated in CRC
specimens. Overexpression of CHIP results in impaired
tumor growth in nude mice and decreased migration and
invasion abilities of tumor cells. Further study reveals
that CHIP negatively regulates NF-xB signaling by pro-
moting the ubiquitination and degradation of p65. The
suppressive effect of CHIP leads to decreases in the
expression of NF-kB-targeted oncogenes, including Cyclin
D1, c-Myc, MMP-2, VEGF and IL-8®. Neural precursor
cell expressed, developmentally down-regulated 4-like
(NEDD4L) mRNA is significantly down-regulated in
all CRCs. NEDDA4L protein is significantly decreased in
CRC compared to adjacent normal mucosa. Moreover,
NEDDA4L inhibits canonical Wnt signaling at or below
the level of p-catenin in vitro®®. Neuregulin receptor
degradation protein-1 (NRDP1) is significantly decreased
in CRC tissues. Knockdown of NRDP1 enhances the
proliferation of CRC cells, while the overexpression of
NRDP1 inhibits the proliferation of CRC cells. Further
analysis shows that NRDP1 may induce the degradation
of its target ErbB3 to inhibit the activation of both the
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ERK/MAPK and PI3K/Akt pathways in CRC cells, which
seems to affect cell proliferation via the nuclear retention
of a major cell-cycle inhibitor, p27. In addition, NRPD1
inhibits the expression of MMP7, which is required for
cell invasion® ", Ring finger protein 43 (RNF43) can
negatively regulate Wnt signaling, and its gene mutations
in this gene has been found in over 18% of colorectal
adenocarcinomas. Truncating mutations of RNF43 are
more prevalent in microsatellite-unstable tumors and
show mutual exclusivity with inactivating APC mutations
in colorectal adenocarcinomas. These results indicate
that RNF43 is one of the most commonly mutated genes
in CRC,

FBXW?7 plays a controversial role in CRC. On one
hand, FBXW7 mRNA expression is significantly lower
in tumor tissues, an expression pattern correlated
with poorer prognosis. In vitro, FBXW7-specific sSiRNA
enhances the expression of c-MYC and cyclin E and
promotes cell proliferation®. Moreover, studies have
found that the FBXW7 mutation is correlated with
colorectal tumorigenesis®. On the other hand, a
large-scale study has revealed that there is no strong
association between patient prognosis and FBXW7
mutation®.

The DUBs involved in CRC are discussed in detail
below. OTU deubiquitinase, ubiquitin aldehyde binding
1 (OTUBL1) is overexpressed in CRC tissues, and its
expression level is associated with metastasis. A high
OTUB1 expression level is also associated with poor
survival, and OTUB1 serves as an independent pro-
gnostic factor in multivariate analysis. Further study
has revealed that OTUB1 promotes the metastasis of
CRC cell lines in vitro and in vivo by regulating EMT™®.,
Ubiquitin specific peptidase 11 (USP11) overexpression
is frequently observed in CRC tissues and is correlated
with poor survival. CRC cell lines expressing high levels
of USP11 exhibit strong resistance to Smac mimetic-
induced cIAP2 degradation. Furthermore, USP11 down-
regulation sensitizes these cells to apoptosis induced
by TRAIL and BV6, and suppresses tumor growth in
a xenograft model®. Ubiquitin-specific protease 22
(USP22) expression is significantly higher in primary
CRCs than in the paired non-cancerous tissues at both
the mRNA and protein levels. Higher USP22 expression
is significantly associated with shorter periods of disease-
specific survival and shorter disease-free survival. In
addition, USP22 expression is significantly correlated
with BMI-1, c-Myc and cyclin D2 and is a novel regulator
of the SIRT1-STAT3 signaling pathway™'®!. Ubiquitin-
specific protease 28 (USP28) deletion results the fewer
intestinal tumors of the murine model in CRC. And in
established tumors, USP28 deletion reduces tumor
size and dramatically increases lifespan!'®". Ubiquitin-
specific protease 33 (USP33) expression is down-
regulated in CRC samples, and a reduced USP33 mRNA
level is correlated with increased tumor grade, LNM
and poor patient survival. USP33 acts as a tumor supp-
ressor in CRC by mediating the inhibitory function of
Slit-Robo signaling on CRC cell migration™®. USP44
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Table 1 The roles of ubiquitin proteasome system members in gastrointestinal cancer

Enzyme Esophageal cancer Gastric cancer Colorectal cancer
P' s* c P' s* c P' s* c
E2 enzyme UBCH10 UBE2D3 UBCH10 UBCH10
UBE2L3 UBE2Q2
UCP UBE2I
E3 enzyme CHIP FBX4 MDM2 AMFR CHFR CBLB FBXL20 CHIP FBXW7
FBXO31 FBXL19 CUL1 CHIP COP1 HUWE1 NEDD4L
PACT FBXW7 MDM2 FBXO31 NEDD4 UHRF1 NRDP1
Smurf2 MKRN1 FBXW7 UHRF2 RNF43
Skp2 RBX1 NEDDAL Skp2
UHRF1 RNF180
ZNRF3
DUBs UCH37 UCHL1 UCHL1 OTUB1 USP33 UCHL1
USP9X UsP7 USP10 USP11 USP44
USP22 USP22
USP28

'"Tumor promoter role; “Tumor suppressor role; *Controversial role. AMFR: Autocrine motility factor receptor; CBLB: Cbl proto-oncogene B; CHFR:
Checkpoint with forkhead and ring finger domains; CHIP: C-terminal Hsp-interacting protein; COP1: Constitutive photomorphogenic 1; CUL1: Cullin 1;
DUB: Deubiquitination enzymes; FBXO31: F-box protein 31; FBX4: F-box protein 4; FBXL: F-box and leucine-rich repeat protein; FBXW7: F-box and WD
repeat domain containing 7; HUWE1: HECT, UBA and WWE domain containing 1, MDM?2: MDM2 proto-oncogene; MKRN1: Makorin ring finger protein 1;
NEDD4: Neural precursor cell expressed, developmentally down-regulated 4; NEDD4L: Neural precursor cell expressed, developmentally down-regulated
4-like; NRDP1: Neuregulin receptor degradation protein-1; OTUB1: OTU deubiquitinase, ubiquitin aldehyde binding 1; PACT: p53-associated cellular
protein-testes derived; RBX1: RING box protein-1; RNF: Ring finger protein; Smurf2: SMAD specific E3 ubiquitin protein ligase 2; Skp2: S-phase kinase-
interacting protein 2; UBCH10: Ubiquitin-conjugating enzyme H10; UBE2L3: Ubiquitin-conjugating enzyme E2L3; UBE2D3: Ubiquitin-conjugating enzyme
E2D3; UCP: E2-EPF ubiquitin carrier protein; UHRF: Ubiquitin-like with PHD and ring finger domains; UCH37: Ubiquitin carboxyl-terminal hydrolase 37;
USP: Ubiquitin specific protease; UCHL1: Ubiquitin carboxyl-terminal hydrolasel; UBE2Q2: Ubiquitin-conjugating enzyme E2Q family member 2; UBE2I:
Ubiquitin-conjugating enzyme E2I; ZNRF3: Zinc and ring finger 3.

is hypermethylated in all CRC cell lines and in most Pept Sci 2010; 11: 459-470 [PMID: 20491623]
colorectal adenomas, but rarely in normal mucosa 2 Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A.
samples[1°3]. UCHL1 plays a controversial role in CRC. Global cancer statistics, 2012. CA Cancer J Clin 2015; 65: 87-108
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