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A growing amount of evidence suggests that ubiquitination
and deubiquitination of programmed death 1 (PD-1)/pro-
grammed death-ligand 1 (PD-L1) play crucial roles in the regu-
lation of PD-1 and PD-L1 protein stabilization and dynamics.
PD-1/PD-L1 is a major coinhibitory checkpoint pathway that
modulates immune escape in cancer patients, and its engage-
ment and inhibition has significantly reshaped the landscape
of tumor clearance. The abnormal ubiquitination and deubi-
quitination of PD-1/PD-L1 influence PD-1/PD-L1-mediated
immunosuppression. In this review, we describe the ubiquiti-
nation- and deubiquitination-mediated modulation of PD-1/
PD-L1 signaling through a variety of E3 ligases and deubiqui-
tinating enzymes (DUBs). Moreover, we briefly expound on the
anticancer potential of some agents that target related E3 li-
gases, which further modulate the ubiquitination of PD-1/
PD-L1 in cancers. Therefore, this review reveals the develop-
ment of a highly promising therapeutic approach for cancer
immunotherapy by targeting PD-1/PD-L1 ubiquitination.

Human cancer is a complex disease that involves a variety of genetic
and epigenetic alterations, which contribute to the production of tu-
mor antigens that may lead to immune recognition, and even an
immunological response. The immune system is a key modulator of
tumor biology with the ability to promote or suppress tumorigenic
potential." The association between immunity and carcinoma has
been well established over the past several decades and was originally
proposed by Rudolf Virchow in the 19th century.” The multiple ef-
fects on cancer immunoediting comprise three major stages, that is,
elimination, equilibrium, and escape, which result in tumor elimina-
tion, dormancy, and progression, respectively.” Recently, the poten-
tial of tumors to avoid an immune response, in which T cell-mediated
cytotoxicity plays a key role in killing cancer cells, has been identified
as one of the most prominent cancer hallmarks.* Through the selec-
tive identification and removal of pathogenic agents and abnormal
cells such as cancer cells, T cell immunity is essential for preserving
homeostasis.

Programmed death 1 (PD-1, also known as CD279), which was
initially discovered in 1992 ina T cell hybridoma and a hematopoietic
progenitor cell line in an apoptotic state,” is a 55-kDa transmembrane
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protein in the B7-CD28 family. PD-1 is an important immune check-
point receptor on activated T cells that negatively impacts the
response to antigens.” Accumulating evidence highlights the immu-
nosuppressive function of PD-1 and its ligands programmed death-
ligand 1 (PD-L1) (B7-H1) and PD-L2 (B7-DC) in the tumor micro-
environment, which has dramatically reshaped the landscape of
cancer therapy.” Mechanistically, PD-L1 expressing on the surface
of tumor cells binds to PD-1 receptors on activated T cells, resulting
in the blockage of T lymphocyte proliferation, cytokine production,
and the inhibition of the immune response.® Additionally, PD-LI is
overexpressed in a variety of cancers, including colorectal cancer
(CRC), gastric cancer, ovarian cancer, papillary thyroid cancer, and
bladder cancer.”"’

Based on the above findings, inhibition of the PD-1/PD-L1 signaling
pathway by antibodies can enhance T cell responses and improve pre-
clinical anticancer effects. Currently, therapeutic antibodies against
PD-1 (e.g., nivolumab, pembrolizumab, and cemiplimab) and PD-
L1l (e.g., atezolizumab, avelumab, and durvalumab) have been
approved by the US Food and Drug Administration (FDA) and
have shown promising clinical outcomes in trials for a subset of ma-
lignancies.'" This treatment strategy has recently led to a 10%-40%
increase in immunological responses among cancer patients.'z’13
However, it is unclear why only PD-L1-positive cancers respond to
PD-1/PD-L1 checkpoint inhibitors. A deeper exploration of the
mechanisms that regulate PD-1/PD-L1 expression and stability may
help increase the clinical effectiveness of PD-1/PD-L1 blockade.

The activity of PD-1/PD-L1 is complicated since it is modulated by
multiple processes, including gene transcription, posttranscriptional
modifications, posttranslational modifications (PTMs), and exosomal
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Figure 1. The Ubiquitination and Deubiquitination Processes Are lllustrated
The ubiquitin-proteasome system is composed of ubiquitin, ubiquitin-activating
enzymes (E1s), ubiquitin-conjugating enzymes (E2s), ubiquitin-protein enzymes
(E3s), deubiquitinating enzymes (DUBSs), and the 26S proteasome. Ubiquitination
has a series of enzyme-linked reactions mediated by E1, E2, and E3 ligases. The
carboxyl group (-COOH) of the C terminus of ubiquitin binds to an E1 cysteine
residue along with ATP and is thus stimulated by a thioester link with E1. The E2
ligase temporarily transfers ubiquitin moieties with a thioester linkage. Activated
ubiquitin is moved from E2 to the lysine residue on substrates by E3. Ubiquitination
is controlled by E3 ligases, whose activities can be reversed by DUBs. Ubiquitination
and deubiquitination play a crucial role in the regulation of PD-1/PD-L1 in cancer.

transport.'* PTMs (e.g,, glycosylation, phosphorylation, ubiquitina-
tion, palmitoylation, SUMOylation, and acetylation) have been
demonstrated to play a pivotal role in the modulation of protein sta-
bilization and protein-protein interactions of the PD-1/PD-L1 axis.'”
For example, Rho-associated protein kinase-dependent moesin phos-
phorylation stabilizes the PD-L1 protein level in breast cancer.'®
Glycosylation of PD-L1, especially N-glycosylation, is important for
modulating the immunosuppressive function and immune elimina-
tion in cancer. N-linked glycosylation of PD-1/PD-L1 proteins en-
hances their stability, which further improves the immune evasion
ability of cancer cells.'””'® One recent study revealed that the acetyla-
tion-dependent modulation of PD-L1 inhibits its translocation and
promotes the anti-cancer efficacy of PD-1/PD-L1 blockade.'” During
the last decade, strong evidence has indicated that the expression of
PD-1 and PD-L1 proteins is usually modulated by the ubiquitin
(Ub)-mediated proteasome degradation pathway.”*** Ubiquitina-
tion is essential in the regulation of a subset of cellular processes,
such as endogenous protein stabilization, receptor internalization,
and immune responses.”* A more intensive exploration of the molec-
ular mechanism of PD-1/PD-L1 protein expression and stability is
essential for the improvement of immunotherapeutic strategies to

treat human cancers. In this review, the crucial roles of ubiquitination
and deubiquitination in the regulation of PD-1/PD-L1 in cancer and
their therapeutic potential for targeting PD-1/PD-L1 are described.

Ubiquitin-Proteasome System (UPS)

The UPS serves as a major PTM mechanism that functions in protein
degradation under physiological and pathological conditions.”> A
well-accepted doctrine is that the UPS is composed of a wide range
of important elements, including ubiquitin, ubiquitin-activating en-
zymes (Els), ubiquitin-conjugating enzymes (E2s), ubiquitin-protein
enzymes (E3s), deubiquitinating enzymes (DUBs), and the 26S pro-
teasome.”® Among them, ubiquitin is a highly conserved 76-aa pro-
tein in eukaryotes that serves as a posttranslational modifier that
covalently binds to substrates through a series of enzyme-linked reac-
tions mediated by E1, E2, and E3 ligases. Functionally, the E1-E2-E3
cascade consists of three steps. First, the carboxyl group (-COOH) of
the C terminus of ubiquitin binds to an E1 cysteine residue along with
ATP and is thus stimulated by a thioester link with E1. Second, the E2
ligase temporarily transfers ubiquitin moieties with a thioester link-
age. Finally, activated ubiquitin is moved from E2 to the lysine residue
on substrates by E3. Moreover, this enzyme-linked reaction changes
ubiquitin polymerization into the polyubiquitin chain (Figure 1).*”

Ubiquitination is tightly controlled by E3 ligases, whose activities can
be reversed by DUBs. It is well known that the substrate specificity of
the UPS is modulated by E3s. E3 ligases, which are commonly divided
into RING (really interesting new gene) E3s, HECT (homologous to
E6AP C terminus) E3s, and RBR (RING-in-between-RING) E3s, are
implicated in the modulation of various immune processes, including
spontaneous lymphocyte activation and differentiation, induction of
T cell-mediated tolerance, antigen presentation, and immune
escape.”® Accumulating evidence indicates that insufficiency or muta-
tions in many E3 enzymes such as casitas B cell lymphoma (Cbl)-b
and ITCH, usually results in abnormal immunological responses in
autoimmunity, carcinoma, and inflammation.””° Recent findings
have demonstrated that ubiquitination and deubiquitination are
extensively implicated in the modulation of the biological activities
of the PD-1/PD-L1 pathway, which indicates that targeting E3s
and DUBs is a novel strategy to improve anticancer immune

20,22,31,32
responses.

E3 Ligases in Regulation of PD-1/PD-L1

B-TrCP

Beta-transducin repeat-containing protein (B-TrCP) is well charac-
terized as the substrate recognition subunit in the Skp1-Cullin 1-F-
box (SCF)P"'™” E3 ubiquitin ligase complex.” The SCF E3 ubiquitin
ligase complex can confer protein ubiquitination by inducing the spe-
cific recognition of substrates. Mechanistically, these SCEP*<"
plexes are implicated in the ubiquitination and degradation of a vari-
ety of proteins in a phosphorylation-dependent manner.** SCE?T7?
plays a crucial role in the regulation of T cell function by triggering the
activation of nuclear factor kB (NF-kB) cells by the ubiquitin-medi-
ated proteasomal degradation of the inhibitory protein of IkB, which
further leads to nuclear translocation and transcriptional activation.””

com-
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Glycogen synthase kinase 3B (GSK3p) is a serine-threonine kinase
and one of the signaling regulators that serves as a major component
of multiple pathways, especially the insulin and Wnt signaling path-
ways.”® GSK3B protein serves as a versatile switch by directly
phosphorylating a broad spectrum of substrates, such as CRMP2,
MCI-1, cyclin DI, c-Jun, c-myc, and Snail1.>”*® The phosphoryla-
tion-dependent regulation of GSK3f usually contributes to the recog-
nition of the E3 ubiquitin ligase. For instance, B-catenin is usually tar-
geted for ubiquitination-mediated proteolysis by the phosphorylation
of GSK3B, followed by the incorporation of B-TrCP.* Suppression of
GSK3p induces the translocation of B-catenin into the nucleus, where
it forms complexes with T cell factor/lymphoid enhancer factor, and
thereby activates target gene expression.

A previous investigation demonstrated that GSK3p could lead to the
phosphorylation-dependent degradation of PD-L1 by B-TrCP, when
bound to nonglycosylated PD-L1. Conversely, inhibition of B-TrCP
or amutation in the GSK3 phosphorylation motif significantly blocks
PD-L1 ubiquitination, which indicates that GSK3p or B-TrCP may
modulate immune escape in cancer through PD-L1 ubiquitination
and degradation.”” Thus, some special inhibitors that inactivate
GSK38 could in turn suppress PD-L1 ubiquitination and promote its
stability, thereby improving immunotherapy efficiency. For instance,
a c-MET inhibitor,*’ the PARP1 inhibitor olaparib,"12 a tyrosine kinase
inhibitor (TKI), and resveratrol*” have been shown to restrain GSK3f
activity to further influence the interaction between PD-L1 and
B-TrCP. A subsequent investigation found a previously undiscovered
function of mammalian target of rapamycin (mTOR) complex 1
(mTORCI1)/p70 S6 kinase (p70S6K) in the negative control of PD-L1
in cancer.”’ That study indicated that inactivation of this signaling
pathway by mTOR or p70S6K inhibitors significantly increased PD-
L1 expression in lung carcinoma cells. Functionally, PD-L1 upregula-
tion via suppression of the mTORC1/p70S6K pathway could be
ascribed to inhibition of B-TrCP-mediated degradation of PD-L1.

CSN5

The constitutive photomorphogenesis 9 (COP9) signalosome (CSN)
serves as a large multiprotein complex that is similar to the 19S lid of
the 26S proteasome and plays an indispensable role in the modulation
of cullin-RING ubiquitin E3 ligases (CRLs).** CSNS5 is identified as
the fifth member of the CSN family and includes a conserved Jab1/
Mprlp and Padlp N-terminal (MPN) domain metalloenzyme
(JAMM) motif.”” JAMM has an important function in CSN-mediated
deneddylation and subsequently modulates the activity of the SCF
complex.” The catalytic role of the CSNs, controlled by CSN5/
Jab1l, is centered on the deneddylation of the CRLs, which are the hy-
drolysates of the NEDD8 isopeptide bond.”” CSN acts a negative
modulator of ubiquitin enzyme activity by deconjugating NEDDS8
from cullin-NEDDS8. Increasing numbers of studies have demon-
strated that CSN5 participates in a subset of biological processes,
including transcription factor specificity, deneddylation of NEDDS,
and nuclear-to-cytoplasmic transportation of primary molecules.””
CSN5 has been demonstrated to be associated with cancer survival
and is considered a poor prognostic biomarker in some tumors.*®
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Emerging evidence has shown that COP9 subunit CSN5 serves as
an indispensable element of the innate immune system.*’ For
example, one group demonstrated that CSN5 is necessary for the
promotion of the proinflammatory kinases p38 and extracellular
signal-regulated kinase (ERK) and inhibition of the genes modulated
by nuclear factor erythroid 2-related factor 2 (NRF2). Moreover,
myeloid-specific CSN5-deficient mice with polymicrobial sepsis
exhibit a lower mortality rate.*’

A recent study reported a regulatory mechanism of immune surveil-
lance by tumor cells involving the CSN5-mediated stability of PD-L1
by tumor necrosis factor (TNF)-a. in breast cancer.”’ In other words,
inflammation-induced TNF-o. enhances the activation of CSNS5,
whose expression is modulated by NF-kB p65, which further inhibits
the ubiquitination and subsequent degradation of PD-L1 and results
in immune system evasion. Particularly, repression of TNF-a-medi-
ated PD-L1 stability in tumor cells enhances the tumor-infiltrating
cytotoxic T cell immune response. Interestingly, as a DUB, CSN5
also has deubiquitination activity. For example, CSN5 deubiquitinates
heat shock protein (HSP)70 and Snail to regulate the sorting of exo-
somal proteins5 9 and to stimulate tumor invasion and metastasis,”"
respectively. Furthermore, CSN5 has been reported to deubiquitinate
IkBa, Snail, and PD-L1, which enhances cancer progression and
migration.”® These findings suggest that the deubiquitination func-
tion of the CSN5 protein plays an important role in the development
and progression of cancer.

Tumor-associated macrophages (TAMs) are considered among the
most efficient immune cell types in the tumor microenvironment of
solid cancers, as they enhance the migratory and invasive abilities
of cancer cells and lead to immune suppression and angiogenesis.’”
Biologically, the inhibition of CD8" T cell immunity by TAMs occurs
through direct interaction with T cells or secretion of immunosup-
pressive molecules.”” CC chemokine receptor 5 (CCRS5) is the recep-
tor for C-C motif chemokine ligand 3 (CCL3), CCL4, and CCLS5.
Moreover, CCR5 plays an important role in the immune response
through stimulation of diverse immune cells to migrate to damaged
or infected sites.”* Emerging evidence has revealed the roles of
CCR5 and its ligands, such as CCL5, in carcinogenesis and immuno-
suppression. In one study, macrophage-derived CCL5 attenuated
T cell-mediated killing of CRC cells and improved immune escape
through the stabilization of PD-L1.>° Functionally, CCL5 leads to
the production of NF-«B p65/signal transducer and activator of tran-
scription 3 (STAT3) complexes linked to the CSN5 promoter, further
enhancing its activity. Furthermore, CSN5 modulates the deubiquiti-
nation and stabilization of PD-L1. CSN5 upregulation in CRC is
correlated with poorer survival. Therefore, CSN5 plays an important
role in PD-L1 regulation, and it may be a promising therapeutic target
in cancer immunotherapy.

SPOP

Speckle-type POZ protein (SPOP) is a representative CRL3 adaptor
protein that structurally consists of two conserved domains: an
N-terminal meprin and a TRAF homology (MATH) domain, which
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recognizes substrates, and a C-terminal bric-a-brac and tramtrack
and broad complex (BTB)/POZ domain that links to Cullin 3, which
results in a functional multicomponent E3 ligase complex (Cullin 3/
SPOP).”° CRLs are the major representative ubiquitin E3s in eukary-
otes, including eight members of Cullin scaffold proteins (Cullinl, 2,
3,4A,4B, 5,7, and 9).>” More than 240 E3 enzyme complexes are part
of CRLs and are involved in a subset of key physiological processes.
Similar to other CRL family members, CRL3 is composed of Cullin
3, the RING protein Rbx1, and a variable BTB domain adaptor pro-
tein, which is a substrate recognition element that recruits substrates
into the complex for ubiquitination.”® The CRL3 subfamily is
involved in diverse human diseases, including neurodegeneration
and cancer.” Recent studies have suggested that SPOP interacts
with Cullin 3 to enhance ubiquitination-mediated degradation of
target substrates. As a crucial E3 enzyme, SPOP has been reported
to have dual effects on carcinogenesis. Previous studies found that
SPOP plays a tumor suppressor role by facilitating the degradation
of cancer promoters in certain tumors, including prostate, lung, co-
lon, gastric, and liver carcinomas.®’
cated the oncogenic effect of SPOP in kidney tumors, which suggests
that the biological role of SPOP in cancer development may be
context-dependent.

However, evidence has also indi-

Cell cycle dysfunction is an important feature of human tumors, and
targeting cyclin-dependent kinases (CDKs) to prevent cell prolifera-
tion is a promising antitumor treatment. CDK4 and CDK6 (CDK4/
6) phosphorylate the retinoblastoma (Rb) tumor suppressor protein
by interacting with D-type cyclins (CycDs) to further modulate the
G,/S phase transition.®’ Interruption of this CDK4/6-Rb axis is com-
mon in malignancies and usually arises as a result of CycD1 upregu-
lation or depletion of the CDKA4/6-specific suppressor p16™~<*2, both
of which promote CDK4/6 activity and result in unrestrained prolif-
eration.”” New research has found that the upregulation of PD-L1
protein is modulated by cyclin D-CDK4 and Cullin 3°°°" through
proteasome-mediated degradation. In other words, the cyclin D-
CDK4 complex disrupts PD-L1 stability through Cullin 3%°°%, which
was demonstrated to play a crucial role in PD-L1 ubiquitination.
Moreover, suppression of CDK4/6 remarkably increases the expres-
sion of PD-L1 protein by blocking cyclin D-CDK4-mediated
phosphorylation of SPOP, thus degrading SPOP by APC/C4"! %
Similarly, inactivating mutations in SPOP can perturb PD-L1 degra-
dation by ubiquitination, which significantly upregulates PD-L1
expression and reduces the number of tumor-infiltrating lymphocytes
(TILs) at the tumor site. Note that CDK4/6 suppressors combined
with PD-L1 antibodies promote tumor elimination and clearly in-
crease overall survival in vivo.*’

STUB1

STIP1 homology and U-box containing protein 1 (STUB1), which en-
codes the E3 ubiquitin ligase carboxyl terminus of Hsp70-interacting
protein (CHIP), contains a tetratricopeptide repeat and a U-box,
which has been shown to enhance the ubiquitination of chaperone
proteins.”* The STUBI ubiquitin ligase is considered a negative co-
chaperone for Hsp90/heat shock cognate protein 70 (Hsc70), and

its expression is usually decreased or absent in various carcinomas,
such as CRC.*” Several studies have shown that STUBI acts as a tu-
mor suppressor since it promotes the ubiquitination and degradation
of some oncogenic proteins, such as YAP1%® and MZF1.%” Moreover,
STUBI has been reported to play a vital role in the immune response.
For instance, STUBI negatively modulates the suppressive activity of
regulatory T cells (Tregs) by promoting degradation of the transcrip-
tion factor Foxp3.%® Similarly, another study found that STUB1 par-
ticipates in the degradation of Foxp3, which is considered a negative
modulator of PD-L1 activity, in Tregs in both haploid genetic
screens.”’ Inhibition of STUBI significantly increases PD-L1 expres-
sion, which indirectly reveals STUBI as an E3 enzyme that induces
destabilization of PD-LI. Notably, STUB1 downregulation leads to
a more significant upregulation of PD-L1 expression in CMTM6-
insufficient cells compared with that in CMTMé6-proficient cells,
which suggests that STUBI initiates the ubiquitination of PD-L1,
either indirectly or through direct regulation of the lysine in the
PD-L1 cytoplasmic domain.

CMTMB6 is a widely expressed transmembrane protein that belongs to
a family of eight MARVEL domain-containing proteins, and its func-
tion is still unclear. High expression of CMTMS6 protein is strongly
associated with various cancers, such as highly malignant gliomas,*
lung carcinoma,”” and head and neck squamous cell cancer.”" Addi-
tionally, CMTMS is a key factor that modulates T cell activation and
anticancer treatment. In 2017, two groups reported similar findings
that CMTMG acts as a positive modulator of PD-L1.”"** Depletion
of CMTM6 significantly suppresses PD-L1 protein expression in
various human cancer cells and in primary dendritic cells (DCs). In
addition to CMTMS, its closest family member, CMTM4, has been
demonstrated to have a similar effect. One research team found
that CMTMS6, which is expressed on the cell surface, can interrupt
PD-L1 ubiquitination and extend its half-life through the interaction
of both proteins.”’ In addition, CMTMS significantly enhances the
capacity of PD-Ll-positive cancer cells to react to the immune
response by upregulating the PD-L1 protein pool. Similarly, another
group also demonstrated that CMTM6 is a common protein that
binds to PD-L1 and maintains its level on the cell surface.’
CMTMS6 is not essential for PD-L1 maturation, but it colocalizes
with PD-L1 at the plasma membrane and in recycling endosomes,
in which it prevents PD-L1 from lysosome-mediated degradation;
this subsequently helps the cell escape immune surveillance. More-
over, CMTM6 has been identified as an important indicator that
can predict the therapeutic effect of PD-1 inhibitors, in that cancer
patients with high CMTMG6 and PD-L1 expression have better overall
survival after immune therapy.”> Cooperation between CMTM5
and PD-L1 may enhance immune response to PD-1 suppressors
and further improve the survival of cancer patients.

FBXO038

F-box only protein 38 (FBXO38), a member of the F-box family that
encodes some proteins with an F-box motif, is implicated in protein
ubiquitination and degradation.”” F-box proteins can serve as sub-
units of the SCF E3 enzyme.”* One recent study uncovered a new
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mechanism of FBXO38 in PD-1 regulation and modulation of im-
mune therapy and cancer inhibition.** It is well known that the
PD-1 protein is ubiquitinated after cell internalization and further
degraded by the proteasome in activated T cells. FBXO38 upregula-
tion leads to the enhancement of PD-1 ubiquitination, which is asso-
ciated with decreased expression of PD-1 protein on the surface
of activated T cells. Mechanistically, FBXO38 directly initiates
Lys48-linked polyubiquitination of internalized PD-1 at Lys233,
which results in the ubiquitination-mediated proteasomal degrada-
tion of PD-1. A similar result was observed in an animal model, indi-
cating that FBXO38 depletion markedly increases the expression level
of PD-1 on the surface of tumor-infiltrating T cells in vivo, which
further promotes cancer development. Furthermore, this enhance-
ment of tumor growth is reversed by anti-PD-1 treatment, which in-
dicates that PD-1 is a major target of the FBXO38 ligase.

FBXO38 transcription is usually decreased in both human and mouse
tumor-infiltrating CD8'PD-1* T cells but can be upregulated by
interleukin (IL)-2 administration, as this stimulates the transcription
of FBXO38 through the STATS5 protein. In addition, treatment with
IL-2 significantly downregulates the level of PD-1 protein, and
wild-type (WT) mice exhibit a better antitumor outcome than do
mice with T cell-specific deletion of FBX038.> The results above
implicate FBXO38 as an important regulator of PD-1 degradation,
which contributes to the maintenance of cancer immunotherapy.
Targeting IL-2-mediated modulation of FBXO38 levels, which further
promotes anticancer responses, may be a promising and novel thera-
peutic strategy to inhibit the PD-1 pathway in cancer.

DCUN1D1

Defective cullin neddylation 1 domain-containing 1/squamous
cell carcinoma-related oncogene (DCUN1D1/SCCRO) serves as a
RING finger domain-containing ubiquitin E3 enzyme that regulates
the assembly and activity of CRLs by enhancing neddylation of pro-
teins in the cullin family.75 DCUNIDI is an oncogene, located on
chromosome 3q26.3 and is commonly amplified in human squamous
cell carcinoma (SCC).”® Emerging studies have indicated that
DCUNI1DI is involved in a wide range of growth and metastasis pro-
cesses in certain tumors, including glioma,77 prostate cancer,”® and
colorectal carcinoma.”® A previous investigation indicated a high level
of DCUNI1DI1 expression in CRC patients with a poorer clinical
outcome.”” Moreover, overexpression of DCUNIDI significantly
promotes the migration and invasiveness of cervical cancer cells.*’
Recently, one study showed DCUN1D1 exerts its oncogenic functions
in non-small cell lung cancer (NSCLC) and serves as a poor prog-
" DCUNIDI1 upregulation significantly enhances
PD-L1 protein levels in lung cancer cell lines, indicating that
DCUNI1DI may act as an endogenous promoter of PD-L1 protein
expression in NSCLC. However, the molecular mechanism of the
modulation of PD-L1 by the DCUNI1D1 E3 ligase is still unclear.

nostic marker.

Cbl-b and c-Cbl
The (Cbl) family, including the three isoforms, c-Cbl, Cbl-3, and
Cbl-b, are RING finger E3 enzymes that can catalyze the transfer of
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ubiquitin from specific E2 enzymes to the target substrate.*” The
Cbl-b gene was originally cloned and identified in 1995.* Although
c-Cbl is expressed exclusively in epithelial cells, studies have demon-
strated that Cbl-b and c-Cbl are involved in many physiological pro-
cesses by modulating multiple receptors and transcription signals.
Emerging data have demonstrated that Cbl-b primarily plays a crucial
tumor suppressive role in cancer. Functionally, Cbl-b dramatically
suppresses tumor cell migration,®* the epithelial-to-mesenchymal
transition (EMT), and metastasis,”” and it improves medical sensi-
tivity to cancer therapy.®® Recent evidence has indicated that c-Cbl
usually plays a suppressive role in angiogenesis and tumorigenesis
by targeting proto-oncogenes, such as nuclear B-catenin®” and c-Src.**

Recently, various E3 ubiquitin enzymes have been shown to partici-
pate in the fine-tuning of immune responses. Among these, Cbl-b
and c-Cbl serve as two of the most significant gatekeepers of immu-
nological activation because of their role as nonredundant negative
modulators of immune activation, especially T cell activation.”**’
Functionally, Cbl-b and c-Cbl increase the threshold for T cell activa-
tion through ubiquitylation and consequent interference with crucial
T cell signaling members that are directly implicated in the T cell re-
ceptor pathway as well as in rearrangements of immune synapse.”’
Cbl-b is well known to modulate T cell activity by degrading phospha-
tidylinositol 3-kinase (PI3K) downstream of the CD28 receptor.
Cbl-b deficiency results in ineffective resistance and susceptibility to
autoimmunity.”’ Importantly, Cbl-b functions in the maintenance
of self-tolerance by regulating the immunosuppressive roles of Tregs
and transforming growth factor B (TGF-B) in T cells.”” One study
showed that the Cbl-b™/~ mutation remarkably inhibits the TGF-B
receptor pathway in T cells, resulting in less susceptibility to immune
suppression of T cells.”

Earlier studies have provided insight into Cbl-b and c-Cbl as prom-
ising targets for therapeutic manipulation in anti-PD1/PD-L1 cancer
immunotherapy, as they can simultaneously regulate PD-1/PD-L1
signaling in T cells. One study demonstrated that T cells and natural
killer (NK) cells in which Cbl-b is depleted become resistant to PD-
1/PD-L1-mediated immunosuppression. In a mouse model of mela-
noma, where diverse liver metastases usually occur in WT mice in a
PD-1 dependent manner, Cbl-b™'~ mice develop significantly fewer
liver metastases without treatment with a PD-1 inhibitor.”' Similarly,
researchers found that cytotoxic T lymphocyte-associated protein 4
(CTLA4), but not PD-Ll-based immunotherapy, selectively en-
hances the antitumor phenotype of Cbl-b-deficient mice. Consis-
tently, in vitro evidence suggests that T cells in which Cbl-b is deleted
are less susceptible to PD-L1-mediated inhibition of T cell growth
and interferon (IFN)-y secretion.”” One investigation has shown
that Cbl-b accelerates ubiquitination of STAT5a and subsequently
decreases PD-L1 levels in gastric cancer cells.”* Similarly, Cbl-b
and c-Cbl enzymes suppress PD-L1 expression via inactivation of
the STAT, AKT, and ERK signaling pathways in WT epidermal
growth factor receptor (EGFR) lung cancer cells.”® Additionally,
Cbl-b/c-Cbl levels are negatively associated with the PD-L1 level in
NSCLC tissues. Emerging evidence indicates that c-Cbl destabilizes
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the PD-1 protein by ubiquitination-mediated degradation and reli-
ance on the RING finger effect of c-Cbl. This result suggests that
c-Cbl destabilizes and inhibits PD-1 activity through proteasomal
degradation and further suppresses tumor development and immune
infiltrates in CRC.”® Actually, during the T cell activation process,
the PD-1/PD-L1 pathway promotes the accumulation of Cbl-b,
and Cbl-b and c¢-Cbl antagonistically restrain PD-L1 expression,
further alleviating immunosuppression in cancer. One study demon-
strated that the binding between PD-L1 on DCs and PD-1 on CD8
T cells leads to the downregulation of ligand-induced TCR. This oc-
curs through enhancement of the Cbl-b enzyme in CD8 T cells.””
However, more research is needed to determine the modulation
mechanisms of PD-1/PD-L1 signaling by Cbl-b and c-Cbl E3 ligases
in carcinomas.

HRD1

HMG-coenzyme A (CoA) reductase degradation protein 1 (HRDI)
was initially known as an E3 ligase that regulates cholesterol accumu-
lation by modulating the metabolism of the rate-limiting enzyme
HMGCR in yeast.”® The cytoplasmic C terminus of HRD1 includes
a RING domain that promotes ubiquitin transfer from E2s to targeted
substrates. HRD1 is also identified as synoviolin because of its upre-
gulation in synovial fibroblasts, which is commonly stimulated by
proinflammatory cytokines, among rheumatoid arthritis patients.”
Further studies revealed that HRDI plays a crucial role in endo-
plasmic reticulum (ER)-associated degradation (ERAD) of mis-
folded/unfolded proteins and prevents cells from ER stress-induced
cell death.'”® Additionally, HRDI exerts its oncogenic activities in a
variety of cancers through ubiquitination-mediated degradation of
multiple proteins, such as sirtuin 2'°' and PTEN.'*

The E3 ligase HRD1 was recently implicated in immune modulation
in the antigen-presenting function of DCs and in the sensitization of
both T and B lymphocytes.'*>'** For instance, one study demon-
strated that deletion of the HRD1 gene significantly decreases T cell
numbers, suppresses T cell clonal expansion and inhibits CD4"
T cell differentiation into T helper (Th)1, Th17 and Treg lineages.
Mechanistically, p27KilDl is considered a substrate of the HRD1
enzyme because HRD1 interacts with p27"P!
its degradation in T cells. Thus, HRD1 is identified as a positive
modulator of T cell activity.'”> Suppression of PD-L1/PD-1 signaling
has been reported to be a novel treatment strategy in immunosup-
pressive therapy. One study found that AMP-activated protein kinase
(AMPK) stimulated by metformin directly enhances S195 phosphor-
ylation and leads to aberrant glycosylation of PD-L1. This then leads
to the accumulation of ER and the enhancement of ERAD. Subse-
quently, metformin promotes CTL activity by inhibiting the stabiliza-
tion and membrane localization of PD-L1. Functionally, a decrease in
HRDI1 remarkably suppresses the ubiquitination of endogenous PD-
L1 stimulated by metformin and abolishes the major ubiquitination
of the S195E mutant. Therefore, these data demonstrated that
HRD1 acts as an E3 ligase during ERAD by targeting the PD-L1
protein with abnormal glycan constructs derived from $195
phosphorylation.'*”

and then stimulates

DUB-Mediated Regulation of PD-L1

Emerging evidence highlights the importance of deubiquitination in
the regulation of PD-L1 in cancer treatment. A previous study re-
ported that RP-619, a broad-spectrum small molecule suppressor of
DUBs, significantly decreases PD-L1 expression in 293T cells that sta-
bly express FLAG-PD-L1.'°>'%” This result suggests that DUBs may
function as negative modulators of immune activity by deubiquitinat-
ing PD-L1. Ubiquitylation is a convertible process in which the de-
conjugation of ubiquitin is achieved by a series of enzymes called
DUBs (also identified as deubiquitylases or deubiquitinases). DUBs
can effectively eliminate ubiquitin from ubiquitinated proteins, which
results in the stabilization of target substrates. Accumulating evidence
suggests that DUBs have important functions in the modulation of
diverse physiological and pathological processes, including embry-
onic development, immune homeostasis, carcinogenesis, and neuro-
degenerative disorders.'”® For instance, a variety of DUBs have been
shown to modulate the expression and activities of numerous cancer
promoters and suppressors via their deubiquitylating functions.'® In
most cases, DUBs regulate the overall level and activity of their sub-
strates rather than in an “all-or-none” fashion.'’”” Recent studies have
demonstrated that almost 99 DUBs are encoded by the human
genome.''* Tt is well known that ubiquitin-specific proteases (USPs)
comprise the largest family of cysteine proteases, which accurately
modulate cellular processes via regulation of substrate stability."""

Recently, there has been growing interest in exploring the modulation
and related mechanisms of the immune system by DUBs. One study
has shown that ectopic expression of USP7 suppresses the poly-
ubiquitination of the FOXP3 protein, which is an important tran-
scription factor in the regulation of Treg differentiation, and further
enhances its stabilization.''> Another report indicated that depletion
of USP21 in Tregs significantly decreases the expression of FOXP3
and other Treg signature genes and inhibits their immunosuppressive
effects.''” These data indicate that FOXP3 deletion in Tregs by target-
ing USP7 and USP21 is a promising strategy for immunosuppressive
therapy in cancers. A recent study showed that inhibition of USP7 up-
regulates the level of PD-L1 protein in Lewis tumor cells. Moreover,
the combination of P5091, an inhibitor of USP7, and anti-PD-1 exerts
a synergistic anti-cancer effect.'""* Emerging data support findings
that USP22'%” and USP9X'"” function as modulators of T cell activity
by inducing deubiquitination and stabilization of PD-L1.

UspP22

Ubiquitin-specific protease 22 (USP22) serves as a component of the
human Spt-Ada-Gcen5-acetyltransferase (SAGA) complex, which
edits the histone code through the deubiquitination of H2A and
H2B.!'® USP22 also has some nonhistone substrates, such as FBPI,
SIRT, and TRFL.'” Given the histone deubiquitinating role of
USP22, its activity was originally associated with modulation of
gene transcription as well as normal cell cycle progression.''®
Recently, USP22 upregulation has been reported in various cancers
by diverse research teams, which indicates its possible oncogenic
function and potential as a novel therapeutic target in carci-

119,120 .
nomas. However, USP22 may also harbor tumor suppressive
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Figure 2. Ubiquitination-Mediated Regulation of PD-L1 Signaling Is
Presented

The several E3 ligases, including SPOP, HRD1, Cbl-b, c-Cbl, STUB1, DCUND1,
and B-TrCP, participate in PD-L1 ubiquitination. USP22, USP9X, and CSN5 are
involved in PD-L1 deubiquitination in carcinoma.

properties in some cancers. For example, USP22 deficiency inhibits
myeloid differentiation and induces myeloid leukemia via oncogenic
21 Moreover, USP22 plays an important role in cell cycle pro-
gression, apoptosis, tumorigenesis, and chemoresistance by deubiqui-
tinating and stabilizing a variety of substrates, including Sirtl,"**
FBP1,'** and EGFR."*’

Kras.

Emerging data have shown the association between USP22 and the
anticancer immune response. For instance, one study showed that
USP22 downregulation in pancreatic cancer cells decreases the pene-
tration of myeloid cells and promotes the infiltration of T cells and
NK cells, which improves immune-mediated tumor elimination in
cancer immunotherapy.'”* Additionally, USP22 depletion sup-
presses the c-MYC-mediated decrease in SIRT1 ubiquitination and
leads to lower SIRT1 levels. Moreover, suppression of SIRT1 levels
limits the proliferation of FLT3-ITD acute myeloid leukemia
(AML) stem cells and remarkably promotes FLT3 TKI-mediated
cell death.'*® Therefore, UPS22 may play a crucial role in negatively
regulating immune regulatory activity in tumors. A previous investi-
gation revealed USP22 as a promising deubiquitylase of the PD-L1
protein via its interaction with the C terminus of PD-L1, which re-
sults in its deubiquitination and stability.'”” This study indicated
that USP22 downregulation remarkably decreases the level of PD-
L1 and that USP22 inhibition could suppress tumor growth in
H22 tumor-bearing mice. Furthermore, USP22 deletion not only
promotes the treatment effect of PD-L1-targeted tumor immunolog-
ical therapy but also enhances CDDP-based chemotherapy in vivo,
which indicates the complex functions of USP22-PD-L1 signaling
in relationship to the efficacy of cancer treatment.'” Similarly, a
recent work also suggested that USP22 deubiquitinates PD-L1 and
suppresses its degradation through the USP22-CSN5-PD-L1 axis.
Moreover, USP22 depletion plays a tumor suppressor role due to
increasing T cell cytotoxicity in NSCLC."*® In conclusion, targeting
USP22 may be a novel and promising strategy to augment the
evasion ability of PD-L1-positive tumor cells for immune-mediated
elimination in immunotherapy.
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USP9X

Ubiquitin-specific protease 9X (USP9X, also called FAM) is
composed of an evolutionarily conserved sequence that contains ho-
mologous regions of the Drosophila fat facets gene.'”” Biochemically,
USP9X can cleave monoubiquitin from target substrates and diverse
ubiquitin linkages consisting of K48-, K63-, and K29-linked ubiquitin
chains. Emerging studies have demonstrated that USP9X can interact
with nearly 35 proteins, some of which are substrates.'*® The deubi-
quitinase USP9X participates in a variety of biological processes, such
as cell polarity, death, and modulation of TGF signaling.] 2 In vivo ex-
periments also showed that USP9X is involved in myriad diseases,
including Parkinson’s disease and Alzheimer’s disease as well as auto-
immune diseases.'*’ Additionally, USP9X has been described to have
a context-dependent role in carcinogenesis and anticarcinoma.'*"'**
One study showed that USP9X levels are obviously increased in ERG-
positive prostate cancer, and the USP9X inhibitor WP1130 can
induce ERG degradation and further suppress tumor growth."'
Conversely, another study found that USP9X inhibits the tumorige-
nicity of pancreatic ductal adenocarcinoma (PDAC) by suppressing
transformation and preventing anoikis in pancreatic cancer cells.'*?

USPI9X has also been indicated to target several cytosolic proteins and
to play an important role in immune regulation.”''>'** One study
indicated that in vivo downregulation of USP9X represses T cell
growth and that USP9X depletion in T cells attenuates TCR
signaling-mediated NF-kB activation. Additionally, naive CD4"*
T cells from USP9X-silenced chimeric mice exhibit reduced cytokine
production and Th cell differentiation. The abovementioned results
implicated USP9X as an important positive modulator of the TCR
pathway.'”* Emerging data have demonstrated high USP9X expres-
sion in oral squamous cell carcinoma (OSCC) tissues. Moreover,
USP9X suppresses cell proliferation via the deubiquitination-induced
stabilization of PD-L1 and the subsequent accumulation of PD-L1
protein in OSCC cells.'"® Therefore, targeting the PD-1/PD-L1
pathway via the inhibition of USP9X activity might be a promising
anticancer therapeutic strategy. Another report showed that
USP9X-insufficient T cells are hypoproliferative and could induce
spontaneous lupus-like autoimmunity as well as lymphoproliferative
lesions. However, USP9X knockdown cells remarkably enhance the
expression of PD-1 mRNA. Consistently, mice with USP9X depletion
have increasing numbers of PD-1*/high memory cells and lymph
nodes.”” Therefore, further research is needed to elaborate on the
physiological effect of USP9X in the regulation of the PD-1/PD-L1
pathway in carcinomas.

Targeting E3 and DUBs to Enhance PD-1/PD-L1 Therapy

Given the functions of ubiquitination and deubiquitination in the
modulation of PD-1/PD-L1 expression and activity, the anticancer
potential of targeting ubiquitin or DUBs implicated in PD-1/PD-L1
immunotherapy is being exploited. Emerging data suggest that sup-
pression of CSN5 by curcumin reduces the PD-L1 level in cancer cells
and improves the therapeutic efficacy of anti-CTLA4 therapy. In
addition to the inhibition of ubiquitination, CSN5 could further
directly induce the deubiquitination of PD-L1.*° Therefore, targeting
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Table 1. Role of Ubiquitination and Deubiquitination in Regulation of PD-1/PD-L1 for Cancer Development and Immunotherapy

Regulation of

Function in Immune

Regulators ~ PTM Mechanism PD-1/PD-L1 Types of Cancer ~ or Tumor Cells Related Molecules References
N regulates ubiquitination and  inhibits PD-L1 modulates immune GSK3B, mTORC1/ 40
-TrCP
p-TrC ubiquitination degradation of PD-L1 level breast cancer escape p70S6K
CSN5 ubiquitination suppresses th? ubiquitination  increases PD-L1 breast cancer results in irr}mune TNF-0, NF-KB p65 20
and degradation of PD-L1 level system evasion
deubiquitination promotes deubiquitination upregulates PD-L1 colorectal cancer Pll:zm:;:'soianizr IkBa, Snail, CCL5, 20,55
ublquitinaty and stabilization of PD-L1 expression al can P . 8T . 1on & p65/STAT3
migration
enhances ubiquitination- decreases PD-L1 increases TILs in
SPOP ubiquitination mediated degradation of level prostate cancer cancer site, inhibits Cullin 3, cyclin D-CDK4
PD-L1 tumor extinction
S induces ubiquitination and downregulates negatively modulates 21
TUB1 - -
STU ubiquitination destabilization of PD-L1 level of PD-L1 immune activity
enhances ubiquitination- decreases PD-1 enhances T cell
FBXO038 ubiquitination ~ mediated proteasomal ) melanoma antitumor activity - 2
. expression )
degradation of PD-1 and tumor regression
. promotes the
PD-L1
DCUNI1D  ubiquitination unknown ;:\f: ases lung cancer development of FAK pathway 81
cancer
Cbl-b/e-Chl  ubiquitination accelerates ubiquitination decreases PD-L1 melanoma, gastric  promotes STAT5a, AKT, and ERK 5, 9,65
q of STAT5a level cancer, NSCLC immunosuppression signaling pathways
enhances ubiquitination- suppresses PD-1 inhibits cancer
c-Cbl ubiquitination mediated degradation p'p‘ CRC development and - 6
activity . .
of PD-1 immune infiltrates
Lo improves the efficacy
o modulates ubiquitination downregulates ! K 105
HRD1 ubiquitination of PD-L1 PD-L1 level of immunosuppressive ~ ERAD
therapy
Lo . . promotes tumor growth
L. promotes deublqultmatlon increases expression H22 tumor, lung e . 107,139
P22 h N
Us deubiquitination and stability of PD-L1 of PD-L1 cancer ar{ld }n 1'blts immune CSN5
elimination
modulates deubiquitination- increases PD-L1 suppresses cancer cell
USPIX deubiquitination  induced stabilization ’ 0scC supPp s

of PD-L1 inhibits PD-1 level

proliferation

PD-L1 stabilization through NF-kB/CSN5 inhibition is a potential
strategy to treat cancer-related inflammation. Similarly, compound-
15 (C-15) inhibits CSN5 and can bind to the active site of the enzyme,
which leads to an interaction between the indazole moiety and the
catalytic center of CSN5. Liu et al.” found that C-15 obviously desta-
bilizes PD-L1, which allows the cell to escape the immune response by
inhibiting Cull deneddylation and CSN5 activity. Another study
demonstrated that 2,5-dimethylcelecoxib (DMC), a targeted inhibitor
of mPGES-1, could enhance ubiquitin-mediated degradation of HBx-
induced PD-L1 protein in HCCs.">® Further evidence demonstrates

135

that this process is mainly regulated by E3 ligase RBX1.

Moreover, the small molecule WP1130, a selective deubiquitinase
suppressor, attenuates the deubiquitinating potential of several
DUBs, including USP5, USP9X, USP14, and USP37. WP1130 has
been demonstrated to effectively inhibit cancers by triggering aggre-
some formation and promoting cancer cell apoptosis and chemosen-
sitivity."*>""” An earlier study reported that WP1130 significantly
decreases PD-L1 expression in OSCC cells through inhibition of
the deubiquitination of PD-L1 by USP9X.""” These reports indicate

that ubiquitin and DUBs, such as CNS5 and USP9X, might be attrac-
tive targets for the development of PD-1/PD-L1 blockade therapies.
In addition, combination treatment with CDK4/6 inhibitors and
PD-1/PD-L1 immune checkpoint blockade (ICB) leads to promoting
therapeutic efficacy for cancers.> USP22 was also identified as a po-
tential target to improve the efficacy of cancer treatments based on
ICB therapies.'*>'*® On-depth investigation is necessary to explore
the role of targeting E3 ligases and DUBs as resistance mechanisms
or synergistic effects to ICB therapies.

Conclusions

In conclusion, the ubiquitination- or deubiquitination-mediated
regulation of the PD-1/PD-L1 pathway plays an important role in hu-
man cancer immunotherapy (Figure 2). Emerging evidence demon-
strates that various agents targeting related E3 ligases could modulate
PD-1/PD-L1 ubiquitination, while molecules targeting DUBs regulate
the deubiquitination of PD-1/PD-LI; this in turn leads to the subse-
quent regulation of PD-1/PD-L1 activity and the modulation of
immunosuppression and anticancer effects (Table 1). Therefore,
this E3 ligase- or DUB-mediated modification of PD-1/PD-L1
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provides a new concept for immunotherapy, especially in some PD-1/
PD-L1-positive tumors.

However, some important problems should be further investigated.
For example, PD-1/PD-L1 has been validated to have multiple
PTMs, including glycosylation, phosphorylation, ubiquitination, pal-
mitoylation, SUMOylation, and acetylation.'® Is PD-1/PD-L1 ubiqui-
tination more important than other PTMs to regulate the expression
of PD-1/PD-L1? Are any of the other 600 E3 ligases involved in PD-1/
PD-L1 regulation? In addition to USP22 and USP9X, do other DUBs
govern the deubiquitination of PD-1/PD-L1 in cancer cells? More-
over, it is essential to develop suitable approaches for discovering
new drugs that target these E3 ligases to inhibit PD-1/PD-1 activity
and alleviate the inhibition of tumor-specific T cell activity. Addition-
ally, more conventionally engineered mouse models in which E3 li-
gases or DUBs are targeted are needed to more extensively explore
the roles and detailed mechanisms of ubiquitination and deubiquiti-
nation of the PD-1/PD-L1 pathway in cancer immunosuppression.
We think that these explorations will provide new insight into
the design of rational therapeutic strategies by targeting related E3 li-
gases and DUBs to regulate the PD-1/PD-L1 pathway in cancer
immunotherapy.
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