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Abstract

Immunoproteasomes contain replacements for the three catalytic subunits of standard
proteasomes. In most cells, oxidative stress and proinflammatory cytokines are stimuli that lead to
elevated production of immunoproteasomes. Immune system cells, especially antigen-presenting
cells, express a higher basal level of immunoproteasomes. A well-described function of
immunoprotea-somes is to generate peptides with a hydrophobic C terminus that can be processed
to fit in the groove of MHC class | molecules. This display of peptides on the cell surface allows
surveillance by CD8 T cells of the adaptive immune system for pathogen-infected cells. Functions
of immunoprotea-somes, other than generating peptides for antigen presentation, are emerging
from studies in immunoproteasome-deficient mice, and are complemented by recently described
diseases linked to mutations or single-nucleotide polymorphisms in immunoproteasome subunits.
Thus, this growing body of literature suggests a more pleiotropic role in cell function for the
immunoproteasome.

[. Introduction

While the first descriptions of the proteasome were published in the 1970s,-2 it was not
until the 1990s that the scientific community became aware of a specialized form of the
proteasome3-6 that was later called the immunoproteasome (i-proteasome).” The name i-
proteasome was first given to 20S cores that had incorporated the low-molecular-weight
proteins (LMPs) LMP2 and LMP7. These proteins were significantly upregulated in
response to the major immunomodulatory cytokine interferon-gamma (IFN-y). An
additional factor influencing the choice of hame was that the genes encoding LMP2 and
LMP7 were located within the major histocompatibility complex (MHC) class Il region. The
third i-proteasome subunit, the multicatalytic endopeptidase complex subunit 1 (MECL-1),
was discovered about a decade later.8-10 This subunit also responds to IFN-y stimulation;
however, the gene that encodes this protein lies outside the MHC class Il region.

Proteasome subtypes are defined by their catalytic subunits. The standard proteasome
catalytic subunits include 1, B2, and 5, which are constitutively expressed in all cells. The
i-proteasome catalytic subunits, also known as the inducible subunits, are LMP2, MECL-1,
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and LMP7. An intermediate protea-some containing a mixture of both the standard and i-
proteasome subunits has also been described. The most recent proteasome subtype to be
discovered is the thymus-specific proteasome, which substitutes the 5 subunit with an
alternate protein (p5t).11

The nomenclature for the various proteasome subunits is quite confusing because multiple
names have been assigned to each subunit. This is due in part to contributions from multiple
laboratories working on different organisms. Table | provides a list of names for the
different catalytic subunits and should be a useful reference for future reading, as the
nomenclature is not completely standardized. The UniProtKB nomenclature and gene names
are also provided to aid in accessing online information. For the purpose of this chapter, we
will use the common name for the standard and thymoproteasome subunits (81, 32, B5, p5t)
and the alternate names for the i-proteasome subunits (LMP2, LMP7, MECL-1).

Il. Immunoproteasome Structure

The basic structure of all proteasome subtypes is essentially the same. Each 20S core
particle is composed of four stacked rings of seven subunits each. The two outer rings
contain the constitutively expressed a-subunits, which interact with regulatory complexes
such as PA28 and PA700. The two inner rings contain the B-subunits. Three of the f3-
subunits in each ring perform distinct proteolytic activities. In the standard proteasome,
activity of the catalytic sub-units 1, 2, and p5 have been classified as caspase-like, trypsin-
like, and chymotrypsin-like for cleavage after acidic, basic, and hydrophobic amino acids,
respectively (Table I). The standard catalytic subunits 31, 2, and 5 can be replaced in
nascent proteasome cores by the inducible subunits LMP2, MECL-1, and LMP7,
respectively. While the MECL-1 and LMP7 subunits perform the same type of activities as
the B2 and 5, the LMP2 subunit performs chymotrypsin-like activity and cleaves after
hydrophobic amino acids. The structural basis for this change is discussed in a later section.
It has been suggested that the altered activity of the LMP2 subunit facilitates the generation
of peptides for antigen presentation, which requires peptides with hydrophobic amino acids
in the C-terminal position.

Each catalytic subunit is expressed with a propeptide that ranges in size from 20 to 72 amino
acids (Table II). Cleavage of the propeptide is essential for maturation of the 20S core and
activation of the catalytic threonine residue. Thus, the difference in the molecular mass of
the unprocessed and the mature protein allows one to distinguish these two species on a
high-percentage sodium dodecyl sulfate gel. A comparison of the amino acids and molecular
mass of the unprocessed and mature proteins for humans and mice is provided in Table II .
For most of the proteins, there is good agreement between the two species, except for the
presence of the two isoforms of the 5 and LMP7 subunits that are unique to humans.

There is high sequence homology between the standard catalytic subunits and their i-
proteasome correlates (Fig. 1A). The percentage of amino acid sequence identities is
between 60% and 70%. When considering the conservative substitutions in each subunit, the
amino acid sequence similarities range from 76% to 83%. The amino acid sequence for each
subunit is also highly conserved between species. Sequence comparison for humans and
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mice shows that the primary sequence is 83—-96% identical and 90-100% similar (Fig. 1B).
Thus, it appears that there is strong evolutionary pressure to maintain the primary and
secondary structure for all of the proteasome catalytic subunits.

The 20S is the predominant proteasome form in most cells and, in fact, may be the primary
mechanism for the ATP-independent degradation of oxidized proteins following an
oxidative insult.13:14 The core particle, containing all standard or i-proteasome catalytic
subunits, or a mixture of both standard and i-proteasome subunits, has been described.15-17
Considering the various combinations of subunits, it is theoretically possible to generate 36
different 20S core complexes that differ in their proteolytic capacity and specificity. This is
a dizzying number of proteasome subtypes when one also includes the different regulatory
complexes that can associate with each end to form cores with PA700 or PA28 bound, or
one molecule each of PA700 and PA28 to form the hybrid proteasome. Of particular
importance to the i-proteasome is PA28. This regulatory complex contains seven proteins. In
the cytosol, the a- and B-subunits form this complex, but the y-subunit is present in the
nucleus. Expression of PA28 is upregulated by IFN-vy, suggesting a role in regulating i-
proteasome function. When this regulatory molecule binds to the outer ring of the a-
subunits, it causes structural rearrangement of the N-terminal portion of the a-subunits that
opens the central chamber and facilitates access of proteins to the catalytic core.18

lll. Regulation of Gene Expression

The two genes that encode LMP2 and LMP7 were first discovered in the early 1980s by
Monaco and McDevitt.19:20 These two genes were subsequently mapped to the MHC class

Il region, where they are clustered with the TAP-1 and TAP-2 genes. Like LMP2 and
LMP7, the expression of TAP proteins is also upregulated by IFN-y. The TAP proteins are
transport molecules embedded in the endoplasmic reticulum (ER), where they shuttle
peptides destined for MHC class | antigen presentation from the cytoplasm into the lumen of
the ER. The MHC class Il region is located on chromosome 6 in humans and chromosome
17 in mice.

The genomic organization of the gene for LMP2 is very similar for both humans and mice.
The gene is approximately 2.3 Kb in size and contains six exons of identical length.21:22 The
LMP2 gene is unusual in that it contains a bidirectional promoter that is shared with the
TAP-1 gene.23 Both genes are divergently transcribed from a central promoter region of 539
base pairs that has no TATA box, but rather has several GC boxes that are the likely
transcriptional start sites. Transcription is initiated at multiple sites for each gene, but
remarkably, there is no overlap in transcripts between genes. The promoter region also
contains binding sites for multiple transcription factors, including the interferon consensus
sequence-2 and gamma interferon activated sequence elements that bind the dimer signal
transducers and activators of transcription-1 (Stat-1) and interferon regulatory factor-1
(IRF-1).24 The Stat-1/IRF-1 dimers are the major transcription factors involved in IFN-y
signal transduction. Gene expression of LMP2 and LMP7 is strongly upregulated by IFN-
v.25 The promoter also contains additional binding sites for transcription factors, including
10 GC-rich regions, two cAMP responsive elements, two AP-2 elements, four Egr response
elements, and three regions of consensus sequence for NF-xB binding. Transcription factors

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2015 April 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrington and Gregerson Page 4

that have been associated with LMP2 regulation include NF-xB, Sp1, AP-1, cAMP
responsive element binding protein (CREB), and, more recently, Zif268, also known as
Egri. 21.23.26 Both LMP2 and LMP7 were recently identified as target genes for Zif268,
which suppresses transcription of these genes. It has been suggested that Zif268 may
modulate the transcriptional response of Sp1 and NF-xB in the LMP2 and LMP7 genes
since the binding sites of these three transcription factors lie in close proximity to each
other.26

There are a few differences in the genomic organization of the LMP7 gene when comparing
the human and mouse genomes.2” In the mouse, there are six exons, while the human gene
contains seven exons. The difference occurs in the first human exon, which is modified by
numerous insertions and deletions. This exon also contains two frame stop codons that
results in the production of two different LMP7 isoforms in humans. In contrast, the mouse
gene encodes for only one protein. The difference in amino acid sequence between the two
LMP7 isoforms produced by the human gene is limited to the N-terminal portion of the
protein, which is removed in the mature protein. Thus, while the catalytic activity is
identical, there could be potential differences in assembly in the 20S core particle due to the
altered amino acid composition of the N terminus. In both mouse and human, the 3’ end of
the TAP-1 gene lies ~ 1 Kb upstream from the initial translational codon of LMP7. The
promoter region contains a TATA box, two GC-rich regions, one cAMP regulatory element,
four Spl sites, Egr response elements, and one region with the consensus sequence for NF-
kB binding. Thus, similar transcription factors regulate both the LMP7 and LMP2

genes.26. 27

Discovery of the third i-proteasome gene for the MECL-1 subunit (PSMB10) occurred much
later than the two i-proteasome genes encoded in the MHC class 1l region. The initial studies
identified the MECL-1 subunit as a component of the i-proteasome based on its structural
similarities to LMP2 and LMP7 and its responsiveness to IFN-y.8: 10. 28 The gene for
MECL-1 is found outside the MHC class Il region and is expressed as a single copy. 929 In
the mouse, it is located on chromosome 8 and in humans, on chromosome 16. Investigation
of the genomic organization of the PSMB10 gene showed similarities between the mouse
and human genome. Each gene contained eight exons of equal size with introns inserted at
exactly the same place. The mouse gene was slightly larger than the gene in humans (2.5 vs.
2.3 Kb) due to a long interspersed repetitive DNA sequence known as L! that is located
upstream of the promoter region. The promoter regions contain no CAAT or TATA boxes
and, like other genes missing these elements, MECL-1 has multiple transcriptional start
sites. The promoter also contains two elements that confer responsiveness to IFN and
multiple additional regions that bind transcription factors, including Sp1, AP-1/2, and NF-
xB.

The gene for the B5t subunit of the thymoproteasome was discovered by Murata and
colleagues?! during a genome-wide database search for proteasome-related genes. The f5t
gene is located adjacent to the f5 gene (PSMB5) and is encoded by a single exon. The 5
and 5t genes are transcribed in opposite directions and, in the mouse, are separated by 7.3
kb on chromosome 14. Based on Northern and Western blot analyses, expression of the 5t
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gene and gene product occurs exclusively in the thymus. The presence of the f5t gene was
confirmed in both mice and humans.

Standard proteasomes are constitutively expressed in nearly all mammalian cells. In
contrast, i-proteasome expression is generally lower under basal conditions, but can be
significantly upregulated when cells are exposed to various factors, such as IFN-v, or
environmental stressors, such as oxidative stress. An exception to this generalization is the
cells of the immune system, which can constitutively express i-proteasome at high levels.
For example, cells in the spleen contain nearly all i-proteasome and low levels of the
standard proteasome subunits.3°

IFN-vy is the most well-studied factor used to investigate i-proteasome expression. In
addition to affecting i-proteasome, IFN-y also upregulated a host of other genes associated
with generating peptides, including molecules from the MHC class | and 11 pathways, TAP
and PA28. IFN-v can also affect the population of proteasome subtypes present by causing
dephosphorylation of the 20S, which favors dissociation with PA700 and association with
PA28.31 Induction of i-proteasome subunit expression by IFN-y has been well established
for both cultured immune cells1? and cultured nonimmune cells, such as neurons32 and
epithelial cells of the retina.33 This cytokine-induced expression results from binding of the
Stat-1 and IRF-1 transcription factors to multiple IFN-y consensus/activation sequences in
the promoter region of the LMP2, LMP7, and MECL-1 genes.24:29 Other cytokines, such as
IFNa/B, lipopolysac-charide, and TNFa also elicit an inflammatory response that involves
increased i-proteasome expression.

The presence of binding sites for multiple transcription factors, such as CREB and NF-xB
on the promoter region of i-proteasome genes suggests that additional cytokine-independent
mechanisms of regulation are possible.2:27 For example, nitric oxide increases i-proteasome
expression via the cGMP/ cAMP pathway.3* In the cascade of reactions that begins with
elevated levels of nitric oxide, cGMP/cAMP activates the protein kinases A and G, which in
turn phosphorylate CREB. Phosphorylation triggers the nuclear translocation of CREB and
subsequent transcription of the i-proteasome subunits. This mechanism has been proposed to
explain high basal i-proteasome expression in endothelial cells, which are exposed to
constitutively high levels of nitric oxide.34

The ability of the cells to produce different subtypes of the proteasome, each possessing
different catalytic properties and substrate preference, has several advantages. First, this
plasticity allows the cell to respond to changing environmental conditions and adjust the
proteolytic capacity to match each new challenge. Second, the presence of different subtypes
increases the repertoire of substrates that can be degraded and peptides that are generated.

IV. Assembly of the 20S Core

Assembly of the 20S core is a chaperone-mediated process (reviewed in Ref. 35). The initial
step involves the formation of the seven-member ring of a-subunits utilizing dimers of the
proteasome-assembling chaperone (PAC1 and PAC2). The PAC1/2 chaperones function as
scaffolding and prevent the a-subunits from associating with other nascent a-rings.36 PAC 3
and PAC 4 also assist with a-ring assembly and connect the end subunits together to form
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the heptameric ring. PAC3/4 also recruits and correctly positions 32, which is the first -
subunit of the standard proteasome to be incorporated into the nascent complex.36:37
PAC3/4 then dissociates from the complex and the remaining B-subunits are incorporated in
a defined order (83, p4, B5, p6, B1, and finally 37) with the assembled a-ring to form a half
proteasome. Data from chimeric proteins containing different N-terminal propeptides have
shown that the mutual interaction of the propeptides of the immature subunits drives the
orderly assembly of the B-subunits.38 In the final step, two half proteasome core particles are
combined with the aid of the chaperone proteasome maturation protein (POMP or
proteassemblin, the mammalian orthologue to Ump1 in yeast). Formation of the complete
20S core initiates cleavage of the N-terminal propeptide from the three pairs of catalytic -
subunits, which exposes and activates the catalytic threonine residue (Thrl in the mature
20S). The 20S proteasome then degrades the PAC and POMP chaperones, signaling
successful assembly of the mature 20S core.

Although the general mechanism of 20S assembly is similar for all protea-some subtypes,
the assembly of i-proteasome is favored over the standard proteasome for several reasons. In
cells expressing both i-proteasome and standard proteasome subunits, the LMP2 subunit is
the first subunit added, whereas the standard subunit homologue (1) is incorporated much
later in the assembly process. The presence of LMP2 facilitates incorporation of MECL-1.
Data also support the idea that LMP?2 is strictly required for MECL-1 incorporation,
although this point remains controversial.33-41 The LMP7 subunit facilitates maturation of
the nascent 20S core by assisting in the removal of the propeptides from LMP2 and
MECL-1.3940 The preferential incorporation of all three i-proteasome subunits, which is
known as cooperative assembly, is also aided by the action of POMP. POMP expression is
upregulated by IFN-y, so POMP expression is concomitantly increased in tandem with the
inducible subunits. Importantly, POMP binds the propeptide of LMP7 with greater affinity
than that of 85, resulting in preferred biogenesis of the i-proteasome over formation of the
standard proteasome.#2

The rapid production of i-proteasome, estimated to be four times faster than the standard
proteasome in response to IFN-y, ensures that the cell can quickly expand that repertoire of
peptides to aid in immune defense in a challenged organism.*2 Conversely, the turnover of i-
proteasome is also substantially faster compared with the standard proteasome. Pulse-chase
experiments in T2 cells expressing either the standard or i-proteasome reported a half-life of
133 versus 27 h, respectively.*? Taken together, these data suggest that production and
degradation of i-proteasome is a highly dynamic and transient process that permits the rapid
response to environmental challenges and subsequent return to baseline levels that favor the
standard proteasome subtype once the challenge has subsided. A physiologically relevant
situation where the rapid adjustment in i-proteasome levels would be critical is in the initial
stage of viral infection when cells are exposed to cytokines that are secreted by the innate
immune system. As discussed later, i-proteasome plays a key role in regulating the cellular
response to an inflammatory challenge.

While it was generally believed that the newly assembling proteasome cores preferentially
incorporate all i-proteasome subunits, recent data have challenged this idea. Intermediate
proteasomes containing a mixture of standard and inducible proteasome subunits have been
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reported in multiple cell types and tissues, including skeletal and cardiac muscle, liver,
colon, small intestines, and IFN-y-treated HeLa cells.15-17:41 |n some tissues, intermediate
proteasomes make up a significant portion of the proteasome population. Using newly
developed antibodies that can distinguish specific subunits complexed in the 20S core,
Guillaume and colleagues estimated the proportion of intermediate proteasome in normal
human kidney and liver to be 30% and 50%, respectively, with the balance mainly standard
proteasome.*! Intestines contained only intermediate and i-proteasome (containing only the
inducible subunits), while heart contained mainly standard proteasome (83%) with the
balance as intermediate and i-proteasome. This recent report is consistent with previous
suggestions that the proteasome population is very diverse and that the distribution of
subtypes is tissue specific.15-17:41

Knockout (KO) mice provide additional evidence that assembly of an intermediate
proteasome is possible. For example, the content of LMP2 in lymphocytes, cultured retinal
pigment epithelial cells, and retina of mice deficient in both LMP7 and MECL-1 is
equivalent to that found in wild-type (WT) mice.3%:38 Under conditions of stress, such as
aging or exposure of cells to peroxide, WTcells respond by upregulating the inducible
subunits.30 In cells and tissues of KO mice, this response was not replicated; that is, LMP2
expression was not increased in mice double-deficient in LMP7 and MECL-1.30 These data
suggest that formation of the intermediate proteasome occurs under basal conditions.
However, the full complement of i-proteasome subunits is required to obtain the maximum
induction and incorporation of i-proteasome subunits into the core particle in response to
stress.

V. Enzymatic Activity

As discussed earlier, the three standard catalytic subunits (31, B2, B5) perform distinct
proteolytic activities. Based on the proteolysis of model peptide substrates, the active sites
have been classified as caspase-like, trypsin-like, and chymotrypsin-like for cleavage after
acidic, basic, and hydrophobic amino acids, respectively. For the i-proteasome, some
differences in catalytic activity and peptide generation have been noted (see discussion in
section VII.A). Comparing activity of the 32 and 5 standard subunits with the
corresponding i-proteasome subunits MECL-1 and LMP7, the specificity is generally the
same. However, comparison of cleavage after branched chain and hydrophobic residues for
standard and i-proteasome has not been consistent; both increased (reviewed in Ref. 35) and
decreased30 activity have been reported for the i-proteasome. The discrepancy in data is due
in part to heterogeneity of protea-some subtypes and cell-specific endogenous regulators in
the tissue analyzed, and the inability of model peptide substrates to distinguish between
proteasome subtypes. Cleavage after acidic residues, which is accomplished by the 1
standard subunit, is nearly abolished in the i-proteasome. Instead, there is a shift to
chymotrypsin-like activity for LMP2, which promotes the generation of MHC class |-
compatible peptides containing hydrophobic C-terminal anchors.

While the mechanism of hydrolysis (involving the active-site Thrl, Aspl7, and Lys33) is the
same for each subunit, the specificity of cleavage for each active site is determined by the
amino acids that make up the S1 binding pocket (residues 20, 31, 35, 45, 49, 53, 115,
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116),4344 which is where protein substrates bind prior to cleavage (Fig. 2). Alignment of
sequences comparing the standard with their i-proteasome subunit correlate generally shows
high conservation of the amino acids that make up the binding pocket, except for LMP2 and
35t. LMP2 contains two prominent substitutions compared with residues in f1; the 1 Thr21
is replaced by Val and the Arg45 is replaced by Leu. These substitutions minimize the size
of the S1 pocket of LMP2 and change the overall charge of the local environment from
positive to neutral. These changes in primary sequence and charge state of the LMP2
binding pocket could explain the drastic reduction in the caspase-like activity of the i-
proteasome. One other noteworthy change occurs in positions 115 and 116 in 5 and LMP7;
substitution of Ser115 for a Glu and substitution of Glu116 for His in p5 and LMP?7,
respectively, would alter the size and polarity of the binding pocket. These structural
changes could alter the substrate preference of each subunit and, consequently, result in the
production of different peptides.

For the thymus-specific p5 subunit, 5t, sequence comparison with the two other g5 family
members reveals five nonconservative substitutions for residues in the binding pocket (Fig.
2). While the majority of the amino acids in the S1 binding pocket of f5 and LMP7 are
hydrophobic, hydrophilic residues populate the binding pocket of p5t.11 This difference in
amino acid composition selectively reduces the chymotrypsin-like activity by 60-70%, but
has no effect on the caspase-like or trypsin-like activities in the thymoproteasome.

Amino acids in subunits adjacent to the catalytic subunits also contribute to the S1-binding
pocket and, thus, influence catalytic activity. Residues 114,116, 118, and 120 in 3 and 36,
which are subunits constitutively present in all 20S core particles, contribute to the S1-
pocket of subunits 2 and MECL and subunits 5 and LMP7, respectively (Fig. 2). These
same residues in 2 and MECL contribute to the S1-pocket of 1 and LMP2. Comparison of
residues in 32 and MECL reveals nonconservative substitutions at positions 114 (Tyr and
His) and 120 (Asp and Ser). These differences in S1-pocket residues could have dramatic
effects on the activity of the adjacent catalytic subunits (31 or LMP2). This point is
particularly relevant for the activity of the intermediate proteasomes, which contain a
mixture of both standard and i-proteasome catalytic subunits.

Since i-proteasome, standard, and intermediate proteasomes produce some peptides that are
unique to each subtype, 1517 the repertoire of peptides generated within a cell is determined
by the proteasome population that is present at any given time. Proteasome composition is
quite dynamic, and changes dramatically due to challenges, such as cytokine or oxidative
stress, in the cell environment. The diverse spectrum of peptides produced by different
proteasome populations may be biologically important not only in producing different
antigenic peptides, but also for generating biologically active peptides that regulate critical
processes, such as cell signaling.4®

VI. Immunoproteasome Knockout Mice

To clarify the physiological role of the i-proteasome subunits, mice deficient in one or more
i-proteasome subunits have been generated through the targeted disruption of the gene.
These KO mice were developed by immunologists to investigate the putative role of specific
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i-proteasome subunits in generating immunogenic peptides for antigen presentation. The
LMP2~/~ and LMP77/~ strains were developed in 1994 by two different laboratories.46:47
Development of the MECL-17/~ and the thymus-specific proteasome (B5t) strains occurred a
decade later.11:48

For each single KO mouse, the gene disruption was accomplished using a deletion-type
targeting vector containing a neomycin resistance cassette, which eliminates a portion of the
gene upon homologous recombination in embryonic stem cells. Germline transmission of
the targeted allele was observed in all KO mice. To generate the LMP2 KO mouse, an 800
base pair region spanning parts of exon 2 and intron 2 in the Imp2 gene was deleted.*® Even
though the LMP2 and TAP-1 genes are in close proximity in the WT mouse, this genetic
manipulation did not disrupt the TAP-1 gene in the mutant mouse. In the LMP7-deficient
mouse, the targeting vector deleted exons 1-5, which corresponds to the first 247 of the 276
total amino acids in the protein. To produce the MECL-1 KO mouse, the targeting vector
eliminated exons 5-7 and also disrupted the splicing of exon 8.48 KO of the thymus-specific
protea-some (B5t) gene was accomplished by disrupting the 5t coding sequence with a
vector containing the neomycin-resistant cassette and the cDNA encoding the Venus
protein.11 The Venus protein in the mutant mouse was under the control of the 5t promoter,
so expression of the Venus protein provided a means for identifying the 5t—expressing cells
within the thymus. All strains of KO mice were viable, appeared healthy, and had no
obvious gross physical abnormalities.

Double KO mice have also been developed by crossing MECL-1 with either LMP7~/~ or
LMP27~/~ to produce mice with two i-proteasome subunits eliminated. Simultaneous
elimination of both LMP7 and LMP2 genes by simply crossing single KO mice is highly
unlikely due to the close proximity of these genes within the MHC class Il locus. To
overcome the limitations imposed by the gene structure, a new sequential deletion strategy
was employed to generate mice double-deficient in both LMP7 and LMP2.4% This was
accomplished by first introducing a construct to eliminate exon 1 in the PSMB8 gene; exons
2-5 were deleted by homologous recombination. After the neomycin resistance gene was
removed by FLP recombinase activity, a second construct (phosphatase loxP—neo—loxP) was
fused in frame to the start codon of the PSMB9 gene. This removed exon 1 by homologous
recombination. Elimination of all i-proteasome subunits to generate a triple KO mouse was
accomplished by crossing the double-deficient mice (LMP2~/~ /LMP77~/~) with the MECL-1
KO mice.

Another approach to produce mice devoid of i-proteasome activity has been to combine the
LMP2~~ IMECL-1""~ double KO with use of the LMP7-specific inhibitor, ONX 0914 (also
known as PR-957). This approach produces a catalytically inactive i-proteasome.>0 With the
development of additional i-proteasome subunit-specific inhibitors, this strategy could be
taken to investigate how enzymatic inactivity, rather than complete absence of specific
subunits, affects cellular response to stimuli. The use of i-proteasome subunit-specific
inhibitors helps eliminate some of the drawbacks of KO mice, which include the potential
for compensatory mechanisms that would complicate interpretation of the response. Another
limitation of KO mice is that genetic ablation of one or more i-proteasome subunits could
alter the structure of the 20S core and affect activity or binding of regulatory molecules. The
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observation that KO mice do not replicate the phenotype of human diseases caused by
mutations in specific i-proteasome subunits supports the idea that the presence of an inactive
(mutant) protein may influence results in a way that is not consistent with the complete
elimination of the protein. For example, LMP7 KO mice do not spontaneously develop the
disease symptoms of the PSMB8-associated autoinflammatory syndromes,>-54 which will
be discussed later.

In summary, i-proteasome KO mice have been extensively used by immunologists to
investigate the putative role of specific i-proteasome subunits in immune function,
emphasizing the generation of peptide substrates for loading into MHC class I. While the
initial functional and phenotypic analysis of KO mice has reported surprisingly modest
changes in immunologic-based measures, recent studies with KO mice have revealed novel
roles for the i-proteasome that are unrelated to antigen presentation.

VII. Immunoproteasome Function

The structural and sequence similarities between the standard and i-proteasome cores
strongly suggested that the generation of antigenic peptides for MHC class | presentation
would be a shared function. A schematic representation of a minimal antigen-processing
pathway for MHC class I-restricted epitopes derived from cytosolic proteins is shown in Fig.
3A.55 A representative protein with an epitope (round symbol) is ubiquitinated, targeting the
protein to an i-proteasome 20S core. After proteolysis and ejection from the core, peptides
are further cut by a battery of aminopeptidases, and arrive at TAP-1 and TAP-2, for
transport into the ER. In the ER, the N terminus of peptides may be further clipped by
ERAP1 or 2, in preparation for loading into the MHC class | complex. The MHC class |
complex forms around nascent class | a chains chaperoned by calnexin (CNX), tapasin
(TPN), and calreticulin (CRT), which also serve to promote proper folding of the MHC class
I a chain and f2m chain, and enhance receptiveness of the groove for peptides. TPN
promotes the association of the complex with TAP-1/2. Peptides displaying
complementarity to the binding site in the class | heavy chain occupy the groove, which
leads to dissociation of the heavy chain/peptide/32m complex from the chaperones, and
subsequent transport to the plasma membrane (PM). Peptides derived from membrane-
associated proteins, and from proteins destined for secretion, are also generated in the ER,
providing additional sequences for occupancy of the MHC class | groove. Novel peptides
derived by splicing noncontiguous sequences have also been shown to be produced by the
standard and i-proteasomes (Fig. 3B). These peptides can enter the MHC class | antigen
presentation pathway, and have been shown to be rare targets of CD8 T cells.>® Since the
only spliced peptides characterized to date were discovered as a result of MHC class |
occupancy and antigen presentation leading to CD8 T cell responses, the frequency and
significance of splicing reactions unrelated to antigen processing is unknown.

More recent evidence has expanded i-proteasome’s role to include regulation of key
processes in maintaining cellular homeostasis and in responding to stress. The i-proteasome
achieves these diverse functions through the selective degradation of protein substrates (Fig.
3C). For example, partial degradation of proteins, known as endoproteolysis, is one well-
known mechanism for releasing active transcription factors of the NF-xB family.>”
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Degradation of a protein can stop signal transduction by uncoupling the pathway.
Alternatively, degradation of an inhibitory protein may promote the activity of a signaling
pathway. Peptides generated by either partial or complete degradation of proteins can be
loaded into MHC class | molecules for recognition by CD8 T cells as part of immune
surveillance. Degradation of proteins by i-proteasome could also produce biologically active
peptides that regulate key cellular processes (Fig. 3D).4°> The following section will discuss
the diverse roles of i-proteasome in antigen processing and other nonimmune functions that
have been recently discovered.

A. Antigen Processing and the Immune Response

T lymphocyte recognition of peptides generated from self and foreign proteins is essential
for maintenance of the host organism in its niche. A major class of T lymphocytes, the CD8
T cells, recognizes peptides in the groove of MHC class | molecules. The peptides that are
loaded into this groove are substantially provided by the proteolytic activity of
proteasomes.®8 The proteasomes access both endogenous and exogenous proteins through
direct and cross-presentation pathways, respectively, in antigen-presenting cells of the
immune system. Other MHC class I-positive cells process endogenous proteins through the
direct pathway.>%:60 The multiple proteasome subtypes efficiently perform the first step of
antigen processing that provides the peptides of eight or nine residues ultimately required to
fit into the groove of nascent MHC class | molecules in the ER.89 The cleft in MHC class |
molecules includes accommaodation for hydrophobic C-terminal anchor residues, which are
generated mainly by the chymaotrypsin-like activity of the f5/ LMP7 subunits. In the i-
proteasome, the shift in proteolytic activity in LMP2 to chymotrypsin-like activity promotes
the generation of peptides with a hydro-phobic C-terminal anchor, providing more, and
different, peptides for occupancy of the peptide-binding cleft in MHC class |
molecules.51-63 Extra residues on the N terminus are removed by proteases downstream of
the proteasome (review Ref. 44). While there are a number of cytosolic proteases distinct
from i-proteasome that also generate peptides, the i-proteasome is a major provider of
peptides with a hydrophobic C terminus.

The location of the LMP2 and LMP?7 i-proteasome subunits in the MHC region,*-6 and their
production in response to proinflammatory cytokines, suggested their role in antigen
processing, and led to the production of KO mice lacking one or both of these subunits to
investigate subunit-specific differences. Although the KO mice lacked an obvious
phenotype, more detailed analyses revealed differences. Mice deficient in LMP7 exhibited a
modest reduction in surface expression of MHC class I, and resulted in mice with a reduced
response to the male HY antigen.*” Deficiency in LMP2 was found to result in a reduced
level of CD8 T cells and depressed the response to a nucleoprotein epitope of influenza A.46
Mice deficient in MECL-1 had a slightly reduced number of CD8 T cells, and a decreased
response to two class I-restricted epitopes of lymphocytic choriomeningitis virus.*8 The
reduced response to the GP276-286 epitope was attributed to decreased precursor frequency
of the specific T cells, rather than impaired production of the GP276-286 epitope. In
summary, use of these KO mice, lacking specific subunits of the i-proteasomes, have
demonstrated differences in the CD8 T cell responses, confirming their roles in antigen-
specific interactions with microbial challenges. The combined results of a growing body of
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evidence show that the repertoires of peptides generated by i-proteasomes and standard
proteasomes for both selection of the CD8 T cell repertoire and presentation by antigen-
presenting cells in the periphery have substantial overlap, as well as distinct
differences.46.48.64-67

van Helden and colleagues®® reported that MECL-1 and LMP7 deficiency resulted in
reduced MHC class | expression, which made those cells susceptible to natural killer cell-
mediated killing in mice whose immune system had been activated by a viral infection. The
data are compelling, and several reports point to i-proteasome deficiency leading to the lack
of suitable peptides for class | occupancy.?7:69 The correlation between MECL-1 and LMP7
deficiency and reduced surface expression of MHC class | is based on two observations: that
expression of MHC class | is dependent on occupancy of the cleft in the MHC a chain,’0:71
and that chymotrypsin-like activity of the immune subunit provides a larger pool of
precursors. While these hypotheses are sound, direct evidence for a shortage of i-
proteasome-generated peptides being the rate-limiting step for maturation of MHC class |
molecules and their expression on the cell surface is lacking, as total proteasome content is
relatively constant, and standard proteasome would continue to provide peptide precursors,
even if the repertoire was altered. Conversely, evidence continues to appear for other roles
played by i-proteasome subunits. One of the most significant of these is the linkage of
LMP2 to NF-1B.72 LPS stimulation of LMP2-deficient cells was less able to activate NF-«xB
due to reduced IxB degradation. As a transcription factor at the center of an important hub in
innate and adaptive immune responses, NF-«xB is positioned to have substantial influence on
immunity, including the regulation of transcription of MHC class 1.73

Although differences in antigen processing were found in the KO mice, there was no
evidence for a global deficit in immune function; i-proteasome KO mice were almost
without phenotype with respect to their overall health. The coordinated expression of the i-
proteasome subunits following stimulation by TNFa and IFN-y has led to speculation that
loss or inhibition of all three subunits might yield a more definitive outcome. Mice deficient
in two subunits, LMP2 and MECL-1, were examined in the absence and presence of
ONX0914, an LMP7 inhibitor. Quantitative differences in the cytokine responses of
splenocytes treated with polyclonal activators were found if the ONX0914 inhibitor was
included.>% Comparison of responses to several epitopes of lymphocytic choriomeningitis
virus by lymphocytes recovered from infected mice showed epitope-specific differences, but
no widespread qualitative loss of responses.50

The absence of global effects on CD8 T cell responses in mice deficient in one or more i-
proteasome subunits contrasts with several reports in which responses to specific epitopes
are substantially altered, and can lead to differences in resistance to specific infectious
diseases. Two examples clearly illustrate this point. Infection by the intracellular parasite
Listeria monocytogenes strongly upregulates expression of i-proteasome subunits, including
expression in liver cells.”# Despite the presence of cytotoxic T lymphocytes specific for the
protective LLO296-304 epitope, clearance of the bacteria was substantially compromised in
the liver of LMP7-deficient mice, but similar to WT in the spleen.”® Clearance of another
parasite, Toxoplasma gondii, was also severely compromised in LMP7-deficient mice, and
to a lesser degree in LMP2-deficient mice.’®
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Another type of proteasome was recently found to be specifically expressed in the cortical
epithelial cells of the thymus (cortical thymic epithelial cell, cTEC).1! Like i-proteasomes, it
contained the LMP2 and MECL-1 subunits, but contained a variant of 5, the 5t subunit,
which substituted for the LMP7 subunit. The role of cTECs in positive selection of CD8
Tcells and the reduced production of CD8 T cells in 5t-deficient mice suggests a role for
this subunit in generating the peptide repertoire available for MHC class | occupancy in
CD8 T cell maturation (review Ref. 77). The function of immuno- and thymoproteasomes in
generating the universe of CD8 T cell specificities for peptides, and their reciprocal role in
generating the peptides that will occupy MHC class | on the cells of the body, that is,
identifying them as potential targets for cytotoxic T lymphocytes, is increasingly established
as a critical underpinning shaping self-recognition by CD8 T cells.

To date, the single and double i-proteasome-deficient mice have been examined for
differences in antigen presentation, yielding modest differences overall. On the possibility
that overlap in the cleavage specificities compensated for loss of subunits, triple i-
proteasome-deficient (LMP2, LMP7, MECL-1) mice were made.# The triple-deficient mice
were viable, fertile, and immunocompetent. A decrease in CD8 Tcell numbers was found, as
well as differences in antigen presentation. These were especially apparent when responses
to immunodominant peptides by the corresponding T cell receptor (TCR) transgenic mice
were examined. Mass spectrometry analysis of peptides collected from class | molecules
expressed on the surface of the respective splenocytes showed that approximately one-third
of the peptides were unique to the deficient mice, one-third each were associated with the
WT MHC class I, and MHC class | occupied the overlap of peptides produced by standard
and i-proteasomes. Identification of the peptides revealed that an average of approximately
one peptide was found per protein of origin. Since pathogens usually contain a number of
proteins, these results reveal the basis for the limited effect of i-proteasome deficiencies on
CD8 T cell immune responses, despite the occasional substantial difference.

A number of studies have concentrated on the reactivity of TCR transgenic CD8 T cells to
assess the role of i-proteasomes on the peptides that are presented in MHC class 1. In
instances in which the TCR in these transgenic mice is specific for a peptide that is
differentially produced by i-proteasomes versus standard proteasomes, substantial
differences in the T cells can be found by this strategy.”® Other studies have looked at the
outcome of microbial infections, especially those in which a limited number of epitopes play
a large role in the outcome of the immune response. Proteomic analysis of peptides eluted
from MHC class | molecules (peptidomics) provides a powerful tool for assessing the
diversity and identity of peptides in the class I cleft. Using WT and i-proteasome LMP2- and
LMP7-deficient double KO mice, de Verteuil and colleagues isolated bone marrow dendritic
cells that were induced to become mature and activated.”® Peptides were stripped from cell-
surface MHC class | of dendritic cells and thymocytes, and assessed by mass spectrometry.
Peptide diversity from WT dendritic cells was greater than that from WT thymocytes, and
the proteins represented in MHC class | from each cell type differed, in part, with respect to
cell functions. I-proteasome-deficient dendritic cells had a less diverse population of
peptides in the cleft. In both cases, most proteins yielded only a single peptide sequence
capable of loading into MHC class I, and there was substantial overlap between the dendritic
cells and thymocytes. The presence or absence of i-proteasomes also altered mMRNA levels
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of clusters of genes associated with dendritic cell function by unknown mechanisms that do
not appear to be associated with peptide loading of MHC class I. Together, the data both
reinforce the role of i-proteasome in generating peptides for class I, and also argue for
functions distinct from peptide generation.

In addition to the induction of i-proteasome subunits by proinflammatory cytokines, adapter
molecules are also induced, including PA28.8:80 PA28 alters the activity of both i-
proteasome and standard proteasome, and leads to differences in the peptide output, without
altering the active sites of the catalytic subunits. Effects on the production and availability of
specific epitopes have been found. Among the examples are the TRP2,gg and TRP23¢0
epitopes of a melanoma antigen.81:82 Flanking sequences adjacent to the epitope have been
found to be required for the PA28 effect, but are not yet resolved at the molecular level 83
Although widely thought to support the i-proteasome function of generating epitopes for
MHC class I, this function is not well supported by data. Other than rare examples, PA28
has not been shown to possess activities that significantly alter the production and repertoire
of peptides for antigen presentation, and invites speculation that it alters immunoproteasome
activity for another unknown purpose.

It is clear that standard, immuno- and thymoproteasomes, as well as hybrids containing a
mixture of the catalytic subunits, provide peptides that go on to occupy the cleft in MHC
class I molecules. The overlapping, but distinct, sets of peptides provide an enormous
repertoire that enables the protective functions of adaptive immunity. However, analysis
strategies affect the outcome of the investigations. For example, if the peptides produced by
i-proteasome or standard proteasome or mixed proteasomes are assessed based on isolating
them from cell-surface MHC class | molecules, the repertoire of peptides will necessarily
reflect the selection pressure of the requirement for the peptides to form stable, mature MHC
class I molecules. Due to this selection pressure, such an analysis provides limited
information about the total repertoire of proteasome-produced peptides, and limits the
extrapolation of the results to the total repertoire of proteins that may be substrates for
degradation via proteasomes. The role of i-proteasome in providing a set of peptides for
MHC class | occupancy that is distinct, though overlapping, from that generated by standard
proteasome is clear. It is also inescapable that i-proteasome, like the standard proteasome,
performs more functions than provision of peptides for CD8 T cell recognition of MHC
class | complexes. Expression of i-proteasome in cells that have little, if any, expression of
conventional MHC class | molecules, neurons, supports the search for functions that are
distinct from outcomes due to differences in antigen processing. I-proteasome expansion of
the peptide repertoire may be but one of its activities. The new challenge is to explain how
the moderate differences in the activities of standard proteasome or i-proteasomes or mixed
proteasomes can account for the diversity of differences that are increasingly being found,
and which are not easily attributed to peptides in MHC class I. The following section
reviews the accruing evidence that suggests new roles for i-proteasomes that appear
unrelated to generating peptides for MHC class | occupancy.
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B. Nonimmune Roles for I-proteasome

Existing evidence that i-proteasome performs functions that are unrelated to antigen
processing includes its expression in uninjured, immune privileged tissues, such as the
retina30:84-87 and brain.85:88.89 |_ocalization of i-proteasome to synapses and Purkinje cells
in the brain,88:89 and the photoreceptors and neurons in the outer plexiform layer in the
retina,8% implies a role in normal, neuronal function. Evidence supporting this idea includes
the significantly reduced retinal function, as assessed by electroretinography, measured in
both single- (LMP2) and double-deficient (LMP7/MECL-1) i-proteasome KO mice.8® It is
important to note that neurons express no, or at best minimal, levels of the MHC class |
molecule that provides antigen presentation for CD8 T lymphocytes.

In addition to helping regulate cellular homeostasis, i-proteasome may also take part in the
cellular response to stress and injury. This idea was initially based on the observation that i-
proteasome expression was substantially upregulated following stress or injury in a number
of cells that do not typically present antigen. For example, i-proteasome is significantly
upregulated in the central nervous system in response to acute injury to the retina8® and
brain,85%0 in diseased retina® and brain,88:89 and aging.30:89.91 |t is also found and in
cultured cells exposed to oxidative stress.30:92 ow levels of i-proteasome subunits that are
expressed in both cardiac and skeletal muscle are significantly upregulated with injury due
to viral infection,93 ischemia reperfusion,®* and muscle atrophy due to aging%>:96 or
diabetes.®’ These initial studies provided the rationale for more in-depth investigations using
KO mice.

Mice deficient in i-proteasome have been invaluable in providing keen insight into functions
that go beyond i-proteasome’s contribution to antigen processing and provide compelling
evidence for its role in multiple cellular processes. One idea is that i-proteasome helps to
protect against oxidative damage, in part, due to its enhanced ability to degraded oxidized
protein substrates.®”=99 Increased levels of oxidized proteins in the brain and liver of LMP2
KO micel% and the greater sensitivity to an oxidative challenge exhibited by retinal
pigment epithelial cells from mice double-deficient in LMP7 and MECL-1 subunits®®
support a role for protecting against oxidative damage.

I-proteasome may also participate in regulating tumor development. Uterine
leiomyosarcoma is a tumor not known to be associated with human papilloma virus. This
cancer has a 5-year survival rate of 35%, so there is an urgent need to understand the factors
that influence tumor development. LMP2-deficient mice develop this tumor starting at 6
months of age, reaching a 40% incidence at 14 months.101 Importantly, LMP2 expression is
absent in leiomyo-sarcoma tumors in human patients, but present in the benign uterine
tumor leiomyoma. To identify potential defects in LMP2-deficient cells, primary cultures of
tumor cells and splenocytes from LMP2-deficient mice were investigated. The significant
findings were that LMP2-deficient cells exhibited reduced expression of IRF-1, and its
expression was not upregulated by IFN-y. IRF-1 regulates the activity of proteins involved
in cell-cycle progression and, hence, cell transformation and proliferation. Additional testing
will be required to determine if this initial association between LMP2 and IRF-1 is the
critical factor in the development of this devastating cancer.
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The link between i-proteasome with lipid metabolism and diabetes is supported by the data
from humans with mutations in the PSMB8 gene that encodes LMP7 and data from KO
mice. Lipodystrophy is a prominent clinical symptom of several PSMB8-associated
syndromes that have been recently described in humans.>1-53 These patients have low levels
of mature i-proteasome containing LMP7 due to a defect in i-proteasome assembly. To
investigate the potential mechanism for lipodystrophy, Kitamura and colleagues used human
and murine preadipocyte cell lines, which both contain high levels of LMP7, and tested the
effect of knocking down LMP7 expression using siRNA against the PSMB8 gene.>3
Downregulation of the PSMB8 mRNA levels inhibited adipocyte differentiation, suggesting
that LMP7 is required for adipocyte maturation. Additionally, subcutaneous injection of
PSMB8 siRNA into BALB/c mice resulted in atrophic adipose tissue (smaller total size and
number of adipocytes) compared with control mice. Taken together, these data suggest that
LMP?7 is critically involved in adipocyte maturation and may help explain the progressive
lipodystrophy exhibited by patients with PSMB8-associated syndromes.

Heart disease, a well-known complication of diabetes, leads to progressive loss of cardiac
function, that is, decreased contractility and cardiac muscle mass.192-104 Using the
streptozotocin (STZ) model of diabetes, Zu and colleagues showed that when STZ-treated
mice developed diabetes, LMP7 levels increased in cardiac tissue, but LMP2 and MECL-1
decreased.10° Exposure of isolated hearts to high glucose replicated these changes in i-
proteasome expression, suggesting that the high glucose associated with diabetes could alter
proteasome composition in cardiac muscle. Of note, altered proteasome composition was
also observed in diabetic skeletal muscle.®” To determine if the loss in LMP2 expression had
physiological consequences for the heart, cardiac mass and function were measured in
LMP2 KO mice. The cardiomyopathy observed in the LMP2 KO mouse was similar to the
cardiac phenotype in WT diabetic heart. These results suggest that altered proteasome
composition, which can occur due to metabolic changes associated with diabetes, can have
detrimental effects on cardiac muscle mass and function.

Insulin-dependent diabetes mellitus and diabetes insipidus are both autoimmune diseases
with well-known etiologies. Diabetes mellitus is caused by an autoimmune attack on the
insulin-producing cells in the pancreas, and diabetes insipidus is caused by a reduction in the
antidiuretic vasopressin due to the autoimmune killing of vasopressin-producing cells in the
hypothalamus. CD8 T cells may be involved in the targeted cell killing of the insulin-
producing beta cells in the pancreas that is the pathologic event in type 1 diabetes.196.107 To
investigate the role of i-proteasome in progression of autoimmune disease, WT and i-
proteasome KO mice lacking LMP7 and MECL-1 subunits were irradiated, and then given
bone marrow transfer.198 Following bone marrow reconstitution from either WT or i-
proteasome KO mice, i-proteasome-deficient mice exhibited symptoms of multiorgan
autoimmune disease, including inflamed skin, diabetes insipidus, and a latent form of
diabetes mellitus. The authors also supply supporting evidence in humans from their
disease-association analysis using the Type 1 Diabetes Genetics Consortium Major
Histocompatibility Complex fine-mapping data set. The analysis identified two single-
nucleotide polymorphisms (SNPs) in the PSMB8 gene encoding LMP7 that were genetic
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risk factors for development of type 1 diabetes. These data support a role for i-proteasome in
protecting from the onset and progression of autoimmune diseases, such as diabetes.

I-proteasome appears to also limit inflammatory damage, potentially by ridding the cell of
damaged (i.e., misfolded, oxidized) proteins and/or by regulating the profiles of cytokines
produced in response to an inflammatory challenge. Data from Seifert and colleagues
suggest that the i-proteasome is more efficient at degrading the “defective ribosomal
products” (DRIPS), which are misfolded and/or oxidized proteins that are produced during
protein synthesis.% Cytokine-induced inflammation significantly upregulates protein
synthesis and production of DRIPS, which, if not cleared from the cell, can produce toxic
protein aggregates. In i-proteasome-deficient cells, challenges with either
lipopolysaccharide- or IFN-y-induced aggresome-like structures and increased levels of
oxidized and ubiquitinated proteins. In contrast, aggre-somes and oxidized proteins were
much reduced in cells containing the full complement of i-proteasome subunits. In vivo
experiments support the in vitro observations. In an experimental model of
lipopolysaccharide-induced experimental autoimmune encephalitis, LMP7 KO mice
exhibited a more severe clinical score, and higher levels of oxidized proteins and protein
aggregates in the inflamed liver and brain.%?

Other studies also support the idea that i-proteasome preserves protein homeostasis and
viability in cells under an inflammatory challenge. In a murine model of acute enterovirus
myocarditis, which is one of the most common viral diseases among young people, mice
deficient in LMP7 exhibited severe myocardial destruction and large inflammatory foci in
cardiac cells.?3 Additionally, cardiomyocytes from the LMP7 KO mice accumulated
substantially more oxidized and polyubiquitinated proteins compared with WT cells
following exposure to IFN-y.

In addition to enhanced proteolysis of damaged proteins, i-proteasome could also protect
cells by regulating the profile of cytokines produced in response to an inflammatory
challenge. Several cytokines that are secreted in innate and adaptive immune responses (i.e.,
IL-6, TNFa, IFN-vy, etc.) can amplify the inflammation in surrounding tissues and cause
collateral damage. Endogenous regulatory mechanisms dampen the cytokine response to
achieve a balance of destructive inflammation and effective control of infections. In cells
from patients with PSMB8-associated mutations in LMP7, basal production of IL-6 was
significantly higher compared to cells containing nonmutant LMP7.52:53 Stimulation with
TNFa enhanced production of I1L-6 in cultured fibroblasts from patients having Nakajo—
Nashimura syndrome (NNS) who have lower levels of LMP7.52 In thioglycollate-elicited
macrophages, exposure to lipopolysaccharide elicited lower IL-6 production in macrophages
from LMP7/MECL-1 double-deficient i-proteasome mice.199 These examples show that the
i-proteasome content can affect cytokine production in response to an inflammatory
challenge.

Examples provided to this point have shown that i-proteasome deficiency is detrimental to
the course of the disease, that is, experimental autoimmune encephalitis, acute enterovirus
myocarditis, and PSMB8-associated syndromes. There are, however, several examples
where i-proteasome deficiency or inactivation can be protective. Schmidt and colleagues
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used the dextran sodium sulfate-induced colitis model to examine the influence of LMP7
deficiency on intestinal inflammation.110 Several findings showed that LMP7 KO mice
exhibited less inflammation in the tissue, produced lower levels of proinflammatory
cytokines, and recruited fewer Gr-1-positive inflammatory cells and fewer cytokine-
producing CD4 T cells. The positive effect of i-proteasome deficiency was replicated in a
second study of experimentally induced colitis for mice with individual i-proteasome
subunits removed (LMP2, LMP7, and MECL-1).111 A significant reduction in inflammatory
markers was also found when the LMP7-specific inhibitor, PR-957, was used. This inhibitor
was also successful in blocking cytokine production and reducing the inflammatory
symptoms of experimental arthritis.112

Whether i-proteasome deficiency exerts a protective effect or exacerbates disease symptoms
may depend on the underlying pathogenesis and/or tissue affected by the disease. What may
be especially relevant to disease outcomes is how i-proteasome regulates specific cellular
signaling pathways. There is a substantial body of literature that shows how i-proteasome
can directly regulate several key signaling pathways, including NF-xB. The NF-xB pathway
is one of the major mechanisms for responding to a broad range of stressors, such as
cytokines, viral and bacterial products, toxic chemicals, UV light, and oxidative damage.113
NF-kB activation elicits rapid induction of early-response genes that help protect the cell
from damage. Production of several proinflammatory cytokines is also regulated by NF-xB,
so this pathway is particularly important for cells under an inflammatory challenge. Aberrant
NF-kB regulation can lead to pathologies such as toxic shock, and neurodegenerative and
inflammatory diseases.114

The NF-xB family consists of multiple proteins, including kinases, inhibitors (1xB), and
transcription factors (p65, Rel-B, c-rel, p105/p50, p100/p52). Transcription factors associate
to form homo- or heterodimers and are sequestered in the cytosol by inhibitory proteins
(IxB) until upstream signaling events cause phosphorylation of select NF-xB family
members (Fig. 4). Phosphorylation triggers ubiquitination, which signals selective
proteolysis by the protea-some and allows for the subsequent translocation of the NF-xB
dimer into the nucleus. Two separate pathways for proteasome-dependent activation
include(1) the classical pathway, where the I1xB inhibitory protein is degraded, thereby
releasing the NF-xB dimer and allowing it to enter the nucleus, and (2) the alternative
pathway, where proteolytic processing of the p100 or p105 precursor proteins removes the
inhibitory portion of the protein via endoproteolysis, thereby generating the activated
transcription factor p52 or p50.115 Defects in proteolysis of IxB and processing of p100/
p105 have been reported in i-proteasome-deficient cells.

Inhibition and termination of the NF-xB signal is also regulated by protea-some. Dimers of
p50 or p52, which are produced by proteasome-dependent processing of p105 and p100, are
transcriptionally inactive and can prevent active transcription by blocking the NF-xB
promoter region. Proteasome is also involved in terminating the signal, by degrading
transcription factors (i.e., p65) that are docked on the promoter region.115

Evidence from i-proteasome-deficient mice has provided compelling support for the role of
i-proteasome in NF-kB activation. In cell lines lacking LMP2, defects in the proteolytic
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processing of NF-xB precursors (p100/p105) to the active transcription factors (p52/p50),
and decreased degradation of the NF-kB inhibitory protein IxBa, were observed,116-118
While findings reported from these initial studies were controversial 119120 more recent
studies have provided substantial evidence for i-proteasome regulation of NF-xB. For
example, enhanced processing of NF-xB precursors p105 and degradation of 1kBa were
reported for i-proteasome isolated from the inflamed intestine of patients with Crohn’s
disease.1?1 In TNFa-stimulated embryonic fibroblasts from LMP7 KO mice, reduced
nuclear translocation of p65 suggested inhibited NF-«B activation.11? Findings consistent
with these were found in studies of B cells from LMP2-deficient mice; delayed and less
complete degradation of IxBa following lipopolysaccharide stimulation was observed.”2

Recent evidence for regulation by i-proteasomes on events upstream of NF-xB was found
using lipopolysaccharide to stimulate activated macrophages collected from i-proteasome-
deficient mice.109 Lipopolysaccharide can induce production of the cytokine TNFa using
the MyD88/TRAF6 pathway, while production of nitric oxide is accomplished via the TRIF/
TRAF3 pathway. Both pathways ultimately intersect with and activate NF-xB. Stimulation
by lipopolysaccharide alone resulted in a severalfold reduction in nitric oxide production for
LMP2/LMP7 double KO macrophages but had no effect on TNFa production, suggesting
defects in signaling through the TRIF/TRAF3 pathway. Western blots of key signaling
molecules in this pathway also confirmed that LMP2/LMP7 double KO macrophages were
unable to effectively signal via TRIF/TRAM.

I-proteasome may also regulate the signaling molecule phosphatase and tensin homologue
deleted on chromosome 10 (PTEN). PTEN is a phosphatase that functions as a regulator of
cell growth by inhibiting Akt signaling. Recent studies have shown that PTEN is an
important determinant of cardiac muscle size.%4105 Notably, these studies also show that
PTEN content in cardiac muscle is regulated by the presence of LMP2. The supporting data
show that PTEN KO mice have larger hearts compared with WT mice, whereas hearts from
LMP2 KO mice, which contain high PTEN, were significantly smaller and exhibited
impaired contractility. Treatment of LMP2 KO hearts with a PTEN inhibitor improved
cardiac function. PTEN is also involved in the cellular changes associated with
cardioprotection following ischemic preconditioning. In WT mice, ischemic preconditioning
led to lower PTEN content and activation of Akt. In LMP2 KO mice, PTEN content and Akt
were unchanged, and functional measures of cardiac output showed no cardioprotection
after ischemic preconditioning.

In summary, there is substantial data supporting a role for i-proteasome-mediated regulation
of signaling pathways, including NF-xB and PTEN. Regulation may occur through
degradation of proteins in the signaling cascade or through degradation of regulatory
molecules that either inhibit or activate the signal. With most biological systems, there is
considerable endogenous redundancy that serves to prevent catastrophic outcomes. This
strategy is likely to apply to the functions provided by the i-proteasome, especially since i-
proteasome deletion is not lethal. Its regulation may be subtle, perhaps by fine tuning the
rate of signaling or downstream events, such as cytokine production. It is also highly likely
that i-proteasome’s involvement also depends on the cell type and stimulation. We really are
only beginning to understand some of the nuances in regulation by the i-proteasome.

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2015 April 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferrington and Gregerson Page 20

VIIl. Mutations and Linkage to Human Disease

The list of human diseases that have been linked to deregulation of the i-proteasome has
grown exponentially over the past decade. However, the data supporting this link are often
indirect. For example, increased i-proteasome expression, altered proteasome activity,
and/or accumulation of ubiquitinated protein in the diseased tissue have been reported in
multiple diseases, including several neurodegenerative diseases of the brain and
retina.84.88.89 These diseases share oxidation and/or inflammation as part of the disease
mechanism and, thus, changes in proteasome expression and activity are likely a
consequence of the altered cellular condition rather than part of the primary disease
mechanism. Experiments in cultured cells support this idea. Exposure of cells to sublethal
levels of oxidative stress,3992 inflammatory cytokines,32:33 or cellular expression of
aggregate-prone proteins,32:122 which is an integral part of the mechanism of Huntington
disease, all induce expression of i-proteasome. Therefore, one needs to be cautious in
assuming that the correlation between altered i-proteasome expression or function and
disease has mechanistic implications.

While the increased expression of i-proteasome in diseased tissue provides limited
mechanistic information, it has opened the door to novel therapeutic options that use
inhibitors (i.e., PR-957, PR-924, IPSI-001) that selectively target the i-proteasome catalytic
subunits.123.124 This approach is designed to either specifically kill cells expressing high
levels of i-proteasome, as is the goal with cancer, or inhibit signaling pathways, such as the
proinflammatory NF-kxB pathway in autoimmune disease. Since i-proteasome inhibitors
should not affect the activity of the standard proteasome, which is constitutively present in
all cells, i-proteasome inhibitors should be less toxic and have reduced off-target side effects
compared with other broad-spectrum proteasome inhibitors, such as bortezomib and
carfilozomib. Currently, preclinical studies with i-proteasome inhibitors are under way in the
treatment of rheumatoid arthritis, inflammatory bowel disease, and cancer.111:112.125 |njtj]
results have been promising. As a caveat, continued discovery of i-proteasome’s ever-
expanding role in maintaining cellular homeostasis and in responding to stress suggests that
evidence for unexpected side effects in off-target sites need to be vigilantly monitored.

Recent reports of the association between specific diseases and point mutations in i-
proteasome subunits provide direct evidence that a loss in i-proteasome function can lead to
disease. To date, discrete mutations in the LMP7 protein have defined a spectrum of
PSMB8-associated autoinflammatory syndromes, which includes an inflammatory response
in the absence of infection. These syndromes are distinguished from autoimmune disease
because they primarily result from deregulation of the innate immune system rather than
adaptive immunity. Notably, there is considerable overlap in symptoms between the
different PSMB8-associated syndromes potentially because the primary cause is the altered
function of the LMP7 protein. In some instances, the detailed structural analysis of the
mutant protein has provided significant insight into the molecular details responsible for the
development of the disease. Discovery of these PSMB8-associated syndromes highlights the
profound effect i-proteasome dysfunction has on inflammation and function of specific
organs.
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One of the first described PSMB8-associated syndromes was an autosomal-recessive disease
known as joint contractures, muscle atrophy, microcytic anemia, and panniculitis-induced
lipodystrophy syndrome (JMP).126 Patients with JMP exhibit mild metabolic disturbances
(i.e., hypertriglycerides, low high-density lipoprotein cholesterol), elevated liver enzymes,
muscle atrophy, hypergammaglobulinemia, and joint contractures mainly in the hands and
feet. Genome-wide homozygosity mapping identified a missense mutation (c.224C>T)
causing substitution at residue 75 (T75M) that resulted in loss of function for the LMP7 i-
proteasome catalytic subunit due to a disruption in the tertiary structure.>!

Another i-proteasome-associated inflammatory disorder is chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature (CANDLE) syndrome. The onset of
CANDLE disease symptoms occurs within the first year of life and is characterized by
recurrent fever, skin lesions, progressive lipodystrophy, and delayed development. The
genetic cause was identified as two different mutations in the PSMB8 gene.>* In a
subpopulation of patients, the missense mutation (c.224C>T) causing a methionine
substitution at residue 75 (T75M) in the LMP7 protein was discovered. While there is some
overlap in symptoms in patients with JMP and CANDLE, joint contracture and muscle
atrophy is not present in CANDLE syndrome, which is distinguished by unique features,
such as immature neutrophils in cellular infiltrates. The reason for the discrepancy in
symptoms between patients harboring the same mutation is still unclear. A second mutation
(c.405C>A) identified in CANDLE patients caused a substitution of a highly conserved
cysteine at residue 135 to a stop codon (p.C135X), which resulted in truncation of 141
amino acids from the C-terminal end of the protein.

Patients with NNS exhibit periodic fever, skin rash, lipomuscular atrophy, and joint
contractures due to a mutation (G201V) in LMP7.52 This mutation causes a conformational
change that alters the catalytic binding pocket around residues Thr73 and Lys105, resulting
in significantly decreased chymotrypsin-like activity. The loss in activity prevents the
autolytic cleavage between Gly72 and Thr73, which is required for the LMP7 protein to be
incorporated into the 20S core particle. Consequently, the assembly defect caused by the
mutation-induced change in protein structure results in lower total content of the 20S and
26S proteasomes in cells normally expressing high levels of i-proteasome. This decrease in
i-proteasome content was suggested to be responsible for the increased levels of oxidized
and ubiquitinated proteins and activation of the p38 pathway in cells (monocytes,
fibroblasts) from patients with NNS.

Autoinflammation and lipodystrophy are characteristics associated with Japanese
autoinflamatory syndrome with lipodystrophy, which shares many of the characteristics
exhibited by NNS patients but is due to a unique homozygous missense mutation (G197V)
in the PSMB8 gene.>3 The G197V mutation caused a reduction in cellular levels of the
LMP7 protein, which consequently resulted in the accumulation of immature i-proteasome
cores due to the loss of LMP7 processing. Disturbed adipocyte maturation is another key
feature of this disease and highlights the widespread effect that i-proteasome defects can
have on cells outside of the immune system.
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One of the clinical features shared by several PSMB8-associated syndromes was
deregulation of lipid processing, suggesting a potential role for i-proteasome in the
metabolism and, more specifically, insulin regulation. In support of this idea, two SNPs in
the PSMBS8 gene (rs3763365, located 1048 base pairs downstream, and rs9276810 in intron
3) have been identified as an independent genetic risk factor for the development of type 1
diabetes.108

SNPs in the PSMB9 gene that encodes the LMP2 protein have also been associated with
disease susceptibility. The SNP in exon 3 is a nonconservative base pair change that encodes
two different amino acids (arginine (R) or histidine (H)) at position 60 in the LMP2 protein.
Patients with the PSMB9 SNP rs17587 in exon 3, which results in an R60H substitution in
LMP2, are at risk for developing ankylosing spondylitis, a chronic inflammatory joint
disease that predominantly affects the spine.12” Genotype analysis showed an increased
frequency and younger age at disease onset for patients with the R/R genotype.128 It was
postulated that the excess bone growth associated with ankylosing spondylitis was likely due
to altered NF-kB regulation by the mutant LMP2 protein.12” The NF-«xB pathway affects
osteoclastic activity by modulating the Wnt/B-catenin pathway, which is overactive in this
disease due to low levels of the Wnt/B-catenin inhibitor, Dicckopf-1. This also raises the
possibility that Dicckopf-1 could be a substrate for i-proteasome degradation. The R60H
polymorphism in LMP2 has also demonstrated a strong association with psoriasis, another
autoimmune disease.12

Specific LMP2 codon 60 polymorphisms can also confer resistance to disease. Genotype
analysis of a large Italian population showed that individuals with the LMP2 H/H genotype
had a reduced risk for developing multiple sclerosis, potentially due to the decreased
production of immunodominant peptides from myelin basic protein.230 To experimentally
test this idea, in vitro digestion of a 28-mer peptide from myelin basic protein (MBP1gy_ 129)
was performed using purified 20S i-proteasome containing LMP2 with either histidine or
arginine in codon 60. Histidine-containing i-proteasomes demonstrated reduced degradation
of the 28-mer peptide to the major immunodominant (MBP111_119) epitope. These results
provide a potential mechanism that could explain the reduced risk for multiple sclerosis in
individuals with the H/H genotype.

The strong association of the LMP2 codon 60 polymorphism with disease susceptibility has
prompted a more in-depth examination of how this polymorphism can affect subunit
structure and function.131 Structural considerations were studied using an in silico model
that was based on the crystal structure of i-proteasome described by Unno and colleagues!32
and taking into account the biochemical differences conferred by the two amino acids. In the
mature protein, which has undergone proteolytic cleavage of the N terminus, the amino acid
in codon 60 corresponds to residue 40. The crystal structure places this residue on the
external surface of the core, close to the interface of the a- and p-rings but not in direct
contact with either the a-subunits or the catalytic active site. The biochemical differences
conferred by substitution of Arg for His could be quite substantial due to the increased size,
which could introduce steric hindrance, and altered charge state of the amino acid from
neutral (His) to positive (Arg). Based on these structural and biochemical considerations,
three hypotheses were proposed to explain how the polymorphisms could alter i-proteasome
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function: (i) the residue at amino acid 40 could be the binding site for regulatory molecules
(protein and nonprotein) whose affinity is dependent on the amino acid that is present; (ii)
the difference in charge state could alter the electrical field at the catalytic site and affect
activity; and (iii) the charge change could also affect the stability of the 20S core. The net
charge of the a-subunits is — 12, and with arginine in residue 40, the net charge of the -
subunits is +12. The resultant electrical interaction between these opposing charge states
likely contributes to the affinity between the two rings and aids in the assembly of the core
particle. The presence of the neutral-charged His may have a negative effect on this process.
The positive charge conferred by Arg at residue 40 also helps stabilize the structure via
hydrogen bonds between water molecules and may also affect the positioning of the protein
loops that form the channels through which substrates access the catalytic active sites in the
core. On the other hand, the reduced hydrogen bonding and consequent greater structural
flexibility conferred by the presence of the neutral His may help open the channel and
permit greater access to the catalytic active site. These results suggest that the structural and
biochemical changes caused by substitution of Arg or His at residue 40 in the LMP2 protein,
which occurs as an SNP in the PSMB9 gene, can have a significant impact on i-proteasome
function and may explain the disease susceptibility of specific genotypes.

Without a doubt, the number of human diseases directly linked to defects in i-proteasome
will continue to grow. That information will greatly aid our understanding of i-proteasome’s
ever-expanding role in cellular processes that are unrelated to the generation of peptides for
antigen presentation.
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MECL-1 Multi-catalytic endopeptidase complex subunit 1

MHC class| major histocompatibility complex class |
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Fig. 1.

Sequence homology for proteasome catalytic subunits. Percentage of the amino acid
sequence that is identical (boxed in gray) or similar (boxed in white) for proteasome
catalytic subunits. (A) Comparison of the primary sequence for catalytic subunits from
mouse is shown. (B) Comparison of the primary sequence for each catalytic subunit
comparing mouse versus human is shown. Percentages were obtained using the ClustalW
algorithm from the UniProt Consortium.
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Fig. 2.

Seg(]quence alignment of standard and immunoproteasome subunits. (A) Sequence from
humans includes the last three residues of the propeptide, followed by residues 1-57 of the
mature protein. The dash represents the site of autocatalytic cleavage, which is performed by
the active-site Thrl. The conserved Gly adjacent to Thrl is essential for efficient
autocatalytic processing of the propeptide. Conserved residues essential for catalytic activity
in the mature protein include Thrl, Asp17, and Lys33 (dark gray, white letters). The S1
binding pocket that imparts specificity of cleavage includes residues 20, 31, 35, 45, 49, and
53 (light gray). Note that in LMP 7, the murine sequence substitutes a Met in place of Val31
in humans. (B) Sequence of the 2 and MECL subunits highlighting four amino acids that
contribute to the S1 binding pocket of the adjacent B1 or LMP 2 subunit. Residues 114, 116,
118, and 120 are highlighted in gray. Stars indicate nonconser-vative substitutions between
the B2 and MECL subunits. The sequence of the 5 and LMP 7 subunits highlights two
amino acid substitutions at positions 115 and 116, which are critical for substrate binding.
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I-proteasome-dependent pathways of protein degradation. I-proteasome-dependent
proteolysis in an antigen-presenting cell (APC) generates peptides and polypeptides for
MHC class I-restricted antigen presentation, and for functions other than antigen
presentation. (A) The antigen-processing pathway for degradation of a cytosolic protein
leading to loading of peptides into MHC class | and antigen presentation to the T cell
receptor (TCR). (B) Degradation of a protein by i-proteasome resulting in the generation of
a spliced peptide candidate for antigen presentation. (C) I-proteasome-mediated
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endoproteolytic activity generating large, potentially biologically active polypeptides from a
precursor protein. Small peptides may also be produced and would be available for antigen
presentation. (D) Some of the small peptides produced by i-proteasome activity may have
biological activity. PM, plasma membrane; ER, endoplasmic reticulum.
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Fig. 4.

Pr?:)teasome—dependent activation of NF-xB. Receptor-mediated pathways of NF-xB
activation include the classical pathway, which involves the binding of a ligand (i.e.,
cytokines, virus, or bacteria) to a receptor (i.e., IFN-vy or toll-like receptors), and subsequent
activation of intracellular kinases that phosphorylate the inhibitory protein, IxB.
Phosphorylation is the signal for targeted ubiquitination of 1xB, followed by degradation by
the proteasome. The release of the inhibitory protein from the transcription factor dimer
exposes the nuclear localization signal, which facilitates the movement of the NF-xB dimer
into the nucleus. The alternative pathway uses signals from ligand-bound TNF receptors,
which trigger the phosphorylation of p100 or p105 by intracellular kinases and the
subsequent endoproteolytic degradation of p100 or p105 to form the active transcription
factor p52 or p50. Translocation and localization of heterodimers (i.e., p50/p65 or p52/ relB)
to the NF-xB binding sites initiates transcription of the NF-kB-responsive gene. In contrast,
binding of the p50 or p52 homodimers inhibits transcription of NF-xB responsive genes.
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TABLE |

Nomenclature and Activity for Proteasome Catalytic Subunits

Proteasome Common

subunit@ nameP Alternative names® Gene Activity

Beta type-6 p1 Y, Delta, LMP19, Pre3 PSMB6 Caspase-like

Beta type-9 Bli Lmp2, RING12, MC7 PSMB9 Chymotrypsin-like

Beta type-7 B2 Z, MC14, Lmp9, Pupl PSMB7 Trypsin-like

Beta type-10  B2i MECL-1, Lmp10 PSMB10  Trypsin-like

Beta type-5 B5 X, epsilon, Lmpl7, MB1, PSMB5 Chymotrypsin-like
Pre2, Doa3, Prgl

Beta type-8 B5i Lmp7, RING10, Y2,C13 PSMB8 Chymotrypsin-like

Beta type-11 5t Thymus-specific 5 PSMB11  Chymotrypsin-like

aUniProtKB nomenclature (www.uniprot.org).

b . I .
Baumelster,12 names in italics are for yeast subunits.

C . . . . .
Underlined alternative names will be used for the i-proteasome subunits.
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