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Keywords:
Ubiquitin Proteasome System (UPS) is an adaptable and finely tuned system that sustains proteostasis
network under a large variety of physiopathological conditions. Its dysregulation is often associated
with the onset and progression of human diseases; hence, UPS modulation has emerged as a promising
new avenue for the development of treatments of several relevant pathologies, such as cancer and neu-
rodegeneration. The clinical interest in proteasome inhibition has considerably increased after the FDA
approval in 2003 of bortezomib for relapsed/refractory multiple myeloma, which is now used in the
front-line setting. Thereafter, two other proteasome inhibitors (carfilzomib and ixazomib), designed to
overcome resistance to bortezomib, have been approved for treatment-experienced patients, and a vari-
ety of novel inhibitors are currently under preclinical and clinical investigation not only for haematolog-
ical malignancies but also for solid tumours. However, since UPS collapse leads to toxic misfolded
proteins accumulation, proteasome is attracting even more interest as a target for the care of neurode-
generative diseases, which are sustained by UPS impairment. Thus, conceptually, proteasome activation
represents an innovative and largely unexplored target for drug development. According to a multidisci-
plinary approach, spanning from chemistry, biochemistry, molecular biology to pharmacology, this re-
view will summarize the most recent available literature regarding different aspects of proteasome
biology, focusing on structure, function and regulation of proteasome in physiological and pathological
processes, mostly cancer and neurodegenerative diseases, connecting biochemical features and clinical
studies of proteasome targeting drugs.
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1. Introduction

Under physiological conditions human cells express approxi-
mately 10,000 proteins that must be properly folded to carry out
their biological functions (Klaips, Jayaraj, & Hartl, 2018; Kulak,
Geyer, & Mann, 2017). To comply with their role, some proteins re-
tain a certain degree of structural flexibility which may render
them more prone to misfolding and aggregation (Chiti & Dobson,
2006; Ciechanover & Kwon, 2017). When proteins unfold, as a con-
sequence of aging and/or environmental stress, or else are no func-
tionally required, they undergo degradation to limit the threat
raised by their maintenance (Klaips et al., 2018). Thus, proteome fi-
delity (proteostasis) is achieved through a complex and multi-
subcellular compartments network, which coordinates synthesis,
folding, conformational upkeep and degradation (Labbadia &
Morimoto, 2015; Powers, Morimoto, Dillin, Kelly, & Balch, 2009).

Finding a universal definition of the proteostasis network (PN),
which would encompass the structural composition, hierarchical orga-
nization and dynamics of recruitment ofmain actors is particularly chal-
lenging, mostly because the expression and the activity of many PN
factors are tailored depending on the different physiological stimuli
the cell may experience in the context of its tissue microenvironment.
PN properties can be altered by physio-pathological and multi-
factorial phenomena (e.g., aging and/or environmental stress), or by
mutations in PN components, which may lead to the onset/progression
of different pathologies, including cancer, neurodegenerative disorders
or other genetic diseases sustained by altered proteostasis (Balch,
Morimoto, Dillin, & Kelly, 2008; Labbadia & Morimoto, 2015; Powers
et al., 2009).

A general and widely accepted view of the PN encompasses
three major branches, namely: 1) protein synthesis, which adjusts the
level of bulk proteins to cell demands; 2) protein folding, which is me-
diated by a vast repertoire of chaperones (now referred to as
“chaperome”); 3) protein degradation, which allows the proteolytic re-
moval of undesired proteins through two main intracellular proteolytic
systems, namely Ubiquitin-Proteasome-System (UPS) and autophagy
(Ciechanover & Kwon, 2017; Klaips et al., 2018; Sala, Bott, &
Morimoto, 2017). Furthermore, a myriad of regulatory proteins (such
as transcription and metabolic factors, chromatin remodelling factors,
and regulators of posttranslational modifications) act as PN auxiliary
and coordinate the cross-talk between the PN compartments account-
ing for the afore mentioned plasticity of the PN (Klaips et al., 2018;
Labbadia & Morimoto, 2015).

Therefore, unlike early scientists, who considered proteins
essentially stable and prone to only a minor “wear and tear”
(Schoenheimer, 1946; Schoenheimer, Ratner, & Rittenberg, 1939;
Thibaudeau& Smith, 2019), it is nowknown that proteome is highly dy-
namic, and proteins constantly undergo turn over at different rates, ac-
cording to their biological role (Lecker, Goldberg, & Mitch, 2006;
Thibaudeau & Smith, 2019).

In the 1950s, the discovery of autophagy-lysosome system as
“intracellular exergonic digestive system” by de Duve and colleagues
was the first step in understanding intracellular and extracellular pro-
tein breakdown (De Duve, Gianetto, Appelmans, & Wattiaux, 1953; de
Duve, Pressman, Gianetto, Wattiaux, & Appelmans, 1955; De Duve &
Wattiaux, 1966; Sabatini & Adesnik, 2013). Over the same years,
Simpson showed for the first time that intracellular proteolysis inmam-
malian cells requires energy, suggesting the existence of an additional
mechanism of protein degradation (Simpson, 1953). However, this ob-
servation was considered with scepticism, since hydrolysis of the
peptide bond is exergonic, and there is no apparent thermodynamic ad-
vantage in energy use (Wilkinson, 2005). However, the seminal
Simpson's discovery found support in the 1970s, when Goldberg and
colleagues identified a novel, cytosolic ATP-dependent proteolytic sys-
tem (Bigelow, Hough, & Rechsteiner, 1981; Etlinger & Goldberg, 1977;
Goldberg, 1972; Goldberg & Dice, 1974; Goldberg & St John, 1976;
Thibaudeau & Smith, 2019; Wilkinson, 2005). Some years later, Wilk
and Orlowski purified a 700-kDa “multicatalytic proteinase complex”,
which was able to cleave peptides after hydrophobic, acidic and basic
residues, suggesting the existence ofmultiple active sites in its structure
(Wilk & Orlowski, 1980; Wilk & Orlowski, 1983). This “stacked donut
ring” complex (which laterwas shown to be the 20S) was tnamed “pro-
teasome”, and its orthologueswere identified in all life domains (Arrigo,
Tanaka, Goldberg, &Welch, 1988; Tanaka et al., 1988; Tanaka,Waxman,
& Goldberg, 1983; Thibaudeau & Smith, 2019). A milestone in protein
degradation field was the discovery by Ciechanover and colleagues of
a 8-kDa heat-stable protein, APF-1 (later renamed “ubiquitin”), whose
ATP-dependent covalent conjugation with proteins targeted them for
degradation by a downstream protease, that was then identified as
the 26S proteasome (Ciechanover, 2005; Ciechanover, 2013;
Ciechanover, Finley, & Varshavsky, 1984; Ciechanover, Heller, Elias,
Haas, & Hershko, 1980; Ciechanover, Hod, & Hershko, 2012; Hershko,
Ciechanover, Heller, Haas, & Rose, 1980; Hershko, Eytan, Ciechanover,
& Haas, 1982; Hough, Pratt, & Rechsteiner, 1986; Hough, Pratt, &
Rechsteiner, 1987; Leestemaker & Ovaa, 2017; Varshavsky, 2006).

Over the last decade, the critical role played by UPS in the mainte-
nance of protein homeostasis and its involvement in the pathogenesis
of human diseases have been largely investigated. With respect to
this, proteasome is now considered a crucial target for therapeutic inter-
vention in many diseases, such as neurodegenerative, immune-related
disorders and cancer.

In this review, wewill first discuss the structure and function of pro-
teasome under physiological conditions; then we will focus our atten-
tion on the alterations of the proteasome functionality involved in the
onset and progression of neurodegeneration and cancer. Finally, we
will summarize: 1) the FDA- and EMA-approved proteasome inhibitors
that are used for cancer treatment as well as novel promising inhibitors
currently investigated in preclinical studies and clinical trials; 2) protea-
some activators as novel tools to treat neurodegenerative disorders.

2. Proteasome structure and function

2.1. General organization of UPS

The UPS is the major actor in the turn-over of most cellular soluble
proteins, playing fundamental roles in several facets of cell life, such
as cell cycle, apoptosis, DNA repair, antigen presentation, inflammation,
cellular response to environmental stress, and morphogenesis of
neuronal networks (Glickman & Ciechanover, 2002; Kunjappu &
Hochstrasser, 2014).

UPS displays a hierarchical organization which encompasses two
intertwined and consecutive steps: 1) the covalent attachment of ubiq-
uitin polymers to substrates; 2) degradation by the 26S proteasome of
ubiquitin-tagged substrates, followed by the release of free and recycla-
ble ubiquitin moieties along with oligopeptides of cleared protein
(Scheffner, Nuber, & Huibregtse, 1995; Glickman & Ciechanover, 2002;
Grasso et al., 2017). Ubiquitin conjugation proceeds through a three-
step mechanism. First, the ubiquitin-activating enzyme E1 activates
ubiquitin in an ATP-dependent manner, generating a high-energy
thiol ester intermediate. In the second step, activated ubiquitin is then
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transferred from E1 to one of several E2 enzymes (ubiquitin-conjugat-
ing enzymes), leading to the formation of another high-energy thiol
ester intermediate. Finally, ubiquitin is conjugated to substrates by a
ubiquitin (E3) ligase, which is responsible for substrate specificity
(Ciechanover, 2013; Glickman & Ciechanover, 2002; Hough et al.,
1986; Leestemaker & Ovaa, 2017; Pao et al., 2018; Pickart, 2001;
Windheim, Peggie, & Cohen, 2008). The end-point of UPS is the 26S
complex (hereafter referred to as 26S), a multifunctional 2500 kDa pro-
teolytic molecularmachine, composed by the 20S proteasome core par-
ticle (CP, hereafter referred to as 20S), which houses the proteolytic
activity. The 20S is capped by one or two 19S regulatory particle
(s) (RP) (hereafter referred to as 19S), which carry out the ATP-
dependent recognition, unfolding and translocation into the 20S of the
poly-ubiquitinated substrate (Ciechanover, 2005; Glickman &
Ciechanover, 2002; Kunjappu & Hochstrasser, 2014; Pao et al., 2018,
see also Sections 2.2 and 2.3). Over the last decades, several alternative
regulators of 20S have been described, namely PA28 protein family and
Blm10/PA200, whose structure, substrate specificities, and biological
roles go beyond the scope of this review and are extensively reviewed
elsewhere (Rechsteiner & Hill, 2005; Tanaka, 2009; Huang & Chen,
2009; Kish-Trier & Hill, 2013; Cascio, 2014; Poot et al., 2014; Schmidt
& Finley, 2014; Jiang, Zhao, & Qiu, 2018; Limanaqi, Biagioni, Gaglione,
Busceti, & Fornai, 2019).

Although the initial dogma on proteasome recognition mechanism
states that the 26S hydrolyses only proteins tagged with at least four
ubiquitin molecules, emerging evidences show that poly-ubiquitin
chains are not the unique signal. In fact, in some cases,multiple or single
mono-ubiquitination appears to be sufficient to label a substrate for
proteasomal degradation (Kravtsova-Ivantsiv, Cohen, & Ciechanover,
2009; Shabek et al., 2012). Moreover, ornithine decarboxylase has
been the first of a long series of protein substrates (i.e., Rpn4,
thymidylate synthase, myelin) reported to be degraded by the 26S re-
gardless of ubiquitination (Bercovich, Rosenberg-Hasson, Ciechanover,
& Kahana, 1989; Chen, Barton, Chi, Clurman, & Roberts, 2007;
Forsthoefel, Peña, Xing, Rafique, & Berger, 2004; Ju & Xie, 2004;
Kudriaeva, Kuzina, Zubenko, Smirnov, & Belogurov, 2019; Li, Yuan,
Pan, Liu, & Huang, 2016; Murakami et al., 1992; Rosenberg-Hasson,
Bercovich, Ciechanover, & Kahana, 1989; Sheaff et al., 2000). This im-
plies the existence of alternative molecular signals (also named
“degrons”), such as specific amino acidic sequence or structural ele-
ments, that mediate proteasome recognition and degradation of sub-
strates independently on their ubiquitination levels (Baugh, Viktorova,
& Pilipenko, 2009; Kudriaeva & Belogurov, 2019).

The biological significance of ubiquitin-independent degradation of
substrates by the 26S is a topic deserving great attention in order to de-
cipher its physiological meaning in tissue homeostasis. Two proposed
explanations envisage that it could be “only” a remnant of evolution,
or else it could be rather amechanism that provides, under selected cir-
cumstances, an alternative strategy to overcome the de-regulation of
the canonical ubiquitin-dependent pathway (Erales & Coffino, 2014;
Finley, 2009). In support of this second hypothesis, the turnover
of Rpn4, a substrate and a transcriptional regulator of proteasome
genes, is carried out through both ubiquitin-dependent and ubiquitin-
independent pathways, providing the cell with an alternative mecha-
nism to modulate the level of Rpn4 and of proteasome in the case of
inappropriate ubiquitin conjugation (Erales & Coffino, 2014; Hanna,
Meides, Zhang, & Finley, 2007; Ju & Xie, 2004).

In this regard, an intriguing example of how ubiquitin-dependent
and ubiquitin-independent pathways cooperate to survey cellular ho-
meostasis comes from the regulation of the proteome of lipid droplets
(LDs), that are ubiquitous, endoplasmic reticulum-derived storage or-
ganelles from which neutral lipids are rapidly mobilized in response to
cellular demands. In fact, some proteins of LDs are degraded by protea-
some through the canonical ubiquitination pathway, whereas some
others are processed only when the “degron” signals become unmasked
upon protein insertion into the lipid monolayer (Bersuker & Olzmann,
2017). Interestingly, it has been reported that proteasome mediates
ubiquitin-dependent degradation of patatin-like phospholipase
domain-containing protein 3 (PNPLA3), whose sequence variant 148 M
is resistant to ubiquitination and to proteasome degradation, and accu-
mulates into LDs, contributing to non-alcoholic fatty liver disease patho-
genesis (Basu Ray, 2019; Kozlitina et al., 2014; Speliotes et al., 2011).

An additional issue in deciphering the mechanisms of proteasome
degradation is the ubiquitin-independent degradation in vitro ofmacro-
molecular substrates by the uncapped 20S. In fact, several studies dem-
onstrate that the 20S is able to degrade natively unfolded as well as
oxidized and misfolded proteins (Davies, 1993; Davies, 2001; Grune,
Reinheckel, & Davies, 1996; Raynes, Pomatto, & Davies, 2016;
Reinheckel et al., 1998; Shringarpure, Grune, Mehlhase, & Davies,
2003). Indeed, oxidative stress induces chemical alterations, bringing
about conformational changes and exposure of hydrophobic residues
on damaged protein surfaces (Carrard, Bulteau, Petropoulos, & Friguet,
2002; Raynes et al., 2016). These surface hydrophobic patches stimu-
late, in an allosteric fashion, the translocation of the substrate into the
20S proteolytic chamber (see Section 2.2 for details) (Coux, Tanaka, &
Goldberg, 1996; Davies, 2001; Giulivi, Pacifici, & Davies, 1994;
Kisselev, Kaganovich, & Goldberg, 2002), since under oxidative stress
conditions this form is more stable than the 26S, which is quickly and
reversibly inactivated likely through dissociation into free 20S and 19S
particles (Reinheckel et al., 1998; Reinheckel, Ullrich, Sitte, & Grune,
2000; Shringarpure et al., 2003; Wang et al., 2010; Wang et al., 2017).
Moreover, also the E1-E2-E3 cascade is transiently inactivated during
oxidative stress, supporting an ubiquitin-independent degradation of
oxidized proteins (Grune et al., 2011). Thus, the current view is that
20S activity on oxidized and damaged proteins might compensate for
the loss of the ubiquitin-dependent activity of the 26S under redox
imbalance.

Interestingly, the activity of 20S on these subsets of substratesmight
be assisted by PA28 which seems to increase its selectivity and activity
(Fabre et al., 2014; Grune et al., 2011; Pickering&Davies, 2012). This oc-
currence is further discussed below in regard to the neurodegenerative
disorders, since up-regulation of PA28 of immune-proteasome (i.e., an
inducible proteasome subset expressed in hematopoietic cells, which
plays a significant role in immunity, see Box 1) is a common feature of
this class of human pathologies. Along with this, ubiquitin
-independent degradation by 20S has been also demonstrated for sub-
strates that, like oxidized proteins, have regions characterized by high
hydrophobicity, such as tau protein and α-synuclein. These findings re-
inforce the role of 20S in the regulation of protein homeostasis indepen-
dently from its association with RPs (Asher, Tsvetkov, Kahana, & Shaul,
2005; Baugh et al., 2009; David et al., 2002; Dyson & Wright, 2005;
Raynes et al., 2016; Tofaris, Layfield, & Spillantini, 2001).

The herein described picture underlines the complexity of protea-
some heterogeneity, since proteasome composition, specificity and ac-
tivity are flexible and finely regulated at multiple steps, including
post-translational modification and regulatory factors (i.e., proteasome
interacting proteins) (Morozov & Karpov, 2019; Tanaka, 2009; Tundo
et al., 2017). Since the proteasome pathway is extremely dynamic and
reflects cellular metabolic demands (Dahlmann, 2016; Hirano, Kimura,
& Kimura, 2016), it is not surprising that different proteasome forms
may co-exist and fulfil different but interconnected functions that are
not yet completely understood (Morozov & Karpov, 2019).

As a matter of fact, it should be emphasized that, in vertebrates,
proteasome has gained considerable tissue-specificity, as supported by
the existence of alternative forms of proteasome, namely (see Box 1):
immuno-proteasome, thymo-proteasome, and spermato-proteasome,
in which constitutive catalytic subunits of 20S are replaced
by inducible/tissue-specific homologs. This is a clear-cut example
of evolutionary-based mechanisms for the refinement of intracellular
proteolysis (Kniepert & Groettrup, 2014; Morozov & Karpov, 2019;
Murata et al., 2007; Qian et al., 2013; Tanaka, 2009; Uechi, Hamazaki,
& Murata, 2014).
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2.2. 20S Core particle

2.2.1. 20S structural arrangement
The 20S core particle, which belongs to the N-terminal nucleophilic

(Ntn) hydrolase family, is a cylinder-like packed particlewhich contains
four axial stacking heptameric rings, arranged into two outer α-rings
and two inner β-rings (i.e α1–7β1–7α1–7β1–7) (Baumeister et al.,
1988; Bochtler, Ditzel, Groll, Hartmann, & Huber, 1999; Groll et al.,
1997; Groll et al., 2000; Kunjappu & Hochstrasser, 2014; Tanaka,
2009). Electron micrographic studies measured its molecular dimen-
sions that are 160 Å in length and 120 Å in diameter (Borissenko &
Groll, 2007; Harris, 1968) (Fig. 1A). Eukaryotic 20S has a central chan-
nel, which houses proteolytic chambers distributed among six active
β-subunits, three for each β-ring, namely: the chymotryptic-like (β5
subunit), the trypsin-like (β2) and caspase-like (β1) sites, which confer
the property to preferentially cleave proteins after hydrophobic, basic
and acidic residues, respectively (Groll & Huber, 2003; Tanaka, 2009;
Unno et al., 2002). Historically, the 20S was the first enzyme classified
as threonine protease, in which the hydroxyl group of the N-terminal
Thr1 acts as nucleophile in all active subunits (Chen & Hochstrasser,
1995; Kisselev, Songyang, & Goldberg, 2000; Löwe et al., 1995).
Thr1Oγ nucleophilic attack to the carbonyl carbon atom of the scissile
peptide bond generates a first cleavage product, forming a covalent
acyl-enzyme tetrahedral intermediate, followed by hydrolysis through
the addition of a nucleophilic water molecule, which regenerates the
functional active site and releases the second cleavage product (Löwe
et al., 1995; Marques, Palanimurugan, Matias, Ramos, & Dohmen,
2009; Groll et al., 1999; Huber et al., 2009). Conserved residues in the
proximity of Thr1, involved in the proteolysis mechanism, are Glu/
Asp17 and Lys33. Lys33, which forms a salt bridge with Asp17, is posi-
tively charged at neutral pH, contributing to lower the pKa of Thr1
Fig. 1. Structure of 20S. A. Structure of the 20S proteasome particle as viewed from the top (to
ribbon. B. Active site of the threonine peptidase subunit (β5) of the proteasome. The protein b
other residues that help tomaintain the structural stability of the catalytic site (Lys33, Asp17, Ser
dashed lines togetherwith the corresponding distances. C.Vertical cross-section of the 20S parti
the outline of the internal cavity and the internal “chambers” are highlighted with a black dash
amino group, so that this group can work as the proton acceptor re-
quired for the activation of Thr1 hydroxyl group (Borissenko & Groll,
2007; Groll & Huber, 2003; Löwe et al., 1995) (Fig. 1B). Moreover,
Ser129, Asp166, and Ser169 residues, which are close to Thr1, are re-
quired for structural stability of the proteolytic centre (Borissenko &
Groll, 2007; Chen & Hochstrasser, 1995; Heinemeyer, Fischer,
Krimmer, Stachon, & Wolf, 1997; Löwe et al., 1995; Seemuller, Lupas,
& Baumeister, 1996). Recently, a revised interpretation of the protea-
some active site architecture has been proposed, according to which
proteasome can be viewed as having two triads, both essentials for an
efficient proteolysis, consisting of (i) Thr1, Lys33 and Asp/Glu17 resi-
dues and (ii) Thr1, Ser129 and Asp166 residues, respectively (Huber
et al., 2016). In this novel vision, Lys33 -NH2 group is expected to act
as the proton shuttle, while Asp17Oγ orients Lys33 -NH2 group, making
it more prone to protonation, by raising its pKa (Huber et al., 2016). The
positive charge on Thr1-NH3

+ group, which is essential for the binding
and stabilization of the amide nitrogen of incoming peptide substrates,
is favoured by the close proximity of Ser129 andAsp166 residues,which
increase its pKa value, this being a crucial step for the first cleavage and
for proteolytic reaction progress. In conclusion, Lys33 and Asp17 seem
to be required to deprotonate the Thr1 hydroxyl side chain, whereas
Ser129 and Asp166 are needed to protonate the N-terminal amine
group of Thr1 (Huber et al., 2016; Vielberg, Bauer, & Groll, 2018)
(Fig. 1B). It is important to emphasize that the names used to describe
β-subunits catalytic activities do not reflect accurately the specificity
of each active site, which is much broader, meaning that 20S function
cannot be simply interpreted as the integration of the three different ac-
tivities into a unique machine (Bochtler et al., 1999; Groll & Huber,
2003). Accordingly, it has been reported that the substrate specificity
is modulated not only by P1 residue of the substrate, but also by the
physical constraints of the substrate around proteasome active site
p panel) or the side (bottom panel). The protein backbone of the subunits is presented as
ackbone of the β5 subunit is represented as turquoise ribbon, catalytic residue (Thr1) and
129, Asp166 and Ser169) are represented as sticks. Polar interactions are indicated as black
cle, theα-subunit rings are represented as red ribbons, theβ-subunit rings as blue ribbons,
ed line.
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(Bogyo, Shin, McMaster, & Ploegh, 1998; Cardozo, Vinitsky, Michaud, &
Orlowski, 1994; Dick et al., 1998; Groll et al., 1997; Groll & Huber, 2003;
Groll, Nazif, Huber, & Bogyo, 2002).Moreover, biochemical analysis sug-
gested a network of intricate interconnections among the three active
sites (i.e., the so called “bite and chew” mechanism), in which the
chymotryptic-like site performs the first cleavage (i.e., the “bite”),
followed by a series of cleavage steps at the trypsin-like and caspase-
like sites (i.e., the “chewing”) (Kisselev, Akopian, Castillo, & Goldberg,
1999; Śledź et al., 2013).

All catalytically active subunits (i.e., β1, β2 and β5) are synthesized
as inactive precursors, which gain their hydrolytic properties only
after the proper assembly of two half-proteasome assemblies, thus gen-
erating the 20S active form (see Section 2.3 for details) (Zwickl, Kleinz,
& Baumeister, 1994; Brannigan et al., 1995; Seemüller et al., 1995: Ditzel
et al., 1998; Huber et al., 2016). During the final step of the proteasome
maturation process, segments of the immature active sites are removed
by autolysis between residues Thr1 and Gly1, a process closely related
to the proteolysis mechanism (Budenholzer, Cheng, Li, & Hochstrasser,
2017; Chen & Hochstrasser, 1995; Chen & Hochstrasser, 1996; Huber
et al., 2016). The pro-peptides of different β subunits act then as “co-
chaperones” during 20S assembly (see Section 2.3 for details)
(Budenholzer et al., 2017; Kunjappu & Hochstrasser, 2014). Notewor-
thy, a critical function of the pro-peptide sequence is to prevent the
Nα- acetylation of catalytic Thr in β-subunits, which would block the
active site function before the formation of the half-proteasome; thus,
pro-peptides are removed only when the half-proteasomes are cor-
rectly assembled, an occurrence which impairs the access of Nα-
acetyltransferase to active sites (Arendt & Hochstrasser, 1999;
Budenholzer et al., 2017; Groll et al., 1999; Schmidtke et al., 1996;
Seemuller et al., 1996). Concerning the remaining four β-subunits, it
should be remarked that subunits β3, β4, and β6 subunits, which lack
of the nucleophilic threonine in position 1, are catalytically inactive,
and attempts to render them proteolytically active through site-
directed mutations have failed (Chen et al., 1995; Groll et al., 1999;
Heinemeyer et al., 1997). Conversely, the β7 subunit, which keeps con-
served Thr1 and Gly-1 residues (like active subunits) remains inactive
since during the maturation process the β7 pro-peptide is not cleaved
at Thr 1, but at position Thr8, due to substitutions of Lys33 and Ser129
by Arg33 and Phe129, respectively. It has been also proposed that the
β7 subunit shows a Ntn-hydrolase proteolytic activity at Thr8, even
though the surroundings of the proposed active site differ significantly
from those of other subunits, but its role is still unknown (Borissenko
& Groll, 2007; Unno et al., 2002).

In proteasome architecture, while β-rings contain the proteolytic ac-
tive sites (as discussed above), the outer α-rings form a nearly flat sur-
face that binds to RPs (i.e., 19S, PA28, see Section 2.3 for details). In the
free 20S (that is not engaged with the RP), N-terminal tails of the α-
subunits point all inwards to the centre of the ring and neighbouring
tails are tightly anchored by an intricate lattice of intra-subunits interac-
tions, constituting “the gate”, which regulates the substrate access
through a 13Å entry pore into the antechamber (i.e, atα7-β7 interface).
This passagewaykeeps the substrate in anunfolded state, directing it to-
ward the catalytic chamber (i.e., at β7-β7 interface) (Bajorek &
Glickman, 2004; Gaczynska & Osmulski, 2014; Groll et al., 2000;
Marques et al., 2009; Ruschak, Religa, Breuer, Witt, & Kay, 2010; Unno
et al., 2002) (Fig. 1C). The insertion of the substrate through this “N-
terminal gate” is the rate-limiting step of proteasome activity and pre-
vents unwanted protein degradation (Akopian, Kisselev, & Goldberg,
1997; Groll et al., 2000; Köhler et al., 2001). In fact, RP binding induces
the N-terminal tails displacement and opens the gate, facilitating the
substrate translocation (see Section 2.3) (Choi et al., 2016; Finley,
Chen, & Walters, 2016; Marshall & Vierstra, 2019; Matyskiela, Lander,
& Martin, 2013; Śledź et al., 2013). However, it is worth recalling that
RP binding to 20S is not an absolute requirement for proteasome activa-
tion, since 20S can switch from an inactive “closed” conformation to an
active “open” conformation spontaneously or after chemical treatment
(e.g., SDS) (Bajorek & Glickman, 2004; Förster, Whitby, & Hill, 2003;
Groll et al., 2000). Noteworthy, since theα3 tail points toward the cen-
tre of the channel and maintains a close interaction with all other N-
termini of α subunits (Köhler et al., 2001; Köhler, Bajorek, et al.,
2001), the deletion of first nine residues in α3 subunit N-tail in yeast
20S (α3Δn) induces a general disorder in the neighbouring tails, stimu-
lating the opening of the entry pore (Köhler, Bajorek, et al., 2001;
Köhler, Cascio, et al., 2001). Thus, theα3Δnmutant is in a constitutively
activated “open” state and its basal proteolytic activity toward small
peptides is consistently enhanced, as compared to that of wild-type
(wt) 20S (Bajorek & Glickman, 2004; Köhler, Bajorek, et al., 2001;
Köhler, Cascio, et al., 2001). Conversely, the double mutant α3-α7Δn
more efficiently degradesmacromolecular substrateswith respect to ei-
ther singlemutant, suggesting that the interaction between these oppo-
site tails is crucial in the regulation of gate opening (Bajorek, Finley, &
Glickman, 2003; Bajorek & Glickman, 2004). Interestingly, the α3Δn
mutation does not alter the assembly of 26S, as demonstrated by the ev-
idence that the abundance and activity of mutant 26S are similar to
those of wt-26S (Groll et al., 2000; Groll & Huber, 2003). Accordingly,
human cell lines stably expressing α3ΔN subunits show enhanced ac-
tivity of both free 20S and holoenzyme complexes. This turns out in
an increase of the degradation rate of poly-ubiquitinated proteins, rein-
forcing the role of α3-mediated gate opening mechanism, and suggest-
ing that the α3Δn holoenzyme could help cell to fight the proteotoxic
stress (Choi et al., 2016). These data envisage that RP binding to 20S
stimulates a structural rearrangement similar to that induced by the de-
letion of the α3 tail.

2.2.2. 20S biogenesis
Proteasome maturation refers to the process that drives the proper

incorporation of individual subunits to assemble into a proteolytically
active 26S. Whilst 19S assembly is largely uncovered yet (see
Section 2.3.2), the 20S assembly has been uncoiled at a great molecular
detail also by virtue of the extensive similarity between yeast andmam-
malian pathways. This similarity haswidened the repertoire ofmethod-
ological approaches suitable to uncover the molecular insights. In
eukaryotes, the stepwise recruitment of individual α- and β-subunits
to constitute a fully mature 20S requires the presence of five molecular
chaperones, called Proteasome Assembly Chaperones (PAC1–4 in
human, Pba1–4 in yeast) and Proteasome Maturation Protein (POMP
in human, hUmp-1 in yeast) (Hirano et al., 2006; Le Tallec et al., 2007;
Ramos & Dohmen, 2008). These chaperones drive the sequential inser-
tion of the subunits preventing the formation of off-target assemblies
presumably through non-catalytic activities (Burri et al., 2000; Fricke,
Heink, Steffen, Kloetzel, & Krüger, 2007). First, PAC1–PAC2 and PAC3–
PAC4work as heterodimers in recruiting theα-subunits during the ear-
liest steps of biogenesis, that is the α-ring formation (Hirano et al.,
2005; Hirano et al., 2006; Le Tallec et al., 2007; Matias, Ramos, &
Dohmen, 2010; Wu et al., 2018). Very recent advances in the field pro-
pose that in human cells α4, α5, α6 and α7 subunits first assemble to
form a core tetrameric α-ring intermediate (α4-α7), being driven by
PAC3-PAC4 heterodimers,which localize at the inner side of the nascent
α-ring (Satoh et al., 2019; Wu et al., 2018). Recently, crystallographic
data have allowed to identify a hydrophobic surface, surrounded by
charged residues in PAC4, which is complementary to that of PAC3,
thus providing a clue for the interaction between the two partners
(Kurimoto et al., 2017). Notably, PACs surface was also found to display
a charge complementaritywithα4 andα5 subunits, envisaging the first
structural basis for the binding of the heterodimer PAC3–PAC4 to the
nascent 20S (Kurimoto et al., 2017).

Thereafter, the PAC1–PAC2 heterodimer binds the outer side of this
assembly, favouring the recruitment of α1, α2 and α3 subunits, thus
leading to the formation of a mature heptameric α-ring (Wu et al.,
2018). Besides correctly introducing the α-subunit, the presence of
the chaperones prevents the formation of aberrant off-pathway α-ring
dimers, an occurrence potentially favoured by the sticky properties of
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α-subunits, in particular α7, which is prone to form high MW homo-
oligomers in vitro (Kozai et al., 2017).

The α-ring is then the scaffold for subsequent insertion of the seven
β-subunits through the contribution of POMP at the outer surface of the
endoplasmic reticulum,which is, to date, themain intracellular localiza-
tion where these events take place in human cells (Fricke et al., 2007;
Hoefer, Boneberg, Grotegut, Kusch, & Illges, 2006; Krüger, Kloetzel, &
Enenkel, 2001; Witt et al., 2000). The β-ring assembly starts with pro-
β2, followed by β3, β4, forming the 13S complex; once these subunits
are inserted, the PAC3-PAC4 heterodimer is released and pro-β5, pro-
β6 and pro-β1 subunits assemble (Hirano et al., 2005; Hirano et al.,
2006; Satoh et al., 2019). Remarkably, structural insights suggest that
the pro-peptide is not merely involved in preventing the early activa-
tion of the catalytic Thr in the catalytically active subunit (see
Section 2.1), but is necessary for further stepwise incorporation of sub-
units, likely through an allosteric mechanism. The pro-peptides of β2
and β5 are essential for recruitment and incorporation of β3 and β6, re-
spectively, whereas the β5 pro-peptide is necessary for the specific in-
teraction with POMP (Hoefer et al., 2006). The ultimate step of β-ring
formation is the pro-β7 insertion and the formation of a half 20S (i.e.,
the 15S complex) which, upon dimerization, forms the mature 20S. Al-
though it is proven that full activation of 20S requires a) shedding of the
β-subunits pro-peptides, b) PAC1-PAC2 detachment and/or clearance
and c) POMP clearance, it is not fully clear whether the degradation of
the chaperones is carried out by the 20S itself or if PAC chaperones are
actually cleaved or released intact to be recycled for further maturation
processes. It is furtherwidely envisaged that additional unidentified fac-
torsmay take part in thematuration process with activities overlapping
with those of PACs in dependence of metabolic needs of.

The deepening of the molecular insights of proteasome maturation,
both in terms of transcriptional regulation and of dynamics of proteins
interaction, is expected to offer a new perspective for the development
of therapeutic strategies based on the modulation of proteasome avail-
ability in selected tissues (Goldberg, Zhao, & Collins, 2015). Clinical and
molecular studies envisage that increased POMP translation and bio-
availability upon down-regulation of miR-101 (which targets POMP
mRNA) is an oncogenic stimulus for breast cancer cells (Zhang, Bi, Fan,
Wang, & Bao, 2015). Thus, the consequent increased proteasome intra-
cellular content would confer protection from the proteotoxic insult to
which highly proliferating cells are likely exposed, favouring cell sur-
vival (Zhang et al., 2015). Furthermore, POMP up-regulation enhanced
the bulk proteasome activity under proteo-toxic conditions, providing
a metabolic advantage under redox insult (Chondrogianni & Gonos,
2007). As a matter of fact, recent genetic studies on POMP promoter
have identified mutations at the 3’UTR region and splicing variants in
different skin inflammatory disorders, such as CANDLE syndrome
(Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy and Ele-
vated temperature) or proteasome-associated autoinflammatory syn-
drome (PRAAS). Furthermore, increased POMP levels were observed
in psoriatic skin lesions (Brehm et al., 2015; Dahlqvist et al., 2010;
Ebstein, Poli Harlowe, Studencka-Turski, & Krüger, 2019; Morice-
Picard et al., 2017; Poli et al., 2018; Zieba et al., 2017). In these diseases,
a decrease of proteasome levels, consequent to an alteredmaturation, is
envisaged to activate the Unfolded Protein Response (UPR) through the
endoplasmic reticulum stress. Such a stressful condition is known to
trigger an inflammatory stimulus, which, once chronic, would account
for the pathogenesis of the disease (Dahlqvist, Törmä, Badhai, & Dahl,
2012; Ebstein et al., 2019).

Conversely, PACs involvement in pathological processes is still con-
troversial and, probably, largely unexplored for pharmacological pur-
poses although a functional evaluation of thielocin B analogues as
protein-protein interaction inhibitors of PAC3 homodimer has been re-
cently evaluated (Ohsawa et al., 2018). However, it must be considered
that although the contribution of PACs to proteasome biogenesis
(discussed above)would suggest that they are crucial for life, transgenic
murine KO models for either PAC1 or PAC2 are viable with major
anatomical and functional alterations limited to different brain regions
(Sasaki et al., 2010). This finding underlies that the biological activity
of PACs is redundant, envisaging that either additional still unknown
factors can vicariate PACs activity or the self-assembling properties of
freeα-subunits (documented to some extent in vitro) is enough to pro-
mote the constitution of fully active 20S particles. More recently, our
group reported a marked down-regulation of PAC1-PAC2 expression,
alongwith that ofα7 subunit, in primary cultures of skin fibroblasts iso-
lated from subjects affected by Rett Syndrome (RTT), a sever neuro-
developmental disorder (Sbardella et al., 2020a). These cells were char-
acterized by two different non-sense early truncating mutations of
MeCP2 (i.e., a transcriptional repressor that is mutated in the vast ma-
jority of patients affected by the syndrome) and by a concomitant se-
vere lack of mature proteasome particles (Amir et al., 1999; Sbardella
et al., 2020). Furthermore, silencing of MeCP2 expression in neuron-
like cells resulted in a similar proteasome dysfunction, indicating an
unprecedented role of this transcriptional regulator in proteasome bio-
genesis. Different approaches, including a revolutionary in vivo imaging
system, suggest that only a small fraction of the intracellular protea-
some particles is proteolytically active under physiological conditions
(Asano et al., 2015). Thus, proteasome content appears to exceed the
amount necessary to sustain life. In this view, the brain abnormalities
in PAC1 KO mouse might be interpreted as the consequence of a re-
duced proteasome biogenesis in the tissue that is known to bemore vul-
nerable to dysregulation of intracellular proteostasis which is primarily
handled by the UPS (Sasaki et al., 2010). This suggestion would be even
more fascinating if PAC1-PAC2 losswill be confirmed to occur also in the
CNS of RTT, which is the tissue prevalently affected in syndrome onset
and progression.

2.3. 19S regulatory particles

2.3.1. 19S structural arrangement
Gate opening is crucial in 20S function, and cells have evolved differ-

ent regulators (see Box 1) which control this proteasome process
(Finley et al., 2016). Thepredominant and best characterized 20S activa-
tor is the 19S which interacts, in the presence of ATP, with one or both
ends of the 20S to form proteasome holo-complexes, 26S (i.e., single-
capped) and 30S, respectively (i.e., doubly-capped) (Armon, Ganoth, &
Hershko, 1990; Bard et al., 2018; Eytan, Ganoth, Armon, & Hershko,
1989; Liu et al., 2006; Marshall & Vierstra, 2019; Schmidt & Finley,
2014; Smith et al., 2005). These different proteasome assemblies (i.e.,
26S and 30S) coexist, together with free 20S, in cell cytosol, and are
known to cleave ubiquitinated substrates, although their substrate
specificity and different biological role remain a somewhat enigmatic
issue in proteasome biology. The abundance of the three main protea-
some populations (i.e., 20S, 26S and 30S) seems to be finely modulated
by the specific microenvironment in which the cell lives. This structural
arrangement is carried out by different proteasome interacting
proteins (PIPs) which can be classified either (a) extrinsic de-
ubiquitinases (DUBs) (see Box 2) and/or (b) auxiliary proteasome
regulators, Ecm29, HSP70 (Tanaka, 2009). In this regard, Insulin-
Degrading-Enzyme (IDE), a Zn2+ protease, which behaves as a Heat-
Shock Protein (Tundo et al., 2013), has been reported not only to
directly bind the 20S, but also tomodulate its activity through allosteric
mechanisms, envisaging that it may be a novel auxiliary proteasome
regulator (Sbardella et al., 2015; Tundo et al., 2017). Moreover, IDE
was found to compete with 19S binding, modifying the distribution of
different proteasome population in vitro (Sbardella et al., 2018). How-
ever, despite the biological relevance, the exact molecular mechanism
which drives proteasome population interconversion is still far from
being satisfactorily elucidated.

Once bound over the axial 20S pores, the 19S RP carries out different
functions, namely (see Section 2.1): (i) recognition and unfolding of
ubiquitinated substrates; (ii) opening of the 20S pore; (iii) substrates
entry into the 20S catalytic chamber; (iv) release of ubiquitin moieties
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during substrate degradation (Collins & Goldberg, 2017; Finley & Prado,
2019; Marshall & Vierstra, 2019) (Fig. 2). From the structural point of
view, the 19S is made up by two different sub-components, the lid
and the base, which form a conformationally dynamic complex
(Bajorek & Glickman, 2004; Budenholzer et al., 2017).

The base binds directly to the 20S, and it is formed by a ring of six
paralogous AAA-ATPases, namedRpt1-Rpt6, and three non-ATPase sub-
units (i.e., Rpn1, Rpn2, Rpn13), which provide multiple binding site for
ubiquitin and ubiquitin-like proteins (Bard et al., 2018; He et al., 2012;
Husnjak et al., 2008; Marshall & Vierstra, 2019; Saeki & Tanaka, 2012;
Shi et al., 2016). Rpt subunits associate into three pairs of heterodimers
(i.e., Rpt1-Rpt2, Rpt3-Rpt6, Rpt4-Rpt5), which then form the hetero-
hexameric motor of proteasome. The C-terminal helical domains of
Rpt1-Rpt2 subunits interact with Rpn1, while those of the heterodimer
Rpt3-Rpt6 bind Rpn2. Rpn13 also interacts with the C-terminal residues
of Rpn2 through its N-terminal pleckstrin-like receptor of ubiquitin
(PRU) domain, whereas the C-terminal region of Rp4-Rpt5 extends
out from the base bodywithout interactionwith other proteasome sub-
units, at least in the resting state (Fig. 2) (Beck et al., 2012; Budenholzer
et al., 2017; Djuranovic et al., 2009; Hemmis, Heard, & Hill, 2019;
Husnjak et al., 2008; Tomko, Funakoshi, Schneider, Wang, &
Hochstrasser, 2010; VanderLinden, Hemmis, Yao, Robinson, & Hill,
2017; Zhang et al., 2009). The first identified ubiquitin receptor was
Rpn10, that is not considered part of the base, but functions as a bridge
between the lid and the base, stabilizing their interaction (Aubin-Tam,
Olivares, Sauer, Baker, & Lang, 2011; Beckwith, Estrin, Worden, &
Martin, 2013; Erales, Hoyt, Troll, & Coffino, 2012; Maillard et al., 2011;
Martin, Baker, & Sauer, 2008), as further suggested by the lid and base
Fig. 2.Overall organization of the proteasome 26S particle. Left: the “Core Particle” (20S proteas
blue and green the two β-subunit rings. The two regulatory particles (19S proteasome), atta
regulatory AAA-ATPases (Rpt1–6) are coloured in dark and pale green, the non-ATPase reg
particle with the various non-ATPase subunits highlighted and labelled. The particle is shown
two opposite side views are shown.
disassembly when Rpn10 is mutated (Deveraux, Ustrell, Pickart, &
Rechsteiner, 1994; Isasa et al., 2010; Keren-kaplan et al., 2016). Impor-
tantly, mono-ubiquitination of Rpn10, which is modulated by stressful
conditions, regulates its association with proteasome, and thus protea-
some activity and stability (Budenholzer et al., 2017; Isasa et al., 2010;
Keren-kaplan et al., 2016). An additional intrinsic ubiquitin receptor is
the T1 toroidal region of the Rpn1 (Elsasser, Chandler-Militello, Müller,
Hanna, & Finley, 2004; Shi et al., 2016), which, like Rpn10 and Rpn13,
also recognizes ubiquitin -like domains (UBLs) of extrinsic ubiquitin re-
ceptors (i.e., HR23/Rad23, PLIC2/DsK2 and Ddi1), stimulating the
proteasome-mediated degradation of ubiquitinated substrates
(Leggett et al., 2002; Raasi, Varadan, Fushman, & Pickart, 2005; Saeki,
Saitoh, Toh-e, & Yokosawa, 2002; Shi et al., 2016; Spyracopoulos,
2016). It remains unclear why proteasome contains such an array of
ubiquitin-binding receptors, and what differential roles they might
play in substrate recognition and degradation (Bard et al., 2018;
Cundiff et al., 2019; Hamazaki, Hirayama, & Murata, 2015).

Upon recognition by intrinsic and extrinsic ubiquitin receptors, sub-
strates are engagedwith the AAA+motor of the highly dynamic Rpt1–6
hexameric ring that couples ATP hydrolysis to substrate unfolding and
translocation, converting chemical energy into mechanical work (de la
Peña, Goodall, Gates, Lander, & Martin, 2018; Dong et al., 2019; Eisele
et al., 2018). The C-terminal tails of Rpt2, Rpt3 and Rpt5 contain the con-
served HbYX motif (see also Section 2.3.2) that fits into the groove be-
tween adjacent α-subunits of 20S inducing a conformational change
into their N-termini which drives 20S gate opening (Rabl et al., 2008;
Smith et al., 2007). Mutational studies have indicated that functions of
Rpt subunits are not redundant, but they cover different roles according
ome) is represented as protein ribbons, in yellow andmagenta the twoα-subunit rings, in
ched on both ends of the 20S particle, are represented as protein ribbons. The group of
ulators (Rpn) are coloured in violet and orange. Right: close-up of the 26S regulatory
from various point of view: on the top panel it is shown from the top; on the lower panel
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to the vertical position they adopt in the hexamer, such that subunits
located at the top (i.e., Rpt3 and Rpt4) contribute to substrate engage-
ment and translocation more than subunits located further down, like
Rpt1 and Rpt2 (Beckwith et al., 2013; Erales et al., 2012; Lander et al.,
2012; Rubin, Glickman, Larsen, Dhruvakumar, & Finley, 1998;
Wehmer et al., 2017).

The peripheral lid subcomplex, which reveals significant structural
and sequence similarities with COP9 signalosome and eIF3, braces one
side of the base and it is composed of nine ATPase subunits, namely
Rpn3, Rpn5–9, Rpn11–12 and Sem1 (also named Rpn15). Among
these subunits, six are PCI (proteasome-CSN-initiation factor 3) domain
containing subunits (i.e., Rpn3, Rpn5–7, Rpn9, and Rpn12), and two are
MPN (Mpr1-Pad1 N-terminal) domain containing subunits (i.e., Rpn8
and Rpn11) (Beckwith et al., 2013; Erales et al., 2012; Schmidt &
Finley, 2014). The most important functions of the lid subcomplex are
the strengthening of 20S\\19S interaction (e.g., Rpn6 is a molecular
clamp holding the core and regulatory subcomplexes together) and
de-ubiquitination of substrates before their processing by the AAA-
ATPase (Pathare et al., 2012; Pathare et al., 2014). Cleavage of
polyubiquitin chains enables Ub recycling into the cellular pool
(Budenholzer et al., 2017; Pathare et al., 2014) and it is carried out
mostly by Rpn11, a Zn2+ de-ubiquitinase essential for proteasome func-
tions and cell viability located above the translocation channel, which
removes the entire ubiquitin chains of the substrates before their
entry into the ATPase translocation ring (de Poot, Tian, & Finley,
2017). As a matter of fact, the close proximity of the N-terminal domain
ring of the AAA+ ATPases sterically prevents the cleavage inside ubiqui-
tin moieties by Rpn11, which, therefore, removes polyubiquitin chains
by hydrolysing the isopeptide bond (located at the base of the chain)
between the lysine residue of the substrate and the C-terminus of the
first ubiquitin monomer (Yao & Cohen, 2002). The MPN domain of
Rpn11 forms a heterodimer with the non-catalytic MPN domain of
Rpn8, forming the minimal DUB-competent complex (Pathare et al.,
2014; Worden, Padovani, & Martin, 2014). Even though the Rpn11/
Rpn8 dimer is active when isolated, it is significantly inhibited in the
free lid sub-complex through its interaction with the neighbouring lid
subunit Rpn5. During lid incorporation into the 26S proteasome, confor-
mational rearrangements occur, activating the action of the de-
ubiquitinase (Dambacher, Worden, Herzik, Martin, & Lander, 2016;
Verma et al., 2002; Worden et al., 2014; Yao & Cohen, 2002), which is
crucial for the efficient substrate degradation. However, in order to pre-
vent a premature ubiquitin chain removal, de-ubiquitination must be
restricted to committed substrates that are engaged with the ATPase
motor; therefore, the rate-limiting step in de-ubiquitination process is
represented by an ubiquitin-linked conformational switch of Rpn11
Insert-1 loop from an inactive closed state to an active β-hairpin. This
conformational change is activated by mechanical substrate transloca-
tion of AAA+ motor ATPase, allowing a direct coupling of substrate
de-ubiquitination and degradation (Worden, Dong, &Martin, 2017). Be-
side Rpn11, the two extrinsic DUBs, Usp14 (see Box 2) and UchL5,
which are also strongly associated with both Rpn1 and Rpn13, are in-
volved in cleaving or editing of the ubiquitin chain from substrates
(Bard et al., 2018; Guterman & Glickman, 2004; Hamazaki et al., 2006;
Lam, Xu, DeMartino, & Cohen, 1997; Qiu et al., 2006; Yao et al., 2006).

2.3.2. 19S assembly
Unlike 20S, the heterogeneous and dynamic structural features of

19S demand a different and independent assembly process of the base
and lid subcomplexes (Budenholzer et al., 2017; Lander et al., 2012;
Marshall & Vierstra, 2019; Tomko et al., 2015; Tomko & Hochstrasser,
2014).

Base assembly has been poorly studied and two separated, but not
mutually exclusive, models have been proposed up to now. According
to the first model, base assembly takes place regardless of lid subunits,
finding its justification mainly through studies in E. coli. On the other
hand, according to the second model, 20S would act as a scaffold for
19S biogenesis, as suggested by mutagenic and immunoprecipitation
studies in yeast (Beckwith et al., 2013; Funakoshi, Tomko, Kobayashi,
& Hochstrasser, 2009; Li et al., 2017; Marshall & Vierstra, 2019; Park
et al., 2013; Tomko et al., 2010). However, bothmodels support the no-
tion that an ordered recruitment of free base subunits is orchestrated by
a set of dedicated chaperones, namely p27 (Nas2 in yeast), p28 (Nas6 in
yeast) and S5b (Hsm3 in yeast), which join together couples of Rpts
subunits, driving their correct insertion in human cells. Specifically,
the interaction between the C-terminal domain of Rpt subunits with re-
spective chaperones leads to three precursor modules formation (i.e.,
p27-Rpt4-Rpt5, p28-Rpt3-Rpt6, and S5bRpt1-Rpt2) (Le Tallec et al.,
2017; Funakoshi et al., 2009; Roelofs et al., 2009; Saeki, Toh-e, Kudo,
Kawamura, & Tanaka, 2009; Tomko et al., 2010). Remarkably, none of
these chaperons is crucial for cell viability, but multiple genetic dele-
tions become lethal under proteotoxic conditions (Budenholzer et al.,
2017). Furthermore, the N-terminal domain of chaperone Adc17 binds
Rpt6, mediating Rpt3-Rpt6 dimerization (Hanssum et al., 2014;
Rousseau & Bertolotti, 2016); thereafter, Adc17 early dissociates by het-
erodimers during the assembly process, whereas Hsm3, which contacts
also Rpn1, dissociates from the lid only upon completion of 19Smatura-
tion (Barrault et al., 2012; Funakoshi et al., 2009; Hanssum et al., 2014).
Importantly, the p28-Rpt3-Rpt6 module also binds Rpn14, whereas the
Nas6-Rpt3-Rpt6-Rpn14 module seems to form an intermediate with
the p27-Rpt4-Rpt5 one. This intermediate module also interacts with
Rpn2 and Rpn13, but p27 likely dissociates before the incorporation of
S5b-Rpt1-Rpt2module, since a complex displaying the two chaperones
has never been observed (Funakoshi et al., 2009; Saeki et al., 2009;
Tomko et al., 2010). However, it must be remarked that the ordered se-
ries of events that lead to base assembly are speculative, and differences
may exist between human and yeast (Budenholzer et al., 2017), most
data indicating that lid and the Rpn10 associate only when the base is
completely formed (Budenholzer et al., 2017; Funakoshi et al., 2009;
Roelofs et al., 2009; Saeki et al., 2009; Tomko et al., 2010).

The lid assembly proceeds through a coordinated process, character-
ized by an ordered series of subcomplexes interaction (Tomko et al.,
2011; Fukunaga, Kudo, Toh-e, Tanaka, & Saeki, 2010; Tomko et al.,
2015; Estrin, Lopez-Blanco, Chacón, & Martin, 2013). Lid assembly be-
gins with heterodimerization of Rpn8-Rpn11, which is then followed
by Rpn6, Rpn5 and Rpn9 recruitment, leading to the release of the
first lid module (Estrin et al., 2013; Sharon, Taverner, Ambroggio,
Deshaies, & Robinson, 2006). Unlike 20S and 19S base, no chaperones
dedicated to assist the process have ever been identified, even though
the intrinsically disordered Sem1 subunit of the lid seems to play a cru-
cial role in linking Rpn3 and Rpn7 to form the heterotrimeric intermedi-
ate LP3, which is an early phase of lid biogenesis (Bohn et al., 2013;
Dambacher et al., 2016; Fukunaga et al., 2010; Sone, Saeki, Toh-e, &
Yokosawa, 2004). Thereafter, the first lid module and LP3 associate to
form LP2, creating a complete lid that only misses the Rpn12 subunit
(Estrin et al., 2013; Tomko & Hochstrasser, 2011; Yu et al., 2015).
Hence, the last step is the incorporation of Rpn12, which fits its C-
terminal helix into a helical bundle formed by clusters of C-termini of
other Rpn subunits (Marshall & Vierstra, 2019; Tomko et al., 2015).
Rpn12 binding induces a conformational change to the rest of lid,
which favours the association between lid and base (Budenholzer
et al., 2017; Tomko et al., 2015). During lid maturation, and possibly
during lid and base connection, Rnp8/Rpn11 undergoes a conforma-
tional change, which leads to a rigid body rotation of the heterodimer,
so that Rpn11 is located where it can deubiquitinate polyubiquitinated
substrates before their entry in the ATPase channel (Dambacher et al.,
2016; Tomko et al., 2015). As mentioned in Section 2.3.1, Rpn11 activity
is inhibited by Rpn5, and further by Rpn8-Rpn9 interaction. When lid
assembly is completed, the module Rpn8-Rpn11 rotates away from
Rpn5, allowing Rpn11 activation (Dambacher et al., 2016; Ehlinger
et al., 2013).

The last step of the holo-enzyme formation is represented by the as-
sociation between 19S and 20S. The key event is the 19S-mediated gate
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opening, which is driven by the insertion of C-terminal HbYX motifs of
Rpt2, Rpt3, and Rpt5 into the 20S α-subunit pockets (Park et al.,
2013; Rabl et al., 2008; Smith et al., 2007; Tian et al., 2011). However,
recently it has been shown that stable docking of HbYX motifs into
the 20S is not sufficient to promote the gate opening. Accordingly,
efficient gate opening has been proposed to occur only when Rpt1
and Rpt6 C-termini are engaged into the α-ring (Eisele et al., 2018;
Park et al., 2013; Sokolova, Li, Polovin, & Park, 2015). Moreover,
Rpn6 binding to α2 subunit facilitates 20S\\19S interaction
(Lander et al., 2012; Pathare et al., 2012).

Notably, 20S\\19S association occurs spontaneously in vitro in the
presence of ATP, whereas in cell models it seems influenced by a series
of interacting proteins, such as HSP90, IDE, and Ecm29 (Imai, Maruya,
Yashiroda, Yahara, & Tanaka, 2003; Sbardella et al., 2018; Tundo et al.,
2017; Yamano et al., 2008). The latter protein seems to play a particu-
larly important role under stressful conditions, since it binds structural
aberrant proteasome, repressing 20S\\19S interaction (De La Mota-
Peynado et al., 2013; Lee et al., 2011; Lehmann, Niewienda, Jechow,
Janek, & Enenkel, 2010; Panasenko & Collart, 2011; Park, Kim, Tian,
Gygi, & Finley, 2011; Wang et al., 2017).

2.4. Structural conformation of the proteasome holoenzyme

A main breakthrough for understanding the structural basis of 26S
came from a series of Cryo-EM studies on proteasome holoenzyme
from different species, such as yeast, rat and humans (Lander et al.,
2012; Matyskiela et al., 2013; Unverdorben et al., 2014; Wehmer et al.,
2017; Chen, Wu, & Shen, 2016; Huang et al., 2016; Wehmer & Sakata,
2016; Bard et al., 2018). These studies have revealed the existence of
at least four distinct human 26S conformational states (i.e., SA, SB, SC
and SD, mirrored in yeast 26S by s1, s2, s3 and s4), that appear con-
served among species. The numeric order of these main states is sug-
gested by a structural comparison that reveals progressive and
sequential movements from SA (s1) state through SB (s2) and SC (s3),
to SD (s4), which is similar to SA (Bard et al., 2018; Wehmer & Sakata,
2016). In all identified conformations, the architecture and structure
of 20S remains essentially unaltered, whereas the two subcomplexes
of 19S, the lid and the base (see Section 2.3.1) are highly dynamic,
changing the relative orientation with respect to each other and to
core particles; these movements are coupled to the functional cycle of
26S (Chen et al., 2016; Unverdorben et al., 2014; Wehmer et al.,
2017). However, despite the advance in knowledge on 26S structure,
we have to recall that an intriguing aspect, which has never been deeply
investigated, concerns the conformational transition, occurring after the
binding of the first 19S, on the opposite end of 20S, where one free α-
ring surface is available for the binding of a second 19S particle, which
yields a double capped 30S proteasome, whose real structure, as well
as the function, remains poorly understood (Tundo, Sbardella, &
Coletta, 2018).

The yeast s1 is a low energy ATP-bound ground state, that is as-
sumed to be the primary substrate-binding conformation
(Matyskiela et al., 2013; Sledz et al., 2013; Unverboden et al., 2014;
Wehmer et al., 2017; Ding et al., 2017; Chen et al., 2016; Zhu et al.,
2017). In the s1 state, the 20S gate is closed, since the substrate
translocation channel of ATPase ring is not aligned with the 20S
gate, and the active site of Rpn11 is 25Ǻ away from substrate entry
pore (Eisele et al., 2018; Finley & Prado, 2019; Wehmer et al.,
2017). The transition toward the s2 state is driven mainly by the
lid rotation, which drives Rpn11 to a position above the central pro-
cessing pore of the base. On the other hand, the progression from s2
to s3 is mediated by a rearrangement of Rpt1-Rpt6, wherefore N-ring
of Rpts and AAA+ domains shift toward Rpn1, thus generating a
wider channel aligned with core particle axial pore (Matyskiela
et al., 2013; Unverboden et al., 2014; Wehmer et al., 2017; Chen
et al., 2016). Therefore, the s3 state is characterized by the axial
alignment of the essential DUB Rpn11 (see also Section 2.3.1), 19S
translocation channel, and 20S gate. However, in spite of these rear-
rangements and of the evidence that s2 and s3 states are primed for
substrate degradation, the 20S gate is still mostly occluded,
preventing substrate entry (Matyskiela et al., 2013; Sledz et al.,
2013; Bard et al., 2018; Finley and Prado 2019). The gate becomes
fully opened only during the transition from s3 to s4, inducing the
entry of the substrate into the catalytic core; thus, gate opening is a
consequence of the insertion of “HbYX” motif of C-termini of Rpt2-
Rpt3-Rpt5 subunits into 20S pocket (see Section 2.3.1). Stable
docking of HbYX motifs into the 20S is insufficient to promote gate
opening, which is completed only in the s4 state upon engagement
of the C-termini of Rpt6 and Rpt1 into the α-ring (Eisele et al.,
2018; Finley & Prado, 2019). Besides these four states, further struc-
tural and biochemical studies have revealed recently the presence of
two additional open gate states in yeast proteasome (i.e., s5 and s6)
(Eisele et al., 2018). In the case of human 26S proteasome Cryo-EM
studies showed that the substrate Sic1PY 26 complex (i.e., the Cdk in-
hibitor Sic1 from Saccharomyces cerevisiae with a Pro-Pro-Pro-Ser
motif inserted into N-terminal) exists in seven conformational
states, EA1, EA2, EB, EC1, EC2, ED1, ED2 (Dong et al., 2019). EA1
and EA2 states represent two initial ubiquitin recognition states;
EB2 is the “de-ubiquitination” state, in which the isopeptide bond
between Rpn11 and substrate is close to the zinc-active site of
Rpn11; EC1 and EC2 are conformations at the onset of substrate
translocation; ED1 and ED2 carry on and complete substrate translo-
cation (Dong et al., 2019). Functional models of 26 activity, derived
both from cryo-EM and biochemical analysis, couple ATP hydrolytic
cycle to substrate translocation (Matyskiela et al., 2013; de la Pena
et al., 2018; Dong et al., 2019). Therefore, sequential ATP hydrolysis
and phosphate release, which are coordinated within the ATPase
motor, seem to supply “the power” to induce conformational
changes that drive the substrate through the central pore (de la
Pena et al., 2018; Eisele et al., 2018; Tundo et al., 2018; Dong et al.,
2019). In agreement with a “rotatory” mechanism, a hydrolytic
event in a single Rpt subunit is followed by another one in the nearby
subunit, thus proceeding throughout the entire ring (de la Pena et al.,
2018; Eisele et al., 2018; Tundo et al., 2018; Dong et al., 2019). In fact,
it has been proposed that a specific Rpt subunit binds ATP and en-
gages substrate at the uppermost position; then, this subunit hydro-
lyses ATP (when at the penultimate position of the staircase),
releasing the phosphate moiety and disengaging from substrate,
which proceeds to the next hydrolytic step (Eisele et al., 2018; de
la Pena et al., 2018). A disengaged subunit moves outward from
the ring, where it can contact another segment of the translocating
substrate. At the same time, the other substrate-engaged subunits
carry out a coordinated and synergistic motion so that the substrate
translocates by about two amino acids (~ 6 Ǻ) toward the 20S (de la
Pena et al., 2018; Eisele et al., 2018; Dong et al., 2019; Finley & Prado,
2019; Majumder et al., 2019).

Importantly, cryo-electron tomography approaches have also vi-
sualized proteasome particles in their native conformation in living
cells, allowing to have an insight on the percentage of different pop-
ulations that harbour the cells (Asano et al., 2015; Finley & Prado,
2019; Guo, He, Li, & Le, 2017). In intact hippocampal neurons, a mo-
lecular census of proteasome conformational states showed that, in
the absence of proteotoxic stress, only 20% of the 26S was engaged
in substrate processing, whereas the remaining portion was in the
substrate-accepting ground state. It suggests that the capacity of
the proteasome system is not fully exploited by the cell under phys-
iological conditions (Asano et al., 2015). Interestingly, poly-Gly-Ala
(poly-GA) aggregates, which result from aberrant expansion of
GGGGCC repeat in C9orf72 gene (i.e., the most common genetic
cause of amyotrophic lateral sclerosis and frontotemporal demen-
tia), recruits 26S molecules which are in the s4 state (Guo et al.,
2018), unlike the general pool of proteasome. However, since poly-
GA are not favourable proteasome substrates, 26S sequestration
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and consequent inhibition has been proposed to cover a crucial role
in neurodegeneration (Finley & Prado, 2019; Guo et al., 2017).

3. Proteasome in cancer progression

3.1. Proteostasis network in cancer

Over the last decades, hallmarks of cancer cells have been described
to provide a sort of universal definition which would account for the
multi-step development of human tumours (Hanahan & Weinberg,
2000; Hanahan & Weinberg, 2011; Pack et al., 2014). These hallmarks,
which are complementary features that enable tumour growth and
metastatic dissemination, include proliferative signalling, growth
suppressors inactivation, cell death resistance, replicative immortality,
angiogenesis, invasiveness and dissemination, cell metabolism
reprogramming and immune-surveillance evasion (Hanahan &
Weinberg, 2000; Hanahan & Weinberg, 2011; Shereen, Khan, Kazmi,
Bashir, & Siddique, 2020; Tundo, Sbardella, Lacal, Graziani, & Marini,
2019). Recently, resistance to proteostasis unbalancehas beenproposed
as a new malignant hallmark of cancer, envisaging the possibility that
this acquired property cooperates with the other altered circuits to
allow cancer cell survival, proliferation and dissemination (Carvalho,
Rodríguez, & Matthiesen, 2016; Dong & Cui, 2018; Klaips et al., 2018).
Cancer cells, due to the rapid proliferation rate, are constantly under cel-
lular stress with a consequent decrease of protein quality control
(Carvalho et al., 2016; Vahid, Thaper, & Zoubeidi, 2017). However, the
unbalance of protein synthesis, folding, trafficking and degradation,
which usually leads normal cells to death, does not induce the same
fate in cancer cells that acquire anddevelop, during tumour progression,
novel properties to promote their survival (Calderwood, Khaleque,
Sawyer, & Ciocca, 2006; Vahid et al., 2017).

In recent years, threemain reasons have gained considerable insight
as to why PNs are altered in human tumours, namely 1) genomic insta-
bility; 2) persistence of stressful conditions in tumour micro-
environment, and 3) age-related proteome imbalance (Dong & Cui,
2018).

First, cancer cell genome is highly unstable and builds up several
point mutations in protein coding sequence and/or genome mutations
(e.g., large duplications, deletions, inversions, and translocations as
well as altered copy numbers of entire chromosomes, such as aneu-
ploidy). This may turn out in an inappropriate repression or activation
of tumour suppressors and oncogenes, respectively, excessive protein
synthesis, and/or translation of mutated proteins with altered folding,
function and turn-over (Benbrook & Long, 2012; Kim & Zaret, 2015;
Vogelstein et al., 2013; Weaver & Cleveland, 2006). It has been esti-
mated that over 90% of human solid tumours harbour aneuploidies
that lead to an excess in protein synthesis (Dai, Dai, & Cao, 2012;
Weaver & Cleveland, 2006; Williams & Amon, 2009); indeed, this is a
relevant issue mainly for proteins that become functional upon assem-
bly in stoichiometric complexes such as in the case of ribosomes
(Deshaies, 2014). Therefore, genomic alterations support a proteostasis
unbalance (also referred as proteotoxic crisis) that renders cancer cells
more dependent than normal cells on PNs clearance mechanisms, in-
cluding UPS (Deshaies, 2014). Accordingly, yeast cells with one-third
of single chromosomal aneuploidies are hypersensitive to proteasome
inhibitors, and some cells “adapted” to aneuploidy harbour mutations
that depress UPS activity (Torres et al., 2007; Torres et al., 2010;
Torres, Williams, & Amon, 2008).

Secondly, during tumour development, tumour cells are continu-
ously exposed to a variety of extrinsic perturbations, such as nutrient
deprivation, hypoxia, and acidosis. Despite this pressure, tumour cells
successfully proliferate and efficiently withstand this challenge by
adapting to the fluctuations of the microenvironment, reprogramming
their proteomeand fully exploiting the cell defencemechanisms against
proteotoxic stress. Thus, ultimately, stressful conditions lead to a disrup-
tion of the proteostasis balance, which is associated to the promotion of
malignant properties (such as invasiveness, immune surveillance es-
cape, and metabolism reprogramming), achieving a plethora of PN al-
terations (Oromendia & Amon, 2014; Dufey, Urra, & Hetz, 2015; Nam
and Joe, 2019).

Last, pathological and physiological senility is considered a major
risk factor for protein conformational diseases, including immunological
and metabolic disorders, neurodegeneration and cancer (Carrell &
Lomas, 1997; Kikis, Gidalevitz, & Morimoto, 2010; van der Willik,
Schagen, & Ikram, 2018). In fact, progressive exposure of stressors dur-
ing aging induces accumulation of damaged and unfolded proteins
which culminates in PNs alteration (Dong & Cui, 2018; Sklirou,
Papanagnou, Fokialakis, & Trougakos, 2018). Thus, in a vicious circle, un-
balanced PNs lead to the proteotoxic crisis, which favours tumouri-
genesis (Arnsburg & Kirstein-Miles, 2014; Miller, Drake, Naylor, Price,
& Hamilton, 2014). As a matter of fact, in accordance with the
proteotoxic crisis hypothesis, reprogramming the proteomemight rep-
resent a novel therapeutic approach, since agents that target compo-
nents of different PN pathways are expected to be more toxic for
cancer cells than for normal cells (Deshaies, 2014; Yuan et al., 2018).
In the next paragraphs, we will review the biological rationale for
targeting proteasome in the context of UPS as a strategy to treat cancer.

3.2. Degradation of cancer-related proteins by proteasome

A number of preclinical studies have reported alterations of protea-
some expression and activity in different type of cancers, including hae-
matological malignancies, lung, breast, pancreatic, head and neck, and
thyroid cancers (Adams, 2003; Arlt et al., 2009; Chen et al., 2005;
Kumatori et al., 1990; Roeten, Cloos, & Jansen, 2018). The reason of
this high proteasome activity is not well understood, even though it is
likely linked to stressful conditions (e.g., hypoxia, reperfusion, alteration
of growth factors and cytokines levels), which evolve in the context of a
heterogeneous tumour microenvironment. Deregulation of the protea-
some activity can destabilize and/or disrupt the balance between tu-
mour suppressors and oncoproteins, promoting cancer progression
(Chang & Ding, 2018; Kaplan, Torcun, Grune, Ozer, & Karademir, 2017;
Ogiso, Tomida, Kim, & Tsuruo, 1999). An element of complexity in un-
derstanding the role of proteasome in carcinogenesis is also represented
by the fact that most investigations are carried out in unsorted cancer
cells, which do not include cancer stem cells (Voutsadakis, 2017).
Thus, cancer stem cell theory states that all tumour cells derive by a
small percentage of cancer stem cells capable of repopulating tumours
after therapy (Hanahan & Weinberg, 2011; Simons & Clevers, 2011).
Noteworthy, the proteasome function is decreased in these cells with
respect to the bulk of tumour population, revealing that a better under-
standing of proteasome regulation in different cell sub-setsmight unveil
further opportunities in cancer therapy (Banno et al., 2016;
Voutsadakis, 2017). Despite the criticism, there are many key proteins,
degraded by proteasome, that are involved in carcinogenesis; below
are listed examples of proteins, which are considered crucial in cancer
progression and are reported to mediate cell death after exposure to
proteasome inhibitors (Ciechanover et al., 2001; Evan & Vousden,
2001; Jang, 2018; Johnson, 2015; Soave, Guerin, Liu, & Dou, 2017)
(Fig. 3).

3.2.1. NF-kB
NF-kB is a crucial transcription factor that induces the expression of

a wide range of genes involved in cell proliferation, apoptosis, inflam-
mation and angiogenesis (Karin, Cao, Greten, & Li, 2002; Qureshi et al.,
2018; Wu & Shi, 2013). Alteration of NF-kB pathway has been docu-
mented in a series of human tumours, including breast, lung, prostate,
pancreatic cancer and melanoma, as well as in haematological malig-
nancies, such asHodgkin's/Non-Hodgkin's lymphoma andmultiplemy-
eloma (Aggarwal, 2004; Braun et al., 2006; Johnson, 2015; Karin &
Greten, 2005; Kim, Hawke, & Baldwin, 2006; Perkins, 2012; Van Waes,
2007). It is generally accepted that NF-kB promotes cancer progression



Fig. 3. Regulation of NF-kB/E2F/Rb and p53/p21 pathways by proteasome. NF-kB/E2F/Rb pathway: under unstimulated conditions, NF-kB is kept inactive in the cytosol by IkB inhibitor.
Different stimuli (e.g., cytokines, stressors, Pathogen Associated Molecular Patterns), generically indicated as green spheres on membrane receptors, phosphorylate and activate IKKBγ
subunit which thereafter phosphorylate IkB through the kinase activity held by the α and β subunits. Phosphorylated IkB is ubiquitinated and degraded by the 26S proteasome. Free
NF-kB dimers translocate into the nucleus, where transcription of target genes occurs. Cyclin D1 (CCDN1) expression allows the cyclin D1-Cdk4/6 complex to form. This complex
phosphorylates Rb protein, inducing its detachment from EF2 transcription factor. Free EF2 enters the nucleus and transcribes cyclin E (not shown), cyclin A and genes involved in DNA
synthesis: this triggers the progression toward the S-phase. p53/p21 pathway: under physiological conditions, p53 degradation is predominantly orchestrated by the E3-ligase MDM2,
which promotes its poly-ubiquitination, and, thus, its degradation by the 26S proteasome. A number of stimuli activate the p53 pathway, inducing its tetramerization and
translocation into the nucleus. Herein, p53 triggers the transcription of pro-apoptotic factors (i.e., Noxa and Bax, not shown) and CdkI p21. When expressed, p21 binds to: (i) Cdk2/
cyclin E (CCNE1) complex, blocking the entry of the cell into the S phase; (ii) cyclin B (CCNB1)/Cdk1 complex, leading to a growth arrest in the G2 phase; (iii) PCNA, inhibiting DNA
replication. p21 levels are also modulated through the ubiquitin-dependent degradation by the 26S, and further by a ubiquitin -independent pathway by the 20S. Figure legend is
restricted to NF-kB and p53, whose mechanisms of transcription induction is not sketched. PIs stands for Proteasome Inhibitors and the red arrows indicate the steps of NF-kB, p53
and p21 turn-over which are blocked by this class of drugs.
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by inhibiting apoptosis, and that also chemo- and radiotherapy treat-
ments activate NF-kB signalling, inducing acquired resistance to con-
ventional cancer therapy (Baldwin, 2001; Nakanishi & Toi, 2005; Wu
& Shi, 2013). Under unstimulated conditions, NF-kB homo- or hetero-
dimers are sequestered in an inactive form in the cytoplasmby its inhib-
itor IkB. Different stimuli, including stress and chemotherapy, activate
IkB kinase (i.e., IKKB) that phosphorylates IkB, leading to its
ubiquitination and degradation by the proteasome. Free NF-kB dimers
then translocate into the nucleus wherein they induce the transcription
of target genes (Baldwin, 1996; Schwartz, Hernandez, & Mark Evers,
1999; Traenckner et al., 1995) (Fig. 3). Mammals express five NF-κB
proteins, namely RelA (p65), RelB, c-Rel, p50 and p52. Proteasome is in-
volved in thematuration process of p50 and p52, which are synthesized
as large precursors of p105 and p100 respectively (Beinke & Ley, 2004;
Fan &Maniatis, 1991). Treatment with proteasome inhibitors (PI), such
as bortezomib, blocks p105 and p100 processing, and/or IkB degrada-
tion, thus inhibiting the NF-kB-mediated cancer promoting activity
(Adams, 2004a; Johnson, 2015; Kaplan et al., 2017; Richardson et al.,
2006). Indeed, NF-kB activation seems to play a major role in the
antitumour effect of bortezomib, particularly in multiple myeloma and
melanoma cells (Amiri, Horton, LaFleur, Sosman, & Richmond, 2004;
Hideshima et al., 2002). Among the numerous proteins regulated by
NF-kB signalling, cyclin D1 plays a crucial role in cancer progression,
since it is a key regulator of late G1 phase of cell cycle. The cyclin D1-
Cdk4/6 complexes generate the phosphorylated form of the Rb protein,
resulting in the release of EF2 transcription factors, inducing its activa-
tion. This is followed by the expression of cyclin E, which interacts
with Cdk2 bringing about the hyper-phosphorylation of Rb, cyclin A
and genes involved in DNA synthesis. These steps anticipate the S
phase progression. Downregulation of NF-kB signalling, induced by pro-
teasome inhibition, leads instead to a decrease in cyclin D1 level,
impairing the phosphorylation of Rb and, in turn, the release of E2F,
thus inhibiting G1/S transition (Fig. 3) (Diehl & Ponugoti, 2010;
Harbour, Luo, Dei Santi, Postigo, & Dean, 1999; Masamha & Benbrook,
2009; Rastogi & Mishra, 2012).

3.2.2. p53
p53 is a nuclear transcription factor that regulates apoptosis, DNA

repair, angiogenesis, cell growth and senescence (Gupta et al., 2018;
Vogelstein, Lane, & Levine, 2000); thus, regulation of its level is funda-
mental to guarantee cell homeostasis. This protein is characterized by
a very rich functional spectrum that is the consequence of a structural
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complexity which renders it able to interact with a myriad of partners.
p53 exists as a dynamic ensemble of different “proteoforms”, and this
structural plasticity is due to the presence of intrinsically disordered re-
gions, as well as to several modifications at transcriptional and post-
translational level. Several p53 mutants form amyloid structures that
aggregate in the cell through a "prion-like" fashion with a gain of func-
tion effect (Rangel et al., 2019; Rangel, Costa, Vieira, & Silva, 2014; Silva,
De Moura Gallo, Costa, & Rangel, 2014). It is noteworthy that p53 un-
folded mutant forms are shared in cancer and in Alzheimer's disease
(AD) tissues, actually entering in the list of biomarkers that can be
used for their diagnosis (Amor-Gutiérrez et al., 2020).

Under normal conditions, p53 degradation is a complex and finely
regulated process, which is predominately orchestrated by the MDM2
protein, a RING-finger E3-ligase that promotes the poly-ubiquitination
of p53, and, thus, its degradation by the 26S (Fig. 3) (Brown, Lain,
Verma, Fersht, & Lane, 2009; Devine & Dai, 2013; Haupt, Maya, Kazaz,
& Oren, 1997; Momand, Wu, & Dasgupta, 2000; Poyurovsky et al.,
2007). P53 pro-apoptotic function covers a prominent role in tumour
suppression, and mutations of p53 gene are among the most frequent
genetic events in human tumours (Gupta et al., 2019; Kandoth et al.,
2013; Niazi, Purohit, & Niazi, 2018; Walerych et al., 2016; Walerych,
Lisek, & Del Sal, 2015). Additionally, tumours expressing wt-p53 often
have different mechanisms to bypass its activity, such as the overex-
pression of MDM2 (Chène, 2003; Gupta et al., 2019; Quesnel et al.,
1994). A series of studies, performed in different cancer cell models, in-
cluding melanoma, head and neck and colon cancer, reveal that one of
themain mechanisms of cell death induction by proteasome inhibition,
is the p53 pathway stabilization (An, Hwang, Trepel, & Blagosklonny,
2000; Concannon et al., 2007; Fernández et al., 2005; Gomez-Bougie
et al., 2007; Li & Johnson, 2013; Li, Li, Grandis, & Johnson, 2008; Lopes,
Erhardt, Yao, & Cooper, 1997; MacLaren, Chapman, Wyllie, & Watson,
2001; Morsi, Hage-Sleiman, Kobeissy, & Dbaibo, 2018; Qin et al., 2005;
Yu, Carroll, & Thomas-Tikhonenko, 2007; Zhu et al., 2005). Accordingly,
pro-apoptotic factors, such as Noxa and Bax, are primary p53-
responsive elements (Fig. 3) (Albert, Brinkmann, & Kashkar, 2014;
Oda et al., 2000). However, controversial results are still reported,
since the killing of some cancer cells was shown to involve a p53-
independent mechanism of Noxa induction, providing evidence for a
novel strategy to bypass the apoptotic resistance of tumour cells
(Perez-Galán et al., 2006; Qin et al., 2005; Strauss et al., 2007; Devine
& Dai, 2013; Yerlikaya, Okur, & Ulukaya, 2012; Xue et al., 2019).
3.2.3. p21 and p27 Cdk inhibitors
One of the main hallmarks of carcinogenesis is the loss of cell divi-

sion control. Proteasome is involved in the regulation of the cell cycle,
since it degrades cyclin dependent kinases (Cdk) and Cdk inhibitors
(CdkIs) (Diehl & Ponugoti, 2010; Glickman & Ciechanover, 2002). Gen-
erally, themain function of CdkIs consists in the inhibition of cyclin/Cdk
complexes, blocking cell division; p21 and p27 CdkIs expression is fre-
quently suppressed in cancer, favouring the dysregulation of cell prolif-
eration (Abbas & Dutta, 2009; Chu, Hengst, & Slingerland, 2008).

27 is a well-known negative regulator of cell cycle progression in
mammalian cells which binds and suppresses the activity of two crucial
complexes (i.e., Cdk2/cyclin E and Cdk2/cyclin A), mediating G1 pro-
gression and G1/S transition (Sherr & Roberts, 1999; Slingerland &
Pagano, 2000). P27 is ubiquitinated by the E3-ligase complex SCFSkp2

and then degraded by the 26S (Abbas & Dutta, 2009; Chu et al., 2008;
Rastogi & Mishra, 2012; Slingerland & Pagano, 2000). Low levels of
p27 are reported in different cancers (including prostate, breast, and co-
lorectal), as a consequence of an increased UPS activity, which leads to
its accelerated degradation (Glickman & Ciechanover, 2002; Loda
et al., 1997; Tsihlias, Kapusta, & Slingerland, 1999). Moreover, consis-
tent with the oncogenic role of SCFSkp2, its overexpression is associated
with low levels of p27, and thus with the deregulation of cell cycle pro-
gression (Gstaiger et al., 2001; Lee & Lim, 2016).
p21, whose stability is essential for cell fate decision, binds Cdk2/cy-
clin E complex (blocking the onset of the cell S phase) and cyclin B/Cdk1
complex (leading to a growth arrest in the G2 phase) (Abbas & Dutta,
2009; Rastogi & Mishra, 2012) (Fig. 3). Moreover, p21 binds the prolif-
erating cell nuclear antigen (PCNA), interfering with PCNA-dependent
DNA polymerase activity, inhibiting DNA replication and modulating
PCNA-dependent DNA repair processes (Abbas & Dutta, 2009;
Moldovan, Pfander, & Jentsch, 2007; Mortusewicz, Schermelleh,
Walter, Cardoso, & Leonhardt, 2005; Walsh & Xu, 2006). Under normal
conditions, p21 levels are controlled at a transcriptional level mainly by
p53. In several cancer types, proteasome inhibition brings about accu-
mulation of p53, enhancing its nuclear export, and thereby the expres-
sion of transcriptional target genes, including p21, counteracting the
proliferation stimulus associated to low p21 levels (Abbas & Dutta,
2009; Brugarolas et al., 1995; Deng, Zhang, Harper, Elledge, & Leder,
1995; Eastman, 2004; Roninson, 2002). Beside a transcriptional control
by p53, p21 levels are modulated through either (i) a ubiquitin-
dependent degradation by the 26S, and (ii) a ubiquitin -independent
pathway of degradation by the uncapped 20S, which has been proposed
for the free form of p21 (Fig. 3) (Chen et al., 2007; Deng et al., 2018; Li
et al., 2007; Sheaff et al., 2000; Touitou et al., 2001). In particular, case
(i) requires p21 ubiquitination by three E3 ligases (i.e., SCFSKP2, L4CDT2

and APC/ CCDC20) at specific stages in an unperturbed cell cycle, which
occurs onlywhen p21 is bound to cyclin/Cdk complexes andPCNA. Con-
sistent with these studies, proteasome inhibition has been reported to
considerably increase the intracellular level of p27 and p21 in many
cancers, favouring cell cycle arrest (Huang et al., 2011; Li et al., 2018;
Mi, Gan, & Chung, 2011; Rastogi & Mishra, 2012; Sterz et al., 2010).

3.3. Proteasome inhibitors for cancer therapy

Although more than one thousand proteins belong to the UPS func-
tion in the ubiquitination and recognition of ubiquitinated protein sub-
strates, the vast majority of currently available inhibitors, which have
been designed and synthesized to block this pathway, target the proteo-
lytic core of 20S. These proteasome inhibitors are broadly categorized
into different groups, according to the origin (e.g., synthetic or natural
products), the kinetic mechanism of inhibition (e.g., competitive or
non-competitive) or else the chemical structure/reactivity. This chapter
and the following one will deal with the discussion on the most prom-
ising and clinically available inhibitors, pointing out, wherever possible,
their molecular action aswell as their pharmacological profile and ther-
apeutic outcome of their usage in clinic.

Proteasome inhibitors were initially developed to prevent cancer-
related cachexia, in view of proteasome role in protein turnover
(Manasanch & Orlowski, 2017). To date, UPS is universally considered
a “bona fide” target for the development of anti-cancer drugs (Adams,
2004a, 2004b; Bullova, Cougnoux, Marzouca, Kopacek, & Pacak, 2017;
Cloos et al., 2017; Gandolfi et al., 2017; King, Deshaies, Peters, &
Kirschner, 1996; Landis-Piwowar et al., 2006; Narayanan et al., 2020;
Niewerth et al., 2015; Roeten et al., 2018). Indeed, PIs represent the ref-
erence treatment of multiple myeloma (MM), in view of its high sensi-
tivity to this class of anticancer agents (Chauhan et al., 2005; Fricker,
2020; Gandolfi et al., 2017; Narayanan et al., 2020; Roccaro et al.,
2006). It is important to recall thatMM is an aggressive and often incur-
able plasma cell dyscrasia characterized by uncontrolled proliferation of
abnormal plasma cells, which invade the bone marrow, producing ab-
normal monoclonal immunoglobulins, which circulate in the blood.
The poor prognosis of MM, which reflects the genomic complexity of
the disease, has dramatically improved after the introduction of PIs in
disease management, mainly for patients displaying a refractory MM
(RMM) and relapsed and refractory MM (RRMM), as discussed in the
next section (Leleu et al., 2018). As reported previously (see
Section 3.2), proteasome inhibition results in multiple deleterious
downstream effects in cancer cells, including down-regulation of NF-
κB signalling, stabilization of p53, cell cycle arrest, which all lead to
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apoptosis. Moreover, PIs downregulate adhesion molecules and secre-
tion of cytokines (Chauhan, Hideshima, & Anderson, 2005; Read et al.,
1995), inhibit angiogenesis (Sunwoo et al., 2001) and induce DNA-
damage (Łuczkowska, Rogińska, Ulańczyk, & Machaliński, 2020).

The effort to develop PIs has a long history and many different ap-
proaches have been adopted, ranging from the use of endogenous
and/or natural compounds to the synthesis of new ones (Buac et al.,
2013). Initially, proteasome targeting for cancer therapy has been
viewed with scepticism, mainly because of the fundamental and crucial
roles of proteasome in regulating cell homeostasis in all living cells
(Park, Miller, Jun, Lee, & Kim, 2018). Although the reason for the in-
creased cytotoxicity of PIs on proliferating tumour cells is not
completely understood, it is widely reported (Chauhan, Catley, et al.,
2005) that cancer cells are more dependent on proteasomal activity,
likely because of the higher protein turnover they experience, thus
being also more sensitive to its blockage (Almond & Cohen, 2002). Tu-
mour cells have a proteasome pathway more active than normal cells,
since an increased capability for synthesis and modification of proteins
is necessary to preserve their uncontrolled cell proliferation and their
high metastatic capacity (Chen et al., 2011; Chen & Madura, 2005).

Currently, three clinically approved PIs are available, namely: (i)
bortezomib (Velcade, recently introduced in the market also in its ge-
neric version) (approved in 2003 and 2004, by FDA and EMA, respec-
tively), (ii) carfilzomib (Kyprolis) (approved in 2012 and 2015, by FDA
and EMA, respectively), and (iii) the first oral PI, ixazomib (Ninlaro)
(approved in 2015 and 2016 by FDA and EMA, respectively) (Feling
et al., 2003; Fricker, 2020; Gandolfi et al., 2017; Narayanan et al.,
2020). Although the availability of PIs has led to an improvement of
patients'survival rate, the therapeutic potentiality of these drugs is lim-
ited by several drawbacks, including the low potency and specificity of
approved molecules, adverse effects and development of drug resis-
tance (Assaraf et al., 2019; Cree & Charlton, 2017; Gacche & Assaraf,
2018; Gonen & Assaraf, 2012; Li, Wu, & Cheng, 2016; Wijdeven, Pang,
Assaraf, & Neefjes, 2016; Zhitomirsky & Assaraf, 2016). Furthermore,
the therapeutic potential of bortezomib is negatively affected by phar-
macokinetic issues and by the very limited distribution to solid tumours
which require exceedingly high and toxic doses (Grigoreva, Tribulovich,
Garabadzhiu, Melino, & Barlev, 2015; Huang et al., 2014). The use of
more recently approved carfilzomib and ixazomib has only partially
allowed to overcome these issues (see Section 3.3.2.1). Therefore,
there is a growing demand of novel inhibitors with different mecha-
nisms of action and more favourable pharmacological profiles. Addi-
tionally, it emerges that the antitumour activity of PIs is markedly
improved in combination with conventional therapeutic strategies or
with other molecularly targeting agents, such as cell surface death re-
ceptor, autophagy, STAT3 and Histone deacetylase (HDAC) inhibitors
(Li et al., 2009; Li et al., 2010; Li et al., 2012; Li & Johnson, 2012; Li,
Zhou, & Chen, 2008; Pei, Dai, & Grant, 2004; Seki et al., 2010; Yoshiba
et al., 2011). Accordingly, a number of preclinical and clinical studies
are ongoing to evaluate further newdrug combinations, and to optimize
administration schedules of therapeutic protocols already used
(Berenson et al., 2007; Chen, Frezza, Schmitt, Kanwar, & Dou, 2011;
Chen, Retzlaff, Roos, & Frydman, 2011; Johnson, 2015; Wallington‐
Beddoe, Sobieraj‐Teague, Kuss, & Pitson, 2018).

3.3.1. Chemical structure and mechanism of action
Generally, PIs are electrophilic molecular species that react cova-

lently with the threonine residues of the proteasome active sites
(Harer, Bhatia, & Bhatia, 2012). The first PIs were analogs of serine pro-
tease inhibitors, characterized by hydrophobic peptide aldehydes,mim-
icking substrates of the proteasome β5 active site and reacting with the
nucleophilic hydroxyl group of threonine to form reversible hemiacetal
adducts. However, first aldehyde inhibitors turned out to have addi-
tional targets in the cell besides the proteasome, also inhibiting cathep-
sin B and calpains (Kisselev & Goldberg, 2001). For this reason, other
molecular scaffolds have been investigated and peptide boronates
(such as bortezomib and ixazomib) as well as epoxyketones (i.e.,
carfilzomib and oprozomib) have been synthesized. These new and
more specific PIs have experienced great success in clinics (as exten-
sively discussed in Section 3.3.2), and most of them are currently used
as therapeutic drugs, even though some of them still retain activity to-
ward non-proteasome targets. In fact, bortezomib and most second-
generation boronates also co-inhibit caspase-like sites (Kisselev, van
der Linden, & Overkleeft, 2012). In the next section, the main chemical
properties of PIs approved and/or ongoing in clinical trials are discussed.

3.3.1.1. First-generation proteasome inhibitors: Bortezomib. Bortezomib is
a dipeptide containing phenylalanine and leucine with a boronic acid
instead of a carboxylic acid, and a pyrazinoic acid moiety to protect
the N-terminus. The structure of bortezomib bound to the 20S has
been solved, elucidating the binding mode and mechanism of action at
the molecular level (Jung et al., 2004; Groll, Berkers, Ploegh, & Ovaa,
2006) (Fig. 4B). Bortezomib binds reversibly to the chymotryptic-like
(CT-L) β5 subunit of the proteasome, even though it has also been re-
ported to bind the caspase-like (C-L) β1 and trypsin-like (T-L) β2 sub-
units with lower affinity (Buac et al., 2013); however, a good
selectivity of bortezomib toward specific proteasome subunits is dic-
tated by the composition of their substrate binding pockets, which dif-
fers in the three catalytic β-subunits. In the presence of bortezomib,
an anti-parallel β sheet conformation is adopted by domains in the cat-
alytic clefts, and direct hydrogen bonds are formed between the con-
served residues (i.e., Gly47N, Thr21N, Thr21O, and Ala49O) of the
proteasome β-type subunits and the main chain atoms of the drug, sta-
bilizing the complex (Fig. 4B). The boronic acid is responsible for the ac-
tual inhibition, ensuring an increased specificity for the proteasome.
Indeed, the boron atom covalently binds the oxygen of Thr1Oγ (the
electrophilic functional group that normally reacts with peptide bonds
of substrates, see Section 2.2.1), while the acidic boronate hydroxyl
groups are bound to Gly47N, bringing about a stabilization of the
oxyanion hole. Further stabilization of the tetrahedral boronate adduct
comes from a second acidic boronate hydroxyl moiety, which works
as a catalytic proton acceptor and is H-bridged to the N-terminal threo-
nine amine atom. A wide range of specific inhibitors has been devel-
oped, but usually peptide boron esters and acids are powerful
inhibitors of serine proteases, as they interact covalently but reversibly
with the active hydroxyl site of this class of the enzymes (Harer et al.,
2012). Furthermore, these peptide boron esters are less reactive toward
circulating nucleophiles in aqueous solutions than their aldehyde coun-
terparts (Adams et al., 1998).

Bortezomib induces toxicity in cancer cells through different mech-
anisms, including (i) inhibition of the NF-kB pathway, which has been
envisaged as the main target of bortezomib clinical efficacy; (ii) stabili-
zation of p53 pathway, which leads to apoptosis mainly by increasing
the level of pro-apoptotic factors, such as NOXA and Bcl-2; (iii) modula-
tion of CdkIs levels.Moreover, bortezomib inhibits tumour angiogenesis
probably as a result of reduced vascular endothelial growth factor re-
ceptor (VEGFRs), which seems to be linked to the inhibition of NF-kB
(Hideshima et al., 2001; Hideshima et al., 2003; Nunes & Annunziata,
2017; Pandit & Gartel, 2011; Sunwoo et al., 2001). Despite the plethora
ofmechanisms of actions responsible for the high toxicity of bortezomib
toward cancer cells and the high specificity toward serine proteases,
peptide boron esters containing acids, such as bortezomib, can become
bio-activated to chemically reactive imine amide metabolites inducing
drug toxicity (Li, Yu, Ring, & Chovan, 2013). As a matter of fact,
carbinolamides metabolites have been detected after incubation with
human liver proteins and the formation of GSH conjugates was also ob-
served, both likely stemming from electrophilic reactions of the imine
amides with the nucleophilic GSH. The observed metabolites seem to
be produced via oxidative de‑boronation, catalyzed by hepatic cyto-
chrome P450 enzyme, and bortezomib toxicity has been ascribed to
their formation and high reactivity (see also Section 3.3.2.1). A way to
reduce these adverse effects of bortezomib treatment is the use of



Fig. 4. Proteasome binding structures of PIs. The structures of proteasome binding to carfilzomib (panel A), bortezomib (panel B), salinosporamide (marizomib) (panel C) and ixazomib
(panel D); are reported. The β-5 subunit is represented as turquoise ribbon, the β-1 subunit is represented as purple ribbon, the inhibitors are represented as orange sticks and the
protein residues interacting with the inhibitors as grey sticks.
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appropriate methods for administering this agent, such as early-dose
reduction and once-weekly and subcutaneous administration.

A crucial drawback, encounteredwhen bortezomib is used as a ther-
apeutic drug, is the rapid development of resistance in response to the
treatment (Barrio et al., 2019; Lee et al., 2015). Many studies have de-
scribed a plethora of strategies the cancer cells may evolve to acquire
bortezomib resistance. In this regard, selective down-regulation of spe-
cific 19S subunits and the consequent reduced flux of substrates
through proteasome has been reported to be a major strategy that sev-
eral cancer cells may adopt to cope with proteasome inhibition
(Tsvetkov et al., 2015; Tsvetkov et al., 2017). Somatic mutations in the
catalytic cleft of β5 and involved in the binding to bortezomib have
been further described in patients with MMwho underwent prolonged
therapywith PIs: in this case, resistance inductionwas acquired through
missense mutations and resistance was effective, though at a variable
extent, also to next generation PIs (see next paragraphs) (Barrio et al.,
2019).

Further, a selective overexpression (up to 60-fold) of a mutant β5
protein has been proposed at the origin of the bortezomib resistance,
whereas marked changes in CT-L proteasome activity are not found
(Oerlemans et al., 2008). On the other hand, other studies have reported
a significant decrease of the CT-L proteasome activity after 1 h in four
different cell lines, maintaining such an inhibitory activity for as long
as 24 h (Bonvini et al., 2007). Furthermore, an increase in the accumu-
lation of the β5 precursor form was observed, even though no signifi-
cant alteration in the expression profile of the mature form was
detected (Yerlikaya & Okur, 2019). Analogously, it has been also re-
ported that α5 promotes the tumourigenic process of prostate cancer
cells and is linked to bortezomib resistance (Fu et al., 2018). Other
changes in bortezomib resistant cell lines, such as increased expression
of β1 and β5 proteasome subunits, upregulation of pro-apoptotic pro-
teins of the Bcl-2 protein family, Bax and Noxa have been also reported
(Wu, Yang, & Saitsu, 2016).Moreover, the lack of some proteins, such as
XBP1, which decreases the endoplasmic reticulum burden and affects
the unfolded protein response, has also been proposed as a possible
cause of bortezomib resistance (Fall et al., 2014). Interestingly, certain
factors have been proposed as predictive markers of response to
bortezomib treatment. Among others, KLF9, CDK5, Nampt and accumu-
lation of unfolded proteins in the endoplasmic reticulum(ER stress) and
UPR-associatedmarkers (XBP1, ATF3, and AFT4) have been identified to
play an important role in bortezomib sensitivity. It is therefore clear that
further studies are demanded in order to better understand the under-
lying mechanisms which limit the use of this compound for cancer
treatment.

3.3.1.2. Second-generation proteasome inhibitors. The socalled second
generation of PIs includes drugswith different chemical features that re-
flect their different pharmacological profile (see Section 3.3.2.2); they
can be either epoxyketones (e.g., carfilzomib and oprozomib), peptide
boronate (e.g., ixazomib and delazomib) or else nonpeptide proteasome
inhibitor, such as marizomib.

In general, epoxyketone PIs are characterized by a short peptide
core, and a terminal α,β-epoxyketone dual electrophilic reactive war-
head, which determines their activity (Schrader et al., 2016). The most
important representative of this PI class is carfilzomib, a tetrapeptide
with a terminal epoxyketone group, which seems to be highly specific
for the proteasome (see Sections 3.3.1.1 and 3.3.2.2.2) (Muz et al.,
2016). It displays an inhibitory power equivalent to that of bortezomib
for CT-L subunits of the proteasome (IC50= 6 nM), whereas C-L and T-L
sites are only very weakly inhibited by carfilzomib (IC50 = 2400 and
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3600 nM, respectively); thus it is considered a selective inhibitor of CT-L
activity (Demo et al., 2007; Boccon-Gibod et al., 2020). Carfilzomib
forms a covalent adduct between its C-terminal ketone moiety and
Thr1O of each inhibited subunit (Fig. 4A). Additionally, unlike peptide
boronates, such as bortezomib and ixazomib, carfilzomib forms a stable
morpholine ring between Thr1 N-terminal amino group and epoxide α
carbon. These further covalent interactions dramatically enhance the
specificity of epoxyketones for proteasomewith respect to other prote-
ases, making this PI class essentially irreversible under physiological-
treatment conditions (Groll et al., 2000). Crystallographic studies on
human 20S proteasome in complex with carfilzomib clarify the struc-
tural basis for the high in vivo drug's selectivity for CT-L activity. The
high specificity for CT-L activity can be attributed to van der Waals in-
teractions between carfilzomib and S1, S3, and S4 pockets of β5 sub-
units, whereas in the T-L β2 subunit, carfilzomib forms favourable van
der Waals interactions only with S3 and S4 pockets, but not with S1
(Fig. 4A). In fact, themain differences between CT-L and T-L sitesmostly
reside in the S1 pocket size, which ismuchwider in the T-L subunit than
in the CT-L one, rendering less effective the van der Waals contacts be-
tween the P1 leucyl group of carfilzomib and the S1 pocket of the T-L
subunit. In addition, His116 of β7 subunit sterically blocks the entry of
carfilzomib P4 phenyl group into the S4 pocket of the T-L subunit,
shifting P4 up to 3.7 Ǻ away from the S4. Furthermore, the polarity of
the C-L S1 pocket impairs an interactionwith the carfilzomib hydropho-
bic P1 leucyl group (Fig. 4A). As a whole, these differences lead to a dis-
ordered N-terminus of carfilzomib, likely contributing to the higher IC50
value of C-L activity (Harshbarger, Miller, Diedrich, & Sacchettini, 2015).

The mechanisms through which carfilzomib induces cell death are
less known than for bortezomib, even though several studies demon-
strated that it elicits programmed cell death acting in different ways,
such as (i) activating c-Jun-N-terminal kinase, (ii) promotingmitochon-
drialmembrane depolarization and favouring cytochrome c release, (iii)
increasing the levels of pro-apoptotic factor Noxa, and activating
caspase-3 and caspase-7 (Narayanan et al., 2020; Parlati et al., 2009).
The introduction of carfilzomib in clinical therapy has allowed to over-
come some criticisms related to bortezomib administration, like a re-
duced incidence of adverse effects (e.g., severe peripheral neuropathy)
and acquired resistance; therefore, it has become a key option for the
treatment of RMM patients (see Section 3.3.2.2.1). However, a number
of patients also display intrinsic resistance or develop resistance to
carfilzomib treatment (Shah et al., 2018). The reasons for this might
stem from mutations or overexpression of proteasome catalytic sub-
units, but a likely contributor to carfilzomib resistance could also be
the overexpression of the efflux pump P-glycoprotein (P-gp), reducing
the drug intracellular concentration, since carfilzomib is a recognized
substrate of this enzyme (Ao et al., 2012; Besse et al., 2018; Lee et al.,
2019; Zang, Kirk, & Johnson, 2014; Zheng, Liu, Zheng, & Hu, 2017).

Oprozomib is an orally bioavailable peptide epoxyketone, currently
tested in ongoing clinical trials. It is a tripeptide structural analogue of
carfilzomib, which was synthesized to improve drug absorption. In
fact, it is thought that smaller peptides are absorbed more effectively
across the small intestine wall (Hamman, Enslin, & Kotzé, 2005; Zhou
et al., 2009). Like carfilzomib, oprozomib primarily exhibits irreversible
binding kinetics to CT-L subunit (Rajan & Kumar, 2016), and the co-
crystal structure of human 20S and oprozomib enhanced the knowledge
of how proteasome active sites interact with peptide epoxyketone in-
hibitors (Schrader et al., 2016). Oprozomib, like other epoxyketone in-
hibitors, forms a seven-membered, 1,4-oxazepano adduct with the
catalytic Thr within the β5 active site, whereas (as also reported for
carfilzomib) previous findings reported the formation of a 1,4-
morpholino adduct. Therefore, these novel solved structures have indi-
cated that, during the second step of the inhibitory reaction, the Thr N-
terminal amino group attacks the β carbon rather than the α carbon of
the inhibitor's epoxide (Carmony, Lee, & Kim, 2016; Schrader et al.,
2016). Concerning the mechanism through which oprozomib mediates
cancer cell death, it has been demonstrated that oprozomib induces
apoptosis through the activation of caspase 3, 8 and 9 (Chauhan et al.,
2010), PARP cleavage, and, interestingly, it seems to block angiogenesis
that it is known to play a key role in MM progression (Chauhan et al.,
2010a; Giuliani, Storti, Bolzoni, Palma, & Bonomini, 2011; Podar et al.,
2001; Zhu et al., 2019).

Ixazomib and delazomib are both orally available structural ana-
logues of bortezomibwith a boronic acid as pharmacofore. In particular,
ixazomib is a dipeptidyl leucine boronic acid, that was developed
through a large-scale screening of boron-containing PIs in the search
of compounds with an increased efficacy and reduced side effects with
respect to bortezomib (Chauhan et al., 2011; Kupperman et al., 2010;
Offidani et al., 2014). Since it belongs to the same chemical class of
bortezomib, it is not surprising that its acts through a similar mecha-
nism of action. In fact, proteasome subunit inhibition occurs when
boric acid group forms a covalent bond with the hydroxyl group of the
catalytic N-terminal threonine residue (Muz et al., 2016). Like
bortezomib, ixazomib reversibly blocks the CT-L of the β5 subunit
(IC50 = 3.4 nmol/L for ixazomib vs 2.7 nmol/L for bortezomib)
(Chauhan et al., 2011; Lee, De la Mota-Peynado, & Roelofs, 2011)
(Fig. 4D). Noteworthy, proteasome dissociation half-life for ixazomib
is relatively shorter than for bortezomib (18 min for ixazomib and 110
for bortezomib), improving its general tissue distribution and rendering
this drug more “re-available” (see Section 3.3.2.2.2) (Kupperman et al.,
2010; Narayanan et al., 2020). Biochemical analysis and in vitro studies
showed that at high concentrations ixazomib (like bortezomib) inhibits
also other proteolytic sites of 20S proteasome (Chauhan et al., 2011).
However, the most important advancement of ixazomib with respect
to bortezomib is the possibility of an oral administration; thus, ixazomib
can be formulated as an ester citrate prodrug (MLN2238), which is rap-
idly hydrolyzed in aqueous solution (e.g., plasma) to the pharmacologi-
cally active metabolite MLN2238 with free boric acid (Chauhan et al.,
2011; Gupta et al., 2019; Kupperman et al., 2010; Okazuka & Ishida,
2018). Like bortezomib, the apoptotic activity of ixazomib is mediated
by caspase 3–8-9 activation through a stabilization of the p53 pathway
(see Section 3.2.2 and 3.2.3) (Muz et al., 2016). Interestingly, microRNA
studies in MM cells revealed that ixazomib induces upregulation of the
tumour suppresso miR33b, leading to apoptosis by blocking proto-
oncogene PIM-1 (Tian et al., 2012).

Another peptide boronate is delazomib, which reversibly inhibits
CT-L subunit with a magnitude and a mechanism of action similar to
bortezomib and ixazomib (Dorsey et al., 2008; Piva et al., 2008). More-
over, like bortezomib, in vitro studies have revealed that delazomib pri-
mary target is the inhibition of NF-kB pathway, with a consequent
alteration of the expression of several NF-kB downstream effectors
(Kubiczkova, Pour, Sedlarikova, Hajek, & Sevcikova, 2014; Piva et al.,
2008).

The main representative of the PI third class is marizomib, also
named salinosporamide A, which is a natural product deriving from a
sediment obligatemarine actinomycete identified as Salinospora tropica
(strain CNB-392) (Potts & Lam, 2010; Pereira et al., 2019). It is charac-
terized by a different non-peptide-based structure with respect to
other PIs so far described. Its unique structure displays a fused γ-
lactam-β-lactone ring system containing a cyclohexenyl carbinol and
chloroethyl functional groups. Marizomib is an irreversible inhibitor of
all catalytic subunits of 20S, with IC50 values ranging from the low pM
to mid nM range (Fenical et al., 2009), and it produces a prolonged
20S inhibition (≥72 h) (Potts et al., 2011). Crystallographic structure of
the complex between Salinosporamide A and yeast 20S showed that
the drug perfectly occupies the active sites of all three pairs of catalytic
subunits of 20S (Fenical et al., 2009; Groll et al., 2006) (Fig. 4C). These
findings provided a detailed understanding of the proteasome-ligand
interactions at themolecular level, revealing a uniquemechanism of ac-
tion that renders the inhibitor irreversible. The first step of interaction is
represented by the formation of a covalent ester bound between the
catalytic N-terminal Thr1Oγ of each 20S subunit and the carbonyl of
the β-lactone ring of the inhibitor (Fig. 4C). β-lactone ring opening is
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followed by chlorine elimination, giving rise to a stable 5-membered cy-
clic ether (Groll et al., 2006). One of the main downstream effect ob-
served after proteasome inactivation by marizomib is the inhibition of
NF-κB activation, in a fashion similar to other PIs (Narayanan et al.,
2020). Remarkably, as also discussed in Section 3.3.2.2.3, the main ad-
vantage ofmarizomib is the capability to overcome the blood-brain bar-
rier, which opened a novel therapeutic potential for this inhibitor,
eliciting the research in attempt to improve its pharmacological profile
(Park et al., 2018; Singh et al., 2010).

An intriguing point on proteasome biology, which reflects on the
identification of more clinically effective PIs and/or novel combination
therapy, concerns the individual role and the functional meaning of dif-
ferent proteasome subunits. Although these crucial aspects are poorly
understood, β5 subunit was initially identified as the rate limiting pro-
tease for proteasome-dependent protein turnover (Heinemeyer et al.,
1997; Arendt & Hochstrasser, 1999; Groll et al., 1999). Consequently,
PIs were designed to target β5 subunits, as it comes from the above
reported chemical features of main PIs (Kubiczkova et al., 2014;
Kisselev et al., 2012). However, advanced chemical manipulations,
which allowed to monitor the activity of each individual proteolytic
subunit, have pointed out that, at higher concentrations, all β5-
targeted PIs lose their subunit selectivity and inhibit also the β1 and/
or β2 types of proteasome subunits (Kraus et al., 2015; Bruin et al.,
2016). These co-inhibition patterns differ among individual PIs and
seem to be responsible for the overcoming of drug resistance observed
at higher concentrations. In this respect, recent investigations have re-
vealed that β5 and β2 co-inhibition, exclusively achieved by high levels
of carfilzomib, is themost effective proteasome inhibition profile inMM
(Besse et al., 2019). Therefore, it has been proposed that a better com-
prehension of the significance of different coinhibitory patterns should
help to understand the differential activity and toxicity observed during
treatment with different PIs as well as with different doses of the same
drug (Besse et al., 2019). Moreover, these findings could provide the ra-
tionale for preclinical and clinical investigations of a novel treatment
schedules. These results showed that differences on the functional
proteasome-interacting groups of the PI (i.e., epoxyketone, β-lactone,
or boronate) cannot account for the observed differences in the clinical
efficacy of the various drugs (reversible versus irreversible proteasome
binding); differences in the PIs affinity toward the various proteasome
subunits should be considered instead. The observed differences in PIs
affinities are mainly due to different interactions of the specific PI side
chains with each of the proteasome subunits. The chemical interpreta-
tion of the different PIs inhibition capability for the various proteasome
subunits (Gozzetti et al., 2017) also explains why drugs combination is
more effective than monotherapy.

3.3.2. Clinical pharmacology

3.3.2.1. First-generation proteasome inhibitors: bortezomib. In the 1990s,
the reversible PI bortezomib (formerly named as PS-341) PI, was ini-
tially developed as anti-inflammatory and anti-cachectic agent. How-
ever, preclinical studies soon unravelled that bortezomib was highly
effective against different tumours, in particular MM, inducing growth
arrest and apoptosis and inhibiting angiogenesis (Mitch & Goldberg,
1996; Adams et al., 1998; Adams et al., 1999; Teicher, Ara, Herbst,
Palombella, & Adams, 1999; Hideshima et al., 2001; LeBlanc et al.,
2002; Ma et al., 2003; Mitsiades et al., 2003; Sánchez-Serrano, 2006;
Caravita, de Fabritiis, Palumbo, Amadori, & Boccadoro, 2006). Addition-
ally, in vitro studies revealed that bortezomib increased in vitro tumour
chemosensitivity and overcame chemoresistance to dexamethasone,
doxorubicin, and melphalan, suggesting also its use in combination
therapies (Hideshima et al., 2001; Ma et al., 2003; Mitsiades et al.,
2003). The overall bulk of in vitro and in vivo studies supported clinical
investigations of bortezomib in patients with MM, who had received
at least two prior therapies and have demonstrated disease progression
after the last therapy (Caravita et al., 2006; Park et al., 2018; Robak &
Robak, 2019), leading to the first global approval of PI for cancer
treatment.

A pivotal early phase I study investigated the maximum-tolerated
dose, dose-limiting toxicity, and pharmacodynamics of bortezomib in
patients with refractory haematological malignancies, showing activity
against RMM (Orlowski et al., 2002). Subsequently, a phase 2 study
(CREST) showed the efficacy of the PI, as single agent or in combination
with dexamethasone, in patients with relapsedMM after frontline ther-
apy (Jagannath et al., 2004). These observations provided the rationale
for a phase 2 open-label, single-arm (SUMMIT) trial, which included
202 patients with RRMM receiving at least two prior therapies, in
which bortezomib (1.3 mg/m2) was administered by intravenous
bolus twiceweekly for 2 weeks, followed by 1weekwithout treatment,
for up to eight cycles (24weeks). This study reported 27.7% complete or
partial response rate, a median response of 12 months and manageable
adverse effects (Richardson et al., 2003). Moreover, bortezomib in-
creased the time to progression to a higher extent (2–4 folds) compared
to the last treatment patients received before entering the clinical trial.
These impressive results led to the accelerated approval of bortezomib
for the treatment of patients with RRMM who had received at least
two prior therapies, a particularly difficult-to-treat patient population.
An extended follow-up of the SUMMIT study reported a median
time to progression of 13.9 months for responding patients, whereas
of 1.3 months for those with progressive disease or not evaluable
(Richardson, Mitsiades, Hideshima, & Anderson, 2006). The phase 3
trial, APEX, comparing bortezomib with high-dose dexamethasone for
RRMM after one to three previous lines of treatment, showed a signifi-
cant increased survival in patients treatedwith the PI (one-year survival
rates of 80% versus 66%, P = .003; the hazard ratio for overall survival
(OS) = was 0.57, P = .001) (Richardson et al., 2005; Cengiz Seval &
Beksac, 2018) and these results led in 2005 to the regular approval to
bortezomib. The superiority of bortezomib was further confirmed after
an extended follow-up, in which the reported median OS was 29.8
months for bortezomib and 23.7 months for high-dose dexamethasone,
despite crossover from dexamethasone to bortezomib arm (Richardson
et al., 2007). Thereafter, in 2007 FDA approved label expansion of
bortezomib to include patients with impaired kidney function, without
the requirement of dose adjustment).

Bortezomib was also tested in multidrug regimens, since the shift in
clinical practice to a more aggressive approach, including PIs (as also
discussed in Section 3.2), has improved survival outcomes (Leleu
et al., 2019). In the DOXIL-MMY-3001 phase 3 study the safety and effi-
cacy of bortezomib in combination with pegylated liposomal doxorubi-
cin were compared to those of bortezomib as a single agent in patients
with RRMMwho had received at least one prior treatment. The doublet
therapy was more effective than monotherapy, even though associated
with a higher incidence of grade 3/4 (80 vs 64%, respectively)
myelosuppression, gastrointestinal events, and hand-foot syndrome
(Orlowski et al., 2007). However, despite the significant increase in
time to progression observed in the group treated with the drug combi-
nation, the final results of OS analysis after a median follow-up of 103
months indicated no significant differences between the two treat-
ments (Orlowski et al., 2016). The triple combination bortezomib-
thalidomide-dexamethasone resulted in increased median time to
progression (19.5 versus 13.8months; hazard ratio, 0.59; P< .001) com-
pared to the dual combination of the immunomodulatory agent thalid-
omide plus dexamethasone, in patients with MM progressing or
relapsing after autologous stem-cell transplantation (ASCT), as demon-
strated in a phase 3 study (MMVAR/IFM 2005–04) (Garderet et al.,
2012). Although a direct comparison between trials is not possible,
the observed time to progression was higher than that observed in the
APEX trial where bortezomib was tested as single agent (6.2 months)
or in the DOXIL-MMY-3001 trial where the PI was combined with lipo-
somal doxorubicin (9.3 month). The addition of bortezomib to
thalidomide-dexamethasonewas associated with a substantial increase
of cumulative, dose-related grade 3 peripheral sensory neuropathy
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(Garderet et al., 2012). Since thalidomide is also neurotoxic, in the triple
combination this agent was replaced by lenalidomide, which is a better-
tolerated analogue. Indeed, a phase 2 trial demonstrated a similar
median time to progression of 19.5 months, but a markedly lower rate
of grade 3 peripheral neuropathy compared to the triple combination
including thalidomide (2% versus 29%) (Richardson et al., 2014). The
current guidelines recommend the triple combination of bortezomib,
lenalidomide and dexamethasone as a preferred salvage regimen for
previously treated multiple myeloma and as first-line therapy irrespec-
tive of transplantation eligibility (National Cancer Comprehensive
Network, NCCN Clinical Practice Guidelines–Multiple-Myeloma.Ver-
sion3.2020 https://www.nccn.org/professionals/physician_gls/pdf/
myeloma.pdf. Accessed April 4, 2020). For RRMM patients who previ-
ously received lenalidomide, bortezomib and dexamethasone have
also been evaluated in combination with the other immunomodulatory
agent pomalidomide. In particular, the phase 3 clinical trial OPTIMISMM
showed a significant increase in median progression-free survival (PFS)
compared to the doublet bortezomib-dexamethasone (11.2 months
versus 7.1 months, HR = 0.61, P 〈0,0001) (Richardson et al., 2019).
Two other interesting therapeutic triplet regimen in RRMM, which in-
cluded bortezomib, are: (i) bortezomib-dexamethasone and the anti-
CD38 monoclonal antibody daratumumab approved in 2016 by FDA
and EMA for the treatment of patients who had received at least one
prior therapy; (ii) bortezomib-dexamethasone and HDAC inhibitor
panobinostat approved in 2015 by FDA and EMA for the treatment of
patients who had received at least two prior therapies, including
bortezomib and an immunomodulatory drug.

In the phase 3 CASTOR trial, the addition of darutumumab resulted
in significantly longer PFS (median PFS 16.7 vs. 7.1 months, HR =
0.31) compared to bortezomib plus dexamethasone, but it was associ-
ated to infusion-related reactions and higher rates of thrombocytopenia
and neutropenia (Palumbo et al., 2016; Spencer et al., 2018).

Panabinostat was the first pan-HDAC inhibitor approved to treat
MM, which acts via epigenetic modification and inhibition of the
aggresomepathway (i.e. a proteasome-independent pathway that elim-
inatesmisfolded proteins). The approval for RRMMwas based on the re-
sults from the pivotal phase 3 PANORAMA-1 clinical trial, which
demonstrated an improvement in PFS of 7.8 months for the three-
drug combination compared with placebo plus bortezomib and dexa-
methasone in this patient population (11.99 vs. 8.08, P < .0001), even
though several adverse events were more frequently observed in the
panobinostat group (San et al., 2014; San-Miguel et al., 2014; San
et al., 2016).

A phase 2 study has also investigated the combination of bortezomib
plus dexamethasonewith the immunomodulatory agent elotuzumab, a
monoclonal antibody against SLAMF7 (signalling lymphocytic activa-
tion molecule F7), reporting encouraging results (median PFS 9.7 vs.
6.9 months) (Jakubowiak et al., 2016). Based on the results of this
study, the National Comprehensive Cancer Network (NCCN) panel
guidelines have included also this triple combination among the thera-
peutic option for RRMMwhohave previously received at least one prior
therapy (National Cancer Comprehensive Network, NCCN Clinical
Practice Guidelines – Multiple Myeloma. Version 3.2020. https://www.
nccn.org/professionals/physician_gls/pdf/myeloma.pdf. Accessed April
4, 2020).

Once bortezomib efficacy was established for RRMM in the early
2000s, attention turned to patients with newly diagnosed disease
(NDMM), in whom its efficacy was tested with or without dexametha-
sone, showing that the combined treatment was associated with im-
proved response rate without additional severe toxicities compared to
PI monotherapy (Mateos et al., 2006; Mateos et al., 2008; Harousseau
et al., 2010; Jagannath et al., 2005; Okazuka & Ishida, 2018). In 2008,
the key phase 3 trial VISTA led to the approval of bortezomib, in combi-
nationwithmelphalan and prednisone, by FDA for previously untreated
MM and by EMA for previously untreatedMM not eligible for high dose
chemotherapy and stem-cell transplantation (SCT) (San Miguel et al.,
2008). Melphalan plus prednisone, was the standard of care for
NDMM patients over 65 years old, being instead high-dose chemother-
apy followed by SCT the preferred treatment for patients under the age
of 65 years (Barlogie et al., 1997; Alexanian et al., 1969; San-Miguel
et al., 2016). In the VISTA trial, 682 patients were randomized to receive
either melphalan and prednisone or the same schedule with the addi-
tion of bortezomib (at the dose of 1.3 mg/ml). At the initial analysis,
the time to disease progression was 24.0 months in the bortezomib
group and 16.6 months in the control group (HR for the bortezomib
group = 0.48; P < .001) (San-Miguel et al., 2008). The interim and
final analyses confirmed the efficacy of the triplet regimen: aftermedian
follow-ups of 36.7 months and 60.1 months, 35% and 31% risk of death
reduction were reported, respectively, in the bortezomib-containing
group versus the control group (HR = 0.653; P < .001 and 0.695; P <
.001, respectively) (Mateos et al., 2010; San Miguel et al., 2013). The
final reported median OS was 56.4 vs 43.1 months (San Miguel et al.,
2013). Even in this case, peripheral neuropathy events were more fre-
quently documented in the bortezomib group. Interestingly, an Italian
phase 3 study introduced thalidomide in the triplet regimen of the
VISTA trial: 511 patients were randomly assigned to receive nine cycles
of the four-drug combination bortezomib-melphalan-prednisone-tha-
lidomide followed by continuous bortezomib-thalidomide as mainte-
nance (VMPT-VT), or bortezomib-melphalan-prednisone (VMP,
control group) at the same doses. In the initial analysis, the median
PFS was not reached in the VMPT-VT arm and was 27.3 months in the
VMP group; the 3-year PFS was 56% in patients receiving VMPT-VT
and 41% in those receiving VMP (HR = 0.67; P = .008) (Palumbo
et al., 2010). A longer follow up confirmed the higher survival benefit
of the VMPT-VT protocol compared to the triplet combination (median
PFS 35.3 months versus 24.8 months; HR = 0.58; P < .001) (Palumbo
et al., 2014). Thereafter, several randomized, open label, phase 3 clinical
trials (IFM 2005–01; GIMEMA; PETHEMA/GEM and MMY-3006) tested
bortezomib-dexamethasone doublet regimen or bortezomib-
dexamethasone-thalidomide triplet regimen in patients with previ-
ously untreated MM as induction therapy before SCT. These and other
clinical trials demonstrated a statistically significant improvement in
the post-transplantation complete response rate as a consequence of
bortezomib inclusion in the induction regimens, even though the inci-
dence of peripheral neuropathy was increased (Horousseau et al.,
2010; Cavo et al., 2010; Rosiñol et al., 2012; Sonneveld et al., 2013).
The results of these studies led to EMA approval in 2013 of bortezomib
with dexamethasone or with dexamethasone plus thalidomide for the
induction treatment of patients with previously untreated MM, eligible
for high dose chemotherapy followed by SCT. Thereafter, the
bortezomib-lenalinomide-dexamethasone triplet regimen has become
one of the standard induction therapies before SCT (Okazuka & Ishida,
2018). In two different phase 2 studies (i.e., IFM and IFM/DFCI 2009)
this therapeutic regimen was tested in patients with NDMM eligible
for SCT as induction therapy, and as induction and consolidation ther-
apy, respectively, with encouraging results in terms of PFS
(Richardson et al., 2010; Roussel et al., 2014). Additionally, results
from a phase 3 clinical trial demonstrated that the lenalidomide-
containing triplet therapy (RVD) followed by high-dose chemotherapy
plus SCTwas associatedwith significantly longer PFS than the RVD ther-
apy alone, even though OS did not differ significantly between the two
approaches (Attal et al., 2017). A more recent study also confirmed
the efficacy of the RVD regimen in the pre-transplant induction therapy
so that it has to be considered as a standard of care in this clinical setting
(Rosiñol et al., 2019). Recently, a phase 3 trial has evaluated this regi-
menwith respect to lenalidomide-dexamethasone in patients with pre-
viously untreated MM, who were not planned for immediate SCT,
demonstrating a significant improvement in terms of PFS (43 months
vs 30months, HR=0.712, P= .0018) andOS (75months vs 64months,
HR = 0,709, P = .025) with an acceptable risk-benefit profile (Durie
et al., 2017). Therefore, although, as above mentioned, high-dose che-
motherapy plus autologous SCT is the standard treatment for NDMM

https://www.nccn.org/professionals/physician_gls/pdf/myeloma.pdf
https://www.nccn.org/professionals/physician_gls/pdf/myeloma.pdf
https://www.nccn.org/professionals/physician_gls/pdf/myeloma.pdf
https://www.nccn.org/professionals/physician_gls/pdf/myeloma.pdf
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in adults up to 65 years of age, the use of combination therapy with
lenalidomide, bortezomib and dexamethasone has raised questions
about the role and timing of transplantation (Attal et al., 2017;
Okazuka & Ishida, 2018).

As in the case of RRMM treatment, bortezomib is always the back-
bone for therapeutic regimens for NDMM in combination with other
novel targeted agents (Seval and Beksac, 2018). Accordingly, two ther-
apeutic regimens, including the monoclonal antibody daratumumab,
have been approved by both FDA and EMA:

1) in 2018, bortezomib, daratumumab, melphalan and prednisone
combination for NDMM patients, who are ineligible for ASCT. This ap-
proval was based on the results of the open-label, multicentre phase 3
ALCYONE (MMY3007) study, in which patients ineligible for high-
dose chemotherapy followed by ASCT (age > 65 years or comorbidi-
ties), were randomized to receive either daratumumab-bortezomib-
melphalan-prednisone (D-VMP) or bortezomib-melphalan-prednisone
(VMP, control group). The 3-year OS was significantly higher in the
D-VMP group than in the VMP group (78% vs 67.9%); the PFS was also
improved in the D-VMP arm (HR = 0.42 for daratumumab group; P <
0·0001) (Mateos et al., 2020);

2) in 2019 (FDA) and 2020 (EMA), daratumumab, bortezomib, tha-
lidomide and dexamethasone for NDMM patients, who are eligible for
ASCT, based on the results of the open-label, phase 3 CASSIOPEIA trial.
In this study, patients were randomly assigned to receive four pre-
transplantation induction and two post-transplantation consolidation
cycles of bortezomib, thalidomide and dexamethasone alone or the
same regimen plus daratumumab. At day 100 after transplantation,
39% patients in the daratumumab group achieved a complete response
or better versus 26% in the control group (p < .0001), with acceptable
safety (Moreau et al., 2019).

Initially, intravenous injection was the standard administration
route for bortezomib. Thereafter, a large randomized phase 3 clinical
trial, compared the efficacy and safety of subcutaneous versus intrave-
nous treatment, at the approved 1.3 mg/ml dose and twice per week
schedule in patients with RRMM, showing that subcutaneous adminis-
tration induced similar effects in terms of overall response rate, but
with improved tolerability and reduction of the incidence of peripheral
neuropathy. Thus, currently subcutaneous injection is the preferred
method of bortezomib administration, since this route is alsomore con-
venient for patients (Arnulf et al., 2012; Moreau et al., 2011).

Common adverse effects associatedwith bortezomib administration
are fatigue, gastrointestinal toxicity, trombocytopenia, anorexia, and pe-
ripheral neuropathy (i.e., hyperesthesia, hypoesthesia, neuropathic
pain, weakness), which is one of the most important complications
that negatively affects the patient's quality life and daily activity (Seval
and Beksac, 2018). Peripheral neuropathy has been regarded as an off-
target effect, since it is due to inhibition of HtrA2/Omi, a serine protease
involved in neuronal survivalwith potency near or equivalent to that for
the proteasome (Arastu-Kapur et al., 2011; Park et al., 2018).

Moreover, other adverse events described so far are: (i) tumour lysis
syndrome (Sanagawa et al., 2020); (ii) cardiovascular toxicities (Enrico
et al., 2007; Grandin, Ky, Cornell, Carver, & Lenihan, 2015), (iii) acute in-
terstitial nephritis and rarely (iv) a severe syndrome of inappropriate
anti-diuresis (SIAD) (Cheungpasitporn et al., 2015; Peng, Chen, & Lou,
2017). Furthermore, treatment with bortezomib is associated with an
increased risk of Varicella Zoster Virus (VZV) infection, and a continuous
prophylaxis with antiviral agents, such as acyclovir and valacyclovir, is
recommended (Aoki, Nishiyama, Imahashi, & Kitamura, 2011;
Chanan-Khan et al., 2008; Robak & Robak, 2019; Teh, Harrison, Worth,
& Slavin, 2016).

The pharmacokinetics of bortezomib is poorly documented mostly
due to analytical difficulties (Leveque et al., 2007). Two different studies
on patients with prostate cancer andMM suggested that its kinetic pro-
file is characterized by a large distribution volume (Vd), 721-1270 L,
high systemic clearance, ranging from 1095 mL/min to 1866 mL/min,
and terminal half-life ranging between 10 h and 31 h (calculated over
a 24 h period) (Papandreou et al., 2004; Levêque, Carvalho, &
Maloisel, 2007).

For what concerns bortezomib clearance, the drug is converted
into inactive de‑boronated metabolites by different cytocrome P450
enzymes (CYPs) (e.g., 1A2, 2C9, 2C19, 2D6, and 3A4) (Pekol et al.,
2005; Uttamsingh, Lu, Miwa, & Gan, 2005), as also confirmed by studies
in which the co-administration of ketoconazole, a CYP3A4 inhibitor,
and rifampicin, a CYP3A4 inducer, increased and decreased patients'
exposure to bortezomib, respectively (Hellmann et al., 2011;
Venkatakrishnan et al., 2009). Since bortezomib undergoes oxidative
metabolism in the liver, a study was carried out on whether patients
with a reduced hepatic functionality require dose adjustment
(LoRusso et al., 2012; Robak & Robak, 2019). In a first phase 1 clinical
trial, the pharmacokinetics and safety of bortezomib in patients with
varying degrees of hepatic impairment were evaluated, revealing that
patients with mild hepatic impairment did not require a starting dose
adjustment, whereas patients with moderate or severe hepatic impair-
ment required a reduced dose of 0.7 mg/m2, and constantly monitoring
during treatment (LoRusso et al., 2012). These datawere also confirmed
by the VISTA trial, and specific dosing recommendations for patients
with hepatic impairment are inserted into the drug label.

Bortezomib efficacy has been also investigated in other haematolog-
ical malignancies, and several trials are currently ongoing, including
Light Chain Amyloidosis (ALA), Waldenstrom Macroglobulinemia,
Acute Lymphoblastic and Myeloid Leukemia, Indolent B-cell non-
Hodgkin Lymphoma, Diffuse Large B-cell Lymphoma, T-cell lymphomas,
as also recently reviewed elsewhere (Robak & Robak, 2019). Moreover,
bortezomib is used off-label in refractory or relapsed T-cell lymphomas,
Waldenström Macroglobulinemia and ALA (Du, Yang, & Zhang, 2016;
Robak & Robak, 2019). The most promising results have been reported
for ALA, in which bortezomib, dexamethasone and cyclophosphamide,
or bortezomib, dexamethasone andmelphalan represent themost com-
monly used first-line treatments, although several opened questions
demand further investigation (Venner et al., 2012; Mikhael et al.,
2012; Palladini et al., 2004; Kastritis et al., 2019; Robak & Robak,
2019). In recent years, the introduction of bortezomib has had a great
impact in the cure ofMantle cell Lymphoma (MCL), a non-Hodgkin lym-
phomawith a short remission duration to standard therapies, and ame-
dian OS of approximately 6–7 years (Banks et al., 1992; Fisher et al.,
1995; Teodorovic et al., 1995; Weisenburger et al., 2000; Vose, 2017).
Therefore, there is a great need of therapeutic strategies directed against
novelmolecular targets. The chromosomal translocation t(11;14)-(q13;
q32) is the molecular hallmark of MCL, resulting in overexpression of
cyclin D1, which is not typically expressed in normal lymphocytes
(Vose, 2017), and the constitutive activation of NF-kB, which also
plays a key role inMCL growth and survival (by controlling cyclin D1ex-
pression, as reported in a previous section (see Section 3.2.1) (Pham,
Tamayo, Yoshimura, Lo, & Ford, 2003; Rosenberg et al., 1991). Therefore,
proteasome inhibition has been envisaged as an achievable therapeutic
strategy, which was confirmed by in vitro studies showing that NF-kB
inhibitionmediated by bortezomib leads to cell cycle arrest and apopto-
sis in MCL cells (Pham et al., 2003).

Based on preclinical studies and a phase 1 trial in patients with re-
fractory hematologic malignancies, including, besides MM (see
above), MCL and follicular lymphomas (Orlowski et al., 2002), the clin-
ical efficacy of bortezomib as single agent was investigated in patients
with relapsed and refractory MCL (Goy et al., 2005; O'Connor et al.,
2005; Goy et al., 2009; O'Connor et al., 2009). In 2006, the results of a
pivotal open-label, single arm, multicentre phase 2 trials (PINNACLE)
led to bortezomib approval by FDA for the treatment of MCL in patients
who had received at least one prior treatment. In this trial, 155 patients
with progressiveMCL,whohad undergone at least one prior therapy re-
ceived, 1.3 mg/m2 of bortezomib on day 1, 2, 5, and 11 of each 3-weeks
cycle. The results showed an OR rate of 31% (median duration, 9.3
months), a complete response rate (CR + unconfirmed CR) of 8% (me-
dian duration, 15.4 months), a median time to response of 40 days
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(range, 31 to 204 days), and amedian time to progression of 6.2months.
Adverse events were similar to those reported in other studies with
bortezomib, such as peripheral neuropathies and gastrointestinal symp-
toms (Fisher et al., 2006). An extended follow-up confirmed the positive
trend, reporting a median OS of 35.4 months in responding patients
(Goy et al., 2009). Combined regimens, including bortezomib, have
been evaluated in phase 2 clinical trials with a small number of patients,
showing improved efficacy that needs to be confirmed by further inves-
tigation: bendamustine-bortezomib-rituximab (of 29 patients
evaluable for efficacy, 83% achieved an objective response), and
bortezomib plus cyclophosphamide-doxorubicin-vincristine-predni-
sone (CHOP) (OS = 36.6 for patients treated with bortezomib
plus CHOP and 11.6 months for those treated with CHOP alone)
(Weigert et al., 2009; Orciuolo, Buda, Pelosini, & Petrini, 2010;
Agathocleous et al., 2010; Furtado, Johnson, Kruger, Turner, & Rule,
2015; Kouroukis et al., 2011; Lamm et al., 2011; Friedrberg et al., 2011).

Bortezomib as single agent was tested also in previously untreated
MCL, demonstrating clinical activity (Belch et al., 2007; Robak &
Robak, 2019). However, more promising results were obtained when
bortezomib was combined with rituximab-CHOP (R-CHOP), as demon-
strated by: (i) phase 1/2 studies on previously untreated patients with
MCL (Ruan et al., 2011; Till et al., 2016; Vose, 2017); (ii) a phase 2
study on patients with newly diagnosed MCL, who received also
bortezomib as maintenance therapy (Ruan et al., 2011; Till et al.,
2016). These trials demonstrated that the combination of R-CHOP
with bortezomib followed by bortezomib maintenance improves PFS,
as compared to R-CHOP alone, with acceptable toxicity, suggesting fur-
ther investigation (Ruan et al., 2011; Till et al., 2016). In a large, random-
ized phase 3 trial, 487 patients with untreated, newly diagnosed MCL,
who were not eligible for transplantation, were randomly assigned to
two groups, one receiving R-CHOP and a modified R-CHOP regimen
with bortezomib in place of vincristine (VR-CAP). After a median
follow-up of 40months, PFS was 14.4 months in the R-CHOP group ver-
sus 24.7 months in the VR-CAP group (HR= 0.63; P< .001). Moreover,
the final analysis after a median follow-up of 82 months revealed a sig-
nificantly longer OS in the VR-CAP group than in the R-CHOP group
(90.7 months vs 55.7 months; HR=0.66, P= .001), with a manageable
toxicity profile. These data led to FDA and EMA approval of bortezomib
in combination with rituximab, cyclophosphamide, doxorubicin and
prednisone for the treatment of adult patients with previously un-
treated MCL, who are unsuitable for SCT (Drach et al., 2018; Robak
et al., 2015; Robak et al., 2018; Robak et al., 2019). Another strategy,
combining bortezomib or lenalidomide with bendamustine and rituxi-
mab, has shown efficacy in both first-line and salvage therapy for MCL
(Albertsson-Lindblad et al., 2016; Campo & Rule, 2015). Accordingly,
in a prospective, multicentre phase 2 study evaluating rituximab,
bendamustine, bortezomib and dexamethasone as first-line treatment
for patients with MCL aged 65 years or older, at median follow-up of
52months, the 2-year PFS was 70%, clearly demonstrating that this reg-
imen is active and demands further evaluation (Gressin et al., 2019). De-
spite other investigations have reported promising data, the results of a
recent phase 2 trial for newly diagnosedMCL, in which bortezomib was
administered as maintenance treatment after induction therapy with
three cycles of R-CHOP, two cycles of high-dose cytarabine, BEAM
(carmustine, etoposide, cytarabine, melphalan) and ASCT, demon-
strated no positive effects of bortezomib as maintenance therapy
(Doorduijn et al., 2020).

On the basis of bortezomib success in haematological malignancies,
its potential application in the treatment of solid tumours has been ex-
plored (Roeten et al., 2018). A large amount of data has been collected
in vitro and in vivo aiming at characterizing the possible activity of
bortezomib in different models, such as pancreatic and breast cancers,
hepatocellular and anaplastic thyroid carcinoma, with contradictory re-
sults (Chen et al., 2016; Huang et al., 2019; Roeten et al., 2018). One of
the most promising strategy is the combination of bortezomib with ra-
diotherapy, which results in synergistic effects as a consequence of the
bortezomib-induced cell accumulation at the G2/M radiosensitive
phase of cell cycle and modulation of radio-resistance mechanisms
(i.e., NF-kB activation, loss of p53 and DNA double-strand break repair)
(Cron et al., 2013; Zhu et al., 2015; Roeten et al., 2018). Additionally,
bortezomibmight act as chemosensitizer in combination with standard
chemotherapy as demonstrated in models of chemo-resistant small cell
lung cancer xenografts (Taromi et al., 2017). An impressive number of
clinical trials on bortezomib (897) are reported in ClinicalTrial.gov. A
number of these trials have been also performed in different solid tu-
mours (see Table 1), revealing, as for preclinical studies, conflicting re-
sults. Due to their poor prognosis, two types of solid tumours have
been mainly investigated, namely:

(a) Small cell lung cancer and non-small lung cancer, in which
bortezomib as single agent has revealed limited efficacy, whereas com-
bination therapy with paclitaxel, carboplatin, and concurrent thoracic
radiation seemed more encouraging (Gatti, Zuco, Zaffaroni, & Perego,
2013; Zhao, Zhai, Gygi, & Goldberg, 2015);

(b) Head and neck squamous cell carcinoma, in which, despite
promising preclinical studies, clinical trials revealed poor results (Lin,
Chen, Chen, Cheng, & Chen, 2012; Li et al., 2013; Gilbert et al., 2013);

Different mechanisms have been proposed to justify the different
bortezomib activity between solid tumours and haematological malig-
nancies, including: (i) alterations andmutations of the proteasome sub-
unit composition; (ii) drug penetration; (iii) activation of compensatory
mechanisms, such as autophagy; (iv) resistance to apoptosis induction,
even though the exact role of each one of thesemechanisms needs to be
further investigated. Interestingly, to overcome the poor penetration
of bortezomib in solid tumours, an alternative strategy currently inves-
tigated consists in a delivery system based on nanoparticles or micelle
formulation, as also studied for other PIs (Ao et al., 2015; Coelho,
Almeida, Santos-Silva, Pereira, & Coelho, 2016; Shen et al., 2014).

3.3.2.2. Second-generation proteasome inhibitors. The strategy of protea-
some activity inhibition and the introduction of bortezomib in clinical
practice have dramatically changed the battle against MM, even though
it was immediately evident that this drug suffers from several draw-
backs that needed to be overcome. For example, (i) mutation in the
β5 subunits, (ii) induction of drug efflux from cells and (iii) activation
of signalling cascades promoting cell survival are all resistance mecha-
nisms that have been identified in bortezomib-resistant cell lines
(Bringhen, De Wit, & Dimopoulos, 2017; Oerlemans et al., 2008;
Sherman & Li, 2020). Therefore, second-generation PIs have been de-
signed and tested, including carfilzomib, ixazomib, delanozomib,
oprozomib and marizomib, whose properties will be discussed in the
next sections. Particular emphasis will be given to carfilzomib and
ixazomib, which are both FDA- and EMA-approved.

3.3.2.2.1. Carfilzomib.Asmentioned in the previous section, twomain
limitation in the clinical use of bortezomib are (i) the extent of protea-
some inhibition and (ii) proteasome recovery after inhibition
(Deshaies, 2014). These issues stimulated an intense research, which
culminated with the discovery of the natural compound epoxomicin, a
covalent and irreversible inhibitor of the β5 subunit (Hanada et al.,
1992; Meng et al., 1999; Myung, Kim, Lindsten, Dantuma, & Crews,
2001; Deshaies, 2014), which was isolated by an unidentified Actino-
mycetes strain (see also Section 3.3.1.2). Importantly, epoxomicin
owned unprecedented and exceptional selectivity for proteasome
with respect to PI already available (Kim & Crews, 2013; Sin et al.,
1999). This high selectivitywas supposed to guaranteemore physiolog-
ical tolerability, and a more favourable pharmacological profile than
bortezomib. Moreover, the ability to irreversibly bind the β5 subunit
implies that the only way to recover proteasome activity is the induc-
tion of novel synthesis of functional proteasome particles (Demo et al.,
2007; Deshaies, 2014; O'Connor et al., 2009). Thus, through a medicinal
chemistry approach, epoxomicin became the scaffold for the synthesis
of a more potent tetrapeptide epoxyketone, YU-101 (the parent lead
compound of PR-171 or carfilzomib), an injectable drug, which is



Table 1
Clinical trials with bortezomib in non-haematological cancers.a

Combined agent NCT identifier Phase Status Setting

Carboplatin NCT00028912 1 Terminated Recurrent or progressive ovarian epithelial, primary peritoneal,
or fallopian tube cancer

Tanespimycin NCT00096005 1 Terminated Advanced solid tumours
Docetaxel NCT00064636 1 Terminated Solid tumours
/ NCT00004002 1 Completed Advanced solid tumours
/ NCT00091117 1 Completed Advanced malignancies
/ NCT00021216 1 Completed Pediatric advanced solid tumours
/ NCT02220049 1 Completed Solid tumours
/ NCT00054483 1 Completed Advanced cancers
Vorinostat NCT01132911 1 Completed Refractory and recurrent solid tumours
Dacarbazine NCT00580320 1 Completed Melanoma and sarcoma
Temozolomide NCT00544284 1 Completed Solid tumours
Celecoxib NCT00290680 1 Completed Solid tumours
Chemotherapy NCT00424840 1 Terminated Lung cancer
Lapatinib NCT01497626 1 Terminated Solid tumours
/ NCT02220049 1 Completed Solid tumours
Topotecan NCT00388089 1 Completed Solid tumours
Carboplatin NCT00059618 1 Completed Ovarian, abdominal, or fallopian tube cancer.
5-Fluorouracil, leucovorin, oxaliplatin NCT00098982 1 Completed Advanced or metastatic colorectal cancer
Cetuximab, radiation with or without cisplatin NCT00629226 1 Completed Head and neck cancer
5-Fluorouracil, external-beam radiation therapy NCT00280176 1 Completed Rectal cancer
Chemoradiation NCT00329589 1 Completed Brain, head and neck, and cervix cancer
Erlotinib NCT00895687 1 Completed Advanced cancer
Mitoxantrone NCT00059631 1 Completed Prostate cancer
Vorinostat NCT00731952 1 Completed NSCLC
Cetuximab with or without cisplatinum NCT01445405 1 Completed Head and neck cancer
Placlitaxel NCT00030368 1 Completed Advanced or metastatic solid tumours
Trastuzumab NCT00199212 1 Completed Overexpressing Her-2 breast cancer
Bevacizumab NCT00428545 1 Completed Advanced malignancies
Gemcitabine, carboplatin NCT00052338 1 Completed NSCLC
Carboplatin, etoposide NCT00027898 1 Completed Advanced solid tumours
5-Fluorouracil, leucovorin NCT00007878 1 Completed Metastatic solid tumour
Radiotherapy NCT00011778 1 Completed Head and neck cancer
Topotecan NCT00068484 1 Completed Advanced malignancies
Topotecan NCT00541359 1 Completed Advanced solid tumours
Pegylated liposomal doxorubicin, gemcitabine NCT00500422 1 Completed Advanced solid tumours
Omeprazole NCT00298779 1 Completed Advanced solid tumours or Non-Hodgkin's lymphoma
Cetuximab NCT00622674 1 Completed Advanced solid tumours
Gemcitabine NCT00620295 1 Completed Advanced solid tumours
Paclitaxel NCT00667641 1 Completed Metastatic or unresectable malignant solid tumours
Varinostat NCT00227513 1 Completed Metastatic or unresectable solid tumours
Paclitaxel, carboplatin NCT00028587 1 Completed Advanced solid tumours
Carboplatin NCT01074411 1 Completed Ovarian epithelial, fallopian tube or primary peritoneal cancer
Belinostat NCT00348985 1 Completed Advanced solid tumours
Vorinostat NCT00994500 1 Completed Advanced solid tumours
Doxorubicin NCT00023855 1 Completed Advanced solid tumours
Irinotecan NCT00644696 1 Completed Neuroblastoma
Interferon α-2b NCT01462773 1 Completed Melanoma
Sorafenib NCT01078961 1 Completed Melanoma
Temozolomide, bevacizumab NCT01435395 1 Completed Recurrent glioblastoma
Clofarabine NCT02211755 1 Recruiting Relapsed solid tumours
NK cells NCT00720785 1 Recruiting Advanced cancers
Gemcitabine, doxorubicin NCT00479128 1 Active, not

recruiting
Solid tumours

DFMO NCT02139397 1 Active, not yet
recruiting

Relapsed and refractory neuroblastoma

Pembrolizumab, cisplatin NCT04265872 1 Not yet recruiting Breast cancer
Panitumumab NCT01504477 1/2 Terminated Advanced colorectal cancer
Carboplatin, docetaxel NCT00714246 1/2 Terminated Non small cell lung cancer (NSCLC)
Temozolomide NCT00512798 1/2 Terminated Solid tumours or melanoma
Vandetanib NCT00923247 1/2 Terminated Medullary Thyroid Carcinoma
Docetaxel NCT00064610 1/2 Completed Androgen-indipendent prostate cancer
Carboplatin, paclitaxel NCT00093756 1/2 Completed NSCLC
Temozolomide NCT03643549 1/2 Recruiting Glioblastoma
Cannabidiol, leucovorin, oxaliplatin, bevacizumab, irinotecan,
gemcitabine, temozolomide

NCT03607643 1/2 Not yet recruiting Glioblastoma, gastrointestinal malignancies, MM

Bevacizumab NCT00411593 1/2 Withdrawn NSCLC
Docetaxel, cisplatin NCT00313690 1/2 Withdrawn NSCLC
/ NCT00200382 2 Terminated NSCLC
/ NCT00346645 2 Terminated NSCLC
/ NCT00085410 2 Terminated Bile duct or gallbladder carcinoma
/ NCT00346645 2 Terminated NSCLC
/ NCT00117351 2 Terminated Bronchioloalveolar carcinoma and adenocarcinoma
Panobinostat NCT01056601 2 Terminated Pancreatic cancer progressing after gemcitabine therapy
LH-RH agonist drug and androgen receptor antagonists NCT00103376 2 Terminated Relapsed prostate cancer

20 G.R. Tundo et al. / Pharmacology & Therapeutics 213 (2020) 107579

ctgov:NCT00028912
ctgov:NCT00096005
ctgov:NCT00064636
ctgov:NCT00004002
ctgov:NCT00091117
ctgov:NCT00021216
ctgov:NCT02220049
ctgov:NCT00054483
ctgov:NCT01132911
ctgov:NCT00580320
ctgov:NCT00544284
ctgov:NCT00290680
ctgov:NCT00424840
ctgov:NCT01497626
ctgov:NCT02220049
ctgov:NCT00388089
ctgov:NCT00059618
ctgov:NCT00098982
ctgov:NCT00629226
ctgov:NCT00280176
ctgov:NCT00329589
ctgov:NCT00895687
ctgov:NCT00059631
ctgov:NCT00731952
ctgov:NCT01445405
ctgov:NCT00030368
ctgov:NCT00199212
ctgov:NCT00428545
ctgov:NCT00052338
ctgov:NCT00027898
ctgov:NCT00007878
ctgov:NCT00011778
ctgov:NCT00068484
ctgov:NCT00541359
ctgov:NCT00500422
ctgov:NCT00298779
ctgov:NCT00622674
ctgov:NCT00620295
ctgov:NCT00667641
ctgov:NCT00227513
ctgov:NCT00028587
ctgov:NCT01074411
ctgov:NCT00348985
ctgov:NCT00994500
ctgov:NCT00023855
ctgov:NCT00644696
ctgov:NCT01462773
ctgov:NCT01078961
ctgov:NCT01435395
ctgov:NCT02211755
ctgov:NCT00720785
ctgov:NCT00479128
ctgov:NCT02139397
ctgov:NCT04265872
ctgov:NCT01504477
ctgov:NCT00714246
ctgov:NCT00512798
ctgov:NCT00923247
ctgov:NCT00064610
ctgov:NCT00093756
ctgov:NCT03643549
ctgov:NCT03607643
ctgov:NCT00411593
ctgov:NCT00313690
ctgov:NCT00200382
ctgov:NCT00346645
ctgov:NCT00085410
ctgov:NCT00346645
ctgov:NCT00117351
ctgov:NCT01056601
ctgov:NCT00103376


Table 1 (continued)

Combined agent NCT identifier Phase Status Setting

Irinotecan NCT00106262 2 Terminated Progressive, recurrent or metastatic cervical, vulvar, or vaginal
cancer

Sorafenib NCT01100242 2 Terminated Renal carcinoma
Carboplatin NCT00416793 2 Terminated Metastatic pancreatic cancer
Doxorubicin NCT00574236 2 Terminated Metastatic breast cancer
Fluorouracil, leucovorin NCT00103103 2 Terminated Metastatic or unresectable gastric or gastroesophageal junction

adenocarcinoma
Erlotinib NCT00283634 2 Terminated RRNSCLC
/ NCT00025584 2 Completed Metastatic breast cancer
/ NCT00028639 2 Completed Breast cancer
/ NCT00068289 2 Completed NSCLC
/ NCT00023712 2 Completed Recurrent ovarian epithelial or primary peritoneal cancer
/ NCT00425503 2 Completed Prostate cancer
/ NCT00017329 2 Completed Metastatic kidney cancer
/ NCT00051987 2 Completed Relapsed and refractory colorectal cancer
/ NCT00513877 2 Completed Mesothelioma
/ NCT00024011 2 Completed Metastatic melanoma
/ NCT00027716 2 Completed Metastatic sarcoma
/ NCT00051987 2 Completed Relapsed and refractory colorectal cancer
/ NCT00077441 2 Completed Liver cancer
Docetaxel NCT00183937 2 Completed Hormoine refractory prostate cancer
Docetaxel NCT00064012 2 Completed RRNSCLC
Docetaxel NCT00193232 2 Completed Advanced hormone, refractory prostate cancer
Acyclovir NCT01833143 2 Completed KRAS mutant NSCLC
Gemcitabine, cisplatin NCT01633645 2 Completed NSCLC
Carboplatin, paclitaxel NCT00107341 2 Completed Unresectable, metastatic esophagus or gastroesophageal

junction cancer
Gemcitabine, carboplatin NCT00075751 2 Completed NSCLC
Pemetrexed NCT00343720 2 Completed NSCLC
Doxorubicin NCT03509246 2 Recruiting Ovarian cancer
Gemcitabine NCT00305734 2 Completed Recurrent or metastatic nasopharyngeal cancer
Docetaxel NCT00425750 2 Completed Head and neck cancer
Docetaxel NCT00362882 2 Completed Recurrent NSCLC
With or without docetaxel NCT00051974 2 Completed NSCLC
Doxorubicin NCT00610792 2 Withdrawn Ovarian cancer
Vorinostat NCT00798720 2 Completed NSCLC
With or without gemcitabine NCT00052689 2 Completed Metastatic pancreatic cancer
Doxorubicin NCT00083226 2 Completed Liver cancer
Temozolomide NCT00990652 2 Completed Glioma
Cetuximab, docetaxel NCT00118183 2 Completed NSCLC
/ NCT00104871 2 Completed Metastatic thyroid cancer
Irinotecan NCT00061932 2 Completed Gastroesophageal junction or stomach cancer
/ NCT00118144 2 Completed Lung Cancer
Doxorubicin NCT00077428 2 Completed Recurrent, or metastatic adenoid cystic carcinoma
Temozolomide, radiotherapy NCT00998010 2 Completed Glioblastoma
Tamoxifen NCT00108069 2 Completed Brain cancers
/ NCT00072150 2 Completed Urothelial transitional cell carcinoma
Cisplatin NCT00458913 2 Completed Mesothelioma.
Irinotecan NCT00103259 2 Completed Head and neck cancer.
Vorinostat NCT00641706 2 Completed Glioblastoma
Linsitinib, erlotinib, paclitaxel, dexamethasone NCT02057380 2 Completed Advanced solid tumours
Vorinostat NCT00937495 2 Completed Advanced sarcoma
Avastin NCT00611325 2 Completed Recurrent glioma
Carboplatin, placlitaxel NCT00288041 2 Completed Metastatic melanoma
Doxorubicin NCT03509246 2 Recruiting Ovarian cancer
/ NCT00367718 2 Not yet recruiting Recurrent nasopharyngeal carcinoma
/ NCT03345303 3 Recruiting Intrahepatic cholangiocarcinoma patients

a See https://clinicaltrials.gov/, accessed April 27, 2020. (/ no drug)
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quickly cleared fromplasma (Demoet al., 2007;Myung et al., 2001; Kim
& Crews, 2013; Deshaies, 2014). As a matter of fact, for carfilzomib an
antitumor activity greater than that of bortezomib was reported in a
human tumour xenograft model (Demo et al., 2007).

Thereafter, based on the results of in vitro and in vivo preclinical
studies, carfilzomib (Kyprolis) safety profile and clinical efficacy were
evaluated in two pioneering studies, in which two different schedules
were tested in patients with relapsed or refractory haematological
malignancies. In the first phase 1 dose-escalating clinical trial (PX-
171–001), carfilzomib doses ranging from1.2 to 20mg/m2were admin-
istered intravenously on five consecutive days following 9 days of rest in
14-day cycles, until occurrence of unacceptable toxicity or disease pro-
gression. This study revealed that the drug was well tolerated (a dose
of 15 mg/m2 was established as the maximum tolerated dose [MTD]),
and was active in patients with MM or Waldenström macroglobuline-
mia that were treatment-refractory or relapsed after at least two lines
of treatment (Connor et al., 2009b). In the second phase 1 trial (PX-
171-002), carfilzomib (1.2–27 mg/m2) was administered twice a week
on two consecutive days for 3 weeks in a 4-week cycle; the results
showed that this treatment schedule was well-tolerated, being the ma-
jority of adverse events manageable and low-grade in severity, and
showed activity in particular against RRMM (Alsina et al., 2012). This
regimenwas then selected for the subsequent clinical studies, including
the PX-171-003A1 and ASPIRE trials. In 2012, in consideration of the re-
sults of an open-label, single-arm phase 2 study (PX-171-003-A1),
which enrolled 266 patients, carfilzomib received accelerated approval
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by FDA as single agent for the treatment of MM in patients with clinical
evidence of disease progression after at least two prior therapies, in-
cluding bortezomib and an immunomodulatory agent. In this study,
bortezomib was administered at the dose of 20mg/m2 to a patient pop-
ulation in the majority (89%) resistant to bortezomib and the reported
overall response rate was 23.7% with median duration of response of
7.8 months (Herndon et al., 2013). Over the last years, several phase 1
and 2 studies were run both on NDMM and, mainly on RRMM, by
using different schedules of carfilzomib asmonotherapy, or in combina-
tion with other agents, such as low-dose of dexamethasone and
lenalidomide (being lenalidomide plus dexamethasone a reference
treatment for RRMM). These trials generated a bulk of clinical data
which demonstrated the efficacy and tolerability of this PI (see
ClinicalTrials.gov) (Vij et al., 2012; Wang et al., 2013; Siegel et al.,
2013; Moreau et al., 2015; Papadopoulos et al., 2015; Berenson et al.,
2016). The results of these phase 2 studies supported the progression
into phase 3 trials, which have further led in 2015 to the EMA approval
of carfilzomib. In particular, based on the results of the open label
ASPIRE phase 3 study (NCT01080391), EMA approved carfilzomib in
combination with lenalidomide and dexamethasone, for the treatment
of adult patientswithMM,whohave received at least one prior therapy.
Furthermore, in 2015, FDA approved carfilzomib in combination with
lenalidomide and dexamethasone for the treatment of patients with
MM, who had received one to three prior lines of therapy (Stewart
et al., 2015; Stewart et al., 2016). In the ASPIRE trial, 792 patients with
RRMM were randomly assigned in a 1:1 ratio to the carfilzomib group,
in which the drug was part of a triple combination therapy with
lenalidomide and dexamethasone, or to the lenalidomide plus dexa-
methasone control group (Stewart et al., 2015). Carfilzomibwas admin-
istrated for 18 cycles, at a starting dose of 20 mg/m2 on the first cycle
with subsequent escalation to reach the target dose of 27 mg/m2 in
the following cycles. The addition of carfilzomib significantly increased
the median PFS as compared with lenalidomide and dexamethasone
alone (26.3 months vs. 17.6 months; HR for progression or death,
0.69; P= .0001). Furthermore, the triplet therapy showed a favourable
risk-benefit profile and improved the health-related quality of life of
RRMM patients (Stewart et al., 2015; Stewart et al., 2016). Moreover,
in 2016 FDA and EMA extended carfilzomib approval, in combination
with dexamethasone, to patients with RRMM, who had received one
to three lines of therapy (FDA) or at least one prior therapy (EMA), on
the basis of the results of the phase 3 randomized, open label,
ENDEAVOR study (NCT01568866). In this head-to head comparative
study of bortezomib and carfilzomib, 929 patients with RMMwere ran-
domly assigned to receive carfilzomib plus low-dose dexamethasone or
bortezomib plus low-dose dexamethasone (Dimopoulos et al., 2016). In
this study, carfilzomib regimen was 27 mg/m2 in the first cycle and 56
mg/m2 thereafter, infused over 30min,which is themaximumtolerated
dose of carfilzomib tested in combinationwith dexamethasone in phase
1/2 clinical trials (Papadopulos et al., 2015; Dimopoulos et al., 2016).
The primary endpoint of the trialwas PFS thatwas reported to be longer
for the carfilzomib group, as compared to the bortezomib one (18.7 ver-
sus 9.4 months, HR= 0.53; P< .0001) (Dimopoulos et al., 2016). In an-
other interim analysis aimed at comparing the OS between the two PI, it
has been shown that patients treatedwith carfilzomib had a statistically
significant and clinically meaningful improvement in OS than those
treated with bortezomib (median 47.6 months versus 40.0 months;
HR 0.791; 95%, P = .010) (Dimopoulos et al., 2017; Ludwig et al.,
2019; Dimopoulos et al., 2019; O'Connor et al., 2009). In 2018, FDA ex-
tended the use of carfilzomib to include a once-weekly dosing option in
combination with dexamethasone (once-weekly Kd70) for patients
with RRMM. This approval was based on data from the randomized,
open-label, phase 3 A.R.R.O.W. trial, in which 478 patients with
RRMM, who had received at least two (but no more than three) prior
therapies (including bortezomib and an immunomodulatory drug),
were assigned to receive a 30-min infusion of once-weekly (70 mg/
m2) carfilzomib vs a 10-min infusion of twice-weekly (27 mg/m2). All
patients also received the same dose of dexamethasone (Moreau et al.,
2018). The primary endpoint of the trial, PFS, was 11.2 months for the
once-weekly regimen versus 7.6 months for the twice-weekly one (HR
= 0.69; P = .0014). The ORR in patients treated with the once-weekly
regimen was 62.9% versus 40.8% for those treated with twice-weekly
(p < .0001) (Moreau et al., 2018; Moreau et al., 2019; Moreau et al.,
2020). Thus, the once-weekly carfilzomib was safe and more effective
as compared to the twice weekly schedule.

As mentioned above, early phase 1/2 trials suggested that
carfilzomib in combination with other agents, such as melphalan and
prednisone (Moreau et al., 2015), lenalidomide and low-dose dexa-
methasone (Jakubowiak et al., 2013), or thalidomide and low-dose
dexamethasone (Wester et al., 2019), could be a therapeutic opportu-
nity also for NDMMpatients, although the outcomes and the related ad-
verse events are still not convincing. Carfilzomib seems to have a
distinct pattern of adverse effects with respect to bortezomib. In fact,
the rate of peripheral neuropathy is lower than for bortezomib, whereas
some patients are affected by cardiovascular complication, such as hy-
pertension andheart failure, rendering the ecocardiography assessment
advisable before the onset of treatment. Additionally, unlike
bortezomib, carfilzomib can lead to renal failure (Siegel et al., 2013;
Chari & Hajje, 2014; Korde et al., 2015; Manasanch & Orlowski, 2017).
Adverse events in commonwith bortezomib are fatigue, anemia, nausea
and thrombocytopenia (Siegel et al., 2012). Currently, a great number of
clinical studies on carfilzomib are listed in ClinicalTrials.gov. Besides
MM, carfilzomib is evaluated in clinical trials for solid tumours, includ-
ing lung, refractory renal, and metastatic prostate cancers (Table 2).
However, like bortezomib, its therapeutic potential is limited by the
low distribution within the tumour mass, thus requiring very high and
toxic doses to elicit a response (Huang et al., 2014; Grigoreva et al.,
2015; Johnson, 2015).

For what concerns pharmacokinetics, preclinical and clinical studies
have shown that carfilzomib has an extremely short half-life of about
12–40 min (Demo et al., 2007; Park et al., 2018; Yang et al., 2011). Fur-
thermore, it displays a rapid systemic clearance (116–123 lLh) and a
large distribution volume at steady state (9–28 L) (Alsina et al., 2012;
Wang et al., 2013; Papadopoulos et al., 2013). At all doses tested,
carfilzomib clearance exceeded hepatic blood flow, envisaging a contri-
bution of extra-hepatic mechanisms, via peptidase cleavage and epox-
ide hydrolysis, to its overall elimination. Cytochrome P450-mediated
metabolismplays aminor role, suggesting that carfilzomib pharmacoki-
netic profile is poorly altered by administration of CYP inducers or in-
hibitors. Furthermore, no meaningful differences in carfilzomib
pharmacokinetics are detected between patients with normal renal
function and those with renal impairment (Badros et al., 2013; Wang,
Martin, et al., 2013; Quach et al., 2017). This is of particular relevance,
taking into account that renal insufficiency is a common and often se-
vere complication occurring in MM patients.

3.3.2.2.2. Ixazomib. Both bortezomib and carfilzomib require parental
administration, and are associated to the development of specific toxic
effects (see Sections 3.3.1.1 and 3.3.2.1a), mainly peripheral neuropathy
and cardiovascular adverse events (carfilzomib) (Moreau et al., 2016;
Richardson et al., 2006; Dimopoulus et al., 2010; Richardson et al.,
2012; Richardson et al., 2013; Dimopoulos et al., 2017; Waxman et al.,
2018). In fact, although the weekly dosing and subcutaneous adminis-
tration of bortezomib have attenuated the risk of peripheral neuropathy
with bortezomib, this adverse effect is still an important concern.More-
over, bortezomib has a limited tissue distribution, due to its slow disso-
ciation rate from red blood cells. Thus, development of an orally
available PIs with improved pharmacokinetics and better tolerability
profile was required (Gupta et al., 2019). Accordingly, ixazomib
(Ninlaro) represents the first orally administered PI approved for clini-
cal use by FDA and EMA. This agent is a reversible inhibitor that prefer-
entially binds the β5 site of the 20S proteasome. In vitro and in vivo
preclinical studies reported for ixazomib a therapeutic efficacy greater
than for bortezomib in different cancer models, including MM, as well

http://clinicaltrials.gov


Table 2
Clinical trials with carflizomb and ixazomib in non-haematological cancers.a

Drug Combined agent NCT identifier Phase Status Setting

Carfilzomib
Dexamethasone NCT02257476 1 Completed Advanced solid tumours
Cyclophosphamide, etoposide NCT02512926 1 Recruiting Pediatric relapèsed and refractory

solid tumours
INCB052793, gemcitabine, nab-placlitaxel, dexamethasone, bortezomib, lenalidomide,
azacitidine, pomalidomide, INCB050465, INCB039110

NCT02265510 1/2 Terminated Advanced solid tumours

Carboplatin, etoposide NCT01987232 1/2 Completed Small cell lung cancer
Dexamethasone NCT00531284 1/2 Completed Solid tumours, lymphoma, RRMM
/ NCT01775930 2 Completed Refractory renal cell carcinoma
/ NCT00884312 2 Completed Solid tumours and MM
Dexamethasone, acyclovir NCT02047253 2 Completed Prostate cancer
/ NCT02318784 2 Active non

recruiting
Neuroendocrine cancers

Ixazomib
Fulvestrant NCT02384746 1 Terminated Breast cancer
/ NCT00830869 1 Completed Advanced non haematological

malignancies
/ NCT01830816 1 Completed Advanced solid tumours and

RRMM
/ NCT01912222 1 Completed Solid tumours and haematological

malignancies
/ NCT02630030 1 Completed Glioblastoma
Ketoconazole, rifampin, clarithromycin NCT01454076 1 Completed Advanced non haematological

malignancies lymphoma
Vorinostat NCT02042989 1 Active, non yet

recruiting
Advanced cancers

Erlotinib NCT02942095 1 Active, non yet
recruiting

Solid tumours

Selinexor NCT03880123 1 Recruiting Advanced sarcoma
Nelfinavir NCT03422874 1 Withdrawn Advanced solid tumours and

lymphoma
Pegylated (IFN)α2b NCT02447887 1/2 Terminated Renal cell carcinoma
Gemcitabine, doxorubicin NCT02420847 1/2 Active, non yet

recruiting
Urothelial cancer

Carboplatin NCT02993094 1/2 Recruiting Triple negative breast cancer
Doxorubicin, gemcitabine NCT03587662 2 Recruiting Advanced kidney cancer

a See https://clinicaltrials.gov/, accessed April 27, 2020. (/ no drug).
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as improved pharmacokinetics, pharmacodynamics, and antitumour ac-
tivity in xenograft models. In particular, in MM xenograft models, mice
treated with ixazomib presented a significant longer survival time than
those treated with bortezomib (Chauhan, Catley, et al., 2005;
Kupperman et al., 2010; Chauhan et al., 2011; Lee, De la Mota-
Peynado, & Roelofs, 2011). In addition, ixazomib induced apoptosis in
MM cells resistant to bortezomib without affecting the viability of nor-
mal cells, suggesting a potential efficacy in patients with disease relapse
after treatment with bortezomib-containing regimens (Chauhan et al.,
2011). Therefore, based on the encouraging results observed in these
preclincal studies, together with its more convenient oral administra-
tion, ixazomib rapidly advanced in phase 1 clinical trials on RRMM to
evaluate its safety and tolerability, as single-agent administered once-
weekly (NCT00963820) or twice-weekly (NCT00932698) (Kumar
et al., 2014 ; Richardson, Baz, et al., 2014). In the once-weekly
dosing study, the maximum tolerated dose was determined to be 2.97
mg/m2, whereas in the twice-weekly dosing was 2 mg/m2. Overall,
ixazomib was generally well tolerated; no severe neuropathy was re-
ported and most of the observed toxicities were manageable. These
studies also indicated that ixazomib absorption is rapid, with a maxi-
mum plasma concentration at approximatively 1 h post-dose. After
multiple dosing, the terminal half-life was 3.3–7.4 days and 3.6–11.3
days in the once-weekly and twice-weekly regimes, respectively. The
ORR were 18% and 15% for once weekly and twice-weekly treatments,
respectively, supporting the use of both schedules (Kumar, Bensinger,
et al., 2014; Richardson, Baz, et al., 2014). The efficacy of ixazomib as a
single agent (5.5 mg/m2 weekly for 3–4 weeks) was confirmed in the
first part of a phase 2 trial recruiting 33 patients with relapsed MM
who were PI naïve or previously exposed to bortezomib but were not
refractory to this agent (NCT01415882) (Kumar et al., 2015). Moreover,
in a second phase of this trial the efficacy and tolerability of ixazomib
were evaluated in combination with dexamethasone in patients show-
ing lack of adequate response or disease progression. The ORR was 34%
and the main toxic effects observed were nausea, thrombocytopenia
and fatigue that were in line with the ixazomib toxicity profile
(Kumar et al., 2015). The efficacy of the ixazomib (weekly doses of 4
or 5.5 mg/m2) and dexamethasone combination was further investi-
gated in another phase 2 trial recruiting patients with MM that had re-
lapsed after at least 1 previous therapy but not refractory to bortezomib.
The results of this study revealed that the ixazomib-dexamethasone
doublet had promising efficacy and acceptable tolerability (Richardson
et al., 2018) (ORR=31% and 51%with 4.0mg and 5.5mg, respectively).
However, the combination with the higher dose of ixazomib was more
toxic albeit, indicating the potential requirement of dose reductions to
attenuate adverse effects (Kumar et al., 2016).

In preclinical studies ixazomibwas shown to exert synergistic effects
with lenalidomide, and the results of these studies provided the ratio-
nale for the clinical testing of the PI with lenalidomide plus
desamethasone (Chauhan et al., 2011). The clinical efficacy and man-
ageability of adverse events reported in early trials (Richardson et al.,
2014), were confirmed in the phase 3, randomized, double-blind,
placebo-controlled TOURMALINE-MM1 trial (NCT01564537), whose
results led to FDA (2015) and EMA (2016) approval of the triplet regi-
men combining ixazomib with lenalidomide and dexamethasone in
MM patients, who had received at least one prior therapy (Moreau
et al., 2016). In this trial, 722 patients, who had RMM or RRMM, were
randomly assigned to receive ixazomib plus lenalidomide–
dexamethasone (ixazomib group) or placebo plus lenalidomide–
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dexamethasone (placebo group). Interim results demonstrated that the
addition of ixazomib significantly prolonged PFS compared to the con-
trol group (median 20.6 vs. 14.7 months; HR = 0.74; P = .01). Impor-
tantly, a benefit in terms of PFS was observed with ixazomib regimen
in all patient subgroups, including subjects with high-risk cytogenetic
abnormalities (del(17p), t(4;14), and/or t(14;16)), who are known to
be burdened by a very severe prognosis (Avet-Loiseau et al., 2016;
Moreau et al., 2016). An arm of the TOURMALINE-MM1 trial also in-
cluded patients previously treated with PI therapy and thalidomide/
lenalidomide combination; results demonstrated a substantial clinical
benefit in terms of prolonged PFS with the ixazomib-lenalidomide/
dexamethasone triplet regardless of prior administered therapy
(Mateos et al., 2017). A regional expansion of TOURMALINE-MM1
study in China population supported the clinical benefit of the
ixazomib-containing triplet therapy, further reporting a significantly in-
crease in OS (ixazomib-lenalidomide-dexamethasone vs placebo-
lenalidomide-dexamethasone: median OS 25.8 vs 15.8 months, after
median follow-up of 20.2 and 19.1 months, respectively; HR = 0.419;
P = .001) (Hou et al., 2017). Importantly, the combination of ixazomib
with the lenalidomide-dexamethasone regimen was associated with a
limited additional toxicity, and had no adverse impact on patient-
reported quality of life. Commonly reported grade ≥ 3 adverse events
with ixazomib include gastrointestinal symptoms, rash, thrombocyto-
penia, and arrhythmia (Hari et al., 2018; Hou et al., 2017; Leleu et al.,
2018; Moreau et al., 2016). For what concerns the peripheral neuropa-
thy, this adverse event never exceeded 3% in all studies (Bonnet &
Moreau, 2017; Richardson et al., 2018). The low risk of peripheral neu-
ropathy associated with ixazomib use is probably due to the high spec-
ificity of ixazomib in inhibiting the chymotrypsin-like (CT-L) site of the
proteasome (Muz et al., 2016).

The triplet regimen ixazomib-lenalidomide-dexamethasone
followed, when feasible, by single-agent ixazomib as maintenance
therapy, was investigated also in patients with NDMM in different
trials. In in a phase 1/2 study (NCT01217957), the combination ther-
apy was well tolerated and associated with high ORR (92%) (Kumar
et al., 2014). Furthermore, analysis of the long-term efficacy and
safety of this regimen, confirmed that ixazomib-lenalidomide-dexa-
methasone followed by ixazomibmaintenancewas highly active and
caused manageable toxicity in this clinical setting. In particular, out
of 65 enrolled patients, 23 patients discontinued induction for SCT,
whereas in the remaining 42 patients, the ORR was 80%, including
63% very good partial response and 32% complete responses; these
data underscore the feasibility of long-term maintenance treatment
with single-agent ixazomib (Kumar et al., 2019). Furthermore, in
NDMM patients, a phase 1/2 dose-escalation study investigated the
all-oral ixazomib-melphalan-prednisone regimen, followed by
single-agent ixazomib maintenance, in transplant ineligible patients
with encouraging results (San-Miguel et al., 2018). Recently, the
TOURMALINE-MM3 trial (NCT02181413) investigated the ixazomib
suitability versus placebo as a maintenance therapy in NDMM to
delay disease progression and prolong patients' survival following
ASCT. The results of this study revealed that ixazomib induced a
28% reduction in the risk of progression or death compared to pla-
cebo (median PFS 26.5 months vs 21.3 months; HR = 0.72; P =
.0023), thus representing an additional therapeutic option for
these patients (Dimopoulos et al., 2019b). Promising results come
also from an ongoing phase 3 trial where ixazomib is administered
in patients with RMM as post-ASCT maintenance strategy (Striha
et al., 2018).

Several studies are currently investigating the activity of ixazomib in
patients with immunoglobulin light chain (AL) amyloidosis, Waldes-
trom Macroglobulinemia, bone plasmocytome and other non-
haematological malignancies (Smith et al., 2015; Smolewski &
Rydygier, 2019; ClinicalTrials.gov). Until now the best results were ob-
tained in a phase 1/2 study which evaluated the safety, tolerability,
and preliminary efficacy of ixazomib in patients with relapsed/
refractory AL amyloidosis, paving the road to a phase 3 study which is
currently ongoing (NCT01659658) (Sanchorawala et al., 2017;
Smolewski & Rydygier, 2019).

Using all collected clinical data, ixazomib pharmacokinetics was
characterized by an absolute oral bioavailability of 58%, terminal long
half-life of 9.5 days, large distribution volume of 543 L, and systemic
clearance of approximately 1.86 L/h (Gupta, Hanley, et al., 2018; Park
et al., 2018; Richardson, Hofmeister, et al., 2018; Gupta et al., 2019).
The faster dissociation rate of ixazomib compared to bortezomib,
which allows it to associate and dissociate consecutively with more
than one proteasome particle, likely contributes to the improved drug
distribution into tissues (Kupperman et al., 2010). Moreover, it has
been shown that plasma exposure increases linearly with higher ad-
ministered dose, and no dose adjustment is required on the basis of
race, age, sex, body weight, mild-moderate renal impairment, and
mild hepatic impairment (Gupta, Zhao, Hui, Esseltine, &
Venkatakrishnan, 2015; Gupta et al., 2016; Gupta et al., 2019). At clinical
doses, ixazomib is mainly metabolized by non-CYP enzymes; in fact, no
significant effect on its pharmacokinetics has been reported after the
concomitant administration of CYP3A inhibitors, such as ketoconazole
and clarithromycin, in patients with advanced solid tumours and lym-
phoma (NCT01454076) (Gupta, Hanley, et al., 2018; Gupta et al.,
2018). However, the concomitant administration of the CYP3A-
inducer rifampin causes a clinically relevant reduction in ixazomib ac-
tivity, supporting the advice to avoid this combined treatment schedule,
and underlying the complexity of ixazomib metabolism (Gupta, Singh,
Varshney, & Khan, 2018a; Gupta et al., 2019). In all clinical trials so far
described, ixazomib was administered on an empty stomach (Gupta
et al., 2019). However, since the absorption and metabolism of an oral
drug can change with food, according to the US regulatory guidance
(Singh &Malhotra, 2004; United States Food and Drug Administration),
a phase 1 study in adult patients with advanced solid tumours or lym-
phoma was carried out to evaluate whether pharmacokinetics of
ixazomib might be altered when administered after a high-calorie,
high-fat meal (Gupta, Herzlich, Sauer, & Chan, 2016; Gupta et al.,
2019). The results of this study showed that a high-fat meal reduces
the rate and extent of absorption of ixazomib, supporting its administra-
tion on empty stomach, at least 1 h before or at least 2 h after food in-
take. These recommendations are inserted in the ixazomib prescribing
information (Gupta, Herzlich, et al., 2016; Gupta et al., 2019). Currently,
139 clinical studies on ixazomib are reported in ClinicalTrials.gov, also
including the studies on solid tumurs (Table 2).

3.3.2.2.3. Investigational PIs: oprozomib,marizomib and delanzomib. To
overcome the clinical limitations of FDA/EMA approved PIs, a number of
novel compounds have been identified over the last years. However, the
only three drugs currently under evaluation in clinical trials are:
oprozomib (PER-047 and ONX 0912); marizomib (NPI-0052,
salinosporamide A) and delanzomib (CEP-18770) (Table 3).

Oprozomib is an oral drug designed to improve the absorption rate,
dosing flexibility, and to overcome two established bortezomib-
resistance mechanisms, such as mutations in the proteasome β5 sub-
unit, and drug efflux mediated by ATP-binding cassette transporters
(Verbrugge et al., 2012; Zhou et al., 2009). Preclinical studies showed
that oprozomib has an antitumour activity comparable to that of
carfilzomib, stimulating early clinical investigation (Chauhan et al.,
2010; Park et al., 2018). Some phase 1b/2 trials have evaluated
oprozomib efficacy and safety profile as single agent or as a component
of combined regimens in patients with RRMM. In particular, its combi-
nation with dexamethasone provided encouraging results. However,
grade ≥ 3 adverse events occurred in approximately 80% of patients
and the most common adverse events of any grade were gastrointesti-
nal disorders (up to 84.8%), underscoring the requirement of novel
oprozomib formulations to improve its gastrointestinal tolerability
(Hari et al., 2019). Recently, based on preclinical studies that have indi-
cated greater efficacy of oprozomib in combination with dexametha-
sone and pomalidomide compared to oprozomib monotherapy, a



Table 3
Clinical trials with oprozomib, marizomib and delazomib.a

Drug Combined agent NCT identifier Phase Status Setting

Oprozomib
/ NCT01129349 1 Completed Advanced solid tumours
Midazolam NCT02244112 1 Completed Advanced malignancies
Dexamethasone, pomalidomide NCT01999335 1 Completed MM
Dexamethasone, pomalidomide NCT02939183 1 Active, not yet recruiting RRMM
/ NCT01416428 1/2 Completed Haematological malignancies
Dexamethasone NCT01832727 1/2 Completed RRMM
Lenalidomide, dexamethasone, cyclophosphamide NCT01881789 1/2 Completed NDMM
Melphalan, prednisone NCT02072863 1/2 Completed NDMM
Sorafenib NCT02227914 1/2 Withdrawn Haepatocellular carcinoma

Marizomib
/ NCT00396864 1 Completed Advanced solid tumours, lymphoma
Dexamethasone NCT00629473 1 Completed Advanced tumours
Vorinostat NCT00629473 1 Completed Pancreatic cancer, melanoma, lymphoma, NSCLC
Pomalidomide, dexamethasone NCT02103335 1 Completed RRMM
Panobinostat NCT04341311 1 Not yet recruiting Pediatric diffuse intrinsic pontine glioma
Temozolomide, radiotherapy NCT02903069 1 Active, not yet recruiting Brain cancer
Bevacizumab NCT02330562 1/2 Active, not yet recruiting Glioma, glioblastoma
/ NCT00461045 2 Completed RRMM
/ NCT03727841 2 Not yet recruiting Ependymoma
Temozolomide, radiotherapy, bevacizumab, lomustine, ABI-009 NCT03463265 2 Recruiting Glioblastoma
Temozolomide, radiotherapy NCT03345095 3 Recruiting Glioblastoma

Delanzomib
/ NCT00572637 1 Completed Solid tumours and NHL
/ NCT01023880 1/2 Terminated RRMM
Dexamethasone, lenalidomide NCT01348919 1/2 Terminated RRMM

a See https://clinicaltrials.gov/, accessed April 27, 2020. (no drug)
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phase 1b trial has evaluated this triplet regimen in 31 patients with
RRMM (Sanchez et al., 2017; Shah et al., 2019). The results of this
study showed encouraging results in terms of efficacy but also con-
firmed the toxicity profile and the high pharmacokinetic variability of
the original bortezomib formulation tested (Shah et al., 2019), stimulat-
ing further clinical trials in order to evaluate novel drug formulations
with improved gastrointestinal tolerability. Moreover, a phase 1b/2
study where oprozomib was tested as single agent revealed promising
results in terms of ORR and tolerability also in patients with
Waldenström Macroglobulinemia (Ghobrial et al., 2019). Recently,
two multicentre open-label 1b/2 phase studies evaluated three
oprozomib-based regimens in transplant-ineligible NDMM patients:
oprozomib-dexamethasone plus lenalidomide or cyclophosphamide
(oprozomib003) and oprozomib-melphalan-prednisone (oprozo-
mib006) (Hari, Matous, et al., 2019). Although anti-myeloma activity
was reported also in NDMM patients, gastrointestinal toxicities and
the inter-individual pharmacokinetic variability limit oprozomib effi-
cacy and clinical use, reinforcing the need of novel formulations (Hari
et al., 2019). Accordingly, a phase 1b dose-exploration study
(NCT02939183) in RRMM is currently ongoing in the attempt to evalu-
ate two new oprozomib formulations (Hari, Matous, et al., 2019;
ClinicalTrials.gov). Despite encouraging clinical results in MM and
promising data obtained in preclinical models of solid tumours, in a
first dose-escalation study in patients with advanced refractory or re-
current NSCLC and colorectal cancer, oprozomib as single agent showed
minimal antitumour activity, with clinically relevant gastrointestinal
toxicity (Infante et al., 2016; Zang et al., 2012).

The pharmacokinetic profile of oprozomib was first investigated in
preclinical models: the drug was rapidly absorbed (2–3 min) in duode-
num and jejunumwith an estimated absolute oral bioavailability of ap-
proximately 39% (Park et al., 2018; Zhou et al., 2009).Moreover, phase 1
studies revealed a plasma half-life of about 1 h and a clearance that
exceeded the hepatic blood flow, indicating extra-hepatic contribution
to its metabolism. Accordingly, the epoxide hydrolase, which seems to
be the primary enzyme involved in oprozomibmetabolism, is expressed
in many other tissues beyond the liver (Fang et al., 2015; Wang,
Chemmama, et al., 2017). Therefore, though developed to improve
carfilzomib pharmacokinetics properties, oprozomib still displays a
high systemic clearance and a short half-life (Wang, Martin, et al.,
2013, Wang, Yang, et al., 2013; Fang et al., 2015).

Marizomib is different from the structural point of viewwith respect
to other PIs, and this translates into a different mechanism of protea-
some inhibition, efficacy and toxicity profile (Gozzetti et al., 2017). In
vitro and in vivo studies demonstrated that marizomib induces apopto-
sis inMMandother haematological and solidmalignancieswith a lower
toxicity compared to bortezomib (Ruiz et al., 2006; Potts et al., 2011).
Importantly, marizomib induced apoptosis even in tumour cells from
MM patients relapsing after various prior therapies including
bortezomib and/or thalidomid (Potts et al., 2011; Chauhan, Catley,
et al., 2005; Singh et al., 2010). Early phase clinical trials testing different
treatment schedules of the PI as single agent in patients with advanced
malignancies, reported marizomib activity mainly in patients with
RRMM. Remarkably, marizomib did not exhibit severe peripheral neu-
ropathy, warranting further evaluation (Harrison et al., 2016; Levin
et al., 2016). The most important adverse events observed in the
phase 1 trials were fatigue, nausea, diarrhoea, and infusion site pain
(Harrison et al., 2016). In accordance with preclinical models in which
marizomib was found to synergistically act with immunomodulatory
agents (Chauhan, Singh, Aujay, et al., 2010; Das et al., 2015), a phase 1
clinical trial demonstrated that the triplet combination of marizomib,
pomalidomide and low-dose dexamethasone was well tolerated and
endowed with promising activity in heavily pre-treated, high-risk
RRMM patients, without increasing the incidence of adverse events
(Spencer et al., 2018). As mentioned in previous sections, PIs are rela-
tively ineffective in treating solid tumours. Thanks to its more lipophilic
structure, an additional differential feature of marizomib compared to
other PIs is the ability to cross the blood-brain barrier in different spe-
cies. Accordingly, preclinical studies demonstrated that oral administra-
tion ofmarizomib inhibits proteasome activity in the brain, and displays
a greater activity than bortezomib in a range of solid tumour xenograft
models (Potts et al., 2011; Shabaneh et al., 2013; Di et al., 2016). In fact,
marizomib was found to induce apoptosis in glioma cells, with minimal
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toxic effect on normal neurons (Di et al., 2016; Manton et al., 2016).
Based on these studies, this PI is currently evaluated in a clinical trial
(NCT03345095) for treating newly diagnosed glioblastoma, the most
common aggressive malignant primary brain tumour in adults, having
a median survival of about 12 months, after debulking surgery and ra-
diotherapy (Weller, Le Rhun, Preusser, Tonn, & Roth, 2019).

The pharmacokinetic profile of intravenously administered marizo-
mib was investigated in a phase 1 clinical trial on patients with ad-
vanced solid malignancies, indicating a short half-life (Chauhan, Singh,
Ciccarelli., 2010) (lower than 30 min), rapid clearance (0.9–22 L/min),
and a large volume of distribution (15–416 L) (Harrison et al., 2016; ).
Although the involvement of extra-hepatic clearance in the overall
marizomib elimination has been proposed, detailed studies on excre-
tion, metabolism, and in general pharmacokinetic-pharmacodinamic
profiles are not available (Potts et al., 2011; Harrison et al., 2016; Park
et al., 2018).

Delanzomib is an oral PI that in vitro has shown significant activity
on MM and a panel of solid tumours. Furthermore, both intravenous
and oral administration resulted in complete tumour regression in
MM xenograft models, and increased mice survival in a systemic
model of human MM (Piva et al., 2008). Moreover, administration of
delanzomib in combinationwith other conventional anti-MM therapies,
such as melphalan plus bortezomib and dexamethasone plus
lenalidomide, was more effective than treatment with either agent
alone (Sanchez et al., 2010; Sanchez et al., 2012). Nevertheless, the re-
sults of early phase trials were not so encouraging (Gallerani et al.,
2013; Vogl et al., 2017). In a phase 1 trial, delanzomib showed a linear
plasma pharmacokinetic profile, lack of peripheral neuropathy, but a
very high incidence of severe skin toxicity in (53% of patients)
(Gallerani et al., 2013). In a second multicentre phase 1/2 study
delanzomib as single-agent was investigated in patients with RRMM,
but no efficacy was reported, whereas severe adverse events, such as
rash and thrombocytopenia were reported. Thus, development of
delanzomib for myeloma was discontinued (Vogl et al., 2017). To date,
it is not clear the rationale of different clinical and preclinical investiga-
tions (Park et al., 2018).

3.4. New concepts for proteasome inhibitors

Beside the inhibitors, described in Section 3.3, which switch off di-
rectly the enzymatic activity of the proteasome by locking down the ac-
tive site(s) through a chemical bond with specific residues, new class
(es) of molecules is/are emerging, which act(s) instead as modulator
(s) of the proteasome activity rather than directly inhibiting it. Obvi-
ously, they are not alternative to other inhibitors, which often inhibit
more efficiently the proteasome enzymatic action, but they rather affect
the UPS activity to a variable extent and fashion, interfering at a differ-
ent level, such as the interaction with 19S RP and/or conformational
changes of the 20S. Their investigation is very recent and obviously al-
most no pharmacological studies have been carried out on these new
class(es), but nonetheless it is very important to report on thembecause
they might represent in the near future a relevant implementation of
present therapeutic approaches.

3.4.1. Porphyrins
Porphyrins are an old class of antitumour agents which is now again

at the center of renewed scientific interests for the possible role asmul-
tifunctional (anticancer) drugs. They are organic heterocyclic
macrocycles with an extended π system that on one hand makes
them highly hydrophobic and, on the other hand, provides porphyrins
with a remarkably high extinction coefficient together with additional
photo-physical properties. The latter properties make them well-
suited to accomplish, for example, both clinical phototherapy (PDT)
and cancer imaging, rendering them suitable to be employed in a
multi-tasking role as theranostic tools (Tsolekile, Nelana, &
Oluwafemi, 2019). Apparently, their poor aqueous solubility might
represent a major restriction to their application in the clinical use.
Yet, their very versatile chemistry has allowed to get formulations for
topical and systemic treatments thanks to the possibility to synthesize
an almost unlimited number of water-soluble derivatives. Easy
functionalization of the core (in particular in themeso- position) allows
to tune their solubility, aggregation tendency and electronic properties
by only choosing the nature, number and reciprocal topology of substit-
uents. In addition to the chemistry related to the periphery, the central
core also has a manifold role in determining the steric and physico-
chemical behavior (e.g., absorption and emission properties) of
porphyrins.

It is difficult to overstate the physiological relevance of porphyrins,
since their biological role (such as oxygen carrier or storage and redox
balance among others) indeed depends on the correct cell localization
and on the matching between their structural features and those of
the hosting cavity/compartment. For example, anionic porphyrins
(e.g., Uro, Copro, PP-IX, with their carboxylates) tend to localize in the
acidic compartment of the lysosome. The role of porphyrins (natural
or synthetic) and their relevance in affecting biological processes is
underlined by the evidence that uncontrolled endogenous porphyrins
exposure, caused by hemoproteins release (i.e., ectopic porphyrins)
and their subsequent binding to essential proteins may impair protein
function, inducing an oxidative damage and altering cellular functions.

In addition to the well-known cellular damage, resulting by reactive
oxygen species (ROS), photogenerated by porphyrins catalyzed reac-
tions, several experimental observations have recently remarked por-
phyrin toxicity in the dark, that seems to be correlated to inhibition
phenomena involving HSP90, (Lee, Lee, Lim, Kim, & Kim, 2013) telome-
rase (Masood et al., 2003), (Cory et al., 2002) and proteasome. Other ob-
servations (Szokalska et al., 2009) demonstrate that the cytotoxic
effects, caused by a porphyrin photosensitizer in PDT, could be potenti-
ated through inhibition of proteasome, encouraging to screen the ability
of porphyrins to inhibit the proteasome activity (Chauhan, et al., 2005;
Chauhan et al., 2010).

The first evidence that porphyrins, in particular hemin, could reduce
“the protein degradation ATP dependent”, not yet known as protea-
some, dates back to 40 years ago (Etlinger & Goldberg, 1980). After-
wards, many reports showed that hemin effect on ubiquitin-
dependent proteolysis is not restricted to erythroid cells but hemin is
a negative UPS modulator in all eukaryotic cells (Haas & Rose, 1981;
Vierstra & Sullivan, 1988).

The first molecular investigation on purified 20S has demonstrated
that micromolar amounts of cationic porphyrins inhibit reversibly all
three main protease activities of proteasome (Santoro et al., 2012).
Quite interestingly, porphyrins activity is finely modulated (tuned)
both by the nature and reciprocal topology of peripheral substituents
and by the stereochemistry of the macrocyclic ring center. Thus, the in-
hibitory efficiency of the cationic macrocycles increases with the num-
ber of positive substituents in the meso position. As far as the
porphyrin core is concerned, it is evident from the experimental data
that among the various metallo-derivatives, the most active ones are
those with no axial ligands, the activity decreasing going from penta-
to hexacoordinated metals. In particular, the naked cationic porphyrins
are the most active ones, indicating that the molecule should be flat in
order to interact effectively with the proteasome. Interestingly, thanks
to their high extinction coefficient these molecules are “visible inhibi-
tors”, and in this sense they behave as very efficient spectroscopic
“probes” for UV–Vis stopped-flow kinetic analysis. The latter studies,
combined with NMR and computational study, helped in defining the
tetra-cationic H2T4 as a competitive inhibitor which binds the gate
area on the α-ring, hindering the substrate access to catalytic chamber
(Santoro et al., 2016).

Starting from the first evidence, an accurate kinetic and computa-
tional analysis of the surface of the α-subunit ring revealed then that
thepositive charges play a critical role in the inhibition of the 20S, show-
ing that cationic porphyrins may act as tuneable gatekeepers of the 20S
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(see Fig. 9 in Santoro, Cunsolo, et al., 2016). Indeed, the α-ring repre-
sents a receptor-like region physiologically involved in ionic interac-
tions with canonical RPs; Ss a matter of fact, the regular arrangement
of aminoacidic residues in these surfaces has been found to represent
a sort of electrostatic code, exploited by the 19S, and regulating the gat-
ing phenomena (see Sections 2.2.1 and 2.3.1). The charges of porphyrins
represent the keys able to interfere with this “electrostatic code”, and,
depending on their spatial distribution, a high variety of binding
modes and inhibition mechanisms have been observed (Di Dato et al.,
2017). Furthermore, some functional effects, characterized by coopera-
tive phenomena, are the resulting of conformational rearrangements
that can reverberate onto the β5 subunit (Arba et al., 2018). Finally, ad-
ditional binding modes involve interactions with both the α- and β-
rings regions, acting directly on the β5 catalytic subunit.

In conclusion, porphyrins are excellent candidates for multi-tasking
biological active molecules. As an example, quite recently it was shown
(Vallelian et al., 2015) that high levels of intracellular heme disrupt cel-
lular homeostasis through the combined activities of oxidative damage
and proteasome inhibition, thus resulting in the accumulation of dam-
aged proteins that contribute to the triggering of cell death. As far as it
concerns their interactions with proteasome, porphyrins can either in-
duce a partial competitive occlusion by hindering the substrate access
into the catalytic chamber or else behave as an allostericmodulator, reg-
ulating the occurrence of conformational change(s) that affect(s) the
dynamic equilibrium between the open and the closed state of the pro-
teasome gates.

3.4.2. Metal complexes
The use of metal complexes as anticancer drugs has been adopted

since early 1960s with the discovery and development of cisplatin and
its derivatives (Alderden, Hall, & Hambley, 2006). The first metal com-
plexes used as anticancer agentswere designed to interactwith the can-
cerous cell DNA, inducing apoptosis of cancer cells, but it has been also
demonstrated that they can alter the cellular redox chemistry through
binding either the metal or other ligand redox centers of biomolecules
involved in cellular redox pathways. Since tumour cells have a more re-
ducing environment than normal cells, due to the acceleratedmetabolic
activity, high rates of cell growth and proliferation, selectivity can be
reached by using metal complexes which contain redox active metal
ions. These are then reduced in the reducing environment of the cancer
cell and metal complex drugs become activated. Therefore, the reduced
metal ion (Co2+, Pt2+, Fe2+, Cu+, etc.) exerts its anticancer activity with
amarked selectivity for tumour cells, as the unique ability ofmetal com-
plexes to undergo redox activation processes involve both metal and li-
gand redox centers and it can be tuned to specific potentials (Zhang &
Sadler, 2017). However, the idea of using metal complexes to disrupt pro-
teasome activity in order to have an anticancer effect is relatively recent
(Shagufta & Ahmad, 2020). Disulfiramwas the first metal complex con-
taining copper capable of inducing apoptosis in cancer cells by
inhibiting proteasome activity (Chen, Cui, Yang, & Dou, 2006). It was
later demonstrated that disulfiram rapidly converts in vivo to its re-
duced metabolite diethyldithiocarbamate (DDTC) before exerting its
anticancer activity (Pang, Chen, Cui, & Ping Dou, 2007). Interestingly,
in most cases the presence of themetal ion turned out to be fundamen-
tal to have proteasome activity inhibition, since the non-metallated li-
gand has been demonstrated to be ineffective for this purpose. For
example, the asymmetric ligands, containing pyridine and 4,6-
substituted phenolmoieties alone, do not have any influence on protea-
some activity (Shakya, Peng, Liu, Heeg, & Verani, 2006); conversely, the
copper (II) chloride salt of this compound inhibits the proteasome activ-
ity in cell free conditions and, for this reason, it has been proposed that
the copper complex works as a carrier to cross the cell membrane. Such
an assumptionwould imply that the effectiveness of themetal complex
should strongly depend on the metal-ligand species formed and, once
inside the cell, the copper shuttling complex should induce proteasome
inhibition by releasing the copper ions, which become available to
coordinate with proteasome, involving amino acids capable of forming
Cu\\N, Cu\\S, or Cu\\O bonds (Hindo et al., 2009). However, elucidat-
ing the molecular mechanisms by which copper ions are able to inhibit
proteasome activity is a very challenging task, due to the very complex
cellular environment and the difficulty in monitoring the fate of intra-
cellular copper ions (Satriano et al., 2013). Indeed, it has been reported
in cell-free conditions that Cu (II) ions promote conformational changes
associated to an impaired channel gating, without catalyzing redox re-
actions nor disrupting the assembly of the 20S proteasome (Santoro
et al., 2016). On the contrary, HeLa cells, grown in a Cu (II)-supple-
mented medium, exhibit a decreased proteasome activity, which was
then restored in the presence of an antioxidant. For this reason, it has
been proposed that, although the Cu(II)-inhibited 20S activities may
be associated to proteasome conformational changes, favouring the
closed state of the core particle, other effects may occur, such as ROS-
mediated proteasome flooding and disassembly of the 26S proteasome
into 20S and 19S.

Beside copper, othermetal ions have been used in complexwith var-
ious ligands to inhibit proteasome activity. For example, cadmium,
though carcinogenic for humans, has been tested in complex
with several organic ligands, such as indole-3-butyrric acid and
indole-3-propionic acid. Strikingly, proteasomal inhibition, as well as
accumulation of ubiquitinated proteins and induction of apoptosis,
were observed in MDA MB 231 breast cancer cells, whereas non-
tumourigenic breast MCF10A cells were much less sensitive to the cad-
mium complexes, indicating cell-specific apoptotic death (Zhang et al.,
2013). Cadmium complexes with heterocycle-L-tryptophan Schiff base
ligands such as 2-acetylpyrazine-L-tryptophan,5-methylfurfural-L-
tryptophan and 5-bromo-2-thiophenecarbaldehyde-L-tryptophan
have also been synthesized and tested for cancer specific proteasome
inhibitory and apoptosis -inducing activities. Results show that the inhi-
bition of the proteasomal CT-L activity is strongly depending on the li-
gand; thus, while the Cd complex with 2-acetylpyrazine-L-tryptophan
and 5-methylfurfural-L-tryptophan were powerful inhibitors, the use
of 5-bromo-2-thiophenecarbaldehyde-L-tryptophan as ligand pro-
duced an inactive complex (Zhang, Li, Huang, Guan, & Zhu, 2017).

Manganese and gold complexes have also been investigated for their
inhibitory activity on proteasome in cancer. In particular, the cefepime-
Mn complex has been demonstrated to inhibit the proteasomal CT-L ac-
tivity and to induce the apoptosis of breast cancer cells in a dose-and
time-dependent manner (Zhang, Schulz, et al., 2015).

Gold(III) and gold(I) dithiocarbamate complexes have also been re-
ported to be strong proteasomal CT-L activity inhibitors with IC50 values
~1.1 μM. Interestingly, the different oxidation states of the gold ion seem
to affect the mechanism of inhibition, as only the higher gold oxidation
state has been reported to produce significant levels of ROS (Zhang
et al., 2010). Several additional gold complexes have been reported to
have IC50 in the μMrange toward all threemain proteasome catalytic ac-
tivities, such as mononuclear gold, dinuclear(III) complexes and gold
(I) phosphine complexes, whereas aurofin, an established gold(I) drug
(currently in clinical use for the treatment of rheumatoid arthritis),
has been demonstrated to be completely inactive in the modulation of
proteasome (Micale et al., 2014). The gold(III) complex AuL12
(dibromo[ethyl-N-(dithiocarboxy-kS,kS’)-N-methylglycinate])has
shown attractive properties in terms of anticancer activity and toxicity.
AuL12was found to inhibit proteasome activity in living cellswith an ef-
ficiency comparable to that of bortezomib (Tomasello et al., 2017). Fur-
thermore, AuL12 also inhibits Lys48-linked poly-ubiquitination in vitro
at a concentration of about 7 μM, interfering with Ub activation reac-
tions catalyzed by E1 enzymes. Another approach, based on the use of
metal complexes to inhibit the function of the UPS system in cancerous
cells, is to target deubiquitinases instead of theproteasome. As an exam-
ple, nickel, aswell as gold(I), pyrithione complexeswere tested for their
anticancer activity and it was found that both complexes are able to in-
hibit the UPS by targeting the 19S-associated deubiquitinases without
directly affecting proteasome activity (Li et al., 2019; Zhao et al., 2016).
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Finally, it is worthmentioning thatmetal ions, such as copper, have a
strong inhibitory effect also on other different enzymes (Grasso et al.,
2011, 2012), which have been found to be associated with the protea-
some and to be able to modulate its activity (Sbardella et al., 2015;
Sbardella et al., 2018). For this reason, the use of metal complexes to
modulate proteasome activity should consider all possible mechanisms
and actors involved in the UPS system, including the interaction of
the metal complexes with regulatory proteins, such as IDE (Tundo
et al., 2017).

4. Proteasome alteration in neurodegeneration

Although proteins are generally found in the right folded and func-
tional state in healthy cells, unfolded configurations are present, mostly
occurring upon exposure to environmental stressors; furthermore, they
may originate from multi-faceted alterations in translation, folding and
intracellular trafficking. Under physiological conditions, the misfolded
variants of proteins are either: (i) tagged for degradation via UPS or au-
tophagy pathways, or (ii) correctly refolded back to the native state by
chaperones, or else (iii) sequestered into intracellular compartments,
such as aggresomes, which preserve them for the following refolding
or degradation (Hartl & Hayer-Hartl, 2009; Chen, Retzlaff, et al., 2011;
Escusa-Toret, Vonk, & Frydman, 2013; Hipp, Park, & Hartl, 2014;
Sontag, Vonk, & Frydman, 2014; Sweeney et al., 2017). Misfolded pro-
teins can aggregate to form high-molecular weight species of different
nature, such as soluble oligomers, prefibrillar species and highly or-
dered amyloid structure, which often consist of different aggregated-
prone and normally folded proteins (Olzscha et al., 2011; Hong, Han,
Fink, & Uversky, 2011; Brettschneider, Del Tredici, Lee, & Trojanowski,
2015; Sweeney et al., 2017; Olzscha, 2019). Although there is compel-
ling evidence that many proteins (if not all) can form amyloid-like
structures under stressful conditions, nonetheless disease-associated
amyloidogenic proteins are characterized by intrinsic structurally disor-
dered elements in their free soluble form (Guijarro, Sunde, Jones,
Campbell, & Dobson, 1998; Tzotzos & Doig, 2010). Thus, a common hall-
mark of neurodegenerative diseases is the accumulation of misfolded
protein aggregates into affected tissues, leading to a derangement of
PN, and, ultimately, to progressive death of neurons (Bredesen, Rao, &
Mehlen, 2006; Goedert, Clavaguera, & Tolnay, 2010; McAlary, Plotkin,
& Cashman, 2019; Chiti & Dobson, 2017). In general, the major compo-
nent of insoluble deposits is a specific-disease related protein, such asβ-
amyloid and tau in Alzheimer's disease (AD),α-synuclein in Parkinson's
disease (PD), and huntingtin in Huntington Disease (HD), even though
overlapping similarities between syndromes are reported (Jellinger,
2012; McAlary et al., 2019).

Neurons, as well as each post-mitotic cell, are very susceptible to
proteostasis unbalance mainly due to their long lifespan, morphology
and enhanced metabolism (Tai & Schuman, 2008). In particular, UPS is
crucial in synaptic protein turnover, calcium flux dynamics, long-
terminal plasticity and memory (Bingol & Schuman, 2004; Bingol &
Schuman, 2006; Colledge et al., 2003; Djakovic et al., 2012; Djakovic,
Schwarz, Barylko, DeMartino, & Patrick, 2009; Fonseca, Vabulas, Hartl,
Bonhoeffer, & Nägerl, 2006; Guo & Wang, 2007; Lopez-Salon, Alonso,
Vianna, Viola, & Mello e Souza, Izquierdo, Pasquini, & Medina, 2001;
Tai & Schuman, 2008; Wu et al., 2009). Furthermore, besides the intra-
cellular proteasome, amembrane-associated proteasome complex, spe-
cific for the nervous system, has been recently discovered
(Ramachandran & Margolis, 2017). This complex seems to be involved
in the modulation of neuronal function by degrading intracellular pro-
teins into peptides that are then released into synaptic cleft, where
they stimulate postsynaptic N-methyl-D-aspartate neuronal signalling
(Ramachandran & Margolis, 2017). Impaired proteasome activity is re-
ported in idiopathic neurodegenerative diseases, and some hereditary
form of neurodegeneration is due to mutations in UPS components,
such as PARK1 and PINK (see next paragraphs) (Ciechanover &
Brundin, 2003; McKinnon & Tabrizi, 2014; Ortega, Díaz-Hernández, &
Lucas, 2007; Ortega & Lucas, 2014; Thibaudeau & Smith, 2019). A wide
range of studies support the notion that a decrease of proteasome activ-
ity with age positively correlates with misfolded protein accumulation.
This culminates then, in the presence of other pathological stressors at
which aged people are exposed, with the progressive development of
neurodegeneration (Smith, 2018; Vigouroux, Briand, & Briand, 2004;
Mattson & Magnus, 2006; Chondrogianni & Gonos, 2010; Zabel et al.,
2010; Tomaru et al., 2012). Accordingly, targeted proteasome inhibition
in brain of animal models of neurodegeneration reproduces some clini-
cal and neuropathological signatures of human diseases (McNaught
et al., 2002; McNaught, Perl, Brownell, & Olanow, 2004; Ciechanover &
Brundin, 2003; Bedford et al., 2008; Li et al., 2010). Despite this evi-
dence, it is still unclear whether reduced proteasome functionality is a
primary event in neurodegeneration onset or the consequence of
misfolded protein aggregation (Ciechanover & Brundin, 2003;
Dantuma & Bott, 2014; Ortega & Lucas, 2014; Thibaudeau & Smith,
2019). Soluble oligomers, which are believed to be the most toxic and
pathologically significant species among the different forms of aggre-
gates, have been shown to impair proteasome activity (Cecarini et al.,
2008; Tseng, Green, Chan, Blurton-Jones, & LaFerla, 2008; Díaz-
Hernández et al., 2006; Bence, Sampat, & Kopito, 2001; Deriziotis
et al., 2011; Dantuma & Bott, 2014). Recently, a common mechanism
has been proposed, according to which oligomers of different
diseases-related proteins inhibit the 20S proteasome activity through
an allosteric-driven interaction (Smith, 2018; Thibaudeau, Anderson,
& Smith, 2018; Ciehanover, Hod, & Hershko, 1978). Specifically, the sol-
uble oligomers, which adopt a similar three-dimensional conformation,
were reported to bind the 20S, stabilizing the gate in the closed config-
uration. Oligomers-induced proteasome impairment seems then to be
counteracted by HbYX peptides, which mimic the gate physiological
opening induced by HbYX motifs of 19S ATPase (see also
Section 2.3.2) (Thibaudeau et al., 2018). Accordingly, α3Δn-HEK293
cells exhibit increased degradation of proteasome substrates, including
neurodegenerative disease-related proteins (see also Section 2.3.2)
(Choi et al., 2016). These results support the scientific hypothesis that
drugs, which directly open the 20S gate, might have a relevant thera-
peutic potential in the management of neurodegenerations (Smith,
2018; Thibaudeau et al., 2018; Thibaudeau & Smith, 2019; VerPlank,
Lokireddy, Zhao, & Goldberg, 2019). In this respect, it should be pointed
out that the action of porphyrins (see Section 3.4.1) looks very promis-
ing (Di Di Dato et al., 2017).

However, although it was generally accepted that, once formed, am-
yloid aggregates are resistant to proteasome degradation (Sweeney
et al., 2017), it has been recently reported that proteasome holoenzyme
seems to possess a “fibril-fragmenting activity”, being able to reduce the
size of large tau andα-synuclein fibrils into smaller entities in vitro, thus
opening a novel perspective in understanding proteasome role in neu-
rodegeneration (Cliffe et al., 2019; Ye, Klenerman, & Finley, 2020). In
the rest of this chapter, the contribution of proteasome to the onset
and progression of main neurodegenerative diseases is reported. Addi-
tionally, we will focus on strategies developed so far to enhance protea-
some activity.

4.1. Alzheimer's disease

In the late 1901, the German neuropathologist Alois Alzheimer re-
ported about the presence of amyloid plaques and neurofibrillary tan-
gles (NFTs) in the brain of a woman suffering from progressive
cognitive decline (Stelzma, Schnitzlein, & Murllagh, 1995). This was
the veryfirst paper reporting a case of senile dementia, a neurodegener-
ative disease thatwill be later commonly recognized as Alzheimer's Dis-
ease (AD). Almost 80 years after this ground-breaking report, protein
aggregates present in amyloid senile plaques (i.e. amyloid peptides)
(Glenner & Wong, 1984) and NFTs (i.e., hyperphosphorylated tau)
(Lee, Balin, Otvos, & Trojanowski, 1991) were fully characterized. How-
ever, only over the last two decades, attention in the area of protein
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aggregation has increased considerably, transforming it into a key sub-
ject of study in diverse research areas ranging from chemistry to biology
andmedicine. Themost important reason for the rising attention in this
field is that most of the disorders are associated with amyloid aggrega-
tion (Chiti & Dobson, 2006) and neurodegeneration, which are becom-
ing more and more expensive in terms of health care and social cost
worldwide (Alzheimer's Disease International, 2010; Chiti & Dobson,
2017; Ciehanover et al., 1978). After an initial enthusiasm in targeting
amyloid protein aggregation as a possible therapeutic approach to
treat AD, other protective mechanisms associated with properties of
the cellular environment, such as the existence ofmolecular chaperones
and degradation mechanisms have attracted increasing attention
(Hartl, Bracher, & Hayer-Hartl, 2011; Morimoto, 2008). Substantial
shreds of evidence point to UPS malfunction as an important factor
playing a key role in Aβ amyloid growth and AD pathogenesis. This is
not surprising if one bears in mind that UPS surveillance is needed for
a tightly regulated maintenance of all proteome components involved
in memory formation, as well as synaptic plasticity and functioning
(Djakovic et al., 2012; Lopez-Salon et al., 2001; Tai & Schuman, 2008).

However, a deeper understanding of all components of the prote-
omequality control network is needed to allowus to envisage a success-
ful regulation of all pathogenic pathways. As an example, it is critical to
single out all the key components of the UPS, including the upstream
processes, involved in ADpathogenesis to allow thedesign of smallmol-
ecules with higher efficacy and less severe side effects (Cao, Zhong,
Toro, Zhang, & Cai, 2019). In particular, proteasome function (if com-
pared to age-matched controls) declines in AD brains, whereas other
proteasome isoforms, such as immunoproteasome, are overexpressed
in astrocytes (Keller, Hanni, & Markesbery, 2000; Nijholt et al., 2011).
As a matter of fact, several studies underscored that immunopro-
teasome is upregulated in glial cells surrounding Aβ plaques present
in affected brains (Yeo et al., 2019). The same work reported that
YU102, a specific PI, abolished theproduction of inflammation cytokines
fromglial cells and improved cognitive performance in ADmicewithout
any evident effect on Aβ plaques deposition. Hence, the proteasome is
now emerging as a major target in the treatment of memory loss and
cognitive impairment in AD (Al Mamun et al., 2020; Hegde, Smith,
Duke, Pourquoi, & Vaz, 2019). A very recent study, involving 48
CEpatients and 50 healthy volunteers, has clearly shown that protea-
some levels are significantly decreased in erythrocytes of patients af-
fected by AD. Moreover, the same study revealed that ubiquitin is
overexpressed in red blood cells of AD individuals, thus suggesting
that (i) the UPS is heavily involved in the pathogenesis of the disease
and (ii) both Ub and proteasomemay be investigated as AD biomarkers
(Lv et al., 2020). The role of proteasome inactivation inADdevelopment,
was addressed in vivo by studies using transgenic mice. In particular,
APPswe/PS1de9 AD mice were crossed with mice expressing a green
fluorescent protein (GFP) fused to a degradation signal (CL-1) targeted
by the proteasome; these studies revealed that GFP protein-linked pro-
teasome substrates build up in the hippocampus and cortex of ADmice
at 4 weeks of age, and they were also confirmed by a concomitant accu-
mulation of p53, an endogenous proteasome substrate, and of poly-
ubiquitinatedproteins. Altogether, these results suggest that theprotea-
some function is altered in AD mice even at a very young age, well be-
fore cognitive impairment and amyloid fibril deposition (Liu, Fung,
Chong, Shukla, & Hilgenfeld, 2014).

Although it is known that Aβ is a proteasome substrate, it may also,
in turn, inhibit 20Speptidase activity; in this respect, scanning transmis-
sion electron microscopy (SEM) experiments have shown that Aβ pep-
tide binds the 20S and inhibits its proteolytic activity (Gregori, Hainfeld,
Simon, & Goldgaber, 1997). These findings also reconcile with experi-
ments outlining that neuronal cells incubatedwith amyloid Aβ peptides
do exhibit inhibitory effect on proteasome activity (Cecarini et al., 2008;
Lopez Salon, Pasquini, BesioMoreno, Pasquini, & Soto, 2003; Tseng et al.,
2008). Impaired tau metabolism has been also associated with abnor-
mal UPS activity; thus, tau may be ubiquitinated at diverse sites and
UPS impairment is involved in tauopathies (Cripps et al., 2006; David
et al., 2002; Han et al., 2014; Keck, Nitsch, Grune, & Ullrich, 2003; Lee,
Lee, & Rubinsztein, 2013; Metcalfe, Huang, & Figueiredo-Pereira, 2012;
Morris et al., 2015; Tai et al., 2012; Thomas, Cripps, & Yang, 2009).
Hyperphosphorylated tau oligomers build up at synaptic and postsyn-
aptic junctions in AD, (Tai et al., 2012) and tau insoluble assemblies in-
hibit proteasome activity, leading to an accumulation of poly-
ubiquitinated proteins (Myeku et al., 2016). It has also been shown
that CHIP (C-terminus of Hsp70-interacting proteins) E3 ligase, is
overexpressed in AD patients and its downregulation brings about the
accumulation of ubiquitinated tau proteins (Dickey et al., 2007;
Petrucelli et al., 2004; Shimura, Schwartz, Gygi, & Kosik, 2004). Recently,
it has been demonstrated that toxic Aβ oligomeric assembliesmay bind
proteasome, impairing its activity by interfering with gating phenom-
ena. Moreover, as mentioned previously, other different proteins (e.g.,
α-synuclein and huntingtin), known to self-assemble into similar 3D
structures, have the potential to inhibit 20S activity by a similar mecha-
nism, thus pointing to a general oligomer-driven model of proteasome
inhibition (Thibaudeau et al., 2018). Notably, clearance of full-length
monomeric tauwas ATP-independent, whereas on the contrary, fibrillar
tau hydrolysis was strictly related to the ATPase activity of the protea-
some (Cliffe et al., 2019).

Neurotoxic 30-mer Aβ assemblies (termed amylo-spheroids) are
present in AD brains, showing to be the main responsible of neuronal
cells death. Although it is still unclear how amylo-spheroids form in
the brain and activate neurodegenerative processes, proteasome inhibi-
tion was shown to dramatically promote their accumulation in the
trans-Golgi network of excitatory neurons, altering dendritic transport
(Komura et al., 2019).

Besides Aβ/tau aggregation in toxic oligomers, other causes are
known to come into play for proteasome impairment in AD, including
abnormal generation of ROS (de Vrij, Fischer, van Leeuwen, & Hol,
2004). Indeed, high intracellular levels of the redox-active metal ions
Cu(II) are known to be associated to both Aβ and tau pathologies,
even though it is known that only Cu(I) is internalized into the cells
by the plasma transporter Ctr1(Maryon, Molloy, Zimnicka, & Kaplan,
2007). In this respect, it should be outlined that Cu(II) ions are present
at relatively high concentration in the brain and their levels are
known to increase with age (Morita, Kimura, & Itokawa, 1994;
Tarohda, Yamamoto, & Amamo, 2004). As a matter of fact, Cu(II) ions
are also found in amyloid plaques present in the AD brain (Lovell,
Robertson, Teesdale, Campbell, & Markesbery, 1998; Suh et al., 2000)
co-purifyingwith Aβ fromAD brain tissues (Opazo et al., 2002). Intrigu-
ingly, several Cu(II) complexes exhibit remarkable proteasome inhibi-
tory capacities (Daniel, Gupta, Harbach, Guida, & Dou, 2004; Marzano,
Pellei, Tisato, & Santini, 2009). All these findings reconcile with recent
reports that demonstrate that Cu (II) ions inhibit all proteolytic activi-
ties of the 20S (Grasso et al., 2017; Santoro, Monaco, et al., 2016;
Bellia et al., 2019).

Human neuroblastoma cell lines SH-SY5Y, differentiated with
retinoic acid, reproduce the neuronal morphology and function and
are for this reason widely employed to mimic primary neurons. Low
doses of MG-115, a known PI, brought about tau hyperphosphorylation,
microtubule destabilization, and an impaired dendritic development in
SH-SY5Y cell lines. Moreover, an inhibited proteasome activity in-
creased the levels of signal proteins involved in AD pathogenesis, such
as c-JunN-terminal kinase, c-Jun and extracellular signal-regulated pro-
tein kinase (ERK). Notably, in the same study it came out evident that an
inhibition of c-Jun and ERK was able to nullify the effects of proteasome
inhibition. These results suggest that a reduced proteasomeactivitymay
induce an activation of c-jun/ERK signalling and, in turn, a cascade of ad-
verse events leading to neuronal death (Agholme et al., 2014).

Indirect proteasome inactivation may also play a significant role in
AD development. For example, ubiquitin hydrolase (Uch-L1) is known
to raise cytosolic mono-ubiquitin levels, thus enhancing protein degra-
dation by the proteasome; not surprisingly, low Uch-L1 levels are
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correlated with amyloid accumulation. Furthermore, a neuron F-box
protein Fbx2 may act as an E3 ligase, facilitating the ubiquitination of
the β-secretase and its degradation by the proteasome, leading to a de-
crease of amyloid Aβ generation; notably, both Fbx2 and Uch-L1 in-
crease synaptic plasticity and memory function in AD mice (Gong,
Radulovic, Figueiredo-Pereira, & Cardozo, 2016). It was also reported
that UBB+1, a ubiquitin form arising from a pathogenic mutation in
the Ub gene through addiction of 19 residues to the C-terminus of the
protein, inhibits proteasome activity and is present in neurofibrillary
tangles of AD patients (Fischer et al., 2003). Proteasome activation by
exogenous agents may represent a promising strategy for AD therapy;
in fact, feeding wild-type Caenorhabditis elegans with 18α-
glycyrrhetinic acid (18α-GA), a known proteasome activator, resulted
in an increased proteasome activitiy and increased lifespan of worms.
Moreover, higher proteasome activity was related to lower paralysis
rates in C. elegans AD models. Notably, analogous promising results
were confirmed also when murine and human neuronal cells were
treated with 18α-GA (Papaevgeniou et al., 2016).

A defective proteasome activity has been also related to increased
levels of the APP-derived intracellular C-terminal membrane fragment
β (CTFβ), a neurotoxic peptidewith significant roles in AD pathogenesis
(Bustamante et al., 2018).

4.2. Parkinson's disease

Parkinson's Disease (PD) is a multi-factorial neurodegenerative dis-
ease, which primarily affects the nigro-striatal dopaminergic motor
neurons. The pathognomonic histological lesion of PD, though not
shared by all disease variants, is the formation of peri-nuclear intracel-
lular aggregates, called Lewy Bodies (LB) (extremely rich in a proto-
typical amyloidogenic protein, i.e. α-synuclein, and ubiquitinated pro-
teins) through a process referred to as aggresome formation. It is still
debatedwhether aggresome formation is a pathogenic event in PD pro-
gression or it rather represents a protective pathway activated to limit
the high toxicity of the soluble amyloidogenic oligomers, which chrono-
logically precedes aggregates formation (Raiss et al., 2016;
Wakabayashi et al., 2013; Wakabayashi, Tanji, Mori, & Takahashi,
2007). In support of this second hypothesis, which is the prevalent
one, aggresomes formation is a phenomenon orchestrated by several
proteins (including HSP10, p62, HDAC6, GRB1, NUB1, c-Abl among the
others), which either selectively bindα-synuclein or modulate its solu-
bility and interacting properties through insertion of post-translational
modifications, such as phosphorylation (further discussed below)
(Anisimov et al., 2019; Mahul-Mellier et al., 2014; Takahashi et al.,
2018; Tanji et al., 2010). Finally, under healthy conditions an extensive
crosstalk between the UPS and autophagy is expected to tightly balance
aggresome growth and to avoid the protein imbalance of neurons (Yang
et al., 2013). According to this PD pathogenesis framework, inherited
and acquired conditions which predispose to the disease onset would
impair this sophisticated mechanism of proteostasis maintenance.

Although very recently it has been reported that Ub-positive inclu-
sions in LB mostly deal with K63 (i.e., autophagy-related) rather than
UPS-specific K48 linkages, extensive studies on the genetically inherited
familiar variants and idiopathic forms of the disease indicate that PD is
probably the neurodegenerative disorder displaying the highest degree
of association with a multi-faceted dysregulation of E3-ligases and of
proteasome proteolytic activities early at disease onset (Bentea,
Verbruggen, & Massie, 2017; Krebiehl et al., 2010; Savolainen, Albert,
Airavaara, & Myöhänen, 2017; Ugras et al., 2018).

Remarkably, although α-synuclein is a natural substrate of 20S pro-
teasome, widely used to monitor its proteolytic activity under different
experimental conditions, structural conformational changes of α-
synuclein have been reported to transform it in an inhibitor of the 20S
proteolytic activity (Dächsel et al., 2005; Zondler et al., 2017). On the
other hand, since IDE was shown to halt in vitro the oligomerisation of
α-synuclein, as well as that of other amyloidogenic substrates
(Sharma et al., 2015; Sharma, Chorell, & Wittung-Stafshede, 2015; de
Tullio et al., 2013), an important still unexplored aspect is the role of
IDE and, possibly, of IDE::20S complexes; thus, interaction of the en-
zymewith the 20Smight stimulate further information on the function-
ality of these pathways in fighting the proteotoxic stress in PD.

By analogy with other neurodegenerative disorders, the metabolic
dysregulation,which stimulates neuron loss in PD, dealswith redox im-
balance, proteotoxicity and metalions dys-homeostasis (Bentea et al.,
2017; Zondler et al., 2017; Kumar et al., 2018; Le, 2014; Janda, Isidoro,
Carresi, & Mollace, 2012). Nonetheless, extensive redox imbalance
chemically induced by rotenone and paraquat (i.e,mitochondrial respi-
ratory chain inhibitors), leads to the development of specific forms of
parkinsonism.

Interestingly, α-synuclein in LB is often phosphorylated at Ser129, a
post-translational modification which reduces the aggregating propen-
sity of the protein; impairment of the phosphorylation at Ser129,
brough about by redox nitrosylation of neighbouring Tyr residues to-
gether with di-tyrosine cross-linking, especially at the C-terminus of
the protein, induces pathological structural alterations of the protein
(Kleinknecht et al., 2016).

Furthermore, exceedingly high concentrations of metal ions, such as
Zn2+, Cu2+ and iron have been long detected in post-mortem brain bi-
opsies (Le, 2014); in particular, in murine models it has been observed
that, besides metal-related toxicity, Zn2+ ions also trigger the expres-
sion and oligomerization-propensity of α-synuclein in nigrostriatal tis-
sues and the selective loss of specific proteasome subunits, such as β5
and Rpt6 (Kumar et al., 2018). Additionally, coppermetabolism appears
to be implicated in inducing cell death, since over-expression of α-
synuclein and copper transporters stimulated loss of proteasome func-
tion, regardless of the tendency to form aggregates (Anandhan et al.,
2015; Lan, Chen, Chai, & Hu, 2016).

A bulk of molecular evidences on PD pathogenesis comes from stud-
ies on genetic inheritance of the disease. Mutations of at least six genes
have been linked with hereditary PD, namely α-synuclein (SNCA or
PARK1), Parkin (PARK2), ubiquitin carboxyhydroxylase L1 (UCH-L1 or
PARK5), PTEN-induced putative kinase 1 (PINK-1 or PARK6), DJ-1
(PARK7), and leucine-rich repeat kinase 2 (LRRK2 or PARK8) (Janda
et al., 2012; Nuytemans, Theuns, Cruts, & Van Broeckhoven, 2010). In-
terestingly, all proteins, encoded by these genes, were found to interact
at some level with proteasome or ubiquitin-conjugating enzymes.

In particular, DJ-1 is an intracellular protein with pleiotropic activi-
ties which encompass cell morphology, functionality of mitochondria
and ROS balance (Irrcher et al., 2010); most notably, it has been
shown to positively regulate the transcriptional activity of Nrf-2 upon
inactivation of PTEN and activation of PI3kinase/Akt/mTOR pathway.
Nrf2 is a master regulator of anti-oxidant defense systems including
transcription of proteasome genes (Niki et al., 2020). A tight link be-
tween DJ-1 and Akt/mTOR pathway has been reported also in Drosoph-
ila melanogaster, underscoring the degree of conservation across
evolution of such a relevant pathway for neuron homeostasis (Yang
et al., 2005). Interestingly, detection of hyper-stimulated autophagy in
DJ-1 deficient neurons is another indirect proof of the pivotal role of
DJ-1 in stimulating the Akt/mTOR signalling, since this kinase is the
major autophagy inhibitor. In this framework, it looks relevant to clarify
the potentially controversial inhibitory activity of DJ-1 on the 20S cata-
lytic activity both on synthetic and natural substrates, recently de-
scribed (Moscovitz et al., 2015). However, the authors propose that
DJ-1 up-regulates the expression of proteasome subunits whilst
repressing the catalytic activity of 20S assemblies, thus finely tuning
the 20S proteasomebulk proteolytic activity. This activitywould be nec-
essary to address the cell need in balancing the clearance of oxidatively
damaged proteins and that of native intrinsically unstructured proteins,
which coordinate regulatory and signalling events (Moscovitz et al.,
2015).

Another gene, critically involved in PD, is LKKR2 and the clinical fea-
tures of LRRK2-PD are often indistinguishable from idiopathic PD, with
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accumulation of α-synuclein and/or tau and/or ubiquitin in intran-
euronal aggregates (Lichtenberg, Mansilla, Zecchini, Fleming, &
Rubinsztein, 2011). Although the mechanisms through which LKKR2
mediates toxicity are unknown, itsmutation brings about a gain of func-
tional mechanisms by means of an increased kinase activity, which was
shown to stimulate α-synuclein aggregation and cytotoxicity (Lin et al.,
2009). Furthermore, LRRK2 overexpression in cells and in vivo down-
regulates UPS activitywhich turns out into the accumulation of intracel-
lular substrates (Lichtenberg et al., 2011).

Probably, the most studied protein in PD is the ring-finger E2-
dependent E3 ubiquitin–protein ligase parkin, which plays a plethora
of intracellular functions linked to PD pathogenesis. Mutations in the
UBL domain of parkin, as well as those observed in inherited PD cases,
render the protein highly unstable, making it possible parkin detection
in the cell lines only in the presence of PI. However, it is debated
whether parkin genetic mutations impair the ability of carrying out
ubiquitin conjugation of substrates or else disruption of the UBL domain
enhances auto-catalytic self-ubiquitination of parkin promoting its self-
clearance (Chaugule et al., 2011). As a matter of fact, integrity of UBL is
crucial for the regulation of parkin function in cells, and it has been pro-
posed that parkin mutations lead to its altered sub-cellular localization
and may further increase the aggregating-propensity of parkin
(Santos, Morais, Pereira, Sequeiros, & Alonso, 2019).

Parkin binds concurrently substrates and proteasome through inter-
action with 19S subunits, especially Rpn1, even though additional re-
ceptors have been identified (Chaugule et al., 2011; Kabayama et al.,
2017; Um et al., 2010; Um et al., 2006). Specifically, parkin was found
to further bind Rpn13 through the UBL domain. On its turn, Rpn13
may regulate protein turnover of parkin, since Rpn13 silencing in-
creases parkin bio-availability in cell (Aguileta et al., 2015).

Although the affinity of parkin for 19S subunits is not very high,
being likely in the μM range, it has been proposed that this interaction
regulates an allosteric mechanism which activates parkin ubiquitin li-
gase activity (Aguileta et al., 2015; Chaugule et al., 2011). Conversely,
it looks still controversial whether parkin binds also the 20S, and the di-
vergent findings are probably dependent on the experimental models
used (Dachsel et al., 2005).

Biological function of parkin deals with turn-over of a plethora of in-
tracellular substrates.

A direct clue between parkin and α-synuclein was originally pro-
vided by identifying the selective ubiquitination of a specialized form
of α-synuclein expressed in neurons, α22SYn (Shimura et al., 2001).

Additional substrates have been then identified, supporting a
broader relevance of parkin activity in neuron homeostasis. A non-
exhaustive list of substrates includes (i) CDCrel-1, which is the synaptic
vesicle associated protein, (ii) p62, which is ubiquitinated at K13 by
parkin, and (iii) p62 intracellular abundance, which follows an inverse
linearity with parkin expression (Okatsu et al., 2010; Song et al.,
2016). Being p62 involved in aggresome formation, this finding elicits
additional considerations on the cross-talk between the contribution
of the key players of proteostasis in PD.

Another substrate of parkin is STEP6,which builds up in the striatum
of PD subjects and also in murinemodels of the disease. The increase in
STEP6, which follows parkin loss, is associated with a decrease in the
phosphorylation of ERK1/2 and its downstream target, pCREB
[phospho-CREB (cAMP response element-binding protein)] (Kurup
et al., 2015). Interestingly, dopamine signalling affects the de-
phosphorylation of STEP6 and its catalytic activity; thus, in dopamine-
deficient neurons STEP6 would be more active, depressing the ERK1/2
signalling pathway mentioned above, and grossly impacting on neuron
homeostasis. Furthermore, STEP6 and BDNF are regulated through a re-
ciprocal feedback mechanism and this may outline the loss of the neu-
ron growth factor in PD.

Remarkably, one of the most relevant items about parkin biological
role is its interaction with PINK, a Ser/Thr protein kinase encoded by
the PINK1 gene, a major surveyor of mitochondria quality control, by
targeting damaged mitochondria to autophagy-mediated clearance
(i.e., mitophagy) (Greene et al., 2012; Gao et al., 2016; Fedorowicz
et al., 2014; Rosen et al., 2010; Sun & Büeler, 2019; Gao et al., 2016).

In healthymitochondria, PINK1 is quickly degraded by several mito-
chondrial peptidase, whereas in de-polarized mitochondria it is no lon-
ger cleaved and becomes exposed to the mitochondrial membrane,
recruiting parkin for ubiquitination of various mitochondrial proteins
thereby labelling the organelles for mitophagy (Greene et al., 2012).
Thus, down-regulation in parkin bioavailability turns out into a reduced
clearance of damaged mitochondria which become a major source of
ROS, dramatically contributing to the redox imbalance.

Furthermore, upon enzymatic shedding, PINK1 is further released as
a soluble cytosolic form, called PINK1-s, which assists recruitment of
parkin to the mitochondrial membrane and further contributes to the
delivery of aggregating-prone proteins to the forming aggresomes dur-
ing proteasome inhibition. Thus, PINK1-s works as a sensor that links
the proteasomal deficiency signal to the aggresome formation process
(Fedorowicz et al., 2014; Gao et al., 2016).

As a whole, molecular insights on PD strongly support that tailored
strategies of UPSmodulationwould provide a significant therapeutic ef-
ficacy in delaying disease progression.

4.3. Huntigton's disease

Huntington disease (HD) is a neuro-degenerative disorder with au-
tosomal dominant inheritance caused by a triplet expansion (i.e., CAG)
in the huntingtin gene (Htt) which induces the protein to hold an ex-
ceedingly long poly-glutamine (polyQ) stretch at the N-terminus. A
polyQ length > 35 residues render pathogenic Htt (hereafter referred
to as mHtt), which then acquires aggregating-prone properties (Di
Figlia et al., 1997; Boland et al., 2018); the removal of the poly-Q stretch
appears to be sufficient to rescue neuron homeostasis and to milder
neuro-degeneration in murine models of HD (Zheng et al., 2010).
From the clinical point of view, the disease is characterized by the antic-
ipation phenomenon, that is an increase in the CAG triplet repetitions,
and thus of polyQ length, over generations, bringing about an early
onset of the disease through a more severe phenotype which further
strengthens the pathogenic relevance of the polyQ stretch length
(Labbadia & Morimoto, 2013).

Although several neuronal cells are affected during disease progres-
sion, medium-spiny neurons of striatum are those displaying the
highest degree of alteration. This feature might be due to the
glutamergic cytotoxicity through an exceedingly high N-methyl D-
aspartate receptor (NMDAR) activity (Labbadia & Morimoto, 2013).
However, differences in synaptic and extra-synaptic activities of these
receptors have suggested that dysfunction of neuronal circuits might
derive from a primary dysregulation of intracellular pathways, includ-
ing those regulating proteostasis, through largely unknown
mechanisms.

Molecular research on Htt has clarified that the toxicity of the mu-
tated protein is given by the release of N-terminal fragments, which
hold the polyQ stretch, upon cleavage of the full-length protein by intra-
cellular proteases, most likely caspase 6 (Soares, Reis, Pinho, Duchen, &
Oliveira, 2019; Tebbenkamp et al., 2011).

From the early research on HD, multi-faceted interactions between
mHtt fragments and intracellular proteolytic pathways have been
sketched and therapeutic strategies proposed to improve the clearance
of the proteins (Harding & Tong, 2018; Zhang et al., 2019). Scherzinger
first reported that poly-glutamine expansion had an amyloidogenic-like
behaviour (Scherzinger et al., 1997). As a matter of fact, cellular aggre-
gates in cell-based models and, most notably, in post-mortem CNS ex-
plants of human subjects display positivity to either ubiquitin,
proteasome subunits and several E3 ligases staining, thus envisaging a
specific recruitment of proteasome complexes in growing aggregates
(DiFiglia et al., 1997; Juenemann, Wiemhoefer, & Reits, 2015;
Dasgupta et al., 2015). However, soluble mHtt is not efficiently targeted
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by the 26S proteasome and the lack of efficient ubiquitination for
proteasomal degradation leads to intracellular aggregation driven by
the intrinsic disordered structure of mHtt (Juenemann et al., 2015;
Schipper-Krom, Juenemann, & Reits, 2012; Juenemann et al., 2013).
Conversely, mHtt fragments are extensively targeted by E3 ligases and
aggregates formation lead to the progressive sequestration of them
with severe consequences for cell metabolism. More recently, the iso-
latedmutated exon-1 of Htt appears to be a ubiquitin-independent sub-
strate of free 20S, even though a direct proteasome inhibition by exon1-
Htt, as occurring for other amyloidogenic proteins, is not expected to be
amajormechanism of proteo-toxicity in HD (Juenemann et al., 2018). It
is instead more likely that Htt perturbs UPS functionality through the
modulation of metabolic pathways and through transcriptional and
post-translational events mostly involving the Ubiquitin-Conjugating
Enzymes which are discussed below. In fact, it is well known that ex-
pression of mHtt stimulates a deep re-arrangement of the genes being
transcribed, which are, among others, mitochondrial membranes, chro-
matin remodelling, lipid bindingproteins, protein folding and a plethora
of E3 ligases (Tang et al., 2011). Furthermore, mHtt expression was re-
ported to affect cell cycle, which obviously is not an issue for neurons,
but it may affect glial cells and their mechanisms of preservation of
CNS homeostasis (van Hagen et al., 2017).

Abnormal synaptic transmissionwas reported to induce proteasome
impairment in murine models of HD and a molecular mechanism
through an increased cAMP signalling and the concomitant decreased
of PKA activity was proposed to explain this feature in neurons. None-
theless, the cAMP/PKA pathway has been long considered central to
HD pathogenesis by virtue of the pivotal role played by the two molec-
ular pathways in neuron homeostasis and plasticity. The PKA holoen-
zyme, which is catalytically inactive in the absence of cAMP, is made
up of two PKA-Rs and two catalytic subunits (See section 4.5 and Box
3) (Lin et al., 2013); in the presence of cAMP, cAMP-bound PKA-Rs dis-
sociate from the catalytic subunits, which are then degraded by the pro-
teasome. As a consequence, an impaired proteasome activity would
allow the PKA-Rs to gather up reducing the amounts of free PKA cata-
lytic subunits and thereby impairing PKA activity. On the other hand,
PKA carries out the phosphorylation of Rpt6 at Ser120, a post-
translational modification which enhances the activity of the protea-
some and the constitution of capped particles (Lin et al., 2013). Further-
more, during synaptic sprouting Rpt6 can also be phosphorylated by
Ca2+/calmodulin-dependent protein kinase IIα (CaMKIIα) in a neuro-
nal activity-dependent manner (Jarome, Kwapis, Ruenzel, &
Helmstetter, 2013). Therefore, the HD onset might be correlated to a vi-
cious cycle wherefore proteasome content drops down, due to its sei-
zure, and the PKA-mediated stimulation of proteolysis fades out.

A significant contribution to HD pathogenesis further comes from
the iPSC model of HD. Remarkably, HD-iPSCs display constitutive in-
creased proteasome activity, which was found to regulate the levels of
both normal and mutated Htt, contributing to suppress polyQ-
expanded Htt aggregation (Koyuncu et al., 2018; Liu et al., 2017). As a
matter of fact, HD iPSCs do not accumulate polyQ-expanded Htt aggre-
gates even aftermultiple passages. Accordingly, a dysfunction in protea-
some activity results in impairedHtt levels and aggregation ofmHtt also
in HD-iPSCs.

In iPSC, a major role in facilitating Htt clearance seems to be played
by the E3 ligase UBR5. Although loss of UBR5 did not impair
pluripotencymarkers in human control iPSCs, it induced instead the for-
mation of misfolded protein aggregates (i.e., aggresomes) (Koyuncu
et al., 2018).

The iPSCs experimental model has allowed to cast further light on
the transcriptional activity of FOXOs, a subgroup of the Forkhead tran-
scription factors (human cells encode four FOXO proteins, FOXO1,
FOXO3a, FOXO4and FOXO6),which are central regulators of cellmetab-
olism (Liu et al., 2017). Remarkably, HD iPSCs start lacking proteasome
activity and expression upon differentiation into neural cells, an occur-
rence which appears to be dependent on FOXO4, which is
downregulated during differentiation. Such a downregulation appeared
to be dependent on the enhanced activation of Akt, a serine-threonine
kinase which acts as an upstream regulator of FOXOs by mediating
their clearance, in HD iPSC-derived neurons (Liu et al., 2017). However,
activated and total Akt levels strongly vary among different HD experi-
mental models adopted and they were reported to be reduced in a rat
HD model and in post-mortem brain extracts from patients with HD
(Colin et al., 2005). Thus, further studies are demanded to address the
relevance of this key metabolic pathway in preserving the PN in HD.

As mentioned above, several E3-ligases tag mutant Htt and are se-
questered in aggregates. In different cell lines, mHtt clearance is usually
carried out by canonical E3 ligases, such as UBR1, UBE3A, HSP and also
non-canonical E3 ligases, such as Herp which, however, contain(s) a
UBL domain (Luo et al., 2018). Conversely, a role of de-ubiquitinase
ataxin-3, involved in the pathogenesis of other neurodegenerative dis-
orders (such as spino-cerebellar ataxia type 3), has not been confirmed
in HTT progression by studies in murine models (Zeng, Tallaksen-
Greene, Wang, Albin, & Paulson, 2013). Moreover, atypical
ubiquitination of mHtt by some E3 ligases, such as WWP1, may favour
disease progression (Lin et al., 2016).

Conversely, ubiquilin-1, a highly conserved family of proteins which
facilitate protein disposal through autophagy and UPS and which is
down-regulated in early HD, improves the clearance of Htt (Safren
et al., 2014).

Similarly, Usp14 has a favourable effect in cells expressing mutant
Htt cells by decreasing the aggregate load and by enhancing cell viability
(Hyrskyluoto et al., 2014).

Finally, although UBE3A overexpression is known to promote UPS-
mediated degradation of transfected mHtt in cultured cells, it is still un-
clear how UBE3A expression levels impact HD pathology. Remarkably,
when the E3-ligase was up-regulated a drop in K63 ubiquitination of
mHtt was observed (Bhat, Yan, Wang, Li, & Li, 2014). In this study, the
presence of the pathological polyQ stretch was proposed to alter the
overall folding of mHtt favouring the formation of K63 Ub linkages,
also through cooperation of p62/SQSTM1, which are more prone to ag-
gregation (Lim et al., 2015). Thus, to stimulate theUBE3A activitywould
be relevant to limit the toxicity of mHtt.

4.4. Involvement of UPS in retinal diseases

By virtue of its anatomical localization retina is also called the “win-
dow to the brain” (London, Benhar, & Schwartz, 2013). Clinical andmo-
lecular investigation into this highly specialized nervous tissue has been
long considered promising to search for early diagnostic and prognostic
bio-markers of CNS disorders, such as AD, through non-invasive ap-
proaches. The identification of either quantifiable metabolic by-
products, released in main eye fluids (e.g., vitreous, humour aqueous,
tears), or of ultra-structural alterations pathognomonic of a given dis-
eases would fulfil this clinical opportunity. With respect to the second
point, non-invasive imaging approaches, such as (i) retinal fiber layer
imaging with spectral domain optical coherence tomography (OCT),
(ii) Visual Evoked Potentials (VEPs) and (iii) Doppler haemodynamic
parameters of retinal veins (Berisha, Feke, Trempe, McMeel, &
Schepens, 2007; Dehabadi, Davis, Wong, & Cordeiro, 2014; Iseri,
Altinaş, Tokay, & Yüksel, 2006; Parisi et al., 2001; Nag & Wadhwa,
2012), have been already used to detect early morphological alterations
in AD subjects and the advancement in imaging techniques will cer-
tainly allow to improve the sensibility and specificity of the proposed di-
agnostic tools.

Conversely, the identification of biomarkers in eye fluids is still de-
void of solid evidences and amuch greater knowledge of the retiname-
tabolism is required to address this task. However, research on this topic
is limited by technical and histological issues, namely (a) the difficulty
in isolating vital retina tissue from human post-mortem explants, and,
mostly, (b) the technical inability in obtaining homogeneous primary
cultures of individual retina cells. In fact, retina is arranged into complex
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three-dimensional layers in the posterior segment of the eye populated
by (i) photoreceptor cells (i.e., rod and cones), which carry out from the
physical to chemical transduction of the light stimulus during vision, (ii)
bi-polar cells, which transduce rod and cones signal to (iii) Retinal Gan-
glion Cells (RGCs) which, finally, convey this information to the visual
cortex through the optic nerve their axons generate (Belenky,
Smeraski, Provencio, Sollars, & Pickard, 2003; Lobanova et al., 2018).
In addition, optimization of the light stimulus perception and transduc-
tion along with cells nourishment and survey of tissue homeostasis is
carried out by a multitude of different cell lineages (i.e., amacrine cells,
horizontal cells, retinal pigment epithelium, muller glia cells), which
lie in the retina layers. An extensive ultrastructural organization of the
retina and other segments of the eye is provided elsewhere (Gupta,
Hanley, et al., 2016; Nag & Wadhwa, 2012).

Being terminally differentiated, photoreceptors, bi-polar cells and
RGC, like any other post-mitotic cell, are vulnerable to proteostasis un-
balance which may originate from either inherited or acquired disor-
ders. A clearcut example are the metabolic complications of glaucoma
and diabetic retinopathy (DR), discussed below to a greater detail, and
the inheritance of mutated alleles of proteins, either tissue specific
(e.g., rhodopsin, a protein which senses light in photoreceptors) or not
(i.e., optineurin), which pose an amyloidogenic threat in retinal degen-
erative diseases and genetic variants of glaucoma, respectively
(Lobanova et al., 2018; Swarup & Sayyad, 2018; Minegishi et al., 2016;
Shen et al., 2011; Yao et al., 2018; Fernandez-Godino & Pierce, 2018;
Piippo et al., 2018; Felszeghy et al., 2019; Shen et al., 2019; Sirohi &
Swarup, 2016; Ying et al., 2015; Shen, Li, Chen, Chern, & Tu, 2015; Li
et al., 2015; Caballero, Liton, Challa, Epstein, & Gonzalez, 2004;
Caballero, Liton, Epstein, & Gonzalez, 2003). Furthermore, the physio-
logical enhanced metabolism of this tissue is sustained through the
maintenance of a lipid profile extremely rich in long-chain poly-
unsaturated fatty acids and very long chain poly-unsaturated fatty
acids for membrane stability, and a high O2 tension which are both
sources of ROS production, proteo-toxicity, lipid peroxidation and
membrane damage (Gorusupudi, Liu, Hageman, & Bernstein, 2016) .

Whilst autophagy activation shows controversial issues, being also
an apoptosis inducer in photoreceptors after prolonged proteo-
toxicity, such as inmodels of inherited retinal degeneration, UPS activa-
tion appears to bring about only metabolic benefits (Blasiak,
Pawlowska, Szczepanska, & Kaarniranta, 2019; Yao et al., 2018)
inasmuchproteasome loss leads to pathogenic events. Accordingly, pro-
teasome pharmacological inhibition in rodents quickly turns out in ret-
ina degeneration (Kageyama, Ota, Sasaoka, Katsuta, & Shinomiya,
2019). Nonetheless, a deepening on the molecular insights of UPS into
the retina would help addressing several unresolved issues regarding
UPS biology. In fact, highly specific mechanisms of regulation of protein
turn-over are supposed to have evolved sincemetabolic activity follows
a circadian rhythm with alternance of light and dark hours. Such an
alternance is mirrored by a specular overall proteolytic burden and
the molecular clock(s), which are finalized to turn the UPS off once
light hours are over are unknown. No evidence for recruitment of spe-
cific PIPs and/or post-translational modification of UPS members is re-
ported, but their identification might pave the road to novel
mechanisms of regulation of proteasome proteolytic activity (Fan
et al., 2013; Fukuhara, Dirden, & Tosini, 2001; Knowles et al., 2009;
Naash, Al-Ubaidi, & Anderson, 1997).

Moreover, surprisingly, murine transgenic models and human
ex-vivo models of eye diseases point toward a major role of
non-canonical proteasome assemblies in retina development and ho-
meostasis. A predominant contribution seems to be played by the
immunoproteasome, by means of either PA28 expression and incorpo-
ration of inducible proteasome subunits in 20S assemblies (See Box 1),
which is over-expressed to an exceptionally high degree in synaptic
terminals and in photoreceptors (Hussong, Kapphahn, Phillips,
Maldonado, & Ferrington, 2010;Hussong et al., 2011; Shang & Taylor,
2012; Lobanova et al., 2018; Aghdam and Mahmoudpour, 2016; Basler
et al., 2015). In detail, differentiation of murine retinal progenitor cells
into their mature lineages requires themTORC1-dependent STAT1 acti-
vation, which triggers the transcriptional up-regulation of PSMB9 gene
(which encodes for a catalytic subunit of immunoproteasome) but not
of PSMB6 or PSMB7 (which encode for canonical subunits with
trypsin-like and caspase-like proteolytic activities) (Choi et al., 2018).
Assembly of functional immunoproteasome is supposed to assist the
26S in clearing the bulk of short half-life proteins that accumulate in
highly replicating cells (Choi et al., 2018). Nonetheless, this finding en-
visages that the immunoproteasome might have a higher affinity than
26S for cell cycle substrates and for oxidized and unfolded proteins
whichmay accumulate during replication. This last possibility is consis-
tent with biochemical properties reported to date for the
immunoproteasome and with the finding on a murine model of an
inherited retinal degeneration, wherefore photoreceptors carry a rho-
dopsin allele mutation (i.e., P23H). This mutation renders the protein
unfolded and aggregating-prone, while the overexpression of PA28
counteracts the degeneration improving photoreceptor survival in
such a murine model (Raule et al., 2014; Raule, Cerruti, & Cascio,
2014; Lobanova et al., 2018).

The role of immunoproteasome and its substrate specificities gain
further relevance when we consider that retina is an immune-
privileged organ so that the processing of antigenic peptides, as well
as their presentation, follow highly specific dynamics to regulate local
immune response and immune-surveillance of this tissue, mostly
concerning the maintenance of immune tolerance versus retinal self-
antigens (Lipski et al., 2017; McPherson, Heuss, Pierson, & Gregerson,
2014; Schuld et al., 2015; Voigt et al., 2017).

Although indirectly, the Rett Syndrome (RTT) case (see also
Section 2.2.2) might further offer a clue for studying the specific regula-
tion of proteasome biogenesis in retinal cells. RTT is a neurodevel-
opmental disorder classified as rare X-linked genetic disease (Amir
et al., 1999). In >95% of cases, girls, affected by the syndrome harbour
a de-novomutation in theMeCP2 gene, which encodes for an epigenetic
transcriptional regulator with largely unknown biological functions
(Chahrour et al., 2008).

Whilst several brain areas display neuroanatomical abnormalities,
retina, as well as vision, appear to be unaffected during RTT onset and
progression (Jain et al., 2010; Rose, Wass, Jankowski, Feldman, &
Djukic, 2019). Interestingly, whilst MeCP2 is ubiquitous in human tis-
sues and maximally abundant in the CNS, it is poorly expressed in the
retina and thismay outline the absence ofmorphological and functional
alterations of the retina and the visual pathways in this disease. It has
been recently unveiled that primary fibroblasts, isolated from skin biop-
sies of RTT subjects harbouring non-sense MeCP2 mutations, suffer
from a defective proteasome biogenesis (see Section 2.2.2) due to the
MeCP2 dependent down-regulation of PAC1 and PAC2 along with the
α7 subunit of 20S (Sbardella et al., 2020). Upon MeCP2 silencing, this
defect shows up in human neuron-derived cells envisaging a general
contribution of this transcription regulator in proteasome biogenesis.
Thus, molecular investigation into retina might help addressing unre-
solved issues about the contribution of individual proteasome assem-
blies in PN and in immune responses and further clarify the
transcriptional and molecular dynamics of proteasome biogenesis.

Among the neuro-degenerative eye disorders leading to irrevers-
ible blindness, which display the highest prevalence in western
countries, there are (a) diabetic retinopathy (DR), that is a micro-
vascular complication of diabetes, and (b) glaucoma. The clinical
and epidemiological features underscoring onset and progression
of these diseases are extensively discussed elsewhere and will not
be discussed herein (Lombardo et al., 2013; Parravano et al., 2013;
Picconi et al., 2018; Tarr, Kaul, Chopra, Kohner, & Chibber, 2013).
However, they represent two eye disorders wherefore UPS and alter-
ation of the PN appear to follow a specular pattern and for which
pharmacological strategies targeting the UPS might provide a valid
therapeutic opportunity.



34 G.R. Tundo et al. / Pharmacology & Therapeutics 213 (2020) 107579
Contribution of the UPS in DR onset is poorly studied, even though
several lines of research support a pivotal role played by the proteasome
in regulating the nuclear activity of key transcription factors and the re-
lease of cytokines in the early vascular response to the hyper-glycemic
insult (Aghdam, Gurel, Ghaffarieh, Sorenson, & Sheibani, 2013;
Campello, Esteve-Rudd, Cuenca, & Martín-Nieto, 2013; Rahimi, 2012).

Although choroidal endothelial cells seem to contribute only mar-
ginally to this phenomenon, an aberrant proliferation of retinal endo-
thelial cells (which ultimately lead to micro-haemorragic lesion, vessel
leakage and irreversible fibrosis) follows the increased secretion and
bio-availability of VEGFs. Several independent research teams suggest
that the retinal cell type, which first senses the hyper-glycemia is the
Muller glia, and indeedmetabolism of this cell type appears to be sensi-
tive, through unknown mechanisms, to fluctuations in glucose concen-
tration, as those occurring in vivo in diabetic subjects (Wang, Xu, Elliott,
Zhu, & Le, 2010; Le, 2017; Picconi et al., 2019; Picconi et al., 2017; Voigt
et al., 2017; Matteucci et al., 2014; Sbardella et al. 2017). This insult
stimulates the secretion of VEGFs as well as of other pro-inflammatory
cytokines. VEGFs synthesis ismostly regulated by the transcriptional ac-
tivity of NF-kB and HIF-1α whose nuclear translocation is regulated by
proteasome proteolytic activity (see Section 3.2.1) (Alkalay et al.,
1995; Traenckner, Wilk, & Baeuerle, 1994; Chen et al., 1995; Ferrara,
2004).

Therefore, a better understanding of the molecular mechanisms of
enhanced protein turn-over upon hyper-glycemia in Muller glia and,
possibly, in additional retina cell typeswould allow to envisage selective
therapeutic approaches to target VEGF synthesis rather than its biolog-
ical cascade once secreted. In fact, clinical regimens for DR treatment
mostly deal with VEGF inhibitors which however do not distinguish be-
tween the physiological and pathological angiogenesis with the former
being asmuch relevant for retina homeostasis as blocking the latter one
would be for DR progression (Ferrara, 2004; Lacal & Graziani, 2018).
Thus, selective targeting of factors, that regulate the proteasome-
mediated turn-over of players in DR progression, would help to over-
come the limitation of traditional proteasome inhibition strategies,
which stop bulky proteolytic burden thereby compromising PN.

The involvement of proteasome in the onset of glaucoma appears to
follow an opposite path to that observed in Muller glia cells in DR. In
fact, there is a compelling evidence that PN might be dys-regulated in
both main clinical forms of glaucoma, namely (i) primary open-angle
glaucoma (POAG) and (ii) normal-tension glaucoma (Oddone et al.,
2016; Quaranta et al., 2016; Agarwal, Gupta, Agarwal, Saxena, &
Agrawal, 2009; Weinreb, Aung, & Medeiros, 2014; Wunderlich,
Golubnitschaja, Pache, Eberle, & Flammer, 2002; Caballero et al., 2003).

In this regard, the term glaucoma encompasses an heterogeneous
group of neurodegenerative disorders characterized by the loss of reti-
nal ganglion cells (RGC) and atrophy of the optic nerve their axons gen-
erate (Minegishi et al., 2016; Oddone et al., 2016; Swarup & Sayyad,
2018).

Disease etiology displays a multi-factorial profile, wherefore genetic
and acquired factors concur in determining its onset and progression.
Among the acquired factors, redox imbalance and increased Intraocular
Pressure (IOP) are likely themost relevant ones. In POAG, IOP increase is
sustained especially through a pathogenic mechanism linked to the al-
teredmetabolism of an endothelial-like cell histo-type called Trabecular
Meshwork Cell (TMC). TMCs synthesize and secrete the trabecular
meshwork (TM), a specialized form of extracellular matrix localized in
the anterior segment of the eye (at the sclero-corneal limit), which
drains the aqueous humour, a fluid which shapes the eye-globe and
nourishes the lining cells (Agarwal et al., 2009; Weinreb et al., 2014).
Uponmetabolic dysregulation, TMs acquire a senescent-like phenotype
and display enhanced apoptosis which leads to a pathological remodel-
ling of TM associated to an obstruction for the outflow of aqueous hu-
mour (Agarwal et al., 2009; Weinreb et al., 2014; Micera et al., 2016;
Vernazza et al., 2019). This brings about the increase in (IOP) thereby
exerting a mechanical compression of the retina and optic nerve,
localized in the posterior eye, ultimately leading to RGCs loss, optic
nerve degeneration and visual decline. Therapy with glucocorticoids
(GC) has been long known to induce acute iatrogenic form of glaucoma
by affecting the TMC metabolism, but the primary alteration of such a
cell after GC administration is unknown (Roberti et al., 2020). Interest-
ingly, TMCs express a ubiquitous protein, called myocilin (i.e., from
the MYOC gene), whose expression is up-regulated in TMCs when ex-
posed to GC, but also oxidative stress and cytokines (Qiu, Shen,
Shyam, Yue, & Ying, 2014; Wang et al., 2019; Resch & Fautsch, 2009;
Micera et al., 2016); when over-expressed, this protein is supposed to
pose a metabolic threat to TMCs through unexplored gain of function
mechanisms (Jain et al., 2017; Kim et al., 2001). This pathogenic effect
may occur either in the intracellular or extracellular compartments, in
accordancewith the broad localization of the protein. Furthermore,mu-
tations in MYOC gene are themost studied cause of the juvenile form of
glaucoma and, among the different pointmutations described so far, the
most prevalent ones (e.g., Pro370Leu) render myocilin amyloidogenic
and aggregating-prone (Wang et al., 2019; Yam, Gaplovska-Kysela,
Zuber, & Roth, 2007). Myocilin is a proteasome substrate, and, in the ab-
sence of GC therapy, proteasome activity appears to decline in TMCs
culture isolated from patients suffering from glaucoma in an age-
dependent manner; further, myocilin expression in HeLA cells was
found to decrease the bioavailability of some 20S subunits (Qiu et al.,
2014). Conversely, the GC effect on MYOC processing and proteasome
regulation is unknown.Nonetheless, the role of proteasome impairment
in driving cell senescence and the role of proteasome re-activation in
delaying this phenomenon is well studied in several cell types but not
in TMCs (Chondrogianni & Gonos, 2004; Deschênes-Simard, Lessard,
Gaumont-Leclerc, Bardeesy, & Ferbeyre, 2014).

Even though transgenicmodels do not always support an unequivo-
cal role of MYOC in glaucoma onset, the interactome of this protein is
worth being studied to address the metabolism of TMC (Jain et al.,
2017; Joe, Nakaya, Abu-Asab, & Tomarev, 2015; Kim et al., 2001;
Senatorov et al., 2006; Zhou, Grinchuk, & Tomarev, 2008). Therefore,
to study the dynamics of myocilin digestion in TMCs and how protea-
some might undergo dysregulation under metabolic conditions, that
are commonly seen in glaucoma subjects,might help to explore themo-
lecular insights of pharmacological strategies based on UPS rescue.

Differently from POAG, normal-tension glaucoma is not supported
by an increased intra-ocular pressure and the degeneration of the
optic nerve likely depends on a primary insult on RGCs. Even in this
case, a tight involvement of intracellular proteolytic pathways is largely
envisaged. Optineurin gene encodes for a protein involved in intracellu-
lar vesicle trafficking, and expression of mutated forms of optineurin in-
duces a severe dysregulation of the UPS and of autophagy (Shen et al.,
2015; Shen et al., 2011; Sirohi & Swarup, 2016).

Besides the molecular findings discussed above, a major suggestion
for the relevance of proteasome in handling the PN in retina comes indi-
rectly from biochemical pharmacology (Sbardella, Tundo, et al., 2020).
Several clinical trials worldwide support the therapeutic efficacy of
citicoline for glaucoma treatment (Carnevale et al., 2019; Parisi et al.,
2008; Parisi et al., 2018; Parisi et al., 2019; Roberti et al., 2015).
Citicoline, also known as CDP choline, is a drug made up by choline
and cytidine diphosphate which displays optimal bioavailability and
easily crosses the blood brain barrier (Faiq, Wollstein, Schuman, &
Chan, 2019). Although the mechanisms of action of citicoline have
never been identified at molecular detail, its wide usage in clinical reg-
imens is based on its outstanding safety profile and on the efficacy also
in neurological disorders, including neurodegenerative disease, such as
the early phases of AD and PD onset, though the trials having been run
are still limited (Eberhardt, Birbamer, Gerstenbrand, Rainer, & Traegner,
1990).

Our group has very recently reported that citicoline is an allosteric
modulator of proteasome in vitro and in vivo, wherefore citicoline
binds the 20S with a very high affinity (i.e., in the low nanomolar
range), stimulating the clearance of synthetic substrates as well as of
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α-synuclein (Sbardella, Tundo, et al., 2020). Surprisingly, in neuron-
derived cells, citicoline was found to both stimulate 20S activity and to
promote the assembly of proteolytic active capped assemblies (i.e.,
26S and 30S, see Section 2.3.2) (Sbardella, Tundo, et al., 2020). As amat-
ter of fact, cells stimulated with citicoline experience a very significant
increase in the overall proteolytic burden by the UPS. Therefore, al-
though it is reasonable that the proteasome stimulation is not the only
therapeutic effect, the neuro-protective role of citicoline highlights the
relevance of proteasome functionality in maintaining the post-mitotic
cells homeostasis. Nonetheless, citicoline experience in clinical trials
might be looked as a proof of concept that the activation of UPS is a
valid strategy to delay the progression of pathologies sustained by
proteo-toxicity.

4.5. Targeting proteasome as novel tool against proteotoxic diseases

Neurodegenerative diseases are clinically heterogeneous protei-
nopathies sustained by the accumulation of aggregates ofmisfolded dis-
ease associated proteins (see also Section 4.1). The prevalence and
incidence of neurodegeneration increases dramatically with age, and,
since people life expectancy rises worldwide, also the number of indi-
viduals suffering from these pathologies is expected to dramatically in-
crease in the next years (Jones & Tepe, 2019; McAlary et al., 2019).
Despite social and economic relevance, no effective cure still exists;
therefore, the development of novel therapeutic approaches is essential.

As discussed above (see Section 4.1), UPS alteration contributes to
disease onset and progression, leading to an intense research effort
with the purpose of identifying therapeutic strategies targeting UPS.
Different approaches to enhance UPS functionality have been proposed,
spanning from stimulation of ubiquitination and/or inhibition of de-
ubiquitination (See Box 2), or inhibition of protein aggregation, being
this last strategy founded on evidences that monomeric proteins are
better degraded by proteasome than oligomers (Dantuma & Bott,
2014; Wertz & Murray, 2019). In addition, modern strategies envisage
the direct proteasome stimulation by either (i) drugs which specifically
target proteasome particles increasing their bulk proteolytic activities
(see Section 2.2.1) or (ii) phosphorylation of proteasome subunits
(Ottobelli et al., 2013; Parisi et al., 2015; Myeku & Duff, 2018).

According to the first point, the identification of “drug-like” mole-
cules, which directly activate proteasome, is challenging. Notably, a
chemical genetics screening of over 2750 compounds using a protea-
some activity probe as a readout in a high-throughput live-cell
fluorescence-activated cell sorting-based assay has led to the identifica-
tion of more than ten compounds that increase proteasome activity
(Leestemaker et al., 2017). A promising, but still poorly explored strat-
egy, is the development of therapeutic peptides and/or peptido-
mimetics, designed on the basis of specific binding regions of natural
proteasome regulators (Wilk & Chen, 1997; Fosgerau & Hoffmann,
2015; Jones & Tepe, 2019). In general, the advantage of peptide usage
seems to deal with the higher specificity and selectivity with respect
to molecular target; however, beside the complex synthesis, they suffer
from low metabolic stability and poor membrane permeability
(Fosgerau and Hoffmann, 2015; Lau & Dunn, 2018). The most common
class of synthetic peptides acting as proteasome activators are based on
theHbYXmotif (see Section 2.3.2) (Lau&Dunn, 2018). In this context, it
has been shown that peptides derived from C-termini Rpt2 and Rp5,
and a 14-mer peptide, based on the C-terminal fragment of Blm10
(the yeast ortholog of PA200, see Box 1) containing the HbYXmotif, ef-
ficiently stimulated proteasome activity in vitro (Sadre-Bazzaz, Whitby,
Robinson, Formosa, & Hill, 2010; Smith et al., 2007; Karpowicz et al.,
2015). Recently, it has been reported that upon introduction of the
HbYX sequence, the proline- and arginine-rich peptide (PR11), which
is a 20S allosteric inhibitor, turned to be a proteasome activator
in vitro and in cell model (Giżyńska et al., 2019; Osmulski et al., 2020).
Another example of a “drug-like” molecule with a different unknown
mechanism of action is the proteasome-activating peptide 1 (PAP1),
which increases the chymotrypsin-like proteasomal catalytic activity
in vitro and in cell models and is further able to halt protein aggregation
(Dal Vechio, Cerqueira, Augusto, Lopes, & Demasi, 2014). Among pro-
teasome activators, natural compounds, such as oleuropein, betulinic
acid and fatty acids deserve particular attention, and their features
will be discussed in the next sections.

Concerning the phosphorylation strategy, a bulk of studies has
shown that reversible phosphorylation of proteasome subunits posi-
tively regulates its function (Myeku & Duff, 2018; VerPlank et al.,
2019; VerPlank & Goldberg, 2017; VerPlank & Goldberg, 2018).
Accordingly, protein kinase A (PKA)-dependent phosphorylation is in-
volved in the regulation of multiple aspects of proteasome functional-
ity, such as: (i) enhancement of Rpt6 ATPase activity through
phosphorylation which further stimulates the association of 20S and
19S in vitro (See Box 3), (ii) increase in the proteasome capacity to
clear out ubiquitinated proteins, peptides and ATP as well as the deg-
radation of aggregation-prone proteins in cells upon phosphorylation
of Rpn6 at serine14 (Box 3) (Asai et al., 2009; Jarome et al., 2013;
Lokireddy, Kukushkin, & Goldberg, 2015; Lu et al., 2008; Zhang
et al., 2007). Moreover, phosphorylation of Rpt6 by kinase CaMKIIα
induces 26S translocation into dendritic spines in primary neurons,
promoting local protein breakdown and driving the formation of syn-
aptic connections (Bingol et al., 2010; Djakovic et al., 2009; Hamilton
et al., 2012; Jarome et al., 2013). Therefore, proteasome subunit phos-
phorylation has been suggested to rescue proteasome function and it
could represent a promising strategy to treat neurodegeneration
(Myeku & Duff, 2018; VerPlank & Goldberg, 2017). Recently, it has
been reported that, in hyppocampal neurons, only 20% of proteasome
seems to be in an (see Section 2.4) “active” substrate-engaged state,
whereas the remaining part is in an “inactive” substrate-accepting
ground state. Therefore, it has been speculated that phosphorylation
increases the percentage of active forms of proteasome, recruiting
“idle” particles as well as directly stimulating their activities (Asano
et al., 2015; Myeku & Duff, 2018). As a matter of the fact, a promising
strategy should be the stimulation of PKA activity through the modu-
lation of the amplitude of cAMP signal. The cAMP level is curtailed by
cyclic nucleotide phosphor-di-esterases (PDE), which act negatively
by regulating PKA signals. Inhibition of PDE stimulates cAMP/PKA
axis and activates proteasome, opening to a novel potential use of
PDE inhibitors in the CNS diseases treatment (Myeku & Duff, 2018;
VerPlank & Goldberg, 2017). Accordingly, it has been shown that
PDE4 selective inhibition by rolipram induces phosphorylation of
several subunits of 26S, leading to an increase in mouse models of
UPS-mediated clearance of tau and amyloid aggregate, accompanied
by a reduced cognitive impairment (Myeku et al., 2016; Smith,
Pozueta, Gong, Arancio, & Shelanski, 2009; Vitolo et al., 2002). More-
over, cAMP/PKA axis activation, which follows PDE10 inhibition,
reduces Htt aggregation through a proteasome-dependent mecha-
nism, and ameliorates motor and cognitive deficit in Htt mouse
model (Beaumont et al., 2016; Giampà et al., 2010; Harada, Suzuki,
& Kimura, 2017; Lin et al., 2013). Furthermore, the administration of
the FDA approved PDE3 inhibitor, cilostazol, to a mouse model of
tauopathy enhanced proteasome function and attenuated the
tauopathy and cognitive decline in rTg4510 mice, suggesting that
this drug could be potentially repurposed for the treatment of patients
with early-stage tauopathy (Schaler & Myeku, 2018). As a whole, de-
spite some early encouraging results in mouse model, it seems clear
that the broad range of biological functions, mediated by cAMP, can
reduce the clinical efficacy of PDE inhibitors, due to their adverse ef-
fects (Heckman, Blokland, Bollen, & Prickaerts, 2018; Myeku & Duff,
2018). It is worth recalling that cAMP/PKA pathway transduces the in-
tracellular signalling of a number of hormones: thus, in such a way,
proteasome function can be regulated by hormonal and metabolic
stimuli (see Box 3) (VerPlank and Goldberg, 2015).
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4.5.1. Direct enhancing proteasome activity by natural compounds
Many organisms have developed a large number of small molecules,

whichmodulate the activity of UPS components (Rousseau & Bertolotti,
2016). Those of nutraceutical origin (contained in fruits, in vegetables
and their extracts) are very attractive for their positive effects as antiag-
ing and in the treatment and the prevention of a wide range of pathol-
ogies. In fact, dietary phytochemicals exhibit broad and different
biological activities, including antioxidant action, free radical scaveng-
ing, anti-inflammatory and metal-chelating properties, that represent
the evolutive result of the vegetable system defense. All of them are sec-
ondary metabolites that plants produce to counteract against various
stresses (Murakami, 2013) thus, they can be considered “multifunc-
tional drug-like molecules” (see Section 4.5), and it is not surprising
such a high variety of targets, since they are small molecules with very
simple chemical structures.

Concerning the activity of these compounds on proteasome, those
able to activate/enhance proteasome activity are rare (Bonfili et al.,
2008; Dahlmann et al., 1993; Huang & Chen, 2009) and they are often
characterized by an ambivalent behaviour, acting alternatively as inhib-
itors and/or activators according to diverse conditions. As an example,
the effects of curcumin (Cuanalo-Contreras & Moreno-Gonzalez, 2019)
(1E,6E)-1,7-bis-(4-idrossi-3-metossifenil)-epta-1,6-dien-3,5-dione) on
the UPS reflects the hormesis principle (i.e., the biphasic dose-
response to an environmental agent characterized by a low dose stimu-
lation or beneficial effect and a high dose inhibitory or toxic effect),
being characterized by an inverted U shape dose-response (Ali &
Rattan, 2006); thus, curcumin treatment (up 1 μM for 24 h) increases
proteasome activity in keratinocytes, but it displays an inhibitory effect
at 10 μM(Murakami, 2013). In particular, curcumin induces 26S pertur-
bation, leading to an impairment of cell proliferation in various cancer
cells and reduction of cancer burden in mice (Banerjee et al., 2018).

By analogy, quercetin (3,3′,4′,5,7-pentahydroxyflavonethe),
the most abundant flavonoid found in fruits and vegetables, which
has been initially reported to be a 20S inhibitor (Chen et al., 2005)
(IC50 = 3.5 μM), it has been shown to enhance the proteasome activity
in vivo and to reduce the Aβ-induced toxicity in a dose-dependentman-
ner when administered to a Caenorhabditis elegans AD model
(Chondrogianni et al., 2010). Likewise, the polyphenol resveratrol, that
was previously described as a natural direct PI (Yang, Landis-Piwowar,
Chen, Milacic, & Dou, 2008; Qureshi et al., 2012), recently has been re-
ported to enhance proteasome activity recovering the impaired proteo-
stasis in a C. elegans AD model, and in AD transgenic mice (Regitz,
Fitzenberger, Mahn, Dußling, & Wenzel, 2016); in addition, resveratrol
has been shown to enhance cognitive activity by increasing 20S protea-
some subunits levels and stimulating proteasome activity (Corpas,
Griñán-Ferré, Rodríguez-Farré, Pallàs, & Sanfeliu, 2019).

Hereafter, we focus only on bioactive compounds that directly target
the naked catalytic particle, 20S, thus enhancing the ubiquitin-ATP-in-
dependent proteolysis, the main pathway degrading the oxidatively
damaged and intrinsically disordered proteins (Ben-Nissan & Sharon,
2014).

Oleuropein, the most abundant phenolic compound extracted from
Olea europaea (leaf and olives), enhances all three proteasome activities
in vitro and promotes cellular resistance to oxidants, prolonging human
fibroblasts lifespan (Katsiki, Chondrogianni, Chinou, Rivett, & Gonos,
2007). Systemic administration of oleuropein in pigs increased 20S ac-
tivity in the subcortical white matter, reducing the damaged proteins
accumulation after hypoxia and hypothermia and protecting the
myelin.

The triterpene betulinic acid, extracted from the lipid fraction of the
algae Phaeodactylum tricornutum and of many other medicinal plants,
activates preferentially the CT-L activity (Huang, Ho, & Chen, 2007)
with minor effects on T-L and C-L activities. Some neuroprotective ef-
fects are reported in the transgenic C. elegans PDmodel, where betulinic
acid decreasedα-synuclein accumulation and the 6-hydroxydopamine-
induced dopaminergic neuron degeneration (Mullauer, Kessler, &
Medema, 2010). Furthermore, it indirectly promoted the enhancement
of proteasome activity by regulating rpn1 expression and downregula-
tion of the apoptosis pathway gene, egl-1 (Tsai et al., 2017). Interest-
ingly, betulinic acid has shown a neuroprotective effect in vascular
dementia rat models, re-establishing the cerebral blood flow, restoring
behaviour parameters and significantly improving the BDNF levels,
with a restrain of the oxidative stress and of inflammatory parameters
(Kaundal, Zameer, Najmi, Parvez, & Akhtar, 2018).

Besides the proteasomal effect, oleuropein and betulinic acid could
be also considered as pleiotropic small molecules, for their anti-HIV
(Mayaux et al., 1994; Yang, Gong, Zhang, & Lu, 2016) and anti-tumour
activity toward some cancer cell lines (Pisha et al., 1995; Saeed,
Mahmoud, Sugimoto, Efferth, & Abdel-Aziz, 2018). Although both
oleuropein and betulinic acid have been previously reported to be nat-
ural proteasome activators (Katsiki et al., 2007), some authors recently
clarified that the stimulatory activity is restricted to fluorogenic sub-
strates, and no effect has been reported on the turnover of mis-folded
proteins in vitro or in living cells.

Among naturally occurring activators of 20S proteasome there are
some physiological cellular components, such as mucopolisaccarides
(e.g., heparin), glycolipids (e.g., ceramides, lysophosphatidyl-inositol
and cardiolipin) (Matsumura & Aketa, 1991; Ruiz de Mena, Mahillo,
Arribas, & Castaño, 1993), and some proteins (not included in the phys-
iological UPS control), such as the arginine-rich histoneH3, a chromatin
binding protein able to selectively enhance protein degradation by the
proteasome (Orlowski, 2001).

The detailed mechanism by which these compounds regulate 20S
degradation is still largely undetermined, but it might be related to
the gate opening, mimicking the RP interaction (see Sections 2.2.1 and
2.3.1).

4.5.2. Fatty acids
Fatty acids are likely the first small molecules that were first de-

scribed as 20S proteasome modulators. Indeed, our basic knowledge
of proteasome function is rooted on the pioneering studies conducted
throughout the 80s and 90s (Orlowski & Wilk, 1981; Ishiura et al.,
1986; Folco, Busconi, Martone, & Sanchez, 1988), using fatty acids and
SDS as activators. The first systematic study on proteasome peptidase
activity reported the effects of several saturated and unsaturated fatty
acids examining various carbon-chain lengths and underlining that
the optimal 20S activation potency may be achieved by using fatty
acids with a C18-C20 chain carbon; thus, the oleic acid resulted the
most active compound, with an activating effect 50-fold higher than
SDS (Dahlmann, Rutschmann, Kuehn, & Reinauer, 1985). Although our
knowledge of proteasome structure and function was still in its infancy,
in those early reports it was proposed that activation mechanism could
be basically related to conformational changes occurring in the enzyme.
Furthermore, they also proposed that fatty acids, abundant in muscle,
could participate in the physiological regulation of proteasome-
mediated protein degradation. Later on, Orlowski et al. performed a de-
tailed kinetic analysis, reporting that lauric acid activates the C-L activity
like SDS; increasing concentrations of lauric acid caused a shift in the ap-
parent Km toward lower substrate concentrations with a concomitant
increase in Vmax (Orlowski, Cardozo, Hidalgo, & Michaud, 1991). How-
ever, unlike the SDS-mediated one, this activation occurred with a sig-
moidal shape of the velocity curve, suggesting the presence of two (or
more) substrate binding sites interacting cooperatively. In other
words, in the absence of an external activator only part of this activity
is manifested, thus underlining the cooperative control of allosteric
sites and the concepts of “latency” and of “multi-proteasic complex”;
however, there is still some controversy concerning the ability of most
fatty acids to enhance the threemain 20S proteolytic activities. Actually,
fatty acids often exhibit a double-faced nature, behaving as activators
and/or inhibitors, according to the type of activity measured. In ostrich
liver the C-L proteasome activity was found to be activated by all
(with the exception of decanoic acid) types of fatty acids in a
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concentration-dependent fashion, whereas the CT- and T-L activities
were differentially inhibited (Klinkradt, Naudé, Muramoto, & Oelofsen,
1997). An attempt to clarify the intricate mechanism by which the
three peptidasic activities of 20S proteasome are regulated by fatty
acids was made by Yamada and co-authors, who reported that the pat-
tern of activation of the T-L peptidase is distinctly different from those of
CT-L and PHPH-L; thus, linoleic and oleic acids strongly activated both
CT-L and the C-L hydrolase-type activities in a biphasic activation pat-
tern (Yamada et al., 1998). Conversely, the activation pattern of
tryptic-type peptidase occurs in a tri-phasic manner through an inhibi-
tion over the low concentration range, activation in amiddle concentra-
tion range and inhibition again over a higher concentration range. These
apparently conflicting results were explained by hypothesizing the ex-
istence of two classes of binding sites, namely “latency sites” and “acti-
vation sites”, and the fatty acid activation or inhibition phenomenahave
been interpreted as the result of binding to these different sites.

Over last decades, the studies on isolated/purified proteasome have
been replaced by investigations performed through cellular or clinical
studies. Some of these reports focused on the role of polyunsaturated
fatty acids on protein- breakdown in muscle mass of cachectic cancer
patients. As an example, the neuroprotective effects of Long-Chain Poly-
unsaturated Fatty Acids (LCPUFA) have been ascribed to some modula-
tory effects on the UPS, albeit no evidences on direct interaction with
20S proteasome have been reported (Undurti, 2006). Docosahexaenoic
acid, themost unsaturated omega-3 fatty acid, displaying pro-apoptotic
activity against tumour cells, was reported to exert its anti-cancer activ-
ity acting on UPS, even though no evidence of a direct interaction with
20S has been reported (Jing et al., 2014). There is also evidence describ-
ing the inhibitory (Hamel, 2009) effect on proteasome by the saturated
fatty acid palmitate; this fatty acid is believed to contribute to type-2 di-
abetes, blocking UPS activity with a consequent lipotoxic effect on pan-
creatic beta cells. Recently, fatty acid derivatives have been designed to
obtain gate-opening 20S stimulators with drug-like properties
(Coleman et al., 2019). Using an arachidonic acid derivative AM-404, a
very potent but toxic molecule, a series of molecules containing the
aminophenol head group linked to aliphatic chains of varying length
and degree of unsaturation have been synthesized and characterized.
Their effect on the 20S activity indicates that, beside the chain length,
saturated chains are generally not able to stimulate the activity of the
20S, while the most important structural feature useful to induce the
stimulator activity on 20S, is the cis-double bond in the carbon chain.
Furthermore, a greatly diminished capacity to stimulate the 20Swas ob-
served when the phenolic amide was substituted by aryl groups. These
derivatives still need a careful pharmacological evaluation, also taking
into account that, beyond their role as a nutritional energy source,
fatty acids have several molecular targets, such as enzymes, receptors,
and they are increasingly considered as important signalling molecules
that can induce several physiological and pathophysiological effects.

4.5.3. Repositioning “old drugs” to activate the proteasome: the case of
aminopyrine

Although over the last decade our knowledge of human diseases has
greatly increased, its translation into new drugs and therapeutic bene-
fits has been much slower than expected (Ashburn & Thor, 2004;
Scannell, Blanckley, Boldon, & Warrington, 2012) The reasons that
may explain this apparent incongruity are multi-faceted and include
the increased time needed to pipeline new drugs to the market, a high
attrition rate of drug candidates in clinical trials (Pammolli, Magazzini,
& Riccaboni, 2011), and rapidly changing regulatory requirements.
Some reports estimate that, on average, for every dollar invested by
the pharmaceutical industry in research and development (R&D) less
than a dollar is returned, thus suggesting that investments on R&D
will rapidly decline in the very next future (Pushpakom et al., 2019).

Therefore, drug repositioning (or repurposing), an approach to iden-
tify new medical applications for drugs, already approved for different
therapeutic uses (Nosengo, 2016), offers a number of advantages over
the development of entirely new drugs, such as (i) the reduced costs
in the case of failure, and (ii) the shorter time interval for the transfer
to the market because safety assessment has been already completed.
Thus, given the urgent need to find a treatment for neurodegenerative
diseases (such as AD, PD and HD), it is not surprising that an increas-
ingly large number of existing drugs are tested for these disorders; in
this respect, an important example is the repositioning of galantamine,
one of the drugs now available on the market for the treatment of AD
(Durães, Pinto, & Sousa, 2018).

Despite many examples of drug repositioning have been based on
serendipity, a rational development of a repurposed drug implies a de-
tailed knowledge of the pathways involved. As an example, there is ev-
idence that AD development is associated to aggregation of the
neurotoxic amyloid β (Aβ) peptide (Kang et al., 1987), being the conse-
quence of a failure of proteasome function and a consequent accumula-
tion of poly-ubiquitinated substrates, as detected in AD neuronal tissues
(Perry, Friedman, Shaw, & Chau, 1987). In particular, in response to the
increased oxidative and proteotoxic stress, the percentage of uncapped
20Sproteasome is significantly increased in ADneuronal tissues in com-
parison to healthy cells (Wang, Yen, Kaiser, & Huang, 2010). Moreover,
the Aβ peptide, as well as other intrinsically disordered proteins (IDPs),
is a substrate of the 20S proteasome.

On these premises, it has been reported that pyrazolones, a class of
small molecules extensively used in the past as painkillers and antipy-
retic drugs, induce proteasome activation inmicemoels of Amyotrophic
lateral Sclerosis (Trippier et al., 2014). In a recent report, it was demon-
strated that somemembers of this class of molecules (i.e., aminopyrine,
4-aminoantiypirine and nifenazone) may enhance CT-L proteasome ac-
tivity in tube tests (Santos et al., 2019). Proteasome activity assays, car-
ried out in parallel in the presence of an excess of reducing agents (i.e.,
ascorbic acid or glutathione), underscored that proteasome activation
by pyrazolones is not directly related to their antioxidant properties,
thus suggesting that an alternative mechanism of action should be pro-
posed. In the case of aminopyrine, the evidence that it is able to activate
native 20S, but it is ineffective on amutant (i.e.,α3ΔN, which has a per-
manently opened gate, see Section 2.2.2), envisaged that its effect on
proteasome activity is mainly related to enhanced dynamics of the
outerα-rings, which is a commonmechanism of proteasome activation
by small molecules (see Section 2.2.2) (Njomen & Tepe, 2019). Further-
more, the effects on the different cellular proteasome forms (i.e., 20S,
26S and 30S, see Sections 2.2.2 and 2.3.2) were also assayed in neuro-
blastoma SH-SY5Y cells by separating proteasome assemblies in non-
denaturing gels. It was observed that proteasome assemblies resulted
significantly stimulated two hours after the treatment with the drug,
even though this effect vanishes over 24 h after stimulation, reflecting
the pharmacokinetic properties of aminopyrine (with a half-life in
blood serum of approximately 2 h). Docking simulations, performed
using aminopyrine, antipyrine, 4-aminoantipyrine and nifenazone as li-
gands of human 20S, have outlined that they interact with α-rings, in-
volving the α1/α2 and α5/α6 binding pockets; the most active
molecules display a binding free energy ~30 Kcal/mol more favourable
than the less active ones. In particular, it was observed that aminopyrine
bridges α1and α2 subunits since its phenyl ring is involved in hydro-
phobic interactions with residues L22, Y25, E26, A126, and A157 of the
α1 subunit; the oxygen atom of aminopyrine is also H-bonded with
Y159 and the N-methyl group with residue A32 of the same subunit.
Moreover, residues G30, G31 and A32 of the α2 subunit are linked by
non-polar interactions to the 4-(dimethylamino) group of aminopyrine.
Next, T-shaped stacking interactions bridge the residue F162 of the α5
subunit with the phenyl ring of aminopyrine, and the residue Q60 of
the α6 subunit turns out to be H-bonded to the oxygen atom of the li-
gand. It is important to remind here that the α1/α2 grooves are the
preferential anchoring sites of the HbYX motif which binds the 20S
with the Rpt3 subunit of the regulatory particle 19S (see Sections 2.2.2
and 2.3.2) (Smith et al., 2007); furthermore, small molecules, known
to mobilize 20S gating dynamics, bind the α5/α6 grooves (Di Di Dato



38 G.R. Tundo et al. / Pharmacology & Therapeutics 213 (2020) 107579
et al., 2017). Notably, the inactive compound antipyrine mainly inter-
acts through T-shaped aromatic interactions andH-bondswith two res-
idues of α2 subunit Y159 and Y160, respectively, but no bridging
interactions with any other subunit of the α-ring are observed (see
Figs. 5A and 6A in Santos et al., 2019). MALDI-MS experiments, per-
formed using as a substrate Aβ1–28, a water-soluble fragment of the
amyloid peptide, further demonstrated that aminopyrine may enhance
the rate of peptide degradation. Cell viability assays, carried out on dif-
ferentiated SH-SY5Y neuroblastoma cells, underscored the neuropro-
tective properties of aminopyrine, and further experiments, conducted
in the presence of the proteasome inhibitor bortezomib, demonstrated
that aminopyrine rescues neuron-like cells from Aβ proteotoxicity
with a mechanism of protection mostly related to proteasome activa-
tion. These results are likely to stimulate further studies focusing on pro-
teasome activation by repurposed drugs and, ultimately, to relaunch
investments from pharmaceutical industries in this risky area.

5. Insights on additional potential applications of proteasome inhi-
bition: a role in SARS-Covid19 therapy?

Although not deeply investigated yet, proteasome inhibitors
discussed so far display a known anti-inflammatory activity, envisaging
a therapeutic efficacy in combined regimen in subjects with acute se-
vere inflammatory processes, such as in viral infections. This potential-
ity assumes a particularly updated importance nowadays during the
recent pandemia due to SARS-Cov-2, which is likely to infect millions
of people worldwide with a significant lethality rate. Besides the public
health and victim tolls, which are by far the most urgent topics, disease
spread is dramatically impacting on world social and economic activi-
ties, making even more urgent the identification of a specific therapy
or a vaccine (Andersen, Rambaut, Lipkin, Holmes, & Garry, 2020;
Sheeren et al., 2020; Baden & Rubin, 2020; Lipsitch, Swerdlow, &
Finelli, 2020).

The limited clinical and laboratory data available so far suggest that
inmost cases SARS-Cov-2 infection evolves through symptoms overlap-
ping those of canonical flu, even though a very large number of subjects
do not develop symptoms (Baden & Rubin, 2020; Zhang et al., 2020). In
a limited, but significant, especially for the health assistance burden,
number of cases, infection progresses toward a clinical picture of inter-
stitial pneumonia sustained by the massive stimulation of the immune
system the virus appears to be able to elicit (Baden & Rubin, 2020;
Zhang, Lin, et al., 2020).

The cytokine storm which underscores this disease progression
often induces Acute Respiratory Distress Syndrome (ARDS) and diffuse
thrombotic angiopathy which are, to date, the prevalent cause of death
of ill patients.

Nonetheless, the massive inflammatory response rather than virus
replication is gaining increasingly relevance as the real target of therapy.
This is emphasized by the apparent efficacy of therapies based on bio-
logical drugs which target the pro-inflammatory cytokines (Baden &
Rubin, 2020). In any case, specific trials will definitively address the
therapeutic efficacy of these approaches, hopefully allowing to identify
a therapeutic regimenwhich canbe early undertaken to prevent disease
complication and sanitarian costs.

Themost studiedmodels for SARS-CoV infection, spread in 2003; en-
compass: (i) original strains of SARS-CoV isolated from human subjects
for infection of cell cultures in vitro; (ii) the Coronavirus Mouse Hepati-
tis virus (MHV) infection in murine models. MHV belongs to the same
coronavirus genus of SARS-CoV and displays significant similarity
concerning both structural features and pathogenesis, including the
marked innate immune inflammatory cytokine release (Ma et al., 2010).

Among studies, reported to date, there is a compelling evidence that
the UPS could regulate the virus infectious cycle at multiple levels, with
the exception of virus internalizationwhich occurs through endocytosis
following recognition of Angiotensin Converting Enzyme-2 (ACE2) re-
ceptor on host cells by the spike protein (S) (Mathewson et al., 2008;
Li et al., 2007; Li et al., 2003). Interestingly, chemical inhibitors of pro-
teasome induced the virus particles to accumulate in late endosomes
and lysosomes, suggesting a UPS role in virus release from endosomes
(Yu & Lai, 2005). Once released in the cytoplasm, the nucleic acid of
SARS-Cov (a positively single stranded RNA) encodes four structural
proteins, nucleocapsid (N), envelope (E), membrane (M) and spike
(S) proteins and about 16 non-structural proteins which are translated
as a single poly-protein (Yu & Lai, 2005; Li, Sui, et al., 2007; Schneider
et al., 2012). The highly antigenic protein N of SARS-CoV, which is an ex-
tensively glycosylated and positively charged protein of the nucleocap-
sid, forms a helical ribonucleoprotein complexwith the viral RNA, and it
was found to interact with ATPase 6 (i.e., a 19S subunit) in lung fibro-
blasts infected with the virus (Wang, Xu, et al., 2010). Therefore, al-
though further studies are required to confirm this hypothesis, a direct
down-regulation of proteasome complexes by SARS-CoV can be envis-
aged, since in the intracellular space the ATPase 6 subunit (because of
its position in the multi-subunits complex, see Fig. 2 and Lander et al.,
2012) could be accessible for binding also when assembled in 19S par-
ticles; as a consequence, proteasome inhibitionwould appear as a strat-
egy to halt the antigenic processing of virus proteins. If so, this process
should be properly balanced, since proteasome activity is further rele-
vant for advancement of cell cycle, especially G1-S transition which al-
lows the virus to replicate (Wang, Xu, et al., 2010).

Studies on non-structural proteins, which intervene either in the
virus replication and in the interaction with the host machineries, be-
sides confirming that the UPS does not affect virus internalization, en-
visaged that virus-UPS interaction may account for the mechanisms of
immune system evasion (Wong et al., 2018; Liu et al., 2014; Hu, Yen,
Singh, Kao, & Wu-Hsieh, 2012). In this respect, the SARS-CoV Papain-
like proteasome (PLpro), which, along with the main protease Mpro

(also called 3CLpro), is essential for the cleavage and processing of the
viral poly-protein, was found to repress IFNγ synthesis and secretion
in lung cell cultures by targeting IRF3 phosphorylation and nuclear
translocation (Devaraj et al., 2007; Zhang et al., 2020). Interestingly,
PLpro was reported to have DUB activity in human cells by recognizing
the LXGG consensus de-ubiquitination motif and by directly binding
to the proteasome through the N-terminal Ub-like domain which is
present in its structure (Ma et al., 2010). Although the DUB activity
was shown to be ineffective in altering the repertoire of host poly-Ub
proteins, since Ub-conjugation is a post-translationalmechanismof reg-
ulation of intracellular trafficking and receptor signalling, it would be
relevant to uncover the link between IRF3 signalling and Ub-labelling
by PLpro.

In this framework, viral accessory protein 3a was reported to pro-
mote IFN-typeI receptor ubiquitination and proteasome degradation
(Minakshi et al., 2009). Along with this, accessory proteins 8a and 8b
or 8ab, which were found to be expressed either as a single protein or
spliced protein in different viruses at different stages of SARS-CoV infec-
tion, were found to bind to intracellular ubiquitinated proteins through
an extensively glycosylated functional domain which account for ubiq-
uitin binding and ubiquitin conjugation (Le et al., 2007; Keng et al.,
2011; Li & Johnson, 2012). Interestingly, 8b and 8ab appear to stimulate
the UPS-mediated degradation of IRF3 at later stages of virus replication
than PLpro was supposed to do (Wong et al., 2018). Remarkably, protea-
some inhibition was found to be ineffective in the assembly of virus
(Raaben, Grinwis, Rottier, & de Haan, 2010; Raaben et al., 2010). Al-
though proteasome inhibition appears ineffective in the assembly of
virus (Raaben, Grinwis, et al., 2010; Raaben, Posthuma, et al., 2010),
the role of the UPS in the virus infectious cycle is a relevant topic, and
its putative role was suggested to rely in M-calpain rather than protea-
some inhibition (Schneider et al., 2012). What looksmore convincing is
that the UPS plays a key role in handling the immune response to the
pathogen, but also in the aberrant inflammatory response the virus
may elicit. From the first point of view, bortezomib treatment increased
disease progression in the liver of mice infected by MHV, underscoring
the relevance of the protective role UPS in inflammatory response
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against the viral agent (Raaben, Posthuma, et al., 2010). Several inde-
pendent investigations on different microbial pathogens reveal that a
major role for the UPS is to drive antigenic processing and inflammation
activation especially in monocytes/macrophages (Forget, Gregory, &
Olivier, 2005; Horan et al., 2013; Silswal, Reis, Qureshi, Papasian, &
Qureshi, 2017). Furthermore, proteasome dysfunction in alveolar type
II epithelial cells is associated with ARDS in the alveolar space of Rpt3-
KOmice (Sitaraman et al., 2019). From the second point of view, besides
the known contribution inmodulating the transcriptional activity of nu-
clear factors, such as NF-kB (see Section 3.2.1), additional tissue-specific
mechanisms which should intervene in coronavirus infection are ex-
pected to take part to the pathogenesis. In this regard, the clearance of
specific proteins, such as elafin by the exceedingly activated UPS
might be a relevant factor in sustaining inflammation. In fact, elafin is
a serine-proteasome inhibitor and its inhibitory activity resides within
the C-terminal domain which has specificity for NE and proteinase 3.
Notably, transglutaminase substrate bindingmotif (GQDPVK) is present
at the N-terminus which allows it to cross-link extracellular matrix pro-
teins (Kerrin et al., 2013).

In addition, clinical studies highlight that the 20S proteasome is re-
leased in the alveolar space during ARDS in an active configuration,
and that immune proteasome subunits are increased in the alveolar
space envisaging a prognostic relevance of its quantification (Sixt
et al., 2009; Sixt et al., 2012; de Bruin et al., 2016). As awhole, the disas-
trous SARS-Cov-2 experience suggests that multi-faceted efforts by the
scientific community are demanded to clarify the pathogenesis of
coronaviruses especially in view of the concrete possibility that addi-
tional spill-overs in the next future might come up posing new pan-
demic threats. The central role of the UPS in regulating the complex
dynamic of interactions between the pathogen and the host, along
with the growing interest in the development of UPS modulators,
could provide further clues for the identification of valid approaches
which allow to limit the sanitarian, social and economic costs of similar
pandemia.

Box 1: Elements in proteasome heterogeneity

Proteasome is a highly dynamic complex as demonstrated by the ex-
istence of alternative forms of proteasomewhich deal with specific bio-
logical roles. The immun-oproteasome is the most studied alternative
form of proteasome and its proteolytic activity has been long linked
only to generation of antigenic peptides for MHC class I presentation
(Murata, Takahama, Kasahara, & Tanaka, 2018; Rousseau & Bertolotti,
2018). However, a number of studies have reported a role for
immunoproteasome in B and T cell differentiation, monocytes and den-
dritic cells activation, in the maintenance of pluripotency of stem cells
(Atkinson et al., 2012), in the differentiation of non-immune cells,
such as skeletal muscle ones, and also in the homeostasis of nervous
cells (Kaur & Batra, 2016; Kimura, Caturegli, Takahashi, & Suzuki,
2015). Along with this, immunoproteasome dys-regulation has also
been associated with various human diseases, including cancer, im-
mune and inflammatory disorders: in fact, either hyper-activation or
hypo-activation may turn out into a hyper-immune or hypo-immune
phenotype (Eskandari, Seelen, Lin, & Azzi, 2017). Therefore, there has
been a great effort to develop specific immunoproteasome inhibitors,
which showed minimal cross-reactivity with constitutive proteasome.
From the structural point of view, the immunoproteasome differs
from the canonical 20S for the replacement of catalytic subunits with
its immune highly homolog counterparts β1i (LMP2), β2i (MECL1),
and b5i (LMP7) (Sherman & Li, 2020; Sijts & Kloetzel, 2011). Remark-
ably, these immunoproteasome subunits are constitutively expressed
in different tissues, such as thymus and spleen. Moreover, non-
immune cells preferentially incorporate them during the assembly de
novo of 20S particles following exposure to proinflammatory stimuli
(e.g., IFN-γ, TNF-α, and lipopolysaccharide) or cytokine-independent
stressors (e.g., oxidative stress) (Griffin et al., 1998; Heink, Ludwig,
Kloetzel, & Krüger, 2005; Ferrington & Gregerson, 2012; Murata et al.,
2018). Immune-subunits incorporation has been proposed to proceed
cooperatively, since the direct binding of β5i to chaperone POMP is
followed by the quick recruitment of b1i and b2i. Therefore, the rate of
their assembly is about four times faster than that of canonical subunits
in the forming 20S, a finding consistent with the primary biological role
of immunoproteasome, which is demanded to cope with patho-
physiological challenges in a dynamic and highly efficient manner
(Griffin et al., 1998; Groettrup, Standera, Stohwasser, & Kloetzel, 1997;
Murata et al., 2018; Murata et al., 2001). The subunit substitution ac-
counts for a shift in the catalytic preferences and activity; in fact,
immunoproteasome exhibits elevated level of CT-L and T-L activities
which favour the production of peptides with terminal basic or hydro-
phobic residues that fit better into the cleft of the MHC class I molecule
(Murata et al., 2018; Rousseau & Bertolotti, 2018).

IFN-γ also induces the expression of another important regulator,
besides 19S, of 20S activity, the 11S regulator (PA28) (Sherman & Li,
2020; Cascio, Hilton, Kisselev, Rock, & Goldberg, 2001; Cascio, Call,
Petre, Walz, & Goldberg, 2002; Cascio, 2014).

Mammalian cells express three different subunits of 11S regulator:
PA28α, PA28β, and PA28γ. PA28α and PA28β assemble into a hetero-
heptameric complex, primarily located in the cytoplasm, while homo-
heptameric PA28γ is mainly present inside the nucleus (Wójcik,
Tanaka, Paweletz, Naab, & Wilk, 1998; Cascio, 2014). Although the
role of these regulators is not clear, it has been reported that both
forms increase after oxidative stress, suggesting their involvement in
the degradation of damaged proteins (Pickering et al., 2010; Pickering
et al., 2012; Kors, Geijtenbeek, Reits, & Schipper-Krom, 2019;
Thibaudeau and Smith, 2018). Accordingly, PA28α-β association with
the 20S does not enhance the degradation of poly-ubiquitinated pro-
tein/peptide substrates in vitro (Li, Powell, & Wang, 2011; Cascio,
2014; Lobanova et al., 2018). In addition to its role in preserving cellular
homeostasis after oxidative stress, the PA28 role in the regulation of the
immune response has been extensively studied (Tanahashi et al., 1997;
Früh & Yang, 1999; Preckel et al., 1999; Cascio, 2014). In fact, following
INFγ stimulation, the level of PA28α-β binding to inducible 20S in-
creases, enhancing its proteolytic activity andmediating the generation
of antigenic peptides (Groettrup et al., 1996; Sijts et al., 2002; Sijts et al.,
2011; Fort, Kajava, Delsuc, & Coux, 2015). Unlike PA28α-β, PA28γ is not
induced by IFNγ, suggesting a different biological role for PA28γ-20S
complex. Although the role of this complex remains elusive, a number
of studies imply an involvement in the cell cycle progression (Kors
et al., 2019).

In addition to immunoproteasome, other tissue-specialized forms of
proteasome are thymo-proteasome and testis-proteasome (spermato-
proteasome). The first one is expressed by cortical thymic epithelial
cells and contains two immune catalytic subunits, β1i and β2i, and a
thymus specific subunit (β5t), that, unlike β5 and β5i, is characterized
by a number of hydrophilic amino acids in its catalytic pocket. Thus,
thymo-proteasome produces a distinct spectrum of peptide fragments,
and cells expressing it display a unique set of peptides associated with
MHC-I molecules (Florea et al., 2010; Murata et al., 2007; Sasaki et al.,
2015). Thymo-proteasome role accounts for the positive selection of de-
veloping T cells, since it is essential to optimize the release of the reper-
toire of peptides for CD8+ T cell (Murata et al., 2018; Nitta et al., 2010;
Takada et al., 2015; Xing, Jameson, & Hogquist, 2013).

Spermato-proteasome is a testis-specific form of proteasome (de-
scribed exclusively in spermatocytes, spermatids and sperm), and it is
characterized by a chronologically defined expression. It contains a spe-
cificα4 subunit (α4s) (PMSA8 gene) in the place of corresponding con-
stitutive α-subunit, whose incorporation into a newly formed 20S is
mutually exclusive and does not alter the catalytic preferences of the
constitutive 20S (Morozov & Karpov, 2019; Qian et al., 2013; Uechi
et al., 2014). Elevated expression of PSMA8 has been identified in differ-
ent tumours, such as large B-cell lymphoma, thymoma, and testicular
germ cell tumours. However, the biological significance and the
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possibility tomakeα4s a therapeutic target candidate has not been elu-
cidated yet (Bruggeman, Koster, Lodder, Repping, & Hamer, 2018;
Morozov & Karpov, 2019). The incorporation of α4s in spermato-
proteasome seems to favour the 20S association with another gate-
activating RP, namely PA200 (Blm10 in yeast) (Qian et al., 2013).
PA200 is a nuclear-specific proteasome activator and it is expressed in
all mammalian tissues, but it is particularly abundant in the testis,
where it plays a crucial role in spermatogenesis (Khor et al., 2006;
Ustrell, Pratt, Gorbea, & Rechsteiner, 2005). Accordingly, PA200 deletion
markedly reduces fertility of male mice (Khor et al., 2006), and the
PA200/20S spermato-proteasome complex catalyses ubiquitin-
independent degradation of acetylated core histones during DNA repair
and spermatogenesis (Qian et al., 2013). PA200 also binds constitutive
proteasome and the amount of PA200/constitutive 20S, as well as of
PA28/20S complex, increases upon 26S inhibition, contributing to
adapt the pool of different proteasome populations to the cell condition
(Welk et al., 2016). The crystal structure of this complex has revealed
that C-terminal HbYX motif in PA200 fits between α5 and α6 inter-
subunit pocket, mediating 20S gate opening (Sadre-Bazzaz et al.,
2010; Witkowska et al., 2017). Interestingly, it strongly stimulates the
rate of C-L activity, although its biological significance is poorly clear
yet (Ustrell, Hoffman, Pratt, & Rechsteiner, 2002). Recently, it has been
reported the identification of a non-canonical variant of constitutive
20S inmammalian cells, previously identified in yeast. It is known as al-
ternative ‘α4-α4’ proteasome, which assembles upon replacement of
α3 with an additional α4 subunit in the position normally occupied
by the former (Kusmierczyk, Kunjappu, Funakoshi, & Hochstrasser,
2008; Padmanabhan, Vuong, & Hochstrasser, 2016; Velichutina,
Connerly, Arendt, Li, & Hochstrasser, 2004). Importantly, mammalian
cells, primed to assemble these alternative proteasomes, exhibit en-
hanced resistance to cellular stress induced by metal ions
(Padmanabhan et al., 2016).

The existence of interchangeable subunits, and thus, of alternative
proteasome forms above described, as well as the identification of
hybrid proteasome particles (i.e., 19S–20S-11Sα-β, 19S–20S-
11Sγ,19S–20S-PA200) whose biological function is poorly known, un-
derlie how cells modify proteasome repertoire in relation to its specific
needs (Cascio et al., 2002; Morozov & Karpov, 2019; Thibaudeau &
Smith, 2019).

Box 2: Inhibition of UPS targetting deubiquitinases: Usp14 at a
glance

De-ubiquitinases (DUBs), which catalyse ubiquitinmoieties removal
from target proteins, are key components of the UPS, being involved in
ubiquitin recycling and editing (Yuan et al., 2018). Three DUBs are asso-
ciated with the proteasome: Rpn11, a Zn2+ metallo-protease, which is
part of the lid, USP14 and Uch37 which are two cysteine proteases, ex-
trinsically associated with the base (see Section 2.3.1) (D'Arcy, Wang, &
Linder, 2015). Several studies have proposed that de-ubiquitination by
Rpn11 stimulates the substrate degradation by removing bulky ubiqui-
tin chains that otherwise might impair further substrate translocation
into the proteasome (de Poot et al., 2017) on the other hand, the
ATP/independent de-ubiquitination by Usp14 and Uch37 is envisaged
to suppress substrate degradation, promoting its premature dissocia-
tion from the proteasome (Lam et al., 1997; Hanna et al., 2006; Lee
et al., 2010; Lee et al., 2016b). Among the three DUBs, Usp14 is the
most attractive way of intervention to regulate proteasome activity
(Chakraborty et al., 2018; Wertz & Murray, 2019). Human USP14 con-
sists of two domains, namely (i) a N-terminal ubiquitin-like domain
(UBL) and (ii) a C-terminal DUB domain, which contains the catalytic
triad, Cys114, His435, and Asp451. In the free unbound state, the cata-
lytic domain of Usp14 is characterized by a low level of de-
ubiquitinase activity, whereas when it binds proteasome its activity is
increased by about 800-fold and shows a preference for substrates
ubiquitinated at more than one site (Koulich, Li, & DeMartino, 2008;
Hu et al., 2005; Lee et al., 2010; Lee et al., 2016b). It has been shown
that Usp14 inhibition stimulates the degradation of some specific pro-
teasome substrate in mammalian cells, such as cancer and neurodegen-
eration related proteins (Lee et al., 2010; Homma et al., 2015; Zhu,
Zhang, et al., 2016a; McKinnon et al., 2016; Boselli et al., 2017; Liao
et al., 2017; de Poot et al., 2017). Additionally, Usp14 activation through
phosphorylation of Ser432 residue by AKT results in the suppression of
the degradation of short-lived proteins, that may in turn promote tu-
mour cell proliferation (Kim & Goldberg, 2017; Wei et al., 2017; Xu
et al., 2015). Some evidences also suggest that Usp14 expression is
closely related to the onset of different tumours, including breast, gas-
tric and lung cancer (Wu et al., 2013; Zhu, Zhang, et al., 2016b; Zhang
et al., 2017; Fu et al., 2018) and its activity is required for nervous sys-
tem development and functioning (Chen, Retzlaff, et al., 2011;
Kiprowska et al., 2017; Vaden et al., 2015; Wilson et al., 2002). Thus,
considerable efforts have been dedicated to the discovery of small mol-
ecules that functionally inhibit Usp14 and several ones have been iden-
tified, such as b-AP15, auranofin,WP1130 and curcumin analogue AC17
(Kapuria et al., 2010; Zhou et al., 2013;Wang et al., 2014; Coughlin et al.,
2014; Liu et al., 2014; Tian et al., 2014; D'Arcy et al., 2015; Wang et al.,
2015; Wang et al., 2016; Wang et al., 2018; Xia et al., 2019; Wertz &
Murray, 2019;Ma et al., 2020). A common feature ofmost of these com-
pounds is the presence of α,β-unsaturated carbonyl groups which can
form covalent adducts with free thiols in the active site by Michael ad-
dition (D'Arcy et al., 2015;Wang et al., 2015). Unfortunately, these com-
pounds usually have poor selectivity across the DUB family, since most
of them are cysteine enzymes which are easily “druggable” by com-
pounds containing Michael acceptors (D'Arcy et al., 2015). The small
molecule IU1was the first specific inhibitor identified, exhibiting excel-
lent selectivity for USP14 over other DUBs (Lee et al., 2010; Lee et al.,
2016). Co-crystal studies reveal a unique mechanism of action of IU1
that exerts its inhibitory activity by binding to the thumb-palm cleft re-
gion of Usp14 catalytic domain, sterically preventing ubiquitin binding
to the C-terminal of Usp14 (Wang et al., 2018). Interestingly, the prion
protein shows accelerated degradation upon IU1 treatment, and a
more powerful analogue (IU1–47) enhances tau degradation in neurons
(Boselli et al., 2017; Homma et al., 2015;McKinnon et al., 2016), render-
ing it an intriguing target also for neurodegenerative diseases. VLX1570
is an analogue of b-AP15, being characterized by a higher potency and
an improved solubility, which shows consistent anti-tumour activity
in orthotopic and xenograft models of MM, lymphoma, Ewing's sar-
coma, and other malignancies (D'Arcy et al., 2014; Chitta et al., 2015;
Wang et al., 2016; Shukla et al., 2016). Moreover, VLX1570 retains
prominent activity in bortezomib-resistant MM cells (Rowinsky et al.,
2020; Shukla et al., 2016). These studies together with the good tolera-
bility profile, reported in preclinical models, provided the rationale for
investigating this drug in clinical trials on patients with RRMM
(Rowinsky et al., 2020). Thus, in a phase 1 study fourteen patients
with RRMMwere enrolled and treated with escalating doses of intrave-
nous infusion of VLX1570 ranging from 0.05 to 1.2 mg/kg and
anti-myeloma effects were observed at dose of 0.6 mg/kg or more.
Unfortunately, two patients treated with 1.2 mg/kg dose experienced
severe and progressive respiratory insufficiency, culminating in death;
thus, due to severity of the toxicity, the study was discontinued
(Rowinsky et al., 2020). Beside this molecule, no other inhibitors
targeting DUBs have entered into clinical trial so far. However, since
they are abnormally expressed in a variety of tumours and/or in tumour
microenvironment (Yuan et al., 2018), making them ideal anticancer
target candidates, the identification of selective small-molecule inhibi-
tors for Usp14 and in general for other specific DUBs remains an active
and extremely challenging task.

Box 3: Metabolic control of proteasome function

The regulation of metabolic control of proteasome function is a chal-
lenging point in proteasome biology, which deserves particular
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attention, although many aspects are still obscures. The coordinated
balance of the two post-translational modifications (i.e., O-linked N-
acetylglucosamine (O-GlcNAc) and phosphorylation) appears to be cru-
cial in this process (Rousseau & Bertolotti, 2018;Zhang et al., 2003 ;
Zhang et al., 2007; Fardini et al., 2015). Recent studies have shown
that different kinases, such as CaMKII, PKG, DYRK2 and PKA, induce
the phosphorylation of proteasome subunits. In particular, the activa-
tion of PKA, which follows the increase of cAMP level, results in the
phosphorylation of Ser14 of Rpn6, leading to proteasome activity en-
hancement (VerPlank & Goldberg, 2018; VerPLank and Goldberg,
2017). In vitro and in vivo studies have shown that a series of hormones
with different biological functions, spanning from energy control (i.e.,
glucagon and epinephrine) to water resorption (i.e., antidiuretic hor-
mone), stimulate adenylate cyclase, thus raising cAMP level and en-
hancing, through the Rpn6 phosphorylation, degradation by 26S
proteasome of short-lived regulatory proteins and/or damaged proteins
(VerPlank et al., 2019). These findings suggest that proteasome activa-
tion, mediated by CAMKII and cAMP-PKA, could be a common cellular
mechanism to answer a series of endocrine stimuli which, inducing a
quick destruction of regulatory and/or damaged proteins, should help
cells to adapt their proteome to the novel conditions determined by
the hormones exposure (VerPlank et al., 2019). O-GlcNAc is a post-
translational modification that occurs at serine or threonine residues,
which are also a target site of phosphorylation. It is catalyzed by the en-
zyme O-linked N-acetylglucosamine transferase, which modulates the
addition of a GlcNAc moiety to target proteins, by using as substrate a
product of hexosamine biosynthesis, the UDP-GlcNAc, whose availabil-
ity is influenced by nutritional conditions. In fact, an increase in glucose
availability raises UDP-GlcNAc levels and consequently promotes pro-
tein O-GlcNAc (Comer & Hart, 2000; Zachara & Hart, 2004). It has
been reported that 26S proteasome function is inhibited by the addition
of sugar moieties to the Rpt2 subunit (Zhang et al., 2003), a finding
which provides a link between glucose metabolism and protein turn-
over (Zhang et al., 2007). In the liver and muscle tissues of mouse
models, when blood glucose drops (e.g.,under fasting conditions or dur-
ing exercise) the PKA increase stimulates 26S activity selectively toward
the clearance of short-lived regulatory proteins, with no alterations in
proteasome content, confirming that proteasome activation occurs
through post-synthetic modification of already existing particles
(Rousseau& Bertolotti, 2018;VerPlank et al., 2019). The low level of glu-
cose also reduces the entry of this mono-saccharide into the
hexosamine pathway, limiting the availability of UDP-GlcNAc; as a con-
sequence, the O-GlcNAc modification of Rpt2 decreases thus removing
the signal that inhibits proteasome function (Zhang et al., 2003; Zhang
et al., 2007). Moreover, it has been shown that lack of nutrient rapidly
inhibits the stress and nutrient response of themTOR complex. It results
into the enhancement of autophagic process and of the rate of long-
lived protein ubiquitination and, therefore, of their degradation by
UPS (Zhao et al., 2015). All these events bring to a general activation
of proteolysis, promoting cellular adaptation, facilitating damaged and
potentially toxic protein clearance, and providing essential amino
acids for the synthesis of proteins necessary for cell survival and energy
production (Zhao et al., 2015; VerPlank and Goldberg, 2015; Rosseau
and Bertolotti, 2016).
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