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Abstract. The interaction between a tumor and the tumor 
microenvironment (TME) plays a key role in tumori‑
genesis and tumor progression. Ubiquitination, a crucial 
post‑translational modification for regulating protein degra‑
dation and turnover, plays a role in regulating the crosstalk 
between a tumor and the TME. Thus, identifying the roles 
of ubiquitination in the process may assist researchers to 
investigate the mechanisms underlying tumorigenesis and 
tumor progression. In the present review article, new insights 
into the substrates for ubiquitination that are involved in the 
regulation of hypoxic environments, angiogenesis, chronic 
inflammation‑mediated tumor formation, and the function 

of cancer‑associated fibroblasts and infiltrating immune cells 
(tumor‑associated macrophages, T‑cells, myeloid‑derived 
suppressor cells, dendritic cells, and natural killer cells) are 
summarized. In addition, the potential targets of the ubiquiti‑
nation proteasome system within the TME for cancer therapy 
and their therapeutic effects are reviewed and discussed.
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1. Introduction

The tumor microenvironment (TME) refers to the surrounding 
microenvironment of tumor cells, including surrounding 
fibroblasts, immune cells, blood vessels, inflammatory cells, 
various signal molecules and the extracellular matrix (ECM). 
The TME is a complex environment for the survival and devel‑
opment of tumor cells. The normal functions of non‑malignant 
cells within the TME can be effectively ‘hijacked’ by malig‑
nant cells to facilitate tumor progression. The interaction 
network between cancer cells and their microenvironment 
promotes cell proliferation and angiogenesis, inhibits cell 
apoptosis and immune detection, and activates immune cells 
to support cell invasion and migration (1). Given the crucial 
roles of the TME in tumorigenesis and tumor progression, it 
is evident that the pathways involved serve as potential targets 
for cancer treatment (2,3).

Ubiquitin, a small 76‑amino‑acid protein, can be covalently 
tagged to target proteins by monoubiquitination or polyubiq‑
uitination. A series of enzymes, including ubiquitin‑activating 
enzymes (E1s), ubiquitin‑conjugating enzymes (E2s) and 
ubiquitin ligases (E3s), are involved in this process (4). 
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Polyubiquitin chains, linked at 48 lysine sites (K48) or K11 
sites lead to proteolysis in a 26S proteasome‑dependent 
manner. Monoubiquitination or K63‑linked polyubiquitin 
chains are non‑proteolytic ubiquitination signals and partici‑
pate in autophagy, signal transduction and DNA damage 
repair (5,6). In addition, methionine 1‑linked linear ubiquitin 
chains are assembled by a linear ubiquitin chain assembly 
complex (LUBAC), and are involved in inflammation, immu‑
nity and cell death (7,8). Ubiquitins can be removed from 
ubiquitinated proteins by deubiquitinases (DUBs) (Fig. 1). 
Members of the family can be divided into six types: ubiq‑
uitin‑specific proteases (USPs), ubiquitin carboxyl‑terminal 
hydrolases, ovarian‑tumor proteases, Machado‑Joseph disease 
protein proteases, JAB1/MPN/MOV34 metalloenzymes, and 
monocyte chemotactic protein‑induced proteases (9).

Protein ubiquitination is a critical mechanism that modu‑
lates the levels and activities of proteins. This process is involved 
in various activities, including protein degradation, DNA 
repair activity, gene transcription, and signal transduction (10). 
The dysregulation of this system is closely associated with 
various human diseases, including cancers (11). Accumulating 
evidence demonstrates that E3 ligases and DUBs participate 
in tumorigenesis and progression through various biological 
processes, such as the cell cycle, cell proliferation, apoptosis, 
DNA damage repair and cell signaling (10,12,13). However, 
the roles of ubiquitination in the crosstalk between a tumor 
and the TME have rarely been discussed. The present review 
article comprehensively discusses the roles of ubiquitination in 
the interaction between tumors and the TME, such as the regu‑
lation of the hypoxic environment, angiogenesis and chronic 
inflammation‑mediated tumor formation, as well as the modu‑
lation of the function of cancer‑associated fibroblasts (CAFs) 
and infiltrating immune cells (tumor‑associated macrophages, 
T‑cells, myeloid‑derived suppressor cells, dendritic cells and 
natural killer cells). In addition, the potential targets of the 
ubiquitination proteasome system (UPS) within the TME in 
cancer therapy and their therapeutic effects are reviewed.

2. Roles of the tumor microenvironment in tumorigenesis 
and progression

The TME consists of fibroblasts, endothelial cells, immune 
cells and ECM (Fig. 2). These cells provide support for tumor 
cells and encourage their proliferation, invasion and migration.

CAFs. CAFs, major components of stromal cells in solid 
tumors, play pivotal roles in tumor progression via multiple 
mechanisms, including paracrine and direct interactions, 
immune response regulation and ECM remodeling (14). 
CAFs can secrete tumor‑promoting growth factors [e.g., 
transforming growth factor (TGF)‑β, fibroblast growth factor 
(FGF), vascular endothelial growth factor (VEGF) and endo‑
thelial growth factor (EGF)], inflammatory cytokines [e.g., 
interleukin (IL)‑6 and IL‑8] and chemokines (e.g., CXCL8 and 
CXCL12), subsequently mediating cell proliferation, angiogen‑
esis, migration, immunogenicity and drug resistance. As the 
main source of collagen‑producing cells, CAFs synthesize the 
ECM and directly communicate with cancer cells, as well as 
other TME cells, such as endothelial and inflammatory cells. 
CAFs can also degrade and remodel the ECM by producing 

matrix metalloproteinases (MMPs) and then contribute to 
tumor invasion and metastasis in various cancers (15).

Tumor‑associated endothelial cells. Angiogenesis plays a 
crucial role in tumor growth and metastasis, and is regarded 
as a prognostic marker of cancer (16). Endothelial cells and 
vascular blood vessel cells not only supply nutrition to tumor 
tissues, but also promote immune tolerance. For example, 
endothelial cells reduce the expression of E‑selectin, 
intercellular adhesion molecule 1 and 2, and vascular cell 
adhesion molecule 1, and also impair the recruitment of 
cytotoxic T‑cells to tumor lesions (17). In addition, the 
endothelial cells also express inhibitory molecules, such 
as programmed cell death‑ligand1 (PD‑L1) and PD‑L2, 
and release soluble factors (prostaglandin E2, IL‑6, TGF‑β 
and VEGF) to regulate T‑cell responses (18‑20). Moreover, 
endothelial cells allow immunosuppressive myeloid cells 
to migrate from the blood to the tumor, thus impairing the 
antitumor immune response (21).

Immune cells. The immune‑associated cells in the TME 
include macrophages, T‑cells, myeloid‑derived suppressor 
cells (MDSCs), dendritic cells (DCs) and natural killer (NK) 
cells (22).

Tumor‑associated macrophages (TAMs) are the main 
immune cell population of the TME in the majority of cancers. 
Macrophages are polarized by various microenvironments 
to form heterogeneous populations and can be divided into 
pro‑inflammatory M1 macrophages or anti‑inflammatory M2 
macrophages. M1 TAMs are activated by Toll‑like receptors 
(TLRs) or Th1 cytokines, such as tumor necrosis factor α 
(TNF‑α), interferon (IFN)‑γ, and colony‑stimulating factor 
2, and exert antitumor effects. M2 TAMs are regulated by 
IL‑4, IL‑10, IL‑13, TGF‑β or prostaglandin E2, and produce 
anti‑inflammatory cytokines, including TGF‑β and IL‑10, with 
anti‑inflammatory and tumor‑promoting effects (23). In tumor 
tissues, the majority of macrophages are polarized into M2 
macrophages, and subsequently promote angiogenesis, inhibit 
the antitumor immune response, support tumor growth and 
secrete different factors to regulate ECM remodeling, tumor 
cell motility and intravasation (24).

T‑cells play vital roles in the host defense against cancer. 
External signals activate immature T‑cells and trigger their 
immune function. Cytotoxic CD8+ T‑cells and CD4+ T‑helper 
1 cells are the main factors of antitumor immunity (25). 
However, the immunosuppressive TME can induce T‑cell 
dysfunction. Generally, T‑cells express programmed cell 
death protein‑1 (PD‑1) and tumor cells express PD‑L1. Their 
interaction leads to T‑cell suppression and tumor cell survival, 
that is, cancer cell immunosuppression. In addition, Foxp3+ 
T‑regulatory cells (Tregs) are another T‑cell subpopulation 
involved in the escape of tumor cells.

MDSCs, a heterogeneous population of immature myeloid 
cells, are the key mediators of immune suppression in the 
TME. MDSCs inhibit the T‑cell immune response mainly 
by expressing arginase‑1, inducible nitric oxide synthase 
and anti‑inflammatory cytokines, such as IL‑10 and cyclo‑
oxygenase‑2 (COX2) (26). MSDCs also express PD‑L1 and 
cytotoxic‑T‑lymphocyte‑antigen‑4, and possess the ability to 
suppress CD8+ T‑cell function (27).
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DCs a re natura l  immune cel ls  and effect ive 
antigen‑presenting cells, and participate in immune‑mediated 
cancer elimination via antigen presentation and T‑cell 
activation. In addition, DCs also provide antigens, co‑stim‑
ulatory molecules, and cytokines for T‑cell activation and 
differentiation, thereby inducing the immune response (28).

NK cells are cytotoxic effectors against cancer in innate 
immunity that are able to recognize and eliminate tumor cells 
without antigen presentation. NK cells express a variety of 

receptors with activated or inhibitory function and NK cell 
function is determined by the balance of signal input from 
these receptors. Cytokines (IL‑12, IL‑15 and IL‑18) and 
transcription factors (e.g., T‑bet) promote the activation of NK 
cells and produce IFN‑γ, which plays a critical role in innate 
and adaptive immune responses (29).

ECM. The ECM is a protein network around tumor cells 
and TME cells. The main components of the ECM include 

Figure 1. Overview of the ubiquitin proteasome system. The ubiquitin is activated by E1 in an ATP‑dependent manner. It is then transferred to E2, recognized 
by E3 ligase and transferred to the substrate to form a mono‑ or polyubiquitinated protein. K48‑linked polyubiquitin chains lead to 26S proteasome‑mediated 
degradation; monoubiquitination, K63‑linked or methionine 1‑linked polyubiquitin chains are non‑proteolytic ubiquitination signals, which participate in a 
number of biological processes. ATP, adenosine triphosphate; AMP, adenosine monophosphate; PPi, inorganic pyrophosphate; DUB, deubiquitinase.

Figure 2. Constituents of the TME. The TME comprises cells including CAFs, blood endothelial cells, immune cells (TAMs, DCs, T‑cells, MDSCs and NK 
cells) and the ECM. CAF, cancer‑associated fibroblast; DC, dendritic cell; ECM, extracellular matrix; MDSC, myeloid‑derived suppressor cell; NK, natural 
killer; TAM, tumor‑associated macrophage; TME, tumor microenvironment.
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collagen, proteoglycans, laminin and fibronectin. The ECM 
not only serves as a scaffold for tissue, but also provides key 
biochemical and biomechanical cues to guide cell growth, 
survival, migration and differentiation. In addition, the ECM 
also plays a role in the regulation of vascular development 
and immune function (30). Therefore, the ECM also plays 
a vital role in tumor proliferation, invasion, metastasis and 
angiogenesis.

3. Roles of ubiquitination in modulating the crosstalk 
between tumors and the TME

A number of studies have indicated that the UPS regulates 
tumorigenesis and progression by modulating the crosstalk 
between a tumor and the TME (Fig. 3). Some of the E3 ligases 

and their substrates involved are presented in Table I; DUBs 
are presented in Table II.

Roles of ubiquitination in the regulation of hypoxic 
microenvironments. Hypoxia is a main feature of numerous 
solid tumors due to rapid tumor growth. To overcome low 
oxygen levels, tumor cells activate a variety of survival pathways 
and induce angiogenesis and metastasis. Hypoxia‑inducible 
factor‑1 (HIF‑1) is a transcriptional activator that is related to 
cellular adaptive responses to hypoxia.

The protein stability of HIFα is mainly regulated by the 
oxygen‑dependent hydroxylation of two proline residues. Under 
normoxic conditions, hydroxylation is carried out by three proline 
4‑hydroxylase domain enzymes, i.e., PHD1‑3 or EGL nine 
(Caenorhabditis elegans) homologs (EGLN1‑3), that can sense 

Figure 3. Ubiquitination regulates the crosstalk between tumors and the tumor microenvironment. E3 ligases and DUBs regulate hypoxic microenvironment, 
angiogenesis, EMT, chronic inflammation‑mediated tumor formation, and the crosstalk between CAFs, TAMs, T‑cells, MDSCs, DCs, NK cells and tumor 
cells. Some of them suppress tumorigenesis (shown in red) and others promote tumorigenesis (shown in black). CAF, cancer‑associated fibroblast; DC, dendritic 
cell; DUB, deubiquitinase; EMT, epithelial‑mesenchymal transition; MDSC, myeloid‑derived suppressor cell; NK, natural killer; TAM, tumor‑associated 
macrophage; UBR5, ubiquitin protein ligase E3 component n‑recognin 5; TRIM, tripartite motif containing; USP, ubiquitin‑specific protease; Cbl‑b, Casitas 
B‑lineage lymphoma proto‑oncogene‑b; CSN5, COP9 signalosome 5; Otub1, OTU domain‑containing ubiquitin aldehyde‑binding protein 1; CRL4WDR4, 
WD repeat 4‑containing CUL‑RING ubiquitin ligase 4; FBXO38, F‑box protein 38; cullin 3‑SPOP, cullin 3‑speckle‑type pox virus and zinc finger protein; 
TRAF, TNF receptor associated factor; SIAH2, Siah E3 ubiquitin protein ligase 2; VHL, von Hippel Lindau; UCH‑L1, ubiquitin C‑terminal hydrolase‑L1; 
SCF, Skp‑Cul1‑F‑box; Skp2, S‑phase kinase‑associated protein‑2; RNF5, ring finger protein 5; Fbxw7, F‑box and WD repeat domain containing 7; SMURF1, 
SMAD Specific E3 ubiquitin protein ligase 1.
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cellular oxygen. The hydroxylation of proline residues is used to 
label the HIFα subunits for ubiquitination and subsequent protea‑
some degradation by the von Hippel Lindau (VHL)‑containing 
E3 ligase complex. In addition, HIF‑1α and HIF‑2α can also be 
hydroxylated by HIF at a C‑terminal asparagine residue. As a 
result, the recruitment of transcriptional coactivator p300 is 
blocked, and the transactivation activity of HIF is suppressed. 
By contrast, HIFs become stable and active under hypoxic condi‑
tions due to the inactivation of oxygen‑dependent hydroxylases.

In the presence of oxygen, the tumor suppressor protein 
VHL E3‑ubiquitin ligase mediates the degradation of HIFα 
subunits via ubiquitination (31). Several DUBs can reverse the 
action of VHL on HIFα subunits (32). For example, USP20 
(VDU2) was the first DUB shown to maintain the stability 
of HIF‑1α and upregulate the expression of HIF‑1α target 
genes, such as VEGF (33). Ubiquitin C‑terminal hydrolase‑L1 
(UCH‑L1) has been shown to increase the stability of HIF‑1α 
as a deubiquitinating enzyme and promote distant tumor 

Table I. Some E3 ligases involved in the crosstalk between tumors and the TME.

Biological process E3 ligase Target Category Cancer/cell type (Refs.)

Hypoxia VHL  HIF‑α Tumor suppressor  (31)
 SIAH2 NRF1 Oncogene Breast cancer (36)
Angiogenesis MDM2 HIF‑α Tumor suppressor  (39)
 SAG  Oncogene B16F10 melanoma  (42,110)
 FBW7 Notch4 Oncogene  (45)
 c‑CBL β‑catenin Tumor suppressor  (48)
 TRIM25 SP1 Tumor suppressor Gastric cancer (52)
Chronic inflammation‑ SCF‑Skp2 FOXO1 Oncogene Hepatoma, prostate cancer, lymphoma (58)
mediated tumor formation     
 MDM2 FOXOs Oncogene  (59)
 SCF‑Skp2 E2F1  HepG2 cells (65)
 LUBAC NEMO Oncogene B‑cell leukemia, breast cancer (71,72)
CAF SCF‑Fbxw7 Notch1 Tumor suppressor BMSCs, melanoma cells (90)
 RNF5 PTEN Oncogene Pancreatic ductal adenocarcinoma cells (84)
ECM SCF‑Skp2 SP1 Oncogene Oral squamous cell carcinoma, lung (96,97)
    cancer cells 
 NEDD4‑1 MT1‑MMP Oncogene breast cancer cell MCF‑7 (103)
TAM polarization TRIM24 CBP Tumor suppressor Macrophages (105)
 UBR5  Oncogene Ovarian cancer (111)
T‑cell immunosuppression CRL4WDR4 PML Oncogene Lung cancer (117)
 FBXO38 PD‑1 Tumor suppressor Colorectal carcinoma, hepatocellular (118)
    carcinoma 
 Cullin 3‑ PD‑L1 Tumor suppressor Prostate cancer, kidney cancer (120,121)
 SPOP    
 NEDD4 GITR Oncogene Melanoma (132)
MDSC immunosuppression TRAF6 STAT3 Tumor suppressor Lung cancer (134)
MDSC differentiation TRIM29 STING Oncogene Nasopharyngeal carcinoma (137)
Myofibroblastic activation SMURF1 TGF‑βRII Tumor suppressor Hepatic stellate cells (164)
Antigen presentation TRIM71 Rb, p53 Oncogene Breast cancer (141)
NK cell activation Cbl‑b Tyro3,  Oncogene Melanoma, breast cancer (143)
  Mer, Axl   
NK cell function TRIM29 TAB2 Oncogene NK cells (146)

CAFs, cancer‑associated fibroblasts; Cbl‑b, Casitas B‑lineage lymphoma proto‑oncogene‑b; CBP, CREB‑binding protein; CRL4WDR4, WD 
repeat 4‑containing CUL‑RING ubiquitin ligase 4; cullin 3‑SPOP, cullin 3‑speckle‑type pox virus and zinc finger protein; ECM, extracellular 
matrix; E2F, E2 promoter binding factor; FBW7, F‑box and WD repeat domain‑containing 7; FOXO, Forkhead box O; GITR, glucocorticoid 
induced TNF receptor; LUBAC, a linear ubiquitin chain assembly complex; MDM2, mouse double minute 2 homolog; MDSCs, myeloid‑derived 
suppressor cells; MT1‑MMP, membrane type 1‑matrix metalloproteinase; NEMO, nuclear factor‑κB essential modulator; NK, natural killer; 
PD‑1, programmed cell death protein‑1; PD‑L1, programmed cell death‑ligand 1; PML, promyelocytic leukemia; RNF5, ring finger protein 5; 
SAG, sensitive to apoptosis gene; SIAH2, Siah E3 ubiquitin protein ligase 2; SCF, Skp‑Cul1‑F‑box; Skp2, S‑phase kinase‑associated protein‑2; 
SMURF1, SMAD Specific E3 ubiquitin protein ligase 1; TRIM, tripartite motif containing; TAB2, TGF‑β activated kinase 1 binding protein 2; 
TAMs, tumor‑associated macrophages; TGF‑βRI, TGF‑β type I receptor; TGF‑βRII, TGF‑β type II receptor; UBR5, ubiquitin protein ligase 
E3 component n‑recognin 5; VHL, von Hippel Lindau.
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metastases under hypoxic conditions in breast and lung 
cancers (34).

In the majority of tumors, hypoxia also induces epithe‑
lial‑mesenchymal transition (EMT) and this enables tumor cells 
to acquire migratory and invasive capabilities. Ubiquitin‑specific 
protease (USP)47 has been identified in the process of 
EMT. In colorectal cancer cells, USP47 is activated by the 
hypoxia‑mediated Sox9. USP47 subsequently stabilizes Snail by 
deubiquitination and promotes EMT and tumor metastasis (35).

Dysfunctional mitochondria are a critical factor for 
tumorigenesis, and a low mitochondrial gene expression is 
associated with a poor prognosis of patients with breast cancer. 
The hypoxia‑induced E3 ligase SIAH2 promotes nuclear 
respiratory factor 1 (NRF1) degradation through the protea‑
somal pathway under hypoxic conditions, thus leading to the 
reduction of nuclear‑encoded mitochondrial gene expression, 

metabolic reprogramming, tumor‑associated macrophage 
polarization and pro‑tumor immune response. Therefore, the 
inhibition of NRF1 degradation may represent a potential 
therapeutic strategy against cancer (36).

Roles of ubiquitination in angiogenesis. Tumor cells produce 
angiogenic and proliferation factors, such as VEGFA, to 
stimulate the development of new blood vessels (16). Some 
transcriptional factors (e.g., HIF) and signaling pathways 
(e.g., Notch and Wnt) are involved in angiogenesis. Of these, 
VEGF and its associated receptors are significant players. It 
has been shown that VEGFR2 ubiquitination is required for 
degradation through the lysosomes or recycling back to the 
plasma membrane. Deubiquitinating enzyme USP8 regulates 
the stability of VEGFR2, thus affecting the endothelial cell 
response and vascular physiology (37).

Table II. Some DUBs involved in the crosstalk between tumors and the TME.

Biological process DUB Target Category Cancer/cell type (Refs.)

Hypoxia USP20  HIF‑1α Oncogene  (33)
 UCH‑L1 HIF‑1α Oncogene Breast cancer, lung cancer (34)
Chronic inflammation OUTLIN/ NEMO Tumor suppressor Hepatocellular carcinoma (73)
mediated tumor formation gumby    
Angiogenesis USP8 VEGFR2 Oncogene Endothelial cells (37)
 OUTLIN/ dishevelled2,  Tumor suppressor Endothelial cells (49,50)
 gumby β‑catenin   
EMT USP47 Snail Oncogene Colorectal cancer cells (35)
 USP3 SUZ12 Oncogene Gastric cancer (76)
 USP11 Snail 1 Oncogene Ovarian cancer (77)
 USP11 TGF‑β RII Oncogene Breast cancer (78)
 USP26 SMAD7 Tumor suppressor Glioblastoma (79)
 USP15 TGF‑β RI Oncogene Glioblastoma (80)
 USP4 TGF‑β RI Oncogene Breast cancer (81)
 UCH‑L1  Oncogene DU145 prostate cancer cells (82)
 A20 Snail 1 Oncogene Breast cancer (83)
 USP27X Snail 1 Oncogene Breast and pancreatic cancer (75)
 DUB3 Snail Oncogene Breast cancer (87)
ECM USP4, USP17 6myc‑HAS2 Oncogene Breast and lung cells (91)
T‑cell activation  Otub1 AKT Tumor suppressor B16F10 melanoma (113)
T‑cell immunosuppression CSN5 PD‑L1 Oncogene Breast cancer (122)
 USP22 CSN5, PD‑L1 Oncogene Non‑small cell lung cancer, (123,124)
    liver caner  
 USP9X PD‑L1 Oncogene Oral squamous cell carcinoma (126)
 USP7 Foxp3+, Tip60 Oncogene Colorectal cancer HCT116, (129)
    human prostate cancer PC‑3 
TAM polarization USP24 β‑TrCP, p300 Oncogene Lung cancer (107)
 A20 ERα Oncogene Endometrial cancer (109)
DCs  A20 TRAF6,  Oncogene Multiple myeloma (140)
  TRAF2, cIAP1   

CSN5, COP9 signalosome 5; DCs, dendritic cells; DUB, deubiquitinase; ECM, extracellular matrix; EMT, epithelial‑mesenchymal transi‑
tion; NEMO, nuclear factor‑κB essential modulator; HAS2, Hyaluronan‑synthesizing enzyme 2; HIF‑1, hypoxia inducible factor‑1; PD‑L1, 
programmed cell death‑ligand 1; TGF‑βRI, TGF‑β type I receptor; TGF‑βRII, TGF‑β type II receptor; TME, tumor microenvironment; TRAF, 
TNF receptor associated factor; UCH‑L1, ubiquitin C‑terminal hydrolase‑L1; USP, ubiquitin‑specific protease.
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As a transcriptional regulator of VEGF, HIF‑1α plays 
a crucial role in angiogenesis. Its stability and functionality 
are generally affected by ubiquitination. The deubiquitinating 
enzymes USP20, USP8 and UCHL1 can modulate the HIF‑1α 
level and stability, and regulate VEGF expression (32). 
Lysine‑specific demethylase 1 (LSD1), a flavin adenine 
dinucleotide dependent demethylase for lysine (K) 4 and 9 
of histone H3, has been shown to demethylate non‑histone 
proteins. LSD1 can also demethylate HIF‑1α at lysine (K) 391 
and suppress PHD2‑induced HIF‑1α hydroxylation, thereby 
preventing HIF‑1α from ubiquitin‑mediated protein degrada‑
tion (38). The transcription factor TAp73 opposes HIF‑1 activity 
by recruiting mouse double minute 2 homolog (MDM2) and 
promotes HIF‑1α polyubiquitination and degradation, thereby 
inhibiting angiogenesis and tumor progression (39).

COX‑2 also plays a role in angiogenesis and its expression 
often upregulated in various types of cancer. COX‑2 increases 
the production of VEGF via the extracellular signal‑regulated 
kinase (ERK)/HIF‑1α/VEGFA pathway. The centromere 
protein U, a centromere component for mitosis, is involved in 
the tumorigenesis of multiple cancer types. This protein has 
recently been shown to promote angiogenesis by inhibiting the 
ubiquitin‑proteasomal degradation of COX‑2 (40).

Cullin‑RING ligase is a multi‑complex E3 ubiquitin ligase 
and controls a number of critical biological processes. As a 
RING protein, sensitive to apoptosis gene (SAG) is critical 
for the activity of Cullin‑RING ligase. SAG is upregulated 
by the transcription factors AP‑1 and HIF‑1 in response to 
reactive oxygen species, mitogen and hypoxia in several 
cancer types; these factors are associated with a poor prog‑
nosis. Stress‑inducible SAG can recruit other components 
of Cullin‑RING E3s to promote the ubiquitination and 
degradation of various substrates (41). Tan et al (42) found 
that SAG is necessary for endothelial cell migration and tube 
formation in vitro and tumor angiogenesis in vivo in a murine 
B16F10 melanoma model. Furthermore, the endothelial dele‑
tion of SAG E3 ubiquitin ligase was shown to block tumor 
angiogenesis (42).

Endothelial Notch signaling limits angiogenesis by 
preventing budding and catheter formation (43). Tip cells 
secrete the Notch ligand Dll4 which binds to the Notch 
receptor on stalk cells. The activation of Notch leads to 
VEGFR2 transcriptional inhibition and subsequently 
suppresses endothelial cell proliferation (44). Ubiquitin ligase 
F‑box and WD repeat domain‑containing 7 (FBW7) plays a 
positive role in angiogenesis by inducing Notch ubiquitination 
and degradation (45).

The Wnt signaling pathway participates in multiple 
aspects of development and is necessary for appropriate 
vascular growth in mammals (46). This pathway promotes 
the accumulation of β‑catenin and enhances the transcription 
of pro‑angiogenic genes, such as VEGF and IL‑8 (47). The 
stability of β‑catenin can also be regulated by ubiquitination. 
A previous study revealed that c‑CBL induced the ubiquiti‑
nation of nuclear β‑catenin and promoted its degradation, 
thereby negatively regulating angiogenesis (48). In addition, 
LUBAC induces linear ubiquitin on β‑catenin, facilitates its 
proteasomal degradation, and DUB OTULIN/gumby interacts 
with LUBAC to remove linear ubiquitin chains and stabilize 
β‑catenin. Moreover, gumby interacts with disheveled 2 and 

promotes Wnt signaling during angiogenesis. The loss of the 
DUB activity of gumby can comprise angiogenesis (49,50).

The process of angiogenesis includes the generation of 
new vessels, vascular basement membrane degradation, blood 
vessel ECM remodeling, endothelial cell migration, prolif‑
eration and the new generation of matrix components. MMPs 
play key roles in tumor rupture, tumor neovascularization and 
subsequent metastasis (51). MMP2, a member of the MMPs 
family, has been proven to be overexpressed in gastric cancer 
and promote the proliferation, angiogenesis, and migration of 
gastric cancer cells. Tripartite motif containing (TRIM)25, an 
E3 ubiquitin ligase, promotes the ubiquitination of transcrip‑
tion factor SP1 at K610, further suppressing the expression of 
MMP2 and inhibiting angiogenesis in gastric cancer (52).

Roles of ubiquitination in chronic inflammation‑mediated 
tumor formation. Chronic inflammation is a significant risk 
factor for cancer development and ~20% of human cancers 
are related to chronic inflammation (53). Cancer usually 
occurs in inflammatory tissues, thus indicating the roles 
of local inflammation in the initiation and progression of 
cancers. Ubiquitination plays an intrinsic role in the chronic 
inflammatory TME by regulating transcriptional factors and 
cytokines (54).

Forkhead box O (FOXO) transcription factors play a 
crucial role in immune homeostasis, particularly FOXO1 and 
FOXO3a, which regulate the development and differentiation 
of lymphocytes, along with the quiescence of primary T‑cells. 
A number of chronic inflammatory processes appear to be 
related to the loss of activity of these transcription factors (55). 
There is increasing evidence to suggest that FOXOs function 
as tumor suppressors and participate in a variety of biological 
processes, including apoptosis, inflammation regulation, 
cell cycle checkpoint, oxidative stress resistance and DNA 
repair (56). The dysregulation of FOXO proteins is usually 
related to the carcinogenesis, progression and chemoresistance 
of several human tumors (57). S‑phase kinase‑associated 
protein‑2 (Skp2), an Skp‑Cul1‑F‑box (SCF) UPS protein 
subunit, is responsible for the ubiquitination/degradation of 
FOXO1 in hepatoma and prostate cancer cells, as well as a 
mouse lymphoma model (58). In addition, MDM2 is a critical 
universal ubiquitin E3 ligase for the proteasomal degradation 
of FOXO family members (59).

Cytokines also mediate the crosstalk between malignant 
cells and surrounding cells in the TME. Pro‑inflammatory 
cytokines, such as TNF‑α, IL‑1β, IL‑6, TGF‑β and the 
anti‑inflammatory cytokine, IL‑10, have been shown to be 
involved in the occurrence and maintenance of cancer (54). The 
ubiquitin mechanism is triggered under infection‑inflammation 
conditions and promotes the formation of cancer by regulating 
multiple cytokines. For example, the SAG ubiquitin‑protea‑
some system is significantly upregulated in infected tissues 
and participates in chronic inflammation‑induced cancer via 
the ubiquitination of key apoptotic factors (pro‑apoptotic 
SARM and Noxa) and by controlling the ratio of pro‑and 
anti‑apoptosis factors (60,61).

The melanoma differentiation‑associated gene‑7 (MDA‑7)/
IL‑24 belongs to the anti‑inflammatory IL‑10 family and 
exhibits anticancer effects by inducing apoptosis, inhibiting 
angiogenesis and stimulating an immune response (62). The 
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MDA‑7/IL‑24 protein is ubiquitinated, and its degradation is 
controlled by the 26S proteasome in ovarian and lung cancer 
cells (63). Inhibiting the degradation of MDA‑7/IL‑24 can 
enhance antitumor activity.

The E2 promoter binding factor (E2F) family of transcrip‑
tion factors is an essential mediator of cell proliferation and 
DNA‑damage‑induced apoptosis and can exhibit both tumori‑
genic and tumor suppressor activity. E2F is overexpressed 
in nasopharyngeal carcinoma (NPC) cells and activates the 
expression of IL‑6, upregulates inflammatory signaling, and 
promotes malignant proliferation and tumorigenesis in NPC 
cells (64). The UPS plays a key role in regulating E2F function. 
In the viral HBx microenvironment, HBx can compete with 
E2F1 to bind Skp2 E3 ligase, thus resulting in the accumu‑
lation of E2F1 and histone methyltransferase mixed‑lineage 
leukemia 1. E2F1 stimulates cell proliferation in early‑stage 
tumors and triggers apoptosis in late‑stage tumors. Notably, 
the differential promoter occupancy of mixed lineage leukemia 
1 (with a co‑activator or co‑repressor) appears to specify the 
paradoxical functions of E2F1 during the early and late stages 
of tumor development (65).

Inflammation‑related cancers are also characterized by muta‑
genic DNA lesions (66). Innate immune surveillance systems 
can recognize cytosolic DNA through the cyclic GMP‑AMP 
synthase (cGAS)/stimulator of IFN genes (STING) pathway and 
activate downstream non‑canonical NF‑κB signaling to monitor 
cell damage and fight against pathogen infection (67). Aberrant 
DNA fragmentation is common in cancer cells due to abnormal 
chromosome structure and genome instability (68). Therefore, 
avoiding this monitoring process is crucial for tumorigenesis. 
Recently, Wu et al (69) revealed that receptor tyrosine kinase 
human epidermal growth factor receptor 2 (HER2) effectively 
inhibited cGAS/STING signaling and prevented cancer cells 
from undergoing apoptosis. HER2 is closely related to STING 
and recruits AKT1 (also known as PKB) to directly phos‑
phorylate TANK‑binding kinase 1 (TBK1), thus preventing the 
TBK1‑STING association and TBK1 K63‑linked ubiquitina‑
tion, thereby weakening the STING signal (69).

Chronic inflammation and NF‑κB activation are related to 
the development and progression of cancer. The linear ubiquiti‑
nation of the NF‑κB essential modulator mediated by LUBAC 
is required for NF‑κB activation (70). Thus, the dysregulation 
of linear ubiquitin signaling is associated with cancer develop‑
ment. For example, increased LUBAC expression enhances 
NF‑κB activation, thus accelerating the accumulation of 
somatic mutations and lymphomagenesis (71). Enhanced 
linear ubiquitination drives breast cancer development in 
mice (72). Consistently, DUB OTULIN (gumby) negatively 
regulates linear ubiquitin signaling and its deficiency in 
hepatocytes causes the development of hepatocellular carci‑
noma (73). These results suggest that LUBAC inhibition may 
be an effective treatment strategy for certain types of cancer.

Roles of ubiquitination in the crosstalk between CAFs and 
tumor cells. CAFs are the most abundant stromal cells in 
the TME and regulate tumor cells and other stromal cells 
via cell‑cell contacts and secrete regulatory factors, notably 
TGF‑β, IL‑6 and CC‑chemokine ligand (CCL)2; they can also 
synthesize and remodel the ECM. Thus, CAFs are closely 
related to cancer progression.

TGF‑β, a pleiotropic cytokine, plays essential roles in 
tumor cell EMT, migration and invasion. EMT is a transdif‑
ferentiation process from polarized epithelial cells to motile 
mesenchymal cells; this is associated with the downregulation 
of E‑cadherin and the upregulation of the mesenchymal protein 
vimentin. TGF‑β binding leads to TGF‑β type I and type II 
receptor (TGF‑βRI and TGF‑βRII) heterocomplex activation. 
SMAD2/3 are then phosphorylated and shuttled to the nucleus 
with SMAD4 to regulate the expression of EMT transcription 
factors (74). EMT is driven by Snail, zinc‑finger E‑box‑binding 
and basic helix‑loop‑helix (e.g., Twist) transcription factors; 
this inhibits epithelial marker genes and activates genes related 
to the mesenchymal phenotype. Due to the continuous ubiqui‑
tination of several F‑box‑specific E3 ligases, Snail1 has a short 
lifespan in normal epithelial cells; however, its degradation is 
prevented in cancer cells and activated fibroblasts. Snail1 is 
required for the activation of CAFs (75).

Studies have reported that several USP family members 
are involved in mediating TGF‑β‑induced EMT. For instance, 
USP3 expression is upregulated in gastric cancer cells induced 
by TGF‑β. USP3 interacts with and stabilizes the suppressor of 
zeste 12 protein homolog via deubiquitination, thus enhancing 
tumor cell EMT and metastasis (76). Snail and Twist are 
important transcriptional factors in EMT. USP11 is upregu‑
lated and promotes EMT by deubiquitinating Snail in ovarian 
cancer (77). USP11 also regulates TGF‑β‑induced epithe‑
lial‑mesenchymal plasticity and promotes human breast cancer 
metastasis by stabilizing TGF‑βRII (78). USP26 has been 
found to negatively regulate the TGF‑β signaling pathway by 
deubiquitination and stabilizing SMAD7 in glioblastoma (79). 
USP15 enhances the tumorigenic effects of TGF‑β in glioblas‑
toma (80), while USP4 promotes TGF‑β‑induced EMT and cell 
migration in breast cancer. Both of these maintain the stability 
of TGF‑βRI (81). Of note, Jang et al (82) found that UCH‑L1 
was specifically and highly expressed in the metastatic DU145 
prostate cancer cell line, but not in the benign or weakly 
metastatic prostate cancer cells. Furthermore, UCH‑L1 was 
found to promote prostate cancer metastasis via EMT induc‑
tion (82). Recently, A20 was found to be overexpressed in 
human basal‑like breast cancers and mediates TGFβ1‑induced 
EMT in breast cancers by monoubiquitylating Snail1. The 
knockdown of A20 reduced lung cancer metastasis in mouse 
engrafts and orthotopic breast cancer models, thus suggesting 
roles for A20 and monoubiquitylated Snail1 in metastasis (83). 
Deubiquitinase USP27X has been shown to be upregulated 
by TGF‑β during EMT and to maintain Snail1 stability in 
breast and pancreatic cancer. The inhibition of USP27X leads 
to Snail1 destabilization, suppresses EMT and renders tumor 
cells sensitive to chemotherapy (75). Collectively, these results 
indicate that these deubiquitinases regulate EMT and may 
serve as a target for the inhibition of CMF‑induced tumor 
invasion and chemoresistance.

TGF‑α, produced by CAFs, can induce EMT and promote 
tumor growth and metastasis via EGFR. Recently, a novel E3 
ligase, RNF5, has been identified to regulate the crosstalk 
of pancreatic CAFs and pancreatic ductal adenocarcinoma. 
The ablation of the Hedgehog signaling gene Smoothened in 
pancreatic CAFs can activate Glycogen synthase kinase 3β 
and lead to PTEN phosphorylation. RNF5 has been found to 
ubiquitinate PTEN and induce PTEN degradation. As a result, 
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AKT and the TGF‑α promoter are activated. TGF‑α produced 
by CAFs is known to undergo crosstalk with adjacent tumor 
cells and to promote tumor growth via the activation of 
EGFR (84).

Recently, IL‑6 was also identified as a potential mediator 
of the crosstalk between tumor cells and CAFs in esophageal 
cancer (85). Chronic inflammation leads to the activation 
of normal fibroblasts which become CAFs. CAFs produce 
more pro‑tumorigenic cytokines, including IL‑6. The direct 
interaction of CAFs enables tumor cells to secrete a higher 
level of IL‑6. IL‑6 activates its receptor on tumor cells and 
CAFs to promote tumor cell proliferation and invasion, and by 
suppressing apoptosis via the STAT3 and ERK1/2 signaling 
pathways. Thus, IL‑6 signaling has become a therapeutic 
target for several types of cancer. Wu et al (86) suggested that 
IL‑6 secreted by CAFs promoted EMT and the metastasis 
of gastric cancer via the JAK2/STAT3 signaling pathway. 
Recently, DUB3 has been identified as a deubiquitinase 
of Snail; furthermore, IL‑6 promotes tumor cell EMT by 
inducing DUB3 expression and by stabilizing Snail in breast 
cancer (87).

Chemokines are secreted proteins and participate 
in inflammatory and immunoregulatory processes. The 
increased concentration of chemokines is associated with a 
poor prognosis (88). Liu et al (89) demonstrated that CAFs 
produce higher levels of CCL2, CCL5, CCL7 and CXCL16 
than peri‑tumor fibroblasts in hepatocellular carcinoma. CCL2 
and CCL5 promoted cell migration via the Hedgehog pathway; 
CCL7 and CXCL16 enhanced the migration and invasion of 
hepatocellular carcinoma cells via the TGF‑β pathway (89). 
Oncosuppressor protein Fbxw7 is a substrate receptor for 
the SCF ubiquitin ligase complex, and Fbxw7 deficiency has 
been shown to give rise to various tumors in mice. The loss 
of Fbxw7 in bone marrow‑derived stromal cells promotes 
cancer metastasis by impairing the degradation of Notch1 and 
increasing the production of chemokine CCL2. As the precur‑
sors of CAFs, bone marrow‑derived stromal cells are major 
components of the TME and represent the sources of CCL2 
output (90).

The ECM in tumors changes dynamically and CAFs are 
the main contributors to ECM stiffness and degradation. The 
production and degradation of the ECM are regulated by 
ubiquitination. Hyaluronan, a ubiquitous glycosaminoglycan 
that is highly expressed in the ECM, accumulates 
in rapidly remodeling tissues, such as breast cancer. 
Hyaluronan‑synthesizing enzyme 2 (HAS2) catalyzes the 
production of hyaluronan. USP4 and USP17 have been identified 
to reduce the ubiquitination of 6myc‑HAS2 and modulate the 
stability and activity of HAS2. USP4 and USP17 are upregulated 
in malignant lines. USP17 maintains the level of 6myc‑HAS2 
protein by reducing the polyubiquitination of 6myc‑HAS2. 
USP4 preferentially removes the monoubiquitination of 
6myc‑HAS2 and regulates the activity of HAS2 (91).

MMPs are a family of zinc‑dependent endopeptidases 
that selectively degrade the components of the ECM (92). 
MMP‑2 is upregulated in a number of cancer types and 
can reduce cell‑cell adhesion, promote tumor invasion and 
EMT, and can contribute to tumor aggressiveness and a poor 
prognosis (93‑95). Skp2 is usually overexpressed in human 
cancers and increases the expression of MMP‑2 by enhancing 

transcription factor Sp1 activity (96,97). The expression of 
MMP‑2 can also be regulated by epigenetic mechanisms and 
aberrant epigenetic regulations of MMP‑2 are known to be 
involved in cancer progression (98). For example, CpG meth‑
ylation of the MMP‑2 promoter is associated with the invasive 
phenotype. Chromobox 6 is a component of the polycomb 
repressive complex. As a transcriptional repressor, Chromobox 
6 inhibits the expression of MMP‑2 in non‑invasive cells. The 
enhanced ubiquitination and degradation of chromo box 6 
increases the expression of MMP‑2 and enhances the inva‑
sion of mesothelioma (99). USP2 is overexpressed in various 
human cancers and has been regarded as a therapeutic target 
in cancer (100). Previously, USP2 was revealed to enhance 
tumor migration and invasion by increasing MMP‑2 activity 
in metastatic triple‑negative breast cancer (101).

Membrane type 1‑matrix metalloproteinase (MT1‑MMP) 
mediates cancer cell invasion by degrading the basement 
membrane and ECM, as well as by inducing cell migration. 
The MT1‑MMP‑mediated activation of TGF‑β signaling 
enables the autocrine and paracrine‑mediated induction of 
EMT (102). Eisenach et al (103) revealed that the ubiquitin 
E3 ligase NEDD4‑1 mediated monoubiquitination within 
the MT1‑MMP intracellular domain and was involved 
in MT1‑MMP trafficking and modulated cellular invasion 
through type I collagen matrices.

Roles of ubiquitination in the crosstalk between TAM and 
tumor cells. During tumorigenesis, TAMs are usually regu‑
lated by environmental factors to present the M2 state; this 
inhibits the cytotoxic function of immune cells and impairs 
antitumor immunity (104). Macrophage M2 polarization 
involves the activation of STAT6 and STAT6 acetylation, 
which is mediated by the acetyltransferase CREB‑binding 
protein (CBP), to suppress macrophage M2 polarization. 
CBP‑associated E3 ligase TRIM24 induces CBP ubiquitina‑
tion, which facilitates the recruitment of CBP to STAT6, 
promotes STAT6 acetylation, and inhibits macrophage M2 
polarization (105). M2 macrophages promote cancer cell 
metastasis by secreting growth factors and cytokines, such as 
IL‑6 (106). Recently, Wang et al (107) reported that USP24 
was highly expressed in the late stages of lung cancer and 
promoted lung cancer metastasis by inducing IL‑6 expression. 
USP24 can stabilize β‑TrCP, promote IκB degradation in lung 
cancer cells, and upregulate NF‑κB in M2 macrophages, thus 
leading to the increased expression of IL‑6. Furthermore, 
USP24 stabilizes p300 and reduces the levels of DNMT1, 
thereby increasing IL‑6 transcription in M2 macrophages and 
lung cancer cells (107).

In estrogen‑driven endometrial cancer, the dominant M2 
macrophages in endometrial cancer lesions are CD163+ macro‑
phages which play essential roles in carcinogenesis (108). 
CD163+ macrophages can upregulate the ubiquitin‑editing 
enzyme A20 via cytokines, such as IL‑1α, IL‑17A and TNF‑α 
in endometrial lesions. A20 maintains estrogen receptor α 
protein level and enhances endometrial cancer cell prolif‑
eration by its deubiquitinase activity (109). Thus, CD163+ 
macrophages sensitize endometrial cancer cells to estrogen 
via A20.

Ubiquitin protein ligase E3 component n‑recognin 5 
(UBR5, also known as EDD) is overexpressed in multiple 
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cancer types, especially breast cancer and ovarian cancer, 
and is associated with a poor prognosis (110). UBR5 medi‑
ates tumor‑associated macrophage recruitment and activation 
via chemokines and cytokines. In addition, UBR5 promotes 
ovarian tumor cell adhesion and spheroid formation and 
suppresses apoptosis by regulating p53 levels. Targeting 
tumor‑derived UBR5 impairs TAM recruitment and TME 
immunosuppression and enhances the therapeutic effects of 
immunotherapy (111).

Roles of ubiquitination in the crosstalk between T‑cells and 
tumor cells. Ubiquitination is a crucial mechanism that regu‑
lates the crosstalk between T‑cells and tumor cells, including 
T‑cell immune responses against cancer and tumor immuno‑
suppression. CD8+ T‑cells are primary cytotoxic effector cells 
of the immune system against cancer, which specifically depend 
on IL‑15‑mediated AKT signaling for homeostasis (112). DUB 
Otub1 deubiquitinates AKT and inhibits the IL‑15‑stimulated 
activation of AKT, negatively regulating the homeostasis and 
activation of CD8+ T‑cells in immune responses. As previously 
demonstrated in a mouse model, Otub1 deficiency sensitized 
CD8+ T‑cells and enhanced tumor rejection (113). The linker for 
activation of T‑cells (LAT) is a transmembrane molecule and 
the key for T‑cell activation (114). The ubiquitylation‑resistant 
form of LAT is more stable than that of wild‑type LAT in cells 
and enhances T‑cell signaling. Therefore, blocking LAT ubiq‑
uitination may be a promising strategy with which to enhance 
the function of effector T‑cells (115).

Promyelocytic leukemia (PML), a pleiotropic tumor 
suppressor, is usually downregulated in a number of cancer 
types. Ubiquitin‑mediated degradation is a key mecha‑
nism for PML downregulation in tumors (116). WD repeat 
4‑containing CUL‑RING ubiquitin ligase 4 is responsible 
for PML destruction in lung cancer. The WDR4/PML 
axis induces several oncogenes and promotes lung cancer 
progression. It also elevates intratumoral Tregs and M2‑like 
macrophages, reduces CD8+ T‑cell numbers and induces 
tumor immunosuppression (117).

Surface PD‑1 molecules can be ubiquitinated and degraded 
by proteasomes in activated T‑cells. E3 ubiquitin ligase 
FBXO38 interacts with PD‑1 directly and mediates PD‑1 
ubiquitination and proteasome degradation. Thus, FBXO38 
regulates T‑cell antitumor immunity (118). The immuno‑
suppressive activity of PD‑L1 can also be modulated by 
ubiquitination and N‑glycosylation. Glycogen synthase kinase 
(GSK)3β phosphorylates PD‑L1 and facilities the proteasome 
degradation of PD‑L1 by β‑TrCP. N‑glycosylation influences 
the structure and function of PD‑L1 and antagonizes GSK3β 
binding; thus, only non‑glycosylated PD‑L1 forms a complex 
with GSK3β and β‑TrCP and undergoes fast protein degra‑
dation (119). In human prostate cancer and kidney cancer, 
cullin 3‑speckle‑type pox virus and zinc finger protein 
has been reported to target PD‑L1 for ubiquitination and 
degradation (120,121).

The TME can induce cancer immunosuppression by 
upregulating PD‑L1 protein expression. DUB COP9 signalo‑
some 5 (CSN5) inhibits the ubiquitination and degradation of 
PD‑L1, subsequently enhancing its interaction with PD‑L1 to 
escape T cell immune surveillance (122). USP22 is a novel 
regulator of PD‑L1, which deubiquitinates CSN5 and regulates 

the protein levels of PD‑L1 via the USP22‑CSN5‑PD‑L1 axis. 
CSN5 can also directly deubiquitinate PD‑L1 and maintains 
its stability in human non‑small cell lung cancer and liver 
cancers (123,124). USP22 is overexpressed and promotes tumor 
progression in multiple tumor types; the deletion of USP22 in 
pancreatic tumor cells promotes the infiltration of T‑cells and 
NK cells, thus improving the response to combined immuno‑
therapy (125). Emerging data have demonstrated that USP9X 
is highly expressed in oral squamous cell carcinoma tissues 
and stabilizes PD‑L1 by deubiquitination. Reducing USP9X 
expression also blocks oral squamous cell growth (126). 
Another study demonstrated that USP9X‑deficient T‑cells 
were hyperproliferative and caused spontaneous lupus‑like 
autoimmunity and lymphoproliferative diseases in aged mice. 
Moreover, the mRNA expression of PD‑1 was markedly 
upregulated in cells in which USP9X was knocked down. As 
such, mice with USP9X depletion have an increased number of 
PD‑1 expressing T‑cells (127).

Foxp3+ Tregs play an indispensable role in immunosup‑
pression and lead to tumor immune evasion (128). The Treg 
lineage‑specific transcription factor Foxp3+, and the histone 
acetyltransferase Tip60, are pivotal to the development and 
maintenance of the Treg lineage. USP7 maintains Treg func‑
tions by stabilizing the expression of Tip60 and Foxp3 (129). 
Glucocorticoid‑induced TNF receptor (GITR), a member of 
the TNF receptor superfamily, is highly expressed in Tregs, 
whereas it is expressed at low levels in naive and memory 
T‑cells (130). Its agonist antibody DTA‑1 can enhance the 
CD8+ effector T‑cell to Treg ratio by depleting Tregs, as 
well as activating CD8+ effector T‑cells by promoting GITR 
oligomerization (131). The E3 ligase NEDD4 can also mediate 
the ubiquitination and degradation of GITR; this protein is 
overexpressed in metastatic melanoma and inhibits T‑cell 
antitumor immunity. Therefore, NEDD4 can be regarded 
as a novel prognostic biomarker and therapeutic target for 
melanoma (132).

Roles of ubiquitination in the crosstalk between MDSCs and 
tumor cells. MDSCs are crucial immunosuppressive cells and 
inhibit T‑cell proliferation and antitumor responses in the 
TME. The expansion and function of MDSCs are modulated 
by the transcription factor, STAT3; the activation of STAT3 
is controlled by post‑translational modifications, such as 
ubiquitination and phosphorylation. E3 ligase TNF receptor 
associated factor (TRAF)6 promotes STAT3 phosphorylation 
and activation by inducing the K63‑linked polyubiquitination 
of STAT3 (133). Thus, TRAF6 plays a critical role in regu‑
lating the function of MDSCs. Song et al (134) reported that 
TRAF6 was highly expressed in the MDSCs of patients with 
lung cancer and TRAF6 knockdown impaired the immuno‑
suppressive effects of MDSCs in vitro and in Lewis xenograft 
mice.

On the other hand, STING has been shown to suppress the 
differentiation of MDSCs by inhibiting STAT3 activation in 
the NPC. The underlying mechanism is that STING promotes 
suppressor of cytokine signaling 1 (SOCS1) expression via the 
STING/TBK1/IRF3 axis and SOCS1 prevents STAT3 phos‑
phorylation by binding to its SH2 domain in NPC cells and 
MDSCs (135). Galectins are a family of lectins that mediate 
a variety of biological functions in tumor progression and 
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immune surveillance (136). Galectin‑9 is usually upregulated 
in tumor tissues and recruits E3 ligase TRIM29 to mediate 
the ubiquitination and degradation of STING in malignant 
NPC cells. As a result, galectin‑9 activates STAT3, enhances 
the production of suppressive cytokines and chemokines 
including IL‑1β and IL‑6, and promotes MDSC differentiation 
and expansion in patients with NPC (137).

Roles of ubiquitination in the crosstalk between DCs and 
tumor cells. DCs are potent antigen‑presenting cells with 
a number of different subtypes, such as monocyte DCs, 
conventional DCs and plasmacytoid DCs (pDCs) (138). 
DCs can specifically recognize, process and present cancer 
antigens, activate CD8+ and CD4+ T‑cells, and regulate 
immune responses. Thus, DCs are key players in tumor 
immunity (139). Human pDCs selectively express intracellular 
TLR7 and TLR9 to sense viral stimulation and produce a 
large number of IFNs. Thus, pDCs play vital roles in antiviral 
responses. In multiple myeloma, tumor cells educate pDCs 
to induce tumorigenesis and escape immune surveillance via 
the E‑cadherin (CDH1) pathway. The homophilic interaction 
between myeloma cells and pDCs activates CDH1 and then 
upregulates ubiquitin‑editing enzyme A20 expression. A20 
negatively regulates NF‑κB signaling by inhibiting E3 ligases 
TRAF6, TRAF2 and cIAP1, and suppresses TLR pathways 
and the production of IFN‑α in pDCs (140).

To escape immune surveillance, malignant cells may 
develop multiple mechanisms, such as reducing antigenicity 
and establishing an immunosuppressive microenvironment. 
Long‑non‑coding RNA long intergenic non‑coding RNA for 
kinase activation (LINK‑A) is upregulated in triple‑negative 
breast cancers and is associated with a poor prognosis of 
patients with breast cancer. LINK‑A inhibits protein kinase A 
(PKA) phosphorylation and the PKA‑mediated phosphoryla‑
tion of the E3 ubiquitin ligase TRIM71. As a result, LINK‑A 
enhances TRIM71‑induced ubiquitination and the degradation 
of peptide‑loading complex, thereby downregulating antigen 
presentation and innate tumor suppression (141).

Roles of ubiquitination in the crosstalk between NK cells and 
tumor cells. NK cells play key roles in the innate antitumor 
immune response, and ubiquitination is involved in regulating 
its function. NK cells express the tyrosine kinase recep‑
tors, Tyro3, Mer and Axl, which play essential roles in NK 
cell functional maturation (142). E3 ligase Casitas B‑lineage 
lymphoma proto oncogene‑b (Cbl‑b), also expressed in NK 
cells, participates in controlling NK cell antitumor responses 
via the ubiquitination of Tyro3, Mer and Axl. The suppression 
of Cbl‑b promotes NK cells to reject melanoma and breast 
metastases (143,144).

It is well known that IL‑15 contributes to NK cell survival 
and function. It was recently demonstrated by Wang et al (145) 
that deubiquitination is involved in the regulation of events 
downstream of IL‑15. IL‑15 activates AKT, which maintains 
the stability of X‑box binding protein 1 through deubiq‑
uitination. Accumulated X‑box binding protein 1 in the 
nucleus recruits the transcription factor T‑bet and increases 
the expression of granzyme B and IFN‑γ expression, thus 
enhancing NK cell function (145). On the other hand, DUB 
Otub1 induces AKT deubiquitination, attenuating its binding 

to phosphatidylinositol 3,4,5‑trisphosphate, thereby inhibiting 
AKT activation. Thus, Otub1 controls the NK cell activation 
induced by IL‑15 (113).

IL‑12 and IL‑18 induce NK cell activation; TGF‑β activated 
kinase 1 binding protein 2 (TAB2) is known to be involved in 
the process as a key adaptor protein. Dou et al (146) reported 
that E3 ligase TRIM29 was upregulated in activated NK cells 
and negatively regulated IFN‑γ production by ubiquitinating 
and degrading TAB2. NK cell functions can be enhanced 
upon IL‑12 and IL‑18 stimulation when TRIM29 is deficient. 
Thus, TRIM29 plays a key role in regulating NK cell activity.

4. Application of UPS modulators in the TME in tumor 
therapy

Ubiquitination is involved in multiple processes in the cross‑
talk between a tumor and the TME. Therefore, this process 
may provide potential targets for cancer treatment (147). 
Accumulating evidence indicates that modulating the ubiqui‑
tination of substrates in the TME may provide a promising 
strategy for the development of anticancer drugs. Some UPS 
modulators and their targets are presented in Table III.

Proteasome inhibitors. As a vital component of the UPS, 
the proteasome has been successfully used as a target for 
cancer treatment. Bortezomib and Dalanzomib are protea‑
some inhibitors approved for recurrent refractory multiple 
myeloma (148,149). These drugs induce the apoptosis of 
refractory multiple myeloma cells, suppress NF‑kB activation 
and the production of cytokines (e.g., IL‑6, insulin‑like growth 
factor 1and VEGF), and inhibit angiogenesis in the TME. The 
clinical success of existing proteasome inhibitors encourages 
great efforts to discover more UPS inhibitors.

The bis‑benzylidine piperidone RA190 is a novel protea‑
some inhibitor, targeting 19S proteasome‑associated ubiquitin 
receptor RPN13 [also known as adhesion‑regulating mole‑
cule‑1 (ADRM1)] and exerts anticancer effects in multiple 
types of cancer (150). For example, RA190 induces the apop‑
tosis and inhibits the proliferation of multiple myeloma cells 
in vitro and in vivo by exerting anti‑myeloma activity (151). 
STAT3 plays a key role in modulating MDSC immunosup‑
pression and its activation can be inhibited by endoplasmic 
reticulum stress (152). RA190 induces endoplasmic reticulum 
stress by accumulating polyubiquitinated proteins. As a result, 
RA190 reduces STAT3 expression, and reduces the levels of 
arginase, inducible nitric oxide synthase, and IL‑10 in MDSCs, 
suppresses MDSC immunosuppression, and kills ovarian 
cancer cells in mice bearing syngeneic ovarian tumors (153). 
ADRM1 is overexpressed in intrahepatic cholangiocarcinoma 
and is associated with a poor prognosis of patients with intra‑
hepatic cholangiocarcinoma. RA190 inhibits the cell cycle 
and induces apoptosis in intrahepatic cholangiocarcinoma by 
targeting ADRM1 (154). Recently, Soong et al (155) reported 
that RA190 could kill hepatocellular carcinoma by blocking 
IκBα degradation and inhibiting NF‑κB‑mediated inflam‑
mation in vitro and in vivo. Moreover, RA190 overcomes 
bortezomib resistance and exhibits synergistic anticancer 
activity with bortezomib, lenalidomide or pomalidomide in 
the treatment of multiple myeloma, or with sorafenib in the 
treatment of hepatocellular carcinoma (155).
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HIF‑1α inhibitors. Increased levels of HIF‑1α in tumors are 
associated with angiogenesis, aggressive tumor growth and a 
poor prognosis (156). Lee et al (157) identified thymoquinone 
as a HIF‑1α inhibitor from a 502 natural compound library. 
Thymoquinone promoted HIF‑1α degradation by suppressing 
HSP90‑mediated stabilization, altering the proteasome‑depen‑
dent degradation pathway, and blocking anaerobic glycolysis, 
and selectively induced tumor cell apoptosis in hypoxic renal 
cancer (157).

Decursin, an active compound extracted from the roots of 
Angelica gigas, can enhance hydroxylation and ubiquitination 
and consequently promote HIF‑1α degradation under hypoxic 
conditions. As a result, decursin reduces the expression of 
HIF‑1α target genes, such as VEGF and CXCR4, inhibits 
cell proliferation and invasion, and induces the apoptosis of 
A549 human lung cancer and HCT116 human colon cancer 
cells. Moreover, decursin reduces PD‑L1 expression, increases 
the number of tumor‑infiltrating T‑lymphocytes (CD3+ and 
CD8+ cells), suppresses Tregs and MDSCs, and improves 
immune responses in a Lewis lung carcinoma allograft mouse 
model (158). Decursin is a novel HIF‑1α inhibitor exhibiting 
anticancer and anti‑angiogenic activities.

Targeting MMP‑2. MMP‑2 is closely related to invasion, angio‑
genesis and metastasis in several types of cancer. Therefore, 
MMP‑2 is a promising target for tumor treatment. It is known 
that E3 ubiquitin ligase TRIM25 can promote the ubiquitina‑
tion and degradation of SP1, further suppressing MMP‑2 
expression and inhibiting angiogenesis in gastric cancer. 
Recently, Chen et al (159,160) developed an MMP2‑targeted 
peptide, JP3, based on the functional fragment from JWA 

protein, a microtubule‑binding protein with inhibitory activity 
against SP1. JP3 maintains TRIM25 stability by phosphoryla‑
tion at Ser12 and reducing its ubiquitination. Consequently, JP3 
suppresses gastric cancer angiogenesis, growth and metastasis 
in vivo without observable toxic side‑effects (159).

Targeting the NF‑κB pathway. The activation of the NF‑κB 
pathway leads to cell survival and chemoresistance in chronic 
lymphocytic leukemia B‑cells. The ubiquitination of IκBα may 
partially account for the constitutive activation of the NF‑κB 
pathway. The small‑molecule inhibitor of NEDD8‑activating 
enzyme, MLN4924, blocks Cullin‑RING ubiquitin ligase 
activity, thus leading to the accumulation of IκBα and the 
inactivation of the NF‑κB canonical pathway. Therefore, 
treatment with MLN4924 could disrupt NF‑κB activation, 
induce the chronic apoptosis of lymphocytic leukemia B‑cells 
and prevent stroma‑mediated resistance (161). In addition, the 
ubiquitin ligase complex LUBAC consists of three subunits: 
HOIL‑1L, HOIP and SHARPIN. Katsuya et al (162) developed 
a small molecule inhibitor of HOIP, JTP‑0819958 (HOIPIN‑1), 
which inhibits LUBAC activity and suppresses NF‑κB activa‑
tion in vitro. These authors also synthesized seven derivatives 
(HOIPIN‑2‑8) of HOIPIN‑1 and found that HOIPIN‑8 could 
suppress LUBAC‑ and TNF‑α‑induced NF‑κB activation with 
high efficiency and without cytotoxicity (163).

Targeting the TGF‑β pathway. In the TME, TGF‑β induces 
the activation of pericytes and other mesenchymal stromal 
cells into tumor‑associated myofibroblasts by activating the 
TGF‑β receptor heterocomplex. IQ motif containing GTPase 
activating protein 1has been shown to suppress this process 

Table III. Anticancer compounds in clinical trials modulating the ubiquitination of substrates in the TME.

Drug/compound Substrate Target Cancer type Research stage (Refs.)

Bortezomib  Proteasome  Multiple myeloma  Approved (148)
Delanzomib Proteasome  Multiple myeloma Approved (149)
RA190 Proteasome  Multiple myeloma, ovarian cancer, Research (150‑155)
   hepatocellular carcinoma, intrahepatic  
   cholangiocarcinoma  
Thymoquinone HIF‑1α  HIF‑1α Renal cancer Phase II (157)
Decursin HIF‑1α  HIF‑1α Lung cancer, colon cancer Approved (158)
JP3 TRIM25  MMP‑2 Gastric cancer Research (159)
MLN4924 NEDD8‑activating IκBα Chronic lymphocytic leukemia B‑cells Phase II (161)
 enzyme     
IQGAP1 SMURF1 TGF‑βRII Hepatic stellate cell Research (164)
Gefitinib EGF signaling PD‑L1 Breast cancer Approved (119)
Dinaciclib CDK1, 2, 5, 9 PD‑L1 Lung adenocarcinoma Phase II (166)
Berberine CSN5 PD‑L1 Non‑small cell lung cancer Approved (167)
MLN4924 NEDD8‑activiting enzyme IκBα Chronic lymphocytic leukemia B‑cells Phase II (161)
P217564 Tip60, Foxp3 USP7 Multiple myeloma, B‑cell leukemia, Research (129)
   neuroblastoma  
HOIPIN‑8 HOIP NF‑κB Lung carcinoma cells Research (163)

CSN5, COP9 signalosome 5; HIF‑1, hypoxia inducible factor‑1; IQGAP1, IQ motif containing GTPase activating protein 1; PD‑L1, programmed 
cell death‑ligand1; TME, tumor microenvironment; TRIM, tripartite motif containing; SMURF1, SMAD specific E3 ubiquitin protein ligase 1.
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in the liver by recruiting the E3 ligase SMURF1 to ubiqui‑
tinate and induce the degradation of the TGF‑β receptor II 
(TGF‑βRII) in hepatic stellate cells (164).

Modulating immunotherapy. The PD‑1/PD‑L1 axis is a key 
determinant of physiological immune homeostasis. Inhibition 
of PD‑1/PD‑L1 is a promising therapeutic strategy which 
restores the immune system in cancer patients. EGF stabilizes 
PD‑L1 via GSK3β inactivation in basal‑like breast cancer. 
The inhibition of EGF signaling by gefitinib destabilizes 
PD‑L1, enhances antitumor T‑cell immunity, and improves 
the therapeutic efficacy of PD‑1 blockade in syngeneic mouse 
models (119). Cyclin‑dependent kinase 5 (CDK5) plays a critical 
role in driving tumor formation and development and is highly 
expressed in various lung cancer cells (165). CDK5 depletion 
promotes E3 ligase TRIM21‑mediated PD‑L1 ubiquitination 
and degradation, and enhances CD8+ T‑cell‑mediated immune 
responses in lung adenocarcinoma. A specific inhibitor of 
CDK5 has yet to be developed. Dinaciclib is a potent inhibitor 
of CDK1, 2, 5 and 9, and can be downregulated by the PD‑L1 
protein in lung adenocarcinoma cells (166). Berberine, an 
anti‑inflammatory drug from Chinese medicine, has been 
found to induce PD‑L1 degradation by binding to and inhib‑
iting CSN5 deubiquitination activity in the non‑small cell lung 
cancer lines, H460, H1975, H358 and HCC827. Consequently, 
berberine activates tumor‑infiltrating T‑cells, decreases the 
number of Tregs and MSDCs, and inhibits tumor growth in 
Lewis xenograft mice. Therefore, berberine can be regarded 
as a tumor immunotherapeutic agent (167).

The accumulation of Foxp3+ Tregs in the TME is related 
to tumor immune evasion and a poor prognosis in several 
solid tumors. The current strategies used to block Treg func‑
tion are not Treg‑specific and exhibit limited and transient 
efficacy. It has been demonstrated that USP7 is essential 
for Treg function by stabilizing the expression of Tip60 
and Foxp3. Therefore, the pharmacological inhibition of 
USP7 is a promising strategy which may be used to inhibit 
Treg function and promote antitumor immunity. The P5091 
series of USP7 inhibitors are known to exhibit direct anti‑
tumor activity in vivo using xenograft models, although the 
mechanism involved is unclear (168). The second‑generation 
USP7 inhibitor, P217564, selectively modifies the active site 
of USP7 and exerts a durable inhibitory effect on USP7. As a 
result, P217564 promotes the ubiquitination and degradation 
of Foxp3 and Tip60 and impairs Treg functions. Moreover, 
USP7 regulates a number of other tumor‑associated proteins, 
such as E3 ligase HDM2, FOXO4, PTEN, claspin and 
UHRF1 (169); thus, inhibiting USP7 has the potential for 
direct antitumor activity. In this regard, the inhibition of 
USP7 may provide dual antitumor activities: direct tumori‑
cidal effects and immune‑mediated tumor elimination. USP7 
selective inhibitors have been found to significantly repress 
the growth of multiple tumor xenograft models in immuno‑
deficient mice, including multiple myeloma, B‑cell leukemia 
and neuroblastoma (129).

It has been reported that cisplatin can promote the immu‑
notherapeutic effects of NK cells on HCC by reducing the 
expression of the androgen receptor (AR) and by upregulating 
the expression of AR‑UL16‑binding protein 2 (ULBP2). 
ULBP2 is a major natural killer group 2 member D ligand, 

which facilitates the activation of NK cells. AR binds to the 
ULBP2 promoter and negatively regulates the expression of 
ULBP2. Cisplatin reduces the levels of AR by suppressing 
AR expression through increased mir‑34a‑5p expression, 
or by inducing ubiquitination‑mediated AR degradation, 
thereby increasing ULBP2 expression (170). This finding may 
provide a potential method for the combination of traditional 
chemotherapy and immunotherapy to control liver cancer.

5. Conclusions and future perspectives

Ubiquitination plays a vital role in the crosstalk between a 
tumor and the TME to regulate hypoxic environments, angio‑
genesis, chronic inflammation‑mediated tumor formation, and 
control the functions of CAFs and infiltrating immune cells. 
The dysregulation of ubiquitylation is closely associated with 
the development of various human cancers. Therefore, the UPS 
has been regarded as a promising therapeutic target for novel 
anti‑cancer drugs. Currently, some ubiquitination modulators 
in the TME have been identified for anticancer treatment.

It remains a significant challenge to identify specific 
small molecule modulators for different targets. The devel‑
opment of more specific inhibitors (e.g., CDK5 and USP22 
inhibitors) is desirable. Apart from inhibitors, other strate‑
gies may also provide opportunities. For example, PROTAC 
technologies provide a strategy with which to target a number 
of non‑druggable proteins (171). In addition, the crosstalk 
of other post‑translational modifications, such as glycosyl‑
ation and phosphorylation, can affect the ubiquitination and 
degradation of proteins (119,159). Thus, ubiquitination can be 
modulated by altering the glycosylation or phosphorylation of 
target proteins. Furthermore, epigenetic modulators of target 
proteins can also be regulated by ubiquitination to control 
their expression (99,172). In this regard, epigenetic modulators, 
such as CBX6 and CBX4, can also be regarded as potential 
targets. A deeper understanding of ubiquitination in the TME 
may further provide a larger therapeutic window for tumor 
treatment.
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