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Dr. Tomoaki Ishigami was born in Tokyo, Japan. He completed his graduation and obtained
his medical degree and Ph.D. from the Yokohama City University, Yokohama, Japan. Following
this, he moved to the Eccles Institute of Human Genetics, University of Utah, USA, where he
worked as a Post-Doctoral Fellow. His primary research interest is elucidating the molecular
pathophysiology of salt-sensitive hypertension and atherosclerosis [1-3]. To elucidate the molecular
basis of human hypertension, he has used molecular genetic approaches, including single nucleotide
polymorphism (SNP) analyses and extensive direct sequencing of candidate genes such as human
angiotensinogen [4-6] and human NEDD4L [7-9] . Dr. Ishigami and his colleagues revealed that
human angiotensinogen gene variants are responsible for human hypertension and appeared
according to the migration and selection of human beings globally after leaving Africa, providing
substantial evidence supporting the thrifty gene hypothesis for salt-sensitive hypertension [10,11].
Various ion transporters and their accessory proteins expressed along the urinary tubules are
biologically responsible for salt sensitivity and salt-sensitive hypertension. Angiotensinogen in
proximal tubules and renin in connecting tubules are the two major components of the tubular
renin-angiotensin system. The discovery of alternative renin transcripts in the connecting tubules of
transgenic mice in 2014 was a landmark achievement for Dr. Ishigami and his team [12]. Furthermore,
using extensive direct sequencing, Dr. Ishigami and colleagues reported the molecular diversity of
the human NEDD4L gene, which is critically involved in epithelial sodium channel ubiquitination
[7-9,13,14]. Additionally, using genetically engineered mouse models, direct monitoring of blood
pressure via an implantable telemetry system, and detailed metabolic analyses by measurement of
urine and food consumption, Dr. Ishigami and colleagues successfully provided direct evidence
of the relationship between the lack of a single molecular variant of the ubiquitin ligase gene,
Nedd4-2, and dietary salt-sensitive hypertension [15-17]. Finally, a review by Dr. Ishigami and
colleagues, entitled Regulators of Epithelial Sodium Channels in Aldosterone-Sensitive Distal
Nephrons (ASDN): Critical Roles of Nedd4L /Nedd4-2 and Salt-Sensitive Hypertension, was selected
to feature in the current Special Issue of IJMS, titled Ubiquitination in Health and Disease [18].
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Preface to "Ubiquitination in Health and Diseases”

Dear Colleagues,

Ubiquitination is a representative, reversible biological process for the post-translational
modification of various proteins with multiple catalytic sequences, including ubiquitin itself, the
E1 ubiquitin-activating enzymes, the E2 ubiquitin-conjugating enzymes, and the E3 ubiquitin ligase
and deubiquitinating enzymes. Since the ubiquitin-proteasome system plays a pivotal role in
various molecular life phenomena such as cell cycle control, protein quality control, and cell surface
expression of ion transporters, its failure causes various diseases such as cancer, neurodegenerative
diseases, cardiovascular diseases, and hypertension. Various genetic diseases derived from
abnormalities in genes involved in ubiquitination have been reported, such as Parkinsonism, Cushing
disease, and Liddle syndrome. Ubiquitination is a post-translational modification of proteins
subsequent to phosphorylation, and approximately 40% of the proteins encoded by human genes
undergo this modification. Although clinical applications targeting ubiquitination are still limited
compared with those directed to kinase systems such as tyrosine kinases, for which an inventory
of tyrosine kinase inhibitors is already available in clinical settings, many compounds affecting
ubiquitination and presenting high pharmacological activity have been identified at the basic research
level; therefore, future developments can be expected. Abnormalities of E3 ubiquitin ligase affect
the phenotypes specific to each target substrate, which, thus, are also attractive targets for selective
drug discovery. In this Special Issue of the International Journal of Molecular Science, we would like to
invite your contributions in the form of either original research articles or reviews, in the expanding
field of mechanic, functional, and pharmacological dissections, concerning the physiological and

pathological implications of specific ubiquitination reactions.

Tomoaki Ishigami
Editor
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Abstract: Deubiquitinases (DUBs) are involved in various cellular functions. They deconjugate
ubiquitin (UBQ) from ubiquitylated substrates to regulate their activity and stability. Studies on the
roles of deubiquitylation have been conducted in various cancers to identify the carcinogenic roles of
DUBs. In this review, we evaluate the biological roles of DUBs in cancer, including proliferation, cell
cycle control, apoptosis, the DNA damage response, tumor suppression, oncogenesis, and metastasis.
This review mainly focuses on the regulation of different downstream effectors and pathways via
biochemical regulation and posttranslational modifications. We summarize the relationship between
DUBs and human cancers and discuss the potential of DUBs as therapeutic targets for cancer treatment.
This review also provides basic knowledge of DUBs in the development of cancers and highlights the
importance of DUBs in cancer biology.

Keywords: deubiquitinase; degradation; therapeutic target; cancer

1. Introduction

Deubiquitinases (DUBs) deconjugate ubiquitin (UBQ) from ubiquitylated substrates to regulate
their activities and stability. = They are a heterogeneous group of cysteine proteases and
metalloproteases [1] that cleave the isopeptide bond between a lysine and the C-terminus of UBQ.
DUBs can also edit UBQ chains and process UBQ precursors. In addition, some DUBs can edit UBQ-like
proteins and their conjugates. DUBs in the human genome can be classified into subclasses based on their
UBQ-protease domains [1]: UBQ-specific proteases (USPs), which represent the largest class, otubain
proteases (OTUs), UBQ C-terminal hydrolases (UCHs), Machado-Joseph disease proteases (M]Ds),
Jab1l/Mov34/Mpr1 Padl N-terminal+ (MPN+) (JAMM) motif proteases, and motif interacting with
ubiquitin-containing novel DUB family (MINDY) [2]. In addition, some new potential DUBs without
the above typical domains were currently identified, such as the monocyte chemotactic protein-induced
protein (MCPIP) [3] and Zn-finger and UFSP domain protein (ZUFSP) [4]. Approximately 100 DUBs
have been identified in humans. They are expressed and located in various organelles in the cell [5]:
USP1 and USP7 are found in the nucleus, USP30 in the mitochondria, and USP21 and USP33 in
microtubules. More examples are shown in Table 1 [5-8]. Some DUBs have higher expressions in
specific tissues, such as USP3 and UCHL3 in the pancreas and lung and USP14 in the brain [5].

Int. J. Mol. Sci. 2020, 21, 2548; doi:10.3390/ijms21072548 1 www.mdpi.com/journal/ijms
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Table 1. The sub-cellular localizations of DUBs in mammalian cells.

Organelle DUBs
Nucleolus USP36, USP39
BAP1, MYSM1, USP1, USP11, USP22, USP26, USP28,
Nucleus USP29, USP3, USP42, USP44, USP49, USP51, USP7,
USPL1, ZUP1
Golgi UsP32, USP33
Endoplasmic reticulum ATXN3, USP13, USP19, USP33, YOD1
Microtubules CYLD, USP21
Centriole USP21, USP33, USP9X

Early endosome and multivesicular body

AMSH, AMSH-LP, USP2a, USP8

Lipid droplet USP35
Peroxisome and mitochondrion USP30
Cajal body USPL1
Stress granule USP10, USP13, USP5
Plasma membrane JOSD1, USP6

Cytoplasm A20, CYLD, PSMD14, UCHL5, USP14

There has been extensive research on ubiquitination [9,10] and how DUBs regulate the
deubiquitylation process and their relative functions [11]. Moreover, an increasing number of
studies have uncovered the role of DUBs in cancer development [12]. Numerous informative reviews
on DUBs have been published [13-18] and research on DUBs has been increasing in recent years. In this
review, we aim to provide enriched content that summarizes the classical discoveries, and includes the
current findings on DUBs that are related to different aspects of human cancer, including proliferation,
cell cycle control, apoptosis, the DNA damage response (DDR), tumor suppression, oncogenesis,
and metastasis. Summarized information is shown in Table 2. Lastly, we discuss the potential of DUBs
as chemotherapeutic targets for cancer treatment.

2. DUBs and Cell Cycle Control

The cell cycle refers to a series of processes, including DNA synthesis, S phase; cell growth, G1 phase;
evaluation of the accuracy of the genomic material, G2 phase; and cell division, M phase. The cycle
is completed by duplicating the genetic information and equally segregating it into two daughter
cells. Many cell cycle checkpoints are controlled by cyclins and cyclin-dependent kinases (CDKs) [19].
The E3 ligases participate at almost every phase, indicating the importance of ubiquitination and
deubiquitination in regulating the cell cycle [20,21].

Table 2. Functional roles of DUBs in cancer properties.

Functions DUBs Targets References

Cell cycle control BAP1 KLF5 [22]
DUB3 cyclin A [23]
OTUD6B-2 cyclin D1 and c-Myc [24]

OTUD7B APC/C, GBL, HIF2x and E2F1 [25-28]
USP10 SKP2, Ber-Abl [29]
USP14 AR [30]

21, ELK-1, Su(var)3-9, Enhancer-of-zeste,

Usp17 eﬁ\d Trithorax domain-containing protein 8 [31-33]
usr21 FOXM1 [34]
USP3 KLF5 [35]
USP7 PHF8 [36]
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Table 2. Cont.

Functions DUBs Targets References
Cell proliferation OTUB1 p53 [37]
OTUD1 p53, SMAD? [38,39]
UsP10 p53 [40]
Usr14 AR [41]
USP15 MDM2, TGF-f3 receptor [42,43]
usP2 MDM2 [44]
usPr28 P53, p21, and p16INK4a [45,46]
Usr29 53 [47]
USP4 (3-catenin, p53 and NF-«B [48-50]
usr42 P53 [45]
Usr49 FKBP51 [51]
usPs P53 [52]
USP6NL -catenin [53]
uspr7 MDM2 [54-58]
USP9X {-catenin, p53 [59,60]
Cell apoptosis ATXN3 p53 [61]
JOSD1 MCL1 [62]
USP5 p53, MAF bZIP [63,64]
DNA damage repair BAP1 PR-DUB [65]
CYLD p53 [66]
OTUD5 SPT16 [67]
OTUD7A Rap80/BRCA1-A complex [68]
OTUD7B Rap80/BRCA1-A complex [68]
UBP12 PCNA [69]
UBP2 PCNA [69]
UCHL5 NFRKB [70]
USP1 PCNA [71-74]
USP11 BRCA2 [75]
UBP15 PCNA [69]
usP3 YH2AX and H2A [76]
USP48 BRCA1 [77]
uspr7 PHFS8, pBmil, Bmil, RNF168, and BRCA1 [36,78]
USPIX claspin [79]
Tumor suppression CYLD tumor necrosis factor ie;;stor-associated factor 2, [80-82]
USP11 PML [83]
USP13 PTEN [84]
USP46 PHLPP [85]
Oncogene BAP1 ASXL1 [86]
usp22 c-Myc [87]
usr28 MYC [88]
USPIX FBW7 [89]
Metastasis DUB3 Snail, Slug and Twist [90,91]
OTUB1 Snail [92]
PSMD14 GRB2 [93]
usr17 SMAD4 [94]
usP3 suZ12 [95]
usr32 RAB7 [96]
USP37 14-3-3y [97]

The ability to advance through different stages of the cell cycle regardless of inhibitory signals is
one of the hallmarks of cancer. A large number of DUBs have been found to play roles in cell cycle
control of cancers via the regulation of different cell cycle checkpoints. OTUD6B-2 and USP17 were
reported to control the G1 phase; USP3, USP10, USP14, USP17, USP20, and BAP1 played roles in
the G1/S transition. In addition, S/G2 transition was controlled by OTUD7B and DUB3. USP7 and

OTUD?B were necessary for the regulation of mitotic phase (Figure 1).
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UsP3

DuB3
OTUDYEB

Figure 1. Roles of DUBs in cell cycle control in cancers. The eukaryotic cell cycle consists of the G1
phase (blue), the S-phase (brown), the G2 phase (yellow), and the M (mitosis) phase (green). Cells can
enter a quiescent state, the GO phase (grey). Cell cycle phases are indicated by different colored arrows.
The cell cycle is regulated by complexes that are composed of cyclins (light purple), and its relative
cyclin-dependent protein kinases (CDKs) (pink). The cyclin-CDK complex plays regulatory roles in the
cell cycle. The red arrows indicate their targets, either within the designated cell cycle phase or in the
transition state. Various DUBs have been shown to interact with the cyclin-cdk complex. DUBs that
participate in G1 phase are labeled in light blue; S phase in light brown; G2 phase in light yellow; and
M phase in light green. The detailed interaction partner of each individual DUB can be found in the
main text and the Table 2.

For the G1 phase regulation, OTUD6B operates downstream of mTORC1 signaling in non-small
cell lung cancer (NSCLC), and its isoform OTUD6B-2, was reported to control the stability of cyclin
D1 and c-Myc [24]. USP17 is another cell cycle-regulating DUB. It was found to be highly expressed
in colon, esophageal, and cervical cancers. The depletion of USP17 increases the levels of the CDK
inhibitor p21 and impairs the G1-S transition, leading to cell cycle arrest [31]. In addition, USP17
deubiquitinates the transcription factor ELK-1. The stabilization of ELK-1 increases the expression of
cyclin D1 [32]. USP17 further decreases Su(var)3-9, enhancer-of-zeste, and trithorax domain-containing
protein 8 ubiquitination to trigger cellular senescence [33].

For the G1/S phase, USP20 deubiquitinates and stabilizes the DNA checkpoint protein claspin,
and thus activates the ATR-Chk1 signaling in the DNA damage response pathway [98]. USP10
deubiquitinates SKP2 and augments the activation of Ber-Abl by mediating deubiquitination and
stabilization of SKP2 in chronic myelogenous leukemia cells [29]. An RNAi-based screening study
discovered that USP21 binds and deubiquitinates FOXM1, leading to its increased stability, which
induces cell cycle progression in basal-like breast cancer [34]. In addition, DUBs could regulate
transcription factors for cell cycle control. The transcription factor Kriippel-like factor 5 (KLF5), which
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promotes cell proliferation by inhibiting the expression of the cell cycle inhibitor p27 [22], is highly
expressed in breast cancer. A genome-wide siRNA library screen identified BAP1 and USP3 as KLF5
DUBs. Both BAP1 and USP3 bind to and stabilize KLF5 via deubiquitination [22,35], indicating the
possible regulatory role of DUBs in cancer proliferation. Another example is the androgen receptor
(AR), a key transcription factor in the development of breast cancer [99]. It has been reported that AR
can be stabilized by USP14, and depletion of USP14 reduces cell proliferation by blocking the G0/G1-S
phase transition in AR-responsive breast cancer cells [30].

For the S/G2/M phase, OTUD7B, also called cezanne, is frequently overexpressed in different
cancer types, such as breast and lung cancer [100,101]. It is reported to be a cell cycle-dependent DUB
because it deubiquitylates substrates of the mitotic cyclin anaphase-promoting complex/cyclosome
(APC/C) and prevents their degradation during mitosis [25]. The APC/C is a key regulator of cell
cycle progression through the regulation of CDK activity [26]. OTUD?B controls the cell cycle through
HIF2x and E2F1 in response to oncogenic signaling [27]. In addition, it removes UBQ from GBL in
the mTOR complex to regulate mTORC2 signaling in response to growth signals [28]. Besides, DUB3
can directly deubiquitinate cyclin A in NSCLC. The depletion of DUB3 decreases cyclin A levels,
leading to cell cycle arrest at the GO/G1-S phase checkpoint in NSCLC cells [23]. Lastly, it is known that
histone demethylases can regulate the cell cycle through transcriptional regulation [102]. The histone
demethylase PHFS is stabilized by USP7, leading to the upregulation of cyclin A2, which is critical for
cell growth and proliferation in breast carcinomas [36].

3. DUBs and Cell Proliferation

In addition to their role in regulating the cell cycle, DUBs have been reported to regulate cell
proliferation through different cell signaling pathways, such as Wnt/f3-catenin signaling, p53-mouse
double minute 2 (MDM2) signaling, PI3K-Akt signaling, AR signaling, and transforming growth
factor beta (TGF-f) signaling. Aberrant canonical Wnt/f-catenin signaling is tightly associated with
many solid and liquid tumors [103]. Furthermore, alteration or loss of differentiation control could
facilitate the development of metastatic traits during tumorigenesis [104,105]. Numerous studies have
demonstrated the control of Wnt/p-catenin signaling by DUBs in cancer [48,106]. USP6NL is elevated
in colorectal cancer (CRC) and regulates (3-catenin accumulation. Knockdown of USP6NL results in
inhibition of cell proliferation and G0/G1 cell cycle arrest in human CRC cell lines [53]. In addition,
USP4 is a candidate for a 3-catenin-specific DUB. There is a positive correlation between the levels of
USP4 and B-catenin in human colon cancer tissues. Further, knockdown of USP4 reduces invasiveness
and migration in colon cancer cells [48]. 3-catenin is also stabilized by USP9X, leading to high-grade
glioma cell growth. USP9X removes the Lys48-linked polyubiquitin chains from (3-catenin to prevent
its proteasomal degradation. Depletion of USP9X induces G1-S cell cycle arrest and inhibits cell
proliferation in glioblastoma cells [59].

The tumor suppressor p53 is a transcription factor able to control important cellular pathways.
It prevents genome mutation and plays protective roles in tumor onset and progression. It is mainly
regulated by ubiquitylation, indicating the importance of DUBs in monitoring its ubiquitin cycle [107].
Both MDM2 and p53 are targeted by different DUBs (Figure 2). Suppression of USP2 leads to MDM?2
destabilization and results in p53 activation [44]. USP7 plays a key role in the p53 pathway by stabilizing
both MDM2 and p53 (Figure 2) [54-58]. Under normal conditions, USP7 has a higher binding affinity
to MDM2, the major E3 ligase of p53 [56], and thus deubiquitylates MDM?2 more efficiently to prevent
its self-degradation and maintain stable protein levels for controlling p53 via the UBQ-proteasome
pathway [108]. USP10 regulates p53 localization and stability by deubiquitinating p53. It reverses
MDM2-induced p53 nuclear export and degradation [40]. Moreover, USP29 is reported to cleave
poly-ubiqutin chains from p53 and thus stabilize it [47], while USP15 stabilizes the E3 UBQ ligase
MDM2 in cancer cells and regulates p53 function and cancer cell survival. Inhibition of USP15 induces
apoptosis and boosts antitumor T cell responses in tumor cells [42]. Furthermore, a large number of
DUBs have been found to target p53 or p53-associated proteins directly, leading to proliferation. USP5
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regulates p53 levels and alters cell growth and cell cycle distribution associated with p21 induction in
melanoma cells [52]. OTUD1 is required for p53 stabilization, and OTUD1 overexpression increases the
cleavage of caspase-3 and PARP and subsequently increases apoptosis [38]. Another p53-associated
DUB, otubain 1 (OTUBI), is expressed in high-grade tumor types, such as lung, breast, and ovarian
tumors. OTUBI regulates p53 to promote tumor cell survival and proliferation [37]. USP42 controls the
level of p53 ubiquitination during the early phase of the DDR to promote DNA repair, resulting in the
activation of p53-dependent transcription and cell-cycle arrest in response to stress [45]. In addition,
USP28 depletion leads to increased ubiquitinated H2A-K119 and decreased expression of p53, p21,
and p16INK4a, suggesting a role for USP28 in cell proliferation via the control of p53 and p53-associated
proteins [109]. Additionally, USP28 deubiquitinates TP53-binding protein 1 to promote p53-mediated
transcription [46]. USP4 is a potential oncogene that inhibits p53 and NF-«B via histone deacetylases
2 (HDAC?2) [49,50]. USP9X-dependent p53 degradation was observed in hepatocellular carcinoma
(HCC) cells treated with the small molecule DUB inhibitor WP1130 [60].
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Figure 2. DUBs in MDM2-p53 pathways. Ubiquitination is found on both p53 and MDM2 molecules;
various DUBs could revise that via deubiquitination to regulate the p53 pathway. DUBs’ targets on
p53 are labeled in light brown; those that interact with MDM2 are labeled in light yellow. Detailed
descriptions can be referred to the main text.

DUBEs are also involved in other signaling pathways that promote tumor proliferation. USP15,
which stabilizes the type I TGF-$ receptor and enhances the TGF- pathway, is upregulated in
various cancers [43]. In addition, OTUD1 mitigates TGF-3-induced pro-oncogenic responses via
deubiquitination of SMAD? at lysine 220 in breast cancer [39]. USP49 regulates the Akt pathway
through the stabilization of FKBP51. FKBP51 activates PH domain leucine-rich-repeats protein
phosphatase (PHLPP) to dephosphorylate Akt, which inhibits pancreatic cancer cell proliferation [51].
The AR pathway is commonly activated in prostate cancer (PCa), and it plays a critical role in PCa
growth and progression. USP14 was reported to bind with and stabilize AR in androgen-responsive
PCa cells. Overexpression of USP14 promotes the proliferation of LNCaP cells [41]. Furthermore,
DUBs control different growth factors in tumor cells. For instance, USP8 prevents degradation of the
epidermal growth factor receptor and thus promotes proliferation [110].

4. DUBs and Apoptosis

The ability to evade apoptosis is one of the essential changes in cancer cells that causes malignant
transformation [111]. Apoptosis is a cellular self-destruction program in response to various cellular
stresses. The two extrinsic and intrinsic pathways in apoptosis both involve the activation of caspase
molecules. The activation of initiator caspase will further lead to the activation of executioner caspase
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in apoptosis [112]. DUBs were found to target different pro- and anti-apoptotic proteins in both the
extrinsic and intrinsic pathways. ATXN3 stabilizes p53 by deubiquitination and promotes p53-mediated
apoptosis [61]. USP5 targets p53-unanchored UBQ polymers and regulates p53-mediated transcription.
Depletion of USP5 controls tumor necrosis factor alpha apoptosis-inducing ligand (TRAIL)-mediated
apoptotic responsiveness in TRAIL-resistant tumor cells, and this function of USP5 ubiquitination
can be blocked by caspase 8-specific inhibitors [63]. In addition, USP5 deubiquitinates the MAF bZIP
transcription factor and prevents its degradation. Knockdown of USP5 leads to apoptosis in multiple
myeloma cells [64]. In a chemoresistant xenograft model, JOSD1 was identified to be upregulated
during the development of chemoresistance. Moreover, JOSD1 has been reported to deubiquitinate
and stabilize MCL1, which plays a suppressive role in mitochondrial apoptotic signaling. Therefore,
depletion of JOSD1 leads to severe apoptosis in gynecological cancer cells through the degradation
of MCL1 [62]. There are several DUBs that regulate the apoptotic pathways via BCL-2 family, an
inhibitor of apoptotic proteins (IAPs) and caspases. DUB3/USP17 induces apoptosis through caspase
3 activation [113], whereas USP15 plays a role in stabilizing procaspse 3 [114]. Besides, A20, a DUB
belongs to the OTU subclass, interacts with caspase 8 to reverse the ubiquitination of a cullin 3-based
E3 ligase [115]. As for the IAPs, they are a class of proteins that inhibit apoptosis. They contain the
baculovirus IAP repeat domain and the RING domain that provides the E3 ligase property [116]. USP19
stabilizes the cellular IAP1 and cellular IAP2 during caspase activation and apoptosis [117]; OTUD1
was found to regulate the TNF-dependent cell death by modulating the cellular IAP1 stability [118].
Furthermore, USP9X was reported to interact with an E3 ligase X-linked IAP for mitotic cell fate
decision [119]. In addition, USP27X was found to interact with the BIM. BIM is a pro-apoptotic
BH3-only protein that regulates the cell death proteins such as BAX. Overexpression of Usp27x reduces
BIM ubiquitination, and induces apoptosis in tumor cells. On the other hand, suppression of USP27X
could reduce apoptosis [120].

5. DUBs and the DDR

Cells undergo DDR to sense and repair unique lesion structures in the damaged DNA. Efficient
DDR protects cells from genomic instability [121,122]. Ubiquitination regulates DDR by controlling
DDR protein localization, activity, and stability [123]. DUBs play critical roles in different stages of the
DDR through the regulation of many molecules involved in DNA repair (Figure 3). DNA repair is
important for preventing tumor formation [124]. Proliferating cell nuclear antigen (PCNA) is a key
molecule that mediates the tolerance to DNA damage and allows the growth of tumors. PCNA is
monoubiquitinated in response to DNA damage. A fission yeast study showed the importance of UBP2,
UBP12, and UBP15 in the stabilization of mono, di, and polyubiquitylated forms of PCNA, which
sensitize cells to DNA damage [69]. In addition, PCNA can be deubiquitinated by USP1 in the crosslink
repair pathway in Fanconi anemia [71-73]. In a complex with its cofactor UAF1, USP1 reverses PCNA
ubiquitination [74]. UCHLS5 regulates double-strand break (DSB) resection and repair by homologous
recombination through protecting its interactor, NFRKB, from degradation [70]. In addition, USP20
plays role in genome maintenance and DNA repair by enhancing recombinational repair of collapsed
replication forks [125]. Furthermore, USP9X regulates the DNA checkpoint protein claspin during
S phase, suggesting a role in DNA repair [79]. USP7-promoted PHFS8 stabilization confers cellular
resistance to genotoxic insults and is required for the recruitment of BLM and KU70, which are both
essential for DNA DSB repair [36].
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Figure 3. Roles of DUBs in DNA damage response. Various DUBs (light purple) have been shown
to interact with molecules (various colors) that play roles in DNA repair and chromosomal stability
during DNA damage. Proliferating cell nuclear antigen (PCNA) plays important roles during DNA
replication and repair, while BRCA members are the key players in repairing the DNA lesions such as
DNA double-strand breaks. In addition, BLM repairs DNA double-strand breaks to maintain genome
stability. Detailed information can be found in the main text.

Breast-cancer susceptibility gene (BRCA) 1 contributes to DNA repair and the maintenance of
chromosomal stability in response to DNA damage [126]. BRCA1 appears to play roles in two distinct
pathways of DSB repair, non-homologous end joining and homology-directed repair, through the regulation
of different effectors. It has been reported that several DUBs can regulate BRCA1. The BRCA1l-associated
DUB BAP1 is mutated in mesothelioma and melanoma [65]. BAP1 is a phosphorylation target for
the DDR kinase ATM, and BAP1 mediates rapid poly(ADP-ribose)-dependent recruitment of the
polycomb DUB complex PR-DUB to repair DNA DSBs [65]. In addition, both cezanne (OTUD7B)
and cezanne2 (OTUD7A) promote the recruitment of the Rap80/BRCA1-A complex by binding to
Lys63-polyubiquitin and targeting Lys11-polyubiquitin in response to DNA repair [68]. Another DUB,
USP11, forms a complex with BRCA2. It deubiquitylates the partner and localizer of BRCA2 to enhance
DNA repair [75]. BRCA1/BRCA2-containing complex 3 (BRCC3) is a Lys63-specific DUB involved
in the DDR. BRCC3 inactivation increases the release of several cytokines, including G-CSF, which
enhances proliferation in AML cell lines [127]. Further, OTUDS5, a specific stabilizer of the UBR5 E3
ligase, is reported to localize at DNA DSBs. OTUDb plays two roles at DSBs. First, OTUDb interacts
with UBR5 and represses RNA Pol II-mediated elongation and RNA synthesis. In addition, OTUD5
interacts with the FACT component SPT16 and antagonizes histone H2A deposition at DSBs [67].

Histone ubiquitination at DNA breaks is required for activation of the DDR and DNA repair.
BRCA1-BARD1-catalyzed ubiquitination of histone H2A primes chromatin for repair by homologous
recombination during the DDR. Ubiquitination of histone H2A and YH2AX by the UBQ ligases RNF168
and RNF8 generates a cascade of ubiquitination. USP3 deubiquitinates ubiquitinated yYH2AX and
H2A [76]. USP48 is another H2A DUB that is specific for the C-terminal BRCA1 ubiquitination site.
USP48 promotes genomic stability by antagonizing the BRCA1 E3 ligase function. Depletion of
USP48 increases the distance between p53-binding protein 1 (53BP1) from the DNA break point [77].
It should be noted that histone ubiquitination by RNF168 is a critical event for the recruitment of
BRCA1 and 53BP1, and the stability of RNF168 can be regulated by USP7. Depletion of USP7 impairs
H2A and YH2AX monoubiquitination, leading to decreases in the levels of pBmil, Bmil, RNF168,
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and BRCA1 under ultraviolet radiation-induced DNA damage [78]. Moreover, USP3, a histone
H2A DUB, negatively regulates UBQ-dependent DDR signaling through regulation of chromatin
ubiquitination in response to genotoxic stress [128]. Lastly, CYLD deubiquitinates p53 and facilitates
its stabilization in response to genotoxic stress. Loss of CYLD catalytic activity causes impaired DNA
damage-induced p53 stabilization and activation of skin tumorigenesis [66].

6. DUBs and Tumor Suppressors/Oncogenes

DUBs play an important role in cancer development by controlling various different tumor
suppressors and oncogenes. CYLD was first identified as the tumor suppressor gene for
cylindromatosis [129]. Its protein expression level is downregulated in various tumor types [130,131].
CYLD plays an essential role in NF-«kB [82] and c-Jun N-terminal kinase pathways [132]. Briefly,
it inhibits NF-«B activation by promoting deubiquitylation of several UBQ-dependent NF-«B positive
regulators, such as tumor necrosis factor receptor-associated factor 2 and the NF-«B essential
modulator/IKKy subunit [80-82]. Enhanced and/or prolonged NF-«B signaling due to reduced
CYLD activity increases cellular apoptosis resistance and the chances of tumor formation [133]. USP13
also acts as a tumor suppressor through its regulation of the phosphatase and tensin homolog deleted
on chromosome 10 (PTEN)/AKT pathway in oral squamous cell carcinoma. Overexpression of USP13
induces PTEN expression and represses the activation of AKT, glucose transporter-1, and hexokinase-2,
leading to growth inhibition [84]. In an RNAi screen, USP11 was identified as a promyelocytic leukemia
(PML) regulator to deubiquitinate and stabilize PML, counteracting the functions of PML. UBQ ligases
RNF4 and the KLHL20-Cullin 3-Roc1 complex [83]. This complex causes suppression of PML in many
cancer types [83]. PHLPP is a family of Ser/Thr protein phosphatases that serve as tumor suppressors
by negatively regulating AKT. In CRC, USP46 is reported to bind to PHLPP and directly remove its
polyubiquitin chains, resulting in the stabilization of PHLPP. USP46-mediated stabilization of PHLPP
subsequently inhibits AKT, blocking proliferation and tumorigenesis in colon cancer cells [85].

A large number of DUBs have been reported to bind with and stabilize oncogenes, such as c-MYC.
USP22 promotes deubiquitination of c-MYC in breast cancer cells, resulting in increased levels of
¢-MYC. Overexpression of USP22 stimulates tumorigenic activity in breast cancer cells and is closely
correlated with breast cancer progression [87]. USP9X acts as an FBW?7 interactor, and the loss of
FBW? has been observed in many types of human cancer [134]. USP9X antagonizes FBW7-mediated
ubiquitylation and causes FBW7 stabilization. USP9X suppresses tumor formation by regulating FBW7
protein stability, which reduces c-MYC levels [89]. The degradation of the oncogene product MYC is
also enhanced by USP28 [88]. An integrated genomic analysis of malignant pleural mesotheliomas
uncovered somatic inactivating mutations in the tumor-suppressive nuclear DUB BAP1. BAP1 targets
histones with the polycomb repressor subunit ASXL1 [86].

7. DUBs and Metastasis

Metastasis, which is the ability of cancer cells spread to different tissues or organs, is regulated
by many mechanisms. It is a series of biological processes including various invasion-metastasis
cascades. Multiple reports have suggested the role of DUBs in controlling these mechanisms.
The epithelial-mesenchymal transition (EMT) represents one of the most important invasive events in
cancer metastasis. It refers to a change of a subset of adhesion molecules in cells: adopting a migratory
and invasive behavior [135]. Numerous DUBs are involved in cancer cell invasiveness through the
regulation of different EMT transcription factors (Figure 4).
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Figure 4. Roles of DUBs in epithelial-mesenchymal transition (EMT) in cancer metastasis. Epithelial cells
are held together by numerous proteins, including tight junctions, adherens junctions, and desmosomes.
These cells express molecules that are associated with the epithelial state, such as E-cadherin in epithelial
state, and N-cadherin in mesenchymal state. Induction of EMT induces different EMT-inducing
transcription factors (EMT-TFs) such as SNAIL, SLUG, and TWIST. These factors can then inhibit
the epithelial state-related genes, such as E-cadherin, and activate the mesenchymal state related
genes, such as N-cadherin. Various DUBs have been shown to interact with different EMT regulators.
EMT is a reversible process, and mesenchymal cells can revert to the epithelial state by undergoing
mesenchymal-epithelial transition (MET). A detailed description can be found in the main text.

SNAIL is a key regulator of EMT and plays an important role in tumor progression and metastasis.
A group of DUBs, including OTUB1, DUB3, and USP3, are reported to stabilize Snail through preventing
its ubiquitination and proteasomal degradation. OTUB1 promotes metastasis of esophageal squamous
cell carcinoma through the stabilization of Snail [92]. DUB3 is found to be overexpressed in breast cancer,
and depletion of DUB3 leads to Snaill destabilization, which suppresses EMT, tumor invasiveness,
and metastasis [90]. In addition, DUB3 also interacts with SLUG and TWIST and prevents their
degradation, thereby promoting migration, invasion, and cancer stem cell-like properties in breast
cancer cells [91]. Moreover, USP3 is significantly upregulated in glioblastomas and gastric cancer (GC).
Clinicopathological data demonstrate that USP3 correlates with a shorter overall and relapse-free
survival in glioblastomas [136]. It has also been reported that USP3 interacts with and stabilizes SUZ12
via deubiquitination. Expression of SUZ12 is negatively correlated with E-cadherin, which promotes
migration and EMT in GC cells [95]. SMAD4 has been found to regulate EMT. USP17 is upregulated in
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osteosarcoma tissues and stabilizes SMAD4 through its DUB activity, leading to enhanced osteosarcoma
cell invasion [94].

In addition to EMT mediators, DUBs target other molecules involved in cancer invasiveness.
High expression of 14-3-3y is found in various cancers, such as breast cancer and NSCLC [137,138].
Overexpression of 14-3-3y promotes cell migration and invasion and correlates with the invasiveness
of cancer cells. USP37 regulates the stability of 14-3-3y through its DUB activity [97]. Another DUB,
26S proteasome non-ATPase regulatory subunit 14 (PSMD14), is a posttranslational regulator of
growth factor receptor bound protein 2 (GRB2). PSMD14 is significantly upregulated in HCC tissues,
and it inhibits the degradation of GRB2 via deubiquitination. Overexpression of PSMD14 correlates
with vascular invasion, tumor recurrence, and poor tumor-free and overall survival in patients with
HCC [93]. The small GTPase Ras-related protein RAB7 is an early-induced melanoma driver and
endocytosis protein that favors tumor invasion [139]. It is suggested to play roles in modulating
endosomal maturation and autophagosome resolution in various cell types [140,141]. It was recently
shown to be regulated by USP32 [96].

8. DUBs as Therapeutic Targets for Cancer Treatment

As mentioned above, DUBs have been shown to deubiquitinate many targets involved in different
characteristics of cancer (Table 2), suggesting that DUBs may be potential therapeutic targets in
cancer treatment. Indeed, many studies have been conducted to examine the potential of DUBs
in cancer therapeutics. As DUBs are part of the proteasome system, proteasome inhibitors target
them, which has shown promising successes for cancer treatment. Several examples are given
below. Bortezomib, the first proteasome inhibitor, has entered clinical practice to treat relapsed
multiple myeloma and showed outstanding antimyeloma activity [142,143]. In addition, combination
of bortezomib and epirubicin significantly increases the sensitivity of colorectal carcinoma cells
to apoptosis [144]. Due to the resistance to bortezomib, next-generation proteasome inhibitors
carfilzomib and ixazomib have been approved. Carfilzomib irreversibly binds to the (3-5 subunit of the
proteasome [145]. A preclinical study has demonstrated that carfilzomib increased efficacy against
bortezomib-resistant multiple myeloma [146]. In the Phase 2 and Phase 3 clinical trials, single-agent
carfilzomib provided durable anticancer activity in patients with relapsed and/or refractory multiple
myeloma [147]. Ixazomib, the first oral proteasome inhibitor to enter the clinic, is now commonly used
for multiple myeloma treatment. It is an efficacious and long-term therapy for patients with advanced
stage multiple myeloma [148]. In a double-blind Phase 3 trial, the use of ixazomib significantly
improved progression-free survival in patients with relapsed and/or refractory multiple myeloma [149].

In addition to proteasome inhibitors, numerous DUB therapeutic targets have been developed.
One excellent and classical example is USP7. Activating p53 by inhibiting MDM2 is a major direction
of cancer treatment [150,151]. Nutlin-3 from Roche and RITA (2,5-bis(5-hydroxymethyl-2-thienyl)furan
(NSC652287)) from the National Cancer Institute have been developed for interfering with the
MDM2/p53 interaction to induce p53 and therefore cell death in human tumor cells [152-154]. They
represent an important class of small molecules that has significant antitumor effects without obvious
toxicity in mice [153,155], which further suggests that promoting MDM?2 degradation will provide
a therapeutic benefit when treating p53-related cancers. Additionally, USP7 silencing promotes the
degradation of MDM2 and thus abrogates p53 degradation. Targeting DUBs might provide a new
direction for cancer treatment, as it has the advantage of a simpler mechanism than targeting UBQ
ligases or the 26S proteasome [150,156]. A small molecule lead-like inhibitor of USP7, HBX41108,
which stabilizes and activates p53, was identified using high-throughput screening [156]. This inhibitor
symbolizes a milestone in DUB drug development and sheds light on new potential cancer therapies
using DUB inhibitors.

In addition, many cancer studies have focused on the apoptotic role of DUBs and exploited this
role for chemotherapy. A drug screening study demonstrated that the small molecule DUB inhibitor
b-AP15 inhibits two DUBs, USP14 and UCHLS. Treatment with b-AP15 results in apoptosis of human
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Waldenstrom macroglobulinemia (WM) cell lines and primary WM tumor cells [157]. In another
chemotherapeutic study, pharmacological targeting of USP14 with the FDA-approved small-molecule
inhibitor VLX1570 decreased viability in endometrial cancer cells through cell cycle arrest and caspase
3-mediated apoptosis [158]. The oncogenic transcription factor pre-B cell leukemia homeobox-1 (PBX1)
promotes advanced PCa cell proliferation. USP9X interacts with and stabilizes the PBX1 protein by
attenuating its Lys48-linked polyubiquitination. The USP9X inhibitor WP1130 markedly induces
PBX1 degradation and promotes PCa cell apoptosis [159]. The selected DUB inhibitors that target on
cancer cells are summarized in Table 3. To conclude, DUBs play multiple roles in cellular functions.
The aberrant expression and regulation of these enzymes have been shown to contribute to promote

tumorigenesis, making them promising therapeutic targets for cancer therapy.

Table 3. Summary of known DUB inhibitors that are targeted in cancer cells.

DUBs DUBs Inhibitors Therapeutic Targets Functional Effects References
Downregulation of receptor
USP8 9-Ethyloxyimino-9H-indeno Non-small cell tyrosine kinases including [160]
[1,2-b]pyrazine-2,3-dicarbonitrile lung cancer EGFR, ERBB2, ERBB3,
and MET
UCHL1 LDN-57444 Lung cancer cell line Inhibit proliferation [161]
UCHL1, UCHL3 TCID Multiple myeloma Induce apoptosis [162]
USP1 Pimozide Leukemic cell lines Promoted the degradation [163]
of ID1
Non-small cell lung
USP1-UAF1 ML323 cancer and Induced DNA damage [164]
osteosarcoma cells
USP1-UAF1 Pimozide and GW7647 Nl"“‘s‘“"‘u cell Inhibit cell proliferation [165]
ung cancer
Colorectal cancer nad Accelerate cyclin D1
usP2 ML346 mantle cell lymphoma  degradation, cell cycle arrest (1661
Breast, ovarian and Downregulation cell-cycle
USP2a/USP2b/USP5/USP8 AM146, RA-9 and RA-14 o . promoter, and upregulation [167]
cervical cancer cell lines
of tumor suppressor
USP5/IsoT, USP4 Vialinin A Basophilic leukemia cells  Inhibit the release of TNFo [168]
uspP7 HBX 41,108 Colorectal carcinoma Induced p53-dependent [156]
apoptosis
. Induce apoptosis, inhibit
USP7/USP47 P5091 and Compound 1 Multiple myeloma [169,170]
tumor growth
Downregulation of
antiapoptotic and
USPIX/USP5/USP24 WP1130 Mantle cell lymphoma upregulation of [171,172]
proapoptotic proteins, such
as MCL-1 and p53
USP14/ UCHLS AC17 Human lung cancer cells Inhibit NFK]? pathway and [173]
reactive p53
Downregulation of CDC25C,
Multiple myeloma/ CDC2, and cyclin B1/
USP14/UCHL5 b-AP15 (WO2013058691) P e overexpression of the [162,174]
colorectal carcinoma . X .
anti-apoptotic mediator
Bcl-2 and anti-tumor activity
USP14/UCHLS5 VLX1570 Colon carcinoma cell Inhibit proteasome [175]

DUB activity
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Abbreviations

53BP1 p53-binding protein 1

Akt protein kinase B

APC/C anaphase-promoting complex/cyclosome

AR androgen receptor

BAP1 BRCAT1 associated protein 1

BRCA breast-cancer susceptibility gene

BRCC3 BRCA1/BRCA2-containing complex 3

CDK cyclin-dependent kinase

CRC colorectal cancer

DDR DNA damage response

DSB double-strand break

DUB Deubiquitinase

ELK-1 ETS like-1 protein

EMT epithelial-mesenchymal transition

FBW7 F-box and WD repeat domain-containing 7

FKBP51 FK506-binding protein 51

GC gastric cancer

GRB2 growth factor receptor bound protein 2

HCC hepatocellular carcinoma

JOSD1 Josephin domain containing 1

KLF5 Kruppel-like factor 5

MDM2 mouse double minute 2

mTORC1 mammalian target of rapamycin complex 1

NK-«B nuclear factor kappa-light-chain-enhancer of activated B cells
NSCLC non-small cell lung cancer

OTUB1 otubain 1

OTU otubain protease

PBX1 pre-B cell leukemia homeobox-1

PCa prostate cancer

PCNA proliferating-cell nuclear antigen

PHF8 PHD finger protein 8

PHLPP PH domain leucine-rich-repeats protein phosphatase
PML promyelocytic leukemia

PSMD14 26S proteasome non-ATPase regulatory subunit 14
PTEN phosphatase and tensin homolog deleted on chromosome 10
RNF ring finger proteins

SKP2 S-phase kinase associated protein 2.

TGF-f transforming growth factor beta

TRAIL tumor necrosis factor alpha apoptosis-inducing ligand
UBQ ubiquitin

UBR5 ubiquitin protein ligase E3 component N-recognin 5
UCH ubiquitin C-terminal hydrolases

UCHL ubiquitin C-terminal hydrolases like

usp ubiquitin-specific protease

WM Waldenstrom macroglobulinemia
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Abstract: Ubiquitin, a protein modifier that regulates diverse essential cellular processes, is also
a component of the protein inclusions characteristic of many neurodegenerative disorders.
In Alzheimer’s disease, the microtubule associated tau protein accumulates within damaged
neurons in the form of cross-beta structured filaments. Both mono- and polyubiquitin were
found linked to several lysine residues belonging to the region of tau protein that forms the
structured core of the filaments. Thus, besides priming the substrate protein for proteasomal
degradation, ubiquitin could also contribute to the assembly and stabilization of tau protein filaments.
To advance our understanding of the impact of ubiquitination on tau protein aggregation and
function, we applied disulfide-coupling chemistry to modify tau protein at position 353 with Lys48- or
Lys63-linked di-ubiquitin, two representative polyubiquitin chains that differ in topology and structure.
Aggregation kinetics experiments performed on these conjugates reveal that di-ubiquitination retards
filament formation and perturbs the fibril elongation rate more than mono-ubiquitination. We further
show that di-ubiquitination modulates tau-mediated microtubule assembly. The effects on tau protein
aggregation and microtubule polymerization are essentially independent from polyubiquitin chain
topology. Altogether, our findings provide novel insight into the consequences of ubiquitination on
the functional activity and disease-related behavior of tau protein.

Keywords: tau protein; ubiquitination; semisynthesis; disulfide-coupling; polyubiquitin; fibrils;
aggregation; neurodegeneration

1. Introduction

Ubiquitination is a prevalent post-translational process that regulates essential eukaryotic cell
functions such as protein homeostasis, signaling, and cellular localization [1-3]. It consists of the
covalent addition of the small protein ubiquitin to the side chain of lysine residues in a target
protein. The reaction is controlled by the coordinated action of a ubiquitin-activating enzyme (E1),
a ubiquitin-conjugating enzyme (E2) and a ubiquitin ligase (E3), which catalyze the formation of
an isopeptide bond between the carboxyl group of the C-terminal glycine of ubiquitin and the
e-amino group of the substrate’s lysine [2-5]. Ubiquitination of a ubiquitin molecule through one
(or more) of its seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) or its
amino terminus produces polymers named polyubiquitin chains [2,5]. Polyubiquitin chains have
different biological functions depending on the type of linkage that connects the ubiquitin units. Lys48-
and Lysl1-linked chains regulate proteasome-mediated protein degradation, Lys63-linked chains
are involved in endocytosis, cell signaling, and cellular response to DNA damage [2,6], while the
functions of the remaining polyubiquitin chain types remain less clear [7]. Each chain type exhibits
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unique conformational properties that correlate with the diverse biological activities [7,8]. Prototypical
polyubiquitin chains with Lys48- and Lys63- linkage display distinct structures: prevalently compact
in the case of Lys48-linked chain [9] and extended in the case of Lys63-linked polyubiquitin [10].
Differences in polyubiquitin chain topology generate unique molecular interfaces that govern the
selective recognition of cellular receptors and the fine modulation of specific cellular pathways [11].

Due to the central role of protein ubiquitination in fundamental cellular pathways, the dysfunction
of the ubiquitin system is involved in the onset of many human pathologies [12]. In particular,
the impairment of protein turnover mediated by the ubiquitin proteasome system (UPS) is implicated
inneurodegenerative disorders, including Alzheimer’s disease (AD), characterized by the accumulation
of misfolded proteins [4]. The understanding of the molecular mechanisms of UPS malfunction in
relation to protein aggregation has been the target of intense and recent research aimed at finding new
therapeutic strategies for the treatment of these diseases. The major incidence of neurodegeneration
in the elderly can be justified in part by the fact that a progressive worsening of clearance activity in
aging brains may promote the accumulation of toxic and misfolded proteins within neurons [13,14].
Additionally, it is well established that ubiquitin is a key component of the intracellular deposits
formed by misfolded proteins in damaged neurons [4,15] and that certain types of protein aggregates
can directly inhibit or obstruct the proteasome machinery [12,16,17]. The connection between UPS and
protein aggregation was extensively studied in the case of AD, a progressive brain degeneration that is
still incurable and which has a major incidence worldwide.

One of the key players in AD pathogenesis is the microtubule associated protein tau, an axonal
protein mainly expressed in the central and peripheral nervous system [18]. In the brain, tau protein
occurs in six isoforms of different length, generated by alternative splicing [19,20]. Tau protein belongs
to the class of intrinsically disordered proteins. The large conformational flexibility that characterizes
disordered proteins and regions allows them to carry out a variety of biological activities via distinct
recognition mechanisms unfeasible for rigid proteins [21-23]. Tau protein controls the stability and
assembly of microtubules, a function that is finely regulated by phosphorylation [18]. The extensively
studied, 441-residue isoform (Figure 1) includes an N-terminal half that projects from the microtubule
surface and a C-terminal half that promotes the assembly of microtubules. The four pseudo-repeats
R1-R4 spanning residues 244-369, together with their flanking regions, constitute the microtubule
binding domain (MBD) [19]. The MBD includes two hexapeptide motifs (VQIVYK and VQIINK) that
are critical in promoting nucleation of tau aggregates [24]. Under pathological conditions, tau protein
becomes hyperphosphorylated, detaches from the microtubules and undergoes a complex aggregation
process characterized by a conformational transition to 3-sheet rich structures and formation of straight
and paired helical filaments (PHFs) that accumulate in neurofibrillary tangles (NFT) [19,20]. PHFs
isolated from AD-brain or obtained from recombinant tau protein have been shown to be able to inhibit
the proteasome [17]. The solved structure of tau filaments purified from AD-brain revealed residues
306-378 as the ordered fibril core, with the N- and C termini forming the fuzzy coat [25].

In addition to being heavily phosphorylated, tau protein isolated from AD-PHFs was found to be
ubiquitinated at several lysine sites within the MBD [26-28]. Specifically, mono-ubiquitin was found
to be linked to Lys254, Lys257, Lys311 and Lys317 [27], while polyubiquitin chains were found to be
conjugated to Lys254, Lys311 and Lys353 [28]. PHF-tau is modified by three polyubiquitin linkages,
Lys6-, Lys11-, and Lys48-, with the latter one being the most prevalent [28]. Recent cryo-EM studies
revealed that, besides a proteasome-targeting role, ubiquitination of tau filaments could be structurally
involved in mediating specific inter-protofilament packing [26]. Thus, it is plausible that ubiquitination
severely affects the assembly and stability of tau filaments and the understanding of the underlying
mechanism has the potential to shed new light into the molecular basis of the disease.

To study the impact of ubiquitination on the mechanism of tau protein aggregation, detailed
biophysical experiments necessitate highly homogenous and uniquely modified protein samples. However,
homogenous ubiquitination of lysine side chains is rarely achieved with the use of ubiquitin ligase enzymes.
Indeed, we recently showed that CHIP (Carboxy terminus of Hsp70-interacting protein), an E3 ligase of tau
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protein [29], ubiquitinates the protein at more than ten sites [30]. To overcome the inherent limitation of the
enzymatic approach and to obtain site-specific ubiquitination of target proteins, chemists have developed
a vast array of semisynthetic methods that are based on the chemical conjugation of protein precursors [31].
Chemical ubiquitination strategies based on non-native isopeptide bond formation are often easier to
implement and give high yields of the product conjugates. Among these, disulfide-coupling chemistry has
proven to be highly versatile, efficient and robust, and has already been applied in many studies [30-34].
As a replacement for isopeptide linkage, this semisynthetic method generates a disulfide bond between
a Cys residue placed in a specific position of the target protein and the C-terminal aminoethanethiol
of a ubiquitin derivative obtained by intein processing. Recently, we described the production and
characterization of tau protein mono-ubiquitinated at three different positions using disulfide-directed
methodology [30]. With this approach, we obtained novel insight into the diverse effects that lysine
mono-ubiquitination at different sites exerts on tau protein aggregation.

Here, we introduce a method based on directed disulfide bond formation in combination with
enzymatic synthesis of ubiquitin chains to obtain controlled polyubiquitination of tau protein, thus
adding a further level of complexity in the study of ubiquitinated tau protein. We produced and
characterized the aggregation process of tau protein species homogenously modified with di-ubiquitin
molecules at position 353, one of the ubiquitinated sites found in AD-brain filaments. The versatility
of the method allowed us to incorporate two types of di-ubiquitin chains (Lys48- or Lys63- chains)
characterized by different structures, and to explore the impact of these prototypical ubiquitin polymers
on tau protein aggregation.

2. Results

In the present work, we optimized a semisynthetic strategy based on disulfide-coupling chemistry
to covalently attach a di-ubiquitin molecule to the tau protein. Ubiquitin-substrate conjugates obtained
using this method are functional mimics of the native ubiquitinated counterparts, with the synthetic
linkage being only one atom longer than the native isopeptide bond [32,34]. We selected the construct
tau4RD, which represents a short form of the protein, spanning residues Q244-E372 plus an initial Met
(Figure 1). Tau4RD has been widely used to study the aggregation behavior of tau protein as it includes
the majority of the microtubule binding region and most of the residues involved in the assembly of
the cross- structure forming the core of the tau filaments [35]. To obtain site-specificity, we used a
taud4RD mutant devoid of the endogenous cysteines and where a single cysteine was installed at the
desired position. We chose to introduce the modification at position 353 because this site was found
polyubiquitinated in PHF-tau [26,28], it is part of the fibril core found in different tauopathies [26], and
mono-ubiquitination at this position had an observable influence on the aggregation kinetics without
hindering the formation of short fibrils [30]. Thus, it was deemed suitable for evaluating the effect of
an extended ubiquitin chain on tau filament assembly.

PHF motifs

| |N1|N2| | PRD |R1|R2|R3|R4| |Tau441
1 151 244 275 306 337 368 441

N-term. projection Pro-rich Repeat domains C-term

353
|
o} o
244 372

Figure 1. Schematic representation of Tau441 and Tau4RD proteins with their domain organization.
The position of residue 353, that is, the conjugation site with di-ubiquitin molecules used in this work,
is highlighted in red.
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The method of preparation of di-ubiquitinated tau4RD is illustrated in Figure 2. First, using
linkage-specific enzymes, we assembled di-ubiquitin molecules with Lys48- and Lys63-linkage
(Figures 2b and 3a,b). We used the ubiquitin mutants Lys48Arg or Lys63Arg as distal units and Ub-SH,
a ubiquitin derivative bearing a C-terminal aminoethanethiol linker obtained from intein cleavage with
cysteamine, as proximal unit (Figure 2a). Homogenous di-ubiquitin chains ending with a C-terminal
thiol (Ub,(48/63)-SH) were then purified and allowed to react with 5,5'-Dithiobis(2-nitrobenzoic acid)
(DTNB) to produce asymmetric activated disulfides (Figures 2c and 4a,b). Finally, the activated
disulfides were incubated with tau4RD, modified with a unique cysteine at position 353, to produce
the disulfide-linked conjugates Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353) (Figure 2c). The protein
conjugates were obtained at purity of >95% (Figure 3c) and their identity was verified by mass
spectrometry (Figure 4c,d). These samples were then used to perform aggregation experiments and
their behavior was compared with that of mono-ubiquitinated Ub-tau4RD(353) and of the unconjugated
cysteine-free protein (tau4RDAC).
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Figure 2. (a) Scheme of cysteamine-mediated cleavage of Ub-SH from a ubiquitin-intein fusion
protein. We produced a chimeric protein where ubiquitin was cloned to the N-terminal of the
GyrA intein. A ubiquitin with a C-terminal aminoethanethiol linker (Ub-SH) was obtained through
a trans-thioesterification reaction between intein and cysteamine, followed by a S-to-N acyl shift.
(b) Scheme of production of Ub,(48)-SH and Ub,(63)-SH di-ubiquitin molecules by enzymatic reaction.
For the controlled assembly of K48-linked chains, the enzymes E1 and E2-25K were used. For the
K63-linked chains, we used E1 and the complex Mms2/Ubc13. (c) Reaction of Ub,(48/63)-SH with
5,5"-Dithiobis(2-nitrobenzoic acid) gave an activated asymmetric disulfide. This was then allowed
to react with the unique cysteine placed in position 353 in tau4RD to obtain the disulfide-linked
Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353) conjugates.
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Figure 3. SDS-PAGE showing the enzymatic reaction to obtain the Ub,(63)-SH (a) or Ub,(48)-SH (b)
di-ubiquitin molecules. In (c), the purified Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353) are shown.
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Figure 4. Maldi TOF MS analysis of protein samples. We obtained mass values of 17,393 and 17,396 for
the Ub,(48)-S-TNB (a) and Ub,(63)-S-TNB (b) adducts, respectively (expected mass 17397), where TNB
stands for (2-nitro-5-thiobenzoic acid). In (a) and (b), the MS peak of the unconjugated Ub,(48/63)SH
protein is also present (expected mass 17200). We obtained mass values of 30,922 and 30,884 for the
Ub,(48)tau4RD(353) (c) and Ub,(63)taudRD(353) (d), respectively (expected mass 30923).

The kinetics of filament formation of the prepared proteins was followed by monitoring changes in
Thioflavin T (ThT) fluorescence (Figure 5a,b). In this assay, the fluorescence emission of ThT increases
upon its specific binding to the 3-sheet rich structure characteristic of tau filaments. The sigmoidal
profile of the kinetic curves reflects the cooperative nature of the nucleation-dependent aggregation
process. The initial flat portion of the curve, corresponding to the lag phase, is followed by a steep
transition (the growth or elongation phase) and a flat terminal part (plateau phase). As shown
previously [30], aggregation of tau4RDAC in the presence of heparin is very rapid, characterized by
an early transition midpoint at ~5 h, and a fast fibril growth, with an elongation time of 0.7 + 0.2 h
(Figure 5a,b, Table 1). The addition of unconjugated di-ubiquitin molecules (Ub(48/63)) at an equimolar
ratio with tau4RDAC did not affect the aggregation curves (Figure 5a), excluding the possibility that
significant tau-ubiquitin inter-molecular contacts interfered with filament formation. Moreover, in the
experimental conditions used, neither Lys48- nor Lys63-linked di-ubiquitin formed fibrils by themselves
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(Figure 5a), thereby allowing us to interpret the experimental data in terms of ubiquitination-induced
perturbations of the aggregation of tau protein.
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Figure 5. (a,b) Thioflavin T-based aggregation kinetics experiments. Error bars of fluorescence curves
correspond to standard deviations of at least three independent experiments. In (a), aggregation data
of tau4RDAC are reported, in the absence or presence of equimolar Ub,(48/63). Kinetics data for the
Ub,(48/63) alone are also reported. For these control experiments Ub,(48/63) were produced with
a distal D77 ubiquitin mutant, to avoid insertion of free thiol groups. In (b), aggregation data of
di-ubiquitinated forms Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353) are reported in comparison with
tau4RDAC, and mono-ubiquitinated Ub-tau4RD(353). (c) On the right, dot Blot of Ub,(48)tau4RD(353)
and Ub,(63)tau4RD(353) at different times of aggregation induced with equimolar heparin, probed with
the A11 antibody. On the left, deposited proteins were stained with Ponceau. Samples of tau4RDAC and
Ub-tau4RD(353) were used as controls. (d) Microtubule assembly in the presence of tau protein samples
was measured monitoring the absorbance at 350 nm. Error bars of absorbance curves correspond to
standard deviations of three independent experiments. Ub;(48)tau4RD(353) sample in the absence of
tubulin was used as control.

The sigmoidal aggregation profiles obtained with Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353)
indicate that di-ubiquitinated tau protein samples were capable of forming filamentous aggregates
(Figure 5b). From visual inspection of the aggregation curves measured on all of the tau protein samples,
we noted a significant difference in the maximum fluorescence at plateau for the mono-ubiquitinated tau
protein in comparison with the other proteins. Because signal intensity is influenced by specific amyloid
properties and the proteins under investigation have different structures and shapes, the reduction in
ThT fluorescence observed for mono-ubiquitinated tau protein was likely due to a different affinity for
ThT and not to the number of fibrils formed.

Based on a quantitative analysis of the aggregation kinetics, we found that filaments formation
by di-ubiquitinated tau protein was significantly delayed compared to the unconjugated protein,
as deduced by the longer lag phase and elongation time of the di-ubiquitinated proteins (Figure 5b,
Table 1). Additionally, di-ubiquitination was found to specifically affect the transition midpoint and
elongation time more than mono-ubiquitination. Indeed, Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353)
displayed a similar transition half time of ~21 h, which was significantly shifted with respect to the
value determined for Ub-tau4RD(353) (tp5 ~15 h), and all the values of modified tau protein were
larger compared to that of taud4RD AC (t5 ~5 h). Likewise, the elongation time showed an analogous
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trend for the investigated samples (Table 1). By comparison of the aggregation curves, it emerged that
the kinetics of the two di-ubiquitinated proteins was similar.

Ub,(48)taudRD(353) and, to a lesser extent Ub,(63)tau4RD(353), produced aggregates that reacted
with A1l (Figure 5¢), an antibody capable of recognizing prefibrillar oligomers of diverse proteins [36].
Thus, the ability of the tau protein component to form intermediate amyloidogenic species was maintained
after modification, as shown previously for mono-ubiquitinated tau4RD [30]. The ability of both
Ub, (48)tau4RD(353) and Ub,(63)taud4RD(353) to form mature fibrils was confirmed by the TEM images
(Figure 6a,b), which showed the presence of well-formed twisted filaments. The morphological analysis
revealed that filaments were characterized by a large width of 20 + 2 nm and a narrow width of 15-16 nm,
and a twist crossover repeat of 57-58 nm (Table 2), indicating that the overall morphology of tau4RDAC
filaments was not heavily modified by di- or mono-ubiquitin conjugation (Figure 6a—d, Table 2).

Taken together, the obtained data clearly indicate that the incorporation of protein modifiers in the
microtubule binding domain of tau protein at position 353 interferes with the aggregation mechanism
but does not abrogate the formation of mature fibrils. The addition of one ubiquitin moiety to tau
protein determines the inhibition of fibrils formation. The inhibitory effect is even stronger when a
second ubiquitin moiety is attached to the proximal ubiquitin unit, as it resulted from the substantial
increase of the duration of both midpoint transition and elongation time for the di-ubiquitinated species.
However, despite their known structural differences, the topology of the investigated di-ubiquitin
molecules (Lys48- or Lys63-linked) did not influence the process of fibrils formation. Thus, it appears
that the inhibitory effect of di-ubiquitination at the 353 site is caused by the increased steric hindrance
which impairs microscopic events that lead to fibrils formation.
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Figure 6. TEM representative images of (a) Ub, (48)tau4RD(353), (b) Ub,(63)tau4RD(353), (c) taudRDAC,
and (d) Ub-tau4RD(353), after 48 h of incubation at 37 °C under static condition. 30 pL of sample at a
concentration of 2.5 uM were deposited. Distributions of (e) cross-over distances and (f) widths of the
twisted filaments measured from TEM images of Ub,(48)tau4RD(353) (1), Ub,(63)tau4RD(353) (2) and
Ub-tau4RD(353) (3) conjugates and tau4RDAC (4). In (e) and (f), dots indicate single measurements
and bars the positions of means + SD. In (f), dots in magenta refer to the measures of narrow widths
and in black to large widths.
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After having established how di-ubiquitination affects tau fibril formation, a process associated
with disease, we set out to describe its consequence on tau protein functional activity. Specifically,
we investigated the impact of Lys48- and Lys63-linked di-ubiquitin on tau-mediated tubulin
polymerization. The assay was performed using Ub,(48)tau4RD(353) or Ub,(63)tau4RD(353), and in
the presence of tau4RDAC as a control (Figure 5d). Microtubule (MT) polymerization was monitored
by following the increase in absorbance at 350 nm. The kinetics of MT assembly in the presence of
tau4RDAC resembled previous results reported on tau4RD [37]. The data acquired in the presence
of Ub,(48)taudRD(353) or Ub,(63)taudRD(353) indicates that the presence of the di-ubiquitin chains
at position 353 of tau protein, moderately but significantly inhibits MT polymerization. Indeed,
after 300 min of incubation of tubulin with the conjugates, we observed ~77% of MT formation (referred
to 100% for tau4RDAC). This effect was independent from the topology of the di-ubiquitin chain, as the
observed curves were almost superimposable.

Table 1. Kinetic parameters for the aggregation of tau protein samples, determined on the basis of ThT
fluorescence assays.!

to.5 (h) tiag () T (h)

taudRDAC 52+0.1 38+05 0.7+02
Ub-tau4RD(353) 148 +1.0 124 +0.1 11406
Ub, (48)-taudRD(353) 20.7 +1.2 121+1.1 43+01
Ub,(63)-taudRD(353) 21.1+33 151+14 3.0+09

! ty.5: midpoint of the transition; T elongation time constant; tj,s = to5 — 27.

Table 2. Morphological properties of the twisted filaments of tau protein samples obtained from the
analysis of TEM images.

Large Width

Narrow Width

Crossover Distance

taudRDAC
Ub-taudRD(353)

22 + 2nm (n = 14)
19 + 2 nm (n = 20)

12 +2nm (n =13)
12 £ 2 nm (n =22)

74 + 8 nm (n = 24)
56 + 6 nm (n = 31)

Ub,(48)-taudRD(353)
Uby(63)-taudRD(353)

20 + 2 nm (n =19)
20 + 2 nm (n = 26)

16 £2nm (n =19)
15+ 2 nm (n = 24)

58 + 6 nm (n = 27)
57 + 8 nm (n = 37)

3. Discussion

The microtubule-associated protein tau plays a central role in the pathogenesis of AD. Besides
being heavily phosphorylated [20], tau protein in PHFs from AD brains is found to be mono- or
polyubiquitinated at multiple sites [26-28]. The observation that most of these sites belong to the
microtubule binding region, a domain involved in the formation of the filaments core, suggests the
attempt of the neurons to get rid of aggregated tau protein forms via the UPS. This hypothesis is
supported by the fact that PHF-tau was found to be modified by Lys48- and Lys11- linked chains [28],
both being signals for proteasomal degradation, and by mono-ubiquitin, recently recognized as
an additional signal for proteasomal targeting [38]. These observations suggest a possible role of
ubiquitination in the formation and clearance of pathological tau protein species.

In a bid to advance our understanding of the impact of ubiquitination on tau protein aggregation
and function, we recently started developing methods to attain controlled ubiquitination of tau protein
samples for molecular-level investigations. In a previous work, we produced mono-ubiquitinated
taud4RD samples and found that the impact of the modification on tau protein fibrillogenesis was
site-dependent [30]. While ubiquitination at Lys311, located within the PHF motif of the R3 domain,
essentially abolished filament formation, modification at Lys254 and Lys353 changed the aggregation
kinetics but did not arrest fibrillation completely. To follow up on this study, in the present work, we set
out to investigate whether a minimal polyubiquitin chain, a di-ubiquitin, could affect the aggregation
behavior of tau protein.
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To obtain site-specific di-ubiquitination, we combined enzyme-mediated preparation of
di-ubiquitin derivatives with disulfide-directed ligation to tau4RD, expanding our approach
originally developed to produce mono-ubiquitination [30]. Based on the previous findings with
mono-ubiquitination, di-ubiquitin was installed at position 353, a site that was deemed suitable for
evaluating the effect of an extended ubiquitin chain on filament assembly. Because polyubiquitin
chains exist in a variety of topologies and structures, here we chose to investigate the prototypical
Lys48- and Lys63-linked chains as being representative of polymers that preferentially adopt compact
or extended conformations, respectively [7]. Lys48-linked di-ubiquitin predominantly adopts a closed
conformation in which the functional hydrophobic patches of mono-ubiquitin are sequestered at the
ubiquitin/ubiquitin interface [9]. In contrast, Lys63-linked di-ubiquitin chains are extended and adopt
an open conformation with no direct contact between the neighboring ubiquitin subunits, thereby
exposing the hydrophobic patches of mono-ubiquitin [10]. Thus, we hypothesized that different
architectures of polyubiquitin chains could differently affect substrate aggregation.

The performed aggregation experiments revealed that both di-ubiquitinated tau protein conjugates
were less prone to form fibrils compared to the unconjugated protein (Figure 5b), although they retained
the capability to form All-positive prefibrillar oligomeric species (Figure 5¢) and twisted filaments
(Figure 6). Moreover, the dimeric ubiquitin modifier increased significantly both the half-time of
the transition and the fibril elongation time with respect to mono-ubiquitin, with the time constants
following the order: di-ubiquitinated >> mono-ubiquitinated > unmodified (Figure 5b, Table 1).
However, the topological differences between the two di-ubiquitin chains (Lys48- or Lys63-linked)
tested do not differentially interfere with the process of fibrils formation.

It is established that the duration of the lag phase depends on the rates of multiple parallel
microscopic processes, such as the formation of primary nuclei and their amplification through
elongation and secondary nucleation processes [39]. Because variations of the former process do not
affect the growth phase, while changes in elongation and secondary nucleation modify both the lag
phase and the growth phase, it seems possible that di-ubiquitination of tau protein could interfere
with the growth and proliferation of primary nuclei rather than with their formation. This was more
evident for di-ubiquitinated, rather than mono-ubiquitinated, tau protein. Since the inhibitory effect
was dependent on the length of the ubiquitin chain, the impact on tau protein aggregation is likely be a
result of a combination of structural motif at the tau-ubiquitin conjugating point and of the presence of
the distal ubiquitin moiety which adds steric hindrance. Yet, we do not exclude the possibility that a
further elongation of the polyubiquitin chain could elicit different results, particularly if considering
that longer ubiquitin chains have lower thermodynamic stability and can form fibrils themselves under
specific conditions [40].

To interpret our results in the wider context of post-translational modifications of tau protein, we
reviewed recent studies which explored the impact of single or multiple phosphorylation of full-length
tau protein or tau4RD [37,41]. Phosphorylation of both Ser262 and Ser356 was found to significantly
alter the aggregation kinetics of tau4RD [37], and single-site phosphorylation affected tau protein
aggregation in a sequence-specific manner [37,41]: phosphorylation of Ser305 had a significant impact
on fibril formation; however modification at Ser356 did not significantly perturb the aggregation of tau
protein. Here we have shown that di-ubiquitination at 353, close to residue 356, allows the formation of
fibrils, although with a reduced aggregation rate, in line with the observation that this site is excluded
from the ordered core (residues 272-330) in heparin-induced tau filaments [42]. Additionally, recent
cryo-EM studies show that tau filaments from brain tissues [25,26] are characterized by a long core that
includes Lys353 and suggest that bulky modifiers, such as mono- or di-ubiquitin, in that position could
affect the mechanism of formation of tau protein aggregates.

Tau protein is known to play a central role in the assembly and stabilization of microtubules [18].
Therefore, we explored whether di-ubiquitination could regulate tau-mediated tubulin polymerization.
Based on our observations, it emerges that the presence of either Lys48- or Lys63-linked di-ubiquitin
at position 353 moderately but significantly inhibits MT polymerization. This effect was found to
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be independent of the di-ubiquitin linkage topology (Figure 5d). Our findings are consistent with
previous studies reporting that multiple mono-ubiquitination of tau protein reduces MT binding
affinity [43], and phosphorylation at Ser356 (close to Lys353) slightly impairs MT assembly [37]. Taken
together, the evidence on site-specific phosphorylated or on multi mono-ubiquitinated tau protein, and
our results obtained with the di-ubiquitinated proteins indicate that post-translational modifications
around position 353 do not crucially affect tau-assisted MT polymerization and that the functional
activity of tau protein is highly dependent on the sites of modification.

In conclusion, we were able to obtain, for the first time, samples of tau protein conjugated to
Lys48- or Lys63- linked di-ubiquitin at a specific site and to study the effect of these modifications
on tau protein aggregation and function in comparison with the mono-ubiquitinated species. We
demonstrated that the conjugation of tau protein to di-ubiquitin chains at the 353 position significantly
delayed, but did not completely inhibit, tau protein aggregation, in analogy with mono-ubiquitination.
Quantitative analysis of the aggregation kinetics revealed a more pronounced effect of di-ubiquitin
compared to mono-ubiquitin during elongation of filaments, rather than during primary nucleation
events. However, linkage topology had a minor effect on the measured kinetic parameters. Finally,
we demonstrated that di-ubiquitination modulated the tau-mediated microtubule assembly, thus
highlighting the potential role of ubiquitination in the regulation of tau protein function. For a more
comprehensive overview, further efforts will have to be directed to produce tau protein modified with
longer polyubiquitin chains linked in different positions.

We believe that our findings also provide crucial information in light of recent structural studies
on tau filaments from degenerated brain tissues. Ubiquitin is proposed to play a structural role by
mediating specific inter-protofilament packing and promoting the formation of fibril subtypes, specific
of the different tauopathies [26]. Moreover, future investigations are required to elucidate the synergic
effects played by different post-translational modifications, such as ubiquitination, phosphorylation
and acetylation, in the transition of tau protein to toxic species, with the aim to understand their
implications in the different pathologies.

4. Materials and Methods

4.1. Materials

Cysteamine, Tris(2-carboxyethyl)phosphine, 5,5’-Dithiobis(2-nitrobenzoic acid), Thioflavin T,
Heparin (H3393), dithiothreitol (DTT), acetonitrile, and Trifluoroacetic acid (TFA) were purchased
from Sigma Aldrich (St Louis, MO, USA); Tubulin (T240) was purchased from Cytoskeleton (Denver,
CO, USA), italian distributor Societa italiana chimici (Rome, IT).

4.2. Methods

4.2.1. Protein Expression and Purification

In this work we used the following tau4RD (Q244-E372 plus initial Met) protein variants: tau4RD
C291A, C322A (here named tau4RDAC) and tau4RD C291A, C322A, K353C, here named tau4RD(353).
The two proteins were expressed without affinity tag and purified as described in [30].

The ubiquitin mutants K48R, K63R, D77 were produced with the same protocol used for wild-type
ubiquitin that is described in [44].

The recombinant enzymes human His-tagged E1, GST-tagged E2-25K, yeast His-tagged Mms2,
yeast GST-tagged Ubcl3 were produced as previously described [45]. In the present work, the GST tag
was removed from the E2-25K protein by incubating the clean fusion protein attached to the GSH-resin
with thrombin.

To obtain a ubiquitin bearing an aminoethanethiol C-terminal group (Ub-SH) required for the
disulfide-coupling reaction, we first produced a chimeric protein where ubiquitin was cloned to the
N-terminal of the GyrA intein in a pET22 vector. In this way, the chimeric protein has a C-terminal
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His-tag. The Ub-intein-His protein was produced in BL21(DE3) cells at 37 °C overnight in auto-inducing
medium and purified by immobilized nickel affinity chromatography (IMAC) according to standard
protocols. Cleavage of Ub-SH was obtained by incubating the clean fusion protein in a buffer at pH 7.5
containing: Tris-HCl 20 mM, EDTA 1 mM, cysteamine 40 mM, and Tris(2-carboxyethyl)phosphine
(TCEP) 3 mM for 48 h at 10 °C. Ub-SH was further purified by reverse -IMAC and a superdex-75 gel
filtration column when required.

4.2.2. Production of Di-Ubiquitin Chains

Di-ubiquitin chains (Ub,) were obtained from Ub variants through enzymatic reactions, with the
strategy described in [46,47]. The reaction buffer contained 50 mM Tris HCI pH 8.0, 5 mM MgCl,,
10 mM ATP, 3 mM TCEP, 0.02% NaNj3 and protease inhibitors. The ubiquitin variants K48R+D77
and K48R+UbSH were used as building blocks for the reconstitution of Ub,(48) and Ub,(48)-SH,
respectively. For the assembly of these K48-linked chains, we used 1 pM E1 and 20 uM E2-25K.
The ubiquitin variants K63R+D77 and K63R+UbSH were used to assemble Ub,(63) and Ub,(63)-SH,
respectively. For these K63-linked chains, we used 1 uM E1, 25 uM Ubc13 and 25 uM Mms2. After
reaction, we incubated the solutions with 0.2% perchloric acid to obtain precipitation of most of the
enzymes. Then, SP cation-exchange and superdex-75 gel filtration were performed to obtain the pure
di-ubiquitin chains.

4.2.3. Disulfide-Coupling Reaction

First, Ub,(48/63)-SH chains were activated with 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB).
Typically, 4-6 mg of DTNB were dissolved in 3 mL of 100 mM Hepes buffer pH 7.0 containing
Ub,-SH at a concentration of 1-2 mg/mL. After incubation at 10 °C overnight, the obtained
Ub,(48/63)-S-(2-nitro-5-thiobenzoic acid) (hereafter Ub,(48/63)-S-TNB) disulfide adducts were purified
by desalting. The activated proteins were verified by MALDI (Figure 4a,b).

Then, the Ub,(48/63)-S-TNB disulfide adducts were incubated with tau4RD(353) in equimolar
amount in 100 mM Hepes buffer pH 7.0, for 20" at 25 °C. The Ub,(48/63)tau4RD(353) disulfide conjugates
were then purified by SP-ion exchange chromatography and verified by MALDI (Figure 4c,d).

It is important to note the thiol containing proteins Ub,(48/63)-SH and tau4RD(353) were first
incubated with a large excess of DTT that was then properly removed by size exclusion chromatography
just before the disulfide coupling reaction.

The procedure to obtain mono-ubiquitinated tau protein at position 353 (Ub-tau4RD(353)) by a
similar disulfide-coupling strategy is described in [30].

4.2.4. Thioflavin T Aggregation Assay

Thioflavin T aggregation assays were carried out in 96-well dark plates in a Tecan Infinite
M200PRO Plex plate reader at 30 °C with cycles of 30 s of orbital shaking at 140 rpm and 10 min of rest
throughout the incubation. ThT fluorescence measurements were taken every 11 min, using excitation
wavelength of 450 nm and recording fluorescence emission at 480 nm.

Samples contained 0.01 mM proteins in 20 mM sodium phosphate buffer at pH 7.4 and 50 mM
NaCl (with 0.02% NaNj and protease inhibitors with EDTA), incubated with equimolar amount of
heparin and ThT. Samples containing tau protein variants were filtered through a 100 kDa cut-off
filter (Sartorius) to remove pre-existing large oligomers. Each measurement was performed in three
replicates. The aggregation curves were analyzed by fitting each individual experimental data set with
the following sigmoidal function [48]:

vf

Y=Y s/
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where y is the fluorescence intensity as a function of time ¢, y; and y¢ are the intercept of the initial and
final baselines with the y-axis, fy 5 is the time needed to reach halfway through the elongation phase
and T is the elongation time constant. The lag time is defined as tj,5 = fo5 — 27. The values reported in
the text correspond to the mean + SD of the individual values computed separately on each curve.

Analysis and figures production were carried out with GraphPad Prism 7 (GraphPad Software
Inc., La Jolla, CA, USA).

4.2.5. TEM Analysis

Ub,(48)tau4RD(353) sample was further purified by HPLC-reverse phase C18 done with TFA
0.1%/acetonitrile gradient, before buffer exchange to the aggregation buffer.

Samples of Ub,(48/63)tau4RD(353) conjugates, tau4RDAC, and Ub.tau4RD(353) were incubated
at concentration of 0.05 mM in 20 mM sodium phosphate buffer at pH 7.4 and 50 mM NaCl (with 0.02%
NaNj3 and protease inhibitors with EDTA) at 37 °C without agitation, with the addition of equimolar
amount of heparin as aggregation initiator. After 48 h of incubation, we used 100 kDa cut-off filters
(Sartorius, Aubagne, FR) to exchange the buffer to H,O mQ.

For TEM measurements, we used a Tecnai G? (FEI, Hillsboro, OR; USA) transmission electron
microscope operating at 100 kV, with the procedure described in [30]. Images were analyzed with the
Image] software.

4.2.6. Dot Blotting

Dot blotting of Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353) conjugates, tau4RDAC, and
Ub.tau4RD(353) at different aggregation times, using the anti-oligomer antibody A11 (ThermoFisher,
Waltham, MA, USA), was carried out according to the protocol described in [30].

4.2.7. Tubulin Polymerization Assay

The tubulin polymerization assay for tau4RDAC, Ub,(48)tau4RD(353) and Ub,(63)tau4RD(353)
was initiated by mixing in a 96-well plate 25 uM protein with tubulin (36 uM, in 100 uL total volume)
in MT assembly buffer (80 mM PIPES pH 6.9, 2 mM MgCl, and 0.5 mM EGTA) supplemented with
1 mM GTP. The plate was incubated at 37 °C for 4 min. Then, the polymerization was monitored by
measuring the absorbance at 350 nm every 30 sec, using a Tecan Infinite M200PRO Plex plate reader
(Ménnendorf, CH) at 37 °C. Each experiment was performed in triplicate.

4.2.8. Mass Spectrometry

Maldi TOF MS analysis was performed on a Bruker Ultraflextreme MALDI-TOF/TOF instrument
(Bruker Daltonics, Billerica, MA, USA) by the Centro Piattaforme Tecnologiche of the University of
Verona as previously described [30].
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Abbreviations

AD Alzheimer’s Disease

UPs Ubiquitin Proteasome System
MBD Microtubule Binding Domain
PHFs Paired Helical Filaments

NFT Neurofibrillary Tangles

DTNB 5,5’-Dithiobis(2-nitrobenzoic acid)
MT Microtubules
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Abstract: Ubiquitination is a representative, reversible biological process of the post-translational
modification of various proteins with multiple catalytic reaction sequences, including ubiquitin itself,
in addition to E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, E3 ubiquitin
ligase, deubiquitinating enzymes, and proteasome degradation. The ubiquitin—-proteasome system is
known to play a pivotal role in various molecular life phenomena, including the cell cycle, protein
quality, and cell surface expressions of ion-transporters. As such, the failure of this system can
lead to cancer, neurodegenerative diseases, cardiovascular diseases, and hypertension. This review
article discusses Nedd4-2/NEDD4L, an E3-ubiquitin ligase involved in salt-sensitive hypertension,
drawing from detailed genetic dissection analysis and the development of genetically engineered
mice model. Based on our analyses, targeting therapeutic regulations of ubiquitination in the fields of
cardio-vascular medicine might be a promising strategy in future. Although the clinical applications
of this strategy are limited, compared to those of kinase systems, many compounds with a high
pharmacological activity were identified at the basic research level. Therefore, future development
could be expected.

Keywords: salt-sensitive hypertension; ubiquitination; Nedd4L/Nedd4-2; epithelial sodium channel;
aldosterone sensitive distal nephron; excitation-transcription coupling

1. Introduction

Hypertension is a multifactorial disease determined by both genetic and environmental factors,
including dietary habit, and is a representative public health issue due to its high prevalence and risk
for cardiovascular diseases. The relationship between oral salt intake and elevation of blood pressure
were widely observed in clinical trials such as the INTERSALT Study [1], PURE Study [2], and others [3].
The salt sensitivity of blood pressure is defined as “a physiological trait present in rodents and other
mammals, including humans, by which the blood pressure (BP) of some members of the population
exhibits changes parallel to changes in salt intake” [4]. Genetic analyses for hereditary and familial
hypertension by positional cloning in the 1990’s revealed that ion transporters and their accessory
proteins, located in the renal tubules are responsible for the development of genetic hypertension [5].
Based on data from our own [6-14] and other [15-21] studies, we previously reported that important
factors in the pathogenesis of salt-sensitive hypertension include the mechanism of sodium reabsorption
in the renal tubule and the abnormalities that enhance this reabsorption. Furthermore, we also reported
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that angiotensinogen gene single-nucleotide polymorphisms (SNPs) might explain the pathogenesis
of this disease at the levels of molecular genetics, human evolution, developmental engineering,
and kidney physiology [7-9,11,12,22,23]. Currently, this report describes the already enforced and
ongoing investigations into epithelial sodium channels (ENaCs) in terminal nephrons and its regulatory
ubiquitinating enzyme, Nedd4L/Nedd4-2, based on our findings, which might provide significant
molecular insight into the onset and development of salt-sensitive hypertension.

2. Sodium Reabsorption in Terminal Nephrons

Lifton et al. determined that the genes involved in the development of hereditary human
hypertension are restricted to the sodium transporter and its associated proteins in the renal tubule [5].
The most important message that can be derived from this finding might be the fact that the first hit
in the development of naturally occurring hereditary hypertension in human is due to the enhanced
sodium reabsorption mechanism in the renal tubule. We considered that the mechanism of sodium
reabsorption in tubules need to be understood to determine the genetic factors involved in salt-sensitive
hypertension, i.e., “hypothesis-driven approaches”, which is the purpose of this review.

The function of the kidney is to produce urine by ultrafiltration, during which the primitive urine
passes through the renal tubules, and the quality and quantity of the body fluids and electrolytes are
maintained through concentration by water re-absorption, appropriate reabsorption of electrolytes,
and appropriate secretion of the bicarbonate ions [24,25]. Most sodium ions in the serum are filtered
into primitive urine and at the rate according to the nephron segments; >99% of the sodium that
is reabsorbed and ultimately filtered in each segment of the renal tubules is excreted into urine.
Considering the mechanism that regulates sodium reabsorption, it can be divided into two segments
involving the glomerulus-proximal, tubule-loop of the Henle-distal tubule to the macula densa and the
tubules distal to the macula densa (connecting tubules, cortical collecting tubules).

During the first part of the process, >90% of the ultrafiltered sodium is reabsorbed. A physiological
regulatory mechanism of the renal microcirculation (tubulo-glomerular-feedback; TGF) between the
macula densa and the afferent arterioles, detects the chloride ions in the renal tubular fluid flowing
into the distal nephron and imports the anions, thus adjusting the diameter of the afferent arterioles.
By adjusting the diameter of the afferent arterioles according to the difference between the amount of
filtered and reabsorbed sodium chloride (NaCl), the glomerular filtration pressure and amount were
adjusted, and the glomerular filtration rate was maintained according to the oral salt intake. A myogenic
reaction specific to the afferent arterioles occurs, in which the smooth muscle around the arterioles
reflexively contracts due to the blood flow brought to the afferent arterioles, which regulates the
diameter of the afferent arterioles. Similar to TGF, this mechanism adjusts the diameter of the afferent
arterioles and maintains a constant glomerular filtration pressure and volume. Moreover, the renal
tubules distal to the macula densa are collectively called aldosterone-sensitive-distal nephrons (ASDN),
and sodium reabsorption is fine-tuned by the regulation of the expression of sodium ion transporters
on the apical side of renal tubular cells, mainly through the action of aldosterone, an endocrine factor.
Sodium reabsorption at this site comprises <5% of the total reabsorption, but because of an absent or
insufficient feedback/compensation mechanism as in TGF, abnormalities about sodium reabsorption
at this site is thought to cause blood pressure abnormalities such as the Liddle syndrome or type I
pseudo-hypoaldosteronism (type I PHA). Conversely, abnormalities in sodium reabsorption due to
irregularities in the ion transporter from the proximal tubule to the macula densa can be canceled
and corrected by powerful TGF and myogenic reactions. Even if such irregularities exist in nature,
they might not be recognized due to these physiological compensations.

The onset of salt-sensitive hypertension caused by an enhanced renal tubular renin-angiotensin
system (RAS) might be caused by abnormalities in the sodium reabsorption mechanism in the terminal
nephron, i.e., the ASDN. Our findings in the C57Bl16/] mice showed that angiotensinogen secretion
in the proximal tubular cells was enhanced as a result of the enhanced filtered sodium ion [9,11,12],
due to excess oral salt intake. We then proposed a model of the onset of salt-sensitive hypertension by
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paradoxically enhancing angiotensin II stimulation on the apical side of ASDN, in which the likely ion
transporter of the angiotensin II action was the epithelial sodium channels (ENaCs) [26-28].

The function of renal tubules, that comprise a highly differentiated and complex regulatory
system, is difficult to describe in a few words. However, their function can be summarized to facilitate
understanding, as follows [29-32]. The cellular effects of aldosterone are exerted through intracellular
mineralocorticoid receptors (MR) that bind not only to aldosterone, but also to the steroid hormone,
cortisol, to produce intracellular effects. As the plasma concentration of aldosterone is much lower than
that of cortisol, when competing for binding with MR under the same conditions, most MR probably
binds to cortisol. Thus, epithelial cells (such as renal tubule cells) that are sensitive to aldosterone express
11-BHSD2 (type 2 113-hydroxy-steroid dehydrogenase) and cortisol is converted into cortisone, thereby
losing its MR binding activity. As a result, aldosterone-specific cellular action can occur by reducing the
competitive inhibitory effect of cortisol on aldosterone with regards to MR. MR is expressed in nephrons
beyond the early distal convoluted tubule (DCT), but because 11-BHSD2 is expressed only in nephrons
after late DCT, the effects of aldosterone are not evident in early DCT. Mineralocorticoid receptors bind
cortisol, and the NaCl co-transporter (NCCT) that is sensitive to thiazide diuretics and that is expressed
in early DCT, is controlled by aldosterone to a lesser degree. Regulators of NCCT were discovered
in the Gordon syndrome (type II PHA) in which hereditary hypertension was thought to be due to
abnormal sodium reabsorption through the NCCT as well as abnormalities in WNK1 and WNK4 [33],
but details of the mechanism of hypertension onset remain unknown. Through consistent expression of
MR and 11-BHSD2, because “cortisol” was inactivated into “cortisone”, an aldosterone was able to
exert effects by binding to the MR in the nephrons below the late DCT. Thus, aldosterone regulates
the ENaC expression by binding to MR as ASDN, via the aldosterone-MR complex and through the
expression of regulatory factors known as AIP (aldosterone inducible protein), such as SGK1 (serum
and glucocorticoid-regulated kinase 1), in nephrons after late DCT.

The outline of sodium transport in the ASDN renal tubular epithelial cells is as shown [34] (Figure 1).
Na-K-ATPase are expressed on the basolateral side of all ASDN and functions, by ATP-dependently
pumping intracellular sodium out of cells and the uptake of potassium into the cell. As a result of this
sodium pump and K-ATPase, a transmembrane Na gradient arises, and the sodium is reabsorbed through
the ENaCs on the apical side. After intracellular uptake, potassium is secreted lumenally through the action
of the potassium channel ROMK. This channel was also under the control of aldosterone, and aldosterone
action in the renal tubule appears to act on potassium secretion as well as sodium reabsorption.

Na Apical Side
’ %: @3 “N\ubiquitination
K
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Figure 1. Schematic presentation of the ASDN epithelial cell is shown. ENaC is ubiquitinated by
Nedd4-2/Nedd4L, and subsequently degraded by proteasome. Aldosterone, insulin, and vasopressin
regulate ENaC gene expression via the basolateral side.
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3. ENaC and Regulation of ENaC Expression in Renal Tubular Epithelial Cells

’

As ENaC is inhibited by the diuretic amiloride, it is referred to as an “amiloride-sensitive”
epithelial sodium channel and is localized in epithelial cells with polarity. That is, it is expressed only
in the apical side of the distal tubule, the alveolar epithelium, and colonic mucosa. It comprises «, 3,
and v subunits, at a ratio of 1a:13:1y. The expression of its function requires all three subunits [29,35].
However, the a subunit alone or the combination of «f3 and «y generates a sodium current, albeit
incompletely. ENaC molecules have two transmembrane domains comprising an extracellular domain
with multiple glycosylation sites, a short NH2 terminus, and COOH terminus, within cells. All three
subunits have two proline-rich sequences (P1 and P2) called PY muotifs, at their COOH terminal.

The endocrine factors principally regulate intracellular ENaC expression. Inaddition to aldosterone
action through binding to MR, the action of vasopressin (ADH) secreted from the posterior pituitary
gland appears to regulate the expression of ENaC via V2 receptor-adenylyl cyclase-cAMP, as well as
insulin via the insulin receptor. As it acts on renal tubule cells through the blood stream, ADH acts via
a receptor present on the basolateral side [26-28]. Abnormalities in the ENaC gene result in diseases
such as cystic fibrosis, type I pseudohypoaldosteronism (type I PHA) [36], and Liddle syndrome [37].

4. Liddle Syndrome and ENaC

Liddle syndrome is a type of hereditary hypertension described by Liddle et al., in 1963, that has
an autosomal-dominant inheritance pattern similar to that of primary aldosteronism, without elevated
renin and aldosterone. Patients with Liddle syndrome exhibit hypokalemic alkalosis. The mechanism
of this disease was discovered by Lifton et al. in 1995. [38,39] They found a gene mutation common to
the P2 region of the proline-rich PY motif at the COOH terminus of 3 and y ENaC. In 1996, Staub et
al. [40] identified NEDD4 (neural precursor cell-expressed, developmentally, down-regulated 4) as
a ubiquitinating enzyme (E3) protein that binds to this PY motif. Subsequent studies showed that
NEDD4 ubiquitinates the Lys residue at the NH2 terminus by binding to the PY motif of ENaC, and the
ubiquitinated ENaC was internalized into the cells where it was transported to the proteasome and
was then degraded [41-43]. The post-translational modification and degradation of this protein is
critical for the expression of ENaC on the cell membrane surface, and its physiological half-life is
a maximum of one hour. A mutation of the PY motif results in impairments of ENaC ubiquitination
via Nedd4 inhibition, sustained ENaC expression on the cell surface membrane, and enhanced sodium
reabsorption; thus, a model of salt-sensitive hypertension was proposed. Snyder et al. concurrently
revealed a similar mechanism [44].

Sodium reabsorption mediated by ENaC in ASDN does not possess sufficient physiological
compensatory/feedback mechanisms such as TGF in the upstream nephron and the myogenic reaction
in afferent arterioles. Therefore, the sodium reabsorption mechanism fails due to a dysfunctional
ENaC-Nedd4 system, whether it is a gain or loss of function, and can eventually lead to abnormal
blood pressure, without effective intra-renal correction.

5. Background on NEDD4 and NEDD4L/Nedd4-2

The current paradigm of NEDD4L and salt-sensitive hypertension was confirmed, based on
the following—the discovery and naming of NEDD4L, ENaC as a binding factor with respect to
Liddle mutation, the discovery of KIAA0439 and NEDD4L (Nedd4-2), and our discovery of the human
NEDD4L C2 domain and the V13 G/A mutation [45] (Figure 2). These findings provide a basis for our
investigation, as described in the following.

Kumar etal. (1992) studied changes in gene expression during the development of neural precursor
cells, using subtraction cloning [46]. A group of discovered genes was named the “neural precursor
cell-expressed, developmentally, down-regulated” (NEDD) and the fourth among the molecules
numbered 1 to 10, in order of identification, was NEDD4, which Staub et al. (1996) found to be
associated with hypertension [40]. Using the yeast 2 hybrid method, they found that NEDD4 bound to
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the PY motif where the Liddle mutation of ENaC was concentrated, and that it was a specific ubiquitin
ligase of ENaC. Thereafter, NEDD4 was highlighted, but its significance shifted. With the discovery of
the mechanism of ENaC degradation and the failure of retrieval from the cell membrane during the
onset of Liddle syndrome, the gene encoding a protein related to this system is notable as a promising
candidate associated with salt-sensitive hypertension. However, NEDD4 was not a potential candidate
gene because, new findings came to light, which led to other insights into NEDD4/NEDD4L.

Schematic presentation of exon usage of each human Nedd4L isoform
(Chromosome 18)

""AJA- . "E‘:'-A\

04kb $16kb 45kb 2kb 65Kb4RS 1

Isoform| : Exon 1(ATG)-Exon 2-Exon 3-Exon 4-Exon 5-Exon 8-

Isoform Il : Exon1a(ATG)-Exon 2-Exon 3-Exon 4-Exon 5-Exon 8-

Isoform Il : (Exon 2a or Exon 2b-Exon 2d or Exon 2c)-Exon 3-Exon 4-Exon 5-Exon 8(ATG)-
Translation start codon (ATG) located in Exon 1 forisoform |, in Exon 1a forisoform I,
and in newly re-named Exon 6 forisform I1l, respectively.

Figure 2. Schematic presentation of exon usage of each human Nedd4L isoform is shown. Exon in dark
square shows the newly discovered exons through re-sequencing. Variant 13 (G—A) located at the end
of the newly discovered exon 1. Translation start codon (ATG) located in Exon 1 for isoform I, in Exon
1a for isoform 1II, and newly re-named Exon 6 for isoform III, respectively. (modified from [45]).

Ishikawa et al. (1997) sequenced and published 78 unknown cDNA sequences from a human brain
cDNA library [47]. Among these, Harvey and Kumar (2001) identified the KIAA0439 gene as having
a Hect domain with ubiquitin ligase activity, while analyzing a Nedd4-like gene in a database [48] and
found that it could ubiquitinate ENaC. Chen et al. also located a NEDD4L gene on human chromosome
18 with a 67% homology to human NEDD4 [49]. Around the same time, both Staub and Kamynina
et al. discovered Nedd4-2, which showed a high homology with Nedd4 (Nedd4-1) in mouse cultured
cells [31,50]. A comparison of binding between the WW domain and ENaC revealed that NEDD4-2
showed more ubiquitination activity, and that the endogenous ENaC negative regulator was likely to
be Nedd4-2 [50-52]. Thus, despite species differences between mice and humans, NEDD4-2 (NEDDA4L)
was essentially established as the main ubiquitinating enzyme in contrast to NEDD4, which was
conventionally regarded as the first ubiquitinating enzyme of ENaC.

While the model of the ENaC-NEDD4 system continued to shift towards NEDD4L/NEDD4-2,
we clarified significant differences that led to further findings. We and other authors, compared
human/mouse NEDD4/Nedd4 with NEDD4I/Nedd4-2 and found that NEDD4 had a C2 domain unlike
NEDD4L/Nedd4-2, which was a critical difference between the two molecules. However, phylogenetic
analyses of gene homology showed that human/mouse NEDD4I/Nedd4-2 (KIAA0439) has a high
homology with NEDD4 in Xenopus, which has only one NEDD4, and the NEDD4L gene was thought
to have appeared early during the evolutionary process. Based on this finding, the apparent difference
between the two genes could not be explained.

6. Human NEDDA4L Is a Causative Gene of Salt-Sensitive Hypertension

The ENaC-NEDDA4L system plays an important role in post-translational modification through
ubiquitination, which regulates the ENaC expression on the cell membrane of the terminal nephron.
Genetic analyses of the Liddle syndrome and hereditary hypertension found that ENaC, which is
restricted to the terminal nephron and regulates sodium reabsorption, and its regulatory protein,
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NEDDA4L, are promising candidate genes (NEDD4L) associated with salt-sensitive hypertension.
We focused on the importance of the ENaC-NEDDA4L system and selected NEDD4L as a target in a
genetic analysis of salt-sensitive hypertension.

Based on a draft sequence of human chromosome 18 determined using genomic cDNA expression
sequence tag (EST) data such as KIAA0439, Xenopus Nedd4 cDNA extracted from GenBank, Human and
Mouse EST, and other databases, we performed Basic Local Alignment Search Tool (BLAST) and
cross-match analyses. We searched for SNP by analyzing common polymorphisms determined by
re-sequencing the genomic DNA of 48 normotensive persons whose DNA samples were registered in
the HyperGEN network. We also analyzed human NEDD4L gene transcripts using RT-PCR, 5'RACE,
and quantitative PCR targeting human RNA. In addition to known exon-introns, including the ATG
codon, two exons (la and 1) for which the splice site on the genomic DNA sequence exon-end was
noted and an exon (exon 2) common to the transcription products from both, were discovered in
chromosome 18. Exon 2 had a high homology with the C2 domain of the ancestral Nedd4, such as that
in Xenopus and fugu and was thought to be a shared C2 domain that was conserved during molecular
evolution [45] (Figure 3).

The start codon ATG of KIAA0439 was found in exon 6 of the conventional gene and in exon
7 of the gene that we discovered. Genomic DNA re-sequencing revealed 38 SNP. Among these,
the 13th gene mutation (Variant 13 G/A) was found just before the exon 1 splice site. We spliced cDNA
synthesized from human RNA through RT-PCR, immediately after the G base in those with a G allele,
and the full-length C2 domain after exon 2 was encoded. In contrast, a frame shift occurred in those
possessing an A allele because the splice site moved downstream by 10 bases, ending at the stop codon
atexon 2. As a result, the gene product of exon 1 was knocked out (Figure 2). The results of the 5’RACE
analyses of mRNA from human kidney and adrenal tissues revealed six transcripts. Among these,
isoform I was a transcriptional product of exon 1, isoform II was a transcriptional product of exon 1a,
and isoform III was located between exons 2 and 3. Exon 2a encoded the transcription initiation site of
KIAA0439. Further analysis using quantitative PCR showed isoform I and II expression in the kidney
and lung, respectively, suggesting that it might be under tissue-specific transcriptional control [45].

Variant 13 G/A (rs4149601) generates splice variant of
human Nedd4L isoform |

Splice Product 1=human Nedd4L isoform I

ATGAGACGICTOGOAT TTGAGCAGGGAGAG ICCCG IATTCTCAGAG IAAMGHIGETICE

[MGAGACGICTOGCAT T TGAGOAG GIAACACTOGL] GIAAG OAC ([CGAGR
exonl Variast -l intronl " exon2

A

Splice Product 2

AGAGACGICTCGCAT TTGAGCAG GIAACACTCGGGAGAG ICCCGIAL TGA

Figure 3. Detailed analyses of variant 13G/A (rs4149601) generating the splice variant of human.
Nedd4L isoform I is shown. Splice site moves 10 base pairs and splice product 2 ends in the stop codon
in exon 2.(modified from [45]).

These results showed that the human NEDD4L gene expresses two isoforms each with a C2
domain and another without a C2 domain. Among these, isoform I is a gene product resulting from a
G/A mutation, a common variant, and isoform I was hypothesized to be associated with salt-sensitive
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hypertension. Therefore, we studied variant 13 (G/A) in 367 Japanese persons. An analysis based
on genotype, alleles, and three inheritance patterns revealed that the GG and G alleles significantly
correlated with essential hypertension. We then assessed the significance of the two types of C2
domains in the human Nedd4L gene and six types of transcriptional diversity. The results of a
related study of Japanese patients revealed that a variant 13 (G/A) mutation correlated with essential
hypertension [53-55]. In summary, the human NEDDAL gene is likely to be a causative gene of
salt-sensitive hypertension in humans [56-58].

7. NEDDA4L Is the Causative Protein of Salt-Sensitive Hypertension

We investigated the Nedd4L gene function in salt-sensitive hypertensive Dahl rats [59]. We initially
analyzed the transcriptomes of rat RNA using the 5 ‘RACE method, to determine whether or not the
Nedd4L gene in rats has a C2 domain. The results revealed an isoform with a C2 domain in rats and a
novel exon on rat genomic DNA. The C2 domain of rat Nedd4L was 100% identical to the human C2
domain. Northern blotting using a novel “isoform A” possessing a C2 domain and a probe of the WW
domain common to other isoforms, revealed the tissue-specific expression of Nedd4L gene transcription
products, especially of isoform A, the expression of which was localized in the kidneys, lung, brain,
and heart [59].

Changes in salt loading were examined by quantitative PCR and in situ hybridization. The results
showed that salt intake increased Nedd4L expression in normal DR rats, but did not alter Nedd4L
expression in salt-sensitive DS rats. The trend of Nedd4L expression determined by in situ hybridization
was similar in kidney tissues [59]. A study of human kidney tissues obtained under written
informed consent, showed that NEDD4L expression was restricted to late DCT and lower CNT,
CCD, and collecting renal tubules, as in rats, and this distribution was consistent with that of ENaC
expression, suggesting that NEDD4L is involved in the regulation of ENaC expression [60].

Subsequently, we performed in vitro functional experiments using heterologous gene expression
systems using Xenopus oocytes. Initially, we successfully cloned three isoforms of human NEDD4L
both with and without the C2 domain. A significant reduction in the amiloride-sensitive ENaC current
by isoform II and III with ENaC cRNA injected was observed, when either isoform II or IIl cRNAs were
injected into the Xenopus oocyte. The current was significantly restored when isoform I cRNAs were
coinjected with other isoforms, indicating the dominant negative effects of the isoform I product against
the downregulation of cell surface ENaC by isoforms II and III. Such interactions might abnormally
increase sodium reabsorption in ASDN, suggesting that the human NEDD4L gene, especially the
evolutionarily new isoform I, is a candidate gene for salt-sensitive hypertension in human [53,54,60,61].

8. Generation of Nedd4-2 C2 KO Mice and Discovery of Salt-Sensitive Hypertension with
Potential Contributions to Cardio-Renal Involvements

Lastly, we decided to develop genetic engineered model of salt-sensitive hypertension such as
Nedd4-2 (NEDD4L in human) using knockout mice and examined the detailed phenotypic manifestations
to determine the critical roles of Nedd4-2 in salt-sensitive hypertension. First, we determined genetic
variations of mice Nedd4-2 using in silico exploration of the transcriptional start site of the gene.
As reported previously, both human and rodent NEDD4L/Nedd4-2 showed molecular diversity,
with and without a C2 domain in their N-terminal. The NEDD4L/Nedd4-2 isoforms with a C2 domain
were hypothesized to be related closely to ubiquitination of ENaCs. I silico gene identification analysis
of mice Nedd4-2 C2 domain coding exon was performed using the BLAST and cross-match program.
Then, the sequences of EST and cDNA in the GenBank database (nr) were aligned and compared
with the sequence of mice Nedd4-2 exon 4, which was already known as the transcription start site of
mice Nedd4-2 without a C2 domain. Cross-match analyses were performed repeatedly between the
cDNA/EST sequences and genomic sequences, and the results were parsed with chromosome 18 of
C57Bl6/], to form a consistent assembly of EST, cDNA, and a genomic sequence. Thus, the expressed
sequence tag and cDNA alignment and the results of the in silico bioinformatic database analysis of
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Nedd4-2 on mouse chromosome 18q showed a newly identified exon2 coding the C2 domain of mice
Nedd4-2 [62].

Subsequently, we started to create a targeting vector for the newly discovered “exon 2”, which codes
the C2 domain of NEDD4-2 and generated genetically engineered mice without a C2 domain of
NEDD4-2 [62]. Mice without a NEDD4-2 C2 domain did not show any growth retardation or infertility.
We performed a detailed metabolic balance study and continuous blood pressure monitoring analyses,
using metabolic cages for individual mice and unrestrained telemetry systems. Under normal oral salt
intake, both the wild littermates and Nedd4-2 C2 KO mice did not show any phenotypic differences,
according to blood pressure, urinary sodium excretion, urinary osmotic pressure, urine volume,
and water intake. However, under high oral salt intake, Nedd4-2 C2 KO mice showed blood pressure
elevation with reduced urinary sodium excretion [62]. Detailed quantitative analyses for the mRNA
expressions levels along laser-captured urinary tubules showed a significant step-wise elevation of
ENaC mRNA expressions, in accordance with both their genetic background and oral salt intake,
which was abolished into the normal, through amiloride treatment [62]. ENaC mRNA expressions
were paradoxically enhanced, despite a high oral salt intake, with a condition of single exon ablation
for Nedd4-2 gene. These results suggested that ENaC itself act as a “sensor” of intra-tubular salt with
intra-tubular epithelial “excite-transcription coupling”, which might regulate ENaC gene expressions
paradoxically without the NEDD4-2 C2 domain [62]. This could be a pathological molecular mechanism
underlying the salt-sensitive hypertension.

As NEDD4-2 with C2 domain is expressed not only in renal tubular cells but also in cardiomyocytes
working as ubiquitinating enzyme for voltage-gated sodium-channel, SCN5a, we performed subsequent
experiments examining the electrophysiological change of the heart after myocardial infarction, in mice.
Additionally, to determine detailed characteristics of salt-sensitive hypertension of the mice, we
tried a mineral corticoid receptor antagonist treatment for Nedd4-2 C2 KO mice. Finally, us and
other authors [63,64], have previously found that Nedd4-2 C2 KO mice showed eplerenone-resistant
salt-sensitive hypertension [65] and enhanced electrophysiological abnormalities, after myocardial
infarction [66], suggesting a pivotal role of the Nedd4-2 isoform with C2 domain for cardio-renal
association, with regards to target-organ damages of the subjects with salt-sensitive hypertension.

9. Summary

In summary, from earlier detailed re-sequencing experiments for the human NEDD4L gene [45],
we performed gene targeting experiments for the newly discovered exon, which encoded a C2
domain of mice Nedd4-2 [62]. Other experiments were performed including the discovery of a rodent
NEDDA4L gene C2 domain expressed along urinary tubules [59], heterologous gene expression in the
Xenopus oocytes experiments with dominant negative effects of newly discovered human isoform
1[60], the discovery of the NPC2 protein as a C2 domain binding protein in urinary tubules [61],
and a genetic association study for human hypertension [53-55]. Ultimately, we found that the lack
of single isoform of the gene caused a significant change in vivo, resulting in a higher oral salt intake
suppressing sodium excretion in urine and elevated blood pressures, the pathophysiology of which
is called “salt-sensitive” [62]. In accordance with human genetic studies, the impairment of tubular
sodium transport might be pivotal in the onset and development of salt-sensitive hypertension [65,66].

The author’s studies of NEDD4L were derived from a collaboration between 2000 and 2003 with
Professor Robert Weiss at the Eccles Institute of Human Genetics at the University of Utah. Professor
Robert Weiss is a bioinformatics expert who also participated in the Human Genome project, and some
of the results described herein were derived from in silico analyses. This is an example of the ability to
discover valuable information from vast databases using a desktop computer.

The Human Genome project was completed in 2003 which provided many insights, such as the fact
that only 30,000 to 40,000 genes are needed to create diverse humans, instead of the original prediction
of 100,000 to 120,000 genes. We found that one NEDD4L gene produces multiple transcripts. Thus,
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many genes might generate and maintain biological diversity via transcriptional diversity. The NEDD4L
gene is also notable as an example of transcriptome analysis after genomic and proteomic analyses.

Human NEDD4L might be the next candidate gene for salt-sensitive hypertension, following
angiotensinogen. Although there is currently insufficient evidence to fully support this hypothesis,
when the amount of information available about the NEDD4L gene becomes similar to that of
the angiotensinogen gene, the significance of the NEDD4L gene in the onset and progression of
salt-sensitive hypertension will surely be further clarified by investigating its functions in vitro, in vivo,
and clinically. Furthermore, therapeutic and diagnostic applications targeting the NEDD4L gene
should become available in the foreseeable future, including de-ubiquitination enzyme activating
agents for antagonizing human NEDD4L.
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Abbreviations

ASDN  Aldosterone Sensitive Distal Nephron
ENaC Epithelial Sodium Channel

EPL Eplerenone

DCT Distal Convoluted Tubule

CNT Conecting Tubule

CCD Cortical Collecting Duct

ROMK  Renal outer medullary potassium channel
SGK1 Serum/glucocorticoid regulator kinase 1
MR Mineral corticoid receptor

PKA cAMP-dependent protein kinase A
PDK Phosphoinositide-dependent kinase 1
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Abstract: Ubiquitination is a multi-step enzymatic process that involves the marking of a
substrate protein by bonding a ubiquitin and protein for proteolytic degradation mainly via the
ubiquitin—proteasome system (UPS). The process is regulated by three main types of enzymes, namely
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3).
Under physiological conditions, ubiquitination is highly reversible reaction, and deubiquitinases or
deubiquitinating enzymes (DUBs) can reverse the effect of E3 ligases by the removal of ubiquitin
from substrate proteins, thus maintaining the protein quality control and homeostasis in the cell.
The dysfunction or dysregulation of these multi-step reactions is closely related to pathogenic
conditions; therefore, understanding the role of ubiquitination in diseases is highly valuable for
therapeutic approaches. In this review, we first provide an overview of the molecular mechanism
of ubiquitination and UPS; then, we attempt to summarize the most common diseases affecting the
dysfunction or dysregulation of these mechanisms.

Keywords: ubiquitination; E3s; DUBs; UPS; cancer; neurodegenerative disease; immune-related
diseases

1. Introduction

Cellular functions are highly dependent on the precise control of a single protein abundance
within cells that is regulated by the equilibration of protein translation, folding, and degradation.
The ubiquitination of proteins is one of the most important post-translational modifications, in which
an ubiquitin, a small (8.6 kDa) regulatory protein, is attached to a substrate protein. This mechanism
maintains protein homeostasis by regulating the degradation of cellular proteins, such as short-lived or
long-lived regulatory proteins and damaged or misfolded proteins, mainly via the ubiquitin-proteasome
or the autophagosome-lysosomal pathway (autophagy). Moreover, ubiquitination is involved in
cellular processes by coordinating the cellular localization of proteins, activating or inactivating them,
and modulating protein—-protein interactions [1-3]. These effects are mediated by the addition of either
a single ubiquitin (monoubiquitination) or a chain of ubiquitin proteins (polyubiquitination) [4].

In recent years, a considerable amount of research has been focused on the understanding of
molecular action of ubiquitination in signaling pathways and how alterations in this mechanism
ultimately lead to the development of human diseases. In this review, we summarize current knowledge
of ubiquitination types and the sequential enzymatic cascade of ubiquitination as well as the involvement
of this cascade with proteasomal degradation, which is known as the ubiquitin-proteasome system
(UPS). Although protein homeostasis is regulated by the extensive crosstalk between the UPS and
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other degradation pathways (e.g., autophagy), the only focus of this review is providing insight into
the failure of accurately regulating cellular enzymatic and proteolytic processes in the most common
diseases, such as cancer, neurodegenerative, and immune-related diseases.

2. Ubiquitin and Ubiquitin Proteasome System (UPS)

Ubiquitin is a small, evolutionarily conserved 76 amino acid polypeptide encoded by four genes
(UBA52, RPS27A, UBB, and UBC) in mammals. This protein was first identified in the 1970s as
a protein of unknown function expressed in all eukaryotic cells; later on, the key features of this
protein, including its C-terminal tail and the seven Lysine (Lys-K) residues, were revealed in the
early 1980s [5-8]. The identification of ubiquitin—protein conjugates followed the discovery of the
ubiquitination pathway, which was initially characterized as an ATP-dependent proteolytic system.
ATP-dependent proteolysis factor 1 (APE-1) was found as a polypeptide that was capable of covalently
binding to protein substrates in an ATP- and Mg?*-dependent manner [9]. Afterwards, the APF-1
protein was named as ubiquitin.

Ubiquitination is initiated by the attachment of the last amino acid (Glycine-76) of a single
ubiquitin molecule to the Lys residue of one substrate protein that is called monoubiquitination. In case
of the addition of one ubiquitin molecule to multiple substrate residues, the mechanism is called
multi-monoubiquitination (Figure 1A). Indeed, monoubiquitination is required for the formation of a
ubiquitin chain on a single Lys residue of the substrate protein, which is known as polyubiquitination.
Moreover, polyubiquitin chains can be modified and turned into more complex structures by the
addition of ubiquitin-like proteins (e.g., SUMO “Small Ubiquitin-like Modifier “, NEDD “Neural
Precursor Cell Expressed Developmentally Down-Regulated Protein”) or some chemical modifications
(e.g., acetylation or phosphorylation) [9] (Figure 1B). In polyubiquitination, the ubiquitin protein
can be ubiquitinated on its seven Lys residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63)
or on its N-terminus, which leads to the formation of different ubiquitin chain topologies. In fact,
the ubiquitinated Lys residues as well as the ubiquitination of either the same (homotypic) or the
different Lys residues (heterotypic) determine the fate of the substrate protein (Figure 1B). In other
words, Lys63-linked polyubiquitin chains are associated with non-proteolytic cellular functions such
as inflammation, protein trafficking, or DNA repair, while Lys48-linked polyubiquitin chains target
substrates that are mostly related to the proteasomal degradation, such that the Lys48-linked ubiquitin
chain can be recognized by a specific subunit of the proteasome [10].

The enzymatic mechanism of ubiquitination occurs in a proteolytic and non-proteolytic pathway
consisting of three main steps: activation (E1), conjugation (E2), and ligation (E3) (Figure 2A). Initially,
the binding of an El-activating enzyme with a thioester bond activates ubiquitin in an ATP-dependent
manner. Then, ubiquitin is transferred from an El-activating enzyme to the E2-conjugation enzyme;
thereafter, the E2 enzyme binds to the substrate-bound E3 ligation enzyme, resulting in a covalent
attachment between the C-terminal of ubiquitin and the target substrate. As the cycle repeats,
a polyubiquitination chain is formed, and the polyubiquitinated substrate is transferred to the
proteasome for proteolytic degradation [11]. Considering the essential role of this enzymatic pathway
in the protein homeostasis in the cell, three different enzymes (E1, E2, and E3) have been the subject
of detailed research in the last decade. According to current knowledge, there are two E1 and
approximately 40 E2 genes that exist in the human genome. Besides, more than 600 E3 ligase genes
that are critical for the balance between ubiquitination and deubiquitination are known in the human
genome [12,13]. E3 ligases are devided in three distinct groups based on their catalytic domains.
The first group of E3s contains two domains: Really Interesting New Gene (RING) and UFD2 homology
(U-box). The RING E3s domain coordinates Zn2* binding and recruits the ubiquitin-charged E2,
while the U-box E3s domain acts in a similar manner without Zn2+ coordination. The second group of
E3s includes the homologous to E6-AP carboxyl terminus (HETC) domain. This domain consists of
C (contains a catalytic cysteine) and N (recruits ubiquitin-charged E2) lobes that can be modulated
depending on the cellular pathway. The third and last group of E3s has a RING-between-RING (RBR)
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motif. RING1 recruits the ubiquitin-charged E2 and transfers ubiquitin to catalytic cysteine of RING2
that conjugates ubiquitin to the substrate [14]. It is worthy of note that E3 ligases are the well-studied
enzyme in this enzymatic cascade, which is most probably due to its critical role in protein quality
control and homeostasis in the cell.
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Figure 1. Types of Ubiquitination. (A) Monoubiquitination, (B) Polyubiquitination.

The proteasomes (26S proteasome) are large and multi-catalytic proteases that are composed of
a 20S barrel-shaped core complex and a 19S regulatory complex. Protein degradation occurs in the
20S complex, which consists of four stacked hollow rings, each of which has coordinately functional
distinct subunits: outer « rings and inner (3 rings (Figure 2B). Outer « rings contain seven « subunits,
and these subunits are controlled by the binding of cap structures that recognize polyubiquitin tags on
the substrate proteins. 3 subunits contain three to seven protease active sites involved in degradation
processes. Notably, the 20S proteasome has also a critical role in the dissociation of ubiquitin proteins
from the substrates via deubiquitinating enzymes (DUB) [15]. Once the ubiquitinated proteins reach
the 19S regulatory complex, this complex delivers them to the 20S proteasome. The 19S proteasome
has 18 different subunits, and its central part consists of six ATPases that bind to substrate proteins
for degradation, unfolding, and translocation into the 20S complex [16]. As a final process, proteins
are degraded into polypeptides, which are then chopped into small fragments and ultimately into
the single amino acids by the activation of peptidases [17]. The overall system of ubiquitination and
proteasomal degradation is known as the ubiquitin-proteasome system (UPS).

Ubiquitination is a reversible and dynamic phenomenon. Deubiquitinating enzymes (DUBs)
are a large group of proteases that can partially or completely remove ubiquitin and ubiquitin-like
proteins NEDD and SUMO from the target substrate. Currently, 100 DUBs are encoded by the human
genome, and they are classified into six different groups: ubiquitin-specific proteases (USPs), ubiquitin
COOH-terminal hydrolases (UCHs), Machado—-Joseph Domain (Josephin domain)-containing proteins
(MJD), the JAB1/MPN/MOV34 family (JAMMs), motif interacting with Ub-containing novel DUB
family (MINDYs) [18], and ovarian tumor proteases (OTUs) [19]. DUBs are critical for the regulation
of cell survival, immune response [20], and cell differentiation [21,22]; therefore, they are considered as
potential drug targets in various diseases.
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Figure 2. Ubiquitin proteasome system (UPS). (A) Enzymatic reaction of ubiquitination. For activation
of the ubiquitination process, the E1 enzyme makes a thioester bond with the ubiquitin molecule,
and the required energy is supplied by the hydrolysis of ATP. In the conjugation step, the ubiquitin on
the E1 enzyme is transferred to the E2 enzyme. Finally, the substrate-E3 enzyme bond is involved,
and the C-terminal of the ubiquitin molecule makes a covalent bond with the substrate, which is bound
to the E3 enzyme. (B) Structure of proteasome and degradation of ubiquitinated substrates. The 26S
proteasome has a multicomplex structure that is composed of a 19S regulatory units and a 20S catalytic
core unit. In the 19S regulatory complex, the ubiquitinated proteins are unfolded, and ubiquitin tags
are separated from the protein by deubiquitinase enzymes. Consequently, the unfolded polypeptide
chain is delivered to the 20S catalytic core complex where they are degraded into small peptides.

In the following sections, we would like to emphasize the current understanding of the dysfunction
or dysregulation of ubiquitin enzymes and proteasomal degradation in several common diseases.
Since the subject is too broad, we try to narrow down the topics by focusing specifically on E1, E2, and E3
enzymes, DUBs, UPS, and their association regarding the progression of cancer, neurodegenerative
diseases, immune regulation, and immune-related diseases.
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3. Ubiquitination-Mediated Regulation in Cancer

Increasing evidence demonstrates the implication of ubiquitin enzymes in carcinogenesis.
Although there are plenty of studies about E1 and E2 enzymes in cancer development, most of
them focus on E3 ligases. In these studies, El-activating enzymes are often used for targeting the
inhibition of the UPS in cancer treatment [23,24]. On the other hand, E2-conjugated enzymes have been
reported in cell cycle stimulation, DNA repair, and the induction of oncogenic signaling pathways
during cancer progression via its distinct members: UBE2A, UBE2C, and UBE2D1. Although the
overexpression of these E2 enzymes is highly correlated with a poor prognosis of pancreas, lung, breast,
skin, and thyroid cancers, several E2 inhibitors have been developed [25]. To date, several compounds
were reported to target E2 enzymes as a new class of potential treatment for cancer patients (Table 1).
These compounds target the conjugation of E2 enzymes to their substrates [23,24].

Table 1. Summary of compounds targeting E2 enzymes.

Compounds Targeted E2 Enzyme References
CC0651 Ube2R1 [26]
Leucettamol A U].:)C13_U?V1A [27]
interaction
Manadosterols A and B Ude_U?VlA [28]
interaction
BAY 11-7082 Ubcl3 [29]
UBC12N26 UBC12-NAE binding [30]
Sumoylation Inhibitors Ubc9 [31]
Suramin Cdc34-CRL interaction [32]
NSC697923 Ube2N [29]
Honokiol UbcHS8 [33]
Triazines Compounds Rad6B [34]

Ube2R1: Ubiquitin-Conjugating Enzyme E2, R1, or Cdc34, Ubcl3: Ubiquitin-Conjugating Enzyme E2N,
UBC12: NEDD8-Conjugating Enzyme, Uev1lA: Ubiquitin-conjugating enzyme E2 variant 1A, NAE: NEDD8
activating enzyme, Ubc9: Ubiquitin-Conjugating Enzyme 9, CRL: Cullin-RING E3 ubiquitin ligases, Ube2N:
Ubiquitin-Conjugating Enzyme E2N, UbcH8: Ubiquitin Conjugating Enzyme E2 L6, Rad6B: Ubiquitin-conjugating
enzyme E2 B or Ube2B.

In contrast to E1 and E2 enzymes, accumulated data exist regarding the role of E3 ligases in cancer.
FBW? (or SCFFBW?) is an E3-ubiquitin ligase and a substrate recognition component of SCF, regulating
many pro-oncogenic proteins and pathways, such as c-Myc, Cyclin E, mTOR, and Notch [35-37].
The phosphorylation of Thr58 and Ser62 residues via FBW7 was shown to be an important regulation for
the proteasomal degradation of c-Myc, and the mutation of Thr58 residue causes the tumor progression
in Burkitt’s lymphoma [38,39]. Relatively, in chronic myelogenous leukemia (CML), the deletion of FBW7
enhances the expression of c-Myc; it also leads p53-dependent apoptosis in human leukemia-initiating
cell (LIC), and eventually, tumorigenesis is inhibited [40]. Moreover, FBW7 inhibited the activity of
an oncogenic protein, enhancer of zeste homolog 2 (EZH?2); hence, it restrained the migration and
invasion of the pancreatic tumor by degrading EZH2 in a FBW7-dependent manner [41]. FBW7 was
also associated with the mTOR pathway, in such a way that mTORC2 inhibition induces lipogenesis
through the FBW7-mediated degradation of sterol regulatory element-binding protein 1 (SREBP1),
which in turn decelerates tumor progression in lung, thyroid, melanoma, and cervical cancer [42].
Additionally, suppressing Notch signaling by FBW7 inhibits the improvement of cancer in adult T-cell
leukemia lymphoma (ATLL) [43]. Consistent with the previous observations, the decreased expression
level of FBW7 has been demonstrated in other types of cancer, including hepatocellular carcinoma [44],
colorectal cancer [45], esophageal squamous cell carcinoma [46], etc. Although many studies strongly
support the protective role of FBW7 in cancer, there is still controversy whether targeting FBW7 with a
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drug promotes or inhibits cancer, since an impairment of FBW?7 function in cancer cells was shown
to induce chemoresistance by stabilizing oncoproteins [47]. Thus, extensive research is necessary to
clarify its drug-resistant role for therapeutic approaches.

MDM2 (Mouse double minute 2 homolog) is another E3 ligase that is involved in cancer.
Under normal physiological conditions, the phosphorylation of tumor suppressor protein p53 restrains
MDM2-p53 binding and further leads to the overexpression of p53 protein in the cells. In cancer
cells, MDM2 polyubiquitinates p53 and cause its proteasomal degradation, which is one of the most
frequently altered pathways in human cancers [48,49]. Accordingly, the overexpression of MDM2
has been observed in many cancer types, and thus it has been attracted as a drug target for cancer
therapy [50,51].

APC/C, Cdc20, Cdhl, BTrCP, and Skp2 are several E3 ligases that have been suggested to be
potential therapeutic molecules in breast cancer. Anaphase Promoting Complex/Cyclosome (APC/C)
has two co-activators: Cdc20 and Cdhl. Cdc20 was shown as a prognostic candidate for breast cancer
because of its elevated Cdc20 mRNA expression level and its correlation with increased tumor size
in cancer patients [52]. Moreover, the inhibition of Cdc20 prevented the migration of breast cancer
cell lines and consistently, the overexpression of Cdc20 accelerated the metastatic ability of cancer
cells in in vitro conditions [53]. Cdh1 is also dysregulated in breast cancer and melanoma, causing an
impairment in genome stability and DNA damage response [54]. The very well-known role of Cdh1 is
delaying G1 to S transition in cell cycle regulation via targeting Cdc25A, Skp2, and USP37, which makes
it a key protein for cancer development [55]. Similarly, the overexpression of BTrCP (Beta-Transducin
Repeats-containing Proteins) was observed in breast and prostate cancer. The underlying molecular
basis of BTrCP in breast and prostate cancer is that 3TrCP targets the MTSS1 (metastasis suppressor 1)
protein and impedes its degradation by UPS, thus promoting tumorigenesis. Therefore, in aggressive
breast and prostate cancer, the prevention of MTSS1 degradation is considered as a potential treatment
approach for these types of cancer [56]. Furthermore, BTrCP was found to be associated with lung
cancer by ubiquitinating its one of the targets, FOXN2 (Forkhead box transcription factor), which plays
a role in cell proliferation and radiosensitivity in lung cancer [57] Additionally, it was shown that
BTRCP stimulates the ubiquitination and degradation of VEGF (Vascular Endothelial Growth Factor)
receptor 2, thereby inhibiting angiogenesis and the migration of papillary thyroid cancer cells [58].
Considering the reported data about TRCP, its effect in cancer regulation seems to be either positive or
negative in a context-dependent manner. Lastly, Skp2 is an oncogene, functioning in the ubiquitination
of programmed cell death protein 4 (PDCD4) and inhibiting apoptotic cell death. The enhanced
expression of Skp2 was observed in breast and prostate cancer, thereby, therapeutic approaches
combining radiotherapy and Skp2 targeting were suggested for breast cancer patients [59].

In fact, the data for prostate cancer obtained from various in vitro and in vivo studies imply a
scenario in which several E3 ligases are involved in reciprocal interaction between distinct pathways
that lead to carcinogenesis. For instance, SPOP (Speckle-type PO2 Protein) E3 ligase promotes ATF2
(Activating Transcription Factor 2) ubiquitination and degradation under normal conditions; however,
defective SPOP function induced cell proliferation and invasion [60]. In aggressive prostate cancer,
TRIM2S8 (tripartite motif28) E3 ligase is upregulated and promotes cell proliferation. SPOP was also
shown to prevent the interaction of TRIM28-TRIM24 ligases via ubiquitination [61]. E6AP is another
important E3 ligase, managing proteasomal degradation of tumor suppressor promyelocytic leukemia
protein (PML). The suppression of E6AP results in the reduced growth of prostate cancer cell lines in
in vitro conditions, whereas it promote cell senescence in in vivo models. In addition, the knockdown
of E6AP was found to make cells more prone to radiation-inducing death [62]. Actually, the underlying
mechanism of the tumor-promoting function of E6AP highly depends on its targets. For instance,
E6AP targets a cell cycle regulator p27 and inhibits its expression via the E2F1-dependent pathway [63].
On the other hand, E6AP targets the metastasis suppressor NDRG1 (N-Myc Downstream Regulated 1)
that was reported in mesenchymal phenotypes of prostate cancer. Pharmacological agents suppressed
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E6AP-induced cell migration by increasing NDRG1 expression, indicating the EEAP-NDRGI axis as
an appealing target for prostate cancer therapy [64].

TRIM proteins are one of the largest subfamilies of E3 ligases directly involve in cancer by
controlling cell cycle transition and regulating different oncogenic pathways [65]. Recently, the TRIM7
protein has gained attention in cancer studies, because of its association with Ras, Src, and NF-«B
signaling pathways. In hepatocellular carcinoma models, cancer progression was suppressed by TRIM?,
which was negatively regulating overactive Src [66]. Besides, a clinical study showed a decrease of
Trim7 mRNA expression comparing adjacent normal cells in patients with lung cancer. Thus, the TRIM7
expression has been described as a negative regulation in lung tumors. At the molecular level, TRIM7
promoted apoptosis via the NF-kB signaling pathway and suppressed the proliferation and migration
of cancer cells [67]. However, in the Ras-driven lung cancer model, transgenic overexpression of the
Trim7 gene increases the tumor size, while TRIM7 protein deficiency leads to a decrease in tumor growth.
The reason was that Ras signaling promoted AP-1 transcription factor activation and stimulated TRIM?7
protein that tagged ubiquitin to its co-activator RACO-1 and stabilized it [68]. HUWEI is another
E3 ligase that is highly expressed in lung cancer. Inhibition of this E3 ligase activity gave rise to
the prevention of cell proliferation and colony formation because of elevated p53 expression [69].
Very recently, the structure and function of HUWEL1 and potential drug development targeting the
HUWE1-p53 axis were reviewed in a large perspective by Gong et al. [70].

One of the most studied E3 ligases, Park2, has been studied in several types of cancer.
In hepatocellular carcinoma, defective Park2 function causes abnormal hepatocyte proliferation
and leads to avoiding cancer cells from apoptotic cell death [71]. Moreover, the deletion or insufficient
expression of Park?2 is often described in human glioma, which is correlated with poor survival rates in
these patients [72].

Recently, deubiquitinases (DUBs) have gained substantial interest as anticancer agents due to their
ability to target and catalyze ubiquitin on the substrate proteins. It was reported that the activation or
inactivation of specific DUBs, particularly ubiquitin-specific proteases (USP), a major subfamily of
DUBs, induced apoptosis in cultured tumor cells [73,74]. Relatively, the overexpression of DUBs was
shown in various types of cancer [75]. However, several DUBs were reported as a tumor promoter,
such as USP7, USP15, and USP32; some of them were classified as cancer-associated DUBs, such as
DUB3, USP19, and USP25 [76-78]. Importantly, the coordinative action of DUBs and E3 ligases has
also been reported in some cancer types. For instance, USP18 was shown to promote breast cancer
growth by activating the Skp2/AKT pathway [79].

In breast cancer, the elevated levels of USP37 regulate stemness and cell migration via the
hedgehog pathway [58]. Moreover, USP37 induces c-Myc activity by suppressing its degradation,
while the inhibition of USP37 increases c-Myc recycling in lung cancer [80]. In contrast, c-Myc
inactivation is controlled by the USP28 deubiquitinase [81]. USP7 is commonly found in aggressive
brain tumors, leading to p53 stabilization and inhibiting cell death [82]. This mechanism is suppressed
by a synthetic drug, 7-chloro-9-oxo-9H-indeno [1,2-b]pyrazine-2,3-dicarbonitrile (HBX 41108). In cancer
cells, HBX 41108 treatment increases p53 transcription and recovers p53-mediated cell death. Moreover,
USP7 inactivates the ubiquitinated form of Lysine-specific demethylase 1 (LSD1) and promotes cell
proliferation through the suppression of cell cycle arrest in brain cancer cells [83]. On the other hand,
USP39 influences the function of transcriptional co-activator with PDZ-binding motif (TAZ), which is
one of the Hippo tumor suppressor pathway’s proteins. Besides, USP39 inhibits TAZ mRNA expression
and promotes tumor growth in glioma [84]. Furthermore, the inhibition of USP14 by a specific inhibitor
b-AP15 results in the blockage of cell proliferation through the activation of cell cycle arrest in cancer
cells [85,86]. USP14 inhibition also increases the effect of chemotherapeutic agent cisplatin in gastric
cancer cells [87]. An in vivo study about the ubiquitin C-terminal hydrolase 5 (UCHL5) and USP14
inhibition by a nickel pyrithione complex displays the suppression of tumor growth in human acute
myeloid leukemia [88].
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Recent studies showed that OTU deubiquitinases can act as either positive or negative regulators
in different types of cancer. For instance, OTU deubiquitinase 3 (OTUD3) expression level decreases
directly via microRNA-32 targeting, which leads to enhanced proliferation in the HCT116 colorectal
cell line [89]. On the other hand, the overexpression of ubiquitin aldehyde binding 1 (OTUB1) was
detected in colorectal cancer tissues, which induced the metastasis both in vivo and in vitro studies via
triggering the epithelial-mesenchymal transition [90]. In lung cancer, OTUD3 overexpression induced
tumorigenesis by stabilizing glucose-regulated protein 78 (GRP78). In addition, Carboxyl terminus of
Hsc70-Interacting Protein (CHIP) was found as a negative regulator of OTUD3, and it suppressed the
metastasis of lung cancer [91]. Furthermore, the overexpression of OTU domain containing 4 (OTUD4)
was revealed to suppress the migration, proliferation, and invasion of cancer cells in breast, liver, and
lung via the stimulation of apoptosis by blocking the AKT signaling pathway [92].

DUBs are highly specific proteases that act against ubiquitin activity, and their function is crucial for
UPS to maintain protein homeostasis. The UPS includes E3 ligases, DUBs, ubiquitin hydrolases, and the
proteasome itself. In order to recover proteasomal function, several types of proteasome inhibitors have
been investigated, and most of these mainly prevent the excessive degradation of tumor-suppressor
proteins. Thiostrepton, dexamethasone, 2-methoxyestradiol, d-tocotrienol, and quercetin are such
inhibitors, which are sufficiently used for the treatment of cancer cells in liver, pancreas, prostate, breast,
lung, and melanoma [93]. However, many types of cancer cells are still resistant to those proteasome
inhibitors. In line with the current knowledge, there is a consensus on the concept that DUBs generally
act as positive regulators in cancer progression. Thus, DUBs may be an ideal candidate for therapeutic
approaches in cancer cells, which are resistant to proteasome inhibitors.

The discussed E3 ubiquitin—protein ligases and DUBs in related cancer types are summarized
in Table 2.

Table 2. Summary of related gene expressions of discussed E3 ubiquitin—protein ligases and
deubiquitinases or deubiquitinating enzymes (DUBs) in specific types of cancer.

E3s and DUBs Disease Association Related Gene Expression Ref

Hepatocellular carcinoma,
FBW7 colorectal cancer, esophageal Underexpressed [44,45]
squamous cell carcinoma

MDM2 Breast cancer Overexpressed [50]
Cdc20 Breast, pancreatic cancer Overexpressed [94]
APC/C(Cdh1) Breast cancer, melanoma Downregulated [95,96]
BTrCP Breast, prostate, lung cancer Expression depends on tissue type [97,98]
Skp2 Breast cancer, prostate cancer Overexpressed [99,100]
SPOP Prostate cancer Downregulated [101,102]
E6AP Prostate cancer, cervical and Expression depends on tissue type [103,104]

lung cancer

TRIM7 Lung cancer Expression depends on tissue type [67,68]

Lung, breast,

HUWE1 and colorectal carcinoma Expression depends on tissue type [105-107]
Park2 caS:liiri);:;l,}I:rI:;tlgilpl)l}l}s;a Underexpressed [71,108]
usP7 Prostate cancer, brain tumors Overexpressed [78,82]

USP14 Gastric cancer Overexpressed [87]
USP15 Breast Cancer Overexpressed [109]
USP18 Breast cancer Overexpressed [79]
USP32 Breast cancer Overexpressed [76]
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Table 2. Cont.

E3s and DUBs Disease Association Related Gene Expression Ref
uUsP37 Breast and lung cancer Overexpressed [80,110]
USP39 Glioma Overexpressed [84]

OTUD3 Colorectal and lung cancer Expression depends on tissue type  [89,91,111]
OTUB1 Colorectal cancer Overexpressed [90]
OTUD4 Breast, liver, and lung cancers Overexpressed [92]

Fbw?7: F-Box/WD Repeat-Containing Protein 7, Mdm2: Mouse double minute 2 homolog, TRIM7: Tripartite
motif-containing 7, SPOP: Speckle-type BTB-POZ protein, Cdc20: cell division cycle protein 20, APC/C (Cdh1):
Anaphase Promoting Complex or Cyclosome (Cdc20 Homolog 1), HUWE1: HECT, UBA, and WWE Domain
Containing E3 Ubiquitin Protein Ligase 1, E6AP: Ubiquitin Protein Ligase E3A, USP: Ubiquitin-Specific Protease.

4. Ubiquitination-Mediated Regulation in Neurodegeneration and Neurodegenerative Diseases

The neuronal accumulation of insoluble proteins is known the major cause of neurodegenerative
diseases, including Alzheimer’s disease (AD) [112], Parkinson disease (PD) [113], dementia, progressive
supranuclear palsy (PSP), and frontotemporal dementia with parkinsonism linked to chromosome
17 (FTDP-17) [114]. Under normal physiological conditions, UPS, autophagy, or lysosomal degradation
systems are responsible for the removal of these accumulated aggregates and misfolded proteins.
Today, it is known that some enzymatic mutations in UPS are one of the main reasons for abnormal
protein aggregation in neurodegenerative diseases [115].

AD is observed in around 10% of the population over 65 years of age. In the sporadic form of AD,
the accumulation of specific neurotoxic proteins, hyperphosphorylated tau, and $-amyloid (Ap) is
the typical characteristic of this disease. E3-ligase Parkin has been shown to have a cytoprotective
effect in AD. The study demonstrated that wild-type Parkin expression decreased the intracellular
AB42 level through UPS and reversed impaired proteasome function [116]. Proteomic analyses
showed a wide range of proteins ubiquitinated by Parkin, yet these proteins had no obvious
functional association with any cellular mechanism; however, proteins including endocytic trafficking
components were over-represented. Further studies are necessary for identifying whether Parkin
substrates are functionally related to any known pathway or not [117]. In addition to Parkin, another
decreased E3 ligase in AD patients’ brains is “ER related HRD1”. It promotes neural cell survival
by mediating the ubiquitination of tau protein. The loss of HRD1 expression results in amyloid
precursor protein (APP) accumulation and 3-amyloid generation [118]. In addition, it is considered
that 3-amyloid-dependent oxidative stress leads to the aggresome formation of HRD1, which affects
its solubility [119]. The C-terminus of Hsp70-interacting protein (CHIP) is another E3 ligase, and its
binding protein Hsp70 is highly expressed in the AD patients’ brain to overcome the phosphorylated
tau accumulation by inducing ubiquitination [120,121]. Moreover, the inhibition of CHIP causes an
increase in hyperphosphorylated and caspase-3 cleaved tau species [122]. In a recent study, Hsp70
administration is found to be sufficient against late-stage Alzheimer-type neuropathology in a mouse
model [123]. Another study showed that the upregulation of CHIP by sulforaphane treatment decreased
the accumulation of neurotoxic proteins in a mice model of AD [124]. Therefore, the CHIP/Hsp70 axis
seems to be a promising approach for the removal of toxic proteins in the brain.

In addition to the E3 ligases, DUBs also have critical roles in AD. Ubiquitin C-terminal hydrolase
L1 (UCH-L1) was found in tau tangles; the downregulation and considerable oxidative modification
of this protein was observed in AD patients. Moreover, the overexpression of UCH-L1 was shown
to decrease AP plaques and promoted the memory deficiency in an AD mice model [125,126].
Furthermore, OTUB1 (OTU deubiquitinase ubiquitin aldehyde-binding 1) was found in Af plaques of
AD patients [127], and interestingly, USP14 was able to inhibit tau function [128].

In fact, ubiquitination or deubiquitination are not the only defective mechanisms in AD pathology;
the impairment of proteasomal function is another main reason for the elevated amount of ubiquitinated
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protein in the cytoplasm. It is similar to toxic tau accumulation or in other words “tauopathy”, and it
is related to decreased proteasomal activity and an increased amount of ubiquitinated proteins in
the cell. Within this context, a study has indicated that the activation of cAMP (cyclic Adenosine
Monophosphate)—protein kinase A (PKA) by rolipram (phosphodiesterase type 4 (PDE4) inhibitor
that increases cCAMP levels) leads to the attenuation of proteasome dysfunction by a phosphorylating
proteasome subunit [50].

The pathology of the second most common neurodegenerative disease PD is characterized by
the accumulation of Lewy bodies, a-synuclein, and related multimers in dopaminergic neurons [129].
Parkin/PINK1 is one of the best-studied proteins in this context. Depolarization in the mitochondrial
membrane potential activates PINK1 (PTEN-induced putative kinase 1) and stimulates Parkin E3-ligase
activity by phosphorylating its Serine 65 residue. Loss-of-function mutations of Parkin/PINK1 were
shown to be directly linked to the early onset of PDs [130,131]. Recently, iPSC (induced Pluripotent Stem
Cells)-derived midbrain dopamine neurons from PD patients, harboring PINK1 and Parkin mutations,
demonstrate an aberrant cytosolic accumulation of x-synuclein and mitochondrial dysfunctions [132].
Additionally, the Parkin/PINK1 pathway is associated with an increased expression of tumor necrosis
factor receptor-associated factor 6 (TRAF6) in a PD patient brain [133]. The TRAF6-mediated
Lys63 ubiquitination of PINK1 at Lys433 is necessary for mitochondrial regulation and proper
PINK1-Parkin-TRAF6 complex formation [134]. In Parkin deficiency, PINK1 triggers mitochondrial
antigen presentation in immune cells, which creates inflammatory conditions [135]. Moreover,
an idea about the link between the brain and intestinal system is supported by a very recent
study of the same research group. Intestinal infection in Pink]l mutant mice shows Parkinson’s-like
disease symptoms. Thus, the Parkin/PINK1 axis contributes to an autoimmune response that is
directly related to PD etiology [136]. Similar to Parkin/PINKI, recent findings indicate the role of
ubiquitination in a-synuclein pathologies. In other words, E3 ligases, namely E6-associated protein
(E6AP) and Nedd4, are involved in the a-synuclein degradation process. E6AP has been found to
colocalize with «-synuclein, and the overexpression of E6-AP increases a-synuclein degradation in a
proteasome-dependent manner [137]. The role of Nedd4 was shown by its overexpression, which causes
the hyperubiquitination of x-synuclein in contrast to other ligases. Moreover, the SCFFBXO7/PARKI5
complex has a considerable ubiquitinase activity, specifically for FBXO7. Glycogen synthase kinase
3B (GSK3p) and Translocase Of Outer Mitochondrial Membrane 20 (TOMM?20) have been found as
substrates of this complex during PD progression. Furthermore, Teixeria et. al. reported that FBOX7
ubiquitinates and alters GSK3f3 by Lys63 linkage.

Recent discoveries show the implication of DUBs in PD pathology. For instance, the elevated level
of USP13 was found in PD patients [138]. Additionally, UCH-L1 and OTUB1 were shown in Lewy
bodies, suggesting that UCH-L1 has the ability to stabilize x-synuclein levels in a context-dependent
manner under normal or pathological conditions, while OTUB1 causes amyloid aggregation apart from
its DUB activity [127,139]. On the other hand, the activation of UPS via promoting Protein Kinase A
phosphorylation eventually stimulated the degradation of «-synuclein [140]. Similarly, the regulation
of UPS activity by several chemicals attenuated a-synuclein oligomers [141], suggesting that the
recovery of proteasomal deficiency is also critical for synucleinopathies in PD.

The most common polyQ disorders, Huntington'’s disease (HD), is characterized by the expansion
of CAG repeats in the huntingtin (htt) gene as well as the formation of inclusion bodies in striatal
neurons [142]. In an in vivo HD model, the genetic inhibition of E3-ligase CHIP showed enhanced
neuropathology, indicating that CHIP reduces neurotoxicity by suppressing the accumulation of
polyQ [143]. Several other E3 ligases, including UBE3A [144], WWP1 [145], Parkin [146], Hrd1 [147],
and HACE1 [148] were also reported to target the Huntingtin protein.

Recently, one of the DUBs, YOD1, was suggested to decrease proteotoxicity in HD. Neurogenic
proteins stimulated YOD1 expression, which caused a reduction in the ubiquitination of abnormal
proteins [149]. In addition to ubiquitin enzymes, proteasomal activity is regulated by a member of
DUBs, namely USP14. USP14 suppression enhanced proteasome activity and induced the degradation
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of abnormal proteins such as tau and Ataxin-3 [150]. Similarly, the promotion of proteasomal
degradation by USP14 protects neuronal cells from mutant huntingtin-induced cell degeneration [151].
Huntingtin-associated protein (HAP40) is another protein affecting the proteasomal activity in HD.
The overexpression of this protein stimulates mutant Htt aggregation due to the impaired UPS [152].
An in vivo study demonstrated that intraneuronal Huntington filaments but not inclusion bodies
inhibit proteasome activity [153]. On the other hand, proteasomes are dynamically recruited into
inclusion bodies, while these proteasomes remain catalytically active for substrates” degradation.
These results seem to be controversial when compared to previous findings indicating defective
proteasomes in HD. Thus, further studies are required for the clear definition of proteasome activity in
HD [154].

5. Ubiquitination in Immune-Related Diseases

Ubiquitination is one of the most essential post-translational modifications, playing an important
role in both innate and adaptive immunity. Notably, E3 ligases have a major role in leukocytes activation,
differentiation, and development [155]. Besides, DUBs, particularly USPs, are known as an important
modulator for T cell function [156]. In accordance, recent studies demonstrated that defective UPS,
including aberrant E3 ligases, DUBs, or proteasomes tend to the impairment of immune regulation
and thereby cause the development of multiple inflammatory or autoimmune diseases [157].

Casitas B-lineage lymphoma (Cbl) proteins, consisting of Cbl-b, Cbl-3, and c-Cbl, are a member of
the RING finger-containing E3-ligase superfamily [158]. Due to their RING finger domain, they serve
as an E3 ligase to various substrates, forming stable interaction with E2-conjugating enzymes and
subsequently promoting ubiquitin transfer from the E2 enzyme to their substrate. In previous studies,
Cbls was revealed as a major modulator in immune regulation during the early development of
hematopoietic precursor cells into the effector immune cells [159]. Cb~ transgenic mice models
show that the amount of CD4+ SP thymocytes are significantly elevated by ubiquitination of the
CD3 ( chain of the T-cell receptor (TCR) complex [160]. In B cell development, Cbl-deficient B cells
show an improvement of BCR (B-cell antigen receptor) signaling and promote several downstream
processes, such as Ca*? influx, Syk, and CD79A. Therefore, Cbl is known as a negative regulator of B
and T cell development via ubiquitin-dependent degradation [161]. In addition, Cbls are known to
regulate the activation of macrophages regarding immune disorders, particularly in cancer and obesity.
For instance, Cbl”~ mice show enhanced tumor growth in colorectal cancer, and the recovery of Cbl
expression increases the tumor cell phagocytosis of macrophages through the ubiquitination of surface
proteins [162]. In obesity, Cbls act as negative regulators for macrophage activation by suppressing
migration signals to adipose tissue. Therefore, insulin resistance and obesity are induced in Cbl
mice. Stimulated macrophage accumulation in adipose tissue results in the secretion of inflammatory
cytokines in this model [163,164]. Although there are several studies about Cbls in macrophage
regulation, molecular mechanisms underlying inflammatory diseases are still poorly understood.

Cbl-b works with other E3 ligases, which are known as Itch, to prevent the over-reactivity of
T-cell-dependent peripheral tolerance. Itch is a monomeric protein, namely HECT (homologous to the
E6AP carboxyl terminus), presenting intrinsic catalytic activity. Its main role in immunity is regulating
immune cell development and function by mediating protein ubiquitination [155]. Recent studies
show that Itch and Cbl-b collaboration leads to proteolysis, independent of ubiquitination of the TCR(
chain. Thus, the signal transduction of the TCR complex is suppressed by preventing ZAP70 and
TCR( chain binding [165]. The cooperative functions of different E3 ligases support the regulation of
immune cell homeostasis by ubiquitination [166].

Von Hippel-Lindau (VHL) is an E3-ligase complex, consisting of elongin B, elongin C, cullin 2,
and ring box protein 1 (RBP1). These ligases are mainly regulated by Hypoxia-inducible factor-1a
(HIF-1er), which functions as a critical transcription factor in immune regulation under hypoxic
conditions. Under normal conditions, the VHL ligase attaches ubiquitin tags on HIF-1« and prevents
target gene activation [167]. In fact, HIF-1cx is responsible for the immunosuppressive function of
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regulatory T cells (Treg) [168]. In VHL deficiency, HIF-1x promotes the elevation of interferon-y (IFN-v)
production in Treg cells, which causes the emergence of the Thl-like inflammatory phenotype [169],
indicating the critical role of the VHL ligase-HIF-1«x axis in T cell immunity and differentiation [156].
Low oxygen tension also affects innate immunity via HIF-1x-dependent signaling. An impaired
maturation of alveolar macrophages and suppression of neutrophil apoptosis were demonstrated in
hypoxia or VHL-deficient conditions [170]. These findings support that the VHL/HIF-1a pathway is
responsible not only for T and B cell differentiation but also myeloid cell function during an innate
immune response [171]. Moreover, hypoxia and VHL ligases are commonly associated with renal
carcinoma. It has been shown that VHL expression is negatively correlated with tumor malignancy
through promoting immune responses [172] and in patients, mutated VHL ligase proteins were
found to show more natural killer cell toxicity [173]. Taken together, VHL E3 ligases appears to be a
remarkable protein for immune regulation and immune-related disease prevention.

Since ubiquitination is a reversible process, deubiquitinases play a crucial role in maintaining an
effective immune response, particularly for constituting adaptive immunity [156]. USPs are the largest
family of DUBs including at least 50 members; however, the most important USPs in immune regulation
are USP4, USP8, USP9X, USP12, and USP19 [75,174], which are mainly involved in T cell homeostasis as
positive or negative regulators. Specifically, USP4 is responsible for promoting Th17 cell differentiation
and function. The most established transcription factor RORyt (RAR-related orphan receptor gamma)
stabilization for Th17 cell differentiation is mediated by highly expressing USP4. Hence, USP4 was
suggested as a potential target for inhibiting Th17-mediated autoimmune disorders, such as rheumatic
heart disease [175]. USP8 is another important member of DUBs, which are critical for T cell maturation.
The knockdown of T cell-specific USP8 showed that the maturation and proliferation of thymocytes
were impaired by a Foxol-IL-7Ra-dependent mechanism. USP8 mutant mice developed lethal colitis
because of impaired T cell homeostasis [176]. Moreover, somatic mutations in the human USP8 gene
were suggested to suppress the immune system, which causes the development of Cushing’s Disease.
These mutations are associated with the 14-3-3 binding motif (RSYSS) of USP8, which is important for
its phosphorylation; thus, mutations in RSYSS motif lead to impairing its DUB activity. In patients with
Cushing’s disease, it was observed that adrenocorticotropic hormone (ACTH) is produced at a higher
level because of USP8 mutations [177]. Similar to USP8, USP9X acts as a positive mediator for TCR
signaling and T cell tolerance. The loss of USP9X leads to the decrease in T cell proliferation and T cell
differentiation into helper T cells, hence affecting cytokine production. USP9X deficiency in T cells
attenuates TCR signaling and promotes the activation of the NF-kB pathway because of modulating
upstream signaling proteins of the NF-«B [178]. USP12 deubiquitinates some of the TCR adaptor
proteins, such as LAT (Linker for Activation of T cells) and Tratl, stabilizing the TCR:CD3 complex
on the cell surface and consequently preventing the lysosomal degradation of LAT and Trat1 [179].
On the other side, USP19 has a different role in immune regulation compared to other USPs discussed
above, since it is related to an innate immune response with its Toll-Like Receptor (TLR)-dependent
activity. In a very recent study, Usp197/~ mice treated with poly(I:C) or LPS showed the elevation
of pro-inflammatory cytokines and type 1 interferons secretion, indicating that USP19 negatively
regulates TLR3/4-mediated signaling by impairing the accession of the essential adaptor protein to
TLR3/4 [180].

Cylindromatosis (CYLD) was first discovered as a tumor-suppressor protein [181]. However,
it has been shown that CYLD belongs to the deubiquitinating enzyme family, and it removes the
Lys63-linked polyubiquitin chain from signaling proteins located upstream of NF-«B, including
TNEF receptor-associated factor 2 (TRAF2), TRAF6, and NEMO [182]. It is well known that CYLD
is a critical factor for T cell development, activation, and function. In fact, the essential role of
CYLD in T cell development was identified with threshold activation for the positive selection of T
cells via NEMO-dependent NF-«B signaling. In an in vivo study, Cyld-deficient mice developed a
chronic inflammatory digestive disease, colitis [183]. The underlying mechanism is that CYLD targets
TGEF-B-activated kinase 1 (TAK1) and inhibits its ubiquitination and autoactivation. This mechanism
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also activates downstream kinases of TAK1 such as c-Jun N-terminal kinase (JNK) and I«B kinase 3
(IKKf) due to the autoactivation of TAK1 [184,185]. In line with this information, the function of CYLD
in T cell regulation is considered as a negative feedback mechanism by inhibiting activation of the TAK1
axis of TCR signaling. In transgenic mouse models of CYLD, changes in immune cell function, abnormal
hepatocytes, hair, and dental defects were observed [185-187]. Furthermore, CYLD polymorphisms
were specifically associated with inflammatory bowel disease (IBD) that comprised 2320 patients with
Crohn'’s disease [188].

UPS has been shown as the main modulator for the antigen presentation in immune regulation.
More specifically, oligopeptides are hydrolyzed by the proteasome after binding PA28, an activator
for hydrolysis, to the ends of 20S proteasome. The process is controlled by a proteolytic cascade
including aminopeptidases that are responsible for peptide production for the presentation of
MHC-I (Major Histocompatibility Complex-I) [189]. Notably, the MARCH (Membrane-associated
RING-CH-type finger) E3 ligase is involved in the reduction of MHC-I surface expression by mediating
the polyubiquitination of MHC-I. Therefore, MARCH-mediated MHC presentation is crucial for
UPS function in immune regulation [190]. Interestingly, autoantibodies, reacting as self-antigens,
were detected in 20S proteasome subunits in several autoimmune diseases, such as systemic lupus
erythematosus, primary Sjégren’s syndrome, and myositis. In vitro studies showed that autoantibodies
can inhibit proteasome activation by targeting the PA28 binding. On the other hand, proteasome
levels in circulation are suggested as an important biomarker for disease progression and potential
drug targets, because of their increased levels observed in autoimmune myositis, systemic lupus
erythematosus, primary Sjogren’s syndrome, and rheumatoid arthritis [191,192].

6. Concluding Remarks

Dysregulation of the ubiquitin-proteasome system including the positive or negative regulation of
E3 ligases, DUBs, or proteasomes seriously affects cellular homeostasis and causes the development of
serious pathologic conditions, such as tumor suppression or promotion in cancer, protein accumulation
in neurodegenerative diseases, and forming an ineffective immune response in the body (Figure 3).
Thus, recently a great deal of work has been devoted to the development of novel drugs, targeting
proteins that either interfere or inhibit ubiquitination and proteasome activity in disease-dependent
manner. Ongoing research studies of a wide range of molecules targeting different ligases show
promising data in several pathogenic conditions; nevertheless, the translation of these data into
clinical application is still a major challenge. For instance, some compounds are shown to inhibit
E3 ligases generally in in vitro conditions, but the effects of such compounds remain unclear in
in vivo models [193]. Proteasome-associated DUBs have been suggested as remarkable drug targets
due to their lower side effects compared to proteasome-targeted drugs. Currently, DUBs-targeted
inhibitors are mainly small molecules, and their development is still in the preclinical stage for
inflammatory disease and cancer treatment [194]. The major restriction of DUBs inhibitors is their
selectivity, as they may have complex intracellular interactions with several signaling pathways.
Proteasome activity is another target in UPS-dependent therapy that became a popular idea to recover
prominently in neurodegenerative diseases. Proteasome inhibitors, including bortezomib, carfilzomib,
and ixazomib are well-tolerated by patients and therefore approved by the FDA for clinical applications.
On the other hand, marizomib and oprozomib are currently under clinical trials [195]. In upcoming
years, novel molecules targeting E3 ligases, DUBs, or proteasomes are expected to be validated for
therapeutic approaches; thus, a better understanding of the molecular signaling pathways involved in
ubiquitination and proteasomal degradation will allow the discovery of novel targeting molecules in
cancer, neurodegenerative disease, and immune-related pathological conditions.
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Figure 3. Summary of DUBs and E3 enzymes that play important roles in cancer progression,
immune regulation, and neurodegenerative diseases. According to diseases, the enzymes positively
or negatively regulate the mechanisms in mitophagy, cell differentiation, cell development, signaling,
protein accumulation, neural malfunction, synaptogenesis, inhibition of apoptosis, cell cycle stimulation,
mitochondrial regulation, autophagic flux, ER homeostasis, and protein degradation. E3 ligases and
DUBs in the upside or downside of the semicircle indicate negative (red area) or positive regulators
(green area) of these diseases.
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Abstract: Cilia are antenna-like structures present in many vertebrate cells. These organelles detect
extracellular cues, transduce signals into the cell, and play an essential role in ensuring correct
cell proliferation, migration, and differentiation in a spatiotemporal manner. Not surprisingly,
dysregulation of cilia can cause various diseases, including cancer and ciliopathies, which are complex
disorders caused by mutations in genes regulating ciliary function. The structure and function of
cilia are dynamically regulated through various mechanisms, among which E3 ubiquitin ligases and
deubiquitinases play crucial roles. These enzymes regulate the degradation and stabilization of ciliary
proteins through the ubiquitin-proteasome system. In this review, we briefly highlight the role of cilia
in ciliopathy and cancer; describe the roles of E3 ubiquitin ligases and deubiquitinases in ciliogenesis,
ciliopathy, and cancer; and highlight some of the E3 ubiquitin ligases and deubiquitinases that are
potential therapeutic targets for these disorders.

Keywords: ubiquitin-proteasome pathway; cilia; ciliogenesis; differentiation; proliferation;
ciliopathy; cancer

1. Introduction

Cilia are antenna-like structures that are present in a variety of vertebrate cells [1-6]. There are
two broad classes of cilia: Motile and nonmotile cilia [1]. The nonmotile cilia are called primary
cilia. Both motile and primary cilia contain receptors and channels that detect signals from
extracellular cues, such as mechanical flow and chemical stimulation, and transduce them into the cell,
where they contribute to the maintenance of proper development and homeostasis. Considering these
functions, it is not surprising that dysregulation of cilia function can cause cancer and other diseases,
including ciliopathies, which manifest as various disease phenotypes, such as congenital anomalies,
neurodevelopmental disorders, and obesity [1,6-9].

The structure and function of cilia are dynamically and precisely regulated, enabling cells to
proliferate, migrate, and differentiate in a spatiotemporally controlled manner [6,10]. The primary
cilium is composed of three compartments: The basal body, the transition zone, and the axoneme [2].
The basal body is derived from the mother centriole. Both centrioles and basal body contain nine
circularly arranged triplets of microtubules (A-, B-, and C-tubules). The axoneme consists of nine
microtubule doublets projected from the A- and B-tubules of the basal body. A central pair of
singlet microtubules is present (+2) and absent (+0) in motile and primary cilia, respectively [11-14].
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Therefore, the axoneme of motile and primary cilia is described as 9 X 2 + 2 and 9 x 2 + 0, respectively.
The transition zone is a short area located above the basal body characterized by Y-shaped fibers
connecting the microtubule doublets to the ciliary membrane [15]. The structure of motile cilia is more
complex [16]. The daughter centriole plays an important role in the formation of motile cilia [16,17].

Primary cilia are disassembled and assembled when cells enter mitosis and exit the cell cycle,
respectively [18-20]. The formation of primary cilia starts with the binding of small cytoplasmic
vesicles transported from the Golgi apparatus to the mother centriole and conversion from the mother
centriole to the basal body. The basal body is then moved and anchored to the plasma membrane.
Coiled-coil protein 110, a component of the inhibitory complex of ciliogenesis, is removed to initiate
axoneme elongation [21,22]. The ciliary vesicle then fuses with the plasma membrane, and large
amounts of tubulin are transported from the cytoplasm into the cilium to extend the axoneme [23].
Many signaling molecules are also transported from the cytoplasm into the cilium (anterograde) and
from the cilium into the cytoplasm (retrograde) by kinesin and dynein, respectively, which are motor
proteins that travel along the axoneme [24].

Various types of posttranslational modification, including phosphorylation, acetylation,
and ubiquitination, are involved in the dynamic regulation of the structure and function of
cilia [2,4-6,25]. Modification of proteins by attachment of ubiquitin, a highly conserved 76-amino-acid
protein, is a critical step in targeting the selective degradation of proteins by proteasomes as
part of the ubiquitin-proteasome system (UPS) [26]. Protein ubiquitination occurs in three steps.
First, ubiquitin-activating enzymes (E1) bind to ubiquitin, which is expressed in all cell types;
second, ubiquitin is transferred from E1 enzymes to ubiquitin-conjugating enzymes (E2); and finally,
ubiquitin-ligating enzymes (E3) transfer the ubiquitin from E2 enzymes and ligate it to lysine residues
on the target protein. To date, 2, approximately 40, and about 600 E1, E2, and E3 enzymes, respectively,
have been identified in humans [26]. The selectivity of target protein ubiquitination is conferred by
the combination of E2 and E3 enzymes. Protein ubiquitination is counteracted by deubiquitinase
(DUB)-mediated removal of ubiquitin moieties from ubiquitinated proteins [27]. About 100 DUBs
have been identified in humans. The balance between ubiquitination and deubiquitination of target
proteins and their proteasomal degradation are tightly regulated processes, and dysregulation of the
UPS has been detected in various disorders [28-30].

Several lines of evidence support a major role for the UPS in regulating the structure and function
of cilia [4-6,31-35]. Here, we briefly review the role of cilia in phenotypes of ciliopathy and cancer.
We then focus on the role of E3 ubiquitin ligases and DUBs in ciliogenesis, ciliopathy, and cancer,
and suggest that these enzymes may serve as novel therapeutic targets for the development of
treatments for these disorders.

2. Roles of Cilia in Ciliopathy and Cancer

Cilia play crucial roles in the development of vertebrates. In some cell types, cilia are present only
transiently during a critical point in development [36], and the spatiotemporal dysregulation of cilia
can therefore affect the development of many organ systems, including the central nervous, sensory,
cardiovascular, digestive, metabolic, and skeletal systems [8,14,37,38]. These complex multisystem
developmental disorders are collectively termed ciliopathies (Table 1).
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Table 1. The roles of cilia in ciliopathy phenotypes.

Ciliopathy Phenotype

Role of Cilia in the Phenotype

References

Intellectual disability

Dysfunction of cilia in radial glial progenitors
impairs the proliferation, migration, and
differentiation, resulting in the disruption of cerebral
cortical development and intellectual disability.

[39,40]

Retinal degeneration

Mutation of genes related to the structure and
function of axoneme in photoreceptor cells impair
protein (e.g., thodopsin) transport along the
axoneme, resulting in retinal degeneration

[41,42]

Craniofacial malformation

Dysfunction of cilia in cranial neural crest cells
impairs the epithelial-mesenchymal transition and
the formation of facial prominences, causing
craniofacial malformation such as cleft lip/palate

[43,44]

Laterality disorders

Dysfunction of cilia in ventral node fails to break
left-right symmetry, left or right-side morphogenesis,
causing laterality disorders, such as situs inversus
and heterotaxy.

[45,46]

Cystic kidney disease

Dysfunction of cilia in renal tubular cells fails to
detect fluid flow, increase Ca?* concentration, and
suppress protein kinase A, causing renal cystogenesis
through dysregulated proliferation, apoptosis, and
cell polarity.

[47,48]

Obesity

Dysfunction of cilia in hypothalamic neurons and
adipocyte progenitor cess fails to suppress appetite
and regulate appropriate differentiation to
adipocytes, respectively, causing obesity.

[49,50]

Scoliosis

Primary cilia of osteoblasts are abnormally elongated
and dysfunctional in mechanotransduction, which
may impair loading-induced bone adaptation and

cause scoliosis

[51,52]

Respiratory distress

Mutations of genes affecting dynein arm, radial
spoke, central apparatus or multiciliation impair the
structure and/or function of motile cilia of epithelial
cells lining most of the respiratory tract, resulting in

mucus obstruction and respiratory failure.

[53,54]

Infertility

Impairment of sperm tail, which has microtubule
arrangement similar to that of motile cilia, cause
sperm immotility and male infertility. Dysfunction of
motile and primary cilia at the reproductive tract also
causes both male and female infertility.

[55,56]

2.1. Intellectual Disability

Defects in cerebral cortical development can lead to intellectual disabilities through a number of
mechanisms [57]. Cortical development occurs in several steps: (1) Polarized radial glial progenitor
formation, (2) radial/glial progenitor and intermediate progenitor proliferation, (3) radial/glial-guided
neuronal migration, and (4) post-migratory neuronal differentiation, such as outgrowth and fasciculation
of axons and dendrites [39]. The primary cilia of these progenitor cells play important roles in cerebral
cortical development [40]. In Joubert syndrome, Bardet-Biedl syndrome (BBS), and oro-facial-digital
syndrome, pathogenic mutations in genes regulating primary cilia function in progenitors disrupt

cerebral cortical development [39], which can lead to intellectual disability [38].
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2.2. Retinal Degeneration

The neuronal cell bodies of the retina are precisely organized in three major laminae: The ganglion
cell, inner nuclear, and outer nuclear layers [58]. These layers are connected by neuronal projections of
the cells located in each layer. Photoreceptor cells located in the outer nuclear layer capture photons
and transmit signals to the brain through the inner nuclear and ganglion cell layers. Photoreceptor
cells are composed of an outer segment (OS), inner segment (IS), and transition zone (also known
as the connecting cilium), which connects the OS and IS [41,42]. The axoneme arises from the basal
body in the IS and extends to the OS through the transition zone. Photon sensing is mainly performed
by opsin proteins in the OS. Because the OS lacks protein synthesis machinery, opsin and other
proteins involved in photon sensing are transported from the IS to the transition zone to the OS along
the axoneme. Genes causative for ciliopathies, including Joubert syndrome, BBS, oro-facial-digital
syndrome, Usher syndrome, and Meckel syndrome, are frequently involved in maintaining the structure
and function of axonemes in photoreceptor cells [59]. Therefore, causative gene mutations in these
ciliopathies often impair protein transport along the axoneme, resulting in retinal degeneration, and,
potentially, vision loss, as is the case in retinitis pigmentosa and Leber congenital amaurosis [41,42,59].

2.3. Craniofacial Malformation

Fusion of distinct prominences, including the frontonasal, paired maxillary, and mandibular
prominences, is crucial for proper craniofacial development [43]. Cranial neural crest cells (CNCCs)
originate at the neural tube, undergo epithelial-mesenchymal transition, and migrate toward and
proliferate in facial prominences [44]. The primary cilia of CNCCs play crucial roles in these steps through
transduction of the Hedgehog and wingless-type MMTYV integration site family (WNT) signaling
pathways [43,44,60]. Gene mutations associated with ciliopathies affecting the function of primary
cilia in CNCCs can lead to craniofacial malformations, such as cleft or lip palate, hyper/hypotelorism,
micrognathia, and craniosynostosis [43,44,61,62].

2.4. Laterality Disorders

Although the human body is externally symmetrical, the visceral organs are arranged
asymmetrically in a stereotyped manner [45,46,63]. Motile cilia of pit cells and nonmotile cilia
of crown cells in the ventral node of the mammalian embryo play crucial roles in regulating
left-right asymmetry [64,65]. When the motile cilia of pit cells generate leftward flow, the nonmotile
cilia of crown cells located at the left side of the pit cells sense the flow and secrete Nodal-Gdf1
heterodimers [66,67]. In turn, the heterodimers bind to receptors in lateral plate mesoderm-derived
cells and increase the expression of Nodal, Lefty2, and Pitx2, leading to left-side morphogenesis [68-71].
Accordingly, the impairment of cilia in the ventral node can cause laterality disorders, such as situs
inversus and heterotaxy [45,46,72-75].

2.5. Cystic Kidney Disease

Cystic kidney disease is one of the main renal ciliopathies [36,76]. Renal tubular cells detect
fluid flow through cilia. In these cells, fluid flow increases Ca?* uptake through calcium channels,
such as polycystin 2 [77,78], and the consequent increase in the intracellular Ca** concentration inhibits
adenylate cyclase 6 and suppresses cyclic adenosine monophosphate (cAMP) signaling. The dysfunction
of cilia in renal tubular cells prevents the increase in the Ca’* concentration and suppression of
cAMP signaling in response to fluid flow, resulting in activation of protein kinase A [47,48]. In turn,
protein kinase A activation increases fluid secretion through chloride channels and deregulates multiple
cellular pathways, including proliferation, apoptosis, and the polarity of renal tubular cells, leading to
renal cystogenesis [79].
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2.6. Obesity

Dysregulation of primary cilia in the central nervous system and peripheral tissues is associated
with obesity, which often accompanies ciliopathies, such as BBS and Alstrém syndrome [49,50,80,81].
Obesity results from an excessive calorie intake relative to energy expenditure. In response to food
intake, leptin is secreted from adipocytes and binds to receptors located in the primary cilia of
anorexigenic and orexigenic neurons in the hypothalamus, resulting in increased and decreased
expression of the anorexigenic peptide pro-opiomelanocortin and the orexigenic peptide Agouti-related
peptide, respectively [82-84]. Genes associated with BBS and Alstrom syndrome regulate primary cilia
in these hypothalamic neurons, and mutation of these genes can lead to obesity by failing to suppress
the appetite through primary cilia-mediated leptin signaling [50].

Another contributing factor in obesity is elevated adipogenesis, resulting in an increased
abundance of adipocytes [85]. Primary cilia are present in differentiating preadipocytes and play
critical roles in adipogenesis [86]. Impairment of primary cilia in preadipocytes” knockdown of BBS
proteins (BBS10 and BBS12) stimulates adipogenesis by activation of the glycogen synthase kinase 3
pathway and nuclear accumulation of peroxisome proliferator-activated receptor y [86]. Knockdown of
BBS12 in human mesenchymal stem cells also impairs ciliogenesis and enhances adipogenesis [87].
In contrast, knockdown of intraflagellar transport 88 in preadipocytes or mesenchymal stem cells
inhibits adipogenesis by impairing the localization of insulin-like growth factor-1 receptors in primary
cilia [88,89]. The precise mechanisms by which primary cilia regulate adipogenesis remain to be
fully elucidated.

2.7. Scoliosis

Scoliosis is a skeletal dysfunction characterized by abnormal spine curvature. Scoliosis is associated
with an impaired structure and function of cilia [51]. The primary cilium of osteocyte acts as a hub in a
mechanotransduction pathway for loading-induced bone adaptation [52,90]. In general, short primary
cilia of osteocytes are perpendicularly oriented to the long axis of bone [91]. In contrast, primary cilia
of osteoblasts from idiopathic scoliosis (IS) patients are significantly longer than those of control
samples [51]. The induction of osteogenic factors, including bone morphogenic protein 2 (BMP2) and
cyclooxygenase 2 (COX2), are impaired in osteoblasts from the IS patients and osteoblasts with elongated
primary cilia by lithium chloride treatment [51]. These findings suggest that elongated primary cilia
in osteocytes may be dysfunctional in mechanotransduction and warrant further investigation to
elucidate the molecular mechanisms of scoliosis.

2.8. Respiratory Distress

Respiratory distress, which is characterized by congestion, coughing, tachypnea, and hypoxia, is
a cardinal feature of primary ciliary dyskinesia (PCD) [53]. Motile cilia of the epithelial cell lining of
most of the upper and lower respiratory tracts are dysfunctional in PCD [54,92,93]. The dysfunction
of motile cilia causes the impairment of mucociliary clearance and mucus obstruction, resulting in
bronchiectasis and respiratory failure [53]. Most PCD follow an autosomal recessive inheritance.
The mutations identified as being causative of PCD explain roughly 70% of the affected individuals [93].
These mutations impair the structure and/or function of motile cilia by affecting the dynein arm,
radial spoke, central apparatus, or multiciliation [93]. However, the clinical phenotype of PCD is
highly variable [53]. The relationship between the genotype and clinical phenotype remains to be
fully elucidated.

2.9. Infertility

The sperm tail has microtubule arrangement (9 X 2 + 2), which is similar to that of motile cilia [55].
Therefore, infertility is frequently observed in males with PCD [54]. There are some differences,
however, between the sperm tail and motile cilia, including cell type-specific axonemal proteins
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and accessory structures specific to the sperm tail, such as the mitochondrial sheath, fibrous sheath,
and outer dense fibers [55]. Mutations in genes causative of PCD are not always associated with male
infertility and vice versa [55]. The impairment of the sperm tail affects sperm motility. The impairment
of motile and primary cilia also affects the function of the reproductive tract in both males and
females [54,56]. Structural and functional studies of cilia associated with infertility constitute an
important area in reproductive research [55,56].

2.10. Roles of Primary Cilia in Cancer

Primary cilia in cultured mouse 3T3 fibroblasts and human retinal pigment epithelial
(RPE1) cells can be disassembled and assembled by serum stimulation and deprivation,
respectively [18,19,94]. Aurora A kinase (AURKA), one of the most important mitotic kinases for
cell-cycle control [95], plays important roles in deciliation by serum stimulation [96,97]. AURKA is
activated by serum stimulation through Ca?*/calmodulin signaling, the non-canonical WNT pathway,
and phosphatidylinositol signaling [97-100]. Serum stimulation also activates AURKA through
the pathway involving epidermal growth factor receptor (EGFR), ubiquitin-specific peptidase 8
(USP8), and trichoplein (TCHP) (described in the next section) [33,34,101]. Activated AURKA
phosphorylates itself and target proteins during G1 phase, which stimulates the disassembly of
primary cilia [97]. Several proteins associated with AURKA and ciliogenesis have been identified,
including histone deacetylase 6 [94] and nudE neurodevelopment protein 1 (NDE1) [102]. In response
to serum stimulation, NDE1 localizes at the basal body and suppresses ciliogenesis by tethering
dynein light chain 1 [103]. Under serum deprivation conditions, cyclin-dependent kinase 5 is
activated and phosphorylates NDE1. Phosphorylated NDEI is then recognized and ubiquitylated
by the E3 ligase complex SCFFBXW7  resulting in ciliogenesis [104,105]. Importantly, forced ciliation
in cells growing under serum stimulation conditions can cause cell-cycle arrest [33,34,101,102,106].
These findings suggest that the primary cilium can act as a negative regulator of the cell cycle
and may be a tumor suppressor organelle [3-6,9,107-109]. In fact, the suppression of primary
cilia function is associated with tumorigenesis, cell proliferation, and metastasis in many cancers,
including glioblastoma [110], esophageal cancer [111], colon cancer [112], cholangiocarcinoma [113,114],
pancreatic ductal adenocarcinoma [115], clear cell renal carcinoma [116], prostate cancer [117],
ovarian cancer [118,119], melanoma [120], and chondrosarcoma [121] (Table 2). However, primary cilia
can promote tumor progression under certain conditions. In medulloblastoma and basal cell skin
carcinoma caused by gain-of-function mutation of SMO, primary cilia convert the GLI transcription
factors GLI2 and GLI3 to their activated forms, inducing their translocation to the nucleus,
increased transcription of Hedgehog target genes, and promotion of cell proliferation [122,123].
In contrast, primary cilia of medulloblastoma and basal cell skin carcinoma caused by gain-of-function
mutation of GLI2 increases the activity of GLI3 as a transcriptional repressor, resulting in suppression of
the proliferation of these cancer cells [122,123]. Further work will thus be necessary to fully understand
the context-dependent roles of primary cilia in cell proliferation.
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Table 2. The roles of primary cilia in cancer.

Cancer Cell The Role of PC in the Cancer References
Clioblastoma Inhibition of HDACS6 restores -the lqss of PC and [110]
suppressed the proliferation
Esophageal squamous KD of PRDX1 restores the loss of PC and [111]
cell carcinoma suppressed the proliferation
Knockout of TTLL3 causes the loss of PC and
Colon cancer . .. [112]
promotes tumorigenesis in colon
The number of PC is frequently reduced.
Cholangiocarcinoma Inhibition of HDACS restores the loss of PC and [113,114]
suppressed the proliferation
Pancreatic ductal Inhibition of HDAC?2 in Pancl induces [115]
adenocarcinoma ciliogenesis and suppressed the proliferation
Clear cell renal carcinoma PCis lost by inactivation of VHL [116]
tumor suppressor
KD of TACCS3 restores the loss of PC and
Prostate cancer o [117]
suppressed the proliferation
The number of PC is reduced, which is associated
- . with centrosomal localization of AURKA. KD of
Epithelial ovarian cancer AURKA restores the loss of PC and suppressed [118,119]
the oncogenic hedgehog signaling
Melanoma Deconstruction of I?C is suffl.c1ent to drive [120]
metastatic formation
Inhibition of HDACS restores the loss of PC and
Chondrosarcoma . . [121]
suppressed the proliferation
Medulloblastoma, } }
basal cell carcinoma
with GOF mutation of SMO PC mcreas? transcnptlgnal aFtlvator and [122,123]
stimulate proliferation
. . PC increase transcriptional suppressor and
with GOF mutation of GLI2 [122,123]

inhibit proliferation

PC—primary cilia; KD—knockdown; GOF—gain-of-function.

3. Roles of E3 Ubiquitin Ligases and DUBs in Ciliogenesis, Ciliopathy, and Cancer

The structure and function of cilia are dynamically regulated by many ciliary proteins through
posttranslational modification [2,4-6,25]. Ubiquitination and deubiquitination of ciliary proteins by
E3 ubiquitin ligase and DUBs, respectively, are crucial for the dynamic regulation of cilia [4-6,31-34].
In this section, we briefly describe the role of E3 ubiquitin ligases and DUBs in ciliogenesis, ciliopathy,

and cancer (Table 3).
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Figure 1. Suppression of Kctd17 in zebrafish impairs ciliogenesis in Kupffer’s vesicle and induces situs
inversus (A) Staining of acetylated alpha-tubulin in the cilia of Kupffer’s vesicle at 12 h post-fertilization
(hpf) of wild-type (control) or Kctd17 knockout (KO) zebrafish. (B) Distribution of the cilia length in
Kupffer’s vesicle at 12 hpf in control or Kctd17 KO or knockdown (KD) zebrafish. (C) Representative
in vivo images of control and Kctd17 KO zebrafish at 3 days post-fertilization (dpf). Control and Ketd17
KO zebrafish show rightward and leftward looping of the heart, respectively. Please see Video S1.
(D) At 3 dpf, rightward and leftward looping of the heart is observed in about 95% of the control
zebrafish and about 20% of the Kctd17 KO zebrafish, respectively. Scale bar: 20 um (A), 200 um (C).
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Table 3. The roles of E3 ubiquitin ligases and deubiquitinases in ciliogenesis, ciliopathy, and cancer.

E3 Ligase or DUB The Role in Ciliogenesis The Role in Ciliopathy and/or References
(Substrate) Cancer
inhibited by KD of KCTD17 KO of KCTD17 causes situs . .
CRL3-KCTD17 (TCHP) inversus in zebrafish [33], this paper (Figure 1)

KO of USP8 causes cystic kidney

in zebrafish [34]
P8 is highl: d and
USPs stimulated by KD of USP8 Usogclzgelr%ic }i,ne;perle;?(fmaan [124]
(TCHP)
Inhibition of USP8 suppresses
the proliferation of glioblastoma [125]
stem cells
. MARCHEF7 promotes
MARCHF7 inhibited b%ggg{)MARCHF7 proliferation and invasion of [126,127]
cervical cancer cells
TRIM32 g‘. Basc(a};lggillv)e gene of [126,127]
TRIM32 inhibited ny (C):]};lof TRIM32 TRIM32 is oncogenic in head
(IQCBY) and neck squamous cell [128,129]
carcinoma and skin cancer
LOF mutations in USP?)F cause [126,130]
inhibited by KD of USP9X phenotypes related to ciliopathy
USPox (IQCB1) USP9X is a major tumor
suppressor gene in pancreatic [131]
ductal adenocarcinoma
KO/KD of CYLD causes
ciliopathy-related phenotype in [132-134]
P inhibited by KD/KO of CYLD mouse and zebrafish
(CEP70, MIB1) LOF mutation in CYLD cause
skin cancer (familial [135]
cylindromatosis)
R MIBI1 is oncogenic in upper
inhibited by OE of MIB1 .
MIB1 urinary-tract [133,136,137]
(PCM1, KIAA0586) urothelial carcinomas
. KO of VHL causes cystic kidney [138,139]
CRL2-VHL stimulated by OE of VHL - —
(HIF1A) VHL is tumor-suppressive in [140]

renal cancers

DUBs—deubiquitinases; KD—knockdown; KO—knockout; OE—overexpression; LOF—loss-of-function.

3.1. CRL3KCTD17 11SP8, and TCHP

TCHP, a centriolar protein originally identified as a keratin-binding protein, activates AURKA and
suppresses ciliogenesis [101,141,142]. TCHP is ubiquitinated by the E3 ligase CRL3X“TP17, 3 complex
of the scaffold protein Cullin 3, RING box protein 1 (RBX1), and potassium channel tetramerization
domain-containing 17 (KCTD17) [33]. Knockdown of KCTD17 in RPE1 cells suppresses ciliogenesis
by stabilizing TCHP, leading to the activation of AURKA [33]. NDE1-like 1 (NDEL1), a modulator of
dynein activity localized at the subdistal appendage of the mother centriole [143,144], indirectly inhibits
ubiquitination of TCHP by CRL3X“TP17 [106]. In contrast, TCHP is deubiquitinated by USP8 after
EGFR-mediated phosphorylation of USP8 at tyrosine residues 717 and 810 [34]. Knockdown of USP8 in
RPE1 cells induces ciliogenesis and cell-cycle arrest even in the presence of serum [34]. These findings
suggest that forced ciliogenesis by inhibition of USP8 may be a potential therapeutic strategy for
cancers with a high expression of USP8 and loss of cilia. In fact, USP8 is highly expressed and
plays an oncogenic role in melanoma [124], and inhibition of USP8 suppresses the proliferation of
glioblastoma stem cells [125]. The precise effect of USP8 on ciliogenesis in these tumor cells remains
to be elucidated. In zebrafish, knockout of Usp8 increases ciliogenesis in renal tubules and causes
renal cysts [34], whereas knockout of Kctd17 impairs ciliogenesis in Kupffer’s vesicle and causes
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situs inversus (Figure 1). Because AURKA is also associated with both cancer and ciliopathy [95,97],
these findings suggest that the involvement of KCTD17 and USP8 in cancer and ciliopathy might be
mediated by effects on ciliogenesis via a TCHP-AURKA pathway.

3.2. MARCHF?7, TRIM32, USP9X, and IQCB1

The IQ motif containing B1 (IQCB1), also known as Nephrocystin-5, increases ciliogenesis by
binding to centrosomal protein 290 (CEP290) [145]. IQCB1 is ubiquitinated by membrane-associated
ring-CH-type finger 7 (MARCHF?) and the tripartite motif containing 32 (TRIM32, also known as
BBS11) [126]. Overexpression of MARCHE7Z or TRIM32 inhibits ciliogenesis [126]. MARCHE7 promotes
proliferation and invasion of cervical cancer cells [127], and TRIM32 is also oncogenic in head and
neck squamous cell carcinoma and skin cancer [128,129]. Conversely, IQCB1 is deubiquitinated and
stabilized by USP9X [126]. Knockdown of USP9X inhibits ciliogenesis [126]. USP9X is a major tumor
suppressor gene in pancreatic ductal adenocarcinoma [131]. These findings suggest that MARCHEF?7,
TRIM32, and USP9X may be involved in cancer via the modulation of ciliogenesis. Mutation of TRIM32,
USP9X, and their substrate IQCB1 causes various phenotypes related to ciliopathy [130,146,147].

3.3. CYLD and MIB1

Cylindromatosis (CYLD) is a member of the USP family of proteins and is expressed in
centriolar satellites [148]. CYLD stimulates ciliogenesis by stabilizing centrosomal protein 70 (CEP70)
and pericentriolar material 1 (PCM1) [132,133]. Stabilization of PCM1 by CYLD is mediated by
deubiquitination of mindbomb E3 ubiquitin protein ligase 1 (MIB1), which is activated by ubiquitination
onlysine 63 [133]. Lysine 63-ubiquitinated MIB1 then ubiquitinates PCM1 and stimulates its degradation
in proteasomes. CYLD antagonizes the degradation of PCM1 by suppressing the activity of MIB1.
MIB1 also ubiquitinates KIAA0586, a centrosomal protein also known as Talpid3, thereby stimulating
its degradation and inhibiting ciliogenesis [136]. These findings suggest that CYLD and MIB1 positively
and negatively, respectively, regulate ciliogenesis. Loss-of-function mutations in CYLD are associated
with familial cylindromatosis, a condition involving multiple skin tumors [135]. MIB1 is oncogenic
in upper urinary tract urothelial carcinomas [137]. Knockout or knockdown of CYLD in mice and
zebrafish show phenotypes related to ciliopathy [134,149]. PCM1 and KIAA0586, both substrates of
MIB1, are also associated with ciliopathies [149,150].

3.4. CRL2VHL

The tumor suppressor protein von Hippel-Lindau (VHL) is a component of an E3 ubiquitin
ligase complex that also contains the scaffold protein Cullin 2 and RBX1 [151]. Mutations in VHL
related to formation of the E3 ubiquitin ligase complex lead to von Hippel-Lindau syndrome,
which can exhibit both ciliopathy and cancer phenotypes [140,152]. CRL2VHL ubiquitinates the o
subunit of the transcription factor hypoxia-inducible factor 1 (HIF1«x), leading to its proteasomal
degradation [138,153]. VHL and HIF1« positively and negatively, respectively, regulate ciliogenesis
and cancer [107,139,140,154].

4. Future Directions

4.1. Identification of E3 Ubiquitin Ligases and DUBs Related to Cilia Assembly and Disassembly

As summarized above, the UPS has been implicated as a key system for the regulation of cilia
assembly and disassembly [32,33,155]. Many E3 ubiquitin ligases and DUBs other than those listed in
Table 3 have been identified as regulators of cilia assembly and disassembly. These include the E3
ubiquitin ligases cyclin F [156], FBW7 [104], NEDDAL [157], MYCBP2 [157], and UBRS5 [158]; and the
DUBs USP14 [159] and USP33 [160]; however, other enzymes undoubtedly remain to be identified.
We showed that NDEL1, a modulator of dynein activity [143,144], inhibits ubiquitination of TCHP
by CRL3KCTP17 and suppresses ciliogenesis in RPE1 cells incubated in the presence of serum [106].
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Furthermore, in the absence of serum, NDEL1 is degraded by the UPS, resulting in the disappearance
of TCHP from the mother centriole and induction of ciliogenesis [106]. The proteins involved in
UPS-mediated NDEL1 degradation remain unknown.

Ore efficient approach to identifying E3 ubiquitin ligases of a substrate of interest is two-stepped
global E3 screening, in which a wheat germ cell-free expression system is used to produce more than
1000 E3 ubiquitin ligases in the first step, and the enzymes are then screened using specific small
interfering RNAs in the second step [33]. Genome-wide RNAIi screening and proteomic profiling
approaches may identify novel UPS proteins regulating cilia assembly and disassembly [157,161,162].
It will also be important to elucidate the subcellular compartment (basal body, transition zone,
and/or axoneme) in which these E3 ubiquitin ligases and DUBs are active [32]. Compartment-specific
proteomic profiling could be an efficient strategy to address these questions [163,164].

4.2. Identification of E3 Ubiquitin Ligase and DUB Substrates

Although many E3 ubiquitin ligases and DUBs involved in the assembly and disassembly of
cilia have been identified, the precise substrates of many of them remain unknown. For example,
we performed RNAi screening of RPE1 cells and identified six DUBs, USP8, USP38, USP43, USP52,
USP54, and UCHLS3, as suppressors of ciliogenesis [34]. We also identified TCHP as a substrate of USP8
in the regulation of ciliogenesis [34], but the substrates for the other five DUBs are unknown. A variety of
experimental approaches have been developed to identify DUB substrates [165]. Stable overexpression
or knockdown of DUBs followed by quantitative proteomic analysis to detect proteins differentially
expressed in control and manipulated cells identified Sec28p and NFX1-123 as substrates of Ubp3p
and USP9X, respectively [166,167]. Affinity purification proteomics using tagged DUBs has identified
CEP192 as a substrate of CYLD [168]. Similarly, affinity purification proteomics using antibodies that
recognize the diglycine residues, a remnant present on the e-amine of lysine following trypsin digestion
of ubiquitinated proteins, was successful in identifying S100A6 and hnRNP K as SseL substrates [169].
The diglycine remnant affinity purification method can also be used to identify E3 ubiquitin ligase
substrates [170,171].

Once ligated to its substrate, ubiquitin itself can be modified by ubiquitination of one or more of
its seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) or the N-terminal methionine [172].
Polyubiquitination can be homotypic (same linkage) or heterotypic (different linkage) [173] and it
plays various roles in cell signaling regulation depending on the linkage type [173]. For example,
homotypic K48 polyubiquitination is related to classical proteasomal degradation; homotypic K63
polyubiquitination regulates protein—-protein interactions; homotypic K6 and K27 polyubiquitinations
are involved in the DNA damage response; and homotypic K29 and K33 polyubiquitinations are linked
to innate immunity. In centriolar satellites, which are electron-dense and spherical cytoplasmic granules
around centrosomes, modification of the E3 ubiquitin ligase MIB1 by homotypic K63 polyubiquitination
induces homotypic K48 polyubiquitination of its substrate PCM1, resulting in PCM1 proteasomal
degradation [133]. PCM1 plays an indispensable role in the clustering of centriolar satellites around
the centrosome to orchestrate ciliogenesis [174]. CYLD located in centriolar satellites deubiquitinates
the K63 polyubiquitin chain of MIB1, thereby antagonizing MIB1-mediated degradation of PCM1 and
suppressing ciliogenesis [133]. Somatostatin receptor 3 (SSTR3) and G protein-coupled receptor 161
(GPR161) are important G protein-coupled receptors (GPCRs) that regulate somatostatin and hedgehog
signaling, respectively, in primary cilia. K63 polyubiquitination of these GPCRs enables them to be
recognized by ciliary exit machinery [175]. (-arrestin is known to mediate the K63 polyubiquitination
of SSTR3 and GPR161, but the identity of the E3 ubiquitin ligase(s) involved is unclear. One important
task for the future is the development of novel tools that will enable the identification of all E3
ubiquitin ligase and DUB substrates, as well as their ubiquitination patterns, related to the assembly
and disassembly of cilia [172,173,176].
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4.3. Identification of Drugs Targeting E3 Ubiquitin Ligases and DUBs

The screening of compounds for effects on protein ubiquitination and deubiquitination has
led to the identification of a number of E3 ubiquitin ligase- and DUB-targeting drugs [29,165,177].
Because the substrates of these enzymes have a wide variety of functions, such drugs can interfere
with various signaling pathways and impair physiological functions. Targeting the interaction of
E3 ubiquitin ligases, DUBs, and their substrates involved in cilia assembly and disassembly may
be a fruitful approach to developing selective drugs for the treatment of cancer and ciliopathies.
Several technological advances have accelerated the development of drugs targeting protein—protein
interactions [178,179]. The F-box protein S-phase kinase-associated protein 2 (SKP2), a component
of E3 ubiquitin ligase SCFSX2, ubiquitinates several proteins important for cell proliferation and
survival, including p27XI"1, p21€"P1 and AKT serine/threonine kinases [180]. Some compounds
have been identified that bind to a pocket in SKP2 that acts as the binding site for cyclin-dependent
kinases regulatory subunit (CKS1), an accessory protein that can bind to p27X’’! phosphorylated by
cyclin-dependent kinase 2/cyclin E [181-183]. These chemicals inhibit the interaction between SKP2
and CKS1, resulting in selective inhibition of SKP2-mediated ubiquitination and degradation of p27XTP1,
Screening for compounds that disrupt the subcellular translocation of E3 ubiquitin ligases and DUBs is
another potential approach to developing selective drugs. USP4 and USP15 function in both the cytosol
and the nucleus. In the cytosol, they deubiquitinate proteins involved in many signaling pathways,
including those important to inflammation and oxidative stress; in the nucleus, they deubiquitinate
proteins regulating splicing [184]. Nuclear translocation of these DUBs is inhibited by phosphorylation
of two threonine residues located in the binding sites for spliceosome-associated factor 3 (SART3),
a binding partner that facilitates the nuclear translocation of USP4 and USP15 [185]. Drugs interfering
with the interaction between USP4 and USP15 and SART3 may selectively inhibit the DUB functions
in the nucleus. Future work should include elucidation of the structure—activity relationships for
E3 ubiquitin ligase- and/or DUB-targeting compounds and the identification of druggable sites in
non-catalytic regions of the enzymes. Collectively, these approaches may lead to the development of
novel drugs that regulate the enzymes in a context-dependent manner.

In summary, we have described the dysregulation of cilia in ciliopathies and cancers, and how that
dysregulation results from changes in ciliary protein stability regulated by the UPS. As noted, some of the
E3 ubiquitin ligases and DUBs involved in the maintenance of ciliary protein stability may be therapeutic
targets for the associated disorders. Indeed, small molecules targeting these E3 ubiquitin ligases
and DUBs, including USP8, USP9X, CYLD, and VHL, have been successfully developed [29,177,186].
However, the role of E3 ubiquitin ligases and DUBs in disease can be context dependent [28,148,187,188].
Thus, it will be important to develop small molecule modulators of the interactions between E3 ubiquitin
ligases or DUBs and their binding proteins in a context-specific manner.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/17/
5962/s1. Video S1: Representative movies of control and Kctd17 KO zebrafish at 3 dpf.
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Abstract: The kidney and the vasculature play crucial roles in regulating blood pressure. The ubiquitin
proteasome system (UPS), a multienzyme process mediating covalent conjugation of the 76-amino
acid polypeptide ubiquitin to a substrate protein followed by proteasomal degradation, is involved in
multiple cellular processes by regulating protein turnover in various tissues. Increasing evidence
demonstrates the roles of UPS in blood pressure regulation. In the kidney, filtered sodium is reabsorbed
through diverse sodium transporters and channels along renal tubules, and studies conducted till
date have provided insights into the complex molecular network through which ubiquitin ligases
modulate sodium transport in different segments. Components of these pathways include ubiquitin
ligase neuronal precursor cell-expressed developmentally downregulated 4-2, Cullin-3, and Kelch-like
3. Moreover, accumulating data indicate the roles of UPS in blood vessels, where it modulates nitric
oxide bioavailability and vasoconstriction. Cullin-3 not only regulates renal salt reabsorption but
also controls vascular tone using different adaptor proteins that target distinct substrates in vascular
smooth muscle cells. In endothelial cells, UPS can also contribute to blood pressure regulation by
modulating endothelial nitric oxide synthase. In this review, we summarize current knowledge
regarding the role of UPS in blood pressure regulation, focusing on renal sodium reabsorption and
vascular function.

Keywords: blood pressure; renal salt reabsorption; vascular function; ubiquitin proteasome system

1. Introduction

Hypertension is not only one of the most frequent diseases in the world, but it is also a key risk
factor for cardiovascular disease and renal dysfunction. The kidney plays a pivotal role in the regulation
of body fluid levels and blood pressure (BP), and an impaired kidney function comprises a major
mechanism that alters the salt sensitivity of BP [1]. Because renal salt handling is critical for maintaining
an independent life for terrestrial mammals, these animals have developed highly differentiated
diverse tubule cells that are involved in the transport of sodium and other ions. The major renal
sodium transporters and channels include Na*/H* exchanger isoform 3 (NHE3) in the proximal tubule
(PT), Na*-K*-2Cl~ cotransporter (NKCC2) in the thick ascending limb (TAL), Na*-Cl~ cotransporter
(NCQ) in the distal convoluted tubule (DCT), and epithelial sodium channel (ENaC) and C1~/HCO5;~
exchanger pendrin in the connecting tubule (CNT) and the collecting duct (CD). The significance
of several of these transporters and their regulators in the renal nephron has been confirmed by
the monogenic hypertensive or hypotensive disorders [2—4], as well as by the clinical efficacy of the
pharmacological agents that block these sodium transport mechanisms.

In addition to the role of the kidney, it is well known that the dysregulation of vascular function
significantly contributes to BP elevation [5,6]. The arterial wall consists of intimal endothelial cells,
vascular smooth muscle cells, and adventitia. Vascular endothelial cells (VECs) play vital roles in
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regulating diverse biological functions by secreting various vasoactive factors, including nitric oxide
(NO). NO, a strong vasodilator that tightly modulates vascular function, is primarily produced by
endothelial NO synthase (eNOS) in endothelial cells [7]. Studies have demonstrated that both genetic
and pharmacological ablation of eNOS elicits significant BP elevations [8-10]. Vascular smooth muscle
cells (VSMCs) also play important roles in controlling the tonus of blood vessels, thereby regulating BP
levels [11].

Ubiquitylation is a stepwise process involving three classes of enzymes. Ubiquitin-activating
enzymes (E1s) activate the ubiquitin molecule combined with ATP hydrolysis [12]. Ubiquitin is then
transferred to ubiquitin-conjugating enzymes (E2s) with an active cysteine [13,14]. Following this,
ubiquitin is transferred to substrates via the ubiquitin protein ligases (E3s). Humans have only one
E1, ~40 E2s, and 500-1000 of E3s [15-17]. Two types of E3s exist, termed the homologous to the
E6-AP C terminus and the really interesting new gene (RING). E3s provide substrate specificity to
the ubiquitin system and recognize multiple substrates through different protein—protein interactions,
thus regulating multiple cellular processes, including DNA damage repair, cell cycle progression,
development, and signal transduction. Given that the ubiquitin proteasome system (UPS) enables
adaptation to physiological challenges by controlling the protein abundance of target substrates,
the involvement of UPS in BP regulation has attracted extensive research attention. In this article,
we review the role of UPS in BP homeostasis, especially focusing on sodium transporters of the kidney
and vascular functions (Figure 1).

- 26S Proteasome
) % )
& s ,Q}J -
| 0 G

Substrate
Ubiquitin Proteasome System
Kidney Vasculature
PT TAL DCT CNT&CD Smooth Muscle Endothelium
NHE3 NKCC2 NCC ENaC, PDS RhoA, PDE5 eNQOS

NV | ~

Fluid Volume and BP regulation

Figure 1. The role of ubiquitin proteasome system in fluid volume and blood pressure regulation. PT,
proximal tubule; TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule;
CD, collecting duct.
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2. Role of UPS in the Regulation of Tubular Function in the Kidney

2.1. Proximal Tubule

Among the salt transport mechanisms in the PT, NHE3 has a major role in sodium reabsorption
in this segment [18,19]. Human NHE3 contains a PY motif that binds to ubiquitin ligase neuronal
precursor cell-expressed developmentally downregulated 4-2 (NEDD4-2), and this interaction can
modulate cell surface expression and internalization of NHE3 [20], although it is unclear whether
NHES3 is directly ubiquitylated by Nedd4-2. It is interesting to note that this interaction appears to be
exclusive to humans and several primates, which is because the PY motif in NHE3 was not identified in
other mammals in the alignment analysis. Hatanaka et al. reported that angiotensin II signaling alters
NHES3 levels, thereby regulating salt sensitivity [21]. Using subtotal nephrectomized mice, they showed
that NHE3 abundance was lower in subtotal nephrectomized mice receiving azilsartan, an angiotensin
II'receptor 1 (AT1R) blocker, than in those receiving vehicle and that lactacystin, a proteasome inhibitor,
blocked the azilsartan-induced decrease in NHE3 expression. These data indicate that NHE3 levels are
regulated by UPS that are modulated by AT1R signaling. It currently remains unknown whether the
interaction between NHE3 and NEDDA4-2 is regulated by angiotensin II.

2.2. Thick Ascending Limb

NKCC?2, a target of loop diuretics such as furosemide, regulates sodium reabsorption in the
TAL [22]. Regarding the UPS-mediated modulation of NKCC2, Wu et al. reported a role of UPS in
the regulation of NKCC2 abundance in a high-salt condition [23]. They used a cytochrome P450 4F2
transgenic mouse model, which exhibited an increased production of 20-hydroxyeicosatetraenoic acid
(20-HETE), a regulator of vascular tone and renal sodium reabsorption, by blocking Ca?*-activated K*
channels [23]. Compared with wild-type mice, the transgenic mice displayed a profound decrease
in renal NKCC2 abundance in response to a high-salt diet. This effect was not accompanied by the
changes in NKCC2 mRNA expression but increased the abundance of ubiquitylated NKCC2. NKCC2
interacted with NEDD4-2, suggesting a role of this ubiquitin enzyme in the regulation of NKCC2
abundance. Another study reported that dibutyryl cyclic GMP (db-cGMP), a cell-permeable cGMP
analog, decreased NKCC2 levels by increasing NKCC2 ubiquitylation and proteasomal degradation
in rats [24]. In that study, db-cGMP induced a significant reduction in surface NKCC2 levels in
suspensions of rat medullary TALs, which was inhibited in the presence of the proteasome inhibitor
MG132. Furthermore, that study reported that NKCC2 levels were constitutively ubiquitylated and
that the process was promoted by db-cGMP [24]. Pathways that modulate NKCC2 ubiquitylation
at the downstream of cGMP signaling remains to be determined. Given that phosphorylation can
regulate the interaction between substrates and ubiquitin ligases, roles of cGMP-dependent kinase
might be worth exploring in future studies.

2.3. Distal Convoluted Tubule

2.3.1. KLHL3-Mediated WNK4 Ubiquitylation and NCC

NCC, a target of thiazide diuretics, modulates sodium reabsorption in the DCT, and accumulating
evidence has demonstrated its importance in controlling BP [25]. Familial hyperkalemic hypertension,
also known as pseudohypoaldosteronism type II (PHAII) or Gordon syndrome, is characterized
by salt-sensitive hypertension, hyperkalemia, and metabolic acidosis [26-28]. The phenotypes in
these patients can be reversed by thiazide treatment, thus suggesting the involvement of NCC in the
pathogenesis of PHAIL Till date, mutations in four genes are known to cause PHAII, which include
serine-threonine kinase with-no-lysine (WNK) 1 and WNK4 and Cullin 3 (CUL3) and Kelch-like
3 (KLHL3), the components of the cullin-RING ubiquitin ligase (CRL) complex [3,28,29]. WNKs are
substrates for the KLHL3-CULS3 ligase complex. WNKSs phosphorylate the downstream kinases
STE20/SPS1-related proline-alanine-rich protein kinase (SPAK) and oxidative stress-responsive 1 [30],
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which in turn increase the levels of phosphorylated NCC, an active form of NCC. We and others
have identified by mass spectrometry and co-immunoprecipitation that KLHL3 normally binds to
WNK1 and WNK4 [4,31-33]. KLHL3-WNK4 binding induces ubiquitylation in at least 15 specific sites,
leading to reduced WNK4 levels [4]. KLHL3 is phosphorylated at serine 433 (KLHL3%%33) in the Kelch
domain, which is regulated by angiotensin II-protein kinase C signaling [34]. Of interest, this site
is recurrently mutated in independent PHAII families, and phosphorylation or single amino acid
substitution of this site impairs the binding of KLHL3 with WNKs, resulting in its accumulation and
activation of downstream signaling. It has also been reported that Akt and protein kinase A (PKA),
key downstream substrates of insulin and vasopressin signaling, respectively, increase phosphorylated
KLHL3%43 [35]. In addition, calcium-sensing receptor signaling can modulate KLHL3-WNK4-SPAK
pathway by phosphorylating KLHL3 and WNK4 [36,37]. Conversely, phosphatase calcineurin is
capable of dephosphorylating KLHL3 phosphorylation at KLHL3543 [38]. These mechanisms probably
play important roles in several pathological conditions such as low-K*-induced BP elevation and
hypertension associated with obese diabetes mellitus [39,40]. CRLs are activated by neddylation of
cullin. It has been demonstrated that CUL3 is also neddylated, and that its neddylation status is
regulated by multisubunit deneddylase COP9 signalosome [41,42].

2.3.2. NEDD4-2-Mediated Ubiquitylation and NCC

Accumulating data also indicate that the ubiquitin ligase NEDD4-2 regulates NCC. Arroyo et al.
demonstrated that in cultured cells, NEDD4-2 interacts with NCC, resulting in its ubiquitylation
and reduced cell surface expression [43]. They also observed that serum/glucocorticoid-regulated
kinase 1 (Sgk1) prevented the NEDD4-2-mediated deactivation of NCC in a kinase-dependent manner,
indicating that Sgk1 is also involved in the NEDD4-2-mediated NCC regulation [43]. The role of
Sgkl in regulating NEDD4-2 and NCC has been demonstrated in vivo in Sgkl knockout mice [44].
In another study, tetracycline-inducible, nephron-specific NEDD4-2 knockout mice exhibited increased
NCC protein levels and salt-sensitive hypertension [45]. The mRNA expression of NCC remained
unchanged, suggesting that NEDD4-2 regulates NCC abundance at the post-transcriptional level.
Roy et al. reported that NEDD4-2 regulates NCC function through WNKT1 [46]. They identified two
alternatively spliced exons within a proline-rich region of WNKI1 that contain PY motifs. NEDD4-2
binds to the PY motifs of WNK1, ubiquitylating WNK1 and targeting it for proteasomal degradation [46].
Dysregulation of NEDD4-2 has been implicated in the pathophysiology of salt-sensitive hypertension
in a model of chronic kidney disease, which resulted in NCC activation through WNK1/SPAK [47]. In a
recent study, Wu et al. reported that NEDD4-2 modulated NCC levels through a mechanism involving
basolateral K* channel Kir4.1 (KCNJ10) [48]. The authors observed that kidney-specific deletion
of NEDD4-2 hyperpolarized the DCT membrane, accompanied by the increase in NCC abundance.
These changes were abolished in kidney-specific NEDD4-2/KCNJ10 double-knockout mice, leading to
the suppression of NCC and blunted thiazide-induced natriuresis [48]. These data demonstrate a role
of Kir4.1 in the NEDD4-2-mediated regulation of NCC.

2.4. Connecting Tubule and Collecting Duct

2.4.1. NEDD4-2-Mediated Ubiquitylation and ENaC

ENaC, consisting of three subunits, , 3, and v, is a primary regulator of sodium reabsorption
in the CNT and CD [49,50]. It has been reported that gain-of-function mutations of SCNN1B and
SCNNI1G cause Liddle’s syndrome, which is characterized by salt-sensitive hypertension, hypokalemia,
metabolic alkalosis, and low aldosterone levels [51-54]. This phenotype is induced by the disruption or
elimination of PY motifs in the 3- and y-subunits of ENaC. Provided that NEDD4-2 ubiquitylates ENaC
and regulates its membrane expression and activity [55-58], these mutations cause both increased
channel expression and intrinsic activity with a consequent increase of sodium reabsorption. When the
renin-angiotensin-aldosterone system (RAAS) is inactivated, NEDD4-2 continuously ubiquitylates

102



Int. ]. Mol. Sci. 2020, 21, 5358

ENaC and downregulates ENaC abundance. When RAAS is activated, aldosterone-induced Sgk1
phosphorylates NEDD4-2, resulting in the recruitment of 14-3-3 adaptor proteins. These proteins inhibit
the association between NEDD4-2 and ENaC, thereby leading to the elevation of ENaC levels [59,60].
Consistently, several studies have demonstrated that mice lacking functional NEDD4-2 exhibit high
levels of ENaC and salt-sensitive hypertension [61,62]. In humans, several reports indicated that
common variants in NEDD4L (encoding NEDD4-2) are associated with BP disorder [63-66].

2.4.2. NEDD4-2 and Pendrin

Although there is limited information available regarding the role of UPS in the intercalated cells
(ICs) of CNT and CD, a recent study has demonstrated a role of NEDD4-2 in regulating electrolyte
transport mechanisms in these cells [67]. Nanami et al. examined the phenotype of IC-specific NEDD4-2
knockout mice and found that these mice displayed increased pendrin abundance and C17/HCO5;~
transport in the ICs, accompanied by the elevation of BP [67]. Furthermore, pendrin gene ablation was
found to eliminate the BP increase observed in global NEDD4-2 knockout mice. These data indicate
that the ubiquitin ligase NEDD4-2 in ICs is also involved in electrolyte transport and regulation of BP.

3. Role of UPS in the Regulation of Vascular Function

3.1. Proteasome Inhibitors and Cardiovascular Disorders

Itis well known that the vasculature is an important determinant of BP. UPS ubiquitously regulates
tissue function and can regulate BP through its effect on blood vessels. Proteasome inhibitors have
been clinically used as therapeutic agents for multiple myeloma. Carfilzomib, the first irreversible
proteasome inhibitor, was found to bind selectively to its target, the chymotrypsin-like activity of the
20S proteasome [68]. It exhibited a higher efficacy in the treatment of patients with relapsed and/or
refractory multiple myeloma when applied in combination with dexamethasone with or without
lenalidomide [69,70]. Since its approval during the year 2010, there have been increasing reports of
carfilzomib-associated cardiovascular adverse events, including hypertension. A systematic review
and meta-analysis showed that hypertension (12.2%) was most common among carfilzomib-associated
cardiovascular adverse events [71], supporting the involvement of UPS in BP control.

3.2. Vascular Endothelial Cells

With respect to the mechanisms of carfilzomib-associated hypertension, vascular endothelial
dysfunction may play a vital role [71-73]. It is known that carfilzomib elicits renal toxic effects
as well as microangiopathy, which is believed to be mediated by endothelial dysfunction [74-76].
The key feature of vascular endothelial dysfunction is the decreased NO bioavailability, which is
caused due to low NO production and/or increased consumption. Provided that endothelial eNOS
is responsible for most of the vascular NO produced [77], its dysfunction results in the impairment
of endothelium-dependent vasodilatation [78]. Tetrahydrobiopterin (BH4) is known as an essential
cofactor for eNOS-mediated NO synthesis [79]. GTP cyclohydrolase (GTPCH), the rate-limiting enzyme
involved in BH4 synthesis, has been reported to be regulated by UPS, and that cigarette smoke extract
diminished GTPCH abundance that was inhibited by the proteasomal inhibitor MG132 [80]. This BH4
depletion in turn induced eNOS uncoupling with the loss of NO generation and increased superoxide
production, resulting in VEC dysfunction [80]. There are also data indicating that UPS-mediated
degradation of GTPCH is associated with oxidative stress in angiotensin II-induced hypertension [81]
and diabetes mellitus [82]. It was observed that angiotensin II induced the proteasomal degradation
of GTPCH via tyrosine nitration of an important regulatory subunit of 265 proteasome, which was
triggered by NADPH oxidase activation and generation of free radicals [81]. In another study,
streptozotocin-induced diabetic mice displayed reduced eNOS activity, which was restored by the
administration of a proteasome inhibitor through the inhibition of the proteasome-dependent GTPCH
reduction [82]. These results imply that the UPS-mediated degradation of GTPCH underlies VCE
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dysfunction through eNOS regulation. In fact, there have been several reports demonstrating that
proteasome inhibitors can improve the function of VECs [83-85]. The role of UPS in endothelial
function may vary depending on the disease state and stage, and further studies are required to
investigate the role of UPS in VECs.

3.3. Vascular Smooth Muscle Cells

The UPS in VSMCs can also regulate BP. Peroxisome proliferator-activated receptor gamma
(PPARYy) is a nuclear regulator superfamily of transcription factors, which is an important regulator of
lipid and glucose metabolism. PPARYy is expressed in numerous tissues, including VSMCs. Importantly,
studies have shown that mutations (P467L or V290M) in the ligand-binding domain of PPARy cause
not only insulin resistance but also early-onset hypertension [86,87], indicating its role in BP regulation.
Moreover, dominant negative mice model of PPARy (S-P467L) in VSMCs developed arterial stiffness
and vascular dysfunction, accompanied by hypertension [88,89]. These results indicate that PPARy in
VSMCs may play an essential role in regulating BP.

Recent studies have suggested that the effect of PPARy in VSMCs is mediated by its downstream
effector molecule, Rho-related BTB domain-containing protein 1 (RhoBTB1) [90]. RhoBTB1, a new
subfamily of Rho GTPases [91], is expressed in various tissues [92]. Several genome-wide association
studies have demonstrated that RhoBTB1 loci are associated with BP [93,94]. RhoBTB1 interacts with
the N-terminal of CUL3 through its first BTB domain [95]. Recently, Mukohda et al. demonstrated
that RhoBTB1 protects against hypertension and arterial stiffness by restoring the activity of
phosphodiesterase 5 (PDES5) [89]. They generated tamoxifen-inducible and VSMC-specific RhoBTB1
transgenic mice (5-RhoBTB1) and found that Rho-BTB1 expression was reduced in S-P467L mice,
whereas S-P467L/S-RhoBTB1 mice exhibited the restoration of RhoBTB1 expression and improvement
of vasocontraction in VSMCs, which was accompanied by the reduced PDES5 activity, leading
to the attenuation of hypertension. In addition, tadalafil, a PDE5 inhibitor, reduced BP in the
S-P467L/S-RhoBTB1 mice. It is interesting to note that RhoBTB1 promoted PDES5 ubiquitylation in the
presence of CUL3, which was blunted upon treatment with an inhibitor (MLN4924) of neddylation,
a modification that is required for CUL3 activation. The authors concluded that RhoBTB1 is involved
in the PPARy-mediated regulation of BP by regulating PDE5 activity through CUL3-dependent
ubiquitylation [89]. Accumulating data indicate that phosphodiesterase 3 (PDE3), another member
of the phosphodiesterase family, also critically regulates BP. Recent studies have demonstrated that
six missense mutations of PDE3A in six unrelated families with Mendelian hypertension exhibit
severe salt-independent but age-dependent hypertension [96]. In vitro analyses of mesenchymal
stem cell-derived VSMCs demonstrated that the mutations increased the PKA-mediated PDE3A
phosphorylation and resulted in gain of function, with increased cAMP-hydrolytic activity [96].
Whether PDE3 is regulated through UPS needs to be determined.

CUL3 also mediates the ubiquitylation and degradation of RhoA by interacting with a BTB
domain-containing adaptor, BACURD [97], which regulates vascular contraction. It has been
demonstrated that hypertension-causing mutations in CUL3 impair RhoA ubiquitylation [98] and that
selective expression of mutant CUL3 in VSMCs results in augmented RhoA signaling and vascular
dysfunction, leading to elevation of BP [99,100].

4. Conclusions

In this review article, we have summarized the current evidence regarding the role of UPS in BP
regulation, especially focusing on sodium reabsorption in the kidney and vascular functions (Figure 1).
In the kidney, sodium reabsorption regulated by NEDD4-2 has been well characterized in principal
cells and has been extensively analyzed in other nephron segments. Studies have also demonstrated
the emerging roles of other mechanisms including CUL3 and KLHL3. In addition, accumulating
evidence reveals the involvement of vascular functions in UPS-mediated BP regulation. Given that
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UPS is present ubiquitously and elicits multiple functions, future investigation is necessary for the
complete elucidation of the precise role of UPS in modulating BP.
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Abbreviations

20-HETE  20-Hydroxyeicosatetraenoic acid

ATIR Angiotensin II type 1 receptor

BH4 Tetrahydrobiopterin

BP Blood pressure

CD Collecting duct

CNT Connecting tubule

CUL3 Cullin 3

DCT Distal convoluted tubule

E1l Ubiquitin-activating enzyme

E2 Ubiquitin-conjugating enzyme

E3 Ubiquitin protein ligase

ENaC Epithelial sodium channel

eNOS Endothelial NO synthase

GTPCH GTP cyclohydrolase

1C Intercalated cell

KLHL3 Kelch-like 3

NCC Na™*-Cl~ cotransporter

NEDD4-2  Neuronal precursor cell-expressed developmentally downregulated 4-2
NHE3 Na*/H* exchanger isoform 3

NKCC2 Na*-K*-2Cl~ cotransporter

NO Nitric oxide

PDE Phosphodiesterase

PHAII Pseudohypoaldosteronism type II

PKA Protein kinase A

PPARy Peroxisome proliferator-activated receptor gamma
PT Proximal tubule

RhoBTB1 = Rho-related BTB domain-containing protein 1
RING Really interesting new gene

Sgkl Serum/glucocorticoid-regulated kinase 1
SPAK STE20/SPS1-related proline-alanine-rich protein kinase
TAL Thick ascending limb

uPs Ubiquitin proteasome system

VEC Vascular endothelial cell

VSMC Vascular smooth muscle cell

WNK With-no-lysine

References

1. Guyton, A.C. The surprising kidney-fluid mechanism for pressure control-its infinite gain! Hypertension
1990, 16, 725-730. [CrossRef] [PubMed]

2. Lifton, RP; Gharavi, A.G.; Geller, D.S. Molecular mechanisms of human hypertension. Cell 2001, 104,
545-556. [CrossRef]

3. Boyden, L.M.; Choi, M.; Choate, K.A.; Nelson-Williams, C.J.; Farhi, A.; Toka, H.R.; Tikhonova, I.R.;
Bjornson, R.; Mane, S.M.; Colussi, G.; et al. Mutations in kelch-like 3 and cullin 3 cause hypertension and
electrolyte abnormalities. Nature 2012, 482, 98-102. [CrossRef]

105



Int. ]. Mol. Sci. 2020, 21, 5358

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Shibata, S.; Zhang, J.; Puthumana, J.; Stone, K.L.; Lifton, R.P. Kelch-like 3 and Cullin 3 regulate electrolyte
homeostasis via ubiquitination and degradation of WNK4. Proc. Natl. Acad. Sci. USA 2013, 110, 7838-7843.
[CrossRef] [PubMed]

Linder, L.; Kiowski, W.; Biihler, FER.; Liischer, T.F. Indirect evidence for release of endothelium-derived
relaxing factor in human forearm circulation in vivo. Blunted response in essential hypertension. Circulation
1990, 81, 1762-1767. [PubMed]

Panza, J.A.; Quyyumi, A.A.; Brush, J.E., Jr.; Epstein, S.E. Abnormal endothelium-dependent vascular
relaxation in patients with essential hypertension. N. Engl. ]. Med. 1990, 323, 22-27. [CrossRef]

Palmer, R.M.; Ashton, D.S.; Moncada, S. Vascular endothelial cells synthesize nitric oxide from L-arginine.
Nature 1988, 333, 664-666. [CrossRef]

Huang, P.L.; Huang, Z.; Mashimo, H.; Bloch, K.D.; Moskowitz, M.A.; Bevan, ].A.; Fishman, M.C. Hypertension
in mice lacking the gene for endothelial nitric oxide synthase. Nature 1995, 377, 239-242. [CrossRef]
Leonard, A.M.; Chafe, L.L.; Montani, J.P; Van Vliet, B.N. Increased salt-sensitivity in endothelial nitric oxide
synthase-knockout mice. Am. |. Hypertens 2006, 19, 1264-1269. [CrossRef]

Lahera, V.; Salom, M.G.; Miranda-Guardiola, F.; Moncada, S.; Romero, ].C. Effects of NG-nitro-L-arginine
methyl ester on renal function and blood pressure. Am. J. Physiol. 1991, 261, F1033-F1037. [CrossRef]
Owens, G.K.; Kumar, M.S.; Wambhoff, B.R. Molecular regulation of vascular smooth muscle cell differentiation
in development and disease. Physiol. Rev. 2004, 84, 767-801. [CrossRef]

Haas, A.L.; Warms, J.V.; Rose, .A. Ubiquitin adenylate: Structure and role in ubiquitin activation. Biochemistry
1983, 22, 4388-4394. [PubMed]

Jentsch, S. The ubiquitin-conjugation system. Annu. Rev. Genet. 1992, 26, 179-207. [CrossRef] [PubMed]
Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425-479. [PubMed]
Clague, M.].; Heride, C.; Urbé, S. The demographics of the ubiquitin system. Trends Cell Biol. 2015, 25,
417-426. [CrossRef] [PubMed]

Van Wijk, S.J.; Timmers, H.T. The family of ubiquitin-conjugating enzymes (E2s): Deciding between life and
death of proteins. FASEB |. 2010, 24, 981-993. [CrossRef] [PubMed]

Nakayama, K.I.; Nakayama, K. Ubiquitin ligases: Cell-cycle control and cancer. Nat. Rev. Cancer 2006, 6,
369-381. [CrossRef] [PubMed]

Kocinsky, H.S.; Girardi, A.C.; Biemesderfer, D.; Nguyen, T.; Mentone, S.; Orlowski, J.; Aronson, P.S. Use of
phospho-specific antibodies to determine the phosphorylation of endogenous Na+/H+ exchanger NHE3 at
PKA consensus sites. An. ]. Physiol. Renal Physiol. 2005, 289, F249-F258.

Thomson, R.B.; Wang, T.; Thomson, B.R.; Tarrats, L.; Girardi, A.; Mentone, S.; Soleimani, M.; Kocher, O.;
Aronson, PS. Role of PDZK1 in membrane expression of renal brush border ion exchangers. Proc. Natl. Acad.
Sci. USA 2005, 102, 13331-13336.

No, Y.R;; He, P,; Yoo, BK,; Yun, C.C. Unique regulation of human Na+/H+ exchanger 3 (NHE3) by Nedd4-2
ligase that differs from non-primate NHE3s. . Biol. Chem. 2014, 289, 18360-18372. [CrossRef]

Hatanaka, M.; Kaimori, ].Y.; Yamamoto, S.; Matsui, I.; Hamano, T.; Takabatake, Y.; Ecelbarger, C.M.;
Takahara, S.; Isaka, Y.; Rakugi, H. Azilsartan Improves Salt Sensitivity by Modulating the Proximal Tubular
Na+-H+ Exchanger-3 in Mice. PLoS ONE 2016, 11, e0147786. [CrossRef]

Russell, .M. Sodium-potassium-chloride cotransport. Physiol. Rev. 2000, 80, 211-276. [PubMed]

Wu, J.; Liu, X;; Lai, G.; Yang, X.; Wang, L.; Zhao, Y. Synergistical effect of 20-HETE and high salt on NKCC2
protein and blood pressure via ubiquitin-proteasome pathway. Hum. Genet. 2013, 132, 179-187. [PubMed]
Ares, G.R. cGMP induces degradation of NKCC2 in the thick ascending limb via the ubiquitin-proteasomal
system. Am. ]. Physiol. Renal Physiol. 2019, 316, F838-F846. [PubMed]

Gamba, G. The thiazide-sensitive Na+-Cl- cotransporter: Molecular biology, functional properties, and
regulation by WNKs. Am. J. Physiol. Renal Physiol. 2009, 297, F838-F848.

Mayan, H.; Munter, G.; Shaharabany, M.; Mouallem, M.; Pauzner, R.; Holtzman, E.J.; Farfel, Z. Hypercalciuria
in familial hyperkalemia and hypertension accompanies hyperkalemia and precedes hypertension:
Description of a large family with the Q565E WNK4 mutation. J. Clin. Endocrinol. Metab. 2004, 89,
4025-4030.

Mayan, H.; Vered, I.; Mouallem, M.; Tzadok-Witkon, M.; Pauzner, R.; Farfel, Z. Pseudohypoaldosteronism
type II: Marked sensitivity to thiazides, hypercalciuria, normomagnesemia, and low bone mineral density.
J. Clin. Endocrinol. Metab. 2002, 87, 3248-3254.



Int. ]. Mol. Sci. 2020, 21, 5358

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Wilson, EH.; Disse-Nicodeme, S.; Choate, K.A.; Ishikawa, K.; Nelson-Williams, C.; Desitter, I.; Gunel, M.;
Milford, D.V.; Lipkin, G.W.; Achard, ].M.; et al. Human hypertension caused by mutations in WNK kinases.
Science 2001, 293, 1107-1112.

Louis-Dit-Picard, H.; Barc, J.; Trujillano, D.; Miserey-Lenkei, S.; Bouatia-Naji, N.; Pylypenko, O.; Beaurain, G.;
Bonnefond, A.; Sand, O.; Simian, C.; et al. KLHL3 mutations cause familial hyperkalemic hypertension by
impairing ion transport in the distal nephron. Nat. Genet. 2012, 44, 456460, S451-5453.

Vitari, A.C.; Deak, M.; Morrice, N.A.; Alessi, D.R. The WNK1 and WNK4 protein kinases that are mutated in
Gordon'’s hypertension syndrome phosphorylate and activate SPAK and OSR1 protein kinases. Biochem. .
2005, 391, 17-24.

Ohta, A.; Schumacher, ER.; Mehellou, Y.; Johnson, C.; Knebel, A.; Macartney, T.].; Wood, N.T.; Alessi, D.R.;
Kurz, T. The CUL3-KLHL3 E3 ligase complex mutated in Gordon’s hypertension syndrome interacts with
and ubiquitylates WNK isoforms: Disease-causing mutations in KLHL3 and WNK4 disrupt interaction.
Biochem. J. 2013, 451, 111-122. [PubMed]

Wakabayashi, M.; Mori, T.; Isobe, K.; Sohara, E.; Susa, K.; Araki, Y.; Chiga, M.; Kikuchi, E.; Nomura, N.;
Mori, Y.; et al. Impaired KLHL3-mediated ubiquitination of WNK4 causes human hypertension. Cell Rep.
2013, 3, 858-868. [PubMed]

Wu, G.; Peng, ].B. Disease-causing mutations in KLHL3 impair its effect on WNK4 degradation. FEBS Lett.
2013, 587, 1717-1722.

Shibata, S.; Arroyo, ].P.; Castaneda-Bueno, M.; Puthumana, J.; Zhang, J.; Uchida, S.; Stone, K.L.; Lam, T.T.;
Lifton, R.P. Angiotensin II signaling via protein kinase C phosphorylates Kelch-like 3, preventing WNK4
degradation. Proc. Natl. Acad. Sci. USA 2014, 111, 15556-15561.

Yoshizaki, Y.; Mori, Y.; Tsuzaki, Y.; Mori, T.; Nomura, N.; Wakabayashi, M.; Takahashi, D.; Zeniya, M.;
Kikuchi, E.; Araki, Y.; et al. Impaired degradation of WNK by Akt and PKA phosphorylation of KLHL3.
Biochem. Biophys. Res. Commun. 2015, 467, 229-234.

Castafieda-Bueno, M.; Arroyo, J.P.; Zhang, J.; Puthumana, J.; Yarborough, O., 3rd; Shibata, S.; Rojas-Vega, L.;
Gamba, G.; Rinehart, J.; Lifton, R.P. Phosphorylation by PKC and PKA regulate the kinase activity and
downstream signaling of WNK4. Proc. Natl. Acad. Sci. USA 2017, 114, E879-E886.

Bazua-Valenti, S.; Rojas-Vega, L.; Castafieda-Bueno, M.; Barrera-Chimal, J.; Bautista, R.; Cervantes-Pérez, L.G.;
Vézquez, N.; Plata, C.; Murillo-de-Ozores, A.R.; Gonzalez-Mariscal, L.; et al. The Calcium-Sensing Receptor
Increases Activity of the Renal NCC through the WNK4-SPAK Pathway. J. Am. Soc. Nephrol. 2018, 29,
1838-1848. [PubMed]

Ishizawa, K.; Wang, Q.; Li, J.; Yamazaki, O.; Tamura, Y.; Fujigaki, Y.; Uchida, S.; Lifton, R.P; Shibata, S.
Calcineurin dephosphorylates Kelch-like 3, reversing phosphorylation by angiotensin II and regulating renal
electrolyte handling. Proc. Natl. Acad. Sci. USA 2019, 116, 3155-3160.

Ishizawa, K.; Xu, N.; Loffing, J.; Lifton, R.P; Fujita, T.; Uchida, S.; Shibata, S. Potassium depletion stimulates
Na-Cl cotransporter via phosphorylation and inactivation of the ubiquitin ligase Kelch-like 3. Biochem. Biophys.
Res. Commun. 2016, 480, 745-751. [CrossRef]

Ishizawa, K.; Wang, Q.; Li, J.; Xu, N.; Nemoto, Y.; Morimoto, C.; Fujii, W.; Tamura, Y.; Fujigaki, Y.;
Tsukamoto, K.; et al. Inhibition of Sodium Glucose Cotransporter 2 Attenuates the Dysregulation of
Kelch-Like 3 and NaCl Cotransporter in Obese Diabetic Mice. ]. Am. Soc. Nephrol. 2019, 30, 782-794.
[CrossRef]

McCormick, J.A.; Yang, C.L.; Zhang, C.; Davidge, B.; Blankenstein, K.I.; Terker, A.S.; Yarbrough, B.;
Meermeier, N.P; Park, H.J.; McCully, B.; et al. Hyperkalemic hypertension-associated cullin 3 promotes
WNK signaling by degrading KLHL3. J. Clin. Investig. 2014, 124, 4723-4736. [CrossRef] [PubMed]
Cornelius, R.J.; Si, J.; Cuevas, C.A.; Nelson, ].W.; Gratreak, B.D.K.; Pardi, R.; Yang, C.L.; Ellison, D.H. Renal
COP9 Signalosome Deficiency Alters CUL3-KLHL3-WNK Signaling Pathway. J. Am. Soc. Nephrol. 2018, 29,
2627-2640. [CrossRef] [PubMed]

Arroyo, J.P; Lagnaz, D.; Ronzaud, C.; Vazquez, N.; Ko, B.S; Moddes, L.; Ruffieux-Daidie, D.;
Hausel, P; Koesters, R.; Yang, B.; et al. Nedd4-2 modulates renal Na+-Cl- cotransporter via the
aldosterone-SGK1-Nedd4-2 pathway. J. Am. Soc. Nephrol. 2011, 22, 1707-1719. [CrossRef] [PubMed]
Faresse, N.; Lagnaz, D.; Debonneville, A.; Ismailji, A.; Maillard, M.; Fejes-Toth, G.; Néray-Fejes-T6th, A.;
Staub, O. Inducible kidney-specific Sgkl knockout mice show a salt-losing phenotype. Am. ]. Physiol.
Renal Physiol. 2012, 302, F977-F985. [CrossRef] [PubMed]

107



Int. ]. Mol. Sci. 2020, 21, 5358

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ronzaud, C.; Loffing-Cueni, D.; Hausel, P.; Debonneville, A.; Malsure, S.R.; Fowler-Jaeger, N.; Boase, N.A;
Perrier, R.; Maillard, M.; Yang, B.; et al. Renal tubular NEDD4-2 deficiency causes NCC-mediated
salt-dependent hypertension. . Clin. Investig. 2013, 123, 657-665. [CrossRef] [PubMed]

Roy, A.; Al-Qusairi, L.; Donnelly, B.F.; Ronzaud, C.; Marciszyn, A.L.; Gong, F; Chang, Y.P; Butterworth, M.B.;
Pastor-Soler, N.M.; Hallows, K.R; et al. Alternatively spliced proline-rich cassettes link WNK1 to aldosterone
action. J. Clin. Investig. 2015, 125, 3433-3448. [CrossRef]

Furusho, T.; Sohara, E.; Mandai, S.; Kikuchi, H.; Takahashi, N.; Fujimaru, T.; Hashimoto, H.; Arai, Y.; Ando, E;
Zeniya, M.; et al. Renal TNF« activates the WNK phosphorylation cascade and contributes to salt-sensitive
hypertension in chronic kidney disease. Kidney Int. 2020, 97, 713-727. [CrossRef]

Wu, P; Su, X.T,; Gao, Z.X.; Zhang, D.D.; Duan, X.P,; Xiao, Y.; Staub, O.; Wang, W.H.; Lin, D.H. Renal
Tubule Nedd4-2 Deficiency Stimulates Kir4.1/Kir5.1 and Thiazide-Sensitive NaCl Cotransporter in Distal
Convoluted Tubule. J. Am. Soc. Nephrol. 2020, 31, 1226-1242. [CrossRef]

Rossier, B.C. Epithelial sodium channel (ENaC) and the control of blood pressure. Curr. Opin. Pharmacol.
2014, 15, 33-46. [CrossRef]

Pearce, D.; Soundararajan, R.; Trimpert, C.; Kashlan, O.B.; Deen, PM.; Kohan, D.E. Collecting duct principal
cell transport processes and their regulation. Clin. J. Am. Soc. Nephrol. 2015, 10, 135-146. [CrossRef]
Schild, L.; Canessa, C.M.; Shimkets, R.A.; Gautschi, I; Lifton, R.P.; Rossier, B.C. A mutation in the epithelial
sodium channel causing Liddle disease increases channel activity in the Xenopus laevis oocyte expression
system. Proc. Natl. Acad. Sci. USA 1995, 92, 5699-5703. [CrossRef]

Hansson, J.H.; Nelson-Williams, C.; Suzuki, H.; Schild, L.; Shimkets, R.; Lu, Y.; Canessa, C.; Iwasaki, T.;
Rossier, B.; Lifton, R.P. Hypertension caused by a truncated epithelial sodium channel gamma subunit:
Genetic heterogeneity of Liddle syndrome. Nat. Genet. 1995, 11, 76-82. [CrossRef] [PubMed]

Tamura, H.; Schild, L.; Enomoto, N.; Matsui, N.; Marumo, F; Rossier, B.C. Liddle disease caused by a
missense mutation of beta subunit of the epithelial sodium channel gene. |. Clin. Investig. 1996, 97, 1780-1784.
[CrossRef] [PubMed]

Staub, O.; Dho, S.; Henry, P; Correa, J.; Ishikawa, T.; McGlade, J.; Rotin, D. WW domains of Nedd4 bind to
the proline-rich PY motifs in the epithelial Na+ channel deleted in Liddle’s syndrome. EMBO ]. 1996, 15,
2371-2380. [CrossRef]

Staub, O.; Gautschi, I.; Ishikawa, T.; Breitschopf, K.; Ciechanover, A.; Schild, L.; Rotin, D. Regulation of
stability and function of the epithelial Na+ channel (ENaC) by ubiquitination. EMBO J. 1997, 16, 6325-6336.
[CrossRef] [PubMed]

Lu, C.; Pribanic, S.; Debonneville, A ; Jiang, C.; Rotin, D. The PY motif of ENaC, mutated in Liddle syndrome,
regulates channel internalization, sorting and mobilization from subapical pool. Traffic 2007, 8, 1246-1264.
[CrossRef]

Wiemuth, D.; Ke, Y.; Rohlfs, M.; McDonald, EJ. Epithelial sodium channel (ENaC) is multi-ubiquitinated at
the cell surface. Biochem. . 2007, 405, 147-155. [CrossRef]

Zhou, R.; Patel, S.V.; Snyder, PM. Nedd4-2 catalyzes ubiquitination and degradation of cell surface ENaC.
J. Biol. Chem. 2007, 282, 20207-20212. [CrossRef]

Lang, F; Pearce, D. Regulation of the epithelial Na+ channel by the mTORC2/SGK1 pathway.
Nephrol. Dial. Transplant. 2016, 31, 200-205. [CrossRef]

Bhalla, V.; Daidie, D.; Li, H,; Pao, A.C.; LaGrange, L.P; Wang, J.; Vandewalle, A.; Stockand, ].D.;
Staub, O.; Pearce, D. Serum- and glucocorticoid-regulated kinase 1 regulates ubiquitin ligase neural
precursor cell-expressed, developmentally down-regulated protein 4-2 by inducing interaction with 14-3-3.
Mol. Endocrinol. 2005, 19, 3073-3084. [CrossRef]

Shi, PP; Cao, X.R;; Sweezer, EM.; Kinney, T.S.; Williams, N.R.; Husted, R.F; Nair, R.; Weiss, R.M.;
Williamson, R.A.; Sigmund, C.D.; et al. Salt-sensitive hypertension and cardiac hypertrophy in mice deficient
in the ubiquitin ligase Nedd4-2. Am. J. Physiol. Renal Physiol. 2008, 295, F462-F470. [CrossRef] [PubMed]
Minegishi, S.; Ishigami, T.; Kino, T.; Chen, L.; Nakashima-Sasaki, R.; Araki, N.; Yatsu, K.; Fujita, M.;
Umemura, S. An isoform of Nedd4-2 is critically involved in the renal adaptation to high salt intake in mice.
Sci. Rep. 2016, 6, 27137. [CrossRef] [PubMed]

Dunn, D.M.; Ishigami, T.; Pankow, J.; von Niederhausern, A.; Alder, J.; Hunt, S.C.; Leppert, M.E,; Lalouel, ].M.;
Weiss, R.B. Common variant of human NEDDA4L activates a cryptic splice site to form a frameshifted
transcript. . Hum. Genet. 2002, 47, 665-676. [CrossRef] [PubMed]

108



Int. ]. Mol. Sci. 2020, 21, 5358

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Fouladkou, F; Alikhani-Koopaei, R.; Vogt, B.; Flores, S.Y.; Malbert-Colas, L.; Lecomte, M.C.; Loffing, J.;
Frey, EJ.; Frey, B.M.; Staub, O. A naturally occurring human Nedd4-2 variant displays impaired ENaC
regulation in Xenopus laevis oocytes. Am. ]. Physiol. Renal Physiol. 2004, 287, F550-F561. [CrossRef]
[PubMed]

Araki, N.; Umemura, M.; Miyagi, Y.; Yabana, M.; Miki, Y.; Tamura, K.; Uchino, K.; Aoki, R.; Goshima, Y.;
Umemura, S.; et al. Expression, transcription, and possible antagonistic interaction of the human Nedd4L
gene variant: Implications for essential hypertension. Hypertension 2008, 51, 773-777. [CrossRef]

Luo, F; Wang, Y.; Wang, X.; Sun, K.; Zhou, X.; Hui, R. A functional variant of NEDDA4L is associated with
hypertension, antihypertensive response, and orthostatic hypotension. Hypertension 2009, 54, 796-801.
[CrossRef]

Nanami, M.; Pham, T.D.; Kim, Y.H.; Yang, B.; Sutliff, R.L.; Staub, O.; Klein, J.D.; Lopez-Cayuqueo, K.I;
Chambrey, R.; Park, A.Y.; et al. The Role of Intercalated Cell Nedd4-2 in BP Regulation, Ion Transport,
and Transporter Expression. J. Am. Soc. Nephrol. 2018, 29, 1706-1719. [CrossRef]

Kuhn, D.J.; Chen, Q.; Voorhees, PM.; Strader, J.S.; Shenk, K.D.; Sun, C.M.; Demo, S.D.; Bennett, M.K,;
van Leeuwen, EW.; Chanan-Khan, A.A ; et al. Potent activity of carfilzomib, a novel, irreversible inhibitor
of the ubiquitin-proteasome pathway, against preclinical models of multiple myeloma. Blood 2007, 110,
3281-3290. [CrossRef]

Stewart, A.K.; Rajkumar, S.V.; Dimopoulos, M.A.; Masszi, T.; gpiéka, I; Oriol, A.; Héjek, R.; Rosifol, L.;
Siegel, D.S.; Mihaylov, G.G.; et al. Carfilzomib, lenalidomide, and dexamethasone for relapsed multiple
myeloma. N. Engl. ]. Med. 2015, 372, 142-152. [CrossRef]

Dimopoulos, M.A.; Moreau, P.; Palumbo, A_; Joshua, D.; Pour, L.; Hajek, R.; Facon, T.; Ludwig, H.; Oriol, A.;
Goldschmidt, H.; et al. Carfilzomib and dexamethasone versus bortezomib and dexamethasone for patients
with relapsed or refractory multiple myeloma (ENDEAVOR): A randomised, phase 3, open-label, multicentre
study. Lancet Oncol. 2016, 17, 27-38. [CrossRef]

Waxman, AJ.; Clasen, S.; Hwang, W.T,; Garfall, A.; Vogl, D.T.; Carver, J.; O’Quinn, R.; Cohen, A.D.;
Stadtmauer, E.A.; Ky, B.; et al. Carfilzomib-Associated Cardiovascular Adverse Events: A Systematic Review
and Meta-analysis. JAMA Oncol. 2018, 4, €174519. [CrossRef] [PubMed]

Gavazzoni, M.; Vizzardji, E.; Gorga, E.; Bonadei, I.; Rossi, L.; Belotti, A.; Rossi, G.; Ribolla, R.; Metra, M.;
Raddino, R. Mechanism of cardiovascular toxicity by proteasome inhibitors: New paradigm derived from
clinical and pre-clinical evidence. Eur. ]. Pharmacol. 2018, 828, 80-88. [CrossRef] [PubMed]
Chen-Scarabelli, C.; Corsetti, G.; Pasini, E.; Dioguardi, ES.; Sahni, G.; Narula, J.; Gavazzoni, M.; Patel, H.;
Saravolatz, L.; Knight, R.; et al. Spasmogenic Effects of the Proteasome Inhibitor Carfilzomib on Coronary
Resistance, Vascular Tone and Reactivity. EBioMedicine 2017, 21, 206-212. [CrossRef] [PubMed]

Rosenthal, A.; Luthi, J.; Belohlavek, M.; Kortiim, K.M.; Mookadam, F.; Mayo, A.; Fonseca, R.; Bergsagel, P.L.;
Reeder, C.B.; Mikhael, ].R; et al. Carfilzomib and the cardiorenal system in myeloma: An endothelial effect?
Blood Cancer |. 2016, 6, €384. [CrossRef]

Yui, ].C.; Van Keer, ].; Weiss, B.M.; Waxman, A J.; Palmer, M.B.; D’Agati, V.D.; Kastritis, E.; Dimopoulos, M.A;
Vij, R.; Bansal, D.; et al. Proteasome inhibitor associated thrombotic microangiopathy. Am. J. Hematol. 2016,
91, E348-E352. [CrossRef]

Hobeika, L.; Self, S.E.; Velez, ].C. Renal thrombotic microangiopathy and podocytopathy associated with the
use of carfilzomib in a patient with multiple myeloma. BMC Nephrol. 2014, 15, 156. [CrossRef]
Forstermann, U.; Miinzel, T. Endothelial nitric oxide synthase in vascular disease: From marvel to menace.
Circulation 2006, 113, 1708-1714. [CrossRef]

Vanhoutte, PM.; Zhao, Y.; Xu, A.; Leung, S.W. Thirty Years of Saying NO: Sources, Fate, Actions, and
Misfortunes of the Endothelium-Derived Vasodilator Mediator. Circ Res. 2016, 119, 375-396. [CrossRef]
Alp, N.J.; Channon, K.M. Regulation of endothelial nitric oxide synthase by tetrahydrobiopterin in vascular
disease. Arterioscler Thromb. Vasc. Biol. 2004, 24, 413-420. [CrossRef]

109



Int. ]. Mol. Sci. 2020, 21, 5358

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Abdelghany, T.M.; Ismail, R.S.; Mansoor, EA.; Zweier, ].R.; Lowe, E; Zweier, ].L. Cigarette smoke constituents
cause endothelial nitric oxide synthase dysfunction and uncoupling due to depletion of tetrahydrobiopterin
with degradation of GTP cyclohydrolase. Nitric. Oxide 2018, 76, 113-121. [CrossRef]

Xu, J.; Wang, S.; Wu, Y.; Song, P.; Zou, M.H. Tyrosine nitration of PA700 activates the 26S proteasome to
induce endothelial dysfunction in mice with angiotensin II-induced hypertension. Hypertension 2009, 54,
625-632. [CrossRef] [PubMed]

Xu, J.; Wu, Y,; Song, P.; Zhang, M.; Wang, S.; Zou, M.H. Proteasome-dependent degradation of guanosine
5’-triphosphate cyclohydrolase I causes tetrahydrobiopterin deficiency in diabetes mellitus. Circulation 2007,
116, 944-953. [CrossRef] [PubMed]

Lorenz, M.; Wilck, N.; Meiners, S.; Ludwig, A.; Baumann, G.; Stangl, K.; Stangl, V. Proteasome inhibition
prevents experimentally-induced endothelial dysfunction. Life Sci. 2009, 84, 929-934. [CrossRef] [PubMed]
De Martin, R.; Hoeth, M.; Hofer-Warbinek, R.; Schmid, J.A. The transcription factor NF-kappa B and the
regulation of vascular cell function. Arterioscler Thromb. Vasc. Biol. 2000, 20, E83-E88. [PubMed]

Takaoka, M.; Ohkita, M.; Matsumura, Y. Pathophysiological role of proteasome-dependent proteolytic
pathway in endothelin-1-related cardiovascular diseases. Curr. Vasc Pharmacol. 2003, 1, 19-26. [CrossRef]
Barroso, L.; Gurnell, M.; Crowley, V.E.; Agostini, M.; Schwabe, ].W.; Soos, M.A.; Maslen, G.L.; Williams, T.D.;
Lewis, H.; Schafer, A.].; et al. Dominant negative mutations in human PPARgamma associated with severe
insulin resistance, diabetes mellitus and hypertension. Nature 1999, 402, 880-883. [CrossRef]

Savage, D.B.; Tan, G.D.; Acerini, C.L.; Jebb, S.A.; Agostini, M.; Gurnell, M.; Williams, R.L.; Umpleby, A.M.;
Thomas, E.L.; Bell, ].D.; et al. Human metabolic syndrome resulting from dominant-negative mutations in the
nuclear receptor peroxisome proliferator-activated receptor-gamma. Diabetes 2003, 52, 910-917. [CrossRef]
Rahim, N.G.; Harismendy, O.; Topol, E.J.; Frazer, K.A. Genetic determinants of phenotypic diversity in
humans. Genome Biol. 2008, 9, 215. [CrossRef]

Mukohda, M.; Fang, S.; Wu, J.; Agbor, L.N.; Nair, A.R.; Ibeawuchi, S.C.; Hu, C; Liu, X.; Lu, K.T.; Guo, D.F,; et al.
RhoBTB1 protects against hypertension and arterial stiffness by restraining phosphodiesterase 5 activity.
J. Clin. Investig. 2019, 129, 2318-2332. [CrossRef]

Pelham, C.J.; Ketsawatsomkron, P.; Groh, S.; Grobe, J.L.; de Lange, W.]J.; Ibeawuchi, S.R.; Keen, H.L.;
Weatherford, E.T.; Faraci, FM.; Sigmund, C.D. Cullin-3 regulates vascular smooth muscle function and
arterial blood pressure via PPARy and RhoA/Rho-kinase. Cell Metab. 2012, 16, 462-472. [CrossRef]

Rivero, F; Dislich, H.; Glockner, G.; Noegel, A.A. The Dictyostelium discoideum family of Rho-related
proteins. Nucleic Acids Res. 2001, 29, 1068-1079. [CrossRef] [PubMed]

Berthold, J.; Schenkova, K.; Ramos, S.; Miura, Y.; Furukawa, M.; Aspenstrom, P; Rivero, F. Characterization
of RhoBTB-depedent Cul3 ubiquitin ligase complexes—evidence for an autoregulatory mechanism.
Exp. Cell Res. 2008, 314, 3453-3465. [CrossRef] [PubMed]

Newton-Cheh, C.; Johnson, T.; Gateva, V.; Tobin, M.D.; Bochud, M.; Coin, L.; Najjar, S.S.; Zhao, J.H.;
Heath, S.C.; Eyheramendy, S.; et al. Genome-wide association study identifies eight loci associated with
blood pressure. Nat. Genet. 2009, 41, 666-676. [CrossRef] [PubMed]

Evangelou, E.; Warren, H.R.; Mosen-Ansorena, D.; Mifsud, B.; Pazoki, R.; Gao, H.; Ntritsos, G.; Dimou, N.;
Cabrera, C.P; Karaman, L; et al. Genetic analysis of over 1 million people identifies 535 new loci associated
with blood pressure traits. Nat. Genet. 2018, 50, 1412-1425. [CrossRef] [PubMed]

Ramos, S.; Khademi, F.; Somesh, B.P.; Rivero, F. Genomic organization and expression profile of the small
GTPases of the RhoBTB family in human and mouse. Gene 2002, 298, 147-157. [CrossRef]

Maass, P.G.; Aydin, A.; Luft, EC.; Schichterle, C.; Weise, A.; Stricker, S.; Lindschau, C.; Vaegler, M.; Qadri, E;
Toka, H.R.; et al. PDE3A mutations cause autosomal dominant hypertension with brachydactyly. Nat. Genet.
2015, 47, 647-653. [CrossRef]

Chen, Y.; Yang, Z.; Meng, M.; Zhao, Y.; Dong, N.; Yan, H.; Liu, L.; Ding, M.; Peng, H.B.; Shao, F. Cullin
mediates degradation of RhoA through evolutionarily conserved BTB adaptors to control actin cytoskeleton
structure and cell movement. Mol. Cell 2009, 35, 841-855. [CrossRef]

Ibeawuchi, S.R.; Agbor, L.N.; Quelle, EW.; Sigmund, C.D. Hypertension-causing Mutations in Cullin3 Protein
Impair RhoA Protein Ubiquitination and Augment the Association with Substrate Adaptors. . Biol. Chem.
2015, 290, 19208-19217. [CrossRef]

110



Int. ]. Mol. Sci. 2020, 21, 5358

99. Agbor, L.N.; Ibeawuchi, S.C.; Hu, C.; Wu, J.; Davis, D.R.; Keen, H.L.; Quelle, EW.; Sigmund, C.D. Cullin-3
mutation causes arterial stiffness and hypertension through a vascular smooth muscle mechanism. JCI Insight.
2016, 1, €91015. [CrossRef]

100. Abdel Khalek, W.; Rafael, C.; Loisel-Ferreira, I.; Kouranti, I.; Clauser, E.; Hadchouel, J.; Jeunemaitre, X. Severe
Arterial Hypertension from Cullin 3 Mutations Is Caused by Both Renal and Vascular Effects. J. Am. Soc.
Nephrol. 2019, 30, 811-823. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

111






International Journal of

7
Molecular Sciences m\D\Py

Review

The Regulatory Role of T Cell Responses in Cardiac
Remodeling Following Myocardial Infarction

Tabito Kino 1, Mohsin Khan 2 and Sadia Mohsin 1*

1 Cardiovascular Research Center, Lewis Katz School of Medicine, Temple University,

Philadelphia, PA 19140, USA; tun60782@temple.edu

Center for Metabolic Disease Research, Lewis Katz School of Medicine, Temple University,
Philadelphia, PA 19140, USA; mohsin.khan@temple.edu

*  Correspondence: sadia.mohsin@temple.edu; Tel.: +1-215-707-3152; Fax: +1-215-707-5737

Received: 6 June 2020; Accepted: 13 July 2020; Published: 16 July 2020

Abstract: Ischemic injury to the heart causes cardiomyocyte and supportive tissue death that result in
adverse remodeling and formation of scar tissue at the site of injury. The dying cardiac tissue secretes
a variety of cytokines and chemokines that trigger an inflammatory response and elicit the recruitment
and activation of cardiac immune cells to the injury site. Cell-based therapies for cardiac repair
have enhanced cardiac function in the injured myocardium, but the mechanisms remain debatable.
In this review, we will focus on the interactions between the adoptively transferred stem cells
and the post-ischemic environment, including the active components of the immune/inflammatory
response that can mediate cardiac outcome after ischemic injury. In particular, we highlight how the
adaptive immune cell response can mediate tissue repair following cardiac injury. Several cell-based
studies have reported an increase in pro-reparative T cell subsets after stem cell transplantation.
Paracrine factors secreted by stem cells polarize T cell subsets partially by exogenous ubiquitination,
which can induce differentiation of T cell subset to promote tissue repair after myocardial infarction
(MI). However, the mechanism behind the polarization of different subset after stem cell transplantation
remains poorly understood. In this review, we will summarize the current status of immune cells
within the heart post-MI with an emphasis on T cell mediated reparative response after ischemic injury.

Keywords: regulatory T cells; ubiquitin; mesenchymal stem cell; cortical bone derived stem cell;
myocardial infarction

1. Introduction

Acute MI is the most severe manifestation of coronary artery disease, which causes more than
2.4 million deaths in the USA, more than 4 million deaths in Europe and Northern Asia [1]. During cardiac
ischemic events, the heart undergoes deleterious changes that result in cardiac remodeling of the left
ventricular (LV) resulting in both structural and functional alternations. The ischemia in the heart triggers
an inflammatory response that leads to the formation of a collagen-rich-scar, which is replaced from
necrotic tissue to prevent cardiac rupture. Therefore, it is reasonable to conclude that the healing process
is tightly coupled with the inflammatory microenvironment of the infarcted heart [2,3].

The cells of the immune system and their secreted factors play crucial roles in the initiation,
progression, and resolution of inflammation following MI. Immune cell subsets contribute to both
damage and repair of cardiac tissue specifically in regard to scar formation and LV remodeling [4].
Various types of inflammatory cells are recruited to the damaged area in a temporal fashion,
where they remove necrotic tissue and promote scar formation [5]. The participation of T cells
in myocardial inflammation and repair has been observed in experimental rodent models. In particular,
regulatory T cells (Tregs) mainly mediate organ-specific regenerative programs [6-8]. T cell reactivity
can benefit myocardial healing by promoting reparative fibrosis in a postmitotic organ [9]. However,
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sustained T cell responses in the heart can lead to adverse remodeling and contribute to the progression
of ischemic heart failure (HF) at later chronic stages [10]. Temporal and spatial regulation from these
biphasic immune cell populations is essential to maintain reparative processes [11]. Importantly,
focusing on T cells, including Tregs, can be a clue to reveal the reparative mechanism. Moreover,
they can be a target of therapy for patients with ischemic heart disease (IHD).

Pharmacotherapy was traditionally promoted in patients with IHD. After surviving from
acute coronary syndrome (ACS), optimal medical therapy (OMT) is a golden standard to prevent
cardiovascular death [12]. However, OMT cannot promote a regenerative effect in the ischemic
area. To date, target therapies are improving and include specific antibodies and the exogenous
ubiquitin helping in reducing the scar area in rodent models after cardiac injury [13,14]. In addition,
stem cell-based therapies had developed with improvement in cardiac function, however, the overall
beneficial effects are relatively modest with fundamental mechanisms of stem cell-mediated repair
being largely unknown. This review aims to summarize evidence regarding the role of T cell responses
in myocardial remodeling following MI, including how stem cell therapies can be used to mediate the
ubiquitination state of T cells.

2. Immune Cell Response Post-Ischemic Injury

After MI, the rapid and uncontrolled cellular death and release of intracellular contents into the
intercellular space are initiated via necrosis. Necrosis of the ischemic area triggers an inflammatory
response in the heart with the infiltration of cells including neutrophils, macrophages, monocytes,
T cells, and B cells to clear dead cells and cellular debris [15]. In the first stage, the injured myocardium
releases damage associated molecular patterns (DAMPs), which bind toll-like receptors (TLRs),
and initiate the production of cytokines/chemokines to induce the activation and recruitment of
neutrophils and Ly6C"8" monocytes. Some Ly6CM8" monocytes differentiate into M1 macrophages,
which contain a pro-inflammatory secretome enriched in interleukin (IL)-1f3, tumor necrosis factor
(TNF)-«, and IL-6 [11]. In the second stage, Ly6C1°W monocytes and M2-like macrophages with
high expression of IL-10, transforming growth factor (TGF)-f3 and vascular endothelial growth factor
(VEGF) come in with the anti-inflammatory function much needed after injury [16]. After this phase,
fibroblasts are activated and move into the infarcted area. Cytokines/chemokines and growth factors
play a critical role in the differentiation of fibroblasts into myofibroblasts [17]. Myofibroblasts, a major
producer of extracellular matrix (ECM) proteins, produce matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinase (TIMPs). Therefore, a highly regulated balance between MMPs and
TIMPs is essential in the maintenance of ECM homeostasis [18]. Figure 1 shows the mechanisms of the
innate and adaptive immune response after cardiac damage and tissue repair.

Monocytes and macrophages have a reparative effect in ischemic heart tissue after MI. As their
activation mainly occurs in acute phase, other components also regulate repair mechanism from acute
to chronic phase. The adaptive immune response, especially T cells, participate in those cascades
including myofibroblasts transition. The adverse cardiac remodeling may occur when there is an
inappropriate regulation of inflammation. However, the mechanism of adverse cardiac remodeling is
unclear and is linked to chronic inflammation. There is a dire need of accumulated studies in chronic
phase to illustrate cardiac remodeling following MI including immune response to better understand
the wound healing response with potential clinical application.
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Figure 1. Illustration of the wound healing process after stem cell therapy: activated
monocytes/macrophages produce various chemokines and cytokines that initiate inflammation and
cell migration. Chemokines produced at the site of infarction induce CCR2-dependent migration of
proinflammatory Ly6Chigh monocytes, which secrete pro-inflammatory cytokines and produce a MMP
to degrade ECM. Ly6Ch8h pro-inflammatory monocytes differentiate into classically activated M1
macrophages that express IL-13 and TNF-«. The migration of anti-inflammatory Ly6C'®" monocytes
is mediated via CXCR1. Ly6C!°W reparative monocytes can differentiate into alternatively activated M2
macrophages. MI induces the activation and proliferation of CD4+ T cells in the heart-draining lymph
nodes, which express high levels of IFN-y at the site of infarction. Additionally, YT cells participate
in apoptosis. Tregs produce IL-10, IL-13, and TGF-f and play an important role in the resolution of
inflammation and cardiac repair following MI. MSCs and CBSCs produce chemokine. CXCL12 is a
ligand of CXCR4, and exogenous ubiquitin interacts with CXCR4. They participate in cardioprotective
function with Tregs.

3. The Role of the Adaptive Immune Response Focused on T Cells after Cardiac Damage

CD4+ T helper (Th) cells provide proper immune cell homeostasis and host defense but CD4+
T cells have also been shown to promote autoimmune and inflammatory diseases. The original
description of Th cells included Th1 and Th2 cells; however, additional Th cell subsets were discovered
later, including Th17 and Tregs, which are characterized by specific cytokine profiles [19]. In the
healthy myocardium, there are about 103-10* CD4+ T cells per heart assessed by a flow cytometry
analysis [20]. Based on histological observation, CD4+ T cells accumulate in the infarct zone within
2 min after reperfusion [21]. In a permanent coronary occlusion injury model, infiltrating CD4+ T cells
influx gradually and peak at day 7. Th1 cells and Tregs are the predominant subsets of CD4+ T cells,
whereas Th2 cells and Th17 cells are minor populations. CD8+ T cells, y8T cells, and B cells also peaked
on day 7 post-MI [22]. In clinical studies, patients with ACS have significantly greater activation of Th1l
and Th17, and a prominent decrease in Treg numbers [23,24].

During scar maturation, the inflammatory response enters the chronic phase, which is characterized
by low-grade, persistent inflammation. Few studies have reported the chronic inflammatory response
after MI. One pilot study describes a global expansion of CD4+ T cells, especially Th2 and Th17 subsets,
and a small number of CD8+ T cells at 8 weeks post-MI. This study also showed that depleting CD4+ T
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cells prevented adverse ventricular remodeling [10]. Another study demonstrated that tissue-specific
T-cell responses with predominantly Th1 cells and cytotoxic CD8+ T cells phenotypes are present in
ischemic failing human hearts, which contribute to the progression of HF from T cell receptor (TCR)
sequencing [25]. According to these studies, CD4+ and CD8+ T cells participate in chronic stage
after cardiac injury, but further studies need to be performed to reveal the regulation of adaptive
immune responses.

IL-17A producing Th17 effector cells have an important role after MI. Th17 cells can be primed
through activation of conventional type 2 dendritic cells (DCs) after MI [26]. IL-17A is primarily
produced by v0T cells in the infarcted heart [27] and are involved in late remodeling stages after
MI by promoting a sustained infiltration of neutrophils and macrophages and upregulation of
pro-inflammatory cytokines leading to cardiomyocyte death and fibrosis [28] via the MMP/TIMP
signaling pathway [29]. In a study using IL-17A deficient mice, there was no difference in infarct
size compared with WT mice at day 1. However, improved survival and attenuated LV dilation
were observed over 28 days post MI [28]. Additionally, several reports showed that IL-17 can
directly activate MMP-1 in human cardiac fibrosis via p38 mitogen activated protein kinase (MAPK)
and extracellular regulated kinase (ERK) dependent activator protein 1, nuclear factor (NF)-xB
activation [30]. Additionally, increased expression of downstream target genes including IL-6, TNF,
chemokine ligand (CCL) 20 and C-X-C motif chemokine ligand (CXCL) 1 were also upregulated [31].
In clinical studies, both circulating Th17 cells and IL-17 levels are increased in patients with ACS
and stable angina compared to healthy controls [32,33]. Most studies conclude that a high IL-17A
circulating level is associated with poor prognosis. One study, however, found that low serum levels
of IL-17 are associated with a higher risk of major cardiovascular events in patients with acute MI [34].
Conclusively, the role of Th17/IL-17A in the context of MI has not yet been adequately addressed.

CD8+ T-cells also have been involved in both beneficial and detrimental cardiac remodeling.
CD8+ T cells, which have angiotensin II receptors, infiltrate the peri-infarct myocardium 7 days after
MI [35]. CD8+ T cells were characterized by upregulated IL-10 and downregulated IL-2 and INF-y
production, which have been shown to reduce ischemic heart injury. On the other hand, another study
reported CD8+ T cells activation eliciting determinantal effects on cardiomyocytes in vitro [36].
The cytotoxic activity against healthy cardiomyocytes was myocyte-specific, which suggested major
histocompatibility complex (MHC) class I and an antigen-specific cytotoxic response. CD8+ T cells
may be detrimental to the cardiac remodeling process by inducing direct cytotoxic effects on healthy
cardiomyocytes and amplifying neutrophil and macrophage-mediated inflammation, thus resulting
in increased LV dilation and decreased cardiac function. However, CD8+ T cell actions would be
indirectly beneficial by decreasing MMP-mediated collagen turnover, facilitating scar formation and
decreasing incidence of cardiac rupture [37]. Moreover, CD8+ T cells can reduce cardiac fibrosis and
improve cardiac function after injury in mice by the ablation of fibroblast activation protein [38].

Adaptive immune response focused on T cells play an important role to regulate inflammation
from the acute to chronic phase. However, the detailed inflammation mechanism remains to be
investigated as each T cells subsets are dynamic. Many more studies are needed to correlate the role
of different T cell subset dynamics in regard to species, age, genetic modifications, injury models,
and postoperative days. Conducting cell-specific transcriptome or proteome analyses of the temporal
dynamics of cardiac immune cell accumulations following MI may contribute to identify the mechanism
of inflammation after cardiac tissue damage including cytokines/chemokines. Moreover, we must
corroborate rodent models in a clinical setting to benefit patients with cardiac injury. Clinically relevant
studies are always challenging due to inherent variability in between the sample and tissue availability
at multiple time points after injury. Most of the clinically relevant data is on human cells that are
usually acquired from blood samples, so they are not necessarily a reflective of ischemic heart tissue
conditions. However, currently, we can use human tissue cells under specific environments including
ischemic cardiac injury from the cell bank, which can help us solve a complicated puzzle of the wound
healing process after MI.
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4. The Role of the Adaptive Immune System in Cardiac Tissue Repair

After the inflammatory phase, dying neutrophils are cleared by local macrophages that switch
their phenotypic polarization to support healing [39]. Tregs can be a potential solution for tissue repair
as they can terminate the pro-inflammatory phase and initiate the anti-inflammatory or pro-reparative
phase at the site of tissue injury. Natural Tregs are generated in the thymus during fetal development
and the first few years of life, while induced Treg cells can be developed later in the periphery from
naive CD4+ T cells. Tregs express a specific transcription factor called FoxP3, for the forkhead/winged
helix transcription factor, crucial for their development and functions [40]. Few resident Tregs are
present in the healthy myocardium, but they can rapidly infiltrate after acute ischemia and have been
shown to peak by day 7 after MI [41,42]. Tregs can suppress effector activities of differentiated CD4+
T cells, CD8+ T cells, Th17 cells, and the function of natural killer and B cells [43]. They also influence
wound healing processes by modulating monocyte/macrophage differentiation. Some studies have
suggested that TGF-f plays a critical role in the induction of FoxP3 expressions and is a main regulator
of Tregs, in vivo and in vitro [44].

The ablation of Tregs with CD25 antibody enhances the numbers of both inflammatory myeloid
cells and lymphocytes associated with M1 macrophage polarization and delay the healing response [41].
Tregs also promote the differentiation of recruited Ly6CM8" monocytes toward anti-inflammatory M2
macrophages in the myocardium by secreting IL-10, IL-13, and TGF-f3, which can directly stimulate
fibroblasts in the myocardium as shown in Figure 1 [45]. Tregs also induced the expression of
mediators in macrophages such as osteopontin and transglutaminase factor XIII; these factors are well
known to contribute to myocardial healing [36]. Tregs attenuate myocardial ischemia/reperfusion (I/R)
injury through a CD39 dependent mechanism involving Akt and ERK pathway [46], and modulated
matrix-preserving cardiac fibroblast phenotype, reducing expression of x-smooth muscle actin and
MMP-3, and attenuating contraction of fibroblast-populated collagen pads in the later phase [47].
Based on these findings, Tregs play an essential role in cardiac tissue repair.

Tregs have a potential to be a main target to improve cardiac function in ischemic heart tissue,
however, reparative ability of Tregs decrease during aging [48]. It is important to investigate factors that
can increase the life of a reparative Tregs. Treg capacity in neonatal rodent models is considered much
higher than adults, but not fully explored. Therefore, focusing on rejuvenating factors identified from
neonatal models may become a clue to develop our understanding of the cardiac repair mechanism in
elderly patients.

5. The Role of the Adaptive Inmune System Focused on T Cells Associated with Ubiquitin

Ubiquitin is important for regulating protein turn over via the ubiquitin—proteasome system
(UPS). The UPS regulates fundamental cell functions including mitosis, DNA replication and repair,
cell differentiation, transcriptional regulation, and receptor internalization, which all play a role
in heart biology [49]. UPS is not only important in protein degradation, but it is also involved in
multiple inflammatory processes such as NF-«B activation [50]. In the heart, several ubiquitin ligases
(E3 enzymes) are involved in cardiac physiology, such as atrogin 1, muscle RING finger family (MuRF)
1, and murine double minute (MDM) 2 [49]. Consequently, UPS regulates cardiac signal transduction
pathways and transcription factors such as calcineurin, which are associated with regulation of
pathological hypertrophic growth exhibited post-ML

Regarding T cells, ubiquitination plays a crucial role in the regulation of TCR-proximal signaling. Italso
regulates the initial activation and subsequent differentiation of T cells [51], TCR-stimulated endocytosis,
and degradation of the linker for activation of T cells (LAT); although the underlying mechanism is
poorly defined [52,53].

There are few studies associated with ubiquitin and T cells directly. Recently, however, some studies
implied that exogenous ubiquitin participated in cardioprotective function with Tregs via C-X-C motif
chemokine receptor (CXCR) 4. Exogenous ubiquitin plays a protective role in attenuating the cardiac
inflammatory response and decreasing infarct size after I/R injury. Moreover, exogenous ubiquitin
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increased the expression of MMP-2 and MMP-9, which can increase ECM degradation and can contribute
to a reduction in infarct size [54]. Extracellular ubiquitin interacts with CXCR4 and affects the proliferation
of cardiac fibrosis via the ERK 1/2 pathway [55,56]. Another study revealed that a CXCR4 antagonist
promotes tissue repair after MI by enhancing Treg mobilization and immune-regulatory function in
mice [57]. In a clinical study, combined computed tomography and a positron emission tomography can
detect CXCR4 as a surrogate for T cells in humans after MI [9].

There is no direct evidence of exogenous ubiquitin of Tregs via CXCR4. Moreover, exogenous ubiquitin
was not illustrated in the T cell ubiquitination even if it is a component of the UPS. However,
exogenous ubiquitin has a therapeutic potential and a clue to identify the mechanism between the
UPS and the Treg phenotype/recruitments. Future accumulated studies about CXCR4 may contribute to
adapt evidence of rodent models to humans.

6. Stem Cell Derived Therapies for Cardiac Injury

Current therapeutic and interventional options for the treatment of acute MI focus on the
prevention or reverting adverse cardiac remodeling [58,59]. Current therapeutic options can help with
functional output, however, it cannot regenerate the lost myocytes due to an ischemic episode. It is now
well established that cardiomyocytes in the mature heart cannot proliferate much due to their limited
self-regenerative capacity [60]. Exogenous stem cells therapies gain prominence in the last decade
due to their ability to repair damaged organs. However, the mechanism by which the organ function
improves is debatable and involves minimal regeneration of myocyte warranting investigation of
other reparative processes responsible for improvement in function. Other biological processes that
can be involved in the wound healing process are immune cells that are one of the key players in a
wound healing process after injury. Recently, significant advances have been made in MI treatment
using mesenchymal stem cells (MSCs) due to their angiogenic, antiapoptotic, anti-inflammatory,
and cardioprotective effects [61-64]. MSCs have been tested for their ability to differentiate into several
lineages in vitro and also tested in animal models to mediate tissue repair [61]. They have been
reported to exert profound immunoregulatory effects on DCs, Tregs, and monocytes or macrophages
via paracrine effects [65-69].

The potential for MSCs to induce and increase proliferation of Tregs has been shown via a wide
range of credible direct and indirect mechanisms. A direct contact between human MSCs and purified
CD4+ T cells has been shown to be essential for the induction of Treg as elimination of contact by a
semipermeable membrane greatly compromises FoxP3 expression [70]. Soluble factors such as TGF-f31
are a potent paracrine factor that induce FoxP3 expression [71]. A significant increase in the number
of FoxP3+ Treg was observed when human CD4+ T cells were cocultured with dental pulp MSCs,
which was in turn reduced when TGF-$1 production was blocked [72]. Recently, MSCs have been
shown to promote the immune regulatory effects through the release of extracellular vesicles (EVs)
and has been suggested as a mechanism of the Treg proliferation. As exosomes payload is rich in
mRNA, miRNA, and protein cargo, and have the potential to regulate immune cell gene transcription,
intracellular signaling, and effector function [73]. MSC-EV also conditioned human DCs and has
shown to have increased secretion of IL-10 and TGF-{3 leading to greater Tregs induction in pancreatic
islet antigen-specific stimulation assays of T cells with type 1 diabetes [74].

Similarly, a novel stem cell population isolated from the cortical bone has demonstrated improved
cardiomyocytes survival, cardiac function, and attenuation of remodeling compared with other stem
cells because their secretome is enriched in pro-reparative factors [75]. Additionally, CBSCs also
show unique expression of immunomodulatory proteins and cytokine production, which affect
cardiomyocytes and immune cell populations. Intramyocardial injections of CBSCs resulted in CBSC
engraftment and a decrease in the frequency of apoptosis overall 7 days after MI [76]. Concurrently,
T cell and macrophage recruitment to the tissue was increased in CBSC treated animals. CBSCs produce
cytokines and growth factors that are known to promote T cell and macrophage growth, chemotaxis,
differentiation, and survival such as: TIMP-1, CXCL12, and macrophage colony stimulating factor
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(M-CSF). CXCL12, as a ligand of CXCR4 [77], strongly attracts lymphocytes [78] and has also been
shown to protect cardiomyocytes from apoptosis [79]. M-CSF is known to induce the differentiation
of bone marrow cells to macrophages, induce an immunosuppressive phenotype, and induce the
production of CCL2 [80]. CCL2 is a potent chemotactic signal molecule for monocytes and lymphocytes,
including T cells [81], and plays a crucial role in healing infarcts [82].

Clinical applications have demonstrated the ability of bone marrow-derived cells [83-85],
cardiac-derived cells [86,87], and MSCs [88-90] to offer moderate functional benefits when transplanted
after cardiac injury. Although, they show sustained modest beneficial effects and bring new knowledge
for the cardiac repair mechanism, the basic biology and interactions of stem cells with the host cells
and its immune environment are still not fully understood and need to be studied in details. We must
identify the key regulators of wound healing processes that are delivered or activated after cell therapy.
Moreover, we should focus on the time of delivery of stem cells as the delivery of stem cell factors in a
timely manner can be a key for modulating the immune response that effects the wound healing process.

7. Conclusions

Accumulative evidence has shown that the adaptive immune response is involved in post-ischemic
cardiac remodeling after MI. From the acute to chronic phase, T cells have played an important role in
the mediation of tissue repair following cardiac injury. Tregs can terminate the pro-inflammatory phase
and initiate the anti-inflammatory or regenerative phase, promoting the differentiation of Ly6Chish
monocytes toward M2 macrophages in the myocardium by secreting pre reparative cytokines including
IL-10, IL-13, and TGF-{3. They also stimulate fibroblasts directly in the myocardium. Paracrine signaling
to and from immune cells and stem cells can be key in understanding the wound healing process
after cardiac injury. Stem cells can induce Tregs via direct and indirect mechanisms. However,
the mechanism behind polarization of different T cell subsets after stem cells transplantation remains
poorly understood. If we focus on the UPS and its effect on cell therapy, it can give us some clues on
how to modulate a pro-reparative phenotype especially associated with Tregs. This may potentially
unravel some mechanisms that can augment cardiac healing after ischemic injury. The development of
new therapeutic strategies targeting the adaptive immune system in IHD and via stem cells and its
interplay with the UPS can contribute to be a more effective treatment in patients with heart disease.
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ACS Acute coronary syndrome

APC Antigen presenting cell

CCL Chemokine ligand

CXCL C-X-C motif chemokine ligand
CXCR C-X-C motif chemokine receptor
DAMP Damage associated molecular pattern
DC Dendritic cell

ECM Extracellular matrix

ERK Extracellular regulated kinase
EV Extracellular vesicle

HF Heart failure

I/R Ischemia / reperfusion
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IFEN Interferon

IHD Ischemic heart disease

IL Interleukin

LAT Linker for activation of T cells

LvV Left ventricular

MAPK Mitogen activated protein kinase

M-CSF Macrophage colony stimulating factor

MDM Murine double minute

MHC Major histocompatibility complex

MSC Mesenchymal stem cell

MI Myocardial infarction

MMP Matrix metalloproteinase

MuRF Muscle RING finger family

NF Nuclear factor

OMT Optical medical therapy

TCR T cell receptor

TGF Transforming growth factor

TLR Toll like receptors

Th T helper

TIMP Tissue inhibitors of metalloproteinase

TNF Tumor necrosis factor

Treg Regulatory T cell

VEGF Vascular endothelial growth factor
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Abstract: A delicate intracellular balance among protein synthesis, folding, and degradation
is essential to maintaining protein homeostasis or proteostasis, and it is challenged by genetic
and environmental factors. Molecular chaperones and the ubiquitin proteasome system (UPS)
play a vital role in proteostasis for normal cellular function. As part of protein quality control,
molecular chaperones recognize misfolded proteins and assist in their refolding. Proteins that
are beyond repair or refolding undergo degradation, which is largely mediated by the UPS.
The importance of protein quality control is becoming ever clearer, but it can also be a disease-causing
mechanism. Diseases such as phenylketonuria (PKU) and hereditary tyrosinemia-I (HT1) are
caused due to mutations in PAH and FAH gene, resulting in reduced protein stability, misfolding,
accelerated degradation, and deficiency in functional proteins. Misfolded or partially unfolded
proteins do not necessarily lose their functional activity completely. Thus, partially functional
proteins can be rescued from degradation by molecular chaperones and deubiquitinating enzymes
(DUBs). Deubiquitination is an important mechanism of the UPS that can reverse the degradation of
a substrate protein by covalently removing its attached ubiquitin molecule. In this review, we discuss
the importance of molecular chaperones and DUBs in reducing the severity of PKU and HT1 by
stabilizing and rescuing mutant proteins.

Keywords: deubiquitination; inhibitors; protein quality control; proteolysis; protein stabilization

1. Introduction: Overview of Phenylketonuria and Hereditary Tyrosinemia

Phenylalanine hydroxylase (PAH) and fumarylacetoacetate hydroxylase (FAH) are two highly
regulated liver enzymes that catalyze the rate-limiting step in phenylalanine and tyrosine
metabolism [1,2]. Mammalian PAH (phenylalanine 4-monooxygenase, E.C. 1.14.16.1) catalyzes the
stereospecific hydroxylation of L-phenylalanine into L-tyrosine using tetrahydrobiopterin (BH4),
non-heme iron, and dioxygen as co-substrates in the cytosol of the liver and kidney [3]. PAH facilitates
oxidation of excess L-phenylalanine into carbon dioxide and water, and is the major enzyme degrading
75% of L-phenylalanine from the diet [2]. PAH assembles as a homotetrameric protein, each subunit
composed of N-terminal regulatory domain for allosteric activation by Phe, a central catalytic domain,
and C-terminal helix responsible for tetramer formation [4,5].

Likewise, FAH is the last enzyme in the tyrosine catabolism pathway, and it catalyzes the hydrolysis
of fumarylacetoacetate into fumarate and acetoacetate as the final step in phenylalanine and tyrosine
degradation. FAH is a cytosolic dimer that consists of two a— domains; 300 residues of the C-terminal
domain form the active site that binds to Ca?* and participates in intermolecular interactions at the
dimer interface; 120 residues of the N-terminal domain play the regulatory role [6,7]. The FAH dimer is
solely considered to be catalytically active [7]. The human FAH gene occupies chromosome 15q23-q25,
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spans 30-35 kb, and contains 14 exons [8], whereas the PAH gene is located on chromosome 12q at
position 23.2, spans 90 kb, and contains 13 exons [9].

In 1932, Grace Medes discovered 4-hydroxyphenylpyruvate in the urine of a 49-year-old man and
described it as “tyrosinosis” [10]. In the 1960s, the condition was referred to as hereditary tyrosinemia
type-I (HT1), and it was later understood to result from FAH deficiency [11-14]. Deficiency of this
enzyme leads to the accumulation of upstream metabolites such as fumarylacetoacetate (FAA) and
maleylacetoacetate, which are subsequently converted into succinylacetone. FAA and succinylacetone
are both genotoxic and carcinogenic [15]. Similarly, in 1934, Dr. Asbjern Foelling recognized elevated
levels of phenylketonuric acid in the urine of two mentally retarded siblings and named the condition
“phenylpyruvic oligophrenia” or phenylketonuria (PKU) [3]. Elevated levels of blood phenylalanine
and its metabolites, such as keto acid and phenylpyruvate, along with reduced blood tyrosine levels,
are the characteristics of PKU and its milder variant hyperphenylalaninemia (HPA). PKU is classified
as classical PKU (plasma Phe levels > 1200 uM), mild or atypical or variant PKU (600-1200 uM),
and non-PKU mild HPA (120-600 uM) [16,17]. PKU is associated with mental retardation, epilepsy,
brain damage, and neurological and behavioral problems due to the accumulation of phenylalanine
byproducts. Tyrosine is the precursor for multiple molecules; therefore, tyrosine deficiency leads to
deficiency of catecholamine neurotransmitters, melanin, and L-thyroxine [3,18].

HT1 pathogenicity is largely unknown; however, missense mutations in the FAH gene may
influence catalytic activity, protein stability, and/or protein homeostasis and monomer-dimer
equilibrium [7]. Despite being studied extensively since years, the pathophysiology of PKU is
not fully elucidated. Mutation-driven PAH protein instability, misfolding, and aggregation are the
hallmark associated with the disease resulting in subsequent protein turnover [19-21]. The regulation
of L-Phe by PAH is a complex mechanism associated with transition between oligomeric state,
changes in conformation, phosphorylation and substrate activation, and cofactor inhibition [4,5].
The newly discovered crystal structure supports the notion that PAH exists in two native states: resting
state-PAH (RS-PAH) and activated-PAH (A-PAH). The RS-PAH and A-PAH was determined by X-ray
crystallography and small-angle X-ray scattering respectively [4]. The RS-PAH has low affinity for
Phe and helps maintain the basal level of Phe essentially available for cellular functions. Also, BH4 is
complexed with RS-PAH, thus acting as a negative regulator for L-Phe activation [4,22]. BH4 serves as
a pharmacological chaperone stabilizing PAH and increasing the steady state level of enzyme [20].
As the concentration of Phe increases, excess Phe acts as an activator and binds to A-PAH allosterically,
shifting the equilibrium from RS-PAH to A-PAH. Binding of Phe induces large conformational change
and dimerization of regulatory domain of the enzyme, thus exposing the active site for the conversion
of Phe to Tyr [4,5,22]. BH4 and Phe binding drives the newly synthesized, partially folded, PAH into
equilibrium of native structure [22]. PKU disease-associated alleles affect several different operations
(like allosteric activation by Phe, stabilization by BH4) that join forces for efficient degradation of excess
Phe. Therefore, it is important to maintain the PAH structure equilibrium which is hampered due to
disease-associated mutations.

The crystal structure of the PAH tetramer providing information about PAH allostery and BH4
associated stability was recently discovered [22,23]. The allosterically activated form of PAH is
majorly responsible for the conversion of phenylalanine to tyrosine; however, stability calculations
are not possible for this form as its high resolution structure is not yet available. Nonetheless,
certain experimental reports suggested increased aggregation, high instability, and accelerated
degradation of the PAH mutant expressed in Enu!/!
primary hepatocytes and COS-7 cells [24-26]. The mutant PAH proteins (e.g., p.V106A) expressed in
/1 mouse model, are also known to be highly ubiquitinated in vitro and in vivo, targeting it for
proteasome-mediated degradation and selective autophagy [24].

To combat the pathogenic accumulation of defective proteins, the cells are equipped with the protein
quality control (PQC) system, mainly including molecular chaperones and the ubiquitin proteasomal
system (UPS). The supplementation with cofactor BH4, also acting as a pharmacological chaperone,

and Enu'? heteroallelic mouse model,

Enu
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stabilizes the PAH tetramer structure, providing a rationale for the BH4-responsive PAH-variants [20].
When PAH variants are co-expressed with GroEL/ES bacterial chaperone in Escherichia coli, decrease in
dimer portions, increase in tetramer formation, and increase in residual activity were observed.
These results suggest that co-expression with GroEL/ES bacterial chaperone might affect the PAH
folding in Escherichia coli [19]. These results indicate that molecular chaperones have the potential to
prevent protein misfolding and help to stabilize a range of mutant proteins. The proteins that cannot be
stabilized by chaperones undergo degradation to avoid its interaction with other native and non-native
proteins [27]. UPS is the major cellular degradation pathway, responsible for degrading more than
80% of intracellular proteins [28]. The proteins have to be tagged with ubiquitin moiety, in order
to be degraded by the UPS. The PAH and FAH protein is reported to be ubiquitinated [7,24,28-30]
and the variants are prone to aggregation and/or degradation [22]. However, the PAH and FAH
variants exert some amount of residual activity depending upon the severity of mutation. Therefore,
certain PAH and FAH mutants with folding defects are still functional, but they nonetheless suffer
rapid degradation [21,31-33]. The degradative system therefore needs a way to differentiate between
lethal defects and negligible defects. In this review, we discuss different strategies for stabilizing and
increasing the concentrations of those functional mutant proteins, that display instability and folding
defects and which are conjugated with ubiquitin molecule for degradation. We propose recruiting
members of the ubiquitin proteasomal system (UPS) and protein quality control (PQC) chaperones
into therapeutic endeavors to rescue functional misfolded proteins from accelerated degradation.

2. Etiology

More than 1000 mutations result in PKU [16], and more than 100 mutations result in HT1, and most
of them are missense mutations [7]. In the PAH gene, 60.5% of mutations are missense mutations, and in
the FAH gene, 45% of mutations are missense mutations [8,9]. The severity of a mutation depends on
its effect on the resulting enzyme’s conformation and function. In other words, the genotypic effect on
the clinical phenotype is variable [3,33]. Most of the mutations causing PKU and HT1 result in PAH
and FAH instability, leading to misfolding and loss of function [20,22,33-35].

Because both enzymes are biallelic, it is possible to have many disease-causing mutations, resulting in
a compound heterozygote [36,37]. Mutations in the PAH and FAH genes are known to decrease catalytic
activity and reduce the kinetic stability of the enzymes, inducing accelerated degradation [7,38].

3. Epidemiology

PKU and HT1 are autosomal recessive traits that affect 1 in 2500 to 100,000 births [9,39] and
1 in 100,000 births [40], respectively. PKU has high prevalence in the United Kingdom, Turkey,
and Ireland and is rare in Thailand, whereas HT1 is present worldwide except for Central America and
Oceania. The most common mutation in PKU is p.Arg408Trp, which is frequently found in Russia
and East European countries such as Hungary, the Czech Republic, Slovakia, and Croatia [41,42]
and Baltic countries such as Estonia, Lithuania, and Latvia [42]. Mutations such as p.Arg241Cys,
p-Arg243Gln, and Ex6-96A>G are frequent in the Chinese population [43], and p.Pro281Leu is common
in Iranians [44]. Other common variants include p.Arg261GIn, p.Tyr414Cys, and p.Ser349Pro [42].
More than 40 mutations have been found in the FAH gene, and some of the most common are D233V
in Turks, W262X in Finns [45], p.Gly64His in Asians, p.1 Met>Val in Saudi Arabians [8], and ¢.974C>T
in Europeans and Caucasians [46].

4. Protein Quality Control

Eukaryotic cells possess a robust complement of proteins to monitor and maintain a healthy
proteome for their survival. Proteome integrity is maintained under the scrutiny of the PQC
system [47]. The maturation from a nascent polypeptide to a functional protein is crucial to its function
and involves a multistep process, including proper post-translational modification. The folding
process for some proteins starts during their synthesis itself, which is called co-translational folding,
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whereas other proteins fold in the cytoplasm or the endoplasmic reticulum (ER) and mitochondria
after synthesis [48]. The fundamentals of protein folding are also governed by the cellular environment
and its over-crowding [49]. The hydrophobic patches in a polypeptide are buried in the native state.
Exposure leads to the formation of intermediates that can interact inappropriately with other molecules.
Thus, several studies suggest that protein folding is initiated by composing a folding nucleus within a
primary structure around which the remaining polypeptide folds. The most important requirement
for a correct folding pattern is the interaction between the hydrophobic and polar residues during
nucleation, which encourages the structure to be packed correctly [50].

The protein-folding mechanism is much more complex for larger proteins than for smaller ones.
Evidence from various studies indicates that, during protein folding, some proteins attain the native
structure, whereas others cannot, for reasons such as a non-native interaction that leads to intermediates
or a transiently folded protein state. Therefore, large proteins are assembled from diverse segments
or domains that are folded simultaneously and independently, ensuring the proper folding of each
segment, so that they can correctly interact with one another to form a highly stable and compact,
native, three-dimensional protein structure. In other words, for large protein complexes such as
proteasomes and ribosomes, the folding pathway involves a two state mechanism [51,52].

The ability of a protein to fold correctly de novo, though thermodynamically favorable, is often
hampered by transcriptional or translational errors, destabilizing mutations, or stress conditions such as
heat, oxygen radicals, aging, or environmental threats, giving rise to misfolded proteins and off-pathway
aggregates [53-55]. The misfolded proteins can exhibit either loss of function, characterized by protein
dysfunction and a propensity for degradation, or gain of function, characterized by protein aggregates
that cause the misfolding of other proteins through inappropriate interactions [50,56]. Cells are
rescued from the dangers of misfolded proteins by the PQC system, which keeps proteins under the
constant surveillance of molecular chaperones and induces the rapid degradation of misfolded proteins
through the UPS or autophagy-driven lysosomal proteolysis [57,58] (Figure 1). PQC relies on three
parallel strategies whereby misfolded proteins are refolded, degraded, or delivered to a quality-control
compartment capable of sequestering them, such as the juxta nuclear quality control, insoluble protein
deposit, aggresome, or ER-associated degradation (ERAD) vesicles [48].

4.1. Molecular Chaperones for Folding/Refolding

’

Molecular chaperones are present in all cell organelles and can be categorized as “folding helpers”
and “holding types.” A folding helper assists in polypeptide folding during translation and partially
unfolds misfolded intermediates [59]. The holding type, on the other hand, guards an unfolded
or misfolded protein from aggregation and degradation, and presents it to a folding helper [60].
They transiently interact with mutant proteins to protect them from interacting with normal proteins
and buy time to refold them into their native conformation [27]. Most mutated proteins show a
prolonged interaction with the chaperones compared with their corresponding correctly folded protein,
because the chaperones need time to fold them properly [61]. However, the severity of the mutation
determines whether the chaperones refold and rescue the proteins or direct them for degradation.
Therefore, the ectopic expression of chaperones increases the chance that chaperones will interact with
misfolded proteins and restore their active form, as observed in previous studies [62,63]. In other
words, chaperones along with other members of PQC, play a decisive role in maintaining a pool of
functional mutant proteins.

Molecular chaperones also help certain newly synthesized proteins to fold efficiently and in a
biologically relevant time frame. Chaperones such as HSP70/40 attach to a partially folded polypeptide
during synthesis by a ribosome and stabilize it to its correct native conformation [64] (Figure 1).
Most proteins fold to a native form in the cytosol and do not need any further assistance from chaperones,
but certain proteins always need assistance from chaperones, such as HSP90 and the TCP-1 ring
complex (TRiC) [65]. Likewise, chaperones such as HSP70 and HSP90 and some chaperonins (such as
HSP60s) assist in the refolding of misfolded proteins through the ATP and co-factor binding and release

130



Int. ]. Mol. Sci. 2020, 21, 4996

cycle. If a misfolded protein cannot be completely refolded, chaperones help target it for degradation
to remove the toxic conformation. Co-chaperones such as the Bcl-2-associates-athanogene domain
direct the interaction between a molecular chaperone and the protein degradation system [66,67].
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Figure 1. Protein folding, misfolding, and degradation. Protein folding starts during the ribosomal
translation process and attain the native conformation to execute cellular processes. The native folded
proteins are often misfolded due to mutations and other environmental factors. Molecular chaperones
catalyze the folding/refolding events, disaggregation of the protein aggregates, and targeting the
protein for degradation. Aggregates are typically degraded by autophagy, whereas the ubiquitin
proteasome system (UPS) degrades the destabilized/misfolded proteins by covalent attachment of a
ubiquitin molecule assisted by E1-E2-E3 enzymes. The ubiquitinated proteins are recognized by the
26S proteasome and are degraded. However, the ubiquitin moiety is cleaved off by Deubiquitinating
enzymes (DUBs) and the protein can be rescued from the degradation cycle.

Several classes of molecular chaperones are distinguished by molecular weight and mode
of action, such as Hsp70, Hsp90, Hsp60, and Hsp40, and bind to the hydrophobic region of a
non-native protein [64,68].

4.1.1. Hsp70

The 70 kDa heat shock protein (Hsp70) and its homologs heat shock cognate 70 (Hsc70) in the
cytosol and BiP/GRP78 in the ER are some of the most abundant chaperones engaged in a plethora of
folding and refolding processes. Hsp70 consists of two domains: an N-terminal nucleotide-binding
domain (NBD) of ~40 kDa and a C-terminal substrate-binding domain (SBD) of ~30 kDa, connected by
a hydrophobic linker. The Hsp70 cycle can use co-chaperones such as Hsp40 to recognize and transfer
a substrate protein to Hsp70, ] proteins to stimulate ATP hydrolysis in the SBD, and nuclear exchange
factor proteins to change ATP to ADP in the NBD. ADP-Hsp70 holds a substrate protein in an unfolded
state, until it has no exposed hydrophobic patches and spontaneous folding is achieved [60,69].
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4.1.2. Hsp90

Hsp90 is a homodimer, and each of its monomers consists of a highly conserved amino-terminal
domain (NTD) of ~25 kDa, a middle domain of ~40 kDa, and a C-terminal dimerization domain of
~12 kDa [70,71]. Hsp90 is also an ATP-dependent chaperone present in almost all the compartments of
a eukaryotic cell. Hsp90 regulates the stability and maturation of >300 proteins that are key players in
many biological processes, such as immune response, telomere maintenance, cancer development,
steroid signaling, and vesicular transport [72]. To recognize its enormous number of client proteins,
Hsp90 interacts with more than 20 co-chaperones. Hop, also known as p60, and STI1 mediate the
transfer of client proteins from Hsp70 to Hsp90, and Cdc37 binds to kinase clients that inhibit Hsp90’s
ATPase activity. Co-chaperone Ahal enhances Hsp90’s ATPase activity by binding between HSP90’s
middle domain catalytic loop and the NTD nucleotide-binding site, facilitating the transition to a
more stable closed transformation [72]. Unlike other chaperones, Hsp90 binds to partially folded
intermediate conformations rather than to fully denatured proteins [73,74].

4.1.3. Hsp60

Hsp60 or chaperonins are 800-900 kDa double ring cylindrical complexes that originate in the
mitochondria, but migrate to the cytosol under cellular stress. Cytosolic Hsp60 is also called TRiC
or the TCP1 complex and usually has an 8-membered ring, whereas mitochondrial Hsp60 has a
7-membered ring modulated by a lid structure made of co-chaperone Hsp10. Client proteins enter
the central cavity where the apical domain of Hsp60 exposes its hydrophobic residues for substrate
binding. Following substrate binding, Hsp60 subunits undergo excessive conformational changes,
ATP is hydrolyzed, and the folded protein is released through the Hsp10 lid [75,76].

4.1.4. Hsp40

Hsp40, also known as J protein, is mostly studied in its function as a co-chaperone with Hsp70.
The Hsp40 family is divided into 3 types depending on the location of the ] chain. In types I and II,
the J-chain is located at the N-terminal, whereas in type-III, the J chain can be located anywhere in
the protein sequence. The type-I protein additionally possesses two zinc finger motifs. The J chain,
which is 70-amino-acid-residue long, stimulates the ATPase activity of Hsp70. Hsp40 is known to
recognize and bind misfolded proteins and guide them to Hsp70 for folding. Hsp40 has been shown to
play a crucial role in neurodegenerative diseases and cancers; however, its mechanism for recognizing
non-proteins and modulating Hsp70 activity is poorly understood [77].

4.2. Ubiquitin Proteasome System

Misfolded or destabilized proteins undergo intracellular proteolysis through two main pathways:
the UPS and the autophagy-lysosome pathway. More than 80% of native and misfolded intracellular
proteins undergo UPS-mediated degradation [28]. The UPS functions in both the nucleus and the
cytosol to recycle and degrade soluble proteins. On the other hand, autophagy functions only in
the cytoplasm and generally eliminates large, insoluble aggregates and degenerated organelles that
escaped from the UPS [68]. A detailed explanation of the autophagy-lysosome pathway has been
provided elsewhere [78]. In this review, we focus mainly on UPS-mediated protein degradation and its
association with chaperones during the regulation of PAH and FAH proteins.

Targeting a substrate protein for UPS degradation requires the covalent attachment of Ub
molecule/s, which is called ubiquitination. Ubiquitination is achieved when three enzyme families
work consecutively: ubiquitin-activating enzyme (E1) activates ubiquitin by ATP hydrolysis and forms
a thioester link between its own cysteine residue and the C-terminal carboxyl group of Ub. Second,
ubiquitin-conjugating enzyme (E2) receives Ub from E1 by a trans-thiolation reaction in which Ub
binds to the cysteine residue of E2. Third, the ubiquitin-protein ligase (E3) and E2 together position the
target protein substrate and attach the ubiquitin moiety to the e-amino group in a lysine residue on
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the target protein. The ubiquitin-conjugated proteins are then recognized and degraded by the 265
proteasome unless the ubiquitin chains are removed by a crucial set of enzymes called deubiquitinating
enzymes (DUBs) [79,80] (Figure 1).

The role of the UPS has mainly been characterized in neurodegenerative diseases [81].
In gain-of-function disorders such as Alzheimer’s, Parkinson’s, Huntington’s, and Creutzfeldt-Jakob
diseases, the misfolded proteins accumulate to form aggregates and fail to undergo proteasomal
degradation because of dysfunction in the UPS. In Alzheimer’s disease, for example, the amyloid
precursor protein is cleaved into amyloid 3 (Af) peptides to form intraneuronal neurofibrillary
tangles. The Ap peptides inhibit UPS-mediated degradation by binding to the catalytic core of the
265 proteasome, thereby inhibiting its chymotrypsin-like activity [82]. Interestingly, the molecular
chaperones Hsp70 and Hsp40 reduce the accumulation of Af3 aggregates [83]. Therefore, the UPS and
molecular chaperones balance each other’s functions.

5. Deubiquitinating Enzymes Regulate Molecular Chaperones

Approximately 100 putative DUBs have been identified in humans. These large ubiquitin-cleaving
proteases are classified into seven families: ubiquitin-specific proteases, ubiquitin C-terminal hydrolases,
ovarian tumor proteases, Machado-Joseph disease domain proteases, Jabl/Mpn/Mov34 metalloenzymes,
monocyte chemotactic protein-induced proteases, and zinc finger with UFM1-85 specific peptidase
domain proteins, but most of their functions and substrates have not yet been characterized [84].
Some of the important functions of DUBs in the ubiquitin pathway include generating free ubiquitin
monomers by processing inactive ubiquitin precursors, acting as an E3 ligase antagonist by cleaving
the ubiquitin molecule from the substrate proteins, and maintaining a ubiquitin pool by recycling
cleaved ubiquitin molecules. DUBs are known to be involved in physiological processes and thus
are predicted to be involved in cancers [85], neurodegeneration [84], and infectious diseases [86].
Interestingly DUBs also regulate the members of another major degradation pathway in PQC
called autophagy. Misfolded proteins are recognized by molecular chaperones in the HSP family,
which coordinates with the UPS for protein refolding and the removal of misfolded proteins [87].

Ubiquitination and deubiquitination both play crucial roles in the dynamic regulation of different
stages of the autophagic process. To induce proper autophagy, post-translational modification of its
initiators is essential. It is a well-organized game of “on” and “off” between the E3 ligase and DUBs
in controlling autophagy signals [87]. Numerous E3-chaperone complexes work in parallel to target
misfolded proteins. For example, the E3 ligase carboxy-terminus of Hsc70 interacting protein (CHIP)
tightly regulates the function of Hsp70/Hsp90 to orchestrate cellular protein folding and degradation.
Ubiquitination of substrate proteins is antagonized by DUBs, allowing misfolded proteins to escape
from degradation [88]. A growing body of evidence suggests crosstalk between the DUBs and the
HSPs as well. For instance, proteasome-bound USP14 protein was found to interact with molecular
chaperone Hsc70 to modulate autophagy in neuroblastoma cells. Striatal neuronal cells expressing
mutant huntingtin protein had a defect in autophagosome maturation that was influenced by Hsc70
and proteasome free-USP14, indicating a link between the proteasome-independent function of USP14
and Hsc70 in mediating crosstalk among autophagy, ER stress signaling, and the proteasome [89].
Similarly, the DUB USP19 has two major isoforms. One isoform contains a transmembrane domain at its
C-terminus and is associated with ERAD for an unfolded protein response; the other isoform contains
an EEVD extension at the C-terminus that interacts with CHIP. The N-terminus of both isoforms
interacts with the Hsp90 chaperone. The regulatory function of USP19 was recently confirmed in a study
demonstrating that USP19 interacts directly with chaperone Hsp90 and upregulates the aggregation
of poly-Q containing the proteins Ataxin-3 and Huntingtin, which causes spinocerebellar ataxia
type-3 and Huntington’s disease, respectively [90]. Direct evidence indicates that chaperone Hsp90
enhances USP19 DUB activity by promoting its substrate recognition [91]. Hsp90 recruits misfolded
proteins for refolding, and should the protein fail to refold, the co-chaperone CHIP ubiquitinates the
misfolded protein for degradation with the help of Hsp90, or the misfolded protein is deubiquitinated
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by USP19, allowing it to avoid degradation and promoting aggregation [90]. This process is perfectly
synchronized as a defense mechanism against proteins whose aggregation is cytotoxic to the cells.
However, to enhance the rescue of functional mutant proteins, understanding the regulatory mechanism
of DUBs and molecular chaperones is beneficial.

6. Rapid Degradation of Misfolded PAH and FAH Proteins

More than 1000 variants in the human PAH gene are recorded in the locus-specific database
PAHvdD (http://www.biopku.org/home/pah.asp), and certain missense mutations in the regulatory
and catalytic domains cause protein instability and folding defects of the PAH protein, resulting in
its rapid degradation and loss of function [31,32,92]. Thus, PKU was generally considered to be
the paradigm of misfolded metabolic diseases [93]. The destabilized mutants of PAH are precisely
degraded by the cellular PQC system. Mutation-dependent destabilization and accelerated proteolytic
degradation are the main pathogenic mechanisms in PKU [94]. PAH is reported to be a substrate
for Ub-conjugating enzyme and is likely degraded by the UPS. Doskeland et al. demonstrated that
PAH isolated from rat liver is conjugated with mono- and multi-/poly-ubiquitination at its catalytic
domain [29]. More recently, in an ENUY? heteroallelic mouse model of HPA, mutant PAH was highly
ubiquitinated, which corresponded with an increased rate of degradation [24]. The mutant proteins
were degraded more rapidly than the wild type enzyme [62]. The wild type is reported to have a half-life
of 2 days in rat liver and 7-8 h in hepatoma cells; in contrast, mutants are degraded rapidly, due to the
destabilization of their protein structure [29]. Molecular chaperones such as DNAJC12/HSP70 play a
role in processing mutant PAH for UPS-mediated degradation or ubiquitin-mediated autophagy [28,30].

Likewise, more than 100 mutations of the FAH gene cause HT1. Like PAH, most of the mutations
produce FAH destabilization, causing the enzyme to be rushed to the aggregation pathway. When cells
expressing the FAH protein were subjected to the proteasomal inhibitor MG132, FAH protein levels were
restored. Therefore, the FAH protein undergoes proteasomal degradation [7]. FAH is also conjugated
with Ub at multiple lysine residues according to the PhosphoSitePlus (www.phosphosite.org) database.
However, no evidence indicates the type of ubiquitin linkage and whether it targets FAH for degradation
or tags it for further cellular processes. The reduced activity and deficiency of FAH found in HT1 could
result from the rapid degradation of destabilized mutant proteins [95], similar to PAH in PKU.

7. Residual Catalytic Activity of PAH and FAH Can Be Rescued by Deubiquitination or
Molecular Chaperones

Certain cases of PKU result from genetic mutations that impede the normal folding of the wild
type PAH protein, leading to reduced or no enzyme activity. Genotype-based prediction of metabolic
phenotypes, including patients with homozygosity and those with functional hemizygosity, has been
studied for several years [16]. Two alleles, both with severe mutations in the PAH gene, produce an
enzyme with little or no enzyme activity, whereas the presence of two mild mutations or one severe and
one mild mutation produces high residual enzyme activity, producing HPA or mild PKU (>30% activity
compared with wild type PAH) [93]. Certain combinations of mutations in the genotype and their
predicted residual enzyme activity have already been reported [96,97]. Some mutations characterized
by high residual activity were found to be responsive to natural co-factor BH4 [98]. BH4 responsiveness
has a multifactorial basis, including intragenic polymorphisms and non-genetic factors. The main
molecular mechanism underlying BH4 responsiveness is its chaperone-like effect on PAH, whereby it
protects PAH protein integrity and rescues it from Ub-dependent degradation [99].

It is increasingly apparent that molecular chaperones could help mutant PAH proteins that are
partially functional serve their purpose and help to prevent the pathogenic mechanisms that underlie
genetic diseases.

Given the importance of chaperones, mutations in the chaperones themselves can be lethal.
Multiple diseases are associated with mutations in the regulating chaperones. For example, a missense
mutation in the equatorial domain of HSP60 causes spastic paraplegia, and mutation in tubulin-specific
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chaperone E causes hypoparathyroidism, mental retardation, and facial dysmorphism [100]. Similarly,
in PKU an autosomal recessive mutation in DNAJC12, a PAH co-chaperone, reduced the activity
of wild type PAH, leading to HPA. DNAJC12 is involved in PAH folding and interacts with the
monoubiquitinated PAH variant, marking it for the Ub-dependent proteasomal/autophagy degradation
system. Further studies are ongoing to elucidate the role of DNAJC12 in regulating PAH and PAH
mutants [25,101]. Gene therapy and the ectopic expression of wild type chaperones might help to
restore the partially functional mutant proteins [102,103].

Some patients with HT1 who are treated with NTBC (2-[2-nitro-4-(trifluoromethyl) benzoyl]
cyclohexane-1,3-dione) also suffer from chronic hepatopathy and the development of hepatocellular
carcinoma [104]. In a murine model of HT1, chaperones such as HSPB and HSPA were found to be
associated with the anti-apoptotic proteins BCL-2 and BAG in the hepatocarcinogenetic process [105].
However, the role of molecular chaperones in FAH protein stability and degradation needs to
be investigated.

Another system that can be targeted to rescue defective proteins is the UPS. As discussed in the
previous section, the UPS is mainly driven by E1-E2-E3 enzymes that tag substrate proteins with
ubiquitin molecules to mark them for degradation via the 26S proteasome, and DUBs can reverse
that process. The role of DUBs in disease regulation has been imagined ever since their discovery,
because they are involved in almost all cellular processes [106]. In PQC, the ubiquitin-mediated
proteolytic pathway is a dynamic system responsible for regulating the fate of many proteins.
In loss-of-function diseases, saving functional misfolded proteins from degradation can be a better
alternative than dealing with a deficiency of proteins caused by rapid degradation. DUBs can rescue
proteins from degradation by cleaving their degradative signals. Thus, DUBs act as proofreaders for
mis-tagged substrate proteins and prevent them from degradation. In that way, DUBs could be used
to curb protein misfolding diseases. It is unsurprising that direct evidence on this point is sparse.
Most studies dealing with diseases related to protein folding problems aim to clear the misfolded
proteins from the cells rapidly, and thus they target DUBs or the proteasome via specific inhibitors
to prevent the pathogenesis of defective protein accumulation [107,108]. However, in diseases such
as PKU and HT1, artificial manipulation of those systems could prove advantageous and pave the
way for new therapeutic approaches. Nonetheless, the regulation of the proteostasis is not possible
for those missense mutations which are present at the active site of the enzyme and other mutations
causing truncation and splice variant. Therefore, controlling the proteostasis might be favorable only
to the missense mutations that are located outside the active site.

PAH and FAH enzyme proteins are ubiquitinated and degraded by the Ub-dependent system,
and therefore PAH and FAH mutants with high residual enzyme activity could be deubiquitinated by
DUBs, which might suffice to create an adequate supply of functional protein. However, the mutations
in certain genotypes can show dramatically different disease severities. Thus, in targeting DUBs as
therapeutics for diseases with misfolded protein, it is important to understand the genotype-phenotype
correlation and the allelic combination of mutations present in the genotype. A great deal of work
remains to be done to improve understanding of how DUBs, molecular chaperones, and their
combination can help to regulate enzyme deficiencies.

8. Current Treatments and Currently Ongoing Research

8.1. Dietary Treatment

PKU is the most common inborn error of metabolism; in it, the accumulation of L-Phe causes
clinical features such as mental retardation, eczema, microcephaly, and behavioral problems. Blood Phe
levels, which depend on the enzymatic deficiency, dictate the severity of the clinical phenotype [37].
It has been more than 65 years since the successful establishment of dietary restrictions to treat PKU,
but that diet has to be maintained for life [109]. The PKU diet is low in Phe and is supplemented with
a special medicinal formula to supply vitamins, amino acids (except Phe), and minerals. However,
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dietary restrictions are cumbersome economically and socially and can lead to nutritional deficiencies.
Moreover, adhering to dietary restrictions is difficult for older patients, resulting in increased blood
Phe levels. Large neutral amino acids (LNAAs) can be included in the diet to reduce the absorption of
Phe in the brain by competing with the transporter across the blood-brain and gastrointestinal barriers.
Because inadequate evidence supports the long-term outcomes of LNAA treatment, it is used only as
a short-term therapy. Nevertheless, dietary treatment is the foundation of PKU management upon
which novel improved therapies are being developed [109,110].

Dietary restrictions are the most common treatment for both PKU and HT1 patients. Patients with
HT1 are recommended to consume a low tyr/Phe diet and Nitisinone [111].

8.2. Nitisinone

Nitisinone (NTBC, Orfadin®, Swedish Orphan Biovitrum, Stockholm, Sweden) has been an
effective treatment for HT1 since 1992. It inhibits an enzyme, 4-hydroxyphenylpyruvate dioxygenase
(HPPD), upstream of FAH. Nitisinone is a well-tolerated drug, but its drawbacks include the
development of corneal lesions in rats, transient thrombocytopenia, and leucopenia [104,112]. Recently,
clustered regularly interspaced short palindromic repeats (CRISPR)—CRISPR-associated (Cas) systems
mediated gene correction has been demonstrated in vivo and ex vivo. In a mouse model of HT1, 1 of
250 liver cells was corrected by the hydrodynamic injection of a donor oligonucleotide and a plasmid
co-expressing gRNA and Cas9. However, NTBC supplementation with the CRISPR components
showed better therapeutic results in mice than either treatment alone [113]. In ex vivo experiments,
hepatocyte cells were collected from individual HT1 mouse models, corrected using CRISPR/Cas9
components, and implanted back to the organism. That method of replacing the mutated genotype has
high efficiency, but it still requires cycles of NTBC treatment [114].

8.3. Enzyme Therapy

In 1980, phenylalanine ammonia lyase (PAL) was recognized as a potential treatment for PKU,
because of its ability to metabolize excess Phe into less toxic products, trans-cinnamic acid, and ammonia,
regardless of genotype. Enzyme replacement therapy and enzyme substitution are two other treatment
strategies adopted. In enzyme replacement therapy, a functional PAH enzyme and its co-factor BH4
are delivered by orthotopic liver transplantation. Enzyme replacement is a daunting process that
is useful only for the few PKU patients who need a liver transplant. Enzyme substitution by PAL
is less troublesome and does not require the co-factor, because it acts directly as a substitute for
deficient PAH. When injected into humans, PAL triggers a host-immune response and is degraded
by proteases. To overcome that problem, PAL is conjugated with polyethylene glycol (PEG-PAL).
PEG-PAL, now called pegvaliase, is in clinical trials. In 2018, pegvaliase (trade name Palynziq®) was
approved by the FDA in the USA. However, severe adverse events were frequently observed in the
clinical trials. The safety of pegvaliase is also a concern during pregnancy [115-117].

8.4. Gene Therapy

Gene therapy is a promising technique for the treatment of PKU and has been studied by
several researchers. Recently, a recombinant adeno-associated virus (rAAV) containing the PAH
gene was delivered to a mouse model of PKU. But the rAAV vector could not permanently correct
liver PAH because the vector was not integrated into the genome of the hepatocytes, leading to loss
of the vector during subsequent hepatocyte regeneration. When the vector containing PAH- and
co-factor-synthesizing genes was injected into muscle, it was able to metabolize Phe to Tyr, but low
gene transfer means that this approach needs further improvement [118,119]. Inactive Cas9 (dCas9)
fused with the FokI endonuclease (FokI-dCas9) has recently been used to correct the p.Arg408Trp
mutation in the PAH gene. The frequency of the corrected allele was 21.4%, making FokI-dCas9 a
promising strategy to treat PKU [120]. Several laboratories have achieved a certain degree of success in
correcting the PAH deficiencies, however none has progressed to human trials yet.
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8.5. Tetrahydrobiopterin

The supplementation of co-factor BH4 in some PKU patients with high residual activity reduced
their Phe levels. The metabolic response to BH4 improves the stability of the misfolded PAH
enzyme and increases enzyme activity by reducing proteolysis. In 2007, a synthetic form of BH4,
sapropterin dihydrochloride, was approved in multiple countries as an adjuvant therapy. The treatment
requires that the mutant enzyme possess some amount of residual activity, which is most commonly
found in patients with milder forms of PKU. Most patients with severe forms of PKU, in which the
enzyme activity is null, do not respond to sapropterin treatment. Sapropterin acts as a molecular
chaperone to assist with PAH folding and stability. A reduction in blood Phe of 30% or more from
baseline is considered to be a sapropterin response. Chaperone therapy is a promising new approach
in the treatment of PKU and HPA [110,121].

8.6. Microbe Therapy

Development of bacteria-based drug has been focused over the past decade. In PKU, the exploitation
of gut microbiome to facilitate the degradation of Phe from the diet has shown promising results in clinical
trials. Synlogic (https://www.synlogictx.com/), a Massachusetts-based biotech, reprogrammed Escherichia
coli Nissle (EcN)—that has been isolated from human microbiome. The treatment, dubbed SYNB1618,
aim to target two pathways. One Phe degradation pathway, where gene sltA encoding Phe ammonia
lyase was inserted into the ECN chromosome. Gene sitA encodes a cytosolic protein, hence pheP gene
that encodes a Phe transporter was also engineered in EcN. The second pathway was the insertion of
Proteus mirabilis pma, which encodes L-amino acid deaminase having higher Phe break down capability.
Currently SYNB1618 is in phase I clinical trial to evaluate its potential to lower blood Phe in patients with
PKU [122,123] (https://clinicaltrials.gov/ Identifier: NCT03516487).

8.7. mRNA Therapy

Moderna (https://www.modernatx.com/), a clinical stage biotechnology company pioneering
messenger RNA (mRNA) therapeutics and vaccines, have developed mRNA-3283, that encodes the
human PAH to restore the intracellular enzyme activity in patients with PKU at an effective dose amount
encapsulated within a liposome nanoparticle; mRNA-3283 is currently in preclinical development.

8.8. Small Molecule THERAPY

Agios Pharmaceuticals 9 (https://www.agios.com/) has developed a small molecule therapy on
the hypothesis that majority of mutations in PAH prevent it from folding into its native tetrameric
conformation. The small molecule stabilizes some of these mutant enzymes and has demonstrated
significant reduction in blood Phe in severe PKU pre-clinical models.

8.9. Red Blood Cell Therapy

Recently, the lab grown red blood cells were genetically engineered to produce the enzyme
PAL. Researchers at Rubius Therapeutics (https://www.rubiustx.com/) developed RTX-134, a Red Cell
Therapeutic™ (RCT) product candidate, by inserting the gene encoding PAL enzyme into the blood
cells to degrade toxic levels of Phe in the bloodstream. RTX-134 entered the clinical trials; however,
it was recently reported that RTX-134 failed to generate any meaningful signals of efficacy.

The current and ongoing treatment and research are summarized in the Tables 1 and 2. No optimal
treatment for PKU and HT1 has yet been developed, and thus novel strategies need to be explored.
It is necessary to consider each step involved—folding, assembly, refolding, and degradation—in the
cellular handling of mutant PAH and FAH proteins.
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9. Molecular and Chemical Chaperones as Current Therapeutics for PKU and HT1

Different technologies have been exploited to discover strategies for treating the most common
inborn errors of metabolism, PKU and HT1. For PKU, pharmacological chaperones are currently
being studied to functionally and structurally rescue misfolded proteins. Among all the compounds
discovered to date, only sapropterin dihydrochloride, a synthetic form of BH4, and dietary restriction
are approved and used together for tetrahydrobiopterin-responsive PKU [42]. Side effects associated
with sapropterin include rhinorrhea, pharyngolaryngeal pain, diarrhea, and lower than normal Phe
levels in patients younger than 6 years [127]. Enzyme replacement therapy is another strategy for
treating PKU. PEG-PAL (pegvaliase) can metabolize Phe and is approved for the treatment of patients
with uncontrolled blood Phe levels. However, participants in the clinical trials had adverse events,
and discontinuation of the drug is recommended during pregnancy and breastfeeding [128].

For HT1, only NTBC (Nitisinone) in conjunction with a low tyrosine and phenylalanine diet has
been widely used. NTBC inhibits HPPD, an enzyme upstream of FAH, but it only partially protects
against liver dysfunction [105].

Molecular Chaperones

Currently the therapeutic application of chemical chaperones and pharmacological chaperones is
being used to rehabilitate misfolded proteins and restore mutant protein activity. Chemical chaperones
are small-molecular-weight compounds that act as artificial chaperones to stabilize the native
conformation of proteins. Chemical chaperones such as glycerol and trimethylamine N-oxide
correct temperature-sensitive protein folding abnormalities in cystic fibrosis transmembrane regulator
(CFTR, AF508), p53, viral oncogene protein pp60src, and ubiquitin activating enzyme E1. However,
chemical chaperones have low specificity, which produces undesired effects, and the concentrations
needed to increase protein function are so high that they are toxic to cells. Therefore, chemical chaperones
are not generally used in clinical practice. On the other hand, much work has been done on
pharmacological chaperones, which work at low concentrations and have high specificity [130].
This strategy has already proved effective in restoring mutant PAH activity in the form of
sapropterin [131]. Pharmacological chaperones to treat Fabry disease and Pompe disease show
increased enzyme activity and decreased substrate accumulation and are already in clinical trials [130].
Similar candidate molecules to stabilize PAH and FAH should be identified by using high-throughput
screening of drug libraries and studying thermal protein stability. Chaperones could be one of the
best candidates to manipulate because of their diverse role in protein folding, assembly, and stability.
Pharmacological chaperones alone or in combination with members of the UPS system (such as DUBs
and E3 ligases) could be a promising therapeutic strategy for rescuing enzyme function.

10. Alternative or Synergistic Approaches for Treating Diseases Caused by Destabilizing
Missense Mutations

10.1. Screening Specific DUBs for PAH and FAH Proteins

The protein misfolding and mis-assembly in PKU and HT1 cause rapid protein degradation,
which it is important to preempt. The UPS is one major pathway for intracellular protein degradation.
DUBs play a central role in ubiquitin signaling and protein homeostasis. The development of DUB
inhibitors has been showcased as a promising strategy for treating cancers and other diseases by
enhancing the degradation of DUB substrates. No one has reported on the role of DUBs in misfolding
diseases, in which treatments need to stabilize and increase the concentration of mutated proteins.
DUBs can recognize different chain linkages that are specific for particular functions, such as the K6,
K11, and K48 chains for proteasomal degradation and K63 chains for lysosomal targeting, DNA repair,
and NF-kB activation. Thus, DUBs are highly specific in their action [106].

Any misfolded protein is tagged with mono-/poly-ubiquitination chains that mark them for
proteasomal degradation. Those degradation tags can be recognized and removed by DUBs,
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thus aborting the protein degradation cycle. Therefore, we hypothesize that DUBs could play a
decisive role in rescuing functional but misfolded PAH and FAH proteins from degradation. Instead of
DUB inhibitors, drugs to enhance the function of DUBs that specifically regulate PAH and FAH protein
degradation need to be identified. Various DUBs might be suitable for interacting with PAH and
FAH proteins to dissociate ubiquitin molecules and maintain the relatively small amount of functional
protein needed in the correct subcellular destination to prevent disease phenotypes.

Ernst et al. proposed a highly active viral DUB derived from the protease domain of Epstein-Barr
virus, the BPLF1 gene called EBV-DUB, which removed ubiquitin chains and stabilized misfolded
proteins in 293T cells. EBV-DUB was less toxic to cells than proteasome inhibitors, because no
ubiquitylated proteins accumulated. Because the ubiquitylated proteins did not accumulate, the pool
of free Ub was also maintained in the cells. Proteasomal inhibitors reduce protein synthesis with
even a short exposure, whereas EBV-DUB did not immediately block the translation, again giving
it an advantage over proteasomal inhibitors [132]. Inhibiting proteasomal degradation can derange
many other cellular processes. Of all the attempts to stabilize the PAH and FAH mutant proteins,
this approach should be an important focus of research and surveillance.

10.2. Modified PROTAC Technology to Use DUBs to Stabilize Partially Functional PAH and FAH Proteins

Small-molecule induced protein degradation using proteolysis-targeting chimeras (PROTACs) is
an emerging technology targeting a broad range of proteins. This technology is based on event-driven
pharmacology in the sense that it degrades a target protein as soon as the drug transiently binds to
the target. After binding and degrading a protein, the PROTACS can again serve their function for
multiple rounds of activity. PROTACs are bifunctional molecules that bind to the protein of interest
with one end and to an E3 ligase with the other. The bound E3 ligase then attracts the E2 enzyme
to transfer Ub to the protein of interest, targeting it for proteasomal degradation (Figure 2). Thus,
this technology uses proximity-induced ubiquitination and degradation and has minimal off-target
effects at a low concentration. PROTACs have already proved successful in an acute myeloid leukemia
xenograft model and a disseminated lymphoma mouse model [133,134]. Therefore, they might also be
used to remove null mutant PAH and FAH proteins from cells.

The recent success of small-molecule PROTACs has opened the door to a wide range of applications.
This technique to induce protein degradation might also rescue proteins from degradation with some
modifications. One end of the PROTAC could be designed to bind to the protein of interest, while the
other, instead of binding to the E3 ligase, could be designed to bind to specific DUBs to regulate
the target protein. Binding to the PROTAC would thus bring a ubiquitin-tagged misfolded protein
and its DUB into close proximity, allowing the DUB to recognize and remove the ubiquitin tag and
aborting the degradation (Figure 2). DUBs are usually high-molecular-weight proteins, which might
give the modified PROTAC less permeability. Therefore, small molecular ligands that can recruit a
specific DUB could be used instead. Due to their high specificity and low toxicity, PROTACs can
be modified into selective rescuers of misfolded proteins that would otherwise be rapidly degraded.
Therefore, efforts should focus on identifying a specific DUB candidate or small molecule ligand to
attract DUBs that regulate PAH and FAH proteins and designing a PROTAC suitable for freezing the
degradation process.

10.3. Inhibitor of Ubiquitin

Many studies have reported the development of novel inhibitors to target druggable enzymes
of the UPS. However, the most important molecule, ubiquitin, has not yet been targeted. Recently,
Nguyen et al. discovered a compound, Congo red, with the ability to bind to the recognition site and
disrupt the binding activity of ubiquitin, thus making it unavailable for ubiquitination. Congo red
inhibits the conjugation of K48- and K63-linked polyubiquitination. Inhibiting the ubiquitin itself
inhibits all ubiquitin-mediated proteasomal/autophagic degradation, and it can therefore be used
to enrich the population of all functional mutant proteins in a cell [135]. The ubiquitin inhibitor,
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Congo red, by itself or in combination with another strategy, could be important in supporting the
survival of functional but misfolded PAH and FAH proteins.
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Figure 2. Mechanism of proteolysis-targeting chimera (PROTAC) and “Modified” PROTAC.
(A) Proteolysis-targeting chimaera (PROTAC) are bifunctional molecules, whose one end binds to
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the protein of interest (POI) while the other recruits E3 ligase forming a ternary complex. The E3 ligase
induces proximity-induced ubiquitination of POI by transferring the ubiquitin (Ub) molecules from E2
enzyme to the POI, thus facilitating its degradation; (B) Representation of a hypothetical figure where
technology can be modified to rescue the functional misfolded proteins undergoing rapid degradation in
inherited metabolic disorders like PKU and HT1 having partial functions, causing deficiency of available
protein for cellular functions. Hence, a PROTAC can be designed whose one end binds to the misfolded
POI and the other binds to a ligand that can recruit the regulatory DUB. The DUBs will cleave off the
ubiquitin molecule, avoiding the protein degradation, and will help to maintain a pool of protein required
for normal cellular function.

10.4. E1, E2, E3 Inhibitors

Most UPS-associated inhibitors block a specific upstream component, such as E1, E2, E3, or DUBs.
Those inhibitors have proved to be successful anticancer drugs, some of which are currently in clinical
trials. However, E3, the last enzyme in the ubiquitin cascade, which is responsible for transferring
Ub to the substrate protein, is more specific than E1 and E2, and thus an excellent target. A nutlin
inhibitor of MDM2-p53, an LCL161 inhibitor of XIAP, and an ALRN6924 inhibitor of MDM2-p53 are
some of the E3 enzyme inhibitors currently in clinical trials [136]. Blocking the E3 ligase with specific
inhibitors will block the ubiquitination and eventual degradation of the substrate protein, which is
exactly what is needed to treat enzyme deficiencies caused by the rapid degradation of functional but
misfolded proteins.

11. Conclusions

Although a substantial body of data has been collected on the cellular mechanisms of PAH and
FAH protein stability and folding, there remains a major gap in our understanding of how critical
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components of the PQC system recognize folding defects. The present crystal structure of PAH
tetramer increments our understanding of the equilibrium between the alternate native PAH structures
(RS-PAH and A-PAH)), allosteric binding, and activation by Phe, and the negative regulation and
stabilization by BH4 expands our knowledge of the repertoire of disease-associated PAH. There are
several excellent reviews describing the structural dynamics and function of the PAH protein. However,
our review is the first attempt describing the role of ubiquitination and/or molecular chaperones in PAH
protein turnover. Current efforts to identify successful therapeutic strategies to treat PKU and HT1
still depend on dietary restrictions. Enzyme replacement therapy, gene correction by CRISPR/Cas9,
and mRNA therapy are some recently developed breakthrough therapies associated with substantial
limitations or problems. PKU and HT1 are complex diseases, with many cellular entities interacting
with the substrate proteins (PAH and FAH) and their corresponding mutants, and thus it is laborious
to study each of them. However, DUBs and molecular chaperones play a significant role in the triage
of misfolded ubiquitinated proteins. Molecular chaperones are already being tested as therapeutic
targets, but DUBs are also an attractive target. Even though research supporting the role of DUBs
in rescuing the functional mutant proteins is in its infancy, future studies should be directed toward
identifying and modulating protein-specific DUBs. As PKU and HT-1 are complex trait diseases,
the genotype phenotype correlation plays a significant role in the development of patient-tailored
prognostic and therapeutic strategies. Molecular chaperones and DUBs, alone or in combination
with other therapies already established for PKU and HT1, have a bright future in treating these
proteopathies. Efficient technologies and multidisciplinary methodologies are needed to explore the
strong link between molecular chaperones and DUBs and how it can be used to enrich functional
mutant proteins and provide new insights into proteopathy medicine.
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Abbreviations

PKU Phenylketonuria

HT1 Hereditary tyrosinemia type 1

PAH Phenylalanine hydroxylase

FAH Fumarylacetoacetate hydroxylase

BH4 Tetrahydrobiopterin

PQC Protein quality control

uprs Ubiquitin proteasome system

HSP Heat shock protein

DUBs Deubiquitinating enzymes

ERAD Endoplasmic reticulum-associated degradation
PROCTAC  Proteolysis-targeting chimaeras

NTBC 2-[2-nitro-4-(trifluoromethyl)benzoyl]cyclohexane-1,3-dione
A-PAH Activated PAH

RS-PAH Resting state PAH
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Abstract: Ubiquitination is a prominent posttranslational modification, in which the ubiquitin moiety
is covalently attached to a target protein to influence protein stability, interaction partner and biological
function. All seven lysine residues of ubiquitin, along with the N-terminal methionine, can each
serve as a substrate for further ubiquitination, which effectuates a diverse combination of mono-
or poly-ubiquitinated proteins with linear or branched ubiquitin chains. The intricately composed
ubiquitin codes are then recognized by a large variety of ubiquitin binding domain (UBD)-containing
proteins to participate in the regulation of various pathways to modulate the cell behavior. Viruses, as
obligate parasites, involve many aspects of the cell pathways to overcome host defenses and subjugate
cellular machineries. In the virus-host interactions, both the virus and the host tap into the rich source
of versatile ubiquitination code in order to compete, combat, and co-evolve. Here, we review the
recent literature to discuss the role of ubiquitin system as the infection progresses in virus life cycle
and the importance of ubiquitin specificity in the regulation of virus-host relation.

Keywords: ubiquitin code; virus infection; virus-host interaction

1. Introduction

Ubiquitination is a reversible post-translational modification (PTM) that regulates protein functions
in almost every aspect of a cell’s life. Conjugation of a 76-amino acid small protein, ubiquitin (Ub),
to a target protein changes the stability, quantity and activity of that target. Ubiquitination was first
discovered as a type of histone H2A modification about 43 years ago [1,2]. Later, it became clear that
protein ubiquitination triggers selective degradation of the target and plays essential roles in many
cellular processes [3]. After decades of efforts to delineate the regulation of ubiquitin enzymes and
the network of ubiquitin linkage, now we know that the complex ubiquitin code is a major form
of cellular communication that conveys distinct signals in cell pathways such as receptor signaling
transport, DNA damage response, cell cycle progression, and stress responses (for recent reviews,
see references [4-6]).

Viruses are obligate parasites that closely interact with the host to subjugate many cellular
machineries to achieve viral replication. Naturally, they have evolved to manipulate and take
advantage of the ubiquitin system so as to redirect the cellular pathways in their own favor. Host cells
also adopt special code of ubiquitination to mount immune responses against viral infection. It is
fascinating to witness the unveiling of ubiquitin regulation in cell anti-viral defenses as well as viral
counteractions in recent years. In this review we will focus on the current advances of understanding
the specificity of ubiquitination in the constant battles between the virus and its host. Through
delineating the complex ubiquitin code on both the virus and host factors, we hope to understand the
significance of ubiquitination specificity in virus-host interaction and to search for potential targets
useful for prophylactic and therapeutic treatment of viral diseases.

Int. J. Mol. Sci. 2020, 21, 4088; doi:10.3390/ijms21114088 151 www.mdpi.com/journal/ijms
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2. Enzymes in the Ubiquitin System

Ubiquitination is carried out by a cascade of enzymatic reactions. E1 activating enzyme uses
ATP to activate the C-terminal carboxyl group of ubiquitin, which then forms a thioester bond with
the cysteine residue in the active site of an E2 ubiquitin conjugating enzyme. In the final step, an E3
ubiquitin ligase transfers the ubiquitin from the E2-Ub to a specific substrate. Resulted from the serial
reactions, an isopeptide bond is formed between the carboxyl group of ubiquitin and the e-amino
group of a lysine residue of the substrate protein [3].

The human genome has two E1 activating enzymes, about 40 E2 conjugating enzymes and over
600 E3 ubiquitin ligases [7]. E1 serves to distinguish ubiquitin from other ubiquitin-like proteins [8].
E2s are small proteins of about 150 amino acids, whose selectivity is generally realized via their
interactions with different E3s. The diverse array of E3s are categorized into three classes based
on their (i) catalytic domain and (ii) the mechanism of ubiquitination reaction. The most common
type of E3s is the really interesting new gene (RING) finger containing E3 ubiquitin ligases that can
simultaneously bind to both the substrate and E2-Ub and directly transfer ubiquitin from the E2 to
the substrate. The HECT (homologous to the E6AP carboxyl terminus) domain containing E3s and
RING-between-RING (RBR) type E3s both transfer ubiquitin from E2 to form E3-Ub and then to the
substrate in a two-step fashion [7,9].

Deubiquitinases (DUBs) are enzymes that remove ubiquitin from the substrate proteins. There
are about 100 DUBs in humans that are classified into seven families based on their evolutionary
conservation. Six of the DUB families are cysteine proteases and the last one is Zn-dependent
metalloproteases [10,11].

3. Biochemical Diversity of Ubiquitin Code

The combination of E3 and DUB actions creates a sophisticated ubiquitin code [12], for which a
meticulously balanced tuning is the key. This gives the cell enormous capacity to differentiate special
signals and regulate the protein abundance, distribution and function in cell activities. Incidental
errors in ubiquitination or deubiquitination can have dramatic physiological consequences leading to
serious diseases such as cancer, inflammatory disease and neurodegeneration [13,14].

The specificity of ubiquitination is mainly controlled by: (i) substrate selection, (ii) lysine
prioritization in the substrate, and (iii) lysine linkage in polyubiquitin chain. Selecting a substrate
from the whole cell proteome and then prioritizing the lysine residues of the substrate are generally
achieved through the different combinations of E2 and E3 in the network of specific E3 scaffold complex.
The decision of one or multiple lysine residues to be used for monoubiquitination diversifies the
possible outcome of this substrate. Moreover, all seven lysine residues (K6, K11, K27, K29, K33, K48
and K63) of the ubiquitin attached to the substrate can receive additional ubiquitin in multiple rounds
of reactions. This leads to the formation of a variety of polyubiquitin chain on the substrate, including
homotypic chain (only one particular lysine residue is used), heterotypic chain (different lysine residues
are used), or branched chain that involves different numbers of lysine residues in each round of reaction.
In addition, the N-terminal methionine residue (M1) of ubiquitin can also serve as the substrate to
receive ubiquitin, which forms a unique head-to-tail type of linear ubiquitin chain [15-17]. To add
more complexity in the ubiquitin code, non-lysine residues of the substrate protein, such as cysteine,
serine and threonine can also be used in ubiquitination [18], and ubiquitin itself undergoes PTM to
further increase the coding diversity of ubiquitination [4].

Regulatory signals embedded in the different architecture of ubiquitin are decoded by the UBD
(ubiquitin binding domain) containing ubiquitin binding proteins. There are more than 20 families
of UBD containing proteins in human proteome that recognize ubiquitin topologies and convey the
signals to different cellular functions, the mechanisms of which are reviewed in reference [19].
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4. Functional Specificity and Complexity of Ubiquitin Code

In recent years, a growing number of specific ubiquitin linkages have been allocated to particular
cellular functions, demystifying the sophisticated ubiquitin language in the regulation of cell activities.
The K48-linked ubiquitin chain is the most common signal that triggers the proteasome- dependent
degradation of the substrates, conserved from yeast to humans [20-22]. However, the second most
abundant form of ubiquitin chain, K63-linked chain, has little access to proteasomes [23], but is known
for non-proteolytic signaling in DNA damage response, cell trafficking, autophagy and immune
responses [12]. Interestingly, recent data showed that K63 ubiquitination can serve as the seed for the
K48/K63 branched chain, which is then prone to target the substrate for proteasomal degradation [24],
implying for more functional diversity form the complex combination of ubiquitin code.

Both K48 and K63 also form unanchored polyubiquitin chains important for intrinsic/innate
immune reactions. While the K48 chains unattached to any target protein are known to activate
IKKe (inhibitor of nuclear factor kappa-B kinase subunit epsilon) to promote STAT1 phosphorylation
and the subsequent type I Interferon (IFN)/ISG expression [25], unanchored K63 chains are more
versatile. For example, free K63 polyubiquitin chain interacts with RIG-I and activates IRF3 and NF-«B
in a cell free assay, whereas in vivo it was found to activate TAK1 and upregulate NF-kB upon viral
infection [26,27]. Beyond the IFN pathway, K63 chain detached from the substrate by a deubiquitinase
at the proteasome can stimulate autophagy-dependent aggresome clearance, which is a critical cellular
event to remove aberrant protein aggregates [28].

Mass spectrometry analysis has also captured a few other ubiquitin linkages, such as K11 and
K29, whose levels are elevated in the presence of proteasome inhibitor, suggesting their involvement
in proteasome degradation [21]. Recent data, however, indicated that the K11 chain may have dual
roles in modulating protein stability under different circumstances. On one hand, K11 chain assembled
by the cullin-containing anaphase-promoting complex (APC/C) marks the substrates for proteasomal
degradation to control the cell cycle [29,30]. On the other hand, K11 chain attached to 3-catenin leads
to protein stabilization, not degradation [31]. In both cases, the same UBE2S is used as E2. Whether it
is the difference in cell type, E3 enzyme type or substrate type that causes such opposite effects will
need further investigation.

Due to the unevenness of linkage abundancy and the lack of linkage specific antibodies, much of
the atypical ubiquitin signals, including K6, K27, K29 and K33, is understudied. Recent advancement
of affimer technology, in which high affinity affimers binding to specific ubiquitin linkages can be
screened from a library of randomized peptides, proves to be a valuable tool in deciphering ubiquitin
code [32]. Along with the conventional mutagenesis assay and available antibodies, more details of
special ubiquitin linkage and enzymes that control the linkage formation are being revealed every day.
For example, it is now known that the low abundance K6 chain can be assembled by HUWE1, a HECT
E3 ubiquitin ligase, or PARKIN, a RBR ubiquitin ligase, to be involved in DNA damage response or
mitophagy, respectively [32,33]. It would be more interesting to find out whether these two events are
correlated in the same cell and how they are coordinated.

The ubiquitin M1 linkage was first discovered when a mutant ubiquitin lacking all seven lysine
residues was found to form polyubiquitin chain in vitro [34]. So far, the only E3 that catalyzes
the head-to-tail true peptide bond of the M1 ubiquitin chain is the linear ubiquitin chain assembly
complex (LUBAC), which contains two RING finger proteins, HOIL-1L and HOIP, and an adapter
protein SHARPIN [34-36]. Many of the LUBAC substrates, such as NEMO, RIPK1, and TRADD, are
components of TNF inflammatory signaling, indicating a critical role of M1 ubiquitin chain in innate
immune responses [37,38]

5. Ubiquitination in Every Step of Viral Infection

With the critical role of ubiquitin modification in many aspects of a cell’s life, viruses, as obligate
parasites, are found to exploit the system in every imaginable manner. They can simply adopt
an existing ubiquitin regulatory pathway to hitchhike, or they can hijack the ubiquitin system for
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selective advantage towards the virus. They can change the specificity of cellular E3s or DUBs to
modulate a network of viral/cellular substrates, or they can encode viral ubiquitin-like modifiers
or ubiquitinating/deubiquitinating enzymes to modify a whole new set of substrates. Here we will
follow the footsteps of virus infection and summarize how viruses manipulate host ubiquitin system
to progress in infection in their own “creative” ways.

5.1. Role of Ubiquitination in Virus Entry

Virus entry is the very first step to start an infection. At this point all a virus can rely on is its
virion proteins, so to deliver the viral genome into a proper cell machinery by the few existing proteins
is paramount for initiating a successful infection. Although some viruses inject the genome by direct
penetration or membrane fusion, most viruses, with or without an envelope, enter a susceptible cell
via endocytosis, the major cell path to uptake substances from the environment [39,40]. Membrane
receptor ubiquitination often promotes receptor endocytosis, which facilitates the removal of membrane
receptor to extinguish the signal transduction [41]. Viruses broadly exploit the ubiquitination regulated
endocytosis for the virus entry (Figure 1).

Membrane receptor.
-mediated endocytosis

Proteasome
processing

Figure 1. Involvement of ubiquitin in virus entry and uncoating. Virus entry is depicted by a generic
virus (with red and blue ellipsoids attached to a green circle representing viral envelope and glycoproteins,
and cyan polygon representing viral neucleocapsid) interacting with the membrane receptor colored
in magenta. Ubiquitination of membrane receptor promotes virus entry via endocytosis (with green
dashed lines representing the clathrin coat). Upon entry, viruses can employ endosome, autophagosome
or proteasome to process the virion and release the viral genome, as described in the text.

One example of virus adopting the endocytosis pathway for entry is to use the T cell immunoglobulin
and mucin (TIM) family receptors as viral receptors. TIMs are type I transmembrane proteins that function
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as receptors that recognize phosphatidylserine or phosphatidylethanolamine exposed on apoptotic cells
and clear them by phagocytosis [42,43]. TIMs are found to facilitate the entry of a few RNA viruses in a
series of recent reports [44—47]. For example, TIM-1 serves as a Dengue virus receptor to facilitate the
entry via endocytosis, and ubiquitination at K338 and K346 of TIM-1 is required for an effective virus
uptake [47]. Likely, these RNA viruses, with limited virion proteins, simply take advantage of the existing
receptor endocytosis promoted by ubiquitination to enhance the viral entry. The specific interaction
between these RNA viruses and the extra cellular IgV-like domain and mucin domain of TIM may be the
determining factor for the viral selectivity. Whether TIM recognizing apoptosis-associated phospholipid
has anything to do with host apoptotic effects in intrinsic defenses remains to be investigated.

Another better studied example is the involvement of Cbl in the entry process of herpesviruses.
Cbl is a RING-type E3 ubiquitin ligase, which serves as an adaptor to transduce signals in the
various receptor tyrosine kinase pathways. Upon signal recognition, Cbl phosphorylation triggers its
association to the receptor to ubiquitinate and remove the latter from the membrane [48-50]. In both the
entry process of herpes simplex virus (HSV-1) and Kaposi’s sarcoma herpesvirus (KSHV), Cbl is found
necessary in reducing the amount of membrane receptor via endocytosis to help the internalization of
the virus [51-53]. Although it has been reported that an E2 conjugating enzyme CINS85 associated with
Cbl interacts with an HSV-1 immediate early protein ICPO (infected cell protein 0) [54], which is a viral
RING-type E3 ubiquitin ligase by itself [55], it is not yet clear whether Cbl activity is controlled by
ICPO for a selective viral enhancement.

5.2. Role of Ubiquitination in Virus Uncoating

Virus uncoating is the critical step to reveal the viral genome for replication. It is frequently
associated with proteolytic cleavage and proteasome/lysosome degradation for the purpose of complete
or partial removal of the capsid. Ubiquitination-mediated protein degradation naturally has an
irreplaceable role in the uncoating process for many viruses.

Adenovirus (AdV), with its very complex capsid but no envelope, has long been the interest
of scientists studying the stepwise viral uncoating [56,57]. Recent investigations showed broad
participation of the ubiquitin system in AdV disassembly and trafficking, events occurring after the virus
uptake but before its docking at nuclear pore to release the genome. On one hand, the conformational
change of protein VI triggers the exposure of PPxY motif, which is recognized by a HECT-type E3
ubiquitin ligase, NEDD4. Ubiquitination of pVI helps AdV to rupture endosomal membrane and
escape from the autophagy degradation [58,59]. On the other hand, a RING-type E3 ligase Mib1 is
newly identified to be necessary for AdV uncoating. It is not yet clear what Mib1 ubiquitinates in this
case, but most likely it is related to the microtubule interaction that moves the partially disassembled
AdV towards the nucleus [60]. Unlike AdV that avoids being taken up by autophagosomes on its
way to uncoat the genome, Influenza A virus (IAV) actually approaches an aggresome-autophagy
pathway to help release its genome [61]. HDAC6 dependent aggresome-autophagy pathway uses
HDACS to bridge the interactions between microtubules and various ubiquitin enzymes during the
aggresome and autophagosome formation. With the recruited DUB, unanchored K63 polyubiquitin
chain is generated to stimulate the degradation of misfolded proteins [62]. Unanchored ubiquitin
chains are also found inside the IAV virions. Upon entry, these polyubiquitin chains interact with
HDAC6-dependent aggresome degradation machinery. Via microtubule movement, RNA segments
of IAV are transported towards the nucleus and released into the nuclear pore [61]. In these two
cases, both AdV and IAV take the strategy of mimicry and utilize the existing cellular pathways
(Figure 1). Evidently, the specificity in choosing a particular pathway to uncoat relies on the structure
and composition of the virion, which at this point of infection still is the only tool the virus can use.

Unlike other virus families, herpesviruses all contain a proteinaceous layer of tegument in the
virions, which gives this family of viruses more capability in the manipulation of cell ubiquitin system
in the early infection. A DUB activity has been identified in the N-terminus of the largest HSV-1
tegument protein, the 3146 amino acid protein UL36, which is conserved in all herpesviruses [63].
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The C-terminus of UL36 has multiple sites to interact with capsid proteins. Therefore partial deletion
of UL36 impairs its incorporation into the progeny virions, making them defective in nucleus targeting
and genome release in the next round of infection [64]. Due to the difficulties in biochemical and
genetic manipulation of such big protein, how UL36 affects viral uncoating is still unclear. Likely it
involves a complex interaction with proteasome because proteasomal inhibition also blocks the capsid
transport and genome release [65].

5.3. Role of Ubiquitination in Virus Replication

Once the genome is uncoated, viral expression and replication start immediately, which produces
pathogen associated molecular patterns (PAMPs) that can be recognized by the host. In an attempt to
suppress the virus, the host cell instantly mobilizes and synthesizes defensive molecules to mount
cellular intrinsic and innate immune responses. Many well-characterized ubiquitination regulations
are associated with the IFN signaling pathways (Figure 2), including the aforementioned K48, K63 and
M1 linkages.

Uncoatin
ranscription|
/Replication

sasuodsay N4l

IFN Production

Figure 2. Involvement of ubiquitin in the key signaling pathways important for IFN production
and IEN responses. Illustrated on the left side of the grey dashed line, abnormal presence of vDNA
(in dark blue) or viral dsRNA (in light blue) is detected by DNA sensor cGAS (Cyclic GMP-AMP
synthase) or RNA sensor RIG-I (Retinoic acid-inducible gene I), which triggers the activation of their
respective signaling to induce IFN production as described in the text. On the right side of the grey
dashed line, secreted IFN interacts with IFN receptor depicted in green Y-shaped line. IFN and receptor
work in either autocrine or paracrine fashion to induce the activation of JAK/STAT pathway and
promote ISG expression. Steps of IFN production and responses involving ubiquitination and viral
regulations of the ubiquitination process are discussed in the text.
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IFN was initially discovered due to its broad interference in viral infection [66,67], such as involving
RNA degradation and translation shutdown to inhibit viral replication [68]. Various pathogen or
damage associated molecular patterns can trigger the production of IFN, and other inflammatory
cytokines, through a wide range of specific receptors and effectors and the diverse ubiquitin code [69,70].
Virus related molecular patterns generally associate with the DNA sensor- or RNA sensor-mediated
IEN production, as discussed in the following subsections.

5.3.1. Ubiquitin Specificity in DNA Induced IFN Production and Viral Counteractions

Cyclic GMP-AMP synthase (cGAS) is a cytosolic protein sensing the endogenous damaged DNA
or exogenous invading DNA to produce cGAMP [71], which in turn binds to stimulator of interferon
genes (STING) to activate STING and transduce the signal to TANK-binding kinase 1 (TBK1) so as to
phosphorylate the transcription factor IRF3. The phosphorylated IRF3 dimerizes and translocates into
the nucleus to activate the transcription of type I IFN [70].

Each component in this pathway is under extensive regulation by the ubiquitin system, involving
the tripartite motif (TRIM) family of RING-type E3 ubiquitin ligases [72] and some other E3s.
For example, TRIM56 monoubiquitinates cGAS at K335 to enhance its binding affinity to DNA and
upregulates the production of type I IEN. This ubiquitin regulation specifically restricts the infection
of DNA virus HSV-1 but not the RNA virus IAV [73]. ¢cGAS is also found to interact with RNF185 in
HSV-1 infection and can be polyubiquitinated with the K27 linkage by RNF185 [74]. Whether there is
a regulatory switch in the two cGAS ubiquitination reactions during HSV-1 infection is not known,
neither is how the two different reactions may affect the HSV-1 pathogenesis.

The downstream effector STING has shown a tremendously complex ubiquitin regulation.
For example, TRIM56, TRIM32 and mitochondrial E3 ligase MUL1 can all add K63 polyubiquitin
to STING, but at different lysine residues, to stimulate TBK1-mediated IFN expression [75-77].
Meanwhile, an E3 ubiquitin ligase complex of autocrine motility factor receptor (AMFR) is regulated
by insulin-induced gene 1 (INSIG1) to add K27 polyubiquitin to STING to stimulate the TBK1 [78].
However, RNF5 can add K48 polyubiquitin to K150 to trigger STING degradation [79], whereas
RNF26 adding K11 polyubiquitin at K150 can prevent the formation of K48 chain to protect STING
integrity [80]. Based on such complexity in the STING ubiquitin code, host cells may have the ability
to distinguish the various forms of viral DNA with great specificity. Indeed, evidence of specific virus
counteractions against STING has already been reported from human T lymphotropic virus 1 (HTLV-1)
and hepatitis B virus (HBV), both of which are reverse transcribing viruses, with the former having
RNA genome and latter having DNA genome. They produce different viral proteins, Tax for HTLV
and polymerase for HBV, to reduce the K63 polyubiquitin chain and block the IFN production [81,82].
Whether the various ubiquitin linkages of STING have additional roles in viral replication needs
further studies.

5.3.2. Ubiquitin Specificity in RNA Induced IFN Production and Viral Counteractions

dsRNA is a characteristic feature of virus infection very distinguishable from the uninfected
cells. Retinoic acid-inducible gene I (RIG-I) is an RNA helicase that contains two caspase recruitment
domains (CARD) [83]. The RIG-I-dsRNA complex interacts the mitochondrial antiviral signaling
proteins (MAVS) at the mitochondria membrane, which in turn induces the MAVS interaction to IKKe
and TBK1. As a result, IRF3, IRF7 and NF«kB get phosphorylated and translocated to the nucleus where
they activate IFN expression [70].

TRIM25 is the first E3 ubiquitin ligase identified that catalyzes K63 polyubiquitination at the
CARD domains of RIG-I to stabilize the RIG-I dimerization and dsRNA binding, which play a critical
role in the RNA-sensor mediated IFN production [84]. Subsequent studies show that other E3s such as
Riplet, MEX3C and TRIM4 also add K63-linked polyubiquitin to RIG-I [85]. These results indicate the
E3 redundancy and the importance of regulating RIG-I1 K63 polyubiquitination. Naturally, in order to
evade the RIG-I induced IFN production to promote virus replication, many RNA viruses have evolved
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specific means to inhibit the RIG-I pathway. For example, although IAV, West Nile Virus (WNV) and
respiratory syncytial virus (RSV) belong to different RNA virus families, they all express their own
NS1 protein to interact with TRIM25 and inhibit the K63-linked ubiquitination on RIG-I [86-88]. Other
RNA viruses can directly code for ubiquitin enzymes to interfere the RIG-I mediated IFN production.
For example, severe acute respiratory syndrome coronavirus (SARS-CoV) expresses a papain-like viral
protease to mimic DUB and remove the polyubiquitin chain from RIG-I, while Toscana virus (TOSV)
expresses a RBR-type E3 ubiquitin ligase to add K48-linked ubiquitin chain to RIG-I and target it for
proteasomal degradation [89,90]. Besides RNA viruses, DNA viruses also generate dsSRNA during
infection due to the overlapped coding sequences located in both DNA strands. Therefore DNA viruses
such as Epstein Barr virus (EBV) and human papillomavirus (HPV) are also found to use their specific
viral proteins, BPLF1 and E6, respectively, to manipulate TRIM25 and block this critical event [91,92].

For the downstream MAVS protein, it is recently found that TRIM31 can add K63-linked ubiquitin
chain to MAVS and TRIM21 can add the K27-linked chain, whereas YOD1 serves as a DUB to remove
the K63 chain [93-95]. It is not yet clear how viruses may be modulating the MAVS ubiquitination in
the infection process. A recent report showed that Zika virus (ZIKV) NS3 protein can interact with
MAVS and trigger K48-linked polyubiquitination of MAVS to target it for degradation. Whether a
cellular or viral E3 is responsible for the process remains to be investigated [96].

5.3.3. Ubiquitin Specificity of Transcription Factors Promoting IFN Production
and Viral Counteractions

The promoter of type I IFN are activated by a few transcription factors, such as IRF3 and NF«B.
IRF3 can be activated by both the cGAS-STING and RIG-I pathways. Examples from both DNA and
RNA viruses have been reported, in which viral proteins manipulate cellular E3s to add K48-linked
polyubiquitin to IRF3 for degradation [97,98]. It is a common viral counteraction to target IRF3 and
prevent IFN production.

NF-«B is a family of key transcription factors regulating the production of IFN and many other
cytokines [99]. In IFN production, upstream effectors such as RIG-T activate the IKK complex to
phosphorylate IkB, which leads to the K48-linked ubiquitination and degradation of IkB. Subsequently,
NF-«B, a transcription factor for multiple innate pathways, is released and translocated to the nucleus
to activate the expression of IFN, along with other cytokines [100]. Since IkB degradation is the key
step in NFkB activation, both DNA and RNA viruses frequently target this step to control the NFkB
activity. Some viruses express proteins, such as NSP1 of rotavirus and ORF61 of Varicella-Zoster Virus,
to directly interact with the E3 ubiquitin ligase and block the IkB ubiquitination, [101,102]. Other
viruses, such as HSV-1, use viral DUB to directly deubiquitinate IkB to prevent its degradation [103].
Interestingly, not all viruses inhibit IkB degradation. HTLV-1 Tax has been reported to interact with
LUBAC to add M1 ubiquitin and generate the M1/K63 hybrid linkage on IKK, which constantly
activates IKK and prevents NF-«B from being inhibited by IkB [104]. As aforementioned, Tax also
modulates STING ubiquitination to counteract IFN production [81], the seemingly contradictory
reports may reflect a complex coordination between IFN and inflammatory cytokine regulation in the
HTLV-1 infection.

5.3.4. Ubiquitin in IFN Responses and Viral Counteractions

IFN works in both autocrine and paracrine manners to amplify the anti-viral effects by stimulating
the expression of many interferon stimulated genes (ISGs). In IFN responsive pathways, individual IFN
family members are recognized by specific membrane receptors to initiate signaling transduction, by
which the IFN-receptor complexes activate members of the Janus kinase (JAK) family to phosphorylate
the signal transducers and activators of transcription (STAT) family of transcription factors, which in
turn promote the transcription of ISGs [105,106].

To evade the massive interference of IFN, viruses have also evolved ways to inhibit the IFN
responses, in which ubiquitination again plays an important role. On the IFN receptor level,
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hemagglutinin (HA) protein of IAV is found to induce a K48-linked ubiquitination of IFN« receptor 1
(IFNART1) and downregulate its membrane abundancy [107]. IFNAR1 ubiquitination is also observed
in HBV infection, in which a cellular protein matrix metalloproteinase 9 (MMP9) is activated to mediate
the IFNART1 ubiquitination in order to reduce its membrane abundancy [108].

Because of the extensive cross-talking of JAK/STAT signaling in the overall cytokine responses,
the details of viral specific regulation via the JAK and STAT proteins are not clearly understood.
For example, NS1 protein of RSV, NS5 protein of Dengue virus and Zika virus, and V protein of mumps
virus are all found to trigger proteasomal degradation of STATs. Some of the viral proteins interact
with components in E3 ubiquitin ligase complexes, while others may act as E3 ubiquitin ligases by
themselves [109-112]. At this point, details in the viral specific regulation are still missing. Further
investigations are needed.

5.3.5. Ubiquitin Specificity in Intrinsic Responses and Viral Counteractions

To create an environment that supports viral transcription and replication, viruses heavily
manipulate cell cycle and cause cell stress, which frequently trigger the cell level intrinsic anti-viral
responses, involving pathways such as apoptosis, chromatin remodeling and stress responses.

In virus infection, both the host and virus attempt to manipulate the apoptotic pathways to their
own advantage. From the host, apoptosis helps to shut down cell machineries to constrain the infection,
whereas the virus exploits apoptosis for selective viral expression and virus dissemination [113]. In this
process, virus also manipulates the ubiquitin system to achieve a fine balance between the proapoptotic
and antiapoptotic activities. For example, tumor suppressor p53 plays a pivotal role in DNA damage
response and apoptosis.

Many viruses have evolved various strategies to up- or down-regulate the p53 activity to capitalize
on the pro/anti-apoptotic molecules according to their needs. For example, the E6 protein of HPV is
famous for hijacking a cellular E3 ubiquitin ligase E6AP to degrade p53 by polyubiquitination [114].
Recent results showed that R175 residue of p53 is essential for the p53-E6 interaction which bridges
for an E6/E6AP/p53 complex. Interestingly, E6 itself is also ubiquitinated by E6AP, so decrease in
E6 stability or blockage in the p53-E6 interaction upregulate the p53 level [115]. It is plausible to
hypothesize that the fine tuning of the trimeric interactions to achieve a balance in E6 and p53 levels
may be associated with the persistent HPV infection in differentiating epithelium, the cause of HPV
induced cancer. Caspase family proteins are also important modulators for apoptosis. A20 is an
E3 ubiquitin ligase that catalyzes the K63-linked polyubiquitination of caspase 8. In HBV infection,
HBx protein promotes apoptosis in the infected hepatocytes by inducing the expression of miR-125a,
a microRNA for A20 [116]. Whether a balanced ubiquitination of caspase 8 plays a role in HBV
tumorigenesis has not yet been investigated (Figure 3).

Nuclear domain 10 (ND10) is a dynamic nuclear structure that has promiscuous functions
in many cellular events such as DNA repair, gene regulation, cell cycle regulation, and antiviral
defenses. This nuclear structure has over 150 components assembled together through the interaction
of SUMOylated proteins [117]. ND10 is frequently found to colocalize at the incoming viral DNA,
and some of its major component proteins restrict viral transcription and replication via chromatin
repression [118]. Many viruses express specific viral proteins to disrupt or modify ND10 structure
while establishing the replication, such as ICP0 of HSV-1, pp71 of human cytomegalovirus (HCMV),
and E4-ORF3 of AdV [119]. Among them, ICPO is the best studied viral RING-type E3 ubiquitin ligase
that ubiquitinates the organizer of ND10, promyelocytic leukemia (PML) protein, and targets it for
proteasomal degradation (Figure 3) [120]. The unique phenomenon in this ubiquitin regulation is that
ICPO has the ability to distinguish the different isoforms of PML, which share the same N-terminal
exons 1-6 and differ only at their C-terminus [121,122]. Whether the specific recognition of these similar
substrates by ICP0 can lead to distinct ubiquitin linkages or differential roles in viral infection remains
unclear. RTA protein of KSHYV also has E3 ubiquitin ligase activity to target the SUMOylated PML
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for degradation [123]. It is not yet clear whether the ability of ICPO to differentially recognize similar
substrates is conserved in other members of the herpesvirus family.

Reverse
transcribing
virus

HSV-1, HCMV
KSHV, AdV

Figure 3. Involvement of ubiquitin in the intrinsic antiviral responses including apoptosis, ND10
nuclear bodies and APOBEC enzymes. In the nucleus, ND10 associated PML and p53 regulations are
enlarged to show detailed interactions. On the right side of the grey dashed line, infection by a generic
virus (as described in Figure 1) can trigger exogenous or endogenous apoptosis via caspase activation.
Potential communication of the p53 and caspase induced apoptosis is indicated by a question mark.
On the left side of the grey dashed line, a reverse transcribing virus associated with APOBEC editing
is illustrated. Steps involving ubiquitination and viral regulation of the ubiquitination process are
discussed in the text.

APOBEC (apolipoprotein B mRNA editing enzyme catalytic polypeptide) is a family of cytosine
deaminases that are capable of the C to U RNA editing. Therefore, they act as a layer of intrinsic
immunity to restrict the replication of retroviruses and some DNA viruses through the induction
of hyper mutations [124]. A classic example of viral counteraction of APOBEC is the Vif protein
of HIV-1, which induces the degradation of APOBEC3G mediated by the Cul5-SCF E3 ubiquitin
ligase [125]. In the absence of Vif, APOBEC3G is packaged into the virions, which induces hyper
mutations in the cDNA synthesis upon infection and therefore impair viral genome integrity and virus
production (Figure 3) [125,126]. The same virus-host interaction also exists in the reverse transcribing
HBYV infection, in which viral protein HBx upregulates the MSL2 E3 ubiquitin ligase to trigger the
APOBEC3B degradation [127].

5.3.6. Ubiquitin Specificity in Viral Replication Enzymes

Besides relying on host transcription/translation machineries, many viruses encode their own
DNA/RNA polymerases to carry out viral transcription and genome replication. Ubiquitin regulation
on these viral encoded replication enzymes has also been reported. For example, all three subunits
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(PA, PB1 and PB2) of the IAV RNA polymerase are ubiquitinated to enhance the genome replication [128].
More detailed study now have revealed that Cul4 E3 ubiquitin ligase can add K29-linked polyubiquitin
to PB2 to improve replication [129]. The significance of the ubiquitination on other subunits and how
these ubiquitin codes coordinate to regulate the IAV genome replication remain to be seen. Similarly,
Vp35 of Ebola virus (EBOV) is a cofactor for its RNA polymerase. In EBOV infection, Vp5 interacts
with the cellular E3 ubiquitin ligase TRIMS6 for itself to be ubiquitinated in order to enhance the genome
replication [130].

Ubiquitination is also important in modulating the host DNA-dependent RNA polymerase in
viral transcription. The Tat protein of HIV is well known for substantially improving HIV gene
transcription [131]. Recent results revealed that Tat does so by hijacking a cellular E3 ligase UBE20 to
monoubiquitinate HEXIM1, an inhibitory protein that binds to the positive transcription elongation
factor b (P-TEFb). The non-degradative monoubiquitination of HEXIM1 leads to the release of P-TEFb
and drives RNA pol II into the elongation mode [132]. Presumably, Tat may promote the transcription
elongation in a viral specific manner to tilt the reaction towards HIV RNA production, but evidence
still remains to be seen.

5.4. Role of Ubiquitination in Virus Egress

Virus assembly and release is the last but not least step in a virus infection cycle. Without this
step, a continuous viral propagation via shedding and transmission cannot be ensured. Most of the
molecular foundation for viral egress comes from studying the budding process of enveloped viruses,
a process depending on the endosomal sorting complex required for transport (ESCRT). Similar to the
role of ubiquitination in the receptor internalization during the virus entry, ubiquitination of cargo
membrane proteins that marks them for ESCRT recognition is again important for the viral egress [133].

Several families of enveloped viruses contain late assembly domain (L domain) in their Gag
proteins, including HIV, EBOV and RSV. One conserved feature for these viruses is the presence
of PPxY motif in the L domain that can be recognized by the NEDD4 family of E3s for K63-linked
ubiquitination, a key to the efficient budding of these viruses [134-136]. In HIV-1 variants that lack
the PPxY motif, the virus can circumvent the defect by using a cellular protein, angiomotin, to bridge
the interaction of Gag to a NEDD4-2 isoform [137,138]. The extensive efforts in Gag ubiquitination
indicate its importance in the HIV egress, likely to compensate for the high mutation rate and slow
productivity of HIV.

6. Conclusions

Virus replication relies on its abilities to overpower the host defenses as well as to harness the
cell machinery. To achieve both goals simultaneously, it is essential for the virus to walk a fine line in
sorting out friends and foes in the host cell proteome. Ubiquitin modification has enormous power to
modulate the protein stability, specificity, and affinity to fine tune its position in an interaction network.
Therefore the ubiquitin system is an ideal cell machinery for the virus to adopt and manipulate to
its own advantage. Delineation of virus specificity in controlling the ubiquitin system to write viral
ubiquitin code will help us to identify the beneficial and inimical factors in a virus infection. This will
become the cornerstone in developing novel treatment strategies for viral diseases.
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Abstract: Ubiquitylation plays multiple roles not only in proteasome-mediated protein degradation
butalso in various other cellular processes including DNA repair, signal transduction, and endocytosis.
Ubiquitylation is mediated by ubiquitin ligases, which are predicted to be encoded by more than
600 genes in humans. RING finger (RNF) proteins form the majority of these ubiquitin ligases.
It has also been predicted that there are 49 RNF proteins containing transmembrane regions in
humans, several of which are specifically localized to membrane compartments in the secretory and
endocytic pathways. Of these, RNF183, RNF186, RNF182, and RNF152 are closely related genes
with high homology. These genes share a unique common feature of exhibiting tissue-specific
expression patterns, such as in the kidney, nervous system, and colon. The products of these genes
are also reported to be involved in various diseases such as cancers, inflammatory bowel disease,
Alzheimer’s disease, and chronic kidney disease, and in various biological functions such as apoptosis,
endoplasmic reticulum stress, osmotic stress, nuclear factor-kappa B (NF-«B), mammalian target of
rapamycin (mTOR), and Notch signaling. This review summarizes the current knowledge of these
tissue-specific ubiquitin ligases, focusing on their physiological roles and significance in diseases.

Keywords: RNF183; RNF186; RNF182;, RNF152; ubiquitin ligase; RING finger; mTOR; NF-kB;
endoplasmic reticulum stress; osmotic stress

1. Introduction

Ubiquitin (Ub) is a 76-amino-acid protein that is highly conserved among all eukaryotes.
Ubiquitylation, which involves the conjugation of ubiquitin to the lysine residues of various cellular
proteins, is one of the most prevalent post-translational modifications of proteins, and is usually
catalyzed by a three-enzyme cascade consisting of Ub-activating enzymes (Els), Ub-conjugating
enzymes (E2s), and Ub ligases (E3s). In mammals, there are 10 or fewer E1 activating enzymes, dozens
of E2 conjugating enzymes, and hundreds of E3 ligases; these enzymes regulate the ubiquitylation
of numerous proteins [1]. In ubiquitylation, E1 initially activates ubiquitin by adenylating it at the
C-terminal glycine residue in an adenosine triphosphate-dependent process; this activated ubiquitin is
then captured by the catalytic cysteine of the E1, forming a thioester intermediate. Then, the thioester
ubiquitin is transferred from the enzyme active site of E1 to the catalytic center cysteine residue of
E2 via a trans-thioesterification reaction [2]. Finally, E3 mediates the transfer of ubiquitin from E2
to a substrate protein. Both the efficiency and the substrate specificity of the ubiquitylation reaction
depend on E3 ligases. Depending on the mechanism by which ubiquitin is transferred from E2 to the
substrate, E3 is classified into three broad families: Really Interesting New Gene (RING) finger domain-,
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Homologous to E6-associated protein C Terminus (HECT) domain-, or RING Between RING (RBR)
domain-containing ubiquitin ligases. While RING E3 ligases, the major family among them, facilitate
the direct transfer of ubiquitin from E2—-ubiquitin intermediates to the substrate protein [3], HECT and
RBR E3 ligases contain an active-site cysteine that forms a thioester with ubiquitin before transferring
it to the substrate protein [4,5]. The selective pairing between E2 and the multiple cognate E3s confers
the specificity necessary for the regulation by ubiquitylation of various biological pathways.

Ubiquitin is conjugated with a lysine residue of a substrate via its C-terminal carboxyl group and
can also attach itself via the N-terminal methionine (M1) and seven lysine residues (K6, K11, K27, K29,
K33, K48, and K63). As a result, a substrate protein is modified with a single monoubiquitin, multiple
monoubiquitins, or polyubiquitin chain. Such ubiquitin attachments can be reversed in the process of
deubiquitylation by deubiquitinase (DUB) [6]. Owing to the reversible nature of this modification, the
ubiquitin pool of cells is divided into different fractions, including free monoubiquitins, covalently
linked mono- and polyubiquitin—protein complexes, and unanchored polyubiquitin. These different
linkage types and lengths affect substrate proteins in different biological and biochemical ways and
play an essential role in regulating a considerable number of significant cellular functions (e.g., protein
degradation, endocytosis of membrane proteins, transcriptional control, DNA repair, and cell cycle
regulation) [7]. The principal and abundant forms are K48-linked and K63-linked polyubiquitin
chains. K48-linked polyubiquitin functions as a signal of proteasomal degradation, whereas K63-linked
polyubiquitin chains have non-degradative roles in cellular signaling, intracellular trafficking, the
DNA damage response, and other contexts [8,9].

In this review, we focus on E3 ligases, RNF183, RNF186, RNF182, and RNF152, which are closely
related genes encoding a RING-finger domain (C3HC4) at its N-terminus and one or two predicted
transmembrane domains at its C-terminus with high homology (Figure 1) [10]. As common features,
these E3s are expressed in specific tissues, such as the kidney, nervous system, and colon, and are
localized in the lysosome (Table 1) [10]. Hereinafter, these ubiquitin ligases are referred to as the
RNF183 family. In this review, we summarize our current understanding of the molecular mechanisms
underlying the functions and regulation of these E3s in diseases.

(a)
RNF194
RNF19B
RNF5
RNF185 (b)
RNF170 (? 5‘0 1(?0 1?0 290 2?0 (aa)
RNF186 RNF183 M ———TT]

RNF152 | RNF183 RNF186 1T
rNr1es | familly RNF182 CEmr————Tr

fri8z RNF152 (mmmr—— )

TRIM59
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CGRRF1
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Figure 1. RNF183 family: (a) The phylogenetic tree for C3H2C3-RING E3s with transmembrane.
Protein sequences for E3s were aligned with a multiple sequence alignment using the CLUSTALW
(http://www.genome.jp/tools/clustalw); (b) The comparison of the domain structures of the RNF183
family. Information on the domain structure of RNF183 family protein was obtained from UniProt
(https://www.uniprot.org) for RNF183 (Q96D59), RNF186 (QINXI6), RNF182 (Q8N6D2), and RNF152
(Q8N8NO). RING, C3H2C3-RING domain; TM, transmembrane domain; a.a., amino acids.

172



Int. ]. Mol. Sci. 2020, 21, 3921

[z#] si1e0 ayerd xoopy
jo uonesdyord ([ 1] (ysyeiqaz)

[0%] (ox1aA ur)

e 7] U20N [z¥] @yerd 100y
ureiqpury pue ureigpru ©Gdqn [pp] ouowr f[er] [ e y oF
‘saka o 30 Juswdojeasp Terl oataur) 031 /[0%] 953 QTNMH M%MWHE [77] 9oy ‘[ev] vBed [erl Tyxod ‘[1p]2qns pemau mawmhm A CSTANY
‘[87—9%'F¥] 190ULd [€30210700 €104N ovl srsadode sao [o1] foupry
‘[c] 100ued dyeysord pue jsearq
[8€] ynwms
e [ee’o1] (pr0d
0] erwaydst [erpIedoAuwr - 5 AL ‘[e] Amlur .
[e] et 8; 1 erp. [c¢] (ona w) I8el N [8¢] Uorsnjiadai-ertuayost [eurds ‘wn[[pqa100 el
‘[6¢] 190ued [e30310[00 ecoqn [8c'el 871 ‘lzel 1OMOLW munqns God @I-INC o0 oo 700 ‘sndurecoddry & C8LINY
{[og] owioxpuAs 1oy [oc] AV {[ce] sisoydode TS 0ALY e womonrcion xo1100) ouosostt
asoon(g _m:m ua8hxo oy As snoazou
[Feedl [#¢] -utnsag [o1] Asuppy ‘Poen i
foe yo Py ¥ w y N .
[Fel @D ‘[ee-z'se] adl €1 ‘[sevel WG_N\M_NWM%%O% ‘[sz] urpnpoo [eunsajuronses ¢PwWososAl 98 LINY
8P “[ez] 621 ’ ezl 1diNg Tomoj ‘[ecl¥d
g LT oo (et ©ma w [1z’0z’21] Eﬁwmﬂmﬂmﬂwz [e1] 1onp Sunpariod [e1-11]
uimy {0z'91°c1] 19oued 2¢HAN [61°81]1 €931 ot . J il [p1r°et] SIvAN ‘[11] : o
[£39910[09 ‘[ 7] ewourdIed Tl onmw)  -sriilgpy 0N ._ww@wli w .E: s .Ra P8I ssans yg peguojord \bm::_umﬁ [euo weammb ESTINY
lermowopus s1'21] Al acoqn stsopdode i pepd fot] ‘[ot] susa) ‘Loupry 18[00 ¥
TEdING “[S1] Mg
ureyd
uorpuny Aemyyeg Surreudig WISTUBYIIA UOTJRZI[ED0
z umbr 1peuss 5 I Hezieso]
[e2180][01g /25EISI(] PAILIOSSY q ; mwmm.w pareossy urjo1] djexsqng worpnpuy anssi, Surssaxdxg oo Juan)

“A[rurey ¢8TANI JO S2IMyea] *T A[qRL

173



Int. ]. Mol. Sci. 2020, 21, 3921

2. RNF183

The E3 ubiquitin ligase RNF183 has been identified as a new biomarker of endometrial carcinoma
(EC) via gene expression screening and protein level experiments on carcinoma samples. Furthermore,
the differential expression of RNF183 in primary endometrial tumors has been shown to be correlated
with its expression level in corresponding uterine fluid samples and it exhibits an analogous value in
the initial stage of EC [22]. EC is the most common invasive tumor of the female genital tract, which is
usually detected in its initial stages. However, 20% of patients are at an advanced stage at the time of
detection. Because molecular markers for the diagnosis of EC have yet to be validated, new methods
for the medical prognostication and classification of EC are needed to combat this deadly disease.
RNF183 could be helpful as a precise molecular tool to diagnose EC and reduce unnecessary biopsies.

Another study has indicated that RNF183 interacts with fetal and adult testis-expressed 1 (FATE1)
in tumors and negatively regulates the apoptosis effector Bcl-2-interacting killer (BIK), leading to
increased viability of tumor cells [15]. FATEL1 is one of the cancer/testis antigens whose expression is
biased to the testes but is also activated in cancer [49,50]. Depletion of FATE1 reduces the viability
of cancer cells. Large-scale proteomic studies have revealed that BIK is a FATEl-interacting partner.
At the same time, RNF183 has also been revealed to be a FATEI-interacting partner. BIK associates
with both FATE1 and RNF183, and both RNF183 depletion and the mutant RNF183, which exhibits
the loss of enzyme activity, increase BIK protein accumulation. Thus, FATE1 and RNF183 collaborate
to suppress BIK protein levels and escape from BIK-related apoptotic signaling [15]. However, in
Ewing sarcoma cells, no appreciable levels of BIK protein are detectable even in the presence of the
proteasome inhibitor MG132, and FATE1 depletion does not induce BIK accumulation.

There is another context-selective mechanism in Ewing sarcoma. FATE1 is most robustly induced
by the Ewing sarcoma breakpoint region 1-Friend Leukemia Integration 1 (EWSR1-FLI1) chimeric
transcription factor caused by a pathognomonic chromosomal translocation of Ewing sarcoma and
interacts with Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3-like (BNIP3L). Then, BNIP3L
is degraded in the presence of RNF183 [16]. Because BNIP3L is a tumor suppressor [51], its depletion
increases tumorigenesis in vivo [16].

Moreover, RNF183 has been identified as a gene conferring resistance to trametinib. Trametinib is
one of the anticancer drugs inhibiting MEK1/2 [52]. RNF183 expression is increased after trametinib
treatment, which in turn activates the NF-kB pathway. Then, the activated NF-kB increases the
expression of the pro-inflammatory cytokine interleukin-8 (IL-8), which is a downstream target of
NF-«B [20]. IL-8 signaling increases the proliferation and survival of cancer cells and potentiates their
migration [53]. Thus, RNF183 confers resistance to trametinib on colorectal cancer (CRC) cells and
promotes their proliferation and metastasis [20].

Under physiological conditions, RNF183 is not expressed in the large intestine, but is specifically
expressed in the kidney [10]. The abnormal expression of RNF183 is thought to be involved in several
diseases, not only tumorigenesis but also inflammatory conditions such as inflammatory bowel disease
(IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), which is a chronic, idiopathic,
inflammatory, gastrointestinal disease, the molecular mechanism underlying the development and
pathophysiology of which have not been fully elucidated. [15-17,20-22]. However, FATEL1 is not
expressed in the intestine. Therefore, there is a FATE1-independent inflammatory mechanism involving
RNF183 in the large intestine. In fact, some studies have shown that RNF183 is upregulated in colon
samples of the intestinal tissues of IBD patients [17] and the colons of mice with colitis treated with
trinitrobenzene sulfonic acid (TNBS) or dextran sulfate sodium (DSS) [17,18].

It has been reported that RNF183 is largely involved in executing apoptosis in response to
prolonged ER stress. It is considered that the mechanism of apoptosis involving RNF183 features
the ubiquitylation and degradation of B-cell lymphoma extra-large (Bcl-xL), which functions as an
inhibitor of apoptosis by preventing cytochrome c release [11]. Bcl-xL is usually localized to the
mitochondria [54], whereas RNF183 is predominantly localized to the ER, Golgi, and lysosome [12].
Some Bcl-xL may be targeted to the ER [55], where it is in the vicinity of RNF183. Then, since
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their cytosolic domains can interact with each other, they interact directly and RNF183 ubiquitylates
Bcl-xL [11]. The detailed mechanism behind this involves inositol requiring 1o (IRE1x) being activated
by prolonged ER stress and readily decreasing microRNA-7 (miR-7) and microRNA-96 (miR-96),
presumably by the digestion of miR precursors through the IRE1-dependent decay of mRNA [56,57].
Since miR-7 and miR-96 negatively regulate RNF183 by directly interacting with its 3’-UTR [17], their
decrease eventually stabilizes the RNF183 mRNA and leads to increased protein levels. This increase
in RNF183 in turn promotes its binding to Bcl-xL, polyubiquitylation, and subsequent degradation.
The gradual decrease in Bcl-xL levels eventually triggers the intrinsic apoptotic pathway [11]. It has
also been reported that increased RNF183 due to decreased miR-7 may contribute to the pathogenesis
of IBD by recognizing NF-«B inhibitor « (IkBe), not Bel-xL, as a substrate and degrading ubiquitylated
IkBx [17]. Because IkBo is a suppressor of NF-«B, the reduction of IkBx by ubiquitylation and
degradation induces NF-«B activation.

Recently, another mechanism of RNF183-related IBD pathogenesis has also been reported.
Specifically, RNF183 recognizes DR5 as a substrate protein and K63-ubiquitylated DR5 is transported
to lysosomes for degradation. In addition, RNF183 promotes TRAIL-induced caspase activation
and apoptosis, providing new insights into the potential roles of RNF183 in DR5-mediated caspase
activation in the pathogenesis of IBD [18]. RNF183-mediated ubiquitylation of substrates, Bcl-xL,
IkBx, and DR5, and the negative regulation of RNF183 by miR-7 may be important novel epigenetic
mechanisms in the pathogenesis of IBD.

In human and mouse tissues, RNF183 is specifically expressed in the kidney [10]. In particular,
high Rnf183 expression in the renal medullary collecting duct has been reported from a tissue analysis
using GFP-knock-in mice [13]. The kidney is the only tissue that is continuously under hypertonic
conditions, and this hypertonicity gradually increases from the outer medulla down to the inner
medulla. Nuclear factor of activated T cells 5 (NFAT5)/tonicity-responsive enhancer-binding protein is
a transcription factor essential for the adaptation to hypertonic conditions, under which it stimulates
the transcription of some genes [58]. The Rnf183 gene is also downstream of NFAT5 [14]. Indeed, the
expression of Rnf183 in the renal medulla is dramatically decreased upon treatment with the loop
diuretic furosemide, which can downregulate NFAT5 levels by inhibiting the Na-K-Cl cotransporter
type 2 (NKCC2) and inducing hypotonicity in the medulla [13]. This is consistent with the decrease
in NFATS5 protein and the mRNA expression of its target gene. Additionally, Rnf183 expression
increases markedly in mouse inner-medullary collecting duct (mIMCD-3) cells treated with hypertonic
NaCl. Rnf183, as well as several NFAT5 downstream genes, protects renal medullary cells from
hypertonicity-induced apoptosis. mIMCD-3 cells transfected with siRNA targeting Rnf183 exhibit
significant increases in cleaved caspase-3 protein levels. Therefore, Rnf183 expression is involved in
the osmotic tolerance of mIMCD-3 cells [14].

In terms of its subcellular localization, RNF183 is predominantly localized to the endoplasmic
reticulum (ER), Golgi apparatus and lysosome. Its stability depends on its interaction with Sec16A,
which is involved in the formation of coat protein complex II (COPII) vesicles. However, Sec16A is not
ubiquitylated by RNF183 [12]. Recently, it has been identified that the Na,K-ATPase 31 subunit, which
forms a complex with Na,K-ATPase a1 subunit on the plasma membrane, is one of the substrates
for RNF183. Na,K-ATPase contributes to the regulation of cell volume and solute absorption by the
active transport of Na*™ and K* across the plasma membrane [59], and the expression of both «1
and 1 subunits is increased for adapting hypertonic condition in human renal cells [60]. RNF183
ubiquitylates only the 31 subunit, not the a1l subunit. Then, a complex with a1 and 31 subunits
translocates from the plasma membrane to the lysosome, where it is degraded [19]. Therefore, RNF183
may play an important role in the kidney for the adaptation to hyperosmotic stress by regulating the
level of Na,K-ATPase.

As described above, the kidney-specific ubiquitin ligase RNF183 protects cells from apoptosis
induced by hypertonic stress in the kidney, whereas its aberrant expression such as in the colon induces
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inflammatory and tumorigenesis. Understanding the function of RNF183 could lead to new therapeutic
strategies for patients with IBD and various types of cancer.

3. RNF186

A study of the distribution of RNF186 has indicated that its expression is highest in the lower
gastrointestinal tract in both human and mouse tissues [10]. Initially, the RNF186 gene was identified
as a locus associated with the risk of UC by several genome-wide association studies (GWAS) [27-30].
However, its function has only recently been clarified. Recently, deep resequencing of GWAS loci
identified a causal variant in RNF186 that encodes an alanine-to-threonine substitution at position
64 [31]. This variant confers risk for the development of UC. The A64T variant is located in the
RING-finger domain of RNF186. Since the RING-finger domain possesses E3 ubiquitin-protein ligase
activity, there is the possibility that the A64T variant exhibits a reduction or complete loss of enzyme
activity. A report indicates that RNF186 is thus a candidate for an association with the development of
chronic inflammation in the intestine of UC. In addition, a recent study focusing on protein-truncating
variants identified a novel genetic variant in RNF186, R179X [32]. This variant contributes to protection
against UC. The R179X truncation is expressed at reduced levels and is diffusely localized, not in the
ER, but preferentially in the plasma membrane [32]. Studying the specific effects of this variant, which
has not yet been performed, should be useful for understanding the mechanism by which it protects
against UC. In humans, RNF186 is also expressed in the kidney [10]. Interestingly, R179X truncation,
which confers protection against UC, has also been identified as a factor associated with an increased
risk of chronic kidney disease (CKD) [34].

Several RNF186 substrates have been identified, for example, Bcl2/adenovirus E1B 19-kDa
interacting protein 1 (BNip1), occludin, and Sestrin-2 [23-25]. BNip1, a Bcl-2 family protein, co-localizes
with and binds to RNF186 in the ER. RNF186 conjugates polyubiquitin through K29 and K63 linkage to
BNip1 and the ubiquitylated BNip1 is transferred from the ER to the mitochondria [23]. Because BNip1
can induce a moderate level of apoptosis [61], RNF186 may regulate ER stress-induced apoptosis
by the ubiquitylation of BNipl. The overexpression of RNF186 upregulates the critical regulators
in the unfolded protein response (UPR), such as chaperone protein BiP/GRP78 and pro-apoptotic
transcription factor CHOP/GADD153. Additionally, RNF186 triggers caspase-12 activation, which
plays a role in inducing apoptosis in ER stress. Ca®* is a secondary messenger of ER stress, and RNF186
actually promotes Ca?* leakage from the ER [23]. Moreover, the expression of Rnf186 has been shown
to be induced in the livers of mice with diabetes, obesity, and diet-induced obesity. In mouse primary
hepatocytes, the overexpression of Rnf186 increases the protein levels of the ER stress markers, IRE1
and CHOP, as well as the level of elF2x phosphorylation, and the treatment with tauroursodeoxycholic
acid, the inhibitor of ER stress, decreases the expression of ER stress markers. It has been indicated that
the overexpression of Rnf186 induces ER stress. These effects interfere with insulin action through the
phosphorylation of insulin receptor substrate 1 (IRS1) by c-Jun N-terminal kinase (JNK). Furthermore,
it has also been shown that the expression levels of proinflammatory cytokines, including TNF-c, IL-6,
and MCP1, are increased by overexpressing Rnf186. Thus, Rnf186 may be a novel therapeutic target
for the treatment of metabolic diseases associated with insulin resistance [26].

Occludin is one of the tight junction proteins, which control gastrointestinal tract permeability.
In the colonic epithelia of mice with Rnf186 knockout, the expression of occludin protein is increased
and its distribution is changed, resulting in increased permeability of small organic molecules. Rnf186
ubiquitylates occludin through K48-linked chains. Because K48-linked polyubiquitylation contributes
to regulating protein turnover through proteasomal degradation, it is consistent with the increased
expression of occludin in colonic epithelia of Rnf186 knockout mice. Disordered protein homeostasis
in Rnf186 knockout mice correlates with enhanced ER stress in colonic epithelium and increased
susceptibility to intestinal inflammation by DSS treatment. Therefore, it has been suggested that
RNF186 is an E3 ubiquitin ligase controlling the homeostasis of occludin and ER stress in the colon [25].
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Sestrin-2 is one of the intracellular amino acid sensors and functions as an inhibitor of mTORC1
signaling by interacting with GAP activity toward Rags 2 (GATOR2) [62]. This function occurs in
a cytosolic leucine-dependent manner. When leucine is abundant in the cytosol, interference of the
interaction between Sestrin-2 and GATOR2 occurs, allowing the activation of GATOR2. Because
GATOR2 negatively regulates the GAP (GTPase-activating protein) activity of GATOR1, which inhibits
mTORCT activity, the decrease of Sestrin-2 indirectly activates mTOR1. Although Sestrin-2 has been
shown to be transcriptionally controlled by several mechanisms, the regulation of the post-translational
degradation of Sestrin-2 remains unclear. A recent study has shown that RNF186 and Sestrin-2 bind
to each other via C-terminal motifs and RNF186 polyubiquitylated lysine residue at position 13 in
Sestrin-2 with K48 linkage [24]. The ubiquitylated Sestrin-2 is degraded through the proteasome system.
This is a new mechanism regulating mTORCT1 activity through E3 ligases. In addition, Sestrin-2 also
contains polyubiquitin chains with K63 linkages. Although this type has been shown to be involved in
various processes, such as cellular trafficking, the role of the K63-linked ubiquitylation of Sestrin-2
remains unknown.

4. RNF182

RNF182 is the member of the RNF183 family on which the fewest reports have been published.
It was initially identified as an upregulated gene in postmortem brains of patients with Alzheimer’s
disease (AD) [35]. RNF182 is selectively expressed in the nervous system, such as the cortex,
hippocampus, cerebellum, and spinal cord, but not in the heart, liver, kidney, and skeletal muscle.
RNF182 is expressed in differentiated Ntera2 (NT2) neurons and was shown to be upregulated by
oxygen and glucose deprivation. RNF182 overexpression can initiate the death of neuronal cells.
In addition, yeast two-hybrid screening revealed that V-type proton ATPase 16 kDa proteolipid
subunit (ATP6VOC) is a substrate of RNF182. RNF182 promotes the degradation of ATP6VOC via the
proteasome pathway. Because ATP6VOC is a key component of gap junctions and neurotransmitter
release channels, the upregulation of RNF182 in AD brains might induce ATP6VOC degradation and
contribute to the pathophysiology of AD.

Next, RNF182 was identified as a gene associated with Rett syndrome. Patients with Rett syndrome
often exhibit heterozygous mutations in the methyl-CpG-binding protein 2 (MECP2) gene encoding a
transcriptional modulator [63]. Gene expression profiles obtained by microarray analysis revealed that
RNF182 is upregulated in mutant MeCP2 fibroblasts obtained from patients with Rett syndrome [36].
Since, as described above [35], RNF182 possibly compromises brain function, it is speculated to be
involved in postnatal neurodevelopmental abnormalities associated with Rett syndrome.

Although RNF182 appears to be specifically expressed in the nervous system, its expression and
function in other tissues were reported. Rnf182 was also shown to be upregulated in a rat model of
myocardial ischemia-reperfusion injury (MIRI) [37]. Its silencing by shRNA was shown to reduce
myocardial infarct size and myocardial cell apoptosis in this rat model. Intriguingly, RNF182, as well
as RNF152 [43,44] and RNF186 [24], is associated with the mTOR signaling pathway, since Rnf182
silencing and treatment with phosphoesterase, an inhibitor of the mTOR signaling pathway, reverse
the effect of Rnf182 silencing in the MIRI rat. Thus, it is likely that Rnf182 silencing activates the mTOR
signaling pathway, resulting in improved ventricular remodeling after MIRL. However, the target
substrate of RNF182 was not identified in this study.

The expression of RNF182 has been observed in immune tissues such as lymph nodes and spleen
and in immune cells such as macrophages and dendritic cells [38], although the levels of expression
were not compared with that in nerve tissues. Lipopolysaccharide, poly(I:C) and CpG, which is
involved in Toll-like receptor (TLR) signaling, induced RNF182 expression. Moreover, RNF182 silencing
can specifically suppress TLR-induced activation of NF-«B and the NF-«kB-mediated production of
proinflammatory cytokines. RNF182 mediates K48-linked polyubiquitylation of the subunit p65 of
NF-«kB and its degradation via the proteasome pathway in macrophages. Therefore, RNF182 may be
upregulated by immune responses and involved in the feedback of inflammatory responses.



Int. ]. Mol. Sci. 2020, 21, 3921

5. RNF152

In terms of studies on RNF152, it was first reported as having decreased expression in breast and
prostate cancer cell lines [45]. Next, RNF152 was cloned and characterized as a ubiquitin ligase [40].
It is localized in lysosomes and its overexpression can mediate self-polyubiquitylation through K48
linkage and induce apoptosis. However, its substrates and function initially remained unknown.

For the first time among members of the RNF183 family, RNF152 has been reported to be
involved in mTOR signaling [43]. The ubiquitylation of RagA, which belongs to the Rag family
of small GTPases and recruits mTORC1 to the lysosomal membrane [62], is markedly increased in
response to amino acid starvation. RNF152 was identified among some lysosomal ubiquitin ligases
and ubiquitylated RagA in a K63-linked manner. Increased amino acid levels facilitate the interaction
of RNF152 with RagA and RNF152-mediated RagA ubiquitylation. RNF152 selectively ubiquitylates
the inactive form of RagA (RagA-GDP/RagC-GTP), but not the active form (RagA-GTP/RagC-GDP),
suggesting that the interaction between RNF152 and RagA is regulated by the nucleotide-bound status
of RagA. Furthermore, the authors carefully demonstrated that RNF152 acts as a negative regulator of
amino-acid-induced mTORC1 activation. RNF152-mediated RagA ubiquitylation promotes the binding
between RagA and GATOR1, a GAP complex for Rag GTPases [62], resulting in the inactivation of RagA.
USP17L2/DUB3 (ubiquitin carboxyl-terminal hydrolase 17), a deubiquitylating enzyme, was identified
for RagA ubiquitylated by RNF152. Moreover, RNF152 knockout revealed that the deficiency of
RNF152 causes the hyperactivation of mMTORC1 and inhibits amino-acid-starvation-induced autophagy.

Four years later, the same group demonstrated that RNF152 is involved in the ubiquitylation of
Rheb, another mTORCT1 signal molecule, in growth factor-induced mTORC1 activation, not amino
acids [62]. Rheb acts as a small GTPase like RagA and activates mTORC1 in its GTP-bound form.
RNF152 induces Rheb monoubiquitylation that enhances binding to TSC2, which is a core subunit of the
TSC complex and functions as a GAP [62], resulting in mTORC1 inactivation. On the other hand, USP4
was identified as a DUB for Rheb [64]. USP4 promotes the activation of Rheb by removing ubiquitin
from it. USP4 activity is regulated by the EGF-Akt-mediated phosphorylation at S445. Therefore,
RNF152 and USP4 can regulate Rheb activity negatively and positively, respectively, downstream of
the EGF pathway. Since Rheb ubiquitylation negatively regulates mTORC1 activation, RNF152 can
regulate cellular autophagy positively and cell proliferation negatively. Studies of USP4 knockout mice
revealed that USP4 upregulates tumor growth in an mTORC1-dependent manner. In contrast, TCGA
database indicates that RNF152 expression is downregulated in various types of cancer, including
colon, lung, kidney, and liver cancers.

RNF152 in addition to RNF183 is also associated with CRC. 1,2-Dimethylhydrazine (DMH) is a
potent carcinogen that acts as a DNA methylating agent. Microarray gene expression analysis showed
that Rnf152 was upregulated in DMH-injected CRC model mice provided with high-calcium feed,
compared with that in those provided with normal feed [46]. An additional relationship of RNF152
with CRC was reported in mTORC1 signaling [47]. RNF152 expression is significantly reduced in CRC
tissues compared with that in normal tissues. The expression levels of RNF152 were reported to be
correlated with prognosis in patients with CRC. Using cell lines and xenografts, it was demonstrated
that RNF152 overexpression significantly decreased CRC cell growth in vitro and in vivo. RNF152
inhibits CRC cell proliferation by suppressing mTORC1, resulting in the induction of autophagy and
apoptotic cell death. Although the ubiquitylation of RagA by RNF152 was not demonstrated in CRC
cells, this finding is consistent with RNF152-mediated mTORC1 downregulation.

Rnf152 was first revealed to play a physiological role using zebrafish embryos [41]. The rnf152
transcript is now known to be expressed from the one-cell stage (maternally) to 48 h post-fertilization
(hpf) (zygotically). Rnf152 is ubiquitously expressed in the brain at 24 hpf, whereas its expression is
restricted to the eyes, midbrain-hindbrain boundary (MHB), and thombomeres at 48 hpf. Since Rnf152
knockdown in zebrafish embryos leads to morphological defects in the eyes, MHB, and rhombomeres
at 24 hpf, Rnf152 is required for appropriate development of the eyes and neural tube later than 18 hpf
during embryogenesis. NeuroD is a marker for the inner and outer layers of the eyes at 48 hpf and
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plays a crucial role in regulating cell cycle exit and cell fate determination in mitotic cells [65,66].
NeuroD expression in rnf152-deficient embryos disappears in the marginal zone, outer nuclear layer
(ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) of the eyes at 27 hpf. Furthermore,
the expression of deltaD and notchla in rnf152 morphants is remarkably reduced in the ONL, INL,
subpallium, tectum, and cerebellum [67]. Knockdown of rnf152 was found to cause decreases of the
expression of her4 and asclla, Notch target genes [68], in specific regions at 24 hpf. Taking these
findings together, Rnf152 may play essential roles in the development of the eyes, midbrain, and
hindbrain, as well as the activation of Delta-Notch signaling. However, Deng et al. have already
reported that Rnf152 knockout mice exhibited no difference in birth rates from the expected Mendelian
ratios, suggesting that RNF152 is not required for embryonic development, at least in mouse [43].
Although these findings suggest that ubiquitin ligases other than Rnf152 can work in the neural
development of mammals, it remains unknown whether Rnf182, which is also expressed in the nervous
system, works compensatorily.

One study reported on the relationship between the RNF152-mTORC1 axis and neural
development [42]. The cell proliferation rate of the floor plate in the ventral region of the neural
tube remains low [69]. Forkhead-type transcription factor FoxA2 was demonstrated to be a negative
regulator of mTORC]1 signaling in the floor plate [70]. Furthermore, RNF152 was identified as a target
gene for FoxA2 among mTORCI1 signaling genes. The silencing of RNF152 causes aberrant mTOR
activation and aberrant cell division in the floor plate. Therefore, RNF152 may function as a negative
regulator for the mTORCI signaling in the floor plate downstream of FoxA2.

6. mTORCT1 in Cancer

A common feature of members of the RNF183 family, with the exception of RNF183, is the ability
to regulate mTORC1 signaling in the lysosomal membrane, albeit in different manners. RNF152 [43,44]
and RNF182 [37] negatively regulate it, whereas RNF186 [24] positively regulates it (Figure 2). Since
mTORC1 signaling is important for cell growth [62], these E3s may be involved in cancer progression.
Indeed, members of the RNF183 family are known to be commonly associated with cancer (Table 1).
As demonstrated by the findings for RNF152 [44,47], the expression levels of these E3s may affect cell
proliferation by regulating mTORC1. Moreover, members of the RNF183 family, except RNF186, are
frequently associated with CRC. The expression of RNF183 and RNF182 is upregulated in CRC [21,39],
whereas that of RNF152 is downregulated [44,47]. This tendency is largely consistent with the findings
for other cancers in TCGA database. Thus, the expression levels of these E3s may also be associated
with the progression of other cancers besides CRC. Further investigations are needed to determine
whether members of the RNF183 family are involved in other cancers, which are regulated by mTORCI.
The mTORC1 signal is currently attracting attention as a target for drug discovery, and mTOR inhibitors
such as everolimus are actually in use as molecular-targeted drugs for various cancers [62]. Therefore,
if the mTORCT signal of the RNF183 family and its involvement in cancer are clarified, they have
potential as targets for new anticancer agents.
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Figure 2. RNF186, RNF182, and RNF152 are involved in the regulation of the mTORC1 pathway. RNF186
regulates positively by degrading Sestrin-2 ubiquitylated with K48-linked chain, whereas RNF182
and RNF152 are native regulators. RNF152 involves two pathways: the K63-linked ubiquitylation of
RagA and the mono ubiquitylation of Rheb. The ubiquitylated RagA and Rheb enhance the binding
performance with GATOR1 and TSC, respectively. Phosphorylated USP4, which is identified as a
DUB for Rheb, deubiquitylates the ubiquitylated Rheb and cancels the negative regulation by mono
ubiquitylation. USP4is phosphorylated by the EGF-Akt pathway. Shh-dependent FoxA2-transcriptional
activity induces RNF152 expression. The expression of RNF182 is induced by ischemia-reperfusion
injury; however, the mechanism of mTORC1 suppression by RNF182 remains unknown. The arrows
indicate activation, and the T-bars indicate inhibition. The red arrows indicate the effects of
ubiquitylation by RNF186 or RNF152. The red characters indicate the types of ubiquitylation by
RNF186 or RNF152. The dotted arrow indicates that the detailed mechanism is unknown.

7. NF-kB and NFATS5 in Inflammation and Osmotic Stress

RNF183 and RNF182 have the opposite effects on the NF-«B pathway in the degradation of
IkBx [17] and NF-«B p65 subunit [38], respectively. RNF183 and RNF182 are induced by miR-7
reduction [11,17] and TLR signaling [38], respectively (Figure 3). Therefore, these E3s are not only
induced by inflammatory stimuli but also regulate inflammatory responses as a feedback mechanism.
Furthermore, RNF183 expression is upregulated by NFAT5 under hypertonic conditions [14]. NFAT5
belongs to the NF-«kB/Rel family and is involved in inflammatory responses like NF-«B [58]. Since
hyperosmotic response genes include a number of inflammatory genes, which are upregulated by
NFAT5, RNF183 may play important roles in inflammation as well as hypertonic stress response.
Recently, the relationship between osmotic stress and inflammation was suggested [71]. Thus, RNF183
may be a key factor that links osmotic stress to inflammation. In fact, since it has been reported that
osmotic stress exacerbates IBD [72], the osmotic stress response associated with RNF183 may play an
important role in the pathology of IBD. Therefore, it is anticipated that substrates of RNF183 related to
osmotic stress in IBD will be identified.
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Figure 3. RNF183 and RNF182 are involved in the regulation of the NF-«B pathway. First, RNF183
ubiquitylates IkBx. Then, the ubiquitylated IkB« is degraded, and next, the NF-«B pathway is activated.
The miR-7 suppresses the transcription of RNF183. TNFx and prolonged ER stress decrease miR-7,
resulting in an increased expression of RNF183. RNF182 ubiquitylates and degrades the subunit p65 of
NF-kB, and the TLR stimuli induces the expression of RNF182. Both IkBx and the subunit p65 of NF-«B
are ubiquitylated with K48 chain. The arrows indicate activation and the T-bars indicate inhibition.

8. Conclusions

Members of the RNF183 family are widely expressed in the ER, Golgi apparatus, endosomes,
and lysosomes. Although their substrates do not overlap with each other, they are involved in some
common signaling pathways, such as mMTORC1 and NF-«B (Table 1). The tissue expression pattern of
these E3s is restricted, but overlaps in some tissues, such as the kidney (RNF183, RNF152, and RNF186),
the nervous system (RNF152 and RNF182), and the colon (RNF186 and RNF183) [10]. Thus, it is
possible that these E3s could function competitively or cooperatively in the regulation of common
pathways. The tissue- and development-specific expression of the RNF183 family suggests that it plays
an essential role in specific biological functions. To address the problem of dissociated phenotype in
the development of knockout mice [43] and species other than mammals [41,42], it is necessary to
establish mice with the knockout of two or more genes. It is also important to investigate whether
the RNF183 family works in a coordinated and compensatory manner. On the other hand, it is very
difficult to identify the substrates of E3, and experiments involving overexpression alone cannot reveal
the true physiological function of a substrate. Therefore, the development of technology for identifying
in vivo substrates will be important.
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Abbreviations

AD Alzheimer’s disease

ATP6VOC V-type proton ATPase 16 kDa proteolipid subunit
Bcl-xL B-cell lymphoma extra large

BIK Bcl-2-interacting killer

BNip1 Bcl2/adenovirus E1B 19-kDa interacting protein 1
BNIP3L cl-2/adenovirus E1B 19 kDa protein-interacting protein 3-like
CD Crohn’s disease

CKD chronic kidney disease

CRC colorectal cancer

DR5 Death receptor 5

DSss dextran sulfate sodium

DUB deubiquitinase

E1 ubiquitin-activating enzyme

E2 ubiquitin-conjugating enzyme

E3 ubiquitin ligase

EC endometrial carcinoma

ER endoplasmic reticulum

EWSRI1-FLI1 Ewing sarcoma breakpoint region 1-Friend Leukemia Integration 1
FATE1 fetal and adult testis-expressed 1

GAP GTPase-activating protein

GATOR GAP activity toward RAGs

GCL ganglion cell layer

GWAS genome-wide association study

hpf hours post-fertilization

IBD inflammatory bowel disease

IkB Inhibitor of NF-kB

INL inner nuclear layer

IRETo Inositol requiring 1«

IRS1 insulin receptor substrate 1

JNK c-Jun N-terminal kinase

MeCP2 methyl-CpG-binding protein 2

MHB midbrain-hindbrain boundary

mIMCD mouse inner medullary collecting duct
MIRI myocardial ischemia-reperfusion injury
mTORC1 mammalian target of rapamycin complex 1
NFAT5 Nuclear factor of activated T cells 5

NEF-«B nuclear factor-kappa B

NT2 Ntera2

ONL outer nuclear layer

Shh Sonic hedgehog

TLR Toll-like receptor

TNBS trinitrobenzene sulfonic acid

TNF-a Tumor necrosis factor-o

ucC ulcerative colitis

UPR unfolded protein response

Ub Ubiquitin
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Abstract: The molecular pathology of diseases seen from the mitochondrial axis has become more
complex with the progression of research. A variety of factors, including the failure of mitochondrial
dynamics and quality control, have made it extremely difficult to narrow down drug discovery
targets. We have identified MITOL (mitochondrial ubiquitin ligase: also known as MARCHS5)
localized on the mitochondrial outer membrane and previously reported that it is an important
regulator of mitochondrial dynamics and mitochondrial quality control. In this review, we describe
the pathological aspects of MITOL revealed through functional analysis and its potential as a drug
discovery target.

Keywords: mitochondria; E3 ubiquitin ligase; MITOL/MARCH5

1. Introduction

There are many functional proteins on the mitochondrial outer membrane. Not only mitochondrial
quality control, but also various types of signal transduction including in the innate immune response,
is performed on mitochondria as a scaffold. Mitochondria are dynamic organelles that form diverse
networks through morphological changes via their fusion and fission, their intracellular movement
along microtubules, and their interaction with other organelles. Since mitochondrial function is tightly
regulated by mitochondrial dynamics, its molecular mechanisms and their association with disease
have attracted substantial attention. In the ubiquitylation system, E3 ubiquitin ligases play a key
role in determining substrate specificity and catalyzing the transfer of ubiquitin from E2 enzymes to
the substrate. Growing evidence has shown that E3 ubiquitin ligases are involved in the regulation
of mitochondrial functions. HECT domain type E3 ligases have one more transthiolation reaction
to transfer the ubiquitin onto the E3, whereas the much more common RING finger domain type
ligases transfer ubiquitin directly from E2 to the substrate. MITOL (mitochondrial ubiquitin ligase:
also known as MARCHS) is a mitochondrial membrane-associated RING finger E3 ubiquitin ligase
and was initially identified as a regulator of mitochondrial dynamics, which involves two different
aspects: the regulation of protein activation by K63 ubiquitin chain attachment and the regulation of
proteasome-dependent degradation by K48 ubiquitin chain attachment via ubiquitin signaling on the
outer mitochondrial membrane. A number of MITOL substrates have been identified so far and their
association with disease has been suggested. In this review, we present the latest findings on MITOL
as a potential drug target and its relevance to disease and aging.
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2. Mitochondria and Intracellular Quality Control by MITOL

2.1. Neurodegenerative Diseases

Various quality control systems enable the production of high-quality proteins in the cell.
The endoplasmic reticulum is equipped with a protein quality control mechanism termed endoplasmic
reticulum-associated degradation (ERAD), in which the ubiquitin-proteasome system (UPS) plays
a central role [1]. The UPS selectively and rapidly degrades and removes abnormal proteins by
adding ubiquitin chains [2]. Recently, a new quality control mechanism called mitochondrial protein
translocation-associated degradation (mitoTAD) has been discovered in yeast [3]. It would be interesting
to determine whether such a sophisticated quality control mechanism is preserved in mammals.
The accumulation of dysfunctional proteins has been observed in many neurodegenerative diseases,
and it has become clear that it is deeply involved in their pathogenesis. The increase in dysfunctional
proteins due to mutations in the causative gene and the decrease in proteasome activity with aging
are thought to be the main pathogenic factors. The accumulation of dysfunctional proteins in
cells leads to a decrease in proteasome activity, suggesting the presence of a downward spiral that
further promotes the accumulation of aggregated proteins [4]. It has been reported that such highly
aggregated dysfunctional proteins can also accumulate in mitochondria and impair their function [5].
As an example, mutant superoxide dismutase-1 (mSOD1), one of the gene products responsible for
amyotrophic lateral sclerosis (ALS), aggregates due to its conformational changes, accumulates in
mitochondria, and inhibits mitochondrial protein transport, thereby impairing mitochondrial function.
In addition, in spinal cerebellar degeneration, such as polyglutamine disease, the abnormal elongation
of the polyglutamine chain resulting in conformational changes leading to accumulation of the protein
PolyQ in the nucleus and mitochondria, and reduces mitochondrial function, which is thought to
be one of the mechanisms of neuropathy. We reported that MITOL specifically ubiquitinates and
promotes the proteasomal degradation of the misfolded proteins mSOD1 and PolyQ as substrates [6,7].
MITOL has a disordered domain in its C-terminal region, which may recognize denatured proteins.
This suggests that MITOL is involved in mitochondrial quality control by eliminating dysfunctional
proteins from the mitochondria. However, it is controversial whether MITOL recognizes target proteins
in the process of aggregation or after their aggregation.

2.2. Innate Immune Response

In mammals, the innate immune system against RNA viruses is regulated by two different
signaling pathways: the TLR (Toll-like receptor) pathway and the RLR (RIG-I-like receptor) pathway.
The membrane-associated RING-CH (MARCH) family of E3 ubiquitin ligases is thought to perform
immunoregulatory functions by controlling the localization and abundance of immune receptors [8].
In the RLR pathway, RIG-I/MDA-5 interacts with mitochondrial antiviral signaling (MAVS), also known
as VISA, on mitochondria as an adaptor and transmits signals downstream. MITOL, the only member of
the MARCH family localized in mitochondria, prevents excessive immune responses by ubiquitinating
phosphorylated MAVs and activated RIG-I for degradation [9-11]. In addition, MITOL acts as a positive
modulator in the TLR pathway, particularly through the ubiquitination of TANK, a negative regulator
of TLR7 signaling [12]. Furthermore, MITOL preserves mitochondrial function by ubiquitinating HBx,
which is localized in mitochondria for degradation in response to hepatitis B virus [13]. These findings
suggest that MITOL could regulate immunosignaling on mitochondria (Figure 1A).
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Figure 1. (A) MITOL regulates both RIG-I-like receptor (RLR) pathway and Toll-like receptor (TLR)
pathway; (B) Relativity between MITOL and cell death signaling in cancer cells.

2.3. Cell Death in Cancer Cells

Mitochondria store apoptotic factors such as cytochrome ¢, Apoptosis-inducing factor (AIF),
and caspase-9 in the intermembrane space and release them from the mitochondria to the cytoplasm
in response to extracellular death signals, which initiates a cascade of apoptosis. The mitochondrial
membrane permeability of cytochrome c is regulated by the B-cell leukemia gene-2 (Bcl-2) family,
with pro-apoptotic proteins (Bax and Bak with BH3 domain) and anti-apoptotic proteins (Bcl-2, Bcl-xL,
and Mcl-1 with BH3 binding site). There are also BH3-only proteins (Bim, Bid, Bad, Noxa, and Puma)
that have only a BH3 domain among the Bcl-2 family members. These BH3-only proteins induce
apoptosis by binding to the anti-apoptotic member bcl-2 and counteracting its apoptotic inhibitory
effect. Mechanistically, NOXA/Mcl-1 complex was basically ubiquitinated by MITOL for degradation,
cooperating with MTCH2 in a steady state [14]. Because many cancer cells escape cell death by
activating the anti-apoptotic pathway such as via the upregulation of Mcl-1, BH3 mimetics are used for
cancer treatment to inhibit anti-apoptotic activity and promote cell death [15].

At first glance, the activation of MITOL appears to be effective for cancer treatment. However,
the quantity of NOXA is important for the promotion of cell death in cancer cells treated with ABT737
(BH3 mimetic), suggesting that the suppression of MITOL is effective to promote cancer cell death,
resulting in the upregulation of NOXA [16,17]. As it was also shown that the overexpression of MITOL
in breast cancer cells promotes tumor growth and metastasis [18], the suppression of MITOL might be
effective for cancer treatment (Figure 1B).

2.4. Mitophagy

Mitophagy, a mitochondrion-specific type of autophagy, is responsible for removing damaged
mitochondria and protecting cells from injury. PTEN-induced putative protein kinase 1 (PINKI)
and Parkin are key players in the regulation of ubiquitin-dependent mitophagy [19]. In healthy
mitochondria, PINK1 is transported into the inner mitochondrial membrane (IMM), where it is
processed and cleaved by several proteases [20,21]. The truncated form of PINK1 is degraded by the
ubiquitin-proteasome system [20,21]. Following the loss of the mitochondrial membrane potential,
mitochondrial import is prevented, facilitating PINK1 stabilization on the outer mitochondrial
membrane (OMM) [20-22]. PINKT is activated by auto-phosphorylation leading to the translocation of
Parkin to the mitochondrial surface. In this process, MITOL plays a role in the initial step in Parkin
recruitment to mitochondria, resulting in ubiquitination of its substrate [23]. Although the physiological
significance of this is still unclear, it has also been shown that MITOL is transferred to other organelles
during mitophagy [24]. We have actually observed translocation to other organelles as well. Several
mitochondrial proteins, including Nix/BNIP3L, BNIP3, FUNDC1, Optineurin, NDP52, and Bcl2-L-13,
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have been reported as mitophagy receptors in mammalian cells [19]. In particular, FUNDCI is thought
to be involved in mitophagy through its interaction with LC3 (yeast Atg8 ortholog) and ULK1 (yeast
Atgl ortholog) through hypoxic stress and inhibitory treatment of oxidative phosphorylation [25].
MITOL has been shown to regulate mitophagy by ubiquitinating FUNDC1 for degradation during
hypoxic stress [26], suggesting that MITOL also acts as a regulator of such dynamic mitochondrial
quality control. These observations suggest that MITOL may determine mitochondrial fate in response
to a variety of mitochondrial stresses.

2.5. Aging

Mitochondrial dysfunction has been shown to lead to oxidative stress due to the generation of
excessive reactive oxygen species, triggering senescence and age-related diseases. Since cell lines
with MITOL deficiency induces cellular senescence [27], we also focused on the association between
reduced MITOL function and senescence and age-related diseases in vivo. In our in vivo analysis,
mice lacking MITOL in a skin-specific manner showed significant signs of aging, including gray hair
and hair loss. These results and MITOL downregulation during aging suggest that MITOL may block
the induction of physiological aging. We hoped that drugs that upregulate MITOL expression could
inhibit or delay aging, and in a collaborative study with pharmaceutical companies, we screened drugs
that upregulate MITOL mRNA from a Chinese medicine library using cultured human keratinocytes.
We found that extracts of Coptis japonica and Phellodendron amurense in a Chinese medicine library
upregulated MITOL mRNA approximately threefold (Patent No: P2019-52145A). When berberine,
common compound of Coptis japonica and Phellodendron amurense, was mixed with drinking water,
the expression of mRNA and protein of MITOL increased in various organs and tissues, including skin.
To investigate the anti-aging activity of berberine, mice treated with it were irradiated with ultraviolet
light to induce the formation of wrinkles in the skin, and a significant inhibitory effect on this was
observed compared with that in control mice. In addition, with collaboration research, we found that
the mice that took berberine for more than 1 year were significantly less likely to show signs of aging,
such as skin hair loss and thickening of the epidermis, than control mice. Because the anti-aging effect
of berberine on mice deficient of MITOL specifically in the skin was not confirmed, anti-aging effects
are induced especially via the upregulation of MITOL expression levels. These results strongly indicate
that MITOL has the potential to be a target for anti-aging drugs. In the future, it is anticipated that
new MITOL activators other than berberine will be identified and applied to various aging-related
diseases such as neurodegenerative diseases and heart failure. Interestingly, the expression of MITOL
has been observed to gradually decrease with aging in many organs such as the brain and heart of mice.
Moreover, Alzbase, a database for gene dysregulation in Alzheimer’s disease (AD), suggested that
the expression level of the mitol/march5 gene was significantly reduced in the brain of AD patients.
If the worsening of AD is linked to the reduced MITOL expression, the compounds we have identified
may exert a good therapeutic effect on AD. Therefore, we speculate that the decreased degradation of
denatured proteins caused by decreased expression of MITOL may be one of the factors exacerbating
the development of neurodegenerative diseases with aging (Figure 2).
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Figure 2. Relativity between MITOL and aging. Since MITOL gradually decrease following aging,
upregulation of MITOL by a Chinese herb might be able to effect anti-aging.

3. Regulation of Mitochondrial Dynamics by MITOL

3.1. Mitochondrial Fission

Drpl, a dynamin-related GTPase, is the central player in mitochondrial fission [28-30]. Drp1 basically
exists in the cytosol and can be recruited to the surface of mitochondria to wrap around mitochondrial
tubules. Increasing Drp1 GTP hydrolysis activity leads to conformational changes [31,32] that increase
the tightness of mitochondrial constriction and the scission of mitochondrial tubules. In terms of the
chemical modifications of Drp1, phosphorylation, ubiquitination, and SUMOylation by several kinases
and E3 ligase, including ubiquitin and SUMO ligase, have been particularly well studied [33-35].
Drp1 is ubiquitylated by APC/CCdh1 E3 ubiquitin ligase complex for degradation, the regulator of
the M- to G1-phase transition, for regulating mitochondrial morphology during the G1/S phase [36].
Parkin, an E3 ligase mainly localized in the cytosol in a steady state, also induces the proteasomal
degradation of Drp1 [37,38], suggesting that Parkin targets Drp1 as a substrate and plays an inhibitory
role in mitochondrial fission. Controversial results have been reported on functions of MITOL in
regulating mitochondrial dynamics. We and others showed that MITOL interacts with Drp1 and
leads to its ubiquitylation and proteasome-dependent degradation to inhibit excessive mitochondrial
fission [39,40]. However, the opposite role of MITOL in mitochondrial fission, namely, its positive
regulation of Drp1, was observed in another study [41]. In alater study, Karbowski’s group reported that
MITOL ubiquitinates a Mid49, a Drp1 receptor, for degradation to control mitochondrial fission [42].
These findings suggest that there may be some specificity regarding regulation of MITOL for its
substrates, especially Drp1, such as relating to modifications, structural changes, and interactions with
or without Drp1 receptors (Figure 3A).
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Figure 3. Regulation of mitochondrial fission and fusion factors by MITOL. (A) MITOL might have
some specificity for its target; e.g., especially Drp1, such as relating to modifications, structural changes,
and interactions with or without Drp1 receptors; (B) Alteration of substrate specificity for mitochondrial
fusion factors in response to stress.
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Recently, denitrosylase S-nitrosoglutathione reductase (GSNOR)-deficient mice were generated
and it was reported that excessive S-nitrosylation resulted in the disruption of their mitochondrial
dynamics and presented a typical senescence phenotype [43]. At the molecular level, it has also
been reported that Drp1 can be in active form when subjected to S-nitrosylation by NO, leading to
excessive mitochondrial division and the induction of neurotoxicity [44]. Similarly, MAP1B-LC1,
a microtubule-associated factor that regulates retrograde mitochondrial transport, is also activated
by S-nitrosylation, changing its steric structure [45], which in turn causes mitochondrial aggregation
and cytotoxicity [46]. Thus, NO disrupts mitochondrial dynamics via the S-nitrosylation of Drp1
and MAP1B-LC1, even at the molecular level, and is thought to induce cellular damage as a result.
We identified MAP1B-LC1 as a binding protein of MITOL using the yeast two-hybrid method and
found that MITOL specifically recognizes and induces the degradation of S-nitrosylation-modified
MAP1B-LC1 [47]. We also confirmed similar results in Drp1, suggesting that MITOL has selectivity for
recognizing its substrates and protecting against the collapse of mitochondrial dynamics partly by
degrading active Drp1l and MAP1B-LC1.

Mitochondrion—organelle contacts are involved in mitochondrial fission [48-51]. In mammals,
Fisl is a mitochondrial recruitment factor for TBC1D15, which drives lysosomal Rab7 GTP
hydrolysis [52,53] and indirectly regulates mitochondrial fission at the mitochondrion-lysosome contact
sites [50]. Ithasbeen reported that MITOL ubiquitinates Fis1 and promotes its degradation [39]. These findings
suggest that MITOL also regulates mitochondrial fission at the mitochondrion-lysosome contact sites
via Fis1. Further work examining the mechanistic role of MITOL in mitochondrion-lysosome contacts
is required.

Although MITOL is clearly involved in regulating the fission machinery, we need to
comprehensively consider the involvement of multiple signaling platforms explained by the diverse
roles in cellular biology, variations in tissue-specific expression, and the activity of fission members for
the regulation of fission by MITOL.

3.2. Mitochondrial Fusion

Mitochondria are fused through a few steps, termed mitochondrial fusion. First, mitochondria
tether together via mitofusin (MFN), a large GTPase called Fzol in yeast, and MFN1/2 in mammals.
Then, following MFN activation and conformational changes induced by GTP hydrolysis, each OMM
attaches and fuses [54-56]. Inrecent years, various E3 ligases have been shown to regulate mitochondrial
fusion via the modulation of one or both MENSs in response to various physiological or stress-induced
conditions. Glycoprotein 78 (Gp78), an ER membrane-anchored E3 ubiquitin ligase, interacts with
both MENSs, and Gp78 overexpression induces mitochondrial fragmentation [57]. Moreover, autocrine
motility factor (AMF) prevents the Gp78-induced degradation of both MFNs [58]. MGRNT1, an E3
ligase located in the cytoplasm, plasma membrane, endosomes, and nucleus, was reported to promote
mitochondrial fusion via the non-degradative ubiquitylation of MEN1, consistent with previous
observations [59,60]. The OMM E3 ligase MAPL/Mull leads to the specific ubiquitylation and
degradation of MFN2 to regulate mitochondrial morphology [61]. HUWEI, a cytoplasmic E3 HECT
family ubiquitin ligase also termed Mule/ARF-BP1/HectH9/E3Histone/Lasul2, ubiquitinated MFN2
associated with genotoxic stress to regulate mitochondrial fusion [62]. MITOL-mediated ubiquitylation
and degradation of MFN1, but not of MEN2, lead to mitochondrial fragmentation in various inducible
stresses and situations. In prostate cancer cells, the induction of cell death with CGP, an inhibitor
of mitochondrial calcium efflux, led to ubiquitylation and degradation of MFN1 by MITOL [63].
It was also shown that MITOL ubiquitylates and degrades MFN1 at G2/M, the notable phase of
mitochondrial fragmentation before cellular division [64]. However, under hypoxic stress induced
by deferoxamine (DFO), MITOL interacts with MFN2 and is responsible for the ubiquitylation and
degradation of MFN2 in cells lacking HDAC6 [65]. In conclusion, although mitochondrial fission and
fusion were clearly regulated by ubiquitylation, further studies are required to understand how MITOL
divides substrate-specificity according to its surroundings in order to regulate mitochondrial dynamics
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(Figure 3B). In addition, mitochondrial dysfunction is suspected to be one of the causes of many
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, so investigating the
involvement of MITOL in these diseases may lead to future therapies.

4. Relation between MITOL and Membrane Bontact Site with the Endoplasmic Reticulum

4.1. Membrane Contact Site with the Endoplasmic Reticulum

The mitochondrial surface also represents the signal hub where a host of metabolic systems
cross-talk through inter-organelle communication. Mitochondria indeed have a unique microdomain
physically and functionally connecting to other organelles such as the endoplasmic reticulum (ER).
The membrane contact site (MCS) between the ER and mitochondria is maintained by some tethering
or spacer proteins such as PDZDS, Fis1-BAP31, VDAC-IP3R, PTPIP51-VAPB, and MFN2 (the tethering
function of Mfn2 appears to still be controversial) in mammals [66,67]. Mitochondria and the ER
can exchange lipids and calcium ion through their MCS [68,69]. The proximal domain between the
ER and mitochondria is also available as a membrane scaffold for signal transmission including
autophagy, inflammation, and the unfolded protein response (UPR) due to the raft-like membrane
structure [70]. Taking these findings together, the ER and mitochondria complement each other through
inter-organelle communication such as membrane contacts.

4.2. MCS Formation by MITOL

MITOL can control signals contributing to various features outside mitochondria through the MCS
between the ER and mitochondria. A primary finding that MITOL is enriched in the MCS between the
ER and mitochondria led us to investigate MITOL with a focus on MCS.

In basal and physiological conditions, MITOL interacts with and ubiquitinates the mitochondrial
GTPase MFN2 [71]. MFN2 acts as a tethering factor between the ER and mitochondria, as well as a
factor for inter-mitochondrial fusion via its GTPase activity [72]. The MFN2 ubiquitination by MITOL
contributes to its function related to ER-mitochondrion contacts through the GTPase activation of MFN2
(Figure 4A). Thus, MFN2 mutated at K192, the lysine specific for MITOL-mediated ubiquitination,
leads to the inability to connect the membrane between the ER and mitochondria, resulting in a failure
of calcium ion transfer from the ER to mitochondria in the cell. The disruption of MCS between the
ER and mitochondria is not fatal for the cell but affects setting the threshold for the complementation
of mitochondrial or ER defects triggered by pathological conditions. Therefore, abnormal formation
of the MCS might initiate or aggravate progressive, not early-developmental, diseases in humans.
Actually, mutations in the MFN2 gene lead to its catalytic inactivation and subsequently trigger
Charcot-Marie-Tooth disease type 2A (CMT2A) in the peripheral nervous system [73]. Similarly,
a primary mutation in Sig1R or SOD], a cause of inherited juvenile ALS, was shown to result in the
disruption of MCS between the ER and mitochondria [74].

What is the in vivo and physiological contribution of MCS between the ER and mitochondria?
What is triggered by the perturbation of MCS between the ER and mitochondria in vivo remains poorly
characterized. There are also serious concerns regarding the accuracy of the methods for analyzing the
MCS structure in vivo. To obtain an understanding of the morphology of MCS between the ER and
mitochondria in vivo, electron microscopy is mostly adopted (sometimes potentially being the only
method available in vivo). However, both organelles, mitochondria and the ER, exhibit complex and
diverse morphology. A single image obtained from an electron microscope was limited and restricts us
to evaluating a whole picture of mitochondrial states. It is also difficult to judge whether the membrane
structure in a single image is part of the continuous ER or an independent part. Therefore, there is an
urgent need to accurately investigate the structure of MCS between continuous ER and mitochondria
in the brain.

To obtain a precise understanding of the morphology of MCS between mitochondria and the ER in
neurons, we recently performed three-dimensional (3D) reconstructions from serial electron microscopy
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images of mitochondria using serial block—face scanning electron microscopy (SBF-SEM) [75].
Interestingly, over 95% of mitochondria had at least one contact site with the continuous ER in
the brain regardless of the individual morphology of mitochondria, suggesting that MCS with the ER
is pivotal for almost all mitochondria, at least in neurons (in this analysis, only neurons were selected
morphologically from serial images). Larger mitochondria required more MCS with continuous ER.
However, each MCS with continuous ER displayed morphological differences, such as large and small
types. Contacts between the ER and mitochondria with distinct sizes might involve distinct roles.
We also examined the physiological contribution of the MITOL-MEN2 axis to MCS using mice with
nerve-specific ablation of MITOL. The MITOL-deleted brain showed the formation of fewer and smaller
MCS between continuous ER and mitochondria. However, the phenotype of MITOL-deleted neurons
regarding MCS appeared to be restricted to only larger mitochondria. When taking the findings
as a whole, mitochondrial defects in the brain with MITOL deletion were mild, leading to slight
developmental abnormalities in the brain. Currently, we are examining the pathological contribution
of disrupted mitochondrion-ER connections during disease development by performing crossing with
murine models for aging-related diseases.
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Figure 4. (A) Membrane contact site (MCS) formation by MITOL-MFN2 axis. =~ MITOL
ubiquitinates mitochondrial MFN2. The ubiquitinated MFN2 enhances its GTPase activity, triggering
trans-oligomerization between mitochondrial MFN2 and ER-localized MFN2 for tethering both
organelles; mitochondria and the ER; (B) UPR regulation by MITOL-IRE1« axis. MITOL ubiquitinates
IRE1x at ER-mitochondria contact site in unstressed and low-stressed conditions regarding the ER.
The ubiquitination of IRE1a does not perturbate the oligomerization itself in response to ER stress,

however, leading to short-term stabilization and smaller oligomerization. In contract, the ubiquitination
by MITOL is reduced under severe or chronic ER stress, resulting in continuous oligomerization of
IRElx and apoptotic switching of IRE1« signaling.

4.3. UPR Regulation by MITOL

In addition to the basic role of MITOL in unstressed conditions, recent evidence has implied that
MITOL serves as a unique signaling regulator in several specific conditions. We recently identified a
novel substrate, IRE1«, for MITOL at the MCS between the ER and mitochondria [76]. IRE1x is an ER
membrane-integrated protein that possesses bifunctional activity as a kinase and endoribonuclease.
The luminal domain of IRElx contributes to monitoring the stress level of the ER by sensing the
emergence of unfolded proteins. Meanwhile, the cytosolic domain of IRE1«, containing both catalytic
domains, contributes to signal transduction from the ER to outside it in order to recover from ER damage
during ER stress conditions. The ubiquitination of IRE1ec by MITOL determines the persistence of
IRE1« activation upon ER stress (Figure 4B). MITOL-catalyzed ubiquitination of IREle is accompanied
by binding to the mediator BIM for a smaller state of (or less stable) IRE1c oligomerization, allowing
the catalytic activation of IRE1« only for the short term. This regulation of IRElw is pivotal with
regard to termination of the UPR after the recovery of ER homeostasis. Unresolved IRE1«x activation
indeed triggers an alternative outcome of IRE1« signaling, namely, cell death. Importantly, severe ER
stress attenuates the ubiquitination levels of IRE1a by MITOL via unclear mechanisms. Therefore,
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the unlimited IRE1x oligomerization and activation promote the induction of cell death during severe
and irremediable ER stress. Taking these findings together, MITOL prevents the signal switching of
IRE1 e from cell survival to cell death via direct ubiquitination of IRE1« at the MCS between the ER and
mitochondria. The ER network accumulates severe abnormalities, both functional and morphological,
during irremediable ER stress. Thus, it might be reasonable to set the monitoring system, related to the
signal switch of the UPR, outside the ER, such as on the mitochondrial surface. Several mitochondrial
molecules therefore hold therapeutic potential in diseases initiated or aggravated by ER stress, not only
mitochondrial stress.

5. Discussion

It has become clear that ubiquitin not only regulates proteasome-dependent proteolysis, but also
partly regulates various cellular functions such as signal transduction, membrane protein transport,
selective autophagy, and aging. The multiple functions of ubiquitin are derived from the structural
diversity of ubiquitin modifications, eight different linking modes, chain length, branching, and a wide
variety of higher-order structures resulting from combinations of post-translational modifications of
ubiquitin. Globally, the success of proteasome inhibitors in the treatment of cancer has led to substantial
progress in the development of ubiquitin drugs. In particular, targeted proteolysis and induction
techniques using small molecules such as PROTACs and SNIPERs are attracting substantial attention
as a new generation of drug discovery methods, and there is growing momentum for the formation
of groups based on the fusion of ubiquitin research and chemical biology. We expect MITOL, an E3
ubiquitin ligase, to be one of the successful examples of academic drug discovery, as it is becoming a
potential target for promising seeds.
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Abstract: Nigrostriatal dopaminergic systems govern physiological functions related to locomotion,
and their dysfunction leads to movement disorders, such as Parkinson’s disease and dopa-responsive
dystonia (Segawa disease). Previous studies revealed that expression of the gene encoding nigrostriatal
tyrosine hydroxylase (TH), a rate-limiting enzyme of dopamine biosynthesis, is reduced in Parkinson’s
disease and dopa-responsive dystonia; however, the mechanism of TH depletion in these disorders
remains unclear. In this article, we review the molecular mechanism underlying the neurodegeneration
process in dopamine-containing neurons and focus on the novel degradation pathway of TH through
the ubiquitin-proteasome system to advance our understanding of the etiology of Parkinson’s disease
and dopa-responsive dystonia. We also introduce the relation of x-synuclein propagation with the
loss of TH protein in Parkinson’s disease as well as anticipate therapeutic targets and early diagnosis
of these diseases.

Keywords: Parkinson’s disease; dopa-responsive dystonia; tyrosine hydroxylase; «-synuclein;
fatty acid-binding protein 3; ubiquitination; proteasomal degradation; ubiquitin-proteasome system

1. Introduction

Parkinson’s disease (PD) is a common disease whose prevalence is increasing owing to the
aging society. PD is clinically characterized by movement disabilities, such as resting tremor,
rigidity, and bradykinesia [1]. PD is also defined pathologically by the selective degeneration
of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and by the cytoplasmic
accumulation of proteinaceous inclusions, termed Lewy bodies [2,3]. Dopa-responsive dystonia
(DRD), also termed as Segawa disease, is a disorder that involves involuntary muscle contractions,
tremors, and other uncontrolled movements, which usually appear during childhood [4]. DRD patients
present with reduced nigrostriatal dopaminergic function [5,6]. As widely known, PD and DRD
are neurodegenerative disorders that predominately affect midbrain dopamine-producing neurons.
Though dysfunctions of the dopaminergic system are involved in neurological disorders, such as
Tourette’s syndrome [7], schizophrenia [8,9], pituitary tumors [10], PD [11-15], and DRD [4,5,16],
the loss of nigrostriatal tyrosine hydroxylase (TH) protein is distinctive in PD and DRD. The etiology
of PD and DRD has been studied in the past quarter-century; however, the molecular mechanism
of the onset of the disorders has not been completely elucidated. In particular, the reason why
the TH protein, which is a rate-limiting enzyme of dopamine biosynthesis, is lost in mesencephalic
dopaminergic neurons in PD and DRD, and is not entirely understood. In this review, we focus on the
molecular mechanism of the loss of TH protein in the neurodegeneration process in PD and DRD by

Int. J. Mol. Sci. 2020, 21, 3779; doi:10.3390/ijms21113779 201 www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2020, 21, 3779

introducing the degradation of phosphorylated TH protein through the ubiquitin-proteasome system.
We also introduce the relation between the loss of TH protein and the propagation of a-synuclein,
which is a well-known protein in PD pathology, to clarify the mechanism underlying the reduction of
nigrostriatal dopamine function and the loss of TH protein in these movement disorders.

2. Pathology of Parkinson’s Disease and Dopa-Responsive Dystonia

PD was first diagnosed and described in detail by James Parkinson in 1817 [1]. PD affects over
10 million worldwide, particularly 1%-3% of the global population aged over 60 years and up to 50% of
individuals aged over 85 [17]. The clinical features of PD are resting tremor, rigidity, bradykinesia, gait
disturbances, postural instability [1], and dementia, which becomes common in the advanced stage of
the disease [18]. Pathologically, PD is characterized by the loss of dopamine-biosynthesizing neurons
in the substantia nigra pars compacta (SNpc), and by the abnormal deposition of a-synuclein in the
cell body (called Lewy body) and in neuronal processes (called Lewy neurites). The risk of developing
PD is twice as high in men than in women; particularly, women have a higher mortality rate and faster
progression of the disease [19]. Moreover, 90% of PD are sporadic, and hereditary and environmental
factors are thought to be involved in the etiology of PD. Currently, over 20 causative or putative genes
of hereditary PD have been identified by genetic linkage analysis [20]; for example, SNCA (PARK1,
PARK4), Parkin (PARK2), DJ-1 (PARK7), and LRRK2 (PARKS8) [21-27], which encode x-synuclein, Parkin,
protein/nucleic acid deglycase DJ-1, and leucine-rich repeat kinase 2 (LRRK2) protein, respectively.
These different gene mutations in familial PD point to the possibility that an alteration in protein
conformation and/or degradation could be a key to the degenerative process.

Another dopaminergic disorder, dystonia, is a heterogenous, neurological disorder characterized
by abnormal involuntary sustained muscle contractions, frequently causing twisting and repetitive
movements or abnormal postures [28]. It is believed that approximately 70% of all patients with
dystonia have idiopathic rather than symptomatic dystonia. The mechanisms of dystonia pathogenesis
include abnormalities in the regulation of dopaminergic transcription, nigrostriatal dopamine signaling,
and loss of inhibition at neuronal circuits. There are at least 11 different genes involved in autosomal
dominant inherited dystonia, one in autosomal recessive inherited dystonia, and another in X-linked
recessive inherited dystonia [29]. One of the most common genetic dystonia, dopa-responsive
dystonia (DRD, DYT5), is mainly caused by the mutation of GCHI [4,30], which encodes GTP
cyclohydrolase 1 (GCH1). Women are more commonly affected, with men showing a lower penetrance
of mutations [31,32]; this disease develops in early childhood at approximately age 5-8 [4].

In common, PD and DRD are associated with impaired nigrostriatal dopaminergic function [33].
Nigrostriatal dopaminergic projections play a central role in the control of voluntary movements,
and their degeneration has been implicated in Parkinsonian clinical symptoms. In addition,
the dopaminergic system, originating in the SNpc and the ventral tegmental area (VTA), which mainly
projects to the striatum (mesostriatal pathway) and the prefrontal context (mesocortical pathway),
plays a major motivational role in behavioral actions [34-36]. Consistently, lesions in nigral neurons
lead to simultaneous dysfunction of agonist and antagonist muscle pairs in animal models of
parkinsonism [37] and idiopathic PD [15]. The dopaminergic function is regulated by dopamine,
which is biosynthesized from L-tyrosine by TH and aromatic L-amino acid decarboxylase (AADC).
TH requires tetrahydrobiopterin, which is biosynthesized by GCH1, to perform its enzymatic activity.
Because the enzymatic activity of TH protein strictly controls the rate-limiting step of dopamine
biosynthesis, unlike those of other dopamine biosynthesizing enzymes, the expression level and
activity of TH directly affect intracellular dopamine amount. Thus, we next focus on the physiological
features of TH protein and its implications in PD and DRD pathogenesis.

3. Physiology of Tyrosine Hydroxylase Phosphorylation

TH is a rate-limiting enzyme for dopamine biosynthesis [38] and is selectively expressed in
monoaminergic neurons in the central nervous system. In humans, TH protein has four isoforms
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with different molecular weight, which are derived from the same gene through alternative splicing
of mRNA [39,40]. This protein also has two isoforms in monkeys and only a single isoform in all
nonprimate mammals [41,42]. The catalytic domain of TH is located within the C-terminal area, whereas
the region that controls enzyme activity (the regulatory domain) is located at the N-terminal end [43]. Four
phosphorylation sites, namely Ser8, Ser19, Ser31, and Ser40, have been identified in the N-terminal region
of TH [44], whereas the catalytic domain is in 188-456 amino acid residue [45]. TH is a homotetramer
consisting of four subunits, and the C-terminal domain forms this homotetramer structure [46].

Two mechanisms can modulate the activity of TH: one is a medium- to long-term regulation of
gene expression, such as enzyme stability, transcriptional regulation, RNA stability, alternative RNA
splicing, and translational regulation. The regulation of TH is well known; its expression level depends
on transcription driven by cyclic adenosine monophosphate (cAMP)-dependent responsive element
(in promoter) [47] in a manner dependent on activator protein 1 (AP-1) [48,49], serum-responsive factor
(SRF) [50], and nuclear receptor related-1 (Nurrl) [51]. The other is a short-term regulation of enzyme
activity, such as feedback inhibition, allosteric regulation, and phosphorylation [47,52,53]. Many factors
strictly regulate the activity of TH to control dopamine biosynthesis. Upon depolarization, cyclic
AMP-dependent protein kinase (PKA) and calcium-calmodulin-dependent protein kinase II (CaMKII)
are activated [54-56]. PKA phosphorylates TH at Ser40 and CaMKII phosphorylates TH at Ser19 [57,58].
Phosphorylation of Ser19 increases Ser40 phosphorylation, indicating that the phosphorylation of Ser19
can potentiate the phosphorylation of Ser40 and subsequent activation of TH [59]. Other stress-related
protein kinases can also phosphorylate TH at Ser40 [52,53]. Phosphorylation at Ser40 leads to the
liberation of dopamine from the active site of TH and changes the conformation to the high specific
activity form [60]. Cytosolic free dopamine can bind to the active site of TH and deactivate the enzyme to
suppress dopamine overproduction [61,62]. It has been reported that the phosphorylated form of TH is
highly labile, whereas the dopamine-bound form is stable [63]. TH phosphorylated at Ser40 (pSer40-TH)
is dephosphorylated by a protein phosphatase, such as protein phosphatase 2A (PP2A), because
inhibition of PP2A with okadaic acid or microcystin induces an increase in pSer40-TH level [64—-66].
Ser31 phosphorylation is mediated by extracellular signal-regulated kinase 1 (ERK1) and ERK2 [42,67],
and its dephosphorylation is mediated by PP2A [66]. Because ERK signals are usually activated as
part of the mitogen-activated protein kinase (MAPK) cascade for cell survival, dephosphorylation of
TH phosphorylated at Ser31 (pSer31-TH) is very rare in living cells. Phosphorylation of TH at Ser8
has been shown in cultured rat pheochromocytoma PC12 cells and permeabilized bovine chromaffin
cells after treatment with okadaic acid [57,66]. In contrast, no significant phenomena have been
reported in cultured dopaminergic neurons and in vivo. These data suggest that TH regulation by
Ser8 phosphorylation is not critical in the central nervous system.

4. Linkage of Tyrosine Hydroxylase Phosphorylation to Dopaminergic Pathology

As mentioned above, nigrostriatal TH protein is lost in PD and DRD. Ichinose et al. previously
showed that Parkinsonian brains had very low levels of TH mRNAs in the substantia nigra compared
with control brains, but no significant differences were found between schizophrenic and normal
brains [68]. In addition, DRD patients have severely reduced (<3%) TH protein levels in the
putamen [5,6]. These results suggest that TH protein levels in the nigrostriatal dopaminergic neurons
are markedly decreased in both PD and DRD, but not in schizophrenia. Furthermore, Mogi et al. found
that a decrease in total TH protein level in the striatum was greater than that in the total enzyme activity,
as assessed by enzyme immunoassay [69]. This result suggests that upregulation of TH phosphorylation,
which compensates decreased dopamine level, is linked to the reduction of nigrostriatal TH protein in
PD. Intriguingly, we previously found that proteasomal inhibition leads to accumulation of pSer40-TH,
which is ubiquitin-immunopositive, in nerve growth factor (NGF)-differentiated PC12D cells [70].
Moreover, Lewy bodies and Lewy neurites are pSer40-TH-immunopositive in PD [71]. TH protein,
particularly phosphorylated TH, apparently forms intracellular aggregates easily [70,72]. In contrast,
the dopamine- or biopterin-deficient state, which corresponds to PD or DRD, respectively, facilitates TH
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phosphorylation and leads to reduction of the total TH level in cultured cells [73,74]. The reduction of
TH immunoreactivity can be observed in the midbrain and striatum of 6-pyruvoyl-tetrahydrobiopterin
synthase-null and sepiapterin reductase-null mice, which are mouse models of tetrahydrobiopterin
biosynthesis dysfunction [75,76]. Importantly, there is a difference in pathological features between
PD and DRD, namely the presence or absence of abnormal protein accumulation. Here, a question
arises. By which mechanism is nigral TH protein depleted, and does TH protein accumulate to form
inclusions? Before we discuss the possible mechanism underlying the decrease in TH protein, let us
take a brief look at protein degradation pathways.

5. Protein Degradation Pathways: Lysosome and Proteasome

The autophagy-lysosome and ubiquitin-proteasome pathways are the two main routes of protein
and organelle clearance in eukaryotic cells [77] (Figure 1). Autophagy is a phenomenon in which
cytoplasmic components are transported to lysosomes and degrade substrates, such as protein
complexes and organelles, using lysosomal enzymes. There are various types of autophagy, namely
selective and nonselective autophagy. The bulk degradation of cytoplasmic proteins or organelles
is largely mediated by nonselective macroautophagy; a process generally referred to as autophagy.
Selective macroautophagy employs the same core machinery used for nonselective macroautophagy.
A small number of additional cargo-ligand-receptor-proteins serve to make the process selective [78-83].
Another well-known selective autophagy is chaperone-mediated. In chaperone-mediated autophagy,
substrate proteins are selectively recognized by a cytosolic chaperone, the heat shock cognate protein of
70 kDa (hsc70) [84]. The interaction between the chaperone and the substrate in the cytosol targets the
complex to the lysosomal membrane, where it binds to the lysosome-associated membrane protein type
2A (LAMP-2A), which acts as a receptor for this pathway [84,85]. In contrast, chaperone-unmediated
autophagy is thought to function in the degradation of mitochondria.
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Figure 1. The representative protein degradation pathways in eukaryotic cells. Proteasome-dependent
(A) and lysosome-dependent (B) pathways are shown. Note that not all the degradation pathways are
illustrated in the figure.

Proteasomes are multiprotein complexes that predominantly degrade nuclear and cytosolic proteins.
Most proteins are targeted for proteasomal degradation after being covalently modified with ubiquitin,
which is conjugated through its carboxy terminus [86-90]. This reaction is called ubiquitination.
Ubiquitin-protein conjugates are subsequently recognized and degraded by 26S proteasomes, which are
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multisubunit proteases found in the cytosol, perinuclear regions, and nucleus of eukaryotic cells [91].
The degradation products of 26S proteasomal catalysis are short peptide fragments and amino acids that
can be recycled to produce new proteins. Simultaneously, polyubiquitin chains are released from targeted
proteins and then disassembled by ubiquitin carboxy-terminal hydrolases to produce monomeric ubiquitin
molecules that re-enter the ubiquitin-proteasome system, from which point they can contribute to the
clearance of other abnormal proteins [92,93]. Failure of the ubiquitin-proteasome system is implicated in
the pathogenesis of both sporadic and familial PD [22-24,94-96].

6. Ubiquitination and Proteasomal Degradation of Phosphorylated Tyrosine Hydroxylase

Here, we introduce an evidence of the ubiquitination of phosphorylated TH and its proteasomal
degradation by the ubiquitin-proteasome system, and discuss its possible physiological significance in
PD and DRD (Table 1). First, Lazar et al. revealed that activated TH purified from bovine striatum
showed decreased half-life at 50 °C [97]. They suggested that phosphorylation of TH could greatly
increase the degradation rate of the enzyme in vivo. Several years later, Doskeland and Flatmark
reported that human recombinant TH protein is ubiquitinated and degraded in the reticulocyte lysate
system [98]. Subsequently, Urano et al. reported that recombinant human TH protein forms insoluble
aggregates in the presence of tetrahydrobiopterin in vitro [99]. Recombinant TH is free from dopamine
and presumably similar to phosphorylated TH [99]. We further revealed that 265 proteasomal inhibition
leads to accumulation of TH phosphorylated at Ser40 (pSer40-TH), which are ubiquitin-positive, as well
as formation of its insoluble inclusions in NGF-differentiated PC12D cells [70]. These observations
support the novel pathway of proteasomal degradation of TH protein. The phenomenon of intracellular
pSer40-TH insolubility unveiled the characteristics of pSer40-TH that it easily forms aggregates in
living cells (Figure 2). Insight into the reduction of proteasomal activity in PD [94-96] further
supports the evidence of the accumulation of pSer40-TH to form inclusion bodies in PD patients [71].
A publication by Nakashima et al. also showed the proteasomal degradation of the TH protein and
evidence that phosphorylation of the N-terminal TH domain causes proteasomal degradation [100,101].
Carbajosa et al. also reported that short-term inhibition of proteasome increases the accumulation of
ubiquitinated TH protein in PC12 cells and brainstem neurons [102], indicating that TH, especially
phosphorylated TH, is ubiquitinated, resulting in its degradation by the ubiquitin-proteasome system.

What effect does the reduction of dopamine and biopterin levels have on the proteasomal
degradation of phosphorylated TH in PD and DRD? Interestingly, dopamine and biopterin deficiencies
lead to reduced total TH protein, which is caused by the degradation of pSer40-TH [74]. This pSer40-TH
degradation was sensitive to MG-132, a 26S proteasome inhibitor [74], indicating a ubiquitin-proteasome
system-mediated degradation. Salvatore et al. further revealed that knockout of dopamine transporter
decreased dopamine content in the terminals of dopaminergic neurons, and this phenomenon was
accompanied by the elevation of pSer40-TH and reduction of total TH protein [103]. Altogether,
these data strongly suggest that phosphorylated TH protein is ubiquitinated to be degraded by the
ubiquitin-proteasome system (Figure 2). Moreover, the lack of dopamine accelerates the proteasomal
degradation of TH and its phosphorylation through PKA activation, resulting in the loss of TH protein
and the negative spiral of TH depletion (Figure 3).
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Table 1. Advances of the study for the ubiquitination and proteasomal degradation of phosphorylated
tyrosine hydroxylase protein (original articles).

PK

PPZA CETTELY 2 Fr2f

A
@

Evidence Year Reference
Activated tyrosine hydroxylase purified from bovine 1981 [97]
striatum decreases its thermal stability
Human recombinant TH protein is ubiquitinated and 2002 98]
degraded in the reticulocyte lysate system
Recombinant human TH forms insoluble aggregates in the
; ! 2006 [99]

presence of tetrahydrobiopterin
Proteasomal inhibition accumulates ubiquitinated TH
protein phosphorylated at 4Ser to form insoluble aggregates 2009 [70]
in NGF-differentiated PC12D cells
Phosphorylation of the N-terminal domain of tyrosine

X -oma 2011 [100]
hydroxylase triggers proteasomal digestion
Short-term inhibition of proteasome increases the
accumulation of ubiquitinated TH protein in PC12 cell and 2015 [102]
brainstem neurons
Dopamine or biopterin deficiency potentiates
phosphorylation at “°Ser and ubiquitination of TH protein to 2015 [74]
be degraded by the ubiquitin proteasome system
Inhibition of USP14 to activate proteasome decreases TH 2016 [101]
protein phosphorylated at ?Ser
Dopamine transporter-deficiency increases TH
phosphorylation and decreases TH protein in striatum and 2016 [103]

nucleus accumbens

TH, tyrosine hydroxylase; NGF, nerve growth factor; USP14, Ubiquitin-specific protease 14.
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Figure 2. Schematic model of the proteasomal degradation of phosphorylated tyrosine hydroxylase

(pSer40-TH). The degradation pathway is indicated in A, and the accumulation pathway to form
insoluble aggregates is shown in B. pSer40-TH, tyrosine hydroxylase phosphorylated at serine 40
residue; cAMP, cyclic adenosine monophosphate; PKA, cAMP-dependent protein kinase; PP2A, protein

phosphatase 2a.
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Figure 3. Schematic model of the molecular mechanism of the loss of tyrosine hydroxylase (TH) protein

26S prot
phosphorylatlon'l‘ proteasome

in the dopaminergic neurons. (A) A balanced state between the recycling TH protein and degrading
TH protein. (B) Dopamine/biopterin deficient state activates PKA (red), and «-Synuclein aggregation
presumably activates MAPKAPK and MSK1 (purple). Both activations accelerate TH phosphorylation
(pSer40-TH), which is accompanied by proteasomal degradation. PKA, cAMP-dependent protein
kinase; PP2A, protein phosphatase 2a. MAPKAPK, mitogen-activated protein kinase activated protein
kinase; MSK1, mitogen- and stress-activated kinase 1.

7. Modification of Tyrosine Hydroxylase Phosphorylation by «-Synuclein

a-Synuclein is a major component of Lewy bodies, and its deposition is a subset hallmark of
neurodegenerative disorders, including PD, dementia with Lewy bodies (DLB), and multiple system atrophy,
collectively referred to as synucleopathies. «-Synuclein was found in filamentous aggregates of Lewy bodies
and Lewy neuritis [2,3], and the protein itself was first identified in 1993 as a nonamyloid 3 component
of Alzheimer’s disease (AD) [104]. «-Synuclein isolated from DLB patients was phosphorylated [105].
a-Synuclein is degraded by proteasomes [106,107], and phosphorylated a-synuclein is ubiquitinated in
a-synucleinopathy lesions [108], indicating that the ubiquitin-proteasome system degrades phosphorylated
synuclein. Chaperone-mediated autophagy, which contributes to the degradation of intracellular proteins in
lysosomes (Figure 1), also degrades o-synuclein [109-111].
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a-Synuclein itself seems to contribute to the maintenance of presynaptic function by participating
in the assembly of the SNARE protein complex [112,113]. Furthermore, x-synuclein in the soluble
form physically interacts with TH and maintains the level of phosphorylated TH in a PP2A-dependent
manner [114-116], which suggests the possibility that a-synuclein monomer prevents excessive
phosphorylation of TH by activating PP2A. Because the overexpression of wild-type or mutant human
a-synuclein caused by the TH promoter did not result in the formation of pathological inclusions nor
alter the behavior and sensitivity to 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) in C57BL/6
mice [117-119], factors other than x-synuclein itself may be associated with the neuronal degeneration
of dopaminergic neurons. Thus, we hypothesize that not soluble x-synuclein monomers themselves,
but oligomerized filaments and aggregates are associated with neurodegeneration. For instance,
the failure of the ubiquitin-proteasome system in the substantia nigra in PD [94] presumably impairs
the degradation of «-synuclein, which facilitates the formation of filamentous inclusions. Furthermore,
dopamine-modified x-synuclein blocks chaperone-mediated autophagy [109,110], which induces
abnormal intracellular accumulation a-synuclein in PD [120]. Plasma a-synuclein level in PD is
higher than that in healthy controls [121], indicating possible reduction of protein degradation rate.
Such aggregation of a-synuclein presumably potentiates TH phosphorylation and reduces total TH
protein[116,122,123]. Indeed, we revealed that the formation of intracellular aggregations of filamentous
a-synuclein led to a decrease in the total TH protein levels with increased pSer40-TH in cultured
dopaminergic neurons (Figure 4). o-Synuclein activates stress-related protein kinases to potentiate TH
phosphorylation at serine 40, suggesting the possible mechanism of pSer40-TH elevation by «-synuclein
aggregation [52,124,125]. The a-synuclein-induced abnormal upregulation of TH phosphorylation,
combined with the reduction of gene transcription by aging and aging-related disorders [126-129],
results in the acceleration of pSer40-TH degradation to reduce total TH protein (Figure 3).
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Figure 4. Exposure to a-Synuclein fibrils formed intracellular filamentous inclusions, which was
accompanied by the acceleration of TH phosphorylation and the reduction of total TH protein in the
cultured dopaminergic neurons in the presence of cycloheximide. Scale bars indicate 10 um. The right
columns show the quantified data (Student’s t-test, **** p < 0.0001, ** p < 0.01, > 20). S indicate x-Synuclein.
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8. Novel Therapeutic Targets for x-Synuclein Propagation

Previously, when the molecular mechanism of PD pathogenesis was not well understood, PD
patients have been prescribed a dopamine precursor, L-3,4-dihydroxyphenylalanine (L-DOPA) [130].
Oral administration of L-DOPA led to partial improvement of PD symptoms; however, L-DOPA exerts
side effects, such as nausea and vomiting, which had been able to be attenuated by slowing the increases
in the daily dose [130,131]. Second, after prolonged treatment with L-DOPA, as many as 72% of
Parkinsonism patients will suffer from movement disorders. These disorders consist of uncontrollable
facial movements, namely grimacing, tongue protrusion, and chewing motions [131,132]. A third
side effect is a loss of blood pressure upon standing; approximately 33% of patients have shown this
effect [131,132]. This problem tends to disappear in patients receiving the drug for a sufficiently long
period. Although L-DOPA has such uncomfortable side effects [133], it is still useful for treating PD
and DRD [134] and often used in combination with carbidopa, which inhibits peripheral metabolism
of L-DOPA. Therefore, L-DOPA is expected to be used in combination with novel therapeutic agents.

Recently, the propagation of a-synuclein is focused on PD pathogenesis [135,136]. Accumulation
of propagated a-synuclein results in synucleinopathies, including PD, DLB, and multiple system
atrophy [137]. As introduced in Section 7, the aggregation of propagated «-synuclein alters TH
phosphorylation, which is accompanied by the proteasomal degradation of pSer40-TH to decrease
total TH protein (Figure 4). Furthermore, x-synuclein contributes to the fibrilization of amyloid-f3 and
tau [138], which are two critical proteins in AD, suggesting a central role of x-synuclein toxicity in
neurodegeneration. Thus, a-synuclein uptake into living neuronal cells is critical for the pathogenesis
of synucleinopathies. Then, how can we prevent a-synuclein propagation and its uptake into
dopaminergic neurons?

Various molecular mechanisms are expected to be involved in «-synuclein uptake; for example,
mechanisms related to the o3-subunit of Na*t/K*-ATPase [139], neurexin [140,141], flotillin [142],
and particular endocytic pathways [143]. Very recently, we showed that fatty acid-binding protein
3 (FABP3) is critical for «-synuclein uptake into dopaminergic neurons [144] and enhancement of
a-synuclein spreading [145]. FABP3 is also essential in 1-methyl-4-phenylpyridinium (MPP*)-induced
morphological abnormality, mitochondrial dysfunction and neurotoxicity [144]. The injury induced by
MPTP or its metabolite, MPP*-, to dopaminergic neurons of the nigrostriatal pathways of nonhuman
primates has been an important model for parkinsonism as well as dystonia [146-149]. These data
suggest that FABP3 is a potential therapeutic target in synucleinopathies that can act by preventing
a-synuclein uptake into dopaminergic neurons. Intriguingly, FABP3 ligand, which we have recently
synthesized, inhibits a-synuclein oligomerization in PD mouse models [150,151]. These data suggest
that FABP3-targeting ligands are potential therapeutic candidates for synucleinopathies.

Intriguingly, serum FABP3 level is increased in PD [152]. Although cerebrospinal fluid (CSF)
is the nearest body fluid to the cerebral parenchyma as a biomarker of the central nervous system,
the method of obtaining CSF is invasive and painful. Serum or plasma derived from blood is an ideal
body fluid that can be used for screening of biomarker levels, as it is easily obtainable, and its collection
process causes minimal discomfort. Previously, plasma levels of phosphorylated tau [153], amyloid-3
(1-40/1-42) [154-159], and «-synuclein [121] have been studied for their potential to predict or diagnose
AD and PD. The average value of each biomarker changes significantly; however, it is not sufficient
to accurately predict specific disorders because some patients with AD or PD show lower plasma
amyloid-$ and x-synuclein levels than those of healthy controls. Therefore, novel diagnostic tools will
be required. When we can predict PD at the very early stage and prevent the interaction of x-synuclein
and FABP3 before the onset of PD, accumulation of the protein and its-induced neurotoxicity will be
abolished. We will further study the pharmacologic action and molecular mechanism of FABP3-targeted
compounds to prevent dopaminergic neurons from x-synuclein propagation and to promote neuronal
survival [50,160-164], and we will develop a diagnostic method for predicting PD at the very early stages.
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9. Conclusions

It is unclear why dopaminergic neurons preferentially degenerate in PD and DRD. Many factors
may contribute to this, including mitochondrial dysfunction [165,166], oxidative stress, decreased
glutathione content [167], increased iron levels [168], and production of oxygen radicals through the
combination of dopamine and tetrahydrobiopterin [169,170]. Here, we present clues to understanding
this selective degeneration of dopamine-containing neurons, which are sensitive to dopamine/biopterin
deficiency and a-synuclein invasion. The consequent elevation of TH phosphorylation is followed by
the degradation of pSer40-TH by the ubiquitin-proteasome system. Interestingly, proteasomal inhibition
results in TH aggregation, whereas choline acetyltransferase does not show such aggregations [70].
Owing to such characteristics of TH protein to aggregate and be degraded easily, especially pSer40-TH,
handling phosphorylated TH is somehow tricky for dopaminergic neurons. The formation of insoluble
inclusions of pSer40-TH further reduces cytoplasmic operable TH. We suggest that the negative spiral
mechanism of TH phosphorylation-induced degradation is involved in the loss of nigrostriatal TH
protein in PD and DRD (Figure 5).

Reduction of TH gene expression
Accumulation of DNA damage by aging

L
dephospho -TH . .
Acceleration of TH phosphorylation
« Dopamine and biopterin deficiency
pSerd0-TH a-Synuclein aggregation

A Proteasomal dysfunction
[ ubiquitin-proteasome system ] I— Aging, Parkinson's disease

Figure 5. Schematic model for the pathways of degradation and accumulation of tyrosine hydroxylase
(TH) protein. The ubiquitin-proteasome system degrades phosphorylated TH at serine 40 (pSer40-TH).
Otherwise, pSer40-TH is accumulated in the proteasomal deficient state and forms insoluble aggregates.

In the present article, we have reviewed the molecular mechanism of the loss of mesencephalic
TH protein in PD and DRD. We conclude that the ubiquitin-proteasome system participates in the
degradation of phosphorylated TH. The mechanism of ubiquitin-proteasome-linked dopaminergic
pathogenesis might help explain the dopaminergic neuron-selective loss of TH protein in PD and DRD.
These insights may lead to more focused efforts to develop therapeutics and strategies to prevent the
onset of neurodegeneration in PD and DRD.
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Abbreviations

AD Alzheimer’s disease

AP-1 Activator protein 1

CaMKII Calcium/calmodulin-dependent protein kinase II

cAMP Cyclic adenosine monophosphate

CMA Chaperone-mediated autophagy

CSF Cerebrospinal fluid

DLB Dementia with Lewy bodies

DRD Dopa-responsive dystonia (Segawa disease)

ERK Extracellular signal-regulated kinase

FABP Fatty acid-binding protein

GTP guanosine triphosphate

GCH1 GTP cyclohydrolase 1

Hsc70 Heat shock cognate protein of 70 kDa

L-DOPA L-3,4-dihydroxyphenylalanine

LAMP Lysosome-associated membrane protein

LRRK2 Leucine-rich repeat kinase 2

MAPK mitogen-activated protein kinase

MAPKAPK  Mitogen-activated protein kinase activated protein kinase

MPP+ 1-methyl-4-phenylpyridinium

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MSK1 Mitogen- and stress-activated kinase 1

NGF Nerve growth factor

Nurrl Nuclear receptor related-1

PD Parkinson’s disease

PP2A Protein phosphatase 2a

pSer40-TH  Tyrosine hydroxylase phosphorylated at Ser40

SNpc Substantia nigra pars compacta

SRF Serum-responsive factor

TH Tyrosine hydroxylase

VTA Ventral tegmental area
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Abstract: The linear ubiquitin chain assembly complex (LUBAC) is a ubiquitin ligase composed of
the Heme-oxidized IRP2 ubiquitin ligase-1L (HOIL-1L), HOIL-1L-interacting protein (HOIP), and
Shank-associated RH domain interactor (SHARPIN) subunits. LUBAC specifically generates the
N-terminal Metl-linked linear ubiquitin chain and regulates acquired and innate immune responses,
such as the canonical nuclear factor-«kB (NF-kB) and interferon antiviral pathways. Deubiquitinating
enzymes, OTULIN and CYLD, physiologically bind to HOIP and control its function by hydrolyzing
the linear ubiquitin chain. Moreover, proteins containing linear ubiquitin-specific binding domains,
such as NF-kB-essential modulator (NEMO), optineurin, A20-binding inhibitors of NF-kB (ABINSs),
and A20, modulate the functions of LUBAC, and the dysregulation of the LUBAC-mediated linear
ubiquitination pathway induces cancer and inflammatory, autoimmune, and neurodegenerative
diseases. Therefore, inhibitors of LUBAC would be valuable to facilitate investigations of the molecular
and cellular bases for LUBAC-mediated linear ubiquitination and signal transduction, and for
potential therapeutic purposes. We identified and characterized «,B-unsaturated carbonyl-containing
chemicals, named HOIPINs (HOIP inhibitors), as LUBAC inhibitors. We summarize recent advances
in elucidations of the pathophysiological functions of LUBAC-mediated linear ubiquitination and
identifications of its regulators, toward the development of LUBAC inhibitors.

Keywords: inflammation; inhibitor; innate immune; interferon; LUBAC; NF-«B; ubiquitin

1. Introduction

Ubiquitin, a 76-residue (8.6 kDa) small globular protein, is evolutionally conserved in most
eukaryotes. Ubiquitin functions as a spatiotemporal-specific post-translational modifier. In most cases,
ubiquitin is covalently conjugated to the e-NH, group of Lys in the targeted proteins via an isopeptide
bond [1]. In particular cases, ubiquitin is conjugated to the N-terminal a-NHj-group of Lys-less
proteins and internal Ser, Thr, and Cys residues [2,3]. The human ubiquitin system is composed of two
ubiquitin-activating enzymes (E1), ~40 ubiquitin-conjugating enzymes (E2), >600 ubiquitin ligases (E3),
and ~100 deubiquitinating enzymes (DUBs). Among them, the E3s play crucial roles in recognizing
and conjugating one or more ubiquitins to substrates, and are classified into the homologous to the
E6AP carboxyl terminus (HECT)-type, the really interesting new gene (RING)-type, and the RING-in
between-RING (RBR)-type [4]. In the human genome, most of the E3s are RING-type [5], and limited
numbers of HECT-type (28 members) and RBR-type (14 members) E3s have been identified.

Protein ubiquitination regulates numerous cellular functions, including proteasomal degradation,
membrane trafficking, DNA repair, and signal transduction, through the conjugation of one or
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more ubiquitins to substrates [1]. The conjugation of monoubiquitin and multiple-monoubiquitins
to substrates is principally involved in membrane trafficking and endocytosis. The isopeptide
bond-linked ubiquitination is mediated via seven internal Lys residues (K6, K11, K27, K29, K33, K48,
and K63). Among them, the K48-linked polyubiquitin chain, which is the most common, serves as
a typical proteasomal degradation signal, and the K63-linked polyubiquitin chain, the second most
predominant linkage, is involved in non-proteasomal functions, such as signal transduction and DNA
repair [1,6]. In addition to these Lys-linked polyubiquitin chains, the N-terminal Met1(M1)-linked
linear polyubiquitination is specifically generated by the E3 complex, named the linear ubiquitin
chain assembly complex (LUBAC). LUBAC functions in the regulation of the innate and acquired
immune responses and anti-apoptosis [7]. In addition to the mammalian LUBACs, an ortholog
of a HOIP subunit of LUBAC, named LUBEL, was identified in Drosophila, and it also catalyzes
linear ubiquitination upon heat shock [8]. These findings indicated that linear ubiquitination is
evolutionally conserved to maintain cellular homeostasis. In addition to the homotypic polyubiquitin
chains, heterogeneous complex-types of polyubiquitin chains, such as mixed, hybrid, and branched
ubiquitin chains, have also been identified. Furthermore, specific residues of ubiquitin are chemically
modified, by phosphorylation, acetylation, and ADP-ribosylation, and these modifications regulate
the pathophysiological functions of ubiquitination. These diverse ubiquitin linkages exhibit multiple
functions in a system called the “ubiquitin code” [6], in which E1, E2, and E3 function as “writers”,
DUBs are “erasers”, and ubiquitin-binding proteins serve as “decoders”. In this review, we focus on the
structures, catalytic mechanisms, inhibitors, and pathophysiological functions of the LUBAC-mediated
“linear ubiquitin code”, revealed by studies using human cell lines, diseases, and phenotypes of
genetically deficient mice.

2. LUBAC: The Only Writer of the Linear Ubiquitin Code

2.1. Structure and Catalytic Mechanism of LUBAC

Mammalian LUBAC, a ~600 kDa complex composed of the HOIL-1L (also known as RBCK1) [9],
HOIP (RNF31, ZIBRA, and PAUL) [10], and SHARPIN [11-13] subunits, is the sole E3 that generates the
N-terminal M1-linked linear polyubiquitin chain, using the E2s UBE2L3 (UbcH7) and UbcH5s [14,15].
LUBAC subunits contain multiple domains (Figure 1). Although the detailed architecture of
LUBAC has not been solved, the ubiquitin-like (UBL) domains in SHARPIN and HOIL-1L bind
to the ubiquitin-associated (UBA)1 and UBA2 domains, respectively, in HOIP [16]. Moreover, the
LUBAC-tethering motifs (LTMs) in HOIL-1L and SHARPIN associate with each other to form a globular
domain [16]. HOIL-1L and HOIP possess RBR-type E3 motifs. The RBR-type E3 family members
reportedly generate polyubiquitin chains through a unique RING-HECT-hybrid reaction [17,18].
During the course of linear ubiquitination, the RING1 domain in HOIP binds a ubiquitin-charged
E2. Subsequently, the donor ubiquitin is transiently transferred to the active Cys885 in the RING2
domain of HOIP via a thioester-linkage. Finally, the donor ubiquitin is conjugated to an acceptor
ubiquitin, which is captured in the C-terminal linear ubiquitin chain determining domain (LDD) of
HOIP, to specifically generate a linear ubiquitin chain [19-22]. In contrast to HOIP, the RBR domain in
HOIL-1L uniquely catalyzes the oxyester-bond monoubiquitination of Ser/Thr residues through the
active Cys458 [23].
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Figure 1. Domain structure and functional regions of the LUBAC subunits, HOIL-1L, HOIP, and
SHARPIN. LTM, LUBAC-tethering motif; UBL, ubiquitin-like; NZF, Npl4-type zinc finger; RING,
really interesting new gene; IBR, in-between RING; PUB, PNGase/UBA or UBX; ZF, zinc finger; UBA,
ubiquitin-associated; LDD, linear ubiquitin chain determining domain; PH, Pleckstrin-homology.

The N-terminal portion of HOIP contains a PNGase/UBA or UBX (PUB) domain (Figure 1), which
is reportedly an AAA-ATPase p97-interacting domain [24] that plays an important role to recruit linear
ubiquitin-editing DUBs, such as OTULIN [25] and the CYLD-SPATA2 complex [26-29]. Thus, LUBAC
forms complexes with negative regulators through the PUB domain. Furthermore, LUBAC includes
several zinc finger domains (ZFs). Among them, the Npl4-type zinc finger (NZF) domain in HOIL-1L
specifically binds linear ubiquitin [30], whereas the NZF domain in SHARPIN binds K63-ubiquitin to
regulate the cell death pathway [31]. There are two NZF domains in HOIP, and NZF1 binds NEMO, a
LUBAC substrate, during linear ubiquitination [32]. Collectively, these findings indicate that LUBAC
consists of multiple functional domains for the regulation of linear ubiquitination and participates in
various physiological phenomena.

2.2. Cellular Functions of LUBAC

2.2.1. LUBAC in the Inflammatory Cytokine-Induced canonical NF-«B Activation Pathway

LUBAC principally participates in the regulation of the canonical NF-«B signaling pathway in
various mammalian cells. NF-«B is a master transcription factor for the biological defense system, and is
composed of homo- or hetero-dimers of Rel-homology domain-containing proteins, such as p65 (RelA),
RelB, c-Rel, p105/p50, and p100/p52. NF-«B expression leads to the transcription of target genes in the
inflammatory and immune responses [33]. LUBAC regulates the NF-«kB activation pathways induced
by proinflammatory cytokines, such as TNF-o and IL-1f3, various pathogen-associated molecular
patterns (PAMPs), T cell receptor (TCR) agonists, genotoxic stress, and NOD2-mediated inflammasome
activation [14,15]. However, LUBAC is not involved in either the B cell receptor (BCR)-mediated
pathway or the noncanonical NF-kB pathway [12,34].

Upon stimulation of cells with TNF-«, LUBAC is recruited to the TNF receptor (TNFR) through
binding to K63-linked polyubiquitin chains, which are antecedently generated by c-IAP-1/2, TRAF2,
and TRAF5, and functions as a member of the TNFR signaling complex I [35-37]. LUBAC then
conjugates linear ubiquitin chains to NEMO, RIP1, and FADD (Figure 2) [11,38,39]. The linear ubiquitin
chain functions as a scaffold to recruit canonical IkB kinase (IKK) molecules, which are composed of the
kinase subunits of IKK« and IKKf, and a regulatory subunit of NEMO. Importantly, NEMO contains
a high-affinity linear ubiquitin binding site that accumulates multiple IKK molecules on the linear
ubiquitin chain. The trans-phosphorylation of the IKK molecules principally leads to the activation of
IKKf3, which subsequently phosphorylates the inhibitory protein of NF-kB, IkBx. Interestingly, the
conjugation of two linearly linked molecules of ubiquitin (linear diubiquitin) to NEMO sufficiently
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induces IKK activation [40]. The phosphorylated IkBo is ubiquitinated by the E3 complex SCFB-TCP
for the K48-ubiquitination-mediated proteasomal degradation of IkBa. After liberation from IkB«, the
canonical NF-kB transcription factors, predominantly composed of homo- or hetero-dimers of p65
(RelA) and/or p50, translocate into the nucleus and activate NF-«B target genes (Figure 2) [32]. Upon
TNF-« stimulation, mammalian Ste20-like kinase (MST1, also called STK4) is recruited to TNFR in a
TRAF2-dependent manner and phosphorylates Ser1066 in the LDD domain of HOIP, which attenuates
the E3 activity of LUBAC [41]. Recently, Parkin-coregulated gene (PACRG) was identified as a functional
replacement of SHARPIN in TNF signaling in human and mouse cells [42]. Therefore, multiple factors
regulate the LUBAC-mediated NF-«B activation pathway.
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Figure 2. LUBAC-mediated regulation of the TNF-a-induced canonical NF-kB activation pathway and
extrinsic apoptosis pathway.

Although IL-1p is another prominent proinflammatory cytokine that activates the canonical
NF-kB activation pathway, both K63- and M1-linked ubiquitinations are required for the formation of
the NEMO-containing punctate structure upon IL-1f stimulation [43]. Importantly, the K63/M1-hybrid
ubiquitin chain can become conjugated to interleukin 1 receptor-associated kinase 1 (IRAK1) and
IRAK4 [44]. Furthermore, HOIL-1L conjugates oxyester-bond monoubiquitin to its own Ser/Thr
residues, as well as those in SHARPIN, IRAK1/2, and MyD88 in human keratinocyte HaCaT cells
and mouse bone marrow-derived macrophages [23]. Thus, the E3 activity of HOIL-1L regulates the
Myddosome components upon innate immune responses. These results indicate the differences in the
LUBAC functions between the TNF-«- and IL-1p3-mediated canonical NF-«B activation pathways.

2.2.2. LUBAC in Acquired Immune Responses

The NF-«B activity plays important roles in lymphocyte development and antigen
receptor-mediated acquired immune responses in mammals [33]. Characteristically, a protein complex
composed of CARMA1, BCL10, and MALT1 (CBM complex) is critical to activate the B cell receptor
(BCR)- and T cell receptor (TCR)-mediated NF-«B activation pathways [45]. In mice B cells, LUBAC
has no influence on the IgM-induced BCR pathway, whereas the LUBAC activity is critical for the
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CD40-mediated NF-«B activation pathway and Bl cell development [34]. In contrast, in T cells,
LUBAC is involved in the TCR-mediated NF-«B activation pathway, FOXP3" regulatory T cell
(Treg) development, and homeostasis [46]. In the course of the TCR pathway, HOIL-1L is cleaved
at Argl65-Glyl66 by MALT1, a paracaspase [47]. Moreover, BCL10 is linearly ubiquitinated by
LUBAC [48]. However, the importance of the E3 activity of LUBAC in the antigen receptor-mediated
NEF-«B activation pathway remains to be established [49]. Therefore, further studies are necessary
to clarify the function of LUBAC in the antigen receptor-mediated NF-«B activation pathways
in lymphocytes.

2.2.3. LUBAC in the Genotoxic Stress Response and Inflammasome Activation

DNA damaging anti-cancer agents, such as camptothecin, etoposide, and doxorubicin, stimulate
the NF-«kB pathway through the activation of ataxia telangiectasia mutated (ATM) kinase and
various post-translational modifications of NEMO, such as phosphorylation, SUMOylation, and
ubiquitination [50]. In the genotoxic stress-induced NF-kB activation pathway, X-linked inhibitor of
apoptosis (XIAP) conjugates K63-ubiquitin chains to ELKS, which then induces the LUBAC-mediated
linear ubiquitination of NEMO in the cytosol [51]. Similarly, the XIAP-mediated K63-linked
ubiquitination of RIP2 recruits LUBAC to activate the NOD2-mediated NF-kB activation pathway [52],
which plays an important role in the bacterial peptidoglycan-mediated innate immune response.

The inflammasome is a protein complex that activates pro-inflammatory cytokines, such as
pro-IL-1p and pro-IL-18. Upon stimulation through Toll-like receptors (TLRs) by damage-associated
molecular patterns (DAMPs) and PAMPs, inflammasomes become oligomerized and activate caspase 1.
The ubiquitin system functions as both a negative and positive regulator of inflammasomes [53]. The
nucleotide binding and leucine-rich repeat-containing protein 3 (NLRP3) is one of the best characterized
inflammasomes. LUBAC conjugates a linear ubiquitin chain to the caspase-recruit domain (CARD) of
the ASC component, and activates the NLRP3 inflammasome in macrophages [54].

2.2.4. LUBAC-Mediated Regulation of Cell Death

The TNF-a-induced expression of NF-«kB-target genes basically functions in anti-apoptosis.
However, under conditions where the expression of NF-«B-target genes is suppressed, such as by the
protein synthesis inhibitor cycloheximide, TNF-o stimulation extensively induces apoptosis through
the generation of TNFR complex Ila, which is composed of RIP1, FADD, and caspase 8 [55] (Figure 2).
Subsequently, caspase 8 activates caspase 3 to induce extrinsic apoptosis, and the activated caspases
cleave the N-terminal portion of HOIP [39,56]. A genetic deficiency of LUBAC subunits causes reduced
expression of NF-«B genes, and thus efficiently induces TNF-a-mediated apoptosis in mice [11-13,38,57].
Characteristically, spontaneous Sharpin-deficient mice (cpdm mice) exhibit severe chronic proliferative
dermatitis, and lack secondary lymphoid organs [58—60]. The combined genetic deletions of Tnf [11]
or Tnfr [61] with Sharpin?®"/ePdm mice prevented the skin lesions, indicating that TNF-«-mediated
apoptosis plays a critical role in dermatitis in Sharpin-deficient mice. Importantly, the lack of secondary
lymphoid organs, such as Peyer’s patches, was not alleviated by the attenuation of TNF signaling.
However, the genetic deletions of caspase 8 and Rip3k in mice (Sharpin?¥P4"/Casp8*/~/Rip3k~")
completely alleviated the phenotype [62]. Recently, Sharma and coworkers showed that the genetic
ablation of MyD88 in Sharpin-deficient cpdm mice (SharpinP¥P@"/Myd88~/~) completely and partially
rescued the skin lesions and systemic inflammation, respectively [63]. Interestingly, they proposed that
gut microbiota may play a role in inflammation induction in cpdm mice. Therefore, LUBAC seems to
be involved in the regulation of not only apoptosis, but also necroptosis.

2.2.5. LUBAC-Mediated Regulation of Interferon Signaling

In innate immune responses, PAMPs are recognized by host pattern-recognition receptors, and
then activate the NF-«B and type I interferon (IFN) production pathways. In the course of the IFN
antiviral pathway, the phosphorylation of transcription factors, such as interferon regulatory factor
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3 (IRF3), by TANK-binding kinase 1 (TBK1) and IKKze causes the transcription of IRF3-target genes,
including IFNB, ISG15, and ISG56. [64]. Although various E3s are known to regulate the antiviral
pathway [65], whether LUBAC activates or suppresses the type I IFN production pathway remains
controversial. LUBAC and the linear ubiquitination activity reportedly down-regulate the type I IFN
production pathway [66,67]. STAT1 is linearly ubiquitinated at the K511 and K652 residues by LUBAC,
which inhibits binding to the type I IFN receptor, IFINAR?2, and the linear ubiquitination of STAT1 is
removed by OTULIN [68]. By contrast, virus infection induces the enhanced LUBAC-mediated NF-«B
activation, which in turn, inhibits IEFN-STAT1 signaling.

However, some studies suggested that the LUBAC activity is necessary for the TLR-mediated
IRF3 activation [69-71], and LUBAC is reportedly indispensable for the TNF-induced TBK1 and IKKe
activation and prevention of cell death [72]. We showed that the LPS-, poly(I:C)-, and SeV-mediated
IEN production pathway was impaired in HOIP-deficient mouse embryonic fibroblasts and human
Jurkat T-lymphoblasts, and LUBAC inhibitors, HOIPINSs, suppressed the antiviral pathway through the
reduced activation of TBK1 and IRF3, supporting the positive function of LUBAC in this pathway [73].
Further studies are required to clarify the function of LUBAC in the IFN antiviral pathway.

2.2.6. Involvement of Linear Ubiquitination in Selective Autophagy

Damaged organelles and invading pathogens are selectively degraded through the autophagy
pathway [74]. The selective autophagy against intracellular bacteria is referred to as xenophagy. For
instance, invaded Salmonella replicates within the host-derived membrane vacuole, and the rupture
of the vacuole causes ubiquitination and autophagy [75]. The ubiquitinome analysis showed that
Salmonella infection promotes CDC42 and LUBAC activities with the enhanced NF-«B activity through
linear ubiquitination in human colon cancer HCT116 cells and HeLa cells [76]. In addition to several
E3s, such as Parkin, Smurfl, RNF166, ARIH1, and LRSAM1, LUBAC indeed restricts Salmonella
proliferation through linear ubiquitination, which functions to recruit optineurin (OPTN) and NEMO
to induce xenophagy and activate NF-«B, respectively [77,78]. Moreover, a linear ubiquitin-specific
DUB, OTULIN, antagonizes LUBAC function in the xenophagy of Salmonella [79]. These results
indicate that linear (de)-ubiquitination is indispensable for the regulation of bacterial pathogenesis and
selective autophagy.

3. Erasers of the Linear Ubiquitin Code

DUBs function in the biosynthesis, recycling, editing, and cleavage of ubiquitin linkages, and
consequently maintain the intracellular free ubiquitin pool [80,81]. The human DUBs are classified
into seven subfamilies: ubiquitin-specific protease (USP; 54 members), ubiquitin C-terminal hydrolase
(UCH; 4 members), ovarian tumor protease (OTU; 16 members), Josephins (4 members), motif
interacting with ubiquitin (MIU)-containing novel DUB (MINDY; 4 members) [82], zinc finger
with UFM1-specific peptidase domain protein (ZUFSP; 2 members) [83], and JAB1/MPN/MOV34
metalloenzymes (JAMM/MPN+; 16 members) [80,81]. The USP, UCH, OTU, Josephin, MINDY, and
ZFUBP DUBs belong to the Cys protease family, whereas the JAMM/MPN+ family proteins are
zinc metalloproteases. Among the DUBs, OTULIN (OTU family), CYLD (USP family), and A20
(OTU family) (Figure 3) are well known DUBs that regulate the LUBAC-mediated NF-«B signaling
pathway [84]. In this chapter, we introduce OTULIN and CYLD as “erasers” of the linear ubiquitin
code, and classify A20 as a “decoder” (see Section 4.2).

226



Int. ]. Mol. Sci. 2020, 21, 3381

Y56
PIM
OTULIN (40 kDa) 1 =] oTu 352
HolP
binding €129 $418
CAP-GlyCAP-Gly CAP-Gly B box
j C601
caspase 8 MALT1 i P_IM PHD
SPATA2 (58 kDa) 1 W : t 520
[
HOIP-
binding

A20 (90 kDa) 1

j M1-Ub
K63-Ub- -Ub-
C103 MALT1 binding binding

Figure 3. DUBs involved in the regulation of the linear ubiquitin code. Domain structures and functions
of LUBAC-regulating factors, such as OTULIN, CYLD-SPATA?2, and A20, are shown. PIM, PUB
domain-interacting motif; OTU, ovarian tumor protease; CAP-Gly, cytoskeleton-associated protein
Gly-rich domain; B box, B-box-type zinc finger domain; PUB, PNGase/UBA or UBX; PHD, plant
homeodomain; ZF, zinc finger. Phosphorylation sites are denoted by encircled Ps, and caspase 8 and
MALTT1 cleavage sites are also indicated.

3.1. OTULIN

OTULIN (also called FAM105B and Gumby) is an OTU-family DUB with the catalytic Cys129
residue (Figure 3). OTULIN exclusively hydrolyzes the M1-linked peptide bond between ubiquitins,
but none of the K-linked isopeptide linkages [85-87]. Therefore, OTULIN downregulates the
LUBAC-mediated innate immune responses. Interestingly, OTULIN binds to the N-terminal PUB
domain of HOIP through the PUB domain-interacting motif (PIM), and the phosphorylation of Tyr56
in the PIM of OTULIN abrogated the HOIP binding [25,88,89]. In humans, genetic mutations in
OTULIN cause multiple symptoms, such as recurrent fevers, autoantibodies, diarrhea, panniculitis,
and arthritis, which are collectively referred to as OTULIN-related autoinflammatory syndrome
(ORAS). These mutations deregulate the LUBAC-mediated linear ubiquitination signal [90-92], and the
OTULIN-deficiency causes cell-type-specific LUBAC degradation [85,93]. Interestingly, knock-in mice
expressing the active site mutant of Otulin(C129A) showed enhanced cell death through apoptosis
and necroptosis, and the increased production of type I TFN, due to the reduced LUBAC activity [94].
Therefore, under physiological conditions, OTULIN prevents the auto-linear ubiquitination of LUBAC,
and functions to maintain the LUBAC activity. During cell death, OTULIN regulates the linear
ubiquitination of RIP1, which is cleaved at Asp31 by caspase 3. Moreover, the phosphorylation of Tyr56
in OTULIN is increased, and this is counteracted by the dual-specificity phosphatase 14 (DUSP14)
during necroptosis [95]. The OTULIN-mediated suppression of hepatocyte apoptosis plays a crucial
role in liver pathogeneses, such as hepatitis, fibrosis, and hepatocellular carcinoma [96]. TRIM32, a
RING-type E3, conjugates the K63-linked ubiquitin chain to OTULIN to interfere with its interaction
with HOIP in human embryonic kidney (HEK) 293 cells [97], and the interaction between TRIM32 and
SNX27, which regulates endosome-to-plasma membrane trafficking, has been confirmed [98]. Thus,
OTULIN is a crucial pathophysiological regulator in the linear ubiquitin code.

3.2. CYLD

CYLD, a USP family DUB (Figure 3), was initially identified as a cylindromatosis tumor suppressor
gene in humans [99]. CYLD downregulates the NF-«B activation pathway by hydrolyzing K63-linked
ubiquitin chains [100,101]. The genetic deficiency in CYLD causes trichoepithelioma. Importantly,

227



Int. ]. Mol. Sci. 2020, 21, 3381

CYLD efficiently hydrolyzes the K63-linked ubiquitin chain and the linear ubiquitin chain, but not the
K48-chain [102], and thus regulates innate immune signaling [103]. We and another group showed
that the catalytic activity of CYLD is indispensable for the downregulation of LUBAC-mediated
NF-kB activation [104,105]. Furthermore, we revealed the structural bases of the CYLD USP domain
recognition of either K63 or linear diubiquitin [106], and the interaction of a potential CYLD inhibitor,
subquinocin [107]. We further identified that mind bomb homolog 2 (MIB2) is an E3 that leads to the
proteasomal degradation of CYLD, and therefore MIB2 affects LUBAC-mediated NF-«B activation [108].
Importantly, the USP domain of CYLD binds to the PUB domain of SPATA2, and the PIM in SPATA2
associates with the PUB domain of HOIP (Figure 3) [26-29]. Recently, a familial variant of CYLD
with the M719V missense mutation was identified in the induction of frontotemporal dementia (FTD)
and amyotrophic lateral sclerosis (ALS), with enhanced K63-deubiquitinating activity and NF-xB
suppression [109]. Moreover, this M719V variant of CYLD impairs autophagosome maturation and
increases the cytosolic localization of TDP-43. Thus, the up-regulation of CYLD activity is associated
with neurodegenerative diseases, whereas the down-regulation of CYLD causes cancers.

4. Decoders of the Linear Ubiquitin Code

In the ubiquitin code, various types of ubiquitin chains serve as scaffolds to recruit their specific
binding proteins, and subsequently, these locally concentrated proteins are responsible for the cellular
functions of the ubiquitin code. Therefore, the ubiquitin chain-specific binding proteins are referred to
as “decoders”. In the linear ubiquitin code, several protein motifs, such as the UBD in ABIN proteins
and the NEMO (UBAN) domain [110], the NZF domain in HOIL-1L [30], and the 7th zinc finger domain
in A20 (A20 ZF7) [104,111], have been identified as linear ubiquitin chain-specific binding domains [112].
In this chapter, we summarize the structures and functions of linear ubiquitin-binding proteins.

4.1. UBAN Domain-Containing Proteins: NEMO, OPTN, and ABINs

The UBAN domain forms a homodimeric coiled-coil structure, and is present in proteins such
as NEMO, OPTN, and A20-binding inhibitors of NF-«B (ABIN), including ABIN-1, ABIN-2, and
ABIN-3 [110]. Although the K63-linked and linear diubiquitins adopt similar conformations, the
NEMO UBAN domain shows approximately 100-fold higher affinity to the linear ubiquitin chain than
the K63-chain. The hydrophobic patches centered at Ile44 and Phe4 of the distal and proximal parts of
linear ubiquitin, respectively, are crucial for the interactions with the UBAN domain [113,114]. The
NEMO-UBAN domain is critical for the recruitment of the IKK complex onto the linear ubiquitin chain,
which induces the canonical NF-kB activation [32]. Missense mutations in the NEMO-UBAN domain
in humans cause X-linked anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID) [115,116].
Therefore, the linear ubiquitin-binding function of NEMO is indispensable for homeostasis.

OPTN, initially identified as a gene responsible for primary open-angle glaucoma (POAG) [117],
has a similar domain organization to that of NEMO, although it does not interact with IKKet/3. OPTN
is a multifunctional protein that participates in the regulation of the NF-kB and antiviral signaling
pathways, vesicular transport, and selective autophagy, such as mitophagy and xenophagy [118]. In
2010, reports demonstrated that genetic mutations in OPTN are associated with ALS [119,120], and
include an E478G missense mutation in the UBAN domain of human OPTN. We analyzed the effects
of the POAG- and ALS-associated mutants of OPTN on the LUBAC- and TNF-a-mediated NF-kB
activation in HEK293T cells, and showed that the ALS-associated OPTN mutants lost their ability to
suppress NF-«B activation, mainly due to the dysfunction in the UBAN domain of OPTN [121]. The
OPTN-UBAN domain strongly bound linear ubiquitin, with a Kd value of 1.0 uM, and the crystal
structure of the OPTN-UBAN domain complexed with linear ubiquitin revealed that it shares a similar
architecture with that of NEMO [121]. Thus, linear ubiquitin binding by OPTN regulates NF-xB
activation and apoptosis, and consequently suppresses ALS.

ABINs were originally identified as inhibitors of NF-«B signaling, and they regulate multiple
signal transduction pathways, apoptosis, virus replication, and cancer progression [122]. At present,
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the crystal structures of the UBAN domains in ABIN-1 and -2 with linear ubiquitin have been solved,
and they basically adopt conformations similar to those in NEMO and OPTN [123,124]. Therefore, the
ABINSs are potential decoders of the linear ubiquitin code, through linear ubiquitin-binding by their
UBAN domains.

4.2. A20

A20 (also called TNFAIP3) consists of an OTU family DUB domain at the N-terminus, followed
by seven zinc finger (ZF) domains (Figure 3) [125]. A20 is an anti-inflammatory protein strongly
induced by TNF-« stimulation. Moreover, dysfunctions and polymorphisms of A20 are correlated
with various disorders, such as B cell lymphoma, systemic lupus erythematosus (SLE), inflammatory
bowel disease, rheumatoid arthritis, and psoriasis. A20 reportedly removes the K63-linked ubiquitin
chain from RIP1 by the DUB activity through the OTU domain, and conjugates K48-linked ubiquitin
to RIP1 by the E3 activity in the ZF4 domain, leading to the proteasomal degradation of RIP1 [126].
We showed that A20 strongly inhibits the LUBAC-mediated NF-«kB activation in a DUB-activity
independent manner [104]. Indeed, although A20 hydrolyzes K48- and K63-linked ubiquitin chains,
it does not cleave a linear ubiquitin chain. In contrast, the ZF7 domain of A20 is indispensable for
the inhibition of LUBAC-mediated NF-kB activation, through specific binding to the linear ubiquitin
chain, with a Kd value of 9 uM [104,111]. We solved the crystal structure of human A20 ZF7 with
linear ubiquitin, and found that the B cell lymphoma-inducible missense mutations within ZF7 caused
the lack of linear ubiquitin-binding. Furthermore, the DUB activity and ZF4 were not necessary for
A20-potentiated RIP1-dependent apoptosis, whereas ZF7 is critical in A20 dimerization and intestinal
epithelial cell death [127]. Recent studies using knock-in mice revealed that those carrying mutations
in ZF7 spontaneously developed arthritis, although mice with mutations of the OTU or ZF4 domain
showed no overt inflammatory phenotype [128,129]. Thus, A20 physiologically functions as a decoder,
but not as an eraser, in the linear ubiquitin code through the linear ubiquitin-specific binding by ZF7.

5. LUBAC-Related Disorders

NF-«B signaling plays pivotal roles in the innate and adaptive immune responses, and
anti-apoptosis. Therefore, the impaired NF-«B activation is closely associated with various disorders,
such as cancers, inflammatory, autoimmune, and neurodegenerative diseases, and metabolic
syndrome [33,130]. In this chapter, we introduce the disorders closely associated with the dysregulation
of the linear ubiquitin code.

5.1. Genetic Deficiency of LUBAC Subunits and Related Diseases

The Hoip [34] or Hoil-11 [131] knockout mice are embryonic lethal, while the spontaneous
deficiency of Sharpin reportedly induces severe dermatitis [60], indicating that the LUBAC activity
is crucial for development and homeostasis. In humans, inherited HOIL-1L mutations reportedly
induce polyglucosan body myopathy with or without immunodeficiency and autoinflammation
(Table 1) [132-134]. Moreover, the L72P missense mutation in the PUB domain of HOIP in
a patient with multiorgan autoinflammation, immunodeficiency, amylopectinosis, and systemic
lymphangiectasia [135], and another case of HOIP deficiency with early-onset immunodeficiency
and autoinflammation, but not amylopectinosis and lymphangiectasia [136], were recently identified.
These HOIP mutations affect the expression of type I IFN regulated genes. Taken together, these
results indicate that the LUBAC activity is required to suppress myopathy, systemic inflammation, and
immunodeficiency in humans.
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Table 1. Genetic deficiencies of human HOIL-1L and HOIP, and their symptoms.

Gene Mutations Symptoms References
HOIL-1L p-Q185X (c.553C > T), polyglucosan myopathy with [132]
p-L41£sX7 (c.121_122delCT), immunodeficiency, sepsis,
c.ex1_exddel chronic autoinflammation
p-Q222X (c.90C > T) polyglucosan body myopathy, [133]
p-E190fs (c.68_69insAGGAGCG) cardiomyopathy, muscle
c456+1G > C atrophy
p-E243X (c.727G > T), polyglucosan myopathy without  [134]
p-N387S (c.1160A > G), immunodeficiency

p-E299V£sX18 (c.896_899delAGTG),

p-A241GfsX34 (c.722delC),

p-A18P (c.52G > C),

p-E243GfsX114 (c.727_728ins GGCG),

c.ex1_exddel

p-R352X (c.1054C > T)

p-R298R£sX40 (c.917+3_917+4insG),

p-R165RfsX111 (c.494delG)

HOIP p-L72P (c.215T > C) multiorgan autoinflammation [135]

with immunodeficiency,
amylopectinosis, systemic

lymphangiectasia
p-Q399H (c.1197G > C) eczematous dermatitis, [136]
c1737+3A > G splenomegaly, clubbing

of fingers

5.2. Enhanced LUBAC Expression and Cancers

Diffuse large B cell lymphoma (DLBCL) is the most common type of non-Hodgkin’s lymphoma, and
is subclassified into the germinal center B cell-like (GCB) and activated B cell-like (ABC) subtypes [137].
Patients with ABC-DLBCL usually have a worse prognosis than those with GCB-DLBCL, and oncogenic
mutations in NF-«B signaling proteins, such as in the CD79B, CARMA1, MYDSS, and A20 genes, are
associated with ABC-DLBCL. Staudt’s group identified single nucleotide polymorphisms (SNPs) in
human HOIP that cause the Q622L and Q584H substitutions, which are significantly associated with
ABC-DLBCL [138]. Unexpectedly, these replacements, located in the UBA domain of HOIP, enhance
the interactions with HOIL-1L and HOIP, resulting in the increased NF-«kB activity. The authors
developed stapled peptides, an x-helical short peptide with a hydrocarbon cross-link, targeting the
HOIP-HOIL-1L interface, and demonstrated the suppressed viability of ABC-DLBCL cells. Indeed,
the silencing of HOIP also reportedly reduces the viability of ABC-DLBCL cells [49]. Moreover, the
E3s of c-IAP-1/2 are involved in ABC-DLBCL via the K63 ubiquitination of BCL10, which results
in the recruitment of LUBAC and IKK to the CBM complex, thus inducing BCR-mediated NF-«B
activation [139]. Therefore, SMAC mimetics, which lead to the autodegradation of c-IAP-1/2, block the
growth of ABC-DLBCL cells. These results indicate that the enhanced LUBAC activity is associated
with a poor prognosis in B cell lymphoma (ABC-DLBCL), and thus the inhibition of the LUBAC activity
may be a valid therapeutic target.

Recently, Ruiz et al. showed that the expression of LUBAC subunits is enhanced in human and
murine lung squamous cell carcinoma (LSCC) cells, but not adenocarcinoma cells, which results in the
increased linear ubiquitination, NF-«B activation, and cisplatin-resistance in LSCC [140]. Moreover, the
suppression of LUBAC activity, in addition to the suppression of TAK1, ameliorated the chemotherapy
resistance of LSCC. Thus, LUBAC inhibitors seem to be therapeutic drug seeds to treat LSCC.

5.3. Linear Ubiquitination in Neurodegenerative Diseases

Neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, ALS, FTD, and related tauopathies, are characterized by the progressive degeneration of
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the central or peripheral nervous system [141], and at present, no disease-modifying therapies or
medicines have been developed. The accumulation of misfolded, aggregated, and ubiquitinated
proteins is a common mechanism underlying neurodegenerative diseases. Disease-specific misfolded
and aggregated proteins have been identified, such as amyloid-f and tau in Alzheimer’s disease,
a-synuclein in Parkinson’s disease, huntingtin in Huntington’s disease, and superoxide dismutase 1
and TAR DNA-binding protein 43 (TDP-43) in ALS [142]. Although the aggregates or inclusions of
these proteins are ubiquitin-positive, the types of ubiquitin linkages within these protein aggregates
have not been identified.

ALS is a fatal progressive neurodegenerative disease caused by the loss of motor neurons.
Although most ALS cases are sporadic, around 10% are familial, and mutations in approximately 20
genes encoding proteins involved in protein/RNA aggregation (SOD1, TDP-43, nRNPA1/2, and FUS),
neuroinflammation (TBK1), the ubiquitin-proteasome pathway (UBQLN2), and autophagy (C9orf72,
OPTN, SQSTM1/p62, and VCP) have been identified [143]. Although OPTN reportedly functions as
an autophagy receptor, we determined that the ALS-associated OPTN mutations, E478G and Q398X,
abrogated the inhibitory effects of OPTN on LUBAC-mediated NF-kB activation, and accelerated
TNF-induced cell death in HEK293T and HeLa cells [121]. Importantly, the intracytoplasmic inclusions
in neurons from patients with the heterozygous E478G and homozygous Q398X mutations reacted
with an anti-linear ubiquitin antibody, and they were co-localized with TDP-43 and phosphorylated
p65, which is an activated form of NF-«B [121]. Moreover, these spinal anterior cells are positive to
anti-cleaved caspase 8 and 3 antibodies, suggesting that OPTN regulates neuroinflammation and cell
death. We recently showed that the linear ubiquitination of not only the OPTN-associated ALS, but also
TDP-43-containing inclusions was detected in the cases of sporadic ALS [144]. Interestingly, all of the
neuronal cytoplasmic inclusions (NCls) in spinal cords, including fine “wisps”, were immunolabeled by
the anti-K48-linked ubiquitin antibody (Figure 4A,C), whereas the linear ubiquitin was mainly detected
in the intermediate and thick bundles of TDP-43-positive inclusions (Figure 4B,E). Similarly, we showed
that K63-linked ubiquitin was predominantly detected in intermediate and thick bundles, and linear-
and K63-linked ubiquitin immunoreactants were not always co-localized [144]. Moreover, OPTN
and phosphorylated p65 were co-localized with these inclusions derived from sporadic ALS patients.
Furthermore, we showed that K48-linked ubiquitination is present in all of the tau neurofibrillary
tangles, including small ones, whereas a subset of thick neurofibrillary tangles, dystrophic neurites
of senile plaques, and neuropil threads were immunopositive for linear ubiquitin in Alzheimer’s
disease [145]. These results suggested that various ubiquitinations, including linear ubiquitin, is
involved in protein aggregates of neurodegenerative diseases.

Importantly, Winklhofer’s group reported that linear ubiquitin is indispensable for protein quality
control [146]. They showed that LUBAC is recruited to the aggregates derived from overexpressed
huntingtin-derived polyglutamine (Htt-polyQ) in human neuroblastoma SH-SY5Y cells, and linear
ubiquitin also co-localized with the Htt-polyQ aggregates. During the recruitment of LUBAC,
AAA-ATPase p97/VCP, which binds to the PUB domain of HOIP, plays an important role to suppress
the proteotoxicity, since the linear ubiquitination of Htt-polyQ modulates the aberrant interaction
of Htt-polyQ with the transcription factor Spl. They further indicated that linear ubiquitination is
involved in various disease-associated aggregable proteins, such as ataxin-3 (Machado-Joseph disease),
and SOD1, TDP-43, and OPTN (ALS). Thus LUBAC, together with its linear ubiquitination activity,
seems to be a crucial regulator of various neurodegenerative diseases.
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Figure 4. Thick bundles of inclusions are immunopositive for anti-K48 and anti-linear ubiquitin
antibodies, whereas fine wisps exclusively reacted with anti-K48 ubiquitin, but not anti-linear ubiquitin.
The double immunofluorescence staining using anti-K48-linked ubiquitin antibody (A,D), anti-linear
ubiquitin antibody (B,E), and their merged images (C,F) are shown. Arrows; neuronal cytoplasmic
inclusions co-localized with K48- and linear-ubiquitins. Arrowheads; K48-ubiquitin-positive inclusions,
which lack immunoreactivity for anti-linear ubiquitin antibody (Bars = 20 um, modified from Ref. [144]
with permission).

6. LUBAC Inhibitors

LUBAC is the sole E3 that can generate a linear ubiquitin chain to regulate acquired and
innate immune responses. Therefore, LUBAC inhibitors will facilitate investigations of its enzymatic
mechanisms and the cellular bases for immune responses, and serve as potential therapeutics for
various LUBAC-related disorders. As described above, stapled peptides targeting the HOIP-HOIL-1L
interface suppressed the viability of ABC-DLBCL cells [138]. In this chapter, we summarize the recent
advances in the development of small-molecule chemical inhibitors of LUBAC.

6.1. Chemical Inhibitors of LUBAC

To date, BAY11-7082 [147], gliotoxin [148], and bendamustine [149] have been reported as chemical
inhibitors of LUBAC. However, using non-toxic concentrations, we recently showed that these inhibitors
lack the selectivity and inhibitory effects on LUBAC-induced linear ubiquitination and NF-«B activation
in HEK293T cells [73].

Recently, Rittinger’s group developed o, 3-unsaturated methyl ester-containing compounds, such
as compound [5], as LUBAC inhibitors [150,151]. Among them, compound [11a] reportedly inhibited
the overexpressed LUBAC-induced NF-«kB activity in HEK293T cells (IC5p = 37 uM). Importantly,
they showed that compound [5] was covalently attached to the catalytic Cys885 of HOIP via Michael
addition, by accommodation in a hydrophobic pocket formed by Tyr878, Leu880, and Phe888, and
stabilization by hydrogen bonds with the main-chain CO and NH groups of His889 and the Oy atom of
Ser899. These compound [5]-interacting residues of HOIP are located in the RING2 domain [150,151],
but are not conserved in other RBR E3s. These sequence variations of RING2 may be beneficial for the
HOIP specificity of compound [5].
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6.2. HOIPINs

To search for novel inhibitors of LUBAC, we constructed a FRET-based assay system to quantify
the linear ubiquitination level, using a recombinant LUBAC fragment [152]. After screening 250,000
small molecular chemicals, we identified a thiol-reactive, a,B-unsaturated carbonyl-containing
compound, sodium (E)-2-(3-(2-methoxyphenyl)-3-oxoprop-1-en-1-yl)benzoate, named HOIPIN-1
from HOIP inhibitor-1, as a LUBAC inhibitor (Figure 5). We developed derivatives of HOIPIN-1,
and found that sodium (E)-2-(3-(2,6-difluoro-4-(1H-pyrazol-4-yl)phenyl)-3-oxoprop-1-en-1-yl)-
4-(1-methyl-1H-pyrazol-4-yl)benzoate, designated as HOIPIN-8, is the most potent LUBAC inhibitor
(Figure 5) [153]. HOIPIN-1 and HOIPIN-8 inhibited the in vitro linear ubiquitination activity of
recombinant LUBAC, with ICs values of 2.8 uM and 11 nM, respectively. Furthermore, HOIPIN-1 and
HOIPIN-8 suppressed the overexpressed LUBAC-induced NF-«B activity in HEK293T cells, with ICsq
values of 4.0 uM and 0.42 uM, respectively, indicating that HOIPIN-8 is the most potent among the
reported LUBAC inhibitors.

HOIPIN-1 HOIPIN-8 e

W+or-riNg2 [ Hor-top [l HOIPIN-8

Figure 5. LUBAC inhibitors, HOIPIN-1 and HOIPIN-8. Chemical structures of HOIPIN-1 and -8, and
crystal structure of the HOIPIN-8-bound RING2-LDD domain of HOIP are shown.

We recently determined that HOIPINs are conjugated to the active site Cys885 in the RING2
domain of HOIP through Michael addition, and interrupt the RING-HECT-hybrid reaction in HOIP [73].
The benzoate, 2,6-difluorophenyl, and 1H-pyrazol-4-yl moieties of HOIPIN-8 interact with Arg935 and
Asp936, which are located in the LDD domain of human HOIP (Figure 5). Arg935 and Asp936 in the
LDD domain reportedly interact with Glul6 and Thr14 in the acceptor ubiquitin, and the Ala mutations
of these residues abrogated the linear ubiquitination activity [19-22]. Thus, HOIPIN-8 not only interacts
with the active Cys885, but also masks the critical residues for acceptor ubiquitin-binding by the
benzoate, 2,6-difluorophenyl, and 1H-pyrazol-4-yl moieties. In addition, the 1-methyl-1H-pyrazol-4-yl
moiety of HOIPIN-8 interacts with His887, Phe905, and Leu922 of HOIP (Figure 5). These sequence
variations of RING2 may be beneficial for the HOIP specificity of compound [5]. On the other hand,
the LDD domain of HOIP may be a key determinant for the HOIP specificity of HOIPINs. Therefore,
the mechanisms underlying the HOIP specificity are completely different between HOIPINs and
compound [5].

Although the o, f-unsaturated carbonyl-containing chemicals seemed to react with various
SH-groups, HOIPINs did not inhibit the E1-mediated ubiquitin transfer to E2, or the activities of the
HECT-, RING-, and other RBR-type E3s, and specifically suppressed the intracellular linear ubiquitin
level induced by TNF-«, IL-13, and poly(I:C) [73]. As shown in Section 5.2, the enhanced LUBAC
activity is associated with the progression of ABC-DLBCL, and we found that HOIPINs effectively
suppressed the cell viability of human ABC-DLBCL cells, but not GCB-DLBCL cells, by inhibiting
the linear ubiquitination-mediated NF-«kB activation [73]. Therefore, the cryptic peptide targeting
LUBAC and the HOIPINs may serve as drug seeds to treat ABC-DLBCL patients with a poor prognosis.
Moreover, we showed the HOIPIN-1-mediated alleviation of imiquimod-induced psoriasis in model
mice. To date, dysfunctions in skin barrier production, IL-23/IL17-mediated lymphocyte signaling,
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and the NF-«kB pathway are reportedly involved in the pathogenesis of psoriasis [154,155]. Since
LUBAC affects not only NF-«B but also the production of IL-17 [156], HOIPINs may be effective to
treat psoriasis.

7. Conclusions and Perspectives

In this review, we have summarized the recent advances in identifying the regulators of
LUBAC-mediated linear ubiquitination and its pathophysiological functions. We have highlighted
the “linear ubiquitin code”, and its “writer” (LUBAC), “erasers” (DUBs such as OTULIN and CYLD),
and “decoders” (linear ubiquitin-binding proteins such as UBAN domain-containing proteins and
A20). LUBAC principally activates the canonical NF-«B pathway and suppresses apoptosis. Therefore,
the impaired LUBAC activity and the aberrant functions in linear ubiquitin decoders are associated
with autoinflammatory and neurodegenerative diseases, and cancers. In particular, it is worthwhile to
focus on the fact that linear ubiquitin is present in the protein aggregates of various neurodegenerative
diseases, including ALS.

From these studies, we hypothesized that the aggregable proteins in wisp inclusions may be initially
conjugated with K48-linked ubiquitin chains; however, they seem to be resistant to the proteasomal
degradation due to misfolding (Figure 6). Concomitant with aging, maturation, and liquid-liquid
phase separation (LLPS), LUBAC-mediated linear ubiquitin and/or K63-linked ubiquitin chains will be
conjugated to NCI. We speculated that it may further generate complex-types of ubiquitin chains, such
as K48/linear-branched chains, in the thick bundles. The linear polyubiquitin may serve as a scaffold to
recruit the IKK complex and OPTN via the UBAN domain, thus inducing neuroinflammation followed
by cell death and selective autophagy, such as mitophagy and aggrephagy (Figure 6). Interestingly,
agitation experiments showed that linear polyubiquitin forms fibrillar aggregates more easily than
K48-linked polyubiquitin [157]. Therefore, the linear ubiquitination may facilitate the formation of thick
inclusions by LLPS. Thus, linear ubiquitination may have pleiotropic effects on neuroinflammation,
protein folding, and proteostasis. Although we identified HOIPIN-8 as a potent inhibitor of LUBAC,
further studies are necessary to generate potent and specific inhibitors of LUBAC for therapeutic
treatments of neurodegenerative diseases.
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Figure 6. Proposed schema for the involvement of multiple ubiquitin chains, including linear ubiquitin,
in neurodegenerative diseases, and their potential functions.
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Abbreviations

ABC-DLBCL  Activated B cell-like diffuse large B cell lymphoma

ABIN A20-binding inhibitor of NF-«B

ALS Amyotrophic lateral sclerosis

BCR B cell receptor

DUB Deubiquitinating enzyme

E1 Ubiquitin-activating enzyme

E2 Ubiquitin-conjugating enzyme

E3 Ubiquitin ligase

FID Frontotemporal dementia

GCB-DLBCL  Germinal center B cell-like diffuse large B cell lymphoma
HECT Homologous to the E6AP carboxyl terminus
HOIL-1L Heme-oxidized IRP2 ubiquitin ligase-1L
HOIP HOIL-1L-interacting protein

IFN Interferon

IKK IkB kinase

IRF Interferon regulatory factor

LDD Linear ubiquitin chain determining domain
LLPS Liquid-liquid phase separation

LSCC Lung squamous cell carcinoma

LTM LUBAC-tethering motif

LUBAC Linear ubiquitin chain assembly complex
NCI Neuronal cytoplasmic inclusion

NEMO NE-kB-essential modulator

NF-«B Nuclear factor-«xB

NZF Npl4-type zinc finger

OPTN Optineurin

PAMPs Pathogen-associated molecular patterns
PUB PNGase/UBA or UBX

RBR RING-in between-RING

RING Really interesting new gene

SHARPIN Shank-associated RH domain interactor
TBK1 TANK-binding kinase 1

TDP-43 TAR DNA-binding protein 43

TCR T cell receptor

TLR Toll-like receptor

TNF Tumor necrosis factor

TNFR TNF receptor

UBA Ubiquitin-associated

UBAN UBD in ABIN proteins and NEMO

UBL Ubiquitin-like

ZF Zinc finger
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Abstract: Ubiquitination is a versatile and dynamic post-translational modification in which single
ubiquitin molecules or polyubiquitin chains are attached to target proteins, giving rise to mono-
or poly-ubiquitination, respectively. The majority of research in the ubiquitin field focused on
degradative polyubiquitination, whereas more recent studies uncovered the role of single ubiquitin
modification in important physiological processes. Monoubiquitination can modulate the stability,
subcellular localization, binding properties, and activity of the target proteins. Understanding the
function of monoubiquitination in normal physiology and pathology has important therapeutic
implications, as alterations in the monoubiquitin pathway are found in a broad range of genetic
diseases. This review highlights a link between monoubiquitin signaling and the pathogenesis of
genetic disorders.

Keywords: ubiquitin system; genetic diseases; ubiquitin ligase; deubiquitinases; monoubiquitin
signaling; vesicular trafficking; protein complex formation

1. Introduction

Ubiquitination is a reversible post-translational modification process during which the highly
conserved 76-aminoacid protein ubiquitin is conjugated to target proteins. Ubiquitin can be conjugated
to a protein substrate via distinct mechanisms. Monoubiquitination is the attachment of a single
ubiquitin molecule to a single lysine residue on a substrate protein, whereas multi-monoubiquitination
is the conjugation of a single ubiquitin molecule to multiple lysine residues. Polyubiquitination
occurs when ubiquitin molecules are attached end-to-end to a lysine residue on a substrate
protein to form a poly-ubiquitin chain. In this case, ubiquitin molecules are conjugated through
one of the seven lysine residues present on the ubiquitin itself (K6, K11, K27, K29, K33,
K48, and 63) or the N-terminal methionine (M1). While most of the studies have described
the role of specific polyubiquitination, such as K48-linked polyubiquitination for proteasomal
degradation [1,2] or K63-linked polyubiquitination for vesicular trafficking [3], emerging evidences
implicate monoubiquitination and multi-monoubiquitination in controlling numerous aspects of
protein function, such as degradation, subcellular localization, and protein—protein interaction. In this
review, we focus on the role of monoubiquitin conjugation in normal physiology and genetic disease.

1.1. Monoubiquitination in Protein Function

Even though K48-linked polyubiquitination is the “canonical” signal for proteasomal
degradation, a handful of proteins are degraded following monoubiquitination. Degradative
monoubiquitination targets proteins smaller than 150 amino acids with low structural disorder,
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whereas polyubiquitination recognizes proteins with highly disorganized structures independently
of their size. Monoubiquitination-dependent substrates of proteasomal degradation are enriched
for genes associated with carbohydrate transport and oxidative stress response pathways [4].
Because carbohydrate transporters are plasma membrane proteins, this finding is consistent with
previous studies linking down-regulation of membrane receptors to monoubiquitination-mediated
endocytosis [5]. The stability of ribosomal and proteasomal subunits is also regulated by
monoubiquitination [6]. Multi-monoubiquitination could also act as a degradation signal [7].
For instance, multi-monoubiquitination of Cyclin Bl mediated by the Anaphase-promoting complex
(APC/C) is sufficient to promote Cyclin Bl proteasomal degradation and mitotic exit [7].

The attachment of a single ubiquitin can serve as a signal for specific subcellular localization.
It is well established that monoubiquitination triggers endocytosis of receptor tyrosine kinases (RTKs)
and the NOTCH receptor 1 (NOTCH) from the plasma membrane [8,9]. Monoubiquitination targets
the TNF receptor associated factor 4 (TRAF4) to cell-cell junctions where it is required to promote
cell migration [10]. Dissociation of lipidated proteins from the plasma membrane could also be
induced by ubiquitin conjugation [11]. Specifically, ubiquitin conjugated to K170 of the small GTPase
Harvey rat sarcoma viral oncogene homolog (HRAS) sequesters its farnesyl and palmitoyl groups,
impairing association of HRAS with the membrane [12]. Monoubiquitination is also involved in
the control of nuclear/cytoplasmic shuttling. Vascular Endothelial Growth Factor (VEGF)-induced
monoubiquitination of the actin-binding protein filamin B (FLNB) was shown to inhibit the nuclear
translocation of Histone Deacetylase 7 (HDAC?). The monoubiquitinated form of filamin B binds to the
nuclear localization signal of HDAC?, thereby transiently preventing its re-entry into the nucleus and
mitigating the transcriptional repressor activity of HDAC?7 on the genes required for VEGF-mediated
responses [13]. In contrast, ubiquitin conjugation induces the nuclear export of the neddylation
regulator, Defective In Cullin Neddylation (DCNL1). It was suggested that ubiquitin conjugation
might act as a nuclear export signal that promotes the interaction with nuclear export machinery [14].
Furthermore, the monoubiquitination of the cancer stem cells marker CD133 (prominin-1) promotes its
secretion into extracellular vesicles by facilitating the interaction of CD133 with the vesicular sorting
protein tumor susceptibility gene 101 (TSG101) [15].

Multiple studies highlight a key function of monoubiquitination in controlling protein—protein
interactions, both in positive and negative ways. Ubiquitin conjugation facilitates the interaction
either by creating additional interaction surface or by attracting proteins containing ubiquitin-binding
domains. Ubiquitin-binding domains have been classified into nearly 25 subfamilies. These domains
are typically independently folded modular domains of up to 150 amino acids showing remarkable
structural heterogeneity, which utilize diverse surfaces to contact ubiquitin [16,17]. Ubiquitin-binding
activities are hard to detect and predict, both structurally and bioinformatically; thus, many of such
ubiquitin-binding proteins are yet to be identified. Especially taking into account that a subset of
ubiquitin interactors has no obvious structurally defined ubiquitin-binding domains, such as the
disordered Proteasome Complex Subunit SEM1/DSS1, in which ubiquitin-binding sites are characterized
by acidic and hydrophobic residues [18]. The low-affinity interactions between ubiquitin-binding
domains and ubiquitin are required for rapid, timely, and reversible cellular responses to a particular
stimulus. To illustrate this, insulin-like growth factor 1(IGF-I)-induced monoubiquitination of the
insulin receptor substrate (IRS-2) favors its interaction with the ubiquitin-binding protein EPSIN1,
thereby enhancing IRS-2-mediated signaling and cell proliferation induced by IGF-I [19]. T-cell
stimulation leads to monoubiquitination of the paracaspase MALT1 (mucosa-associated lymphoid
tissue protein-1) that promotes the formation and stabilization of the catalytically active MALT1
dimer [20]. On top of this, auto-monoubiquitination of several E3 ligases, such as neural precursor
cell-expressed developmentally down-regulated 4 (NEDD4), E3 ubiquitin-protein ligase Itchy (ITCH),
and X-linked inhibitor of apoptosis (XIAP), is implicated in the recruitment of substrates and regulation
of the ligase activity. For instance, the auto-monoubiquitination of NEDD4 promotes the recruitment
of its substrate epidermal growth factor receptor substrate 15 (EPS15) [21].
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Monoubiquitination can also block protein—protein interactions by either creating steric hindrance
or inducing an autoinhibitory conformation for proteins containing ubiquitin-binding domains. As an
example for the first mechanism, the attachment of ubiquitin within the effector-binding domain of the
RAS-like GTPase, RAS-related protein B (RALB) sterically inhibits its binding to the downstream effector
exocyst complex component EXO84 [22]. Another example is the inhibitory effect of monoubiquitination
on the aggregation of amyloid proteins. Specifically, N-terminal monoubiquitination of presynaptic
neuronal proteins, tauK18
structurally distinct aggregate structures that are cleared through proteasomal degradation instead
of accumulating in cells [23]. On the other hand, the monoubiquitination of proteins that contain
ubiquitin-binding domains could impose their autoinhibitory conformation, thus providing an
intrinsic switch-off mechanism. This mechanism is used to regulate the degradative activity of
the proteasome. Ubiquitin conjugation to the proteasome regulatory subunit RPN10 blocks the
binding between its ubiquitin-interacting motif and interactors containing ubiquitin conjugates [24].
Monoubiquitination of the endocytic proteins, EPS15, hepatocyte growth factor-regulated tyrosine
kinase substrate (HGS or HRS), ubiquitin-associated and SH3 domain-containing protein A and B
(UBASH3A and UNASHS3B, also called STS2 and STS1) leads to intramolecular interactions between
ubiquitin and their ubiquitin-binding domains, thereby preventing their binding to ubiquitinated
targets and inhibiting their trafficking [25].

By differentially modifying the protein—protein interaction network, monoubiquitination provides
precise and timely transmission of biological information [26]. To illustrate this, ubiquitin conjugation
of the RAS-like GTPase RALB modifies its affinity for downstream effectors, inhibiting the interaction
with EXO84 and facilitating its binding to exocyst complex component 2 (EXOC2 or SEC5). Thus,
monoubiquitination within the effector-binding domain provides the switch for the dual functions of
RALB in autophagy and innate immune responses [22]. Another example is the monoubiquitination of
t-SNARE syntaxin 5 (SYN5) in early mitosis that disrupts SNARE complex formation. Subsequently,
ubiquitinated SYN5 recruits p97/VCP (valosin-containing protein) to the mitotic Golgi fragments
and promotes post-mitotic Golgi reassembly; thus, ubiquitin conjugation regulates Golgi membrane
dynamics during the cell cycle [27].

Importantly, the attachment of a single ubiquitin molecule to specific lysine residues can
generate diverse substrate—ubiquitin structures, leading to different functional outcomes. This is
well-described for the RAS-like small GTPases that undergo monoubiquitination at several lysines.
While monoubiquitination of the GTPase Ras-related protein RAB5 at K165 affects its GTPase activity,
attachment of ubiquitin at K140 alters the ability of RAB5 to bind and activate its downstream
effectors. Ubiquitin conjugation to specific lysines also differentially affects the activity and subcellular
localization of the Rat sarcoma (RAS) proto-oncogenes [28]. Specifically, the monoubiquitination of
RAS at K117 promotes GTP loading, whereas monoubiquitination at K147 impairs GTP hydrolysis
activity, both resulting in RAS activation. On the other hand, monoubiquitination at K170 impairs
RAS association to the membrane and downstream signaling [12,29-31]. Altogether, these examples
demonstrate a fundamental role of monoubiquitination in controlling protein function.

and a-synuclein, changes their aggregation properties, resulting in

1.2. Enzymes Controlling Monoubiquitination

The ubiquitination reaction involves three enzymes: ubiquitin activating enzyme (E1), ubiquitin
conjugating enzymes (E2), and ubiquitin ligase (E3) enzymes [32]. Although there are only 2 Els and
30-50 E2s, approximately 600-700 E3 ubiquitin ligases are encoded in the human genome, conferring
target specificity to the ubiquitination reaction. The process is reversible as ubiquitin hydrolases, also
called deubiquitinating enzymes (DUBs), can hydrolyze the covalently bound ubiquitin peptides.

E2 conjugating enzymes attach ubiquitin molecules to lysine residues on protein substrate or
ubiquitin molecules, prompting mono- or poly-ubiquitination. E2s share a highly conserved catalytic
core domain called the ubiquitin conjugation domain (UBC). The UBC contains a specific catalytic
cysteine that forms a thioester bond with ubiquitin. Most of the studies have been focused on
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ubiquitin-conjugating enzymes 2S and 3A (UBE2S, UBE3A) and ubiquitin-conjugating enzyme E2
variant 1 (UEV1A) which are responsible for pro-degradative K48-linked polyubiquitination and
UBE2N, which is important for pro-trafficking K63-linked polyubiquitination. These E2-conjugating
enzymes also have intrinsic ability to form free polyubiquitin chains. On the other hand, several E2
ubiquitin ligases, such as ubiquitin-conjugating enzymes 2A, 2K, 2T, and 2W (UBE2A, UBE2K, UBE2T,
and UBE2W) are only able to generate monoubiquitin chains. When E2s are charged with ubiquitin
molecules, some of them exhibit enhanced affinity for co-factors containing ubiquitin-binding domains
that confer specificity of ubiquitin linkages to specific substrates [33].

The substrate specificity is given by the E3 ubiquitin ligases that control the transfer of ubiquitin to
a lysine residue on the substrate. The E3 ligases identify their protein substrate within the cellular pool
of proteins, by recognizing specific protein sequences or chemical motifs in the substrate. The E3 ligases
can be classified into RING (really interesting new gene), HECT (homology to E6AP C-terminus), and
RING-related types [34]. The activity of the RING E3s is specified by a RING domain, which promotes
ubiquitin transfer from the E2 to the substrate, whereas the substrate-recruiting module is responsible
for the substrate recognition. The RING domain and the substrate-recruiting module of the RING E3
ligase can be found in a single polypeptide, as in the case of CBL (Casitas B-lineage lymphoma), or
in separate subunits of a multi-complex E3s, as for the heterodimer of BRCA1 (breast cancer 1) and
BARD1 (BRCATl-associated RING domain 1), Cullin-RING ligases, and APC [34]. The HECT E3s have
a catalytic cysteine residue that can form a thioester bond directly with ubiquitin [34]. While the HECT
domain represents the catalytic domain, the substrate specificity of HECT E3s is determined by their
respective N-terminal extensions. The RING-between-RING (RBR) E3s define a third class of ubiquitin
ligases distinct from the RING and HECT types. The RBR E3s are characterized by RING1 and RING2
domains and a central in-between-RINGs (IBR) zinc-binding domain. Substrate ubiquitination by RBR
ligases is a multistep process. It starts with the recognition of the ubiquitinated E2 by RING1, followed
by the transfer of ubiquitin onto the catalytic cysteine in RING2 to form the thioester intermediate,
and finally, the transfer onto the substrate [35].

Most E3 ligases are able to generate different types of ubiquitin chains, depending on the E2
conjugating enzyme with which they preferentially interact. It was shown that the monoubiquitinating
E2 enzymes have stronger affinity to RING E3 ligases. For example, UBE2A binds the RING E3
ligase RAD18, whereas UBE2K and UBE2T have high affinity to the RING E3 ligase BRCA1 [36,37].
Furthermore, a process termed coupled monoubiquitination is responsible for the monoubiquitination of
ubiquitin-binding domain-containing proteins. The proposed model suggests that monoubiquitinated
substrates cannot be further polyubiquitinated because the ubiquitin-binding domain interacts
intramolecularly with the attached ubiquitin, thus disrupting the association of the substrate with the
monoubiquitinated E3 enzyme [21]. Monoubiquitination can also be achieved by engaging a DUB that
trims the assembled poly-ubiquitin chain to produce monoubiquitinated proteins.

Given that around 5% of the human genome encodes ubiquitin system components [38], it is not
surprising that alterations of the ubiquitination machinery have been observed in multiple disease
conditions [39]. Here, we will discuss how dysregulation of monoubiquitin signaling due to germline
mutations of E3 ligases or DUBs could contribute to the development of genetic disorders (Table 1).
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Table 1. Genetic diseases associated with genes regulating monoubiquitination. Short list of substrates
modified by the indicated E2 conjugating enzymes, E3 ligases, and ubiquitin hydrolases (DUBs) are
shown, together with the indication of the modulated cellular functions and the type of mutations
detected in patients.

. Monoubiquitinated . Disease-Associated
Disease Gene Type of Enzyme Substrate Cellular Function Mutations
DNA damage Loss of function:
X-linked syndromic UBE2A Ubiquitin-conjugating PCNA [40]; tolerance pathway missense mutations,
mental retardation enzyme E2 A Histone H2B [41] [42-44]; epigenetic microdeletions, larger
regulation [41] deletions [45,46]
Autosomal recessive . I . Loss of function:
juvenile P;:;{LHK;I RER El? \;E;qultm VDACI [47,48] A (?Aii};ﬁ[a:ﬁay%m missense mutations,
parkinsonism & Pop " deletions [51]
Ubiquitin-conjugating Loss of function:
UBE2T E2T missense mutations [56]
enzyme FANCD2/FANCI _ fussense mutations 1561
52,53] . Loss of function:
PHD FINGER E3 152 Cross-linked DNA . .
Fanconi Anemia FANCL A . - missense, frameshift
ubiquitin ligase repair [54,55] mutations [57]
PP Loss of function:
BRCA1 RING ﬁS;l;lqultm FANCI[)SZS/]FANCI missense frameshift
8 mutations, deletions [59]
. I . Loss of function:
Charcot-»Marle—Tooth LRSAM1 RING E3 ubiquitin TSG101 [60] Endosomal sorting missense, frameshift
disease ligase [61] !
mutations [62]
Ubiquitin specific EGFR [63,64]; Endosomal sorting Gain of function:
Cushing disease USP8 peptidase 8 CHMP1B [65] 166,67] missense mutations
[68,69]
RAS localization and Loss of function:
LZTR1 BTB—Kelch ubiquitin RAS[12,30]; signaling []2,39]; missense, frameshift
ligase adaptor CHMPIB [70] VEGEFR trafficking X
d signaling [70] mutations [71,72]
Noonan Syndrome and sig’
I S Loss of function:
CBL RING E3 ubiquitin sHaKkBp1 [73]  POFRtraffickingand oo o mutations
ligase signaling [74]
[75-77]
. Nuclear
Autoimmune translocation of Loss of function:
dlsor(ire)rfiz?;clated ITCH HECT l];:S;.;l:qultm TIEG1 [[775]] ; SMN FOXP3 [78], frameshift mutations
dysmor ]‘1ism & translocation of SMN [80]
4 P to Cajal body [79]

2. Genetic Diseases Associated with Dysregulated Monoubiquitination

2.1. X-linked Syndromic Mental Retardation

Germline alterations of the ubiquitin-conjugating enzyme E2 A (UBE2A) gene coding for the
ubiquitin-conjugating enzyme 2A [40] are associated with X-linked syndromic mental retardation,
a disease characterized by abnormal intellectual development and dysmorphic features, such as large
head, wide mouth, almond-shaped eyes, and onychodystrophy. Patients with this syndrome carry
intragenic point mutations or microdeletions of UBE2A or larger Xq24 deletions encompassing the
UBE2A region [45,46]. The Ube2a knockout mice present defects in spatial learning tasks, but no other
severe phenotypes [81]. This indicates that the mouse model only partially recapitulates the phenotype
observed in patients suffering from UBE2A-linked mental retardation.

Molecular mechanisms linking UBE2A mutations to neurodevelopmental disorders are not fully
understood. A study focused on the fly UUBE2A homolog Rad6A implicates defective mobilization
of the E3 ligase PARKIN as a cause of abnormal vesicle trafficking and dysregulated clearance
of dysfunctional mitochondria in neurons. These abnormalities are suspected to contribute to the
neurodevelopmental phenotype in patients with UBE2A deficiency syndrome [82]. On the other
hand, one of the best-described functions of UBE2A is to promote monoubiquitination of proliferating
cell nuclear antigen (PCNA) in a complex with the RING-Type E3 ubiquitin transferase RAD18.
PCNA monoubiquitination can be switched to polyubiquitination in the presence of helicase-like
transcription factor (HLTF). Two distinct branches of the DNA damage tolerance pathways are
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activated by either mono-, or polyubiquitinated PCNA to rescue a stalled replication fork and ensure
continuous DNA synthesis. Monoubiquitinated PCNA favors low-fidelity translesion DNA synthesis,
whereas PCNA polyubiquitination induces high-fidelity homology-dependent DNA repair [42]. Defects
in DNA damage response could explain some of the developmental aspects of X-linked mental
retardation [43,44]. PCNA mutations in patients also cause ataxia-telangiectasia-like disorder-2, a disease
showing development delay [83]. Moreover, the disease-associated G23R mutation of UBE2A disrupts
the binding site for RAD18 [84]. This suggests that the UBE2A/RAD18/PCNA axis might be at least
partially responsible for the pathogenesis in mental retardation (Figure 1A).

In complex with the E3 ligase ring finger protein 20 (RNF20), UBE2A also promotes the
monoubiquitination of histone H2B [41]. Monoubiquitinated H2B not only regulates global
transcriptional elongation [85,86] but also plays an essential role in the regulation of inducible
genes involved in cell differentiation [87-89] and inflammation [90]. However, a potential role of
UBE2A-mediated monoubiquitination of H2B in mental retardation is still to be elucidated.
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Figure 1. The role of monoubiquitination in human diseases. (A) Ubiquitin-conjugating enzyme E2 A
(UBE2A) loss of function impairs proliferating cell nuclear antigen (PCNA)-mediated DNA repair that
partially explains developmental aspects of X-linked mental retardation. (B) Parkinson Protein 2 (PARK2)
regulates mitophagy and apoptosis by controlling poly- and monoubiquitination of voltage-dependent
anion-selective channel 1 (VDAC1). Dysregulation of VDACI ubiquitination contributes to the
development of Parkinson’s disease. (C) Mutations in Fanconi Anemia complementation group
L/T (FANCL/T) lead to DNA repair deficiency. Monoubiquitinated FA group D2 (FANCD2)/FA
complementation group I (FANCI) heterodimer binds DNA, whereas deubiquitination of FANCD2
allows to re-start DNA replication. (D) The Rat sarcoma (RAS) GTPases are monoubiquitinated by
the Leucine Zipper Like Transcription Regulator 1 (LZTR1)- Cullin 3 (CUL3) complex, inhibiting
RAS association with the membrane and activating of RAS signaling. Hyperactivation of the
mitogen activated protein kinase (MAPK) caused by LZTR1 loss of function leads to the Noonan
syndrome phenotypes. (E) Casitas B-lineage lymphoma (CBL)-mediated monoubiquitination of SH3
domain-containing kinase-binding protein 1 (SH3KBP1) recruits active epidermal growth factor receptor
(EGFR) for degradation. CBL mutations lead to up-regulation of the MAPK pathway that partially
explains its contribution to the development of Noonan syndrome. (F) Mutations in E3 ubiquitin-protein
ligase Itchy (ITCH) impair the monoubiquitination of survival motor neuron (SMN) that dysregulates
translocation to Cajal bodies and affects post-transcriptional regulation of gene expression, linking
ITCH loss of function to the development of spinal muscular atrophy.
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2.2. Parkinson’s Disease

PARKIN, or Parkinson Protein 2 (PARK2), is a RBR-type E3 ubiquitin ligase mutated in autosomal
recessive juvenile parkinsonism [51], a form of familial Parkinson’s disease, defined by an onset
before 40 years of age and characterized by slow movement and tremor (Table 1). PARK?2 is also
mutated in other neurological diseases such as retropulsion, dystonia, hyperreflexia, and sensory
axonal neuropathy [91] causing olfactory impairment [92]. In these different pathologies, loss of PARK2
function causes death of selective neuron populations, such as the dopaminergic neurons [93]. Deletion
of Parkin in mice leads to motor and cognitive deficits [94] caused by catecholaminergic neuronal death
and the subsequent loss of norepinephrine in some regions of the brain [95]. The Parkin knockout
mice also show enhanced hepatocyte proliferation, macroscopic hepatic tumors in aged mice, higher
sensitivity to myocardial infarction, and a strong inflammatory phenotype [96].

PARKIN maintains mitochondrial health through mitochondrial quality control and generation
of mitochondrial-derived vesicles, followed by whole-organellar degradation, a process called
mitophagy [97]. Mitophagy is vital for the removal of damaged mitochondria and toxic mitochondrial
proteins, protecting neuronal cells from apoptosis [49]. Dysregulation of these processes plays
a key role in Parkinson’s disease [50]. PARKIN was shown to mediate both polyubiquitination
and monoubiquitination depending on the protein context [47]. This dual activity of PARKIN
differentially affects function of its substrates such as voltage-dependent anion-selective channel 1
(VDAC1), which transports ions and small molecules at the mitochondrial outer membrane. Defect
in VDACI polyubiquitination hinders PARKIN-mediated mitophagy, whereas dysregulation of
VDAC1 monoubiquitination induces apoptosis. This suggests that the dual regulation of mitophagy
and apoptosis by Parkin via VDACI poly- and monoubiquitination is critical in protecting
cells from the pathogenesis of Parkinson’s disease [48] (Figure 1B). PARKIN also mediates the
multi-monoubiquitination of heat shock protein 70 (HSP70) and heat shock cognate 70 (HSC70), leading
to their association to insoluble substrates, consistent with a degradation-independent role for this type
of ubiquitin modification [98]. These data strongly implicate PARKIN-mediated monoubiquitination
in the development of Parkinson’s disease.

2.3. Fanconi Anemia

Fanconi anemia (FA) is a disorder caused by the genetic inactivation of crosslink repair. FA is
characterized by abnormal development, bone marrow failure, hypogonadism, and marked cancer
susceptibility. Autosomal recessive mutations in any one of 20 genes (FANCA to FANCQ) result in this
genetic disorder, and collectively, the FANC gene products function in a FA-DNA crosslink repair
pathway [99]. Several of the FANC genes form a large monoubiquitination complex (FA core complex).
Ubiquitin conjugating enzyme E2 T (UBE2T, also called FANCT) and E3 ligase FA complementation
group L (FANCL) are key enzymes in the FA core complex and are mutated in different subtypes of FA,
causing FA-T and FA-L respectively [56,57] (Table 1).

Several animal models were generated to study the disease. Ube2t knockout in zebrafish leads to
hypersensitivity to DNA damage and reversion of female-to-male sex [99], reflecting the hypogonadism
phenotype occurring in FA patients. Fancl knockout in mice leads to decrease of fertility and defects in
the proliferation of germ cells. Bone marrow cells isolated from the Fancl knockout mice were also
hypersensitive to DNA crosslinking agent, mitomycin C [57].

The hallmark of FA is a high frequency of chromosomal aberrations caused by defects in DNA
repair and hypersensitivity to DNA crosslinking agents in cells isolated from patients [100]. When DNA
replication is stalled, the FA core complex is activated and monoubiquitinates the FA group D2 (FANCD2)
and FA complementation group I (FANCI) heterodimer [52]. Monoubiquitinated FANCD2/FANCI
heterodimer adopts a closed conformation, creating a channel that encloses double-stranded DNA [53].
The ubiquitin residue plays a key role in this process as it acts as a covalent molecular pin to
trap the complex on DNA. Moreover, monoubiquitinated FANCD2 serves as a signal to recruit to
the replication fork, DNA repair proteins that contain ubiquitin-binding motifs [101], such as FA
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complementation group P (FANCP, also called SLX4) and FA complementation group Q (FANCQ, also
called ERCC), to remove the cross-linked DNA [54,55] (Figure 1C). DNA crosslinking repair is completed
when ubiquitin-specific protease 1 (USP1) reverses the monoubiquitination of FANCD2 [102-104].
Interestingly, knockout of Usp1 in mice also recapitulates FA phenotypes, including perinatal lethality,
infertility, and crosslinker hypersensitivity. Finally, FANCD2 monoubiquitination could also be
mediated by the ubiquitin ligase activity of the E3 ligase BRCA1 [58]. BRCA1 is also mutated in a
subset of patients suffering from Fanconi anemia D1 (FANCD1), identifying another key ubiquitin
ligase in the pathogenesis of FA [59].

2.4. Charcot-Marie-Tooth Disease

Mutations of LRSAMI1 (leucine-rich repeat and sterile alpha motif containing 1), an E3 ligase
with RING ZINC finger domains and leucine-rich repeats, are associated with cases of early-onset
Parkinson’s disease [105] and to Charcot-Marie-Tooth disease [62] (Table 1). Charcot-Marie-Tooth
disease affects the peripheral nervous system and is characterized by progressive muscular atrophy.
Knockdown of Lrsaml in zebrafish leads to disturbed neurodevelopment with a less organized
neural structure and affected tail formation and movement. Lrsaml mutant mice present a normal
neuromuscular structure and only mild neuropathy phenotype in aged mice, but higher sensitivity to
neurotoxic agents that cause axonal degeneration [106].

Mechanistically, LRSAM1 promotes monoubiquitination of TSG101, a component of the endosomal
sorting complex required for transport (ESCRT)-1. LRSAM1-mediated monoubiquitination of TSG101
enables recycling of TSG101-containing sorting complexes and cargo reloading [60]. Several proteins
directly regulating post-translational processing and intracellular trafficking, such as tripartite
motif-containing 2 (TRIM2) and RAS-related small GTPase RAB7, are also found to be mutated in
Charcot-Marie-Tooth disease, confirming the link between vesicle trafficking and Charcot-Marie-Tooth
disorder [61].

2.5. Cushing Disease

Mutations of the ubiquitin-specific peptidase 8 (USP8) are associated with pituitary adenoma
tumors, also called Cushing disease [68] (Table 1). In Cushing disease, the adrenocorticotropic hormone
(ACTH)-producing pituitary adenoma tumors secrete cortisol in the blood, resulting in obesity,
diabetes, hypertension as well as additional cerebrovascular, cardiac, and reproductive disorders [107].
Disease-associated USP8 mutations are located within or adjacent to the 14-3-3 binding motif. The
diminished ability of mutant UPS8 to interact with 14-3-3 proteins enhances the proteolytic cleavage of
USP8, leading to the generation of an activated catalytic fragment [69].

Enhanced activity of mutant USP8 in Cushing disease impairs the down-regulation of the epidermal
growth factor receptor (EGFR) pathway due to increased EGFR deubiquitination. Consequently,
sustained EGFR signaling in pituitary adenoma leads to enhanced promoter activity of the gene
encoding proopiomelanocortin (POMC), the precursor of ACTH [63,64]. However, a subset of USP8
mutations are not associated with higher EGFR expression, and mutations in USP8 rarely occur in other
tumor types, suggesting that USP8-dependent mechanisms other than EGFR up-regulation cannot be
ruled out to be responsible for the pathogenesis of Cushing disease [66].

The role of USP8 in endosomal sorting complexes required for transport (ESCRT)-mediated
trafficking of RTKs remains controversial [108]. USP8 contains an N-terminal microtubule interacting
and transport domain, which has unveiled its potential to interact with charged multivesicular
body proteins (CHMP), components of the ESCRT-III complex [67]. One of the proposed
mechanisms is the regulation of multi-monoubiquitination of charged multivesicular body protein
1b (CHMP1B) [65]. CHMPIB, a part of the endosomal ESCRT-III complex involved in endosomal
budding, is multi-monoubiquitinated in response to growth factor stimulation [65]. Deubiquitination
of CHMP1B favors its assembly into a membrane-associated ESCRT-III polymer complexes and
modulates the dynamics of endosomal sorting [65]. Further studies on the USP8 targets may shed new
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light on our understanding of USP8 contribution to membrane receptor trafficking and chemotherapy
resistance in Cushing’s disease.

2.6. Noonan Syndrome

Noonan syndrome (NS) is a complex disease where patients present various clinical features
including short stature, dysmorphia, and different cardiac defects [71,72]. Infants affected by the
disease suffer from polyhydramnios, pleural effusions, or edema. Recent studies have linked NS to lung
lymphangiectasis that is characterized by vessel dilatation and hemorrhages. NS is caused by germline
mutations in genes that encode protein components of the RAS/mitogen activated protein kinase
(MAPK) pathway. The vast majority of these mutations result in increased RAS/MAPK signaling [75].

Germline mutations of leucine zipper-like transcriptional regulator 1 (LZTR1) are associated with
Noonan syndrome and familial schwannomatosis [71,109] (Table 1). Schwannomatosis is characterized
by multiple ‘schwannomas’, benign tumors of the peripheral and spinal nerves [110]. Lztr1 loss in
mice results in perinatal lethality due to cardiovascular dysfunction [12,70]. Lztr1 haploinsufficiency
in mice partially recapitulates NS phenotypes, including heart malformation, craniofacial features,
and bleeding abnormalities [70]. LZTRI loss in Schwann cells promotes their proliferation and
dedifferentiation [12].

LZTRI1 serves as a substrate adaptor for Cullin3 (CUL3) ubiquitin ligase complex that controls
ubiquitination of the RAS GTPases [12,30,111]. LZTR1-mediated monoubiquitination of RAS at
K170 attenuates RAS association with the membrane, inhibiting the RAS signaling pathway [12,30].
Disease-associated LZTR1 mutations diminish either LZTR1-CUL3 complex formation or its interaction
with RAS proteins, which impairs RAS ubiquitination. Dysregulation of RAS monoubiquitination
results in the hyperactivation of the MAPK pathway and explains the role of LZTR1 in NS and
schwannomatosis (Figure 1D). LZTR1 was also reported to regulate vesicular trafficking of VEGFR
through CHMP1B ubiquitination. Loss of Lztr1 reduces multi-monoubiquitination of CHMP1B,
thus blocking the disassembly of the ESCRT complex and the trafficking of endosomal VEGFR.
This ultimately leads to the activation of VEGF signaling and explains the bleeding abnormalities
detected in NS patients [70].

The RING-type E3 ligase Casitas B-lineage lymphoma (CBL) is also found to be mutated in
Noonan syndrome-like disorder, as well as early-onset juvenile myelomonocytic leukemia (JMML)
(Table 1). JMML is a myeloproliferative disorder characterized by malignant transformation of the
hematopoietic stem cell (HSC) causing oncogenic transformation of HSC-derived cells. Most common
CBL mutations in patients affect the RING domains, such as the Y371 residue, as its phosphorylation
is important for activation of the ligase function [76,77]. Deletion of c-Cbl in mice causes a decrease
of B- and T-lymphocyte function causing lymphopenia [112], partially recapitulating JMML. c-Cbl
knockout mice also present increased sensitivity to cardiac infarct [113], echoing the cardiovascular
defects detected in NS patients.

CBL is a key regulator of internalization and turnover of different receptor tyrosine kinases,
as it monoubiquitinates endosomal adaptors important for the recycling and/or degradation of the
RTKSs[114]. Loss of CBL results in endosomal accumulation of the RTK and uncontrolled activation of the
downstream pathways [73]. One of the endosomal adaptors modified by CBL is SH3 domain-containing
kinase-binding protein 1 (SH3KBP1, also called CIN85), which undergoes ubiquitination in response
to EGF stimulation. After EGFR is internalized, monoubiquitinated SH3KBP1 recruits active EGFR to
the multivesicular bodies (MVB) that targets EGFR for degradation. Loss of CBL leads to constitutive
activation of EGF signaling [74]. The alterations in the trafficking and degradation of these signaling
proteins lead to up-regulation of the MAPK pathway that could at least partially explain the mechanism
by which CBL contributes to human disease (Figure 1E). Interestingly, deletion of the SH3KBP1 gene in
B-cells in mice results in impaired T-cell-independent antibody responses and abnormal B-cell receptor
response, partially recapitulating JMML phenotypes [115].
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2.7. Autoimmune Disorder

Mutations in the HECT-domain E3 ligase Itchy (ITCH) are found in a rare form of autoimmune
disorder associated with facial dysmorphism, organomegaly, and developmental delay (Table 1). These
patients also present severe autoimmune inflammatory cell infiltration of the lungs, liver, and gut [80].
Genetic analysis of the patients identified homozygosity for a frameshift mutation of ITCH caused by a
1-bp insertion, resulting in a truncated protein [80]. Mice lacking expression of the Ifch gene develop
a wide spectrum of immunologic phenotypes, such as lung and stomach inflammation, as well as
hyperplasia of lymphoid cells and itching [116]. Itch deficiency in mice also renders mice resistant to
TNFa-induced acute liver failure [117].

Different mechanisms have been proposed for the role of ITCH in human pathogenesis. ITCH
was shown to regulate the stability and subcellular localization of multiple targets by mediating not
only poly-ubiquitination, but also monoubiquitnation. ITCH-mediated monoubiquitination promotes
degradation of the key regulators of T-cell anergy, phospholipase C-y1 (PLC-y1) and protein kinase
C-theta (PKC-0) [118]. ITCH can also suppress inflammation by controlling ubiquitination of tumor
necrosis factor alpha-induced protein 3 (TNFAIP3, also called A20) [119]. Moreover, in T cells, ITCH
mediates monoubiquitination of TGF-f inducible early gene-1 (TIEG1) [78]. Monoubiquitinated TIEG1
is translocated to the nucleus and triggers expression of Forkhead Box P3 (FOXP3), a master regulator
of T cell function (Treg cells). Tieg1 deficient mice are not able to suppress lung inflammation, indicating
that deficiency in TIEG1 ubiquitination can explain ITCH-mediated pathogenesis in patients with
autoimmune disorder.

Furthermore, ITCH regulates subcellular localization of survival motor neuron (SMN) by
mediating its monoubiquitination [79]. Specifically, SMN is expressed mainly in the nucleus, where it
accumulates in subnuclear structures such as the Cajal body. Dysregulation of SMN ubiquitination
significantly impairs its co-localization with small nuclear ribonucleoprotein (snRNP) in Cajal body
foci [79]. Importantly, SMN loss of function causes spinal muscular atrophy, a neuromuscular disease
characterized by motor neurons degeneration, suggesting that the ITCH/SMN axis might be a major
driver of muscular atrophy and dysmorphism (Figure 1E).

3. Discussion

Up to now, the role of non-degradative monoubiquitination in human disease has been relatively
understudied, as focus was mostly falling on the role of polyubiquitination in proteasomal degradation.
Recent emerging evidences have highlighted the key function of monoubiquitination in a wide range of
cellular processes. The findings listed here only represent the most characterized enzymes controlling
monoubiquitination. Nonetheless, it reflects the high prevalence of alterations of the monoubiquitin
pathway in such a broad array of genetic disorders. This suggests that disruption of the monoubiquitin
pathway may be a major force driving the pathogenic phenotypes of such diseases.

The abundance of the ubiquitin-related enzymes mutated in genetic disorders indicates that
targeting the ubiquitin pathway might have a utility for a range of genetic diseases. However,
at present, we lack detailed knowledge on how monoubiquitin signals are generated and how
they are decoded by the cell. This is challenged by the diversity and complexity of the ubiquitin
pathway. Moreover, monoubiquitinated proteins might not have been accurately identified, because
polyubiquitinated conjugates are recognized more efficiently by anti-ubiquitin specific antibodies. This
leads to underestimation of the pool of monoubiquitinated proteins present in the cell and challenges
their characterization. The development of novel tools to purify monoubiquitinated proteins using
high-affinity ubiquitin-binding domains and synthetic biology approaches to efficiently generate
monoubiquitinated proteins overcoming these issues.

It is also worth noting that when looking at the few drugs that were developed to target
the ubiquitin pathway, most are meant to inhibit its functioning. Several inhibitors targeting the
ubiquitinating enzymes described in this review have been reported. Ubiquitin variants that block the
E2-ubiquitin binding surface of the RING domain of CBL were shown to specifically inhibit the activity
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of phosphorylated CBL [120,121]. A high-throughput screening to identify ITCH inhibitors discovered
that clomipramine, a common antidepressant drug, blocks ITCH autoubiquitination and affects the
ability of ITCH to ubiquitinate its substrates [122]. Screening for the inhibitors of UBE2T/FANCL
identified two compounds that sensitize cells to DNA crosslinking [123]. Pharmacological inhibition
of USP8 was shown to effectively suppress ACTH synthesis in vitro without causing any significant
cytotoxicity, indicating its potential for the management of ACTH hypersecretion in Cushing’s
disease [124]. However, considering that the disease-associated alterations of the ubiquitin ligases and
DUBs are mostly loss of function, inhibitors targeting these enzymes would not be beneficial. This
indicates that there is a need to develop novel strategies for targeted therapies of genetic diseases [125].
Several screens identified compounds activating PARKIN ubiquitin ligase activity [126] and enhancing
mitophagy [127], such as the compound described in patent WO2018023029. While no in vivo
validation is available for this compound yet, this demonstrates the feasibility of identification of E3
ligase activators, opening novel therapeutic options for patients with genetic disorders.

This review collected multiple evidences that monoubiquitination is a highly relevant process in
the pathogenesis of a wide range of genetic diseases; however, further research is necessary to identify
specific entry points for therapeutic intervention of monoubiquitination-dependent signaling pathways.
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Abstract: MYSM1 has emerged as an important regulator of hematopoietic stem cell function,
blood cell production, immune response, and other aspects of mammalian physiology. It is a
metalloprotease family protein with deubiquitinase catalytic activity, as well as SANT and SWIRM
domains. MYSM1 normally localizes to the nucleus, where it can interact with chromatin and
regulate gene expression, through deubiquitination of histone H2A and non-catalytic contacts with
other transcriptional regulators. A cytosolic form of MYSM1 protein was also recently described
and demonstrated to regulate signal transduction pathways of innate immunity, by promoting the
deubiquitination of TRAF3, TRAF6, and RIP2. In this work we review the current knowledge on the
molecular mechanisms of action of MYSM1 protein in transcriptional regulation, signal transduction,
and potentially other cellular processes. The functions of MYSM1 in different cell types and aspects
of mammalian physiology are also reviewed, highlighting the key checkpoints in hematopoiesis,
immunity, and beyond regulated by MYSM1. Importantly, mutations in MYSM1 in human were
recently linked to a rare hereditary disorder characterized by leukopenia, anemia, and other
hematopoietic and developmental abnormalities. Our growing knowledge of MYSM1 functions
and mechanisms of actions sheds important insights into its role in mammalian physiology and the
etiology of the MYSM1-deficiency disorder in human.

Keywords: deubiquitinase; hematopoiesis; hematopoietic stem cells; immune response; regulation of
gene expression

1. Introduction

1.1. Overview of MYSM1 Protein Structure and Catalytic Activity

In recent years, Myb-like, SWIRM, and MPN domains 1 (MYSM1) has emerged as an essential
regulator of hematopoiesis, immunity, and other aspects of mammalian physiology. It is primarily a
nuclear chromatin-interacting protein, with orthologues found only in the vertebrate species, indicating
more recent evolutionary origins and suggesting specialized biological functions.

Structurally MYSM1 comprises SANT, SWIRM, and MPN domains (Figure 1). The SANT domain
of MYSM1 is structurally similar to the DNA-binding domain of transcription factor cMYB [1,2].
It can bind to DNA in vitro [2] and is required for MYSM1 association with histones in vivo [3],
however, whether the DNA-binding is sequence specific is not known. The SWIRM domain of MYSM1,
in contrast, does not have direct DNA binding activity [4], and although it is a common domain-type
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for chromatin-associated proteins [4,5], it was shown to be dispensable for MYSM1 interactions with
histones, at least in some systems [3]. Importantly, the MPN metalloprotease domain of MYSM1
is the catalytic domain, characterized by Zn2*-binding, the JAMM motif with consensus sequence
EXnHSHX;SX;D [6], and deubiquitinase catalytic activity (DUB) [6].

c.1432G>A:p.R478*,

1 patient
—y
1 116 167 372 470 572 682 828
¢.1168G>T:p.E3907, C.1967A>G:p . HB56R,
5 patients 1 patient

Figure 1. MYSMI1 Protein: Domain Structure and Mutations in Human Patients. MYSM1 comprises
SANT, SWIRM, and MPN domains. MYSM1 mutations reported in human MYSM1-deficiency
syndrome patients include the p.H656R substitution within the critical JAMM-motif of the catalytic
domain, and the nonsense variants p.E390* and p.Arg478* truncating MYSMI1 protein upstream of the
catalytic domain. All mutations in the patients are in a homozygous state.

Our knowledge of the physiological substrates of MYSM1 DUB-catalytic activity continues to
expand. Histone H2A, monoubiquitinated at K119, was the first substrate of MYSM1 to be described
(H2AK119ub) [7]. More recently MYSM1 was also demonstrated to cleave K63-polyubiquitin chains
on cytosolic substrates TRAF3, TRAF6, and RIP2 [3,8]. MYSMI catalytic activity against polyubiquitin
chains of different geometries [9] was subsequently tested using in vitro assays, and MYSM1 was
shown to cleave M1, K6, and K27 chains, but was catalytically inactive against K11, K29, K33, and K48
chains [8]. This suggests that our knowledge of MYSM1 substrates remains incomplete and further
targets of its catalytic activity may be discovered in the future.

Despite some recent advances, the precise role of MYSM1 in shaping the epigenetic landscape of
different mammalian cells remains poorly understood. Histone H2AK119ub is a repressive epigenetic
mark deposited on chromatin primarily by polycomb repressive complex 1 (PRC1), for long-term
gene silencing during cell differentiation and lineage specification [10-12]. In contrast, histone
H2BK120ub is an epigenetic mark of transcriptionally active genes [13,14]. The catalytic activity of
MYSM1 against histone H2AK119ub, but not H2BK120ub, therefore indicates its primary role as an
activator of gene expression [7]. However, MYSM1 is one of many DUBs in mammalian cells that can
catalyze H2AK119ub deubiquitination [15]. Other major DUBs with specificity for histone H2AK119ub
over H2BK120ub are BAP1 and USP16, while USP3, USP12, USP22, and USP44 deubiquitinate both
H2AK119ub and H2BK120ub, as well as different non-histone substrates [15]. How MYSM1 cooperates
with the other DUBs to regulate the genome-wide landscape of histone H2A ubiquitination and the
gene expression profiles of different mammalian cell types remains poorly understood. Furthermore,
MYSM1 activities against polyubiquitinated forms of histone H2A at DNA damage foci [15,16] or
against other less well-characterized ubiquitinated histones and histone variants [11,17,18] to our
knowledge have not been investigated.

1.2. MYSM1-Deficiency in Human and Mouse: Mechanistic Insights and Biomedical Significance

Characterization of Mysm1-deficient mouse strains has been instrumental in revealing the essential
functions of MYSM1 in different aspects of mammalian physiology [19,20]. Mysml’/' mice exhibit
partial embryonic lethality, growth retardation, skeletal and coat pigmentation defects, and complex
hematopoietic and immune phenotypes [19], while no phenotypic abnormalities are reported in
Mysm1*" heterozygous mice. The International Mouse Phenotyping Consortium (IMPC) [21-23]
provides extensive primary data on these phenotypes [24]. This and the far-reaching data from recent
publications will be covered in depth in subsequent sections of this review.
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MYSM1 mutations in patients with an inherited bone marrow failure syndrome (IBMFS) highlight
the biomedical importance of understanding MYSM1 activities and functions. Five patients with
homozygous MYSM1 mutations were characterized in depth [25-27], carrying either a p.H656R
substitution within the critical JAMM-motif of the catalytic domain, or a nonsense variant p.E390*
truncating MYSM1 protein upstream of the catalytic domain [25-27] (Figure 1). The variants were
therefore predicted to severely impact or fully abolish MYSMI1 catalytic activity. All five patients
exhibit anemia and leukopenia [25-27], in some cases associated with growth retardation [26,27],
developmental malformations [27], and neurodevelopmental delay [27]. B cells were severely depleted
in all patients [25-27], correlating with reduced serum IgM levels [25-27], although IgG levels were
reduced in only one of the patients [26]. Most patients also showed a reduction in NK cell numbers,
while neutropenia was noted in three patients, and T cell depletion was observed in two patients [25-27].
Skeletal and craniofacial abnormalities reported in two patients included limb shortening (rhizomelia)
and midface hypoplasia [27]. Additionally, a sixth patient also carrying the p.E390* MYSM1 mutation
in a homozygous state was reported to have neutrophilic panniculitis, as well as reduced B cell count,
anemia, and a mild growth retardation [28]. Finally, a novel homozygous mutation p.R478* in MYSM1
was recently identified via whole-exome sequencing in a patient diagnosed with Diamond-Blackfan
anemia, a disorder characterized by anemia and to a lesser extent other hematological and developmental
abnormalities [29].

Multilineage defects in hematopoiesis in the MYSMI-deficient patients suggest impaired
hematopoietic stem cell (HSC) function, and this was further supported by several lines of evidence.
Thus, a reduction in the frequency of CD34* hematopoietic stem and progenitor cells was reported in
the patient homozygous for the MYSM1:c.1967A>G:p.H656R mutation [26]. Remarkably, this patient
experienced a spontaneous genetic reversion, restoring the normal sequence of one MYSM1-allele in
hematopoietic cells and resulting in a correction of all immunohematological defects [26]. Assuming that
the reversion mutation originated in a single HSC, we can conclude that restoration of MYSM1
function provided a very strong selective advantage and allowed one HSC clone to reconstitute normal
wild-type hematopoiesis in competition with a large pool of MYSM1-deficient stem and progenitor cells.
This attests to the true importance of MYSM1 for normal HSC function in human [26]. Consistent with
this, immunohematological defects in several other MYSMI-syndrome patients were successfully
cured via allogeneic hematopoietic stem cell transplantation (HSCT) [27].

The high MYSM1 protein homology between human and mouse (87%) and the similarities in
the phenotypes of MYSM1-deficiency between the species indicate that studies of MYSM1 activities
and functions in mouse models can provide important insights into the etiology of MYSM1-deficiency
syndrome in human. The emerging data from many murine studies published over the past 8 years
will be reviewed below.

2. Molecular Functions of MYSM1 Protein

2.1. MYSM1 Is a Transcriptional Regulator in Hematopoietic Lineage Specification

MYSMI1 was originally characterized as an epigenetic regulator that promotes the expression
of androgen receptor target genes in prostate cancer cell lines, through deubiquitination of histone
H2AK119ub [7]. With the discovery of major hematopoietic dysfunction in Mysm1-deficient mouse
models, most subsequent studies of MYSM1 in transcriptional regulation have focused on hematopoietic
cells. These studies elucidated the role of MYSMI1 in the de-repression of a range of genes essential for
normal stem cell differentiation and lineage specification in hematopoiesis. The genes de-repressed
by MYSMI1 include: Ebf1 in B cell progenitors [20], Pax5 in naive B cells [30], miR150 in Bla cells [31],
1d2 in NK cell progenitors [32], FIt3 in dendritic cell precursors [33], and Gfil in hematopoietic stem
and progenitor cells [34] (Figure 2). At many of these loci, loss of MYSM1 resulted in increased
binding of PRC1 complex proteins and elevated levels of histone H2AK119ub [20,30,32-34], suggesting
that MYSMI1 antagonizes PRC1-mediated histone ubiquitination and transcriptional repression.
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Increased levels of histone H3K27me3 were also observed at several loci [20,30,33,34], suggesting
indirect cross-talk between MYSM1-deficiency and PRC2 complex activity. Regrettably, only a few
studies specifically tested whether the catalytic activity of MYSM1 is essential for its transcriptional
activity [7].

Stem and progenitor cells

.= NK cell progenitors

Myeloid progenitor cells

B cell progenitors

miR-150

B1a cells

Plasma cells

Figure 2. Overview of the reported roles of MYSM1 in the transcriptional regulation of hematopoiesis.
MYSMI1 was shown to de-repress the expression of Ebf1 in B cell progenitors [20], Pax5 innaive B cells [30],
miR150 in Bla cells [31], Id2 in NK cell progenitors [32], FIt3 in dendritic cell precursors [33], and Gfil in
hematopoietic stem and progenitor cells [34], through deubiquitination of histone H2AK119ub, and
interactions with hematopoietic transcription factors E2A [20], PU.1 [30,33], GATA2 [34], RUNX1 [34],
cMYC [31], and NFIL3 [32].
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MYSM1 was also shown to interact with many transcriptional regulators through
co-immunoprecipitation assays, including essential hematopoietic transcription factors E2A [20],
PU.1 [30,33], GATAZ2 [34], RUNX1 [34], cMYC [31], and NFIL3 [32], as well as the histone acetylase
pCAF [7], and the BRG1 and BRM catalytic components of the chromatin remodeling complex
SWI/SNF [20] (Figure 2). In these studies, the loss of MYSM1 was commonly associated with
reduced recruitment of these transcription factors to specific gene promoters and repression of
target gene expression [7,20,30-34]. In contrast, pPCAF was suggested to act upstream of MYSM1,
as MYSMI1 catalytic activity was enhanced on hyperacetylated chromatin but inhibited with
pCAF-knockdown [7]. However, many unanswered questions remain about the structural basis
and functional significance of these MYSM1 protein interactions. Although the interactions were
validated through co-immunoprecipitation [7,20,30-34], it is unclear whether the binding is direct
and its structural basis remains unknown. It is also unclear whether the binding of MYSM1 to
the transcription factors is needed for their enhanced recruitment to specific MYSM1-regulated
genes, or whether MYSM1 enhances their recruitment indirectly through chromatin opening and
remodeling. Finally, the above studies are restricted to a small number of MYSMI1 regulated loci,
and the relevance of the proposed mechanisms to MYSM1-transcriptional regulation on a genome-wide
scale remains unknown.

2.2. MYSM1 Is a Regulator of Signal Transduction Pathways in Innate Immunity

Recent studies indicated an alternative function for MYSM1 as a regulator of the signal transduction
pathways of innate immunity in the cytosol, independent of MYSM1-mediated regulation of gene
expression at chromatin [3,8]. Thus, a cytosolic pool of MYSMI1 protein is produced transiently in mouse
macrophages, in response to inflammatory stimulation or infection, involving de novo protein synthesis
and subsequent proteasomal degradation [3]. This pool of MYSM1 antagonizes K63-polyubiquitination
of TRAF3 and TRAF6 in TLR signal transduction pathways, and K63/K27/M1-polyubiquitination of
RIP2 downstream of NOD2 [3,8] (Figure 3). Interestingly, the SWIRM and MPN domains of MYSM1
are required for this activity, but the SANT domain is dispensable [3,8]. Loss of cytosolic MYSM1
function was implicated in the enhanced production of inflammatory cytokine and type-I interferons
seen in Mysm17- macrophages. It also likely accounts for the increased susceptibility to septic shock
and peritonitis [3,8], and enhanced clearance of viral infection in mice with systemic or myeloid
lineage-restricted Mysm1-deletion [3].

Whether MYSMI has cytosolic functions in other cell types and in regulation of other signaling
pathways remains unknown and merits further investigation. Of note, Mysn17- adipose-derived stem
cells were also recently shown to produce higher levels of inflammatory cytokines and to exacerbate
the pathology of colitis in mouse models, although MYSMI1 regulation of miR150-expression was
proposed as the underlying mechanism [35,36]. The exact mechanisms mediating MYSM1 retention in
the cytosol also remain to be further characterized. Finally, the role of MYSMI in the regulation of
signal transduction in human innate immune response requires further investigation, including the
impact on the symptoms and etiology of the human MYSM1-deficiency syndrome.
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Figure 3. Overview of the cytosolic functions of the MYSM1 protein in the regulation of signal
transduction in innate immunity and inflammatory responses in macrophages. MYSM1 was shown to
promote deubiquitination of TRAF3, TRAF6, and RIP2 in the signal transduction pathways of TLR and
NOD2 pattern recognition receptors, thus, repressing the innate immune and inflammatory responses
of macrophages [3,8].

2.3. Putative Roles of MYSM1 in DNA Repair

Given the prominent roles of ubiquitination of histone H2A and other proteins in DNA repair [15,16],
links between MYSM1 and DNA repair were suggested in several studies [37]. A proteomic screen
identified MYSM1 among a large set of putative substrates phosphorylated by ATM and ATR in
response to irradiation induced DNA damage [38]. A comprehensive screen of DUB proteins further
demonstrated MYSM1 localization to DNA damage foci, and showed that Mysm1-knockdown in cell
lines triggers spontaneous accumulation of DNA double strand breaks (DSB) and results in impaired
repair of induced DNA damage [39]. Increased YH2AX levels were also seen in hematopoietic cells from
MYSM1-deficiency syndrome patients [27], suggesting increased levels of DNA damage. Furthermore,
Mysm1-deficient mice were hypersensitive to whole-body ionizing radiation [34] and accumulated
increased levels of DNA damage in UV-treated skin [40]. We also observed spontaneous accrual of
YH2AX in Mysm1-deficient mouse hematopoietic stem and progenitor cells [19], however, this was
alleviated in Mysm17-p537- and Mysm17-Puma’~ double-knockout mouse strains [41], suggesting that
it was a result of elevated cell apoptosis, rather than of a DNA repair deficiency. To our knowledge,
MYSMI effects on K63-polyubiquitination of histone H2A or other proteins involved in DNA repair or
DNA damage response have not been reported. Although BRCC36 is known to be the major DUB with
activity on polyubiquitinated histone H2A at DNA damage foci [15,16], a possible role for MYSM1
does merit further investigation.

2.4. MYSM1 and the p53 Stress Response Pathway

p53 is a transcription factor commonly called the “guardian of the genome” due to its central role
in regulating cellular responses to stress, including cell cycle arrest, senescence, apoptosis, DNA repair,
and autophagy [42,43]. Although p53 activation was classically studied in the context of DNA damage
and oncogene activation, a variety of cellular stresses are now known to trigger its activity.

Several studies noted an increase in p53 protein levels and activation of p53-regulated stress
response genes in Mysm1-deficient mouse hematopoietic stem and progenitor cells [19,44,45]. This was
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also observed after an inducible deletion of Mysm1 in adult mice, indicating that MYSM1 is required
constitutively to repress p53-activation [46].

Importantly, the silencing of p53 stress response in Mysm17-p537" double-knockout mice resulted
in a visible rescue of Mysn17- phenotype, restoring mouse body size, normal morphology of the
hind-limbs, tail and skin [44,45,47,48], the cellularity of the blood and lymphoid organs, and the numbers
of hematopoietic stem and progenitor cells in the mouse bone marrow [44,45]. Mysm17-p537- HSCs were
fully capable of reconstituting hematopoiesis following transplantation, indicating restoration of normal
HSC functions [44]. Altogether, these studies indicated that p53 activation is the common mechanism
driving hematopoietic dysfunction and other phenotypic abnormalities in Mysm1-deficiency.

Further characterization of the mouse strains deficient for the important mediators of
p53-dependent apoptosis Bbc3/PUMA and cell cycle arrest Cdknla/p21 elucidated the specific
pathways downstream of p53 mediating the Mysm1-deficiency phenotype. In particular, these studies
demonstrated a partial rescue of Mysm1-phenotypes in Mysm17Bbc37- but not in Mysm17/-Cdknla’
animals [41]. The studies therefore concluded that the p53-driven over-expression of Bbc3/PUMA
drives the apoptosis of hematopoietic multipotent progenitor cells (MPPs) and the depletion myeloid
lineage cells, but not the arrest in lymphocyte development in Mysm1-deficiency [41].

The molecular mechanisms connecting Mysm1-deficiency and p53-activation remain somewhat
controversial. Interaction between MYSM1 and p53 proteins was demonstrated in hematopoietic cell
lines through co-immunoprecipitation (co-IP) [41], and MYSMI1 binding to the promoters of several
P53 stress response genes was also reported, suggesting possible mechanisms for p53 regulation by
MYSM1. Thus, in thymocytes, MYSM1 binds at the Cdkn2a locus that encodes upstream regulators of
p53 activation p16/INK4A and p19/ARF, and the expression and protein levels p19/ARF are elevated in
Mysm1-deficient thymocytes [45]. In pro-B cell lines, MYSM1 binds at the promoters of p53-regulated
genes Bbc3/PUMA and Cdknla/p21 that encode important mediators of p53-dependent apoptosis and
cell cycle arrest, respectively [41]. MYSM1-binding sites at these promoters coincide with known
p53-binding sites, and Mysm1-knockdown results in increased p53 binding, increased levels of activating
histone marks H3K27ac and H3K4me3, and increased gene expression [41], suggesting that MYSM1
is a negative regulator of these loci. It is important to note however that these experiments were
limited to a small set of putative MYSM1-regulated loci [41,45], and thus do not rule out existence
of other mechanistic links between Mysm1-deficiency and p53 activation. The studies were also
conducted primarily in lymphoid precursor cells [41,45], while a conditional deletion of Mysm1 in
these cells in vivo has minimal impact on lymphocyte development [49,50], stressing the importance
of conducting further mechanistic studies on the cross-talk between MYSM1 and p53 in earlier
hematopoietic precursors and HSCs.

3. MYSM1 Regulated Checkpoints in Mammalian Physiology

3.1. Essential and Cell Intrinsic Functions of MYSM1 in Hematopoietic Stem Cells

Many lines of evidence support the essential role of MYSM1 in hematopoiesis and HSCs. Thus,
multilineage defects in hematopoiesis are a common feature of MysmI-deficiency in human patients
and mouse models, with Mysml'/ ~ mice exhibiting a severe depletion of B cells and NK cells, and a
milder reduction in T cells, myeloid leukocytes, and erythroid lineage cells [19]. Importantly, MYSM1
regulates hematopoiesis through cell intrinsic mechanisms, as demonstrated by its expression in HSCs
and other hematopoietic cells [34], mouse-to-mouse bone marrow transplantation experiments [19,34],
and the selective deletions of Mysm1 within hematopoietic cells in Cre/loxP mouse models [51,52].
Further mechanistic studies in mice established that Mysm1-deficiency preserves HSC numbers, as
defined by the cell surface markers Lin cKit*Scal*CD150*CD48 CD34 Flt3", however, these cells
exhibit loss quiescence and fail to engraft hematopoiesis following transplantation, indicating loss
of HSC function [19,34]. The loss of HSC function is observed in both Mysml'/' fetal liver and adult
bone marrow [46], indicating the importance of MYSM1 in hematopoiesis through multiple stages of
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ontogenesis. Its role specifically in the emergence of HSCs in embryogenesis to our knowledge has not
been specifically investigated. Importantly, data from human patients also supports the cell-intrinsic
role of MYSM1 in HSC function, as shown by the correction of all immunohematological defects in
one of the patients following a spontaneous genetic reversion of the MYSM1:p.H656R mutation in the
patient’s hematopoietic cells [26].

At the molecular level, MYSM1 was shown to regulate HSC function in part through the induction
of the gene encoding transcription factor GFI1 [34]. Indeed, Gfil-expression was reduced in Mysml'/ -
HSCs, and MYSM1 was shown to bind to Gfil promoter in lineage-negative bone marrow cells [34].
MYSM1 was required for normal recruitment of transcription factors GATA2 and RUNX1 to the Gfil
locus, while loss of MYSM1 resulted in increased recruitment of the PRC1 complex proteins RING1B and
BMI1 and increased levels of histone H2AK119ub [34] (Figure 2). Furthermore, retroviral expression
of Gfil in Mysml'/ ~ cells could partly restore HSC quiescence and function [34]. Despite strong
mechanistic evidence, it is important to note that these studies did not conduct genome-wide analyses
of MYSM1-regulated genes in HSCs, and therefore cannot rule out possible alternative mechanisms for
MYSMI regulation of HSC function. Indeed a number of recent studies reported activation of p53 stress
response in Mysm17~ hematopoietic stem and progenitor cells (HSPCs) and a rescue of hematopoiesis
and other Mysm1-deficiency phenotypes in Mysm17/p537 double-knockout mice [44,45]. Although a
mechanistic link between Gfil-loss and p53 activation was previously reported in other models [53,54],
it is not clear at this point how p53 activation and the reduction in Gfil expression are mechanistically
connected in the Mysm17- mouse model.

3.2. MYSM1 in B Cell Development and Humoral Immune Response

Depletion of the B cell lineage is one of the major common features of MYSM1-deficiency in
human patients and mouse models. The arrest in early B cell development in Mysm1-deficient mice
was linked to the MYSM1 role in the induction of the expression of Ebf] gene, encoding an essential
transcription factor for B cell lineage specification [20]. MYSM1 binding was detected at the EbfI-locus
promoter in B cells, Ebfl-expression was reduced in Mysm1-deficient pre-pro-B cells, and retroviral
expression of Ebf1 in Mysm1-deficient bone marrow could partly rescue B cell development in an in vitro
assay [20]. Reduced expression of Ebf1 in Mysm1-deficiency correlated with reduced recruitment of
transcription factor E2A, increased recruitment of PRC1 complex proteins, and increased levels of
histone H2AK119ub at the Ebfl-locus [20] (Figure 2). An interaction of MYSM1 with the BRM and
BRG1 components of the SWI/SNF chromatin remodeling complex was also suggested to have a role in
the regulation of Ebf1 locus expression [20].

Surprisingly, despite the severe depletion of B cells, Mysml'/ " mice had normal antibody levels,
could mount normal antigen-specific antibody responses to immunization, and had increased
frequencies of antigen-specific plasma cells in their lymphoid organs, although the absolute numbers
of plasma cells were nevertheless reduced [30]. Furthermore, Mysm17~ plasma cells showed enhanced
levels of antibody secretion in vitro and had altered gene expression profiles with downregulation of B
cell lineage transcription factors Pax5 and Bach2, and increased expression of plasma cell transcription
factors Blimp1 and Xbp1 [30]. Altogether, MYSM1 was proposed to inhibit plasma cell differentiation by
maintaining Pax5 expression, via histone H2AK119-deubiquitination and recruitment of transcription
factor PU.1 to the Pax5 locus [30] (Figure 2). In another study, MYSM1 was also reported to act as a
negative regulator of Bla cell development or expansion, by maintaining the expression of microRNA
miR-150, working in concert with transcription factor cMYC [31] (Figure 2). This microRNA is a known
regulator of hematopoiesis and lymphocyte development, modulating the expression of multiple
targets through post-transcriptional mechanisms, such as repression of translation and promoting
the degradation of specific mRNAs [36]. It is important to note however that although Bla cells
represented a larger fraction of the overall B cell population in Mysm17~ mice, they were nevertheless
strongly reduced in absolute numbers in this animal model [31].
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To characterize the checkpoints in lymphocyte development and adaptive immune response
regulated by MYSM1, independently of MYSMI1 functions at the earlier stages of hematopoiesis,
we performed a deletion of Mysm1 at different stages of B and T cell development in Cre/loxP mouse
models [49,50]. Surprisingly, Mysm1-deletion from the pro-B cell stage (mb1-Cre) resulted in a mild
depletion of B cell numbers, while Mysm1-deletion at the pre-B cell stage (CD19-cre) or in mature
follicular B cells (CD21-cre) allowed the normal numbers of B cells to be maintained [50]. These B cells
also retained normal levels of EbfI and Pax5 gene expression, despite a full loss of Mysm1 transcript [50].
This indicates that the severe loss of B cells in Mysm17" mice is primarily due to upstream defects
in lymphoid lineage specification, and not due to the cell-intrinsic functions of MYSM1 in B cells.
Intriguingly, mature splenic B cells from Mysm1"f mbl-cre mice had altered responses to in vitro
stimulation, including increased expression of activation markers, impaired survival, and reduced
proliferation, while Mysmlﬂ/ 1 CD21-cre B cells showed no such defects. This suggests that MYSM1
activity at early stages of B cell development may be required for epigenetic programing to allow
normal responses to stimulation and engagement in immune response in mature B cells. Additionally,
Mysm1V1 mbl-cre mice had normal serum antibody levels, normal antigen-specific antibody titres in
response to immunization, and showed a trend toward an increase in plasma cell numbers, despite a
reduction in overall B cell numbers [50], providing some support for the negative role of MYSM1 in
the regulation of plasma cell differentiation [30].

Opverall, the above studies indicated that MYSMI plays a critical role in the early stages of B cell
lineage specification and possibly also to a lesser extent in the regulation of plasma cell development
in B-cell-mediated immune response. The exact mechanisms for B cell lineage depletion discussed
above remain to be reconciled with the apparent role of p53 and the rescue of B cell development
seen in Mysm]’/ 'p53'/ " mice [19,44,45]. Furthermore, the striking differences in the B cell phenotypes of
mice with systemic versus conditional Mysm1-deletion highlight the importance of understanding
the specific functions of MYSM1 at different stages in B cell lineage development, and the possible
mechanisms of epigenetic memory, through which MYSM1 activity at early stages of development
may affect B cell functions later in their maturation history.

3.3. MYSM1 in T Cell and NK Cell Development

Several studies explored the defects in T cell and NK cell differentiation in Mysm1-deficient mouse
models. Thus Mysm17- mice have a severe reduction in mature NK cell numbers in the bone marrow,
blood, and lymphoid organs [32]. This defect in NK cell maturation is attributed to the cell intrinsic role
of MYSM1 in the induction of the gene encoding transcription factor ID2, known to be important for
the NK cell lineage [32]. MYSM1 binding was detected at the Id2-locus promoter and loss of MYSM1
was associated with reduced recruitment of transcription factor NFIL3, increased recruitment of PRC1
complex proteins, increased levels of histone H2AK119ub, and reduced gene expression [32] (Figure 2).
To our knowledge, the role of p53 activation in Mysm1-deficient NK cell dysfunction has not been
addressed [19,44,45].

T cells are also significantly reduced in absolute numbers in the peripheral lymphoid organs
of Mysml'/' mice [19,45,55], and this is associated with a severe reduction in the cellularity of the
thymus and a depletion of all thymocyte subsets [19,45,55], including the early thymic progenitors
(ETPs) [45]. The underlying cellular mechanisms likely include the upstream defects in lymphoid
lineage specification within the bone marrow [19,45,55], as well as elevated levels of cell apoptosis
within the thymus [45]. At the molecular level, activation of the p53-stress response was extensively
characterized and shown to be functionally important, based on the rescue of T cell development in
Mysm17p537- mice [44,45]. The suggested triggers for p53 activation in Mysm17- include the putative
roles of MYSM1 in the maintenance of p19ARF expression within the thymus [45], and IRF2 and IRF8
expression in bone marrow progenitor cells [55].

To characterize MYSM1 functions within the T cell lineage, independently of its roles at earlier
stages of hematopoiesis, we performed a conditional deletion of Mysm1 in Cre/loxP mouse models [49].
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Deletion of Mysm1 in the thymus from the double-negative 3 (DN3, Lck-Cre) or the double-positive
(DP, CD4-Cre) stage in T cell lineage development resulted in normal thymocyte numbers and normal
progression of thymic T cell development [49]. In peripheral lymphoid organs, mild depletion of CD8
T cells and elevated expression of activation markers on both CD8 and CD4 T cells were observed [49].
T cell responses to in vitro stimulation were also altered, with CD8 T cells showing elevated cytokine
production, reduced induction of granzyme B, impaired proliferation, and increased apoptosis, while
CD4 T cells showed only impaired proliferation [49]. Altogether, this indicated that the defects in T
cell development in Mysm1-deficiency are primarily the result of upstream defects in lymphoid lineage
specification within the bone marrow, but suggested some role for MYSM1 in the regulation of mature
CD8 T cell activation, proliferation, and survival. Importantly, increased levels of p53 were observed
in CD8 T cells from the Mysm1¥f CD4-cre mice [49], suggesting that the mechanisms for CD8 T cell
dysfunction in this model might also be p53-dependent.

3.4. MYSM1 in Myeloid Lineage Cell Development and Innate Immune Response

The development of myeloid lineage leukocytes is also significantly impaired in Mysml'/ "~ mice, as
demonstrated by the reduction in the absolute numbers of granulocytes, monocytes, and macrophages
in peripheral lymphoid organs, and their progenitors in the bone marrow [33]. A profound requirement
for MYSMI1 in the development of dendritic cells (DCs), including both conventional and plasmacytoid
lineages, was also reported [33]. Expression of receptor tyrosine kinase FIt3, known to be essential for
DC development, was reduced in Mysm17- hematopoietic progenitors, and exogenous expression of
FIt3 through retroviral transduction in these cells could partially rescue DC development in vitro [33].
MYSMI1 bound to the Flt3 gene promoter, and loss of MYSMI resulted in reduced recruitment of the
major hematopoietic transcription factor PU.1 and an increase in repressive histone marks H2AK119ub
and H3K27me3 at the FIt3 locus [33] (Figure 2).

MYSMI1 was also shown to have a direct role in the regulation of macrophage activation, in
response to inflammatory stimuli and infection. Importantly, these MYSM1 activities were linked
not to MYSMI1 functions as a transcriptional regulator at chromatin, but relied on a cytosolic pool of
MYSMI1 protein that was transiently produced in activated macrophages [3,8]. This pool of MYSM1
worked to remove polyubiquitin chains from TRAF3, TRAF6, and RIP2, thereby, silencing TLR
and NOD2 signal transduction pathways [3,8] (Figure 3). Mysm17~ macrophages therefore showed
enhanced production of inflammatory cytokines and type-I interferons, and mice with either systemic
or myeloid lineage-restricted Mysm1-deletion were more susceptible to septic shock and peritonitis [3,8],
but showed enhanced clearance of viral infections [3]. In a separate study, Mysm17 macrophages were
confirmed to have elevated production of pro-inflammatory cytokines in response to stimulation, as
well as increased proliferation, increased apoptosis, and enhanced capacity to control melanoma tumor
growth in vivo in mouse models [56].

3.5. MYSM1 Functions beyond the Hematopoietic System

MYSMI1 functions beyond the hematopoietic and immune system are apparent from visual
examination of Mysm1I-deficient mouse strains, which exhibit growth retardation, dysmorphology of
hind-limbs and tail, and abnormal coat pigmentation (white belly patch) [19]. The most comprehensive
source of information on the phenotypes of Mysm1-deficiency is provided by the International Mouse
Phenotyping Consortium (IMPC) [21-23], and this catalogues other skeletal, metabolic, neurological,
and behavioral phenotypes. Despite the comprehensive characterization of Mysm17~ phenotypes by
IMPC, only a few systems beyond hematopoiesis and immunity have been explored at a mechanistic
level [24]. For example, skin phenotypes of Mysm17- mice were further characterized in several studies,
reporting reduced cellularity and altered morphology of interfollicular epidermis, abnormal patterning
of hair follicles and sebaceous glands, and disruptions of the hair follicle cycle [47,57,58]. This was
associated with depletion of epidermal stem cells, reduced colony formation by epidermal progenitors,
and activation of the transcriptional signatures of p53 stress response in the skin samples [47].
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Abnormalities in the in vitro differentiation of Mysm17- mesenchymal stem cells (MSCs), such as
enhanced adipogenesis, were also reported, and could be functionally linked to osteopenia and skeletal
abnormalities in Mysm1-deficiency [48].

3.6. Possible Roles of MYSM1 in Cancer

Several recent studies explored the role of MYSMI1 in various cancer models and suggested
both pro- and anti-carcinogenic functions of MYSM1 protein. Mysm1-deficiency is known to result
in p53-activation in hematopoietic cells [19,44,45], indicating that MYSM1 normally represses p53
activation, and suggesting it as a possible target for therapeutic p53-activation in hematological
malignancies that retain wild type p53 function. At the same time, Mysm1-deficient mice are known
to develop spontaneous thymic lymphomas at 6-9 months of age [44]. These tumors have not been
extensively characterized, may carry genetic changes that silence the p53 stress response pathway,
and may arise through mechanisms common with other mouse strains with impaired production
of thymic progenitors [59]. Several other studies also suggested a role for MYSMI1 as a positive
regulator of cancer progression. Thus, MYSM1 was originally characterized as a positive regulator
of androgen receptor target gene expression in human prostate cancer cell lines [7]. Furthermore,
elevated MYSM1 protein levels were observed in human melanomas compared to normal melanocytes,
and Mysm1-knockdown impaired the proliferation and survival of melanoma cell lines [40]. Moreover,
increased MYSM1 protein levels were also seen in human colorectal tumors, compared to adjacent
normal mucosa [60]. No malignancies have been reported to date in MYSM1I-deficiency syndrome in
human [25-27], however, due to the low patient numbers and their young age, our understanding of
cancer susceptibility in human MYSM]I-deficiency may be incomplete.

4. Conclusions

The discovery of MYSMI mutations in patients with a hereditary developmental and bone
marrow failure syndrome raises strong interest in understanding the MYSM1-regulated checkpoints
in mammalian physiology and the underlying molecular mechanisms of MYSMI1 activity in these
systems. Over the past decade, research in mouse models has provided numerous important insights,
although many unanswered questions and opportunities for discoveries remain. The role of MYSM1 as
a transcriptional regulator of hematopoiesis and immune cell development has been most extensively
studied, although the diverse findings remain to be consolidated and reconciled. In particular,
genome-wide characterization of MYSM1-regulated genes in the relevant hematopoietic cell types
promise to provide many new insights into MYSM1 functions. The recently discovered role of MYSM1
in the regulation of signal transduction in the cytosol is highly interesting, however, research to
date has focused only on the signaling pathways of innate immunity and primarily in macrophages.
Furthermore, except for several recent insightful studies, MYSM1 functions and mechanisms of action
beyond hematopoiesis and immunity remain poorly characterized. We expect that many new studies
in coming years will address these and other outstanding questions, providing insights into the basic
molecular mechanisms regulating mammalian development and physiology and further understanding
into the disease pathology in MYSM1-deficiency in humans.
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