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Abstract

Drug resistance is a major obstacle in the field of pre-clinical and clinical therapeutics. The
development of novel technologies and targeted therapies have yielded new modalities to
overcome drug resistance, but multidrug resistance (MDR) remains one of the major challenges in
the treatment of cancer. The ubiquitin-proteasome system (UPS) has a central role in regulating
the levels and activities of a multitude of proteins as well as regulation of cell cycle, gene
expression, response to oxidative stress, cell survival, cell proliferation and apoptosis. Therefore,

inhibition of the UPS could represent a novel strategy for the treatment and overcoming of drug
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resistance in chemoresistant malignancies. In 2003, bortezomib was approved by the FDA for the
treatment of multiple myeloma (MM). However, due to its limitations, second generation
proteasome inhibitors (PIs) like carfilzomib, ixazomib, oprozomib, delanzomib and marizomib
were introduced which displayed clinical activity in bortezomib-resistant tumors. Past studies have
demonstrated that proteasome inhibition potentiates the anti-cancer efficacy of other
chemotherapeutic drugs by: i) decreasing the expression of anti-apoptotic proteins such as TNF-a
and NF-kB, ii) increasing the levels of Noxa, a pro-apoptotic protein, iii) activating caspases and
inducing apoptosis, iv) degrading the pro-survival protein, induced myeloid leukemia cell
differentiation protein (MCL1), and v) inhibiting drug efflux transporters. In addition, the
mechanism of action of the immunoproteasome inhibitors, ONX-0914 and LU-102, suggested
their therapeutic role in the combination treatment with PIs. In the current review, we discuss
various Pls and their underlying mechanisms in surmounting anti-tumor drug resistance when used

in combination with conventional chemotherapeutic agents.
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Introduction

Globally, cancer is the second leading cause of mortality, causing an estimated 600,000 deaths in
United States in 2018 (Siegel et al., 2018). One of the hallmarks of cancer is the dysregulated and
uncontrolled cell proliferation (Collaborators, 2016). The major clinical impediment in the
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treatment of cancer remains the development of multidrug resistance (MDR) that occurs primarily
during chemotherapy (Assaraf et al., 2019; Bar-Zeev et al., 2017; Coppola et al., 2017; Cui et al.,
2018; Gonen and Assaraf, 2012; Leonetti et al., 2019; Levin et al., 2019; Livney and Assaraf,
2013; Mansoori et al., 2017; Niewerth et al., 2015; Zhitomirsky and Assaraf, 2016). MDR is
defined as the survival of cancer cells during or following exposure to a broad spectrum of anti-
cancer drugs (Amawi et al., 2019; Li et al., 2016; Zahreddine and Borden, 2013; Zhitomirsky and
Assaraf, 2016). Cancer cells display resistance to anti-cancer drugs via a plethora of molecular
mechanisms including: 1) Overexpression of ATP-binding cassette (ABC) efflux transporters
which extrude a multitude of structurally and functionally distinct cytotoxic drugs from cancer
cells (Sun et al., 2012); 2) Impaired drug uptake via qualitative (i.e. inactivating mutations) or
quantitative alterations (i.e. downregulation) of influx transporters, thereby decreasing the
intracellular concentration of drugs (Consortium et al., 2010); 3) Evasion of apoptosis via distinct
anti-apoptotic mechanisms (Chen et al., 2018); 4) Enhanced DNA damage response and repair
(Broustas and Lieberman, 2014); 5) Enhanced tolerability of stressful tumor microenvironment
(TME) cues or conditions (Quail and Joyce, 2013); 6) Increasing the biotransformation and
metabolism of drugs to less active or inactive congeners(Inaba et al., 2013); 7) Mutations in drug
target proteins that diminish or abolish the interaction of drugs with their specific cellular
targets(Jones et al., 2009), and 8) Drug sequestration within organelles away from their cellular
targets (Fig. 1) (Aleksakhina et al., 2019; Cree and Charlton, 2017; Gottesman et al., 2002;

Mashouri et al., 2019; Zahreddine and Borden, 2013).

The ubiquitin proteasome system (UPS) and the immunoproteasomes have been postulated to be
bona fide targets for novel anti-cancer drugs and chemosensitizers that block the proteolytic

activities in this central cellular system (Adams, 2004; Cloos et al., 2017; Gandolfi et al., 2017;



King et al., 1996; Landis-Piwowar et al., 2006; Niewerth et al., 2015; Roeten et al., 2018).
Specifically, proteasome inhibitors (PIs) constitute one of the most important classes of
chemotherapeutic drugs to have emerged for the treatment of MM and mantle cell lymphoma in
the past two decades, and currently form the foundational drugs in the treatment of these
hematological malignancies (Fricker, 2019; Gandolfi et al., 2017). Three antitumor drugs in this
class of PIs have been approved by the United States Food and Drug Administration (FDA), the
first-in-class is bortezomib (Velcade), the second-generation chemotherapeutic being carfilzomib
(Kyprolis), an irreversible inhibitor of the chymotrypsin activity of the proteasome, whereas the
first oral Pl was ixazomib (Ninlaro) (Fricker, 2019; Gandolfi et al., 2017). The remarkable
antitumor efficacy of this class of antitumor drugs is due to the hypersensitivity of myeloma cells
to the inhibition of the 26S proteasome, which plays a critical role in the pathogenesis and
proliferation of the disease. Proteasome inhibition results in multiple deleterious downstream
effects, including inhibition of NF-xB signaling, the accumulation of misfolded and unfolded
proteins, leading to endoplasmic reticulum (ER) stress and unfolded protein response (UPR),
downregulation of growth factor receptors, suppression of adhesion molecule expression, and
inhibition of angiogenesis; resistance to PIs may arise through cellular responses mediating these

downstream effects (Gandolfi et al., 2017; Thibaudeau and Smith, 2019)

Numerous studies have shown that the UPS modulates or degrades the majority of cellular proteins
and plays a critical role in maintaining protein homeostasis (Ciechanover, 1994; Jana, 2012; Sun
et al., 2016). Furthermore, the UPS regulates the cell cycle, apoptosis, cell differentiation,
angiogenesis, and drug resistance (Ciechanover, 1994; Hochstrasser, 1995; Orlowski and Dees,
2003). As such, decreased proteasome activity has been linked to aging and several age-related

neurodegenerative pathologies, thereby highlighting the importance of the regulation of the UPS.



While the proteasome has been traditionally viewed as a constitutive machinery of proteolysis,
recent studies revealed that distinct regulatory mechanisms can affect its activity (Ciechanover,

2017; Mayor et al., 2016).

The interaction of a molecular substrate with the proteasome requires a prior enzymatic
conjugation to ubiquitin, a 76 amino acid protein, which results in degradation of the ubiquitinated
protein by the 26S proteasome (Ciechanover, 2017; Ciehanover et al., 1978; Hershko et al., 1980,
1979; Mayor et al., 2016). Ubiquitination involves the ubiquitin activating enzymes, E1, the
ubiquitin conjugating enzyme, E2 and ubiquitin ligases known as E3 (Wolf and Hilt, 2004). The
26S proteasome is a large multi-subunit protein complex and the UPS is a major pathway that
regulates the degradation of a multitude of proteins in eukaryotes (Mani and Gelmann, 2005) (Fig.
2). Proteins are ubiquitinated by these series of enzymes and are recognized by the proteasome
(Almond and Cohen, 2002; VVoutsadakis, 2007). The 26S proteasome is a large complex composed
of a 20S catalytic core and one or two regulatory subunits (Groll et al., 1997; Unno et al., 2002).
The regulatory subunit recognizes the ubiquitinated proteins and the target molecule dissociates
from ubiquitin and is transferred to the core 20S proteasome (Wolf and Hilt, 2004). The 20S
proteasome consists of 4 rings, comprised of two sets of a and B subunits, that are arranged
symmetrically with the o rings surrounding the inside of the B rings (Winter et al., 2017). Each o
and B rings is formed by seven different subunits, a 1-7 and B 1-7 (Ciechanover, 1994; Goldberg

et al., 1997; Hochstrasser, 1995; Satoh et al., 2019)

These subunits have proteolytic activity, including the B-1, which has a caspase-like activity. The
B-1 subunit cleaves acidic residues and the -2 is endowed with a trypsin-like activity and cleaves
basic residues, whereas the -5 subunit has a chymotrypsin-like activity and cleaves hydrophobic

residues (Glickman and Ciechanover, 2002). The regulatory subunit has a lid and a base that is



attached to both ends of the 20S core subunit and the 19S proteasome lid plays a role in
deubiquitination, an enzymatic reaction that catalyzes the removal of the target molecule from the
polyubiquitin chain by 9 or more non-ATPase subunits (Tanaka, 2009). The 19S base has 6
ATPase as well as 4 non-ATPase subunits and is a multifunctional complex that recruits, and
unfolds the target proteins and directs them into the core 20S proteasome (Bai et al., 2019; Bochtler
etal., 1999; Livneh et al., 2016; Schmidt et al., 2005).

The UPS plays a central role in regulating key cellular functions. For example, during the cell
cycle, progression of cells from the G2 phase to the M phase requires cyclin-dependent protein
kinase, cdc2, that phosphorylates mitosis-regulating proteins and their regulatory partners, cyclin
B, which are considered to be cell cycle checkpoints (An et al., 2018; Rosamond, 1995; Venuto
and Merla, 2019; J.-H. Wang et al., 2019). Once the cell completes mitosis, the anaphase
promoting complex (APC), an E3 ligase, ubiquitinates these promoting factors which are then
degraded by the proteasome, allowing the cell to reenter the G1 phase (Hershko, 1999;
Vodermaier, 2004). Another important cellular mechanism that is regulated by the UPS is
apoptosis. For cell growth and survival, UPS is crucial, whereas for apoptosis to occur, there needs
to be an inhibition of UPS. For example, p53 activity is tightly regulated by UPS and it plays a
crucial role in the suppression of tumors (Adrain et al., 2004; Friedman and Xue, 2004; Gupta et
al., 2018; Sun et al., 2004). Another example is that Pls can induce endoplasmic reticulum (ER)

stress and produce apoptosis in many cancers (Best et al., 2019).

Previous studies have shown that UPS plays an important role in oncogenesis, cancer
development and chemoresistance (Cao and Mao, 2011; Gandhi et al., 2014; Huang et al., 2017;
Lu et al., 2014; Micel et al., 2013; Wu et al., 2015; Yontem, 2013). E3 ligases determine the fate

of each protein by binding to the target protein and transferring ubiquitin from the E2 enzyme to a



lysine residue in the target protein (David et al., 2011). Thus, E3 ligases play an important role in
the final process of the UPS cascade (Liu et al., 2015). Although the survival rate of patients has
been increased with the availability of novel anti-cancer drugs, chemoresistance remains a major
impediment towards the achievement of curative treatment of various human malignancies
(Assaraf et al., 2019; Cree and Charlton, 2017; Gacche and Assaraf, 2018; Gonen and Assaraf,
2012; Li et al., 2016; Wijdeven et al., 2016; Zhitomirsky and Assaraf, 2016). As E3 ligases have
been shown to play a role in oncogenesis, researchers have begun to determine the role of E3
ligases in cancer chemoresistance, as well as the underlying mechanisms mediating
chemoresistance (de Wilt et al., 2012; Franke et al., 2016, 2012; Jeon et al., 2016; Nelson et al.,
2016; Niewerth et al., 2015, 2014a, 2014b; Oerlemans et al., 2008; Petzold et al., 2016; Tanaka et

al., 2016; Xu et al., 2016; Yoshino et al., 2016; Zhang et al., 2016).

Human E3 ligases contain more than 600 members and based on characteristic domains and are
classified into 3 types:1) HECT E3 (homologous to the E6-associated protein carboxyl terminus)
with about 28 members; 2) RING finger E3s, the largest class with approximately 600 members,
and 3) RBR (RING between RING) type E3s with 18 members (Berndsen and Wolberger, 2014;
Sluimer and Distel, 2018; Weber et al., 2019). HECT E3s determine the specificity of
ubiquitination (Sluimer and Distel, 2018). E3 ligases catalyze the transfer of ubiquitin to the
substrate protein by a two-step reaction where ubiquitin is transferred to E3 and then from E3 to
the substrate protein (Thibaudeau and Smith, 2019). Studies have reported that RING-finger E3
ubiquitin ligases are the most abundant type of E3 ligases (Metzger et al., 2012). They have a zinc-
binding domain called RING (also known as the U-box domain) and a ring domain that mediates
the direct transfer of ubiquitin to the substrate protein (Lipkowitz and Weissman, 2011). The U-

box family of ubiquitin ligase E3 in eukaryotes is required for protein synthesis and it contains



about 70 amino acids (Hatakeyama and Nakayama, 2003). U-box proteins mediate ubiquitination
in the absence of the HECT and RING domains (Hatakeyama and Nakayama, 2003). E3 ligases
play a crucial role in the ubiquitin-proteasome pathway (Yang et al., 2018).

The process of ubiquitination can be reversed by a specific group of enzymes called
deubiquitinases (DUBSs) and there are 100 human DUBs that are members of the cysteine protease
family (Dou and Zonder, 2014; Kapadia and Gartenhaus, 2019; Kaushal et al., 2018). The
mechanism of deubiquitinase includes cleavage of the bond between the e-amino group of the
lysine residue on the target protein and C-terminal glycine of the ubiquitin molecule (Komander
et al., 2009). DUBs can be subdivided into 6 classes: 1) ubiquitin-specific proteases (USPs); 2)
ubiquitin carboxy-terminal hydrolases (UCHS); 3) ovarian-tumor proteases (OTUs); 4) Machado-
Joseph disease protein domain proteases; 5) JAMM/MPN domain-associated metallopeptidases,
where the MPN domain containing proteins are metallopeptidases (Zn** ion metalloproteinases)
that display JAMM motif which has a catalytic center for the hydrolysis of the linkage between
ubiquitin and the target protein (Echalier, 2014), and 6) monocyte chemotactic protein-induced

protein (MCPIP) (Fortelny et al., 2014; Fraile et al., 2011).

The USPs exist in various forms and the DUBs catalytically release the target protein that is
attached to the ubiquitin molecule, thereby preventing its proteasomal degradation (Clague et al.,
2012). DUBs play an important role in balancing receptor degradation (Sowa et al., 2009), the

endocytic pathway (Bowers et al., 2006) and various signaling pathways (Buus et al., 2009).

The current review discusses the effect of clinically approved UPS inhibitors and their role in
surmounting resistance to conventional anti-cancer drugs (Table 1) and the structures of these Pl

drugs discussed in the current review, are shown in the Fig. 3.

Proteasome Inhibitors (Pls)-Detailed description
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1. Bortezomib (Velcade)

Bortezomib (Fig. 1A), the first in-class dipeptide boronate PI, was approved by the FDA in 2003
for the treatment of MM (Teicher et al., 1999). Bortezomib is a boronic dipeptide which reversibly
inhibits the chymotrypsin-like activity of the B5 subunit and partially inhibits the trypsin-like
activity of the B1 subunit of the 20S proteasome, especially at high concentrations (L and Wang,
2013). However, bortezomib does not inhibit the B2 subunit (de Bruin et al., 2016). Inhibition of
the proteasome suppresses the proteasome-mediated degradation of ubiquitin-conjugated
inhibitory proteins of the kappa-beta (kB) family, 1kB (Chen et al., 2011); IkB binds to
phosphorylated nuclear factor kappa-light-chain-enhancer in activated B cells (NF-kB),
preventing its translocation to the nucleus, where it functions as a TF (Hideshima et al., 2001b).
Bortezomib indirectly suppresses NF-kB signaling (Rajkumar et al., 2005). Indeed, NF-kB was
shown to induce resistance to platinum-based drugs (e.g., cisplatin) in pancreatic cancer
(Almoguera et al., 1988), prostate cancer (Newmark et al., 1992) and SCLC (Basseres et al., 2010).
The phosphorylated form of NF-kB is sequestered by IkB in the cytoplasm and this complex is
degraded by the UPS (Oeckinghaus and Ghosh, 2009). Thus, Pls that block the UPS would be
hypothesized to decrease NF-kB expression and thereby promote apoptosis. Overall, by increasing
the degradation of NF-kB, bortezomib down-regulates the expression of certain proteins that
produce anti-apoptotic effects, thereby decreasing cell survival by enhancing apoptosis. The anti-
cancer efficacy of bortezomib may also result from an increase in the pro-apoptotic protein, Noxa
(Qin et al., 2005). This protein can induce apoptosis by: 1) augmenting the activation of caspases
(Suzuki et al., 2009; Zhang et al., 2010); 2) producing changes in the mitochondrial membrane
that bring about the release of apoptogenic proteins from the mitochondria (Letai et al., 2002); 3)

interacting with, and promoting the degradation of the pro-survival protein, myeloid leukemia cell
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differentiation protein (Mcl1) (Czabotar et al., 2013; Moldoveanu et al., 2014) and 4) inducing the
phosphorylation of the anti-apoptotic protein, B-cell lymphoma-extra-large (Bcl-xL (Qin et al.,
2005), which may be disabled in its capacity to bind Bax, resulting in apoptosis upon Ser 62
phosphorylation (PMID:18974096). The anti-cancer efficacy of the conventional
chemotherapeutic drugs 5-fluorouracil, cisplatin, paclitaxel and doxorubicin was significantly
increased by bortezomib, when compared to bortezomib monotherapy (Orlowski et al., 2016;
Yerlikaya et al., 2013; Zhao et al., 2015); this experiment was performed in a Lewis rat lung
carcinoma model. Bortezomib was administered intraperitoneally (i.p.; 1 mg/kg/day) on days 0, 4,
7 and 18, in combination with 5-fluorouracil (30 mg/kg i.p.) on days 7 and 11 and this treatment
regimen produced a significant delay (the treatment group had 0% large lung metastases compared
to 45% in the control group) in tumor growth (Teicher et al., 1999). Bortezomib, in vitro and in
vivo, has efficacy in MM cells resistant to mammalian target of rapamycin (mTOR),
phosphoinositide-3-kinase (PI3K) and serine/threonine-specific protein kinase (Akt) inhibitors
(Vargaet al., 2014). In vitro data indicated that incubation of MM cells with 2 nM bortezomib for
72 hours increased the cytotoxicity of doxorubicin and melphalan by inducing DNA damage
(Richardson et al., 2003). Bortezomib also significantly downregulated the expression of apoptosis
inhibitors such as NF-kB and tumor necrosis factor-alpha (TNF-a) (Hideshima et al., 2001a) and
suppressed the genotoxic stress response pathway proteins, mut S homologues 2 and 6 (involved
in DNA mismatch repair) and uracil DNA glycosylase (involved in base-excision repair and
protection from oxidative DNA damage) (Mitsiades et al., 2003). Despite the efficacy of bortezomib
in treating patients with MM, there have been reports of drug resistance (Kumar and Rajkumar,
2008; Robak et al., 2018; Shah and Orlowski, 2009). Since bortezomib interacts with the

proteasome 5 core particle to inhibit its chymotrypsin-like activity, mutations in the B subunits
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impair the binding of bortezomib to the B5 subunit, resulting in bortezomib resistance both in vitro
as well as in MM patients (de Wilt et al., 2012; Franke et al., 2012; Lu et al., 2008; Verbrugge et
al., 2012). Clonal sublines of HT-29 colon adenocarcinoma cells, selected for resistance to
bortezomib upon long term exposure, harbored point mutations in the 5 subunit, and displayed
30-fold resistance to bortezomib, compared to wild type HT29 cells. In 2014, bortezomib was
also approved by the FDA for the treatment of previously untreated patients with mantle cell
lymphoma (Raedler, 2015). Clinical data indicated that in MM patients, bortezomib can produce
peripheral neuropathy, fluid retention, thrombocytopenia, fatigue, nausea, vomiting, and diarrhea
(Schwartz and Davidson, 2005). Overall, bortezomib monotherapy was efficacious in treating MM
and mantle cell lymphoma and data suggest that it may be useful in combination with other anti-
cancer drugs including 5-flurouracil (Wang et al.,, 2016) cisplatin, cyclophosphamide,

doxorubicin, and thalidomide (Gerecke et al., 2016; Konac et al., 2015).

The protein human anterior gradient 2 (AGR2) belongs to the disulfide isomerase family and is
highly expressed in estrogen receptor-positive breast cancer cells (Thompson and Weigel, 1998),
lung cancer (Chung et al., 2012), prostate cancer (Hu et al., 2012) and pancreatic cancer (Dumartin
et al., 2011). Moreover, the expression level of AGR2 can modulate the response to
chemotherapeutic drugs and it has been considered to be a potential tumor marker (Hrstka et al.,
2010; Zhao et al., 2009). AGR2 binds to vascular endothelial growth factor (VEGF) and increases
vascular endothelial growth factor receptor (VEGFR) signaling, thereby decreasing the efficacy
of bevacizumab (Avastin), a humanized monoclonal antibody that has been approved for colon
cancer treatment, by binding to VEGF, and preventing it from interacting with its receptor VEGFR
(Jia et al., 2018). In male athymic mice (tumors were generated by the subcutaneous inoculation

of NSCLC A549 cells), the i.p. injection of 0.4 mg/kg of bortezomib and 10 mg/kg of bevacizumab
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(every week for three weeks) significantly decreased tumor weight and volume compared to

animals that received bevacizumab monotherapy (D. Wang et al., 2019).
2. Carfilzomib

Carfilzomib (Fig. 1B) is a second generation, irreversible epoxyketone Pl which is also used in the
treatment of MM (Leleu et al., 2019). Carfilzomib covalently attacks the active site Thrl residue
of the B5 subunit under the formation of a morpholine ring, resulting in inhibition of the
chymotrypsin-like activity of the proteasome (Kuhn et al., 2007). Carfilzomib induces
programmed cell death by 1) activating c-Jun-N-terminal kinase; 2) producing mitochondrial
membrane depolarization; 3) eliciting the release of cytochrome c¢ from mitochondria, 4)
increasing the levels of Noxa, a pro-apoptotic, member of the Bcl-2 protein family, and 5)
activating caspase-3/caspase-7 (Etlinger and Goldberg, 1977; Hershko et al., 1982; Parlati et al.,
2009). In a randomized, phase 3, open-label study, one group of patients with refractory MM
received bortezomib (1.3 mg/m?, s.c.) and 20 mg p.o. dexamethasone and the other group received
carfilzomib (20 mg/m?, s.c.) and 20 mg p.o. dexamethasone. The end point of the study was
progression-free survival (PFS); remarkably, the median PFS was 18.7 months in the carfilzomib
group and 9.4 months in the bortezomib group (Dimopoulos et al., 2017). Carfilzomib significantly
decreased mortality compared to bortezomib and it was the first drug to increase the overall

survival of MM patients (Dimopoulos et al., 2017).

Mechanistic studies indicate that carfilzomib was more efficacious than bortezomib in increasing
the phosphorylation of Janus kinase and caspase activity in acute lymphoblastic leukemia cell lines
(Kuhn et al., 2007). Carfilzomib was 2-fold more potent than bortezomib in inducing caspase

activity, which may explain the increased sensitivity of a MM cell line to carfilzomib (Kuhn et al.,
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2007). Importantly, carfilzomib (3 mg/kg i.v. given twice weekly for 42 days) surmounted
bortezomib resistance in a human Lagk-1A MM severe combined immunodeficient (SCID) mouse
model (Sanchez et al., 2014). Carfilzomib significantly reversed the resistance to the alkylating
drug, melphalan, in melphalan-resistant MM 8226.LR5 cells and also reversed the resistance to
dexamethasone in dexamethasone-resistant MM1.R cells (Kuhn et al.,, 2007). Although
carfilzomib is an option for refractory MM patients (Siegel et al., 2012), a large number of these
patients displays resistance to carfilzomib treatment (Shah et al., 2018). The upregulation of P-
glycoprotein and the overexpression of the catalytic subunits of proteasome are the main causes of
resistance to carfilzomib therapy (Ao et al., 2012; Zang et al., 2014). To delineate the molecular
mechanism underlying carfilzomib resistance, human H727 bronchial carcinoid tumor cells
(which have high levels of B1i and B5 subunits, whereas B1 expression is undetectable) were
incubated with 20 nM carfilzomib for 4 hours. The results indicated that the activities of the
catalytic subunits, 5, 5i and Bli were blocked by carfilzomib, whereas B1 activity remained
intact, suggesting that differences in catalytic subunit expression and sensitivity to Pls are

associated with the development of resistance to carfilzomib (Lee et al., 2019).

Carfilzomib (27 mg/m?i.v.) significantly increased the efficacy of lenalidomide (25 mg p.o.) and
dexamethasone (40 mg p.o.) in patients with relapsed or progressive myeloma (Jakubowiak et al.,
2012; Niesvizky et al., 2013). Lenalidomide is a thalidomide derivative which has direct anti-
tumor efficacy, via inhibition of angiogenesis, and exerts an immunomodulatory activity. In vivo,
lenalidomide induces tumor cell apoptosis directly, as well as indirectly via inhibition of bone
marrow stromal cell support, through anti-angiogenic and anti-osteoclastogenic activities, and via
immunomodulatory activity. The protein cereblon (an E3 ligase) is expressed at low levels in

patients with MM tumors that are resistant to lenalidomide and the levels of cereblon may be
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regulated by the UPS and thus, inhibition of the proteasome would be poised to increase cereblon
levels, thereby increasing the efficacy of lenalidomide (Lopez-Girona et al., 2012). Furthermore,
the activation of the wingless-related integration site (Whnt)/B-catenin signaling pathway is
positively correlated with resistance to lenalidomide (Bjorklund et al., 2011). Therefore,
lenalidomide resistance could be surmounted by increasing proteasome-mediated degradation of
proteins in the Wnt/B-catenin pathway (Bjorklund et al., 2011). In 2012, carfilzomib was approved
by the FDA for use as monotherapy or in combination with dexamethasone or lenalidomide plus
dexamethasone, for the treatment of patients with relapsed or refractory MM who have failed to
respond to one or more previous drug regimens (Jakubowiak et al., 2012). However, the use of
carfilzomib is limited due to adverse effects that include cardiac toxicity, acute renal failure,

pulmonary toxicity, pulmonary hypertension, liver toxicity and teratogenicity (Perel et al., 2016).

3. Ixazomib

Although bortezomib and carfilzomib displayed efficacy in MM treatment, the use of these drugs
is limited by their routes of administration (i.v. or s.c.). Thus, ixazomib (Fig. 1C) was developed
as the first oral PI for the treatment of relapsed or refractory MM(Moreau, 2014; Raedler, 2016).
Ixazomib is a dipeptidyl leucine boronic acid that reversibly blocks the chymotrypsin-like activity
of the B5 subunit of the 20S proteasome (Chauhan et al., 2011; Lee et al., 2011). The proteasome
dissociation half-life for ixazomib is relatively short (18 min) and is ultimately re-available to re-
enter tumor cells and other tissues (Kupperman et al., 2010); hence, when compared to bortezomib,
this shorter 20S proteasome dissociation half-life is believed to play an important role in its
improved tumor and tissue distribution. Direct comparison with bortezomib revealed that ixazomib
has improved pharmacokinetic and pharmacodynamic profiles and showed superior antitumor

activity in both solid tumors and hematologic xenograft mouse models when compared to
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bortezomib (Kupperman et al., 2010). Ixazomib (dose ranging from 1-125 mg/m?given i.v. on day
1, 8 and 15 of a 28 day cycle for up to 12 cycles), compared to bortezomib, produced a longer
duration of tumor proteasome inhibition and increased the antitumor efficacy in OCI-Ly10 and
PHTX22L mouse models of lymphoma (Assouline et al., 2011). In the human MM cell line 1S,
incubation with 12.5 nM ixazomib for 48 hours significantly induced apoptosis and inhibited
growth in both drug sensitive 1S cells and the OPML1 cell line that is resistant to conventional
cytotoxic compounds including bortezomib, without significantly affecting the viability of normal
non-malignant cells (Chauhan et al., 2011). The incubation of MM cells from patients who were
resistant to lenalidomide, vorinostat or dexamethasone, with 50 nM ixazomib for 48 hours,
significantly increased the cytotoxicity and anti-cancer efficacy of these cytotoxic drugs (Chauhan
etal., 2011). Ixazomib was approved by the FDA in 2015 for use in combination with lenalidomide
and dexamethasone for the treatment of MM patients (Shirley, 2016). Clinical data indicated that
ixazomib has untoward side effects including nausea, vomiting, diarrhea, constipation, rashes and

thrombocytopenia (Kumar et al., 2017).

4. Delanzomib

Delanzomib (Fig. 1D) is an orally active, P2 threonine boronic acid Pl that can reversibly inhibit
chymotrypsin-like and caspase-like activities of the proteasome (Dorsey et al., 2008). In vitro,
bortezomib (10 nM) and delanzomib (20 nM) were equipotent in inhibiting distinct proteasome
subunits (B5 and B1), albeit when compared to bortezomib, delanzomib displayed a more favorable
cytotoxicity profile in normal human epithelial bone marrow progenitor and bone marrow-derived
stromal cells (Piva et al., 2008). However, phase | and 1l trials with delanzomib indicated that it
did not significantly inhibit disease progression in MM patients and the trials were terminated

(Vogl et al., 2017). Thus, delanzomib monotherapy is unlikely to be used for the treatment of MM.
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However, delanzomib in combination with conventional anti-cancer drugs or along with
bortezomib may be efficacious in treating MM patients. For example, delanzomib (3 mg/kg i.v.
twice a week for a period of 70 days) increased the efficacy of dexamethasone (1.25 mg/kg i.p.
daily) or lenalidomide (30 mg/kg p.o. daily) in a xenograft CB17 SCID multiple myeloma mouse
model (Sanchez et al., 2010). The inhibition of MM cell viability by melphalan (10 mg/kg i.p. once
weekly for 3 weeks) or bortezomib (1.2 mg/kg i.v. once a week for 4 weeks) was synergistically
increased by delanzomib (3 mg/kg i.v. twice weekly for 4 weeks) (Piva et al., 2008). Moreover,
data suggest that the use of a combination of delanzomib with melphalan or delanzomib with
bortezomib prevents the growth of melphalan-resistant as well as bortezomib-resistant tumors
(Sanchez et al., 2010). Therefore, it is possible that clinical studies could be conducted to determine
the efficacy of delanzomib for the treatment of MM in combination with specific anti-cancer drugs.
The adverse effects of delanzomib include nausea, vomiting, anorexia, neutropenia and pyrexia

(Vogl et al., 2017).

5. Oprozomib

Oprozomib (Fig. 1E) is an oral tripeptide epoxyketone that irreversibly inhibits the chymotrypsin-
like activity of the proteasome (Rajan and Kumar, 2016). It has a longer duration of action
compared to bortezomib and induces apoptosis through the activation of caspase 3, 8 and 9
(Chauhan et al., n.d.). It has been reported that angiogenesis plays a very important role in the
progression of MM (Giuliani et al., 2011; Podar et al., 2001). In vitro, oprozomib (10 nM) blocked
angiogenesis in human umbilical vein endothelial cells (Chauhan et al., 2010). In a human MM
xenograft mouse model with severe combined immunodeficiency, a combination of oprozomib
(40 mg/kg p.o.), dexamethasone (1 mg/kg i.p.) and pomalidomide (10 mg/kg p.o.) for 77 days was

significantly more potent than oprozomib monotherapy or a combination of any duo of the drugs
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(Sanchez et al., 2015). The major adverse effects produced by oprozomib were anemia, nausea,
thrombocytopenia, hypotension, diarrhea and vomiting (Vij et al., 2014). The unfolded protein
response (UPR), a cellular stress response associated with endoplasmic reticulum (ER) stress, may
induce apoptosis if it is unmitigated (Walter and Ron, 2011). It is possible that the proteasome may
be a negative UPR regulator, and this was reversed by oprozomib in human hepatocellular cancer
HepG2 cells treated with 400 nM oprozomib for 48 hours (Vandewynckel et al., 2016). In two
experimental models of hepatocellular carcinoma, the administration of both nelfinavir (250
mg/kg/day i.p.), a protease inhibitor and antiretroviral drug currently used in the treatment of
human immunodeficiency virus-based AIDS, and salubrinal (1 mg/kg/day i.p.), a specific inhibitor
of dephosphorylation of the eukaryotic translation initiation factor 2 alpha (elF2a), for 4 weeks,
significantly increased the anti-cancer efficacy of oprozomib (30 mg/kg p.o. given three times a
week). These results suggest that oprozomib may be used in combination regimens to treat certain
cancers (Vandewynckel et al., 2016). In addition, oprozomib can induce apoptosis in lung cancer
cells by activating caspase 3 and poly ADP ribose polymerase (PARP) cleavage, independent of

p53 activity (Zhu et al., 2019).

6. Marizomib (Salinosporamide A)

Marizomib (Fig.1F), a novel B-lactone-y-lactam Pl which underwent phase | and Il clinical trials
for the treatment of solid tumors and hematological malignancies (Feling et al., 2003), is currently
undergoing phase Il clinical trials for the treatment of newly diagnosed glioblastoma multiforme
(NCT03345095). It is the first natural Pl derived from the marine actinomycete bacteria
Salinosporamide tropica (Feling et al., 2003). Remarkably, marizomib is a next generation

inhibitor that produces a prolonged inhibition (>72 h) of the proteasome compared to other Pls
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(Potts et al., 2011). It irreversibly inhibits the 1, B2 and 5 subunits which are responsible for the

proteolytic activity of the proteasome.

Immunoproteasomes mediate the formation of antigenic peptides that are bound to major
histocompatibility class I (MHC class I) proteins (Strehl et al., 2005). There are data indicating
that high levels of immunoproteasomes are present in MM cells (Singh et al., 2011). Marizomib
(10 nM) induced apoptosis in D-54 human glioma cells (Di et al., 2016) by activating caspase-8
(Potts et al., 2011). This induction decreased the expression of NF-kB, which repressed cell growth
and survival pathways (Ahn et al., 2007) Furthermore, marizomib also decreased the levels of IL-
6, TNF-a and IL-1p (Chauhan et al., 2005). Incubation of the MM cell line, 1S, with marizomib
(1.25 nM) along with the immunomodulatory and anti-angiogenic drug, pomalidomide (2.5 uM),
for 24 hours, induced apoptosis and produced a synergistic effect compared to either drug alone at
these concentrations (Das et al., 2015). Clinical data indicated that colorectal cancers (CRC)
express high levels of NF-kB, inducing resistance to irinotecan and 5-fluorouracil (Cusack et al.,
2000; Kojimaetal., n.d.; Voboril etal., 2004). In refractory cases of CRC, in vitro studies indicated
that marizomib (200 nM for 4 hours) decreased NF-kB levels by increasing the level of IkB
(Cusack et al., 2006). Thus, marizomib resensitizes CRC to the anti-tumor drugs, SN-38, 5-
flurouracil, oxaliplatin and avastin. The incubation of the human pancreatic cell line, Panc-1, with
marizomib (200 nM for 24 hours) also reversed resistance to gemcitabine (1 uM) (Sloss et al.,
2008). The major adverse effects produced by marizomib were fatigue, infusion site pain, nausea

and diarrhea (Harrison et al., 2016) (Townsend et al., 2009).

Recent studies indicated that cancer cells can acquire resistance to PIs (Zheng et al., 2017). The
factors that cause this drug resistance include: 1) proteasome complex mutations (Soriano et al.,

2016); 2) increased expression of drug efflux transporters (Gupta et al., 2015); 3) formation of
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alternative pathways (Riz et al., 2015). Another mechanism of drug resistance involves certain
microRNAs (miRNAs). miRNAs are noncoding RNAs that regulate cell proliferation,
differentiation, development and apoptosis (Ha and Kim, 2014; Maimaiti et al., 2015).
Furthermore, miRNAs play an important role in the development of drug resistance by targeting
the genes that modulate the response to chemotherapeutic drugs (Allen and Weiss, 2010; Just et
al., 2019; Ma et al., 2010; Si et al., 2019). For example, the miRNA precursors Let-7A2, Let-7D,
Let-7E, Let-7F2 were downregulated in MM cells resistant to bortezomib, carfilzomib and
ixazomib (Malek et al., 2016). Compared to the drug-sensitive counterpart cell line, RPMI18226
(Malek et al., 2016), the X-box binding protein (XBP), a bZIP (Basic Leucine Zipper Domain)
transcription factor, can regulate stress-induced apoptosis of cancer cells (Gambella et al., 2014)
in MM patients and loss of this transcription factor is involved in the development of resistance to
bortezomib (Leung-Hagesteijn et al., 2013). The levels of the unspliced transcript of XBP1 were
significantly lower in ixazomib-resistant cells compared to ixazomib-sensitive parental cells
(Mitra et al., 2017). As described above, mutations in PSMB5 (encoding for the 35 subunit of the
proteasome) are one of the important mechanisms of acquired resistance to Pls (de Wilt et al.,
2012; Franke et al., 2012; Lu et al., 2008; Verbrugge et al., 2012). It has been shown that mutations
in PSMB5 and PSMB7 occur in bortezomib-resistant CRC HT 29 cells (Suzuki et al., 2011).
Another mechanism of drug resistance is the overexpression of MDR efflux pumps e.g., ABCBL,
and ABCC1 (Kale and Moore, 2012). There is a report showing that ABCB1 [P-glycoprotein (P-
gp)] overexpression significantly decreases the accumulation of bortezomib and carfilzomib in
acute lymphocytic leukemia CEM/VLB cells (Verbrugge et al., 2012). Tariquidar, an ABCB1/P-
gp inhibitor (5 uM for 24 hours) markedly increased the in vitro sensitivity of resistant MM cells

to the Pls, bortezomib and carfilzomib (Muz et al., 2017).
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Immunoproteasomes

Immunoproteasomes are predominantly present in cells of hematopoietic origin (McCarthy and
Weinberg, 2015) and are derived from the constitutive proteasomes (Kloetzel and Ossendorp,
2004; Tanaka, 1994). Constitutive proteasomes are present in all cell types and are involved in
degradation of target proteins (Cromm and Crews, 2017; Ichihara and Tanaka, 1995; Morozov and
Karpov, 2019; Tanaka, 2009). The expression of immunoproteasomes is enhanced by cytokines
(e.g., TNFa and interferon o) which are produced and secreted during inflammation and certain
types of infections (Shachar and Karin, 2013). Immunoproteasomes generate various peptides for
the MHC class | complexes that are presented to lymphocytes by antigen presenting cells (Fehling
etal., 1994). The constitutive proteasome has a 20S core that consists of a- and B- rings (7 subunits
in each) and the B subunits (B 1, 2 and 5) have proteolytic activities (DeMartino and Slaughter,
1999). The overall structure of the constitutive and immunoproteasome are similar, but the
immunoproteasome has different catalytic subunits (Ferrington and Gregerson, 2012).
Immunoproteasomes contain 3 distinct pairs of active sites, B51, 11, and 21, which are different
from their constitutive B5, B1, and B2 counterparts.

Immunoproteasomes are present in antigen presenting cells (Haorah et al., 2004) and the presence
of inflammatory cytokines such as interferon-y elicits the replacement of the regular B subunits
with different subunits as abovementioned, including LMP2(B1i), MECL-1 (B2i) and LMP7(5i)
(Ahnetal., 1995; Basler et al., 2019; Glynne et al., 1991; Kelly et al., 1991; Ortiz-Navarrete et al.,
1991; Pletinckx et al., 2019; Realini et al., 1994; Tanahashi et al., 1997; Xie et al., 2019).

It has been reported that transplant rejection occurred in mice lacking immunoproteasomes,
suggesting that they are involved in regulating the immune response (Kincaid et al., 2011). The

inhibition of the catalytic subunits of proteasomes is an important mechanism for the treatment of
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cancer and an increased expression of immunoproteasomes occurs in several cancers, including
prostate, MM and lung cancer (Ho et al., 2007; Wehenkel et al., 2012).

FDA-approved Pls do not display specificity for constitutive proteasomes when compared to
immunoproteasomes (Kisselev et al., 2012). Interestingly however, the decreased expression of
immunoproteasomes can enhance the response to bortezomib in MM patients (Zhang et al., 2016).
It has been postulated that the development of immunoproteasome selective inhibitors may have
efficacy in the treatment of certain cancers and autoimmune diseases as other nonselective
inhibitors can produce adverse effects due to their lack of selectivity (Dubiella etal., 2015; Johnson

etal., 2017).

ONX-0914 is a tripeptide epoxyketone that selectively inhibits the B5i subunit of the
immunoproteasome (Miller et al., 2013). The progression of nephritis was significantly decreased
in an MRL/Ipr mouse model of systemic lupus erythematosus, following the administration of 10
mg/kg i.v. (once daily) for 13 weeks (Ichikawa et al., 2012). KZR-616, a derivative of ONX-0914,
has already completed a phase | study and is being developed for the treatment of autoimmune
diseases (Lickliter et al., 2018). The administration of 15 mg/kg s.c. of ONX-0914 and 0.5 mg/kg
s.c. of bortezomib twice weekly for 60 days, significantly increased the overall survival of animals
in an NSG mouse model compared to treatment with only bortezomib (Downey-Kopyscinski et

al., 2018).

Apart from its selective B5i inhibitory action, ONX-0914 can inhibit the catalytic subunit, trypsin—
like activity-bearing B2i subunit, at concentrations significantly greater than those required to
inhibit the B5i subunit (Muchamuel et al., 2009). The s.c. administration of 10 mg/kg of ONX-
0914, once a day for 35 days, to five week old Apc Min/+ and LMP 7-/- mice (colon cancer

models), significantly decreased: 1) the incidence of CRC tumors, as well as 2) tumor initiation
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and growth (Koerner et al., 2017). The incubation of MM MML1.S cells with ONX-0914 (500 nM)
significantly increased the sensitivity of these cells to 100 nM bortezomib or carfilzomib (Downey-

Kopyscinski et al., 2018).

LU-102 is a peptide epoxyketone that inhibits the 2 subunit (which has the trypsin-like activity)
of the proteasome and sensitized cancer cells to both bortezomib and carfilzomib (Mirabella et al.,
2011). Based on the increased expression of 2 subunit in cells that are resistant to bortezomib (a
B5 inhibitor) (Rickrich et al., 2009), B2 was identified as a crucial factor in regulating the activity
of p5-targeted Pls (Britton et al., 2009). LU-102 is the first irreversible, p2-selective P1 (Geurink
et al., 2013) and it enhanced the cytotoxicity of B5 inhibitors in MM cells (Britton et al., 2009;
Mirabella et al., 2011). This is an important observation as bortezomib, carfilzomib and ixazomib
primarily inhibit the B5 subunit of the proteasome, which is the catalytically active site in protein
degradation (Arendt and Hochstrasser, 1997; Chen and Hochstrasser, 1996). The incubation of the
triple negative breast cancer (TNBC) cell lines, MDA-MB-231 MDA-MB-468, SUM149, HCC38,
HCC1187 and HCC1937, with 3 uM LU-102 for 48 hours, significantly increased the cytotoxic
efficacy of bortezomib and carfilzomib in these TNBC cells (Weyburne et al., 2017). The
incubation of MM 1.S cell lines with 0.9 uM ONX-0914 for 1 hour, followed by incubation with
1 uM LU-102 for 47 hours, produced a 3-8-fold decrease in the 1Csg values of ONX-0914 (i.e.

cells were sensitized to ONX-0914) (Downey-Kopyscinski et al., 2018).

Nuclear factor erythroid derived 2-related factor 1 (Nrfl) is a transcriptional activator of
proteasomes that increases proteasome synthesis upon proteasome inhibition, thereby restoring
proteasome activity (Radhakrishnan et al., 2010; Steffen et al., 2010). MG132, a PI (1 uM for 10
h), the boronation of which yielded bortezomib, induced the expression of proteasomal subunit

genes (PSM) in wild type mouse embryonic fibroblasts (MEF) but not in Nrf1”- MEF cell lines
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(Chan et al., 1998), suggesting that Nrf1 upregulates PSM gene expression in cells incubated with
a Pl (Radhakrishnan et al., 2010). Upon complete inhibition of B2 subunit of the proteasome, Nrfl
became inactive and insoluble, preventing the recovery of proteasomal activity and increasing the

sensitivity to B5 inhibitors (Sha and Goldberg, 2016).

Conclusion

Proteasome activity is associated with various cellular mechanisms and human diseases.
Cumulative data indicated that increased proteasome activity can occur in certain cancers
(Voutsadakis, 2017), whereas decreased proteasome activity facilitates the development of
neurodegeneration and other underlying disorders (Tomaru et al., 2012). Expression of
immunoproteasomes has been reported for various cancers, including prostate, MM and lung
cancer. Therefore, the use of Pls represents a proven potent strategy for the treatment of cancer.
The present article focused on the role of the UPS in cancer drug resistance, the mechanism of
action of specific UPS inhibitors and their efficacy in restoring the chemosensitivity of cancer cells
to specific chemotherapeutic drugs. Data from numerous studies indicate that UPS inhibition can
restore the sensitivity of cancer cells to conventional chemotherapeutic drugs. The first UPS
inhibitor, bortezomib, was approved by FDA for the treatment of MM and mantle cell lymphoma.
However, due to limitations including potency and drug resistance, researchers developed next
generation Pls including carfilzomib, ixazomib, oprozomib, delanzomib and marizomib, which
display more favorable pharmacokinetic and pharmacodynamics profiles, greater potency and
specificity. Since immunoproteasomes also play a vital role in cancer, the development of
immunoproteasome inhibitors such as ONX-0914 and LU-102, are essential for cancer

chemotherapy. The combination of UPS inhibitors reviewed in this paper with conventional anti-
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cancer drugs, produced synergistic activity that may significantly improve patient outcomes during

chemotherapy.

Conflict of interest

The authors declare no potential conflicts of interest.

Acknowledgements

We thank the partial support from the Department of Pharmaceutical Sciences, College of
Pharmacy and Health Sciences, St. John’s University and the National Institute of Health - USA

(IR15GM116043-01).

25



References

Adams, J., 2004. The proteasome: a suitable antineoplastic target. Nat. Rev. Cancer 4, 349-360.

https://doi.org/10.1038/nrc1361

Adrain, C., Creagh, E.M., Cullen, S.P., Martin, S.J., 2004. Caspase-dependent Inactivation of
Proteasome Function during Programmed Cell Death in Drosophila and Man. J. Biol.

Chem. 279, 36923-36930. https://doi.org/10.1074/jbc.M402638200

Ahn, J.Y., Tanahashi, N., Akiyama, K., Hisamatsu, H., Noda, C., Tanaka, K., Chung, C.H.,
Shibmara, N., Willy, P.J., Mott, J.D., Slaughter, C.A., DeMartino, G.N., 1995. Primary
structures of two homologous subunits of PA28, a y-interferon-inducible protein activator of
the 20S proteasome. FEBS Lett. 366, 37—42. https://doi.org/10.1016/0014-5793(95)00492-

R

Ahn, K.S,, Sethi, G., Chao, T.-H., Neuteboom, S.T.C., Chaturvedi, M.M., Palladino, M.A.,
Younes, A., Aggarwal, B.B., n.d. Salinosporamide A (NPI-0052) potentiates apoptosis,
suppresses osteoclastogenesis, and inhibits invasion through down-modulation of NF-

kappaB regulated gene products. Blood 110, 2286-2295.

Aleksakhina, S.N., Kashyap, A., Imyanitov, E.N., 2019. Mechanisms of acquired tumor drug
resistance. Biochim. Biophys. Acta - Rev. Cancer 1872, 188310.

https://doi.org/https://doi.org/10.1016/j.bbcan.2019.188310

Allen, K.E., Weiss, G.J., 2010. Resistance May Not Be Futile: microRNA Biomarkers for
Chemoresistance and Potential Therapeutics. Mol. Cancer Ther. 9, 3126 LP — 3136.

https://doi.org/10.1158/1535-7163.MCT-10-0397

26



Almoguera, C., Shibata, D., Forrester, K., Martin, J., Arnheim, N., Perucho, M., 1988. Most
human carcinomas of the exocrine pancreas contain mutant c-K-<em>ras</em> genes. Cell

53, 549-554. https://doi.org/10.1016/0092-8674(88)90571-5

Almond, J.B., Cohen, G.M., 2002. The proteasome: a novel target for cancer chemotherapy.

Leukemia 16, 433-443. https://doi.org/10.1038/sj.leu.2402417

Amawi, H., Sim, H.-M., Tiwari, A.K., Ambudkar, S. V, Shukla, S., 2019. ABC Transporter-
Mediated Multidrug-Resistant Cancer BT - Drug Transporters in Drug Disposition, Effects
and Toxicity, in: Liu, X., Pan, G. (Eds.), . Springer Singapore, Singapore, pp. 549-580.

https://doi.org/10.1007/978-981-13-7647-4_12

An, T., Liu, Y., Gourguechon, S., Wang, C.C., Li, Z., 2018. CDK Phosphorylation of Translation
Initiation Factors Couples Protein Translation with Cell-Cycle Transition. Cell Rep. 25,

3204-3214.e5. https://doi.org/10.1016/j.celrep.2018.11.063

Ao, L., Wu, Y., Kim, D., Jang, E.R., Kim, K., Lee, D.-M., Kim, K.B., Lee, W., 2012.
Development of peptide-based reversing agents for p-glycoprotein-mediated resistance to

carfilzomib. Mol. Pharm. 9, 2197-2205. https://doi.org/10.1021/mp300044b

Arendt, C.S., Hochstrasser, M., 1997. Identification of the yeast 20S proteasome catalytic centers
and subunit interactions required for active-site formation. Proc. Natl. Acad. Sci. U. S. A.

94, 7156-7161. https://doi.org/10.1073/pnas.94.14.7156

Assaraf, Y.G., Brozovic, A., Gongalves, A.C., Jurkovicova, D., Ling, A., Machuqueiro, M.,
Saponara, S., Sarmento-Ribeiro, A.B., Xavier, C.P.R., Vasconcelos, M.H., 2019. The multi-
factorial nature of clinical multidrug resistance in cancer. Drug Resist. Updat. 46, 100645.
https://doi.org/https://doi.org/10.1016/j.drup.2019.100645

27



Assouline, S., Chang, J., Rifkin, R., Hui, A.-M., Berg, D., Gupta, N., Xi, Y., Bacco, A. Di,
Martin, P., 2011. MLN9708, a Novel, Investigational Proteasome Inhibitor, in Patients with
Relapsed/Refractory Lymphoma: Results of a Phase 1 Dose-Escalation Study. Blood 118,

2672 LP — 2672.

Bai, M., Zhao, X., Sahara, K., Ohte, Y., Hirano, Y., Kaneko, T., Yashiroda, H., Murata, S., 2019.
In-depth Analysis of the Lid Subunits Assembly Mechanism in Mammals. Biomol. .

https://doi.org/10.3390/biom9060213

Bar-Zeev, M., Livney, Y.D., Assaraf, Y.G., 2017. Targeted nanomedicine for cancer
therapeutics: Towards precision medicine overcoming drug resistance. Drug Resist. Updat.

31, 15-30. https://doi.org/https://doi.org/10.1016/j.drup.2017.05.002

Basler, M., Claus, M., Klawitter, M., Goebel, H., Groettrup, M., 2019. Immunoproteasome
Inhibition Selectively Kills Human CD14&lt;sup&gt;+&It;/sup&gt; Monocytes and as a
Result Dampens I1L-23 Secretion. J. Immunol. ji1900182.

https://doi.org/10.4049/jimmunol.1900182

Basséres, D.S., Ebbs, A., Levantini, E., Baldwin, A.S., 2010. Requirement of the NF-kappaB
subunit p65/Rel A for K-Ras-induced lung tumorigenesis. Cancer Res. 70, 3537-3546.

https://doi.org/10.1158/0008-5472.CAN-09-4290

Berndsen, C.E., Wolberger, C., 2014. New insights into ubiquitin E3 ligase mechanism. Nat.

Struct. &Amp; Mol. Biol. 21, 301.

Best, S., Hashiguchi, T., Kittai, A., Bruss, N., Paiva, C., Okada, C., Liu, T., Berger, A., Danilov,
A.V, 2019. Targeting ubiquitin-activating enzyme induces ER stress-mediated apoptosis in

B-cell lymphoma cells. Blood Adv. 3, 51-62.

28



https://doi.org/10.1182/bloodadvances.2018026880

Bjorklund, C.C., Ma, W., Wang, Z.-Q., Davis, R.E., Kuhn, D.J., Kornblau, S.M., Wang, M.,
Shah, J.J., Orlowski, R.Z., 2011. Evidence of a role for activation of Wnt/beta-catenin
signaling in the resistance of plasma cells to lenalidomide. J. Biol. Chem. 286, 11009—

11020. https://doi.org/10.1074/jbc.M110.180208

Bochtler, M., Ditzel, L., Groll, M., Hartmann, C., Huber, R., 1999. THE PROTEASOME. Annu.
Rev. Biophys. Biomol. Struct. 28, 295-317.

https://doi.org/10.1146/annurev.biophys.28.1.295

Bowers, K., Piper, S.C., Edeling, M.A., Gray, S.R., Owen, D.J., Lehner, P.J., Luzio, J.P., 2006.
Degradation of Endocytosed Epidermal Growth Factor and Virally Ubiquitinated Major
Histocompatibility Complex Class I Is Independent of Mammalian ESCRTII. J. Biol.

Chem. 281, 5094-5105. https://doi.org/10.1074/jbc.M508632200

Britton, M., Lucas, M.M., Downey, S.L., Screen, M., Pletnev, A.A., Verdoes, M., Tokhunts,
R.A., Amir, O., Goddard, A.L., Pelphrey, P.M., Wright, D.L., Overkleeft, H.S., Kisselev,
A.F., 2009. Selective inhibitor of proteasome’s caspase-like sites sensitizes cells to specific
inhibition of chymotrypsin-like sites. Chem. Biol. 16, 1278-1289.

https://doi.org/10.1016/j.chembiol.2009.11.015

Broustas, C.G., Lieberman, H.B., 2014. DNA Damage Response Genes and the Development of

Cancer Metastasis. Radiat. Res. 181, 111-130. https://doi.org/10.1667/RR13515.1

Buus, R., Faronato, M., Hammond, D.E., Urbeé, S., Clague, M.J., 2009. Deubiquitinase activities
required for hepatocyte growth factor-induced scattering of epithelial cells. Curr. Biol. 19,

1463-1466. https://doi.org/10.1016/j.cub.2009.07.040

29



Cao, B., Mao, X., 2011. The ubiquitin-proteasomal system is critical for multiple myeloma:

implications in drug discovery. Am. J. Blood Res. 1, 46-56.

Chan, J.Y., Kwong, M., Lu, R., Chang, J., Wang, B., Yen, T.S,, Kan, Y.W., 1998. Targeted
disruption of the ubiquitous CNC-bZIP transcription factor, Nrf-1, results in anemia and
embryonic lethality in mice. EMBO J. 17, 1779-1787.

https://doi.org/10.1093/emboj/17.6.1779

Chauhan, D., Catley, L., Li, G., Podar, K., Hideshima, T., Velankar, M., Mitsiades, C.,
Mitsiades, N., Yasui, H., Letai, A., Ovaa, H., Berkers, C., Nicholson, B., Chao, T.-H.,
Neuteboom, S.T.C., Richardson, P., Palladino, M.A., Anderson, K.C., n.d. A novel orally
active proteasome inhibitor induces apoptosis in multiple myeloma cells with mechanisms

distinct from Bortezomib. Cancer Cell 8, 407-419.

Chauhan, D., Singh, A. V, Aujay, M., Kirk, C.J., Bandi, M., Ciccarelli, B., Raje, N., Richardson,
P., Anderson, K.C., 2010. A novel orally active proteasome inhibitor ONX 0912 triggers in
vitro and in vivo cytotoxicity in multiple myeloma. Blood 116, 4906 LP — 4915.

https://doi.org/10.1182/blood-2010-04-276626

Chauhan, D., Tian, Z., Zhou, B., Kuhn, D., Orlowski, R., Raje, N., Richardson, P., Anderson,
K.C., 2011. In vitro and in vivo selective antitumor activity of a novel orally bioavailable
proteasome inhibitor MLN9708 against multiple myeloma cells. Clin. Cancer Res. 17,

5311-5321. https://doi.org/10.1158/1078-0432.CCR-11-0476

Chen, D., Frezza, M., Schmitt, S., Kanwar, J., Dou, Q.P., 2011. Bortezomib as the first
proteasome inhibitor anticancer drug: current status and future perspectives. Curr. Cancer

Drug Targets 11, 239-253.

30



Chen, L., Zeng, Y., Zhou, S.-F., 2018. Role of Apoptosis in Cancer Resistance to Chemotherapy.

https://doi.org/10.5772/intechopen.80056

Chen, P., Hochstrasser, M., 1996. Autocatalytic Subunit Processing Couples Active Site
Formation in the 20S Proteasome to Completion of Assembly. Cell 86, 961-972.

https://doi.org/https://doi.org/10.1016/S0092-8674(00)80171-3

Chung, K., Nishiyama, N., Wanibuchi, H., Shotaro, Y., Hanada, S., Wei, M., Suehiro, S.,
Kakehashi, A., 2012. AGR2 as a potential biomarker of human lung adenocarcinoma.

Osaka City Med. J. 58, 13-24.

Ciechanover, A., 2017. Intracellular protein degradation: From a vague idea thru the lysosome
and the ubiquitin-proteasome system and onto human diseases and drug targeting. Best
Pract. Res. Clin. Haematol. 30, 341-355.

https://doi.org/https://doi.org/10.1016/j.beha.2017.09.001

Ciechanover, A., 1994. The ubiquitin-proteasome proteolytic pathway. Cell 79, 13-21.

https://doi.org/10.1016/0092-8674(94)90396-4

Ciehanover, A., Hod, Y., Hershko, A., 1978. A heat-stable polypeptide component of an ATP-
dependent proteolytic system from reticulocytes. Biochem. Biophys. Res. Commun. 81,

1100-1105. https://doi.org/https://doi.org/10.1016/0006-291X(78)91249-4

Clague, M.J., Coulson, J.M., Urbe, S., 2012. Cellular functions of the DUBs. J. Cell Sci. 125,

277 LP — 286. https://doi.org/10.1242/jcs.090985

Cloos, J., Roeten, M.S., Franke, N.E., van Meerloo, J., Zweegman, S., Kaspers, G.J., Jansen, G.,

2017. (Immuno)proteasomes as therapeutic target in acute leukemia. Cancer Metastasis

31



Rev. 36, 599-615. https://doi.org/10.1007/s10555-017-9699-4

Collaborators, G.B.D. 2015 M. and C. of D., 2016. Global, regional, and national life
expectancy, all-cause mortality, and cause-specific mortality for 249 causes of death, 1980-
2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet (London,

England) 388, 1459-1544. https://doi.org/10.1016/S0140-6736(16)31012-1

Consortium, I.T., Giacomini, K.M., Huang, S.-M., Tweedie, D.J., Benet, L.Z., Brouwer, K.L.R.,
Chu, X., Dahlin, A., Evers, R., Fischer, V., Hillgren, K.M., Hoffmaster, K.A., Ishikawa, T.,
Keppler, D., Kim, R.B., Lee, C.A., Niemi, M., Polli, JW., Sugiyama, Y., Swaan, P.W.,
Ware, J.A., Wright, S.H., Yee, S.W., Zamek-Gliszczynski, M.J., Zhang, L., 2010.
Membrane transporters in drug development. Nat. Rev. Drug Discov. 9, 215-236.

https://doi.org/10.1038/nrd3028

Coppola, S., Carnevale, I., Danen, E.H.J., Peters, G.J., Schmidt, T., Assaraf, Y.G., Giovannetti,
E., 2017. A mechanopharmacology approach to overcome chemoresistance in pancreatic
cancer. Drug Resist. Updat. 31, 43-51.

https://doi.org/https://doi.org/10.1016/j.drup.2017.07.001

Cree, LA, Charlton, P., 2017. Molecular chess? Hallmarks of anti-cancer drug resistance. BMC

Cancer 17, 10. https://doi.org/10.1186/s12885-016-2999-1

Cromm, P.M., Crews, C.M., 2017. The Proteasome in Modern Drug Discovery: Second Life of a
Highly Valuable Drug Target. ACS Cent. Sci. 3, 830-838.

https://doi.org/10.1021/acscentsci.7b00252

Cui, Q., Wang, J.-Q., Assaraf, Y.G., Ren, L., Gupta, P., Wei, L., Ashby, C.R., Yang, D.-H.,
Chen, Z.-S., 2018. Modulating ROS to overcome multidrug resistance in cancer. Drug

32



Resist. Updat. 41, 1-25. https://doi.org/https://doi.org/10.1016/j.drup.2018.11.001

Cusack, J.C., Liu, R., Baldwin, A.S., 2000. Inducible Chemoresistance to 7-Ethyl-10-[4-(1-
piperidino)-1-piperidino]carbonyloxycamptothecin (CPT-11) in Colorectal Cancer Cells
and a Xenograft Model Is Overcome by Inhibition of Nuclear Factor-kB Activation. Cancer

Res. 60, 2323 LP — 2330.

Cusack, J.C., Liu, R., Xia, L., Chao, T.-H., Pien, C., Niu, W., Palombella, V.J., Neuteboom,
S.T.C., Palladino, M.A., 2006. NPI-0052 Enhances Tumoricidal Response to Conventional
Cancer Therapy in a Colon Cancer Model. Clin. Cancer Res. 12, 6758 LP — 6764.

https://doi.org/10.1158/1078-0432.CCR-06-1151

Czabotar, P.E., Lessene, G., Strasser, A., Adams, J.M., 2013. Control of apoptosis by the BCL-2

protein family: implications for physiology and therapy. Nat. Rev. Mol. Cell Biol. 15, 49.

Das, D.S., Ray, A,, Song, Y., Richardson, P., Trikha, M., Chauhan, D., Anderson, K.C., 2015.
Synergistic anti-myeloma activity of the proteasome inhibitor marizomib and the IMiD
immunomodulatory drug pomalidomide. Br. J. Haematol. 171, 798-812.

https://doi.org/10.1111/bjh.13780

David, Y., Ternette, N., Edelmann, M.J., Ziv, T., Gayer, B., Sertchook, R., Dadon, Y., Kessler,
B.M., Navon, A., 2011. E3 ligases determine ubiquitination site and conjugate type by
enforcing specificity on E2 enzymes. J. Biol. Chem. 286, 44104-44115.

https://doi.org/10.1074/jbc.M111.234559

de Bruin, G., Xin, B.T., Kraus, M., van der Stelt, M., van der Marel, G.A., Kisselev, A.F.,
Driessen, C., Florea, B.I., Overkleeft, H.S., 2016. A Set of Activity-Based Probes to

Visualize Human (Immuno)proteasome Activities. Angew. Chemie Int. Ed. 55, 4199-4203.

33



https://doi.org/10.1002/anie.201509092

de Wilt, L.H.A.M., Jansen, G., Assaraf, Y.G., van Meerloo, J., Cloos, J., Schimmer, A.D., Chan,
E.T., Kirk, C.J., Peters, G.J., Kruyt, F.A.E., 2012. Proteasome-based mechanisms of
intrinsic and acquired bortezomib resistance in non-small cell lung cancer. Biochem.

Pharmacol. 83, 207-217. https://doi.org/https://doi.org/10.1016/j.bcp.2011.10.009

DeMartino, G.N., Slaughter, C.A., 1999. The Proteasome, a Novel Protease Regulated by

Multiple Mechanisms. J. Biol. Chem. 274, 22123-22126.

Di, K., Lloyd, G.K., Abraham, V., MacLaren, A., Burrows, F.J., Desjardins, A., Trikha, M.,
Bota, D.A., 2016. Marizomib activity as a single agent in malignant gliomas: ability to cross

the blood-brain barrier. Neuro. Oncol. 18, 840-848. https://doi.org/10.1093/neuonc/nov299

Dimopoulos, M.A., Goldschmidt, H., Niesvizky, R., Joshua, D., Chng, W.-J., Oriol, A,,
Orlowski, R.Z., Ludwig, H., Facon, T., Hajek, R., Weisel, K., Hungria, V., Minuk, L., Feng,
S., Zahlten-Kumeli, A., Kimball, A.S., Moreau, P., 2017. Carfilzomib or bortezomib in
relapsed or refractory multiple myeloma (ENDEAVOR): an interim overall survival
analysis of an open-label, randomised, phase 3 trial. Lancet Oncol. 18, 1327-1337.

https://doi.org/10.1016/S1470-2045(17)30578-8

Dorsey, B.D., Igbal, M., Chatterjee, S., Menta, E., Bernardini, R., Bernareggi, A., Cassara, P.G.,
D’Arasmo, G., Ferretti, E., De Munari, S., Oliva, A., Pezzoni, G., Allievi, C., Strepponi, L.,
Ruggeri, B., Ator, M.A., Williams, M., Mallamo, J.P., 2008. Discovery of a Potent,
Selective, and Orally Active Proteasome Inhibitor for the Treatment of Cancer. J. Med.

Chem. 51, 1068-1072. https://doi.org/10.1021/jm7010589

Dou, Q.P., Zonder, J.A., 2014. Overview of proteasome inhibitor-based anti-cancer therapies:

34



perspective on bortezomib and second generation proteasome inhibitors versus future
generation inhibitors of ubiquitin-proteasome system. Curr. Cancer Drug Targets 14, 517—

536.

Downey-Kopyscinski, S., Daily, E.W., Gautier, M., Bhatt, A., Florea, B.I., Mitsiades, C.S.,
Richardson, P.G., Driessen, C., Overkleeft, H.S., Kisselev, A.F., 2018. An inhibitor of

proteasome B2 sites sensitizes myeloma cells to immunoproteasome inhibitors. Blood Adv.

2, 2443 LP — 2451. https://doi.org/10.1182/bloodadvances.2018016360

Dubiella, C., Baur, R., Cui, H., Huber, E.M., Groll, M., 2015. Selective Inhibition of the
Immunoproteasome by Structure-Based Targeting of a Non-catalytic Cysteine. Angew.

Chemie Int. Ed. 54, 15888-15891. https://doi.org/10.1002/anie.201506631

Dumartin, L., Whiteman, H.J., Weeks, M.E., Hariharan, D., Dmitrovic, B., lacobuzio-Donahue,
C.A., Brentnall, T.A., Bronner, M.P., Feakins, R.M., Timms, J.F., Brennan, C., Lemoine,
N.R., Crnogorac-Jurcevic, T., 2011. AGR2 is a novel surface antigen that promotes the
dissemination of pancreatic cancer cells through regulation of cathepsins B and D. Cancer

Res. 71, 7091-7102. https://doi.org/10.1158/0008-5472.CAN-11-1367

Echalier, M.B. and A., 2014. Structure and Function of MPN (Mpr1/Padl N-terminal) Domain-
Containing Proteins. Curr. Protein Pept. Sci.

https://doi.org/http://dx.doi.org/10.2174/1389203715666140221095109

Etlinger, J.D., Goldberg, A.L., 1977. A soluble ATP-dependent proteolytic system responsible
for the degradation of abnormal proteins in reticulocytes. Proc. Natl. Acad. Sci. U. S. A. 74,

54-58. https://doi.org/10.1073/pnas.74.1.54

Fehling, H.J., Swat, W., Laplace, C., Kuhn, R., Rajewsky, K., Muller, U., von Boehmer, H.,

35



1994. MHC class | expression in mice lacking the proteasome subunit LMP-7. Science (80-.

). 265, 1234 LP — 1237. https://doi.org/10.1126/science.8066463

Feling, R.H., Buchanan, G.O., Mincer, T.J., Kauffman, C.A., Jensen, P.R., Fenical, W.,
Salinosporamide, A., 2003. a highly cytotoxic proteasome inhibitor from a novel microbial

source, a marine bacterium of the new genus salinospora.

Ferrington, D.A., Gregerson, D.S., 2012. Immunoproteasomes: structure, function, and antigen
presentation. Prog. Mol. Biol. Transl. Sci. 109, 75-112. https://doi.org/10.1016/B978-0-12-

397863-9.00003-1

Fortelny, N., Cox, J.H., Kappelhoff, R., Starr, A.E., Lange, P.F., Pavlidis, P., Overall, C.M.,
2014. Network analyses reveal pervasive functional regulation between proteases in the
human protease web. PLoS Biol. 12, e1001869-e1001869.

https://doi.org/10.1371/journal.pbio.1001869

Fraile, J.M., Quesada, V., Rodriguez, D., Freije, J.M.P., L6pez-Otin, C., 2011. Deubiquitinases

in cancer: new functions and therapeutic options. Oncogene 31, 2373.

Franke, N.E., Kaspers, G.L., Assaraf, Y.G., van Meerloo, J., Niewerth, D., Kessler, F.L.,
Poddighe, P.J., Kole, J., Smeets, S.J., Ylstra, B., Bi, C., Chng, W.J., Horton, T.M., Menezes,
R.X., Musters, R.J.P., Zweegman, S., Jansen, G., Cloos, J., 2016. Exocytosis of
polyubiquitinated proteins in bortezomib-resistant leukemia cells: a role for MARCKS in
acquired resistance to proteasome inhibitors. Oncotarget 7, 74779—74796.

https://doi.org/10.18632/oncotarget.11340

Franke, N.E., Niewerth, D., Assaraf, Y.G., van Meerloo, J., Vojtekova, K., van Zantwijk, C.H.,

Zweegman, S., Chan, E.T., Kirk, C.J., Geerke, D.P., Schimmer, A.D., Kaspers, G.J.L.,

36



Jansen, G., Cloos, J., 2012. Impaired bortezomib binding to mutant 35 subunit of the
proteasome is the underlying basis for bortezomib resistance in leukemia cells. Leukemia

26, 757-768. https://doi.org/10.1038/leu.2011.256

Fricker, L.D., 2019. Proteasome Inhibitor Drugs. Annu. Rev. Pharmacol. Toxicol.

https://doi.org/10.1146/annurev-pharmtox-010919-023603

Friedman, J., Xue, D., 2004. To Live or Die by the Sword: The Regulation of Apoptosis by the

Proteasome. Dev. Cell 6, 460—-461. https://doi.org/10.1016/S1534-5807(04)00104-2

Gacche, R.N., Assaraf, Y.G., 2018. Redundant angiogenic signaling and tumor drug resistance.

Drug Resist. Updat. 36, 47—76. https://doi.org/https://doi.org/10.1016/j.drup.2018.01.002

Gambella, M., Rocci, A., Passera, R., Gay, F., Omede, P., Crippa, C., Corradini, P., Romano, A.,
Rossi, D., Ladetto, M., Boccadoro, M., Palumbo, A., 2014. High XBP1 expression is a
marker of better outcome in multiple myeloma patients treated with bortezomib.

Haematologica 99, e14—16. https://doi.org/10.3324/haematol.2013.090142

Gandhi, A.K., Kang, J., Havens, C.G., Conklin, T., Ning, Y., Wu, L., Ito, T., Ando, H.,
Waldman, M.F., Thakurta, A., Klippel, A., Handa, H., Daniel, T.O., Schafer, P.H., Chopra,
R., 2014. Immunomodulatory agents lenalidomide and pomalidomide co-stimulate T cells
by inducing degradation of T cell repressors Ikaros and Aiolos via modulation of the E3
ubiquitin ligase complex CRL4(CRBN.). Br. J. Haematol. 164, 811-821.

https://doi.org/10.1111/bjh.12708

Gandolfi, S., Laubach, J.P., Hideshima, T., Chauhan, D., Anderson, K.C., Richardson, P.G.,
2017. The proteasome and proteasome inhibitors in multiple myeloma. Cancer Metastasis

Rev. 36, 561-584. https://doi.org/10.1007/s10555-017-9707-8

37



Gerecke, C., Fuhrmann, S., Strifler, S., Schmidt-Hieber, M., Einsele, H., Knop, S., 2016. The
Diagnosis and Treatment of Multiple Myeloma. Dtsch. Arztebl. Int. 113, 470—476.

https://doi.org/10.3238/arztebl.2016.0470

Geurink, P.P., van der Linden, W.A., Mirabella, A.C., Gallastegui, N., de Bruin, G., Blom,
A.E.M., Voges, M.J., Mock, E.D., Florea, B.I., van der Marel, G.A., Driessen, C., van der
Stelt, M., Groll, M., Overkleeft, H.S., Kisselev, A.F., 2013. Incorporation of non-natural
amino acids improves cell permeability and potency of specific inhibitors of proteasome

trypsin-like sites. J. Med. Chem. 56, 1262-1275. https://doi.org/10.1021/jm3016987

Giuliani, N., Storti, P., Bolzoni, M., Palma, B.D., Bonomini, S., 2011. Angiogenesis and multiple

myeloma. Cancer Microenviron. 4, 325-337. https://doi.org/10.1007/s12307-011-0072-9

Glickman, M.H., Ciechanover, A., 2002. The Ubiquitin-Proteasome Proteolytic Pathway:
Destruction for the Sake of Construction. Physiol. Rev. 82, 373-428.

https://doi.org/10.1152/physrev.00027.2001

Glynne, R., Powis, S.H., Beck, S., Kelly, A., Kerr, L.-A., Trowsdale, J., 1991. A proteasome-
related gene between the two ABC transporter loci in the class Il region of the human

MHC. Nature 353, 357—-360. https://doi.org/10.1038/353357a0

Goldberg, A.L., Akopian, T.N., Kisselev, A.F., Lee, D.H., Rohrwild, M., 1997. New insights
into the mechanisms and importance of the proteasome in intracellular protein degradation.

Biol. Chem. 378, 131-140.

Gonen, N., Assaraf, Y.G., 2012. Antifolates in cancer therapy: Structure, activity and
mechanisms of drug resistance. Drug Resist. Updat. 15, 183-210.
https://doi.org/https://doi.org/10.1016/j.drup.2012.07.002

38



Gottesman, M.M., Fojo, T., Bates, S.E., 2002. Multidrug resistance in cancer: role of ATP—

dependent transporters. Nat. Rev. Cancer 2, 48-58. https://doi.org/10.1038/nrc706

Groll, M., Ditzel, L., Lowe, J., Stock, D., Bochtler, M., Bartunik, H.D., Huber, R., 1997.
Structure of 20S proteasome from yeast at 2.4A resolution. Nature 386, 463-471.

https://doi.org/10.1038/386463a0

Gupta, I., Singh, K., Varshney, N.K., Khan, S., 2018. Delineating Crosstalk Mechanisms of the

Ubiquitin Proteasome System That Regulate Apoptosis . Front. Cell Dev. Biol. .

Gupta, N., Huh, Y., Hutmacher, M., Ottinger, S., Hui, A.-M., Venkatakrishnan, K., 2015.
Integrated nonclinical and clinical risk assessment of the investigational proteasome
inhibitor ixazomib on the QTc interval in cancer patients. Cancer Chemother. Pharmacol.

76. https://doi.org/10.1007/s00280-015-2815-7

Ha, M., Kim, V.N., 2014. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 15,

509.

Haorah, J., Heilman, D., Diekmann, C., Osna, N., Donohue, T.M., Ghorpade, A., Persidsky, Y.,
2004. Alcohol and HIV decrease proteasome and immunoproteasome function in
macrophages: implications for impaired immune function during disease. Cell. Immunol.

229, 139-148. https://doi.org/https://doi.org/10.1016/j.cellimm.2004.07.005

Harrison, S.J., Mainwaring, P., Price, T., Millward, M.J., Padrik, P., Underhill, C.R., Cannell,
P.K., Reich, S.D., Trikha, M., Spencer, A., 2016. Phase | Clinical Trial of Marizomib (NPI-
0052) in Patients with Advanced Malignancies Including Multiple Myeloma: Study NPI-
0052-102 Final Results. Clin. Cancer Res. 22, 4559 LP — 4566.
https://doi.org/10.1158/1078-0432.CCR-15-2616

39



Hatakeyama, S., Nakayama, K.I., 2003. U-box proteins as a new family of ubiquitin ligases.
Biochem. Biophys. Res. Commun. 302, 635-645.

https://doi.org/https://doi.org/10.1016/S0006-291X(03)00245-6

Hershko, A., 1999. Mechanisms and regulation of the degradation of cyclin B. Philos. Trans. R.

Soc. Lond. B. Biol. Sci. 354, 1571-1576. https://doi.org/10.1098/rsth.1999.0500

Hershko, A., Ciechanover, A., Heller, H., Haas, A.L., Rose, I.A., 1980. Proposed role of ATP in
protein breakdown: conjugation of protein with multiple chains of the polypeptide of ATP-
dependent proteolysis. Proc. Natl. Acad. Sci. U. S. A. 77, 1783-1786.

https://doi.org/10.1073/pnas.77.4.1783

Hershko, A., Ciechanover, A., Rose, I.A., 1979. Resolution of the ATP-dependent proteolytic
system from reticulocytes: a component that interacts with ATP. Proc. Natl. Acad. Sci. U.

S. A. 76, 3107-3110. https://doi.org/10.1073/pnas.76.7.3107

Hershko, A., Eytan, E., Ciechanover, A., Haas, A.L., 1982. Immunochemical analysis of the
turnover of ubiquitin-protein conjugates in intact cells. Relationship to the breakdown of

abnormal proteins. J. Biol. Chem. 257, 13964-13970.

Hideshima, T., Chauhan, D., Schlossman, R., Richardson, P., Anderson, K.C., 2001a. The role of
tumor necrosis factor a in the pathophysiology of human multiple myeloma: therapeutic

applications. Oncogene 20, 4519-4527. https://doi.org/10.1038/sj.0nc.1204623

Hideshima, T., Richardson, P., Chauhan, D., Palombella, V.J., Elliott, P.J., Adams, J., Anderson,
K.C., 2001b. The Proteasome Inhibitor PS-341 Inhibits Growth, Induces Apoptosis, and
Overcomes Drug Resistance in Human Multiple Myeloma Cells. Cancer Res. 61, 3071 LP —

3076.

40



Ho, Y.K., Bargagna-Mohan, P., Wehenkel, M., Mohan, R., Kim, K.-B., 2007. LMP2-specific
inhibitors: chemical genetic tools for proteasome biology. Chem. Biol. 14, 419-430.

https://doi.org/10.1016/j.chembiol.2007.03.008

Hochstrasser, M., 1995. Ubiquitin, proteasomes, and the regulation of intracellular protein
degradation. Curr. Opin. Cell Biol. 7, 215-223. https://doi.org/https://doi.org/10.1016/0955-

0674(95)80031-X

Hrstka, R., Nenutil, R., Fourtouna, A., Maslon, M.M., Naughton, C., Langdon, S., Murray, E.,
Larionov, A., Petrakova, K., Muller, P., Dixon, M.J., Hupp, T.R., Vojtesek, B., 2010. The
pro-metastatic protein anterior gradient-2 predicts poor prognosis in tamoxifen-treated

breast cancers. Oncogene 29, 4838-4847. https://doi.org/10.1038/onc.2010.228

Hu, Z., Gu, Y., Han, B., Zhang, J., Li, Z., Tian, K., Young, C.Y.F., Yuan, H., 2012. Knockdown
of AGR2 induces cellular senescence in prostate cancer cells. Carcinogenesis 33, 1178—

1186. https://doi.org/10.1093/carcin/bgs141

Huang, H., Weng, H., Dong, B., Zhao, P., Zhou, H., Qu, L., 2017. Oridonin Triggers Chaperon-
mediated Proteasomal Degradation of BCR-ABL in Leukemia. Sci. Rep. 7, 41525.

https://doi.org/10.1038/srep41525

Ichihara, A., Tanaka, K., 1995. Roles of proteasomes in cell growth. Mol. Biol. Rep. 21, 49-52.

https://doi.org/10.1007/BF00990970

Ichikawa, H.T., Conley, T., Muchamuel, T., Jiang, J., Lee, S., Owen, T., Barnard, J., Nevarez, S.,
Goldman, B.I., Kirk, C.J., Looney, R.J., Anolik, J.H., 2012. Beneficial effect of novel
proteasome inhibitors in murine lupus via dual inhibition of type I interferon and
autoantibody-secreting cells. Arthritis Rheum. 64, 493-503.

41



https://doi.org/10.1002/art.33333

Inaba, H., Greaves, M., Mullighan, C.G., 2013. Acute lymphoblastic leukaemia. Lancet (London,

England) 381, 1943-1955. https://doi.org/10.1016/S0140-6736(12)62187-4

Jakubowiak, A.J., Dytfeld, D., Griffith, K.A., Lebovic, D., Vesole, D.H., Jagannath, S., Al-
Zoubi, A., Anderson, T., Nordgren, B., Detweiler-Short, K., Stockerl-Goldstein, K., Ahmed,
A., Jobkar, T., Durecki, D.E., McDonnell, K., Mietzel, M., Couriel, D., Kaminski, M., Vij,
R., 2012. A phase 1/2 study of carfilzomib in combination with lenalidomide and low-dose
dexamethasone as a frontline treatment for multiple myeloma. Blood 120, 1801-18009.

https://doi.org/10.1182/blood-2012-04-422683

Jana, N.R., 2012. Protein homeostasis and aging: Role of ubiquitin protein ligases. Neurochem.

Int. 60, 443-447. https://doi.org/https://doi.org/10.1016/j.neuint.2012.02.009

Jeon, Y.K., Kim, C.K., Koh, J., Chung, D.H., Ha, G.-H., 2016. Pellino-1 confers
chemoresistance in lung cancer cells by upregulating clAP2 through Lys63-mediated

polyubiquitination. Oncotarget 7, 41811-41824. https://doi.org/10.18632/oncotarget.9619

Jia, M., Guo, Y., Zhu, D., Zhang, N., Li, L., Jiang, J., Dong, Y., Xu, Q., Zhang, X., Wang, M.,
Yu, H., Wang, F., Tian, K., Zhang, J., Young, C.Y.F., Lou, H., Yuan, H., 2018. Pro-
metastatic activity of AGR2 interrupts angiogenesis target bevacizumab efficiency via
direct interaction with VEGFA and activation of NF-kB pathway. Biochim. Biophys. acta.

Mol. basis Dis. 1864, 1622—1633. https://doi.org/10.1016/j.bbadis.2018.01.021

Johnson, HW.B., Anderl, J.L., Bradley, E.K., Bui, J., Jones, J., Arastu-Kapur, S., Kelly, L.M.,
Lowe, E., Moebius, D.C., Muchamuel, T., Kirk, C., Wang, Z., McMinn, D., 2017.
Discovery of Highly Selective Inhibitors of the Immunoproteasome Low Molecular Mass

42



Polypeptide 2 (LMP2) Subunit. ACS Med. Chem. Lett. 8, 413-417.

https://doi.org/10.1021/acsmedchemlett.6b00496

Jones, D., Kamel-Reid, S., Bahler, D., Dong, H., Elenitoba-Johnson, K., Press, R., Quigley, N.,
Rothberg, P., Sabath, D., Viswanatha, D., Weck, K., Zehnder, J., 2009. Laboratory practice
guidelines for detecting and reporting BCR-ABL drug resistance mutations in chronic
myelogenous leukemia and acute lymphoblastic leukemia: a report of the Association for

Molecular Pathology. J. Mol. Diagn. 11, 4-11. https://doi.org/10.2353/jmoldx.2009.080095

Just, C., Knief, J., Lazar-Karsten, P., Petrova, E., Hummel, R., Rocken, C., Wellner, U., Thorns,
C., 2019. MicroRNAs as Potential Biomarkers for Chemoresistance in Adenocarcinomas of
the Esophagogastric Junction. J. Oncol. 2019, 4903152.

https://doi.org/10.1155/2019/4903152

Kale, A.J., Moore, B.S., 2012. Molecular mechanisms of acquired proteasome inhibitor

resistance. J. Med. Chem. 55, 10317-10327. https://doi.org/10.1021/jm300434z

Kapadia, B.B., Gartenhaus, R.B., 2019. DUBbing Down Translation: The Functional Interaction
of Deubiquitinases with the Translational Machinery. Mol. Cancer Ther. 18, 1475 LP —

1483. https://doi.org/10.1158/1535-7163.MCT-19-0307

Kaushal, K., Antao, A.M., Kim, K.-S., Ramakrishna, S., 2018. Deubiquitinating enzymes in
cancer stem cells: functions and targeted inhibition for cancer therapy. Drug Discov. Today

23, 1974-1982. https://doi.org/https://doi.org/10.1016/j.drudis.2018.05.035

Kelly, A., Powis, S.H., Glynne, R., Radley, E., Beck, S., Trowsdale, J., 1991. Second
proteasome-related gene in the human MHC class Il region. Nature 353, 667—668.
https://doi.org/10.1038/353667a0

43



Kincaid, E.Z., Che, J.W., York, I., Escobar, H., Reyes-Vargas, E., Delgado, J.C., Welsh, R.M.,
Karow, M.L., Murphy, AJ., Valenzuela, D.M., Yancopoulos, G.D., Rock, K.L., 2011. Mice
completely lacking immunoproteasomes show major changes in antigen presentation. Nat.

Immunol. 13, 129-135. https://doi.org/10.1038/ni.2203

King, R.W., Deshaies, R.J., Peters, J.-M., Kirschner, M.W., 1996. How Proteolysis Drives the
Cell Cycle. Science (80-.). 274, 1652 LP — 1659.

https://doi.org/10.1126/science.274.5293.1652

Kisselev, A.F., van der Linden, W.A., Overkleeft, H.S., 2012. Proteasome inhibitors: an
expanding army attacking a unique target. Chem. Biol. 19, 99-115.

https://doi.org/10.1016/j.chembiol.2012.01.003

Kloetzel, P.-M., Ossendorp, F., 2004. Proteasome and peptidase function in MHC-class-I-
mediated antigen presentation. Curr. Opin. Immunol. 16, 76-81.

https://doi.org/https://doi.org/10.1016/j.c0i.2003.11.004

Koerner, J., Brunner, T., Groettrup, M., 2017. Inhibition and deficiency of the
immunoproteasome subunit LMP7 suppress the development and progression of colorectal

carcinoma in mice. Oncotarget 8, 50873-50888. https://doi.org/10.18632/oncotarget.15141

Kojima, M., Morisaki, T., Sasaki, N., Nakano, K., Mibu, R., Tanaka, M., Katano, M., n.d.
Increased nuclear factor-kB activation in human colorectal carcinoma and its correlation

with tumor progression. Anticancer Res. 24, 675-681.

Komander, D., Clague, M.J., Urbé, S., 2009. Breaking the chains: structure and function of the

deubiquitinases. Nat. Rev. Mol. Cell Biol. 10, 550.

44



Konac, E., Varol, N., Kiliccioglu, I., Bilen, C.Y., 2015. Synergistic effects of cisplatin and
proteasome inhibitor bortezomib on human bladder cancer cells. Oncol. Lett. 10, 560-564.

https://doi.org/10.3892/01.2015.3250

Kuhn, D.J., Chen, Q., Voorhees, P.M., Strader, J.S., Shenk, K.D., Sun, C.M., Demo, S.D.,
Bennett, M.K., van Leeuwen, F.W.B., Chanan-Khan, A.A., Orlowski, R.Z., 2007. Potent
activity of carfilzomib, a novel, irreversible inhibitor of the ubiquitin-proteasome pathway,
against preclinical models of multiple myeloma. Blood 110, 3281-3290.

https://doi.org/10.1182/blood-2007-01-065888

Kumar, S., Moreau, P., Hari, P., Mateos, M.-V., Ludwig, H., Shustik, C., Masszi, T., Spencer,
A., Hajek, R., Romeril, K., Avivi, |, Liberati, A.M., Minnema, M.C., Einsele, H., Lonial,
S., Berg, D., Lin, J., Gupta, N., Esseltine, D.-L., Richardson, P.G., 2017. Management of
adverse events associated with ixazomib plus lenalidomide/dexamethasone in
relapsed/refractory multiple myeloma. Br. J. Haematol. 178, 571-582.

https://doi.org/10.1111/bjh.14733

Kumar, S., Rajkumar, S.V., 2008. Many facets of bortezomib resistance/susceptibility. Blood

112, 2177 LP — 2178. https://doi.org/10.1182/blood-2008-07-167767

Kupperman, E., Lee, E.C., Cao, Y., Bannerman, B., Fitzgerald, M., Berger, A., Yu, J., Yang, Y.,
Hales, P., Bruzzese, F., Liu, J., Blank, J., Garcia, K., Tsu, C., Dick, L., Fleming, P., Yu, L.,
Manfredi, M., Rolfe, M., Bolen, J., 2010. Evaluation of the Proteasome Inhibitor MLN9708
in Preclinical Models of Human Cancer. Cancer Res. 70, 1970 LP — 1980.

https://doi.org/10.1158/0008-5472.CAN-09-2766

Landis-Piwowar, K.R., Milacic, V., Chen, D., Yang, H., Zhao, Y., Chan, T.H., Yan, B., Dou,

45



Q.P., 2006. The proteasome as a potential target for novel anticancer drugs and
chemosensitizers. Drug Resist. Updat. 9, 263-273.

https://doi.org/https://doi.org/10.1016/j.drup.2006.11.001

Lee, E.C., Fitzgerald, M., Bannerman, B., Donelan, J., Bano, K., Terkelsen, J., Bradley, D.P.,

Subakan, O., Silva, M.D., Liu, R., Pickard, M., Li, Z., Tayber, O., Li, P., Hales, P., Carsillo,
M., Neppalli, V.T., Berger, A.J., Kupperman, E., Manfredi, M., Bolen, J.B., Van Ness, B.,
Janz, S., 2011. Antitumor activity of the investigational proteasome inhibitor MLN9708 in
mouse models of B-cell and plasma cell malignancies. Clin. Cancer Res. 17, 7313-7323.

https://doi.org/10.1158/1078-0432.CCR-11-0636

Lee, M.J., Miller, Z., Park, J.E., Bhattarai, D., Lee, W., Kim, K.B., 2019. H727 cells are

inherently resistant to the proteasome inhibitor carfilzomib, yet require proteasome activity

for cell survival and growth. Sci. Rep. 9, 4089. https://doi.org/10.1038/s41598-019-40635-1

Leleu, X., Fouquet, G., Richez, V., Guidez, S., Duhamel, A., Machuron, F., KARLIN, L.,

KOLB, B., Tiab, M., Araujo, C., Meuleman, N., Malfuson, J.-V., Bourquard, P., Lenain, P.,
Roussel, M., Jaccard, A., Pétillon, M.O., Belhadj, K., lepeu, G., Chrétien, M.-L., Fontan, J.,
Rodon, P., Schmitt, A., Offner, F., VOILLAT, L., Cereja, S., Kuhnowski, F., Rigaudeau, S.,
Decaux, O., Humbrecht-Kraut, C., Frayfer, J., FITOUSSI, O., Roos-Weil, D., Eisenmann,
J.C., Dorvaux, V., Voog, E.G., Attal, M., Moreau, P., Avet-Loiseau, H., Hulin, C., Facon,
T., 2019. Carfilzomib Weekly plus Melphalan and Prednisone in Newly Diagnosed
Transplant-Ineligible Multiple Myeloma (IFM 2012-03). Clin. Cancer Res.

clincanres.3642.2018. https://doi.org/10.1158/1078-0432.CCR-18-3642

Leonetti, A., Wever, B., Mazzaschi, G., Assaraf, Y.G., Rolfo, C., Quaini, F., Tiseo, M.,

46



Giovannetti, E., 2019. Molecular basis and rationale for combining immune checkpoint
inhibitors with chemotherapy in non-small cell lung cancer. Drug Resist. Updat. 46,

100644. https://doi.org/https://doi.org/10.1016/j.drup.2019.100644

Letai, A., Bassik, M.C., Walensky, L.D., Sorcinelli, M.D., Weiler, S., Korsmeyer, S.J., 2002.
Distinct BH3 domains either sensitize or activate mitochondrial apoptosis, serving as
prototype cancer therapeutics. Cancer Cell 2, 183-192. https://doi.org/10.1016/S1535-

6108(02)00127-7

Leung-Hagesteijn, C., Erdmann, N., Cheung, G., Keats, J.J., Stewart, A.K., Reece, D.E., Chung,
K.C., Tiedemann, R.E., 2013. XbpZls-negative tumor B cells and pre-plasmablasts mediate
therapeutic proteasome inhibitor resistance in multiple myeloma. Cancer Cell 24, 289-304.

https://doi.org/10.1016/j.ccr.2013.08.009

Levin, M., Stark, M., Berman, B., Assaraf, Y.G., 2019. Surmounting Cytarabine-resistance in
acute myeloblastic leukemia cells and specimens with a synergistic combination of
hydroxyurea and azidothymidine. Cell Death Dis. 10, 390. https://doi.org/10.1038/s41419-

019-1626-x

Li, W., Zhang, H., Assaraf, Y.G., Zhao, K., Xu, X., Xie, J., Yang, D.-H., Chen, Z.-S., 2016.
Overcoming ABC transporter-mediated multidrug resistance: Molecular mechanisms and
novel therapeutic drug strategies. Drug Resist. Updat. 27, 14-29.

https://doi.org/https://doi.org/10.1016/j.drup.2016.05.001

Lickliter, J., Bomba, D., Anderl, J., Fan, A., Kirk, C.J., Wang, J., 2018. AB0509 Kzr-616, a
selective inhibitor of the immunoproteasome, shows a promising safety and target inhibition

profile in a phase i, double-blind, single (SAD) and multiple ascending dose (MAD) study

47



in healthy volunteers. Ann. Rheum. Dis. 77, 1413 LP — 1414.

https://doi.org/10.1136/annrheumdis-2018-eular.3344

Lipkowitz, S., Weissman, A.M., 2011. RINGs of good and evil: RING finger ubiquitin ligases at
the crossroads of tumour suppression and oncogenesis. Nat. Rev. Cancer 11, 629-643.

https://doi.org/10.1038/nrc3120

Liu, J., Shaik, S., Dai, X., Wu, Q., Zhou, X., Wang, Z., Wei, W., 2015. Targeting the ubiquitin
pathway for cancer treatment. Biochim. Biophys. Acta 1855, 50-60.

https://doi.org/10.1016/j.bbcan.2014.11.005

Livneh, I., Cohen-Kaplan, V., Cohen-Rosenzweig, C., Avni, N., Ciechanover, A., 2016. The life
cycle of the 26S proteasome: from birth, through regulation and function, and onto its death.

Cell Res. 26, 869-885. https://doi.org/10.1038/cr.2016.86

Livney, Y.D., Assaraf, Y.G., 2013. Rationally designed nanovehicles to overcome cancer
chemoresistance. Adv. Drug Deliv. Rev. 65, 1716-1730.

https://doi.org/https://doi.org/10.1016/j.addr.2013.08.006

Lopez-Girona, A., Mendy, D., Ito, T., Miller, K., Gandhi, A.K., Kang, J., Karasawa, S., Carmel,
G., Jackson, P., Abbasian, M., Mahmoudi, A., Cathers, B., Rychak, E., Gaidarova, S., Chen,
R., Schafer, P.H., Handa, H., Daniel, T.O., Evans, J.F., Chopra, R., 2012. Cereblon is a
direct protein target for immunomodulatory and antiproliferative activities of lenalidomide

and pomalidomide. Leukemia 26, 2326-2335. https://doi.org/10.1038/leu.2012.119

Lu, G., Middleton, R.E., Sun, H., Naniong, M., Ott, C.J., Mitsiades, C.S., Wong, K.-K., Bradner,
J.E., Kaelin Jr, W.G., 2014. The myeloma drug lenalidomide promotes the cereblon-

dependent destruction of Ikaros proteins. Science 343, 305-309.

48



https://doi.org/10.1126/science.1244917

Ld, S., Wang, J., 2013. The resistance mechanisms of proteasome inhibitor bortezomib.

Biomark. Res. 1, 13. https://doi.org/10.1186/2050-7771-1-13

Ld, S., Yang, J., Song, X., Gong, S., Zhou, H., Guo, L., Song, N., Bao, X., Chen, P., Wang, J.,
2008. Point Mutation of the Proteasome 5 Subunit Gene Is an Important Mechanism of
Bortezomib Resistance in Bortezomib-Selected Variants of Jurkat T Cell Lymphoblastic
Lymphoma/Leukemia Line. J. Pharmacol. Exp. Ther. 326, 423 LP — 431.

https://doi.org/10.1124/jpet.108.138131

Ma, J., Dong, C., Ji, C., 2010. MicroRNA and drug resistance. Cancer Gene Ther. 17, 523.

Maimaiti, A., Abudoukeremu, K., Tie, L., Pan, Y., Li, X., 2015. MicroRNA expression profiling
and functional annotation analysis of their targets associated with the malignant
transformation of oral leukoplakia. Gene 558, 271-277.

https://doi.org/https://doi.org/10.1016/j.gene.2015.01.004

Malek, E., Kim, B.-G., Driscoll, J.J., 2016. Identification of Long Non-Coding RNAs
Deregulated in Multiple Myeloma Cells Resistant to Proteasome Inhibitors. Genes (Basel).

7, 84. https://doi.org/10.3390/genes7100084

Mani, A., Gelmann, E.P., 2005. The Ubiquitin-Proteasome Pathway and Its Role in Cancer. J.

Clin. Oncol. 23, 4776-4789. https://doi.org/10.1200/JC0O.2005.05.081

Mansoori, B., Mohammadi, A., Davudian, S., Shirjang, S., Baradaran, B., 2017. The Different
Mechanisms of Cancer Drug Resistance: A Brief Review. Adv. Pharm. Bull. 7, 339-348.

https://doi.org/10.15171/apb.2017.041

49



Mashouri, L., Yousefi, H., Aref, A.R., Ahadi, A. mohammad, Molaei, F., Alahari, S.K., 2019.
Exosomes: composition, biogenesis, and mechanisms in cancer metastasis and drug

resistance. Mol. Cancer 18, 75. https://doi.org/10.1186/s12943-019-0991-5

Mayor, T., Sharon, M., Glickman, M.H., 2016. Tuning the proteasome to brighten the end of the
journey. Am. J. Physiol. Cell Physiol. 311, C793-C804.

https://doi.org/10.1152/ajpcell.00198.2016

McCarthy, M.K., Weinberg, J.B., 2015. The immunoproteasome and viral infection: a complex
regulator of inflammation. Front. Microbiol. 6, 21.

https://doi.org/10.3389/fmicb.2015.00021

Metzger, M.B., Hristova, V.A., Weissman, A.M., 2012. HECT and RING finger families of E3
ubiquitin ligases at a glance. J. Cell Sci. 125, 531 LP — 537.

https://doi.org/10.1242/jcs.091777

Micel, L.N., Tentler, J.J., Smith, P.G., Eckhardt, G.S., 2013. Role of ubiquitin ligases and the
proteasome in oncogenesis: novel targets for anticancer therapies. J. Clin. Oncol. 31, 1231

1238. https://doi.org/10.1200/JC0.2012.44.0958

Miller, Z., Ao, L., Kim, K.B., Lee, W., 2013. Inhibitors of the immunoproteasome: current status
and future directions. Curr. Pharm. Des. 19, 4140-4151.

https://doi.org/10.2174/1381612811319220018

Mirabella, A.C., Pletnev, A.A., Downey, S.L., Florea, B.l., Shabaneh, T.B., Britton, M.,
Verdoes, M., Filippov, D. V, Overkleeft, H.S., Kisselev, A.F., 2011. Specific cell-
permeable inhibitor of proteasome trypsin-like sites selectively sensitizes myeloma cells to
bortezomib and carfilzomib. Chem. Biol. 18, 608-618.

50



https://doi.org/10.1016/j.chembiol.2011.02.015

Mitra, A.K., Harding, T., Mukherjee, U.K., Jang, J.S., Li, Y., HongZheng, R., Jen, J., Sonneveld,
P., Kumar, S., Kuehl, W.M., Rajkumar, V., Van Ness, B., 2017. A gene expression
signature distinguishes innate response and resistance to proteasome inhibitors in multiple

myeloma. Blood Cancer J. 7, e581-e581. https://doi.org/10.1038/bcj.2017.56

Mitsiades, N., Mitsiades, C.S., Richardson, P.G., Poulaki, V., Tai, Y.-T., Chauhan, D.,
Fanourakis, G., Gu, X., Bailey, C., Joseph, M., Libermann, T.A., Schlossman, R., Munshi,
N.C., Hideshima, T., Anderson, K.C., 2003. The proteasome inhibitor PS-341 potentiates
sensitivity of multiple myeloma cells to conventional chemotherapeutic agents: therapeutic

applications. Blood 101, 2377 LP — 2380. https://doi.org/10.1182/blood-2002-06-1768

Moldoveanu, T., Follis, A.V., Kriwacki, R.W., Green, D.R., 2014. Many players in BCL-2

family affairs. Trends Biochem. Sci. 39, 101-111. https://doi.org/10.1016/j.tibs.2013.12.006

Moreau, P., 2014. Oral therapy for multiple myeloma: ixazomib arriving soon. Blood 124, 986

LP — 987. https://doi.org/10.1182/blood-2014-06-581611

Morozov, A. V, Karpov, V.L., 2019. Proteasomes and Several Aspects of Their Heterogeneity

Relevant to Cancer. Front. Oncol. 9, 761. https://doi.org/10.3389/fonc.2019.00761

Muchamuel, T., Basler, M., Aujay, M.A., Suzuki, E., Kalim, K.W., Lauer, C., Sylvain, C., Ring,
E.R., Shields, J., Jiang, J., Shwonek, P., Parlati, F., Demo, S.D., Bennett, M.K., Kirk, C.J.,
Groettrup, M., 2009. A selective inhibitor of the immunoproteasome subunit LMP7 blocks

cytokine production and attenuates progression of experimental arthritis. Nat. Med. 15, 781.

Muz, B., Kusdono, H.D., Azab, F., de la Puente, P., Federico, C., Fiala, M., Vij, R., Salama,

51



N.N., Azab, A.K., 2017. Tariquidar sensitizes multiple myeloma cells to proteasome
inhibitors via reduction of hypoxia-induced P-gp-mediated drug resistance. Leuk.

Lymphoma 58, 2916-2925. https://doi.org/10.1080/10428194.2017.1319052

Nelson, J.K., Cook, E.C.L., Loregger, A., Hoeksema, M.A., Scheij, S., Kovacevic, I., Hordijk,
P.L., Ovaa, H., Zelcer, N., 2016. Deubiquitylase Inhibition Reveals Liver X Receptor-
independent Transcriptional Regulation of the E3 Ubiquitin Ligase IDOL and Lipoprotein

Uptake. J. Biol. Chem. 291, 4813-4825. https://doi.org/10.1074/jbc.M115.698688

Newmark, J.R., Hardy, D.O., Tonb, D.C., Carter, B.S., Epstein, J.1., Isaacs, W.B., Brown, T.R.,
Barrack, E.R., 1992. Androgen receptor gene mutations in human prostate cancer. Proc.

Natl. Acad. Sci. U. S. A. 89, 6319-6323. https://doi.org/10.1073/pnas.89.14.6319

Niesvizky, R., Martin 3rd, T.G., Bensinger, W.I., Alsina, M., Siegel, D.S., Kunkel, L.A., Wong,
A.F., Lee, S., Orlowski, R.Z., Wang, M., 2013. Phase Ib dose-escalation study (PX-171-
006) of carfilzomib, lenalidomide, and low-dose dexamethasone in relapsed or progressive
multiple myeloma. Clin. Cancer Res. 19, 2248-2256. https://doi.org/10.1158/1078-

0432.CCR-12-3352

Niewerth, D., Jansen, G., Assaraf, Y.G., Zweegman, S., Kaspers, G.J.L., Cloos, J., 2015.
Molecular basis of resistance to proteasome inhibitors in hematological malignancies. Drug

Resist. Updat. 18, 18-35. https://doi.org/https://doi.org/10.1016/j.drup.2014.12.001

Niewerth, D., Jansen, G., Riethoff, L.F. V, van Meerloo, J., Kale, A.J., Moore, B.S., Assaraf,
Y.G., Anderl, J.L., Zweegman, S., Kaspers, G.J.L., Cloos, J., 2014a. Antileukemic activity
and mechanism of drug resistance to the marine Salinispora tropica proteasome inhibitor

salinosporamide A (Marizomib). Mol. Pharmacol. 86, 12-19.

52



https://doi.org/10.1124/mol.114.092114

Niewerth, D., van Meerloo, J., Jansen, G., Assaraf, Y.G., Hendrickx, T.C., Kirk, C.J., Anderl,
J.L., Zweegman, S., Kaspers, G.J.L., Cloos, J., 2014b. Anti-leukemic activity and
mechanisms underlying resistance to the novel immunoproteasome inhibitor PR-924.

Biochem. Pharmacol. 89, 43-51. https://doi.org/https://doi.org/10.1016/j.bcp.2014.02.005

Oeckinghaus, A., Ghosh, S., 2009. The NF-kappaB family of transcription factors and its
regulation. Cold Spring Harb. Perspect. Biol. 1, a000034-a000034.

https://doi.org/10.1101/cshperspect.a000034

Oerlemans, R., Franke, N.E., Assaraf, Y.G., Cloos, J., van Zantwijk, I., Berkers, C.R., Scheffer,
G.L., Debipersad, K., Vojtekova, K., Lemos, C., van der Heijden, J.W., Ylstra, B., Peters,
G.J., Kaspers, G.L., Dijkmans, B.A.C., Scheper, R.J., Jansen, G., 2008. Molecular basis of
bortezomib resistance: proteasome subunit B5 (PSMBS5) gene mutation and overexpression

of PSMBS5 protein. Blood 112, 2489-2499. https://doi.org/10.1182/blood-2007-08-104950

Orlowski, R.Z., Dees, E.C., 2003. The role of the ubiquitination-proteasome pathway in breast
cancer: applying drugs that affect the ubiquitin-proteasome pathway to the therapy of breast

cancer. Breast Cancer Res. 5, 1-7. https://doi.org/10.1186/bcr460

Orlowski, R.Z., Nagler, A., Sonneveld, P., Bladé, J., Hajek, R., Spencer, A., Robak, T.,
Dmoszynska, A., Horvath, N., Spicka, I., Sutherland, H.J., Suvorov, A.N., Xiu, L., Cakana,
A., Parekh, T., San-Miguel, J.F., 2016. Final overall survival results of a randomized trial
comparing bortezomib plus pegylated liposomal doxorubicin with bortezomib alone in

patients with relapsed or refractory multiple myeloma. Cancer 122, 2050-2056.

https://doi.org/10.1002/cncr.30026

53



Ortiz-Navarrete, V., Seelig, A., Gernold, M., Frentzel, S., Kloetzel, P.M., Himmerling, G.J.,
1991. Subunit of the “20S” proteasome (multicatalytic proteinase) encoded by the major

histocompatibility complex. Nature 353, 662—664. https://doi.org/10.1038/353662a0

Parlati, F., Lee, S.J., Aujay, M., Suzuki, E., Levitsky, K., Lorens, J.B., Micklem, D.R., Ruurs, P.,
Sylvain, C., Lu, Y., Shenk, K.D., Bennett, M.K., 2009. Carfilzomib can induce tumor cell
death through selective inhibition of the chymotrypsin-like activity of the proteasome.

Blood 114, 3439 LP — 3447. https://doi.org/10.1182/blood-2009-05-223677

Perel, G., Bliss, J., Thomas, C.M., 2016. Carfilzomib (Kyprolis): A Novel Proteasome Inhibitor

for Relapsed And/or Refractory Multiple Myeloma. P T 41, 303-307.

Petzold, G., Fischer, E.S., Thoma, N.H., 2016. Structural basis of lenalidomide-induced CK1a

degradation by the CRLACRBN ubiquitin ligase. Nature 532, 127.

Piva, R., Ruggeri, B., Williams, M., Costa, G., Tamagno, 1., Ferrero, D., Giai, V., Coscia, M.,
Peola, S., Massaia, M., Pezzoni, G., Allievi, C., Pescalli, N., Cassin, M., di Giovine, S.,
Nicoli, P., de Feudis, P., Strepponi, I., Roato, 1., Ferracini, R., Bussolati, B., Camussi, G.,
Jones-Bolin, S., Hunter, K., Zhao, H., Neri, A., Palumbo, A., Berkers, C., Ovaa, H.,
Bernareggi, A., Inghirami, G., 2008. CEP-18770: A novel, orally active proteasome
inhibitor with a tumor-selective pharmacologic profile competitive with bortezomib. Blood

111, 2765 LP — 2775. https://doi.org/10.1182/blood-2007-07-100651

Pletinckx, K., VaRen, S., Schlusche, 1., Nordhoff, S., Bahrenberg, G., Dunkern, T.R., 20109.

Inhibiting the immunoproteasome’s B5i catalytic activity affects human peripheral blood-
derived immune cell viability. Pharmacol. Res. Perspect. 7, e00482—-e00482.

https://doi.org/10.1002/prp2.482

54



Podar, K., Tai, Y.-T., Davies, F.E., Lentzsch, S., Sattler, M., Hideshima, T., Lin, B.K., Gupta,
D., Shima, Y., Chauhan, D., Mitsiades, C., Raje, N., Richardson, P., Anderson, K.C., 2001.
Vascular endothelial growth factor triggers signaling cascades mediating multiple myeloma
cell growth and migration. Blood 98, 428 LP — 435.

https://doi.org/10.1182/blood.\VV98.2.428

Potts, B.C., Albitar, M.X., Anderson, K.C., Baritaki, S., Berkers, C., Bonavida, B., Chandra, J.,
Chauhan, D., Cusack Jr, J.C., Fenical, W., Ghobrial, 1.M., Groll, M., Jensen, P.R., Lam,
K.S., Lloyd, G.K., McBride, W., McConkey, D.J., Miller, C.P., Neuteboom, S.T.C., OKi,
Y., Ovaa, H., Pajonk, F., Richardson, P.G., Roccaro, A.M., Sloss, C.M., Spear, M.A.,
Valashi, E., Younes, A., Palladino, M.A., 2011. Marizomib, a proteasome inhibitor for all
seasons: preclinical profile and a framework for clinical trials. Curr. Cancer Drug Targets

11, 254-284.

Qin, J.-Z., Ziffra, J., Stennett, L., Bodner, B., Bonish, B.K., Chaturvedi, V., Bennett, F., Pollock,
P.M., Trent, J.M., Hendrix, M.J.C., Rizzo, P., Miele, L., Nickoloff, B.J., 2005. Proteasome
Inhibitors Trigger NOXA-Mediated Apoptosis in Melanoma and Myeloma Cells. Cancer

Res. 65, 6282 LP — 6293. https://doi.org/10.1158/0008-5472.CAN-05-0676

Quail, D.F., Joyce, J.A., 2013. Microenvironmental regulation of tumor progression and

metastasis. Nat. Med. 19, 1423-1437. https://doi.org/10.1038/nm.3394

Radhakrishnan, S.K., Lee, C.S., Young, P., Beskow, A., Chan, J.Y., Deshaies, R.J., 2010.
Transcription factor Nrfl mediates the proteasome recovery pathway after proteasome
inhibition in mammalian cells. Mol. Cell 38, 17-28.

https://doi.org/10.1016/j.molcel.2010.02.029

55



Raedler, L., 2015. Velcade (Bortezomib) Receives 2 New FDA Indications: For Retreatment of
Patients with Multiple Myeloma and for First-Line Treatment of Patients with Mantle-Cell

Lymphoma. Am. Heal. drug benefits 8, 135-140.

Raedler, L.A., 2016. Ninlaro (Ixazomib): First Oral Proteasome Inhibitor Approved for the
Treatment of Patients with Relapsed or Refractory Multiple Myeloma. Am. Heal. drug

benefits 9, 102—-105.

Rajan, A.M., Kumar, S., 2016. New investigational drugs with single-agent activity in multiple

myeloma. Blood Cancer J. 6, e451-e451. https://doi.org/10.1038/bcj.2016.53

Rajkumar, S.V., Richardson, P.G., Hideshima, T., Anderson, K.C., 2005. Proteasome Inhibition
As a Novel Therapeutic Target in Human Cancer. J. Clin. Oncol. 23, 630-639.

https://doi.org/10.1200/JC0.2005.11.030

Realini, C., Dubiel, W., Pratt, G., Ferrell, K., Rechsteiner, M., 1994. Molecular cloning and
expression of a gamma-interferon-inducible activator of the multicatalytic protease. J. Biol.

Chem. 269, 20727-20732.

Richardson, P.G., Hideshima, T., Anderson, K.C., 2003. Bortezomib (PS-341): A Novel, First-
in-Class Proteasome Inhibitor for the Treatment of Multiple Myeloma and Other Cancers.

Cancer Control 10, 361-369. https://doi.org/10.1177/107327480301000502

Riz, I., Hawley, T.S., Hawley, R.G., 2015. KLF4-SQSTM1/p62-associated prosurvival
autophagy contributes to carfilzomib resistance in multiple myeloma models. Oncotarget 6,

14814-14831. https://doi.org/10.18632/oncotarget.4530

Robak, P., Drozdz, 1., Szemraj, J., Robak, T., 2018. Drug resistance in multiple myeloma. Cancer

56



Treat. Rev. 70, 199-208. https://doi.org/10.1016/j.ctrv.2018.09.001

Roeten, M.S.F., Cloos, J., Jansen, G., 2018. Positioning of proteasome inhibitors in therapy of
solid malignancies. Cancer Chemother. Pharmacol. 81, 227-243.

https://doi.org/10.1007/s00280-017-3489-0

Rosamond, J., 1995. The cell cycle: an introduction: by Andrew Murray and Tim Hunt Oxford
University Press, 1994. &#xa3;16.95 pbk (251 pages) ISBN 0 19 509529 4. Trends Genet.

11, 417. https://doi.org/10.1016/S0168-9525(00)89128-3

Rickrich, T., Kraus, M., Gogel, J., Beck, A., Ovaa, H., Verdoes, M., Overkleeft, H.S.,
Kalbacher, H., Driessen, C., 2009. Characterization of the ubiquitin—proteasome system in

bortezomib-adapted cells. Leukemia 23, 1098-1105. https://doi.org/10.1038/leu.2009.8

Sanchez, E., Li, M., Gillespie, A., Harutyunyan, N.M., Garzio, G., Ben-2vi, J., Gottlieb, J.,
Tang, G., Wang, C., Chen, H., Berenson, J.R., 2014. Carfilzomib Overcomes Resistance to
Bortezomib in the Human Lagk-1A Multiple Myeloma Xenograft Model. Blood 124, 5720

LP —5720.

Sanchez, E., Li, M., Gillespie, A., Mehta, P., Vardanyan, S., Garzio, G., Tang, G., Wang, C.,
Chen, H., Berenson@imbcr.org, J.R., 2015. Effects of Oprozomib in Combination with
Pomalidomide and/or Dexamethasone on Human Multiple Myeloma Tumors Growing in

SCID Mice. Blood 126, 5349 LP — 5349.

Sanchez, E., Li, M., Steinberg, J.A., Wang, C., Shen, J., Bonavida, B., Li, Z.-W., Chen, H.,
Berenson, J.R., 2010. The proteasome inhibitor CEP-18770 enhances the anti-myeloma
activity of bortezomib and melphalan. Br. J. Haematol. 148, 569-581.

https://doi.org/10.1111/j.1365-2141.2009.08008.x

57



Satoh, T., Yagi-Utsumi, M., Okamoto, K., Kurimoto, E., Tanaka, K., Kato, K., 2019. Molecular
and Structural Basis of the Proteasome a Subunit Assembly Mechanism Mediated by the
Proteasome-Assembling Chaperone PAC3-PAC4 Heterodimer. Int. J. Mol. Sci. 20, 2231.

https://doi.org/10.3390/ijms20092231

Schmidt, M., Haas, W., Crosas, B., Santamaria, P.G., Gygi, S.P., Walz, T., Finley, D., 2005. The
HEAT repeat protein BIm10 regulates the yeast proteasome by capping the core particle.

Nat. Struct. Mol. Biol. 12, 294-303. https://doi.org/10.1038/nsmb914

Schwartz, R., Davidson, T., 2005. Pharmacology, pharmacokinetics, and practical applications of

bortezomib. Oncology (Williston Park). 18, 14-21.

Sha, Z., Goldberg, A.L., 2016. Reply to Vangala et al.: Complete inhibition of the proteasome
reduces new proteasome production by causing Nrfl aggregation. Curr. Biol. 26, R836—

R837. https://doi.org/10.1016/j.cub.2016.08.030

Shachar, 1., Karin, N., 2013. The dual roles of inflammatory cytokines and chemokines in the
regulation of autoimmune diseases and their clinical implications. J. Leukoc. Biol. 93, 51—

61. https://doi.org/10.1189/j1b.0612293

Shah, C., Bishnoi, R., Wang, Y., Zou, F., Bejjanki, H., Master, S., Moreb, J.S., 2018. Efficacy
and safety of carfilzomib in relapsed and/or refractory multiple myeloma: systematic review
and meta-analysis of 14 trials. Oncotarget 9, 23704-23717.

https://doi.org/10.18632/oncotarget.25281

Shah, J.J., Orlowski, R.Z., 2009. Proteasome inhibitors in the treatment of multiple myeloma.

Leukemia 23, 1964-1979. https://doi.org/10.1038/leu.2009.173

58



Shirley, M., 2016. Ixazomib: First Global Approval. Drugs 76, 405-411.

https://doi.org/10.1007/s40265-016-0548-5

Si, W., Shen, J., Zheng, H., Fan, W., 2019. The role and mechanisms of action of microRNAs in

cancer drug resistance. Clin. Epigenetics 11, 25. https://doi.org/10.1186/s13148-018-0587-8

Siegel, D.S., Martin, T., Wang, M., Vij, R., Jakubowiak, A.J., Lonial, S., Trudel, S., Kukreti, V.,
Bahlis, N., Alsina, M., Chanan-Khan, A., Buadi, F., Reu, F.J., Somlo, G., Zonder, J., Song,
K., Stewart, A.K., Stadtmauer, E., Kunkel, L., Wear, S., Wong, A.F., Orlowski, R.Z.,
Jagannath, S., 2012. A phase 2 study of single-agent carfilzomib (PX-171-003-A1l) in
patients with relapsed and refractory multiple myeloma. Blood 120, 2817-2825.

https://doi.org/10.1182/blood-2012-05-425934

Siegel, R.L., Miller, K.D., Jemal, A., 2018. Cancer statistics, 2018. CA. Cancer J. Clin. 68, 7-30.

https://doi.org/10.3322/caac.21442

Singh, A. V, Bandi, M., Aujay, M.A., Kirk, C.J., Hark, D.E., Raje, N., Chauhan, D., Anderson,
K.C., 2011. PR-924, a selective inhibitor of the immunoproteasome subunit LMP-7, blocks
multiple myeloma cell growth both in vitro and in vivo. Br. J. Haematol. 152, 155-163.

https://doi.org/10.1111/j.1365-2141.2010.08491.x

Sloss, C.M., Wang, F., Liu, R., Xia, L., Houston, M., Ljungman, D., Palladino, M.A., Cusack Jr,
J.C., 2008. Proteasome inhibition activates epidermal growth factor receptor (EGFR) and
EGFR-independent mitogenic kinase signaling pathways in pancreatic cancer cells. Clin.

Cancer Res. 14, 5116-5123. https://doi.org/10.1158/1078-0432.CCR-07-4506

Sluimer, J., Distel, B., 2018. Regulating the human HECT E3 ligases. Cell. Mol. Life Sci. 75,
3121-3141. https://doi.org/10.1007/s00018-018-2848-2

59



Soriano, G.P., Besse, L., Li, N., Kraus, M., Besse, A., Meeuwenoord, N., Bader, J., Everts, B.,
den Dulk, H., Overkleeft, H.S., Florea, B.I., Driessen, C., 2016. Proteasome inhibitor-
adapted myeloma cells are largely independent from proteasome activity and show complex
proteomic changes, in particular in redox and energy metabolism. Leukemia 30, 2198—

2207. https://doi.org/10.1038/leu.2016.102

Sowa, M.E., Bennett, E.J., Gygi, S.P., Harper, J.W., 2009. Defining the human deubiquitinating

enzyme interaction landscape. Cell 138, 389-403. https://doi.org/10.1016/j.cell.2009.04.042

Steffen, J., Seeger, M., Koch, A., Kriiger, E., 2010. Proteasomal Degradation Is Transcriptionally
Controlled by TCF11 via an ERAD-Dependent Feedback Loop. Mol. Cell 40, 147-158.

https://doi.org/10.1016/j.molcel.2010.09.012

Strehl, B., Seifert, U., Kriger, E., Heink, S., Kuckelkorn, U., Kloetzel, P.-M., 2005. Interferon-y,
the functional plasticity of the ubiquitin—proteasome system, and MHC class | antigen

processing. Immunol. Rev. 207, 19-30. https://doi.org/10.1111/j.0105-2896.2005.00308.x

Sun, L., Fan, G., Shan, P., Qiu, X., Dong, S, Liao, L., Yu, C., Wang, T., Gu, X, Li, Q., Song,
X., Cao, L., Li, X., Cui, Y., Zhang, S., Wang, C., 2016. Regulation of energy homeostasis

by the ubiquitin-independent REGy proteasome. Nat. Commun. 7, 12497.

Sun, X.-M., Butterworth, M., MacFarlane, M., Dubiel, W., Ciechanover, A., Cohen, G.M., 2004.
Caspase Activation Inhibits Proteasome Function during Apoptosis. Mol. Cell 14, 81-93.

https://doi.org/10.1016/S1097-2765(04)00156-X

Sun, Y.-L., Patel, A., Kumar, P., Chen, Z.-S., 2012. Role of ABC transporters in cancer

chemotherapy. Chin. J. Cancer 31, 51-57. https://doi.org/10.5732/cjc.011.10466

60



Suzuki, E., Demo, S., Deu, E., Keats, J., Arastu-Kapur, S., Bergsagel, P.L., Bennett, M.K., Kirk,
C.J., 2011. Molecular mechanisms of bortezomib resistant adenocarcinoma cells. PL0oS One

6, €27996—27996. https://doi.org/10.1371/journal.pone.0027996

Suzuki, S., Nakasato, M., Shibue, T., Koshima, I., Taniguchi, T., 2009. Therapeutic potential of
proapoptotic molecule Noxa in the selective elimination of tumor cells. Cancer Sci. 100,

759-769. https://doi.org/10.1111/j.1349-7006.2009.01096.x

Tanahashi, N., Yokota, K., Ahn, J.Y., Chung, C.H., Fujiwara, T., Takahashi, E., DeMartino,
G.N., Slaughter, C.A., Toyonaga, T., Yamamura, K., Shimbara, N., Tanaka, K., 1997.

Molecular properties of the proteasome activator PA28 family proteins and y-interferon

regulation. Genes to Cells 2, 195-211. https://doi.org/10.1046/j.1365-2443.1997.d01-308.x

Tanaka, K., 2009. The proteasome: overview of structure and functions. Proc. Jpn. Acad. Ser. B.

Phys. Biol. Sci. 85, 12-36. https://doi.org/10.2183/pjab.85.12

Tanaka, K., 1994. Role of proteasomes modified by interferon-y in antigen processing. J.

Leukoc. Biol. 56, 571-575. https://doi.org/10.1002/j1b.56.5.571

Tanaka, N., Kosaka, T., Miyazaki, Y., Mikami, S., Niwa, N., Otsuka, Y., Minamishima, Y.A.,
Mizuno, R., Kikuchi, E., Miyajima, A., Sabe, H., Okada, Y., Uhlén, P., Suematsu, M., Oya,
M., 2016. Acquired platinum resistance involves epithelial to mesenchymal transition
through ubiquitin ligase FBX0O32 dysregulation. JCI insight 1, e83654—-e83654.

https://doi.org/10.1172/jci.insight.83654

Teicher, B.A., Ara, G., Herbst, R., Palombella, VV.J., Adams, J., 1999. The Proteasome Inhibitor

PS-341 in Cancer Therapy. Clin. Cancer Res. 5, 2638 LP — 2645.

61



Thibaudeau, T.A., Smith, D.M., 2019. A Practical Review of Proteasome Pharmacology.

Pharmacol. Rev. 71, 170 LP — 197. https://doi.org/10.1124/pr.117.015370

Thompson, D.A., Weigel, R.J., 1998. hAG-2, the Human Homologue of theXenopus
laevisCement Gland Gene XAG-2, Is Coexpressed with Estrogen Receptor in Breast Cancer
Cell Lines. Biochem. Biophys. Res. Commun. 251, 111-116.

https://doi.org/https://doi.org/10.1006/bbrc.1998.9440

Tomaru, U., Takahashi, S., Ishizu, A., Miyatake, Y., Gohda, A., Suzuki, S., Ono, A., Ohara, J.,
Baba, T., Murata, S., Tanaka, K., Kasahara, M., 2012. Decreased Proteasomal Activity
Causes Age-Related Phenotypes and Promotes the Development of Metabolic

Abnormalities. Am. J. Pathol. 180, 963-972. https://doi.org/10.1016/j.ajpath.2011.11.012

Townsend, A.R., Millward, M., Price, T., Mainwaring, P., Spencer, A., Longenecker, A.,
Palladino, M.A., Lloyd, G.K., Spear, M.A., Padrik, P., 2009. Clinical trial of NP1-0052 in
advanced malignancies including lymphoma and leukemia (advanced malignancies arm). J.

Clin. Oncol. 27, 3582. https://doi.org/10.1200/jc0.2009.27.15 suppl.3582

Unno, M., Mizushima, T., Morimoto, Y., Tomisugi, Y., Tanaka, K., Yasuoka, N., Tsukihara, T.,
2002. The Structure of the Mammalian 20S Proteasome at 2.75 &#xc5; Resolution.

Structure 10, 609-618. https://doi.org/10.1016/S0969-2126(02)00748-7

Vandewynckel, Y.-P., Coucke, C., Laukens, D., Devisscher, L., Paridaens, A., Bogaerts, E.,
Vandierendonck, A., Raevens, S., Verhelst, X., Van Steenkiste, C., Libbrecht, L., Geerts,
A., Van Vlierberghe, H., 2016. Next-generation proteasome inhibitor oprozomib synergizes
with modulators of the unfolded protein response to suppress hepatocellular carcinoma.

Oncotarget 7, 34988-35000. https://doi.org/10.18632/oncotarget.9222

62



Varga, C., Laubach, J., Hideshima, T., Chauhan, D., Anderson, K.C., Richardson, P.G., 2014.

Novel Targeted Agents in the Treatment of Multiple Myeloma. Hematol. Clin. 28, 903-925.

https://doi.org/10.1016/j.hoc.2014.07.001

Venuto, S., Merla, G., 2019. E3 Ubiquitin Ligase TRIM Proteins, Cell Cycle and Mitosis. Cells

8, 510. https://doi.org/10.3390/cells8050510

Verbrugge, S.E., Assaraf, Y.G., Dijkmans, B.A.C., Scheffer, G.L., Al, M., den Uyl, D.,
Oerlemans, R., Chan, E.T., Kirk, C.J., Peters, G.J., van der Heijden, J.W., de Gruijl, T.D.,
Scheper, R.J., Jansen, G., 2012. Inactivating &lIt;em&gt;PSMB5&It;/em&gt; Mutations and
P-Glycoprotein (Multidrug Resistance-Associated Protein/ATP-Binding Cassette B1)
Mediate Resistance to Proteasome Inhibitors: Ex Vivo Efficacy of (Immuno)Proteasome

Inhibitors in Mononuclear Blood Cell. J. Pharmacol. Exp. Ther. 341, 174 LP — 182.

https://doi.org/10.1124/jpet.111.187542

Vij, R., Savona, M., Siegel, D.S., Kaufman, J.L., Badros, A., Ghobrial, .M., Paner, A.,
Jagannath, S., Jakubowiak, A., Mikhael, J.R., Kapoor, P., Neuman, L.L., Lee, J.R., Berdeja,
J.G., 2014. Clinical Profile of Single-Agent Oprozomib in Patients (Pts) with Multiple

Myeloma (MM): Updated Results from a Multicenter, Open-Label, Dose Escalation Phase

1b/2 Study. Blood 124, 34 LP — 34.

Voboril, R., Hochwald, S.N., Li, J., Brank, A., Weberova, J., Wessels, F., Moldawer, L.L.,
Ramsay Camp, E., MacKay, S.L.D., 2004. Inhibition of NF-Kappa B augments sensitivity
to 5-Fluorouracil/Folinic acid in colon cancer®. J. Surg. Res. 120, 178-188.

https://doi.org/10.1016/j.jss.2003.11.023

Vodermaier, H.C., 2004. APC/C and SCF: Controlling Each Other and the Cell Cycle. Curr.

63



Biol. 14, R787-R796. https://doi.org/10.1016/j.cub.2004.09.020

Vogl, D.T., Martin, T.G., Vij, R., Hari, P., Mikhael, J.R., Siegel, D., Wu, K.L., Delforge, M.,
Gasparetto, C., 2017. Phase I/11 study of the novel proteasome inhibitor delanzomib (CEP-
18770) for relapsed and refractory multiple myeloma. Leuk. Lymphoma 58, 1872-1879.

https://doi.org/10.1080/10428194.2016.1263842

Voutsadakis, I.A., 2017. Proteasome expression and activity in cancer and cancer stem cells.

Tumor Biol. 39, 1010428317692248. https://doi.org/10.1177/1010428317692248

Voutsadakis, I.A., 2007. Pathogenesis of colorectal carcinoma and therapeutic implications: the
roles of the ubiquitin-proteasome system and Cox-2. J. Cell. Mol. Med. 11, 252—-285.

https://doi.org/10.1111/j.1582-4934.2007.00032.x

Walter, P., Ron, D., 2011. The Unfolded Protein Response: From Stress Pathway to Homeostatic

Regulation. Science (80-. ). 334, 1081 LP — 1086. https://doi.org/10.1126/science.1209038

Wang, D., Xu, Q., Yuan, Q., Jia, M., Niu, H., Liu, X., Zhang, J., Young, C.Y., Yuan, H., 2019.
Proteasome inhibition boosts autophagic degradation of ubiquitinated-AGR2 and enhances
the antitumor efficiency of bevacizumab. Oncogene 38, 3458-3474.

https://doi.org/10.1038/s41388-019-0675-z

Wang, H., Tong, Y., Liu, L., Liu, H., Li, C., Liu, Q., 2016. The effects of bortezomib alone or in
combination with 5-fluorouracil on proliferation and apoptosis of choriocarcinoma cells.

Eur. J. Gynaecol. Oncol. 37, 627-631. https://doi.org/10.12892/ejg03021.2016

Wang, J.-H., Li, Y., Deng, S.-L., Liu, Y.-X., Lian, Z.-X., Yu, K., 2019. Recent Research

Advances in Mitosis during Mammalian Gametogenesis. Cells 8, 567.

64



https://doi.org/10.3390/cells8060567

Weber, J., Polo, S., Maspero, E., 2019. HECT E3 Ligases: A Tale With Multiple Facets. Front.

Physiol. 10, 370. https://doi.org/10.3389/fphys.2019.00370

Wehenkel, M., Ban, J.-O., Ho, Y.-K., Carmony, K.C., Hong, J.T., Kim, K.B., 2012. A selective
inhibitor of the immunoproteasome subunit LMP2 induces apoptosis in PC-3 cells and
suppresses tumour growth in nude mice. Br. J. Cancer 107, 53-62.

https://doi.org/10.1038/bjc.2012.243

Weyburne, E.S., Wilkins, O.M., Sha, Z., Williams, D.A., Pletnev, A.A., de Bruin, G., Overkleeft,
H.S., Goldberg, A.L., Cole, M.D., Kisselev, A.F., 2017. Inhibition of the Proteasome 32
Site Sensitizes Triple-Negative Breast Cancer Cells to B5 Inhibitors and Suppresses Nrfl

Activation. Cell Chem. Biol. 24, 218-230. https://doi.org/10.1016/j.chembiol.2016.12.016

Wijdeven, R.H., Pang, B., Assaraf, Y.G., Neefjes, J., 2016. Old drugs, novel ways out: Drug
resistance toward cytotoxic chemotherapeutics. Drug Resist. Updat. 28, 65-81.

https://doi.org/https://doi.org/10.1016/j.drup.2016.07.001

Winter, M.B., La Greca, F., Arastu-Kapur, S., Caiazza, F., Cimermancic, P., Buchholz, T.J.,
Anderl, J.L., Ravalin, M., Bohn, M.F., Sali, A., O’Donoghue, A.J., Craik, C.S., 2017.
Immunoproteasome functions explained by divergence in cleavage specificity and

regulation. Elife 6, e27364. https://doi.org/10.7554/eLife.27364

Wolf, D.H., Hilt, W., 2004. The proteasome: a proteolytic nanomachine of cell regulation and
waste disposal. Biochim. Biophys. Acta - Mol. Cell Res. 1695, 19-31.

https://doi.org/https://doi.org/10.1016/j.bbamcr.2004.10.007

65



Wu, B., Chu, X,, Feng, C., Hou, J., Fan, H., Liu, N., Li, C., Kong, X., Ye, X., Meng, S., 2015.
Heat shock protein gp96 decreases p53 stability by regulating Mdm2 E3 ligase activity in
liver cancer. Cancer Lett. 359, 325-334.

https://doi.org/https://doi.org/10.1016/j.canlet.2015.01.034

Xie, X., Bi, H.-L., Lai, S., Zhang, Y.-L., Li, N., Cao, H.-J., Han, L., Wang, H.-X., Li, H.-H.,
2019. The immunoproteasome catalytic B51 subunit regulates cardiac hypertrophy by
targeting the autophagy protein ATG5 for degradation. Sci. Adv. 5, eaau0495.

https://doi.org/10.1126/sciadv.aau0495

Xu, Q., Hou, Y., Langlais, P., Erickson, P., Zhu, J., Shi, C.-X., Luo, M., Zhu, Y., Xu, Y.,
Mandarino, L.J., Stewart, K., Chang, X., 2016. Expression of the cereblon binding protein
argonaute 2 plays an important role for multiple myeloma cell growth and survival. BMC

Cancer 16, 297. https://doi.org/10.1186/s12885-016-2331-0

Yang, L., Chen, J., Huang, X., Zhang, E., He, J., Cali, Z., 2018. Novel Insights Into E3 Ubiquitin
Ligase in Cancer Chemoresistance. Am. J. Med. Sci. 355, 368-376.

https://doi.org/10.1016/j.amjms.2017.12.012

Yerlikaya, A., Altikat, S., Irmak, R., Cavga, F., Kocacan, S., boyaci, ., 2013. Effect of
bortezomib in combination with cisplatin and 5-fluorouracil on 4T1 breast cancer cells.

Mol. Med. Rep. https://doi.org/10.3892/mmr.2013.1466

Yontem, A.Y. and M., 2013. The Significance of Ubiquitin Proteasome Pathway in Cancer
Development. Recent Pat. Anticancer. Drug Discov.

https://doi.org/http://dx.doi.org/10.2174/1574891X113089990033

Yoshino, S., Hara, T., Nakaoka, H.J., Kanamori, A., Murakami, Y., Seiki, M., Sakamoto, T.,

66



2016. The ERK signaling target RNF126 regulates anoikis resistance in cancer cells by
changing the mitochondrial metabolic flux. Cell Discov. 2, 16019.

https://doi.org/10.1038/celldisc.2016.19

Zahreddine, H., Borden, K.L.B., 2013. Mechanisms and insights into drug resistance in cancer.

Front. Pharmacol. 4, 28. https://doi.org/10.3389/fphar.2013.00028

Zang, Y., Kirk, C.J., Johnson, D.E., 2014. Carfilzomib and oprozomib synergize with histone
deacetylase inhibitors in head and neck squamous cell carcinoma models of acquired
resistance to proteasome inhibitors. Cancer Biol. Ther. 15, 1142-1152.

https://doi.org/10.4161/cbt.29452

Zhang, L., Lopez-Bertoni, H., George, N., Liu, X., Pang, X., Luo, X., 2010. Zhang L, Lopez H,
George NM, Liu X, Pang X, Luo XSelective involvement of BH3-only proteins and
differential targets of Noxa in diverse apoptotic pathways. Cell Death Differ 18: 864-873,

Cell death and differentiation. https://doi.org/10.1038/cdd.2010.152

Zhang, X.-D., Baladandayuthapani, V., Lin, H., Mulligan, G., Li, B., Esseltine, D.-L.W., Qi, L.,
Xu, J., Hunziker, W., Barlogie, B., Usmani, S.Z., Zhang, Q., Crowley, J., Hoering, A.,
Shah, J.J., Weber, D.M., Manasanch, E.E., Thomas, S.K., Li, B.-Z., Wang, H.-H., Zhang, J.,
Kuiatse, I., Tang, J.-L., Wang, H., He, J., Yang, J., Milan, E., Cenci, S., Ma, W.-C., Wang,
Z.-Q., Davis, R.E., Yang, L., Orlowski, R.Z., 2016. Tight Junction Protein 1 Modulates
Proteasome Capacity and Proteasome Inhibitor Sensitivity in Multiple Myeloma via
EGFR/JAK1/STAT3 Signaling. Cancer Cell 29, 639-652.

https://doi.org/10.1016/j.ccell.2016.03.026

Zhao, L., Lee, B.Y., Brown, D.A., Molloy, M.P., Marx, G.M., Pavlakis, N., Boyer, M.J.,

67



Stockler, M.R., Kaplan, W., Breit, S.N., Sutherland, R.L., Henshall, S.M., Horvath, L.G.,
2009. Identification of Candidate Biomarkers of Therapeutic Response to Docetaxel by
Proteomic Profiling. Cancer Res. 69, 7696 LP — 7703. https://doi.org/10.1158/0008-

5472.CAN-08-4901

Zhao, Y., Foster, N.R., Meyers, J.P., Thomas, S.P., Northfelt, D.W., Rowland Jr, K.M., Mattar,

B.1., Johnson, D.B., Molina, J.R., Mandrekar, S.J., Schild, S.E., Bearden 3rd, J.D., Aubry,
M.-C., Adjei, A.A., 2015. A phase I/1l study of bortezomib in combination with paclitaxel,
carboplatin, and concurrent thoracic radiation therapy for non-small-cell lung cancer: North
Central Cancer Treatment Group (NCCTG)-N0321. J. Thorac. Oncol. 10, 172-180.

https://doi.org/10.1097/JTO.0000000000000383

Zheng, Z., Liu, T., Zheng, J., Hu, J., 2017. Clarifying the molecular mechanism associated with

carfilzomib resistance in human multiple myeloma using microarray gene expression profile
and genetic interaction network. Onco. Targets. Ther. 10, 1327-1334.

https://doi.org/10.2147/0TT.S130742

Zhitomirsky, B., Assaraf, Y.G., 2016. Lysosomes as mediators of drug resistance in cancer. Drug

Resist. Updat. 24, 23-33. https://doi.org/https://doi.org/10.1016/j.drup.2015.11.004

Zhu, H., Wang, T., Xin, Z., Zhan, Y., Gu, G., Li, X., Wang, X., Yang, S., Liu, C., 2019. An oral

68

second-generation proteasome inhibitor oprozomib significantly inhibits lung cancer in a
p53 independent manner in vitro. Acta Biochim. Biophys. Sin. (Shanghai).

https://doi.org/10.1093/abbs/gmz093



Figure legends

Fig.1. Multiple drug resistance mechanisms in cancer (as shown in blue rectangles)

Mechanisms that produce MDR in cancer cells include decreased drug uptake, enhanced DNA
repair, metabolism and inactivation of drugs, evasion of apoptosis, mutations in the drug target
proteins, drug sequestration in other organelles away from the target, enhanced tolerability to
tumor environment, and overexpression of ABC efflux transporters.

Evasion of apoptosis

Fig. 1. Multiple drug resistance mechanisms in cancer

Fig.2. An illustration of the multi-subunit structure and functions of the ubiquitin
proteasome system (UPS)

Ub, ubiquitin. E1, ubiquitin activating enzyme. E2, ubiquitin conjugating enzyme. E3, ubiquitin
ligases. 20S, catalytic core of proteasome. 19S, regulatory subunits of proteasome. 2 sets of a
and [ rings each, formed by 7 different subunits.
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Fig. 2. Multi-subunit structure and functions of UPS

Fig.3. The structures of proteasome inhibitors that sensitize cancer cells to conventional
chemotherapeutic drugs
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Fig. 3. PI inhibitors with efficacy as sensitizing compounds
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Table. Mechanism of action, uses and ADR of various UPS inhibitors.
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Compound | Structural | Target of interaction | Binding FDA Doses Routes Adverse effects
Class kinetics status
Bortezomib | Peptide Inhibits B5 and partial | reversible | Approv | 1.3mg/m?/dose 1V twice v peripheral neuropathy, fluid
boronic acid | inhibition of B1 ed for | weekly for 2 weeks retention, thrombocytopenia,
MM fatigue
Carfilzomib | Peptide Inhibits B5 subunit irreversible | Phase Il | 20 mg/m2in Cycle 1 on Day | IV Cardiac toxicity, acute renal
epoxyketone 1,8 and 15 failure, pulmonary toxicity
Ixazomib Dipeptidyl Inhibits reversible | Phase | | 4 mg PO ondays1,8,and 15 | IV/oral | diarrhea, constipation, rashes,
leucine chymotrypsin- like of a 28-day cycle thrombocytopenia
boronic acid | activity of B5 subunit
Delanzomib | Peptide Inhibits chymotrypsin | reversible | Phase | | 1.5 mg/m2. I.V. v nausea, vomiting, anorexia,
boronic acid | and caspase-like administration on days1,8, neutropenia and pyrexia
activity 15 of a 28-day cycle
Oprozomib | Peptide Inhibits chymotrypsin | irreversible | Phase I | 150 to 330 mg/d for 2 of every | oral anemia, nausea, thrombocytopenia,
epoxyketone | like activity of B 5 7 days (2/7 schedule) hypotension
subunit
Marizomib | B-lactone-y- | Inhibits B1, 2 and Irreversible | Phase | | 0.7 mg/m? v fatigue, infusion site pain, nausea
lactam B5 and diarrhea
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On days 1, 4, 8, 11 of 28-day

cycle
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