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Abstract: The ubiquitin-proteasome system (UPS) is a central part of protein homeostasis, degrading
not only misfolded or oxidized proteins but also proteins with essential functions. The fact that a
healthy hematopoietic system relies on the regulation of protein homeostasis and that alterations
in the UPS can lead to malignant transformation makes the UPS an attractive therapeutic target
for the treatment of hematologic malignancies. Herein, inhibitors of the proteasome, the last and
most important component of the UPS enzymatic cascade, have been approved for the treatment of
these malignancies. However, their use has been associated with side effects, drug resistance, and
relapse. Inhibitors of the immunoproteasome, a proteasomal variant constitutively expressed in the
cells of hematopoietic origin, could potentially overcome the encountered problems of non-selective
proteasome inhibition. Immunoproteasome inhibitors have demonstrated their efficacy and safety
against inflammatory and autoimmune diseases, even though their development for the treatment of
hematologic malignancies is still in the early phases. Various immunoproteasome inhibitors have
shown promising preliminary results in pre-clinical studies, and one inhibitor is currently being
investigated in clinical trials for the treatment of multiple myeloma. Here, we will review data on
immunoproteasome function and inhibition in hematopoietic cells and hematologic cancers.

Keywords: ubiquitin—proteasome system (UPS); immunoproteasome (iP); proteasome inhibitors
(PIs); hematopoiesis; hematologic malignancies

1. Introduction

The ubiquitin-proteasome system (UPS) is the main non-lysosomal pathway for the
degradation of intracellular proteins. It consists of a sequence of enzymatic processes that
tag a protein substrate with multiple ubiquitin molecules for subsequent degradation by
the 26S proteasome, with the release of reusable ubiquitin performed by deubiquitinating
enzymes (DUBs) (Figure 1) [1]. During the initial step of ubiquitin conjugation, a ubiquitin-
activating enzyme (E1) activates ubiquitin in an ATP-dependent manner. One of the several
ubiquitin-conjugating enzymes (E2) transfers the activated ubiquitin to the substrate, which
is specifically bound to a ubiquitin-ligase enzyme (E3), in a two-step reaction [2]. Hundreds
of E3 enzymes have been characterized by individually defining motifs, determining
high substrate specificity [3]. Monoubiquitylation, namely, the attachment of only one
ubiquitin moiety through its C-terminal carboxylate to a protein, can regulate endocytosis,
endosomal sorting, histone regulation, and DNA repair [4]. Importantly, ubiquitin itself
exhibits eight potential sites for ubiquitination (M1, K6, K11, K27, K29, K33, K48, and
K63), thereby allowing the formation of polyubiquitin chains. Polyubiquitination through
different ubiquitination linkages may carry distinct biological fates, with proteins modified
with K48- or K11-linked polyubiquitin being typically degraded by the 265 proteasome [4].
The 265 proteasome is a 2.5 MDa complex that consists of a 20S core particle and a 19S
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regulatory particle [5-7]. It functions as a crucial regulator of the proteome in eukaryotic
cells by degrading damaged, misfolded, or regulatory proteins [8,9].

proteasome

\/ Degraded

substrate

Figure 1. The ubiquitin-proteasome system (UPS). UPS-mediated protein degradation requires ubiquitin-activating

enzymes (Els), ubiquitin-conjugating enzymes (E2s), ubiquitin-ligase enzymes (E3s), and the 26S proteasome. Within the

UPS, a reversed reaction of protein deubiquitylation catalyzed by deubiquitinating enzymes (DUBs) is also performed.

Besides the constitutive 26S proteasome, which is expressed in all different tissues and
cell types, three other proteasome isoforms, the immunoproteasome (iP), the thymoprotea-
some, and the spermatoproteasome, are expressed in a tissue-dependent manner [10,11].
In the case of the iP, the three main catalytic subunits of the constitutive proteasome (31,
2, 35) are substituted by the so-called immunosubunits (31i, f2i, 35i) [12-14]. The iP
subunits appeared during the two rounds of whole-genome duplication that occurred
before the emergence of the common ancestor of jawed vertebrates [11]. The iP is con-
stitutively expressed in cells of hematopoietic origin or can be induced after cytokine
stimulation in various tissues [15]. It modulates MHC class I antigen processing [16,17]
and supports the differentiation of T-helper cells in the context of virus infection [18].
A later discovered catalytic subunit (35t) was described to be exclusively expressed in
cortical thymic epithelial cells, suggesting that the thymoproteasome has a key role in
generating the MHC class I antigen repertoire during thymic selection [19]. The 35t subunit
emerged from the 35 in a common ancestor of jawed vertebrates [11]. Finally, the most
dramatic changes in tissue-specific proteasome composition have been observed in the
testis. In mammalian cells, a testis-specific variant in the «4s subunit of the spermatopro-
teasome [20] has been found to be essential for the assembly of the proteasome regulator
PA200. PA200 is a different type of regulatory particle that can bind to the 20S particle
instead of the 19S cap, and it is particularly abundant in testes [21]. It has been shown
to promote the acetylation-dependent degradation of core histones during somatic DNA
damage responses and spermatogenesis [22,23].

Protein homeostasis relies on protein degradation by the UPS, which is necessary
to maintain the functionality of the hematopoietic system [24,25]. Hematopoietic stem
cells (HSCs) give rise to all mature blood cells through a hierarchical process called
hematopoiesis [26]. This process requires tight regulation of quiescence, self-renewal,
and differentiation [27,28]. Dormant HSCs show low protein synthesis [29], which in-
creases under stress conditions and may lead to the production of misfolded or denatured
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proteins [30]. To prevent their aggregation, which would cause harmful effects, these
damaged proteins must be efficiently degraded by the UPS. Here, alterations of ubiquitin-
dependent proteolysis of cell-cycle regulators or house-keeping genes have been shown to
result in malignant transformation [31-34]. The growing recognition of fundamental UPS
functions has prompted the search for pharmacologic inhibitors to inactivate this pathway,
making it an attractive therapeutic target [35,36].

Proteasome inhibitors (PIs) have been approved by the US Food and Drug Admin-
istration for the treatment of patients with hematopoietic cancers, especially for multiple
myeloma (MM) [37,38]. However, the acquisition of resistance and toxicity (including pain,
fatigue, peripheral neuropathy, myelosuppression, and cardiotoxicity) remain a clinical
challenge [39]. Recently, next-generation proteasome inhibitors that may overcome resis-
tance to first-generation compounds [40-42] have been developed, but these also show
adverse effects on normal cells.

In general, proteasome inhibition can target any of the three proteasome proteolytic
sites—the caspase-like (31), trypsin-like (32), and chymotrypsin-like (35) sites—whereby
most of the Pls developed so far inhibit the 35/ (351 subunits of the constitutive proteasome
(cP) and the iP. It remains unclear whether the specific thymoproteasome subunit 35t is also
affected by established Pls; its sensitivity to standard PIs has been shown to substantially
differ from those of 35/35i [43]. Differences in pharmacokinetics due to different chemical
backbones explain the diversity of PIs with regard to their activity, safety, and tissue
distribution [35]. Furthermore, selective inhibitors of the iP subunits that target both the cP
and the iP have been developed as an alternative to PIs [44,45]. This review will focus on
the role of the iP in the hematopoietic system and in malignant transformation and compile
information on iP inhibitors currently investigated in pre-clinical or clinical studies for the
treatment of hematologic malignancies.

2. The Immunoproteasome: A Proteasomal Variant Linked to the
Hematopoietic System

2.1. Immunoproteasome Structure

The 26S constitutive proteasome structurally consists of a catalytic 20S core particle
with three different peptidase activities and one or two terminal 19S regulatory parti-
cles composed of six ATPases and multiple components necessary for substrate binding
(Figure 2a) [5-7]. The 19S particle binds to one or both ends of the 20S proteasome and,
together, they form the enzymatically active 265 proteasome.

The composition of the 20S particle consists of four rings with seven subunits each.
The two outer rings contain «-subunits and the inner ones 3-subunits. Three of the seven
-subunits, the 31, 32, and 35 subunits, are responsible for the enzymatic activities of the
proteasome with caspase-like, trypsin-like and chymotrypsin-like activities, respectively
(Figure 2a). The 19S particle, also known as PA700, serves as a gate to the 20S particle
and can be divided into base and lid subcomplexes [46]. The base contains six ATPases
(Rpt1-6) that unfold substrates prior to translocation into the 20S core particle, while the lid
is required for recognition of the ubiquitin-modified proteins, notably via the Rpn10 [47],
Rpn13 [48], and Rpnl [49] subunits.

The iP contains the three de novo synthesized subunits, 31i (encoded by the PSMB9
gene in humans and by the LMP2 in mice), 2i (encoded by PSMB10/MECL1I), and
B5i (encoded by PSMB8/LMP7), that substitute the constitutive ones (Figure 2a). The
1i/LMP2 and (5i/LMP7 genes are located in the MHC class 1l genomic region [13,14],
which led to the term “immunosubunits”. After INF-y stimulation, f1i and (35i subunits
are expressed and incorporated into proteasome precursor complexes instead of their
homologous counterparts 31 and 35 [50,51]. Later, the third INF-y inducible protein was
identified as 32i/MECLI and also found to replace the standard 32 subunit [12]. It has been
shown that direct interaction of 35i with the assembly chaperone proteasome maturation
protein (POMP) accelerates iP biogenesis to the detriment of cP assembly, allowing a
quick response to immune and inflammatory stimuli [52]. Surprisingly, the simultaneous
expression of constitutive and inducible 3-subunits is possible, thereby setting a variety of
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different 20S complexes from which the 31/32/f35i and 31i/{32/p5i combinations are the
most common ones [53]. These proteasome variants are collectively known as intermediate
or mixed-type proteasomes [54].
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Figure 2. (a) Structure of the constitutive proteasome (cP) and the immunoproteasome (iP). Following stimulation with
pro-inflammatory cytokines, the immunosubunits (31i, 32i, and (5i) are preferentially incorporated into proteasomes
to the detriment of the constitutive ones (1, 32, $5). The iP is constitutively expressed in cells of hematopoietic origin
under normal conditions. Independently of INF-y-induced iP expression, expression of the regulatory particle PA28 is also
upregulated by INF-y and can bind to one or both ends of the 20S core particle of the cP or the iP with the same affinity. (b)
Inhibitors of the proteasome can be designed to target both cPs and iPs or to selectively target the iP.

Moreover, INF-y stimulation induces the expression of the proteasome activator
28 (PA28), a heteroheptameric complex that binds to the cP or the iP with the same
affinity [55]. PA28 can associate with one or both ends of a 20S particle or to the free
end of a 195-20S complex to form homo (PA28-20S) or hybrid (PA28-205-19S) complexes,
respectively [56]. While it is understood that PA28-20S proteasome complexes primarily
degrade oxidant-damaged proteins in a ubiquitin-independent manner [57,58], hybrid
proteasomes seem to specialize in the supply of MHC class-I-restricted peptides [59-61].

2.2. Immune and Non-Immune Functions of the Immunoproteasome

As discussed above, the proteasome functions as a key modulator and central part
of the UPS. Of note, it plays a dual role by exerting immune and non-immune functions.
It not only generates antigen peptides for immune responses but also degrades damaged
or misfolded proteins produced under stress stimuli and short-lived proteins with regu-
latory functions in cell differentiation, cell-cycle regulation, transcriptional regulation, or
apoptosis [8,9] and thereby facilitates regulation of intrinsic cell processes.
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The proteasome is the main protease involved in the generation of antigenic peptides
presented by MHC class I molecules to cytotoxic T-lymphocytes [62]. Expression of the
immunosubunits (B1i, $2i, and B5i) after INF-y induction has been shown to modulate the
efficiency of peptide production, generating peptides that are better suited to bind MHC
class I molecules, [16,17] by exhibiting a different cleavage rate [63]. Herein, depending
on protein sequence, some antigens are exclusively produced by the iP or the cP, while
others can be processed by both [64—68]. There are even some antigens that seem to be
preferentially processed by intermediate-type proteasomes [53,69]. Moreover, mice de-
ficient in f1i/LMP2, p5i/LMP7, or 32i/MECL1 exhibit modest defects in MHC class I
antigen presentation [70-72], while mice deficient for all iP subunits have an impairment
in the presentation of MHC class I epitopes, similar, regarding the immunological phe-
notype, to 351/ LMP7-deficient mice [73]. The iP has additional immunological functions
apart from MHC class I antigen processing. First, the iP plays a role in the maintenance
and expansion of the CD8+ T-cell repertoire during immune response against intracel-
lular infections [18,74]. Additionally, it promotes the differentiation of pro-inflammatory
T-helper type 1 (Thl) and type 17 (Th17) cells and suppresses the induction of regulatory
cells [75-77]. It also induces the production of cytokine IL-23 by monocytes and IL-2 by
T-cells [45].

In contrast to the initial assumption that the iP only plays a specific role in MHC class
I antigen production, it is now accepted that this function is part of a more general role
in protein homeostasis. The iP has been shown to prevent the accumulation of harmful
protein aggregates under cytokine-induced oxidative stress due to increased efficiency in
protein degradation compared to the cP [78-82], even though this aspect is still a matter
of debate [83,84]. In addition, the 20S core particle has been demonstrated to dissociate
from the 265 proteasome under stress conditions, with the iP containing 20S being more
efficient than its standard counterpart at degrading oxidized proteins in an ATP- and
ubiquitin-independent manner [58,85]. Supporting this notion, expression of the iP is
upregulated through the mTOR pathway to prevent the accumulation of misfolded or
damaged proteins [82].

The fact that iPs are more efficient than cPs at breaking down intracellular proteins
implies that these may exert pleiotropic effects on cell function. As the proteasome has been
associated with control of transcription [86], the iP may also impact transcription during
cell stress or malignant transformation. Along these lines, iP expression has been shown
to modulate the abundance of transcription factors that regulate fundamental signaling
pathways [87,88].

2.3. Expression Patterns of the Immunoproteasome

While cP is highly expressed in various tissues and its constitutive expression and
formation is controlled on the transcriptional level through Nrfl/Tcf11 or inducible mainly
upon proteotoxic stress, iP’ subunits are downregulated under these conditions [89-91].
Expression of the three iP subunits is inducible after pro-inflammatory cytokine stimulation
in many tissues. IP induction is mediated by the activation of signal transducer activator
of transcription (STAT) and interferon regulatory factor (IRF) families [92-94]. Moreover,
iP subunits are constitutively expressed at high levels in cells of hematopoietic origin
across different species [95,96] and can be found in vivo in hematopoietic cells such as
macrophages [97] or B-cells [98]. The iP is the predominant proteasome variant found
in the bone marrow cells of healthy individuals and MM patients [41]. Similarly, in
tumor cell lines of hematopoietic origin, the iP represents the major constituent of the
total proteasome pool, while in other non-hematologic-derived cells, the percentage of
iPs appeared rather low [41]. Of note, the ratio of iP-to-cP expression is significantly
higher in pre-B acute lymphoblastic leukemia (ALL) than in acute myeloid leukemia (AML)
pediatric patients. This ratio correlates with therapy response to Pls, suggesting it can
be used as an indicator of sensitivity [99,100]. Immunoproteasome expression has also
been found to be upregulated in other types of hematologic malignancies, such as in
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myeloproliferative neoplasms (MPNs), specifically in primary myelofibrosis (PMF) [101].
Apart from its expression in hematopoietic cells, the 35i/LMP7 subunit is also expressed in
small intestinal epithelial cells [102], colon [103], liver [104,105], umbilical vein cells [106],
and placenta [107].

The 35i/LMP7 subunit is known to be incorporated into 20S proteasome assembly
intermediates, preferentially by higher affinity to the assembly factor POMP [52]. In some
cell types, the exclusive expression of 35i/LMP7 leads to the formation of intermediate type
proteasomes, with only one or two immunosubunits incorporated [53]. Such proteasome
subtypes were shown to generate spliced tumor epitopes more efficiently than other sub-
types [108]. POMP expression, in turn, is negatively controlled by micro-RNA miR-101 to
modulate (immuno-)proteasome formation. Manipulation of miR-101 is engaged by breast
cancer cells to ensure higher proteasome activity along with higher proliferation rates [109].
miRNAs—including miR-101 and others—are associated with cancer immunity [110] and
thus discussed as a potential therapeutic target. In this context, miR-101 is also proposed
to target Jak2 [111].

2.4. Genetic Variants of the Immunoproteasome

All proteasome subunits have known genetic variants, with some of them causing
diseases. Variants in the PSMA6 gene have been linked to coronary artery disease, my-
ocardial infarction, type II diabetes mellitus, and ischemic stroke, while an association
between variants in the PSMA?7 gene and intellectual disability has been reported [112].
Recently, two reports have associated variants in the PSMC3 gene with severe congenital
deafness, early-onset cataracts, and various neurological features [113] and PSMBI1 variants
with microcephaly, intellectual disability, developmental delay, and short stature [114].
Polymorphisms in genes encoding the iP subunits f1i (PSBMY9) and 35i (PSMB8) have
been associated with an increased risk of tumor development, including the develop-
ment of esophageal carcinoma [115], cervical carcinoma [116], oral squamous cell carci-
noma [81,117], prostate cancer [118], and colon cancer [119]. It has also been reported
that polymorphisms in PSBM9 but not in PSMB8 can be used as a susceptibility factor
in the development of AML or MM [120]. The G201V mutation in the PSMBS gene has
been reported in Nakajo—Nishimura syndrome [121]. During iP biogenesis, the mutated
5i protein is not correctly incorporated into mature proteasomes, leading to reduced
proteasome activity and an accumulation of ubiquitinated proteins within the cells that
highly express iPs. Another mutation in PSMB8 (G197V) has been found in patients with an
autoinflammatory disease [122]; it produces a significant decrease in proteasome function
and an accumulation of ubiquitin-modified proteins in the patient’s tissues. Meanwhile,
further mutations in the PSMBS gene or other genes coding for iP or cP subunits, including
PSMBY, PSMB10, PSMA3, PSMB4, POMP, and PSMG2, have been identified in patients
suffering from similar autoinflammatory syndromes [123-127]. Because of their clinical
manifestations and proteasomal etiology, these conditions are frequently referred to as
chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature
(CANDLE) or proteasome-associated autoinflammatory syndrome (PRAAS), respectively.
On the molecular level, cells suffer from severe proteotoxic stress in these conditions,
including ER-stress or activation of Nrfl/Tcf11 [89,90,126], similar to the cells treated with
proteasome inhibitors.

3. Pro- and Anti-Tumoral Properties of the Immunoproteasome

The iP has been found to exert antagonistic effects on different types of malignancies,
having pro- or anti-tumorigenic properties that are all due to its capacity to modulate the
expression of pro-tumorigenic cytokines and chemokines or to increase the presentation of
tumor peptides, respectively.

The loss of MHC class I molecules on the tumor surface is a well-known mechanism
for evading recognition and destruction by cytotoxic T-lymphocytes [128,129]. An alterna-
tive strategy for escaping immune control has been found in non-small cell lung cancer
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(NSCLC), in which epithelial-to-mesenchymal transition leads to a loss of iP expression,
resulting in markedly reduced MHC class I antigen presentation [130] and cancer pro-
gression. Conversely, higher iP expression correlates with improved prognosis. Here,
increased iP expression was attributed to the secretion of INF-y by CD8+ tumor-infiltrating
lymphocytes (TILs), the presence of which is considered a good prognosis factor [131-133].
A similar mechanism has also been reported in melanoma, where high 35i/PSMB8 and
1i/PSMB9 expression has been associated with increased survival, enhanced immune
response, and the presence of TILs [134]. In breast cancer, high expression of iP subunits
correlates with good prognoses and an abundance of TILs [135,136]. On the other hand, iP
expression is essential for the initiation of inflammatory processes [137], which can lead to
inflammation-driven carcinogenesis. The iP seems to play a fundamental role in colitis-
associated carcinogenesis (CAC) since increased expression of 35i/LMP7 and (31i/LMP2
has been observed in inflamed colons and LMP7-deficient mice exhibit a reduction in tumor
formation compared to their wild-type counterparts [138]. LMP7 deficiency also leads
to reduced expression of pro-tumorigenic chemokines CXCL1, CXCL2, and CXCL3 and
decreased secretion of IL-6 and TNF-« in this model.

Independently from its pro- or anti-tumorigenic properties, iP expression in these
types of cancer is dependent on the paracrine production of pro-inflammatory cytokines by
the surrounding immune cells, as particularly exemplified by breast cancer cells [136]. On
the contrary, as mentioned above, constitutive expression of iPs without stimulation has
mainly been found at high levels in cells of hematopoietic origin, including hematologic
malignancies. This high iP expression may indicate a dependency of hematologic malignant
cells to iP function, which one begins to explore with the development of selective iP
inhibitors. However, the sensitivity of different types of hematologic malignancies may
vary depending on iP expression or may be oncogene-specific. For instance, it was found
that acute promyelocytic leukemia (APL), which contains the chromosomal translocation
PML/RARw, can evade immune control by suppressing the PU.1-dependent activation of
immunosubunits [139].

4. Development of Immunoproteasome Inhibitors to Target Hematologic
Malignancies

The first PIs developed were non-selective and inhibited both cPs and iPs to the same
extent. Building on these rather unspecific compounds, chemical modifications have led
to the alteration of their structure and selective binding capacity to specific proteasome
subunits (Figure 2b).

Non-selective inhibitors of the proteasome have proved their efficacy against MM
and other hematologic malignancies. Compounds such as bortezomib, carfilzomib, and
ixazomib have already been approved for clinical use and later-generation inhibitors are
currently being investigated in advanced clinical trials [140,141]. The fact that these in-
hibitors indiscriminately target both the cP and the iP may lead to a non-selective inhibition
of protein degradation. This lack of specificity may account, in part, for the side effects
that are often observed, as well as drug-resistance relapse following long-term treatment.
Bortezomib-resistant MM cells often show manipulation of proteasome subunits and their
expression, although the molecular mechanisms of resistance are not entirely clear. MM
cells from patients with relapses present mutations in the 5 subunit, different proteasome
subunit compositions, and induction of proteasome subunits. Since all mutations detected
after bortezomib treatment are in the binding site of 35 to the inhibitor, the development
of iP inhibitors will solve at least the problem with 35 active site mutations [142]. The
specificity of binding of PIs to the cP and/or the iP subunits is determined by interactions
with the substrate-binding channels (51, S2, and S3) of the proteolytic subunits [143]. By
X-ray crystallography, it was determined that the immunosubunits ($1i, 32i, 35i) present
substitutions, in particular, the amino acids of the substrate-binding channels, compared to
constitutive subunits (31, 32, 35). Exploiting these differences allows for the development
of specific cP or iP inhibitors [143].
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Selective inhibition of the iP over the cP may overcome side effects while maintain-
ing anti-myeloma or anti-lymphoma efficacy. Since the iP is the major proteasome form
expressed in cells of hematopoietic origin, including MM cells [41], treatment with iP
inhibitors could spare other tissues with little or no iP expression. Moreover, some reports
have shown that normal hematopoietic cells may be able to better overcome the effects
of iP inhibition. The treatment of mouse splenocytes with an iP inhibitor led to reduced
MHC-I surface expression in lymphocytes but did not affect the viability of the cells [45].
In agreement, iP inhibition in naive T- and B-cells, which express almost exclusively iP
or mixed-type proteasomes, leads to mild proteostasis stress, with T-cells being able to
recover without increased apoptosis [55], which is also true for microglia [144]. Moreover,
normal PBMCs had a minimal reduction of viability after iP inhibitor treatment [145]. In
contrast, other studies have pointed out a reduction of viability in PBMCs after iP inhibi-
tion [44]. Additionally, because the iP is induced by pro-inflammatory cytokines during
stress conditions, iP inhibitors are also an appealing therapeutic target in inflammatory and
autoimmune diseases [146,147]. In fact, great progress has been made regarding therapy for
these diseases, with iP inhibitors and several novel inhibitors currently being investigated
in advanced clinical trials. A list of all the iP inhibitors developed to date can be found in
Table 1. In contrast, and despite the encouraging preliminary results, the development of
iP inhibitors for the treatment of hematologic malignancies is rather slow-paced. In this
section, we present a comprehensive review of iP inhibitors and their anti-tumoral effects
in hematologic malignancies (Table 2).

UK-101 is a dihydroeponemycin analog developed to selectively inactivate the 31i
subunit of the iP [148]. Initially, prostate cancer cell lines with a high content of 31i were
shown to be more sensitive to UK-101 treatment than cell lines with low (31i expression [148].
More recent results have confirmed that in vivo UK-101 treatment reduces tumor growth
in a xenograft model of prostate cancer [149]. Moreover, UK-101 has been demonstrated
to reduce cell growth in MM patient samples, even in cells that have become resistant to
bortezomib treatment [150].

ONX-0914 (PR-957) is the first selective iP inhibitor developed against the (35i subunit,
and it has been described as a peptide-ketoepoxide related to the cP inhibitor carfil-
zomib [45]. Using ONX-0914, several reports have shown the therapeutic potential of
iP inhibition in various inflammatory and autoimmune diseases, including rheumatoid
arthritis [45], multiple sclerosis [151], colitis [137], and lupus [152]. In vitro ONX-0914
treatment in ALL and AML patient samples have determined that ALL samples are more
sensitive to iP inhibition than AML samples (LCsy for ALL was 44.6 nM and for AML
248 nM). An increased ratio of immunoproteasome/ constitutive proteasome expression
was correlated with increased sensitivity to iP inhibitor treatment [99]. Among different
AML subtypes, MLL-rearranged (MLLr) AML had the highest iP expression. Treatment of
an MLLr cell line with ONX-0914 led to decreased viability and accumulation of polyu-
biquitinylated proteins, while another AML cell line containing a different chromosomal
rearrangement was unaffected by the treatment [136]. Both cell lines were sensitive to
non-selective proteasome inhibition with bortezomib and MG132, suggesting that a higher
iP expression renders cells more sensitive to iP inhibition.

Other reports have indicated that MM cell lines exhibit reduced proliferation after
ONX-0914 treatment [153]. Increasing the expression of iPs by INF-y treatment made MM
cells more sensitive to ONX-0914 but could not increase sensitivity to the cP inhibitor
carfilzomib. Combined treatment of ONX-0914 with a 32 inhibitor dramatically sensitized
MM cell lines and primary patient samples to ONX-0914. Similarly, ONX-0914 synergized
with cP inhibitors in vitro and in vivo [153].
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Table 1. Inmunoproteasome inhibitors in pre-clinical and clinical development.

Inhibitor Developed by Backbone Target Binding Kinetics
~ ) . B1i subunit (144-fold more selective than 31, . .
UK-101 [148] Peptidyl epoxyketone but only 10-fold to B5) Covalent irreversible
g ¥ . {351 subunit (20- to 40-fold . .
ONX-0914 (PR-957) [45] Peptidyl epoxyketone more selective than B5 or B1i) Covalent irreversible
IPSI-001 [44] Peptidyl aldehyde 1i subunit (100-fold more selective than $1) Covalent reversible
PR-924 [41] Peptidyl epoxyketone 51 subunit (130-fold more selective than (35) Covalent irreversible
LU-001i [154] Peptidyl epoxyketone B1i subunit (925-fold more selective than 1) Covalent irreversible
LU-015i [154] Peptidyl epoxyketone 51 subunit (553-fold more selective than 35) Covalent irreversible
LU-0351 [154] Peptidyl epoxyketone 51 subunit (500-fold more selective than 35) Covalent irreversible
HT2210 and HT2106 [155] Oxathiazole RS subumF (>4700-fold Covalent irreversible
more selective than B5c¢)
) } . 351 subunit (75- to 150-fold . .
1-CA and 4-CA [156] Peptidyl epoxyketone more selective than B5) Covalent irreversible
: . . 51 subunit (5600 and 13,600-fold more B
PKS2279 and PKS2252 [157] N,C-capped dipeptide selective than (5) Non-covalent
KZR-504 [158] Peptidyl epoxyketone 1i subunit (925-fold more selective than $1) Covalent irreversible
) . 5i and B1i subunits (18- and 81-fold more . .
KZR-616 [158] Peptidyl epoxyketone selective than #5 and 1<) Covalent irreversible
LU-002i [159] Peptidyl epoxyketone (32i subunit Covalent irreversible
M3258 [160] Boronic acid B5i subunit (>500-fold more selective than 35) Covalent reversible
Table 2. In vitro and in vivo testing of immunoproteasome inhibitors in hematologic malignancies.
Inhibitor Effective against In Vitro/In Vivo Experiments References
UK-101 MM Patient samples [150]
ONX-0914 Human cell lines
(PR-957) MMand MLLr-AML Synergism with BTZ in a MM murine model [99,127,136]
IPSI-001 MM, NHL, CLL, and AML Human cell lines and patient samples [44]
PR-924 MM, T-ALL, and AML Human cell lines and patient samples [79,145]
MM xenograft model
LU-035i MM Human cell lines in conjugation with cytotoxic drug [161]
HT2210 and HT2106 NHL Human cell lines [155]
Human cell lines
M3258 MM, AML, and lymphoma MM xenograft model [160,162,163]

Phase I clinical trial

MM: multiple myeloma; MLLr: MLL rearranged; AML: acute myeloid leukemia; NHL: non-Hodgkins lymphoma; CLL: chronic lymphocytic

leukemia; T-ALL: T-cell acute lymphoblastic leukemia; BTZ: bortezomib.

IPSI-001 was selected in a pharmacologic screen from a panel of rationally designed
peptidyl-aldehyde inhibitors using substrates specific for the chymotryptic activity of
the iP [44]. IPSI-001 showed antiproliferative and apoptotic effects in MM cell lines and
purified patient plasma cells. Samples from patients with diffuse large B-cell non-Hodgkin
lymphoma (NHL), chronic lymphocytic leukemia (CLL), and AML were also sensitive to
IPSI-001 treatment, as well as samples with acquired bortezomib resistance [44].

PR-924 was discovered by Parlati et al. [41] in a pharmacologic screen designed to
find analogs of carfilzomib that preferentially target 35i. In this initial study, a one-hour
pulse treatment with PR-924 (which induced a (35i inhibition of 90%) could not induce
apoptosis in MM, B-lymphoma, or T-lymphoma cell lines. In contrast, when combined
with a selective inhibitor of the constitutive 35 subunit or with the genetic knockdown
of 35, these cells became sensitive to PR-924. More recent reports found that PR-924
treatment showed cytotoxicity in MM cell lines and primary patient cells without affecting
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normal peripheral blood mononuclear cells (PBMCs) [145]. In vivo treatment with PR-
924 inhibited tumor growth and prolonged survival of human MM xenograft murine
models. In agreement with these data, treatment of MM, T-cell ALL (T-ALL), and AML
cell lines with PR-924 led to antiproliferative and apoptotic effects [79]. The treated cells
acquired drug resistance after 3 months of treatment with increasing concentrations of
PR-924. The B5i/PSMBS8 subunit was checked for mutations but none were found, in
contrast to p5/PSMB5, where the same mutations as in bortezomib-resistant cells were
found. PR-924-resistant cells exhibited a 2.5-fold upregulation of cP subunits, whereas iP
expression decreased 2-fold [79].

LU-035i is one of the most specific inhibitors for the $5i subunit; it was designed
based on ONX-0914 and PR-924 through a structure-based design approach [154]. Apart
from LU-035i, de Bruin et al. [154] also developed LU-015i, another potent (35i inhibitor,
and LU-001i, a 31i inhibitor based on a previously designed (31 inhibitor, NC-001 [164]. A
novel strategy for cancer treatment is the conjugation of cytotoxic agents to a peptide with a
high affinity for tumor-specific proteins [165]. Since MM cells have a high expression of iPs,
conjugating an iP inhibitor that covalently binds to the iP may represent a good strategy
for the selective delivery of cytotoxic drugs that will otherwise show unspecific binding.
LU-035i has been used to selectively target MM cells for treatment with doxorubicin [161].
Further support for this design is the observation that proteasome inhibition synergizes
with doxorubicin therapy [166]. Treatment of a MM human cell line with the conjugate
LU-035i—-doxorubicin increased cell death in sensitive and carfilzomib-resistant cells [161].

HT2210 and HT2106 are two oxathiazolones that were found to be active against
iP [155]. Treatment with HT2210 or HT2106 inhibited 5i activity (90% decreased activity
at 10nM) of an NHL human cell line and induced an accumulation of polyubiquitinylated
proteins [155].

1-CA and 4-CA were developed as peptide-ketoepoxides related to the cP inhibitor
carfilzomib with selectivity for the 35i subunit [156]. Using an AML human cell line, the
effects on cell viability of 1-CA and 4-CA treatments were determined, and no significant
effects were observed.

KZR-616 was derived from the iP inhibitor ONX-0914 to increase its affinity not
only to the 35i subunit but also to the $1i subunit to obtain a double-inhibitor [158]. In
subsequent studies, it was concluded that treatment of a murine model of arthritis with
single inhibitors of 35i/LMP7 or 1i/LMP2 was not sufficient to have an effect on disease
progression, while double inhibition using KZR-616 resulted in a reduction of the disease
burden [167]. Moreover, the solubility of KZR-616 is 14,000-fold higher than ONX-0914,
which makes it a good candidate for clinical trials [167]. KZR-616 was the first iP inhibitor
to successfully complete a phase I clinical trial for the treatment of autoimmune and
inflammatory diseases [168] and enter a phase II study for the treatment of patients with
inflammatory myopathies such as polymyositis or dermatomyositis and a phase Ib/II trial
for the treatment of systemic lupus erythematosus and lupus nephritis [169,170]. To date,
there have been no data published on the use of KZR-616 in hematopoietic malignancies,
but the promising data obtained on autoimmune and inflammatory diseases suggest the
possibility of further exploring its potential for the treatment of hematologic malignancies.

M3258 was synthesized using the o-aminoboronic acid scaffold as a starting point
through the optimization of potency and selectivity to the 35i subunit [160]. From a pool
of DNA-barcoded MM, leukemia and lymphoma cells that were treated with M3258, a
subset of cell lines, were discovered to respond to M3258 treatment. Reductions in cell
viability of more than 50% [162] could be observed. Moreover, in vivo treatment in several
MM xenograft models, including models resistant to bortezomib treatment, demonstrated
anti-tumor activity [138,160,171]. M3258 has entered a phase I clinical trial for the treatment
of MM as a single agent or in combination with dexamethasone [163].
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5. Pathways Affected by Imnmunoproteasome Inhibition

Treatment with non-selective PIs has been shown to impact different pathways. First
of all, proteasome inhibition confers severe proteotoxic stress to cells, affecting protein
quality control in the endoplasmic reticulum (ER) and the cytosol. This is manifested
by the accumulation of ubiquitin conjugates, the activation of unfolded and integrated
stress responses [172], and the activation of the transcription factor Nrfl/Tcf11 [89,90].
Proteasome inhibition with bortezomib has been suggested to prevent the degradation
of IkB, an inhibitor of the nuclear factor-«B (Nf-kB) pathway, blocking this pathway and,
consequently, the activation of downstream pathways such as cytokine and survival factor
production. However, other studies have shown that bortezomib can increase Nf-«B
activation in MM cell lines and patient samples [173,174]. The pro-apoptotic protein
NOXA has also been demonstrated to be an important mechanism of PI treatment. NOXA
becomes upregulated after bortezomib treatment [175], inducing apoptosis by binding
to the anti-apoptotic proteins of the Bcl-2 subfamily or other factors. Moreover, other
effects of non-selective PIs include the induction of cell cycle arrest [176], stimulation of
angiogenesis [177], and increased DNA repair [178]. As stated before, PIs inhibit both
cPs and iPs, making it difficult to determine what part of their effect is due to the specific
inhibition of iPs. Consequently, so far, it remains elusive which intracellular pathways are
affected by specific cP or iP inhibition. Because of the wide range of substrates, the turnover
of which may be accelerated by iPs compared to cPs [81], iP inhibition most likely affects
multiple pathways rather than one selective target. Therefore, differential sensitivity to iP
inhibition can be expected, depending on the cell type and the genetic cellular background.

Supporting the notion that the cellular processes affected by iPs may vary depending
on cell type, a co-regulation of genes involved in immune processes with iP expression
was found in non-MLLr AML cell lines (which are insensitive to iP inhibition), while in
MLLr cell lines, iP genes were co-regulated with genes involved in cell metabolism and
proliferation, mitochondrial activity, and stress response [136].

Effects on the phosphorylation of the three main MAPK pathways (ERK1/2, p38/SAPKs,
and JNKs) have been observed following iP inhibition. Similarly, in lymphocytes derived
from patients with mutations in PSMBS, increased levels in phosphorylation of p38 could be
detected [121]. In primary human and mouse lymphocytes, iP inhibition reduced ERK phos-
phorylation [179], and, similarly, inhibition of LMP7 in macrophages resulted in consistent
impairment of ERK1/2 and p38 phosphorylation [180]. Likewise, bone-marrow-derived
macrophages showed reduced activation of all three pathways [181]. In contrast, JNK was
found to be activated after iP inhibition in MM cell lines [44]. This finding supports the
notion that the consequences of iP inhibition are cell type- and oncogene-dependent.

Immunoproteasome may also influence cytokine production. In PBMCs and AML hu-
man cell lines, in vitro iP inhibition reduces the production of several cytokines, including
IL-23, IL-6, IL-2, TNF-«, and INF-y [45,156]. In line with these results, bone-marrow-
derived dendritic cells from LMP2-deficient mice exhibited substantially reduced levels
of IFN-vy, IL-6, IL-1b, and TNF-o upon infection with influenza A virus [182], and iP in-
hibition in autoimmune and inflammatory mouse disease models resulted in decreased
production of pro-inflammatory cytokines as well [45,137,151]. Moreover, mutations of the
B5i subunit led to an increase in IL-6 in the serum, skin, and B-cells of patients harboring
this mutation [121,122]. Transcription factor NF-«B induces the expression of various
pro-inflammatory cytokines, the activation of which, by proteasomes, has been clearly
established [183]. In this regard, various studies have aimed at determining how iP inhibi-
tion or inactivation impacts this pathway. NF-«B is sequestered in the cytoplasm and is
inhibited when bound to proteins of the IkB family, which are degraded by the proteasome.
The protein turnover of IkB is higher in cells expressing iP subunits than in cells mainly
expressing cPs [81]. Moreover, a reduction in the activation of the NF-«B pathway was
observed in LMP7-deficient mice over the course of CVB3 infection [80] and in MM cell
lines after iP inhibition [44]. However, other studies in macrophages, cardiomyocytes, and
lymphocytes failed to detect an effect on NF-«B after iP inhibition [179,180]. For that reason,
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it remains a matter of debate whether the reduction in cytokine production, observed after
iP inhibition, relies on impaired NF-«B signaling.

The observation that iP inhibition induces apoptosis in cancer cells has led to the
investigation of its effects regarding the activation of the apoptotic machinery. Immunopro-
teasome inhibition led to an increase in apoptosis in MM cell lines through the activation
of intrinsic (caspase-9-mediated) and extrinsic (caspase-8-mediated) apoptotic pathways
that merged in the activation of the common effector caspase-3 [44,145]. In agreement with
the activation of the intrinsic apoptotic pathway, cleavage of poly(ADP)-ribose polymerase
(PARP), translocation of cleaved-BID to mitochondria, accumulation of proapoptotic Bax,
and cytochrome c release were observed following iP inhibition [44,145]. In contrast, T-cells
did not show increased apoptosis and were able to recover from the proteostatic stress
response following iP inhibition by the activation of Nrfl [179], a transcription factor that
induces expression of the cP subunits [89]. This increase in cP expression may be able to
restore—at least in part—the cell’s homeostasis.

6. Discussion

The development of new targeted and personalized therapeutic strategies has im-
proved the survival of patients with hematopoietic cancers. The prevalence of hematologic
malignancies has increased due to demographic change and an aging population. However,
the long-term survival of older patients remains rather low [184,185]. The UPS, due to
its crucial role in protein homeostasis, has been associated with tumorigenesis [31-34]
and moved into focus as a putative therapeutic target for the treatment of hematologic
malignancies [35,36].

Different enzymatic processes that integrate the UPS beyond proteasome inhibition
can be targeted for therapeutic intervention. Examples include ubiquitin activation by
E1 enzymes that can be blocked by the small molecule PYR41, which has demonstrated
antileukemic activity in mouse models [186]; E1 enzyme NEDD8-activating enzyme (NAE)
can be inhibited to blunt the activation of the NF-kB pathway, DNA damage, and cell death
in lymphoma and AML xenograft models [187,188]. Despite the fact that several studies
have linked E2s to cancer and the efforts to develop strategies that target these enzymes,
there are currently no reported therapies involving E2 enzymes [189]. The high substrate
specificity that characterizes E3 enzymes [3] has been exploited for the development of a
novel strategy for drug discovery that allows the marking of essential proteins to cancer
biology that have no targetable catalytic activity. Targeted protein degradation employs
small molecules that act as “molecular glue” to recruit a specific target protein to E3
enzymes, leading to its ubiquitination and subsequent degradation by the proteasome [190].
Thalidomide and thalidomide analogs—lenalidomide and pomalidomide—are the first
approved degrader drugs to target an E3 ubiquitin-ligase. Cereblon (CRBN) is the substrate
adaptor of the CRL4AREN cullin-ring ligase E3 enzyme and has been identified as the
target of thalidomide [191]. In MM cells, IKZF1 and IKZF3 are selectively ubiquitinylated
by CRLARBN in the presence of lenalidomide, leading to antitumor effects [192,193].
Lenalidomide is also highly effective in myelodysplastic syndrome (MDS) with the deletion
of chromosome 5q, where it induces the ubiquitination of casein kinase 1A1 (CK1«x) by
CRL4CRBN [194].

While targeting E1, E2, or E3 enzymes can provide specificity for individual substrates,
targeting the proteasome inhibits the final step of protein degradation. Non-selective
PIs (targeting cPs and iPs) have demonstrated efficacy against hematologic malignancies.
Toxicities and therapy resistance associated with their use have prompted the development
of iP inhibitors. Despite promising results observed in pre-clinical experiments, only one
iP inhibitor is currently in clinical trials for the treatment of myeloma. The characteristics
that make them suitable for inflammatory diseases may also be suitable for the treatment
of hematologic cancers.

Selective inhibition of more than one iP subunit may increase efficacy in clinically
relevant settings. For non-selective Pls, it has been shown that (35 inhibition alone is
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sufficient to induce cytotoxicity in PI-sensitive but not Pl-resistant cells. Conversely, the
combination of 31/32 with 35 inhibition is also effective in Pl-resistant cells [195]. Along
these lines, selective iP inhibition and the inhibition of more than one immunosubunit may
also improve inhibitory efficacy. Consistent with this suggestion, KRZ-616, a dual inhibitor
of 35i and P1i subunits, was able to effectively reduce the inflammatory phenotype in
autoimmune disease; in contrast, treatment with iP inhibitors of the $1i and 5i subunits
alone did not have any beneficial effect [167].

Taken together, iP inhibition represents a promising therapeutic avenue for inflamma-
tory diseases and hematopoietic cancers.

Author Contributions: All authors contributed to the conceptualization and writing of the manuscript.
N.T.-S. and EE. wrote the first draft including figures, FH.H. and E.K. complemented and improved
the text. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Wilhelm-Sander-Stiftung (2019.001.1), the
German Research Council (DFG) (HE6233/8-1 to EH.H.; SFBTR186 A13 to E.K.), and the Comprehen-
sive Cancer Center Mecklenburg-Vorpommern (CCC-MV) to FE. and E.K.. We acknowledge support
for the Article Processing Charge from the DFG (German Research Foundation, 393148499) and the
Open Access Publication Fund of the University of Greifswald.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Glickman, M.H.; Ciechanover, A. The ubiquitin-proteasome proteolytic pathway: Destruction for the sake of construction. Physiol.
Rev. 2002, 82, 373-428. [CrossRef]

2. Pickart, CM.; Eddins, M.J. Ubiquitin: Structures, functions, mechanisms. Biochim. Biophys. Acta 2004, 1695, 55-72.
[CrossRef] [PubMed]

3. Ardley, H.C.; Robinson, P.A. E3 ubiquitin ligases. Essays Biochem. 2005, 41, 15-30. [CrossRef] [PubMed]

4. Sadowski, M.; Suryadinata, R.; Tan, A.R.; Roesley, S.N.A.; Sarcevic, B. Protein Monoubiquitination and Polyubiquitination
Generate Structural Diversity to Control Distinct Biological Processes. IUBMB Life 2012, 64, 136-142. [CrossRef]

5. Baumeister, W.; Walz, J.; Zuhl, F,; Seemdiller, E. The proteasome: Paradigm of a self-compartmentalizing protease. Cell 1998, 92,
367-380. [CrossRef]

6. Coux, O,; Tanaka, K.; Goldberg, A.L. Structure and functions of the 20S and 26S proteasomes. Annu. Rev. Biochem. 1996, 65,
801-847. [CrossRef]

7. Tanaka, K. The proteasome: Overview of structure and functions. Proc. Jpn. Acad. Ser. B 2009, 85, 12-36. [CrossRef]

8. Kloetzel, PM. Antigen processing by the proteasome. Nat. Rev. Mol. Cell Biol. 2001, 2, 179-187. [CrossRef]

9.  Liu, Y.C,; Penninger, J.; Karin, M. Immunity by ubiquitylation: A reversible process of modification. Nat. Rev. Immunol. 2005, 5,
941-952. [CrossRef]

10. Kniepert, A.; Groettrup, M. The unique functions of tissue-specific proteasomes. Trends Biochem. Sci. 2014, 39, 17-24. [CrossRef]

11. Murata, S.; Takahama, Y.; Kasahara, M.; Tanaka, K. The immunoproteasome and thymoproteasome: Functions, evolution and
human disease. Nat. Immunol. 2018, 19, 923-931. [CrossRef]

12.  Groettrup, M.; Kraft, R.; Kostka, S.; Standera, S.; Stohwasser, R.; Kloetzel, PM. A third interferon-gamma-induced subunit
exchange in the 20S proteasome. Eur. |. Immunol. 1996, 26, 863-869. [CrossRef] [PubMed]

13. Ortiz-Navarrete, V.; Seelig, A.; Gernold, M.; Frentzel, S.; Kloetzel, PM.; Himmerling, G.J. Subunit of the ‘20S” proteasome
(multicatalytic proteinase) encoded by the major histocompatibility complex. Nature 1991, 353, 662—664. [CrossRef] [PubMed]

14. Yang, Y,; Waters, ].B.; Friih, K.; Peterson, P.A. Proteasomes are regulated by interferon gamma: Implications for antigen processing.
Proc. Natl. Acad. Sci. USA 1992, 89, 4928-4932. [CrossRef] [PubMed]

15.  Ebstein, F; Kloetzel, PM.; Kruger, E.; Seifert, U. Emerging roles of immunoproteasomes beyond MHC class I antigen processing.
Cell Mol. Life Sci. 2012, 69, 2543-2558. [CrossRef] [PubMed]

16.  Groettrup, M.; Ruppert, T.; Kuehn, L.; Seeger, M.; Standera, S.; Koszinowski, U.; Kloetzel, PM. The interferon-gamma-inducible
11 S regulator (PA28) and the LMP2/LMP7 subunits govern the peptide production by the 20 S proteasome in vitro. J. Biol. Chem.
1995, 270, 23808-23815. [CrossRef] [PubMed]

17.  Schwarz, K.; van Den Broek, M.; Kostka, S.; Kraft, R.; Soza, A.; Schmidtke, G.; Kloetzel, PM.; Groettrup, M. Overexpression of the
proteasome subunits LMP2, LMP7, and MECL-1, but not PA28 alpha/beta, enhances the presentation of an immunodominant
lymphocytic choriomeningitis virus T cell epitope. J. Immunol. 2000, 165, 768-778. [CrossRef] [PubMed]

18.  Moebius, J.; van den Broek, M.; Groettrup, M.; Basler, M. Inmunoproteasomes are essential for survival and expansion of T cells
in virus-infected mice. Eur. |. Immunol. 2010, 40, 3439-3449. [CrossRef]

19. Murata, S.; Sasaki, K.; Kishimoto, T.; Niwa, S.; Hayashi, H.; Takahama, Y.; Tanaka, K. Regulation of CD8+ T cell development by

thymus-specific proteasomes. Science 2007, 316, 1349-1353. [CrossRef]


http://doi.org/10.1152/physrev.00027.2001
http://doi.org/10.1016/j.bbamcr.2004.09.019
http://www.ncbi.nlm.nih.gov/pubmed/15571809
http://doi.org/10.1042/bse0410015
http://www.ncbi.nlm.nih.gov/pubmed/16250895
http://doi.org/10.1002/iub.589
http://doi.org/10.1016/S0092-8674(00)80929-0
http://doi.org/10.1146/annurev.bi.65.070196.004101
http://doi.org/10.2183/pjab.85.12
http://doi.org/10.1038/35056572
http://doi.org/10.1038/nri1731
http://doi.org/10.1016/j.tibs.2013.10.004
http://doi.org/10.1038/s41590-018-0186-z
http://doi.org/10.1002/eji.1830260421
http://www.ncbi.nlm.nih.gov/pubmed/8625980
http://doi.org/10.1038/353662a0
http://www.ncbi.nlm.nih.gov/pubmed/1922384
http://doi.org/10.1073/pnas.89.11.4928
http://www.ncbi.nlm.nih.gov/pubmed/1594596
http://doi.org/10.1007/s00018-012-0938-0
http://www.ncbi.nlm.nih.gov/pubmed/22382925
http://doi.org/10.1074/jbc.270.40.23808
http://www.ncbi.nlm.nih.gov/pubmed/7559557
http://doi.org/10.4049/jimmunol.165.2.768
http://www.ncbi.nlm.nih.gov/pubmed/10878350
http://doi.org/10.1002/eji.201040620
http://doi.org/10.1126/science.1141915

Cells 2021, 10, 1577 14 of 21

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.
31.
32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gomez, H.L.; Felipe-Medina, N.; Condezo, Y.B.; Garcia-Valiente, R.; Ramos, I; Suja, ].A.; Barbero, J.L.; Roig, I.; Sanchez-Martin,
M.; de Rooij, D.G.; et al. The PSMAS subunit of the spermatoproteasome is essential for proper meiotic exit and mouse fertility.
PLoS Genet. 2019, 15, €1008316. [CrossRef]

Ustrell, V.; Hoffman, L.; Pratt, G.; Rechsteiner, M. PA200, a nuclear proteasome activator involved in DNA repair. EMBO ]. 2002,
21, 3516-3525. [CrossRef]

Qian, M.X,; Pang, Y.; Liu, C.H.; Haratake, K.; Du, B.Y,; Ji, D.Y,; Wang, G.E; Zhu, Q.Q.; Song, W.; Yu, Y.; et al. Acetylation-
mediated proteasomal degradation of core histones during DNA repair and spermatogenesis. Cell 2013, 153, 1012-1024.
[CrossRef] [PubMed]

Mandemaker, LK.; Geijer, M.E.; Kik, I.; Bezstarosti, K.; Rijkers, E.; Raams, A.; Janssens, R.C.; Lans, H.; Hoeijmakers, ].H.; Demmers,
J.A.; et al. DNA damage-induced replication stress results in PA200-proteasome-mediated degradation of acetylated histones.
EMBO Rep. 2018, 19, e45566. [CrossRef] [PubMed]

Garcia-Prat, L.; Sousa-Victor, P.; Munoz-Canoves, P. Proteostatic and Metabolic Control of Stemness. Cell Stem Cell 2017, 20,
593-608. [CrossRef] [PubMed]

Moran-Crusio, K.; Reavie, L.B.; Aifantis, I. Regulation of hematopoietic stem cell fate by the ubiquitin proteasome system. Trends
Immunol. 2012, 33, 357-363. [CrossRef]

Orkin, S.H.; Zon, L.I. Hematopoiesis: An Evolving Paradigm for Stem Cell Biology. Cell 2008, 132, 631-644. [CrossRef]

Kohli, L.; Passegue, E. Surviving change: The metabolic journey of hematopoietic stem cells. Trends Cell Biol. 2014, 24,
479-487. [CrossRef]

Wilson, A.; Laurenti, E.; Oser, G.; Wath, R.C.V.D.; Blanco-Bose, W.; Jaworski, M.; Offner, S.; Dunant, C.F.; Eshkind, L.; Bockamp,
E.; et al. Hematopoietic Stem Cells Reversibly Switch from Dormancy to Self-Renewal during Homeostasis and Repair. Cell 2008,
135, 1118-1129. [CrossRef]

Signer, R.A.].; Magee, ].A,; Salic, A.; Morrison, S.J. Haematopoietic stem cells require a highly regulated protein synthesis rate.
Nature 2014, 509, 49-54. [CrossRef]

Goldberg, A.L. Protein degradation and protection against misfolded or damaged proteins. Nature 2003, 426, 895-899. [CrossRef]
Brooks, C.L.; Gu, W. p53 ubiquitination: Mdm2 and beyond. Mol. Cell 2006, 21, 307-315. [CrossRef] [PubMed]

Cardozo, T.; Pagano, M. The SCF ubiquitin ligase: Insights into a molecular machine. Nat. Rev. Mol. Cell Biol. 2004, 5,
739-751. [CrossRef]

Nakayama, K.I.; Nakayama, K. Ubiquitin ligases: Cell-cycle control and cancer. Nat. Rev. Cancer 2006, 6, 369-381. [CrossRef]
Schmidt, M.H.; Dikic, I. The Cbl interactome and ist functions. Nat. Rev. Mol. Cell Biol. 2005, 6, 907-919. [CrossRef]

Bedford, L.; Lowe, J.; Dick, L.R.; Mayer, R.J.; Brownell, ].E. Ubiquitin-like protein conjugation and the ubiquitin-proteasome
system as drug targets. Nat. Rev. Drug Discov. 2011, 10, 29-46. [CrossRef]

Micel, L.N.; Tentler, J.J.; Smith, P.G.; Eckhardt, G.S. Role of ubiquitin ligases and the proteasome in oncogenesis: Novel targets for
anticancer therapies. . Clin. Oncol. 2013, 31, 1231-1238. [CrossRef]

Fisher, R.I; Bernstein, S.H.; Kahl, B.S.; Djulbegovic, B.; Robertson, M.].; de Vos, S.; Epner, E.; Krishnan, A.; Leonard, ].P,; Lonial, S.;
et al. Multicenter phase II study of bortezomib in patients with relapsed or refractory mantle cell lymphoma. J. Clin. Oncol. 2006,
24, 4867-4874. [CrossRef]

Richardson, P.G.; Barlogie, B.; Berenson, J.; Singhal, S.; Jagannath, S.; Irwin, D.; Rajkumar, S.V.; Srkalovic, G.; Alsina, M.; Alexanian,
R.; et al. A phase 2 study of bortezomib in relapsed, refractory myeloma. N. Engl. ]. Med. 2003, 348, 2609-2617. [CrossRef]
Chauhan, D.; Hideshima, T.; Mitsiades, C.; Richardson, P.; Anderson, K.C. Proteasome inhibitor therapy in multiple myeloma.
Mol. Cancer Ther. 2005, 4, 686—692. [CrossRef] [PubMed]

Chauhan, D.; Catley, L.; Li, G.; Podar, K.; Hideshima, T.; Velankar, M.; Mitsiades, C.; Mitsiades, N.; Yasui, H.; Letai, A.; etal. A
novel orally active proteasome inhibitor induces apoptosis in multiple myeloma cells with mechanisms distinct from Bortezomib.
Cancer Cell 2005, 8, 407-419. [CrossRef] [PubMed]

Parlati, F; Lee, S.J.; Aujay, M.; Suzuki, E.; Levitsky, K.; Lorens, ].B.; Micklem, D.R.; Ruurs, P; Sylvain, C.; Lu, Y.; et al. Carfilzomib
can induce tumor cell death through selective inhibition of the chymotrypsin-like activity of the proteasome. Blood 2009, 114,
3439-3447. [CrossRef]

Ruschak, A.M; Slassi, M.; Kay, L.E.; Schimmer, A.D. Novel Proteasome Inhibitors to Overcome Bortezomib Resistance. J. Natl.
Cancer Inst. 2011, 103, 1007-1017. [CrossRef]

Florea, B.1.; Verdoes, M.; Li, N.; van der Linden, W.A.; Geurink, P.P,; van den Elst, H.; Hofmann, T.; de Ru, A.; van Veelen, P.A.;
Tanaka, K. Activity-based profiling reveals reactivity of the murine thymoproteasome-specific subunit beta5t. Chem. Biol. 2010,
17,795-801. [CrossRef]

Kuhn, D.J.; Hunsucker, S.A.; Chen, Q.; Voorhees, PM.; Orlowski, M.; Orlowski, R.Z. Targeted inhibition of the immunoproteasome
is a potent strategy against models of multiple myeloma that overcomes resistance to conventional drugs and nonspecific
proteasome inhibitors. Blood 2009, 113, 4667-4676. [CrossRef]

Muchamuel, T.; Basler, M.; Aujay, M.A.; Suzuki, E.; Kalim, KW.; Lauer, C.; Sylvain, C.; Ring, E.R.; Shields, J.; Jiang, J.;
et al. A selective inhibitor of the immunoproteasome subunit LMP7 blocks cytokine production and attenuates progression of
experimental arthritis. Nat. Med. 2009, 15, 781-787. [CrossRef]

Glickman, M.H.; Rubin, D.M.; Fried, V.A_; Finley, D. The regulatory particle of the Saccharomyces cerevisiae proteasome. Mol.
Cell Biol. 1998, 18, 3149-3162. [CrossRef]


http://doi.org/10.1371/journal.pgen.1008316
http://doi.org/10.1093/emboj/cdf333
http://doi.org/10.1016/j.cell.2013.04.032
http://www.ncbi.nlm.nih.gov/pubmed/23706739
http://doi.org/10.15252/embr.201745566
http://www.ncbi.nlm.nih.gov/pubmed/30104204
http://doi.org/10.1016/j.stem.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28475885
http://doi.org/10.1016/j.it.2012.01.009
http://doi.org/10.1016/j.cell.2008.01.025
http://doi.org/10.1016/j.tcb.2014.04.001
http://doi.org/10.1016/j.cell.2008.10.048
http://doi.org/10.1038/nature13035
http://doi.org/10.1038/nature02263
http://doi.org/10.1016/j.molcel.2006.01.020
http://www.ncbi.nlm.nih.gov/pubmed/16455486
http://doi.org/10.1038/nrm1471
http://doi.org/10.1038/nrc1881
http://doi.org/10.1038/nrm1762
http://doi.org/10.1038/nrd3321
http://doi.org/10.1200/JCO.2012.44.0958
http://doi.org/10.1200/JCO.2006.07.9665
http://doi.org/10.1056/NEJMoa030288
http://doi.org/10.1158/1535-7163.MCT-04-0338
http://www.ncbi.nlm.nih.gov/pubmed/15827343
http://doi.org/10.1016/j.ccr.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16286248
http://doi.org/10.1182/blood-2009-05-223677
http://doi.org/10.1093/jnci/djr160
http://doi.org/10.1016/j.chembiol.2010.05.027
http://doi.org/10.1182/blood-2008-07-171637
http://doi.org/10.1038/nm.1978
http://doi.org/10.1128/MCB.18.6.3149

Cells 2021, 10, 1577 15 of 21

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Deveraux, Q.; van Nocker, S.; Mahaffey, D.; Vierstra, R.; Rechsteiner, M. Inhibition of ubiquitin-mediated proteolysis by the
Arabidopsis 26 S protease subunit S5a. J. Biol. Chem. 1995, 270, 29660-29663. [CrossRef] [PubMed]

Husnjak, K.; Elsasser, S.; Zhang, N.; Chen, X.; Randles, L.; Shi, Y.; Hofmann, K.; Walters, K.J.; Finley, D.; Dikic, I. Proteasome
subunit Rpn13 is a novel ubiquitin receptor. Nature 2008, 453, 481-488. [CrossRef] [PubMed]

Shi, Y.; Chen, X,; Elsasser, S.; Stocks, B.B.; Tian, G.; Lee, B.H.; Shi, Y.; Zhang, N.; de Poot, S.A.; Tuebing, F; et al. Rpn1 provides
adjacent receptor sites for substrate binding and deubiquitination by the proteasome. Science 2016, 351. [CrossRef]

Friih, K.; Gossen, M.; Wang, K.; Bujard, H.; Peterson, P.A.; Yang, Y. Displacement of housekeeping proteasome subunits by
MHC-encoded LMPs: A newly discovered mechanism for modulating the multicatalytic proteinase complex. EMBO J. 1994, 13,
3236-3244. [CrossRef] [PubMed]

Akiyama, K.; Yokota, K.; Kagawa, S.; Shimbara, N.; Tamura, T.; Akioka, H.; Nothwang, H.G.; Noda, C.; Tanaka, K.; Ichihara, A.
cDNA cloning and interferon gamma down-regulation of proteasomal subunits X and Y. Science 1994, 265, 1231-1234. [CrossRef]
Heink, S.; Ludwig, D.; Kloetzel, PM.; Kruger, E. IFN-gamma-induced immune adaptation of the proteasome system is an
accelerated and transient response. Proc. Natl. Acad. Sci. USA 2005, 102, 9241-9246. [CrossRef]

Guillaume, B.; Chapiro, J.; Stroobant, V.; Colau, D.; Van Holle, B.; Parvizi, G.; Bousquet-Dubouch, M.P,; Theate, I.; Parmentier,
N.; Van den Eynde, B.]. Two abundant proteasome subtypes that uniquely process some antigens presented by HLA class I
molecules. Proc. Natl. Acad. Sci. USA 2010, 107, 18599-18604. [CrossRef] [PubMed]

Dahlmann, B. Mammalian proteasome subtypes: Their diversity in structure and function. Arch. Biochem. Biophys. 2016, 591,
132-140. [CrossRef] [PubMed]

Schmidtke, G.; Schregle, R.; Alvarez, G.; Huber, E.M.; Groettrup, M. The 20S immunoproteasome and constitutive proteasome
bind with the same affinity to PA28c 3 and equally degrade FAT10. Mol. Immunol. 2017, 113, 22-30. [CrossRef] [PubMed]
Tanahashi, N.; Murakami, Y.; Minami, Y.; Shimbarai, N.; Hendil, K.B.; Tanaka, K. Hybrid Proteasomes: Induction by Interferon-g
and contribution to ATP-dependent proteolysis. J. Biol. Chem. 2000, 275, 14336-14345. [CrossRef]

Li, J.; Powell, S.R.; Wang, X. Enhancement of proteasome function by PA28x overexpression protects against oxidative stress.
FASEB . 2011, 25, 883-893. [CrossRef]

Pickering, A.M.; Koop, A.L.; Teoh, C.Y.; Ermak, G.; Grune, T.; Davies, K.J. The immunoproteasome, the 20S proteasome
and the PA28alphabeta proteasome regulator are oxidative-stress-adaptive proteolytic complexes. Biochem. ]. 2010, 432,
585-594. [CrossRef]

Dick, T.P.; Ruppert, T.; Groettrup, M.; Kloetzel, PM.; Kuehn, L.; Koszinowski, U.H.; Stevanovic, S.; Schild, H.; Rammensee,
H.G. Coordinated dual cleavages induced by the proteasome regulator PA28 lead to dominant MHC ligands. Cell 1996, 86,
253-262. [CrossRef]

Respondek, D.; Voss, M.; Kuhlewindt, I.; Klingel, K.; Kruger, E.; Beling, A. PA28 modulates antigen processing and viral
replication during coxsackievirus B3 infection. PLoS ONE 2017, 12, e0173259. [CrossRef]

Sijts, A.; Sun, Y,; Janek, K,; Kral, S.; Paschen, A.; Schadendorf, D.; Kloetzel, PM. The role of the proteasome activator PA28 in
MHC class I antigen processing. Mol. Immunol. 2002, 39, 165-169. [CrossRef]

Rock, K.L.; Gramm, C.; Rothstein, L.; Clark, K.; Stein, R.; Dick, L.; Hwang, D.; Goldberg, A.L. Inhibitors of the proteasome
block the degradation of most cell proteins and the generation of peptides presented on MHC class I molecules. Cell 1994, 78,
761-771. [CrossRef]

Mishto, M.; Liepe, J.; Textoris-Taube, K.; Keller, C.; Henklein, P.; Weberruss, M.; Dahlmann, B.; Enenkel, C.; Voigt, A.; Kuckelkorn,
U.; et al. Proteasome isoforms exhibit only quantitative differences in cleavage and epitope generation. Eur. |. Immunol. 2014, 44,
3508-3521. [CrossRef]

Chapatte, L.; Ayyoub, M.; Morel, S.; Peitrequin, A.L.; Levy, N.; Servis, C.; Van den Eynde, B.J.; Valmori, D.; Levy, E. Processing of
tumor-associated antigen by the proteasomes of dendritic cells controls in vivo T-cell responses. Cancer Res. 2006, 66, 5461-5468.
[CrossRef] [PubMed]

Chapiro, J.; Claverol, S.; Piette, F.; Ma, W.; Stroobant, V.; Guillaume, B.; Gairin, J.E.; Morel, S.; Burlet-Schiltz, O.; Monsarrat, B.;
et al. Destructive cleavage of antigenic peptides either by the immunoproteasome or by the standard proteasome results in
differential antigen presentation. J. Immunol. 2006, 176, 1053-1061. [CrossRef]

Ma, W.; Vigneron, N.; Chapiro, J.; Stroobant, V.; Germeau, C.; Boon, T.; Coulie, P.G.; Van den Eynde, B.J. A MAGE-C2 antigenic
peptide processed by the immunoproteasome is recognized by cytolytic T cells isolated from a melanoma patient after successful
immunotherapy. Int. J. Cancer 2011, 129, 2427-2434. [CrossRef] [PubMed]

Schultz, E.S.; Chapiro, ].; Lurquin, C.; Claverol, S.; Burlet-Schiltz, O.; Warnier, G.; Russo, V.; Morel, S.; Levy, E; Boon, T; et al. The
production of a new MAGE-3 peptide presented to cytolytic T lymphocytes by HLA-B40 requires the immunoproteasome. J. Exp.
Med. 2002, 195, 391-399. [CrossRef] [PubMed]

Woods, K.; Knights, A.J.; Anaka, M.; Schittenhelm, R.B.; Purcell, A.W.; Behren, A.; Cebon, J. Mismatch in epitope specificities
between IFNgamma inflamed and uninflamed conditions leads to escape from T lymphocyte killing in melanoma. J. Immunother.
Cancer 2016, 4, 10. [CrossRef]

Guillaume, B.; Stroobant, V.; Bousquet-Dubouch, M.P,; Colau, D.; Chapiro, J.; Parmentier, N.; Dalet, A.; Van den Eynde, B.J. Anal-
ysis of the processing of seven human tumor antigens by intermediate proteasomes. J. Immunol. 2012, 189, 3538-3547. [CrossRef]
Fehling, H.J.; Swat, W.; Laplace, C.; Kuhn, R.; Rajewsky, K.; Muller, U.; von Boehmer, H. MHC class I expression in mice lacking
the proteasome subunit LMP-7. Science 1994, 265, 1234-1237. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.270.50.29660
http://www.ncbi.nlm.nih.gov/pubmed/8530351
http://doi.org/10.1038/nature06926
http://www.ncbi.nlm.nih.gov/pubmed/18497817
http://doi.org/10.1126/science.aad9421
http://doi.org/10.1002/j.1460-2075.1994.tb06625.x
http://www.ncbi.nlm.nih.gov/pubmed/8045254
http://doi.org/10.1126/science.8066462
http://doi.org/10.1073/pnas.0501711102
http://doi.org/10.1073/pnas.1009778107
http://www.ncbi.nlm.nih.gov/pubmed/20937868
http://doi.org/10.1016/j.abb.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26724758
http://doi.org/10.1016/j.molimm.2017.11.030
http://www.ncbi.nlm.nih.gov/pubmed/29208314
http://doi.org/10.1074/jbc.275.19.14336
http://doi.org/10.1096/fj.10-160895
http://doi.org/10.1042/BJ20100878
http://doi.org/10.1016/S0092-8674(00)80097-5
http://doi.org/10.1371/journal.pone.0173259
http://doi.org/10.1016/S0161-5890(02)00099-8
http://doi.org/10.1016/S0092-8674(94)90462-6
http://doi.org/10.1002/eji.201444902
http://doi.org/10.1158/0008-5472.CAN-05-4310
http://www.ncbi.nlm.nih.gov/pubmed/16707475
http://doi.org/10.4049/jimmunol.176.2.1053
http://doi.org/10.1002/ijc.25911
http://www.ncbi.nlm.nih.gov/pubmed/21207413
http://doi.org/10.1084/jem.20011974
http://www.ncbi.nlm.nih.gov/pubmed/11854353
http://doi.org/10.1186/s40425-016-0111-7
http://doi.org/10.4049/jimmunol.1103213
http://doi.org/10.1126/science.8066463
http://www.ncbi.nlm.nih.gov/pubmed/8066463

Cells 2021, 10, 1577 16 of 21

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Van Kaer, L.; Ashton-Rickardt, P.G.; Eichelberger, M.; Gaczynska, M.; Nagashima, K.; Rock, K.L.; Goldberg, A.L.; Doherty, P.C.;
Tonegawa, S. Altered peptidase and viral-specific T cell response in LMP2 mutant mice. Immunity 1994, 1, 533-541. [CrossRef]
Basler, M.; Moebius, J.; Elenich, L.; Groettrup, M.; Monaco, J.J. An altered T cell repertoire in MECL-1-deficient mice. . Immunol.
2006, 176, 6665—-6672. [CrossRef]

Kincaid, E.Z.; Che, ].W,; York, L; Escobar, H.; Reyes-Vargas, E.; Delgado, ].C.; Welsh, R.M.; Karow, M.L.; Murphy, A.].; Valenzuela,
D.M,; et al. Mice completely lacking immunoproteasomes show major changes in antigen presentation. Nat. [mmunol. 2011, 13,
129-135. [CrossRef]

Zaiss, D.M.; de Graaf, N.; Sijts, A.J. The proteasome immunosubunit multicatalytic endopeptidase complex-like 1 is a T-cell-
intrinsic factor influencing homeostatic expansion. Infect. Immun. 2008, 76, 1207-1213. [CrossRef]

Bockstahler, M.; Fischer, A.; Goetzke, C.C.; Neumaier, H.L.; Sauter, M.; Kespohl, M.; Muller, A.M.; Meckes, C.; Salbach, C.;
Schenk, M.; et al. Heart-Specific Immune Responses in an Animal Model of Autoimmune-Related Myocarditis Mitigated by an
Immunoproteasome Inhibitor and Genetic Ablation. Circulation 2020, 141, 1885-1902. [CrossRef]

Goetzke, C.C.; Althof, N.; Neumaier, H.L.; Heuser, A.; Kaya, Z.; Kespohl, M.; Klingel, K.; Beling, A. Mitigated viral myocarditis
in A/] mice by the immunoproteasome inhibitor ONX 0914 depends on inhibition of systemic inflammatory responses in
CoxsackievirusB3 infection. Basic Res. Cardiol. 2021, 116, 7. [CrossRef]

Kalim, K.W,; Basler, M.; Kirk, C.J.; Groettrup, M. Immunoproteasome subunit LMP7 deficiency and inhibition suppresses Th1l
and Th17 but enhances regulatory T cell differentiation. J. Immunol. 2012, 189, 4182-4193. [CrossRef] [PubMed]

Kruger, E.; Kloetzel, PM. Immunoproteasomes at the interface of innate and adaptive immune responses: Two faces of one
enzyme. Curr. Opin. Immunol. 2012, 24, 77-83. [CrossRef]

Niewerth, D.; van Meerloo, J.; Jansen, G.; Assaraf, Y.G.; Hendrickx, T.C.; Kirk, C.J.; Anderl, J.L.; Zweegman, S.; Kaspers, G.J.;
Cloos, J. Anti-leukemic activity and mechanisms underlying resistance to the novel immunoproteasome inhibitor PR-924. Biochem.
Pharmacol. 2014, 89, 43-51. [CrossRef] [PubMed]

Opitz, E.; Koch, A.; Klingel, K.; Schmidt, F; Prokop, S.; Rahnefeld, A.; Sauter, M.; Heppner, F.L.; Volker, U.; Kandolf, R.; et al.
Impairment of immunoproteasome function by beta5i/LMP7 subunit deficiency results in severe enterovirus myocarditis. PLoS
Pathog. 2011, 7, €1002233. [CrossRef] [PubMed]

Seifert, U.; Bialy, L.P,; Ebstein, F.; Bech-Otschir, D.; Voigt, A.; Schroter, F.; Prozorovski, T.; Lange, N.; Steffen, J.; Rieger, M.; et al.
Immunoproteasomes preserve protein homeostasis upon interferon-induced oxidative stress. Cell 2010, 142, 613—-624. [CrossRef]
Yun, Y.S.; Kim, K.H.; Tschida, B.; Sachs, Z.; Noble-Orcutt, K.E.; Moriarity, B.S.; Ai, T.; Ding, R.; Williams, J.; Chen, L.; et al.
mTORC1 Coordinates Protein Synthesis and Immunoproteasome Formation via PRAS40 to Prevent Accumulation of Protein
Stress. Mol. Cell 2016, 61, 625-639. [CrossRef]

Davies, K.J. Degradation of oxidized proteins by the 20S proteasome. Biochimie 2001, 83, 301-310. [CrossRef]

Nathan, J.A.; Spinnenhirn, V.; Schmidtke, G.; Basler, M.; Groettrup, M.; Goldberg, A.L. Inmuno- and constitutive proteasomes do
not differ in their abilities to degrade ubiquitinated proteins. Cell 2013, 152, 1184-1194. [CrossRef]

Abi Habib, ].; De Plaen, E.; Stroobant, V.; Zivkovic, D.; Bousquet, M.P.; Guillaume, B.; Wahni, K.; Messens, J.; Busse, A.; Vigneron,
N.; et al. Efficiency of the four proteasome subtypes to degrade ubiquitinated or oxidized proteins. Sci. Rep. 2020, 10, 15765.
[CrossRef] [PubMed]

Muratani, M.; Tansey, W.P. How the ubiquitin-proteasome system controls transcription. Nat. Rev. Mol. Cell Biol. 2003, 4, 192-201.
[CrossRef] [PubMed]

De Verteuil, D.A_; Rouette, A.; Hardy, M.P; Lavallee, S.; Trofimov, A.; Gaucher, E.; Perreault, C. Inmunoproteasomes shape the
transcriptome and regulate the function of dendritic cells. J. Immunol. 2014, 193, 1121-1132. [CrossRef]

Cetin, G.; Klafack, S.; Studencka-Turski, M.; Kruger, E.; Ebstein, F. The Ubiquitin-Proteasome System in Immune Cells. Biomolecules
2021, 11, 60. [CrossRef]

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

Steffen, J.; Seeger, M.; Koch, A.; Kruger, E. Proteasomal degradation is transcriptionally controlled by TCF11 via an ERAD-
dependent feedback loop. Mol. Cell 2010, 40, 147-158. [CrossRef]

Meiners, S.; Heyken, D.; Weller, A.; Ludwig, A.; Stangl, K.; Kloetzel, PM.; Kruger, E. Inhibition of proteasome activity induces
concerted expression of proteasome genes and de novo formation of Mammalian proteasomes. ]. Biol. Chem. 2003, 278,
21517-21525. [CrossRef]

Brucet, M.; Marques, L.; Sebastian, C.; Lloberas, J.; Celada, A. Regulation of murine Tap1l and Lmp2 genes in macrophages by
interferon gamma is mediated by STAT1 and IRF-1. Genes Immun. 2004, 5, 26-35. [CrossRef]

Foss, G.S.; Prydz, H. Interferon regulatory factor 1 mediates the interferon-gamma induction of the human immunoproteasome
subunit multicatalytic endopeptidase complex-like 1. J. Biol. Chem. 1999, 274, 35196-35202. [CrossRef]

Namiki, S.; Nakamura, T.; Oshima, S.; Yamazaki, M.; Sekine, Y.; Tsuchiya, K.; Okamoto, R.; Kanai, T.; Watanabe, M. IRF-1 mediates
upregulation of LMP7 by IFN-gamma and concerted expression of immunosubunits of the proteasome. FEBS Lett. 2005, 579,
2781-2787. [CrossRef] [PubMed]

Eleuteri, A.M.; Angeletti, M.; Lupidi, G.; Tacconi, R.; Bini, L.; Fioretti, E. Isolation and characterization of bovine thymus
multicatalytic proteinase complex. Protein Expr. Purif. 2000, 18, 160-168. [CrossRef] [PubMed]


http://doi.org/10.1016/1074-7613(94)90043-4
http://doi.org/10.4049/jimmunol.176.11.6665
http://doi.org/10.1038/ni.2203
http://doi.org/10.1128/IAI.01134-07
http://doi.org/10.1161/CIRCULATIONAHA.119.043171
http://doi.org/10.1007/s00395-021-00848-w
http://doi.org/10.4049/jimmunol.1201183
http://www.ncbi.nlm.nih.gov/pubmed/22984077
http://doi.org/10.1016/j.coi.2012.01.005
http://doi.org/10.1016/j.bcp.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24552657
http://doi.org/10.1371/journal.ppat.1002233
http://www.ncbi.nlm.nih.gov/pubmed/21909276
http://doi.org/10.1016/j.cell.2010.07.036
http://doi.org/10.1016/j.molcel.2016.01.013
http://doi.org/10.1016/S0300-9084(01)01250-0
http://doi.org/10.1016/j.cell.2013.01.037
http://doi.org/10.1038/s41598-020-71550-5
http://www.ncbi.nlm.nih.gov/pubmed/32978409
http://doi.org/10.1038/nrm1049
http://www.ncbi.nlm.nih.gov/pubmed/12612638
http://doi.org/10.4049/jimmunol.1400871
http://doi.org/10.3390/biom11010060
http://doi.org/10.1016/j.molcel.2010.02.029
http://doi.org/10.1016/j.molcel.2010.09.012
http://doi.org/10.1074/jbc.M301032200
http://doi.org/10.1038/sj.gene.6364035
http://doi.org/10.1074/jbc.274.49.35196
http://doi.org/10.1016/j.febslet.2005.04.012
http://www.ncbi.nlm.nih.gov/pubmed/15907481
http://doi.org/10.1006/prep.1999.1187
http://www.ncbi.nlm.nih.gov/pubmed/10686146

Cells 2021, 10, 1577 17 of 21

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Noda, C.; Tanahashi, N.; Shimbara, N.; Hendil, K.B.; Tanaka, K. Tissue distribution of constitutive proteasomes, immunoprotea-
somes, and PA28 in rats. Biochem. Biophys. Res. Commun. 2000, 277, 348-354. [CrossRef] [PubMed]

Haorah, J.; Heilman, D.; Diekmann, C.; Osna, N.; Donohue, T.M., Jr.; Ghorpade, A.; Persidsky, Y. Alcohol and HIV decrease
proteasome and immunoproteasome function in macrophages: Implications for impaired immune function during disease. Cell
Immunol. 2004, 229, 139-148. [CrossRef]

Frisan, T.; Levitsky, V.; Masucci, M.G. Variations in proteasome subunit composition and enzymatic activity in B-lymphoma lines
and normal B cells. Int. ]. Cancer 2000, 88, 881-888. [CrossRef]

Niewerth, D.; Franke, N.E.; Jansen, G.; Assaraf, Y.G.; van Meerloo, J.; Kirk, C.J.; Degenhardt, J.; Anderl, J.; Schimmer, A.D.;
Zweegman, S.; et al. Higher ratio immune versus constitutive proteasome level as novel indicator of sensitivity of pediatric acute
leukemia cells to proteasome inhibitors. Haematologica 2013, 98, 1896-1904. [CrossRef]

Niewerth, D.; Kaspers, G.J.; Jansen, G.; van Meerloo, J.; Zweegman, S.; Jenkins, G.; Whitlock, ]J.A.; Hunger, S.P; Lu, X.; Alonzo,
T.A.; et al. Proteasome subunit expression analysis and chemosensitivity in relapsed paediatric acute leukaemia patients receiving
bortezomib-containing chemotherapy. J. Hematol. Oncol. 2016, 9, 82. [CrossRef]

Di Rosa, M.; Giallongo, C.; Romano, A.; Tibullo, D.; Li Volti, G.; Musumeci, G.; Barbagallo, I.; Imbesi, R.; Castrogiovanni, P.;
Palumbo, G.A. Immunoproteasome Genes Are Modulated in CD34(+) JAK2(V617F) Mutated Cells from Primary Myelofibrosis
Patients. Int. ]. Mol. Sci. 2020, 21, 2926. [CrossRef]

Visekruna, A.; Slavova, N.; Dullat, S.; Grone, J.; Kroesen, A.J; Ritz, ].P; Buhr, H.].; Steinhoff, U. Expression of catalytic proteasome
subunits in the gut of patients with Crohn’s disease. Int. |. Colorectal. Dis. 2009, 24, 1133-1139. [CrossRef]

Visekruna, A.; Joeris, T.; Seidel, D.; Kroesen, A.; Loddenkemper, C.; Zeitz, M.; Kaufmann, S.H.; Schmidt-Ullrich, R.; Steinhoff, U.
Proteasome-mediated degradation of IkappaBalpha and processing of p105 in Crohn disease and ulcerative colitis. J. Clin. Invest.
2006, 116, 3195-3203. [CrossRef]

Chen, M.; Tabaczewski, P.; Truscott, S.M.; Van Kaer, L.; Stroynowski, I. Hepatocytes express abundant surface class I MHC
and efficiently use transporter associated with antigen processing, tapasin, and low molecular weight polypeptide proteasome
subunit components of antigen processing and presentation pathway. J. Immunol. 2005, 175, 1047-1055. [CrossRef] [PubMed]
Vasuri, F,; Capizzi, E.; Bellavista, E.; Mishto, M.; Santoro, A.; Fiorentino, M.; Capri, M.; Cescon, M.; Grazi, G.L.; Grigioni, W.E;
et al. Studies on immunoproteasome in human liver. Part I: Absence in fetuses, presence in normal subjects, and increased levels
in chronic active hepatitis and cirrhosis. Biochem. Biophys. Res. Commun. 2010, 397, 301-306. [CrossRef] [PubMed]

Loukissa, A.; Cardozo, C.; Altschuller-Felberg, C.; Nelson, J.E. Control of LMP7 expression in human endothelial cells by
cytokines regulating cellular and humoral immunity. Cytokine 2000, 12, 1326-1330. [CrossRef] [PubMed]

Roby, K.E; Laham, N.; Kroning, H.; Terranova, P.F,; Hunt, ].S. Expression and localization of messenger RNA for tumor necrosis
factor receptor (TNF-R) I and TNF-RII in pregnant mouse uterus and placenta. Endocrine 1995, 3, 557-562. [CrossRef] [PubMed]
Ebstein, F.; Textoris-Taube, K.; Keller, C.; Golnik, R.; Vigneron, N.; Van den Eynde, B.J.; Schuler-Thurner, B.; Schadendorf,
D.; Lorenz, EK.; Uckert, W.; et al. Proteasomes generate spliced epitopes by two different mechanisms and as efficiently as
non-spliced epitopes. Sci. Rep. 2016, 6, 24032. [CrossRef] [PubMed]

Zhang, X.; Schulz, R.; Edmunds, S.; Kruger, E.; Markert, E.; Gaedcke, ]J.; Cormet-Boyaka, E.; Ghadimi, M.; Beissbarth, T.; Levine,
A.].; et al. Suppresses Tumor Cell Proliferation by Acting as an Endogenous Proteasome Inhibitor via Targeting the Proteasome
Assembly Factor POMP. Mol. Cell 2015, 59, 243-257. [CrossRef]

Sharifi, H.; Jafari Najaf Abadi, M.H.; Razi, E.; Mousavi, N.; Morovati, H.; Sarvizadeh, M.; Taghizadeh, M. MicroRNAs and
response to therapy in leukemia. J. Cell Biochem. 2019, 120, 14233-14246. [CrossRef]

Wang, C.Z.; Deng, E; Li, H.; Wang, D.D.; Zhang, W.; Ding, L.; Tang, ].H. MiR-101: A potential therapeutic target of cancers. Am. J.
Transl. Res. 2018, 10, 3310-3321. [PubMed]

Gomes, A.V. Genetics of proteasome diseases. Scientifica 2013, 2013, 637629. [CrossRef] [PubMed]

Kroll-Hermi, A.; Ebstein, F; Stoetzel, C.; Geoffroy, V.; Schaefer, E.; Scheidecker, S.; Bar, S.; Takamiya, M.; Kawakami, K.; Zieba, B.A.;
et al. Proteasome subunit PSMC3 variants cause neurosensory syndrome combining deafness and cataract due to proteotoxic
stress. EMBO Mol. Med. 2020, 12, €11861. [CrossRef]

Ansar, M.; Ebstein, F.; Ozkoc, H.; Paracha, S.A.; Iwaszkiewicz, J.; Gesemann, M.; Zoete, V.; Ranza, E.; Santoni, EA.; Sarwar, M.T,;
et al. Biallelic variants in PSMB1 encoding the proteasome subunit beta6 cause impairment of proteasome function, microcephaly,
intellectual disability, developmental delay and short stature. Hum. Mol. Genet. 2020, 29, 1132-1143. [CrossRef]

Cao, B,; Tian, X,; Li, Y,; Jiang, P; Ning, T.; Xing, H.; Zhao, Y.; Zhang, C.; Shi, X.; Chen, D.; et al. LMP7/TAP2 gene poly-
morphisms and HPV infection in esophageal carcinoma patients from a high incidence area in China. Carcinogenesis 2005, 26,
1280-1284. [CrossRef]

Mehta, A.M.; Jordanova, E.S.; van Wezel, T.; Uh, H.W.,; Corver, W.E.; Kwappenberg, K.M.; Verduijn, W.; Kenter, G.G.; van der
Burg, S.H.; Fleuren, G.]. Genetic variation of antigen processing machinery components and association with cervical carcinoma.
Genes Chromosomes Cancer 2007, 46, 577-586. [CrossRef]

Tang, Q.; Zhang, ].; Qi, B.; Shen, C.; Xie, W. Downregulation of HLA class I molecules in primary oral squamous cell carcinomas
and cell lines. Arch. Med. Res. 2009, 40, 256-263. [CrossRef]

Seliger, B.; Stoehr, R.; Handke, D.; Mueller, A ; Ferrone, S.; Wullich, B.; Tannapfel, A.; Hofstaedter, F; Hartmann, A. Association of
HLA class I antigen abnormalities with disease progression and early recurrence in prostate cancer. Cancer Immunol. Immunother.
2010, 59, 529-540. [CrossRef]


http://doi.org/10.1006/bbrc.2000.3676
http://www.ncbi.nlm.nih.gov/pubmed/11032729
http://doi.org/10.1016/j.cellimm.2004.07.005
http://doi.org/10.1002/1097-0215(20001215)88:6&lt;881::AID-IJC7&gt;3.0.CO;2-D
http://doi.org/10.3324/haematol.2013.092411
http://doi.org/10.1186/s13045-016-0312-z
http://doi.org/10.3390/ijms21082926
http://doi.org/10.1007/s00384-009-0679-1
http://doi.org/10.1172/JCI28804
http://doi.org/10.4049/jimmunol.175.2.1047
http://www.ncbi.nlm.nih.gov/pubmed/16002705
http://doi.org/10.1016/j.bbrc.2010.05.104
http://www.ncbi.nlm.nih.gov/pubmed/20510670
http://doi.org/10.1006/cyto.2000.0717
http://www.ncbi.nlm.nih.gov/pubmed/10975991
http://doi.org/10.1007/BF02953019
http://www.ncbi.nlm.nih.gov/pubmed/21153132
http://doi.org/10.1038/srep24032
http://www.ncbi.nlm.nih.gov/pubmed/27049119
http://doi.org/10.1016/j.molcel.2015.05.036
http://doi.org/10.1002/jcb.28892
http://www.ncbi.nlm.nih.gov/pubmed/30662588
http://doi.org/10.1155/2013/637629
http://www.ncbi.nlm.nih.gov/pubmed/24490108
http://doi.org/10.15252/emmm.201911861
http://doi.org/10.1093/hmg/ddaa032
http://doi.org/10.1093/carcin/bgi071
http://doi.org/10.1002/gcc.20441
http://doi.org/10.1016/j.arcmed.2009.04.004
http://doi.org/10.1007/s00262-009-0769-5

Cells 2021, 10, 1577 18 of 21

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

Fellerhoff, B.; Gu, S.; Laumbacher, B.; Nerlich, A.G.; Weiss, E.H.; Glas, ].; Kopp, R.; Johnson, J.P.; Wank, R. The LMP7-K allele
of the immunoproteasome exhibits reduced transcript stability and predicts high risk of colon cancer. Cancer Res. 2011, 71,
7145-7154. [CrossRef]

Ozbas-Gerceker, F.; Bozman, N.; Kok, S.; Pehlivan, M.; Yilmaz, M.; Pehlivan, S.; Oguzkan-Balci, S. Association of an LMP2 polymor-
phism with acute myeloid leukemia and multiple myeloma. Asian Pac. ]. Cancer Prev. 2013, 14, 6399—-6402. [CrossRef] [PubMed]
Arima, K.; Kinoshita, A.; Mishima, H.; Kanazawa, N.; Kaneko, T.; Mizushima, T.; Ichinose, K.; Nakamura, H.; Tsujino, A.;
Kawakami, A.; et al. Proteasome assembly defect due to a proteasome subunit beta type 8 (PSMB8) mutation causes the autoin-
flammatory disorder, Nakajo-Nishimura syndrome. Proc. Natl. Acad. Sci. USA 2011, 108, 14914-14919. [CrossRef] [PubMed]
Kitamura, A.; Maekawa, Y.; Uehara, H.; Izumi, K.; Kawachi, I.; Nishizawa, M.; Toyoshima, Y.; Takahashi, H.; Standley, D.M.;
Tanaka, K.; et al. A mutation in the immunoproteasome subunit PSMB8 causes autoinflammation and lipodystrophy in humans.
J. Clin. Investig. 2011, 121, 4150-4160. [CrossRef] [PubMed]

Brehm, A.; Kruger, E. Dysfunction in protein clearance by the proteasome: Impact on autoinflammatory diseases. Semin.
Immunopathol. 2015, 37, 323-333. [CrossRef] [PubMed]

De Jesus, A.A.; Brehm, A.; VanTries, R.; Pillet, P.; Parentelli, A.S.; Montealegre Sanchez, G.A.; Deng, Z.; Paut, I.K.; Goldbach-
Mansky, R.; Kruger, E. Novel proteasome assembly chaperone mutations in PSMG2/PAC2 cause the autoinflammatory interfer-
onopathy CANDLE/PRAAS4. |. Allergy Clin. Immunol. 2019, 143, 1939-1943. [CrossRef] [PubMed]

Liu, Y,; Ramot, Y.; Torrelo, A.; Paller, A.S.; Si, N.; Babay, S.; Kim, P.W.; Sheikh, A.; Lee, C.C.; Chen, Y,; et al. Mutations in
proteasome subunit beta type 8 cause chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature
with evidence of genetic and phenotypic heterogeneity. Arthritis Rheum. 2012, 64, 895-907. [CrossRef]

Poli, M.C.; Ebstein, E; Nicholas, SK.; de Guzman, M.M.; Forbes, L.R.; Chinn, LK.; Mace, EIM.; Vogel, T.P; Carisey, A.E;
Benavides, F; et al. Heterozygous Truncating Variants in POMP Escape Nonsense-Mediated Decay and Cause a Unique Immune
Dysregulatory Syndrome. Am. |. Hum. Genet. 2018, 102, 1126-1142. [CrossRef]

Sarrabay, G.; Mechin, D.; Salhi, A.; Boursier, G.; Rittore, C.; Crow, Y.; Rice, G.; Tran, T.A.; Cezar, R.; Duffy, D.; et al. PSMBI0, the
last immunoproteasome gene missing for PRAAS. J. Allergy Clin. Immunol. 2020, 145, 1015-1017. [CrossRef]

Garrido, F,; Cabrera, T.; Concha, A.; Glew, S.; Ruiz-Cabello, E; Stern, P.L. Natural history of HLA expression during tumour
development. Immunol. Today 1993, 14, 491-499. [CrossRef]

Garrido, F; Ruiz-Cabello, F.; Cabrera, T.; Perez-Villar, ].J.; Lopez-Botet, M.; Duggan-Keen, M.; Stern, P.L. Implications for
immunosurveillance of altered HLA class I phenotypes in human tumours. Immunol. Today 1997, 18, 89-95. [CrossRef]
Tripathi, S.C.; Peters, H.L.; Taguchi, A.; Katayama, H.; Wang, H.; Momin, A.; Jolly, M.K.; Celiktas, M.; Rodriguez-Canales, J.;
Liu, H.; et al. Inmunoproteasome deficiency is a feature of non-small cell lung cancer with a mesenchymal phenotype and is
associated with a poor outcome. Proc. Natl. Acad. Sci. USA 2016, 113, E1555-E1664. [CrossRef]

Azimi, F,; Scolyer, R.A.; Rumcheva, P.; Moncrieff, M.; Murali, R.; McCarthy, S.W.; Saw, R.P.; Thompson, ].F. Tumor-infiltrating
lymphocyte grade is an independent predictor of sentinel lymph node status and survival in patients with cutaneous melanoma.
J. Clin. Oncol. 2012, 30, 2678-2683. [CrossRef]

Mlecnik, B.; Tosolini, M.; Kirilovsky, A.; Berger, A.; Bindea, G.; Meatchi, T.; Bruneval, P,; Trajanoski, Z.; Fridman, W.H.; Pages, F.;
et al. Histopathologic-based prognostic factors of colorectal cancers are associated with the state of the local immune reaction. J.
Clin. Oncol. 2011, 29, 610-618. [CrossRef]

Rusakiewicz, S.; Semeraro, M.; Sarabi, M.; Desbois, M.; Locher, C.; Mendez, R.; Vimond, N.; Concha, A.; Garrido, E.; Isambert,
N.; et al. Immune infiltrates are prognostic factors in localized gastrointestinal stromal tumors. Cancer Res. 2013, 73, 3499-3510.
[CrossRef] [PubMed]

Kalaora, S.; Lee, ].S.; Barnea, E.; Levy, R.; Greenberg, P.; Alon, M.; Yagel, G.; Bar Eli, G.; Oren, R.; Peri, A.; et al. Imnmunoproteasome
expression is associated with better prognosis and response to checkpoint therapies in melanoma. Nat. Commun. 2020,
11, 896. [CrossRef]

Lee, M.; Song, I.H.; Heo, S.H.; Kim, Y.A,; Park, .A; Bang, W.S.; Park, H.S.; Gong, G.; Lee, H.]. Expression of Inmunoproteasome
Subunit LMP7 in Breast Cancer and Its Association with Immune-Related Markers. Cancer Res. Treat. 2019, 51, 80-89. [CrossRef]
Rouette, A.; Trofimov, A.; Haberl, D.; Boucher, G.; Lavallee, V.P,; D’Angelo, G.; Hebert, J.; Sauvageau, G.; Lemieux, S.; Perreault, C.
Expression of immunoproteasome genes is regulated by cell-intrinsic and -extrinsic factors in human cancers. Sci. Rep. 2016, 6,
34019. [CrossRef]

Basler, M.; Dajee, M.; Moll, C.; Groettrup, M.; Kirk, C.J. Prevention of experimental colitis by a selective inhibitor of the
immunoproteasome. |. Immunol. 2010, 185, 634—-641. [CrossRef]

Vachharajani, N.; Joeris, T.; Luu, M.; Hartmann, S.; Pautz, S.; Jenike, E.; Pantazis, G.; Prinz, I.; Hofer, M.].; Steinhoff, U.;
et al. Prevention of colitis-associated cancer by selective targeting of immunoproteasome subunit LMP7. Oncotarget 2017, 8,
50447-50459. [CrossRef]

Yang, X.W.; Wang, P; Liu, ].Q.; Zhang, H.; Xi, W.D,; Jia, X.H.; Wang, K.K. Coordinated regulation of the immunoproteasome
subunits by PML/RARalpha and PU.1 in acute promyelocytic leukemia. Oncogene 2014, 33, 2700-2708. [CrossRef]

Manasanch, E.E.; Orlowski, R.Z. Proteasome inhibitors in cancer therapy. Nat. Rev. Clin. Oncol. 2017, 14, 417-433. [CrossRef]
Merin, N.M.; Kelly, K.R. Clinical use of proteasome inhibitors in the treatment of multiple myeloma. Pharmaceuticals 2014,
8, 1-20. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-10-1883
http://doi.org/10.7314/APJCP.2013.14.11.6399
http://www.ncbi.nlm.nih.gov/pubmed/24377540
http://doi.org/10.1073/pnas.1106015108
http://www.ncbi.nlm.nih.gov/pubmed/21852578
http://doi.org/10.1172/JCI58414
http://www.ncbi.nlm.nih.gov/pubmed/21881205
http://doi.org/10.1007/s00281-015-0486-4
http://www.ncbi.nlm.nih.gov/pubmed/25963519
http://doi.org/10.1016/j.jaci.2018.12.1012
http://www.ncbi.nlm.nih.gov/pubmed/30664889
http://doi.org/10.1002/art.33368
http://doi.org/10.1016/j.ajhg.2018.04.010
http://doi.org/10.1016/j.jaci.2019.11.024
http://doi.org/10.1016/0167-5699(93)90264-L
http://doi.org/10.1016/S0167-5699(96)10075-X
http://doi.org/10.1073/pnas.1521812113
http://doi.org/10.1200/JCO.2011.37.8539
http://doi.org/10.1200/JCO.2010.30.5425
http://doi.org/10.1158/0008-5472.CAN-13-0371
http://www.ncbi.nlm.nih.gov/pubmed/23592754
http://doi.org/10.1038/s41467-020-14639-9
http://doi.org/10.4143/crt.2017.500
http://doi.org/10.1038/srep34019
http://doi.org/10.4049/jimmunol.0903182
http://doi.org/10.18632/oncotarget.14579
http://doi.org/10.1038/onc.2013.224
http://doi.org/10.1038/nrclinonc.2016.206
http://doi.org/10.3390/ph8010001

Cells 2021, 10, 1577 19 of 21

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Cloos, J.; Roeten, M.S.; Franke, N.E.; van Meerloo, J.; Zweegman, S.; Kaspers, G.J.; Jansen, G. (Immuno)proteasomes as therapeutic
target in acute leukemia. Cancer Metastasis Rev. 2017, 36, 599-615. [CrossRef]

Huber, E.M.; Basler, M.; Schwab, R.; Heinemeyer, W.; Kirk, C.J.; Groettrup, M.; Groll, M. Immuno- and constitutive proteasome
crystal structures reveal differences in substrate and inhibitor specificity. Cell 2012, 148, 727-738. [CrossRef] [PubMed]
Studencka-Turski, M.; Cetin, G.; Junker, H.; Ebstein, F; Kruger, E. Molecular Insight Into the IRElalpha-Mediated Type I Interferon
Response Induced by Proteasome Impairment in Myeloid Cells of the Brain. Front. Immunol. 2019, 10, 2900. [CrossRef]

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

Ettari, R.; Previti, S.; Bitto, A.; Grasso, S.; Zappala, M. Immunoproteasome-Selective Inhibitors: A Promising Strategy to Treat
Hematologic Malignancies, Autoimmune and Inflammatory Diseases. Curr. Med. Chem. 2016, 23, 1217-1238. [CrossRef]
Zhang, C.; Zhu, H.; Shao, J.; He, R; Xi, J.; Zhuang, R.; Zhang, ]. Inmunoproteasome-selective inhibitors: The future of
autoimmune diseases? Future Med. Chem. 2020, 12, 269-272. [CrossRef]

Ho, YK.; Bargagna-Mohan, P.; Wehenkel, M.; Mohan, R.; Kim, K.B. LMP2-specific inhibitors: Chemical genetic tools for
proteasome biology. Chem. Biol. 2007, 14, 419-430. [CrossRef]

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

Lee, M.J. The Development of Novel Proteasome Inhibitors for the Treatment of Multiple Myeloma and Alzheimer’s Disease.
Ph.D. Thesis, University of Kentucky, Lexington, KY, USA, April 2019.

Basler, M.; Mundyt, S.; Muchamuel, T.; Moll, C.; Jiang, J.; Groettrup, M.; Kirk, C.J. Inhibition of the immunoproteasome ameliorates
experimental autoimmune encephalomyelitis. EMBO Mol. Med. 2014, 6, 226-238. [CrossRef]

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

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. An inhibitor of proteasome beta?2 sites sensitizes myeloma cells to immunoproteasome inhibitors. Blood Adv.
2018, 2, 2443-2451. [CrossRef]

De Bruin, G.; Huber, EM.; Xin, B.T.; van Rooden, EJ.; Al-Ayed, K.; Kim, K.B.; Kisselev, A.F,; Driessen, C.; van der Stelt, M.; van
der Marel, G.A.; et al. Structure-based design of betali or beta5i specific inhibitors of human immunoproteasomes. J. Med. Chem.
2014, 57, 6197-6209. [CrossRef]

Fan, H.; Angelo, N.G.; Warren, ].D.; Nathan, C.F; Lin, G. Oxathiazolones Selectively Inhibit the Human Immunoproteasome over
the Constitutive Proteasome. ACS Med. Chem. Lett. 2014, 5, 405-410. [CrossRef]

Dubiella, C.; Baur, R.; Cui, H.; Huber, E.M.; Groll, M. Selective Inhibition of the Inmunoproteasome by Structure-Based Targeting
of a Non-catalytic Cysteine. Angew. Chem. Int. Ed. Engl. 2015, 54, 15888-15891. [CrossRef]

Singh, PK.; Fan, H.; Jiang, X.; Shi, L.; Nathan, C.E; Lin, G. Immunoproteasome beta5i-Selective Dipeptidomimetic Inhibitors.
ChemMedChem 2016, 11, 2127-2131. [CrossRef]

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.; et al. Discovery of Highly Selective Inhibitors of the Inmunoproteasome Low Molecular Mass Polypeptide 2 (LMP2) Subunit.
ACS Med. Chem. Lett. 2017, 8, 413-417. [CrossRef] [PubMed]

Xin, B.T.; Huber, E.M.; de Bruin, G.; Heinemeyer, W.; Maurits, E.; Espinal, C.; Du, Y.; Janssens, M.; Weyburne, E.S.; Kisselev, A.E;
et al. Structure-Based Design of Inhibitors Selective for Human Proteasome beta2c or beta2i Subunits. J. Med. Chem. 2019, 62,
1626-1642. [CrossRef]

Klein, M.; Busch, M.; Esdar, C.; Friese-Hamim, M.; Krier, M.; Musil, D.; Rohdich, F.; Sanderson, M.; Walter, G.; Schadt, O.; et al.
Abstract LB-054: Discovery and profiling of M3258, a potent and selective LMP7 inhibitor demonstrating high efficacy in multiple
myeloma models. Cancer Res. 2019, 79 (Suppl. S13). [CrossRef]

Maurits, E.; van de Graaff, M.].; Maiorana, S.; Wander, D.P.A.; Dekker, PM.; van der Zanden, S.Y.; Florea, B.I.; Neefjes, ].].C.;
Overkleeft, H.S.; van Kasteren, S.I. Inmunoproteasome Inhibitor-Doxorubicin Conjugates Target Multiple Myeloma Cells and
Release Doxorubicin upon Low-Dose Photon Irradiation. J. Am. Chem. Soc. 2020, 142, 7250-7253. [CrossRef]
Downey-Kopyscinski, S.L.; De Matos Simoes, R.; Bariteau, M.; Borah, M.L.; Bender, S.; Foneska, J.; Roth, J.; Groen, R.; Walter,
G.; Friese-Hamim, M.; et al. Pharmacological Perturbation of the Immunoproteasome in Hematologic Neoplasias: Therapeutic
Implications. Blood 2019, 134 (Suppl. S1), 1291. [CrossRef]

First in Human Dose Escalation of M3258 as a Single Agent and Expansion Study of M3258 in Combination With Dexamethasone.
Available online: https://ClinicalTrials.gov/show /NCT04075721 (accessed on 20 March 2021).

Britton, M.; Lucas, M.M.; Downey, S.L.; Screen, M.; Pletnev, A.A.; Verdoes, M.; Tokhunts, R.A.; Amir, O.; Goddard, A.L.; Pelphrey,
PM.; et al. Selective inhibitor of proteasome’s caspase-like sites sensitizes cells to specific inhibition of chymotrypsin-like sites.
Chem. Biol. 2009, 16, 1278-1289. [CrossRef] [PubMed]

Vrettos, E.I; Mezo, G.; Tzakos, A.G. On the design principles of peptide-drug conjugates for targeted drug delivery to the
malignant tumor site. Beilstein. J. Org. Chem. 2018, 14, 930-954. [CrossRef]


http://doi.org/10.1007/s10555-017-9699-4
http://doi.org/10.1016/j.cell.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22341445
http://doi.org/10.3389/fimmu.2019.02900
http://doi.org/10.1111/j.1365-2141.2010.08491.x
http://doi.org/10.2174/0929867323666160318173706
http://doi.org/10.4155/fmc-2019-0299
http://doi.org/10.1016/j.chembiol.2007.03.008
http://doi.org/10.1038/bjc.2012.243
http://www.ncbi.nlm.nih.gov/pubmed/22677907
http://doi.org/10.1002/emmm.201303543
http://doi.org/10.1002/art.33333
http://doi.org/10.1182/bloodadvances.2018016360
http://doi.org/10.1021/jm500716s
http://doi.org/10.1021/ml400531d
http://doi.org/10.1002/anie.201506631
http://doi.org/10.1002/cmdc.201600384
http://doi.org/10.1021/acsmedchemlett.6b00496
http://www.ncbi.nlm.nih.gov/pubmed/28435528
http://doi.org/10.1021/acs.jmedchem.8b01884
http://doi.org/10.1158/1538-7445.AM2019-LB-054
http://doi.org/10.1021/jacs.9b11969
http://doi.org/10.1182/blood-2019-130356
https://ClinicalTrials.gov/show/NCT04075721
http://doi.org/10.1016/j.chembiol.2009.11.015
http://www.ncbi.nlm.nih.gov/pubmed/20064438
http://doi.org/10.3762/bjoc.14.80

Cells 2021, 10, 1577 20 of 21

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Ashley, J.D.; Quinlan, C.J.; Schroeder, V.A.; Suckow, M.A.; Pizzuti, VJ.; Kiziltepe, T.; Bilgicer, B. Dual Carfilzomib and
Doxorubicin-Loaded Liposomal Nanoparticles for Synergistic Efficacy in Multiple Myeloma. Mol. Cancer Ther. 2016, 15,
1452-1459. [CrossRef] [PubMed]

Johnson, HW.B.; Lowe, E.; Anderl, J.L.; Fan, A.; Muchamuel, T.; Bowers, S.; Moebius, D.C.; Kirk, C.; McMinn, D.L. Re-
quired Immunoproteasome Subunit Inhibition Profile for Anti-Inflammatory Efficacy and Clinical Candidate KZR-616 ((2 S,3
R)- N-(( S)-3-(Cyclopent-1-en-1-yl)-1-(( R)-2-methyloxiran-2-yl)-1-oxopropan-2-yl)-3-hydroxy-3-(4-methoxyphenyl)-2-(( S)-2-(2-
morpholinoacetamido)propanamido)propenamide). . Med. Chem. 2018, 61, 11127-11143.

Lickliter, J.; Bomba, D.; Anderl, J.; Fan, A.; Kirk, C.J.; Wang, J]. 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 in healthy volunteers. Ann. Rheum. Dis. 2018, 77 (Suppl. 52), 1413-1414.

Open-Label Extension to the Phase 2 Crossover Study (PRESIDIO) Evaluating KZR-616 in Patients With PM and DM. Available
online: https:/ /ClinicalTrials.gov/show /NCT04628936 (accessed on 20 March 2021).

A Study of KZR-616 in Patients With SLE With and Without Lupus Nephritis. Available online: https:/ /ClinicalTrials.gov/show/
NCT03393013 (accessed on 20 March 2021).

Sanderson, M.; Busch, M.; Esdar, C.; Friese-Hamim, M.; Krier, M.; Ma, J.; Musil, D.; Rohdich, F.; Sloot, W.; Walter, G.; et al.
Abstract DDT02-01: First-time disclosure of M3258: A selective inhibitor of the immunoproteasome subunit LMP7 with
potential for improved therapeutic utility in multiple myeloma compared to pan-proteasome inhibitors. Cancer Res. 2019,
79 (Suppl. 513). [CrossRef]

Ebstein, F,; Poli Harlowe, M.C.; Studencka-Turski, M.; Kruger, E. Contribution of the Unfolded Protein Response (UPR) to the
Pathogenesis of Proteasome-Associated Autoinflammatory Syndromes (PRAAS). Front. Immunol. 2019, 10, 2756. [CrossRef]
Hideshima, T.; Ikeda, H.; Chauhan, D.; Okawa, Y.; Raje, N.; Podar, K.; Mitsiades, C.; Munshi, N.C.; Richardson, P.G.; Car-
rasco, R.D.; et al. Bortezomib induces canonical nuclear factor-kappaB activation in multiple myeloma cells. Blood 2009, 114,
1046-1052. [CrossRef]

Chen, D,; Frezza, M.; Schmitt, S.; Kanwar, J.; Dou, Q.P. Bortezomib as the first proteasome inhibitor anticancer drug: Current
status and future perspectives. Curr. Cancer Drug Targets 2011, 11, 239-253. [CrossRef]

Qin, J.Z.; Ziffra, J.; Stennett, L.; Bodner, B.; Bonish, B.K.; Chaturvedi, V.; Bennett, F.; Pollock, PM.; Trent, ].M.; Hendrix, M.].;
et al. Proteasome inhibitors trigger NOXA-mediated apoptosis in melanoma and myeloma cells. Cancer Res. 2005, 65, 6282-6293.
[CrossRef] [PubMed]

Hussain, A.R.; Ahmed, M.; Ahmed, S.O.; Al-Thari, S.; Khan, A.S.; Razack, S.; Platanias, L.C.; Al-Kuraya, K.S.; Uddin, S.
Proteasome inhibitor MG-132 mediated expression of p27Kip1l via S-phase kinase protein 2 degradation induces cell cycle
coupled apoptosis in primary effusion lymphoma cells. Leuk. Lymphoma 2009, 50, 1204-1213. [CrossRef]

Zarfati, M.; Avivi, I; Brenner, B.; Katz, T.; Aharon, A. Extracellular vesicles of multiple myeloma cells utilize the proteasome
inhibitor mechanism to moderate endothelial angiogenesis. Angiogenesis 2019, 22, 185-196. [CrossRef]

Motegi, A.; Murakawa, Y.; Takeda, S. The vital link between the ubiquitin-proteasome pathway and DNA repair: Impact on
cancer therapy. Cancer Lett. 2009, 283, 1-9. [CrossRef] [PubMed]

Schmidt, C.; Berger, T.; Groettrup, M.; Basler, M. Inmunoproteasome Inhibition Impairs T and B Cell Activation by Restraining
ERK Signaling and Proteostasis. Front. Immunol. 2018, 9, 2386. [CrossRef]

Paeschke, A ; Possehl, A.; Klingel, K.; Voss, M.; Voss, K.; Kespohl, M.; Sauter, M.; Overkleeft, H.S.; Althof, N.; Garlanda, C.; et al.
The immunoproteasome controls the availability of the cardioprotective pattern recognition molecule Pentraxin3. Eur. J. Immunol.
2016, 46, 619-633. [CrossRef] [PubMed]

Althof, N.; Goetzke, C.C.; Kespohl, M.; Voss, K.; Heuser, A.; Pinkert, S.; Kaya, Z.; Klingel, K.; Beling, A. The immunoproteasome-
specific inhibitor ONX 0914 reverses susceptibility to acute viral myocarditis. EMBO Mol. Med. 2018, 10, 200-218. [CrossRef]
Hensley, S.E.; Zanker, D.; Dolan, B.P,; David, A.; Hickman, H.D.; Embry, A.C.; Skon, C.N.; Grebe, K.M.; Griffin, T.A.; Chen, W.;
et al. Unexpected role for the immunoproteasome subunit LMP?2 in antiviral humoral and innate immune responses. J. Immunol.
2010, 184, 4115-4122. [CrossRef]

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

Fitzmaurice, C.; Akinyemiju, T.F; Al Lami, EH.; Alam, T.; Alizadeh-Navaei, R.; Allen, C.; Alsharif, U.; Alvis-Guzman, N.; Amini,
E.; Anderson, B.O,; et al. Global, Regional, and National Cancer Incidence, Mortality, Years of Life Lost, Years Lived With
Disability, and Disability-Adjusted Life-Years for 29 Cancer Groups, 1990 to 2016: A Systematic Analysis for the Global Burden of
Disease Study. JAMA Oncol. 2018, 4, 1553-1568.

Pulte, D.; Jansen, L.; Castro, F.A.; Brenner, H. Changes in the survival of older patients with hematologic malignancies in the early
21st century. Cancer 2016, 122, 2031-2040. [CrossRef]

Xu, G.W.,; Ali, M.; Wood, TE.; Wong, D.; Maclean, N.; Wang, X.; Gronda, M.; Skrtic, M.; Li, X.; Hurren, R.; et al. The
ubiquitin-activating enzyme E1 as a therapeutic target for the treatment of leukemia and multiple myeloma. Blood 2010, 115,
2251-2259. [CrossRef]

Milhollen, M.A; Traore, T.; Adams-Dufty, J.; Thomas, M.P; Berger, A.J.; Dang, L.; Dick, L.R.; Garnsey, J.J.; Koenig, E.; Langston,
S.P; et al. MLN4924, a NEDDS8-activating enzyme inhibitor, is active in diffuse large B-cell lymphoma models: Rationale for
treatment of NF-{kappa}B-dependent lymphoma. Blood 2010, 116, 1515-1523. [CrossRef] [PubMed]


http://doi.org/10.1158/1535-7163.MCT-15-0867
http://www.ncbi.nlm.nih.gov/pubmed/27196779
https://ClinicalTrials.gov/show/NCT04628936
https://ClinicalTrials.gov/show/NCT03393013
https://ClinicalTrials.gov/show/NCT03393013
http://doi.org/10.1158/1538-7445.AM2019-DDT02-01
http://doi.org/10.3389/fimmu.2019.02756
http://doi.org/10.1182/blood-2009-01-199604
http://doi.org/10.2174/156800911794519752
http://doi.org/10.1158/0008-5472.CAN-05-0676
http://www.ncbi.nlm.nih.gov/pubmed/16024630
http://doi.org/10.1080/10428190902951799
http://doi.org/10.1007/s10456-018-9649-y
http://doi.org/10.1016/j.canlet.2008.12.030
http://www.ncbi.nlm.nih.gov/pubmed/19201084
http://doi.org/10.3389/fimmu.2018.02386
http://doi.org/10.1002/eji.201545892
http://www.ncbi.nlm.nih.gov/pubmed/26578407
http://doi.org/10.15252/emmm.201708089
http://doi.org/10.4049/jimmunol.0903003
http://doi.org/10.1146/annurev.immunol.18.1.621
http://doi.org/10.1002/cncr.30003
http://doi.org/10.1182/blood-2009-07-231191
http://doi.org/10.1182/blood-2010-03-272567
http://www.ncbi.nlm.nih.gov/pubmed/20525923

Cells 2021, 10, 1577 21 of 21

188.

189.

190.

191.

192.

193.

194.

195.

Swords, R.T,; Kelly, KR.; Smith, P.G.; Garnsey, ].J.; Mahalingam, D.; Medina, E.; Oberheu, K.; Padmanabhan, S.; O'Dwyer, M.;
Nawrocki, S.T.; et al. Inhibition of NEDDB8-activating enzyme: A novel approach for the treatment of acute myeloid leukemia.
Blood 2010, 115, 3796-3800. [CrossRef] [PubMed]

Hosseini, S.M.; Okoye, I.; Chaleshtari, M.G.; Hazhirkarzar, B.; Mohamadnejad, J.; Azizi, G.; Hojjat-Farsangi, M.; Mohammadi,
H.; Shotorbani, S.S.; Jadidi-Niaragh, F. E2 ubiquitin-conjugating enzymes in cancer: Implications for immunotherapeutic
interventions. Clin. Chim. Acta 2019, 498, 126-134. [CrossRef] [PubMed]

Jan, M,; Sperling, A.S.; Ebert, B.L. Cancer therapies based on targeted protein degradation—Lessons learned with lenalidomide.
Nat. Rev. Clin. Oncol. 2021. [CrossRef] [PubMed]

Ito, T.; Ando, H.; Suzuki, T.; Ogura, T.; Hotta, K.; Imamura, Y.; Yamaguchi, Y.; Handa, H. Identification of a primary target of
thalidomide teratogenicity. Science 2010, 327, 1345-1350. [CrossRef] [PubMed]

Kronke, J.; Udeshi, N.D.; Narla, A.; Grauman, P.; Hurst, S.N.; McConkey, M.; Svinkina, T.; Heckl, D.; Comer, E.; Li, X.;
et al. Lenalidomide causes selective degradation of IKZF1 and IKZF3 in multiple myeloma cells. Science 2014, 343, 301-305.
[CrossRef] [PubMed]

Lu, G.; Middleton, R.E.; Sun, H.; Naniong, M.; Ott, C.J.; Mitsiades, C.S.; Wong, K.K.; Bradner, ].E.; Kaelin, W.G., Jr. The myeloma
drug lenalidomide promotes the cereblon-dependent destruction of Ikaros proteins. Science 2014, 343, 305-309. [CrossRef]
Kronke, J.; Fink, E.C.; Hollenbach, PW.; MacBeth, K.J.; Hurst, S.N.; Udeshi, N.D.; Chamberlain, P.P.; Mani, D.R.; Man, HW.;
Gandhi, AK;; et al. Lenalidomide induces ubiquitination and degradation of CKlalpha in del(5q) MDS. Nature 2015, 523,
183-188. [CrossRef]

Besse, A.; Besse, L.; Kraus, M.; Mendez-Lopez, M.; Bader, J.; Xin, B.T.; de Bruin, G.; Maurits, E.; Overkleeft, H.S.; Driessen, C.
Proteasome Inhibition in Multiple Myeloma: Head-to-Head Comparison of Currently Available Proteasome Inhibitors. Cell Chem.
Biol. 2019, 26, 340-351. [CrossRef] [PubMed]


http://doi.org/10.1182/blood-2009-11-254862
http://www.ncbi.nlm.nih.gov/pubmed/20203261
http://doi.org/10.1016/j.cca.2019.08.020
http://www.ncbi.nlm.nih.gov/pubmed/31445029
http://doi.org/10.1038/s41571-021-00479-z
http://www.ncbi.nlm.nih.gov/pubmed/33654306
http://doi.org/10.1126/science.1177319
http://www.ncbi.nlm.nih.gov/pubmed/20223979
http://doi.org/10.1126/science.1244851
http://www.ncbi.nlm.nih.gov/pubmed/24292625
http://doi.org/10.1126/science.1244917
http://doi.org/10.1038/nature14610
http://doi.org/10.1016/j.chembiol.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30612952

	Introduction 
	The Immunoproteasome: A Proteasomal Variant Linked to the Hematopoietic System 
	Immunoproteasome Structure 
	Immune and Non-Immune Functions of the Immunoproteasome 
	Expression Patterns of the Immunoproteasome 
	Genetic Variants of the Immunoproteasome 

	Pro- and Anti-Tumoral Properties of the Immunoproteasome 
	Development of Immunoproteasome Inhibitors to Target Hematologic Malignancies 
	Pathways Affected by Immunoproteasome Inhibition 
	Discussion 
	References

