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Editorial on the Research Topic
Regulation of Ubiquitination and Sumoylation Signaling in Disease

Ubiquitination/Ubiquitin-like protein modifications play an important role in the regulation of
diverse physiological processes, such as DNA damage repair, cell cycle progression, cell proliferation,
apoptosis and differentiation, signal transduction and gene transcriptional regulation, vesicle
transport, autophagy, immunity, etc. In addition, ubiquitination and ubiquitin-like protein
modifications have also been widely involved in pathological processes including metabolic
disorders, inflammation, tumorigenesis, amongst others. Therefore, in recent years, it has
received increasing interest to identify novel molecular targets that could lead to the
development of new drugs. A deeper understanding of the ubiquitination and ubiquitin-like
modifications-mediated signaling pathways and their regulatory mechanisms is urgently needed
in order to identify novel molecular players and therapeutic targets for treatment of cancer and other
diseases. In this Research Topic, we collected nine articles to discuss the roles of the ubiquitination/
ubiquitin-like modifications in regulating diverse signal transduction pathways, thereby providing
new insights to understand why and how dysregulation of them may drive pathological progression
or trigger disease and aimed to provide clues for the treatment of these diseases.

The ubiquitin-proteasome system (UPS) is the main machinery contributive to the control of
protein degradation in eukaryotic cells. Ubiquitination can occur under the successive actions of
E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, E3 ubiquitin-ligase enzymes,
and/or E4. WW domain-containing E3 ubiquitin protein ligase 1 (WWP1) is a member of the C2-
WW-HECT E3 ubiquitin ligase protein family. The Kuang et al. summarized the recent advances of
WWP1 E3 ubiquitin ligase in cancer progression. They discussed the factors that cause mRNA level
increase of WWP1 gene, the regulation of enzymatic activity of WWPI1 protein, and its
autoinhibitory mechanism in steady state.

E4B belongs to the U-box E3 ubiquitin ligase family and functions as either an E3 or an E4 enzyme
in protein ubiquitination. Lu et al. studied the differential degradation of TRA2A and PYCR2 by
E3 ubiquitin ligase E4B. In their study, they validated the ubiquitination of TRA2A and PYCR2 by
E4B in vitro and in mammalian cells. They found that E4B mediated the degradation by forming
K11- and K48- linked polyubiquitin chains on TRA2A and PYCR2, respectively. Intriguingly, both
E4B and its substrates TRA2A and PYCR2 are overexpressed in hepatocellular carcinoma (HCC)
cells, and E4B-mediated ubiquitination does not lead to protein degradation of TRA2A or PYCR2.
Therefore, they concluded that other factors may exist to control the degradation of TRA2A and
PYCR2 in HCC.

Primary cilia are microtubule-based, non-motile sensory organelles present in most types of
growth-arrested eukaryotic cells. They are regarded as the signal transduction hubs that receive and
transmit external signals to the cells, thus controlling cell growth and differentiation. Mutation of
ciliary structure-related genes has been reported to cause a wide array of developmental genetic
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disorders. Senatore et al. summarized recent advances of primary
cilia in controlling growth, differentiation and development. They
discussed the interplay among UPS, autophagy and signaling
pathways and concluded that they may act in synergy to control
the ciliary homeostasis.

In contrast to polyubiquitination-mediated protein
degradation, sumoylation, a ubiquitin-like post-translational
modification, usually does not regulate protein stability but
modulates signal transduction. Zhu et al. summarized the
current understanding of the ubiquitination and sumoylation
signaling in cellular metabolic regulation. They discussed how
ubiquitination and sumoylation affect cancer metabolism by
regulating the key enzymes involved in metabolic pathways to
reshape metabolism and finally facilitate cancer progression.

Besides sumoylation, another ubiquitin-like post-translational
modification is neddylation. It occurs via the activation of the
neural precursor cell expressed, developmentally downregulated
protein 8 (NEDDS) by three enzymes: an activating enzyme, a
conjugating enzyme, and finally a ligase. Zhu et al. summarized
the recent advances of the association between neddylation and
immune response. They discussed the importance of NEDD8 in
innate and adaptive immune cells and its regulatory role in the
anti-viral pathways. Finally, they reminded us that the
neddylation inhibitor MLN4924, as an anti-tumor medicine,
has negative effects in immunity and need to take careful
consideration when it is clinically used.

Apart from sumoylation and neddylation, ISGylation
represents another ubiquitin-like post-translational
modification. Zhang et al. summarized how ISGylation,
especially I1SG15, functions in innate antiviral immunity and
pathogen defense responses. Through covalent binding with
the host and viral target proteins, ISG15 inhibits the release of
viral particles, hinder viral replication, and regulates the
incubation period of viruses, thereby exerting strong antiviral
effects.

Protein post-translational modification by ubiquitin is a
reversible biochemical process. Deubiquitinating enzymes
(DUBs) are responsible for removing ubiquitin or ubiquitin-
like modifications from substrate proteins, thereby gaining
increasing attention. Li et al. summarized the multiple
functions of the deubiquitinase USP13 and its target
inhibition. They discussed the structure and function of
USP13 and its actions in various human diseases, in addition
to the development of inhibitors. They hoped to provide some
enlightenment for drug development and therapy of USP13-
caused malignant diseases. Of relevance, Rossi and Rossi
summarized the roles of USP19 in oncogenesis and cancer
progression. They reviewed the current knowledge of
USP19 as to the control of several cellular processes in
different neoplasms, which highlights a complexity of
USP19 function which possesses both positive and negative
regulation activities in tumorigenesis and cancer progression.

Editorial: Ubiquitination Regulation in Disease

They suggested that USP19 might represent a novel putative
pharmacologic target in oncology, underscoring the potential of
identifying specific modulators to test in clinical settings.

Ubiquitination, as one of the most important post-
translational events, is a dynamic process primarily responsible
for protein degradation via proteasomes. Importantly,
ubiquitination can be targeted for the treatment of human
disease. Proteolysis-targeting chimera (PROTAC) is a recently
emerged technique that has great potential to be clinically used in
the treatment of cancer. Lospinoso Severini et al. summarized the
recent advances of the PROTAC strategy as therapeutic option in
glioblastoma. They discussed the advantages and limitations of
PROTAC development and safety considerations for their
application in clinical usage.

Together, understanding the biochemical nature and
biological  functions of  protein  post-translational
modifications, especially ubiquitination and ubiquitination-
like modifications, is of great significance in unravelling the
molecular mechanisms underlying the development of human
diseases, such as cancer. In addition, this is also a prerequisite
for discovering new molecular targets and developing novel
anti-cancer drugs.
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WW Domain-Containing E3 Ubiquitin
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Oncoprotein

Linghan Kuang'?, Yunhui Jiang?®, Chenghua Li** and Yongmei Jiang'2*
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Chengdu, China, ° Pathology Department, The Second People’s Hospital of Jingmen, Jingmen, China, * Center of Growth,
Metabolism and Aging, Key Laboratory of Biological Resources and Ecological Environment of Ministry of Education, College
of Life Sciences, Sichuan University, Chengdu, China

WW domain-containing E3 ubiquitin protein ligase 1 (WWP1) is a member of C2-
WW-HECT E3 ligase family. Although it may execute carcinostatic actions in some
scenarios, WWP1 functions as an oncoprotein under most circumstances. Here, we
comprehensively review reports on regulation of WWP1 and its roles in tumorigenesis.
We summarize the WWP1-mediated ubiquitinations of diverse proteins and the signaling
pathways they involved, as well as the mechanisms how they affect cancer formation
and progression. According to our analysis of database, in combination with previous
reports, we come to a conclusion that WWP1 expression is augmented in various
cancers. Gene amplification, as well as expression regulation mediated by molecules
such as non-coding RNAs, may account for the increased mRNA level of WWP1,
Regulation of enzymatic activity is another important facet to upregulate WWP1-
mediated ubiquitinations. Based on the published data, we conclude that WWP1
employs interactions between multiple domains to autoinhibit its polyubiquitination
activity in a steady state. Association of some substrates can partially release
certain autoinhibition-related domains and make WWP1 have a moderate activity
of polyubiquitination. Some cancer-related mutations can fully disrupt the inhibitory
interactions and make WWP1 hyperactive. High expression level or hyperactivation of
WWP1 may abnormally enhance polyubiquitinations of some oncoproteins or tumor
suppressors, such as ANp63a, PTEN and p27, and ultimately promote cell proliferation,
survival, migration and invasion in tumorigenesis. Given the dysregulation and oncogenic
functions of WWP1 in some cancer types, it is promising to explore some therapeutic
inhibitors to tune down its activity.

Keywords: WW domain-containing E3 ubiquitin protein ligase 1 (WWP1), tumorigenesis and progression, protein

degradation, ubiquitination, C2-WW-HECT ES3 ligase family, transforming growth factor-beta (TGFg), epidermal
growth factor receptor (EGFR), Wnt/b-catenin

INTRODUCTION

WW domain-containing E3 ubiquitin protein ligase 1 (WWP1) is also known as AIP5 (Atropin-1-
interacting protein 5) or TIUL1 (TG-interacting ubiquitin ligase 1) (Wood et al., 1998; Seo et al,,
2004; Zhi and Chen, 2012). It belongs to the C2-WW-HECT E3 ligase family, which also contains
8 extra members, i.e., WWP2 (also known as AIP2) (Zhang et al., 2019), NEDD4 (neural precursor

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6

October 2021 | Volume 9 | Article 757493


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.757493
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.757493
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.757493&domain=pdf&date_stamp=2021-10-12
https://www.frontiersin.org/articles/10.3389/fcell.2021.757493/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Kuang et al.

WWP1 in Tumorigenesis

cell expressed developmentally downregulated protein 4, also
known as NEDD4-1) (Huang et al., 2019), NEDD4L (NEDD4-
like ubiquitin protein ligase, also known as NEDD4-2) (Goel
et al., 2015), NEDL1 (NEDD4-like ubiquitin protein ligase-1)
(Miyazaki et al., 2004), NEDL2 (Wei et al,, 2015), Itch (named
in reference to skin-scratching behavior in mice lacking this
protein, also known as Itchy or AIP4) (Perry et al., 1998; Yin
et al., 2020), SMURF1 (Smad ubiquitination regulatory factor
1), and SMURF2 (Zhi and Chen, 2012; Fu et al., 2020). Some
of these members may be functionally redundant with WWPI,
given that WWP1 knockout mice are viable and fertile with
no obvious abnormalities (Chen and Matesic, 2007; Shu et al.,
2013). WWPI is highly expressed in multiple tissues (Wood et al.,
1998; Komuro et al., 2004), where it can ubiquitinate plenty of
proteins and regulate diverse cellular processes including protein
trafficking, degradation, and cell signal transduction. Thus, this
E3 ligase should be finely regulated, because dysregulation of
it is involved in a variety of diseases, such as malignancies,
cardiovascular diseases, and immune disorders (Zhi and Chen,
2012). Vast evidence reveals that WWP1 is overexpressed in
multiple cancer types, especially some breast and prostate
cancers, while downregulated in several classes of carcinomas.
In these tumor tissues, WWPI1 either promotes or inhibits
tumorigenesis via modulating the protein levels or functions of
its substrates (Zhi and Chen, 2012).

THE WW DOMAIN-CONTAINING E3
UBIQUITIN PROTEIN LIGASE 1 GENE
AND ITS EXPRESSION

The WWPI gene is highly conserved from C. elegance to
mammals (Huang et al, 2000). It locates on chromosome
8g21 and spans up to 142 kilobase pairs, containing 26 exons
(Malbert-Colas et al., 2003). Numerous somatic mutations occur
in the WWPI gene in different human cancers (Wang et al.,
2019). According to our analysis using GEPIA database' (Tang
et al, 2017), WWPI mRNA is expressed in diverse tissues,
such as brain, esophagus, breast, lung, liver, stomach, colon,
prostate, and testis (Figure 1A). This is consistent with previous
reports (Wood et al.,, 1998; Komuro et al.,, 2004). It has been
reported that about 1 out of 2 or 3 prostate and breast
cancers bear multiple copies of the WWPI gene due to gene
amplification, resulting in an elevated expression level of this
gene (Chen et al, 2007a,b; Nguyen Huu et al., 2008). Here,
we comprehensively analyzed the expression profile of WWPI
in different cancer types using GEPIA database (Tang et al,
2017). As shown in Figure 1B, besides breast invasive carcinoma
(BRCA) and prostate adenocarcinoma (PRAD), WWP1 mRNA
level is significantly upregulated in cholangio carcinoma
(CHOL), colon adenocarcinoma (COAD), esophageal carcinoma
(ESCA), kidney chromophobe (KICH), acute myeloid leukemia
(AML), liver hepatocellular carcinoma (LIHC), pancreatic
adenocarcinoma (PAAD), rectum adenocarcinoma (READ),
stomach adenocarcinoma (STAD), and thymoma (THYM). Gene

Uhttp://gepia.cancer-pku.cn/

amplification may be the main cause of the high expression level
of WWP1 in these malignancies, where this E3 ligase probably
executes oncogenic functions. On the other hand, WWPI1
is downregulated in bladder urothelial carcinoma (BLCA),
kidney renal clear cell carcinoma (KIRC), kidney renal papillary
cell carcinoma (KIRP), ovarian serous cystadenocarcinoma
(OV), uterine corpus endometrial carcinoma (UCEC), and
uterine carcinosarcoma (UCS). The undermentioned regulation
mechanisms may account for the reduced expression of WWPI,
which is likely to function as a tumor-suppressive E3 ligase
in these cancers.

Expression of WWP1 is regulated by multiple mechanisms.
It was reported that transforming growth factor § (TGFB)
stimulates transcription of WWPI gene via an unknown
mechanism (Chen and Matesic, 2007). This suggests that TGFf
and WWP1 form a feedback loop, since WWP1 can repress TGFp
signaling via downregulating several components of this cascade
(Komuro et al., 2004; Seo et al., 2004). Tumor necrosis factor o
(TNFa) can also promote expression of WWP1 at mRNA level
(Zhao et al., 2011). Data from Ceshi Chen group suggest that p53
positively regulates expression of WWP1 (Li Y. et al., 2008). In
combination with the evidence that WWP1 impairs transactivity
of p53 (Laine and Ronai, 2007), this indicates another feedback
loop. According to data from Ceshi Chen group, DNA damage
drugs induce expression of WWP1 via enhanced p53 level (Li Y.
et al., 2008). Data from our group suggest that DNA damage
may stimulate transcription of WWP1 through a p53-dependent
manner or a miR-452-involved mode (Chen et al., 2017). Pier
Paolo Pandolfi group recently reported that MYC directly binds
to the promoter of WWP1 gene and activates its transcription
(Lee et al., 2019). Besides miR-452 (Goto et al., 2016; Chen et al.,
2017), several non-coding RNAs have been found to regulate
expression of WWP1: microRNAs, including miR-15b (Li et al.,
2020), miR-21 (Tao et al.,, 2018), miR-30a-5p (Zhao et al., 2019),
miR-129-5p and -3p (Ma et al., 2018), miR-142 (Tu et al., 2017;
Wang et al, 2021), and miR-584-5p (Li et al,, 2017), inhibit
WWP1 expression likely via destabilizing the WWP1 mRNA;
long non-coding RNA SNHGI2 and circular RNA circWAC
sponge miR-129-5p and miR-142, respectively, to derepress the
expression of WWP1 (Li et al., 2019; Wang et al., 2021). All the
known factors regulating WWP1 expression at the mRNA level
are summarized in Table 1. These data indicate that multiple
signals, transcription factors, and non-coding RNAs may affect
tumorigenesis via modulating expression of WWP1.

PROTEIN STRUCTURE AND ACTIVITY
REGULATION OF WW
DOMAIN-CONTAINING E3 UBIQUITIN
PROTEIN LIGASE 1

Due to alternative splicing post transcription, the WWPI gene
generates at least 6 isotypes of protein in homo sapiens (Flasza
et al., 2002; Zhi and Chen, 2012). The predominant isoform is
the longest one, which encompasses 922 amino acid residues.
Without special instructions, WWP1 refers to this isotype in
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FIGURE 1 | Expression of WWP1 in human body and tumor tissues. (A) WWP1 expression of normal samples in bodymap. All organs expressing WWP1 mRNA are
painted green. WWP1 expression is analyzed in website http://gepia.cancer-pku.cn/. (B) The gene expression profile across all tumor samples and paired normal
tissues according to the analysis in website http://gepia.cancer-pku.cn/. TPM, transcripts per million; ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial
Carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangio carcinoma; COAD,
Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head
and Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; AML, Acute
Myeloid Leukemia; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma;

MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD,
Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT,
Testicular Germ Cell Tumors; THCA, Thyroid carcinoma; THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma.

general. It is comprised with an N-terminal Ca?*-dependent
lipid-binding (C2) domain, four WW domains (WW1~4) in
the middle, and a homologous to the E6-AP carboxyl terminus
(HECT) domain (as depicted in Figure 2A). The structures
and functions of other isoforms need further study. The
C2 domain is responsible for protein-protein interaction and
membrane targeting (Plant et al., 1997; Wiesner et al., 2007;
Wang et al., 2010). Each WW domain contains 35~40 residues
in a triple strand B-sheet structure, which is characterized by
two tryptophan (W) residues spaced 20~22 residues apart. It
is well known that the WW domains mediate the interaction
with diverse substrates or adaptors, especially those containing
PY motifs (Sudol et al., 1995; Mosser et al., 1998; Sudol and
Hunter, 2000; Li Y. et al., 2008; Li et al., 2009). There is an
autoinhibitory link, named 2,3-linker, between the second and
the third WW domains (Wang et al., 2019). The HECT domain
at the C-terminus endows WWPI1 with E3 ligase activity. It
can be divided into two lobes: the N-lobe can bind to an E2
enzyme such as UbcH5 and UbcH?7, while the C-lobe is involved
in the ubiquitination (Ub) process (Verdecia et al., 2003). The
cystein 890 residue (C890) in the C-lobe is critical for ubiquitin
transferring, because it can form a covalent bond with ubiquitin
(Seo et al., 2004). There is a flexible hinge loop between both
lobes, which can bend to execute the sequential addition of
ubiquitin from E2 to the substrates (Verdecia et al., 2003; Lorenz
etal., 2013).

WW domain-containing E3 ubiquitin protein ligase 1 can
be post-translationally autoregulated to modulate its stability
and E3 ligase activity. Ceshi Chen group reported that
WWP1 protein undergoes autoubiquitination and proteasomal
degradation (Chen and Matesic, 2007). Céline Prunier group

found that an intra-molecular interaction between the C2
and/or WW and HECT domains of WWP1 makes WWP1
self-catalyze its monoubiquitination (mUb) at steady states,
leading to stabilization of WWP1 and silence of its activity
to polyubiquitinate (pUb) its substrates such as TGFp type I
receptor (TPR1). The intra-interaction is disrupted upon binding
to the complex composed of TBR1 and Smad7, the latter of which
is a bridging adaptor between TBR1 and WWPI. This switches
the mUDb activity of WWP1 toward a pUb activity, thereby driving
the degradation of WWP1 itself as well as of TBR1. Removal of
the WW domains can also convert auto-mUb of WWP1I to auto-
pUb with both K48- and K63- linked polyubiquitin chains, which
thereby facilitate proteasomal and lysosomal degradation of this
E3 ligase (Courivaud et al., 2015). The replacement of a glutamate
by a valine at position 798 (E798V) leads to constitutive pUb
and degradation of WWP1 via disrupting this intra-interaction
(Courivaud et al., 2015). This hyperactive mutant can cause
prostate cancer in human (Chen et al., 2007a; Courivaud et al.,
2015).

A multi-lock inhibitory mechanism for fine-tuning activity
of WWP1 was recently proposed by Wenyu Wen group. Their
data demonstrate that C2 domain cannot form a stable complex
with HECT, and deletion of C2 domain alone or together
with WW1 has little impact on the ligase activity. On the
other hand, removing WW2/3/4 leads to a partial activation
of WWPI1, while deletion of the 2,3-linker strikingly increases
WWP1 activity, indicating different importance of the WW
and 2,3-linker domains in autoinhibition. Further, their data
suggest that WWP1 employs the 2,3-linker, WW2~4, and HECT
domains to form a multilevel inhibitory machinery for tuning
its enzymatic activity: WW2 and 2,3-linker interact with HECT;
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TABLE 1 | Factors regulating WWP1 mRNA levels.

Factor Molecule Effect on Mechanism References
type WWP1 mRNA
level
TGFB Extracellular 4 unknown Chen and Matesic,
signaling 2007
molecule
TNFa Extracellular 1 unknown Zhao et al., 2011
signaling
molecule
p53 Transcription 4 transactivation LiY. et al., 2008
factor
MYC Transcription 1 transactivation Lee et al., 2019
factor
miR-452 microRNA 1 Destabilizing Goto et al., 2016
WWP1 mRNA
miR-15b microRNA 1 Destabilizing Lietal., 2020
WWP1 mRNA
miR-21 microRNA 1 Destabilizing Tao et al., 2018
WWP1 mRNA
miR-30a-  microRNA 1 Destabilizing Zhao et al., 2019
5p WWPT mRNA
miR-129-  microRNA 1 Destabilizing Maet al., 2018
5p/3p WWPT mRNA
miR-142 microRNA A Destabilizing Tuetal, 2017;
WWPT mRNA  Wang et al., 2021
miR-584-  microRNA 1 Destabilizing Lietal, 2017
5p WWP1 mRNA
SNHG12  Long 1 Sponging Lietal, 2019
non-coding miR-129-5p
RNA and stabilizing
WWPT mRNA
circWAC  Circular RNA 1 Sponging Wang et al., 2021
miR-142 and
stabilizing
WWP1 mRNA

Tyr543 (Y543) in the HECT domain occupies the canonical
PY motif-binding site of WW4; WW2 and WW3 stabilize both
termini of 2,3-linker (Wang et al., 2019). Thus, WWP1 is locked
in an inactive state by preventing ubiquitin transfer from an
E2 ligase. When WW2 and WW4 are engaged by substrates
or adaptors, especially those containing PY motifs, they can
dissociate from HECT. This leads to a partial activation of
WWP1 polyubiquitination activity. In some cases, the 2,3-linker
is released from HECT for phosphorylation; dissociation of the
WW domains and tyrosine/threonine phosphorylation on the
2,3-linker may cooperate to induce a fully active state of WWP1
(Riling et al., 2015; Grimsey et al., 2018; Jiang et al., 2019;
Wang et al., 2019). Phosphorylation of Y543 in HECT may also
elevate the ligase activity of WWPI1. Due to the key roles of the
abovementioned domains in autoinhibition, a significant number
of cancer-related mutations of WWP1 are located in these
domains, which may impair the autoinhibition and generate
hyperactive variants of WWP1 (Wang et al., 2019).

Data from Yu-Ru Lee et al. indicate that the interaction
between the 2,3-linker region and the HECT domain can be
mediated by either homodimerization or intra-interaction, both

A
HECT
—l—

C2 WW1 WW2 23-inker WW3 WW4 N-obe  C-lobe

HEH—— - -

B (1) Wild-type WWP1

Intra-molecular inhibition N a
Inter-molecular inhibiion ]

2) Hyperactive mutant

= mUb
pUb

FIGURE 2 | Protein structure and activity regulation of WWP1. (A) Depiction
of WWP1 protein structure. Each domain is depicted in a certain color (the
same below). (B) Activity regulation of WWP1. (1) Wild-type WWP1 is
autoinhibited via intra- or inter-molecular interactions in a steady state: the
HECT domain is sequestered by the 2,3-linker and WW2~4 domains. In this
state, WWP1 has the monoubiquitination (mUb) activity to modify itself and
some substrates. Binding of a substrate can partially disrupt the inhibitory
interactions and release WW domains from N-lobe. This endows WWP1 with
moderate polyubiquitination (pUb) activities: the N- and C-lobes collaborate to
transfer ubiquitin chains (Ub) from E2 ligases sequentially. (2) Some
cancer-related mutations severely break the autoinhibitory interactions and
generate hyperactive WWP1 proteins, which induce elevated
polyubiquitination of some substrates.

of which lead to an autoinhibition of WWP1 E3 ligase activity.
Two germline point mutations in the N-lobe, K740N and N745S,
may hyperactivate the polyubiquitination activity of WWP1
(Lee et al., 2020).

Generally speaking, the manner of interaction between an E3
ligase and a substrate is a major determinant of the ubiquitination
type. EGFR pathway substrate clone 15 (EPS15) does not have
a PY motif. It employs its ubiquitin binding motif 2 (UIM2) to
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recruit WWP1, which monoubiquitinates EPS15 (Woelk et al.,
2006). UIMs usually bind ubiquitin with low affinities and fast
dissociation kinetics, which make the substrate dissociate from
the E3 ligase before a second round of ubiquitin addition occurs
(Hicke et al., 2005; Hoeller et al., 2006; Ramanathan and Ye,
2012). Another monoubiquitination substrate of WWP1, p53, has
no PY motif either (Laine and Ronai, 2007). Although RNF11 has
a PY motif, it binds to the WW1 or WW3 domains of WWP1,
instead of WW4 (Chen et al., 2008). All these associations may
fail to disrupt the intra- or inter-molecular interaction between
the WW4 domain and Y543 of the N-lobe. This may account for
WWP1-mediated monoubiquitination of these proteins as well as
of WWPI itself. In the future, the exact binding sites of WWP1
with different substrates is worthwhile to map. On the other hand,
how WWPI1 mediates different types of polyubiquitination, i.e.,
K27-, K48-, or K63-linked ubiquitination, is poorly investigated.
Based on the reports mentioned above, we summarize the
regulation of WWP1 activity as follows and depict it in Figure 2B.
In a steady state, polyubiquitination (pUb) activity of WWP1
is autoinhibited through intra- or inter-molecular interactions:
its WW2~4 domains, especially WW4, sequester the N-lobe of
the HECT domain, while the 2,3-linker also binds to the N-lobe.
Association of a substrate protein or an adaptor with the WW
domains disrupts the autoinhibitory interactions and releases the
WW domains from HECT, inducing a partial activity of WWP1
to sequentially deliver ubiquitin chains (Ub) to the substrate.
Some factors, e.g., some mutations in the autoinhibition-related
domains, can severely break these interactions and release
both the WW domains and the 2,3-linker, inducing a fully
active WWP1, which aberrantly increases polyubiquitination of
some substrates. On the other hand, some substrates recruit
WWP1 with loose association manners, which may maintain
the abovementioned interactions between domains of WWPI.
These substrate proteins, as well as WWP1 itself, are consequently
monoubiquitinated by WWPI, even in an autoinhibited state.

WW DOMAIN-CONTAINING E3
UBIQUITIN PROTEIN LIGASE
1-MEDIATED PROTEIN
UBIQUITINATIONS AND THEIR ROLES IN
TUMORIGENESIS

WW  domain-containing E3 ubiquitin protein ligase 1 can
directly add monoubiquitin or different polyubiquitin chains
to a variety of substrate proteins and consequently modulate
their stability, trafficking, or functions (Seo et al., 2004; Chen
et al., 2005, 2008; Flasza et al., 2006; Zhi and Chen, 2012).
These WWPI1-mediated modifications affect tumorigenesis
through kaleidoscopic pathways. In Table 2, we list the
main substrates of WWP1 that we already know, and the
signaling axes they involved, as well as the effects of these
modifications on tumorigenesis. Though the ubiquitination
(Ub) types of some substrates are yet to be identified,
most degradation-related modifications are probably K48-linked
polyubiquitination (K48 pUb), since K48-linked polyubiquitin

chains are the canonical labels recognized by 26S proteasome for
degradation (Grice and Nathan, 2016).

Like its homologues, Smad ubiquitination regulatory factors
(SMURFs), WWP1 mediates polyubiquitination of several Smad
proteins. Seo et al. (2004) found that WWP1 specifically
interacts with Smad2, 3, 4, 6, and 7, which are key components
of TGF signaling pathway (Colak and Ten Dijke, 2017).
WWP1 associates with Smad7 to induce ubiquitination and
subsequent proteasomal degradation of the TGFp type 1 receptor
(TBR1). On the other hand, WWP1 can mediate ubiquitin-
dependent degradation of Smad2 in the presence of TG-
interacting factor (TGIF), which is a TALE homeodomain protein
and a transcriptional repressor (Seo et al, 2004). Furtherly,
Run Shen et al. reported that Smadé6 is involved in runt-
related transcription factor 2 (Runx2) degradation mediated by
WWPL1 as well as by its homologues, SMURF1 and SMUREF2
(Shen et al, 2006; Li X. et al., 2008). In parallel, Schnurr-3
(Shn3) can also recruit WWPI to mediate Runx2 degradation
(Jones et al, 2006). Moren et al. (2005) found that WW
and HECT domain-containing ligases, including SMURFI,
SMURF2, WWP1, and NEDD4-2, ubiquitinate and degrade
Smad4 in the presence of Smad6 or Smad?7. In these scenarios,
Smad6, Smad7, Shn3, and TGIF function as adaptors for
ubiquitination of other proteins (TPR1, Smad2, Smad4, and
Runx2) mediated by WWP1 and its homologous E3 ligases.
Via ubiquitinating the abovementioned proteins, WWP1 inhibits
TGFp-induced transcriptional responses and growth arrest in
either normal kidney cells, including 293 and MDCK cells
(Seo et al.,, 2004), or PC-3 prostate cancer cells (Chen et al,
2007a). In addition, WWP1 may be involved in downstream
effects of TGFP pathway. Kunhong Kim group reported that
WWP1-mediated polyubiquitination and degradation of Casein
kinase regulatory subunit, CK2p, is required for TGFf-induced
epithelial-mesenchymal transition (EMT) and metastasis of
non-small cell lung cancer (NSCLC) cells via enhancing CK2
activity (Kim et al., 2018). Together, these data demonstrate
that WWP1 can affect TGFf pathway in multi-dimensions to
promote neoplasia and progression of several cancer types, such
as PCa and NSCLC.

WW domain-containing E3 ubiquitin protein ligase 1 can
also regulate epidermal growth factor (EGF) signaling and
its downstream pathways such as PI3K-AKT and Ras-ERK,
which can promote cell proliferation and chemoresistance
(Sharma et al., 2007). Overexpression or hyperactivation of
epithelial growth factor receptor (EGFR) can drive formation
and progression of multiple tumors, including lung cancer and
breast cancer (Sharma et al., 2007). Previous studies suggest that
WWPI1 regulates EGFRs in different ways. According to data
from Ceshi Chen and his colleagues, WWP1 monoubiquitinates
RING finger protein 11 (RNF11), which is an E3 ligase mediating
polyubiquitination and subsequent proteasomal degradation of
EGFR. This RNF11-mediated regulation as well applies in HER2
(human epidermal growth factor receptor 2, also known as
ErbB2). They further identified WW1/3 of WWP1 and the PY
motif of RNF11 as the binding sites during the modification. This
WWP1-mediated monoubiquitination (mUb) impairs RNF11-
induced degradation of EGFR and HER2 (Chen et al., 2008).
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TABLE 2 | WWP1-mediated protein ubiquitinations and their effects on tumorigenesis.

Substrate  Ub Effects on substrate Effects of the ubiquitination on tumorigenesis References
type
TBR1 pUb Degradation Komuro et al., 2004;
Smad? pUb Degradation ImpairedTGF# signaling and growth arrest of cancer cells, especially Seo et al., 2004;
Smad4 pUb Degradation PCa cells Moren et al., 2005
CK2B pUb Degradation Enhanced TGFg-induced EMT and metastasis of NSCLC cells Kim et al., 2018
RNF11 mUb Activity repression Increased survival of PCa and BrCa cells via upregulation of HER2 and Chen et al., 2007a
EGFR
Decrease in association and
EPS15 mUb co-localization with Unknown Savio et al., 2016; Pascolutti
EGFR-containing endocytic et al., 2019
vesicles
EGFR K63 Enhanced recycling and protein Increased stemness of NSCLC via activation of PIBK-AKT and Ras-ERK Sharma et al., 2007; Yu et al.,
pUb stability axes 2020
HER4 pUb Degradation Enhanced mammary epithelial cell proliferation and survival Feng et al., 2009; Li et al., 2009
PTEN K27 Inhibition of dimerization and Increased morbidity ofoligopolyposis, CRC, and PCa via derepression Lee et al., 2019, 2020
pUb membrane localization of PIBK-AKT-mTOR axis and
DVL2 K27 Stabilization and translocation Enhanced invasion/metastasis of BrCa cells via upregulation of Nielsen et al., 2019; Zhao et al.,
pUb to actin-rich projections WNT-PCP pathway 2021
mub Stabilizati dt locati Lai d Ronai, 2007; Levi
p53 and abllization and transiocation Inhibition of p53 tumor-suppressive activities aine and Honal, s Levine
to cytoplasm and Oren, 2009
pUb
Li'Y. et al., 2008;
TApP63a pUb Degradation Survival and migration of cancer cells Lietal, 2013;
ANp63a KSE Degradation Inhibition of cell survivalbut upregulation of cell migration Chen et al., 2018
p
ANp73 pUb Degradation Enhanced apoptosis in HelL.a human cervix adenocarcinoma cells Chaudhary and Maddika, 2014
KLF2 pUb Degradation Unknown Zhang et al., 2004;
K48 . o . - Chen et al., 2005; Dong and
KLF5 Degradation Inhibition of cell survival and metastasis in BrCa and PCa Chen. 2009
pUb en,
p27 K48 Degradation Cell proliferation and AML growth Cao et al., 2011; Sanarico
pUb etal., 2018
LATSH pUb Degradation BrCa cell proliferation Yeung et al., 2013
JunB pUb Degradation o . Shen et al., 2006; Zhao et al.,
. Inhibition ofbone metastasis of BrCa and PCa tumors and cells 2011; Jones et al., 2006; Shu
Runx2 pUb Degradation

etal., 2013

Ub, ubiquitination; pUb, polyubiquitination, mUb, monoubiquitination; EMT, epithelial-mesenchymal transition; PCa, prostate cancer; BrCa, Breast cancer; NSCLC, non-
small cell lung cancer; CRC, colorectal carcinoma; AML, acute myeloid leukemia. The tumor-suppressive effects of WWP1-mediated ubiquitination are in an italic font

in the 4th column.

On the other hand, several groups reported that WWPI1
monoubiquitinates endocytosis protein EPS15, which is involved
in EGFR endocytosis and trafficking. This may subsequently
modulate EPS15-mediated endocytosis and degradation of EGFR
(Savio et al., 2016; Pascolutti et al., 2019). According to data
from Zhuowei Hu group, WWPI can directly ubiquitinate and
upregulate EGFR: WWP1 directly binds to EGFR and induces
Ké63-linked polyubiquitination in the EGFR juxtamembrane
region, which enhances EGFR recycling and stability. This
consequently upregulates EGFR and activates its downstream
signaling pathways as well as stemness of non-small cell lung

cancer (NSCLC) (Yu et al., 2020). Ceshi Chen group and Shelton
Earp group found that WWP1 can directly ubiquitinate human
epidermal growth factor receptor 4 (HER4, also known as ErbB4)
and cause its degradation (Feng et al., 2009; Li et al., 2009). It has
been reported that HER4 can activate the expression of the tumor
suppressor BRCA1 (Muraoka-Cook et al., 2006), as well as the
differentiation gene p-casein (Muraoka-Cook et al., 2008). There
are also studies demonstrating that HER4 decreases mammary
epithelial cell proliferation and survival (Muraoka-Cook et al.,
2006; Naresh et al., 2006; Pitfield et al., 2006; Feng et al., 2007;
Vidal et al., 2007). Therefore, the role as a negative regulator of
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TABLE 3 | Validated hyperactive WWP1 mutants.

Mutation Location Cancer type Effects on tumorigenesis References

in WWP1
R427W 2,3-linker
S444L 2,3-linker Elevated pUb and degradation of
H517Y WW4 Breast cancer ANp63a, inducing cell migration and Wang et al., 2019
PB51A N-lobe invasion
E697K N-lobe
K740N N-lobe i ivati

Colon cancer Aberraqt pUb and |nact|vatl|olrl1 of PTEN, Lee et al., 2020
N745S N-lobe enhancing cancer susceptibility
. . Chen et al., 20073;

E798V N-lobe Prostate cancer Excessive TBR1 pUb and degradation,

Courivaud et al.,

attenuating TGFp cytostatic signaling 0015

HER4 may, to some extent, account for the positive regulation
of WWP1 on proliferation and survival of mammary epithelial
cells, as well as tumorigenesis of breast cancer (Chen et al., 2007b,
2009; Nguyen Huu et al., 2008). In brief, WWP1 regulates EGFR
family proteins either directly or indirectly, leading to enhanced
proliferation, survival, or stemness of PCa, BrCa, or NSCLC cells.

Phosphatase and tensin homolog (PTEN) is a classical tumor
suppressor that antagonizes PI3K-AKT signaling (Rademacher
and Eickholt, 2019). In its dimer configuration at the plasma
membrane, PTEN is active to dephosphorylate the D3-phosphate
of the second messenger phosphatidylinositol 3,4,5-trisphosphate
(PIP3). This leads to a repression of the proto-oncogenic PI3K-
AKT signaling pathway, and thus controls cell proliferation,
growth, and metabolism (Lee et al, 2019). Data from Pier
Paolo Pandolfi group demonstrate that WWP1 mediates K27
ubiquitination of PTEN and inhibits PTEN dimerization and
membrane localization. This cytosol monomeric PTEN fails
to dampen the growth-promoting signaling cascade consisting
of PI3K, AKT, and mechanistic target of rapamycin (mTOR)
(Lee et al, 2019). These effects increase the morbidity of
oligopolyposis as well as colon and prostate cancers (Lee et al,,
2019, 2020). All in all, WWP1-mediated K27 pUb of PTEN may
promote tumorigenesis of colon and prostate cancers.

WNT signaling pathways, including the canonical WNT
pathway and the WNT-planar cell polarity (WNT-PCP) relay,
modulate actin cytoskeleton organization to promote cellular
motility (VanderVorst et al., 2019). MacGurn group reported that
WWP1 mediates ubiquitination of the WNT signal transducer,
disheveled protein 2 (DVL2); this promotes redistribution
of DVL2 to actin-rich projections (Nielsen et al, 2019).
Another work collaborated by Yingxian Li and Shukuan
Ling groups demonstrated that WWPI1 mediates K27-linked
polyubiquitination (K27 pUb) of DVL2 and subsequently
stabilizes it (Zhao et al., 2021). WWP1-mediated ubiquitination
of DVL2 initiates the WNT-PCP pathway, resulting in cell
motility and breast cancer invasion/metastasis (Nielsen et al.,
2019). These data reveal that WWP1-mediated K27 pUb of DVL2
promotes invasion and metastasis of breast cancer via activating
WNT-PCP pathway.

p53 family transcription factors, including p53, p63, and p73
proteins, play crucial roles in kinds of cancers. Aaron Laine

et al. reported that WWP1 directly binds to p53, though p53
does not have a PY motif. This physical interaction leads to
modification of p53 with a monoubiquitin or an unidentified
polyubiquitin chain, which intriguingly stabilizes p53 instead
of targeting it for degradation. WWP1-mediated modifications
also result in nuclear export of p53 and a concomitant decrease
in its transcriptional activities (Laine and Ronai, 2007). This
is likely to account for WWPI’s oncogenic functions in some
cancer types, given that p53 is a key tumor suppressor in most
malignancies (Levine and Oren, 2009). Chaudhary and Maddika
(2014) reported that WWP1 enhances apoptosis via degrading
ANp73 in HeLa human cervix adenocarcinoma cells. According
to data from our group and Ceshi Chen group, o isoforms
of p63 (i.e., TAp63a and ANp63a) are polyubiquitinated by
WWPI1 and consequently targeted for degradation, which can
be antagonized by isomerase Pinl (Li Y. et al., 2008; Li
et al., 2013). We speculate that WWP1/Pinl-involved protein
stability may modulate p63a-mediated metastasis inhibition,
especially in head and neck squamous cell carcinoma (HNSC),
where ANp63a is the predominant p63 isoform, promoting
cell proliferation and growth during the early stage and
inhibiting metastasis during the late stage (Chen et al., 2018).
Recently, Wang et al. (2019) demonstrated that constitutively
active. WWP1 promotes cell migration by enhancement of
ANp63a proteolysis. On the other hand, TAp63a, which is
also subject to WWPI-mediated degradation, is well known
as a tumor suppressor to arrest cell cycle and inhibit cell
migration (Su et al., 2010; Chen et al., 2018). These data indicate
that WWPI-mediated ubiquitination of p53 family proteins
may possess either oncogenic or carcinostatic functions in
different scenarios.

WW domain-containing E3 ubiquitin protein ligase 1 can
also polyubiquitinate and destabilize Kriippel-like factors 2 and
5 (KLF2 and KLF5) (Zhang et al., 2004; Chen et al., 2005).
KLF5 is a key oncoprotein in breast and prostate cancers, where
it promotes cell proliferation, survival, and angiogenesis (Dong
and Chen, 2009). Downregulation of KLF5 desensitizes prostate
cancer cells to chemotherapy (Jia et al., 2019). Deubiquitination
of KLF5 boosts breast cancer cell proliferation and metastasis
(Qin et al.,, 2015; Wu et al., 2019). Though it is well known that
WWP1 acts as an oncoprotein in breast and prostate cancers,
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WWP1-mediated ubiquitination and subsequent degradation of
KLF5 indicate that WWP1 functions as a tumor suppressor
via dampening KLF5’s positive regulation on cell survival and
metastasis of these tumors under some circumstances (Chen
et al., 2005). YAP and TAZ, both of which are components
Hippo pathway, can inhibit WWP1-mediated ubiquitination
of KLF5 via competitively binding to the PY motif of KLF5.
As a result, KLF5 is stabilized by YAP or TAZ, leading to
enhanced proliferation and survival of breast cells or breast
cancer cells (Zhao et al., 2012; Zhi et al., 2012). These data
indicate that WWPI1-mediated KLF5 degradation, which can be
antagonized by YAP or TAZ, may inhibit tumorigenesis of breast
and prostate cancers.

In addition, WWP1 is involved in tumorigenesis via
ubiquitinating other proteins and targeting them for proteasomal
degradation. The cyclin/CDK protein kinase inhibitor, p27, can
be ubiquitinated by WWP1 (Cao et al., 2011), resulting in cell
proliferation and growth of acute myeloid leukemia (AML)
(Sanarico et al., 2018). The large tumor suppressor 1 (LATS1) is
a key serine/threonine kinase in the Hippo signaling pathway.
Xiaolong Yang group found that WWP1 promotes LATSI
degradation through polyubiquitination and the 26S proteasome
pathway. This WWP1-mediated degradation of LATS1 increases
cell proliferation in breast cancer cells (Yeung et al., 2013). Data
from Lianping Xing group indicate that WWP1 may inhibit bone
metastasis of prostate and breast cancer cells via destabilizing
chemokine receptor CXCR4 as well as transcription factors
Runx2 and JunB (Shu et al.,, 2013). Both transcription factors
can be polyubiquitinated by WWP1 (Jones et al., 2006; Shen
et al,, 2006; Li X. et al., 2008; Zhao et al., 2011), while it is
to be validated whether CXCR4 is a direct substrate of WWP1
(Subik et al., 2012).

MUTATIONS AND DYSREGULATION OF
WW DOMAIN-CONTAINING E3
UBIQUITIN PROTEIN LIGASE 1 IN
TUMORIGENESIS

As mentioned above, WWP1 is widely accepted as an
oncoprotein and is upregulated in multiple cancer types due
to gene amplification (Chen et al, 2007a,b; Nguyen Huu
et al., 2008). Besides that, WWP1 can be upregulated at the
transcriptional and post-transcriptional levels in cancers. Data
from Lee et al. (2019) found that amplified and overexpressed
MYC may augment transcription of WWP1 in human prostate
cancers (PCa). Wang et al. (2021) reported that circular RNA
circWAC acts as a miR-142 sponge to relieve the repressive effect
of miR-142 on WWP1, resulting in an upregulation of WWP1
in triple-negative breast cancer (TNBC). Increased expression
of WWP1 can lead to polyubiquitination and inactivation of
PTEN. This can result in derepression of the PI3K-AKT pathway,
which may account for neoplasia of PCa and chemotherapeutic
resistance of TNBC (Lee et al., 2019; Wang et al, 2021).
According to data from Francesca Bernassola group and their
colleagues (Sanarico et al., 2018), in combination with our

database analysis (Figure 1B), WWP1 expression is significantly
elevated in acute myeloid leukemia (AML) patients and cell lines.
Knockdown of WWP1 inhibits AML cell growth and delays
leukemogenesis via the accumulation of p27, which is known to
be polyubiquitinated and destabilized by WWP1 (Cao et al., 2011;
Sanarico et al., 2018). This indicates that high level of WWP1
sustains the growth of AML, to some extent, via inducing p27
degradation. Dysregulation of WWP1 expression and its roles in
other cancers needs to be further elucidated.

Numerous mutations have been reported in human cancers,
which can cause dysregulation of WWPI activity. Chen et al.
(2007a) identified two sequence alterations, Glu798Val (E798V)
and Thr241Ser (T241S), in prostate cancer xenografts. It remains
unclear whether the change of T241S has any functional
consequence. Glu798 resides on the N-lobe and is critical
to the enzymatic activity of WWP1 (Verdecia et al, 2003).
Data from Celine Prunier group demonstrate that E798V
mutation dramatically boosts polyubiquitination activity of
WWPL. This culminates in excessive TPR1 degradation and
attenuated TGFf cytostatic signaling, which may account for
tumorigenesis of prostate cancers bearing this alteration (Chen
et al,, 2007a; Courivaud et al,, 2015). Recently, Wenyu Wen
group surveyed the COSMIC database and found 159 somatic
WWP1 mutations in cancers. 85 of them fall into autoinhibition-
related domains, i.e., WW2/3/4, 2,3-linker, and HECT. The
authors assumed that these mutations promote oncogenesis
via enhancing polyubiquitination activity of WWPL1. To prove
this hypothesis, they validated several mutations, including
R427W, S444L, H517Y, P651A, and E697K, in their study. As
expected, they found that all of them significantly increase
WWP1 activity. Further, they found that WWPI1 mutants
facilitate cell migration via promoting ANp63a turnover (Wang
et al, 2019). According to data from Yu-Ru Lee et al,
germline mutations K740N and N745S, which are in the
N-lobe of WWPI1, can disrupt the 2,3-linker/HECT binding
and consequently lead to hyperactivation of WWPI. The
hyperactive WWP1 mutant proteins elevate polyubiquitination
of PTEN, and result in PTEN inactivation, which in turn
triggers hyperactivation of PI3K-AKT-mTOR signaling axis. As
a consequence, WWP1 gain-of-function results in a genetic
predisposition to oligopolyposis and early onset colon cancers
in human individuals, as well as larger xenograft tumors
of colorectal carcinoma (CRC) in mice (Lee et al, 2020).
However, Philip Cole group recently performed an in vitro
experiment and found that K740N and N745S mutations do
not affect E3 ligase activity, and both mutants show similar
dependencies to those of wild-type WWP1 in terms of allosteric
activation (Jiang et al., 2021). This discrepancy may be due
to the difference between modifications in mammalian cells
and in vitro catalytic reactions with purified WWPI from
E. Coli. These main cancer-related WWP1 mutations are listed
in Table 3 in this review.

On the other hand, WWP1 is downregulated in several cancer
types (Figure 1B) and may play as a tumor suppressor. It is poorly
known how WWPI is downregulated and what exact effects it
has on tumorigenesis in these cancer cells. A recent investigation
demonstrates that both mRNA and protein levels of WWP1
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significantly decline in human glioma tissues and cell lines,
compared with normal brain tissues and astrocytes, respectively.
Upregulation of miR-30a-5p may lead to this downregulation
of WWPI at mRNA level, and consequently promotes glioma
cell proliferation, migration, and invasion via an unknown
mechanism (Zhao et al., 2019).

CONCLUSION REMARKS

To sum up, WWP1 is a cardinal E3 ligase, which mediates
ubiquitination of a wide range of proteins. For the most part,
WWPI1-mediated modifications are K48 polyubiquitination,
which promotes proteasomal degradation of substrate proteins.
WWP1 also adds monoubiquitin or other types of polyubiquitin
chains, which may affect trafficking, localization, lysosomal
degradation, and enzymatic activity of the modified proteins.
Though functioning as a tumor suppressor under some
circumstances, WWP1 is generally accepted as an oncoprotein.
Via a plethora of substrates, WWP1 regulates kaleidoscopic
signaling pathways such as TGFp, EGE, WNT, PI3K-AKT, and
Hippo pathways, consequently promoting or inhibiting neoplasia
and progression of diverse cancers (Table 2). The controversy
about WWPTL’s effects on tumorigenesis may be due to opposite
functions of different substrates, even related proteins (e.g.,
TAp63 and ANp63) or the same substrate (e.g., ANp63), as well
as different ubiquitination types, in different scenarios.

Owing to gene amplification and regulation by transcription
factors such as MYC and p53 as well as a batch of non-
coding RNAs (Table 1), WWP1 is prone to overexpress in kinds
of malignancies (Figure 1B), especially in breast and prostate
cancers (Chen et al., 2007a,b; Nguyen Huu et al., 2008; Li et al,,
2009, 2017, 2019, 2020; Tu et al, 2017; Ma et al.,, 2018; Tao
et al., 2018; Lee et al., 2019; Zhao et al, 2019; Wang et al,,
2021). No less than 6 WWPI isoforms have been found in
human cells (Flasza et al., 2002; Zhi and Chen, 2012). Different
WWP1 isoforms may as well account for discrepant roles of this
gene in different tissues or cancer types. Besides the elevated
expression levels, enzymatic activation of this E3 ligase is also
crucial to formation, growth, metastasis, or chemoresistance
of some tumors (Chen et al., 2007a; Wang et al., 2019; Lee
et al., 2020). Normally, polyubiquitination activity of WWP1
is tightly controlled via a multi-lock mechanism (Figure 2B).
In a steady state, the interactions between autoinhibitory
domains make WWP1 merely have the monoubiquitination
activity. Binding of some substrates can sequentially disrupt
these inhibitory interactions and partially activate WWP1. Some
cancer-related mutations can result in abnormally hyperactive
WWP1 proteins, which aberrantly increase polyubiquitinations
of some oncoproteins or tumor suppressors and consequently
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The interferon-stimulating gene 15 (ISG15) protein is a ubiquitin-like protein induced by
interferons or pathogens. ISG15 can exist in free form or covalently bind to the target
protein through an enzymatic cascade reaction, which is called ISGylation. ISGylation has
been found to play an important role in the innate immune responses induced by type |
interferon, and is, thus, critical for the defense of host cells against RNA, DNA, and
retroviruses. Through covalent binding with the host and viral target proteins, ISG15
inhibits the release of viral particles, hinder viral replication, and regulates the incubation
period of viruses, thereby exerting strong antiviral effects. The SARS-CoV-2 papain-like
protease, a virus-encoded deubiquitinating enzyme, has demonstrated activity on both
ubiquitin and ISG15 chain conjugations, thus playing a suppressive role against the host
antiviral innate immune response. Here we review the recent research progress in
understanding ISG15-type ubiquitin-like modifications, with an emphasis on the
underlying molecular mechanisms. We provide comprehensive references for further
studies on the role of ISG15 in antiviral immunity, which may enable development of
new antiviral drugs.

Keywords: ISG15, isgylation, immune response, innate antiviral immunity, SARS PLpro

INTRODUCTION

Interferon-stimulated gene 15 (ISG15) is a member of the family of interferon-stimulating genes (ISGs)
(Takeuchi et al., 2019), which are fast and strong type I interferon (IFN)-stimulated reaction proteins
that inhibit viral replication, whose function against virus invasion has been fully investigated (Loeb
and Haas, 1992; Hermann and Bogunovic, 2017; Sooryanarain et al., 2017). Viral infection induces IFN
synthesis, and the secreted IFN acts on nearby uninfected cells to resist the infection. After the virus
enters the body, IFN binds to IFN receptors, which activate the Janus protein tyrosine kinase-signal
transducer and activator of transcription pathway to form the interferon-stimulating factor 3 complex,
which induces the expression of hundreds of ISGs, including ISG15, which can fight against the
replication and invasion of the virus (Yuan and Krug, 2001).

Recently, the function of ISG15 as a ubiquitin-like protein has attracted much attention. ISG15 is
the first identified ubiquitin-like protein, which contains two ubiquitin-like domains, and its amino
acid sequence shows 50% homology with ubiquitin (Dos Santos and Mansur, 2017). Under
physiological conditions, the ISG15 precursor protein can be cleaved into a mature 15-kDa
form, exposing the carboxyl-terminated LRLRGG motif, which recognizes and binds to substrate
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lysine residues, resulting in its ISGylation (Figure 1) (Potter et al.,
1999; Langevin et al., 2013; Zuo et al., 2016). Similar to ubiquitin
modification, ISG modification of the substrate is also catalyzed
by ubiquitin-activating enzyme E1, ubiquitin-binding enzyme E2,
and ubiquitin ligase E3 (Mustachio et al., 2018). The removal of
substrate ISGylation is catalyzed by deubiquitinases (DUB), and
ubiquitin-specific peptidase 18 (USP18; also called UBP43) is a
human-specific enzyme that removes ISG15 from conjugated
proteins (Malakhov et al., 2002; Basters et al., 2017; Basters et al.,
2018; Mustachio et al., 2018). Using ISG15 as bait, we obtained
more than 300 candidate ISG15 substrates using
immunoprecipitation-mass spectrometry. At present, more
than 100 proteins have been established as substrates of
ISG15, including p53, nuclear factor kappa B (NF-kB), KRAS,
cyclin D, PTEN protein, STAT1, and retinoic acid-induced gene I
(RIG-I) (Feng et al., 2008; Kim et al., 2008; Huang et al., 2014;
Ganesan et al., 2016; Park et al., 2016; Mustachio et al., 2018). In
this review, we discuss how ISG15 regulates viral replication,
inflammation, cell proliferation and differentiation, and tumor
genesis and development by modifying these proteins.
Currently, there are still many controversies regarding
whether ISG15 exerts a tumor-suppressing effect or a cancer-
promoting effect. Both unconjugated and conjugated ISG15 have
demonstrated  tumor-suppressing and  cancer-promoting
functions. Research results show that the tumor-suppressing
function of unconjugated ISG15 is mainly related to its
immune regulatory function (Desai, 2015). Yeung TL using
laser microdissection and sequencing analysis that free ISG15
was highly expressed in serous ovarian cancer with high

infiltration of CD8" T cells (Yeung et al, 2018). In vitro
experiments indicated that free ISG15 can increase the ISG
modification of extracellular signal-regulated protein kinase
one and the viability of natural killer (NK) cells and CD8"
T cells and enhance immune surveillance (Burks et al., 2015).
Moreover, studies have shown that unconjugated ISG15 exerts a
cancer-promoting  function by enhancing the stem
transformation and proliferation of tumor cells (Sainz et al.,
2014; Chen et al.,, 2016). The same effect occurs in conjugated
ISG15, which exerts a cancer-promoting effect by interacting with
carcinogens (Burks et al., 2014), and a tumor-suppressing effect
by regulating the function of p53 (Park et al., 2016; Jeon et al,,
2017). Therefore, ISG15 can perform distinct functions
depending on the cell type and physiological state, substrate,
and subcellular location.

ISG15 AND INNATE IMMUNITY

Studies have shown that fibroblasts, monocytes, lymphocytes,
neutrophils, plasma cells, and NK cells secrete small amounts of
ISG15 under physiological conditions (Bogunovic et al., 2012). In
addition, the expression of ISG15 can be affected by many factors.
Viral and bacterial infections, LPS, DNA damage and other
pathogenic stimuli can activate the expression of ISG15
(Malakhova et al., 2002; Pitha-Rowe et al., 2004). The free
form of ISG15 binds to the LFA1 receptor on the surface of
NK cells and T lymphocytes, increasing the release of type I and II
IFNs and activating natural and acquired immunity (Swaim et al.,
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2017). ISG15 can also induce the proliferation of NK cells, the
IFNy production of NK cells and T cells, the maturation of
dendritic cells, and enhancement of antigen presentation and
function as a chemokine that promotes the enrichment of
neutrophils to inflammatory regions (Figure 2) (Morales et al.,
2015; D’Cunha et al., 1996; Padovan et al., 2002; Owhashi et al.,
2003; Recht et al., 1991).

Proteomic studies have identified that the
regulating factors interferon-regulated transcription factor 3
(IRF3), STATI, and Janus kinase one function as substrates
of ISG15 and that the ISGylation of these proteins increases the
release of type I IFNs and ISGs, thereby extending the immune
response signal cascade (Ganesan et al., 2016; Albert et al., 2018;
Yoo et al., 2018; Malakhov et al., 2003). For example, when the
host is infected, STAT1 ISGylation promotes the maintenance
of phosphorylation and continuous activation of downstream
signaling, which ultimately promotes a more powerful IFN
response (Ganesan et al, 2016). In addition to positive
regulation, ISG15 negatively regulates type I IFN signaling at
multiple levels, such as ISGylation of the RIG-I protein, which
inhibits IFN expression (Figure 2) (Zhao et al., 2005; Kim et al.,
2008; Zhu et al., 2014; Du et al., 2018). On the one hand, because
the process of covalent binding of ISG15 to the target protein is
reversible, this binding can be dissociated by the ubiquitin-
specific protease USP18, which indirectly regulates IFN
expression. On the other hand, the deubiquitinating enzyme

immune-

USP18 can also directly inhibit type I IFN receptor signaling,
thereby suppressing the immune response (Arimoto et al.,
2017). The non-covalent interactions of ISG15 and USP18
prevent the ubiquitination of USP18 by S-phase kinase-
associated protein two and stabilize the downregulation of
the IFN signaling pathway by USP18 (Tokarz et al., 2004;
Zhang et al., 2015).

These results suggest that ISGI5 can regulate immune
function from multiple perspectives, such as stimulating
immune cell maturation, regulating cytokine release, and
affecting IFN signaling. In recent years, many studies have
explored the role of ISGI5 in antiviral innate immunity,
especially in the process of viral infection, and the role of
ISGylation of host and viral target proteins in immune
defense. In this review, we explore this topic in detail.

ANTIVIRAL EFFECTS OF ISGYLATION ON
HOST PROTEINS AND THEIR FUNCTIONS

Although the ISG15 protein was discovered in 1979, its nature
and function were not elucidated for many years, until
researchers discovered that IFN-induced ISG15 and its
covalent form were implicated as a central player in the
process of viral infection. Gene knockout, overexpression,
genetic deletion of each component in the ISG15 cascade
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reaction process, and various other methods have since been used
to determine whether ISG15 is involved in the host antiviral
immune response (Campbell and Lenschow, 2013).

ISG15 can affect the antiviral immune response by binding to
the target proteins of the IFN, NF-kB, and c-Jun N-terminal
kinase (JNK) pathways (Jeon et al., 2009). Among them, the key
factor for type I IFN response, IRF3, is a target of ISG15. The
combination of ISG15 and IRF3 inhibited the proteasomal
degradation of IRF3 and enhanced the intracellular IFN
response (Ganesan et al, 2016). Concurrently, the covalent
binding of ISG to the antiviral effector molecules K193, K360,
and K366 can weaken the interaction between IRF3 and peptidyl-
prolyl-cis-trans isomerase one and hinder the ubiquitination of
IRF3 (Shi et al.,, 2010). Therefore, IRF3 can maintain its own
activity after the modification of ISG and improve the IRF3-
mediated antiviral response by inhibiting its own degradation.

ISG15 can bind to protein kinase R (PKR), an IFN-inducible
protein  kinase activated by double-stranded RNA.
Simultaneously ISG15 can also activate PKR in the absence of
viral RNA. Activated PKR can inhibit protein translation by
phosphorylation of eukaryotic initiation factor 2a, and PKR
activated by ISG15 can further promote IFN production
(Okumura et al,, 2013). In addition, RIG-I is the target protein
of ISG15, and RIG-I can activate the RNA sensors of IRF3 and
NF-kB. The covalent combination of ISG15 and RIG-I can
downregulate signal transduction mediated by RIG-I. Free
ISG15 can regulate the level of RIG-I by promoting the
interaction between RIG-I and the autophagy substrate protein

p62 (Nakashima et al., 2015; Du et al,, 2018). ISGylation of
phosphorylated STAT1 can also maintain its activity by
inhibiting its own polyubiquitination and proteasomal
degradation (Ganesan et al, 2016). In another example,
ISGylation of filamin B can negatively regulate IFN-
a-mediated c-Jun N-terminal kinase signals and inhibit cell
apoptosis (Jeon et al., 2009). ISG15 can also bind to ubiquitin-
conjugating enzyme 13 to inhibit the ubiquitination of
transforming growth factor kinase one and negatively regulates
the NF-kB pathway (Takeuchi and Yokosawa, 2005).

On the one hand, ISG15 influences antiviral immunity by
ISGylation of host cell proteins and the relevant immune
signaling pathways. On the other hand, ISG15 can affect virus
replication, release, and latency in the host body through the
ubiquitin-like modification of the virus protein to achieve
antiviral immunity (Figure 3). Relevant examples are
described in detail below.

ISGYLATION OF VIRAL PROTEINS AND
THEIR FUNCTIONS

Lenschow and Werneke’s team demonstrated that ISG15-
knockout mice were more susceptible to IAV and IBV, herpes
simplex virus, norovirus, chikungunya virus, and other pathogens
than wild-type mice (Lenschow et al., 2007; Werneke et al., 2011;
Morales and Lenschow, 2013; Rodriguez et al., 2014). They
demonstrated that both free and binding ISG15 expression is

Frontiers in Cell and Developmental Biology | www.frontiersin.org

21

November 2021 | Volume 9 | Article 788410


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhang et al.

upregulated after pathogen infection, and both forms of ISG15
exhibit antiviral activity. For example, after IAV infection, free
ISG15 can bind to the NS1 protein with seven lysine residues, which
are potential target sites for ISGylation, blocking the nuclear
localization of the NSI protein and inhibiting virus replication,
RNA processing (Jumat et al, 2016). At the same time, the
ISGylation of NSI can inhibit the interaction with PKR, which
relieve the inhibition of NS1 protein on innate immunity and
restoring IFN-induced anti-IAV activity (Pincetic et al., 2010).

As for IBV, nucleoprotein and matrix protein M1 are also
targets for covalent binding of ISG15. Nucleoprotein ISGylation
hinders the oligomerization of a large number of other non-
conjugated nucleoproteins, inhibits the formation of IBV
ribonucleic acid protein, and reduces viral protein synthesis
and viral replication (Durfee et al., 2010; Zhao et al, 2016).
Rahnefeld et al. found that the coxsackie virus CVB3 2A protease
ISGylation can inhibit the cleavage of eukaryotic translation
initiation factor 4 G and reduce CVB3 replication (Rahnefeld
et al., 2014).

Studies have shown that ISG15 can affect the release of HIV,
Ebola virus, and avian sarcoma leukosis virus through different
mechanisms. Pincetic and Okumura demonstrated that ISG15
inhibited the monoubiquitination of the HIV group-specific
antigen protein, blocked its interaction with host tumor
susceptibility gene 101, and inhibited the emergence and
release of HIV (Okumura et al., 2006). When infected with
Ebola, the ubiquitin ligase NEDD4 catalyzes the ubiquitination
of the viral matrix protein VP40 and promotes the release of
virus-like particles (Okumura et al., 2008). Lenschow and
Malakhova demonstrated that ISG15 inhibits the transfer of
ubiquitin-binding enzyme to NEDD4 and activity of
NEDD4 ubiquitin-binding enzyme, thus inhibiting the
budding and release of the Ebola virus (Malakhova and
Zhang, 2008). ISGylation of charged multivesicular body
protein 5 (CHMPS5), a component of the endosome sorting
complex, promotes its aggregation and the isolation of Vps4
coenzyme factor LIP5 and limits the membrane recruitment of
Vps4 and its interaction with the avian sarcoma leukosis virus
budding complex, thereby inhibiting the release of intracellular
virus-like particles (Pincetic et al., 2010). In addition,
researchers found that ISG15 can also affect the budding
process of vesicular stomatitis virus by inhibiting the activity
of NEDD4 and that ISG15 overexpression can significantly
reduce the viral titer of its wild-type strains (Malakhova and
Zhang, 2008).

Another study showed that ISG15 regulated the incubation
period of the virus. Dai et al. used Illumina microarray technology
to analyze the gene expression changes in primary human oral
fibroblasts after infection with Kaposi’s sarcoma-associated
herpes virus and found that a series of IFN-stimulated genes
were upregulated, especially ISG15 and ISG20, which maintain
the virus incubation period by regulating Kaposi’s sarcoma-
associated herpes virus-specific microRNA (Dai et al., 2016).
This reduces the expression of ISG15 during the incubation
period of Kaposi’s sarcoma-associated herpes virus infection
and increases the expression of virus cleavage genes and the
release of virus particles.

Association Between ISG15 and Immunity

These results suggest that free or bound ISG15 produced by
stress can regulate the function of viral proteins, inhibit viral
replication, budding, and release. Thus, ISG15 may play a key role
in inhibiting viral infection (Table 1).

ISG15 PARTICIPATES IN NON-VIRAL
INNATE IMMUNE RESPONSES

Recent work has also highlighted the function of ISG15 in non-
viral innate immune responses, such as pathogen defense
responses, host damage and repair responses, and other host
signaling pathways. ISG15~ mice are more susceptible to
mycobacterium than wild-type mice, verifying that the degree
of mycobacterium drop is not a determinant of susceptibility
enhancement. Significantly increased cytokine release was
detected in ISG15~"~ mice, and the cytokine storm induced by
ISG15 knockout was blocked by tumor necrosis factor-a-specific
antibodies (Bogunovic et al., 2012; Kimmey et al., 2017). During
Listeria monocytogenes infection, the expression of ISGI5
increases, which depends on the cytosolic DNA-sensing
pathway, and enhanced secretion of IL-6 and IL-8 was
detected in ISG15-overexpressing cells (Radoshevich et al,
2015). These studies demonstrate that ISG15 plays an
antagonistic role in the host response to pathogens and
regulates cytokine signal transduction. Exogenous stimuli, such
as DNA damage, radiation, ischemia, and telomere shortening,
can also induce immune cells to produce ISG15 (Liu et al., 2004).

SARS-COV-2 PAPAIN-LIKE PROTEASE: A
DECONJUGATING PROTEASE

The SARS-CoV-coronavirus genome encodes two viral
proteases: PLpro and 3C-like protease. The structure and
function of PLpro has been a hot topic in the molecular
biology of coronavirus recently. PLpro is involved in cutting
the N-terminal part of the SARS-CoV replicase polymerin and is
a regulatory protein molecule for the formation of the SARS-CoV
replicase complex (Shin et al., 2020). Results showed that SARS-
CoV PLpro protease is a virus-encoded DUB, which has an
obvious deubiquitinating effect on cellular proteins (Klemm
et al., 2020). PLpro is also active against ubiquitin and ISG15,
which can negatively regulate the innate immune response to the
virus (Shin et al., 2020). There are also OTU domain-containing
proteases that can be encoded by Crimean-Congo hemorrhagic
fever orthonairovirus, porcine reproductive and respiratory
syndrome virus, and equine arteritis virus, which have
properties similar to those of PLpro (Frias-Staheli et al., 2007).
These proteins have been shown to reduce ubiquitin and ISG15
conjugates in cells. However, the researchers have compared
SARS-CoV-2-PLpro  with  similar enzymes of other
coronaviruses (SARS-CoV-1 and MERS). It was found that the
SARS-CoV-2-PLpro enzyme processes ubiquitin and ISG15 in a
different way with SARS-CoV-1-PLpro (Rut et al., 2020).
Recently, Huang and Zhang have made progress in elucidating
the complex structure of SARS-CoV-2 PLpro and antiviral drug
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TABLET1 | Interaction between ISG15 and viral proteins.

Viral proteins Biological effects after ISGylation

IVA NS1 ISG15 inhibits viral proteins nuclear translocation and restores
host antiviral responses

IBV NPs ISGylation of NPs inhibit the oligomerization of unmodified NPs,
which impedes viral RNA synthesis

CVB3 2Apro ISG15 inhibits its protease activity to restore host protein
translation

HIV Gag ISG15 inhibits the monoubiquitination of Gag protein and block
its interaction with TSG101

EBOV VP40 ISGylation of NEDD4 ubiquitin-binding enzyme inhibits its
interaction with VP40

ASLV Gag The ISGylation of CHMP5 limits the membrane recruitment of
Vps4 and its interaction with the ASLV Gag

SARS PLpro PLpro protease is a virus-encoded DUB, which active on

MERS PLpro ubiquitin like molecule ISG15

discovery (Fu et al, 2021). They found that the small molecule
inhibitor GRL0617 inhibited the activity of PLpro to shear the
ubiquitin-like chain and the ubiquitin-like protein ISG15 chain
in vitro and the ability to inhibit viral replication of SARS-CoV-
2. The structure of the inhibitor and protein complex and two-
dimensional NMR experiments revealed that GRL0617 interferes
with protein—protein interaction between PLpro and ISG15, acting
as an inhibitor for this interaction. They established that SARS-CoV-
2 protease PLpro is a target for antiviral drug development at the
cellular and atomic resolution crystal structure levels and identified
the binding site of GRL0617 as a hot spot for antiviral drug
development targeting PLpro using a variety of biophysical methods.

DISCUSSION

ISG15 is a ubiquitin-like protein, produced by IFN, viruses,
lipopolysaccharides, and other stimuli. ISG15 exerts antiviral
effects by covalently binding to target proteins, inhibiting the
release and replication of viral particles, and regulating the
incubation period of viruses. In addition to the ISG15 covalent
conjugate, the ISG15 monomer can promote the proliferation of
NK cells and dendritic cells and enhance the chemotactic activity
of neutrophils. Moreover, ISG15 is implicated in host damage,
DNA repair, autophagy, protein translation, and other
processes. ISG15 is also associated with the occurrence of
cancer. However, there are still many unsolved mysteries
about the biological function of ISG15 and the molecular
mechanism underlying the antiviral effects of the ubiquitin-
like modification system.

The PLP2 domains of many human and animal coronaviruses,
such as the SARS coronavirus, MHV-A59, NL-63, and 229E, have
demonstrated DUB activity, and the catalytic sequence of the PLP
domain of these coronaviruses is highly conserved. However, it is

Association Between ISG15 and Immunity

Impact on viral infection Reference

Inhibits IBV replication (Tang et al., 2010; Zhao
et al., 2010)
Inhibits 1BV replication Zhao et al. (2016)

Inhibits CVBS3 replication Rahnefeld et al. (2014)

Inhibits the emergence and release of HIV. Okumura et al. (2006)

Inhibits the budding and release of Ebola virus (Yasuda et al., 2003;
Okumura et al., 2008)
Inhibits the ASLV budding complex, then inhibits the ~ Pincetic et al. (2010)
release of intracellular virus-like particles

Negatively regulates the innate immune response to
the virus

Rut et al. (2020)

still unclear whether DUB activity and regulation of the host
natural immune response are the common characteristics of all
PLpros, and the functional relationship between DUB activity of
PLpro and its IFN antagonism needs further study.

In general, the diversity and broad spectrum of substrates,
complexity of the ISG enzyme system, and cross-linking with the
ubiquitination pathway all determine the complexity of ISG15
function. Further understanding of the molecular trajectory of the
ubiquitin-like protein ISGI5 may lead to new therapeutic
strategies for antiviral treatment, immune function regulation,
and cancer treatment.
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Post-translational modifications, such as ubiquitylation, need to be tightly controlled to
guarantee the accurate localization and activity of proteins. Ubiquitylation is a dynamic
process primarily responsible for proteasome-mediated degradation of substrate
proteins and crucial for both normal homeostasis and disease. Alterations in
ubiquitylation lead to the upregulation of oncoproteins and/or downregulation of
tumor suppressors, thus concurring in tumorigenesis. PROteolysis-TArgeting
Chimera (PROTAC) is an innovative strategy that takes advantage by the cell’s own
Ubiquitin-Proteasome System (UPS). Each PROTAC molecule is composed by a ligand
that recruits the target protein of interest (POI), a ligand specific for an E3 ubiquitin
ligase enzyme, and a linker that connects these units. Upon binding to the POI, the
PROTAC recruits the E3 inducing ubiquitylation-dependent proteasome degradation
of the POI. To date, PROTAC technology has entered in clinical trials for several human
cancers. Here, we will discuss the advantages and limitations of PROTACs
development and safety considerations for their clinical application. Furthermore,
we will review the potential of PROTAC strategy as therapeutic option in brain
tumor, focusing on glioblastoma.

Keywords: protac (proteolysis targeting chimera), ubiquitylation (ubiquitination), cancer, glioblastoma, cancer
therapy

INTRODUCTION

The Ubiquitin-Proteasome System

The Ubiquitin-Proteasome System (UPS) is a cellular mechanism essential for maintaining the
correct balance of protein turnover and cell homeostasis (Finley 2009; Hipp et al., 2019). UPS
machinery includes chaperones and components of the proteolytic system (Kim et al., 2013): the first
are required for an accurate protein folding; the latter converge on the 26S proteasome and guarantee
the removal of unfolded and/or damaged proteins. To be targeted for proteasome-mediated
degradation, proteins are covalently tagged with ubiquitin (Ub) moieties. This event requests the
consequential activity of three enzymes: E1 Ub-activating enzyme (E1), E2 Ub-conjugating enzyme
(E2), and E3 Ub-ligase (E3) (Kliza and Husnjak, 2020). First, an Ub molecule is activated by E1 in an
ATP-dependent manner resulting in an E1-Ub conjugate. Then, a trans-thioesterification reaction
allows the transfer of a molecule of Ub from E1 to E2. Lastly, an E3 binds at the same time the E2-Ub
conjugate and the target protein favouring the transfer of Ub from the E2 to the substrate, directly or
indirectly depending on the E3 family involved in the event (Infante et al., 2019; Sharma et al., 2021).
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FIGURE 1 | Ubiquitin-proteasome and PROTAC systems. Schematic
representation of the enzymatic cascade of the Ubiquin-Proteasome System
(UPS cascade; left side). Ubiquitylation is triggered by the ATP-dependent
activation of the ubiquitin by E1 activating enzyme. Next, the ubiquitin

(Ub) is bound to the E2 Ub-conjugating enzyme and, subsequently,
transferred to a Lys residue on a substrate protein (S) by an E3-Ub ligase (E3).
The formation of a poly-Ub chain, formed by more than four Ub moieties, can
lead to the degradation of the substrate by the proteasome. PROTAC
components and their mechanism of action (PROTAC; right side). PROTACs
are heterobifunctional small molecules consisting of a ligand specific for the
protein of interest (POI) and another ligand for E3, connected by a linker.
PROTACs work by recruiting an ES ligase into proximity of a specific POI that
can be tagged with Ub and degraded by the proteasome.

Both the number of Ub moieties and the lysine linkage of Ub-Ub
conjugation determine the fate of the protein (Welchman et al.,
2005). Ub-tagged substrates are mostly addressed to the
proteasome for degradation (Figure 1).

The UPS is finely regulated by E3 ligases that confer specificity
of ubiquitylation through the recognition of substrates, thus
making these enzymes considerable druggable targets. So far,
several small molecule inhibitors (SMIs) have been designed to
hit E3s. For instance, Mouse double minute two homolog
(Mdm?2), the E3 responsible of the ubiquitylation and
degradation of p53, is highly expressed in sarcomas and breast
cancers (~20 and ~15%, respectively) (Karni-Schmidt et al., 2016;
Oliner et al., 2016) and represents a significant drug target in
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these tumors. Nutlin-3a, a small inhibitor of Mdm2, binds the
hydrophobic pocket at the N-terminal of Mdm2 necessary for its
binding with p53, preventing Mdm2-p53 interaction and
activating p53 oncosuppressor functions in malignant cells
(Vassilev et al., 2004).

SMIs present some inevitable limitations, including the
possibility to target only a moderate percentage (~20%) and
an exiguous class, mainly enzymes, of human proteins
(Schapira et al., 2019). Since most of disease-driven proteins
are not enzymes, they are considered unconventional therapeutic
targets. The urgent need to develop new strategies to target the
undruggable proteome led to advances in antibody therapy
(Jenkins et al, 2018; Dobosz and Dziecigtkowski 2019),
although the difficulty to hit intracellular proteins still strongly
limits the use of this option. The current emerging and successful
strategy to target proteome is PROteolysis TArgeting Chimera
(PROTAC) technology (Sakamoto et al., 2001; Schapira et al.,
2019).

PROTAC:s take advantage of cell's own UPS machinery to
specifically address a protein of interest (POI) towards a
proteasome-mediated degradation (Sakamoto et al., 2001).

PROTAC Technology: The Two Side of the
Coin

PROTACs are heterobifunctional molecules formed by two
ligands connected by a linker. The first ligand (warhead)
interacts with the POI, a different one binds with an E3, and
the linker connects them (Figure 1) (An and Fu 2018). The
proximity between the E3 and the POI mediated by PROTAC
favors the ubiquitylation and catalyzes the degradation of the POI
by the UPS.

PROTAC compounds have been developed more than
20 years ago (Sakamoto et al., 2001) and many efforts have
been made in these 2 decades to improve their effectiveness.
For example, peptide ligands in PROTAC structure have been
modified in small molecules to ameliorate cell permeability
(Schneekloth et al., 2008).

PROTACs show multiple advantages as compared to
traditional SMIs, alongside several limitations. A PROTAC
molecule can catalyse the degradation of multiple POI
molecules, and its pharmacological effect is achieved at very
low dosages compared to SMIs, thus reducing the toxicity. Of
note, proteins considered as “undruggable” could be potentially
targeted by PROTACs. This is relevant especially for
transcription factors (TFs) involved in the progression of
several malignancies (Bai et al., 2019; Zhou et al,, 2019). For
example, genomic alterations in c-MYC, FOXO1 or the androgen
receptor (AR) have been described in neuroblastoma, breast, and
prostate cancer, respectively (Bushweller 2019; Yu et al., 2019).
Counteracting their expression through protein degradation
represents a therapeutic strategy for these human
malignancies. In this regard, two PROTACs targeting the AR
and estrogenic receptor (ER) have reached the clinical practice in
two phase I studies for the treatment of prostate and ER-positive
breast cancer, respectively (Mullard 2019), sustaining the results
obtained in this field.
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Additionally, PROTACs can overcome SMIs resistance by
targeting mutated POIs (Burslem et al., 2018; Zhao et al,
2019; Gonzalez et al., 2020), as well as the resistance resulting
from POIs upregulation (Kregel et al., 2020).

However, some safety concerns associated with PROTACs
need to be taken into consideration before supporting their
entry in clinical practice. PROTACs limitations are mainly
due to on-target and off-target toxicities. The on-target
toxicities are related to the physiological functions of POL.
Some proteins (i.e., kinases) hold enzymatic as well as
scaffold functions, becoming essential for normal cellular
functions. SMIs block only the enzymatic activity of POI,
while the complete degradation induced by PROTACs
interferes with both enzymatic and scaffolding function,
eliciting undesirable consequences (Cromm et al., 2018;
Nunes et al., 2019). Moreover, unlike SMI that can only
partially inhibit the functions of their targets, a potent
PROTAC can completely deplete its POIs. The partial
inhibition consequent to SMIs treatment may be tolerable,
while PROTAC-induced degradation could be harmful if
POIs have essential functions for cell survival (Winter
et al., 2015). The extent of cellular damage depends on the
rate of the depleted protein resynthesis (Chan et al., 2018;
Cromm et al, 2018; Olson et al., 2018; Testa et al., 2018;
Smith et al., 2019). In addition, the inhibition of POIs
mediated by SMIs is transient as opposed to the prolonged
depletion PROTAC-mediated. In this case, the cellular/tissue
context and the target features impact on the benefits or
drawbacks of PROTACs. If a POI has redundant function in
normal tissues, its prolonged degradation couldn’t be
devastating for cells (Mason et al., 2007; Eichhorn et al.,
2014; Khan et al,, 2019). On the contrary, targeting a POI
indispensable for physiological cellular activities can cause
on-target toxicities.

Off-target toxicities often arise from the “unintentional”
degradation of proteins. This event may occur when the non-
target protein is not directly bound to the PROTAC but is in
complex with the POI or in its proximity (Hsu et al., 2020).
Since PROTAC:s form a ternary complex between POI and E3,
a phenomenon known as “Hook effect” can take place. In
particular, the formation of the ternary complexes is inhibited
with high PROTACs concentrations causing an excess of
binary bindings PROTAC-POI or PROTAC-E3, thus
invalidating target degradation (Pettersson and Crews
2019). Furthermore, the generation of PROTAC-E3 binary
complexes can induce the degradation of lower-affinity non-
targeted proteins (Moreau et al., 2020). This event may affect
substrates essential for cellular homeostasis (Schmitt et al.,
2002), or may cause the accumulation of off-target
ubiquitylated proteins saturating the UPS and dysregulating
the proteostasis.

PROTACs Optimization Strategies

PROTAC is a relatively new research field with rapid
developments that, however, still needs laborious
optimization. Biological and physical-chemical properties of
this technology can be fine-tuned. The linker length is a crucial

PROTAC Technology in Cancer

structural element that can be improved. Too short linkers
may cause a steric clash that disrupts ternary complex, thus
impairing PROTAC activity. Conversely, too long linkers can
give two heads of a PROTAC more motility, thus changing
molecule stability. Moreover, an excessive linker length
increases the molecular weight and reduces cell permeability
of a PROTAC.

The first linker used in PROTAC design has been a flexible
one, such as polyethylene glycol (PEG), which improves
water solubility (Bai et al., 2019; Khan et al, 2019) or
polymethylene chains. Recently, “click chemistry” based on
coppercatalyzed azide-alkyne cycloaddition (CuAAC) and
the Diels-Alder (DA) reaction has been applied in
PROTAC preparation (Wang et al., 2020). The resulting
PROTACs can be faster validated for their degradation
capability and can self-assembly as active molecules in live
cells (Lebraud et al., 2016).

The rigidity of the linker represents another important aspect
that impacts on pharmacokinetic properties and oral
bioavailability of PROTACs (Farnaby et al., 2019; Testa et al.,
2020). Nevertheless, the design of an optimal rigid linker could be
difficult if the cocrystal structure of the ternary complex is
unknown.

The human genome encodes for more than 600 E3s, but
only 1% of them have been explored for substrate degradation
(Khan et al., 2020). Since E3s define target specificity, this
feature could be useful to increase efficacy and decrease
toxicity of the PROTACs. For example, one PROTAC
optimization strategy is based on E3 specific expression in
tissues (i.e. the F-box and leucine-rich repeat protein 16,
FBXL16, is specifically expressed in cerebral cortex (Clifford
etal., 1999)) and/or cellular compartments (i.e. the DDB1- and
CUL4-associated factor 16, DCAF16, localizes only in the
nucleus (Robb et al.,, 2017).

PROTACSs in Human Cancers

Cancer is a multistep process characterized by abnormal
cellular proliferation and dissemination due to genomic
and epigenomic alterations (Hanahan and Weinberg 2011).
The identification of molecular alterations involved in the
oncogenic features has become attractive for the development
of novel therapeutics (Ocana et al., 2018). The clinical use of
proteasome inhibitors in oncology demonstrates how the
disbalance in protein homeostasis reflects an oncogenic
vulnerability in some malignancies (Inobe and Matouschek
2014; Schapira et al., 2019). Indeed, an accurate proteostasis
is crucial in cells characterized by a high rate of protein
turnover, such as tumor cells, that consequently need a very
efficient and quick protein synthesis and degradation (Bard
et al., 2019; Pohl and Dikic 2019).

Several PROTACs have been developed in the last 20 years,
but unfortunately only few of them are selective for tumor cells.
Many PROTACs recruit E3 ligases that are ubiquitously
expressed in both normal and tumor tissues, thus leading to
on-target toxicities. Multiple strategies can be followed to achieve
the selective degradation of tumor-specific POIs mediated by
PROTAGC:.
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If the POI is tumor specific, it is possible to target it with any
available E3s expressed in the tumor tissues (Burslem et al., 2019).
Alternatively, if the POI is characteristic of a tumor-derived
tissue, it is possible to optimize PROTACs taking advantages
of any available tissue-specific E3 (Schapira et al., 2019; Sun et al.,
2019). Further, a tumor-associated POI could be expressed in
normal tissues and involved in physiological cell functions but
showing an upregulated expression in cancer tissues. The use of
tumor specific E3s highly expressed in tumor cells, but lowly or
absent expression in normal tissues, could offer an increased
advantage to selectively kill cancer cell, thus minimizing toxicity
to normal tissues. The development of a B-cell lymphoma-extra-
large (BCL-XL) PROTAC is a recent example (Chung et al., 2020;
Kolb et al., 2021).

The availability of public -omics data has incentivized the
identification of tissue-selective E3s (Consortium 2015; Melé
et al, 2015) opening the route to achieve the selective and
tumor specific degradation of a target protein by PROTAC:sS.

Several research groups have recently investigated the activity
of the light-controllable photo-PROTACs, which can be
controlled under visible or UVA light to drive tumor specific
degradation of POIs (Pfaff et al., 2019; Xue et al., 2019; Liu et al.,
2020; Reynders et al, 2020). This strategy can only be
accomplished in a clinical setting using photodynamic therapy
for limited types of cancer.

PROTAC: efficacy has been demonstrated in several preclinical
studies (Bai et al., 2019; Khan et al,, 2019; Li et al,, 2019). Of note,
PROTAC technology has also been shown to stimulate an anticancer
immune response by inducing the presentation of peptides derived
from the degradation of POI to antigen-presenting cells (Moser et al.,
2017; Jensen et al., 2018). Moreover, PROTAC could be used to
generate new MHC-I peptides on the cell surface favouring the
formation of new immunopeptidome “targetable” by T-cell based
therapeutics (Lai et al., 2018). Mass spectrometry analysis can help to
understand and explore the impact of PROTAC treatment on
peptide repertoire of MHC-I presentation and potential
perturbation of biological pathways.

PROTAC strategy can be used to exploit E3s having tumor
suppressor natural substrates (Hines et al., 2019), as well as
PROTAC-incorporation into nanoparticles which can be
incapsulated with antibodies, can help to specifically reach the
tumoral environment and malignant cells (Beck et al., 2017; Niza
et al., 2019; Pillow et al., 2020).

Recently, strategies similar to PROTACs have been developed
to induce the degradation of RNAs (i.e., oncogenic micro-RNAs)
through the recruitment of nucleases. These molecules, known as
ribonuclease Targeting Chimeras (RIBOTACs) stands as
innovative future anticancer therapeutics (Costales et al,
2020a; Costales et al., 2020b). Overall, PROTACs and similar
technologies stand as promising class of biological drugs useful in
cancer therapy.

PROTACSs as Therapeutic Option for

Glioblastoma
Central nervous system (CNS) cancers are a group of
heterogeneous tumor entities with wide differences
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regarding the site of onset, molecular biology, clinical
behaviour, and etiology (Kristensen et al., 2019; Lospinoso
Severini et al., 2020). Among them, glioblastoma (GB) is the
most malignant and lethal in adults (Louis et al., 2016).
Classified as grade IV diffuse glioma by the World Health
Organization (WHO), GB encompasses more than 54% of
gliomas with an median survival of about 15 months (Ostrom
et al., 2014; Louis et al., 2016). Current standard therapy for
newly diagnosed GB is based on maximal surgical resection,
followed by radiation and chemotherapy, based on the
administration of temozolomide (TMZ), an oral alkylating
agent (Stupp et al., 2005; Stupp et al, 2009). Despite the
aggressiveness of this therapeutic strategy, it has limited
effectiveness making GB an incurable tumor that often
returns as relapse (Lieberman 2017). The main hallmarks of
this malignancy that hinder its treatments are rapid
progression, invasiveness of cancer cells in the surrounding
region of the brain, inter- and intra-tumoral genetic and
molecular heterogeneity and the presence of drug-resistance
GB stem-like cells (GSCs), which favour tumor relapse
(Brennan et al., 2012; Meyer et al., 2015; Gangoso et al., 2021).

Transcriptomic and genomic profiling have allowed the
identification of genetic alterations patterns affecting molecular
drivers involved in GB tumorigenesis, including epidermal
growth factor receptor (EGFR), phosphatase and tensin
homolog (PTEN), cyclin dependent kinase 4/6 (CDK4/6) and
cyclin dependent kinase inhibitor 2A/B (CDKN2A/B),
neurofibromatosis type 1 (NFI), platelet-derived growth factor
receptor alpha (PDGFRa), and isocitrate dehydrogenase (IDH)
genes (Verhaak et al., 2010; Dunn et al., 2012; Stoyanov and
Dzhenkov 2018).

The delineation of the aberrant molecular networks that
cause the malignant phenotype of GB have highlighted key
processes, which can be therapeutically exploited. So far, several
targeted therapies for GB have been tested, most of which aim to
block growth factor receptors (i.e., EGFR) and downstream
pathways frequently altered in GB (i.e., PI3K/AKT/mTOR
and MAPK/ERK) (Le Rhun et al., 2019). However, none of
these approaches have been formally validated as effective in
clinical trials, likely due to molecular compensatory mechanism,
insufficient target coverage or toxicity (Touat et al., 2017; Le
Rhun et al., 2019). Different immunotherapeutic approaches
have also been investigated for the treatment of GB, but the
presence of the tumor immunosuppressive microenvironment
limits their benefits (Bufalieri et al., 2020a; Weenink et al., 2020;
Bufalieri et al., 2021; Medikonda et al., 2021).

Recently, the UPS is emerging as a promising source for the
development of new therapeutic options for GB, and in
particular PROTACs represent an interesting targeted
therapy for the treatment of this devastating tumor (Bufalieri
et al., 2020b; Scholz et al., 2020; Maksoud 2021; Farrell and
Jarome 2021).

Two different PROTAC strategies able to induce the
degradation of CDK4 and/or CDK6 have been tested in
GB cells. CDK4 and CDK6 are crucial for cell cycle
regulation and are attractive targets for the treatments of

various types of cancers, including GB, frequently
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characterized by a CDK4/6 pathway dysregulation (Network
2008; Brennan et al., 2013; Bronner et al., 2019). In 2019, Zhao
and Burgess tested the activity of PROTACs based on two
selective CDK4/6 inhibitors, palbociclib (I®brance®, Pfizer, New
York, USA) and ribociclib (Kisqali , Novartis, Basel,
Switzerland) in breast cancer and GB cell lines (Zhao and
Burgess 2019). These drugs have been approved by US Food
Drug Administration (FDA) as combination therapy for ER-
positive, HER2-negative advanced breast cancer and are
currently used in ongoing clinical trials, including some for
the treatment of GB (NCT03158389; NCT02345824;
NCT02933736; NCT03834740; NCT03355794;
NCT03355794). PROTACs of palbociclib and ribociclib
(called pal-pom and rib-pom, respectively) consist in the
conjugation of these two drugs to pomalidomide (pom), a
cereblon (CRBN) E3 ligand, by cycloadding a known azide
derived from pomalidomide to N-propargyl derivatives of
palbociclib or ribociclib. U87 GB cells treated with pal-pom
and rib-pom at 20-200 nM have a significant depletion of
CDK4 protein levels, showing the effectiveness of these
PROTACsS to counteract the aberrant overexpression of this
kinase in GB (Zhao and Burgess 2019). In addition, Su and
others designed and synthesized a PROTAC by linking the
CDKG6 inhibitor palbociclib and E3 CRBN recruiter pom,
testing its effect in GB cells (Su et al., 2019). In this study
Nutlin-3b, VH032, and bestatin were also used as recruiting
moiety for the E3 ligases Mdm2 and VHL, and inhibitor of
apoptosis (cIAP), respectively. Interestingly, the authors found
that in U251 GB cells CDK4 and CDK6 were degraded only
with PROTAC recruiting CRBN, but not the other E3s, and
that CDK4 degradation was less significant compared to those
of CDK6. Furthermore, CDK6 degraders with shorter linker
possessed higher degradation capacity, favouring the
recruitment of CRBN towards CDK6 (Su et al, 2019).
Although in-depth studies on the biological effect and anti-
tumor potential of these PROTAC:s are still needed, these data
suggest the potential application of PROTAC technology for
the specific CDK4/6 degradation for the treatment of GB.

The first in vivo evidence of the potential of PROTACs as
anticancer agents for GB was provided by a recent work in
which the authors exploited the ability of a high-selective histone
deacetylase 6 (HDACS) inhibitor, J22352, to impair GB tumor
growth (Liu et al, 2019). Indeed, the overexpression of HDAC6
in GB is associated with proliferation and resistance to TMZ, thus
targeting this enzyme stands as a promising strategy for GB
therapeutic interventions (Wang et al, 2016). J22352 shows
PROTAC-like property, leading to the ubiquitylation and
subsequent proteasome degradation of HDAC6. As consequence,
the decrease of HDAC6 expression level significantly inhibits GB
tumor growth in U87MG cells, both in vitro and in vivo, by
increasing autophagic cancer cell death and eliciting the anti-
tumor immune response (Liu et al., 2019).

These pioneering studies on the effects of PROTACs in
GB cells and the evidence that PROTACs are already
developed against oncoproteins relevant for the progression of
this tumor, including EGFR (Zhang et al., 2020; Zhao et al., 2020),
mitogen-activated MAP-kinases (MAPs) (Pandey et al., 2016;
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Trauner and Shemet 2019) and bromodomain and extraterminal
(BET) protein BRD4 (Xu et al., 2018; Yang et al,, 2019; Hu and
Crews 2021; Yang et al,, 2021), suggest the great potential for the
use of this technology for the treatment of GB.

DISCUSSION

In the last two decades, targeting UPS has emerged as an
extraordinary clinical opportunity, leading to the development
of new and effective therapeutic options in human diseases,
especially in cancer.

In this field, PROTAC has been one of the first strategies
developed, aimed to degrade rather than inhibit protein targets.
Thanks to their mechanism of action, PROTACs have shown the
peculiarity to improve current cancer therapies based on the use of
SMIs. Indeed, while SMIs act by occupying pockets on target
proteins in a stoichiometric manner, a single PROTAC molecule
can induce the degradation of its target through many rounds, even
after dissociation of the PROTAC from POI (Lai and Crews 2017).
This mechanism of action provides several advantages (Figure 2).
Foremost PROTACs can be administered at lower dosages
compared to SMIs achieving comparable effects, thus reducing
toxicity. Moreover, PROTACs are less sensitive to drug resistance
compared to traditional drugs. Indeed, PROTACs are potentially
able to degrade multiple subunits of a protein complex, thus
reducing the possibility to develop resistance-mutations in the
protein of interest (Hu and Crews 2021). However, genomic
alterations in the components of the E3s complex can cause
resistance to PROTACs, underling the urgent need to find novel
ligands for other druggable E3 ligases (Ottis et al,, 2019; Zhang et al.,
2019).

Given that many PROTAC:s targets are proteins involved in
oncogenic proliferation and metastasis, PROTAC technology
rapidly moved from laboratory to clinics especially for the
treatment of human cancers (Zeng et al., 2021). At present, two
Phase II clinical trials for the PROTACs ARV-471 and ARV-
110 are ongoing, for the treatment of breast and prostate
cancer, respectively. ARV-471 is an orally available
PROTAC developed by Arvinas for the targeting of ER and
its mutated forms, ER'>*”® ERP3*%C, resistant to endocrine
therapy in ER-positive breast cancer (Martin et al., 2017).
ARV-110, another orally available PROTAC, selectively
degrades AR and inhibits pancreatic tumor growth, both in
mice models and patient-derived organoids, better than
enzalutamide, a known AR inhibitor (Neklesa et al., 2019).
ARV-110 have been tested in Phase I clinical trial for
castration-resistant prostate cancer (CRPC) and a Phase II
clinical trial is ongoing to evaluate its pharmacokinetics and
pharmacodynamics as well as its safety and tolerability, in
CRPC patients (Petrylak et al., 2020).

Despite the rapid preclinical development of PROTACs as
novel cancer therapeutics, many aspects need to be addressed.
One of the biggest challenges is that PROTACs have high
molecular weights, often larger than 1,000 Da, which could
limit their cell permeability, pharmacokinetic abilities, oral
bioavailability, and their capability to bypass the blood-brain
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ADVANTAGES

e Targeted degradation
of undruggable and
mutated proteins

e Less toxic effect
compared to pharmacological
approaches

e Administrated at very low
concentration thanks to the
sub-stechiometric
catalytic activity

FIGURE 2 | Advantages and limitations of PROTAC technology in brain tumors. Pro and cons of PROTACs application for the treatment of brain malignancies.

LIMITATIONS

e Poor Blood-Brain-Barrier
permeability due to PROTACs
high molecular weight

o Differential expression
of the E3 ligases across
brain regions

e Degradation of
off-target proteins

barrier (Figure 2). In particular, this last aspect could represent a
relevant limit for the clinical application of PROTACs in brain
tumors, for which it will be essential to improve drug delivery
systems for PROTACs, such as nano-vehicles, active transporter
or alternative administration regimens (Banks 2016; Dong 2018).

One of the biggest weaknesess in the development of new
PROTAC:S is the lack of knowledge for many E3s, especially
regarding their tissue-specific expression and correlation to
human diseases. So far, only a few E3s and ubiquitin ligase
binders have been explored for the design of PROTACs. This
aspect raises the need to study the biological functions and
expression of E3 ligases as well as to solve their structures to
accelerate the synthesis of new PROTACs. Moving forward,
chemo-proteomic platforms, DNA-encoded library screening,
and fragment-based ligand discovery will be useful both for
the identification of E3s tissue, tumor, or compartment
specific, and of ligands for incurable disease-related targets
(Jacquemard and Kellenberger 2019). Despite the use of small
molecule binders of only a few E3s, a fast progress has been made
in this field, set the ground for a bright future of PROTACs in
drug discovery and precision medicine. Overall, PROTAC
technology shows unique advantages and great therapeutic

potentials, thus possibly revolutionizing drug development and
providing clinical benefits.
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Ubiquitination and SUMOylation, which are posttranslational modifications, play prominent
roles in regulating both protein expression and function in cells, as well as various cellular
signal transduction pathways. Metabolic reprogramming often occurs in various diseases,
especially cancer, which has become a new entry point for understanding cancer
mechanisms and developing treatment methods. Ubiquitination or SUMOylation of
protein substrates determines the fate of modified proteins. Through accurate and
timely degradation and stabilization of the substrate, ubiquitination and SUMOylation
widely control various crucial pathways and different proteins involved in cancer metabolic
reprogramming. An understanding of the regulatory mechanisms of ubiquitination and
SUMOylation of cell proteins may help us elucidate the molecular mechanism underlying
cancer development and provide an important theory for new treatments. In this review, we
summarize the processes of ubiquitination and SUMOylation and discuss how
ubiquitination and SUMOylation affect cancer metabolism by regulating the key
enzymes in the metabolic pathway, including glucose, lipid and amino acid
metabolism, to finally reshape cancer metabolism.

Keywords: ubiquitination, SUMOylation, cancer, metabolic reprogramming, glucose metabolism, lipid metabolism

INTRODUCTION

Metabolic reprogramming occurs in many diseases, including diabetes, obesity, inflammation,
cancer, and neurodegenerative diseases. Compared with normal cells, tumor cells grow
malignantly and require a continuous supply of energy and nutrients, namely, biological
macromolecules. The classic Warburg effect in tumor cells is defined as tumor cells undergoing
glycolytic metabolism to rapidly meet energy requirements, even under aerobic conditions (Hanahan
and Weinberg, 2011). This condition is considered the basic feature of tumor metabolism, which is
universal in different tumor cells and is also used to diagnose and treat cancer (Moreau et al., 2017).
In the pathogenesis of cancer and diabetes, the dysregulation of amino acid transporters (AATSs)
changes intracellular amino acid levels, leading to metabolic reprogramming and finally the
occurrence of diseases (Kandasamy et al., 2018). The intricate relationship between metabolism
and disease prompts us to understand and discuss the underlying mechanisms.

Ubiquitination and SUMOylation are important posttranslational modifications that
control cell metabolism, signaling and differentiation. However, any abnormality in their
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FIGURE 1 | The processes of ubiquitination and SUMOylation. (A) Cells obtain ubiquitin from ribosomal fusions and polyubiquitin cassettes. (B) The cascade of
ubiquitin transfer. (C) Different forms of ubiquitin are linked to the substrate. (D) Regulation of K11-, K48-, and K63-linked ubiquitination. (E) The SUMO cascade.
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functions leads to disease occurrence and progression
(Popovic et al, 2014; Zhao et al., 2020). Genetic and
epigenetic aberrations are the main cause of the
dysregulation of ubiquitination and SUMOylation (Flotho
and Melchior, 2013; Popovic et al., 2014). Recent studies
have shown how ubiquitination and SUMOylation affect
metabolic diseases. Cell metabolism is a complex and
efficient process regulated by numerous proteins.
Ubiquitination and SUMOylation perfectly control cell
metabolism through the precise and timely regulation of
substrate proteins. Here, we focus on metabolic disorders
in cancer and how ubiquitination and SUMOylation affect
metabolic reprogramming. Finally, we predict potential
research directions and clinical applications in the future.

The Processes of Ubiquitination and
SUMOylation

The precise communication of signals between and within cells
supports the ability of cells to perform different functions and
move toward different fates. Ubiquitination is the basic
mechanism for establishing these signal exchanges. Ubiquitin
is widely present in eukaryotic cells. It is a highly conserved

protein consisting of 76 amino acids. Cells obtain ubiquitin from
two sources, ribosomal fusions and polyubiquitin cassettes, which
are cleaved by deubiquitinase to obtain monomeric ubiquitin
molecules (Figure 1A). UBA52 and RPS27A encode ribosomal
fusions, and polyubiquitin cassettes are encoded by UBB and
UBC (Rape, 2018). Three enzymes participate in the ubiquitin
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cascade: the E1 ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzyme, and E3 ubiquitin-protein ligase (Yau and
Rape, 2016). The ubiquitination of the substrate usually includes
three continuous processes. 1) ATP provides energy, and the
ubiquitin-activating enzyme E1 activates ubiquitin to provide it a
high-energy thioester. 2) Ubiquitin-activating enzyme E1
transfers the activated ubiquitin to ubiquitin-conjugating
enzyme E2. 3) Ubiquitin ligase E3 transfers the ubiquitin from
E2 to the substrate protein (Figure 1B). Special cases where the
ubiquitin-conjugating enzyme E2 directly transfers ubiquitin to
the substrate protein have also been identified. For example, the
UBE2E family of E2 enzymes directly ubiquitinate the substrate
SETDBI in a manner independent of ubiquitin ligase E3, and
conjugated ubiquitin is protected from active deubiquitination
(Sun and Fang, 2016). Ubiquitin molecules may be cleaved from
ubiquitinated proteins by deubiquitinating enzymes (DUBs)
(Figure 1B). As the opposite process of ubiquitination, the
process of deubiquitination plays the opposite role.
Approximately 40 E2 ubiquitin-conjugating enzymes, ~600 E3
ubiquitin ligases, and ~100 DUBs have been identified and
constitute  the extremely complex and sophisticated
ubiquitination/deubiquitination machinery in cells.

Ubiquitin molecules are conjugated to substrate proteins and
perform different functions. Ubiquitination is divided into
monoubiquitination and polyubiquitination according to the
number of ubiquitin molecules attached to one lysine residue
on the substrate (Figure 1C). Monoubiquitination is the simplest
process. A single ubiquitin molecule is attached to one lysine of a
substrate protein, which usually affects the interaction between
proteins (Hicke and Dunn, 2003). Ubiquitin molecules are
conjugated one after the other to form a ubiquitin chain,
which eventually binds to one lysine of the substrate protein,
which is polyubiquitination. Ubiquitin molecules contain seven
lysines, and ubiquitin molecules are covalently connected to form
different types of ubiquitin chains. Different types of ubiquitin
chains lead to different fates for substrate proteins. Ubiquitin may
be attached to the substrate through seven lysine residues (K6,
K11, K27, K29, K33, K48, and K63) or the first methionine (M1)
(Komander and Rape, 2012). K11-, K48-, and K63-linked
polyubiquitination have been extensively studied. K11-linked
polyubiquitination is related to the degradation of proteins
during mitosis (MatSUMOto al., 2010). K48-linked
polyubiquitination-labeled proteins undergo 26S proteasome-
mediated recognition and degradation, a crucial regulatory
process in cells that promotes the progression of diseases such
as cancer (Chen et al, 2018; Zhang et al, 2019). The
ubiquitin-proteasome system participates in the degradation of
more than 80% of the proteins in the cells (Glickman and
Ciechanover, 2002). K63-linked polyubiquitination mediates
protein stabilization, activation, and identification, which are
essential for intracellular signal transduction (Figure 1D; Song
et al., 2016).

A new ubiquitin-like protein called Sentrin was first reported
in 1996 that binds to the death domain of FAS and regulates cell
death signaling (Okura et al., 1996). A subsequent critical report
named this ubiquitin-like protein SUMO (small ubiquitin-like
modifier), and it covalently modifies the Ran GTPase activator
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protein RanGAP1 (Mahajan et al, 1997). Later, researchers
adopted the name SUMO for this ubiquitin-like protein.
Similar to the process of ubiquitination, SUMOylation is
catalyzed by specific enzymes: SUMO-specific activating (E1),
conjugating (E2), and ligating (E3) enzymes (Figure 1E). The first
step is to cut the COOH termini of the SUMO protein to reveal
the diglycine residues required for conjugation. A SUMO-
activating enzyme contains two subunits, SAE1/Aosl and
SAE2/Uba2, conjugated with SUMO protein. ATP is
hydrolyzed to generate energy for E1 and SUMO to form
high-energy thioester bonds for conjugation. Next, SUMO is
transferred to the only SUMO-conjugating enzyme UBCO.
Finally, through catalysis by SUMO E3 ligase, SUMO is
attached to the lysine residue of the substrate. Substrate
proteins modified by SUMO may be unmodified by family
SENPs (Sentrin/SUMO-specific proteases) (Figure 1E; Yeh,
2009). SUMO-1, SUMO-2, and SUMO-3 are the main SUMO
proteins. SUMO-1 usually modifies the substrate as a monomer,
while SUMO-2 and SUMO-3 form poly-SUMO chains.
Monomeric SUMO or poly-SUMO chains interact with other
proteins through the SUMO-interactive motif. SUMOylation
changes the protein structure, leading to changes in the
protein location, activity, and stability.

According to previous research, SUMOylation is a process
independent of ubiquitination. However, an increasing number
of studies have shown the inseparable relationship between
SUMOylation and ubiquitination. These processes are jointly
involved in protein degradation. The number of enzymes
involved in SUMOylation is relatively small, but SUMOylation
modifies various substrates. The SUMOylation pathway is related
to many human diseases. An understanding of the ingenious
mechanism of SUMOylation and its role in diseases may help us
develop new therapeutic strategies for disease (Chang and Yeh,
2020).

UBIQUITINATION, SUMOYLATION AND
GLUCOSE METABOLISM IN CANCER

Metabolic Reprogramming of Glycolysis
Glycolysis, one of the most important catabolic pathways in
organisms, oxidizes glucose to generate pyruvate without the
participation of oxygen and produces NADH and a small amount
of ATP (Figure 2).

Tumor cells grow extremely fast, and their oxygen demand
exceeds the oxygen supply capacity of blood vessels, resulting in a
weaker ability to obtain oxygen and a subsequent state of hypoxia.
The process of glycolytic reprogramming in tumor cells is
described below. Hypoxia inducible transcription factor la
(HIF-1a) is activated under hypoxic conditions, and HIF-la
enters the nucleus and interacts with hypoxia response
elements to induce the expression of glycolytic enzymes and
glucose transport proteins, finally accelerating glycolysis
(Semenza, 2003; Weidemann and Johnson, 2008).

VHL (von Hippel-Lindau protein) is an E3 ubiquitin ligase
that interacts with HIF-1a and mediates the ubiquitination of
HIF-1aq, leading to its degradation (Ivan et al, 2001; Jaakkola
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STUBT, U-box containing protein 1; TPI, triode phosphate isomerase; TRAF6, TNF receptor-associated factor 6; TRIM11, tripartite motif (TRIM)-containing protein 11;
TRIM21, tripartite motif (TRIM)-containing protein 21; UBA2, SUMO-activating enzyme 2; USP22, ubiquitin-specific protease 22; VHL, von Hippel-Lindau protein.

et al., 2001). The degradation of HIF-1a inhibits the metabolic
reprogramming of tumors and tumor growth. Hypoxia-induced
lincRNA-p21 is a hypoxia-responsive IncRNA that binds to HIF-
la and VHL, interrupting the interaction between HIF-1la and
VHL and thereby reducing the degradation of HIF-1a (Wei and
Lin, 2012; Yang et al., 2014). The IncRNA SNHG11 binds to the
VHL recognition site on HIF-1a, thereby blocking the interaction
of VHL and HIF-la, preventing its ubiquitination and

degradation, and promoting tumor metastasis (Xu et al,
2020). Under hypoxic conditions, HIF-la transcription
upregulates USP22 and TP53. USP22 promotes the stemness
and glycolysis of hepatocellular carcinoma cells induced by
hypoxia by deubiquitinating and stabilizing HIF-1a. Wild-type
TP53, but not mutant TP53, inhibits the upregulation of USP22
induced by HIF1la. Patients with a loss-of-function mutation of
TP53 have a worse prognosis (Ling et al., 2020). CSN8 increases
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HIF-la mRNA expression, stabilizes the HIF-la protein by
reducing its ubiquitination, induces the epidermal-
mesenchymal transition (EMT) of primary colorectal cancer
cells, and increases migration and invasion (Ju et al., 2020).
The SUMOylation of HIF-la reduces its stability. SENP1 is
critical for increasing the stability of HIF-la induced by
hypoxia (Cheng et al., 2007). Hypoxia enhances the stemness
of hepatocellular carcinoma cells and hepatocarcinogenesis by
enhancing the deSUMOylation of HIF-la by SENP1 and
increasing the stability and transcriptional activity of HIF-1la
(Cui et al., 2017).

Hexokinase (HK) is the first rate-limiting enzyme in glucose
metabolism. Parkin ubiquitin ligase ubiquitinates HK1 (Okatsu
et al., 2012). Parkin is a critical protein in the tumor suppressor
pathway and a stress-activated effector. It inhibits the
proliferation and metastasis of malignant cells by interfering
with metabolic reprogramming. This reprogramming includes
the ubiquitination of HK1, which affects the glycolysis process
(Agarwal al., 2021). Activated AKT inhibits HKI1
ubiquitination, thereby promoting tumorigenesis. The long
noncoding RNA LINC00470 positively regulates the activation
of AKT in glioblastoma, inhibits HK1 ubiquitination, and leads to
glycolytic reprogramming (Liu et al., 2018). HK2 is an essential
regulator of glycolysis that couples metabolism and proliferation
activities in cancer cells. The E3 ubiquitin ligase TRAF6 modifies
HK2 by K63 ubiquitination, a process that is important for the
recognition of HK2 by the autophagy receptor protein SQSTM1/
p62 and subsequent selective autophagic degradation. This result
reveals the relationship between autophagy and glycolysis in liver
cancer (Jiao et al., 2018). The nonproteolytic ubiquitination of
HK2 by HectH9 regulates the mitochondrial localization and
function of HK2. Loss of HectH9 inhibits HK2, thereby hindering
tumor glucose metabolism and growth (Lee et al., 2019). HK2 is
SUMOylated at K315 and K492 and deSUMOylated by SENP1.
HK2 lacking SUMO prefers to bind to mitochondria, increasing
glucose consumption and lactate production and reducing
mitochondrial respiration. This metabolic reprogramming
strengthens  prostate  cancer cell  proliferation and
chemotherapy resistance (Shangguan et al., 2021).

PFK1 is the second rate-limiting enzyme in glycolysis. With
the participation of ATP, it catalyzes the production of fructose
1,6-bisphosphate from 6-phosphofructose. E3 ubiquitin ligase
tripartite motif (TRIM)-containing protein 21 (TRIM21) targets
PFK1 for ubiquitination and degradation. Cells transfer from stiff
to a soft substrate, and the disassembly of stress fibers releases
TRIM21, which degrades PFK1 and subsequently reduces the rate
of glycolysis. However, transformed non-small cell lung cancer
cells maintain high levels of glycolysis by downregulating
TRIM21 and isolating residual TRIM21 in the substrate-
insensitive stress-fiber subset, regardless of the changing
environmental mechanics (Park et al., 2020).

Pyruvate kinase M2 (PKM2) is the catalytic enzyme required
for the last step of glycolysis and the third rate-limiting enzyme.
Parkin mediates the ubiquitination of PKM2 and reduces its
enzymatic activity (Liu et al, 2016). Overexpression of
cannabinoid receptor-interacting protein 1 (CNRIP1) activates
Parkin, leading to PKM2 degradation and thereby promoting cell

et

Ubiquitination and SUMOylation in Cancer Metabolism

growth and metastasis in intrahepatic cholangiocarcinoma (ICC)
(Chen D.etal., 2021). OTUB2, an OTU deubiquitinating enzyme,
directly interacts with PKM2. It promotes glycolysis by
preventing Parkin from ubiquitinating PKM2 and enhancing
the activity of PKM2 (Yu et al., 2021). Studies have found that
PKM2 regulates apoptosis and promotes tumor proliferation.
PKM2 translocates to mitochondria in response to oxidative
stress, and it phosphorylates Bcl2 at threonine (T) 69.
Phosphorylated Bcl2 prevents its ubiquitination and
degradation by Cul3-based E3 ligase (Liang et al, 2017).
SUMO-activating enzyme 1 (SAE1l) and SUMO-activating
enzyme 2 (UBA2) mediate the SUMOylation of PKM2, which
then promotes its phosphorylation and nuclear localization,
reduces its pyruvate kinase (PK) activity and promotes
glycolysis (Wang et al, 2020b). PKM2, which undergoes
SUMOylation at lysine 270 (K270), triggers a conformational
change from a tetramer to a dimer. This conformational change
reduces the PK activity of PKM2 and leads to the nuclear
translocation of PKM2. SUMO-modified PKM2 recruits
RUNXI1 and promotes its degradation through the SUMO-
interacting motif, which inhibits the myeloid differentiation of
NB4 and U937 leukemia cells (Xia et al., 2021).

Other enzymes in the glycolysis process are also
ubiquitinated and/or SUMOylated, profoundly affecting
glycolysis. 6-Phosphofructo-2-kinase/fructose-2,6-

bisphosphatase 3 (Pfkfb3)  generates  fructose-2,6-
bisphosphate, which strongly activates PFK1 and promotes
glycolysis. Pfkfb3 in neurons is ubiquitinated by the E3
ubiquitin ligase anaphase-promoting complex/cyclosome
(APC/C)-Cdhl, causing Pfkfb3 to be degraded by proteases
(Almeida et al., 2010; Zhu et al., 2019). Astrocytes have low
APC/C-Cdhl1 activity and therefore express Pfkfb3 at higher
levels than neurons (Herrero-Mendez et al., 2009). A report has
shown that glutamate receptors (NMDARs) stabilize Pfkfb3 by
inhibiting ~APC/C-Cdhl, thereby changing neuronal
metabolism and leading to oxidative damage and
neurodegeneration (Rodriguez-Rodriguez et al, 2012).
Interestingly, lysine demethylase KDM2A was recently
reported to target Pfkfb3 for ubiquitination and degradation
as a process to inhibit the proliferation of multiple myeloma
(Liu et al., 2021). GAPDH is an abundant protein involved in
glycolysis and catalyzes the conversion of glyceraldehyde 3-
phosphate to glycerate 1,3-diphosphate. Activated nitric oxide
(NO) nitrosylates GAPDH. This nitrosylation inhibits the
catalytic activity of GAPDH and allows it to bind Siah, an E3
ubiquitin ligase. The GAPDH/Siah protein complex enters the
nucleus and degrades the Siah target protein to cause cell death
(Hara et al., 2006). Phosphoglycerate kinase 1 (PGK1) is related
to the progression of many cancers and is an important enzyme
in glycolysis. The E3 ubiquitin ligase STUB1 targets PGK1 for
ubiquitination and subsequent degradation. The IncRNA
LINC00926 promotes STUBIl-mediated ubiquitination of
PGK1 to downregulate PGK1 expression, thereby suppressing
the growth of breast cancer (Chu et al.,, 2021). Interestingly,
another IncRNA, GBCDRIncl, inhibits the ubiquitination of
PGK1 and endows gallbladder cancer cells with chemotherapy
resistance by activating autophagy (Cai et al., 2019).
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Glucose transport is also important for glycolysis. Glucose
transporters GLUT1 and GLUT2 mediate glucose transport, and
glycolytic reprogramming will also alter the expression of GLUT1
and GLUT?2. In response to EGF, the E3 ligase Skp2 mediates the
nonproteolytic ubiquitination modification of AKT, thereby
activating the AKT pathway and promoting GLUTI1
expression and glycolysis (Chan et al.,, 2012). According to a
recent study, the circular RNA circRNF13 binds to the 3'-UTR of
the SUMO2 gene and prolongs the half-life of the SUMO2
mRNA. Upregulated SUMO2 promotes GLUT1 degradation
through its SUMOylation and ubiquitination, which inhibits
glycolysis and ultimately inhibits the proliferation and
metastasis of nasopharyngeal carcinoma (Mo et al, 2021).
Hypoxia-induced SUMOylation of HIFla also promotes the
expression of GLUT1 (Cheng et al,, 2007). The E3 ubiquitin
ligase TRIMI11 promotes glycolysis in breast cancer by
participating in the AKT/GLUTI1 signaling pathway (Song
et al, 2019). E3 ubiquitin ligases ring finger protein 20
(RNF20) and RNF40 target and regulate GLUT2 levels to
affect islet B-cell function (Wade et al., 2019).

Metabolic Reprogramming of the
Tricarboxylic Acid (TCA) Cycle

Pyruvate is converted to acetyl-CoA, which then enters the TCA
cycle. The TCA cycle requires the presence of oxygen. Acetyl-
CoA is completely oxidized in the TCA cycle to generate NADH,
FADH2, CO,, and GTP (Figure 3).

Several enzymes in the TCA cycle function as tumor
suppressors and inhibit the progression of tumor cells. Their
ubiquitination and/or SUMOylation affect their functions,
thereby reducing their suppressive effects on tumors. The
ubiquitin ligase MuRF1, muscle-specific RING-finger protein
1, interacts with PDH to regulate its stability (Hirner et al.,
2008). Citrate synthase (CS) is posttranscriptionally regulated
by UBR5-mediated ubiquitination (Peng et al., 2019). SCF (Uccl)
ubiquitin ligase also mediates the ubiquitination and degradation
of CS by proteases (Nakatsukasa et al, 2015). Isocitrate
dehydrogenase 1 and 2 (IDH1/2) catalyze the oxidative
decarboxylation of isocitrate to a-ketoglutarate (a-KG), and
recurrent mutations in these genes have been confirmed in
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glioblastoma and acute myeloid leukemia (Dang et al., 2010).
Cyclin F, the substrate recognition subunit of the Skp1-Cull-F-
box protein (SCF) E3 ubiquitin ligase complex, mediates the
polyubiquitination of RBPJ at Lys315 and subsequent
degradation under metabolic stress. RBPJ regulates IDH
expression, regardless of IDH mutation. Therefore, Cyclin F
attenuates the carcinogenic ability of IDH by reducing the
expression of RBPJ (Deshmukh et al, 2018). Succinate
dehydrogenase (SDH) catalyzes the production of fumaric acid
from succinate. Decreased SDH activity will cause succinate to
accumulate in cells, and succinate inhibits HIF-a hydroxylases.
This inhibition will cause the E3 ligase pVHL to dissociate from
HIF-1a and ultimately maintain the stability and activation of
HIF-1a (Selak et al., 2005). F-box and WD repeat domain

containing 7 (FBXW?7), another SCF E3 ubiquitin ligase
substrate recognition element, is inversely related to the
expression of IDH1 in gliomas. Deletion of FBXW7
significantly increases IDHI1 expression by inhibiting the
degradation of sterol regulatory element binding protein 1
(SREBP1). This process weakens the cellular buffering capacity
against radiation-induced oxidative stress and enhances radiation
sensitivity (Yang et al., 2021). IDH2 is an enzyme that produces
NADPH, and NADPH blocks ROS in cells. APC/C CDHI1
mediates the ubiquitination of IDH2 and contributes to the
increase in ROS levels during mitosis (Lambhate et al., 2021).
Succinate dehydrogenase subunit A (SDHA) is specifically
ubiquitinated in organelles by the ubiquitin proteasome system
(UPS). Inhibition of UPS-mediated SDHA ubiquitination and
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degradation promotes the production of ATP, malate, and citrate
(Lavie et al, 2018). SDH5 depletion inhibits p53 degradation
through the ubiquitin/proteasome pathway, thereby promoting
apoptosis and increasing the radiosensitivity of NSCLC cells
(Zong et al,, 2019). Ethyl pyruvate, a derivative of pyruvate,
also inhibits pVHL-mediated degradation of HIF-la (Kim
et al, 2010). Fumarase is an enzyme in the TCA cycle that
participates in DNA repair in cells. The ubiquitination of
lysine 79 in fumarase inhibits its function in the TCA cycle
and DNA damage repair. This report reveals how
posttranslational modifications affect fumarase function (Wang
S. et al,, 2020). Tumor cells use Gln in the TCA cycle to maintain
biosynthesis and support rapid growth and proliferation. The
ubiquitin ligase RNF5 interacts with the L-glutamine carrier
proteins SLC1A5 and SLC38A2 (SLC1A5/38A2) to mediate
their ubiquitination and degradation. This degradation reduces
the uptake of Gln and components of the TCA cycle, leading to
autophagy and cell death (Jeon et al., 2015). To the best of our
knowledge, few studies have assessed the involvement of
SUMOylation in regulating the TCA cycle.

Metabolic Reprogramming of the Pentose

Phosphate Pathway
In addition to the final production of NADPH, glyceraldehyde 3-
phosphate (GA-3-P), and fructose 6-phosphate (Fru-6-P), the
pentose phosphate pathway also generates many intermediates
that provide raw materials for cellular biosynthesis (Figure 3).
Glucose-6-phosphate dehydrogenase (G6PD) is the rate-
limiting enzyme in the PPP and is important for maintaining
NADPH levels. High glucose concentrations promote the
degradation of G6PD through pVHL-mediated ubiquitination
of G6PD, which leads to ROS accumulation and podocyte injury

(Wang M. et al.,, 2019). TRAF6 mediates K63 ubiquitination of
the smooth muscle (SM) 22a protein, promoting the interaction
between SM22a and G6PD. Ubiquitinated SM22a enhances the
activity of G6PD by mediating the membrane translocation of
G6PD (Dong et al.,, 2015). According to a recent study, silent
information regulator 2 (SIRT2) interacts with G6PD to increase
its activity through deacetylation, leading to a decrease in
ubiquitination and an increase in SUMOylation to increase
G6PD stability (Ni et al,, 2021). The lack of the E3 ubiquitin
ligase FBW7 reduces substrate flux through the PPP and
accelerates the production of reactive oxygen species (ROS) in
macrophages (Wang et al., 2020a). The dysregulation of ribose-5-
phosphate isomerase A (RPIA) in the PPP promotes liver, lung,
and breast tumorigenesis. Unlike its function in the PPP, RPIA
enters the nucleus to form a complex with B-catenin, and this
interaction prevents the ubiquitination and subsequent
degradation of P-catenin in colorectal cancer. This mechanism
explains the role of RPIA in promoting tumorigenesis (Chou
et al., 2018).

UBIQUITINATION AND SUMOYLATION IN
LIPID METABOLISM IN CANCER

Eukaryotic cells degrade proteins through two pathways,
autophagy and the ubiquitin-proteasome system (UPS), which
are responsible for 10-20% and 80-90% of intracellular protein
hydrolysis, respectively (Ciechanover and Kwon, 2015). The UPS
is responsible for the selective hydrolysis of proteins by adding
ubiquitin molecules to the substrate and degrading it in the
proteasome. Ubiquitination is crucial for lipid metabolism. In
recent studies, a correlation between the role of ubiquitin in the
signaling pathways of lipid metabolism and the effect of the
ubiquitin system on the development of human cancer has been
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identified. Lipometabolism includes fatty acid oxidation (FAO),
fatty acid synthesis (FAS), cholesterol metabolism, ketone body
metabolism and acetate metabolism. Acetyl-CoA is the substrate
for de mnovo synthesis of fatty acids, and intracellular
ubiquitination includes proteolytic and nonproteolytic
pathways. In addition to controlling protein stability, it is
crucial for regulating lipid metabolism homeostasis,
inflammation, autophagy, and DNA damage repair (Popovic
et al., 2014). The uncontrollable ubiquitin system abnormally
activates or inhibits certain cellular metabolic pathways, thus
affecting cancer development. Next, we focused on how
ubiquitination and SUMOylation affect cancer by affecting the
intracellular lipid metabolism (Figure 4).

Fatty Acid Metabolic Reprogramming

The proliferation of cancer cells requires a large amount of
material and energy, during which the metabolism of cells is
reprogrammed. The TCA cycle is characterized by condensing
acetyl coenzyme A and oxaloacetic acid to generate citric acid,
anaplerosis of oxaloacetic acid, the production of intermediate
products, and the energy release process (Figure 4). Glutamine is
a precursor of mitochondrial oxaloacetic, supplying oxaloacetic
acid required for the TCA cycle. Highly invasive ovarian cancer
(OVCA) cells depend on glutamine, and glutamine is
transformed into a-ketoglutarate (a-KG or 2-oxoglutarate). a-
KG is reduced to isocitrate by isocitrate dehydrogenase and
regenerated into citric acid. Citric acid produced from
glutamine is transported into the cytoplasm to produce acetyl-
CoA and participate in fatty acid synthesis (Metallo et al., 2011;
Mullen et al., 2011). ACLY is expressed at the highest levels in the
liver and white adipose tissue, and ACLY is upregulated and
activated in a variety of tumor tissues (Chypre et al, 2012).
Overexpression of USP13 is associated with malignant
development and a poor prognosis of OVCA, and USP13
deubiquitinates and stabilizes ACLY. The decomposition of
glutamine, ATP production, and fatty acid synthesis are
accelerated. USP13 inhibition significantly blocks acetyl-CoA
production and OVCA proliferation (Han et al, 2016).
Strategies targeting USP13 have been proposed as a potential
treatment for OVCA.

Fatty acid oxidation is a complex process characterized by a
multistep reaction, and fatty acids are acylated by acyl-CoA
synthase to form acyl-CoA on the endoplasmic reticulum and
mitochondrial outer membrane. The oncoprotein Src is activated
via autophosphorylation by two carnitine fatty acid transferases
(CPT1 and CPT2) that enter the mitochondrial matrix and
undergo fatty acid P oxidation. HMG-CoA reductase
degradation protein 1 (HRD1), an E3 ubiquitin ligase, controls
cholesterol production and regulates FAO metabolism by
regulating the key rate-limiting enzyme HMG-COA reductase
(HMGCR). In glutamine-deficient TNBC, HRD1 expression is
downregulated, and CPT2 is stabilized by K48-linked
ubiquitination, leading to increased FAO metabolism.
Inhibition of CPT2 expression significantly reduces the
proliferation of TNBC cells (Hampton and Rine, 1994;
Hampton et al, 1996). In addition, CB839, a glutaminase
(GLS) inhibitor, effectively treated TNBC cells with high
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HRDI expression (Guo et al., 2021). Tumor cell metabolism is
accompanied by reprogramming, as evidenced by increased
glutamine and glucose uptake. Triple-negative breast cancer
(TNBC) is a heterogeneous subtype of breast cancer with a
high local recurrence rate and high risk of metastasis.
Dysregulation of fatty acid oxidation is often associated with
the progression of TNBC (Sun et al., 2020). TNBC has the
metabolic characteristics of dependence on glutamine and
accelerated fatty acid oxidation (FAO). When cells grow
rapidly, glutamine consumption increases, resulting in a local
glutamine deficiency. While fatty acids may be used as alternative
energy sources for cell growth, studies have found that inhibiting
MYC-dependent FAO in TNBC is an important target for the
treatment of TNBC (Camarda et al., 2016).

Lipid metabolic reprogramming also frequently occurs in liver
cancer, and lipid synthesis and metabolism are increased during
liver cancer. The mitochondrial deubiquitination enzyme USP30
plays an important role in hepatocellular carcinoma (HCC)
driven by high fat diets (HFDs). USP30 is phosphorylated and
stabilized by IxB kinase P (IKKp), which promotes USP30
deubiquitination and stabilizes ACLY and fatty acid synthase
(FASN) to induce lipid generation and tumorigenesis. USP30
inhibitors significantly inhibit lipid synthesis and tumorigenesis
(Guetal.,, 2021). USP7 plays an important role in HCC caused by
aberrant de novo lipogenesis (DNL). The expression of ubiquitin-
specific peptidase 7 (USP7), a deubiquitinating enzyme, is
positively correlated with malignant cancer by deubiquitinating
MDM2, which inhibits the activation of P53 (Kon et al., 2010).
USP7 deubiquitinates and stabilizes zinc finger protein 638
(ZNF638), a zinc finger protein, and promotes the
transcription of ZNF638 by stabilizing cAMP-responsive
element-binding protein (CREB). The USP7/ZNF638 axis
activates AKT/mTORCI/S6K  signaling, promotes the
accumulation of cleaved-SREBPIC, and deubiquitinates
nuclear cleaved-SREBP1C. Next, the USP7-ZNF638-cleaved-
SREBP1C complex upregulates the expression of acetyl-CoA
carboxylase (ACACA), FASN, and stearoyl-CoA desaturase
(SCD) to enhance DNL and tumorigenesis (Ni et al., 2020).

Abnormal fat formation is associated with a number of
malignant features, including clinically increased tumor
invasion, activation of the AKT signaling pathway, and
inhibition of adenosine monophosphate-activated protein
kinase. The AKT-mTORCI1-RPS6 signaling pathway enhances
lipogenesis to promote the HCC process. In cancer,
unconstrained lipogenesis is necessary to maintain a steady
supply of lipids and lipid precursors that facilitate membrane
production and postlipid transformation. AKT overactivation
leads to increased lipid biosynthesis and higher levels of lipid-
producing proteins. The AKT/mTORC1 pathway induces
adipogenesis through transcriptional and posttranscriptional
mechanisms. AKT promotes de novo adipogenesis by blocking
the proteasomal degradation of SREBP1, SREBP2, and FASN.
SREBP1 is an important transcription factor involved in fatty acid
metabolism that upregulates fatty acid synthesis and extracellular
lipid uptake. AKT inhibits SREBP1 and SREBP2 ubiquitination
by inhibiting the E3 ligase FBXW?7 after phosphorylation by GSK-
3P to activate the expression of lipid metabolism genes (Sundqvist
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etal., 2005; Tu et al., 2012; Zhao et al., 2012). In addition, SIRT1-
mediated  deubiquitination of SREBP  promotes its
ubiquitination and degradation (Walker al.,, 2010).
Moreover, AKT also upregulates USP2a, a deubiquitination
enzyme, and blocks the degradation of FASN. In summary,
ubiquitination and SUMOylation are important effector
mechanisms of the AKT/mTORC1 axis in human HCC
(Calvisi et al., 2011). PTEN is a tumor suppressor that
inhibits the PI3K/AKT signaling pathway and is modified by
ubiquitylation, SUMOylation and phosphorylation in the
process of PTEN function and nuclear transport. PTEN
neddylation is promoted by XIAP ligase and removed by
NEDP1 deneddylase. Lys197 and Lys402 are the main
neddylation sites of PTEN. In contrast, neddylated PTEN
promotes tumor proliferation and metabolism by
dephosphorylating the FASN protein, inhibiting trim21-
mediated ubiquitylation and degradation of FASN, and
promoting de novo fatty acid synthesis. This phenomenon
suggests that neddylation transforms PTEN from a cancer
suppressor to an oncogene (Lee et al., 2018; Xie et al., 2021).

During fatty acid synthesis, acetyl-CoA is utilized only after
activated acetyl-CoA carboxylase (ACC), a rate-limiting enzyme
in fatty acid synthesis, is degraded by phosphorylation and
ubiquitination by increasing catecholamine levels during
fasting. The phosphorylated form is inhibited, and the
dephosphorylated form is activated. Tribbles 3 (TRB3) induces
ACC degradation to inhibit fatty acid synthesis and promote
oxidative lipid decomposition, and TRB3 interacts with E3
ubiquitin ligase constitutive photomorphogenic protein 1
(COP1) to promote ACC degradation (Qi et al., 2006).

FASN is a key enzyme involved in the synthesis of fatty acids.
FASN is expressed at relatively low levels in normal tissues, but
it is abnormally upregulated in tumors. The synthesis of fatty
acids affects the metabolism of sugar, fat and cholesterol by
activating PPARa (Chakravarthy et al., 2005). SHP2, a tyrosine
phosphatase with an SH2 domain, interacts with the E3
ubiquitin ligase COP1 to regulate the ubiquitination of
FASN. Moreover, SHP2 also regulates the expression of
SREBPIc, which directly activates FASN gene expression via
the PI3K-AKT signaling pathway (Yu et al., 2013). In addition,
overactivation of the PI3K-Akt signaling pathway is
accompanied by overactivation of ErbBl (epidermal growth
factor receptor) or ErbB2 (HER2/NEU) and abnormal
expression of FASN. FASN inhibitors significantly increase
the sensitivity of cells to anti-ErbB drugs by promoting the
ubiquitination and degradation of PI3K effector proteins
(Tomek et al., 2011). On the one hand, these treatments
inhibit lipid synthesis in tumor cells, and on the other hand,
they block PI3K signaling in ovarian cancer. Therefore, tumor
therapy targeting FASN is a promising. SIRT7 binds to the
DDB1-CUL4-associated factor 1 (DCAFI1)/damage-specific
DNA binding protein 1 (DDB1)/cullin 4B (CUL4B) E3
ubiquitin ligase complex to block the degradation of TR4/
TAKI1, resulting in increased synthesis and storage of fatty
acids (Yoshizawa et al., 2014; Zhu et al., 2019). In breast
cancer cell lines, SUMOylation prevents FASN degradation
by the proteasome, and the reduction in SUMOylation

et
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caused by SUMO?2 silencing reduces the stability of FASN
and inhibits the development of tumor cells (Floris et al., 2020).

In addition, ubiquitination plays a crucial role in other diseases
of the human immune system. Fatty acid metabolism includes
cytoplasmic fatty acid synthesis (FAS) and mitochondrial fatty
acid oxidation (FAO). Inducible regulatory T (iTreg) cells inhibit
excessive or abnormal immune responses and are essential for
maintaining immune homeostasis. Functional defects in Tregs
may lead to autoimmune diseases, such as inflammatory bowel
disease (IBD) and systemic lupus erythematosus (SLE).
Differentiation of activated T (ThO) cells into inducible
regulatory T (iTreg) cells requires cellular metabolic
reprogramming from fatty acid synthesis to fatty acid
oxidation. In the differentiation of inducible regulatory T cells
stimulated by TGF-p signaling, ATP-citrate lyase (ACLY) is
ubiquitinated by Cul3-KLHL25. ACLY degradation promotes
iTreg cell differentiation by promoting cellular fatty acid
oxidation and maintaining the stability of the immune system
to prevent the occurrence of autoimmune diseases. In addition,
ACLY transforms citrate into acetyl-CoA and oxaloacetate,
providing acetyl-CoA substrates for de novo fatty acid
synthesis. Ubiquitination of ACLY inhibits de novo fatty acid
synthesis, resulting in impaired cell proliferation (Tian et al,
2021). Sirt3 regulates the mitochondrial adaptation to metabolic
stress, and SUMOylation inhibits Sirt3 in mitochondria. When
cells starve, Sirt3 is deSUMOylated by SENP1, a SUMO-specific
protease that activates Sirt3 and increases fatty acid metabolism
(Wang T. et al., 2019).

Cholesterol Metabolic Reprogramming
Cholesterol plays a vital role in maintaining cell homeostasis. It is
most abundant in the eukaryotic plasma membrane, regulates cell
membrane fluidity and material transport and is a precursor of
intermediate metabolites such as bile acids and steroids (FHaines,
2001; Hannich et al,, 2011). Cholesterol metabolism is strictly
regulated in the human body. A single disorder blocks arteries
and causes heart attacks and strokes. Our body controls the
amount of cholesterol through an enzyme called 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR). In the next
sections, we will focus on the functions of ubiquitination and
SUMOylation in cholesterol metabolism (Figure 4).

HMGCR is the rate-limiting enzyme in cholesterol and
nonsteroidal isoprene biosynthesis and the therapeutic target
of statins (Sun et al., 2020). When cholesterol levels in cells
are reduced, sterol response element binding proteins (SREBPs)
bind to SREs in the promoter region of HMGCR to promote its
transcription (Osborne, 1991), and the HMGCR mRNA and
protein half-lives are extended, ensuring the supply of
mevalonate (Goldstein and Brown, 1990). RNF145, a sterol-
responsive-resident E3 ligase, gradually accumulates with
depletion of sterols and sensitively responds to the cholesterol
level. Reduced cellular cholesterol levels, the formation of
RNF145, increased cellular cholesterol levels, and RNF145
mediate HMGCR ubiquitination and proteasomal degradation.
Alternatively, in the presence of an RNF145 and GP78 deficiency,
uBE2G2 ligase 1 partially regulates HMGCR activity (Loregger
et al, 2017; Jiang et al.,, 2018; Menzies et al., 2018). Hypoxia-
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induced expression of insulin-induced gene 2, insig-2, inhibits
cholesterol synthesis by mediating sterol-induced ubiquitination
and HMGCR degradation (Hwang et al., 2017). The low
expression of the ubiquitin E3 ligase Trc8 in resistant cancer
cells (MDR) that overexpress P-glycoprotein (Pgp) and
multidrug resistance-related protein 1 (MRP1) leads to
dysregulated cholesterol metabolism, decreased ubiquitination
of HMGCR, increased cholesterol synthesis and storage, and
the progression of colorectal cancer cells (Gelsomino et al., 2013).

Squalene epoxidase (SQLE) is a rate-limiting enzyme involved
in cholesterol synthesis. Overexpression of SQLE impairs
angiogenesis; however, angiogenesis is also attenuated when
SQLE is silenced. The ERAD-associated ubiquitin ligase
MARCHG6 regulates endothelial cholesterol homeostasis by
promoting SQLE degradation (Tan et al., 2020). Moreover, the
E3 ligase MYLIP regulates cholesterol uptake by ubiquitinating
LDL receptors, promoting LDLR degradation and blocking
cholesterol uptake (Zelcer et al., 2009).

The effects of ubiquitination and deubiquitination on tumor
metabolism are complex and require further study. The E3
ubiquitin ligase/DUB  substrate network regulates tumor
processes and is influenced by the cell type and environment
for executive function. Understanding ubiquitination and
SUMOylation in cancer metabolism is crucial to identifying
new targets for cancer therapy. For example, the use of novel
ubiquitin proteasome inhibitors to treat multiple myeloma is a
therapeutic approach that links the ubiquitin system to the
treatment of tumorigenesis and metabolic diseases. With the
continuous development of proteomics technology, researchers
have been able to accurately target and track ubiquitin-dependent
tumorigenesis and diseases and develop more therapeutic targets.

UBIQUITINATION AND SUMOYLATION IN
AMINO ACID METABOLISM IN CANCER

Amino acids are materials required for protein synthesis in
organisms. Tumor cells grow rapidly and require a large
amino acid supply, which leads to the reprogramming of
amino acid metabolism in tumor cells (Figure 5).

Organic groups containing only one carbon atom, called one-
carbon units, produced during amino acid catabolism, are
involved in important nucleotide synthesis and methylation in
cells. Serine hydroxymethyltransferase (SHMT) catalyzes the
metabolism of serine to produce one-carbon units and glycine,
supporting rapidly proliferation of tumor cells. SHMT1 can be
ubiquitinated and SUMOylated at the same lysine residue,
Ubcl3-mediated ubiquitination is required for SHMT1 nuclear
export and stabilization, and Ubc9-mediated SUMOylation
promotes SHMT1 nuclear degradation (Anderson et al., 2012).
Serine hydroxymethyltransferase 2 (SHMT2) catalyzes the
conversion of serine and glycine to support the proliferation
of cancer cells. TRIM21 promotes the ubiquitination and
degradation of SHMT2 in a glucose-dependent manner (Wei
etal,, 2018). BRCC36 is a deubiquitinating subunit that forms the
BRISC complex. ABRO1, another subunit of the BRISC complex,
binds to SHMT2a to prevent deubiquitination of the latter. The
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BRISC-bound SHMT2a is catalytically inactive, which inhibits
SHMT2a function (Rabl et al., 2019).

The E3 ubiquitin ligase UBR1 regulates glutamate metabolism,
which is essential for neuronal development and signal
transduction (Chitturi et al, 2018). Glutamine (Gln)
dependence is a characteristic of tumor metabolism, and the
ubiquitin ligase RNF5 regulates the expression of the glutamine
carrier proteins SLC1A5 and SLC38A2. Paclitaxel promotes the
ubiquitination and subsequent degradation of SLC1A5/38A2 by
RNF5 (Jeon et al, 2015). The E3 ligase NEDDA4L inhibits
mitochondrial metabolism by reducing the level of the
glutamine transporter ASCT2 (Lee et al., 2020). Transcription
of glutaminase (GLS1) is coactivated by p-STAT1 and p300.
PIASI is an E3 SUMO ligase that inhibits activated STATI
(p-STAT1). Kr-POK interacts with PIAS1, disrupting the
interaction between PIASI and p-STAT1 and subsequently
increasing the activity of p-STAT1 to promote GLS1
transcription. This process promotes cell growth, migration
and motility (Hur et al, 2017; Li et al, 2020). Glutamine
synthetase (GS) is the endogenous substrate of Cullin-RING
ubiquitin ligase 4 (CRL4). When the extracellular glutamine
concentration is high, acetylated GS is ubiquitinated by CRL4
and then degraded by the proteasome (Nguyen et al, 2016).
Valosin-containing protein (VCP)/p97 promotes the degradation
of ubiquitylated GS (Nguyen et al.,, 2017). p97 also binds to
UBXD?9, a member of the UBXD protein family. GS type III has
been identified as a new interacting partner of UBXD9, but the
specific regulatory mechanism is still unknown (Riehl et al,
2021). A recent study showed that USP15 antagonizes CRL4-
mediated ubiquitination of GS and prevents GS degradation.
USP15 is expressed at high levels in immunomodulatory drug
(IMiD)-resistant cells, and the loss of USP15 renders these
resistant cells sensitive to IMiD (Nguyen, 2021).

Arginase is very important in arginine metabolism, catalyzing
the conversion of arginine into urea. Nrdpl mediates the
ubiquitination of the transcription factor C/EBPP at the K63
site, which promotes the activation of C/EBPP and subsequently
upregulates arginase 1 (Argl) expression (Ye et al., 2012). TRAF6
and arginase 1 are related, and they are expressed at high levels in
myeloid-derived suppressor cells (MDSCs) (Song et al., 2021).
Ubc9-mediated SUMOylation of interferon regulatory factor 4
(IRF4) increases its nuclear localization and stability. IRF4
induces the transcription of Argl and promotes the
progression of the macrophage M2 program (Wang F. et al,
2019). KLF15 (Kruppel-like factor 15) binds to the Arg2 (arginase
2) promoter, which hinders Arg2 transcription. Under hypoxic
conditions, SENP1-mediated deSUMOylation of KLF15 leads to
the translocation of KLF15 from the nucleus to the cytoplasm,
which induces the expression of Arg2 (Pandey et al,, 2018). Arg2
recently shown to regulate Parkin-dependent p32
degradation, promoting Ca>"-dependent eNOS activation (Koo
et al., 2021).

The level of branched-chain amino acids (BCAAs) in plasma is
related to the risk of pancreatic cancer. Branched-chain amino
acid transaminase 2 (BCAT2) reversibly catalyzes BCAA
degradation to branched-chain acyl-CoA. BCAA deprivation
stimulates the degradation of acetylated BCAT2 through by
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the ubiquitin-proteasomeubiquitin-proteasome pathway (Lei
et al,, 2020).

CONCLUSION

Similar to the human resources (HR) department in a company,
which hires, trains, assigns work or fires personnel to make this
huge machine (company) run normally, the cell is a more complex
machine, and its signal transduction is more ingenious and
delicate. Ubiquitination and SUMOylation are the HR of cells.
They determine the fates of proteins and cellular signal
transduction and determine the fate of the entire cell. Metabolic
reprogramming occurs in various diseases, and an increasing
number of studies are explaining the relationship between
metabolism and diseases, especially cancer.

The regulation of ubiquitination and SUMOylation are similar
in many respects. They both modify the substrate protein, and the
modification binds covalently to the lysine residues of these
proteins to determine the fate of the proteins. The motifs they
recognize are different. Few proteins are involved in regulating
ubiquitination and SUMOylation, but these processes both
regulate a large number of proteins. Ubiquitin and SUMO
proteins only show 18% sequence similarity, but their
structures are similar. The main difference is that SUMO
proteins have a long and flexible N-terminal extension.
Compared with ubiquitination, SUMOylation is a relatively
simple process. As described the present review,
SUMOylation also regulates fewer metabolic processes.

Here, we summarize the research on how ubiquitination and
SUMOylation affect metabolic reprogramming. Based on the
results from these recent studies, we realize that
ubiquitination, SUMOylation and metabolic reprogramming
are closely related. Neither is an independent process, and
their effects are mutual. Ubiquitination and SUMOylation
reshape metabolism by affecting important regulatory factors
in the metabolic process (Lavie et al., 2018). The altered metabolic
substrate level in metabolic reprogramming also affects the
processes of ubiquitination and SUMOylation (Selak et al.,
2005). Although many studies have been conducted in this

in
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As a deubiquitination (DUB) enzyme, ubiquitin-specific protease 13 (USP13) is involved in a
myriad of cellular processes, such as mitochondrial energy metabolism, autophagy, DNA
damage response, and endoplasmic reticulum-associated degradation (ERAD), by
regulating the deubiquitination of diverse key substrate proteins. Thus, dysregulation of
USP13 can give rise to the occurrence and development of plenty of diseases, in particular
malignant tumors. Given its implications in the stabilization of disease-related proteins and
oncology targets, considerable efforts have been committed to the discovery of inhibitors
targeting USP13. Here, we summarize an overview of the recent advances of the structure,
function of USP13, and its relations to diseases, as well as discovery and development of
inhibitors, aiming to provide the theoretical basis for investigation of the molecular
mechanism of USP13 action and further development of more potent druggable inhibitors.

Keywords: deubiquitination, ubiquitin-specific protease 13, structure, disease, inhibitor

INTRODUCTION

Ubiquitination, as a crucial post-translational modification in eukaryotic cells, is involved in various
cellular activities, including DNA damage repair (DDR), cell signal transduction, cell cycle
regulation, and innate immune signaling pathways (Harrigan et al., 2018; Ciechanover, 2003;
Ravid and Hochstrasser, 2008; Luan et al., 2016). In the process of ubiquitination, the ubiquitin (Ub)
molecule is covalently attached to substrate proteins (or ubiquitin itself) through isopeptide bonds or
peptide bonds by the E1-E2-E3 ligase cascade (or LUBAC complex) (Ciechanover, 2003; Dittmar and
Winklhofer, 2019). Like other post-translational modifications, ubiquitination is reversible, and its
reverse process, deubiquitination, is catalyzed by DUBs(Dandrea and Pellman, 1998) (Figure 1).
DUBs can remove ubiquitins from substrate proteins (or poly-ubiquitin chains), edit ubiquitin
chains and process ubiquitin precursors (Komander et al., 2009). These two processes coordinate to
accurately maintain the proteostasis and ubiquitin balance in quantity.

To date, seven structurally distinct DUB families have been described, including ubiquitin-specific
proteases (USPs), ovarian tumor proteases (OTUs), ubiquitin C-terminal hydrolase (UCHs),
Machado-Josephin domain-containing proteases (MJDs), motifs interacting with the ubiquitin-
containing novel DUB family (MINDYs), JAB1, MPN, MOV34 family (JAMMs), and zinc finger
containing Ub peptidase 1 (ZUP1) (Kwasna et al.,, 2018; Cho et al., 2020; Wang and Wang, 2021).
JAMMs are zinc metallopeptidases, while the other six DUB families are cysteine peptidases. The
USPs family has the largest number of members with diverse functions, providing the potential for
developing drugs with more specific effects (Sippl et al., 2011; Yuan et al,, 2018; Cruz et al., 2021).

USP13, belonging to the USPs family, is known to be extensively engaged in diverse cellular
processes, such as mitochondrial energy metabolism, autophagy, DNA damage response, ERAD and
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other processes, by deubiquitinating substrates a-ketoglutarate
dehydrogenase (OGDH) (Han et al, 2016), ATP citrate lyase
(ACLY) (Han et al., 2016), vacuolar protein sorting 34 (VPS34)
(Xie et al., 2020), topoisomerase IIp binding protein 1 (TopBP1)
(Kim et al., 2021), receptor-associated protein 80 (RAP80) (Li
et al., 2017), and ubiquitin like 4A (UBL4A) (Liu et al., 2014).
Ample findings prove that USP13 may also promote the initiation
or progression of various tumors. For example, the stabilization of
microphthalmia-associated transcription factor (MITF) by
USP13 was found to be associated with proliferation of
melanoma cells (Zhao et al, 2011); USP13 is abnormally
overexpressed in ovarian cancer (OVCA) and drives OVCA
metabolism  to  accelerate cell proliferation  through
deubiquitinating ACLY and OGDH (Han et al, 2016); in
glioblastoma, USP13 promotes the proliferation of glioma
stem cells (GSCs) by antagonizing E3 ubiquitin ligase F-box
and leucine-rich repeat protein 14 (FBXL14), which inhibits
the ubiquitination and degradation of pro-oncogene c-Myc
(Fang et al,, 2017); in non-small-cell lung cancer (NSCLC),
downregulation of USP13 impedes the growth of NSCLC
model cells A549 and H226 via suppressing AKT/MAPK
signaling pathway (Wu et al., 2019); in colorectal tumor cells,
USP13 has been identified as a microRNA-135b24 target that
promotes colorectal tumor cell proliferation and glycolysis
(Zhang et al., 2013).

Incompatible with the above findings, the recombinant
expression of USP13 exhibits only weak deubiquitination
enzyme activity in vitro (Liu et al, 2011; Zhang et al., 2011).
To decipher its activation mechanism for interpretating the
paradoxical phenomena, determining USP13 structure has
attracted considerable interest over the past few years. Albeit
the structures of full-length USP13, as well as its catalytic
structural domain have not been obtained, structures of
several functional domains are determined (Liu et al, 2011;

Zhang et al, 2011; Liu et al, 2014; Han et al,, 2016). Given
the implications of USP13 in tumorigenesis, seeking compounds
that modulate the USP13 emerges an active area of research and
achieves impressive progress, with multiple selective compounds
being identified successively by both research institutions and
pharmaceutical companies (Liu et al., 2011; Liu et al., 2021a).

In this review, we discuss recent advances in our
understanding of the physiological roles, structure, and
USP13-related diseases. In addition, the appealing stories
regarding a range of representative small-molecule inhibitors
are listed to help track their evolution.

Structure and Activation Mechanism of
USP13

The usp13 gene is located on human chromosome 3q26.2-q26.3,
which encodes USP13, also known as isopeptidase T-3 (Zhang
et al,, 2011; Timms et al., 1998). USP13 was first identified by
Timms et al. and consisted of 863 amino acids (Timms et al,,
1998). USP13 shares approximately 80% sequence similarity with
USP5(Zhang et al, 2011). They have the same domain
architecture, including the N-terminal domain, Zinc finger
(ZnF) domain (amino acids 209-281), and USP catalytic
domain (amino acids 336-861), between the C-box and H-box
(including a two-UBA insertion) (Zhang et al., 2011; Ning et al,,
2020) (Figures 2A,D). The N-terminal residues of USP13 might
be essential for physical interaction with other proteins, which
could be exemplified by interaction of the N-terminus of USP13
with myeloid cell leukemia sequence 1 (MCL1), a core member of
the anti-apoptotic B cell lymphoma 2 (BCL-2) family of proteins
(Zhang et al., 2018). As the ZnF domain is generally considered to
be a ubiquitin binding site, USP5-ZnF recognizes the C-terminal
glycine motif of free Ub chains and activates deubiquitination,
while USP13-ZnF domain is unable to bind Ub, although the
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sequences of the ZnF domains from these two USPs are
homologous (Zhang et al, 2011; Reyes-Turcu et al, 2006)
(Figure 2B, Supplementary Figure S1). The USP13 catalytic
domain contains a conserved C-box and H-box including a two-
UBA insertion (Timms et al., 1998; Zhang et al., 2011). Although
the experimental results showed that USP13-UBA could bind
ubiquitin, USP13 still exhibited only weak deubiquitination
enzyme activity, which is incompatible with the findings that
USP13 can deubiquitinate various important substrates
implicated in disease and tumor development (Liu et al., 2011;
Zhang et al., 2011). It is assumed that USP13 is constitutively in a
state of self-inhibition, whereas it can be activated when it is

modified or interacts with other proteins. However, the structure
of USP13 catalytic domain has not been available until now, at
large impeding interpretation of its active mechanism at the
atomic level.

Fortunately, the USP13-ZnF domain and the tandem UBA
domain have been obtained using NMR (Zhang et al., 2011). In
2011, Hu et al. reported the solution structure of USP13-ZnF
(PDB 2L80). As shown in Figure 2B, USP13-ZnF contains only
one zinc nucleus that coordinates with the peptide chain in C3H
mode. The USP13-ZnF domain consists of five anti-parallel
sheets and two a helices located on both sides with a flexible
loop connecting them (named Loop 2, L2). In contrast with
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USP13-ZnF domain, USP5-ZnF binds Ub with a comparatively
high affinity, echoing the distinct structures from two ZnF
domains (Reyes-Turcu et al, 2006). Structural comparison
revealed no significant difference (RMSD = 1.47) between
USP13-ZnF and USP5-ZnF, but there were some slight
differences between the two USPs (Figure 2E). Firstly,
USP13-ZnF and USP5-ZnF bind Ub with distinct pockets:
the pocket USP13-ZnF appears shallower and harbors few
positive charges than that of USP5-ZnF, which is not
conducive to the binding of Ub glycine (Figures 2F,G); the
L2 regions in the two ZnF domains are moderately different, and
Arg-Arg-Try motif (RRY motif) in L2 regions are likely
associated with ubiquitin binding (Figure 2E). In addition,
W209, R221 and Y261 on USP5 form hydrogen bonds with
Ub-75G and Ub-76G, which are key residues for Ub binding
(Figure 2F). However, it is speculated from the structural
alignment (Figure 2H, Supplementary Figure S1) that
W221, K233, and F273 corresponding to USP13 are not
completely conservative, especially since K233 is offset from
the pocket (K233 at L2 region) (Zhang et al, 2011). In
conclusion, USP13-ZnF failed to bind Ub for two reasons:
one is distribution of the binding pocket charge; and the
other is change of conserved ubiquitin-binding residues.

Both USP13 and USP5 contain tandem UBA domains inserted
between the C-box and H-box, and UBA contains the very
conserved Ub binding motif Met-Gly-Phe (MGF) (Timms
et al., 1998; Raasi et al., 2005). In 2011, Hu et al. reported the
solution structure of USP13-UBA (PDB 2LBC). Structural
analysis demonstrated that UBA consists of three o-helices,
and there was no direct interaction between the two UBAs,
which were linked by a long loop (Figure 2C). Albeit no
ubiquitin-bound UBA  structure is resolved, sequence
alignment revealed that USP13-UBA contains an MGF motif
that presumably can bind Ub (Supplementary Figure S1),
consistent with results from pull-down and ITC experiments
(Zhang et al., 2011). In addition, NMR titration data reflected that
M664, F666, M739, and F741 might be the key residues
responsible for the binding of USP13-UBA to Ub (Zhang
et al, 2011). Except for binding Ub, USP13-UBA2 has also
been reported to be required for binding other proteins, such
as the E3 ubiquitin ligase glycoprotein 78 (gp78) (Liu et al., 2014).

In spite of the high similarity between USP13 and USP5 both
in sequence and domains structures, USP13 recombinant protein
exhibits weak deubiquitination activity in vitro, dramatically
different from its homolog USP5 with high activity both in
vivo and in vitro. In the Ubiquitin-7-amido-4-methylcoumarin
(Ub-AMC) hydrolysis experiment, USP5 showed high
deubiquitination activity at 1.5nM, while USP13 only has
displayed extremely weak activity until protein concentration
increased to 500 nM(Zhang et al., 2011). In the ubiquitin chain
hydrolysis experiment, USP5 can hydrolyze into anchored
ubiquitin chains one by one from the near end until all
ubiquitin chains are cleaved into single ubiquitin chains, and
all polyubiquitin chains, Lys-48 and Lys-63 linear ubiquitin
chains, can be recognized and cleaved by USP5 (Amerik Ayu
et al., 1997; Reyes-Turcu et al., 2006; Reyes-Turcu et al., 2008).
However, the experiment proved that USP13 has no hydrolytic
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activity to Lys-48 and Lys-63 chain diubiquitin but can slowly
hydrolyze Lys-63 chain tetraubiquitin to triubiquitin and
monoubiquitin (Zhang et al, 2011). Overall, the USP13-ZnF
domain cannot bind to Ub to activate USP13, whereas USP13-
UBA can bind, which may partially explain the reason why
USP13 displays only weak basal deubiquitination enzyme
activity: the binding sites of USP13 to Ub are less than that
other USP members, thus providing weaker binding affinity and
consequent cleavage activity towards ubiquitin chains; There
possibly exists constitutive self-inhibition for full-length USP13
supported by the interaction of UBA with ZnF domain, which is
hypothesized to be released by recruitment of other proteins or
modification, such as phosphorylation. However, no relevant
research progress is reported to verify this hypothesis at present.

CELLULAR FUNCTION OF USP13
USP13 in Energy Metabolism

The tricarboxylic acid cycle is the core pathway of energy
metabolism and the hub of carbohydrate, lipid and amino acid
metabolism, providing precursor molecules for the synthesis of
various lipids, non-essential amino acids and nucleotides
(Akram, 2014; Han et al, 2016; Salway, 2018). Studies have
demonstrated that USP13 can regulate the cellular levels of
two key proteins involved in mitochondrial energy metabolism
(Han et al., 2016). In normal cells, glucose is converted to acetyl-
CoA, entering into the tricarboxylic acid cycle and further
generating citric acid (Gameiro and Bell, 2011; Gameiro et al.,
2013). Part of citric acid is transported to the cytoplasm, where it
is converted to acetyl-CoA by ACLY and eventually supplied for
lipid synthesis (Hatzivassiliou et al.,, 2005). However, in most
cases, glutamate intake in tumor cells would markedly ascend in
order to provide more intermediates of the tricarboxylic acid
cycle, maintaining lipid synthesis (Han et al., 2016). Glutamic
acid is converted to a-ketoglutarate by glutaminase and glutamate
dehydrogenase, entering into the tricarboxylic acid cycle.
Subsequently, a-ketoglutarate is oxidized to succinic acid by
OGDH to ensure smooth operation of the tricarboxylic acid
cycle (Sun and Denko, 2014; Han et al., 2016) (Figure 3A).
Phosphatidylinositol-3-kinase ~ (PI3K)/AKT is a well-
recognized signaling pathway related to energy metabolism,
and USP13 knockdown is demonstrated to enhance the
sensitivity of OVCA cells to AKT inhibitors, implying the role
of USP13 in PI3K/AKT-dependent energy metabolism
(Hanrahan et al., 2012; Han et al., 2016; Xie et al, 2019).
Consistently, ACLY and OGDH were identified as USP13
interacting proteins utilizing mass spectrometry (Han et al,
2016). Meanwhile, protein-binding assay and deubiquitylation
experiments demonstrated that USP13 could interact with
OGDH or ACLY through N-terminal domain or C-terminal
domain, respectively, to remove K48-linked ubiquitin chains
from ACLY and OGDH, stabilizing their intracellular protein
levels. When WT-USP13 but not CA-USP13 (C345A-USP13
mutation, inactive mutation) was overexpressed, ACLY and
OGDH protein concentrations in OVCA cells were
upregulated, but mRNA levels were not significantly altered.
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Consistently, tissue microarray detected that USP13 knockdown
could reduce the ACLY and OGDH protein levels in cells,
reducing the synthesis of fatty acids from the source. As
expected, USP13 knockout evidently inhibited tumor cell
growth either in OVCA cells or xenograft tumor models in
nonobese diabetic/severe combined immunodeficiency (NOD/
SCID) mice (Han et al., 2016). In conclusion, inhibition of the
deubiquitination activity of USP13 can impair the energy
metabolism of tumor cells, hence providing novel insights into

interventions of tumor cells targeting on energy metabolism
pathway.

USP13 in Autophagy

Autophagy is a process where cells self-degrade and recycles their
intracellular organelles under stress or starvation. Disruption of
the autophagy system may trigger the occurrence of tumors and
autoimmune diseases (Levine and Kroemer, 2008; Glick et al.,
2010; Levy et al, 2017). Data demonstrated that VPS34 PI3K
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activity and its protein partners play essential roles in
harmonizing both autophagosome initiation and maturation
(Liu et al., 2011). VPS34 and Beclinl are the core components
of the VPS34 complexes (Ohashi et al., 2019; Xie et al., 2020; Yang
et al., 2021).

In 2011, Yuan et al. found that USP13 could interact with the
C-terminal domain of Beclin-1 subunit in the VPS34 complex
and deubiquitinate Beclin-1, thereby enhancing the stability of
the VPS34 complex, which would contribute to the formation of
autophagosomes (Liu et al., 2011). Deubiquitination experiments
demonstrated that overexpression of USP13 could reduce the
ubiquitination level of Beclin-1, and this effect could be
counteracted by the USP13 inhibitor spautin-1. Interestingly,
Beclin-1 knockout also reduced USP13 protein abundance in
turn, indicating the two proteins are regulated reciprocally. In
addition, a recent study pronounced another implication of
USP13 in modulating autophagy through deubiquitinating
VPS34 subunit (Xie et al, 2020). When autophagy occurs,
neural  precursor  cells expressed  developmentally
downregulated 4-1 (NEDD4-1) would form oligomer and
undergo K29-linked auto-ubiquitination at K1279. The auto-
ubiquitinated NEDD4-1 can then interact with USP13 and act
as a bridge connecting USP13 to VPS34, removing the K48-linked
ubiquitin chain on VPS34. Furthermore, it was demonstrated that
CA-USP13 is not able to cleave K48-linked ubiquitin chain,
suggesting that USP13 deubiquitination activity is necessary to
stabilize VPS34 (Figure 3B). Thus, modulating USP13 perhaps
offers an effective target in the management of diseases brought
by disfunction of the autophagy pathways. Consistently,
treatment with spautin-1, a selective inhibitor of USP13,
protected the brain from cerebral ischemia reperfusion injury
through blocking autophagy activation (Liu et al., 2021b). In
addition, upregulation of USP13 is proved to attenuate
intervertebral disc degeneration (IVDD) through promoting
autophagy (Dai et al., 2021).

USP13 in DNA Damage Response

DNA replication is an important process of genetic information
transmission, and imperfect replication processes lead to genomic
instability, which is a critical cause of tumors (Downs et al., 2007;
Anindya, 2020). Stimulus from external radiation, viral infection
and other stimuli can trigger DNA damage in cells, initiating the
DNA damage repair system to protect the DNA structure from
destruction (Li et al., 2017). It is indicated that USP13 can
exquisitely adjust several vital proteins involved in the DNA
damage response through deubiquitinating them, in degradation-
dependent and independent manner (Li et al., 2017; Kim et al,,
2021). Here, we take its regulation of RAP80 and TopBP1 for
instances to discuss (Figure 3C).

RAP80 exerts effects in myriad aspects of DNA damage repair,
including cell cycle checkpoint activation and chromatin
homologous recombination (Mailand et al,, 2007; Silver and
Livingston, 2012). It is observed that USP13 deficiency
abrogates DNA damage-induced G2/M checkpoint and
renders cells sensible to irradiation and treatment of cisplatin
in a RAP80-dependent manner, underlying the implications of
USP13 in DNA damage repair through modulating RAP80 (Li
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et al,, 2017). The evidence establishes that the binding of RAP80
to K63-linked ubiquitin chain is essential for recruitment of itself
and other proteins to DNA damage sites (Kim et al, 2007;
Sobhian et al, 2007; Wang et al, 2007; Yan et al., 2007).
However, there are approximately 15 sites on RAP80 prone to
forming ubiquitin chains, and activation of multiple sites might
sterically block modification of RAP80 by K63-linked ubiquitin
chain. Following DNA damage, phosphorylated USP13 by ATM
is recruited to DNA damage sites to cleave the ubiquitin chains
from more than three sites of RAP80 (K75, K90, and K112),
releasing their restriction on the K63-linked ubiquitin chain,
improving the focus formation of the RAP80-BRCA1 complex,
and eventually facilitating DDR. Notably, this function of USP13
depends on deubiquitination activity, since CA-USP13 cannot
reduce RAP80 ubiquitination level (Li et al, 2017). Taken
together, USP13 has an impact on ubiquitination of RAP80,
instead of its protein degradation, to regulate its focus
formation and DDR-related function. In addition, depletion of
USP13 in OVCA cell line EFO-27 cells sensitized cells to the Poly
(ADP-ribose) polymerase (PARP) inhibitor, Olaparib, and
incubation with USP13 inhibitor Spautin-1 also conferred
EFO-27 cells sensitive to Olaparib. Furthermore, following
treatment of Spautin-1 in conjunction with Olaparib, effects
on OVCA models are remarkably enhanced, indicating that
USP13 may be applied to overcome the chemotherapy
resistance of cancer cells (Li et al., 2017).

Alternatively, USP13 can also modulate the ubiquitination
level of TopBP1, another key protein implicated in replication
stress-related DNA-damage responses (Kim et al, 2021).
Following DNA replication stress, TopBP1 is recruited near
single-stranded DNA to activate the ATR, thereby regulating
the G1-S phase checkpoint (Ma et al., 2020; Kim et al., 2021). In
normal cells, TopBP1 is ubiquitinated by the E3 ubiquitin ligase
human hyperplastic discs (hHYD) for degradation by the
proteasome (Honda et al, 2002). Under DNA damage, the
ubiquitination level of TopBP1 was pronouncedly reduced by
USP13, accompanied by accumulation of TopBPl in cells.
Protein interaction experiments demonstrated that USP13
could co-immunoprecipitate with endogenous TopBP1, and
in vitro deubiquitination enzyme experiments showed that
WT-USP13 could deubiquitinate TopBP1, while CA-USP13
could not, highlighting the requirement for USP13
ubiquitination activity (Kim et al, 2021). The observations
that ATR phosphorylation was reduced in USP13-deficient
cells and can be restored by recombinant expression of
TopBP1 established that USP13 can regulate DNA replication
stress by controlling the degradation of the TopBP1. Importantly,
TopBP1 is proved to be correlated with multiple cancers and
exerts roles in chemotherapy resistance (Forma et al, 2012;
Chowdhury et al,, 2014; Lv et al., 2016; Liu et al., 2021¢; Laine
etal., 2021). Moreover, incubation with USP13 inhibitor spautin-
1 reduces survival of OVCA cell lines after replication stress
inducing agents, implying that the development of selective
USP13 inhibitors is feasible for treatment of these patients of
conventional cancer chemotherapy (Kim et al., 2021).

Conclusively, these data illustrate that USP13 can
deubiquitinate key proteins engaged in DNA damage response
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to induce their dysfunction or degradation, fine-tuning the DNA
damage repair system.

USP13 in ERAD

To control protein quality in cells, proteins are strictly monitored
in the endoplasmic reticulum. Those proteins that cannot be
correctly folded will be degraded by the ERAD pathway, where
the misfolded proteins should be moved by the process, named
retrotranslocation, from the endoplasmic reticulum across the
membrane to the cytosol for ubiquitination by ER-associated
ubiquitin conjugating systems (Hirsch et al., 2009; Ye and Rape,
2009). As a recognition signal, the polyubiquitin chains on the
substrates can enroll the p97/VCP ATPase and its cofactor Ufd1-
Npl4, releasing substrates from the ER membrane into the cytosol
(Ye et al,, 2001; Flierman et al., 2003). It is reported that USP13
and gp78 are two enzymes with opposing activity, but manipulate
in combination the ubiquitination of ER substrates, thus
coordinately promoting ERAD (Liu et al, 2014) (Figure 3D).
Gp78, as one of the well-described E3s in ERAD, plays a master
regulator of retrotranslocation, via mediating ubiquitination of
many ERAD substrates and interacting with ERAD machinery
proteins, such as BCL-2-associated athanogene 6 (Bag6)
multiprotein complex (Fang et al.,, 2001; Song et al., 2005; Jo
et al, 2011; Wang et al,, 2011; Chen et al., 2012). On the luminal
side, a complex containing gp78 can recruit the misfolded
proteins recognized by molecular chaperone proteins for
ubiquitination ~ and  retrotranslocation  (Brodsky  and
McCracken, 1999; Wu and Rapoport, 2018). Bag6 with
chaperone “holdase” activity can improve the turnover of
retrotranslocated polypeptides through holding them in a
soluble state and facilitating the transfer of the substrate from
the gp78 containing complex to the proteasome for degradation,
owing to the weak interaction of Bag6 with the proteasome
(Minami et al., 2010; Wang et al., 2011). UBL4A is one of two
Bagp6 partners, promotes association of Bag6 with a co-chaperone.
Hyper-ubiquitination of UBL4A can induce the cleavage and
inactivation of Bag6, causing ERAD inhibition (Chartron et al.,
2012; Xu et al,, 2012). Therefore, ubiquitination chains on UBL4A
are essential for the ERAD pathway. It is reported that USP13 can
form a specific interaction with the Bag6 complex via the Bag6
UBL domain, and further remove ubiquitin conjugates from
UBL4, hyper-ubiquitination of UBL4 under USP13
knockdown conditions might inhibit the interaction of UBL4
with SGTA directly, and therefore disrupting this functional
connection between Bag6 and SGTA (Liu et al, 2014; Chu
et al., 2020). Data demonstrated that ubiquitin conjugates on
UbI4A from either USP13 deficient cells or USP13 knockdown
cells accumulated more than that on UBL4 from control cells.
Similarly, ubiquitinated UBL4A can be significantly reduced after
treatment of with recombinant USP13, which can be blocked by
the specific DUB inhibitor ubiquitin aldehyde (Ub-Al) (Liu et al.,
2014). As a result, USP13 can inhibit the elimination of misfolded
proteins by the ERAD pathway. Notably, the impact of
deubiquitination enzyme USP13 on ERAD process needs the
assistance of gp78, and in turn improves the ubiquitination

A Potential Therapeutic Target USP13

the Bag6 complex. Gp78 adds ubiquitin chains into UBL4A,
whereas USP13 antagonizes this activity to limit UBL4A
ubiquitination. In conclusion, it appears that USP13 and gp78,
these two antagonized enzymes against each other, corporately
maintain  the balance between  ubiquitination and
deubiquitination, controlling precisely the ERAD process.

It is noteworthy that USP13 also can act in ERAD downstream
of retro-translocation through enhancing the solubility of
retrotranslocated substrates (Liu et al., 2014; Chu et al., 2020).
It is proved that USP13 knockdown has negative effects on the
solubility of several ERAD substrates, including model ERAD-
substrate TCRa. This phenomenon is postulated perhaps due to
mutual influence between USP13 and Bag6 (Yu et al, 1997;
Soetandyo et al., 2010). Lately, USP13 has been reported to
deubiquitinate under stress, which is also the substrate of
autocrine motility factor receptor (AMFR) E3 ligase, activating
CASP3 followed by Bag6 cleavage (Mitchell et al., 2007; Benhar
et al,, 2008). Consequently, the produced N-terminal Bag6 is
converted from an ERAD regulator to an autophagy modulator
and apoptosis trigger.

USP13 in Other Cellular Activities

In addition to these cell functions as described above, USP13 is
also implicated in many other distinctive cell activities, albeit its
regulatory mechanism remains not elucidated clearly. For
instance, in non-small-cell lung cancer (NSCLC),
downregulation of USP13 inhibits MAPK/AKT signaling (Han
et al., 2016). In contrast, in breast cancer cells, silencing USP13
can facilitate AKT phosphorylation by downregulating PTEN
level, accompanied by tumor cell proliferation and glycolysis
(Zhang et al, 2013). As STING (also known as MITA), a
deubiquitination substrate of USP13, is pivotal for host
defense against viruses dependent on the NF-kB pathway and
USP13 is supposed to be involved in the NF-«B signaling pathway
and regulates innate immunity via deubiquitinating STING (Sun
et al.,, 2017). Consistently, it has been reported that deletion of
USP13 can activate the NF-kB signaling pathway in response to
herpesvirus infection, increasing resistance to the virus (Sun et al.,
2017). Moreover, phosphorylation of USP13 at Y708 by CDC-like
kinase 3 (CLK3) can facilitate the interaction between USP13 and
the proto-oncoprotein c-Myc, further suppressing tumorigenesis
(Zhou et al., 2020). Overall, USP13 is capable of affecting various
cellular processes, including protein localization or degradation
through regulating the ubiquitination levels of multiple protein
substrates, thereby the dysfunction of USP13 can relate to a wide
variety of diseases, even the occurrence of tumors, which
highlight the potency of USP13 as a therapeutic target.

USP13 and Tumors

A growing number of studies have demonstrated that USP13
overexpression is closely related to tumor grade, tumor invasion,
chemotherapy resistance and poor prognosis (Liu et al., 2014;
Han et al,, 2016; Fang et al., 2017; Li et al,, 2017; Kim et al., 2021;
Liu and Moussa, 2021).

The Cancer Genomics Atlas (TCGA) analysis detected

specificity of gp78 substrates. USP13 interacts physically with  significant overexpression of USP13 in OVCA cells.
gp78 and Bagé, fine-tuning the ubiquitin dynamics of UBL4A in ~ Immunohistochemical ~(IHC) assay exhibited USP13
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expression levels in OVCA cells upregulated at least 3.7 times,
compared with those in normal ovarian tissues (Han et al., 2016).
In addition, clinical data showed that USP13 overexpression led
to a short survival cycle and poor prognosis for OVCA patients
and is closely related to tumor grade. Consistently, knockout or
pharmacological inhibition of USP13 impeded tumor cell
proliferation and enhanced sensitivity to chemotherapeutic
agents in both cell lines and mouse models (Han et al., 2016;
Zhang et al., 2018). Mechanistically, USP13 promoted the energy
metabolism of tumor cells, and provided precursor substances for
the synthesis of sugar, lipids and non-essential amino acids in
cancer cells, through deubiquitinating and stabilizing ACLY and
OGDH (Han et al,, 2016). These are necessary for tumor cell
proliferation and invasion. USP13, on the other hand, can
deubiquitinate and stabilize MCL1, which is not sensitive to
MCL-2 family inhibitors, and render tumor cells highly
resistant to BH3-type chemotherapy drugs (Oltersdorf et al.,
2005; Delbridge et al., 2016; Kotschy et al, 2016). Since the
effect of USP13 on maintaining this resistance, inhibition of
USP13 seems likely to be viewed as a practical way to
overcome drug resistance in the therapy of OVCA.

The c-Myc gene encodes a proto-oncoprotein, a widely
recognized transcription factor regulating approximately
10-15% of genes implicated in cell proliferation,
differentiation, apoptosis and other processes (Friedman et al.,
2017; Habib et al., 2020), and c-Myc mutations are often
associated with tumors (Berns et al, 1997; Brodsky and
McCracken, 1999; Hermeking et al., 2000; Morrish et al., 2003;
Wilson et al., 2004). Recently, it has been reported that USP13 is
co-overexpressed with c-Myc in many tumors, such as NSCLC
(Wu et al,, 2019), cholangiocarcinoma (CAA) (Zhou et al., 2020),
GSCs (Fang et al,, 2017), and hepatocellular carcinoma (HCC)
(Huang et al, 2020). Consistently, knockdown or
pharmacological inhibition of USP13 antagonized tumor cell
growth. For example, in non-small-cell lung cancer,
downregulation of USP13 suppresses ATK/MAPK signaling,
reducing c-Myc protein levels and retards tumor growth both
in tumor cells and nude mice (Wu et al, 2019). In
cholangiocarcinoma, = TGF-B  signaling  triggers  the
phosphorylation of CLK3, a serine/threonine kinase that
directly phosphorylates USP13 at Y708 and facilitates USP13
interaction with c-Myc (Zhou et al., 2020); in GSCs, USP13 can
enhance the stability through deubiquitinating c-Myc, activating
purine synthesis mediated by c¢-Myc and inducing the
tumorigenesis of GSCs (Fang et al., 2017); in hepatocellular
carcinoma, knockdown of USP13 by shRNA can markedly
downregulate c-Myc expression, resisting xenograft tumor
growth of HCC (Huang et al, 2020). Hence, inhibition of
USP13 might be beneficial for related cancer treatment.

Likewise, USP13 exerts an antitumor role in several types of
cancers. For example, USP13 prevents tumor cell growth by
deubiquitinating PTEN in breast cancer, OSCC and bladder
cancer. It is assumed that overexpression of USP13 can block
AKT signaling pathway, suppressing tumor cell proliferation,
invasion, and glycolysis through up-regulating PTEN protein
levels (Zhang et al, 2013; Xiang et al., 2015; Zhang et al,
2018; Man et al., 2019).

A Potential Therapeutic Target USP13

In addition, USP13 is also involved in the development of
other diseases and tumors. In cell and animal models, USP13
participates in ubiquitination modifications of key targets in
Parkinson’s disease, such as tau, a-synuclein and E3 ubiquitin
ligase parkin (Liu et al., 2019a; Liu et al., 2019b). In melanoma,
MITF is essential for cell proliferation and differentiation via
regulating multiple genes transcription. USP13 has been
identified as a deubiquitination enzyme of MITF to modulate
the ubiquitination level of MITF, affecting the survival of
melanoma cells (Zhao et al.,, 2011). In gastric cancer, the high
expression of USP13 is associated with high invasion,
contributing to reduced survival rate of patients. It is supposed
that USP13 deubiquitinated and stabilized Snail protein,
promoting metastasis in gastric cancer cells (Zhang et al,
2022). Collectively, due to its role in a variety of tumors and
neurodegenerative diseases, USP13 has emerged as a potential
therapeutic target for diverse tumors.

Inhibition of USP13

Owing to the significance of USP13 in the above cellular processes
and diseases, especially tumors, to seek and develop high potent
inhibitors presumably thus offer an attractive strategy for research
and treatment of related diseases targeting USP13. Currently,
spautin-1 is a widely acknowledged inhibitor of USP13(Liu et al,
2011; Zhang et al., 2018; Guo et al., 2020) (Figure 4A). In 2011,
Yuan et al. discovered a more efficient autophagy inhibitor, MBCQ,
through high-throughput screening. Subsequently, they carried out
molecular optimization based on MBCQ and designed many of its
derivatives. Among them, C43 is the most superior at selectivity and
inhibitory activity, and is named spautin-1 (Liu et al, 2011).
Spautin-1 ~ was  identified to  selectively inhibit the
deubiquitination enzymes USP10 and USP13 with an IC50 of
0.6-0.7uM, and spautin-1 treatment can enhance the
ubiquitination-directed ~ degradation of the Beclinl-VSP34
complex and reduce the intracellular concentration of
phosphatidylinositol 3-phosphate (PI3P), a crucial component in
autophagosome membranes formation (Levine and Kroemer, 2008;
Glick et al., 2010; Levy et al,, 2017). Remarkably, several studies have
successively demonstrated that the use of spautin-1 in combination
with chemotherapy can effectively increase tumor cell mortality and
attenuate tumor cell migration and xenotransplantation, both in cell
models and animal models, suggesting that spautin-1 may be a
potential lead compound targeting USP13 (Zhang et al., 2018; Liao
et al., 2019; Guo et al., 2020).

More lately, a new study on USP13 inhibitors was reported. Liu
et al designed and synthesized six derivatives of spautin-1
(Figure 4B), which exhibit higher inhibition efficiency against
USP13 (Figure 4C) and capability of crossing the blood-brain
barrier (Liu et al, 2021a), compared to spautin-1, enabling the
development of inhibitors in neurodegenerative diseases. They first
treated neuroblastoma SH-SY5Y cells with six inhibitors at a
concentration ranging from 1nM to 1 mM, and detected USP13
activity utilizing ELISA assay. The IC50 values of USP13 for these
inhibitors ranged from 0.11 to 2.13 nM. Among them, bK50118-C
displays the highest inhibitory efficiency against a-synuclein, although
its IC50 is not the smallest. Therefore, BK50118-C is selected for the
next ADME research. Conclusively, the new USP13 inhibitor
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Spautin-1

BK50118-A BK50118-B BK50118-C

FIGURE 4 | USP13 inhibitors. (A) Chemical structure of Spautin-1; (B) Spautin-1 derivatives; (C) IC50 to USP13 was calculated.

Compound name IC50 to USP13(nM)
BK50118-A 0.11
BK50118-B 2.13
BK50118-C 0.42

CL3-499 0.29
CL3-512 0.27
CL3-514 0.61
Spautin-1 600-700
HO Oy OH
NH
X NO:
Sed
CL3-499 CL3-512 CL3-514

BK50118-C designed by Liu et al. is the first USP13 inhibitor that can
cross the blood-brain barrier, providing a powerful tool for research
on USP13-related neurodegenerative diseases in the future.

CONCLUSION

Given a decisive role of the ubiquitin—proteasome system (UPS) in
protein quality control in eukaryotes, UPS disorder is associated with
many diseases, even tumors (Ravid and Hochstrasser, 2008;
Harrigan et al, 2018). As a member of this system, the
deubiquitinating enzyme USP13 participates in many aspects of
cellular processes, as result dysregulation of USP13 gives rise to
plenty of diseases through deubiquitination of various critical
substrate proteins, including OGDH (Han et al, 2016), ACLY
(Han et al, 2016), VPS34 (Liu et al, 2011), TopBP1 (Kim et al,

2021), RAPS80 (Li et al,, 2017), UBL4A (Liu et al., 2014), and STING
(Sun et al,, 2017), highlighting that USP13 is emerging as appealing
targets for the therapy of the diseases. Consistently, knockdown or
pharmacological inhibition of USP13 by spautin-1 retards the
growth, differentiation and invasion of many tumors, providing a
possibility for antagonizing the drug resistance of tumor cells.
Furthermore, recent studies have shown that derivatives of
spautin-1 display better USP13 inhibition and the ability to cross
the blood-brain barrier, which is presumably beneficial for research
on USP13-related neurodegenerative disease (Liu et al., 2021a).
However, here a few critical issues are raised. Firstly, since the
recombinant expression of USP13 only exhibits weak
deubiquitination activity in vitro, it should be addressed whether
it is in a state of self-inhibition in vivo and needs to be activated by
other proteins, or its local solubility in the cells requires to be
increased for activation. In addition, as neither the structure of
the USP13 holoenzyme nor its complex structure with substrate

proteins or inhibitors has been determined, it is limited for us to
decipher its molecular mechanisms in cell activity. In future, the
structure and activity regulation mechanism of USP13 remains to be
further elaborated. Moreover, much attention should be paid to the
validation utilization of USP13 as a drug target in research on the
pathogenesis of diseases, in particular tumors.

We anticipate that this manuscript can supply information on
the structure, biology and physiology of USP13, particularly its
relation with malignant diseases, paving the way for the clinical
transfer of USP13 inhibitors to druggable compounds.
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GLOSSARY

DUB deubiquitination

USP13 ubiquitin-specific protease 13

ERAD endoplasmic reticulum-associated degradation
E1 ubiquitin-activating enzyme

E2 ubiquitin-conjugating enzyme

E3 ubiquitin ligase

LUBAC linear ubiquitin chain assembly complex
USPs ubiquitin-specific proteases

OTUs ovarian tumor proteases

UCHS ubiquitin C-terminal hydrolase

M]JDs Machado-Josephin domain-containing proteases

MINDYSs motifs interacting with the ubiquitin-containing novel DUB
family

JAMMSs JAB1, MPN, MOV34 family

ZUP1 zinc finger containing Ub peptidase 1
OGDH a-ketoglutarate dehydrogenase

ACLY ATP citrate lyase

VPS34 vacuolar protein sorting 34

TopBP1 topoisomerase IIf binding protein 1
RAP8O receptor-associated protein 80

UbI4A ubiquitin like 4A

MITF microphthalmia-associated transcription factor
FBXL14 F-box and leucine-rich repeat protein 14
MAPK mitogen-activated protein kinase

ZnF Zinc finger

PTEN phosphatase and tensin homolog deleted on chromosome ten
UBA ubiquitin-associated

MCL1 myeloid cell leukemia sequence 1

BCL-2 B cell lymphoma 2

NMR Nuclear Magnetic Resonance

A Potential Therapeutic Target USP13

ITC isothermal titration calorimetry

gp78 glycoprotein 78

Ub-AMC Ubigquitin-7-amido-4- methylcoumarin

PI3K Phosphatidylinositol-3-kinase

OVCA ovarian cancer

CA-USP13 C345A-USP13 mutation

NOD/SCID nonobese diabetic/severe combined immunodeficiency

NEDD4-1 neural precursor cell expressed developmentally
downregulated 4-1

IVDD intervertebral disc degeneration
DDR DNA damage repair

BRCALT breast cancer 1

PARP Poly (ADP-ribose) polymerase
hHYD human hyperplastic discs

VCP valosin-containing protein

Ufd1 ubiquitin fusion degradation 1
Npl4 nuclear protein localization protein 4
Bag6 BCL-2-associated athanogen 6
Ub-Al ubiquitin aldehyde

AMEFR autocrine motility factor receptor
NSCLC non-small-cell lung cancer
STING Stimulator of interferon genes
CLK3 CDC-like kinase 3

TCGA The Cancer Genomics Atlas

ITHC Immunohistochemical

CAA cholangiocarcinoma

GSCs glioma stem cells

HCC hepatocellular carcinoma
OSCC oral squamous cell carcinoma
PI3P phosphatidylinositol 3-phosphate

UPS ubiquitin-proteasome system.
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Association Between Neddylation and
Immune Response

Jiali Zhu, Feng Chu, Meirong Zhang, Wenhuan Sun and Fangfang Zhou *

Institutes of Biology and Medical Science, Soochow University, Suzhou, China

Neddylation is a ubiquitin-like post-translational protein modification. It occurs via the
activation of the neural precursor cell expressed, developmentally downregulated protein 8
(NEDDBS) by three enzymes: activating enzyme, conjugating enzyme, and ligase. NEDD8
was first isolated from the mouse brain in 1992 and was initially considered important for
the development and differentiation of the central nervous system. Previously, the
downregulation of neddylation was associated with some human diseases, such as
neurodegenerative disorders and cancers. In recent years, neddylation has also been
proven to be pivotal in various processes of the human immune system, including the
regulation of inflammation, bacterial infection, viral infection, and T cell function.
Additionally, NEDD8 was found to act on proteins that can affect viral transcription,
leading to impaired infectivity. Here, we focused on the influence of neddylation on the
innate and adaptive immune responses.

Keywords: neddylation, NEDD8, immune response, innate immune cells, anti-viral pathway

INTRODUCTION

Neddylation is a form of post-translational protein modifications (PTMs) in which the ubiquitin-like
protein neural precursor cell expressed, developmentally downregulated protein 8 (NEDD8) binds to
the target protein via a process similar to ubiquitination (Yu et al., 2019; Zhao et al,, 2021). It was
reported that the sequences of NEDD8 and ubiquitin are 59% identical (Figure 1A) (Enchev et al,,
2015). NEDDS8 was first isolated from the mouse brain, (Kumar et al., 1992). The first identified
substrate was Cdc53, which is a yeast cullin (Gao et al., 2006). To date, the best-studied neddylation
substrates are those from the largest ubiquitin E3 ligase family called cullin-RING ligases (CRLs)
(Enchev et al., 2015), which are activated by conformational changes at the C-terminal (Duda et al.,
2008; Mohanty et al., 2021). NEDDS8 has also been found to act on other substrates, known as non-
cullin proteins, to impact gene expression, cell survival, organ development, and stress response
(Enchev et al., 2015). Once CRLs are activated, various cellular substrates participate in innate
immune responses, cell cycle regulation, and cytoskeleton modeling (Mohanty et al., 2021).

In 1998, Cullin3 (Cul3) and Cul-4A were observed to be highly expressed in cultured colon cancer
cells and primary breast cancer (Chen et al., 1998; Du et al., 1998). Elevated expression of NEDD8
was then observed in various human tumor cell lines, including leukemia cells and HeLa (Hori et al.,
1999). Both these findings confirmed that neddylation is relevant to cancer progression. Some
neddylated non-cullin proteins, such as the neddylated tumor suppressor phosphatase and tensin
homolog (PTEN) and breast cancer-associated protein 3 (BCA3) have been shown to be cancer
promoters (Mo et al., 2016; Xie et al., 2021). In 2009, it was found that inhibition of the activating
enzyme (E1) of neddylation using MLN4924 (Pevonedistat) can suppress tumor progression, and it
is currently undergoing clinical trials, in combination with chemotherapies, against various types of
malignant tumors (Soucy et al., 2009; Xie et al., 2021) (NCT04090736, NCT03745352). There is a

Frontiers in Cell and Developmental Biology | www.frontiersin.org 65

May 2022 | Volume 10 | Article 890121


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.890121&domain=pdf&date_stamp=2022-05-05
https://www.frontiersin.org/articles/10.3389/fcell.2022.890121/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.890121/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhoufangfang@suda.edu.cn
https://doi.org/10.3389/fcell.2022.890121
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.890121

Zhu et al.

The Neddylation and Immune Response

NEDP1
A
1 10 20 30 40 50 60 70

SN N S S S S N

Human NEDD8  MLIKVKTLTG KEIEIDIEPT DKVERIKERV EEKEGIPPQQ QRLIYSGKQM NDEKTAADYK ILGGSVLHLV LALRGGGGLR Q
Human ubiquitin  MQTIFVKTLTG KTITLEVEPS DTIENVKAKI QDKEGIPPD(Q QRLIFAGKQL EDGRTLSDYN IQKESTLHLV LRLRGG

B NEDDS
precursor
C D
h - 4
NEDP1 | C-terminal modification
AMP
e, Y .
Ny & NEDDS fUBA3/ ( 6 U/
{ |, «—— (NEDD8-G (NEDD8} NEDDB
Proteasome A -NUB1 p _,_9 1. Activation .~ | APPBP1 2. Conjugation APPBP1
e - /UBC12\E2
Deneddylation
a8
| Substrate |
_— 4 3. Ligation
Direct effects of neddylation NEDP1
1. Conformational changes / . NadHIaE
2. Preclude certain interac- A N eddylation @2 N
. { - -« NEDD8 -—
tions ‘ NEDIIE G| K—| Substratej\ < QITZDDS—@UBCQ/
3. Provide a novel binding \’K—| Substratej K’@
surface

FIGURE 1 | Neddylation process. The neddylation process is similar to ubiquitination, with a three-step enzymatic reaction. (A) The maturation of the NEDD8 is a
C-terminal hydrolytic activity by NEDP1. The ubiquitin contains 76 amino acids, and the different residues between matured NEDD8 (blue) and ubiquitin is highlighted in
red. (B) After maturation, NEDD8 binds to the activating enzyme E1 in an ATP-dependent manner. NEDDS is then accepted by conjugating enzyme E2. Finally, E2
transfers NEDDS to ligase E3, which then links the glycine of NEDD8 and the lysine residues of its substrates via an isopeptide bond. The following deneddylation
process deconjugates NEDDS8 from the neddylated substrate. And after deconjugation, NUB1 (Negative regulator of ubiquitin like proteins 1) directs NEDD8 and
substrate (like CRLs) to proteasome for degradation. The direct effects of neddylation on its substrates include three parts: conformational changes, preclude certain

interactions and provide a novel binding surface.

large body of evidence demonstrating that MLN4924 functions as
a tumor inhibitor by triggering DN A-damage responses, cell cycle
arrest, apoptosis, autophagy, and alteration of mitochondrial
function (Soucy et al., 2009; Zhao et al., 2012; Zhou et al,, 2019).

During the past decade, the connection between neddylation
and immunity has been investigated, describing the importance
of this type of PTM in controlling immune responses and
immune-related diseases. In this review, we summarize the
neddylation process and its regulatory effects on innate and
adaptive immunity.

NEDDYLATION PROCESS

The primary product of the NEDD8 gene is a NEDDS8
precursor, which needs to be modified to expose the
C-terminal glycine before it acts on its targets (Enchev
et al., 2015). NEDD8 precursor contains 81 amino acids
(Figure 1A), and NEDDS8 protease 1 (NEDPI, also known
as the human deneddylase 1, DEN1), is involved in NEDD8
precursor processing (Figure 1B). After the proteolytic
process, the NEDDS activating enzyme (NAE, E1) facilitates
NEDDS activation in an ATP-dependent manner, and a high-

energy intermediate is produced. Following this, the
conjugating enzyme (E2) accepts and transfers NEDD8 to
ligase (E3), which ensures specific conjugation between
activated NEDDS8 and its target protein (Wu et al., 2003;
Rabut and Peter, 2008). Similar to ubiquitin, the final
attachment occurs via an isopeptide linkage between
conserved C-terminal glycine 76 of NEDD8 and the lysine
residue of its substrates (Rabut and Peter, 2008; Watson et al.,
2011). Previous studies have identified APPBP1-UBA3
(amyloid P precursor protein binding protein 1-ubiquitin
activating enzyme 3) complex as El, UBC12/UBE2M
(ubiquitin conjugating enzyme E2 M) and UBE2F as E2,
RING-box protein 1 (RBX1)/ regulator of cullins 1 (ROC1),
RBX2/ROC2, and murine double minute 2 (MDM2) as E3
(Rabut and Peter, 2008; Li et al., 2019). Interestingly, some
enzymes involved in neddylation also participate in the
ubiquitination process, like MDM?2 (Brooks and Gu, 2006),
and the ubiquitin RING-class E3 component is not only the
target of NEDDS8 but also serves as E3 in the neddylation
pathway (Huang et al., 2004). The following deneddylation is
to separate the conjugated NEDD8 and substrate, during
which the COP9 signalosome (CSN) and NEDP1 serve as
deneddylase (Rabut and Peter, 2008).
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FIGURE 2| The function of neddylation on immune cells. After stimulation with pathogen-associated molecular patterns or damage-associated molecular patterns
(PAMPs or DAMPs), neddylation is required to induce proinflammatory cytokines, including interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a), in dendritic cells
(DCs) and macrophages. (A) After ubiquitination and degradation of inhibitor kB (IkB), nuclear factor (NF)-kB translocates into the nucleus and initiates gene expression;
this process is dependent on the neddylation of ubiquitin E3 ligase. (B) The NLR family pyrin domain containing 3 (NLRP3) in the inflammasome complex of
macrophages can be neddylated at the caspase recruitment domain (CARD), leading to self-cleavage of pro-caspase-1 and maturation of IL-1p, thus affecting
inflammation. (C) For adaptive immune cells, inhibition of neddylation by knockdown of UBC12 blocks cytokine secretion by CD4* T cells, including that of IL-2, IL-4, and
IFN-y. Knockout of UBA3 can downregulate interferon (IFN)-y-producing Ty 1 cells and even result in apoptosis. NEDD8-activating enzyme (NAE) inhibition can regulate
the polarization of CD4™ T cells with lower T, differentiation and a shift towards the Tiy1 phenotype. The deficiency of Cul-4b also has negative effects on CD4* T cell

survival.

NEDDYLATION AND INNATE IMMUNE
CELLS

Dendritic cells (DCs) are the most potent antigen-presenting cells
(APCs) involved in the innate immunity. Once they are
stimulated by pathogens, the inhibitor kB (IkB) is
phosphorylated by IkB kinase (IKKB or a), and then
ubiquitinated and degraded by the E3 ligase complex. CRL-1
is a component of the E3 ligase complex, which consists of Cull,
RING box protein (SAG), and S-phase kinase-associated
protein 1 (SKP1) (Emanuele et al., 2011). Ubiquitination
and degradation of IkB are dependent on the neddylation of
Cull at the C-terminal lysine residue via conjugation to
activated NEDD8 (Figure 2A) (Xirodimas, 2008). Upon
degradation of IxB, nuclear factor-kB (NF-kB) is activated; it
translocates into the nucleus, leading to an increase in the
transcription and secretion of proinflammatory cytokines,
including interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a) (Mathewson et al., 2013; Jiang et al., 2021). Besides,
neddylation is of great significance for survival of DCs. On the
one hand, it was confirmed that knockdown of the key genes in

neddylation pathway (Cullin-1, Cullin-5, SENP8, and NEDDS)
can promote apoptosis and autophagy in Mycobacterium
tuberculosis antigen stimulated DCs (Singhal et al., 2012;
Chadha et al., 2015). On the other hand, Mathewson et al.
found that inhibition of neddylation by MLN4924 treatment
for 24 h or knockdown of SAG impairs the function of DCs
without affecting the MAPK/ERK (Mitogen-activated protein
kinase/Extracellular signal-related kinase) pathway and cell
viability (Mathewson et al, 2013). However, long term
MLN4924 admission was proven to reduce the number of
APCs significantly, including DCs and macrophages,
whereas showed minimal effect on T cells and B cells (Pai
et al., 2017). Therefore, the effects of MLN4924 on survival of
DCs is time-dependent. Importantly, MLN4924 was noticed to
sensitize apoptosis and necroptosis of monocytes and
immature DCs (iDCs) induced by TNF, and this effect is
closely correlates with the suppressed expression of A20 (a
ubiquitination editing enzyme), cellular inhibitor of apoptosis
protein 2 (cIAP2), TNF receptor associated factor 1 (TRAF1)
and FLIP (FLICE inhibitory protein), which provide cells
resistance to TNF-induced cell death (EI-Mesery et al., 2015).
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Same as in DGCs, lipopolysaccharide (LPS)-induced
proinflammatory cytokine production can be suppressed by
MLN4924, inhibiting ubiquitination and degradation of IkBa,
thus impairing nuclear translocation of NF-kB (Chang et al,
2012). Besides, the NOD-like receptor family pyrin domain
containing 3 (NLRP3)/apoptosis-associated speck-like protein
(ASC) is associated with pro-caspase-1 via the caspase
recruitment domain (CARD) in inflammasome complex. The
activity of NEDD8 on CARD is necessary for pro-caspase-1 to
self-cleave into caspase-1 (Figure 2B), which is followed by the
maturation of pro-IL -1 to IL-1p (Segovia et al., 2015; Zhou et al.,
2019; Swanson et al., 2019; Jiang et al., 2021). Watahiki et al. also
found that MLN4924 treatment prevents LPS-stimulated II1b
gene expression, thus could be a new strategy for inflammatory
diseases (Watahiki et al., 2020). Except for affecting inflammatory
responses, MLN4924 also promotes polarization towards M2
macrophages (Asare et al, 2017). The neddylation pathway
was found to be activated during methicillin-resistant
Staphylococcus aureus (MRSA) infection, providing protection
through the NEDDS8-Cullin3-Nrf2-ROS axis and increased

reactive oxygen species (ROS) in mouse peritoneal
macrophages (Xiu et al, 2021). Moreover, neddylation
inhibition was proved to decrease macrophage tumor

infiltration through chemotactic cytokine ligand 2 (CCL2)
reduction, thus modulates the tumor microenvironment and
could be a potent cancer therapy (Zhou et al, 2019; Meerang
et al., 2020). Besides, CCL5 accumulation due to MLN4924 led to
M2 macrophage infiltration, and exacerbates chronic pancreatitis
(Lin et al., 2021). Apart from functional effects, neddylation also
matters in survival of macrophages. It was reported that partial
treatment using MLN4924 diminishes TNF-a and IL-6 induced
by LPS without impairing cell viability, while persistent treatment
inhibited cell proliferation because of G2 cell-cycle arrest and
apoptosis in RAW264.7 macrophages (Li et al., 2013). This
phenomenon is mainly due to blockade of cullin neddylation,
leading to inactivation of CRL E3 ligase, accumulation of cell-
cycle inhibitory CRL substrates (including Weel, p21, and p27)
and induction of DNA damage (Li et al., 2013). Cycle-inhibiting
factor homolog in Burkholderia pseudomallei (CHBP) is a
bacterial deamidase effector, which recognizes the host
NEDD8 and catalyzes its deamidation and triggers
macrophage-specific apoptosis but preserves integrity of cell
membrane (Yao et al, 2012). Hence, CHBP may has similar
effect like MLN4924 which needs further research.
Neutrophils, a type of polymorphonuclear leukocytes, are
myeloid lineage cells that are recruited to specific sites as the
first line of innate immune responses against pathogens
(Kolaczkowska and Kubes, 2013). It has been reported that
neutrophil and monocyte counts in the blood increased
because of MLN4924 treatment (Asare et al., 2017). Earlier
study claimed that MLN4924 treatment inhibits neutrophil
function of TNF-a, IL-6, and IL-1p production in a dose-
dependent manner by suppressing NF-kB signaling pathway
(Jin et al, 2018). Xiong et al. found that SAG deficiency
dramatically increases the levels of TNF-a, but did not
influence the translocation of NF-«kB in neutrophils, differing
from the effects observed in macrophages (Xiong et al., 2018).

The Neddylation and Immune Response

Since SAG is one of the targets of NEDDS it is worth investigating
whether or how neddylation acts on neutrophils.

These results suggest that neddylation can regulate the
secretion of proinflammatory cytokines and proliferation in
innate immune cells, as well as other aspects, such as
migration and polarization of macrophages. Since adequate
evidence proved that neddylation inhibition by either gene
(Cullin-1, Cullin-5, SENP8, and NEDDS8) knockdown or
MLN4924 can result in death of innate immune cells, when
MLN4924 is involved in the therapeutic treatment, like cancer
treatment, the patient’s immune system needs to be closely
monitored.

NEDDYLATION AND ANTI-VIRAL
PATHWAYS

Zhao et al. used mouse models with myeloid deficiency in UBA3
or NEDDS to study the effects of neddylation on the response
against RNA virus, and they found UBA3 absence results in
impaired IFN-B (interferon-B) as well as IFN-a production in
myeloid dendritic cells (mDCs), proposing that myeloid
neddylation is required to induce IFN production upon Sendai
virus (SeV) infection (Zhao et al., 2021). Previous studies on
zebrafish demonstrated that both interferon regulatory factor 3
(IRF3) and IRF7 are potential substrates of neddylation during
spring viremia of carp virus (SVCV) infection and can activate
anti-viral responses (Yu et al, 2019). They also claimed that
neddylation inhibition increases zebrafish sensitivity to SVCV
infection. And tests about SeV infection showed similar results,
demonstrating that during infection, NEDDS directly targets the
C-terminal lysine residues of IRF7 (Figure 3) and partially
improves its transcription by inhibiting its dimerization with
the IFN-a repressor, IRF5 (Zhao et al., 2021). Through
neddylation, induction of type I IFN by RNA virus is
promoted, especially that of IFN-a. And research about
MLN4924 demonstrated that neddylation is necessary for IRF3
to bind to the IFN-P promoter during SeV infection in HEK-
293T, but the exact mechanism remains unclear (Song et al,
2016). Different from that, another study on SeV claimed that
degradation of IRF3 is due to C-terminal phosphorylation by
polyubiquitinated TANK-binding kinase 1 (TBK1), which is
induced by a neddylated cullin-based ubiquitin ligase (Bibeau-
Poirier et al., 2006). Although neddylation of IRF3 and IRF7 has
been confirmed in different species, its function in the key factors
in the innate immune pathway, such as melanoma
differentiation-associated protein 5 (MDAS5), mitochondrial
antiviral-signaling protein (MAVS), and TBKI has not yet
been understood (Yu et al., 2019).

The DNA sensor, cyclic GMP-AMP synthase (cGAS), plays a
fundamental role in viral DNA recognition. After cGAS is activated
by combining with cytosolic DNA, ATP, and GTP and then
converted into the cyclic GMP-AMP (cGAMP), the stimulator
of interferon genes (STING) is activated, then triggers the following
immune responses (Li et al., 2013; Wang et al., 2014; Hopfner and
Hornung, 2020). The NEDD8 E3 ligase Rnf111 (Arkadia, or ring
finger 111) has been shown to neddylate cGAS at numerous lysine
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FIGURE 3 | Effects of neddylation on the anti-viral pathway. Neddylation is pivotal in the antiviral pathway, inducing inflammatory cytokines and type I-IFN. Upon
infection by RNA viruses, such as Sendai virus (SeV), NEDDS8 either acts on ubiquitin E3 ligase and affects NF-kB translocation or binds to IRF7 directly and promotes
inflammatory cytokine and type | IFN production. Moreover, neddylation is involved in the conjugation of interferon regulatory factor 3 (IRF3) and the IFN-f promoter, and
this was proved using MLN4924. If invaders are DNA viruses, such as herpes simplex virus, NEDD8 targets the DNA sensor cyclic GMP-AMP synthase (cGAS) and
converts it to cGAMP. cGAMP then attaches to the stimulator of interferon genes (STING) and activates TANK-binding kinase 1 (TBK1) and IRF3, activating the type I-IFN
gene. STING signaling also results in the expression of inflammatory cytokines through the NF-xB pathway (dashed line). Other proteins involved in the innate antiviral
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sites upon herpes simplex virus 1 (HSV-1) infection (Figure 3),
promoting its dimerization and DNA-binding capacity (Li et al,
2021). This research also proposed that neddylation inhibition by
MLN4924 or deficiency of UBE2M or Rnflll can weaken the
stimulation of cGAS-STING. Another study demonstrated that
MILN4924 treatment impairs HSV-1-induced NF-kB activation;
this phenomenon can only be detected in the early phase of
infection without affecting the activation of IRF3 and becomes
inefficient in the later phase (Zhang et al., 2016).

Aside from acting directly on the anti-viral pathway, studies have
demonstrated that the life cycle of viruses, including human
immunodeficiency virus (HIV), Influenza A virus (IAV), and
Hepatitis B virus (HBV), can be regulated by neddylation, mostly
by targeting the replication process (Dias et al., 2009; Stanley et al,,
2012; Liu et al,, 2017). For example, the viral infectivity factor (Vif) of
HIV needs UBE2F, the neddylation E2, to counteract the cytidine
deaminases A3G. Hence, neddylation inhibition, using MLN4924 or
knockdown of UBE2F, can suppress HIV replication (Stanley et al.,
2012). HIV-2 viral protein X (Vpx) mediates depletion of the
restriction factor SAM domain and HD domain-containing
protein 1 (SAMHDI1) via CRL4 (DCAF1) E3 ligase, and
impaired neddylation can block this pathway, thus interfered

HIV infection (Nekorchuk et al, 2013; Wei et al, 2014; Wang
et al,, 2017). The M1 protein and polymerase basic protein 2 (PB2,
the component of RNA-dependent RNA polymerase) of IAV can be
neddylated, causing reduced stability and inhibition of IAV
replication (Dias et al,, 2009; Zhang et al., 2017; Li et al., 2020).
As for HBV, a double-stranded DNA virus, it was showed that
neddylation of HBV regulatory X protein (HBx) at residues K91 and
K95 by MDM2 can improve its stability and chromatin localization,
thereby favoring viral replication (Liu et al., 2017). Recent research
also found that HBV replication can be suppressed by NEDD8
knockdown and MLN4924 admission (Abounouh et al., 2022). In
addition, MLN4924 treatment can restrain both its replication and
antigen production. This is mediated by the activation of the ERK to
inhibit necessary transcriptional factors, including hepatocyte
nuclear factor 1 o (HNFla), CCAAT/enhancer-binding protein
(C/EBPa), and HNF4a (Xie et al, 2021). Furthermore,
neddylation was noted to be required for other viruses such as
Human enteroviruses and Kaposi’s sarcoma-associated herpesvirus
(KSHV), making MLN4924 an promising anti-viral treatment
(Hughes et al., 2015; Chang et al., 2017; Zhang et al., 2021).
There is ample evidence showing that neddylation is
sometimes required to fight against viral invasion, but there
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are conflicting results. One report claimed that NEDDS8
knockdown does not affect LPS- or SeV-induced IFN-(
production in HeLa, HEK-293T, and THP-1 cells (Song et al,
2016), differing from the results in mDC mentioned above. And
considering that pretreatment of HEK-293T with MLN4924 can
inhibit IRF3 bind to IFN-B promoter during SeV infection, it is
reasonable to assume that NEDD8 deficiency affects IFN-B
production could be different in different cell lines, and
MLN4924 suppresses IFN-p production in a neddylation-
independent manner, but both assumptions need more
evidence. Therefore, whether neddylation can benefit type I
IFN production when facing virus infection and whether
neddylation blockade by MLN4924 is the ideal therapeutic
method for virus infection should be researched further.

NEDDYLATION AND ADAPTIVE IMMUNITY

Neddylation was also shown to regulate adaptive immunity as well as
innate immunity (Figure 2C). Knockdown of UBC12in CD4" T cells
results in impaired cell proliferation; suppressed production of
cytokines, including IL-2, IL-4, and IFN-y; and activation of ERK
(Jin et al, 2013). Decreased IFN-y-producing Tyl cells were also
detected in UBA3 knockout mice, causing less resistance to early
phase parasitic infection by Plasmodium yoelii 17XNL (Cheng et al.,,
2018). They also proved that neddylation is necessary for T cell
survival by suppressing mitochondria-dependent apoptosis induced
by B-cell lymphoma-2 (Bcl-2). T-cell-specific, SAG genetic knockout
animal shows normal mature T cell development, but their T cells
show significantly declined activation, proliferation and T-effector
cytokine release. And MLN4924 treatment showed similar in vitro
and in vivo results (Mathewson et al., 2016). MLN4924 inhibits the
NEDDB8-activating enzyme, which then regulate T cell polarization in
chronic lymphocytic leukemia (CLL) patients with lower T
differentiation and a shift to the Tyl phenotype but increased
production of IFN-y (Best et al, 2021). Recently, it was shown
that neddylated Cul-4b is more abundant after T cell activation,
and it is necessary to maintain the survival rate of effector CD4"
T cells. Since Cul-4b lacking CD4" T cells are not capable of repairing
DNA damage, they are more likely to undergo apoptosis (Dar et al.,
2021). Taken together, neddylation is an indispensable process for
T cells to function properly and survive.

For B cells, it has been reported that neddylation acts on CRLs
and disrupts the NF-kB pathway in CLL B-cells. Using MLN4924
treatment, the BCL-2 homology 3-only protein (including Bim and
Noxa) expression is induced in CLL cells, followed by cell apoptosis
and reduced drug resistance (Godbersen et al.,, 2014). Alkylating
agents can further promote MLN4924-induced DNA damage and
apoptosis of CLL cells (Paiva et al., 2015). The effects of neddylation
on B cells remain largely unknown and require further investigation.

As stated in the previous section, the inhibitor MLN4924 is a
potential anti-tumor treatment, but it was found to have negative
effects in treating glioblastoma (Zhou et al, 2019). Although
MLN4924 can slow down tumor growth in glioblastoma, it can
also elevate T-cell negative regulator programmed death-ligand 1
(PD-L1) expression by inhibiting SKP1-Cull-F-box and WD repeat
domain-containing 7 (FBXW?7) activity, then lead to impaired T cell
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killing ability. Another study found that MLN4924 can cause
impaired NEDD8-dependent clearance of misfolded proteins in
dMMR/MSI  tumors  (deficient DNA mismatch repair/
microsatellite instability tumors), and by combination with anti-
PD1, potent synergistic activity was achieved and tumor immune
microenvironment was tested to be altered since the number of
cytotoxic T cells and conventional CD4" T cells increased whereas
regulatory T cells reduced (McGrail et al., 2020).

In summary, current studies of neddylation and adaptive
immunity are mostly relevant to cancer. The inhibition of
neddylation can disrupt cytokines production and survival of
T/B cells. MLN4924 has beneficial effects in anti-tumor therapy
and autoimmune diseases, but it can also impair patients’ immune
responses, making them more vulnerable to infections. Therefore, the
utilization MLN4924 should be strictly monitored and studied further.

DISCUSSION

As a type of PTM, neddylation plays a vital role in the innate and
adaptive immune responses. The neddylation process is required
for immune cells to function and survive, and it is indispensable in
the anti-viral pathway. And the neddylation inhibitor MLN4924 is
recognized as a novel and promising cancer therapeutic strategy.
However, some questions still need further research.

Firstly, although neddylation was discovered decades ago, its
function and mechanism in the innate immunity and the basis of
NEDDS8 activation remain largely unknown. Secondly, the
function of neddylation after viral infection and subsequent
IFN production is debated. Thirdly, MLN4924 can suppress
replication of some virus (HIV and HBV), but this treatment
can also impair the anti-viral response, thus we need to learn how
to balance the dual effects of MLN4924.

Once we assure these questions, the regulatory mechanisms of
neddylation will be clarified and provide sound theoretical basis
for the utilization of MLN4924, shedding light on treatment of
cancer, viral infection and other related diseases.
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Primary cilia are microtubule-based, non-motile sensory organelles present in most types
of growth-arrested eukaryotic cells. They are transduction hubs that receive and transmit
external signals to the cells in order to control growth, differentiation and development.
Mutations of genes involved in the formation, maintenance or disassembly of ciliary
structures cause a wide array of developmental genetic disorders, also known as
ciliopathies. The primary cilium is formed during G1 in the cell cycle and disassembles
at the G2/M transition. Following the completion of the cell division, the cilium reassembles
in G1. This cycle is finely regulated at multiple levels. The ubiquitin-proteasome system
(UPS) and the autophagy machinery, two main protein degradative systems in cells, play a
fundamental role in cilium dynamics. Evidence indicate that UPS, autophagy and signaling
pathways may act in synergy to control the ciliary homeostasis. However, the mechanisms
involved and the links between these regulatory systems and cilium biogenesis, dynamics
and signaling are not well defined yet. Here, we discuss the reciprocal regulation of
signaling pathways and proteolytic machineries in the control of the assembly and
disassembly of the primary cilium, and the impact of the derangement of these
regulatory networks in human ciliopathies.

Keywords: ubiquitin, signaling, cAMP, PKA, autophagy, proteasome, E3 ligase

INTRODUCTION

The primary cilium is a non-motile, thin, microtubule-based organelle protruding from the apical
membrane of most eukaryotic cells. Primary cilia act as antennae that receive and transmit
extracellular signals into the cells, thus regulating a variety of biological functions, such as
development, differentiation, growth and metabolism (Ishikawa and Marshall, 2011). The cilium
consists of a basal body, a transition zone and an axoneme. The basal body derives from the
differentiation of the mother centriole of the centrosome in GO phase-arrested cells. The transition
zone between basal body and axoneme acts as a gate that controls the entry and exit of cargoes within
the ciliary compartment. The axoneme, also known as axial filament, is a cytoskeletal structure
formed by nine doublets of microtubules surrounded by the ciliary membrane, contiguous with the
cell membrane (Gerdes et al., 2009). Components of the axoneme undergo post-translational
modifications that contribute to the dynamics and the stability of the cilium. The most important
ciliary modification is represented by tubulin acetylation that stabilizes the axonemal structure
(Wloga et al.,, 2017).

Primary cilia formation is strictly dependent on the cell cycle phase. Growth-arrested cells are
mostly ciliated, while re-entry into the cell cycle following growth factor or hormone stimulation
induces cilium resorption (Plotnikova et al., 2009). In the GO phase of the cell cycle, vesicles
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generated from Golgi, named distal appendages vesicles (DAVs),
are transported near the distal appendages of the mother
centriole. The EH domain containing protein 1 (EHDI1)
promotes the fusion of DAVs in a large ciliary vesicle that
incapsulates the distal appendages of the mother centriole (Lu
et al, 2015). Under the ciliary vesicle, two microtubules of each
centriolar triplets start to elongate, generating the ciliary
axoneme. Contextually with extension of microtubules, the
ciliary vesicle elongates by fusing with Rab-8 positive vesicles.
The nascent cilium migrates to the plasma membrane and fuse
with it, linking the two compartments (Sanchez and Dynlacht,
2016). This mechanism of cilium assembly is typical of
mesenchymal cells. In epithelial cells, primary cilia formation
occurs at the cells surface, in a process termed alternative route. A
predominant role in this mechanism is played by the midbody, a
microtubules structure surrounded by membrane, whose
remnants localize at the apical surface of epithelial cells after
cytokinesis. In GO phase, when the midbody remnant (MBR) is
close to the centrosome at the apical surface, patches of MBR
membrane localize near the centrosome and generate the ciliary
membrane (Labat-de-Hoz et al., 2021).

Since ribosomes are absent in primary cilia, ciliary proteins are
synthesized into the cytoplasm and imported into the cilium
mainly through the intraflagellar transport system (IFT), a
multimeric complex machinery involved in anterograde/
retrograde transport of cargoes along the entire length of
cilium. The heterotrimeric KIF3A/KIF3B/KAP kinesin-2 is the
principal motor of the IFT-B complex that regulates the
movement of cargoes from the ciliary base to the tip
(anterograde transport). Instead, the cytoskeletal motor protein
dynein drives the IFT-A complex that controls the transport of
cargoes from the tip to the ciliary base (retrograde transport)
(Webb et al, 2020). Although distinct roles were initially
identified, it has been recently demonstrated that IFT-A and
IFT-B can participate to both anterograde and retrograde
transport (Liem et al., 2012; Kobayashi et al., 2021). Mutations
of genes involved in the formation, maintenance, disassembly and
trafficking of primary cilium often cause developmental genetic
disorders, known as ciliopathies. The principal clinical features of
ciliopathies include retinal degeneration, kidney cysts formation,
polydactyly, intellectual disability and skeletal defects (Badano
et al., 2006; Fliegauf et al., 2007; Reiter and Leroux, 2017).

The formation and the stability of primary cilia are finely regulated
by the ubiquitin-proteasome system (UPS) and the autophagy
machinery, two important degradative systems operating in all
eukaryotic cells. Moreover, different signaling pathways generated
at- or directed to- the primary cilium operate through UPS and/or
autophagy to control ciliary dynamics. Understanding how UPS and
autophagy machineries influence primary ciliogenesis and identifying
the mechanisms involved will lead to the identification of relevant
therapeutic targets for ciliopathies and proliferative disorders,
including cancer, in which ciliary pathways are often deregulated
(Han et al., 2009; Moser et al., 2009; Kobayashi et al., 2017; Liu et al,,
2018; Eguether and Hahne, 2018; Han et al., 2018; Peixoto et al.,
2020b).

This review will focus on cilia regulation by UPS and
autophagy machineries, by analyzing the dynamic interplay
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between these degradative systems and signaling pathways in
the control of primary cilium.

REGULATION OF PRIMARY CILIA BY THE
UBIQUITIN-PROTEASOME SYSTEM

Proteolysis via the ubiquitin-proteasome system is a fundamental
homeostatic mechanism that cells use to control a variety of
biological functions, including differentiation, growth,
development and metabolism (Dikic, 2017). The pathway
works by marking with ubiquitin-like proteins (UBLs) several
substrates, which will be targeted to degradation by the
proteasome or to specific compartments or to relevant
biological partners. In the first reaction, ubiquitin is activated
through the formation of a thioester bond between its C-terminal
region and the cysteine residue in the active site of E1 enzyme in
an ATP-dependent reaction. Eventually, the ubiquitin moiety is
transferred to the E2 conjugating enzyme. The E3 ubiquitin
ligases are enzymes that mediate the transfer of ubiquitin
molecules to the final target substrate. Three distinct families
of E3 ubiquitin ligases have been characterized: 1) RING E3
ligases that transfer ubiquitin moieties directly from E2 to a lysine
residue of the specific substrate; 2) HECT E3 ligases that bind and
transfer the ubiquitin molecules from the cysteine to a lysine
residue on the substrate; 3) RING-between-RING (RBR) E3
ligases with two RING domains, one interacting with the E2-
ubiqutin complex and the other one binding on a cysteine residue
the ubiquitin, which will be transferred to the substrate (Husnjak
and Dikic, 2012; Smit and Sixma, 2014). Recently, a new class of
E3 ligases, named RING-cys-relay (RCR), has been identified.
RCR E3 ligases contain a RING domain that interacts with E2
enzymes and a tandem cysteine domain (TC) that transfers
ubiquitin moieties to a threonine residue present on the
substrate (Pao et al.,, 2018; Mabbitt et al., 2020). Substrates of
the UPS can be mono, poly or multi-mono ubiquitylated. In the
mono-ubiquitylation reaction, a single ubiquitin moiety is added
to a specific lysine residue of the protein. Instead, poly-
ubiquitylation requires the addition of ubiquitin chains, linear
or branched, to a lysine residue. In multi-mono-ubiquitylation
reactions single molecules of ubiquitin are covalently attached to
different lysines in the substrate (Callis, 2014). The location of
lysine residue on ubiquitin involved in poly-ubiquitylation
reactions determines the fate of the target protein. Thus,
ubiquitylation at lysine 11 or lysine 48 is linked to proteolysis,
whereas ubiquitylation at lysine 63 mostly regulates the targeting
or activity of the ubiquitylated protein. Similarly,
monoubiquitylation, multi-monoubiquitylation and branched
polyubiquitylation are related to non-proteolytic functions
such as endocytosis, DNA repair, signal transduction, protein
interaction, localization and activity (Haglund and Dikic, 2005;
Sadowski et al., 2012). Proteins degradation occurs through the
26S proteasome, a multiprotein complex that -catalyzes
degradation of ~80% of all cellular proteins (Bard et al., 2018).
Protein  ubiquitylation reversible process, since
deubiquitylating enzymes (DUBs) can remove the ubiquitin
chains from the substrates (Wilkinson, 2009) (Figure 1). A
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FIGURE 1 | Ubiquitin-proteasome system and autophagy mechanisms. (A) The addition of ubiquitin moieties to substrates occurs through three sequential
enzymatic reactions: binding of ubiquitin to E1 enzymes in an ATP-dependent reaction (activation); transferring of ubiquitin to E2 enzymes (conjugation); covalent
attachment of the ubiquitin moiety to the target substrate by E3 enzymes (ligation). RING-E3 ligases directly transfer ubiquitin from E2 enzymes to the substrate; HECT-
E3 ligases bind ubiquitin and then transfer it to the substrate; RING between RING ligases (RBR) interact with E2, bind the ubiquitin on a cysteine residue of the
RING domain and then transfer it to the substrates. Substrates of the UPS can be monoubiquitylated, multi-monoubiquitylated or polyubiquitylated. Polyubiquitylations
can be characterized by the addition of linear or branched ubiquitin chains. Monoubiquitylations, multi-monoubiquitylations, branched polyubiquitylations and linear
polyubiquitylations that involve lysine 63 (K63) of ubiquitin regulate non-proteolytic functions of modified proteins, such as endocytosis, DNA repair, signal transduction,
protein interaction, localization and activity. Polyubiquitylation that involves lysine 11 (K11) or lysine 48 (K48) on the ubiquitin is generally linked to proteolysis of the
substrate through the proteasome. (B) Autophagy initiates with the formation of a double membrane named phagophore (nucleation); the phagophore elongates and
sequestrates cargoes recognized by LC3 (vesicle elongation); the closure of the double membrane generates the autophagosome (closure of the double membrane);
autophagosomes, then, fuse with lysosomes and both the inner membrane of autophagosomes and sequestered cargoes are lysed (autolysosome formation).
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role of UPS in ciliary activities has been originally postulated and
then experimentally addressed by proteomic studies and
network-based approaches that identified different elements of
the ubiquitin system (activating ubiquitin enzymes, E3 ligases and
DUBs) as components of primary cilium (Ishikawa et al., 2012;
Amato et al., 2014). In recent years, a growing list of ciliary
proteins, as substrates of the ubiquitin system, supports a
fundamental role of UPS in the regulation of cilium biogenesis
and dynamics.

UBIQUITIN-PROTEASOME SYSTEM
PROMOTES CILIA ASSEMBLY AND
ELONGATION

A human genome wide RNAi screening identified components of
UPS that control the stability of ciliary proteins, such as IFT88
and CPAP, required for cilium assembly (Kim et al., 2016)
(Figure 2). The analysis identified UBR5, an E3 ubiquitin-
protein ligase and component of the N-end rule degradation

pathway, as an important regulator of cilia biogenesis. Thus,
UBR5 ubiquitylates the centrosome and spindle pole-associated
protein 1 (CSPP1), a protein located at centrosome/centriolar
satellites and ciliary axoneme, that is mutated in Joubert
syndrome (Patzke et al, 2010; Tuz et al, 2014). In Human
embryonic kidney cells (HEK293) and hTERT-immortalized
retinal pigment epithelial cells (hTERT-RPE), the non-
proteolytic ubiquitylation of CSPP1 by UBRS5 regulates
centrosomal localization of the protein, necessary for primary
cilium assembly (Shearer et al., 2018). UPS also controls cilium
assembly by promoting degradation of the inhibitors of
ciliogenesis. Cullinl (Cull), a core component of Skip1-Cullin-
F-box (SCF) E3 ubiquitin ligase complexes, ubiquitylates and
degrades Dishvelled 2 (Dvl2), an inhibitor of cilium biogenesis
(Cardozo and Pagano, 2004). Phosphorylation of DvI2 by Wnt5a
stabilizes the human enhancer of filamentation one protein
(HEF1/Cas-L/NEDD9) and induces its binding to aurora A
kinase (AurA). The HEFI/AurA complex at basal body
phosphorylates and activates the Histone deacetylase 6
(HDACS6), which deacetylases tubulin favoring cilium
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FIGURE 2 | Interplay between UPS/autophagy and signaling pathways in cilia dynamics. (A) UPS and autophagy inhibit ciliogenesis. The E3 ligase MIB1
ubiquitylates PCM1, TALPID3 and CEP131, targeting them to the proteasome, while ubiquitylation of CEP290 by MIB1 prevents its binding to TALPID3, inhibiting the
formation of DAVs. OFD1 retains BBS4 at pericentriolar satellites and prevents BBSome assembly. Accumulation of KIF2C and CP110 at basal body, inhibition of acting
remodeling by MYH9 and proteolysis of IFT20 by autophagy prevent cilium elongation. The inhibition of autophagy genes by the nuclear factor NR1H4 is indicated
below. (B) Positive role of UPS and autophagy in ciliogenesis. Centrosomal TALPID3/CEP290/Rab8 complex supports DAVs formation. UBR5 ubiquitylates and targets
CSPP1 to pericentriolar satellites. Multiprotein complexes assembled by PCM1, CEP131 and NEK10 at pericentriolar matrix contribute to cilium formation. SCF ES ligase
complex ubiquitylates and degrades DvI2, destabilizing HEF1. Similarly, CUL3 ubiquitylates and degrades Trichoplein, thus inhibiting AurA. NPHP5 accumulates at
centrosome forming complexes with centrosomal CEP290 and TALPIDS. Pericentriolar OFD1 is degraded through the autophagy pathway, allowing BBS4 to relocalize
at ciliary compartment. Similarly, autophagic degradation of MYH9 leads to actin remodeling underlying to axoneme formation. CP110 is also degraded through
autophagy leading to axoneme growth. PPARa promotes the transcription of autophagy genes. In absence of Shh ligand (Shh off), SMO is ubiquitylated by an unknown
ciliary ligase and transported out of cilium by the IFT27/BBSome complex. Here, SMO is ubiquitylated and degraded by the ES3 ligase HERC4. SUFU sequestrates Gli
proteins within the cilium. Following binding to Shh ligand (Shh on), PTCH1 receptor exits out of cilium and is degraded through autophagy. Transport of SMO within the
cilium activates GliA proteins and induces Shh-dependent nuclear gene transcription. (C) Cilium disassembly induced by proteolytic machineries. NPHP5 is ubiquitylated
and delocalized by BBS11 or degraded by MARCH?. Phosphorylation of DvI2 by Wnt5a stabilizes HEF1 and induces its binding to AurA. Localization of HEF1/AurA
complex at basal body induces phosphorylation and activation of HDACS. Following EGFR stimulation, USP8 deubiquitylates and activates Trichoplein which, in turn,
stimulates AurA. Increase of cCAMP levels by AC activates PKA. Phosphorylation by PKA primes OFD1 to ubiquitylation and proteolysis through a praja2-proteasome
pathway. Similarly, PKA phosphorylates the pro-ciliogenic kinase NEK10, promoting its ubiquitylation by CHIP and consequent proteasomal degradation.
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disassembly (Pugacheva et al., 2007; Lee et al., 2012). In HEK293T
and hTERT-RPE, Cull-mediated proteolysis of Dvl2 inhibits
HDACS6 activity, thus supporting ciliogenesis (Kim et al,
2021). SCF complexes also regulate cilium formation by
controlling the stability of the kinesin family member 2c
(KIF2C). In growing cells, KIF2C induces depolymerization of
microtubules and consequent cilium disassembly (Miyamoto
et al., 2015). Ubiquitin-dependent proteolysis of KIF2C by the
Cullin adaptor F-Box and WD repeat domain containing 5
(FBXWS5) positively contributes to the assembly of primary
cilium. In human retinal pigment epithelial cells (RPE1),
downregulation of FBXW5 induces accumulation of KIF2C at
the basal body and impairs ciliogenesis (Schweiggert et al., 2021).

The elongation of the axonemal structure in ciliogenesis is
regulated by UPS. In proliferating cells, trichoplein/mitostatin
(TpMs), a keratin-binding protein often downregulated in

epithelial cancers, localizes at mother and daughter centrioles
and contributes to the activation of AurA (Inoko et al., 2012).
Activated AurA induces deacetylation of tubulin, via HDACS,
and cilium disassembly (Pugacheva et al., 2007). When RPE1 cells
complete the mitotic cycle, trichoplein is degraded by ubiquitin-
dependent proteolysis initiated by Cullin 3 (CUL3) RING E3
ligase including also the potassium channel tetramerization
domain containing 17 (KCTD17). Proteolysis of trichoplein
inactivates AurA and promotes ciliary axoneme elongation
(Kasahara et al, 2014). Interestingly, KCTDI17-induced
trichoplein degradation can be counteracted by the ubiquitin
carboxyl-terminal hydrolase 8 (USP8) that deubiquitylates
trichoplein. Moreover, USP8 hydrolase is stimulated and
stimulates EGF receptor (EGFR) by regulating its
polyubiquitylation (Berlin et al., 2010). Once activated, USP8
counteracts KCTD17-mediated ubiquitylation of trichoplein,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

76

May 2022 | Volume 10 | Article 833086


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Senatore et al.

thus suppressing primary ciliogenesis in EGF-stimulated cells
(Kasahara et al., 2018).

DYNAMIC REGULATION OF CILIUM
DISASSEMBLY BY UBIQUITIN-
PROTEASOME SYSTEM

Depending on the role of ubiquitin substrates, UPS can also
inhibit the formation of primary cilia. Mindbomb E3 ubiquitin
ligase protein 1 (MIB1) is an E3 ligase that inhibits initial steps of
cilium formation by ubiquitylating different substrates located at
centrosome/pericentriolar satellites, including pericentriolar
matrix protein 1 (PCM1). This acts as a scaffold protein for
components of pericentriolar satellites, including CEP131 and
CEP290, thus playing a fundamental role in ciliogenesis
(Woodruff et al., 2014). In human osteosarcoma cells (U20S)
and RPEI1 cells, ubiquitylation of PCM1 and associated partners
by MIBI inhibits cilium formation (Villumsen et al., 2013). MIB1
also plays a role in the regulation of Rab8-containing DAV that
are essential for the transition from mother centriole to basal
bodies. Thus, TALPID3 gene, mutated in a mild form of Joubert
syndrome, encodes for a centrosomal protein required for
ciliogenesis and Sonic Hedgehog (Shh) signaling pathway.
TALPID3 localizes at distal end of centrioles where it forms a
multiprotein complex including CP110, CEP290 and Rab8A. The
TALPID3 complex promotes formation of ciliary vesicles at
centrioles that eventually fuse with secondary vesicles to form
the ciliary membrane around the assembling axoneme
(Kobayashi et al, 2014). Under growing conditions in
HEK293T cells, ubiquitylation of CEP290 and TALPID3 by
MIBI1 inhibits the DAVs formation at the centrosome. In
growth-arrested RPE1 cells, PCM1 retains MIB1 at
pericentriolar satellites, preventing TALPID3 ubiquitylation
and leading to cilia formation (Wang et al., 2016). In HeLa
cells, ubiquitylation of PCM1 by MIBL1 is counteracted by the
ubiquitin  carboxyl-terminal hydrolase 9X (USP9X), a
deubiquitylating enzyme that protects PCM1 from proteolysis,
maintaining the integrity of centriolar satellites (Han et al., 2019).

UPS also controls the disassembly of primary cilia. A
fundamental role in this process is played by nephrocystin 5
(NPHP5), a gene product mutated in Senior-Loken syndrome, a
ciliopathy disease characterized by congenital amaurosis (Leber
congenital amaurosis) and nephronophthisis (Stone et al., 2011).
During interphase, NPHP5 is located at the centrosome and
interacts with CEP290, positively controlling the integrity of
BBSome, a conserved multiprotein complex that controls
trafficking of cargoes and receptors within the primary cilium
(Barbelanne et al., 2013, 2015). In G2/M phase transition in
HEK293 and RPEL1 cells, ubiquitylation of NPHP5 by the E3
ubiquitin ligase TRIM32/BBS11 induces delocalization of the
protein from centrosome and consequent cilium disassembly.
Similarly, a MARCH family member of membrane-bound E3
ubiquitin ligase (MARCH?7) ubiquitylates and degrades NPHP5
promoting cilia loss. As expected, the activity of both E3 ligases,
TRIM32 and MARCH?Y, is counteracted by the deubiquitylase
USP9X. In fact, in growth-arrested conditions, USP9X is
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recruited at the centrosome, deubiquitylates NPHP5 and
prevents its degradation and cilium disassembly (Das et al., 2017).

DYSREGULATION OF UBIQUITIN-
PROTEASOME SYSTEM IN CILIOPATHY
DISORDERS

Given the crucial role of UPS in primary ciliogenesis, it is
important to consider the potential impact of UPS
dysregulation in the pathogenesis of human ciliopathies. A
direct link between dysfunctional UPS and ciliopathies has
been established by identifying loss-of function mutations of
RPGRIP1L (RPGRIP1 like) that are causally linked to Joubert
syndrome and Meckel syndrome (Wiegering et al., 2018). In
normal cells, RPGRIP1L protein localizes at transition zone of
primary cilium and here it controls the ciliary targeting of
components of the proteasome, such as PSMD2 protein
(Gerhardt et al, 2015). Loss of function mutation of
RPGRIP1L impairs the proteasomal activity at ciliary
compartment, thus contributing to ciliopathy phenotype.
Similarly, the loss of BBS4 and OFD1, two ciliopathy-related
proteins, decreases localization of proteasomal subunits at the
centrosome, causing the accumulation of Sonic Hedgehog and
Notch signaling mediators that are normally degraded by UPS.
Accordingly, the overexpression of proteasomal subunits or the
chemical activation of the proteasome partially restores the
signaling defects in BBS4 and OFD1 deleted Zebrafish (Liu
et al, 2014). Furthermore, a genome wide RNAIi screening
identified the deubiquitylating enzyme USP35 as a genetic
suppressor of Bardet-Biedl syndrome 4 (BBS4). Inactivation of
USP35 in a zebrafish model of BBS4 ciliopathy, rescues different
ciliary defects, such as impaired convergent and extension
movements during gastrulation, renal tubule convolution and
retinal degeneration, thus ameliorating the phenotype(s) of
BBS4-depleted animals (Tsai et al., 2019).

These results suggest a primary remarkable role of UPS
dysregulation in the onset of ciliopathy disorders and highlight
potential therapeutic targets to restore primary cilium functions
by locally modulating UPS activity.

AUTOPHAGY CONTROL OF CILIOGENESIS

Autophagy is an intracellular self-degradative process that is
essential for the maintenance of the cellular energetic balance
in response to nutrient stress or to eliminate dysfunctional
proteins and organelles, playing a fundamental role in
different physiological conditions, such as development, tissue
homeostasis, metabolic adaptation and signaling, immunity,
inflammation ~ and  elimination = of  microorganisms.
Derangement of the autophagy pathway is linked to a variety
of human disorders (Mizushima, 2005; Klionsky et al., 2021).
Under nutrients supplementation, basal level of the autophagy
machinery supports the turnover of organelles and proteins.
During nutrients deprivation, autophagy is rapidly activated to
maintain the appropriate energetic supply for all cellular activities
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(Levine and Kroemer, 2008). Autophagy is a multistep process
that includes: 1) nucleation of autophagic vesicles (phagophores);
2) vesicles elongation with sequestration of cargoes; 3) closure of
the double membrane; 4) fusion of formed autophagosomes to
lysosomes. In the fused vesicles, both the inner membrane of
autophagosomes and cargoes are enzymatically and chemically
eliminated (Figure 1) (Levine et al, 2011). The autophagy
machinery is driven by the sequential activation of a variety of
gene products originally identified in yeast, named ATGs, that are
highly conserved in mammalian genome. The initiation of
autophagic process is controlled by signaling pathways
involving the mechanistic target of rapamycin (mTOR kinase)
and AMP-activated protein kinase (AMPK) that oppositely
control autophagy through direct phosphorylation of Unc-51
Like Autophagy Activating Kinase 1 (ULK1) at distinct sites (Kim
et al.,, 2011). For many years, autophagy has been considered as a
bulk sequestration system. However, it is now well established
that autophagy profoundly contributes to different aspects of
cellular homeostasis by selectively removing cytoplasmic
materials, such as protein aggregates, damaged organelles and
invading pathogens (Zaffagnini and Martens, 2016).

Cargoes targeted to the autophagy machinery are recognized
by ATG8 family members (LC3 and GABARAP proteins)
through direct interaction with LC3-interacting regions (LIRs)
present in a variety of target proteins or via receptors, such as p62
(also known as Sequestosome 1, SQSTM1), a multifunctional
adapter protein that recognizes ubiquitinated cargoes and
facilitates their elimination by the degradative pathway
(Pankiv et al., 2007; Birgisdottir et al., 2013). Considering that
both autophagy and ciliogenesis occur under conditions of
nutrients deprivation, a functional link between both processes
has been originally supposed and subsequently supported by
several lines of evidence (Figure 2). Thus, signaling pathways
activated at ciliary compartment, such as Sonic Hedgehog,
stimulate the autophagy process through the regulation of
autophagy-related proteins located at the base of primary
cilium. Inhibiting ciliogenesis negatively impacts on the
autophagy pathway. Moreover, ATG proteins have been
identified as resident of the ciliary compartment and have
been implicated in the regulation of ciliary signaling and
activities (Pampliega et al., 2013; Yamamoto and Mizushima,
2021). In growing cells, basal activation of autophagy machinery
inhibits cilia formation, at least in part, through the autophagic
degradation of IFT20, a component of the IFT system involved in
cilium assembly. Hence, the inhibition of the autophagy pathway
induces cilia extension and signaling. In contrast, under nutrients
deprivation, IFT20 protein is stabilized and accumulates in the
ciliary compartment, positively contributing to ciliogenesis
(Pampliega et al, 2013). This positive effect of autophagy on
cilium biogenesis has been, at least in part, mechanistically linked
to proteolysis of OFD1, a protein localized at the centrosome/
basal body and pericentriolar satellites. In growing cells, OFD1
restraints ciliogenesis by retaining BBS4, a component of the

BBSome, at pericentriolar satellites. Starvation-induced
activation of autophagy machinery promotes targeted
proteolysis of the pericentriolar pool of OFDI, with

consequent release of BBS4 and BBSome formation, a
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prerequisite for the onset of ciliogenesis (Tang et al., 2013).
Moreover, in serum-deprived mouse embryonic fibroblasts
(MEFs), autophagy promotes primary cilia formation, at least
in part, through the degradation of CP110. CP110 is a
centrosomal protein that suppresses ciliogenesis by capping
the distal ends of both centrioles. During starvation, the
autophagic degradation of CP110 mediated by NudC-like
protein 2 (NudCL2), a selective autophagy receptor at the
mother centriole, induces cilium formation. This mechanism
was confirmed also in Zebrafish models, where depletion of
NudCL2 generates a ciliary phenotype that is rescued by
CP110 depletion (Liu et al., 2021).

The differential effects of autophagy on ciliogenesis can be
explained by the use of different cellular contexts and
experimental models. Thus, in retinal cells, autophagy
promotes ciliogenesis, whereas in renal cells it inhibits cilia
elongation. In serum-deprived human kidney 2 (HK2) cells,
induction of autophagy by rapamycin or Tat-Beclinl peptide
treatment significantly reduces cilia length, suggesting that
autophagy inhibits cilia formation. A potential mechanism
concerns VPS39, a component of the HOPS complex involved
in the fusion of lysosomes with autophagosomes vacuoles. In
kidney cells, VPS39 controls localization of IFT20 and OFD1 at
pericentriolar satellites, negatively regulating cilia elongation.
Genetic silencing of VPS39, by reducing OFD1 levels at
pericentriolar satellites and promoting recruitment of IFT20 at
ciliary structures, induces cilia overgrowth. This effect was
reversed by concomitant activation of the autophagy
machinery, supporting the notion that in renal cells autophagy
prevents cilia elongation by controlling OFD1 and IFT20
localization at pericentriolar satellites (Iaconis et al., 2020). A
similar role for autophagy in ciliogenesis has been described in
epithelial cells of the respiratory tract. In these cells, the
shortening of cilia length by cigarette smoking, a process
termed “ciliophagy,” can be prevented by heterozygous
knockout of the autophagic gene beclinl (Lam et al, 2013).
The autophagy-induced shortening of primary cilia is
mediated by HDACS, a deacetylating enzyme involved both,
in cilia loss and maturation of autophagosome (Lee et al,
2010; Gradilone et al, 2013). Downregulation of HDAC6
restores cilia length in mice exposed to cigarette smoking
(Lam et al., 2013). This mechanism has been observed also in
cholangiocarcinoma cells, where the inhibition of either HDAC6
or autophagy machinery increases cilium length. Mechanistically,
HDAC6-mediated deacetylation of ciliary proteins favors their
ubiquitylation and consequent recognition by autophagy
receptors, such as NBR1 and CALCOCO2, that target them to
autophagic degradation, thus reducing cilium length (Peixoto
etal.,, 2020a). An involvement of the autophagy machinery in the
control of ciliogenesis in airway epithelial cells has been recently
described. Thus, AMPK activation promotes autophagic
degradation of KIF19A, a microtubule-depolymerizing kinesin
located at the cilia that is required for ciliary length control, and
cilia disassembly. This mechanism is counteracted by adenylate
cyclase 6 (AC6) that inhibits AMPK binding to KIF19A,
preventing cilia disassembly. Accordingly, AC6 knock-out
airway cilia are deficient in kinesin KIF19A and show
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abnormal length and function (Arora et al., 2020). Altogether,
these data suggest that autophagy exerts differential effects on
ciliogenesis depending on cell types and players involved.

An additional layer of complexity in the interplay between
autophagy and ciliogenesis is represented by myosin heavy chain
9 (MYHY9)/myosinlIA, a suppressor of actin dynamics and
negative regulator of primary ciliogenesis (Rao et al., 2014).
During autophagy, NIMA-related kinase 9 (NEK9), by
employing its LIR domain, binds MYH9 and facilitates its
elimination through the autophagy machinery (Yamamoto
et al, 2021). NEK9 also controls the stability of the
pericentriolar pool of OFDI1, most likely acting through an
unidentified adaptor-independent mechanism. This hypothesis
was supported by identification of LIR domains on OFD1 protein
that directly interact with autophagosomal LC3/GABARAP
proteins, mediating the elimination of the protein through the
autophagy machinery (Morleo et al., 2021). By promoting the
autophagic removal of MYH9 and OFD1 protein complexes,
NEKJ restores actin remodeling and promotes cilium elongation
(Yamamoto et al., 2021).

Peroxisome proliferator-activated receptors (PPARa) and
nuclear receptor subfamily one group H member 4 (NR1H4)
regulate ciliogenesis through autophagy. PPARa is activated
under fasted conditions and positively regulates the
transcription of genes involved in the autophagic pathway (Lee
et al, 2014). Treatment with PPARa ligand in different
mammalian cell lines induces cilia formation, both in normal
and serum-deprived conditions, and these effects are abrogated in
ATG7 knockout mouse embryonic fibroblasts (MEFs) (Liu et al.,
2018). Conversely, NR1H4 inhibits autophagy by repressing the
transcription of autophagic genes (Seok et al., 2014). As expected,
treatment with NR1H4 ligand in serum-deprived cells reduces
primary ciliogenesis, whereas genetic silencing of NR1H4
promotes ciliogenesis, even under normal medium conditions.
These studies demonstrate that transcriptional regulation of
autophagic genes by nuclear receptors PPARa and NR1H4
controls ciliary dynamics (Liu et al., 2018b).

Another important aspect of the reciprocal regulation between
ciliogenesis and autophagy is represented by the primary cilia-
autophagy-NRF2 (PAN) axis, originally identified in human
embryonic stem cells (hESC). Thus, during neuroectodermal
differentiation, the ciliogenesis leads to the activation of
autophagy machinery that, in turn, inhibits the nuclear factor
erythroid 2-related factor 2 (NRF2), promoting the
neuroectodermal differentiation (Jang et al, 2016). The
function of PAN has been demonstrated also in
fibroblasts, in which the inhibition of ciliogenesis leads to
upregulation of NRF2 activity that can be rescued by
autophagy-activating mTOR inhibitors (Martin-Hurtado et al.,
2019).

axis

AUTOPHAGY AND CILIOPATHIES

Dysregulation of autophagy pathway can contribute to the onset
of ciliopathies, thus representing a valuable therapeutic target for
ciliary disorders. The pathogenic role of autophagy in human
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ciliopathies emerged from studies on polycystic kidney disease
(PKD), the most common form of renal cystic genetic disorder
associated with alterations of primary cilia (Kathem et al., 2014).
In PKD, there is an impairment of autophagy machinery mostly
due to altered fusion between autophagosomes and lysosomes
vesicles (Belibi et al., 2011). The impaired autophagic flux has
been reproduced in zebrafish mutants for PKDI, as well as in
mouse and human PKD1-null kidney epithelial cells. In these
models, downregulation of the core autophagy protein ATG5
increases cysts growth (Zhu et al., 2017). Conversely, activation of
autophagy machinery by a specific inducer Beclin-1 peptide
markedly attenuates the cystic phenotype and ameliorates the
kidney function (Chang et al., 2017; Zhu et al., 2017). These data
indicate that the use of chemical modulators of autophagic
pathway represents a valuable strategy for the treatment of
ciliopathy disorders.

Although the involvement of autophagy in the onset of
autosomal dominant polycystic kindey disease (ADPKD) has
been largely demonstrated, only modulators of mTOR and
AMPK activity have been tested in clinical studies for the
treatment of ADPKD. Rapamycin and other mTOR inhibitors
are very effective in experimental studies (Tao et al., 2005;
Shillingford et al., 2006, 2010; Wahl et al., 2006). However, in
clinical trials they showed loss of efficacy in the progression of
renal impairment (Serra et al., 2010; Walz et al., 2010; Lin et al,,
2019). Preclinical studies have demonstrated also the efficiency of
metformin, an activator of AMPK, in ADPKD treatment (Takiar
etal,, 2011; Chang et al., 2017; Pastor-Soler et al., 2022). Recently,
metformin was tested also in randomized clinical trials in which it
has been shown that it is safe but slightly reduces renal
impairment (Seliger et al., 2018; Perrone et al,, 2021).

In addition to PKD, other ciliopathies have been causally
linked to altered autophagy. RPGRIP1L gene mutations are
associated with different ciliopathies mostly due to impairment
of protein degradation and protein processing by UPS (Gerhardt
et al,, 2015). However, drug-induced restoration of proteasomal
activity does not completely rescue the ciliary phenotype induced
by RPGRIPIL loss, suggesting that this protein works through a
different mechanism in regulating ciliary activity. Evidence
revealed that RPGRIP1L absence, thus, impairs autophagy at
ciliary compartment by increasing the activation of MTOR
complex 1 (MTORCI1) pathway and the levels of OFD1 at the
base of cilium. Inhibition of MTORCI activity by rapamycin
restores both the autophagic flux and the cilia length in
RPGRIP1L-null MEFs, without affecting proteasomal activity.
This data indicates that RPGRIP1L independently regulates both
autophagic and proteasomal activities to control ciliogenesis
(Struchtrup et al, 2018). A R998Q mutation of serine/
threonine-protein kinase VPS15, a PI3K regulator and
component of the autophagic machinery, has been identified
in family members affected by shorter cilia. VPS15 forms a
complex with Golgin GM130 and regulates the trafficking of
intraflagellar protein IFT20 from Golgi apparatus to ciliary
compartment. Mutations of VPS15 retain IFT20 at Golgi
membranes, impairing IFT20-dependent transport of
membrane proteins from cis-Golgi to ciliary compartment,
thereby reducing cilium elongation (Stoetzel et al., 2016). The
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transport of IFT20 to the primary cilium is also regulated by the
autophagy protein ATG16L1. Thus, following serum deprivation,
ATG16L1 and IFT20 form a stable complex that is co-transported
from the Golgi apparatus to the ciliary compartment. In absence
of ATG16L1, IFT20 accumulates in the Golgi apparatus, causing
aberrant ciliary structures (Boukhalfa et al., 2021).

A mechanistic link between human ciliopathies and
deregulated autophagy machinery has been recently described.
Oral-Facial-Digital type I syndrome (OFDI), a ciliopathy disorder
caused by mutations of OFD1 gene, is characterized by
upregulation of the autophagy pathway. Mechanistically,
evidence indicates that OFDI1 protein acts as an autophagy
receptor that participates in an “autophagy self-regulated
mechanism” that promotes autophagic elimination of ATG13,
a component of the ULK1 autophagy initiation complex. By
removing ATG13, OFD1 limits excessive activation of the
autophagy machinery. Accordingly, inhibition of autophagy in
mouse models of OFDI ameliorates polycystic kidney, a typical
clinical manifestation of the disease (Morleo et al., 2021).

Autophagy alterations causing defective ciliogenesis have been
correlated also to non- hereditary neurological diseases, such as
focal malformations of cortical development (FMCDs). This is a
pediatric intractable epileptic disorder characterized by cortical
dyslamination, focal cortical dysplasia (FCD) and
hemimegaloencephaly (HME). Activating somatic mutations of
mTOR kinase have been identified and causally linked to FMCDs.
Mechanistically, uncontrolled mTOR activation leads to defective
autophagy, accumulation of OFD1 at the pericentriolar satellites
and inhibition of neuronal ciliogenesis. Disrupted ciliogenesis
affects Wnt pathway, essential for neuronal polarization, and
leads to cortical dyslamination typical of FMCDs (Park et al,
2018). Altogether, the data indicate an important role of
autophagy in ciliary dynamics and signaling, and suggest the
possibility to target the autophagic machinery to treat different
forms of ciliopathies.

CROSSTALK OF UBIQUITIN-
PROTEASOME SYSTEM, AUTOPHAGY
AND CILIARY PATHWAYS

Primary cilia act as transduction hubs that transmit extracellular
signals into cell body. For this function, primary cilia are
considered as “the cell's antenna” that sense, transmit and
regulate signaling pathways involved in essential aspects of
cellular homeostasis and organ development. Different
membrane receptors, including GPCRs, and signaling
molecules have been identified as resident of primary cilia
(Wheway et al., 2018). Trafficking of the receptors and
associated partners throughout the cilium subserves as a
mechanism to finely control the rate and magnitude of cilium-
based signaling pathways. Reciprocal regulation between
signaling pathways, UPS and autophagy machinery in the
control of ciliary dynamics has been described. Once activated,
GPCRs are rapidly transported out of the cilium by the BBSome
complex (Ye et al,, 2018). BBSome-mediated removal of GPCRs
requires K63 ubiquitylation of the receptor by a (-Arrestin-
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mediated mechanism (Shinde et al, 2020). The ubiquitin
system, thus, acts as a general control mechanism for ciliary
signaling pathways.

Sonic Hedgehog (Shh) is the most important signaling
pathway operating within the primary cilium and plays a
fundamental role in development, regeneration and organ
homeostasis. Derangement of Shh pathway is causally
associated to ciliopathy disorders and cancer (Dafinger et al.,
2011; Hynes et al., 2014; Sasai et al., 2019). Shh pathway operates
within intact primary cilia and most of Shh components are
located within the ciliary compartment. Under resting conditions,
the tumor suppressor membrane receptor Patched (PTCHI)
inhibits the accumulation of smoothened (SMO), a class
frizzled GPCR and component of Shh, in the ciliary
compartment (Rohatgi et al, 2007). In these conditions,
suppressor of fused protein (SUFU) sequestrates the Shh
transcription effectors Gli proteins in the cilium. Here, at
ciliary base, PKA phosphorylation primes Gli proteins
processing into transcriptional repressors. The binding of Shh
ligand to PTCHI1 activates SMO that translocates to ciliary
compartment, inducing the release of unprocessed, active Gli
proteins from SUFU, allowing them to migrate into the nucleus
and activate the transcription of target genes (Corbit et al., 2005;
Tukachinsky et al., 2010).

UPS plays a fundamental role in the regulation of the Shh
pathway at different levels. It controls PKA-dependent processing
of Gli2 and Gli3 proteins in the repressive forms. Similarly, other
components of Shh pathway are regulated by the ubiquitin system
(Gerhardt et al., 2016). The regulation of Shh pathway by UPS
also impacts on cilia dynamics. Thus, the ubiquitin carboxyl-
terminal hydrolase 14 (USP14), by regulating the stability of
KIF7, a member of kinesin-4 family and essential regulator of
microtubule dynamics and Shh pathway, inhibits ciliogenesis and
cilia elongation. Pharmacological inhibition of USP14 restores
Shh activity and ciliogenesis in PKD1 mutant MEFs (Massa et al.,
2019). UPS also controls the ciliary localization of SMO. In
absence of ligand, ubiquitylated SMO exits from the cilium
through the IFT system and BBSome complex. Inhibition of
ubiquitylation allows SMO accumulation in the ciliary
compartment, even in the absence of Shh ligand (Desai et al.,
2020). Moreover, SMO levels are regulated by UPS. HECT and
RLD domain containing E3 ligase 4 (HERC4) ubiquitylates SMO
promoting its degradation through the proteasome, as well as via
lysosomes. Shh stimulation or HERC4 inactivation inhibits
HERC4/SMO complex formation and prevents SMO
proteolysis, thus activating downstream pathways (Jiang et al.,
2019). Deubiquitylation of SMO by the ubiquitin carboxyl-
terminal hydrolase isozyme 5 (UCHL5/UCH37) also positively
regulates Shh signaling (Zhou et al, 2018). All these studies
suggest that targeting UPS constitutes a powerful strategy to
modulate Shh pathway at the ciliary compartment, restoring
deranged ciliary signaling in ciliopathy disorders.

Shh pathway is also controlled by autophagy. Following ligand
stimulation, PTCH1 undergoes to polyubiquitylation and
proteolysis, promoting accumulation of SMO at ciliary
compartment. Blocking macroautophagy, by preventing
PTCH1 ubiquitylation, reduces the transport of SMO to the
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cilium and impairs Shh pathway (Yang et al., 2021). Reciprocal
regulation between autophagy and Shh in the control of cilium
dynamics and activity has been described (Li et al., 2012; Petralia
et al., 2013; Wang et al,, 2013). Serum-deprived Gli2-knockout
NIH3T3 cells show longer cilia and increased autophagic flux.
This lengthening of primary cilia is caused by increased
autophagic degradation of pericentriolar OFD1. Blocking the
autophagy machinery rescues ciliary length in Gli2”" cells,
indicating that Gli2 controls cilia elongation through
autophagy (Hsiao et al, 2018). Furthermore, Gli2”" cells
display a significant delay in cell cycle re-entry that can be
rescued by concomitant downregulation of KIF3A, supporting
the existence of a functional link between autophagy, cilium
length and cell proliferation (Hsiao et al., 2018).

Shh can also induce ciliogenesis through a non-canonical
pathway involving the SMO-mediated activation of LKB1/
AMPK pathway, a positive regulator of autophagy. Thus, in
LKB1 knockdown cells, stimulation with Shh fails to induce
ciliogenesis and this phenotype can be rescued by treatment
with autophagy activators (Akhshi and Trimble, 2021).
Evidence indicates that Shh regulates early steps of autophagic
process. Activation of autophagy by nutrients deprivation
requires the synthesis and accumulation of components of the
autophagic machinery at the base of primary cilium through a
mechanism involving the IFT system and Hh signaling.
Interfering with the IFT compromises autophagy and this can
be rescued by Gli2 overexpression (Pampliega et al., 2013). These
studies indicate that Shh pathway controls ciliogenesis and cilia
dynamics by positively regulating autophagy, which in a feed-
back loop controls ciliary Shh signaling. Considering that
dysregulation of Shh signaling constitutes a common feature
in several ciliopathies, the data strongly support the use of
modulators of the autophagy pathway as therapeutic strategy
for the treatment of these disorders.

UPS can also regulate ciliary pathways by modulating the
stability of tyrosine kinase receptors located within the cilium,
such as platelet-derived growth factor receptor o (PDGFRa).
During cilium elongation, localization of PDGFRa at ciliary
compartment is required for local activation of the receptor by
PDGF-AA ligand. Once activated, ciliary PDGFRa undergoes to
ubiquitylation and internalization through a mechanism
controlled by ciliary IFT20/E3 ligase Cbl complexes. The
receptor internalization limits the downstream activation of
the cascade that might otherwise lead to overgrowth of
primary cilia (Schmid et al.,, 2018).

THE IMPACT OF cAMP-REGULATED
PROTEOLYTIC SYSTEMS ON PRIMARY
CILIA

cAMP is an ancient second messenger that mediates the
biological responses to a variety of hormones and
neurotransmitters, controlling metabolism, differentiation, cell
growth, development, and synaptic activities. The main effector
of cAMP is protein kinase A (PKA). PKA is a tetrameric
holoenzyme composed of two regulatory (R) and two catalytic
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(PKAc, C) subunits. Ligand-induced activation of dedicated
GPCRs at plasma membrane activates the adenylate cyclase
which in turn synthesizes cAMP. The binding of cAMP to R
subunits dissociates PKA holoenzyme and releases free active C
subunits. Phosphorylation of cellular substrates by C subunit
controls most of the cAMP functions inside cells (Taylor et al.,
2013; Newton et al., 2016; Rinaldi et al., 2019). PKA holoenzyme
is compartmentalized at discrete intracellular sites by direct
binding to A-Kinase Anchor Proteins (AKAPs). AKAPs
operate as transduceosomes that assemble components of
CAMP generating systems (receptors and adenylate cyclase),
effector enzymes (PKA and Epac) and attenuating enzymes
(cAMP-phosphodiesterases and protein phosphatases), creating
intracellular sites where distinct signaling pathways converge and
focus, optimizing the biological response to a given stimulus
(Carlucci et al., 2008; Lignitto et al., 2011; Yang and McKnight,
2015; Jones et al., 2016; Rinaldi et al., 2017, 2018; Bucko et al.,
2019).

Primary cilia, functioning as transduction hubs, are enriched
of receptors, including GPCRs, that possess a ciliary localization
sequence that allow their transport from Golgi to ciliary
membrane (Berbari et al., 2008). Different components of the
cAMP pathway have been identified within the primary cilium,
including AKAP/PKA  complexes, adenylates cyclases,
phosphodiesterares (PDEs) and phosphatases (Barzi et al,
2010; Choi et al,, 2011; Mick et al.,, 2015). Ciliary cAMP-PKA
axis plays an inhibitory role in the Shh pathway finely controlling
the proteasomal processing of the transcription activators Gli2
and Gli3 to transcriptional repressors (Pan et al., 2009; Chen
et al,, 2011; Niewiadomski et al., 2014). PKA-regulated UPS
system is involved in the regulation of cilium biogenesis and
dynamics (Pal and Mukhopadhyay, 2015; Bachmann et al., 2016;
Tschaikner et al., 2020). Never in mitosis A (NIMA)-related
kinase 10 (NEK10) is a member of mitotic kinases that regulates
mitogenesis, cilium biogenesis and airway mucociliary clearance
(Fry et al., 2012; Porpora et al.,, 2018; Chivukula et al., 2020).
Genetic inactivation of NEK10 affects primary ciliogenesis in
mammalian cells and medaka fish development. Moreover,
germline inactivating mutations of NEK10 have been causally
linked to a human ciliopathy syndrome characterized by
pathological airway dilation, impaired mucociliary clearance
and bronchiectasis (Chivukula et al., 2020).

An interplay between PKA, NEK10 and UPS pathway has
been established. Thus, in course of cAMP stimulation, PKA
phosphorylates NEK10 and induces its ubiquitylation and
degradation mediated by the E3 ligase chaperone-assisted
C-terminus of Hsc70-interacting protein (CHIP/Stubl). By
reducing NEK10 levels, PKA-CHIP complex leads to cilia
resorption (Porpora et al., 2018). This regulatory system is lost
in autosomal recessive spinocerebellar ataxia-16 (SCARIL6)
patients fibroblasts carrying germline inactivating mutations of
CHIP (Porpora et al., 2018). cAMP, acting through the UPS, also
controls the stability of OFD1. In serum deprived condition,
membrane stimulation of cAMP synthesis induces PKA
phosphorylation of OFDI. Phosphorylated OFD1 is rapidly
ubiquitylated by E3 ligase praja2 and degraded by the
proteasome. Proteolysis of OFD1 markedly reduces bulk levels
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of the protein and impairs primary cilium elongation and medaka
fish development. This mechanism is defective in an OFDI1
variant carrying the patient mutation E97G (Senatore et al,
2021).

These data indicate an important role of the cAMP/UPS
pathway in cilia dynamics and development, with potential
pathogenic for ciliopathy disorders. Recently, heterozygous
variants of catalytic subunits of PKA have been identified in
individuals affected by a multiple congenital malformation
syndrome characterized by cardiac defects, postaxial
polydactyly and alterations of Shh pathway, suggesting a
fundamental role of cAMP-PKA pathway in the pathogenesis
of ciliopathies (Palencia-Campos et al., 2020).

Further studies are needed to better elucidate how UPS and
autophagy are involved in the several signaling pathways that
occurs at the primary cilia, mostly because understanding these
molecular mechanisms could be useful for the study and the
treatment of both ciliopathies and proliferative disorders that are
often accompanied by alterations of ciliary dynamics (Eguether
and Hahne, 2018).

CONCLUDING REMARKS

Primary cilium is a sensory non-motile organelle that receives,
transmits and integrates signaling inputs from extracellular
microenvironment to intracellular compartment, playing a
major role in key cellular activities. Derangement of ciliary
activities contributes to the pathogenesis of human genetic and
proliferative disorders. Cilium biogenesis, dynamics and
functions are finely regulated by UPS and autophagy, and
components of the proteolytic machineries are closely
associated to ciliary compartment. By controlling
localization and levels of ciliary proteins, UPS and
autophagy regulate key aspects of cilium biology. These
degradative systems are timely and spatially regulated by

REFERENCES

Akhshi, T., and Trimble, W. S. (2021). A Non-canonical Hedgehog Pathway
Initiates Ciliogenesis and Autophagy. J. Cell Biol. 220, €202004179. doi:10.1083/
jcb.202004179

Amato, R., Morleo, M., Giaquinto, L., di Bernardo, D., and Franco, B. (2014). A
Network-Based Approach to Dissect the Cilia/centrosome Complex
Interactome. BMC Genomics 15, 658. do0i:10.1186/1471-2164-15-658

Arora, K., Lund, J. R,, Naren, N. A,, Zingarelli, B., and Naren, A. P. (2020). AC6
Regulates the Microtubule-Depolymerizing Kinesin KIF19A to Control Ciliary
Length in Mammals. J. Biol. Chem. 295, 14250-14259. doi:10.1074/jbc.RA120.
013703

Bachmann, V. A, Mayrhofer, J. E,, Ilouz, R,, Tschaikner, P., Raffeiner, P., Rock, R.,
et al. (2016). Gprl61 Anchoring of PKA Consolidates GPCR and cAMP
Signaling. Proc. Natl. Acad. Sci. U.S.A. 113, 7786-7791. do0i:10.1073/pnas.
1608061113

Badano, J. L., Mitsuma, N., Beales, P. L., and Katsanis, N. (2006). The Ciliopathies:
an Emerging Class of Human Genetic Disorders. Annu. Rev. Genom. Hum.
Genet. 7, 125-148. doi:10.1146/annurev.genom.7.080505.115610

Barbelanne, M., Hossain, D., Chan, D. P., Perdnen, J., and Tsang, W. Y. (2015).
Nephrocystin Proteins NPHP5 and Cep290 Regulate BBSome Integrity, Ciliary

Signaling, Proteostasis and Primary Cilium

signaling pathways generated at the ciliary compartment or
by distantly located receptors at non-ciliary membranes.
Integration of signaling inputs and degradative pathways is
expected to finely modulate ciliary activities in response to
changes of extracellular microenvironment. Further studies
are needed to identify additional, relevant ciliary substrates of
UPS/autophagy pathways and to elucidate the molecular
mechanisms by which autophagy and UPS differentially
regulates ciliogenesis and dynamics in different cell types or
under changed metabolic needs. Similarly, the differential
regulation of cilium dynamics by signaling pathways
activated at different intracellular sites, such as cAMP
cascade, needs further investigation.

Understanding the complex regulation of primary cilium by
UPS and autophagy machineries, and dissecting the signaling
events controlling cilium biogenesis and dynamics will pave the
way for the development of novel therapeutic approaches based
on selective targeting of these degradative systems in genetic and
proliferative disorders.

AUTHOR CONTRIBUTIONS

ES and AF wrote the article with contributions from RI, LR, FC,
RD, and ES prepared the figures.

FUNDING

This work was supported by the “Associazione Italiana per la
Ricerca sul Cancro” (No. AIRC, IG 2018-ID22062), the Italian
Ministry of University and Research (No. PON 2018;
Per.Med.Net) and the European Regional Development
Fund-POR Campania FESR 2014/2020 (Rare.Plat.Net) to AF.
The authors apologize to those whose work was not cited owing
to space limitations.

Trafficking and Cargo Delivery. Hum. Mol. Genet. 24, 2185-2200. doi:10.1093/
hmg/ddu738

Barbelanne, M., Song, J., Ahmadzai, M., and Tsang, W. Y. (2013). Pathogenic
NPHP5 Mutations Impair Protein Interaction with Cep290, a Prerequisite for
Ciliogenesis. Hum. Mol. Genet. 22, 2482-2494. doi:10.1093/hmg/ddt100

Bard, J. A. M., Goodall, E. A., Greene, E. R, Jonsson, E., Dong, K. C., and Martin, A.
(2018). Structure and Function of the 26S Proteasome. Annu. Rev. Biochem. 87,
697-724. doi:10.1146/annurev-biochem-062917-011931

Barzi, M., Berenguer, J., Menendez, A., Alvarez-Rodriguez, R., and Pons, S. (2010).
Sonic-hedgehog-mediated Proliferation Requires the Localization of PKA to
the Cilium Base. J. Cell Sci. 123, 62-69. doi:10.1242/jcs.060020

Belibi, F., Zafar, I., Ravichandran, K., Segvic, A. B., Jani, A., Ljubanovic, D. G., et al.
(2011). Hypoxia-inducible Factor-la (HIF-1a) and Autophagy in Polycystic
Kidney Disease (PKD). Am. J. Physiology-Renal Physiology 300, F1235-F1243.
doi:10.1152/ajprenal.00348.2010

Berbari, N. F., Johnson, A. D., Lewis, J. S., Askwith, C. C., and Mykytyn, K. (2008).
Identification of Ciliary Localization Sequences within the Third Intracellular
Loop of G Protein-Coupled Receptors. MBoC 19, 1540-1547. doi:10.1091/mbc.
€07-09-0942

Berlin, I, Schwartz, H., and Nash, P. D. (2010). Regulation of Epidermal Growth
Factor Receptor Ubiquitination and Trafficking by the USP8-STAM Complex.
J. Biol. Chem. 285, 34909-34921. doi:10.1074/jbc.M109.016287

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2022 | Volume 10 | Article 833086


https://doi.org/10.1083/jcb.202004179
https://doi.org/10.1083/jcb.202004179
https://doi.org/10.1186/1471-2164-15-658
https://doi.org/10.1074/jbc.RA120.013703
https://doi.org/10.1074/jbc.RA120.013703
https://doi.org/10.1073/pnas.1608061113
https://doi.org/10.1073/pnas.1608061113
https://doi.org/10.1146/annurev.genom.7.080505.115610
https://doi.org/10.1093/hmg/ddu738
https://doi.org/10.1093/hmg/ddu738
https://doi.org/10.1093/hmg/ddt100
https://doi.org/10.1146/annurev-biochem-062917-011931
https://doi.org/10.1242/jcs.060020
https://doi.org/10.1152/ajprenal.00348.2010
https://doi.org/10.1091/mbc.e07-09-0942
https://doi.org/10.1091/mbc.e07-09-0942
https://doi.org/10.1074/jbc.M109.016287
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Senatore et al.

Birgisdottir, A.B., Lamark, T., and Johansen, T. (2013). The LIR Motif - Crucial for
Selective Autophagy. J. Cell Sci. 126, 3237-3247. doi:10.1242/jcs.126128

Boukhalfa, A., Roccio, F., Dupont, N., Codogno, P., and Morel, E. (2021). The
Autophagy Protein ATG16L1 Cooperates with IFT20 and INPP5E to Regulate
the Turnover of Phosphoinositides at the Primary Cilium. Cell Rep. 35, 109045.
doi:10.1016/j.celrep.2021.109045

Bucko, P. J., Lombard, C. K., Rathbun, L., Garcia, I, Bhat, A., Wordeman, L., et al.
(2019). Subcellular Drug Targeting Illuminates Local Kinase Action. Elife 8,
€52220. doi:10.7554/eLife.52220

Callis, J. (2014). The Ubiquitination Machinery of the Ubiquitin System.
Arabidopsis Book 12, e0174. doi:10.1199/tab.0174

Cardozo, T., and Pagano, M. (2004). The SCF Ubiquitin Ligase: Insights into a
Molecular Machine. Nat. Rev. Mol. Cell Biol. 5, 739-751. d0i:10.1038/nrm1471

Carlucci, A., Lignitto, L., and Feliciello, A. (2008). Control of Mitochondria
Dynamics and Oxidative Metabolism by cAMP, AKAPs and the
Proteasome. Trends Cell Biol. 18, 604-613. doi:10.1016/j.tcb.2008.09.006

Chang, M.-Y., Ma, T.-L., Hung, C.-C,, Tian, Y.-C,, Chen, Y.-C,, Yang, C.-W., et al.
(2017). Metformin Inhibits Cyst Formation in a Zebrafish Model of Polycystin-
2 Deficiency. Sci. Rep. 7, 7161. doi:10.1038/s41598-017-07300-x

Chen, Y., Yue, S, Xie, L, Pu, X-h, Jin, T, and Cheng, S. Y. (2011). Dual
Phosphorylation of Suppressor of Fused (Sufu) by PKA and GSK3p
Regulates its Stability and Localization in the Primary Cilium. J. Biol. Chem.
286, 13502-13511. doi:10.1074/jbc.M110.217604

Chivukula, R. R,, Montoro, D. T., Leung, H. M., Yang, J., Shamseldin, H. E., Taylor,
M. S,, etal. (2020). A Human Ciliopathy Reveals Essential Functions for NEK10
in Airway Mucociliary Clearance. Nat. Med. 26, 244-251. d0i:10.1038/s41591-
019-0730-x

Choi, Y.-H., Suzuki, A., Hajarnis, S., Ma, Z., Chapin, H. C,, Caplan, M. ], et al.
(2011). Polycystin-2 and Phosphodiesterase 4C Are Components of a Ciliary
A-Kinase Anchoring Protein Complex that Is Disrupted in Cystic Kidney
Diseases. Proc. Natl. Acad. Sci. U.S.A. 108, 10679-10684. doi:10.1073/pnas.
1016214108

Corbit, K. C., Aanstad, P., Singla, V., Norman, A. R,, Stainier, D. Y. R, and Reiter,
J. F. (2005). Vertebrate Smoothened Functions at the Primary Cilium. Nature
437, 1018-1021. doi:10.1038/nature04117

Dafinger, C., Liebau, M. C., Elsayed, S. M., Hellenbroich, Y., Boltshauser, E.,
Korenke, G. C., et al. (2011). Mutations in KIF7 Link Joubert Syndrome with
Sonic Hedgehog Signaling and Microtubule Dynamics. J. Clin. Invest. 121,
2662-2667. doi:10.1172/JCI43639

Das, A., Qian, J,, and Tsang, W. Y. (2017). USP9X Counteracts Differential
Ubiquitination of NPHP5 by MARCH7 and BBS11 to Regulate Ciliogenesis.
PLoS Genet. 13, €1006791. doi:10.1371/journal.pgen.1006791

Desai, P. B, Stuck, M. W,, Lv, B,, and Pazour, G. J. (2020). Ubiquitin Links
Smoothened to Intraflagellar Transport to Regulate Hedgehog Signaling. J. Cell
Biol. 219, €201912104. doi:10.1083/jcb.201912104

Dikic, 1. (2017). Proteasomal and Autophagic Degradation Systems. Annu. Rev.
Biochem. 86, 193-224. doi:10.1146/annurev-biochem-061516-044908

Eguether, T., and Hahne, M. (2018). Mixed Signals from the Cell’s Antennae:
Primary Cilia in Cancer. EMBO Rep. 19, €46589. doi:10.15252/embr.201846589

Fliegauf, M., Benzing, T., and Omran, H. (2007). When Cilia Go Bad: Cilia Defects
and Ciliopathies. Nat. Rev. Mol. Cell Biol. 8, 880-893. doi:10.1038/nrm2278

Fry, A. M., O’Regan, L., Sabir, S. R., and Bayliss, R. (2012). Cell Cycle Regulation by
the NEK Family of Protein Kinases. J. Cell Sci. 125, 4423-4433. doi:10.1242/jcs.
111195

Gerdes, J. M., Davis, E. E., and Katsanis, N. (2009). The Vertebrate Primary Cilium
in Development, Homeostasis, and Disease. Cell 137, 32-45. doi:10.1016/j.cell.
2009.03.023

Gerhardt, C,, Lier, . M., Burmiihl, S., Struchtrup, A., Deutschmann, K., Vetter, M.,
et al. (2015). The Transition Zone Protein Rpgripll Regulates Proteasomal
Activity at the Primary Cilium. J. Cell Biol. 210, 1027-1045. doi:10.1083/jcb.
201408060

Gerhardt, C., Wiegering, A., Leu, T., and Riither, U. (2016). Control of Hedgehog
Signalling by the Cilia-Regulated Proteasome. /DB 4, 27. doi:10.3390/
jdb4030027

Gradilone, S. A., Radtke, B. N., Bogert, P. S., Huang, B. Q., Gajdos, G. B., and
LaRusso, N. F. (2013). HDAC6 Inhibition Restores Ciliary Expression and
Decreases Tumor Growth. Cancer Res. 73, 2259-2270. doi:10.1158/0008-5472.
CAN-12-2938

Signaling, Proteostasis and Primary Cilium

Haglund, K., and Dikic, I. (2005). Ubiquitylation and Cell Signaling. EMBO ]J. 24,
3353-3359. doi:10.1038/sj.emboj.7600808

Han, K.-J., Wu, Z,, Pearson, C. G., Peng, J., Song, K., and Liu, C.-W. (2019).
Deubiquitinase USP9X Maintains Centriolar Satellite Integrity by Stabilizing
Pericentriolar Material 1 Protein. J. Cell Sci. 132, jcs221663. doi:10.1242/jcs.
221663

Han, S. ], Jung, J. K, Im, S.-S., Lee, S.-R,, Jang, B.-C,, Park, K. M., et al. (2018).
Deficiency of Primary Cilia in Kidney Epithelial Cells Induces Epithelial to
Mesenchymal Transition. Biochem. Biophysical Res. Commun. 496, 450-454.
doi:10.1016/j.bbrc.2018.01.079

Han, Y.-G., Kim, H. J., Dlugosz, A. A., Ellison, D. W., Gilbertson, R. J., and Alvarez-
Buylla, A. (2009). Dual and Opposing Roles of Primary Cilia in
Medulloblastoma Development. Nat. Med. 15, 1062-1065. doi:10.1038/nm.
2020

Hsiao, C.-J., Chang, C.-H., Ibrahim, R. B,, Lin, I.-H., Wang, C.-H., Wang, W.-].,
etal. (2018). Gli2 Modulates Cell Cycle Re-entry through Autophagy-Mediated
Regulation on the Length of Primary Cilia. J. Cell Sci. 131, jcs221218. doi:10.
1242/jcs.221218

Husnjak, K., and Dikic, I. (2012). Ubiquitin-binding Proteins: Decoders of
Ubiquitin-Mediated Cellular Functions. Annu. Rev. Biochem. 81, 291-322.
doi:10.1146/annurev-biochem-051810-094654

Hynes, A. M., Giles, R. H,, Srivastava, S., Eley, L., Whitehead, J., Danilenko, M.,
et al. (2014). Murine Joubert Syndrome Reveals Hedgehog Signaling Defects as
a Potential Therapeutic Target for Nephronophthisis. Proc. Natl. Acad. Sci.
U.S.A. 111, 9893-9898. doi:10.1073/pnas.1322373111

Taconis, D., Crina, C., Brillante, S., Indrieri, A., Morleo, M., and Franco, B. (2020).
The HOPS Complex Subunit VPS39 Controls Ciliogenesis through Autophagy.
Hum. Mol. Genet. 29, 1018-1029. doi:10.1093/hmg/ddaa029

Inoko, A., Matsuyama, M., Goto, H., Ohmuro-Matsuyama, Y., Hayashi, Y.,
Enomoto, M., et al. (2012). Trichoplein and Aurora A Block Aberrant
Primary Cilia Assembly in Proliferating Cells. J. Cell Biol. 197, 391-405.
doi:10.1083/jcb.201106101

Ishikawa, H., and Marshall, W. F. (2011). Ciliogenesis: Building the Cell’s Antenna.
Nat. Rev. Mol. Cell Biol. 12, 222-234. doi:10.1038/nrm3085

Ishikawa, H., Thompson, J., Yates, J. R,, and Marshall, W. F. (2012). Proteomic
Analysis of Mammalian Primary Cilia. Curr. Biol. 22, 414-419. doi:10.1016/j.
cub.2012.01.031

Jang, J., Wang, Y., Lalli, M. A., Guzman, E., Godshalk, S. E., Zhou, H., et al. (2016).
Primary Cilium-Autophagy-Nrf2 (PAN) Axis Activation Commits Human
Embryonic Stem Cells to a Neuroectoderm Fate. Cell 165, 410-420. doi:10.
1016/j.cell.2016.02.014

Jiang, W., Yao, X,, Shan, Z., Li, W., Gao, Y., and Zhang, Q. (2019). E3 Ligase Herc4
Regulates Hedgehog Signalling through Promoting Smoothened Degradation.
J. Mol. Cell Biol. 11, 791-803. doi:10.1093/jmcb/mjz024

Jones, B. W., Deem, J., Younts, T. J., Weisenhaus, M., Sanford, C. A., Slack, M. C.,
et al. (2016). Targeted Deletion of AKAP7 in Dentate Granule Cells Impairs
Spatial Discrimination. Elife 5, €20695. doi:10.7554/eLife.20695

Kasahara, K., Aoki, H., Kiyono, T., Wang, S., Kagiwada, H., Yuge, M., et al.
(2018). EGF Receptor Kinase Suppresses Ciliogenesis through Activation
of USP8 Deubiquitinase. Nat. Commun. 9, 758. doi:10.1038/s41467-018-
03117-y

Kasahara, K., Kawakami, Y., Kiyono, T., Yonemura, S., Kawamura, Y., Era, S., et al.
(2014). Ubiquitin-proteasome System Controls Ciliogenesis at the Initial Step
of Axoneme Extension. Nat. Commun. 5, 5081. doi:10.1038/ncomms6081

Kathem, S., Mohieldin, A. M., M. Mohieldin, A., and M. Nauli, S. (2013). The Roles
of Primary Cilia in Polycystic Kidney Disease. AIMS Mol. Sci. 1, 27-46. doi:10.
3934/molsci.2013.1.27

Kim, J. H,, Ki, S. M., Joung, J.-G., Scott, E., Heynen-Genel, S., Aza-Blanc, P., et al.
(2016). Genome-wide Screen Identifies Novel Machineries Required for Both
Ciliogenesis and Cell Cycle Arrest upon Serum Starvation. Biochimica
Biophysica Acta (BBA) - Mol. Cell Res. 1863, 1307-1318. do0i:10.1016/j.
bbamcr.2016.03.021

Kim, J., Kundu, M., Viollet, B., and Guan, K.-L. (2011). AMPK and mTOR Regulate
Autophagy through Direct Phosphorylation of Ulkl. Nat. Cell Biol. 13,
132-141. doi:10.1038/ncb2152

Kim, S.-O., Cho, K. S., Kim, B. Y., and Lee, K. H. (2021). Cullin 1 (CUL1) Promotes
Primary Ciliogenesis through the Induction of Ubiquitin-proteasome-
dependent DvI2 Degradation. IJMS 22, 7572. doi:10.3390/ijms22147572

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2022 | Volume 10 | Article 833086


https://doi.org/10.1242/jcs.126128
https://doi.org/10.1016/j.celrep.2021.109045
https://doi.org/10.7554/eLife.52220
https://doi.org/10.1199/tab.0174
https://doi.org/10.1038/nrm1471
https://doi.org/10.1016/j.tcb.2008.09.006
https://doi.org/10.1038/s41598-017-07300-x
https://doi.org/10.1074/jbc.M110.217604
https://doi.org/10.1038/s41591-019-0730-x
https://doi.org/10.1038/s41591-019-0730-x
https://doi.org/10.1073/pnas.1016214108
https://doi.org/10.1073/pnas.1016214108
https://doi.org/10.1038/nature04117
https://doi.org/10.1172/JCI43639
https://doi.org/10.1371/journal.pgen.1006791
https://doi.org/10.1083/jcb.201912104
https://doi.org/10.1146/annurev-biochem-061516-044908
https://doi.org/10.15252/embr.201846589
https://doi.org/10.1038/nrm2278
https://doi.org/10.1242/jcs.111195
https://doi.org/10.1242/jcs.111195
https://doi.org/10.1016/j.cell.2009.03.023
https://doi.org/10.1016/j.cell.2009.03.023
https://doi.org/10.1083/jcb.201408060
https://doi.org/10.1083/jcb.201408060
https://doi.org/10.3390/jdb4030027
https://doi.org/10.3390/jdb4030027
https://doi.org/10.1158/0008-5472.CAN-12-2938
https://doi.org/10.1158/0008-5472.CAN-12-2938
https://doi.org/10.1038/sj.emboj.7600808
https://doi.org/10.1242/jcs.221663
https://doi.org/10.1242/jcs.221663
https://doi.org/10.1016/j.bbrc.2018.01.079
https://doi.org/10.1038/nm.2020
https://doi.org/10.1038/nm.2020
https://doi.org/10.1242/jcs.221218
https://doi.org/10.1242/jcs.221218
https://doi.org/10.1146/annurev-biochem-051810-094654
https://doi.org/10.1073/pnas.1322373111
https://doi.org/10.1093/hmg/ddaa029
https://doi.org/10.1083/jcb.201106101
https://doi.org/10.1038/nrm3085
https://doi.org/10.1016/j.cub.2012.01.031
https://doi.org/10.1016/j.cub.2012.01.031
https://doi.org/10.1016/j.cell.2016.02.014
https://doi.org/10.1016/j.cell.2016.02.014
https://doi.org/10.1093/jmcb/mjz024
https://doi.org/10.7554/eLife.20695
https://doi.org/10.1038/s41467-018-03117-y
https://doi.org/10.1038/s41467-018-03117-y
https://doi.org/10.1038/ncomms6081
https://doi.org/10.3934/molsci.2013.1.27
https://doi.org/10.3934/molsci.2013.1.27
https://doi.org/10.1016/j.bbamcr.2016.03.021
https://doi.org/10.1016/j.bbamcr.2016.03.021
https://doi.org/10.1038/ncb2152
https://doi.org/10.3390/ijms22147572
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Senatore et al.

Klionsky, D. J., Petroni, G., Amaravadi, R. K., Bachrecke, E. H., Ballabio, A., Boya,
P., et al. (2021). Autophagy in Major Human Diseases. EMBO ]J. 40, e108863.
doi:10.15252/emb;j.2021108863

Kobayashi, T., Ishida, Y., Hirano, T., Katoh, Y., and Nakayama, K. (2021).
Cooperation of the IFT-A Complex with the IFT-B Complex Is Required
for Ciliary Retrograde Protein Trafficking and GPCR Import. MBoC 32, 45-56.
doi:10.1091/mbc.E20-08-0556

Kobayashi, T., Kim, S., Lin, Y.-C., Inoue, T., and Dynlacht, B. D. (2014). The
CP110-Interacting Proteins Talpid3 and Cep290 Play Overlapping and
Distinct Roles in Cilia Assembly. J. Cell Biol. 204, 215-229. d0i:10.1083/jcb.
201304153

Kobayashi, T., Nakazono, K., Tokuda, M., Mashima, Y., Dynlacht, B. D., and Itoh,
H. (2017). HDAC 2 Promotes Loss of Primary Cilia in Pancreatic Ductal
Adenocarcinoma. EMBO Rep. 18, 334-343. doi:10.15252/embr.201541922

Labat-de-Hoz, L., Rubio-Ramos, A., Casares-Arias, J., Bernabé-Rubio, M., Correas,
I, and Alonso, M. A. (2021). A Model for Primary Cilium Biogenesis by
Polarized Epithelial Cells: Role of the Midbody Remnant and Associated
Specialized Membranes. Front. Cell Dev. Biol. 8, 622918. doi:10.3389/fcell.
2020.622918

Lam, H. C, Cloonan, S. M., Bhashyam, A. R, Haspel, J. A, Singh, A,
Sathirapongsasuti, J. F.,, et al. (2013). Histone Deacetylase 6-mediated
Selective Autophagy Regulates COPD-Associated Cilia Dysfunction. J. Clin.
Invest. 123, 5212-5230. doi:10.1172/JC169636

Lee, J.-Y., Koga, H., Kawaguchi, Y., Tang, W., Wong, E., Gao, Y.-S,, et al. (2010).
HDAC6 Controls Autophagosome Maturation Essential for Ubiquitin-
Selective Quality-Control Autophagy. EMBO J. 29, 969-980. doi:10.1038/
emb0;j.2009.405

Lee, J. M., Wagner, M., Xiao, R., Kim, K. H,, Feng, D., Lazar, M. A,, et al. (2014).
Nutrient-sensing Nuclear Receptors Coordinate Autophagy. Nature 516,
112-115. doi:10.1038/nature13961

Lee, K. H., Johmura, Y., Yu, L.-R,, Park, J.-E., Gao, Y., Bang, J. K, et al. (2012).
Identification of a Novel Wnt5a-Ckle-Dvl2-Plkl-Mediated Primary Cilia
Disassembly Pathway. EMBO J. 31, 3104-3117. doi:10.1038/embo;j.2012.144

Levine, B., and Kroemer, G. (2008). Autophagy in the Pathogenesis of Disease. Cell
132, 27-42. doi:10.1016/j.cell.2007.12.018

Levine, B., Mizushima, N., and Virgin, H. W. (2011). Autophagy in Immunity and
Inflammation. Nature 469, 323-335. doi:10.1038/nature09782

Li, H, Li, J,, Li, Y., Singh, P., Cao, L., Xu, L.-j., et al. (2012). Sonic Hedgehog
Promotes Autophagy of Vascular Smooth Muscle Cells. Am. J. Physiology-
Heart Circulatory Physiology 303, H1319-H1331. doi:10.1152/ajpheart.00160.
2012

Liem, K. F., Ashe, A., He, M., Satir, P., Moran, ., Beier, D., et al. (2012). The IFT-A
Complex Regulates Shh Signaling through Cilia Structure and Membrane
Protein Trafficking. J. Cell Biol. 197, 789-800. doi:10.1083/jcb.201110049

Lignitto, L., Carlucci, A., Sepe, M., Stefan, E., Cuomo, O., Nistico, R,, et al. (2011).
Control of PKA Stability and Signalling by the RING Ligase Praja2. Nat. Cell
Biol. 13, 412-422. d0i:10.1038/ncb2209

Lin, C.-H., Chao, C.-T., Wu, M.-Y., Lo, W.-C,, Lin, T.-C., and Wu, M.-S. (2019).
Use of Mammalian Target of Rapamycin Inhibitors in Patient with Autosomal
Dominant Polycystic Kidney Disease: an Updated Meta-Analysis. Int. Urol.
Nephrol. 51, 2015-2025. do0i:10.1007/s11255-019-02292-1

Liu, H,, Kiseleva, A. A., and Golemis, E. A. (2018a). Ciliary Signalling in Cancer.
Nat. Rev. Cancer 18, 511-524. doi:10.1038/s41568-018-0023-6

Liu, M., Zhang, W, Li, M., Feng, J., Kuang, W., Chen, X,, et al. (2021). NudCL2 Is
an Autophagy Receptor that Mediates Selective Autophagic Degradation of
CP110 at Mother Centrioles to Promote Ciliogenesis. Cell Res. 31, 1199-1211.
doi:10.1038/s41422-021-00560-3

Liu, Y. P, Tsai, I.-C., Morleo, M., Oh, E. C., Leitch, C. C., Massa, F., et al. (2014).
Ciliopathy Proteins Regulate Paracrine Signaling by Modulating Proteasomal
Degradation of Mediators. J. Clin. Invest. 124, 2059-2070. doi:10.1172/
JCI171898

Liu, Z.-q., Lee, J. N, Son, M., Lim, J.-Y., Dutta, R. K., Maharjan, Y., et al. (2018b).
Ciliogenesis Is Reciprocally Regulated by PPARA and NR1H4/FXR through
Controlling Autophagy In Vitro and In Vivo. Autophagy 14, 1-17. doi:10.1080/
15548627.2018.1448326

Lu, Q,, Insinna, C,, Ott, C,, Stauffer, J., Pintado, P. A., Rahajeng, J., et al. (2015).
Early Steps in Primary Cilium Assembly Require EHD1/EHD3-dependent
Ciliary Vesicle Formation. Nat. Cell Biol. 17, 228-240. doi:10.1038/ncb3109

Signaling, Proteostasis and Primary Cilium

Mabbitt, P. D., Loreto, A., Déry, M.-A., Fletcher, A. ., Stanley, M., Pao, K.-C,, et al.
(2020). Structural Basis for RING-Cys-Relay E3 Ligase Activity and its Role in
Axon Integrity. Nat. Chem. Biol. 16, 1227-1236. doi:10.1038/s41589-020-
0598-6

Martin-Hurtado, A., Martin-Morales, R., Robledinos-Antén, N., Blanco, R,
Palacios-Blanco, I, Lastres-Becker, I, et al. (2019). NRF2-dependent Gene
Expression Promotes Ciliogenesis and Hedgehog Signaling. Sci. Rep. 9, 13896.
doi:10.1038/541598-019-50356-0

Massa, F., Tammaro, R., Prado, M. A., Cesana, M., Lee, B.-H., Finley, D., et al.
(2019). The Deubiquitinating Enzyme Uspl4 Controls Ciliogenesis and
Hedgehog Signaling. Hum. Mol. Genet. 28, 764-777. doi:10.1093/hmg/ddy380

Mick, D. U,, Rodrigues, R. B., Leib, R. D., Adams, C. M., Chien, A. S., Gygi, S. P.,
et al. (2015). Proteomics of Primary Cilia by Proximity Labeling. Dev. Cell 35,
497-512. doi:10.1016/j.devcel. 2015.10.015

Miyamoto, T., Hosoba, K., Ochiai, H., Royba, E., Izumi, H., Sakuma, T., et al.
(2015). The Microtubule-Depolymerizing Activity of a Mitotic Kinesin Protein
KIF2A Drives Primary Cilia Disassembly Coupled with Cell Proliferation. Cell
Rep. 10, 664-673. doi:10.1016/j.celrep.2015.01.003

Mizushima, N. (2005). The Pleiotropic Role of Autophagy: from Protein
Metabolism to Bactericide. Cell Death Differ. 12, 1535-1541. doi:10.1038/s;.
cdd.4401728

Morleo, M., Brillante, S., Formisano, U., Ferrante, L., Carbone, F., Iaconis, D., et al.
(2021). Regulation of Autophagosome Biogenesis by OFD1-mediated Selective
Autophagy. EMBO ]. 40. doi:10.15252/embj.2020105120

Moser, J. J., Fritzler, M. J., and Rattner, J. B. (2009). Primary Ciliogenesis Defects
Are Associated with Human Astrocytoma/glioblastoma Cells. BMC Cancer 9,
448. doi:10.1186/1471-2407-9-448

Newton, A. C., Bootman, M. D., and Scott, J. D. (2016). Second Messengers. Cold
Spring Harb. Perspect. Biol. 8, a005926. doi:10.1101/cshperspect.a005926

Niewiadomski, P., Kong, J. H., Ahrends, R., Ma, Y., Humke, E. W., Khan, S,, et al.
(2014). Gli Protein Activity Is Controlled by Multisite Phosphorylation in
Vertebrate Hedgehog Signaling. Cell Rep. 6, 168-181. doi:10.1016/j.celrep.2013.
12.003

Pal, K., and Mukhopadhyay, S. (2015). Primary Cilium and Sonic Hedgehog
Signaling during Neural Tube Patterning: Role of GPCRs and Second
Messengers. Devel Neurobio 75, 337-348. doi:10.1002/dneu.22193

Palencia-Campos, A., Aoto, P. C., Machal, E. M. F., Rivera-Barahona, A., Soto-
Bielicka, P., Bertinetti, D., et al. (2020). Germline and Mosaic Variants in
PRKACA and PRKACB Cause a Multiple Congenital Malformation Syndrome.
Am. . Hum. Genet. 107, 977-988. doi:10.1016/j.ajhg.2020.09.005

Pampliega, O., Orhon, L, Patel, B., Sridhar, S., Diaz-Carretero, A., Beau, I, et al.
(2013). Functional Interaction between Autophagy and Ciliogenesis. Nature
502, 194-200. doi:10.1038/nature12639

Pan, Y., Wang, C., and Wang, B. (2009). Phosphorylation of Gli2 by Protein Kinase
A Is Required for Gli2 Processing and Degradation and the Sonic Hedgehog-
Regulated Mouse Development. Dev. Biol. 326, 177-189. doi:10.1016/j.ydbio.
2008.11.009

Pankiv, S., Clausen, T. H., Lamark, T., Brech, A., Bruun, J.-A., Outzen, H., et al.
(2007). p62/SQSTM1 Binds Directly to Atg8/LC3 to Facilitate Degradation of
Ubiquitinated Protein Aggregates by Autophagy. J. Biol. Chem. 282,
24131-24145. doi:10.1074/jbc.M702824200

Pao, K.-C., Wood, N. T., Knebel, A., Rafie, K., Stanley, M., Mabbitt, P. D., et al.
(2018). Activity-based E3 Ligase Profiling Uncovers an E3 Ligase with
Esterification Activity. Nature 556, 381-385. doi:10.1038/s41586-018-0026-1

Park, S. M., Lim, J.. S., Ramakrishina, S., Kim, S. H., Kim, W. K., Lee, J., et al. (2018).
Brain Somatic Mutations in MTOR Disrupt Neuronal Ciliogenesis, Leading to
Focal Cortical Dyslamination. Neuron 99, 83-97. 7. d0i:10.1016/j.neuron.2018.
05.039

Pastor-Soler, N. M., Li, H., Pham, J., Rivera, D., Ho, P.-Y., Mancino, V., et al.
(2022). Metformin Improves Relevant Disease Parameters in an Autosomal
Dominant Polycystic Kidney Disease Mouse Model. Am. J. Physiology-Renal
Physiology 322, F27-F41. doi:10.1152/ajprenal.00298.2021

Patzke, S., Redick, S., Warsame, A., Murga-Zamalloa, C. A., Khanna, H., Doxsey, S.,
et al. (2010). CSPP Is a Ciliary Protein Interacting with Nephrocystin 8 and
Required for Cilia Formation. MBoC 21, 2555-2567. doi:10.1091/mbc.e09-06-
0503

Peixoto, E., Jin, S., Thelen, K., Biswas, A., Richard, S., Morleo, M., et al. (2020a).
HDAC6-dependent  Ciliophagy Is Involved in Ciliary Loss and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

84

May 2022 | Volume 10 | Article 833086


https://doi.org/10.15252/embj.2021108863
https://doi.org/10.1091/mbc.E20-08-0556
https://doi.org/10.1083/jcb.201304153
https://doi.org/10.1083/jcb.201304153
https://doi.org/10.15252/embr.201541922
https://doi.org/10.3389/fcell.2020.622918
https://doi.org/10.3389/fcell.2020.622918
https://doi.org/10.1172/JCI69636
https://doi.org/10.1038/emboj.2009.405
https://doi.org/10.1038/emboj.2009.405
https://doi.org/10.1038/nature13961
https://doi.org/10.1038/emboj.2012.144
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1038/nature09782
https://doi.org/10.1152/ajpheart.00160.2012
https://doi.org/10.1152/ajpheart.00160.2012
https://doi.org/10.1083/jcb.201110049
https://doi.org/10.1038/ncb2209
https://doi.org/10.1007/s11255-019-02292-1
https://doi.org/10.1038/s41568-018-0023-6
https://doi.org/10.1038/s41422-021-00560-3
https://doi.org/10.1172/JCI71898
https://doi.org/10.1172/JCI71898
https://doi.org/10.1080/15548627.2018.1448326
https://doi.org/10.1080/15548627.2018.1448326
https://doi.org/10.1038/ncb3109
https://doi.org/10.1038/s41589-020-0598-6
https://doi.org/10.1038/s41589-020-0598-6
https://doi.org/10.1038/s41598-019-50356-0
https://doi.org/10.1093/hmg/ddy380
https://doi.org/10.1016/j.devcel.2015.10.015
https://doi.org/10.1016/j.celrep.2015.01.003
https://doi.org/10.1038/sj.cdd.4401728
https://doi.org/10.1038/sj.cdd.4401728
https://doi.org/10.15252/embj.2020105120
https://doi.org/10.1186/1471-2407-9-448
https://doi.org/10.1101/cshperspect.a005926
https://doi.org/10.1016/j.celrep.2013.12.003
https://doi.org/10.1016/j.celrep.2013.12.003
https://doi.org/10.1002/dneu.22193
https://doi.org/10.1016/j.ajhg.2020.09.005
https://doi.org/10.1038/nature12639
https://doi.org/10.1016/j.ydbio.2008.11.009
https://doi.org/10.1016/j.ydbio.2008.11.009
https://doi.org/10.1074/jbc.M702824200
https://doi.org/10.1038/s41586-018-0026-1
https://doi.org/10.1016/j.neuron.2018.05.039
https://doi.org/10.1016/j.neuron.2018.05.039
https://doi.org/10.1152/ajprenal.00298.2021
https://doi.org/10.1091/mbc.e09-06-0503
https://doi.org/10.1091/mbc.e09-06-0503
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Senatore et al.

Cholangiocarcinoma Growth in Human Cells and Murine Models. Am.
J. Physiology-Gastrointestinal Liver Physiology 318, G1022-G1033. doi:10.
1152/ajpgi.00033.2020

Peixoto, E., Richard, S., Pant, K., Biswas, A., and Gradilone, S. A. (2020b). The
Primary Cilium: Its Role as a Tumor Suppressor Organelle. Biochem.
Pharmacol. 175, 113906. doi:10.1016/j.bcp.2020.113906

Perrone, R. D., Abebe, K. Z., Watnick, T. J., Althouse, A. D., Hallows, K. R., Lalama,
C. M, et al. (2021). Primary Results of the Randomized Trial of Metformin
Administration in Polycystic Kidney Disease (TAME PKD). Kidney Int. 100,
684-696. doi:10.1016/j.kint.2021.06.013

Petralia, R. S., Schwartz, C. M., Wang, Y.-X., Kawamoto, E. M., Mattson, M. P., and
Yao, P. J. (2013). Sonic Hedgehog Promotes Autophagy in Hippocampal
Neurons. Biol. Open 2, 499-504. doi:10.1242/bio.20134275

Plotnikova, O. V., Pugacheva, E. N, and Golemis, E. A. (2009). Primary Cilia and
the Cell Cycle. Methods Cell Biol. 94, 137-160. doi:10.1016/S0091-679X(08)
94007-3

Porpora, M., Sauchella, S., Rinaldi, L., Delle Donne, R., Sepe, M., Torres-Quesada, O.,
et al. (2018). Counterregulation of cAMP-Directed Kinase Activities Controls
Ciliogenesis. Nat. Commun. 9, 1224. doi:10.1038/s41467-018-03643-9

Pugacheva, E. N., Jablonski, S. A., Hartman, T. R., Henske, E. P., and Golemis, E. A.
(2007). HEF1-dependent Aurora A Activation Induces Disassembly of the
Primary Cilium. Cell 129, 1351-1363. doi:10.1016/j.cell.2007.04.035

Rao, Y., Hao, R., Wang, B., and Yao, T.-P. (2014). A Mec17-Myosin II Effector Axis
Coordinates Microtubule Acetylation and Actin Dynamics to Control Primary
Cilium Biogenesis. PLoS One 9, e114087. doi:10.1371/journal.pone.0114087

Reiter, J. F., and Leroux, M. R. (2017). Genes and Molecular Pathways
Underpinning Ciliopathies. Nat. Rev. Mol. Cell Biol. 18, 533-547. doi:10.
1038/nrm.2017.60

Rinaldi, L., Delle Donne, R., Borzacchiello, D., Insabato, L., and Feliciello, A.
(2018). The Role of Compartmentalized Signaling Pathways in the Control of
Mitochondrial Activities in Cancer Cells. Biochimica Biophysica Acta (BBA) -
Rev. Cancer 1869, 293-302. doi:10.1016/j.bbcan.2018.04.004

Rinaldi, L., Delle Donne, R., Catalanotti, B., Torres-Quesada, O., Enzler, F.,
Moraca, F., et al. (2019). Feedback Inhibition of cAMP Effector Signaling by
a Chaperone-Assisted Ubiquitin System. Nat. Commun. 10, 2572. doi:10.1038/
541467-019-10037-y

Rinaldi, L., Sepe, M., Delle Donne, R., Conte, K., Arcella, A., Borzacchiello, D., et al.
(2017). Mitochondrial AKAP1 Supports mTOR Pathway and Tumor Growth.
Cell Death Dis. 8-e2842. doi:10.1038/cddis.2017.241

Rohatgi, R., Milenkovic, L., and Scott, M. P. (2007). Patchedl Regulates Hedgehog
Signaling at the Primary Cilium. Science 317, 372-376. doi:10.1126/science.
1139740

Sadowski, M., Suryadinata, R., Tan, A. R,, Roesley, S. N. A., and Sarcevic, B. (2012).
Protein Monoubiquitination and Polyubiquitination Generate Structural
Diversity to Control Distinct Biological Processes. [UBMB Life 64, 136-142.
doi:10.1002/iub.589

Sénchez, I, and Dynlacht, B. D. (2016). Cilium Assembly and Disassembly. Nat.
Cell Biol. 18, 711-717. doi:10.1038/ncb3370

Sasai, N., Toriyama, M., and Kondo, T. (2019). Hedgehog Signal and Genetic
Disorders. Front. Genet. 10, 1103. doi:10.3389/fgene.2019.01103

Schmid, F. M., Schou, K. B.,, Vilhelm, M. J., Holm, M. S., Breslin, L., Farinelli, P.,
et al. (2018). IFT20 Modulates Ciliary PDGFRa Signaling by Regulating the
Stability of Cbl E3 Ubiquitin Ligases. J. Cell Biol. 217, 151-161. doi:10.1083/jcb.
201611050

Schweiggert, J., Habeck, G., Hess, S., Mikus, F., Beloshistov, R., Meese, K., et al.
(2021). SCF Fbxw5 Targets Kinesin-13 Proteins to Facilitate Ciliogenesis.
EMBO ]. 40. doi:10.15252/embj.2021107735

Seliger, S. L., Abebe, K. Z., Hallows, K. R., Miskulin, D. C., Perrone, R. D., Watnick,
T., etal. (2018). A Randomized Clinical Trial of Metformin to Treat Autosomal
Dominant Polycystic Kidney Disease. Am. J. Nephrol. 47, 352-360. doi:10.1159/
000488807

Senatore, E., Chiuso, F., Rinaldi, L., Intartaglia, D., Delle Donne, R., Pedone, E.,
et al. (2021). The TBC1D31/praja2 Complex Controls Primary Ciliogenesis
through PKA-directed OFD1 Ubiquitylation. EMBO J. 40, €106503. doi:10.
15252/emb;j.2020106503

Seok, S., Fu, T., Choi, S.-E., Li, Y., Zhu, R., Kumar, S,, et al. (2014). Transcriptional
Regulation of Autophagy by an FXR-CREB axis. Nature 516, 108-111. doi:10.
1038/nature13949

Signaling, Proteostasis and Primary Cilium

Serra, A. L., Poster, D, Kistler, A. D., Krauer, F., Raina, S., Young, J., et al. (2010).
Sirolimus and Kidney Growth in Autosomal Dominant Polycystic Kidney
Disease. N. Engl. J. Med. 363, 820-829. doi:10.1056/NEJM0a0907419

Shearer, R. F., Frikstad, K.-A. M., McKenna, J., McCloy, R. A., Deng, N., Burgess,
A, et al. (2018). The E3 Ubiquitin Ligase UBR5 Regulates Centriolar Satellite
Stability and Primary Cilia. MBoC 29, 1542-1554. doi:10.1091/mbc.E17-04-
0248

Shillingford, J. M., Murcia, N. S., Larson, C. H., Low, S. H., Hedgepeth, R., Brown,
N., et al. (2006). The mTOR Pathway Is Regulated by Polycystin-1, and its
Inhibition Reverses Renal Cystogenesis in Polycystic Kidney Disease. Proc.
Natl. Acad. Sci. U.S.A. 103, 5466-5471. doi:10.1073/pnas.0509694103

Shillingford, J. M., Piontek, K. B., Germino, G. G., and Weimbs, T. (2010).
Rapamycin Ameliorates PKD Resulting from Conditional Inactivation of
Pkdl. Jasn 21, 489-497. doi:10.1681/ASN.2009040421

Shinde, S. R., Nager, A. R,, and Nachury, M. V. (2020). Ubiquitin Chains Earmark
GPCRs for BBSome-Mediated Removal from Cilia. J. Cell Biol. 219,
€202003020. doi:10.1083/jcb.202003020

Smit, J. J., and Sixma, T. K. (2014). RBR E3-ligases at Work. EMBO Rep. 15,
142-154. doi:10.1002/embr.201338166

Stoetzel, C., Bir, S., De Craene, J.-O., Scheidecker, S., Etard, C., Chicher, J., et al.
(2016). A Mutation in VPS15 (PIK3R4) Causes a Ciliopathy and Affects IFT20
Release from the Cis-Golgi. Nat. Commun. 7, 13586. doi:10.1038/
ncomms13586

Stone, E. M., Cideciyan, A. V., Aleman, T. S., Scheetz, T. E., Sumaroka, A., Ehlinger,
M. A, etal. (2011). Variations in NPHP5 in Patients with Nonsyndromic Leber
Congenital Amaurosis and Senior-Loken Syndrome. Arch. Ophthalmol. 129,
81-87. doi:10.1001/archophthalmol.2010.330

Struchtrup, A., Wiegering, A., Stork, B., Riither, U., and Gerhardt, C. (2018). The
Ciliary Protein RPGRIPIL Governs Autophagy Independently of its
Proteasome-Regulating Function at the Ciliary Base in Mouse Embryonic
Fibroblasts. Autophagy 14, 567-583. doi:10.1080/15548627.2018.1429874

Takiar, V., Nishio, S., Seo-Mayer, P., King, J. D., Li, H., Zhang, L., et al. (2011).
Activating AMP-Activated Protein Kinase (AMPK) Slows Renal Cystogenesis.
Proc. Natl. Acad. Sci. U.S.A. 108, 2462-2467. doi:10.1073/pnas.1011498108

Tang, Z, Lin, M. G,, Stowe, T. R., Chen, S., Zhu, M., Stearns, T., et al. (2013).
Autophagy Promotes Primary Ciliogenesis by Removing OFD1 from
Centriolar Satellites. Nature 502, 254-257. doi:10.1038/nature12606

Tao, Y., Kim, J., Schrier, R. W., and Edelstein, C. L. (2005). Rapamycin Markedly
Slows Disease Progression in a Rat Model of Polycystic Kidney Disease. Jasn 16,
46-51. doi:10.1681/ASN.2004080660

Taylor, S. S., Zhang, P., Steichen, J. M., Keshwani, M. M., and Kornev, A. P. (2013).
PKA: Lessons Learned after Twenty Years. Biochimica Biophysica Acta (BBA) -
Proteins Proteomics 1834, 1271-1278. doi:10.1016/j.bbapap.2013.03.007

Tsai, 1.-C., Adams, K. A,, Tzeng, J. A., Shennib, O., Tan, P. L., and Katsanis, N.
(2019). Genome-wide Suppressor Screen Identifies USP35/USP38 as
Therapeutic Candidates for Ciliopathies. JCI Insight 4, €130516. doi:10.1172/
jei.insight.130516

Tschaikner, P., Enzler, F., Torres-Quesada, O., Aanstad, P., and Stefan, E. (2020).
Hedgehog and Gpr161: Regulating cAMP Signaling in the Primary Cilium. Cells
9, 118. doi:10.3390/cells9010118

Tukachinsky, H., Lopez, L. V., and Salic, A. (2010). A Mechanism for Vertebrate
Hedgehog Signaling: Recruitment to Cilia and Dissociation of SuFu-Gli Protein
Complexes. J. Cell Biol. 191, 415-428. doi:10.1083/jcb.201004108

Tuz, K., Bachmann-Gagescu, R., O’Day, D. R,, Hua, K., Isabella, C. R., Phelps, I. G.,
et al. (2014). Mutations in CSPP1 Cause Primary Cilia Abnormalities and
Joubert Syndrome with or without Jeune Asphyxiating Thoracic Dystrophy.
Am. ]J. Hum. Genet. 94, 62-72. d0i:10.1016/j.ajhg.2013.11.019

Villumsen, B. H., Danielsen, J. R, Povlsen, L., Sylvestersen, K. B., Merdes, A., Beli,
P, et al. (2013). A New Cellular Stress Response that Triggers Centriolar
Satellite Reorganization and Ciliogenesis. EMBO J. 32, 3029-3040. doi:10.1038/
embo;j.2013.223

Wahl, P. R,, Serra, A. L., Le Hir, M., Molle, K. D, Hall, M. N, and Wiithrich, R. P.
(2006). Inhibition of mTOR with Sirolimus Slows Disease Progression in Han:
SPRD Rats with Autosomal Dominant Polycystic Kidney Disease (ADPKD).
Nephrol. Dial. Transpl. 21, 598-604. doi:10.1093/ndt/gfi181

Walz, G., Budde, K., Mannaa, M., Niirnberger, J., Wanner, C., Sommerer, C., et al.
(2010). Everolimus in Patients with Autosomal Dominant Polycystic Kidney
Disease. N. Engl. J. Med. 363, 830-840. doi:10.1056/NEJMoal003491

Frontiers in Cell and Developmental Biology | www.frontiersin.org

85

May 2022 | Volume 10 | Article 833086


https://doi.org/10.1152/ajpgi.00033.2020
https://doi.org/10.1152/ajpgi.00033.2020
https://doi.org/10.1016/j.bcp.2020.113906
https://doi.org/10.1016/j.kint.2021.06.013
https://doi.org/10.1242/bio.20134275
https://doi.org/10.1016/S0091-679X(08)94007-3
https://doi.org/10.1016/S0091-679X(08)94007-3
https://doi.org/10.1038/s41467-018-03643-9
https://doi.org/10.1016/j.cell.2007.04.035
https://doi.org/10.1371/journal.pone.0114087
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1016/j.bbcan.2018.04.004
https://doi.org/10.1038/s41467-019-10037-y
https://doi.org/10.1038/s41467-019-10037-y
https://doi.org/10.1038/cddis.2017.241
https://doi.org/10.1126/science.1139740
https://doi.org/10.1126/science.1139740
https://doi.org/10.1002/iub.589
https://doi.org/10.1038/ncb3370
https://doi.org/10.3389/fgene.2019.01103
https://doi.org/10.1083/jcb.201611050
https://doi.org/10.1083/jcb.201611050
https://doi.org/10.15252/embj.2021107735
https://doi.org/10.1159/000488807
https://doi.org/10.1159/000488807
https://doi.org/10.15252/embj.2020106503
https://doi.org/10.15252/embj.2020106503
https://doi.org/10.1038/nature13949
https://doi.org/10.1038/nature13949
https://doi.org/10.1056/NEJMoa0907419
https://doi.org/10.1091/mbc.E17-04-0248
https://doi.org/10.1091/mbc.E17-04-0248
https://doi.org/10.1073/pnas.0509694103
https://doi.org/10.1681/ASN.2009040421
https://doi.org/10.1083/jcb.202003020
https://doi.org/10.1002/embr.201338166
https://doi.org/10.1038/ncomms13586
https://doi.org/10.1038/ncomms13586
https://doi.org/10.1001/archophthalmol.2010.330
https://doi.org/10.1080/15548627.2018.1429874
https://doi.org/10.1073/pnas.1011498108
https://doi.org/10.1038/nature12606
https://doi.org/10.1681/ASN.2004080660
https://doi.org/10.1016/j.bbapap.2013.03.007
https://doi.org/10.1172/jci.insight.130516
https://doi.org/10.1172/jci.insight.130516
https://doi.org/10.3390/cells9010118
https://doi.org/10.1083/jcb.201004108
https://doi.org/10.1016/j.ajhg.2013.11.019
https://doi.org/10.1038/emboj.2013.223
https://doi.org/10.1038/emboj.2013.223
https://doi.org/10.1093/ndt/gfi181
https://doi.org/10.1056/NEJMoa1003491
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Senatore et al.

Wang, L., Lee, K., Malonis, R., Sanchez, I, and Dynlacht, B. D. (2016). Tethering of
an E3 Ligase by PCM1 Regulates the Abundance of Centrosomal KIAA0586/
Talpid3 and Promotes Ciliogenesis. eLife 5, €12950. doi:10.7554/eLife.12950

Wang, Y., Han, C,, Lu, L., Magliato, S., and Wu, T. (2013). Hedgehog Signaling
Pathway Regulates Autophagy in Human Hepatocellular Carcinoma Cells.
Hepatology 58, 995-1010. doi:10.1002/hep.26394

Webb, S., Mukhopadhyay, A. G., and Roberts, A. J. (2020). Intraflagellar Transport
Trains and Motors: Insights from Structure. Seminars Cell ¢ Dey. Biol. 107,
82-90. doi:10.1016/j.semcdb.2020.05.021

Wheway, G., Nazlamova, L., and Hancock, J. T. (2018). Signaling through the
Primary Cilium. Front. Cell Dev. Biol. 6, 8. doi:10.3389/fcell.2018.00008

Wiegering, A., Riither, U., and Gerhardt, C. (2018). The Ciliary Protein Rpgrip1l in
Development and Disease. Dev. Biol. 442, 60-68. doi:10.1016/j.ydbio.2018.
07.024

Wilkinson, K. D. (2009). DUBs at a Glance. J. Cell Sci. 122, 2325-2329. d0i:10.1242/
jcs.041046

Wloga, D., Joachimiak, E., Louka, P., and Gaertig, J. (2017). Posttranslational
Modifications of Tubulin and Cilia. Cold Spring Harb. Perspect. Biol. 9,2028159.
doi:10.1101/cshperspect.a028159

Woodruff, J. B., Wueseke, O., and Hyman, A. A. (2014). Pericentriolar Material
Structure and Dynamics. Phil. Trans. R. Soc. B 369, 20130459. doi:10.1098/rstb.
2013.0459

Yamamoto, Y., Chino, H., Tsukamoto, S., Ode, K. L., Ueda, H. R., and Mizushima,
N. (2021). NEK9 Regulates Primary Cilia Formation by Acting as a Selective
Autophagy Adaptor for MYH9/myosin IIA. Nat. Commun. 12, 3292. doi:10.
1038/s41467-021-23599-7

Yamamoto, Y., and Mizushima, N. (2021). Autophagy and Ciliogenesis. JMA J. 4,
207-215. doi:10.31662/jmaj.2021-0090

Yang, L., and McKnight, G. S. (2015). Hypothalamic PKA Regulates Leptin
Sensitivity and Adiposity. Nat. Commun. 6, 8237. doi:10.1038/ncomms9237

Yang, X, Jin, N.,, Wang, Y., Yao, Y., Wang, Y., Li, T., et al. (2021). Macroautophagy
Supports Sonic Hedgehog Signaling by Promoting Patchedl Degradation.

Signaling, Proteostasis and Primary Cilium

Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1868, 119124. doi:10.
1016/j.bbamcr.2021.119124

Ye, F.,, Nager, A. R., and Nachury, M. V. (2018). BBSome Trains Remove Activated
GPCRs from Cilia by Enabling Passage through the Transition Zone. J. Cell Biol.
217, 1847-1868. doi:10.1083/jcb.201709041

Zaffagnini, G., and Martens, S. (2016). Mechanisms of Selective Autophagy. J. Mol.
Biol. 428, 1714-1724. doi:10.1016/j.jmb.2016.02.004

Zhou, Z., Yao, X,, Pang, S., Chen, P., Jiang, W., Shan, Z., et al. (2018). The
Deubiquitinase UCHL5/UCH37 Positively Regulates Hedgehog Signaling by
Deubiquitinating Smoothened. J. Mol. Cell Biol. 10, 243-257. d0i:10.1093/jmcb/
mjx036

Zhu, P, Sieben, C. ., Xu, X, Harris, P. C,, and Lin, X. (2017). Autophagy Activators
Suppress Cystogenesis in an Autosomal Dominant Polycystic Kidney Disease
Model. Hum. Mol. Genet. 26, ddw376-172. doi:10.1093/hmg/ddw376

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Senatore, Iannucci, Chiuso, Delle Donne, Rinaldi and Feliciello.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

86

May 2022 | Volume 10 | Article 833086


https://doi.org/10.7554/eLife.12950
https://doi.org/10.1002/hep.26394
https://doi.org/10.1016/j.semcdb.2020.05.021
https://doi.org/10.3389/fcell.2018.00008
https://doi.org/10.1016/j.ydbio.2018.07.024
https://doi.org/10.1016/j.ydbio.2018.07.024
https://doi.org/10.1242/jcs.041046
https://doi.org/10.1242/jcs.041046
https://doi.org/10.1101/cshperspect.a028159
https://doi.org/10.1098/rstb.2013.0459
https://doi.org/10.1098/rstb.2013.0459
https://doi.org/10.1038/s41467-021-23599-7
https://doi.org/10.1038/s41467-021-23599-7
https://doi.org/10.31662/jmaj.2021-0090
https://doi.org/10.1038/ncomms9237
https://doi.org/10.1016/j.bbamcr.2021.119124
https://doi.org/10.1016/j.bbamcr.2021.119124
https://doi.org/10.1083/jcb.201709041
https://doi.org/10.1016/j.jmb.2016.02.004
https://doi.org/10.1093/jmcb/mjx036
https://doi.org/10.1093/jmcb/mjx036
https://doi.org/10.1093/hmg/ddw376
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Senatore et al.

GLOSSARY

MIB1 mindbomb E3 ubiquitin ligase protein 1

PCM1 pericentriolar matrix protein 1

UBRS5 ubiquitin protein ligase E3 component N-recognin 5
DAVs distal appendages vesicles

BBS4 Bardet-Biedl syndrome 4

OFD1 oral-facial-digital syndrome 1

MYH9 myosin heavy chain 9

IFT20 intraflagellar transport protein 20

NR1H4 nuclear receptor subfamily 1 group H member 4
CSPP1 centrosome and spindle pole-associated protein 1
NEKI10 never in mitosis A related kinase 10

SCF skip1-Cullin-F-box

KIF2c kinesin family member 2c

Dv12 dishvelled 2

HEF1 human enhancer of filamentation 1 protein
CULS3 cullin 3

PPARa peroxisome proliferator-activated receptor

Shh Sonic Hedgehog; Smo, smoothened

Signaling, Proteostasis and Primary Cilium

IFT27 intraflagellar transport protein 27

HERC4 HECT and RLD domain containing E3 ligase 4
SUFU suppressor of fused protein

PTCH1 patched 1

GliA activated Gli

NPHP5 nephrocystin 5

BBS11 Bardet-Biedl syndrome 11

MARCH7 membrane associated ring-CH-type finger 7
AurA aurora A kinase

USP8 ubiquitin carboxyl-terminal hydrolase 8

EGFR EGF receptor

AC adenylate cyclase

PKA protein kinase A

CHIP C-terminus of Hsc70-interacting protein

Ub ubiquitin

K48 lysine 48

K63 lysine 63

K11 lysine 11

LC3 microtubule-associated protein 1A/1B-light chain
RBR RING-between-RING
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Ubiquitination and ubiquitin-like post-translational modifications control the activity and
stability of different tumor suppressors and oncoproteins. Hence, regulation of this
enzymatic cascade offers an appealing scenario for novel antineoplastic targets
discovery. Among the different families of enzymes that participate in the conjugation
of Ubiquitin, deubiquitinating enzymes (DUBs), responsible for removing ubiquitin or
ubiquitin-like peptides from substrate proteins, have attracted increasing attention. In
this regard, increasing evidence is accumulating suggesting that the modulation of the
catalytic activity of DUBs represents an attractive point of therapeutic intervention in cancer
treatment. In particular, different lines of research indicate that USP19, a member of the
DUBs, plays a role in the control of tumorigenesis and cancer dissemination. This review
aims at summarizing the current knowledge of USP19 wide association with the control of
several cellular processes in different neoplasms, which highlights the emerging role of
USP19 as a previously unrecognized prognosis factor that possesses both positive and
negative regulation activities in tumor biology. These observations indicate that USP19
might represent a novel putative pharmacologic target in oncology and underscores the
potential of identifying specific modulators to test in clinical settings.

Keywords: PTMs, ubiquitination, DUBs, USP19, tumorigenesis, metastasis

INTRODUCTION

Following translation, proteins can undergo several posttranslational modifications (PTMs) to
modulate their activity, such as phosphorylation, methylation, glycosylation, acetylation,
sumoylation and ubiquitination. These modifications represent a very important component in
the physiological regulation of different pathways, including protein degradation, DNA repair
activity, gene regulation and signal transduction, among others (Millar et al., 2019). Since growth
regulatory proteins that drive tumorigenesis are modified by PTMs (Krueger and Srivastava, 2006),
understating the mechanisms by which these modifications regulate oncogenic, or tumor suppressive
pathways is of great relevance to restrain their effects upon pathological scenarios
(Konstantinopoulos et al., 2007).

Moreover, the alteration in the levels and functionality of the components comprising the
pathways responsible for the different PTMs, is related to different pathologies, including cancer (Xu
et al,, 2018; Sharma et al., 2019; Chen et al., 2020; Vellosillo and Minguez, 2021). In particular,
ubiquitin-related PTMs are under active study as their dysregulation has been linked with the onset
and progression of different oncological disorders (Reinstein and Ciechanover, 2006; Shi and
Grossman, 2010).
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FIGURE 1 | Ubiquitination pathway. The ubiquitin molecule is activated by an E1 ubiquitin activating enzyme, in an ATP-dependent step, and a thioester
intermediate is formed (E1-S-ubiquitin). The ubiquitin molecule is then transferred to an E2 conjugating enzyme (E2-S-ubiquitin), and then to the final substrate by an E3
ligase. Ubiquitin bound as monomers or polymers with different topologies are associated with different biological outputs, such as regulation of enzymatic activity,
localization, protein-protein interactions, among others. Sequential ubiquitin conjugations form a polyubiquitin chain on the substrate, which can be recognized and
degraded by the 26S proteasome. The deubiquitinating enzymes (DUBSs) are responsible for the ubiquitin molecules recycling and chain editing.
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UBIQUITINATION

Ubiquitination is the covalent attachment of ubiquitin (an 8-kDa
76 amino-acid molecule) to target proteins, and it plays crucial
roles in the regulation of target proteins activity, stability,
subcellular localization and trafficking, and interaction with
other proteins (Damgaard, 2021). Therefore, this modification
affects a great number of biological processes (Mevissen and
Komander, 2017).

Protein ubiquitination is a tightly regulated process which
involves the activity of two groups of enzymes, namely, E1/E2/E3
ligases and deubiquitinating enzymes (DUBs) (Figure 1).

The attachment of ubiquitination moieties to target proteins is
catalyzed by the sequential action of a ubiquitin ATP-dependent
activating enzyme (E1), which transfers the ubiquitin molecule to
a ubiquitin conjugating enzyme (E2) by trans-thiolation, and by a
ubiquitin ligase (E3), which provide substrate specificity to
ubiquitin conjugation (Ciechanover, 1994; Hershko and
Ciechanover, 1998; Komander and Rape, 2012).

This modification can occur as ubiquitin monomers or
polymer chains, and since the ubiquitin molecule contains
eight ubiquitination sites (seven internal lysine residues -Lys 6,
11,27,29, 33,48 and 63- and a primary amine at the N-terminus),
various types of ubiquitin chains with different length and shape

might form (Akutsu et al.,, 2016; Yau and Rape, 2016; Dwane
et al., 2017; Kwon and Ciechanover, 2017; Ohtake and Tsuchiya,
2017).

Furthermore, the ubiquitin molecule is subject to other PTMs
such as phosphorylation, acetylation (Ohtake et al., 2015; Wauer
et al,, 2015; Huguenin-Dezot et al., 2016), and modification with
ubiquitin-like proteins such as interferon (IFN)-stimulated gene
15 (ISG15) (Fan et al., 2015) and small ubiquitin-related modifier
(SUMO) (Lamoliatte et al., 2013). Therefore, these modifications
broaden the ubiquitin code versatility, as they affect not only
ubiquitin interactions but also the formation and topology of the
polyubiquitin chain.

The nature of the ubiquitin chain determines the outcome of
the substrate protein, and different molecular signals are induced
in the cell (Ikeda and Dikic, 2008; Sadowski and Sarcevic, 2010),
affecting biological processes such as protein stability through
proteasome degradation, DNA repair and replication, signal
transduction, gene regulation, molecule trafficking and
endocytosis, etc. (Hershko and Ciechanover, 1998; Haglund
and Dikic, 2005; Komander and Rape, 2012; Yau and Rape, 2016).

The deubiquitinating enzymes are proteases that reverse the
modification of proteins by a single ubiquitin or ubiquitin-like
protein, and remodel polyubiquitin/ubiquitin-like chains on
target proteins. They hydrolyze the isopeptide bond between
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FIGURE 2 | Domain architecture of USP19. It contains two CHORD-SGT1 domains (namely CS1 and CS2) at its N-terminus and a large USP domain with a
ubiquitin-like domain (UBL) and myeloid translocation protein 8, Nervy protein, Deaf-1 zinc finger (MYND Zn-finger). The positions of the amino acids Cys, His, and Asp in
the catalytic triad are indicated in red. There are multiple USP19 isoforms generated by alternative splicing. In particular, alternative splicing of the last exon generates
isoforms with a cytoplasmic localization or isoforms anchored to the endoplasmic reticulum. This schematic depicts: (A) the USP19 isoform that contains a
transmembrane (TM) domain which anchors USP19 to the endoplasmic reticulum. (B) The soluble USP19 isoform has a relatively hydrophilic region and an EEVD motifin

USP domain

the ubiquitin and the substrate residue of either the target protein
or another ubiquitin molecule (Komander et al., 2009; Komander
and Rape, 2012). The human genome encodes nearly 100 DUBs,
each with distinct substrate specificities and catalytic properties,
which confer high precision upon ubiquitin chains processing
(Komander et al, 2009; Mevissen and Komander, 2017).
Consequently, individual DUBs likely confer specific actions
(Komander et al, 2009; Huang and Dixit, 2016) and
pharmacological modulation of their catalytic activity should
lead to desired outcomes upon physiological or
pharmacological scenarios.

Based on sequence and structural similarities, DUBs have been
classified into seven families: Ubiquitin-specific proteases (USPs),
Ubiquitin C-terminal hydrolases (UCHs), ovarian tumor
proteases (OTUs), Machado-Joseph (Josephin) domain (MJD)
proteases, Jabl/MPN domain-associated metallo-iso-peptidases
(JAMM/MPMH+), Zinc finger UB-specific proteases (ZUP/
ZUFSP), and monocyte chemotactic protein-induced proteins
(MCPIP). Except for the JAMMs, which are zinc-dependent
metalloproteases, the remaining families are cysteine proteases
(Reyes-Turcu et al., 2009; Hanpude et al., 2015; Mevissen and
Komander, 2017; Kwasna et al., 2018).

GENERAL PROPERTIES OF USP19

Human ubiquitin-specific protease 19 (USP19) is a modular
deubiquitinating enzyme that belongs to the largest family of
DUBs, the USPs (Nijman et al., 2005; Reyes-Turcu et al., 2009).
This family is characterized by the presence of a highly conserved
USP catalytic domain fold (Hu et al., 2002; Hu et al., 2005;
Avvakumov et al., 2006; Renatus et al., 2006; Komander et al.,
2008), which holds two well-conserved motifs (Cys and His
boxes), each containing the critical residues for the enzymatic
activity. Moreover, USP19 contains two CHORD-SGT1/P23
domains (namely CS1 and CS2) at its N-terminus, which are
relevant for the interaction with other proteins, as well as for the

intra-molecular inhibition and regulation of the catalytic core
(Xue et al., 2020) (Figure 2).

USP19 presents different isoforms generated by alternative
splicing, and the most distinctive feature—structurally and
functionally-is that some of them have a cytoplasmic
localization, while others have a transmembrane domain that
serves as anchorage to the endoplasmic reticulum (Hassink et al.,
2009) (Figure 2).

Like other DUBs, USP19 is covalently modified by PTMs such
as phosphorylation and ubiquitination, which affect its activity
and half-life, respectively (Matsuoka et al., 2007; Velasco et al,
2013).

Functionally, USP19 has mainly been associated with protein
quality control and cellular homeostasis (Hassink et al., 2009; Lee
et al.,, 2014; Wiles et al.,, 2015; He et al., 2016; He et al., 2017),
muscle development (Combaret et al., 2005; Sundaram et al.,
2009; Wiles et al., 2015), and it has been shown that it controls the
half-life of several proteins such as HIF1-a (Altun et al., 2012),
BECNI (Cui et al,, 2016), TGFBRI (Zhang et al., 2012), TRAF3
(Gu et al., 2017), HRD1 (Harada et al., 2016), TAK1 (Lei et al.,
2019), KPC1 (Lu et al., 2009), c-IAPs one and 2 (Mei et al., 2011),
HDAC1/2 (Wu et al,, 2017), COROA2 (Lim et al., 2016), LRP6
(Perrody et al., 2016) and MARCH6 (Nakamura et al., 2014),
therefore affecting cellular processes relevant in tumorigenesis
such as DNA damage repair, apoptosis, the TGF-B Pathway,
hypoxia and angiogenesis, immunity, proliferation, ERAD and
autophagy.

THE ROLE OF USP19 IN CANCER
MALIGNANCY

Disrupted regulation of protein ubiquitination is a trigger of
cancer, among other diseases. Not surprisingly, alterations in the
levels of the ubiquitination cascade components -including the
DUBs-have been associated with multiple neoplasms (Shi and
Grossman, 2010; Deng et al., 2020; Sun et al., 2020).
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In the last couple of years, increasing evidence has begun to
demonstrate that USP19 is associated with tumor progression
and that it represents a novel prognostic factor for the outcome of
several malignant diseases. In particular, it has been shown that
USP19 plays both positive and negative roles in the onset and
development of diverse neoplasms, in a tissue-specific manner.
Consequently, in the following paragraphs, results denoting
USP19 relevance in different signaling pathways regulating cell
proliferation and cell-cycle progression, as well as tumor growth
and metastasis will be presented, therefore unveiling the
importance of conducting extensive studies to further the
study of USP19’s dual role in tumorigenesis under different
molecular scenarios, and to establish its significance as a
potential new target for the clinical treatment of cancer.

USP19 as a DUB Negatively Regulating

Tumorigenesis

A couple of recent papers presented results indicating that USP19
negatively affected proliferation and migration in clear cell renal
cell (Hu et al., 2020) and serous ovarian carcinomas (Kang et al.,
2021).

Hu and others utilized clear cells renal cancer (ccRCC) cell
lines in vitro and demonstrated that overexpression of USP19
levels negatively affected migration and proliferation, and the
opposite occurred upon USP19 silencing. They validated their
results using in vivo models and observed that USP19
downregulation promoted tumor growth in a xenograft model.
Moreover, they conducted in silico analyses and observed that
USP19 mRNA levels were significantly lower in ccRCC than
normal tissues, and that low USP19 expression was associated
with disease progression and poor prognostic outcomes in a The
Cancer Genome Atlas (TCGA) cohort of patients (Hu et al,
2020). These results were consistent with a previous work by Liu
and collaborators, who performed an in silico analysis and
observed that isoform uc003cvz.3, which is mainly localized in
the cytoplasm, serves as an indicator of poor outcome in patients
with advanced stage ccRCC (Liu et al., 2013).

Similarly, Kang et al. applied a machine learning model on
RNA-sequencing data from 51 patients who received
conventional therapies for high-grade serous ovarian
carcinoma (HGSC) and identified USP19 and RPL23 as
candidate prognostic markers. Specifically, they showed that
patients with lower USP19 or higher RPL23 mRNA levels had
worse prognoses and they validated their model using publicly
available data from the TCGA (Kang et al., 2021). They also
observed that USP19 levels positively correlated with TOP3B
and XRN2, which regulate genome instability (Kang et al,,
2021). Based on this observation, and considering that USP19
interacts with and deubiquitinates HDAC1/2 in order to
regulate DNA damage repair and chromosomal stability
(Wu et al, 2017) and that both ¢ccRCC and HGSC are
characterized by high genomic instability, it is plausible that
USP19-mediated deubiquitination of key regulators associated
with DSB repair or genome instability might be responsible for
the worse prognosis observed in ccRCC and HGSC patients
with low USP19 levels (Kang et al., 2021).

USP19 Roles in Cancer

In addition, Shahriyari L and collaborators (Shahriyari et al.,
2019) described the existence of a correlation between the
expression of USP19, RBM15B and the tumor suppressor gene
BAP1 (BRCAL associated protein-1) in different type of cancers.
All three genes are in proximity of the 3p21 tumor suppressor
region, which is commonly altered in many cancers, suggesting
that USP19 could play a functional role in BAP1 molecular
mechanism of action or its alteration could be a byproduct of
chromosomal rearrangement affecting other genes. Although
further characterization is required, this observation highlights
the potential of USP19 as a putative prognostic biomarker in
different cancers.

USP19 Positively Regulates Tumor Growth
and Metastasis

Opposite to the role of USP19 as a tumor suppressor, recent work
has also established that antagonism of USP19 expression
conferred a prominent antiproliferative and antitumorigenic
response in diverse neoplasms: Ewing sarcoma, gastric, breast
and colorectal cancers (Gierisch et al., 2019; Dong et al., 20205
Rossi et al.,, 2021; Zhu et al., 2021), suggesting pro-tumorigenic
roles in these tissues.

Ewing sarcoma is the second most common pediatric bone
and soft tissue tumor, which is characterized by the presence of a
chimeric oncoprotein, EWS-FLI1, due to a genetic translocation
between chromosomes 22 and 11 (Desmaze et al., 1997). Gierisch
and collaborators demonstrated that this protein, which
maintains tumor cells survival, is regulated by USP19 in a post
translational manner, and dependent on its catalytic activity
(Gierisch et al, 2019). Downregulation of USP19 Ilevels
resulted in a reduction of EWS-FLII levels, hence decreasing
tumor cells growth and colony formation capability, whereas the
opposite occurred upon USP19 (TM isoform) overexpression.
Using in vivo experiments, the authors demonstrated that tumor
growth was delayed when USP19 levels were reduced.

On the other hand, Dong and others analyzed USP19
relevance in gastric cancer (Dong et al, 2020). Their results
revealed that USP19 TM isoform overexpression enhanced cell
proliferation and exhibited anti-apoptotic properties, as well as it
increased cells migration and spreading capabilities in vitro; the
opposite was observed upon USP19 silencing (multiple isoforms).
Furthermore, they showed that increased USP19 (TM isoform)
levels enhanced MMP2/MMP9 protein expression and enzyme
activity, and that genetic alteration of USP19 levels affected
tumorigenesis using in vivo models. Finally, using a cohort of
212 gastric cancer patients, the authors observed that USP19
expression was significantly increased in gastric cancer tissues,
compared to normal gastric tissues, and the high level of USP19
expression was positively correlated with a poorer prognosis.

Similarly, our group analyzed USP19 clinical significance in
breast cancer (Rossi et al., 2021). We demonstrated that USP19
positively regulates breast tumor cells migration and invasion
in vitro, and that genetic silencing reduces cells motility, whereas
its  overexpression increases migratory and invasive
capabilities—dependent on USP19’s catalytic activity and ER
localization. Our results also indicated that USP19 does not
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affect breast cancer cells proliferation in two dimensions, in
concordance with Lu and collaborators (Lu et al., 2011), but
significantly modulates proliferation and invasion if cells are
grown embedded in extracellular matrix proteins and
basement membrane proteins. In vivo experiments showed
that USP19 silencing reduces tumorigenicity and delays tumor
onset and growth, and the opposite was observed upon wild type
USP19 overexpression (but not when overexpressing a
catalytically dead mutant, or a cytoplasmic version of USP19).
Using experimental metastasis assays, we verified that USP19
silencing reduces cells’ ability to engraft in secondary tissues, and
using in silico approaches and TCGA data, we demonstrated that
the Wnt pathway is activated in patient samples expressing high
levels of USP19. In concordance with these results, we observed a
positive correlation between USP19 and LRP6 levels (a Wnt
pathway  coreceptor). Functional analysis on USPI19
overexpressing cells indicated that LRP6 silencing reverted
migratory and invasive phenotypes, possibly as a downstream
USP19 effector. Finally, we conducted a retrospective analysis on
early breast cancer patients which revealed that USP19 expression
levels correlated with poor outcome and reduced distant
metastasis free survival, hence serving as a prognostic factor in
early breast cancer patients.

Lastly, a very recent publication by Zhu and collaborators
studied USP19 pertinence in colorectal carcinogenesis (Zhu et al.,
2021). Their work showed that ERK2 signaling is responsible for
lipid synthesis mediated by cytoplasmic-localized malic enzyme 1
(ME1) phosphorylation, which is overexpressed in a variety of
cancers (including colorectal cancer). USP19-mediated ME1
stabilization is enhanced by phosphorylation, generating
oncogenic phenotypes, and either USP19 deletion or a point
mutation in ME1 protein that prevents ubiquitination, represses
colorectal carcinogenesis. Of note, USP19 catalytic activity is
necessary to ensure ME1 stabilization. Finally, the authors
showed that the USP19-MEI signaling axis is dysregulated in
human colorectal cancer samples, and that USP19 is upregulated
during colorectal carcinogenesis pathogenesis and spontaneous
tumor development.

Supplementary Table S1 summarizes USP19 relevance in
different cancers, and whether is catalytic activity or specific
isoform is important in each type of neoplasm.

CONCLUDING REMARKS

Various studies have linked USP19 to different cancers, and either
its overexpression or silencing may dysregulate the function of
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E4B belongs to the U-box E3 ligase family and functions as either an E3 or an E4 enzyme in
protein ubiquitination. Transformer2A (TRA2A) and Pyrroline-5-carboxylate reductase 2
(PYCR2) are related to cancer development and are overexpressed in many cancer cells.
The degradation of TRA2A and PYCR2 mediated by the ubiquitin-proteasome system
(UPS) has not been reported. This study validated that E4B could ubiquitinate TRA2A and
PYCR2 as an E3 ligase both in vitro and in the HEK293 cells. E4B mediated the
degradation by forming K11- and K48- linked polyubiquitin chains on TRA2A and
PYCR2, respectively. E4B regulated the alternative splicing function of TRA2A and
affected RSRC2 transcription in the HEK293 cells. Although E4B is highly expressed, it
hardly degrades TRA2A and PYCR2 in hepatocellular carcinoma (HCC) cells, suggesting
other mechanisms exist for degradation of TRA2A and PYCR2 in the HCC cells. We finally
reported that E4B interacted with substrates via its variable region.

Keywords: ubiquitin, ubiquitination, degradation, E4B, TRA2A, PYCR2

INTRODUCTION

The ubiquitin-proteasome system (UPS) is responsible for the selective degradation of short-lived
proteins and plays an essential role in biological function regulation in eukaryotic cells (Hershko and
Ciechanover, 1998). Substrates are targeted by ubiquitin (Ub) through an E1-E2-E3 enzymatic
cascade forming different ubiquitin chains at one or more lysine residues (Komander and Rape,
2012). E4B (also called UBE4B) belongs to the U-box E3 ligase family and contains a unique U-box
catalytic domain composed of 70 amino acids (Hatakeyama et al., 2001). Initially, E4B is known for
its E4 function in targeting the substrates and elongating the polyubiquitin chains (Koegl et al., 1999).
Subsequent studies prove that E4B manifests E3 ligase activity depending on the U-box domain,
which is responsible for E2 recognition (Hoppe, 2005). E4B is essential in embryo survival and
cardiac and nervous system development during the stages of embryonic development (Kaneko-
Oshikawa et al., 2005; Mammen et al., 2011; Wu and Leng, 2011). Intriguingly, the alteration of the
gene or protein of E4B is involved in the genesis of neuropathies and various types of cancer. E4B has
been found to be either overexpressed or suppressed in different cancer such as breast cancer,
hepatocellular carcinoma, glioblastoma, promyelocytic leukemia, colorectal cancer, and
neuroblastoma (Krona et al., 2003; Heuze et al., 2008; Wu et al,, 2011; Zhang et al., 2014; Zhang
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et al., 2016). Additionally, E4B can regulate the p53 level to inhibit
cell apoptosis and promote tumor development through two
pathways. As an E4, E4B synergistically collaborates with MDM?2
to target p53 for its ubiquitination and degradation (Fang et al., 2000;
Wu et al, 2011). E4B can negatively regulate the protein levels of
phosphorylated p53 at Serl5 and Ser392, independent of MDM2
(Du et al, 2016). So far, the mechanism of how E4B affects
tumorigenesis is unclear. Except for p53, there is lacking indepth
knowledge on other substrates ubiquitination mediated by E4B.
Ufd2p, the homolog of E4B in S. cerevisiae, contains an N-terminal
variable region, a highly conserved Ub elongating region, and a
C-terminal U-box domain (Tu et al., 2007). However, the full-length
structure of E4B is still not well characterized due to its complexity in
the N-terminal variable region (Nordquist et al, 2010). The
interaction of E4B with its ubiquitination substrates is also
reported rarely.

In our previous work, we developed an orthogonal ubiquitin
transfer (OUT) method to identify the substrates of E4B (Zhao et al.,
2012; Bhuripanyo et al.,, 2018; Zhao et al., 2020). In this method, over
100 proteins were attached by xUb (an Ub mutant) under the
transfer of E4B in the HEK293 cells, indicating that these proteins
may be the potential ubiquitination substrates of E4B (Bhuripanyo
et al,, 2018). Among these proteins, Transformer2A (TRA2A) and
Pyrroline-5-carboxylate reductase 2 (PYCR2) are closely related to
cancer development. TRA2A and TRA2B, different isoforms of
TRA2 in humans, are encoded by the Transformer2 gene and
participate in the alternative splicing (AS) process of pre-mRNA
to produce multiple mature mRNAs (Best et al,, 2014). Both TRA2A
and TRA2B mediate splicing events to affect tumor progression and
drug sensitivity (Hirschfeld et al., 2011; Best et al., 2014; Tieju Liu
etal, 2017). TRA2A is overexpressed in the glioma cells and triple-
negative breast cancer to promote proliferation, invasion, migration,
and epithelial-mesenchymal transition (Tieju Liu et al., 2017; Tan
et al,, 2018). TRA2A can reduce the level of normal RSRC2 splicing
product RSRC2s and increase the expression of RSRC2I, an
abnormal mRNA splicing product of RSRC2, which promotes
the progression of triple negative breast cancer (Tieju Liu et al,
2017). PYCR2, an enzyme that catalyzes the synthesis of L-proline
from Al-pyrroline-5-carboxylate (P5C), was reported to promote
cancer growth and inhibit apoptosis through multiple approaches,
such as regulation of cell cycle and redox homeostasis and
promotion of growth signaling pathways (Meng et al, 2017;
Escande-Beillard et al., 2020; Li et al, 2021). As metabolic
reprogramming has been considered a new sign of cancer in
recent years, proline metabolism is believed to be a critical factor
in the cancer cell growth (Pavlova and Thompson, 2016). The
change of proline expression is the most significant factor in
amino acid metabolism in hepatocellular carcinoma (HCC), and
PYCR2 is abnormally expressed in the esophageal squamous cell
carcinoma (ESCC), indicating that PYCR2 may play a key role in
cancer progression (Tang et al,, 2018; Sun et al,, 2019).

The ubiquitination of TRA2A and PYCR2 has not been
reported. In this study, we verified that E4B could ubiquitinate
TRA2A and PYCR2 as an E3 ligase both in vitro and in the
HEK293 cells. E4B mediated the formation of K11- or K48-
linked polyubiquitin chains on TRA2A and PYCR2 and induced
their degradation by the proteasome. Regulation of E4B affected

Degradation of TRA2A and PYCR2

the alternative splicing function of TRA2A in the HEK293 cells.
However, the degradation of TRA2A and PYCR2 in the HCC
cells was quite different from that in the HEK293 cells, indicating
there are other mechanisms for the degradation of TRA2A and
PYCR?2 in the HCC cells. By constructing the variants of E4B, we
validated that the variable region of E4B is an indispensable
domain for the interaction of E4B with its substrates, TRA2A and
PYCR2.

MATERIALS AND METHODS

Cell Culture and Reagents

DMEM (10100147) and fetal bovine serum (C11995500BT) were
from Gibco. MG132 (HY-13259) and protease-inhibitor cocktail
(HY-K0010) from MCE. Lipofectamine™ 3000
Transfection Reagent (L3000015) was from Invitrogen.
Cycloheximide (CHX) and N-ethylmaleimide (NEM) were
from Sigma-Aldrich. The following antibodies were from
Abcam: anti-E4B (ab126759), anti-ubiquitin (ab134953), anti-
HA (ab182009). Anti-GAPDH antibody (60004-1-Ig) and anti-
PYCR2 antibody (17146-1-AP) were from Proteintech. Anti-
TRA2A antibody (GTX87998) was from GeneTex. Anti-MYC
antibody (9B11) was from Cell Signaling Technology. Anti-FLAG
(M2) antibody (F1804) and anti-FLAG(M2) affinity gel (A2220)
were from Sigma-Aldrich. Goat anti-rabbit IgG-Alexa Fluor 790
antibody (111-655-144) and goat anti-mouse IgG- Alexa Fluor
790  antibody  (115-005-072)  were from  Jackson
ImmunoResearch. Protein G Agarose (16-266) was from
Merckmilipore.  Phenylmethanesulfonyl fluoride (PMSF,
ST506) and RIPA Lysis Buffer (P0013C) were from Beyotime.
Polyetherimide (AC04L091) was from Life-iLab.

were

Plasmids and Small Interfering RNA

Oligonucleotides

Full-length human TRA2A and PYCR2 were cloned into
FLAG-tagged pcDNA 3.1 vector. The full-length Ub was
cloned into HA-tagged pcDNA 3.1 vector. The genes of Ub
mutants, K11R, K48R, and K63R, were synthesized by
GENEWIZ. Myc-tagged full-length human E4B and variants
were cloned into pLVX-IRES-mcherry vector. His-tagged
TRA2A, PYCR2, Ub, and E4B were cloned into pET-28a +
vector for protein expression. All plasmids were verified by
sequencing. GIPZ Lentiviral shRNA pGIPZ-shE4B and
pGIPZ-empty were from Dharmacon.

Small interfering RNA (siRNA) targeted TRA2A was
generated by Sangon Biotech. The sequence of siTRA2A was
forward: 5'-GCCUCAGUUUGUACACAACTT-3' and reverse:
5'-GUUGUGUACAAACUGAGGCT-3".

Recombinant Protein Purification and In
Vitro Ubiquitination Assay
His and FLAG-tag TRA2A and PYCR2 were transformed into

BL21 E. Coli cells for protein expression. The cells were grown for
4-8 h at 37°C until the OD was 0.8. IPTG (0.25 pM) was added to
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the cells, and the expression was induced at 16°C overnight. The
cell cultures were spun down and lysed in lysis buffer (50 mM
Tris-Base, 500 mM NaCl, 5 mM imidazole, and pH 8.0). Ni-NTA
was incubated with the cell lysates for 2h to bind the target
proteins. The cell lysates were washed several times and the
elution was collected to obtain the purified targeted proteins.

To assay ubiquitination of these substrates by E4B, 10 uM
FLAG-tagged substrate proteins were incubated with 14 uM Ub,
1 uM E1 (Ubel), 5 uM E2 (UbcH5b), and 1 uM E3 (E4B) in TBS
buffer containing 50 mM MgCl, and 1.5 mM ATP. After a 2-h
ubiquitin  transferring reaction at room temperature,
ubiquitination was detected by immunoblotting with an anti-
FLAG antibody.

Cells Culture and Transfection

HEK293, HepG2, and HuH7 were cultured in DMEM
supplemented with 10% fetal bovine serum and incubated in a
37°C humidified incubator with 5% CO,. ShE4B and shctrl cells
were cultured in the same culture medium with an extra 0.2 ug/ml
puromycin. HEK293 cells were cotransfected with the indicated
plasmids using the linear Polyetherimide (PEI) reagent according
to the manufacturer’s protocol. HEK293 was transfected with a
small interfering RNA (siRNA) to knock down TRA2A with
Lipo3000 according to the manufacturer’s protocol. HepG2 and
HuH7 cells were transfected with Lipo3000 according to the
manufacturer’s protocol.

In Vivo Ubiquitination and

Co-Immunoprecipitation

The cells were incubated with 10 uM M G132 for 4 or 6 h before
harvest. For normal ubiquitination assay, the cells were lysed
with RIPA lysis buffer 1 (50 mM Tris (pH 7.4), 150 mM NacCl,
1% NP-40, 0.5% deoxycholate, 0.1% SDS) containing protease
inhibitor cocktail (PIC) and Phenylmethanesulfonyl fluoride
(PSMF) for 48 h after transfection. For the ubiquitin chains
assays, an extra 100 uM N-ethylmaleimide (NEM) and 100 uM
O-Phenanthroline were added to the RIPA lysis buffer 1. For
the interaction of E4B and substrates assays, the cells were
lysed with RIPA lysis buffer 2 (50 mM Tris (pH 7.4), 150 mM
NacCl, 1% NP-40) containing protease inhibitor cocktail (PIC)
and Phenylmethanesulfonyl fluoride (PSMF) for 48 h after
transfection. For the immunoprecipitation, 15 pl anti-FLAG
(M2) affinity gel for each sample was washed with 0.5 ml of
cold TBS three times, then it was added to 1 mg of cell lysates.
Shake all the samples gently at 4°C for 4 h, then centrifuge the
resin for 1 min at 7,000xg. Wash the beads three times with
0.5 ml of cold TBS-T. After the final wash, remove the wash
buffer and add 30 pul TBS and 9 ul 5xSDS loading. Centrifuge
the samples at 10,000xg for 1 min and boil the samples for
15 min. The ubiquitination of the substrates was assayed by
immunoblotting with an anti-Ub antibody under denaturing
conditions. The ubiquitination chains of substrates were
assayed by immunoblotting with an anti-HA antibody
under  denaturing conditions. The protein-protein
interaction between the substrates and E4B was assayed by
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immunoblotting with an anti-MYC

nondenaturing conditions.

antibody under

Degradation of Substrates in HEK293 and
HCC Cells

1 x 10° HEK293 cells were seeded into 6-well plates and were
transfected with FLAG-tagged substrate plasmids and increasing
amounts of pLVX-E4B (0, 0.5, 1, 2, and 3 pg) plasmids by PEL
The cells were lysed with RIPA lysis buffer after transfection for
48 h. The amount of total substrate proteins was determined by
immunoblotting with an anti-FLAG antibody. HepG2, HuH7,
and HEK293 cells were transfected with increasing pLVX-E4B (0,
1, and 2 pg) plasmids with Lipo3000.

For CHX chase assays, 1 x 10° HEK293 cells were seeded into
6-well plates and were cotransfected with 1.5pg substrate
plasmids and 1pug pLVX-E4B or 1ug empty pLVX. Another
group was only transfected with 1.5 g substrate plasmids to
shE4B and shctrl, respectively. The cells were harvested 48 h after
transfection. To block de novo protein synthesis, the cells were
treated with Cycloheximide (CHX) (50 ug/ml) and incubated for
0, 2, 4, 6, and 8 h before harvesting the cells. The amount of total
substrate proteins was determined by immunoblotting with an
anti-FLAG antibody. CHX chase assays were performed in the
HEK293 cells that stably expressed anti-E4B shRNA to determine
the effect of shE4B on substrate stability.

RNA Extraction and RSRC2 Splicing Assays
2.5 x 10° HEK293 cells were seeded into 12-well plates and were
transfected with different amounts of FLAG-tagged TRA2A
plasmids or E4B plasmids. The total RNA from 12 well-plates
was extracted by 500 ul TRIzol reagent after 48 h transfection.
RNA was isolated for subsequent RT-PCR to obtain a cDNA
library. GAPDH gene was amplified as a control. The primers
used in this study were shown below:
RSRC2 forward: 5'-AGAAAACACAGGAGCCGGAG-3'.
RSRC2 reverse: 5'-TGAGTGACTTCTGCCTCTTGA-3'.
GAPDH forward: 5'-TCAAGAAGGTGGTGAAGCA-3'.
GAPDH reverse: 5'-AAGGTGGAGGAGTGGGT-3'.

Statistical Analysis

A statistical analysis was performed using Graphpad Prism
(Graphpad prism 8.0 software, San Diego, CA, United States).
All the quantitative data were presented as the mean + SD. Other
statistical analysis was performed using the unpaired Student’s
t-test. p < 0.05 was considered statistically significant.

RESULTS

E4B Mediated TRA2A and PYCR2

Ubiquitination Both in Vitro and in Vivo

In our previous work, we employed the orthogonal ubiquitin
transfer (OUT) to identify the proteins that could be targeted by
xUb through an xUb-xE1-xE2-xE4B cascade in the HEK293 cells
(Zhao et al., 2012; Bhuripanyo et al., 2018). We believe that these
are the potential ubiquitination substrates of E4B. Two important
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Ubiquitination of TRA2A and PYCR2 were detected in the HEK293 cells. One group was stably E4B knockdown HEK293 cell (shE4B) and sh-empty HEK293 cell (shctrl).
Another group was the E4B overexpressed HEK293 cell (293 + E4B) and pLVX-empty HEK293 cell (293 + vector). All these groups were transfected with FLAG-
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proteins: TRA2A and PYCR2, appeared in the OUT pathway
based on the MS analysis. Here, we want to verify if TRA2A and
PYCR?2 are bonafide substrates of E4B. We first expressed and
purified FLAG-tagged TRA2A and PYCR?2 proteins in E. coli cells
and established an in vitro ubiquitination reaction by mixing with
HA-Ub, E1 (Ubel), E2 (UbcH5b), and E3 (E4B) recombinant
proteins. Ubiquitination of TRA2A and PYCR2 was detected by
immunoblotting with an anti-FLAG antibody. We observed

significant polyubiquitination formed on TRA2A and PYCR2
in the presence of all the elements for ubiquitin transfer
(Figure 1A, line 2). In contrast, neither mono- nor poly-
ubiquitination were observed if there was a lack of any
enzyme or Ub, or substrates for Ub transfer (Figure 1A). To
ensure that the ubiquitination was attached to TRA2A and
PYCR2, we further used anti-FLAG beads to pull down the
substrates in all the groups under a denaturing condition. The
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immunoprecipitation results were the same as the ubiquitination
in the protein reactions. To show the individual components of
the in vitro reaction, another transfer assay was designed to detect
the HA-Ub attached to components individually with an anti-HA
antibody under a nondenaturing condition (Supplementary
Figure S1). In this assay, HA-Ub could be attached to E1 and
E2 to form a thioester bond, while E4B and the substrates can
form polyubiquitin chains during the Ub transfer. These results
suggested that Ub was attached to TRA2A and PYCR2 depending
on the E1-E2-E3 enzymatic transfer and E4B worked as an E3
ligase for the in vitro ubiquitination of TRA2A and PYCR2.
We next examined whether TRA2A and PYCR2 could be
ubiquitinated by E4B in the HEK293 cells. The HEK293 cells were
transfected with a short hairpin RNA against E4B expression to
generate a stable E4B knockdown cell line (shRNA) in our
previous study. A scramble shRNA was also used to generate
the shctrl cells. Meanwhile, the HEK293 cells were transfected
with a pLVX-empty vector or pLVX-E4B plasmid to generate the
HEK293 + vector (293 + vector) and E4B overexpressed cell line
(293 + E4B). E4B knockdown and overexpression groups were
both transfected with pcDNA-FLAG-TRA2A and pcDNA-
FLAG-PYCR2 plasmids, respectively. Meanwhile, pcDNA-
FLAG-UBXDS8 was used as a negative control because UBXD8
could not be ubiquitinated by E4B in our previous study (data not
shown). The cells were treated with proteasome inhibiter MG132
for 4h before harvesting. The expression level of E4B was
detected with an anti-E4B antibody. FLAG-tagged TRA2A,
PYCR2, and UBDX8 were detected with an anti-FLAG
antibody. TRA2A, PYCR2, and UBDX8 were pulled down
with the anti-FLAG beads and immunoblotted with an anti-
Ub antibody to detect the ubiquitination. Significant
polyubiquitinations on TRA2A and PYCR2 were observed in
293 + E4B cells compared to 293 + vector cells (Figure 1B). In
contrast, the ubiquitination of TRA2A and PYCR?2 in the shRNA
cells decreased compared to that in the shctrl cells. However,
there is no difference in ubiquitination of UBDXS8 in all the
groups, indicating that the ubiquitination of UBDX8 was not
affected by E4B. These results showed that TRA2A and PYCR2
could be ubiquitinated by E4B in the HEK293 cells, and the
ubiquitination depended on the level of E4B in the HEK293 cells.

E4B Promoted the Degradation of TRA2A
and PYCR2 by Forming K11- or K48- Linked
Polyubiquitin Chains

Since E4B could ubiquitinate TRA2A and PYCR?2 in vitro and in
vivo, we wanted to know whether E4B mediates the degradation
of TRA2A and PYCR2. The HEK293 cells were transfected with
different amounts of E4B, and the degradation of TRA2A and
PYCR2 was detected in independent experiments
simultaneously without MG132 treatment. With the increasing
amount of E4B, the protein levels of TRA2A and PYCR2
decreased significantly, indicating that E4B promoted the
degradation of TRA2A and PYCR2 (Figure 2A). We further
performed a cycloheximide (CHX) chase assay to detect the
stability of TRA2A and PYCR2. The cells were treated with
50 pg/puL CHX to inhibit protein synthesis and were harvested

two

Degradation of TRA2A and PYCR2

at0, 2,4, 6, and 8 h after the addition of CHX to detect the protein
levels of TRA2A and PYCR2 with an anti-FLAG antibody. In the
shE4B cells (shE4B), the turnover of TRA2A and PYCR2 was
stable even after 8 h treatment with CHX, while TRA2A and
PYCR2 were both decreased after 4h in the shctrl cells.
(Figure 2B). In the HEK293 + vector groups (293 + vector),
which were not transfected with exogenous E4B but pLVX-empty
plasmid, the protein levels of TRA2A and PYCR2 decreased after
4h treatment with CHX (Figure 2B). Noticeable turnover was
observed in the E4B overexpressed cells (293 + E4B), in which the
protein levels of TRA2A and PYCR2 decreased significantly
compared to that in the 293 + vector group (Figure 2B).
These results indicated that TRA2A and PYCR2 are bonafide
substrates of E4B. Increasing the expression of E4B in the
HEK293 cells accelerated the degradation of TRA2A and PYCR2.

Ub consists of seven Lys (K) residues that can form different
types of polyubiquitin chains (Akutsu et al., 2016). Among them,
K11- or K48- linked polyubiquitin chains signal protein
degradation (Akutsu et al., 2016; Boughton et al., 2020). We
wanted to know whether E4B formed K11- or K48- linked
polyubiquitin chains on TRA2A and PYCR2. In addition,
K63- linked polyubiquitin chain is known as a canonical Ub
signal and has been widely studied in inflammatory signaling and
NF-kB pathway (Meyer and Rape, 2014). By replacing one Lys
(K) to Arg (R) in Ub, we constructed three Ub mutants: K11R,
K48R, and K63R. We transfected the HEK293 cells with HA-
tagged wtUb and Ub mutants and detected their expression with
an anti-HA antibody (Figure 2C). Meanwhile, we cotransfected
E4B and FLAG-tagged TRA2A and PYCR2 to these HEK293 cells
and detected the ubiquitination of TRA2A and PYCR2 with an
anti-HA antibody after MG132 (10 uM) treatment for 6 h before
harvesting. The results showed that the polyubiquitination
formed by K11R and K48R reduced significantly compared to
wtUb or K63R (Figure 2C). These results validated that E4B
formed K11- or K48- linked polyubiquitin chains on TRA2A and
PYCR2 and mediated their degradation.

E4B Regulated the Alternative Splicing
Function of TRA2A and Affected the

Transcription of RSRC2

TRA2A regulates multiple alternative splicing (AS) events by
processing the mRNA precursors to mature mRNA (Best et al.,
2014). Arginine and serine rich coiled-coil 2 (RSRC2) has been
reported to be spliced into two variants by TRA2A at the mRNA
level (Tieju Liu et al., 2017). The shorter variant (variant 1, also
named RSRC2s) encodes a functional protein, while the longer
variant (variant 5, also named RSRC2I) is a nonsense product
with an additional exon 4 which includes a stop codon
(Figure 3A). Overexpression of TRA2A in cells can regulate
the alternative splicing of RSRC2 and result in the shift of RSRC2s
to RSRC2I (Tieju Liu et al., 2017). We first examined whether the
endogenous TRA2A influenced the alternative splicing of RSRC2.
We transfected a siTRA2A to HEK293 cells to deplete the
endogenous TRA2A and examined the shift of RSRC2. Upon
the exhaustion of endogenous TRA2A, the abnormal splicing of
RSRC2 (RSRC2I) decreased (Figure 3B). Then, the HEK293 cells
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were transfected with different amounts of TRA2A plasmid,
respectively. The total RNA was extracted as the template for
reverse transcription PCR (RT-PCR) to generate a cDNA library.
We designed a pair of primers for RSRC2 amplification, and a
pair of primers for GAPDH amplification was used as a control.
The cDNA library was used as the template to amplify both the
RSRC2 and GAPDH genes. There are two PCR products
amplified: RSRC2s (204 bp), the main product and RSRC2I

(282 bp), an abnormal splicing product with an additional
exon 4 gene sequence inserted. With the increase of TRA2A,
the amount of RSRC2I increased gradually in a dose-dependent
manner (Figure 3C). These results validated that the abnormal
splicing of RSCRC2 happened when the expression of TRA2A
increased in the HEK293 cells. To detect whether the degradation
of TRA2A mediated by E4B will affect the alternative splicing of
RSRC2, the HEK293 cells were cotransfected with E4B and the
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PCR products of RSRC2 were detected by the same method.  endogenous TRA2A was degraded by E4B. Taken together, these
Compared to the control cells, which were transfected with  results suggested that E4B reduced the alternative splicing of
neither E4B nor TRA2A (Figure 3D, lane 1), the RSRC2l gene  RSRC2 and affected its transcription products by mediating
product increased in the cells transfected with TRA2A  TRA2A degradation.

(Figure 3D, lane 2). When transfected with both E4B and

TRA2A, the RSRC2l gene product was reduced (Figure 3D, . . .
lane 3) compared with lane 2. The least RSRC2I gene product E4B Sllghtly Mediated Degradatlon of

was obtained in the cells transfected with E4B but without Endernous TRA2A and PYCR2 in

TRA2A (Figure 3D, lane 4). We calculated the ratio of —Hepatocellular Carcinoma Cells

RSRC2I/RSRC2s according to the yields of the PCR products =~ TRA2A and PYCR?2 are highly expressed in several cancer tissues
and the results are shown in Figure 3D (right panel). The ratio of ~ and regarded as oncogenes or biomarkers (Chao Liu et al., 2017;
RSRC2I/RSRC2s in the control cells was about 50% but increased ~ Tang et al., 2018). However, E4B is also highly expressed in severe
to 70% in the TRA2A overexpressed cells. Nevertheless, the ratio  cancer cells. Therefore, we asked an interesting question: why can
decreased under 40% in the TRA2A overexpressed cells when  they overexpress in the same cells simultaneously since E4B
cotransfected with E4B, indicating that E4B degraded the  induced the degradation of TRA2A and PYCR2? To answer
TRA2A. Compared to the control cells, the ratio in the E4B  this question, we detected the endogenous protein level of
overexpressed cells was further decreased to 40%, meaning that ~ E4B, TRA2A, and PYCR2 in the HCC cell lines HepG2,
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FIGURE 4 | Degradation of endogenous TRA2A and PYCR2 in the HCC cells. (A) Expression of endogenous E4B, TRA2A, and PYCR2 in different cell lines.
Asterisk might be a nonspecific binding with an anti-PYCR2 antibody. (B) Stability of TRA2A and PYCR2 disturbed by MG132 in the HCC cells. 10 uM MG132 was
added to the HepG2 and HuH7 cells, and the endogenous expression of TRA2A and PYCR2 was detected with specific antibodies. (C) The increase of E4B degraded
TRA2A and PYCR2 in the HEK293 cells but slightly in the HepG2 and HuH7 cells. Exogenous E4B was added to the HEK293 and the HCC cells in different
amounts, and the degradation of endogenous TRA2A and PYCR2 was detected by specific antibodies.

HuH?7, and normal human hepatocyte cell line LO2. Compared to
the expression in LO2, the expression of endogenous E4B,
TRA2A, and PYCR2 were significantly increased in the
HepG2 and HuH7 cells (Figure 4A). These results are
consistent with what has been reported. We further
investigated the stability of TRA2A and PYCR2 in the HCC
cell lines. We compared the protein levels in cells with or without
MG132 treatment and found that the expression of both TRA2A
and PYCR?2 increased significantly when the cells were treated
with MG132 (Figure 4B), demonstrating that the stability of
TRA2A and PYCR2 depended on proteasome-related
degradation. Considering other E3 ligases in the HepG2 and
HuH?7 cells, we could not judge whether the degradation of
TRA2A and PYCR2 was related to E4B. To further study the
role of E4B in the degradation of endogenous TRA2A and
PYCR2, the HepG2, HuH7, and HEK293 cells were
transfected with different amounts of exogenous E4B and the
protein levels of TRA2A and PYCR2 were detected with specific
antibodies. Consistent with the results in Figure 2A, the
endogenous TRA2A and PYCR2 were significantly decreased
with the increasing amount of E4B. To our surprise, even
transfected with 2 pg E4B, both TRA2A and PYCR2 were
slightly decreased in the HepG2 and HuH?7 cells (Figure 4C).
These results conflicted with the results in HEK293 cells,

indicating that E4B mediated the degradation of endogenous
TRA2A and PYCR2 slightly in the HCC cells. Further study is
underway to reveal the degradation mechanism of TRA2A and
PYCR?2 in the HCC cells.

E4B Interacted With Substrates via its

Variable Region

E4B contains a U-box domain, which is regarded as the domain
for the binding with Ub-E2 conjugate (Hatakeyama et al., 2001).
However, few reports showed how E4B interacts with its
substrates. Ufd2p, the homolog of E4B in S. cerevisiae,
catalyzed K29-linked polyubiquitin chain elongation via its
two N-terminal loops located in the variable region (Chao Liu
et al,, 2017). In our study, we wanted to know which domain of
E4B interacts with TRA2A and PYCR2. The HEK293 cells were
cotransfected with the exogenous full-length E4B and FLAG-
tagged substrates (TRA2A or PYCR2), and a co-
immunoprecipitation assay was performed to identify the
interaction between the full-length E4B with TRA2A or
PYCR2. The HEK293 cell transfected with the full-length E4B
and FLAG-tagged pcDNA empty vector (without the gene of
TRA2A or PYCR?2 inserted) was used as a control. The cell lysates
were pulled down with anti-FLAG beads, and the interaction of
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FIGURE 5 | E4B interacted with substrates via its variable region. (A) Interaction between the full-length E4B and TRA2A and PYCR2. HEK293 cells were
transfected with the full-length E4B (fE4B) with or without the transfection of exogenous FLAG-TRA2A and FLAG-PYCR2. Co-immunoprecipitation was carried out by an
anti-FLAG antibody and the interaction was detected by an anti-E4B antibody. (B) Construction of E4B variants. Full-length E4B consists of a variable region (1-461 aa), a
ubiquitin elongating core, and a U-box domain. Based on its sequence and structure, five truncated variants including D1 (1-461aa), D2 (462-1082aa), D3 (1099-

1170aa), D4 (1-1082aa), and D5 (462-1170aa) were constructed. (C) Interaction

between E4B truncated variants and FLAG-TRA2A and FLAG-PYCR2. The HEK293

cells were transfected with MYC-tagged full-length E4B and five variants are treated with MG132 (10 uM) for 4 h before harvesting. TRA2A and PYCR2 were pulled down
with an anti-FLAG antibody and the interaction with E4B was detected with an anti-MYC antibody. Due to the nonspecific binding of the anti-MYC antibody, the targeted
bands were boxed. Asterisk might be a nonspecific binding with anti-MYC antibody upon a nondenaturing condition. (D) Ubiquitination of TRA2A and PYCR2 was
promoted by fE4B but not D5. The HEK293 cells were transfected with MYC-pLVX vector (control), MYC-fE4B, and MYC-D5, respectively. The ubiquitination of TRA2A
and PYCR2 was detected by an anti-Ub antibody after pull-down by an anti-FLAG antibody upon a denaturing condition. The cells were treated with MG132 (10 pM) for

4 h before harvesting.
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substrates with E4B was detected by an anti-E4B antibody. The
results showed that the full-length E4B could interact with either
TRA2A or PYCR2 (Figure 5A), consistent with the result that
E4B worked as an E3 in the ubiquitination of TRA2A and PYCR2.

E4B consists of three domains: a variable region (1-461 aa) at
the N-terminus, a ubiquitin elongating core (462-1,082 aa), and a
U-box domain (1,099-1,170 aa) at the C-terminus (Figure 5B).
To further study the structure-function relationship between E4B
and substrate, we constructed five MYC-tagged E4B truncated
variants containing different domains based on the E4B sequence.
We named these variants D1 (1-461 aa), D2 (462-1,082 aa), D3
(1,099-1,170 aa), D4 (1-1,082 aa), and D5 (462-1,170 aa), as
shown in Figure 5B and detected the interaction with FLAG-
tagged TRA2A or PYCR2 in the HEK293 cells. The full-length
E4B (fE4B), D1, and D4 showed interaction with either TRA2A
or PYCR?2 (Figure 5C). D5, the variant that lacks variable region
but contains ubiquitin elongating core and U-box domain, could
not be recognized by TRA2A and PYCR2 (Figure 5C). These
results indicated that the variable region is an indispensable
domain for recognition of E4B with its substrate.

Although D5 did not show the interaction with TRA2A or
PYCRY2, it contains the U-box domain and can bind to Ub-E2
conjugate. We wanted to examine whether D5 would enhance the
ubiquitination of TRA2A and PYCR2. The HEK293 cells were
transfected with MYC-tagged pLVX plasmid, MYC-tagged fE4B,
and MYC-tagged D5, respectively. Meanwhile, FLAG-tagged
TRA2A or PYCR2 were cotransfected to all the groups.
Ubiquitination was detected by immunoprecipitation of TRA2A
or PYCR2 with anti-FLAG beads and immunoblotting with an anti-
Ub antibody. Compared to the control cells (pLVX), the cells
transfected with fE4B showed a significant increase of
ubiquitination on TRA2A and PYCR2. However, the cells
transfected with D5 did not increase the ubiquitination of
TRA2A and PYCR2 (Figure 5D). Taken together, the variable
region of E4B plays a key role in the interaction and recognition
of substrates. Deleting the variable region of E4B will abolish the
ubiquitination of its substrates.

DISCUSSION

E4B is known as a ubiquitin E4 enzyme and most research focused
on its polyubiquitin elongation function on its substrates such as p53,
ataxin-3, and Yap8 (Matsumoto et al., 2004; Wu et al., 2011; Ferreira
et al, 2015). In our previous work, we engineered an orthogonal
ubiquitin pathway (OUT) and identified over 100 potential
substrates of E4B in the HEK293 cells (Zhao et al, 2012;
Bhuripanyo et al.,, 2018). We found that TRA2A and PYCR2 are
in the list but did not validate whether TRA2A and PYCR2 are
bonafide substrates of E4B. TRA2A is highly expressed in breast
cancer, glioma, and liver cancer, while PYCR2 is regarded as a
prognostic biomarker in the HBV-related HCC (Tieju Liu et al,
2017; Tan et al,, 2018; Gao et al., 2019). However, ubiquitination of
TRA2A and PYCR2 has not been reported. In this study, we
reported that E4B could mediate the ubiquitination of TRA2A
and PYCR2 in vitro and HEK293 cells as an E3 ligase. Further
study demonstrated that E4B degraded TRA2A and PYCR2 by
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forming K11- and K48- linked polyubiquitin chains on substrates.
The overexpressed E4B affected alternative splicing of RSRC2 by
mediating the degradation of TRA2A in the HEK293 cells
(Figure 3D).

Since both E4B and its substrates, TRA2A and PYCR2, are
highly expressed in many cancer tissues and cells, we wanted to
know whether E4B can degrade TRA2A and PYCR?2 efficiently in
the same type of cancer cells. Intriguingly, although E4B was
overexpressed in the HepG2 and HuH?7 cells, it hardly degraded
endogenous TRA2A and PYCR2, even transfected with
exogenous E4B (Figure 4C). These results conflicted with
those in the HEK293 cells, suggesting that the mechanism of
degradation of TRA2A and PYCR2 mediated by E4B is different
in cancer cells. For example, deubiquitinating enzymes (DUBs)
play a role in cleaving the Ub chain and decreasing the
ubiquitination of substrates in the cancer cells. It has been
reported that USP2a, USP7, USP21, and USP22 are highly
expressed in the HCC tissue or cells and promote tumor
development (Cai et al,, 2015; Li et al,, 2018; Ling et al., 20205
Xiong et al., 2021). However, further study is needed to reveal the
mechanism in the HCC cells.

So far, it is unknown of the E4B structure and how E4B
interacts with its substrates. Ufd2, the yeast homolog of E4B,
consists of a highly variable N-terminal region, a core region
domain, and a U-box domain (Tu et al., 2007). Based on the
structural similarity, we constructed five E4B truncated
variants and investigated the interaction between different
domains of E4B and substrates. In addition to wtE4B, only
D1 and D4 variants showed interaction with TRA2A and
PYCR2, indicating that E4B was bound to its substrates via
its variable region. These results are consistent with those of a
recent study on Ufd2. In their work, Ufd2 was bound to the
substrate GFP-UDb via its two N-terminal loops located in the
highly variable region and played as an E4 enzyme in vitro
(Chao Liu et al., 2017).

In conclusion, our study reported the ubiquitination and
degradation of TRA2A and PYCR2 in different cell lines. The
variable region of E4B was indispensable to interact with its
substrates. The degradation of TRA2A and PYCR2 in the
HEK293 cells was quite different from that in the HCC cells.
These results revealed other mechanisms associated with the
ubiquitination of TRA2A and PYCR2 in the HCC cells. The
mechanism of why E4B does not degrade TRA2A and PYCR2
effectively needs further study in the future.
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