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proteasome degradation, which is an important mode of post-translational modification (PTM).
PD-1/PD-L1 ubiquitin modification research in tumor immunotherapy is the subject of the pre-
sent review, which aims to assess the most recent developments in this area. We offer a short
explanation of PD-1/PD-L1 as well as some basic background information on the UPS system
and discuss many routes that target E3s and DUBs, respectively, in the regulation of PD-1/
PD-L1 in tumor immunotherapy. In addition, we offer numerous innovative prospective
research areas for the future, as well as novel immunotherapy concepts and ideas. Taken
together, the information compiled herein should serve as a comprehensive repository of infor-
mation about tumor immunotherapy that is currently available, and it should be useful in the
design of future studies, as well as the development of potential targets and strategies for
future tumor immunotherapy.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

As members of the immune checkpoint family, programmed
death-1 (PD-1) and its ligand programmed death-1 ligand (PD-
L1) play critical roles in maintaining the balance between
autoimmunity and tolerance in body." Regulated by ubiquiti-
nation, a prominent form of post-translational modification
(PTM), abnormal expression of PD-1/PD-L1 and excessive
immunosuppression mediated by their interaction have been
demonstrated have close relationship with many diseases?
including cancer, which can suppress T cell activation, pro-
liferation, cytotoxic secretion and T cell survival to facilitate
tumor evasion within the tumor microenvironment.” Target-
ing PD-1/PD-L1 or key molecules in ubiquitination process to
inhibit the development and progression of cancer has
attracted great attention to researchers, which provides a
prosperous future for cancer immunotherapy.®

The present study is concerned with evaluating the
most recent research development in the field of ubig-
uitination of PD-1/PD-L1 in tumor immunotherapy. Firstly,
a quick explanation of PD-1/PD-L1 as well as a broad
background on the ubiquitin-proteasome system (UPS) are
presented. Following that, we discuss alternative mecha-
nisms that target E3s and deubiquitinating enzymes
(DUBs), respectively, in the regulation of PD-1/PD-L1 in
tumor immunotherapy. Finally, we offer numerous inno-
vative prospective research areas for the future, as well as
novel immunotherapy concepts. Collectively, the material
assembled below should serve as a thorough repository of
knowledge that is currently available in this field, and it
should contribute to the design of future research as well
as the identification of possible targets and techniques for
future cancer immunotherapy.

General background on PD-1/PD-L1

PD-1, also known as CD279, is a type | transmembrane pro-
tein with a molecular weight of 55 kDa from B7/CD28 fam-
ily.®7 Inducible PD-1 expression has been seen on activated T
(CD4" and CD8™), natural killer (NK), and B lymphocytes, as
well as on activated monocytes, dendritic cells, and mac-
rophages.® '® PD-1 is an inhibitor of both innate and

adaptive immune responses,’ and it is critical in the main-
tenance of immunological tolerance as well as the suppres-
sion of inefficient or damaging immune responses.'" Through
interference with the immune response, it may also aid in
the growth and evasion of various solid cancers such as
melanoma, breast cancer, and non-small-cell lung
cancer.'"" "2

As one of the ligands of PD-1, the type | transmembrane
protein PD-L1 (also referred to as CD274 or B7—H1) has a
molecular weight of 33 kDa and interacts with PD-1 pro-
duced in numerous cell types to have immunological ef-
fects.”® PD-L1 is often found on immune cells, such as
certain activated T and B cells, dendritic cells, macro-
phages, and epithelial cells, among other places.'"" It
has been shown to be upregulated in many of these cell
and tissue types particularly under inflammatory condi-
tions."® PD-L1 is also found in the endoplasmic reticulum,
Golgi apparatus, nucleus, and cytoplasm.'®"” Oncogenic
PD-L1 has been shown to be overexpressed in a variety of
solid tumors including breast, bladder, melanoma, head
and neck cancer, non-small cell lung cancer, and several
hematologic malignancies.'?"* PD-L1 is involved in tumor
progression, activating tumor proliferative and survival
signaling pathways by interacting with its receptor PD-1.'®
Additionally, PD-L1 has been shown to induce epithelial-
to-mesenchymal transition (EMT) and stem cell-like phe-
notypes, demonstrating non-immune proliferative ef-
fects,"® further promoting cancer progression.

In the last decade, cancer immunotherapies that partic-
ularly target the PD-1/PD-L1 axis have achieved tremendous
advances and accomplishments.?® Several cancers, including
non-small cell lung carcinoma,?' melanoma?? and others, are
already being treated with PD-1/PD-L1 inhibitors that have
been licensed by the FDA for use in clinical trials.

General background on UPS system

Post-translational modification (PTM) is indispensable in
maintaining normal cell function by regulating protein ac-
tivity and stability, inhibiting the distribution and activity
of PD-1/PD-L1 and the molecules that interact with them in
their native and mutant forms.?*> Ubiquitination is one of
the important PTMs. The ubiquitin-proteasome system
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(UPS), as the primary undertaking of ubiquitination, acts as
a fundamental PTM mechanism that regulates protein
degradation and operates in numerous cellular activities in
eukaryotic cells under healthy and pathological situa-
tions.”* Many important components form the UPS, for
instance, ubiquitin, the 26S proteasome, ubiquitin-
activating enzymes (E1s), ubiquitin-conjugating enzymes
(E2s), ubiquitin-protein enzymes (E3s), and deubiquitinat-
ing enzymes (DUBs).?

Ubiquitin acts as a modifier by binding to certain protein
substrates, and 26S proteasomes are responsible for the
proteolysis of substrates that have been tagged with ubig-
uitin. Ubiquitins may be linked together by their lysine res-
idues, which are found on their surface. Lys11 and Lys48-
linked polyubiquitin chains are the most important signals
for degradation by the 265 proteasomes.?® A critical part in
the multistep cascade process in which ubiquitin is conju-
gated to its substrate is played by the Ef1s, E2s, and E3s
enzymes. The carboxyl group (-COOH) of ubiquitin’s C-ter-
minus and the Cys residue in the active catalytic region of
E1s are linked together by thioester linkage, which is formed
by the energy released during ATP hydrolysis. In the next
step, the ubiquitin moiety is transported to E2s for a brief
period, where it forms an ester bond between E2s and the
ubiquitin moieties. Last but not least, the charged E2s work
in concert with the E3s to transport the activated ubiquitin

to the lysine residue on the target substrates.?” This multi-
step mechanism also turns ubiquitin polymerization into the
polyubiquitin chain, which is important for cell survival.?®
Because they can remove the ubiquitin chain from sub-
strates, DUBs may stop E3s from degrading or altering the
target substrates in any other way due to ubiquitination®’
(Fig. 1).

Connection between PD-1/PD-L1 and
ubiquitination/deubiquitination

To understand the PD-1/PD-L1 signaling pathways, ubiquiti-
nation and deubiquitination have been intensively studied.>°
Stabilization and de-stabilization of PD-1/PD-L1 have shown
a significant impact on so-called inflammation-mediated
anti-tumor immunity.>" As previously mentioned, the rela-
tionship between PD-1/PD-L1 and ubiquitination/deubiqui-
tination implies that targeting any of these two pathways
may be a viable alternative method to enhance immune
checkpoint treatment in the anticancer process. E3s and
DUBs have received a great deal of attention from scientists
because they are important components in the
ubiquitination-related process. This implies that targeting
E3s and DUBs is a new technique for improving anticancer
immune responses.>?
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Figure 1
related to the regulation of PD-1/PD-L1.

Schematic elucidation of ubiquitination/deubiquitination conjugation cascade and some representative components
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E3s in regulation of PD-1/PD-L1 in tumor
immunotherapy

RBX1

RING-box protein 1 (RBX1, also known as ROC1) is essential
for Skp1, Cullins, F-box proteins (SCF) E3 ubiquitin ligase,
which was reported to be over-expressed in human tumor
tissues, contributing to tumor progression and poor prognosis
by regulating cell proliferation, senescence and apoptosis.**
An earlier study indicated that 2,5-dimethylcelecoxib (DMC)
may enhance ubiquitin degradation of hepatitis B virus X
(HBx)-induced PD-L1 in hepatocellular carcinoma cells
through stimulating the AMPK pathway in hepatocellular
carcinoma cells. It has been shown that DMC may increase
the phosphorylation of 5 AMP-activated protein kinase
(AMPKa.), resulting in aberrant production and accumulation
of PD-L1 in the endoplasmic reticulum. RBX1 is involved in
this abnormal protein processing and facilitated the ubig-
uitin degradation of PD-L1. Besides, combined use of DMC
and atezolizumab shows more significant blocking effect on
PD-L1 signaling pathway, reflecting the potential application
prospects of inhibiting RBX1 in tumor immunotherapy to
some extent.>* However, DMC does not directly act on RBX1
to regulate the stability of PD-L1 but promotes substrate
ubiquitination through AMPK pathway. Studies have reported
that some molecules such as miR-135b and miR-378 can
regulate tumor proliferation, invasion and migration by tar-
geting RBX1 directly,®% but it is not clear whether the
downstream molecule of RBX1 is PD-L1 or PD-1. The explo-
ration and elucidation of RBX1 signaling pathway might
provide new ideas for multitarget or combined immuno-
therapy of various cancers.

COP1

Consistently photomorphogenic 1 (COP1), a ubiquitin E3
ligase, plays significant roles in many biological processes,
for instance, tumorigenesis,®’ gluconeogenesis®® and DNA
damage response®® by targeting specific substrates
including c-Jun, p53, TORC2 and so on.*’ Reduced COP1
inhibits c-Jun ubiquitination, which slows down c-Jun
degradation while simultaneously increasing c-Jun stabil-
ity. C-Jun N-terminal kinase (JNK) may phosphorylate and
activate accumulated c-Jun, which can then translocate
into the nucleus and strongly block the production of
histone deacetylase 3 (HDAC3), resulting in the induction
of histone H3 acetylation of the promoter region of PD-
L1.“C As a result of increased histone acetylation, the
chromatin structure became more flexible, encouraging
PD-L1 transcription and, thus, promoting PD-L1 expres-
sion.”" As a result, COP1 is a component of a new regula-
tory network that contributes to the rise in PD-L1
expression in drug-resistant cancer cells, and it may
represent a prospective therapeutic target in cancer
immunotherapy. However, no small molecule inhibitors
that directly target human COP1 have been reported. More
advance techniques and drug screening approach may be
necessary to develop immunosuppressors of COP1 for
cancer therapy.

FBXW7

F-box with seven tandem WD40 repeats (FBXW7, also
known as Fbw7, Sel-10, hCdc4, hAgo, or Archipelago) is a
crucial component of the SCF E3 ubiquitin ligase.*
Numerous studies have also showed that deregulation of
oncoproteins can be caused by inactivation or down-
regulation of FBXW7 and is possible to lead to tumori-
genesis in human.**** As a substrate of FBXW7, heat-shock
factor1 (HSF1) modulates heat shock response and en-
courages malignant transformation. When FBXW?7 s
downregulated or mutated in various malignancies, HSF1
degradation is diminished. This may lead to an increase in
HSF1 levels and an increase in melanoma’s spreading po-
tential.* In a prior research, it was discovered that HSF1,
FBXW7, and PD-L1 were all linked. When the proto-
oncogene Proviral insertion in murine malignancies
(PIM2) phosphorylates HSF1 at Thr120 and prevents it from
binding to the enzyme FBXW?7, it disturbs the process by
which HSF1 is degraded by the ubiquitin-proteasome. The
accumulated HSF1 may bind to the PD-L1 promoter and
facilitate the expression of PD-L1, stimulating tumor
growth in breast cancer.“® Thus, it might provide a mo-
lecular basis and therapeutic target for treating tumors by
interfering with the PIM2/HSF1/FBXW7/PD-L1 axis. In
addition, another study has reported that inactivation or
loss-of -function mutation of FBXW7 promotes anti-PD-1
therapy resistance via downregulation of viral sensing
pathways.*” Therefore, reactivation of FBXW7 or restora-
tion of above signaling pathways might improve clinical
efficacy in checkpoints immunotherapy.

DCUN1D1

Defective cullin neddylation 1 domain-containing 1
(DCUN1D1) functions as a component of the neddylation of
E3 ligases complex.*® A growing body of evidence supports
the notion that DCUN1D1 is involved in a broad variety of
development and metastasis processes in some cancers,
including prostate cancer,”’ colorectal carcinoma®® and
glioma.”® When comparing cervical cancer tissues to
neighboring tissues, DCUN1D1 expression is much higher in
the cancerous tissues, and high levels of DCUN1D1
expression are related with advanced clinical stage, lymph
node metastasis, and a shorter overall survival time.>?
Colorectal carcinoma patients who exhibit high level of
DCUN1D1 expression may have a poorer clinical
outcome.® DCUN1D1 has been implicated in the onco-
genic process in non-small cell lung cancer, and it has been
shown to be a poor prognosticator in earlier research. This
study found that increasing the level of DCUN1D1 and
activating focal adhesion kinase (FAK) signals in lung
cancer cell lines result in a significant increase in PD-L1
expression, indicating that DCUN1D1 may act as an
endogenous stimulator of PD-L1 expression in non-small
cell lung cancer.>® However, the specific mechanism or
protein interaction points by which DCUN1D1 upregulates
PD-L1 has not been clarified. Whether DCUN1D1 can act as
a target in tumor immunotherapy still needs to be
confirmed by further experiments.
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FBXO38

F-box only protein 38 (FBX038) is one of the E3 ligases that
is responsible for the ubiquitination of Lys48-linked pro-
teins and the subsequent destruction by the proteasome.>*
FBXO038 is involved in PD-1 regulation and cancer immuno-
therapy. A previous study demonstrated that PD-1 on the
surface of CD8" T cells is closely regulated by protein
degradative ubiquitination that mediates by FBX038.°
FBX038 directly induces Lys48-linked polyubiquitination at
Lys233 of PD-1, leading to PD-1 ubiquitin degradation.
Endogenous PD-1 levels on the cell surface of activated T
cells are decreased when FBX038 is expressed ectopically,
while FBXO38 knocking down results in an increase of PD-1
levels on the cell surface. The researchers also discovered
that interleukin-2 (IL-2) may target the transcriptional
factor signal transducer and activator of transcription 5
(STAT5) and lead to a considerable increase in FBXO038
mRNA abundance, which in turn results in a decrease in the
amount of PD-1.°° Because the findings above reveal that
FBX038 is a critical regulator of PD-1 degradation, innova-
tive therapeutic approaches to reverse T cell depletion and
boost anti-tumor responses may be developed in the future.
It is possible that targeting the FBXO38 gene in the PD-1
signaling pathway would open up new opportunities for
cancer immunotherapy.

Cbl-b and c-Cbl

Both casitas B lineage lymphoma (c-Cbl) and casitas B
lymphoma-b (Cbl-b) are RING finger E3 ligase enzymes that
are involved in targeting important protein tyrosine Kki-
nases to operate as negative regulators of T-cell receptor
expression.’® It has been shown that they are implicated in
several facts of tumor growth, including tumor cell
migration,””  epithelial-mesenchymal transition and
metastasis.’® Evidence shows that the AKT and STAT
pathways may be implicated in the downregulation of PD-
L1 expression through Cbl-b and c-Cbl,*” although the
particular molecular and protein interactions involved in
these pathways have not been clarified to this point. Ac-
cording to another research, miR-940 blocked the STAT5a/
Cbl-b interaction and ubiquitination in gastric cancer cells
by inhibiting Cbl-b.° Besides, the combination between c-
Cbl and intracytoplasmic tail of PD-1 facilitates the
ubiquitination-proteasomal degradation of PD-1 in mac-
rophages, leading to decreased expression level of PD-1 in
macrophages.?’ In addition, Cbl-b is implicated in the
down-modulation of CD8" T cell receptors in response to
PD-1/PD-L1 stimulation of T cells. After T cell activation,
the combination of PD-1 on the T cell surface and PD-L1 on
the APC surface recruits SHP phosphatases and induces the
expression of Cbl-b, which results in the ubiquitination
and inactivation of significant TCR signal transduction
mediators, and the removal of the TCR from the T cell
surface, as previously described.®' Therefore, Cbl-b/c-Cbl
and their upstream or downstream components, control-
ling the PD-1/PD-L1 signaling pathway, and modulating
TCR levels are all potential targets for cancer
immunotherapy.

SPOP

Speckle-type POZ protein (SPOP) has been discovered as an
E3 ubiquitin ligase substrate binding member of the pro-
teasome complex,®? and it has been shown to have a dual
role in carcinogenesis and cancer development.®® Down-
regulated or mutant SPOP plays a significant role in driving
tumorigenesis in many cancers. A previous research found
that the cyclin D—CDK4 (cyclin-dependent kinase 4) and
Cullin 3 SPOP E3 ligase are responsible for the regulation of
PD-L1 abundance in the body. APC/C®" degradation of
SPOP is stimulated by CDK4/6 inhibition, which increases
PD-L1 levels in vivo. CDK4/6 inhibition in vivo has a major
effect on PD-L1 levels by reducing cyclin D—CDK4-mediated
phosphorylation of SPOP, which promotes SPOP breakdown
by APC/C®M. PD-L1 degradation is compromised by a
reduced number of or a loss-of-function mutation in SPOP,
which results in elevated levels of PD-L1 and a lower
number of tumor-infiltrating lymphocytes in primary human
prostate cancer tissues and mice tumors, respectively.®
Phosphorylation of moesin (MSN) by rho-associated protein
kinases (ROCK) has been shown to impede the degradation
of PD-L1 by the proteasome, which in turn stabilizes its
protein levels.®® Enhanced production of ALDH2 caused by
alcohol exposure may also prevent the ubiquitination
modification of PD-L1 by SPOP at the residues K280 and
K281, resulting in increased protein stability of PD-L1.%¢ As
a result, SPOP and its regulatory molecules may prove to be
attractive targets for cancer immunotherapy in combina-
tion with PD-L1/PD-1 blockades in the future.

B-TrCP

Beta-transducin repeat-containing protein (B-TrCP) is the
substrate recognition subunit of the SCF®~T“" E3 ubiquitin
ligase complex.®’ In the presence of glycogen synthase ki-
nase 3B (GSK3B), B-TrCP has been shown to catalyze the
ubiquitination of the PD-L1 protein. GSK3p has been shown
to have important roles in embryonic development and
cancer via the Wnt signaling pathway, among other
things.®® As an example, GSK3p phosphorylates B-catenin,
which then incorporates B-TrCP for the degradation of
proteins like PD-L1 by ubiquitination. Conversely, muta-
tions in GSK3B phosphorylation or inhibition of B-TrCP
significantly blocks PD-L1 ubiquitination, thus maintaining
the stability of PD-L1 3°. Besides, activation of AKT caused
by epidermal growth factor receptor (EGFR) significantly
inhibits GSK3p activity through Ser9 phosphorylation,
further suppressing the ubiquitination of PD-L1 by B-TrCP,
so as to maintain the structure stability of PD-L1 °. It has
been demonstrated in a few trials that certain specific in-
hibitors which inactive GSK3B may be utilized to decrease
the ubiquitination of PD-L1 and enhance its stability, hence
increasing the effectiveness of immunotherapy. To name a
few, olaparib and resveratrol have both been shown to
inhibit GSK3p activity, allowing them to exert further effect
on the interaction between B-TrCP and PD-L1 3%7°, Another
study found that inhibiting the mammalian target of rapa-
mycin complex 1 (mTORC1)/p70 S6 kinase (p70S6K)
signaling pathway, either by using mTOR/p70S6K inhibitors
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or by raptor knockdown of p70S6K, facilitates B-TrCP
degradation, which is associated with increased PD-L1
protein stabilization, even though the precise mechanism
by which the signal pathway regulates B-TrCP is still un-
known.”" In other words, targeting B-TrCP stability in
combination with PD-L1/PD-1 blockades may give a novel
way to improve the effectiveness of cancer immunotherapy
in the long term.

STUB1

STIP1 homology and U-box-containing protein 1 (STUB1),
with its E3 ligase activity, is related with the ubiquitination
of various substrates, for instance, FOXP3,”? SMAD3,”*
unfolding protein response’* and so on. Several studies
have indicated that STUB1 serves as a tumor suppressor as a
consequence of its ability to induce the ubiquitination and
degradation of particular oncogenic proteins.”>’® Further-
more, the expression of STUB1 in different carcinomas is
often deficient or non-existent.”” CMTM6, a type 3 trans-
membrane protein that is extensively expressed, has been
shown to be a positive modulator of PD-L1 and to protect
PD-L1 from ubiquitination. A recent research found that
knocking out STUBT produces a greater rise in PD-L1 levels
in CMTMé6-deficient cells than in CMTMé6-competent cells,
confirming STUB1 as an E3 ligase that causes PD-L1 insta-
bility either directly or indirectly via regulating lysine in the
cytoplasmic domain.”® Another study has reported that the
combination of STUB1 to PD-L1 can be enhanced by pyri-
doxal (vitamin B6), which facilitates K48-linked poly-
ubiquitination of PD-L1, causing increased degradation of
PD-L1 and stronger T cells-killing activity against cancer
cells.” Although the underlying molecular mechanism by
which pyridoxal promotes PD-L1 degradation has not been
elucidated clearly, pyridoxal still has the potential to act as
a plausible alternative for combined immunotherapy.
Whether regulating the stability of PD-L1 by targeting
STUB1 contributes to cancer immunotherapy needs to be
further investigated precisely.

HRD1

HMG-CoA reductase degrading protein 1 (HRD1, also named
as SYVN1) is an E3 ubiquitin ligase that is involved in the
endoplasmic reticulum-associated degradation (ERAD) pro-
cess. It transfers ubiquitin from the endoplasmic reticulum-
associated UBC7 E2 ligase to the protein substrate, thereby
aiding the ubiquitinated degradation of the target sub-
strate.?? In different malignancies, HRD1 has an oncogenic
function via the ubiquitination-mediated degradation of
several proteins, including PTEN and sirtuin 2.%" A previous
study reported that HRD1 expression is increased markedly
in human colon cancer cells, and its overexpression is
involved in many processes including tumor differentiation,
tumor invasive depth, TNM stage and distant metastasis.®’
However, a research found that HRD1 may inhibit the pro-
liferation and spread of breast cancer cells by boosting IGF-
1R degradation, indicating that the function of HRD1 in
malignancies should be investigated further in the future.®?
Metformin, according to another research, stimulates AMPK,
which phosphorylates S195 of the protein PD-L1, resulting in

aberrant glycosylation and accumulation of PD-L1. The ERAD
pathway is responsible for the degradation of PD-L1, and
HRD1 is an important player in this process. PD-L1 S195E and
4NQ mutants are more stable when HRDT1 is knocked out,
indicating that the E3 ligase HRD1 is involved in the ERAD of
PD-L1 84, However, the particular mechanism by which HRD1
has an influence on this pathway has not been adequately
described, and more research are required. Targeting HRD1
directly or indirect regulation of HRD1 through its signaling
pathways may be effective in future cancer immunotherapy
strategies.

KLHL22

Studies have reported that kelch like family member 22
(KLHL22), a substrate-specific adaptor of the Cul3-based E3
ligase, can modulate protein levels via ubiquitination pro-
cess to regulate various cellular activities such as mitosis
and tumorigenesis.®> KLHL22 has been validated to activate
mTORC1 and downstream signaling pathways to facilitate
carcinogenesis and aging. The expression level of KLHL22 is
also elevated in breast cancer cells.®® Besides, KLHL22 can
modulate the activity of GSK-3B to affect PI3K level via
Wnt/B-catenin signaling pathway, further regulating the
EMT process and cell proliferation in colorectal cancer.®” A
previous study has reported that KLHL22 can decrease the
number of PD-1 located on the cell surface by promoting its
ubiquitin degradation. Decreased KLHL22 contributes to
the overaccumulation of PD-1, which inhibits the normal
function of immune system and facilitates tumor develop-
ment and progression. In addition, as a member of the first-
line chemotherapeutic agents, 5-fluorouracil (5-FU) can
upregulate PD-1 by suppressing the transcriptional activity
of KLHL22 in colorectal cancer cells.®® Synergistic applica-
tion of 5-FU and anti-PD-1 drugs may improve the efficacy
of immunotherapy and contribute to better prognosis for
cancer patients.

DUBs in regulation of PD-1/PD-L1 in tumor
immunotherapy

OTUB1

OTU domain-containing ubiquitin aldehydebinding protein 1
(OTUB1) belongs to the ovarian tumor domain protease
subfamily of deubiquitinases. It is responsible for nega-
tively controlling ubiquitination in order to keep targeted
proteins active and stable.?’ Cancer cells produce greater
levels of OTUB1 than normal tissues, and its expression is
closely correlated with tumor growth, differentiation, and
metastasis in colon cancer patients.®’ A recent research
found that OTUB1 may positively influence PD-L1 stability
and mediate cancer immune responses by working on the
PD-1/PD-L1 axis. This is the first time that this has been
shown. On the ICD area, OTUB1 directly removes the Lys 48-
linked polyubiquitin chains, and it specifically interacts
with PD-L1, preventing the proteasomal degradation of ER-
associated PD-L1 presumably before glycosylation and
promoting high expression levels of PD-L1 in a variety of
malignancies. When OTUB1 is depleted, it has a
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considerable effect on the level of PD-L1 in the blood and
on the link between PD-1 and tumor cells. Furthermore, the
instability of PD-L1 produced by OTUB1 depletion stimu-
lates the infiltration of more CD8™ T cells and the produc-
tion of more IFN-vy, both of which aid in the development of
antitumor immunity against tumors.’® Another research
describes a regulatory mechanism for OTUB1 that occurs
upstream of the transcription factor. CirclIGF2BP3, a
member of the circRNA family, controls the expression of
plakophilin 3 (PKP3) by sponging miR-3173-5p and miR-328-
3p, which are both expressed in brain. Fragile X mental
retardation-related protein 1 (FXR1) and PKP3 collaborate
to create RNA-protein complexes, which help to maintain
OTUB1’s mRNA stability while blocking its destruction by
ubiquitination and degradation.’’ Because of this, it is
feasible that modulating the OTUB1 regulatory pathway
may serve as a novel therapeutic target and will enhance
clinical results in patients receiving PD-L1/PD-1 blocking
therapy by altering the expression of PD-L1.

Usp7

Ubiquitin-specific protease 7 (USP7), or herpes virus asso-
ciated protease (HAUSP), is a DUB that altering the stability
of a large number of targeted proteins.”” USP7 over-
expression has been extensively studied for the ability to
cause tumor progression through dysregulation of DNA
damage response, cell cycle modulation and apoptosis. For
instance, increased USP7 level is related with tumor
aggressiveness in chronic lymphocytic leukemia,®* prostate
cancer’™ and breast carcinoma.’® Targeted inhibition of
USP7 reprograms tumor associated macrophages (TAMs) and
stimulates the anti-tumor effect of CTLs, which suppresses
tumor growth. The inhibition of USP7 also upregulates PD-
L1 level in tumor microenvironment. Using the combina-
tion of P5091 (an inhibitor of USP7) and PD-1 monoclonal
antibody, researchers were able to demonstrate a syner-
gistic anti-tumor impact, which bodes well for the future of
lung cancer therapy.’® Furthermore, in gastric cancer, the
amount of PD-L1 is favorably linked with the level of USP7.
Inhibition of USP7 may inhibit the proliferation of gastric
cancer cells by halting the cell cycle during the G2-M phase,
maintaining p53 expression, and downregulating PD-L1
expression. It also weakens the PD-1/PD-L1 connection,
making cancer cells more susceptible to T cell death.”
However, the underlying mechanism of the upregulated PD-
L1 level by targeting USP7 is not clear and needs to be
further explored. By modulating Foxp3 and Tip60, a prior
research found that genetic or pharmacologic targeting of
USP7 may block the inhibitory activities of Foxp3* Tregs
and preserve normal T cell responses, reducing tumor
development and enhancing the efficiency of anti-PD-1
monoclonal antibodies.’® Therefore, the further develop-
ment and clinical testing of USP7 inhibitors combined with
PD-L1/PD-1 checkpoint inhibitors may provide a new valu-
able approach for cancer immunotherapy.

UspP22

Ubiquitin-specific protease 22 (USP22) is a member of the
USPs subfamily and is considered as an oncogenic protein

due to the fact that it is overexpressed in a variety of
malignancies.”® The downregulation of USP22, according to
a prior research, restricts the penetration of myeloid cells
and enhances the infiltration of natural killer cells and T
cells, hence improving tumor eradication in cancer immu-
notherapy.'® According to one research, USP22 deubiqui-
tinates PD-L1 by removing its K6, K11, K27, K29, K33, and
Ké63-linked polyubiquitin chains in a kinase-dependent
manner, therefore lowering PD-L1 ubiquitination and pre-
serving PD-L1 from degradation by the proteasome. Apart
from that, USP22 has the ability to influence PD-L1 by
deubiquitinating CSN5 directly, hence increasing the
quantity of CSN5 protein and preventing its expression. The
loss of USP22 causes PD-L1 to be degraded at the post-
translational level, which has been shown to reduce carci-
nogenesis and increase T cell-mediated cell death.'®' PD-L1
targeted immunotherapy and CDDP-based chemotherapy
were both shown to benefit from USP22 reduction in
another research, highlighting the complex and important
functions of the USP22-PD-L1 axis in cancer treatment.'®
According to a recent research, the tumor-promoting long
noncoding RNA (IncRNA) KCNQ1OT1 controls the ubiquiti-
nation of PD-L1 and decreases the response of CD8" T cells
via the miR-30a-5p/USP22 pathway. Low expression of miR-
30a-5p regulated by KCNQ10T1 mitigates its inhibitory ef-
fect on USP22, thereby facilitating the stabilization of PD-
L1 "3, Further signal investigation and clinical trial into
the combined and synergistic effects of USP22 inhibition
and PD-L1/PD-1 blockade may provide an avenue for clin-
ical immunotherapy of cancer.

USP9X

As a member of DUBs, ubiquitin-specific peptidase 9, X-
linked (USP9X) can remove ubiquitin from protein sub-
strates and various ubiquitin linkages, participating in the
regulation of the immune system.'% According to a recent
research, USP9X is a critical positive regulator of TCR
signaling-induced nuclear factor-xB (NF-«xB) activation. The
loss of USP9X affects T cell proliferation, cytokine genera-
tion, and the differentiation of T helper cells, all of which
are detrimental to the immune system.'®> USP9X has a role
in the control of tumor cell proliferation, adhesion, and
apoptosis, among other things.' It has been shown that
USP9X has a significant function in carcinogenesis and has
been found to be inappropriately expressed in non-small
cell lung cancer, melanoma as well as breast can-
cer.'77'% The regulation of B-catenin by USP9X, for
example, has been shown to enhance the development of
liver cancer."'® In ERG-positive prostate cancer, USP9X
levels are considerably elevated.'"" It is also possible to
reduce the tumorigenicity of pancreatic ductal carcinoma
by suppressing cancer cell transformation and anoikis using
USP9X.""% The ubiquitination of PD-L1 is inhibited by USP9X,
which has been shown to be substantially expressed in oral
squamous cell carcinomas (OSCC). OSCC’s high USP9X
expression is thought to be regulated by a signaling
pathway, although the exact mechanism is still a mystery.
OSCC cell tumor development can be dramatically reduced
by USP9X knockdown.''® Therefore, targeting PD-L1 by
blocking or silencing USP9X may provide an effective
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strategy in cancer immunotherapy. Further experiments
about the mechanisms that causing high USP9X level in
cancers should be focused and carried out.

CSN5

Constitutive photomorphogenesis 9 signalosome 5 (CSN5)
possesses deubiquitination activity, regulating exosomal
protein sorting'™ and stimulating the invasion or metastasis
of tumor.”™ A previous study has reported that CSN5 par-
ticipates in carcinogenesis progression and is closely related
with poor prognosis.''® Another research found that the CC
motif chemokine ligand 5 (CCL5) -p65/STAT3-CSN5-PD-L1
signaling axis, which is triggered by high-cholesterol diet
(HCD)-driven macrophage infiltration or lipopolysaccharide
(LPS), is associated with considerably lower survival in
colorectal cancer. The p65/STAT3 complexes can be formed
by CCL5 and leads to the upregulation of CSN5 by binding to
CSN5 promoter. Increased expression of CSN5 deubiquity-
lates PD-L1 and modulates its stability.'"” Besides, the p65-
CSN5-PD-L1 pathway can also be activated by TNF-a, trig-
gering cancer cells immunosuppression via stabilization of
PD-L1. Inhibiting this signaling pathway promotes the im-
mune response mediated by tumor-infiltrating cytotoxic T
cell.®" Using berberine (BBR), a proven anti-inflammatory
drug, a group discovered that it can specifically bind to the
glutamic acid 76 of CSN5 and subsequently inactivate CSN5,
which results in PD-L1 degradation, resulting in increased
tumor-infiltrating T cell immunity and decreased activation
of immunosuppressive Tregs and myeloid-derived suppressor
cells (MDSCs).""® Furthermore, studies have shown that
compound-15, an inhibitor of CSN5, might destabilize PD-L1,
resulting in a reduction in tumor burden.'"” Aside from that,
protein disulfide isomerase family A member 6 (PDIA6) has
been shown to increase the amount of CSN5 in pancreatic
cancer by interfering with the production of disulfide bonds
in CSN5, hence enabling the proper folding of mature
CSN5.""° Furthermore, it has been observed that shikonin, a
natural product derived from plants, may prevent the acti-
vation of the NF-kB/CSN5 signaling pathway, which promotes
the degradation of PD-L1 and inhibits the immune evasion of
pancreatic cancer cells."”® As a result, targeting CSN5 in
cancer immunotherapy may prove to be a potential thera-
peutic strategy.

Discussion

As one of the significant inhibitory signaling pathways, the
PD-1/PD-L1 interaction not only participates in physio-
logical activities such as stabilizing T cells immune ho-
meostasis and maintaining peripheral tolerance, but also
can be utilized by cancers to escape from anticancer im-
munity in tumor microenvironment.'?’ The majority of
cancer patients have poor response rates and develop
resistance within a short response time despite the fact
that antibodies targeting the PD-1/PD-L1 signaling
pathway have shown sustained anticancer responses and
disease suppression in individuals with specific forms of
cancer.'?>"23 Scientists investigate regulatory mecha-
nisms such as transcriptional, translational, and post-
translational control of the PD-1/PD-L1 pathway to

overcome hurdles in anti-PD-1/PD-L1 immunotherapy.
Ubiquitination and deubiquitination are essential post-
translational modification processes that control the
expression level of PD-1/PD-L1 by modulating its stability,
which affects immune system function and anticancer
immunotherapy impact.

E3s and DUBs are both implicated in the critical process
of ubiquitination and deubiquitination in the control of PD-
1/PD-L1 stability and expression, according to previous
research. Given the activities of E3s and DUBs, scientists
are attempting to determine if targeting E3s or DUBs to
control PD-1/PD-L1 levels is successful. New evidence
suggests that DMC enhances RBX1-mediated ubiquitination
degradation of Hbx-induced PD-L1 in human colorectal
cancer cells.> Another study demonstrates that Cbl-b can
be inhibited by miR-940, suppressing STAT5a ubiquitination
and maintaining PD-L1 level in gastric cancer.®® Besides,
the interaction of B-TrCP and PD-L1 has been verified to be
influenced by resveratrol and olaparib via the inhibition of
GSK3p activity.*>’° Yuan et al.”’ reported that pyridoxal
(vitamin B6) enables to facilitate the combination of STUB1
and PD-L1, further promoting the polyubiquitination and
degradation of PD-L1. Moreover, the circRNA CircIGF2BP3
and IncRNA KCNQ10T1 facilitate the stabilization of PD-L1
through targeting OTUB1 and USP22 respectively.’"'%% In
addition, BBR, compound-15 and shikonin are all reported
to target the CSN5 to accelerate the protein degradation of
PD-L1 by previous researches. 7118120

Although the anticancer potential of targeting E3s or
DUBs has been reported by multitudes of emerging studies,
there are still some significant problems that worth being
further investigated. For instance, now that targeting E3s or
DUBs combined anti-PD-1/PD-L1 drugs may produce a better
anticancer effect on cancer immunotherapy, can E3s or DUBs
level be used as an indicator to judge whether combined
immunotherapy should be given? Improved determining
method of E3s or DUBs may improve the accuracy of pre-
diction effectiveness. In addition, it is better to give some
numerical or even functional relationship between E3s/DUBs
and PD-1/PD-L1 to comprehensively consider them as a
whole, so as to explore the degree of correlation between
the whole and the effectiveness of cancer immunotherapy,
which may have stronger guiding significance in the appli-
cation of cancer combined immunotherapy.

Besides, E3s and DUBs also play an extremely important
role in normal physiological and biochemical processes in
human body. Although targeting E3s or DUBs may play a
certain therapeutic role in anti-tumor process, it may cause
serious side effects on human body. In addition, the same
E3s or DUBs may exhibit entirely opposite pro-cancer or
anti-cancer roles in different cancer types, for instance,
the E3 ligase SPOP suppresses the tumorigenesis in pros-
tate, liver and gastric cancers while exerts oncogenic effect
on kidney cancer.®® It is possible that alternative pathways
involving E3s or DUBs, even in the same kind of cancer, will
have a distinct influence on the up- or down-regulation of
PD-1/PD-L1 depending on their involvement. To that end,
further fundamental and clinical studies are needed to
validate the effects of targeting E3s or DUBs to modify PD-
1/PD-L1 on cancer progression and normal physiological
activities, as well as the impacts of targeting PD-1 on
cancer progression and normal physiological activities.
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~
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Figure 2  Schematic representation of some E3s and their signaling pathways in regulation of PD-L1. Abbreviations: PD-L1, pro-
grammed death-1 ligand; DMC, 2,5-dimethylcelecoxib; AMPKa, 5' AMP-activated protein kinase a; RBX1, RING-box protein 1; JNK, c-
Jun N-terminal kinase; COP1, constitutively photomorphogenic 1; HDAC, histone deacetylase, PIM2, proviral insertion in murine
malignancies 2; FBXW7, F-box with 7 tandem WD40 repeats; HSF1, heat-shock factor 1; DCUN1D1, defective cullin neddylation 1
domain-containing 1; FAK, focal adhesion kinase; HRD1, HMG-CoA reductase degradation protein 1; STUB1, STIP1 homology and U-
box—containing protein 1; mTOR, mammalian target of rapamycin; p7056K, p70 Sé kinase; B-TrCP, beta-transducin repeat-containing
protein; GSK3B, glycogen synthase kinase 33; AKT, V-akt murine thymoma viral oncogene homolog; EFGR, epidermal growth factor
receptor; ROCK, rho-associated protein kinase; MSN, moesin; SPOP, speckle-type POZ protein; CDK4, cyclin-dependent kinase 4; Cbl-
b, casitas B lymphoma-b; c-Cbl, casitas B lineage lymphoma; ERK, extracellular signal-regulated kinase.

FBXO38

_

Figure 3  Schematic representation of some E3s and their signaling pathways in regulation of PD-1. Abbreviations: PD-1, pro-
grammed death-1; IL-2, interleukin-2; STATS5, signal transducer and activator of transcription 5; FBXO38, F-box only protein 38;
KLHL22, kelch like family member 22; 5-FU, 5-fluorouracil.

In addition, E3s and DUBs are numerous, with over 600
E3s and about 100 DUBs that have been reported in previous
studies.'”* Is the overwhelming majority of E3s and DUBs,
with the exception of the molecules listed in this study,
involved in the control of ubiquitination and deubiquitina-
tion of PD-1/PD-L1 expression? Is it conceivable to influence
the immune system’s function as well as the incidence and
growth of tumors by manipulating the stability and
expression levels of PD-1/PD-L1? The functional investiga-
tion of various E3s and DUBs molecules, as well as their
interactions with immune checkpoints such as PD-1/PD-L1,

opens the door to new options in cancer immunotherapy
treatment.

More importantly, despite the fact that various E3s and
DUBs have been shown to affect the stability of PD-1/PD-L1,
most studies have not gone into depth about the protein
interaction mechanism and action site between E3s, DUBs,
and PD-1/PD-L1. Still unanswered concerns exist about the
signaling pathways that govern the accumulation and deubi-
quitination of PD-1/PD-L1, such as what the upstream mole-
cules of E3s and DUBs are and how these upstream molecules
interact with the downstream substrates. Detailed
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Table 1 Role of E3s or DUBs in the regulation of PD-1/PD-L1 via ubiquitination or deubiquitination.
Molecules Category/PTM  Cancer Types Upstream  Mechanism Related Modulation of References
Regulators Molecules or PD-1/PD-L1
Pathways
RBX1 E3/ Hepatocellular DMC Enhances the AMPK pathway Decreased PD- **
Ubiquitination ~ carcinoma phosphorylation of L1
AMPKo, and
facilitates the
ubiquitination
degradation of PD-L1
COP1 E3/ Non-small cell — Facilitates the JNK, c-Jun, Decreased PD- #!
Ubiquitination lung cancer ubiquitination HDAC3 L1
degradation of c-Jun,
increases the
expression of HDAC3,
inhibits the
expression of PD-L1
FBXW7  E3/ Melanoma PIM2 Phosphorylates HSF1, PIM2, HSF1 Increased PD- >
Ubiquitination disrupts the L1
ubiquitination and
degradation of HSF1,
facilitates the
expression of PD-L1
DCUN1D1 E3/ Non-small cell — Unknown FAK pathway  Increased PD- °3
Ubiquitination lung cancer L1
FBXO38 E3/ Melanoma IL-2 Targets STAT5 and  IL-2, STAT5 Decreased PD-1 *°
Ubiquitination improves FBX038,
facilitates the
ubiquitination of PD-1
Cbl-b/ E3/ Lung cancer = Downregulates the AKT, ERK and  Decreased PD- *°
c-Cbl Ubiquitination expression of PD-L1  STAT pathways L1
Gastric cancer miR-940 Inhibits Cbl-b, miR-940, Increased PD-  ©°
suppresses the STAT5a L1
ubiquitination of
STAT5a
SPOP E3/ Prostate cancer Cyclin D, Phosphorylates and  Cyclin D, CDK4 Decreased PD- ©*
Ubiquitination CDK4 maintains SPOP, L1
facilitates the
ubiquitination of PD-
L1
Breast cancer ROCK Phosphorylates MSN, ROCK, MSN Increased PD-  ©°
competes with SPOP L1
for the ubiquitination
degradation of PD-L1
B-TrCP  E3/ - AKT Inhibits GSK3p, AKT, GSK3p Increased PD-  ©°
Ubiquitination suppresses the L1
ubiquitination of PD-
L1 by B-TrCP
Breast cancer olaparib,  Suppresses GSK3p GSK3p Increased PD- 370
resveratrol activity, influences L1
the interaction
between B-TrCP and
PD-L1
Breast cancer mTOR, Maintains B-TrCP, mTOR, p70S6K Decreased PD- 7
p70S6K facilitates the L1
ubiquitination of PD-
L1
STUB1 E3/ Pancreatic pyridoxal Enhances the — Decreased PD- 7°
Ubiquitination cancer combination of STUB1 L1

(continued on next page)
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Table 1 (continued)
Molecules Category/PTM  Cancer Types Upstream  Mechanism Related Modulation of References
Regulators Molecules or PD-1/PD-L1
Pathways
to PD-L1 and causes
destabilization of PD-
L1
HRD1 E3/ - metformin  Activates AMPK to AMPK, ERAD Decreased PD- &
Ubiquitination phosphorylate PD-L1, pathway L1
facilitates the
ubiquitination
degradation by HRD1
KLHL22  E3/ Colorectal 5-FU Suppresses the = Increased 88
Ubiquitination cancer transcriptional PD-1
activity of KLHL22
OTUB1  DUB/ Breast cancer — Removes the - Increased PD-  *°
Deubiquitination polyubiquitin chain L1
from PD-L1 and
modulates the
stabilization of PD-L1
Non-small cell CirclGF2BP3 Upregulates the CircIGF2BP3, Increased PD- "
lung cancer expression of PKP3,  PKP3, FXR1 L1
promotes the mRNA
stability of OTUB1
and inhibits the
ubiquitination and
degradation of PD-L1
USP7 DUB/ Lung cancer  P5091 unknown — Increased PD-  %¢
Deubiquitination L1
Gastric cancer — unknown p53 Increased PD- %7
L1
USP22  DUB/ Non-small cell — Promotes CSN5 Increased PD- '’
Deubiquitination lung cancer deubiquitination and L1
stabilily of PD-L1
Colorectal KCNQ10T1 Regulates miR-30a-  KCNQ10OT1, Increased PD- '
cancer 5p, less inhibits USP22 miR-30a-5p L1
and stabilizes PD-L1
USP9X  DUB/ Oral squamous — Inhibits the - Increased PD- "3
Deubiquitination cell carcinoma ubiquitination of PD- L1
L1
CSN5 DUB/ Colorectal CCL5 Forms the p65/STAT3 CCL5, p65, Increased PD- '/
Deubiquitination cancer complex, upregulates STAT3 L1
CSN5 and
deubiquitylates PD-L1
Breast cancer TNF-a Inhibits the TNF-a, p65- Increased PD- °!
ubiquitination of PD- CSN5-PD-L1 L1
L1 pathway
Non-small cell BBR Inactivates CSN5, — Decreased PD- ''®
lung cancer leads to L1
ubiquitination of PD-
L1
Colorectal compound-  Inhibits CSN5 and — Decreased PD- "/
cancer 15 destabilizes PD-L1 L1
Pancreatic shikonin Suppresses the NF-kB/CSN5  Decreased PD- '%°
cancer activation of NF-kB/ pathway L1

CSN5 signaling

pathway, promotes
the degradation of

PD-L1
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Table 1 (continued)

Molecules Category/PTM  Cancer Types Upstream  Mechanism Related Modulation of References
Regulators Molecules or PD-1/PD-L1
Pathways
Pancreatic PDIA6 Upregulates CSN5 via — Increased PD- '"?
cancer facilitating the L1

correct folding of
mature CSN5

PD-1, programmed death-1; PD-L1; programmed death-1 ligand; RBX1, RING-box protein 1; DMC, 2,5-dimethylcelecoxib; AMPKa., 5" AMP-
activated protein kinase «; COP1, constitutively photomorphogenic 1; HDAC3, histone deacetylase3; JNK, c-Jun N-terminal kinase;
FBXW7, F-box with 7 tandem WDA40 repeats; PIM2, proviral insertion in murine malignancies 2; HSF1, heat-shock factor 1; DCUN1D1,
defective cullin neddylation 1 domain-containing 1; FAK, focal adhesion kinase; FBXO38, F-box only protein 38; IL-2, interleukin-2;
STATS, signal transducer and activator of transcription 5; Cbl-b, casitas B lymphoma-b; c-Cbl, casitas B lineage lymphoma; AKT, V-akt
murine thymoma viral oncogene homolog; ERK, extracellular signal-regulated kinase; SPOP, speckle-type POZ protein; CDK4, cyclin-
dependent kinase 4; ROCK, rho-associated protein kinase; MSN, moesin; B-TrCP, beta-transducin repeat-containing protein; GSK3g,
glycogen synthase kinase 3B; mTOR, mammalian target of rapamycin; p70S6K, p70 Sé6 kinase; STUB1, STIP1 homology and U-box—
containing protein 1; HRD1, HMG-CoA reductase degradation protein 1; ERAD, endoplasmic reticulum-associated degradation; KLHL22,
kelch like family member 22; 5-FU, 5-fluorouracil; OTUB1, OTU domain-containing ubiquitin aldehydebinding protein 1; DUB, deubi-
quitinating enzyme; PKP3, plakophilin 3; FXR1, fragile X mental retardation-related protein 1; USP7, ubiquitin-specific protease 7;
USP22, ubiquitin-specific protease 22; CSN5, constitutive photomorphogenesis 9 signalosome 5; USP9X, ubiquitin-specific peptidase 9, X-
linked; CCL5, CC motif chemokine ligand 5; STAT3, signal transducer and activator of transcription 3; TNF-a, necrosis factor a; BBR,
berberine; NF-kB, nuclear factor-kappaB; PDIA6, protein disulfide isomerase family A member 6.
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~
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Figure 4 Schematic representation of some DUBs and their signaling pathways in regulation of PD-L1. Abbreviations: DUBs,
deubiquitinating enzymes; PKP3, plakophilin 3; FXR1, fragile X mental retardation-related protein 1; OTUB1, OTU domain-con-
taining ubiquitin aldehydebinding protein 1; USP7, ubiquitin-specific protease 7; USP22, ubiquitin-specific protease 22; USP9X,
ubiquitin-specific peptidase 9, X-linked; CSN5, constitutive photomorphogenesis 9 signalosome 5; BBR, berberine; PDIA6, protein
disulfide isomerase family A member 6; CCL5, CC motif chemokine ligand 5; TNF-a, necrosis factor o; STAT3, signal transducer and
activator of transcription 3.

elaboration and in-depth exploration of E3s and DUBs regu- development of drugs that aiming at E3s, DUBs and their up-
lation of PD-1/PD-L1 signaling pathway can provide a more stream molecules is also one of the important research di-
solid theoretical basis for finding suitable targeted drugs. The rections of cancer immunotherapy in the future.
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