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The 26S proteasome system is involved in eliminating
various proteins, including ubiquitinated misfolded/
unfolded proteins, and its inhibition results in cellu-
lar accumulation of protein aggregates. Intramuscle-
fiber ubiquitinated multiprotein-aggregates are char-
acteristic of sporadic inclusion-body myositis (s-IBM)
muscle fibers. Two major types of aggregates exist,
containing either amyloid-� (A�) or phosphorylated
tau (p-tau). We have now asked whether abnormali-
ties of the 26S proteasome contribute to s-IBM patho-
genesis and whether the multiprotein aggregates have
features of aggresomes. Using cultured human muscle
fibers we also studied the effect of amyloid-� precur-
sor protein (A�PP) overexpression on proteasome
function and the influence of proteasome inhibition
on aggresome formation. We report that in s-IBM
muscle biopsies 26S proteasome subunits were immu-
nodetected in the �-tubulin-associated aggresomes,
which also contained A� , p-tau , ubiquitin , and
HSP70. In addition, a) expression of proteasome sub-
units was greatly increased, b) the 20S� proteasome
subunit co-immunoprecipitated with A�PP/A� , and
c) the three major proteasomal proteolytic activities
were reduced. In cultured muscle fibers , A�PP-
overexpressing fibers displayed diminished proteaso-
mal proteolytic activities, and addition of proteasome
inhibitor strikingly increased aggresome formation.
Accordingly, proteasome dysfunction in s-IBM mus-
cle fibers may play a role in accumulation of mis-

folded, potentially cytotoxic proteins and may be in-
duced by increased intracellular A�PP/A�. (Am J
Pathol 2005, 167:517–526)

Sporadic inclusion body myositis (s-IBM), the most com-
mon degenerative muscle disease of patients age 50
years and older, is of unknown etiology and pathogene-
sis, and it lacks definitive treatment.1,2 The light-micro-
scopic features of s-IBM muscle biopsies include: 1)
vacuolated muscle fibers; 2) accumulation of intramuscle
fiber multiprotein aggregates; and 3) various degrees of
lymphocytic inflammation.1,2 An intriguing feature of the
s-IBM muscle-fiber phenotype is its similarity to the Alz-
heimer’s disease (AD) brain, including accumulation of
amyloid-� (A�), phosphorylated tau (p-tau), and several
other Alzheimer-characteristic proteins.1,2 Two major
types of intracellular aggregates contain either A� or
p-tau,1–4 and both contain ubiquitin.1,2 Both types of
aggregates are positive with crystal-violet, thioflavin S,
and Congo Red, indicating that they contain proteins in
alternate conformation (unfolded or misfolded) that are
assembled in the �-pleated-sheet configuration of amy-
loid.1,2 Both types of aggregates contain several other
accumulated proteins,1,2 including mutated ubiquitin
(UBB�1)5. Recently the unfolded protein response was
demonstrated in s-IBM muscle fibers,6 further suggesting
a role for misfolded/unfolded proteins in the s-IBM patho-
genesis. Some of the proteins in those aggregates
have been shown experimentally to inhibit the 26S
proteasome.7–13

The 26S proteasome, composed of a catalytic 20S core
and a 19S regulatory complex, is an �700-kd multisubunit
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protease complex present in the cytoplasm and nucleus of
eukaryotic cells. It plays a major role in the degradation of
normal and abnormal proteins, through a ubiquitin-medi-
ated ATP-independent process.14,15 19S mediates the
recognition of polyubiquitinated proteins, permitting their
access into the 20S component core, which is comprised
of �- and �-subunits. �-Subunits contain trypsin-like (TL),
chymotrypsin-like (CTL), and peptidyl-glutamyl-peptide
hydrolytic (PGPH) activities.14,15 Three �-subunits, �1, �2
and �5, have �-interferon-inducible counterparts,14 which
increase CTL and TL proteasome activities that are optimal
for major histocompatibility complex-I (MHC-I) epitope pro-
cessing.16,17 The 20S proteasome is involved also in ubiq-
uitin-independent degradation of several proteins,18,19 and
in degradation of oxidized proteins in an ATP-independent
manner.20

Aggresomes, microtubule-dependent pericentriolar cy-
toplasmic structures, form when a cell’s capacity to de-
grade misfolded proteins is diminished.21,22 Their formation
requires an intact microtubule system,21,22 and the pres-
ence of �-tubulin is their distinctive feature.21–23 Aggre-
somes contain multiubiquitinated misfolded proteins, and
various other proteins, including heat-shock proteins
(HSPs) and 20/26S proteasome components.22–24 In vari-
ous mononucleated cells, aggresomes have been induced
by overexpression of both normal and mutated proteins
combined with proteasome inhibition.21–23,25,26 Recently, it
has been suggested that Lewy bodies in Parkinson’s dis-
ease are related to aggresomes.27 Whether aggresomes
contribute to cellular death or protect cells from toxic effects
of misfolded proteins remains uncertain. We have now
asked whether s-IBM muscle fiber multiprotein-aggregates
have features of aggresomes and if proteasome inhibition
may contribute to the s-IBM pathogenesis. These questions
were further explored in our experimentally induced IBM
model, which is based on genetic overexpression of amy-
loid-� precursor protein (A�PP) in cultured human muscle
fibers.

Materials and Methods

Muscle Biopsies

Immunocytochemical studies were performed on 10-�m-
thick transverse sections of fresh-frozen diagnostic mus-
cle biopsies obtained with informed consent from 25
patients with these diagnoses: 10 s-IBM, 3 polymyositis,
1 dermatomyositis, 2 morphologically nonspecific myop-
athy, 4 peripheral neuropathy, 2 amyotrophic lateral scle-
rosis, and 3 normal muscle. All IBM biopsies had muscle
fibers with vacuoles on Engel trichrome staining,28 and
15- to 21-nm paired helical filaments (PHFs) by SMI-31
immunoreactivity4 and by electron microscopy, and
Congo Red positivity using fluorescence enhancement.29

Light-Microscopic Immunocytochemistry

Immunocytochemistry was as described.3,4,6,30,31 We used
26 well-characterized monoclonal and polyclonal antibod-
ies against 20S and 19S proteasome (Table 1). Double

immunofluorescence used selected antibodies against 20S
and 19S proteasome in combination with one of the follow-
ing: 1) mouse monoclonal antibody 6E10 (Signet, Dedham,
MA), diluted 1:100, which morphologically recognizes A� in
both AD brain32 and s-IBM muscle,31 and on immunoblots
it recognizes the A� region within the parent A�PP mole-
cule; 2) mouse monoclonal antibody SMI-31 (Sternberger
Monoclonals, Inc., Baltimore, MD), diluted 1:1000, which
recognizes p-tau of s-IBM4 and AD PHFs;33 3) AT100 anti-
body (Pierce Biotechnology, Rockford, IL), diluted 1:1000,
which recognizes p-tau of AD PHFs.34 Aggresomes were
identified by well-characterized mouse monoclonal and
rabbit polyclonal antibodies against �-tubulin (Santa Cruz
Biotechnology, Santa Cruz, CA). This was combined with
one of the following: 1) mouse monoclonal antibody against
ubiquitin (Chemicon, Temecula, CA), diluted 1:100; 2)
mouse monoclonal antibody 6E10; 3) mouse monoclonal
antibody SMI-31; 4) rabbit polyclonal or mouse monoclonal
antibodies against 20S and 19S proteasome subunits; and
5) rabbit polyclonal antibody against HSP70 (StressGene,
Victoria, British Columbia) diluted 1:200. To block nonspe-
cific binding of antibody to Fc receptors, sections were
preincubated with normal goat or rabbit serum diluted 1:10,
as described.3,34,35 Controls for staining specificity were
omission of the primary antibody, or its replacement with
nonimmune sera or irrelevant antibody.

Immunoelectron Microscopy

Single- and double-label gold immunoelectron micros-
copy was performed on 10-�m unfixed frozen sections
adhered to the bottom of 35-mm Petri dishes, as de-
scribed.3,4,6,30,31 In brief, a primary antibody against the
20S or 19S proteasome subunit was used separately or in
combination with each other, and an antibody against
20S proteasome was also combined with antibodies
against A� or p-tau. After incubation with the appropriate
secondary antibodies conjugated to 5-nm and 10-nm
gold particles, sections were processed for electron mi-
croscopy as described.4,6,30,31 The same procedure ul-
trastructurally immunolocalized �-tubulin.

Immunoblotting

Muscle biopsies of six s-IBM and six age-matched con-
trol patients were immunoblotted, as recently de-
tailed.6,30 In brief, 10 �g of protein were loaded onto 10%
NuPAGE gels (Invitrogen, Grand Island, NY), electropho-
resed, transferred to nitrocellulose membranes, and im-
munoprobed with antibodies against 19S and 20S pro-
teasome. After incubation in the appropriate secondary
antibodies, blots were developed using an enhanced
chemiluminescence system (Amersham Biosciences,
Piscataway, NJ). Protein loading was evaluated by the
Coomassie blue-stained myosin band. Quantification of
immunoreactivity was performed by densitometric analy-
sis using NIH Image J 1.310. One sample, designated as
standard, was used on every gel so that band densities
on different blots could be normalized to that standard,35

allowing comparison of protein samples on multiple blots.
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Combined Immunoprecipitation/Immunoblot
Procedure

To evaluate whether in s-IBM muscle fibers 20S protea-
some physically associates with A�/A�PP, a combined
immunoprecipitation/immunoblot technique was per-
formed, as we recently described in detail.6,30 In brief,
100 �g of total muscle protein from s-IBM and control
biopsies were immunoprecipitated with 5 �g of 6E10
antibody, as described.6,30 Immunoprecipitates were
separated by electrophoresis, transferred to a nitrocellu-
lose membrane, and immunoblotted with 20S�4 subunit
proteasome antibody, diluted 1:2000. Subsequently, an
appropriate secondary antibody and Western Breeze an-
ti-mouse chemiluminescence kit (Invitrogen) were used.
To confirm the specificity of those experiments, the fol-
lowing controls were performed: the 6E10 antibody
against A�PP/A�, which was used for immunoprecipita-
tion, was omitted, and the 20S�4 primary antibody used
for immunoblotting of immunoprecipitates was omitted.

Measurement of Proteasome Activity

Three main proteasome activities were determined by
evaluating the cleavage of specific fluorogenic sub-
strates.20 Four s-IBM and four age-matched control mus-
cle biopsies were homogenized in 20 mmol/L Tris-HCl,
pH 7.2, containing 0.1 mmol/L ethylenediamine tetraace-

tic acid, 1 mmol/L 2-mercaptoethanol, 5 mmol/L ATP,
20% glycerol, and 0.04% (v/v) Nonidet P-40,36,37 centri-
fuged, the supernatant collected, and protein concentra-
tion determined using the Bradford method. Subse-
quently, 200 �g of biopsied muscle protein or 30 �g of
protein from cultured muscle (see below), were incu-
bated in 100 �mol/L fluorogenic substrates for the three
different protease activities: Z-Leu-Leu-Glu-AMC (sub-
strate II) for PGPH; Suc-Leu-Leu-Val-Tyr-AMC (substrate
III) for CTL; and Z-Ala-Arg-Arg-AMC (substrate VI) for TL
activity. Fluorescence emission was excited at 360 nm
and recorded at 430 nm.37

Statistical Analysis

Statistical analyses were performed by a one-tailed t-test
for both the proteasome activity and proteasome protein
levels. Significance level was set at P � 0.05. Data are
reported as means � SEM for all groups.

Cultured Human Muscle Fibers

Tissue cultures of normal human muscle were estab-
lished from satellite cells of portions of diagnostic muscle
biopsies from patients who, after all tests were per-
formed, were considered free of muscle disease.38 In five
experimental culture sets, each established from a differ-

Table 1. Intensities of Immunohistochemical Reactions Using Various Antibodies against 20S and 19S Proteasome Subunits in s-
IBM Muscle Fibers

Subunit Type (clone) Dilution Intensity-IHC

Antibodies against 20S proteasome subunits
�1,2,3,5,6,7

mAb (MCP231) 1:200 ��

�2 mAb (MCP21) 1:50 �
�3 mAb (MCP257) 1:200 �
�4 mAb (MCP34) 1:200 �
�5 mAb (MCP196) 1:200 ��
�6 mAb (MCP20) 1:50 �
�7 mAb (MCP72) 1:200 �
�5,�7,�1,�5,�5i,�7 pAb (MCP231) 1:200 �
�1 mAb (MCP421) 1:200 ��
1i (LMP2) pAb 1:200 ��
�1i (LMP2) mAb 1:50 �
�2 (Z) mAb (MCP168) 1:200 ��
�2 (Z) pAb* 1:200 ��
�2i (MECL1) pAb 1:200 ��
�3 mAb (MCP102) 1:50 �
�4 pAb 1:200 �
�5 pAb 1:200 �
5i (LMP7) mAb 1:200 ��
�5i (LMP7) pAb 1:50 �
�6 pAb 1:50 �
�7 mAb (MCP205) 1:50 �

Antibodies against 19S proteasome subunits
ATPase

S6a-Rpt5 mAb (TBP1-19) 1:300 ��
S6b-Rpt3 pAb 1:500 ��
S7 pAb* 1:100 �

Non-ATPase
S5a-Rpn10 mAb (S5a-18) 1:50 �
S10a-Rpn7 pAb 1:50 �

All antibodies are from Affiniti Research Products Ltd. except those marked with an asterisk, which are from Affinity Bioreagents. Final staining
intensity graded as 0 to ��.
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ent muscle biopsy, a 3-kb 751 A�PP-cDNA, in sense or in
anti-sense orientation, was transferred into 3-week-old
cultured muscle fibers using an adenovirus vector, doses
as described.39,40 Three days after the transfer, experi-
mental and control (non-A�PP-overexpressing) cultures
were treated with 1 �mol/L epoxomicin (Biomol Research
Laboratories, Plymouth Meeting, PA), an irreversible pro-
teasome inhibitor,36 and after 24 hours they were pro-
cessed for light- and electron-microscopic immunocyto-
chemistry, as described.40 At the same time, cultures
were harvested for measurements of proteasome activity.
Selected cultures were also treated, concurrently with
epoxomicin, with 1 �mol/L of microtubule-disruptor no-
codazole (Sigma, St. Louis, MO), which has been shown
to disrupt aggresome formation.21

Results

s-IBM and Control Muscle Biopsies

Light-Microscopic Immunocytochemistry

In all s-IBM muscle biopsies, 70 to 80% of the vacuo-
lated muscle fibers contained, mainly in their nonvacu-
olated cytoplasm, numerous well-defined, plaque-like,
dotty or elongated aggregates immunoreactive with an-

tibodies against 20S and 19S proteasome subunits. In
addition, in all biopsies, 20 to 30% of the nonvacuolated,
otherwise normal-appearing fibers (on a given cross-
section) contained similar aggregates (Figure 1; A to F, J,
M, P). By double-label immunofluorescence, in all abnor-
mal muscle fibers, aggregates immunoreactive for 20S
and 19S proteasome co-localized with each other (Figure
1; D to F) and with A� or p-tau immunoreactivity (Figure 1;
G to R). Both anti-p-tau antibodies used gave the same
results. Immunoreactivity with the 26 antibodies directed
against various proteasome subunits is presented in
Table 1.

Accumulated aggregates had several features of
aggresomes, because 70 to 80% of them were asso-
ciated with �-tubulin and they contained ubiquitin and
HSP70, in addition to A� and p-tau (Figure 2). In con-
trast to classical aggresomes originally described in
mononucleated cells,21,22 aggresomes in s-IBM mus-
cle fibers did not have perinuclear localization (Figure
2; P to S). None of the control non-s-IBM, diseased and
normal, human muscle biopsies had muscle fibers
containing aggregates immunoreactive with antibodies
against 20S, 19S, or �-tubulin. Eliminating primary an-
tibodies or replacing them with nonrelevant antibodies
resulted in nonstaining.

Figure 1. Immunofluorescence of 26S proteasome subunits in s-IBM muscle. A–C: Single-label immunofluorescence illustrates strongly immunoreactive,
various-sized aggregates of Ps20S� (A), Ps20S�1 constitutive (B), and Ps20S�1I (inducible LMP2 subunit) (C) in s-IBM abnormal muscle fibers. D–S: Double-label
immunofluorescence illustrates that in s-IBM muscle fibers the aggregates immunoreactive for Ps20S (D) are also immunoreactive for Ps19S (D–F merged), and
both Ps20S (G, J)- and Ps19S (M, P)-immunoreactive aggregates are immunoreactive for amyloid-� (H and I merged, N and O merged) and for p-tau (K, Q, and
S merged). Original magnifications, �1100.
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Immunoelectron Microscopy

In s-IBM abnormal muscle fibers, double immunolabeling
of both 20S and 19S proteasome revealed that both sub-
units were associated with the same structures, namely
PHFs, 6- to 10-nm amyloid-like fibrils, and floccular material
(Figure 3, A and B). Because both the 20S and 19S protea-
some subunits localized to the same structures, electron
microscopic double immunolabeling with A� and p-tau was
performed only with the antibody against 20S. This revealed
that 20S was associated with both A� on 6- to 10-nm amy-
loid-like fibrils and floccular material (Figure 3C) and p-tau
on PHFs (Figure 3D). In contrast to p-tau, which was local-
ized on PHFs themselves, the proteasome subunits were in
small clusters adjacent to PHFs but not directly on them
(Figure 3D). �-Tubulin was associated with PHFs (Figure
3E), and together with A� it was associated with 6- to 10-nm
fibrils (Figure 3F).

Immunoblots of Proteasome Subunits

In s-IBM and normal muscle biopsies, the 20S �- and
�-subunits each migrated as either single or double bands
of �28 kd, whereas the 19S Rpn10 subunit migrated as a
45-kd band, in the typical positions for each. Expression of
subunits 20S�4, 20S�1, �2 and �5, and of 19S Rpn10 was
increased in s-IBM muscle biopsies as compared to control
biopsies (Figure 4, A and C). Omitting the primary antibody
resulted in nonstaining (Figure 4A).

In six s-IBM muscle biopsies, densitometry of 20S
proteasome subunits �4 and �2, and of 19S subunit

Rpn10, evaluated after normalization to the correspond-
ing myosin band, revealed, as compared to the six age-
matched control muscle biopsies, that �4 was increased
5.6 times (P � 0.01), �2 was increased 5.9 times (P �
0.01), and 19S was increased 2.4 times (P � 0.02) (Fig-
ure 4B). In addition, LMP2 and LMP7, inducible counter-
part subunits, respectively, of �1 and �5, were strongly
expressed in s-IBM muscle but were virtually undetect-
able in control muscle biopsies (Figure 5C).

Immunoprecipitation

Immunoprecipitation of s-IBM and control muscle bi-
opsies with mouse monoclonal 6E10 antibody, which
recognizes either A� or A�PP, followed by immunoprob-
ing with a mouse monoclonal antibody against 20S, re-
vealed a very strong 20S proteasome band of 28 kd in
s-IBM muscle, but only an extremely weak band in control
muscle (Figure 4D). Omitting of either the 6E10 antibody
used for immunoprecipitation or the primary antibody
used for immunoprobing gave negative results.

Proteasome Activity

20S proteasome activities were measured in the
same s-IBM and normal control muscle biopsies in
which immunoblots were performed, and their activities
were normalized to the 20S�2 proteasome protein
value measured in each patient.35 In s-IBM biopsies,
CTL, TL, and PGPH protease activities were reduced to

Figure 2. Double-label immunofluorescence of �-tubulin with A�, 20S PS, HSP70, p-tau, and ubiquitin (UB), indicating aggresomes in s-IBM muscle fibers. P to S
illustrate that �-tubulin-immunoreactive aggregates are not associated with the nuclei marked by the blue nuclei marker Hoechst. Original magnifications, �1100.
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29.4% (P � 0.02), 53.5% (P � 0.04), and 14.5% (P �
0.02), respectively, as compared to the control biop-
sies (Figure 5A).

Cultured Muscle Fibers

Light-Microscopic Immunocytochemistry

In all five experimental sets of human cultured muscle
fibers, overexpression of A�PP, combined with epoxomi-
cin treatment, induced in the cytoplasm of 85 to 95% of

cultured muscle fibers numerous well-defined, various-
sized, round, or dotty �-tubulin-immunoreactive aggre-
gates, which by double-label immunofluorescence were
also immunoreactive for A�, ubiquitin, HSP70, and pro-
teasome subunits (Figure 6; A to J). Approximately 20%
of the control, non-A�PP-overexpressing but epoxomicin-
treated cultured muscle fibers had only very small �-tu-
bulin-immunoreactive aggregates (not shown). A�PP-
overexpressing, but not epoxomicin-treated, cultured
fibers had well-defined, various-sized �-tubulin- and A�-

Figure 3. Double-label gold immunoelectron microscopy in s-IBM (A–F) and A�PP-overexpressing cultured muscle fibers (G). Ps20S (5-nm gold particles) and
Ps19S (10-nm gold particles) are both associated with PHFs (A), and 6- to 10-nm amyloid-like fibrils and floccular amorphous material (B). Ps20S (5-nm gold
particles) and amyloid-� (10-nm gold particles) are both associated on 6- to 10-nm amyloid-like fibrils and floccular amorphous material (C). Ps20S (5-nm gold
particles) and p-tau (10-nm gold particles) are both associated with PHFs (D), but in contrast to p-tau, which is localized on the filaments themselves, Ps20S is
in small clusters adjacent to PHFs but not directly on them (D). E and F: �-Tubulin. E: Single label showing association of �-tubulin with PHFs. F: Double
immunolocalization of �-tubulin (5-nm gold particles) with A� (10-nm gold particles) shows that both are associated with 6- to 10-nm fibrils and amorphous
material. G: Double immunolocalization of �-tubulin (5-nm gold particles) with A� (10-nm gold particles) in an A�PP-overexpressing plus epoxomicin-treated
cultured human muscle fiber. Similar to biopsied s-IBM muscle fibers, both �-tubulin (5-nm gold particles) and A� (10-nm gold particles) are associated with 6-
to 10-nm fibrils. Original magnifications: �48,500 (A–C, E–G); �61,400 (D).
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immunoreactive aggregates in �40% of fibers (Figure 6,
K and L). As in a previous study,21 nocodazole prevented
�-tubulin-immunoreactive aggregates in the majority of
the fibers.

Immunoelectron Microscopy of Cultured Human
Muscle Fibers

In A�PP-overexpressing plus epoxomicin-treated cul-
tured human muscle fibers, both �-tubulin and A�
were associated with 6- to 10-nm amyloid-like fibrils
(Figure 3F).

Proteasome Activity

In A�PP-overexpressing cultured muscle fibers, after
normalization to the 20S�2 proteasome level, TL activity
was reduced to 55.8% (P � 0.005), and PGPH to 85.4%
(P � 0.04), as compared to control cultured muscle
fibers, while there was no significant change in CTL ac-
tivity (Figure 5). Cultured muscle overexpressing anti-
sense A�PP had no reduction of any proteolytic activity
(data not shown). A 24-hour treatment with epoxomicin of
non-A�-overexpressing cultures reduced the CTL activity
to 16%, TL to 69.1%, and PGPH to 33.4% (P � 0.01) of
control (Figure 5B).

Discussion

In this study we found significant proteasomal abnormal-
ities in s-IBM muscle fibers as evidenced by: 1) abnormal
accumulation of 26S proteasome subunits by immunoflu-
orescence and immunoelectron microscopy; 2) in-
creased expression of 26S proteasome subunits by im-
munoblots; and 3) reduced activities of the three major

proteasomal proteolytic enzymes. Previously, in s-IBM
muscle biopsies, abnormal proteasomal accumulations
were reported, but their relationship to A�/A�PP was not
studied.41 Our present study strongly suggests that the
A�PP/A�-proteasome interrelationship may be important
in inducing proteasome abnormalities and aggresome
formation in s-IBM muscle fibers because: 1) A� and
proteasome co-localized at the light-microscopy level
and were associated ultrastructurally with the same struc-
tures; 2) there was a physical association of A�/A�PP
and proteasome by immunoprecipitation studies; and 3)
proteasome activity was inhibited in cultured human mus-
cle fibers overexpressing A�/A�PP.

In s-IBM muscle fibers, increased synthesis of A�PP1,2

is associated with its abnormal processing1,2 and with
accumulation of its cytotoxic fragment A�.1,2 Experimen-
tal overexpression of A�PP/A� in cultured human muscle
fibers was demonstrated to induce in them aspects of the
IBM phenotype.1,2,39,40 Accordingly, it was proposed
that overproduction of A�PP/A� plays an important role in
s-IBM pathogenesis.1,2 The inhibition of two major pro-
teasome activities, TL and PGPH, by the overexpressed
A�PP/A� that we have demonstrated in the cultured mus-
cle fibers suggests that A�PP/A� may be causatively
involved in proteasome inhibition in s-IBM fibers. Other
factors present in s-IBM muscle fibers that might contrib-
ute to inhibition of proteasome function include: an aging
muscle environment (because s-IBM patients are usually
age 50 or older), protein over-crowding, oxidative
stress,1,2 and accumulated p-tau,1,2,4 �-synuclein,31 and
UBB�1 5, all shown to be capable of inhibiting protea-
some activity.8–13 Abnormal proteasome distribution or
its inhibition were suggested to contribute to the patho-
genesis of several neurodegenerative diseases, includ-
ing AD, Parkinson’s disease, Lewy-body dementia, and
Huntington disease.9,15,42–44

Figure 4. Immunoblots of 26S proteasome subunits and immunoprecipitation in control and s-IBM muscle biopsies. A: Immunoblots of muscle homogenates of
normal control and s-IBM muscle biopsies demonstrate in s-IBM a much stronger expression of Ps 19S, Ps 20S�4, and Ps 20S�2 subunits as compared to control
muscle biopsies. Omission of primary antibodies resulted in negative reactions. B: Densitometric analysis of the blots in A, performed using NIH Image J 1.310.
Protein loading was evaluated by the Coomassie blue-stained myosin band. One sample, designated as standard, was used on every gel so that band densities
on different blots could be normalized to this standard. Data are indicated as mean � SE. Significance was determined by one-tailed unpaired t-test. The level
of significance was set at P � 0.05. C: Immunoblots of the constitutive �1 and �5, and the inducible LMP2 and LMP7, subunits in control and s-IBM muscle biopsies
illustrate increased expression of both �1 and �5 in s-IBM as compared to controls: LMP2 and LMP7 subunits are present in s-IBM but are not detectable in controls.
D: Immunoprecipitations of control and s-IBM biopsies with 6E10 antibody against A�PP/A�, followed by immunoprobing with an antibody against 20S�4
proteasome subunit. A strong band of the appropriate molecular weight corresponding to the 20S� proteasome subunit is revealed in s-IBM muscle, whereas the
control has only a very weak band (1). Omission of the antibody against 20S� (2) or omission of the antibody against A�PP/A� (3) resulted in negative reactions.
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Our demonstrated increase of proteasome-protein
subunits may represent the muscle fiber’s attempt to deal
with multiprotein overcrowding, but, in the presence of
the severely impaired proteasomal enzymatic function
those attempts are futile and the unfolded/misfolded pro-
teins accumulate in the form of aggregates. Our study
also demonstrated that most s-IBM multiprotein aggre-
gates have some features of aggresomes, because they
are associated with �-tubulin, and contain proteasome
subunits, ubiquitin and HSP70. We also induced aggre-
some-like structures in cultured human muscle fibers by
overexpressing A�PP, �/� epoxomicin treatment. Previ-
ously, aggresomes have been produced only in cultured
mononucleated cells, where they appeared as perinu-
clear inclusions.21–24 However, in our studies, both in the
s-IBM biopsied muscle fibers and in the A�PP-overex-
pressing cultured muscle fibers, aggresome-like struc-
tures were not associated with the nuclei. This might be
related to the fact that a muscle fiber is a multinucleated
cell and mechanisms responsible for the location of ag-
gresomes might be different from in a mononucleated
cell. Our study was not able to demonstrate a protective
influence of aggresomes, which was reported in other
cell systems.26 Even though the exact role of aggresome-
like structures in s-IBM muscle fibers still needs to be
investigated, their presence there, as well as their induc-
tion in cultured human muscle fibers by A�PP overex-
pression and proteasome inhibition, further support the
prominent role of proteasome inhibition, and protein ag-
gregation and misfolding, in the complex cascade of the
s-IBM pathogenesis.

Proteasome is responsible for degradation of most
cellular proteins.14,15 A failure to degrade/remove surplus
proteins, including abnormal damaged proteins, would
be detrimental to the muscle fiber. Furthermore, accumu-
lated ubiquitinated, misfolded, and oxidized protein
aggregates themselves can cause inhibition of protea-
some.25,45 Also, the still soluble, early intermediates of
protein aggregates, in the form of dimers and trimers, are
highly toxic to cells,46,47 and they can also induce

Figure 5. Proteasome enzymatic activities in control and s-IBM muscle bi-
opsies (A), and in cultured control and A�PP-overexpressing (A�PP�), and
in not-A�PP-overexpressing but epoxomicin-treated human muscle fibers
(B). A: Proteasome TL, CTL, and PGPH activities were measured in four
s-IBM and four normal control muscle biopsies and results were normalized
to proteasome quantity in the same muscle biopsies. All three proteasome
activities are significantly reduced in s-IBM muscle biopsies, CTL to 29.4%
(P � 0.02), TL to 53.5% (P � 0.04), and PGPH to 14.5% (P � 0.02) of control
muscle biopsies. Data are indicated as mean � SE. Significance was deter-
mined by the one-tailed unpaired t-test. The level of significance was set at
P � 0.05. B: TL, CTL, and PGPH activities were measured in five sets of
normal cultured human muscle fibers having A�PP-overexpression
(A�PP�), in their not-A�PP-overexpressing cultured sister controls, and in
not-A�PP� epoxomicin-treated cultures. The results were normalized to
proteasome quantity. In A�PP� cultures, TL and PGPH activities are reduced
to 55.8% and to 85.4% of controls, respectively, with no significant change in
CTL. Data are indicated as mean � SE. Epoxomicin treatment reduced CTL,
TL, and PGPH to 16.0%, 69.1%, and 33.4% of controls, respectively.

Figure 6. Double-label immunofluorescence of �-tubulin with A� (A, B), 20S PS (C, D), HSP70 (E, F), and ubiquitin (UB) (G, H), indicating various-sized
aggresomes in cultured human muscle fibers, that were A�PP-overexpressing plus epoxomicin-treated (A–J), and in ones A�PP-overexpressing but not treated
with epoxomicin (K, L). J illustrates that most of the �-tubulin-immunoreactive aggregates are not associated with nuclei, which are indicated with the blue nuclei
marker Hoechst. Original magnifications, �1400.
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proteasome inhibition.11 Because proteasome inhibition
might, in turn, contribute to the formation of soluble toxic
protein oligomers, in a vicious circle, proteasome inhibi-
tion may be detrimental to the cells even before protein
aggregates can be identified morphologically.

In addition to the formation of multiprotein aggregates,
proteasome abnormalities might play another role in the
s-IBM pathogenesis, namely the cytotoxic T-cell inflam-
mation. Some s-IBM muscle fibers express MHC-I,48

which probably plays a role in the CD8� cytotoxic T-cell
response49 by enabling a muscle fiber to become anti-
gen-presenting. Proteasomal inducible �-subunits, LMP2
and LMP7, which we have shown increased in s-IBM
muscle fibers, are involved in the intracellular processing
of peptides for MHC-I expression.16,17 Possibly, in s-IBM
muscle fibers LMP2 and LMP7 are involved in antigen
presentation development of the T-cell inflammatory
response.

In summary, our present study demonstrates protea-
some dysfunction in s-IBM muscle fibers, and it suggests
that A�/A�PP may promote that dysfunction. Our studies
raise the possibility of novel therapeutic manipulations to
correct that proteasomal malfunction.
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