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Abstract: In response to environmental stimuli, cells make a series of adaptive changes to combat
the injury, repair the damage, and increase the tolerance to the stress. However, once the damage
is too serious to repair, the cells will undergo apoptosis to protect the overall cells through suicidal
behavior. Upon external stimulation, some intracellular proteins turn into unfolded or misfolded
protein, exposing their hydrophobic regions to form protein aggregation, which may ultimately
produce serious damage to the cells. Ubiquitin plays an important role in the degradation of these
unnatural proteins by tagging with ubiquitin chains in the ubiquitin—proteasome or autophagy
system. If the two processes fail to eliminate the abnormal protein aggregates, the cells will move
to apoptosis and death. Dysregulation of ubiquitin—proteasome system (UPS) and autophagy may
result in the development of numerous diseases. This review focuses on the molecular mechanisms
of UPS and autophagy in clearance of intracellular protein aggregates, and the relationship between
dysregulation of ubiquitin network and diseases.

Keywords: cell stress; ubiquitin; ubiquitin-proteasome system; autophagy; endoplasmic reticulum
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1. Introduction

Under environmental stimuli, cell maintains the cellular homeostasis by increasing
tolerance to damage and repairing damaged macromolecules and organelles. However,
when the cell damage exceeds the capacity of adaptive response, the cell initiates the
apoptosis and death [1]. Common stimuli include heat stress, oxidative stress, hypoxic
stress, and DNA damage, which will quickly destroy the protein-folding ability of the
endoplasmic reticulum (ER) and induce accumulation of misfolded and unfolded proteins
in the ER [2]. To deal with this situation, the stressed cells activate the unfolded protein
response (UPR) [3-5]. UPR then restores the endoplasmic reticulum homeostasis and
protein refolding pathway in three main ways. Firstly, protein synthesis is reduced to
mitigate further aggregation of unfolded proteins. Secondly, the protein-folding ability
in ER is enhanced by inducing chaperone molecules and folding enzymes’ expression.
Thirdly, abnormal proteins are cleared by the endoplasmic-reticulum-associated degrada-
tion pathway (ERAD), which transports the unfolded and misfolded proteins out of the ER
by retro-translocation and is further degraded by the ubiquitin—proteasome system and
autophagy [3,4,6]. If neither of the above processes can alleviate ER stress caused by the
accumulation of abnormal proteins, the apoptosis or death of cells will be triggered [1].
There are three UPR pathways in mammal cell, the activation of which is determined by
three trans-membrane proteins located in ER membrane, namely activating transcription
factor 6 (ATF6), PKR-like ER kinase (PERK), and inositol requiring enzyme 1 (IRE1) [5].
In a physiological cell context, ATF6, PERK, and IRE1 bind to glucose-related proteins
(GRP78) and are inactivated. When folded proteins gather in the endoplasmic reticulum,
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GRP78 binds to the unfolded protein, and ATF6, PERK, and IRE1 are released and acti-
vated; then the unfolded protein signal is transduced across the endoplasmic reticulum
to the cytoplasm and nucleus (Figure 1). The PERK/ATF4 axis induces the expression of
chaperones and proteins involved in autophagy [7], apoptosis, and redox homeostasis. The
IRE1/X-box-binding protein 1 (XBP1) axis promotes the transcription of UPR gene sets
which are related to the full folding and secretion of proteins. Activated ATF6 induces the
expression of chaperone proteins, such as XBP1 and ERAD-related proteins.
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Figure 1. Ubiquitin mediates the degradation of protein aggregates under stimuli. In response
to cell stimulation, proteins in the endoplasmic reticulum form aggregates, which are labeled by
ubiquitin in the presence of E1, E2, and E3 and then degraded by proteasome or autophagosome.
UPR mediated by PERK, IRE, and ATF6 possesses a vital role in regulating autophagy and UPS.
Unc-51-like kinase 1 (ULK1), Autophagy-Related 13 (ATG13), RB1-inducible coiled-coil protein 1
(FIP200), neighbor of BRCA1 gene 1 (NBR1), Beclin-1 (BECN1), 5'-AMP-activated protein kinase
(AMPK), mTOR complex 1 (mTORC1), ribosomal protein S6 kinase (RPS6KA3), Tax-binding protein
1 (TAXBP1), phosphoinositide 3-kinase (PI3K), phosphoinositide-3-Kinase Regulatory Subunit 4
(PIK3R4), and Phosphatidylinositol 3-Kinase Catalytic Subunit Type 3 (vps34). UPS: glycine at the
C-terminus of ubiquitin binds to the active site of E1, along with the hydrolysis of ATP. the active
ubiquitin is then transferred to the E2 enzyme to form a complex with the E2 conjugating activation,
and this complex further interacts with the specific enzyme E3, which makes the ubiquitin transfer to
the specific substrate. Autophagy lysosomal system (ALS) induction: in response to cell stress, (such
as starvation), the complex formed by ULK1, mAtg13, Atg101, and FIP200 is activated to initiate
the de novo isolation of a portion of intracellular membrane. Vesicle nucleation: ULK1 complex
phosphorylates autophagy protein BECN1 and promotes it to form a class PI3K complex (including
PIK3R4, BECN1, ATG14, and VPS34). Vesicle elongation: ATG16L1 binds with ATG5-ATG12 to form
the active ligase-like complex ATG12-ATG5-ATG16L1, serve as E3 ligase, and make LC3-I combined
with PE to form LC3-PE (LC3-II). LC3-II anchors to the autophagy vesicle and promotes the extension
of autophagy vesicle. Autophagosome: Cargo receptors of autophagy (such as p62, NBR1, and
TAXBP1) transport the ubiquitinated substrate to the autophagosome. Finally, autophagosomes fuse
with lysosomes. UPR regulates UPS and ALS to clear protein aggregates in response to cellular stress.
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Ubiquitin is a classical molecular label for protein degradation. When the misfolded
proteins and unfolded proteins are tagged with ubiquitin, these proteins will be degraded in
proteasome or lysosome [8,9]. Ubiquitin not only plays a role in UPR, but also participates in
the activation of cellular stress responses. UPS and autophagy are two independent system
in protein quality control (PQC). However, there is more evidence about the connections
between UPS and autophagy [10]. In this review, we first briefly summarize the ubiquitin
pool, UPS, and autophagy and then discuss, in detail, various examples of coordination
and crosstalk between them and dysregulation of UPS and ubiquitin-mediated autophagy
pathways in human diseases, neurodegenerative diseases, and cancer, in particular.

2. Ubiquitin Pool

Ubiquitin is a highly conserved small protein molecule containing 76 amino acids and
is founded in all eukaryotic cells. Furthermore, ubiquitin molecules are very stable and will
not be changed when exposed to acid stress or heat shock. These two properties give ubiqg-
uitin molecules an important role in the cell’s defense against the abnormal accumulation
of proteins caused by stress. According to the lysine residues in the ubiquitin molecule,
the ubiquitin chain can be divided into seven isoforms, namely K6, K11, K27, K29, K33,
K48, and K63 [5]. Ubiquitin moieties can be conjugated through N-terminal methionine
residue (M1) [11]. In addition to polyubiquitination, there are monoubituitination and
multi-monoubituitination. Polyubiquitination can also be divided into homotypic polyu-
biquitination and heterotypic polyubiquitungition. Different ubiquitin-chain links function
as different regulators; among them, the K48 chain is the main mediator of degradation.

UPS and autophagy are two pathways related to protein degradation, and the acti-
vation of the two processes depends on the ubiquitin pool in cells. Intracellular ubiquitin
consists of monomer ubiquitin and substrate-bound ubiquitin. Most deubiquitinases
(DUBs) play an important role in maintaining the ubiquitin homeostasis in cells by releas-
ing monomer ubiquitin from ubiquitinated protein, which is degraded by proteasomes or
lysosomes and recovers the ubiquitin level [12]. DUBs, meanwhile, maintains protein sta-
bility, edits ubiquitin chains, processes ubiquitin precursors, and removes non degradative
ubiquitin signal. However, the stable state of intracellular ubiquitin still needs appropriate
synthesis to compensate for the basal ubiquitin reversal. There are four ubiquitin genes:
UbC, UbB, UbA52, and UbAS0. UbC and UbB encode polyubiquitin, while UbA52 and UbASO
encode ubiquitin and two small ribosome fusion proteins [5]. Therefore, small ubiquitin
molecules are all derived from the primary translation products of ubiquitin genes, which
would be further hydrolyzed by ubiquitin-specific protease. Almost all of the polyubig-
uitin genes are stress regulatory genes with heat-shock elements in their promoters [13].
Similarly, the expression of UbC and UbB is upregulated under various stresses [14,15].
NE-E2-related factor 1 (NRF1) [16], NRF2 [17], SP1 [15], and Heat-Shock Transcription
Factor 1 (HSF1) [18] were identified as transcription factor of UbC, and these transcription
factors may upregulate UbC transcription under cell stress. Several studies have shown
that mice with targeted UbC gene knockout would die at 12.5-14.5 days during embryonic
life period, accompanied by severe liver defects. Embryonic fibroblasts from embryonic
mice with UbC gene knockout showed slower growth, premature senescence, increased
apoptosis, delayed cell-cycle progression, and decreased levels of ubiquitin homeostasis.
Thus, homeostasis of the ubiquitin pool is important for cell survival, especially under
severe stresses [19].

3. UPS
3.1. Mechanism of UPS

Unfolded and misfolded proteins are toxic to cells and must be eliminated quickly and
efficiently. To achieve this, mechanisms controlling the protein quality have been formed to
clear the denatured proteins in eukaryotic cells. Eukaryotic cells have developed specific
protein quality-control mechanisms to recognize and process these unnatural proteins. One
important defense mechanism is the specific elimination of these proteins by the UPS [12].
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Ubiquitin-26s Proteasome system is an ATP-dependent non-lysosomal protein degradation
mechanism in cells. In this process, proteins can be degraded efficiently and selectively
under cell stress, such as cyclin, p21, p53, c-Jun, c-fos, and other structural proteins. The
degradation of proteins via ubiquitin-26s proteasome system is a multistage process in
presence of ubiquitin, three ubiquitin enzymes, and proteasomes. There are three kinds of
ubiquitin enzymes, including E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating
enzyme), and E3 (ubiquitin ligase). Ubiquitin E3 ligase determines the specificity of the
substrate, which can be divided into HECT, ring-finger, and U-box ubiquitin E3 ligase
according to the biochemical characteristics and structural differences. Chaperones and
proteases play a key role of PQC when protein aggregates occur. Molecular chaperones
promote the folding of new peptides and refolding of misfolded proteins to inhibit the
aggregation of protein through recognition of hydrophobic patches of misfolded protein
and unfolded protein under cellular stress [20]. However, when the unnatural proteins
can no longer be refolded, it is necessary to identify these misfolded proteins and degrade
them through the ubiquitin—proteasome pathway. Misfolded and unfolded proteins are
firstly recognized by chaperones, such as Hsp70 and Hsp90, which are mainly chaperones
in PQC, and both of them utilize co-chaperones to recognize and bind substrate [21]. Then
unnatural proteins either refold in an ATP-dependent manner or are labeled by ubiquitin
under the action of chaperon-bound ubiquitin E3 enzymes, such as STIP1 Homology and
U-Box Containing Protein 1 (CHIP), BAG Cochaperone 1 (BAG1), and Scythe (Figure 1).

3.2. Molecular Chaperones and Ubiquitin E3 Ligases Involved in Cell

Molecular chaperones and ubiquitin E3 ligases are key factors in the degradation of
misfolded proteins via the proteasome pathway. CHIP is a typical representative and the
most thoroughly studied ubiquitin E3 enzyme related to protein quality control. CHIP has
the function of both molecular chaperone and ubiquitin E3 ligase. Studies have shown
that CHIP cooperates with BAG-1 to transform the activity of Hsc/Hsp70 molecular chap-
erone system, from promoting protein folding to promoting protein—ubiquitin-mediated
degradation. Interestingly, CHIP also mediates the ubiquitination degradation of Hsp70
(Figure 1). Misfolded cystic fibrosis transmembrane conductance regulator (CFTR) [18-20],
glucocorticoid hormone receptor (GR) [21], Erb-B2 Receptor Tyrosine Kinase 2 (ErbB2) [22],
and Pael receptor (Pael-R) [22] have been identified as substrates for CHIP. Misfolded
Integrin, Pdr5, and HMG-CoA reductase (HMGCR) are the substrates of ERAD-related
E3 Ligase Der3, gp78, and SCF Fbx2 [23]. To date, nearly 40 ERAD-related ubiquitin E3
ligases have been identified in mammals. The major ubiquitin E3 ligases are summarized
in Table 1.

Table 1. Ubiquitin E3 ligase in protein quality control under stimuli.

Ubiquitin E3 Ligase Substrates

CD3—s5 [22], CFTR [23], HMGCR [24].

a-synuclien, synphilin-1, Pael [25], glucocerebrosidase (GCase) [26].

E3 ubiquitin—-protein ligase synoviolin
(HRD1/3) [21,27]

Hmglp [28], pre-B cell receptor (pre-BCR), pro-arginine vasopressin (AVP)
B-lymphocyte-induced maturation protein 1 (BLIMP1) [29], NRF2 [30],
peroxisome proliferator activated receptor y coactivator-1 3 (PGC1p) [31],
transforming growth factor beta (TGF-p) [32], T-cell receptor alpha (TCR-«), [33]
alphal-antitrypsin [34], p53 [35], amyloid precursor protein (APP) [36], et al.

membrane-associated RING C3HC4 finger 6
(MARCHEFo6) [37-39]

squalene epoxidase (SQLE) [40], HMGCR [38], perilipin-2 (PLIN2) [38], et al.

CFTR [41], JNK-associated membrane protein (JAMP) [42], et al.

Makorin ring-finger protein 1 (MKRN1) Potassium voltage-gated channel subfamily H member 1 (KCNH1), Eag1 [43]
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Table 1. Cont.

Ubiquitin E3 Ligase Substrates
SCF F0x2 [37] B-secretase (BACE1) [44], CFTR [45], et al.
SCF Fx6 [37] Chk [46]
SCER-TrCP1/2 CD4 [47], Tetherin [48]
CHIP [24] (CFTR) [19-21], GR [22], Pael [23], ErbB2 [23], IRE [49], INO80 [50], tau [51], et al.

SMAD ubiquitination regulatory factor 1
(Smurfl)

Neuregulin receptor degradation pathway
protein 1 (Nrdp1) [37]

Wolframin (WFS1) [52], phosphatase and tensin homolog (PTEN) [53], et al.

Erb-B2 receptor tyrosine kinase 3 (ErbB3) [54], et al.

4. Autophagy
4.1. Mechanisms of Autophagy

Besides UPS, autophagy can also protect the cell by removing toxic protein aggregates
and damaged organelles from cytotoxicity pressure. Autophagy was originally thought
to non-selectively degrade long-lived proteins and organelles for nutrient cycling and
energy production [9]. Later studies have shown that protein aggregates can be removed by
selective autophagy. The process of autophagy is usually divided into four stages: induc-
tion, nucleation, elongation and substrate isolation, and fusion with lysosomes (Figure 1).
The initial signal of autophagy usually comes from a variety of stress conditions, such as
hunger, hypoxia, oxidative stress, protein aggregation, and oxidative stress. The target of
these signals is ULK1 complex (composed of ULK1, ATG13, ATG101, and FIP200) [55-57].
Moreover, mTORC1 is a key regulator of autophagy [58]. As a receptor of energy and
nutrition, the activity of mTORCI is inhibited after starvation [55], which leads to de-
phosphorylation of ATG13 and activation of ULK1 complex [59]. Subsequently, ULK1
complex phosphorylates autophagy protein BECN1 and promotes it to form a class PI3K
complex (including PIK3R4, BECN1, ATG14, and VPS34), which mediates the formation
of autophagy vesicles. The extension of autophagy depends on two ubiquitin-like con-
nection systems. In the first one, ATG16L1 binds with ATG5-ATG12 to form the active
ligase-like complex ATG12-ATG5-ATG16L1. In the second conjugation process, LC3-pro is
hydrolyzed by ATG4B and expose the C-terminal glycine and then became LC3-1. LC3-I
combined with PE to form LC3-PE (LC3-II) under the catalysis of E1-like ATG7, E2-like
ATG3 and E3-like ATG16L1-ATG5-ATG12 complex [60]. LC3-1I anchors to the autophagy
vesicle and promotes the extension of autophagy vesicle by recruiting other membrane
structure, and then wraps the substrate in the cytoplasm to form autophagosome. In the
mature stage of autophagy, autophagosomes fuse with lysosomes under the action of
GTPase Rab7 and Synaptosomal-Associated Protein (Synaptosomal-Associated Protein,
SNAP) receptor Syntaxin 17 (Syntaxin 17, STX17) to form autophagy lysosomes (Autolyso-
somes). Finally, protein aggregates and damaged organelles are degraded by lysosome
proteases and sent to the cytoplasm for cell reuse [56] (Figure 1). The activity of ULK1 is
also regulated by 5'-AMP-activated protein kinase (AMPK) [59,61]. AMPK phosphorylates
ULK1 and phosphorylated ULK1 phosphorylates Raptor, resulting in a decrease in the
binding of Raptor to mTORCI1 and a decrease of mMTORC1 activity. In addition, AMPK can
also phosphorylate Raptor directly [61] (Figure 1).

4.2. Cargo Receptors of Autophagy

The cargo receptors p62, NBR1, Optineurin (OPTN), Toll Interacting Protein (TOLLIP)
and TAXBP1 act as bridges between the ubiquitin chain and LC3, helping with the formation
of aggregates [55,62,63] (Figure 1). Moreover, p62 binds with ubiquitin or poly-ubiquitin
chain through its ubiquitin-associated domain (UBA) and then transfers the substrate
to autophagosome and lysosome through LC3-interacting region (LIR) domain and PB1
domain. Although p62 could bind to both K48 and K63 chains, it has a higher affinity
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for K63 chains. The intracellular level of p62 depends on transcriptional regulation and
post-translational autophagy degradation. The transcription of p62 is regulated by NRF2,
ras/MAPK pathway, JNK/c-Jun pathway and some compounds [55]. NBR1 and p62 form
a complex to promote the formation of aggregates. Overall, p62 is the major driver of
ubiquitin condensate formation. NBR1 recruited TAXBP1 into ubiquitin aggregates formed
by p62 [62]. Although all three receptors interact with FIP200, TAXBP1 is the main driving
force for recruitment of FIP200 and degradation of p62-ubiquitin aggregates through
autophagy [63]. TNF receptor associated factor 6 (TRAF6) catalyzes K63 ubiquitination
of mTOR and activates mTORC1 through its interaction with p62 in nutrient-activated
cells [64,65].

4.3. UPR and Autophagy

During endoplasmic reticulum stress, UPR regulates autophagy in different ways [4].
On the one hand, the UPR signal can regulate autophagy by regulating the activity of
AKT, mTORC1, and AMPK (Figure 1). For example, activated PERK induces the trans-
lation of ATF4, and it further increases the expression of sestrin 2 (SESN2) and DNA-
damage-induced transcript 4 (DDIT4). SESN2 and DDIT4 directly inhibit the activity of
mTORC1 [37,57] (Figure 1). At the same time, ATF4 can inhibit the activity of AKT and
then inhibit the activity of mTORC1 through the DDIT3/TRIB3 pathway [66]. Meanwhile,
AMPK can also be activated by PERK signal pathway; activated AMPK cannot only di-
rectly activate ULK1, but it also inhibits the activity of mTORC1. The IRE1 signal pathway
activates RPS6KA3, and RPS6KA3 also activates ULK1 through activating AMPK [57]
(Figure 1). JNK is one of the key regulator of IRE1 signal axis, and BECN1 is the main down-
stream regulatory factor of JNK. After JNK is activated, Bcl-2 becomes phosphorylated,
and that destroys the interaction between BECN1 and Bcl-2 and induces the autophagy
of tumor cells [67,68] (Figure 1). ATF6 can suppress autophagy by activating AMPK [69].
UPR cannot only regulate protein activity of autophagy related proteins, but it can also
regulate the transcription of key proteins in autophagy. For example, hypoxia-induced en-
doplasmic reticulum stress can induce ATF4 and CHOP-mediated upregulation of LC3 and
ATGS [70]. Furthermore, elF2a-kinases, PERK, ATF4, and DDIT3 activate the transcription
of a series of autophagy-related genes, including LC3, ATG5, ATG3, ATG7, ATG10, ATG12,
beclinl, y-aminobutyric acid receptor related protein (GABARAP), p62, and NBR1 [7,10].
In addition, the activated IRE1 promotes the splicing of XBP1 mRNA, and the spliced XBP1
triggers the autophagy signal pathway by regulating the transcriptional of BECN1 [71].

4.4. Chaperone-Mediated Autophagy

Chaperone-mediated autophagy (CMA) is another type of autophagy that degrades cy-
toplasmic proteins in lysosomes without autophagy-related gene. Hsc70 forms complexes
with Hsp40, Hip, Hop, and Hsp90 to recognize and bind substrates with KFERQ-like se-
quences [72]. Then the unfolded substrates interact with molecular chaperone complex and
then are transferred to the lysosomal cavity by binding Lysosome-Associated Membrane
protein type-2A (LAMP-2A). Thus, LAMP-2A is a rate-limiting factor for CMA. After enter-
ing the lysosome, the substrates are rapidly degraded by lysosomal proteases, and then
chaperone complex is released from the lysosomal membrane. Starvation and serum with-
drawal increase the LAMP-2A protein level and its reinsertion into the lysosomal membrane
by reducing its degradation. After long-term starvation, 30% of the cytoplasmic proteins are
degraded through the CMA pathway. LAMP-2A identifies membrane-associated ring-CH-
type finger 5 (MARCHF5) through KFERQ-like consensus, an E3 ubiquitin ligase required
for mitochondria fission. Severe oxidative stress compromised CMA activity and stabilized
MARCHEFS5, which facilitated Dynamin-1-Like (DNM1L) translocation and led to excessive
mitochondria fission [72]. Furthermore, a report shows that CMA is required for PQC in
stem cells and for the upregulation of fatty acid metabolism upon hematopoietic stem cells
(HSCs) activation [73].
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5. Crosstalk between UPS and Autophagy
5.1. UPR Mediates Crosstalk between UPS and Autophagy

UPS and autophagy are two major ways of protein degradation in cells. More and
more studies have shown a coordinated and complementary relationship between these
two systems [74,75]. When misfolded proteins cannot be degraded by the molecular
chaperone-mediated proteasome pathway and cause protein aggregation, which may in
turn inactivate proteasome and lead to cytotoxicity, the autophagy lysosome pathway is
an important compensation mechanism for mediating the degradation of ubiquitinated
protein aggregates [63].

UPR plays an important role in the process of autophagy induced by proteasome
inhibitor. Due to the destruction of proteasome, the misfolded proteins cannot be degraded
by proteasome and form aggregates, which destroys the homeostasis of endoplasmic
reticulum and induces UPR [76]. For example, proteasome inhibitor activates autophagy
through the IRE/JNK/bcl2/BECNT1 axis [77,78] (Figure 1). Activated IRE1 can also recruit
TRAF2, resulting in JNK phosphorylation and the expression of autophagy core gene [79,80].
At the same time, ATF6 is cleaved and transferred from the Golgi apparatus to the nucleus,
where it induces the expression of death-associated protein kinase 1 (DAPK1), [81] and
ATF6 can also promote the biogenesis of autophagosomes by increasing phosphorylation
of BECN1. Concurrently, many studies have shown that proteasome inhibitors can increase
the expression of ATF4 through PERK axis, and previous studies proved that ATF4 regulates
the transcription of autophagy-related genes, such as LC3, ATG5, and ATG?. Proteasome
inhibitors can also inhibit the ubiquitin degradation of ATF4 [82].

5.2. Proteasome Inhibitors Regulates Proteins Involved in Autophagy

In addition to UPR, proteasome inhibitors can also directly act on autophagy-related
proteins to promote autophagy [63]. For example, proteasome inhibitor destroys the
protein—protein interaction between Raptor, one of the structural components of mTORC1,
and its interacting partners, thereby inhibiting the activity of mTORC1 [83,84] (Figure 1).
In addition, p53 accumulates and is transferred to the nucleus and acts as a transcription
factor for autophagy housekeeping genes after inhibiting the proteasome, such as diastasis
of the rectus abdominis muscle (DRAM) [81]. Alternatively, elevation of p53 level may
activate autophagy by inhibiting the mTORC1 pathway [83] (Figure 1). Furthermore, a
number of studies have shown that the protein level of LC3 is significantly increased when
tumor cells are exposed to proteasome inhibitors [85,86].

Moreover, p62 is an important bridge between the proteasome system and autophagy [87].
There is evidence that proves that proteasome inhibitors and starvation can promote the
synthesis of p62 and impair the protein toxicity stress caused by protein aggregation [88].
When the proteasome system is inhibited, E3 ligase TRIMS50 co-locates with p62 and HDAC6
on aggregates or ubiquitin aggregate proteins to help autophagy machines to recognize
aggregates and remove them [89]. The transcription of p62 is mainly regulated by NRF2. In
the basic state, NRF2 is degraded by the Cul3-Keap1-E3ligase (keapl)-mediated ubiquitin—
proteasome pathway. Under the stimulation of oxidative stress, the ubiquitination of NRF2
by Keapl is blocked; thus, NRF2 is transferred to the nucleus to promote the transcription of
p62, while overexpressed p62 competes with NRF2 to bind KEAP1, thus forming a positive
feedback regulatory loop [90]. Under cellular stress, ULK1 can phosphorylate the serine 405
and 409 of p62, thus increasing the affinity of p62 to ubiquitin proteins and leading to the
effective degradation of protein aggregates. The inhibition of proteasome can also activate the
adaptive transcription of NRF2, which, in turn, promotes the synthesis of p62 [91].

HDACS is another key protein in linking UPS and autophagy. HDAC6 regulates the
acetylation of x-tublin, which not only participates in the formation of aggregates but also
promotes the transport of ubiquitin aggregates to new phagocytic vesicles [9,92,93]. HDAC6
interacts with polyubiquitinated proteins and brings these proteins to the dynamins, which
transport polyubiquitinated proteins to the autophagosomes [9,94]. HDACS is involved in
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the fusion of autophagosomes and lysosomes, and inhibition of HDAC6 can enhance the
cytotoxicity of proteasome inhibitors [93].

In addition, Bcl-2-associatedathanogene (BAG) family proteins also mediate the
crosstalk of the proteasome pathway and autophagy. BAG1 promotes proteasome degra-
dation of unfolded proteins by interacting with Hsc70/Hsp70 chaperone complexes and
proteasomes. Meanwhile, BAG3 interacts with the complex composed of heat-shock protein
B8 (HSPB8) and Hsp70, which recruit p62, and substrates bind with Hsp70 to LC3 [95].
In senescent cells or tissues, the conversion of BAG1 expression to BAG3 during inhibi-
tion of proteasome or oxidative stress leads to autophagy as an alternative pathway for
PQC [96,971].

5.3. Inhibition of Autophagy Affects UPS

Inhibition of proteasome leads to a compensatory stimulation of autophagy, whereas
the inhibition of autophagy activates or impairs proteasomal flux via several mechanisms.
For example, overabundant p62 delays the transport of substrates to proteasomes [98].
Moreover, research shows that USP10 interacts with p62 and augments p62-dependent
ubiquitinated protein aggregation and aggresome formation, which inhibit proteasome
activity [99]. Another possible mechanism of autophagy inhibition impacts proteasome
system is proteaphagy. Senescent or inactivated proteasomes and subunits are eliminated by
selective autophagy to maintain the balance of the overall proteasome pool, which is known
as proteaphagy. When proteaphagy is inhibited, senescent or inactivated proteasomes
increase and compete with normal proteasome, and this affects the proteasome flux [10].
However, there is an opposite view that proteasome can be activated when autophagy is
inhibited by drugs or gene editing. After knocking out autophagy-related protein factors
PIK3C3, ATGS5, and ATG?7, the activities of three types of proteasome are upregulated, and
the protein levels of proteasome subunits, including proteasome 3 5 subunit (PSMB5), are
also increased.

6. UPS and Autophagy in Disease
6.1. Neurodegenerative Disease

In recent years, many clinical studies have shown that UPS and autophagy are closely
related to many diseases. The dysfunction in regard to the elimination of misfolded or
aggregated proteins from the cytoplasm of neurons and glial cells seems to be a particu-
larly common cause of various neurodegenerative diseases [6,100]. In the past decade, a
number of studies have shown that ER plays a key role in the pathogenesis of neurode-
generative diseases, including Alzheimer’s disease (AD), amyotrophic lateral sclerosis
(ALS), Parkinson’s disease (PD), and hypermetabolic disease (GD). Parkinson’s disease is a
progressive neurodegenerative disease characterized by a-synuclein (x-syn) oligomers, but
not monomers or fibers, suggesting the unique ability of «-syn oligomers to perturb cellular
processes [101,102]. Oligomeric o-syn uniquely leads to ER stress. The two main ways to
maintain proteostasis are UPS and autophagy, which are both affected by «-syn oligomers.
Oligomers inhibit proteasome activity and cause lysosome dysfunction [102]. Moreover,
a-Syn is highly susceptible to ubiquitination, and dysfunction in «-Syn ubiquitination
contributes to chronic synucleinopathies [103].

In the past few decades, a large number of studies have improved our understanding
of the complexity of ubiquitin networks. In view of the abnormality of E3 ligase in a
variety of pathogenic processes, E3 ligases have become an effective target for the treat-
ment of diseases. For example, Parkin is an ubiquitin E3 ligase involved in a variety of
cellular processes associated with PD [104]. One of Parkin’s targets for ubiquitination,
Parkin interacting substrate (PARIS) accumulates in the brain of patients with autosomal
recessive juvenile PD [105]. Mutations to Parkin result in the accumulation of PARIS and
successive inhibition of the transcription of Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1«) and its downstream targets, thus affecting the degra-
dation of damaged mitochondria and biogenesis of mitochondrial. Autosomal recessive
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juvenile parkinsonism (AR-JP) is related to the mutation of Parkin [106]. In addition, the
overexpression of Parkin specifically inhibits UPR-induced cell death, but the mutant
Parkin cannot.

There is much evidence for the association of dysregulation of ubiquitin-mediated
autophagy with various neurodegenerative diseases. For example, the wild ataxin 3
in spinocerebellar ataxia type 3 is a DUB of BECN1. With this function, ataxin 3 is re-
quired for starvation-induced autophagy [107]. Ataxin 3 with expanded polyQ repeats
has higher binding affinity with BECN1, which is defective in removing ubiquitin chain
from BECN1. These findings identify a link of ataxin 3 to autophagy regulation, and, more
important, impairment of Beclin-1 mediated autophagy accounts for one mechanism of
polyQ repeat-associated neurodegenerative diseases. USP19-depedent Beclin-1 deubiquiti-
nation mediates selective autophagy and anti-inflammation and determines the outcome
of infection and immunological functions [108]. TAX1BP1, a particular autophagy receptor,
also possesses a unique role in cell intrinsic control of infection [109].

6.2. Cancers
6.2.1. UPR and Cancers

In addition to neurodegenerative diseases, PQC is closely related to tumor develop-
ment, invasion, and drug resistance [110]. In the process of carcinogenesis, tumor cells
are exposed to various stresses, such as lack of nutrition, accumulation of acid waste and
hypoxia, change of chromosome number, activation of oncogenes, inactivation of tumor
suppressor genes, and accelerated secretion, leading to endoplasmic reticulum stress and
then activating the PQC mechanism of endoplasmic reticulum. First of all, three UPR
signaling pathways will block tumor development in the early stage of cancer, while cancer
cells will adapt to internal and external stress and resist apoptosis caused by endoplasmic
reticulum stress in later stages [111]. For example, PERK is highly expressed in a variety of
tumor cells, such as kidney renal papillary cell carcinoma, brain lower-grade glioma, breast-
invasive carcinoma, and thyroid carcinoma, and the high expression of PERK is associated
with poor prognosis, while the high expression in neck squamous cell carcinoma is well
correlated with good prognosis [112]. PERK-mediated upregulation of vascular endothelial
growth factor (VEGF), fibroblast growth factor-2 (FGF2), and interleukin-6 (IL-6) and down-
regulation of anti-angiogenic cytokines significantly promoted tumor growth [113,114].
However, Ajda Coker-Gurkan et al. demonstrated that Atiprimod upregulated the expres-
sion of Bak, Bax, and Bim through the PERK/elF2 «/ATF4/CHOP pathway and promoted
the apoptosis of breast cancer cells [115]. XBP1 promotes the occurrence, development, and
recurrence of triple-negative breast cancer by regulating the transcription of HIF1-« [116].
In addition, constitutive activation of XBP1 in tumor-associated DCs (tDCs) drives ovarian
cancer (OvCa) progression by blunting antitumor immunity [117]. Recent studies have
shown that XBP1s protein can upregulate the expression of insulin-like growth factor
binding protein-3 (IGFBP3) and regulate the invasion and metastasis of NSCLC cells by reg-
ulating IGFBP3 [118]. Speaking of ATF6, Jiao Meng et al. have shown that activated STAT3
promotes the transcription of ATF6, which, in turn, endows cancer cells with resistance to
cisplatin and paclitaxel [119]. DAPK1 is a metastasis inhibitory factor, whose mechanism
is to inhibit tumor metastasis and mediate apoptosis and autophagy. Downregulation of
DAPK1 expression was detected in ATF6 knockout cells, which affected the expression
of ATG9Y to regulate autophagy flux. At the same time, ATF6-mediated upregulation of
CHOP also contributes to ATF6-induced autophagy [81]. In colon cancer, XBP1 and ATF6
activation reduced cellular proliferation and reduced expression of markers of intestinal
epithelial stemness [120].

6.2.2. UPS and Cancers

Alterations in the UPS have the potential to alter cellular homeostasis, and studies
have demonstrated that proteasomal activity is elevated in human cancers. This may
be due to the fact that UPS regulates key proteins in many cellular processes, such as
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epithelial-mesenchymal transition (epithelial-mesenchymal transition, EMT), cell cycle,
signal transduction, gene expression, DNA repair, and apoptosis. A study has shown
that, in cyclosporine A (CsA)-treated cells, there is an increased expression of PPIL2, a
ubiquitin E3 enzyme, which ultimately leads to the decrease of SNAI and thus inhibits the
EMT process of breast cancer cells [121]. UPS also degrades key proteins in the signaling
pathway in response to cellular stress, such as, Wnt/ 3-catenin, HIF-«, and p53. Here
we summarize the signal pathways related to tumorigenesis regulated by the ubiquitin—
proteasome pathway in Table 2.

Table 2. Signaling pathways regulated by the ubiquitin—proteasome pathway under cell stimuli.

Signal Pathway Cell Stimuli E3 Enzyme
B-TrCP [122], IRF3 [123], Linear
NF-kB pathway [111,112] Cytokines, UV, virus, oxide, et al. Ubiquitin Chain Assembly Complex
(LUBAC) [124]
p53 pathway DNA damage MDM2 [125,126], FBXW7 [127]
DDB1/DDB2-XPC/HR23B pathway DNA damage DDB1-CRBN ubiquitin E3 ligase [128]
MAPK pathway [129] UV, Osmotic pressztrthange, heat shock, TRIM48 [h%é)},, 11\;1;}]2)342 1[.123], RNF
HIF«x pathway [133] hypoxia pVHL E3 ligase complex [134].
wnt/ -catein pathway DNA damage, hypoxia, virus, et al. SIAH1 [135-137].
PI3K/AKT/mTOR pathway Hypoxia, high glucose, cytokines, et al. FBXL12 [138], parkin [139,140], TRAF6

[141,142], B-TRCP [143], et al.

6.2.3. Autophagy and Cancer

Inducing autophagy in cancer may be helpful in cancer treatment [55]. In fact, au-
tophagy has a dual role in cancer that is related to the type, stage, or genetic context of the
cancers [143-145]. In the study of melanoma, small-molecule HA15 induces apoptosis and
autophagy in vivo and in vitro by targeting the activation of GRP78, a landmark protein
of endoplasmic reticulum stress [146]. The occurrence of autophagy is accompanied by
the accumulation of vesicles, the transformation of LC3-I to LC3-1I, and the formation of
autophagosomes [146]. The therapeutic effect of HCA15 on melanoma cells decreases with
the decrease of autophagy and apoptosis, suggesting that autophagy can inhibit tumor
growth. Moreover, inhibition of autophagy can also inhibit the invasion and migration of
tumor cells [147-149]. However, some studies have shown that autophagy can mediate
the immune and chemotherapy resistance of cancer [150]. Cancer stem cells (CSCs) in
a quiescent state obtain resistance to conventional treatment; this is the main cause of
tumor recurrence. Chemotherapy drugs promote autophagy in tumor cells. However, the
combination of chemotherapy drugs and autophagy inhibitors can make CSCs sensitive
to chemotherapy drugs. CSCs heterogeneity and patient-specificity make the situation
more complicated. We are far from finding new drug combinations that would allow us
to eradicate CSCSs or at least inhibit their proliferation. In addition, several studies have
shown that some HER2-positive breast cancer cells can acquire drug resistance through
the upregulation of autophagy pathways [151,152]. Due to the dual role of autophagy in
tumors, whether autophagy can be used as a therapeutic target still needs further study.

7. Conclusions

Under external stimuli, protein denature and aggregate are harmful to the cells. Ubig-
uitin can protect cells from the stimuli by playing a key role in the clearance of protein
aggregates. Therefore, maintaining the homeostasis of ubiquitin pools is very crucial for
protein quality control, and transcription factors which respond to external stimuli and
deubiquitination enzymes play an important role in ubiquitin pool homeostasis. In the
presence of ubiquitin monomer, the proteins that need to be degraded in the cells will be
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marked by ubiquitin. Ubiquitin-labeled protein aggregates are ultimately degraded by
UPS or autophagy. The ubiquitin, UPS, and autophagy are the interdependent elements of
the protein quality-control system; they must act in a networked manner to maintain pro-
teostasis. Meanwhile, many signal pathways are involved in this. A better understanding
of individual systems, as well as the interconnections and crosstalk between them, is bene-
ficial for clinical management of diseases involving PQC problems. Meanwhile, UPS and
autophagy have been proved to have different functions in different diseases. For example,
autophagy inhibits or promotes cancer depending on the type of cancer [143-152], thus
making it is difficult and complicated to find the precise therapeutic targets for different
diseases with different PQC problems.

Author Contributions: H.W. and S.L. conceived and designed the subject. Y.L. collected and wrote
the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Grants (81872263 to H.W.) from the National Natural Science
Foundation of China.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: Thank Xiaoyan Bai and Xiaoxia Shi for revising the language of this manuscript.

Conflicts of Interest: The authors declare that they have no conflicts of interest in regard to the
contents of this article.

References

1. Chen, X.; Yin, X.M. Coordination of Autophagy and the Proteasome in Resolving Endoplasmic Reticulum Stress. Vet. Pathol.
2011, 48, 245-253. [CrossRef] [PubMed]

2. Chen, Y,; Qiu, X. Ubiquitin at the crossroad of cell death and survival. Chin. J. Cancer 2013, 32, 640-647. [CrossRef] [PubMed]

3. Hwang,J,; Qi, L. Quality Control in the Endoplasmic Reticulum: Crosstalk between ERAD and UPR pathways. Trends Biochem.
Sci. 2018, 43, 593-605. [CrossRef] [PubMed]

4. Song, S Tan, ].; Miao, Y.; Zhang, Q. Crosstalk of ER stress-mediated autophagy and ER-phagy: Involvement of UPR and the core
autophagy machinery. J. Cell. Physiol. 2018, 233, 3867-3874. [CrossRef]

5. Qu, J.; Zou, T.; Lin, Z. The Roles of the Ubiquitin—Proteasome System in the Endoplasmic Reticulum Stress Pathway. Int. . Mol.
Sci. 2021, 22, 1526. [CrossRef]

6. Lindholm, D.; Korhonen, L.; Eriksson, O.; Koks, S. Recent Insights into the Role of Unfolded Protein Response in ER Stress in
Health and Disease. Front. Cell Dev. Biol. 2017, 5, 48-63. [CrossRef]

7. B’chir, W,; Maurin, A.-C.; Carraro, V.; Averous, J.; Jousse, C.; Muranishi, Y.; Parry, L.; Stepien, G.; Fafournoux, P.; Bruhat, A. The
elF2/ ATF4 pathway is essential for stress-induced autophagy gene expression. Nucleic Acids Res. 2013, 41, 7683-7699. [CrossRef]

8.  Reiss, Y.;; Gur, E.; Ravid, T. Releasing the Lockdown: An Emerging Role for the Ubiquitin-Proteasome System in the Breakdown
of Transient Protein Inclusions. Biomolecules 2020, 10, 1168. [CrossRef]

9.  Ding, W,; Yin, X. Sorting, recognition and activation of the misfolded protein degradation pathways through macroautophagy
and the proteasome. Autophagy 2008, 4, 141-150. [CrossRef]

10. Ji, C.H.; Kwon, Y.T. Crosstalk and Interplay between the Ubiquitin-Proteasome System and Autophagy. Mol. Cells 2017, 40,
441-449.

11.  Akutsu, M,; Dikic, I.; Bremm, A. Ubiquitin chain diversity at a glance. Cell Sci. Glance 2016, 129, 875-880. [CrossRef]

12.  Dantuma, N.P; Lindsten, K. Stressing the ubiquitin-proteasome system. Cardiovasc. Res. 2009, 85, 263—-271. [CrossRef]

13.  Kubota, H. Quality Control against Misfolded Proteins in the Cytosol: A Network for Cell Survival. J. Biochem. 2009, 146, 609-616.
[CrossRef]

14.  Ryu, H,; Ryu, K. Quantification of oxidative stress in live mouse embryonic fibroblasts by monitoring the responses of polyubig-
uitin genes. Biochem. Biophys. Res. Commun. 2011, 404, 470-475. [CrossRef]

15.  Marinovic, A.C.; Zheng, B.; Mitch, W.E.; Price, S.R. Ubiquitin (UbC) Expression in Muscle Cells Is Increased by Glucocorticoids
through a Mechanism Involving Sp1 and MEKT1. J. Biol. Chem. 2002, 277, 16673-16681. [CrossRef]

16. Lee, D.; Ryu, K.-Y. Effect of cellular ubiquitin levels on the regulation of oxidative stress response and proteasome function via
Nrfl. Biochem. Biophys. Res. Commun. 2017, 2, 234-240. [CrossRef]

17.  Kim, M.-N.; Choi, J.; Ryu, H.-W.; Ryu, K.-Y. Disruption of polyubiquitin gene UbC leads to attenuated resistance against
arsenite-induced toxicity in mouse embryonic fibroblasts. Biochim. Biophys. Acta 2015, 1853, 996-1009. [CrossRef] [PubMed]

18.  Bianchi, M.; Crinelli, R.; Arbore, V.; Magnani, M. Induction of ubiquitin C (UbC) gene transcription is mediated by HSF1: Role of

proteotoxic and oxidative stress. FEBS Open Bio 2018, 8, 1471-1485. [CrossRef]


http://doi.org/10.1177/0300985810385154
http://www.ncbi.nlm.nih.gov/pubmed/21062910
http://doi.org/10.5732/cjc.012.10283
http://www.ncbi.nlm.nih.gov/pubmed/23816559
http://doi.org/10.1016/j.tibs.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30056836
http://doi.org/10.1002/jcp.26137
http://doi.org/10.3390/ijms22041526
http://doi.org/10.3389/fcell.2017.00048
http://doi.org/10.1093/nar/gkt563
http://doi.org/10.3390/biom10081168
http://doi.org/10.4161/auto.5190
http://doi.org/10.1242/jcs.183954
http://doi.org/10.1093/cvr/cvp255
http://doi.org/10.1093/jb/mvp139
http://doi.org/10.1016/j.bbrc.2010.12.004
http://doi.org/10.1074/jbc.M200501200
http://doi.org/10.1016/j.bbrc.2017.02.105
http://doi.org/10.1016/j.bbamcr.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25701757
http://doi.org/10.1002/2211-5463.12484

Cells 2022, 11, 851 12 of 17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ryu, K.-Y,; Maehr, R; Gilchrist, C.A.; Long, M.A.; Bouley, D.M.; Mueller, B.; Ploegh, H.L.; Kopito, R.R. The mouse polyubiquitin
gene UbC is essential for fetal liver development, cell-cycle progression and stress tolerance. EMBO ]. 2007, 26, 2693-2706.
[CrossRef]

Hohfeld, J.; Cyr, D.M.; Patterson, C. From the cradle to the grave: Molecular chaperones that may choose between folding and
degradation. EMBO Rep. 2001, 2, 885-890. [CrossRef]

Kang, J.A ; Jeon, Y.J. How Is the Fidelity of Proteins Ensured in Terms of Both Quality and Quantity at the Endoplasmic Reticulum
Mechanistic Insights into E3 Ubiquitin Ligases. Int. ]. Mol. Sci. 2021, 22, 2078. [CrossRef] [PubMed]

Fang, S.; Ferrone, M.; Yang, C.; Jensen, J.P,; Tiwari, S.; Weissman, A.M. The Tumor Autocrine Motility Factor Receptor, gp78, is
a Ubiquitin Protein Ligase Implicated in Degradation from the Endoplasmic Reticulum. Proc. Natl. Acad. Sci. USA 2001, 98,
14422-14427. [CrossRef] [PubMed]

Ballar, P; Ors, A.U.; Yang, H.; Fang, S. Differential regulation of CFTRDeltaF508 degradation by ubiquitin ligases gp78 and Hrd1.
Int. J. Biochem. Cell. Biol. 2010, 1, 167-173. [CrossRef] [PubMed]

Liu, T-F; Tang, J.-].; Li, P-S.; Shen, Y.; Li, ].-G.; Miao, H.-H.; Li, B.-L.; Song, B.-L. Ablation of gp78 in liver improves hyperlipidemia
and insulin resistance by inhibiting SREBP to decrease lipid biosynthesis. Cell Metab. 2012, 2, 213-225. [CrossRef]

Omura, T.; Kaneko, M.; Okuma, Y.; Orba, Y.; Nagashima, K.; Takahashi, R.; Fujitani, N.; Matsumura, S.; Hata, A.; Kubota, K.; et al.
A ubiquitin ligase HRD1 promotes the degradation of Pael receptor, a substrate of Parkin. J. Neurochem. 2006, 99, 1456-1469.
[CrossRef]

Ron, I; Rapaport, D.; Horowitz, M. Interaction between parkin and mutant glucocerebrosidase variants: A possible link between
Parkinson disease and Gaucher disease. Hum. Mol. Genet. 2010, 19, 3771-3781. [CrossRef]

Lips, C.; Ritterhoff, T.; Weber, A.; Janowska, M.K,; Mustroph, M.; Sommer, T.; Klevit, RE. Who with whom: Functional
coordination of E2 enzymes by RING E3 ligases during poly-ubiquitylation. EMBO ]. 2020, 39, e104863. [CrossRef]

Gardner, R.G,; Shearer, A.G.; Hampton, R.Y. In Vivo Action of the HRD Ubiquitin Ligase Complex: Mechanisms of Endoplasmic
Reticulum Quality Control and Sterol Regulation. Mol. Cell. Biol. 2001, 21, 4276-4291. [CrossRef]

Yang, H.; Qiu, Q.; Gao, B.; Kong, S.; Lin, Z.; Fang, D. Hrd1-mediated BLIMP-1 ubiquitination promotes dendritic cell MHCII
expression for CD4 T cell priming during inflammation. J. Exp. Med. 2014, 211, 2467-2479. [CrossRef]

Sun, X.; Zhang, B.; Pan, X.; Huang, H.; Xie, Z.; Ma, Y.; Hu, B.; Wang, J.; Chen, Z.; Shi, P. Octyl itaconate inhibits osteoclastogenesis
by suppressing Hrd1 and activating Nrf2 signaling. FASEB ]. 2019, 33, 12929-12940. [CrossRef]

Fujita, H.; Yagishita, N.; Aratani, S.; Saito-Fujita, T.; Morota, S.; Yamano, Y.; Hansson, M.].; Inazu, M.; Kokuba, H.; Sudo, K; et al.
The E3 ligase synoviolin controls body weight and mitochondrial biogenesis through negative regulation of PGC-1f3. EMBO J.
2015, 34, 1042-1055. [CrossRef]

Shrestha, N.; Liu, T,; Ji, Y.; Reinert, R.B.; Torres, M.; Li, X.; Zhang, M.; Tang, C.-H.A.; Hu, C.-C.A,; Liu, C,; et al. SellL-Hrd1
ER-associated degradation maintains 3 cell identity via TGF-f signaling. J. Clin. Investig. 2020, 130, 3499-3510. [CrossRef]
Kikkert, M.; Doolman, R.; Dai, M.; Avner, R.; Hassink, G.; van Voorden, S.; Thanedar, S.; Roitelman, J.; Chau, V.; Wiertz, E. Human
HRD1 Is an E3 Ubiquitin Ligase Involved in Degradation of Proteins from the Endoplasmic Reticulum. J. Biol. Chem. 2004, 279,
3525-3534. [CrossRef]

Christianson, J.C.; Shaler, T.A.; Tyler, R.E.; Kopito, R.R. OS-9 and GRP94 deliver mutant «l-antitrypsin to the Hrd1-SEL1L
ubiquitin ligase complex for ERAD. Nat. Cell Biol. 2008, 10, 272-282. [CrossRef]

Yamasaki, S.; Yagishita, N.; Sasaki, T.; Nakazawa, M.; Kato, Y.; Yamadera, T.; Bae, E.; Toriyama, S.; Ikeda, R.; Zhang, L.; et al.
Cytoplasmic destruction of p53 by the endoplasmic reticulum-resident ubiquitin ligase ‘Synoviolin’. EMBO ]. 2007, 26, 113-122.
[CrossRef]

Kaneko, M.; Ishiguro, M.; Niinuma, Y.; Uesugi, M.; Nomura, Y. Human HRD1 protects against ER stress-induced apoptosis
through ER-associated degradationl. FEBS Lett. 2002, 532, 147-152. [CrossRef]

Moon, HW.; Han, H.G.; Jeon, Y.J. Protein Quality Control in the Endoplasmic Reticulum and Cancer. Int. . Mol. Sci. 2018, 19,
3020. [CrossRef]

Scott, N.A.; Sharpe, L.J.; Brown, A.]. The E3 ubiquitin ligase MARCHF6 as a metabolic integrator in cholesterol synthesis and
beyond. Biochim. et Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2020, 1866, 158837. [CrossRef]

Hassink, G.; Kikkert, M.; Van Voorden, S.; Lee, S.-].; Spaapen, R.; van Laar, T.; Coleman, C.S.; Bartee, E.; Friih, K.; Chau, V.; et al.
TEB4 is a C4HC3 RING finger-containing ubiquitin ligase of the endoplasmic reticulum. Biochem. |. 2005, 388, 647-655. [CrossRef]
Tan, ].M.; Van Der Stoel, M.M.; Berg, M.V.D.; Van Loon, N.M.; Moeton, M.; Scholl, E.; Van Der Wel, N.N.; Kovacevi¢, I;
Hordijk, PL.; Loregger, A.; et al. The MARCH6-SQLE Axis Controls Endothelial Cholesterol Homeostasis and Angiogenic
Sprouting. Cell Rep. 2020, 32, 107944. [CrossRef]

Gao, Y,; Xuan, C,; Jin, M.; An, Q.; Zhuo, B.; Chen, X.; Wang, L.; Wang, Y.; Sun, Q.; Shi, Y. Ubiquitin ligase RNF5 serves an
important role in the development of human glioma. Oncol. Lett. 2019, 18, 4659—-4666. [CrossRef]

Roy, S.J.; Glazkova, I; Fréchette, L.; Iorio-Morin, C.; Binda, C.; Pétrin, D.; Trieu, P,; Robitaille, M.; Angers, S.; Hébert, T.E.; et al.
Novel, Gel-free Proteomics Approach Identifies RNF5 and JAMP as Modulators of GPCR Stability. Mol. Endocrinol. 2013, 27,
1245-1266. [CrossRef]

Fang, Y.-C.; Fu, S.-].; Hsu, P-H.; Chang, P.-T.; Huang, J.-J.; Chiu, Y.-C,; Liao, Y.-F; Jow, G.-M.; Tang, C.-Y,; Jeng, C.-J. Identification
of MKRNT1 as a second E3 ligase for Eagl potassium channels reveals regulation via differential degradation. J. Biol. Chem. 2021,
296, 100484. [CrossRef]


http://doi.org/10.1038/sj.emboj.7601722
http://doi.org/10.1093/embo-reports/kve206
http://doi.org/10.3390/ijms22042078
http://www.ncbi.nlm.nih.gov/pubmed/33669844
http://doi.org/10.1073/pnas.251401598
http://www.ncbi.nlm.nih.gov/pubmed/11724934
http://doi.org/10.1016/j.biocel.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19828134
http://doi.org/10.1016/j.cmet.2012.06.014
http://doi.org/10.1111/j.1471-4159.2006.04155.x
http://doi.org/10.1093/hmg/ddq292
http://doi.org/10.15252/embj.2020104863
http://doi.org/10.1128/MCB.21.13.4276-4291.2001
http://doi.org/10.1084/jem.20140283
http://doi.org/10.1096/fj.201900887RR
http://doi.org/10.15252/embj.201489897
http://doi.org/10.1172/JCI134874
http://doi.org/10.1074/jbc.M307453200
http://doi.org/10.1038/ncb1689
http://doi.org/10.1038/sj.emboj.7601490
http://doi.org/10.1016/S0014-5793(02)03660-8
http://doi.org/10.3390/ijms19103020
http://doi.org/10.1016/j.bbalip.2020.158837
http://doi.org/10.1042/BJ20041241
http://doi.org/10.1016/j.celrep.2020.107944
http://doi.org/10.3892/ol.2019.10801
http://doi.org/10.1210/me.2013-1091
http://doi.org/10.1016/j.jbc.2021.100484

Cells 2022, 11, 851 13 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Gong, B.; Chen, F; Pan, Y.; Arrieta-Cruz, I; Yoshida, Y.; Haroutunian, V.; Pasinetti, G.M. SCFFbx2-E3-ligase-mediated degradation
of BACE1 attenuates Alzheimer’s disease amyloidosis and improves synaptic function. Aging Cell 2010, 9, 1018-1031. [CrossRef]
Yoshida, Y.; Chiba, T.; Tokunaga, F.; Kawasaki, H.; Iwai, K.; Suzuki, T; Ito, Y.; Matsuoka, K.; Yoshida, M.; Tanaka, K ; et al. E3
ubiquitin ligase that recognizes sugar chains. Nature 2002, 418, 438-442. [CrossRef]

Zhang, Y.-W.; Brognard, J.; Coughlin, C.; You, Z.; Dolled-Filhart, M.; Aslanian, A.; Manning, G.; Abraham, R.T.; Hunter, T,;
Zhang, Y.-W.; et al. The F Box Protein Fbx6 Regulates Chk1 Stability and Cellular Sensitivity to Replication Stress. Mol. Cell 2009,
35, 442-453. [CrossRef]

Hill, M.S.; Ruiz, A.; Schmitt, K.; Stephens, E.B. Identification of amino acids within the second alpha helical domain of the human
immunodeficiency virus type 1 Vpu that are critical for preventing CD4 cell surface expression. Virology 2009, 397, 104-112.
[CrossRef]

Tervo, HM.; Homann, S.; Ambiel, I; Fritz, J.V.; Fackler, O.T.; Keppler, O.T. 3-TrCP is dispensable for Vpu'’s ability to overcome
the CD317/ Tetherin-imposed restriction to HIV-1 release. Retrovirology 2011, 8, 9. [CrossRef]

Zhu, X.; Zhang, J.; Sun, H,; Jiang, C.; Dong, Y.; Shan, Q.; Su, S.; Xie, Y.; Xu, N.; Lou, X,; et al. Ubiquitination of Inositol-requiring
Enzyme 1 (IRE1) by the E3 Ligase CHIP Mediates the IRE1/TRAF2/JNK Pathway. J. Biol. Chem. 2014, 289, 30567-30577.
[CrossRef]

Seo, H.-R; Jeong, D.; Lee, S.; Lee, H.-S,; Lee, S.-A.; Kang, SSW.; Kwon, A.J. CHIP and BAP1 Act in Concert to Regulate INO80
Ubiquitination and Stability for DNA Replication. Mol. Cells 2021, 44, 101-115. [CrossRef]

Dickey, C.A ; Koren, J.; Zhang, Y.-].; Xu, Y.-E; Jinwal, U K,; Birnbaum, M.; Monks, B.; Sun, M.; Cheng, J.Q.; Patterson, C.; et al.
Akt and CHIP coregulate tau degradation through coordinated interactions. Proc. Natl. Acad. Sci. USA 2008, 105, 3622-3627.
[CrossRef] [PubMed]

Guo, X,; Shen, S.; Song, S.; He, S.; Cui, Y.; Xing, G.; Wang, J.; Yin, Y; Fan, L.; He, E,; et al. The E3 Ligase Smurfl Regulates Wolfram
Syndrome Protein Stability at the Endoplasmic Reticulum. J. Biol. Chem. 2011, 286, 18037-18047. [CrossRef] [PubMed]

Xia, Q.; Zhang, H.; Zhang, P; Li, Y.; Xu, M.; Li, X; Li, X.; Dong, L. Oncogenic Smurfl promotes PTEN wild-type glioblastoma
growth by mediating PTEN ubiquitylation. Oncogene 2020, 36, 5902-5915. [CrossRef] [PubMed]

Yen, L.; Cao, Z.; Wu, X,; Ingalla, E.R.Q.; Baron, C.; Young, L.].T.; Gregg, J.P.; Cardiff, R.D.; Borowsky, A.D.; Sweeney, C.; et al. Loss
of Nrdp1 enhances ErbB2/ErbB3-dependent breast tumor cell growth. Cancer Res. 2006, 23, 11279-11286. [CrossRef]

Puissant, A.; Fenouille, N.; Auberger, P. When autophagy meets cancer through p62/SQSTM1. Am. |. Cancer Res. 2012, 2, 397—-413.
Dikic, I.; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349-364.
[CrossRef]

Rashid, H.-O.; Yadav, R K.; Kim, H.-R.; Chae, H.-J. ER stress: Autophagy induction, inhibition and selection. Autophagy 2015, 11,
1956-1977. [CrossRef]

Zhao, ].; Zhai, B.; Gygi, S.P; Goldberg, A.L. mTOR inhibition activates overall protein degradation by the ubiquitin proteasome
system as well as by autophagy. Proc. Natl. Acad. Sci. USA 2015, 112, 15790-15797. [CrossRef]

Kim, J.; Kundu, M.; Viollet, B.; Guan, K.-L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulkl. Nat.
Cell Biol. 2011, 13, 132-141. [CrossRef]

Li, X.; He, S.; Ma, B. Autophagy and autophagy-related proteins in cancer. Mol. Cancer 2020, 19, 1-16. [CrossRef]

Shang, L.; Chen, S.; Du, F; Li, S.; Zhao, L.; Wang, X. Nutrient starvation elicits an acute autophagic response mediated by Ulk1
dephosphorylation and its subsequent dissociation from AMPK. Proc. Natl. Acad. Sci. USA 2011, 108, 4788-4793. [CrossRef]
Turco, E.; Savova, A.; Gere, F.; Ferrari, L.; Romanov, J.; Schuschnig, M.; Martens, S. Reconstitution defines the roles of p62, NBR1
and TAX1BP1 in ubiquitin condensate formation and autophagy initiation. Nat. Commun. 2021, 12, 1-16. [CrossRef]

Kocaturk, N.M.; Gozuacik, D. Crosstalk between Mammalian Autophagy and the Ubiquitin-Proteasome System. Front. Cell Dev.
Biol. 2018, 6, 128-154. [CrossRef]

Duran, A.; Amanchy, R,; Linares, ].E; Joshi, J.; Abu-Baker, S.; Porollo, A.; Hansen, M.; Moscat, J.; Diaz-Meco, M.T. p62 Is a Key
Regulator of Nutrient Sensing in the mTORC1 Pathway. Mol. Cell 2011, 44, 134-146. [CrossRef]

Linares, J.F,; Duran, A.; Yajima, T.; Pasparakis, M.; Moscat, J.; Diaz-Meco, M.T. K63 Polyubiquitination and Activation of mTOR
by the p62-TRAF6 Complex in Nutrient-Activated Cells. Mol. Cell 2013, 51, 283-296. [CrossRef]

Wang, J.; Qi, Q.; Zhou, W,; Feng, Z.; Huang, B.; Chen, A.; Zhang, D.; Li, W.; Zhang, Q.; Jiang, Z.; et al. Inhibition of glioma
growth by flavokawain B is mediated through endoplasmic reticulum stress induced autophagy. Autophagy 2018, 14, 2007-2022.
[CrossRef]

Garcia-Navas, R.; Munder, M.; Mollinedo, F. Depletion ofL-arginine induces autophagy as a cytoprotective response to endoplas-
mic reticulum stress in human T lymphocytes. Autophagy 2014, 8, 1557-1576. [CrossRef]

He, H.; Du, Z,; Lin, J.; Wu, W.; Yu, Y. DUSP4 inhibits autophagic cell death in PTC by inhibiting JNK-BCL2-Beclin1 signaling.
Biochem. Cell. Biol. 2021, 5, 554-561. [CrossRef]

Liu, F; Chang, L.; Hu, J. Activating transcription factor 6 regulated cell growth, migration and inhibiteds cell apoptosis and
autophagy via MAPK pathway in cervical cancer. J. Reprod. Immunol. 2020, 139, 103120. [CrossRef]

Rouschop, K.M.; Beucken, T.V.D.; Dubois, L.; Niessen, H.; Bussink, J.; Savelkouls, K.; Keulers, T.; Mujcic, H.; Landuyt, W,;
Voncken, J.W.; et al. The unfolded protein response protects human tumor cells during hypoxia through regulation of the
autophagy genes MAP1LC3B and ATGS5. J. Clin. Investig. 2010, 120, 120-127. [CrossRef]


http://doi.org/10.1111/j.1474-9726.2010.00632.x
http://doi.org/10.1038/nature00890
http://doi.org/10.1016/j.molcel.2009.06.030
http://doi.org/10.1016/j.virol.2009.10.048
http://doi.org/10.1186/1742-4690-8-9
http://doi.org/10.1074/jbc.M114.562868
http://doi.org/10.14348/molcells.2021.2258
http://doi.org/10.1073/pnas.0709180105
http://www.ncbi.nlm.nih.gov/pubmed/18292230
http://doi.org/10.1074/jbc.M111.225615
http://www.ncbi.nlm.nih.gov/pubmed/21454619
http://doi.org/10.1038/s41388-020-01400-1
http://www.ncbi.nlm.nih.gov/pubmed/32737433
http://doi.org/10.1158/0008-5472.CAN-06-2319
http://doi.org/10.1038/s41580-018-0003-4
http://doi.org/10.1080/15548627.2015.1091141
http://doi.org/10.1073/pnas.1521919112
http://doi.org/10.1038/ncb2152
http://doi.org/10.1186/s12943-019-1085-0
http://doi.org/10.1073/pnas.1100844108
http://doi.org/10.1038/s41467-021-25572-w
http://doi.org/10.3389/fcell.2018.00128
http://doi.org/10.1016/j.molcel.2011.06.038
http://doi.org/10.1016/j.molcel.2013.06.020
http://doi.org/10.1080/15548627.2018.1501133
http://doi.org/10.4161/auto.21315
http://doi.org/10.1139/bcb-2020-0636
http://doi.org/10.1016/j.jri.2020.103120
http://doi.org/10.1172/JCI40027

Cells 2022, 11, 851 14 of 17

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Margariti, A.; Li, H.; Chen, T.; Martin, D.; Vizcay-Barrena, G.; Alam, S.; Karamariti, E.; Xiao, Q.; Zampetaki, A.; Zhang, Z.; et al.
XBP1 mRNA Splicing Triggers an Autophagic Response in Endothelial Cells through BECLIN-1 Transcriptional Activation. J.
Biol. Chem. 2013, 288, 859-872. [CrossRef]

Nie, T.; Tao, K.; Zhu, L.; Huang, L.; Hu, S.; Yang, R.; Xu, P; Mao, Z.; Yang, Q. Chaperone-mediated autophagy controls the
turnover of E3 ubiquitin ligase MARCHF5 and regulates mitochondrial dynamics. Autophagy 2021, 17, 2923-2938. [CrossRef]
Dong, S.; Wang, Q.; Kao, Y.-R.; Diaz, A.; Tasset, I; Kaushik, S.; Thiruthuvanathan, V.; Zintiridou, A.; Nieves, E,;
Dzieciatkowska, M.; et al. Chaperone-mediated autophagy sustains haematopoietic stem-cell function. Nature 2021, 591,
117-123. [CrossRef]

Wang, E.; Yu, ].; Wong, S.H.; Cheng, A.; Chan, EK.; Ng, S.5.M.; Cho, C.H.; Sung, J.].Y.; Wu, WK. A novel crosstalk between two
major protein degradation systems. Autophagy 2013, 10, 1500-1508. [CrossRef]

Wilde, 1.B.; Brack, M.; Winget, ]. M.; Mayor, T. Proteomic Characterization of Aggregating Proteins after the Inhibition of the
Ubiquitin Proteasome System. ]. Proteome Res. 2011, 10, 1062-1072. [CrossRef]

Wojcik, S. Crosstalk between autophagy and proteasome protein degradation systems: Possible implications for cancer therapy.
Folia Histochem. Et Cytobiol. 2014, 51, 249-264. [CrossRef]

Ding, W.-X.; Ni, H.-M.; Gao, W.; Yoshimori, T.; Stolz, D.B.; Ron, D.; Yin, X.-M. Linking of Autophagy to Ubiquitin-Proteasome
System Is Important for the Regulation of Endoplasmic Reticulum Stress and Cell Viability. Am. J. Pathol. 2007, 171, 513-524.
[CrossRef]

Luan, Q.; Jin, L.; Jiang, C.C.; Tay, K.H.; Lai, E; Liu, X.Y.; Liu, Y.L.; Guo, S.T.; Li, C.Y,; Yan, X.G.; et al. RIPK1 regulates survival
of human melanoma cells upon endoplasmic reticulum stress through autophagy. Autophagy 2015, 11, 975-994. [CrossRef]
[PubMed]

Gardner, B.M.; Walter, P. Unfolded proteins are Irel-activating ligands that directly induce the unfolded protein response. Science
2011, 6051, 1891-1894. [CrossRef] [PubMed]

Ron, D.; Hubbard, S.R. How IRE1 reacts to ER stress. Cell 2008, 1, 24-26. [CrossRef] [PubMed]

Gade, P.; Manjegowda, S.B.; Nallar, S.C.; Maachani, U.B.; Cross, A.S.; Kalvakolanu, D.V. Regulation of the Death-Associated
Protein Kinase 1 Expression and Autophagy via ATF6 Requires Apoptosis Signal-Regulating Kinase 1. Mol. Cell. Biol. 2014, 34,
4033-4048. [CrossRef]

Milani, M.; Rzymski, T.; Mellor, H.R.; Pike, L.; Bottini, A.; Generali, D.; Harris, A. The Role of ATF4 Stabilization and Autophagy
in Resistance of Breast Cancer Cells Treated with Bortezomib. Cancer Res. 2009, 69, 4415-4423. [CrossRef]

Wu, WKK,; Wu, Y.C,; Yu, L,; Li, Z.].; Sung, ].].Y.; Cho, C.H. Induction of autophagy by proteasome inhibitor is associated with
proliferative arrest in colon cancer cells. Biochem. Biophys. Res. Commun. 2008, 2, 258-263. [CrossRef]

Wu, WK.K.; Volta, V.; Cho, C.H.; Wu, Y.C,; Li, H.T,; Yu, L.; Li, Z].; Sung, ].].Y. Repression of protein translation and mTOR
signaling by proteasome inhibitor in colon cancer cells. Biochem. Biophys. Res. Commun. 2009, 4, 598-601. [CrossRef]

Wu, WK.K; Cho, C.H,; Lee, CW.; Wu, K,; Fan, D.; Yu, ].; Sung, ].].Y. Proteasome inhibition: A new therapeutic strategy to cancer
treatment. Cancer Lett. 2010, 1, 15-22. [CrossRef]

Gao, Z.; Gammoh, N.; Wong, P.-M.; Erdjument-Bromage, H.; Tempst, P; Jiang, X. Processing of autophagic protein LC3 by the 20S
proteasome. Autophagy 2010, 1, 126-137. [CrossRef]

Choe, ].-Y; Jung, H.-Y,; Park, K.-Y.; Kim, S.-K. Enhanced p62 expression through impaired proteasomal degradation is involved in
caspase-1 activation in monosodium urate crystal-induced interleukin-1 expression. Rheumatology 2014, 53, 1043-1053. [CrossRef]
Liu, WJ.; Ye, L.; Huang, W.E,; Guo, LJ.; Xu, Z.G.; Wu, H.L,; Yang, C.; Liu, H.F. p62 links the autophagy pathway and the
ubiqutin—-proteasome system upon ubiquitinated protein degradation. Cell. Mol. Biol. Lett. 2016, 21, 29. [CrossRef]

Fusco, C.; Micale, L.; Egorov, M.; Monti, M.; D’Addetta, E.V.; Augello, B.; Cozzolino, F; Calcagni, A.; Fontana, A,
Polishchuk, R.S.; et al. The E3-ubiquitin ligase TRIMS50 interacts with HDAC6 and p62, and promotes the sequestration and
clearance of ubiquitinated proteins into the aggresome. PLoS ONE 2012, 7, e40440. [CrossRef]

Jain, A.; Lamark, T.; Sjettem, E.; Bowitz Larsen, K.; Atesoh Awuh, J.; @vervatn, A.; McMahon, M.; Hayes, ].D.; Johansen, T.
p62/SQSTM1 Is a Target Gene for Transcription Factor NRF2 and Creates a Positive Feedback Loop by Inducing Antioxidant
Response Element-driven Gene Transcription. J. Biol. Chem. 2010, 285, 22576-22591. [CrossRef]

Lim, J.; Lachenmayer, M.L.; Wu, S.; Liu, W.; Kundu, M.; Wang, R.; Komatsu, M.; Oh, Y.J.; Zhao, Y.; Yue, Z. Proteotoxic Stress
Induces Phosphorylation of p62/SQSTM1 by ULK1 to Regulate Selective Autophagic Clearance of Protein Aggregates. PLoS
Genet. 2015, 11, €1004987. [CrossRef] [PubMed]

Kulka, L.A.M.; Fangmann, P.-V,; Panfilova, D.; Olzscha, H. Impact of HDAC Inhibitors on Protein Quality Control Systems:
Consequences for Precision Medicine in Malignant Disease. Front. Cell Dev. Biol. 2020, 8, 425. [CrossRef]

Wu, WK,; Sakamoto, KM.; Milani, M.; Aldana-Masankgay, G.; Fan, D.; Wu, K; Lee, CW.; Cho, C.H.; Yu, J.; Sung, ]J.J.
Macroautophagy modulates cellular response to proteasome inhibitors in cancer therapy. Drug Resist. Updates 2010, 13, 87-92.
[CrossRef]

Kawaguchi, Y.; Kovacs, J.J.; McLaurin, A.; Vance, ] M.; Ito, A.; Yao, T.-P. The deacetylase HDAC6 regulates aggresome formation
and cell viability in response to misfolded protein stress. Cell 2003, 115, 727-738. [CrossRef]

Behl, C. BAG3 and friends: Co-chaperones in selective autophagy during aging and disease. Autophagy 2011, 7, 795-798.
[CrossRef]


http://doi.org/10.1074/jbc.M112.412783
http://doi.org/10.1080/15548627.2020.1848128
http://doi.org/10.1038/s41586-020-03129-z
http://doi.org/10.4161/auto.25573
http://doi.org/10.1021/pr1008543
http://doi.org/10.5603/FHC.2013.0036
http://doi.org/10.2353/ajpath.2007.070188
http://doi.org/10.1080/15548627.2015.1049800
http://www.ncbi.nlm.nih.gov/pubmed/26018731
http://doi.org/10.1126/science.1209126
http://www.ncbi.nlm.nih.gov/pubmed/21852455
http://doi.org/10.1016/j.cell.2007.12.017
http://www.ncbi.nlm.nih.gov/pubmed/18191217
http://doi.org/10.1128/MCB.00397-14
http://doi.org/10.1158/0008-5472.CAN-08-2839
http://doi.org/10.1016/j.bbrc.2008.07.031
http://doi.org/10.1016/j.bbrc.2009.06.080
http://doi.org/10.1016/j.canlet.2009.12.002
http://doi.org/10.4161/auto.6.1.10928
http://doi.org/10.1093/rheumatology/ket474
http://doi.org/10.1186/s11658-016-0031-z
http://doi.org/10.1371/journal.pone.0040440
http://doi.org/10.1074/jbc.M110.118976
http://doi.org/10.1371/journal.pgen.1004987
http://www.ncbi.nlm.nih.gov/pubmed/25723488
http://doi.org/10.3389/fcell.2020.00425
http://doi.org/10.1016/j.drup.2010.04.003
http://doi.org/10.1016/S0092-8674(03)00939-5
http://doi.org/10.4161/auto.7.7.15844

Cells 2022, 11, 851 15 of 17

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Gamerdinger, M.; Hajieva, P; Kaya, A.M.; Wolfrum, U.; Hartl, EU.; Behl, C. Protein quality control during aging involves
recruitment of the macroautophagy pathway by BAG3. EMBO ]. 2009, 28, 889-901. [CrossRef]

Cohen-Kaplan, V.; Livneh, I; Avni, N.; Cohen-Rosenzweig, C.; Ciechanover, A. The ubiquitin-proteasome system and autophagy:
Coordinated and independent activities. Int. J. Biochem. Cell Biol. 2016, 79, 403—418. [CrossRef]

Korolchuk, V.; Mansilla, A.; Menzies, EM.; Rubinsztein, D.C. Autophagy inhibition compromises degradation of ubiquitin-
proteasome pathway substrates. Mol. Cell 2009, 4, 517-527. [CrossRef]

Takahashi, M.; Kitaura, H.; Kakita, A.; Kakihana, T.; Katsuragi, Y.; Nameta, M.; Zhang, L.; Iwakura, Y.; Nawa, H.; Higuchi, M.; et al.
USP10 Is a Driver of Ubiquitinated Protein Aggregation and Aggresome Formation to Inhibit Apoptosis. iScience 2018, 9, 433-450.
[CrossRef]

Alves da Costa, C.; El Manaa, W.; Duplan, E.; Checler, F. The Endoplasmic Reticulum Stress/Unfolded Protein Response and
Their Contributions to Parkinson’s Disease Physiopathology. Cells 2020, 9, 2495. [CrossRef]

Du, X.-Y;; Xie, X.-X,; Liu, R.-T. The Role of a-Synuclein Oligomers in Parkinson’s Disease. Int. ]. Mol. Sci. 2020, 21, 8645. [CrossRef]
[PubMed]

Colla, E. Linking the Endoplasmic Reticulum to Parkinson’s Disease and Alpha-Synucleinopathy. Front. Neurosci. 2019, 13, 560.
[CrossRef] [PubMed]

Davies, S.E.; Hallett, PJ.; Moens, T.; Smith, G.; Mangano, E.; Kim, H.T.; Goldberg, A.L.; Liu, J.-L.; Isacson, O.; Tofaris, G.K.
Enhanced ubiquitin-dependent degradation by Nedd4 protects against a-synuclein accumulation and toxicity in animal models
of Parkinson’s disease. Neurobiol. Dis. 2014, 100, 79-87. [CrossRef] [PubMed]

Wasner, K.; Griinewald, A.; Klein, C. Parkin-linked Parkinson’s disease: From clinical insights to pathogenic mechanisms and
novel therapeutic approaches. Neurosci. Res. 2020, 159, 34-39. [CrossRef]

Brahmachari, S.; Lee, S.; Kim, S.; Yuan, C.; Karuppagounder, S.S.; Ge, P,; Shi, R.; Kim, E.J.; Liu, A.; Kim, D.; et al. Parkin interacting
substrate zinc finger protein 746 is a pathological mediator in Parkinson’s disease. Brian 2019, 8, 2380-2401. [CrossRef]

Ding, D.; Ao, X,; Liu, Y.; Wang, Y.-Y.; Fa, H.-G.; Wang, M.-Y.; He, Y.-Q.; Wang, ].-X. Post-translational modification of Parkin and
its research progress in cancer. Cancer Commun. 2019, 1, 77. [CrossRef]

Ashkenazi, A.; Bento, C.F; Ricketts, T.; Vicinanza, M.; Siddiqi, F; Pavel, M.; Squitieri, F.; Hardenberg, M.; Imarisio, S.;
Menzies, EM,; et al. Polyglutamine tracts regulate beclin 1-dependent autophagy. Nature 2017, 7652, 108-111. [CrossRef]

Jin, S,; Tian, S.; Chen, Y.; Zhang, C.; Xie, W.; Xia, X.; Cui, J.; Wang, R. USP19 modulates autophagy and antiviral immune responses
by deubiquitinating Beclin-1. EMBO J. 2016, 8, 866-880. [CrossRef]

Budzik, ].M.; Swaney, D.L.; Jimenez-Morales, D.; Johnson, J.R.; Garelis, N.E.; Repasy, T.; Roberts, A.W.; Popov, L.M.; Parry, T.].;
Pratt, D.; et al. Dynamic post-translational modification profiling of Mycobacterium tuberculosisinfected primary macrophages.
eLife 2020, 9, e51461. [CrossRef]

Wang, M.; Kaufman, R.J. Protein misfolding in the endoplasmic reticulum as a conduit to human disease. Nature 2016, 529,
326-335. [CrossRef]

Lin, Y,; Jiang, M.; Chen, W.; Zhao, T.; Wei, Y. Cancer and ER stress: Mutual crosstalk between autophagy, oxidative stress and
inflammatory response. Biomed. Pharmacother. 2019, 118, 109249-109258. [CrossRef]

Wang, P; Han, L.; Yu, M,; Cao, Z.; Li, X;; Shao, Y.; Zhu, G. The Prognostic Value of PERK in Cancer and Its Relationship with
Immune Cell Infiltration. Front. Mol. Biosci. 2021, 8, 648752-648765. [CrossRef]

Iwawaki, T.; Akai, R.; Yamanaka, S.; Kohno, K. Function of IRE1 Alpha in the Placenta Is Essential for Placental Development and
Embryonic Viability. Proc. Natl. Acad. Sci. USA 2009, 106, 16657-16662. [CrossRef]

Wang, Y.; Alam, G.N.; Ning, Y.; Visioli, F.; Dong, Z.; Nor, J.E.; Polverini, PJ. The Unfolded Protein Response Induces the
Angiogenic Switch in Human Tumor Cells through the PERK/ATF4 Pathway. Cancer Res. 2012, 72, 5396-5406. [CrossRef]
Coker-Gurkan, A.; Ayhan-Sahin, B.; Keceloglu, G.; Obakan-Yerlikaya, P.; Arisan, E.-D.; Palavan-Unsal, N. Atiprimod induce
apoptosis in pituitary adenoma: Endoplasmic reticulum stress and autophagy pathways. . Cell. Biochem. 2019, 120, 19749-19763.
[CrossRef]

Chen, X,; lliopoulos, D.; Zhang, Q.; Tang, Q.; Greenblatt, M.B.; Hatziapostolou, M.; Lim, E.; Tam, W.L.; Ni, M.; Chen, Y.; et al.
XBP1 promotes triple-negative breast cancer by controlling the HIF1a pathway. Nature 2014, 508, 103-107. [CrossRef]
Cubillos-Ruiz, J.R.; Silberman, P.C.; Rutkowski, M.R.; Chopra, S.; Perales-Puchalt, A.; Song, M.; Zhang, S.; Bettigole, S.E.;
Gupta, D.; Holcomb, K.; et al. ER Stress Sensor XBP1 Controls Anti-tumor Immunity by Disrupting Dendritic Cell Homeostasis.
Cell 2015, 7, 1527-1538. [CrossRef]

Luo, Q.; Shi, W,; Dou, B.; Wang, J.; Peng, W.; Liu, X.; Zhao, D.; Tang, F.; Wu, Y.; Li, X,; et al. XBP1-IGFBP3 Signaling Pathway
Promotes NSCLC Invasion and Metastasis. Front. Oncol. 2021, 11, 654995. [CrossRef]

Meng, J.; Liu, K,; Shao, Y.; Feng, X.; Ji, Z.; Chang, B.; Wang, Y.; Xu, L.; Yang, G. ID1 confers cancer cell chemoresistance through
STAT3/ATF6-mediated induction of autophagy. Cell Death Dis. 2020, 11, 137-152. [CrossRef]

Spaan, C.N.; Smit, W.L.; Jeude, ].EV.L.D.; Meijer, B.J.; Muncan, V.; Brink, G.R.V.D.; Heijmans, J. Expression of UPR effector
proteins ATF6 and XBP1 reduce colorectal cancer cell proliferation and stemness by activating PERK signaling. Cell Death Dis.
2019, 10, 490. [CrossRef]

Jia, Z.; Wang, M; Li, S.; Li, X; Bai, X.-Y.; Xu, Z.; Yang, Y,; Li, B.; Li, Y.; Wu, H. 2U-box ubiquitin ligase PPIL2 suppresses breast
cancer invasion and metastasis by altering cell morphology and promoting SNAI1 ubiquitination and degradation. Cell Death Dis.
2018, 9, 63. [CrossRef] [PubMed]


http://doi.org/10.1038/emboj.2009.29
http://doi.org/10.1016/j.biocel.2016.07.019
http://doi.org/10.1016/j.molcel.2009.01.021
http://doi.org/10.1016/j.isci.2018.11.006
http://doi.org/10.3390/cells9112495
http://doi.org/10.3390/ijms21228645
http://www.ncbi.nlm.nih.gov/pubmed/33212758
http://doi.org/10.3389/fnins.2019.00560
http://www.ncbi.nlm.nih.gov/pubmed/31191239
http://doi.org/10.1016/j.nbd.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24388974
http://doi.org/10.1016/j.neures.2020.09.001
http://doi.org/10.1093/brain/awz172
http://doi.org/10.1186/s40880-019-0421-5
http://doi.org/10.1038/nature22078
http://doi.org/10.15252/embj.201593596
http://doi.org/10.7554/eLife.51461
http://doi.org/10.1038/nature17041
http://doi.org/10.1016/j.biopha.2019.109249
http://doi.org/10.3389/fmolb.2021.648752
http://doi.org/10.1073/pnas.0903775106
http://doi.org/10.1158/0008-5472.CAN-12-0474
http://doi.org/10.1002/jcb.29281
http://doi.org/10.1038/nature13119
http://doi.org/10.1016/j.cell.2015.05.025
http://doi.org/10.3389/fonc.2021.654995
http://doi.org/10.1038/s41419-020-2327-1
http://doi.org/10.1038/s41419-019-1729-4
http://doi.org/10.1038/s41419-017-0094-4
http://www.ncbi.nlm.nih.gov/pubmed/29352246

Cells 2022, 11, 851 16 of 17

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

Karin, M.; Ben-Neriah, Y. Phosphorylation meets ubiquitination: The control of NF-[kappa]B activity. Annu. Rev. Immunol. 2000,
18, 621-663. [CrossRef] [PubMed]

Zhao, X.; Huo, R; Yan, X.; Xu, T. IRF3 Negatively Regulates Toll-Like Receptor-Mediated NF-«B Signaling by Targeting TRIF for
Degradation in Teleost Fish. Front. Immunol. 2018, 9, 867. [CrossRef] [PubMed]

Sakamoto, H.; Egashira, S.; Saito, N.; Kirisako, T.; Miller, S.; Sasaki, Y.; Matsumoto, T.; Shimonishi, M.; Komatsu, T.; Terai, T.; et al.
Gliotoxin suppresses NF-«B activation by selectively inhibiting linear ubiquitin chain assembly complex (LUBAC). ACS Chem.
Biol. 2015, 3, 675-681. [CrossRef]

Wu, L; He, Y;; Hu, Y;; Lu, H,; Cao, Z; Yi, X,; Wang, ]. Real-time surface plasmon resonance monitoring of site-specific
phosphorylation of p53 protein and its interaction with MDM?2 protein. Analyst 2019, 144, 6033—6040. [CrossRef]

Tu, Y,; Chen, C; Pan, J.; Xu, J.; Zhou, Z.-G.; Wang, C.-Y. The Ubiquitin Proteasome Pathway (UPP) in the regulation of cell cycle
control and DNA damage repair and its implication in tumorigenesis. Int. J. Clin. Exp. Pathol. 2012, 5, 726-738.

Grim, J.E.; Knoblaugh, S.E.; Guthrie, K.A.; Hagar, A.; Swanger, ].; Hespelt, J.; Delrow, J.J.; Small, T.; Grady, W.M.; Nakayama,
K.I. Fbw7 and p53 cooperatively suppress advanced and chromosomally unstable intestinal cancer. Mol. Cell. Biol. 2012, 11,
2160-2167. [CrossRef]

Fischer, E.S.; Bohm, K.; Lydeard, J.R.; Yang, H.; Stadler, M.B.; Cavadini, S.; Nagel, J.; Serluca, F.; Acker, V.; Lingaraju, G.M.
Structure of the DDB1-CRBN E3 ubiquitin ligase in complex with thalidomide. Nature 2014, 7512, 49-53. [CrossRef]

Senft, D.; Qi, J.; Ronai, Z. Ubiquitin ligases in oncogenic transformation and cancer therapy. Nat. Rev. Cancer 2018, 18, 69-88.
[CrossRef]

Hirata, Y.; Katagiri, K.; Nagaoka, K.; Morishita, T.; Kudoh, Y.; Hatta, T.; Naguro, L.; Kano, K.; Udagawa, T.; Natsume, T.; et al.
TRIM48 Promotes ASK1 Activation and Cell Death through Ubiquitination-Dependent Degradation of the ASK1-Negative
Regulator PRMT1. Cell Rep. 2017, 9, 2447-2457. [CrossRef]

Zeng, T.; Wang, Q.; Fu, J.; Lin, Q.; Bi, J.; Ding, W.; Qiao, Y.; Zhang, S.; Zhao, W.; Lin, H.; et al. Impeded Nedd4-1-mediated Ras
degradation underlies Ras-driven tumorigenesis. Cell Rep. 2014, 7, 871-882. [CrossRef]

Hong, S.-W.; Jin, D.-H.; Shin, ]J.-S.; Moon, J.-H.; Na, Y.-S.; Jung, K.-A.; Kim, 5.-M.; Kim, ]J.C.; Kim, K.-P.; Hong, Y.S.; et al. Ring
finger protein 149 is an E3 ubiquitin ligase active on wild-type v-Raf murine sarcoma viral oncogene homolog B1 (BRAF). J. Biol.
Chem. 2012, 28, 24017-24025. [CrossRef]

Brahimi-Horn, C.; Pouysségur, J. When hypoxia signalling meets the ubiquitin-proteasomal pathway, new targets for cancer
therapy. Crit. Rev. Oncol. Hematol. 2005, 53, 115-123. [CrossRef]

Rashid, M.; Zadeh, L.R; Baradaran, B.; Molavi, O.; Ghesmati, Z.; Sabzichi, M.; Ramezani, F. Up-down regulation of HIF-1x in
cancer progression. Gene 2021, 798, 145796. [CrossRef]

Buratti, J.; Ji, L.; Keren, B.; Lee, Y.; Booke, S.; Erdin, S.; Kim, S.Y.; Palculict, T.B.; Meiner, V.; Chae, ].H.; et al. De novo variants
inSIAH1, encoding an E3 ubiquitin ligase, are associated with developmental delay, hypotonia and dysmorphic features. J. Med.
Genet. 2021, 58, 205-212. [CrossRef]

Ji, L.; Jiang, B.; Jiang, X.; Charlat, O.; Chen, A.; Mickanin, C.; Bauer, A.; Xu, W.; Yan, X.; Cong, F. The SIAH E3 ubiquitin ligases
promote Wnt/ 3-catenin signaling through mediating Wnt-induced Axin degradation. Genes Dev. 2017, 31, 904-915. [CrossRef]
Datta, K.; Suman, S.; Kumar, S.; Fornace, A J., Jr. Colorectal Carcinogenesis, Radiation Quality, and the Ubiquitin-Proteasome
Pathway. J. Cancer 2016, 7, 174-183. [CrossRef]

Kuchay, S.; Duan, S.; Schenkein, E.; Peschiaroli, A.; Saraf, A.; Florens, L.; Washburn, M.; Pagano, M. FBXL2- and PTPL1-mediated
degradation of p110-free p85p regulatory subunit controls the PI(3)K signalling cascade. Nat. Cell. Biol. 2013, 5, 472-480.
[CrossRef]

Gupta, A.; Anjomani-Virmouni, S.; Koundouros, N.; Dimitriadi, M.; Choo-Wing, R.; Valle, A.; Zheng, Y.; Chiu, Y.-H.; Agnihotri, S,;
Zadeh, G.; et al. PARK2 depletion connects energy and oxidative stress to PI3K/Akt activation via PTEN S-nitrosylation. Mol.
Cell 2017, 65, 999-1013.e7. [CrossRef]

Chan, C.-H,; Li, C.-F; Yang, W.-L.; Gao, Y.; Lee, S.-W.; Feng, Z.; Huang, H.-Y.; Tsai, K.K.C.; Flores, L.G.; Shao, Y.; et al. The
Skp2-SCF E3 ligase regulates Akt ubiquitination, glycolysis, herceptin sensitivity, and tumorigenesis. Cell 2012, 149, 1098-1111.
[CrossRef]

Yang, W.-L.; Wang, J.; Chan, C.-H.; Lee, S.-W.; Campos, A.D.; Lamothe, B.; Hur, L.; Grabiner, B.C.; Lin, X.; Darnay, B.G; et al. The
E3 ligase TRAF6 regulates Akt ubiquitination and activation. Science 2009, 5499, 1134-1138. [CrossRef] [PubMed]

Duan, S.; Skaar, ].R.; Kuchay, S.; Toschi, A.; Kanarek, N.; Ben-Neriah, Y.; Pagano, M. mTOR generates an auto-amplification loop
by triggering the BTrCP- and CK1xdependent degradation of DEPTOR. Mol. Cell. 2011, 2, 317-324. [CrossRef] [PubMed]
Eskelinen, E.-L. The dual role of autophagy in cancer. Curr. Opin. Pharm. 2011, 4, 294-300. [CrossRef]

Jin, S.; Wei, J; You, L.; Liu, H.; Qian, W. Autophagy regulation and its dual role in blood cancers: A novel target for therapeutic
development (Review). Oncol. Rep. 2018, 6, 2473-2481. [CrossRef] [PubMed]

Rao, S.; Tortola, L.; Perlot, T.; Wirnsberger, G.; Novatchkova, M.; Nitsch, R.; Sykacek, P; Frank, L.; Schramek, D
Komnenovic, V;;etal. A dual role for autophagy in a murine model of lung cancer. Nat. Commun. 2014, 5, 3056-3070.
[CrossRef]

Wu, J.; Wu, Y,; Lian, X. Targeted inhibition of GRP78 by HA15 promotes apoptosis of lung cancer cells accompanied by ER stress
and autophagy. Biol. Open 2020, 11, bi0053298. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev.immunol.18.1.621
http://www.ncbi.nlm.nih.gov/pubmed/10837071
http://doi.org/10.3389/fimmu.2018.00867
http://www.ncbi.nlm.nih.gov/pubmed/29755465
http://doi.org/10.1021/cb500653y
http://doi.org/10.1039/C9AN01121H
http://doi.org/10.1128/MCB.00305-12
http://doi.org/10.1038/nature13527
http://doi.org/10.1038/nrc.2017.105
http://doi.org/10.1016/j.celrep.2017.11.007
http://doi.org/10.1016/j.celrep.2014.03.045
http://doi.org/10.1074/jbc.M111.319822
http://doi.org/10.1016/j.critrevonc.2004.09.003
http://doi.org/10.1016/j.gene.2021.145796
http://doi.org/10.1136/jmedgenet-2019-106335
http://doi.org/10.1101/gad.300053.117
http://doi.org/10.7150/jca.13387
http://doi.org/10.1038/ncb2731
http://doi.org/10.1016/j.molcel.2017.02.019
http://doi.org/10.1016/j.cell.2012.02.065
http://doi.org/10.1126/science.1175065
http://www.ncbi.nlm.nih.gov/pubmed/19713527
http://doi.org/10.1016/j.molcel.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22017877
http://doi.org/10.1016/j.coph.2011.03.009
http://doi.org/10.3892/or.2018.6370
http://www.ncbi.nlm.nih.gov/pubmed/29658589
http://doi.org/10.1038/ncomms4056
http://doi.org/10.1242/bio.053298
http://www.ncbi.nlm.nih.gov/pubmed/33115703

Cells 2022, 11, 851 17 of 17

147.

148.

149.

150.

151.

152.

Zong, H.; Yin, B.; Zhou, H.; Cai, D.; Ma, B.; Xiang, Y. Inhibition of mTOR pathway attenuates migration and invasion of
gallbladder cancer via EMT inhibition. Mol. Biol. Rep. 2014, 7, 4507-4512. [CrossRef]

Hanzhi, C.; Cui, H,; Kang, L.; Zhang, X; Jin, Z.; Lu, L.; Fan, Z. Metformin inhibits thyroid cancer cell growth, migration, and EMT
through the mTOR pathway. Tumour Biol. 2015, 8, 6295-6304.

Guo, S.; Liang, X.; Guo, M.; Zhang, X.; Li, Z. Migration inhibition of water stress proteins from Nostoc commune Vauch via
activation of autophagy in DLD-1 cells. Int. J. Biol. Macromol. 2018, 119, 669-676. [CrossRef]

Huang, H.; Song, J.; Liu, Z.; Pan, L.; Xu, G. Autophagy activation promotes bevacizumab resistance in glioblastoma by suppressing
Akt/mTOR signaling pathway. Oncol. Lett. 2016, 2, 1487-1494. [CrossRef]

Cufi, S.; Vazquez-Martin, A.; Oliveras-Ferraros, C.; Corominas-Faja, B.; Cuyas, E.; Lopez-Bonet, E.; Martin-Castillo, B.; Joven, J.;
Menendez, ].A. The anti-malarial chloroquine overcomes primary resistance and restores sensitivity to trastuzumab in HER2-
positive breast cancer. Sci. Rep. 2013, 3, 2469. [CrossRef]

Culfi, S.; Vazquez-Martin, A.; Oliveras-Ferraros, C.; Corominas-Faja, B.; Urruticoechea, A.; Martin-Castillo, B.; Menendez, J.A.
Autophagy-related gene 12 (ATG12) is a novel determinant of primary resistance to HER2-targeted therapies: Ultility of transcrip-
tome analysis of the autophagy interactome to guide breast cancer treatment. Oncotarget 2012, 12, 1600-1614. [CrossRef]


http://doi.org/10.1007/s11033-014-3321-4
http://doi.org/10.1016/j.ijbiomac.2018.07.188
http://doi.org/10.3892/ol.2017.7446
http://doi.org/10.1038/srep02469
http://doi.org/10.18632/oncotarget.742

	Introduction 
	Ubiquitin Pool 
	UPS 
	Mechanism of UPS 
	Molecular Chaperones and Ubiquitin E3 Ligases Involved in Cell 

	Autophagy 
	Mechanisms of Autophagy 
	Cargo Receptors of Autophagy 
	UPR and Autophagy 
	Chaperone-Mediated Autophagy 

	Crosstalk between UPS and Autophagy 
	UPR Mediates Crosstalk between UPS and Autophagy 
	Proteasome Inhibitors Regulates Proteins Involved in Autophagy 
	Inhibition of Autophagy Affects UPS 

	UPS and Autophagy in Disease 
	Neurodegenerative Disease 
	Cancers 
	UPR and Cancers 
	UPS and Cancers 
	Autophagy and Cancer 


	Conclusions 
	References

