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Among the hallmarks of aged organisms are an accumula-
tion of misfolded proteins and a reduction in skeletal muscle
mass (“sarcopenia”). We have examined the effects of aging
and dietary restriction (which retards many age-related
changes) on components of the ubiquitin proteasome sys-
tem (UPS) in muscle. The hindlimb muscles of aged (30
months old) rats showed a marked loss of muscle mass and
contained 2-3-fold higher levels of 26S proteasomes than
those of adult (4 months old) controls. 26S proteasomes pu-
rified from muscles of aged and adult rats showed a similar
capacity to degrade peptides, proteins, and an ubiquitylated
substrate, but differed in levels of proteasome-associated
proteins (e.g. the ubiquitin ligase EGAP and deubiquitylat-
ing enzyme USP14). Also, the activities of many other de-
ubiquitylating enzymes were greatly enhanced in the aged
muscles. Nevertheless, their content of polyubiquitylated
proteins was higher than in adult animals. The aged muscles
contained higher levels of the ubiquitin ligase CHIP, in-
volved in eliminating misfolded proteins, and MuRF1,
which ubiquitylates myofibrillar proteins. These muscles
differed from ones rapidly atrophying due to disease, fast-
ing, or disuse in that Atrogin-1/MAFbx expression was low
and not inducible by glucocorticoids. Thus, the muscles of
aged rats showed many adaptations indicating enhanced
proteolysis by the UPS, which may enhance their capacity to
eliminate misfolded proteins and seems to contribute to the
sarcopenia. Accordingly, dietary restriction decreased or
prevented the aging-associated increases in proteasomes
and other UPS components and reduced muscle wasting.
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A characteristic feature of aged organisms is the gradual
loss of muscle mass (often termed “sarcopenia”), which is a
major cause of frailty and morbidity among the elderly (1).
This reduction in muscle mass with aging may result from a
general decline in protein synthesis or alternatively from an
enhancement of overall protein degradation rates, as occurs
during the rapid atrophy of muscles induced by disuse, fast-
ing, or disease (e.g. cancer or sepsis) in young or adult animals
(2). Mammalian cells have two main pathways for protein
degradation, the lysosomes, which function in autophagy and
the breakdown of endocytosed proteins, and the ubiquitin
proteasome system (UPS),* which rapidly eliminates mis-
folded proteins and short-lived regulatory proteins, but also
catalyzes the breakdown of the bulk of cell proteins (3). The
proteolytic component in this pathway is the 26S proteasome,
a large, ATP-dependent complex composed of the proteolytic
20S core particle and capped by one or two 19S regulatory
particles (4). In this pathway, proteins destined for degrada-
tion are linked to a chain of ubiquitin molecules by a cascade
of ubiquitin ligases (E1, E2, and E3) (5). The 19S regulatory
particle contains subunits that bind the ubiquitin chain, six
ATPases that unfold the protein substrate and translocate it
into the 20S particle for hydrolysis, and three deubiquitylating
enzymes or DUBs (Rpn11, Usp14/Upb6, and Uch37), which
disassemble the ubiquitin chain, releasing the ubiquitin moi-
eties. This sparing of the ubiquitin molecules enables the cell
to maintain a high pool of free ubiquitin (6), which is crucial
for ongoing proteolysis. In addition, 26S proteasomes have a
set of loosely associated proteins that probably serve as cofac-
tors or regulators (7) and may vary under different physiologi-
cal states.

A number of studies have suggested that in aged rodents
proteasomal proteolysis decreases in several tissues/organs
(8—-13). It is hard to reconcile such a reduced rate of proteoly-
sis with the general loss of skeletal muscle mass characteristic
of aging (sarcopenia) (1). During muscle atrophy in young
adult animals induced by fasting, disuse, or disease (e.g. cancer
cachexia, sepsis, renal or cardiac failure), there is a marked
increase in protein ubiquitylation and proteolysis, especially
of myofibrillar components (14, 15).

*The abbreviations used are: UPS, ubiquitin proteasome system; DUB, de-
ubiquitylating enzyme; DR, dietary restriction; DHFR, dihydrofolate re-
ductase; dansyl, 5-(dimethylamino)naphthalene-1-sulfonyl.
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The UPS in Muscles of Aged Rats

Data on the functioning of the UPS during the much slower
loss of muscle in the elderly is controversial. There are con-
flicting reports about the levels of proteasome expression or
activity (16 —22). However, most of these conclusions about
the effect of aging on proteasomal degradation in muscle or
other tissues are based solely on measurements of the 20S
core particle. Although some degradation of unfolded or de-
natured proteins may occur by the free 20S (23), the bulk of
proteasome-mediated degradation, even of oxidatively dam-
aged proteins (24), seems to require the 26S proteasome and
ubiquitylation of the substrate. To understand the effects of
aging it is therefore important to measure the capacity of
26S proteasomes to degrade their physiological substrates,
ubiquitylated proteins, especially because the accumulation
of ubiquitylated proteins is a hallmark of aging (25, 26) and
protein ubiquitylation and content of ubiquitin conjugates
are increased in muscle during various types of rapid atro-
phy (27, 28).

We therefore examined in 30-month-old Sprague-Dawley
rats the effects of aging on the content and activity of 26S pro-
teasomes, proteasome-associated regulatory proteins, and
various other components of the UPS, including multiple de-
ubiquitylating enzyme (DUB) and factors that bind ubiquity-
lated proteins and facilitate their degradation by the protea-
some (e.g. p97). This experimental model was chosen because
muscles of these aged animals undergo marked atrophy com-
pared with muscles of adult (4-month-old) animals. In various
organisms, dietary restriction is known to extend health span
and lifespan (29). Therefore, we also studied the effects of die-
tary restriction (DR) on these aging-associated changes be-
cause DR can inhibit many of the deleterious effects of aging
(29) including muscle wasting (30). Our studies indicate that
in muscles of these aged animals with sarcopenia, multiple
components of the ubiquitin proteasome system are markedly
induced and that many of these aging-related changes can be
prevented or reduced by dietary restriction.

MATERIALS AND METHODS

Chemicals—Creatine phosphate, creatine phosphate kinase,
and casein were purchased from Sigma. Proteasome sub-
strates Suc-LLVY-AMC, Boc-LRR-AMC, and Suc-YVAD-
AMC were obtained from Bachem (Weil am Rhein, Ger-
many). Ubiquitylated DHFR was a gift from Millennium, Inc.
(Cambridge, MA). Antibodies used are listed in supplemental
Table S2.

Experimental Animals—Thirty-nine male rats (colony orig-
inated from Harlan Sprague-Dawley, Houston, TX), 15 adult
(4 months) and 24 aged (30 months) rats, were studied. Nine
of the aged animals were maintained from 2 months of age on
DR corresponding to 70% of ad libitum (AL) food intake of
age-matched animals. All animals were kept under standard-
ized barrier conditions (with 12/12 light/dark cycle) in a cli-
mate-controlled facility. In addition, five adults and five aged
AL rats (from the same cohorts) were treated with dexameth-
asone (4 mg/kg intraperitoneal for 3 days). Based on lifespan
expectancy of male SD rats (30), the 30-month-old rats were
considered as aged (senescent). All animal experiments were
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approved by the Local Ethical Committee (N122/03 and
N400/03).

Preparation of Rat Muscle Extracts—The triceps surae
muscles were removed from anesthetized (chloral hydrate,
300 mg/kg, intraperitoneally) rats, weighed, and frozen in liq-
uid nitrogen and stored at —80 °C until processed.

Frozen tissue from gastrocnemius muscle was homoge-
nized in lysis buffer (50 mm Tris base, pH 7.4, 5 mm MgCl,,
250 mM sucrose, and fresh 2 mm ATP, and 1 mm DTT). Mem-
brane fractions, nuclei, organelles, and cell debris were re-
moved by centrifugation at 12,000 X g for 15 min and then
ultracentrifugated at 100,000 X g for 1 hat4 °C.

Immunoblotting—Equal amounts of protein were separated
by SDS-PAGE, transferred to a PVDF or nitrocellulose mem-
brane (Amersham Biosciences), and blotted with the primary
antibody (see supplemental Table S1) containing 5% milk and
0.5% Tween 20. Immunodetection was performed using en-
hanced chemiluminescence detection (ECL Plus) method ac-
cording to the manufacturer’s protocol (Amersham Bio-
sciences), and the membranes were exposed to X-OMAT AR
film (Kodak) for visualization. Vinculin was identified as a
useful loading control from a previous analysis of the pro-
teome and transcriptome from the aged muscle (31).

Proteasome Measurement Using Active Site Labeling—
Labeling of the proteasomal B-subunits using active site-
directed probes was performed as reported previously (32,
33). In brief, the radiolabeled active site-directed probe
AdaY[**°I]Ahx,L,VS (0.5 X 10° cpm) or dansylated probe
dansyl-Ahx,;L;VS (1 mm) was added to 25 ug of tissue lysate
and incubated for 2 h at 37 °C. Proteins were then separated
by SDS-PAGE and visualized by autoradiography or immuno-
blotting using anti-dansyl antibodies. Two-dimensional non-
equilibrium pH gradient and SDS-PAGE was performed as
described previously (33). Autoradiograms were scanned as
16-bit tiff images and quantified by densitometry using the
Image] software (rsb.info.nih.gov/ij/).

Proteasome Activity Assays Using Fluorogenic Substrates—
One ug of enriched proteasome fraction (5 h pellet) or 10-30
ng of purified 26S proteasomes were assayed for chymotryp-
sin-like (Suc-LLVY-AMC), trypsin-like (Boc-LRR-AMC), and
caspase-like activity (Suc-YVAD-AMC) as described previ-
ously (34). To measure 20S proteasome activity, lysates were
prepared in buffer without ATP and with 0.02% SDS (34). The
samples from individual animals were analyzed in a fluores-
cent plate reader (SPECTRAmax® Gemini’s, Molecular De-
vices) at zero and every 5 min for 2 h using an excitation/
emission ratio of 380/460 nm at 37 °C. All experiments were
repeated three times.

Purification of Proteasomes—For each purification 60 mg of
gastrocnemius muscle from 7 different animals were pooled
for each age group. The affinity purification of proteasomes
using the UBL domain as an affinity ligand was performed in
the absence of NaCl as described previously (7).

Degradation of Ub,DHFR—50 nm Ub,DHER were incu-
bated with 4 nm of affinity purified 26S proteasome in reac-
tion buffer (50 mm Tris, pH 8, 60 mm KCl, 10 mm MgCl,, 1
mM ATP, 1 mm DTT, 0.1 units/ul of creatine phosphate ki-
nase, 10 mm creatine phosphate) at 37 °C for 0—2 h. The reac-

VOLUME 285-NUMBER 51-DECEMBER 17, 2010


http://www.jbc.org/cgi/content/full/M110.129718/DC1
http://www.jbc.org/cgi/content/full/M110.129718/DC1
http://www.jbc.org/cgi/content/full/M110.129718/DC1

The UPS in Muscles of Aged Rats

A Body Weight B Muscle Weight C Muscle to Body Index
600 _— 250 = 06
—_ *k = L —
£ 500 5] - 2 o5
s 2 200} = 0
C) = S
2 a0l : |== g oal
S == 2 150} 25
2 3o0f ® = £203
g 200 g 100 _ 2 02
<] 3 = .
3 3 A =
T 100 S 50 e e T I S —
= @
ol Ad-AL | Ag-AL , Ag-DR , ol Ad-AL + Ag-AL « AgDR ., = ol Ad-AL , Ag-AL | Ag-DR ,

FIGURE 1. Aged rats (30 months old) have much less muscle mass, but greater body weights than adult (4 months old), and dietary restriction de-
creases this loss of muscle. A, boxplots illustrate the body weights of 10 adults (Ad-AL) and 10 aged rats fed AL (Ag-AL) or 9 aged rats maintained on die-
tary restriction (Ag-DR), as described under “Materials and Methods.” B, soleus muscle weight (mg) at 4 and 30 (AL and DR) months. C, ratio between soleus
weights (mg) and body weights (g). Box limits represent upper and lower quartile values and are separated by the median (crossbar within box). Maximum
and minimum values, which are not defined as outliers (circles), are illustrated using error bars. Outliers are defined as values deviating from the quartile

borders by more than 1.5 times the interquartile distance. ***, p < 0.001.

tion was stopped with SDS sample buffer and the content of
Ub,DHER assessed by immunoblotting (anti-biotin antibody;
Ub,DHER is labeled with biotin at the first Ub moiety).

Profiling of DUBs—Labeling of DUBs using ubiquitin-based
probes HA-Ub-VME and HA-Ub-Br2 was performed as de-
scribed (35). In brief, 0.5 ug of HA-Ub-VME or HA-Ub-Br2
were added to 25 ug of tissue lysates and incubated for 1 h at
37 °C. Samples were then separated on an 8% SDS-PAGE and
individual active DUBs were visualized by anti-HA
immunoblotting.

RNA Isolation—Total RNA was isolated from muscles ac-
cording to the TRIzol protocol (Invitrogen). RNA concentra-
tion, purity, and integrity were measured in a spectrophotom-
eter, by running a denaturing agarose gel and by analysis
using a 2100 Bioanalyzer (Agilent Technologies, Kista, Swe-
den). All samples used showed a high degree of integrity and
in the qPCR runs, B-actin was run in parallel to assure equal
loading. RNA was DNase treated (DNA-free, Ambion Inc.),
according to the manufacturer’s protocol, resulting in OD
260/280 values above 1.95.

qPCR—Analysis of relative mRNA levels in gastrocnemius
muscle was performed using reverse transcription (stan-
dard reagents, Applied Biosystems) and real time PCR,
with QuantiTect SYBR Green Mastermix (Qiagen) and the
appropriate primer pairs (supplemental Table S2) in an ABI
Prism 7000 instrument (Applied Biosystems). Real time analy-
sis of SYBR Green chemistry values was performed as previ-
ously described (36).

Statistics—All statistical analysis were performed using Sta-
tistica 6.1 (Statsoft, Tulsa, OK). Comparisons of experimental
groups were carried out with analysis of variance, and when
significant differences were found, Bonferroni’s post hoc test
was used for pairwise comparisons. Statistical significance
levels were set to: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Test
of correlation was accomplished with least-square regression
using untransformed data and calculation of the coefficient of
correlation, r.

RESULTS

A colony of male Sprague-Dawley rats was maintained un-
der standardized conditions and fed either AL or a restricted
diet (DR), in which the rats consumed 70% of the caloric in-
take of age-matched AL controls. Aged rats showed reduced
locomotor activity and disturbances of coordination and bal-
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ance that was reduced by DR (30). DR rats lived on the aver-
age 6 months longer than the AL rats (36 versus 30 months).”
The animals were studied at 30 months, which is the average
expected lifespan for AL maintained Sprague-Dawley rats
(30), and were compared with 4-month-old adult rats, the age
where muscle weight relative to body weight reaches its ma-
ture values (37). The average body weight of the AL rats
peaked at 24 months and then declined. At 30 months, their
mean body weight was 20% lower than peak weight, in ac-
cordance with earlier observations (30). At this time, the so-
leus muscles of the AL rats had lost 50% of their mass, but this
marked atrophy was significantly smaller in 30-month-old
aged rats maintained on DR (Fig. 1B). The body weights of the
DR rats had not yet decreased significantly from their peak
values at this age (Fig. 14) (30). Due to this marked muscle
atrophy and the concomitant accumulation of adipose tissue
in the aged AL rats, the soleus/body weight ratio was 60%
lower than in the adult rats (p < 0.001) and 40 -50% lower
than in the DR group (p < 0.001) (Fig. 1C).

Proteasome Levels Increase in Muscles of Aged Rats but Not
in Animals on DR—W e analyzed the proteasome content of
the triceps surae (the hind limb muscle composed of muscu-
lus gastrocnemius and musculus soleus). Immunoblot analysis
showed a 2—3-fold increase in levels of the 81 and 85 subunits
of the 20S and also subunits Rpt5 and Rpt6 of the 19S regula-
tory complex (Fig. 24). These subunits are not found outside
of these complexes (Fig. 44). To clarify whether the aged pro-
teasomes are indeed catalytically active, cell extracts were
then treated with the specific active site probe, dansyl-
Ahx;L;VS (32), which modifies covalently the active site thre-
onine residues of the catalytic 81, 82, and 35 subunits (Fig.
2B). This approach also revealed a 2—3-fold increase in pro-
teasomes in the aged muscle (Fig. 2B).

Remarkably, the increase in 26S proteasomes was sup-
pressed completely in aged animals on DR (Fig. 2, A and B).
Because muscle wasting was reduced in these animals, these
findings suggest that the buildup of proteasomes contributes
to the loss of muscle mass in aged animals. Accordingly, the
levels of these proteasome subunits in the aged AL group
were inversely correlated with muscle weight (81, r = —0.71,
p <0.05; B5,r = —0.69, p < 0.05), and no such inverse rela-

> M. Grénholdt-Klein, M. Altun, A. Fahlstrém, and B. Ulfhake, manuscript
in preparation.
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FIGURE 2. Proteasome content increases in muscles of aged but not in rats on dietary restriction. A, levels of the 20S subunits, 81 and 5, and
the 19S components, Rpt5 and Rpt6, were measured by immunoblotting with Vinculin as loading control. B, 20S proteasomes were covalently modi-
fied in crude extracts with the active site-directed probe dansyl-Ahx;L;VS followed by immunoblotting with anti-dansyl antibody. Each lane in pan-
els A or Brepresents 25 ug of crude extract from gastrocnemius muscles of 4-month-old (n = 10) and 30-month-old AL (n = 10) and DR (n = 9) rats.
Densitometry data and statistical analysis of protein levels (A) and proteasome activity (B) are plotted relative to the 4-month-old AL group (set to
100%). Error bars indicate standard deviation. C, changes in mRNA levels of several proteasome subunits as well as factors involved in proteasome

assembly were assayed by qPCR. ***, p < 0.001.

tionship was found in muscles of adult rats (81, r = 0.42, us;
B5, r = 0.31, ns) or aged animals maintained on DR (B35, r =
0.27, ns; B1, r = 0.11, ns).

To determine whether this increase in proteasome content
results from increased rates of subunit synthesis, we measured
mRNA levels for several proteasomal subunits by qPCR. No
significant increases in expression were observed except for
the immunoproteasome subunit, 81i (Fig. 2C and below). To
learn if proteasome assembly might increase with aging, we
also measured the content of mRNA for 20S assembly factors
PACI1, PAC2, and POMP1. Their expression did not change
or even decrease with aging (Fig. 2D). These observations sug-
gest that the large increase in proteasome content in aged
muscles might result from enhanced translation or decreased
rates of proteasome degradation in the aged muscles.

Immunoproteasomes Increase in Aged Muscle, but Are a
Minor Fraction of the Proteasomes—During infections, lym-
phokines, especially y-interferon, induce alternative forms of
the 20S proteasome called immunoproteasomes, which con-
tain distinct catalytic subunits, termed B1i, 82i, and 85i. To
learn if the increase in proteasomes with aging was due to the
induction of immunoproteasomes, as was reported by some
investigators (18) and suggested by the elevated transcription
of B1i (Fig. 2C), we assayed expression of these alternative
subunits by immunoblotting with antibodies against B1i, 82i,
or 35i. However, they could not be detected in these muscles,
although they were readily detected in spleen samples from
these same animals (Fig. 34). We therefore used a more
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sensitive assay of subunit activity involving a radioactive
derivative of the affinity probe used in Fig. 2, B and C, the
AdaY['***’I]Ahx,L,VS (33). Two-dimensional gel electro-
phoresis revealed some induction of immunoproteasome sub-
units in muscles with age (Fig. 3B). Using standard SDS gels,
we then determined if all of the rat muscles showed a similar
induction, or if this result may be due to inflammation or dis-
ease in any individual rat. Similar levels of immunoprotea-
some subunits were in fact detected in all the aged animals,
and like conventional 20S subunits, they were induced 2-3-
fold in the aged muscles compared with adult rats. However,
the degree of reaction with this probe suggested that immu-
noproteasomes constituted only about 10% of the total pro-
teasomes in the muscles of these aged animals (Fig. 3E).
Therefore, the age-related loss of muscle mass is associated
primarily with a 2—3-fold increase in standard proteasomes.
Muscle 26S Proteasomes from Aged and Adult Rats Have a
Similar Ability to Degrade Peptides, Proteins, and Ubiquity-
lated Proteins—To determine whether the increase in muscle
proteasome content with aging actually reflects greater pro-
teolytic capacity, we prepared proteasome-rich fractions from
the lysates by ultracentrifugation (Fig. 4A). Quantification of
proteasomes by both immunoblot and active site probes con-
firmed the greater content in aged AL fed rats but not in the
DR group (Fig. 4, B and C). Using these proteasome-enriched
pellets, we were able to measure rates of hydrolysis of fluoro-
genic peptides that are specific substrates of its chymotrypsin-
like and caspase-like sites (Fig. 4D) and of casein (Fig. 4E), a
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catalytic subunits. A, representative immunoblot of the standard catalytic subunits of the proteasome, 31 (caspase-like activity), 85 (chrymotrypsin-like activity),
and their homologs B1i and 35i in gastrocnemius muscle extracts prepared from rats. As a control, equal amounts of rat splenocytes (SP) were used to detect B1i
and B5i adult and aged. B and C, gastrocnemius muscle extracts prepared from 4-month- and 30-month-old rats were incubated with the active site-directed
probe AdaY[l'**]Ahx;L,VS and analyzed by two-dimensional (B) and one-dimensional (C) gel electrophoresis. Each assay was performed in triplicates and a repre-
sentative result is shown. D, densitometric quantification. E, distribution of 20S species as percent of total 20S proteasomes. ***, p < 0.001.
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FIGURE 4. Proteasome activity increases with age and this change is prevented by dietary restriction. A, to enrich for 26S proteasomes, muscle extracts were
ultracentrifuged for 1 h at 100,000 X g to remove the microsomal fraction, and the supernatant (7hS) spun for 5 h at 100,000 X g. Proteasomes were detected only
in the 5-h pellet (5hP) by immunoblotting (top) and using the active site probe dansyl-Ahx;L,VS (bottom) as described in the legend to Fig. 2; a representative result
is shown. Band C, proteasome-enriched pellets were prepared from seven animals of each condition and proteasome content (B) and reactivity with the active site
probe (C) were quantified. D, fluorogenic substrates were used to measure caspase-like (Suc-YVAD-AMC) and chymotrypsin-like (Suc-LLVY-AMC) activities. Error
bars represent standard deviation. E, degradation of casein assessed by the appearance of casein fragments using tandem mass spectrometry. Proteasome-en-
riched fractions from 4-month (Ad-AL), 30-month (Ag-AL), or 30-month-old rat on DR (Ag-DR) were incubated with casein for different times at 37 °C, followed by
LC-MS/MS analysis (see “Materials and Methods”). One of two independent experiments is shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

loosely folded protein that can be degraded by the proteasome aged DR rats. Thus, the proteasomal particles that accumulate
without ubiquitylation. All these substrates were degraded with aging appear fully active toward peptides and proteins
2-3-fold faster in aged AL animals, but not in muscles of the that do not require ubiquitylation for degradation.
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FIGURE 5. 26S proteasomes isolated from aged and adult muscles show
similar size distributions and similar abilities to hydrolyze peptide sub-
strates and ubiquitin conjugates. A, gastrocnemius muscles from individ-
ual animals were pooled (60 mg each; n = 7) and 26S proteasomes were
isolated using the UBL affinity technique (7). Purified proteasomes were
analyzed on native PAGE by peptidase activity (Suc-LLVY-AMC overlay as-
say) and immunoblot. B, the specific activity of purified 26S proteasomes
was determined using Suc-LLVY-AMC and expressed relative to the activity
of adult proteasomes. The averaged results from three different purifica-
tions are shown. C, to assay the degradation of a ubiquitylated protein, 50
nm UbsDHFR was incubated with 2 nm 265 for 0, 30, 60, and 120 min. The
amount of UbsDHFR was determined by immunoblot and quantified by
densitometry. The panel presents averages of two independent measure-
ments, each analyzed by two sets of immunoblots. Error bars are SD. *, p < 0.05.

To assess their ability to degrade ubiquitylated proteins, we
used a recently developed affinity purification method to isolate
26S proteasomes from any kind of tissue (7). Equal amounts of
the triceps surae from seven animals in each group were pooled
and homogenized. 26S proteasomes together with associated
proteins were isolated in a single step using the ubiquitin-like
(Ubl) domain from HHR23B as the affinity ligand (7). To assess
their structural integrity, the isolated proteasomes were sepa-
rated by native gel electrophoresis and analyzed by immunoblot-
ting and by peptidase activity using a substrate overlay assay with
Suc-LLVY-AMC (Fig. 5A). 26S proteasomes from adult and aged
muscle were indistinguishable on native gels, and no change in
the ratio of singly to doubly capped proteasomes was observed.
The proteasomes purified from aged animals showed a small but
consistent (~35%) increase in the specific activity of the chymot-
rypsin-like site (p < 0.05) (Fig. 5B). To evaluate the ability of the
particle to degrade ubiquitin conjugates, we used penta-ubiquity-
lated dihydrofolate reductase Ub,-DHEFR (38) as a defined homo-
geneous globular substrate whose degradation requires ATP
hydrolysis. No significant differences in its rate of degradation
were found with proteasomes from adult and aged muscles (ei-
ther AL or DR) (Fig. 5C). Together, these results indicate no
functional impairment of the 26S proteasomes of the muscle
with aging, in contrast to a prior report (18).

Effects of Aging on Proteasome-associated Proteins—Re-
cently, we identified about 60 proteins associated with the 26S
proteasomes that are affinity purified from rat muscle, includ-
ing several ubiquitin ligases and DUBs (7). To determine if the
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FIGURE 6. Aged and adult muscles differ in the proteins associated with
the 26S proteasome and their contents of ubiquitin ligases and the
p97/VCP complex samples. 60 mg of gastrocnemius muscles from 7 ani-
mals in each group were pooled and homogenized. Equal amounts of crude
extracts (40 pg/lane) and isolated proteasomes (0.4 ng/lane) were analyzed
by immunoblot. A, 83 is a 20S subunit, Rpt1 is found in the 19S base, and
Rpn11in the 19S lid. USP14, Ecm29, and PA200 are proteasome-associated
proteins and E6AP is a ubiquitin ligase. B, levels of p97 and its cofactor p47
were increased in the aged muscle, whereas its associated ubiquitin ligase
Ufd2 and the myofibril assembly factor Unc45B were decreased. CHIP, an E3
that ubiquitylates unfolded proteins, also increased in muscle with aging
but less in animals on DR. Atrogin-1/MAFbx levels decreased in aged mus-
cle, whereas the MuRF1 content doubled. Vinculin served as loading control
for panels A and B. C, mRNA levels of several proteins assayed in panels A
and B determined by qPCR.

proteins associated with the proteasome changed with aging,
we measured the levels of four important proteasome-associ-
ated proteins, USP14, Ecm26, PA200, and E6AP, in muscle
extracts and isolated proteasomes. USP14 is a DUB, which
also regulates the degradative capacity of the 26S (6, 39). In
yeast, Ecm29 was found to stabilize the 19S-20S association
(40), and in mammalian cells, Ecm29 is largely found on vesic-
ular structures of the endosomal pathway (41, 42). PA200
(BIm10 in yeast) can form hybrid 26S proteasomes, 19S-20S-
PA200, and has been implicated in DNA repair (43). E6AP is
an abundant ubiquitin ligase that was recently shown to also
ubiquitylate selectively misfolded proteins bound to Hsp70
(44). In aged animals, levels of all four proteins increased in
muscle, and with the exception of E6AP, these increases were
prevented or reduced by DR (Fig. 6A4). Accordingly, protea-
somes of aged AL rats were enriched in USP14 and Ecm29
relative to 26S subunits, 83 and Rptl, but not in muscle pro-
teasomes from the DR group. Remarkably, the content of
E6AP, although barely detectable by immunoblot on protea-
somes from adult animals, was dramatically increased on the
26S proteasomes from aged rats in both the AL fed and DR
groups (Fig. 6A). Thus, proteasomes in adult and aged mus-
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cannot be induced by dexamethasone. Real time PCR analysis of mRNAs encoding Atrogin-1/MAFbx and MuRF1, and the E2 ubiquitin conjugating en-
zyme E2-14K. A, muscle expression in 4-month and 30-month-old rats fed AL (AL) or DR. B, expression in muscle in 4-month and 30-month-old AL rats

treated with dexamethasone and age-matched controls. Individual samples we
bars are S.E. **, p < 0.01; ***, p < 0.001.

cles differ in the levels of associated proteins, and DR can
block or reduce most of these changes.

The Ubiquitin Ligases CHIP, E6AP, and MuRF1I, Increase in
Muscle with Aging—A characteristic feature of aged animals is
the accumulation in cells of damaged or misfolded proteins
(45). Therefore, the induction of E6AP on the proteasome
with aging is intriguing in light of its reported ability to
selectively ubiquitylate such unfolded proteins (44). We
therefore measured the content of the ubiquitin ligase,
CHIP, which promotes the selective degradation of un-
folded proteins bound to Hsp70 or Hsp90 (46, 47). CHIP
was also induced in muscles of aged rats, although, unlike
E6AP, it does not associate with the proteasome (Fig. 6, A
and B). In extracts of aged muscles, CHIP levels were much
higher than in adult muscles, and this age-associated in-
crease was reduced in the DR group (Fig. 6B). The in-
creased content of CHIP appeared to result from changes
in gene expression, because the levels of CHIP mRNA were
also increased in the aged muscles (Fig. 6C).

In muscles atrophying due to disuse, fasting, or disease,
the expression of the ubiquitin ligases, MuRF1 and Atro-
gin-1/MAFbx, but not CHIP or E6AP (Fig. S2), is markedly
induced and is essential for the rapid loss of muscle weight
(2). However, unlike CHIP and EGAP mRNAs, Atrogin-1/
MAFbx and MuRF1 expression was not higher in the aged
sarcopenic rats, as measured by qPCR (Fig. 7A). At the pro-
tein level, Atrogin-1/MAFbx decreased in accord with the
fall in mRNA, whereas MuRF1 protein increased in aged
rats from both AL fed and DR groups (Fig. 6B). Thus, our
findings distinguish the rapid atrophy in adults from the
age-associated sarcopenia in contrast to a previous study,
which reported an increase in Atrogin-1/MAFbx and
MuRF1 mRNA in the tibialis anterior of aged rats (48).

To further document this difference, the two groups of rats
were treated with a high dose of the synthetic glucocorticoid,
dexamethasone, which is highly catabolic to muscle. In adult
animals both Atrogin-1/MAFbx and MuRF1 were induced.
However, no such change occurred in the aged rats after
dexamethasone administration (Fig. 7B). These findings are in
accord with a prior finding that glucocorticoids fail to stimu-
late muscle protein breakdown in aged rats as they do in
younger animals (16).
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analyzed by immunoblot for poly- and monoubiquitin content. Densito-
metric analysis of seven is presented to the right, *, p < 0.05; **, p < 0.01.

The Content of Ubiquitylated Proteins Increases in Aged
Muscle Despite Their Increased Content of DUBs and
Proteasomes—The increased levels of 26S proteasomes and
several ubiquitin ligases in the aged muscles suggest an en-
hanced rate of proteolysis by the UPS. Furthermore, immuno-
blotting of the muscle extracts with an anti-ubiquitin anti-
body revealed that the muscles from aged rats contained
greater amounts of ubiquitylated proteins as well as slightly
more free ubiquitin than those from adult rats (Fig. 8). An
increase in free ubiquitin and ubiquitin conjugates with aging
was also reported by others in rat muscles (48, 49). Because
the 26S proteasomes isolated from aged muscle are fully ac-
tive in degrading ubiquitylated proteins, the elevated levels of
ubiquitylated proteins strongly suggests higher overall rates of
protein ubiquitylation that exceed the rates of conjugate
degradation.

However, increased conjugate levels could also result from
decreased rates of protein deubiquitylation. To test if deubiq-
uitylation may be less efficient in muscles of aged animals, we
compared the levels of various DUBs in the extracts by activ-
ity profiling using ubiquitin-based covalent probes (35). Sur-
prisingly, large increases in the activities of 11 different DUBs
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adults were too low to be quantified.

were evident in the muscles of aged rats (Fig. 9). The individ-
ual DUBs were identified by comparison of the molecular
weights of the labeled bands with those in an extract of EL-4
cells, where the bands of derivatized DUBs were identified by
mass spectrometry (supplemental Fig. S1) (35). The enzymes
that showed the most dramatic increases in activity in the
aged muscles were USP7, USP4, and USP15 (Fig. 9). Like 26S
proteasomes, the levels of the proteasome-associated DUBs
USP14 and UCH37 (7, 35, 50) were elevated in aged animals
but suppressed after DR. Accordingly, the affinity-purified
proteasomes from aged rats contained more USP14 than
those from adults (Fig. 54).

This surprisingly large increase in the activity of many
DUBs with aging, together with the 2—3-fold elevation in 26S
proteasomes, should accelerate the breakdown of ubiquitin
conjugates. Therefore, the increased content of ubiquitylated

39604 JOURNAL OF BIOLOGICAL CHEMISTRY

proteins in the aged muscles results most likely from higher
rates of ubiquitylation (Fig. 8B), perhaps as a consequence of
the presence of more damaged proteins and the increases in
CHIP, E6AP, and MuRF1. In muscles undergoing rapid atro-
phy due to fasting or denervation, the total levels of ubiquitin
conjugates also increased despite accelerated proteolysis (28).
Their accumulation resulted from enhanced rates of ubiquity-
lation (27), which exceeded their rates of degradation.

The p97/VCP ATPase Complex and Its p47 Cofactor In-
crease in Aged Muscles—Another critical factor in degrada-
tion by the UPS of both damaged cytosolic proteins (24) and
misfolded membrane or secretory proteins via the ERAD
pathway (51) is the p97/VCP ATPase complex (the homolog
of yeast CDC48). This complex also plays a critical anabolic
role in myofibril assembly in Caenorhabditis elegans (52). It is
noteworthy that levels of p97 were markedly increased in the
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aged muscle (Fig. 6B) together with a small increase in p97
mRNA (Fig. 6C), and these increases with aging were attenu-
ated by dietary restriction (Fig. 6C). Normally, p97 functions
together with a variety of protein cofactors (53, 54). To assess
the possible significance of this increase in p97 content with
aging, we analyzed the protein and mRNA levels of several of
its cofactors reported to function in protein degradation
and/or myofibril assembly (Fig. 6C). In C. elegans, the chaper-
one unc45B catalyzes myosin filament formation and is then
degraded in a process involving p97 and the ubiquitin ligases
CHIP and Ufd2 (52). The levels of Unc45 were lower in the
aged muscles, suggesting a decline in assembly of new myofi-
brils. Interestingly, DR reduced this decline in Unc45 expres-
sion with aging.

The p97 complex functions together with Npl4 in the
ERAD pathway (51) and in the breakdown of damaged cyto-
solic proteins (24). Surprisingly, levels of both Npl4 protein
and its mRNA decreased in the aged muscle. On the other
hand, another p97 cofactor, p47, was markedly induced in the
muscles with aging in both AL fed and DR rats. p47 binds mo-
noubiquitylated proteins and functions in membrane fusion
events in dividing cells (54). The marked induction of p97
together with p47 in the sarcopenic but not in DR rats sug-
gests that this particular complex might contribute also to
accelerated proteolysis.

DISCUSSION

Although sarcopenia is common in elderly humans and is a
well documented phenomenon in aged animals, its underlying
mechanisms have not been defined. Such studies are compli-
cated because of changes in the elderly in the pattern of activ-
ity, food intake, hormonal levels, and susceptibility to disease,
all of which can influence muscle protein content. The rat
model studied here showed dramatic muscle wasting, which
dietary restriction counteracts (Fig. 1). Although DR alters
many age-related metabolic changes, its affects on protein
turnover have not been previously investigated. A number of
studies of aged humans and rodents have shown decreased
rates of protein synthesis in muscle, which was associated
with insulin resistance (16) (Fig. 1). Our studies demonstrate a
number of unexpected biochemical features of the muscles of
sarcopenic rats, especially their increased content of protea-
somes and other components of the UPS strongly suggesting
enhanced rates of protein degradation.

Accumulation of Proteasomes in Skeletal Muscle with
Aging—In the aged rats (Fig. 1) (30, 37), the atrophied hind-
limb muscles contained at least 2—3-fold higher levels of 26S
proteasomes than those of adult animals (Figs. 2—4). More-
over, after purification, they showed normal activity toward
peptides, proteins, and ubiquitin conjugates (Figs. 4 and 5).
Elevated 20S proteasome levels were previously reported in
muscles from aged F344/BN and LOU rats (17-19, 55), but
Ferrington and co-workers (18, 55) found the expression of
the 19S (PA700) unchanged. However, in those studies pro-
teasomes were measured after ultracentrifugation in a buffer
lacking ATP, which is necessary to maintain the structural
integrity of the 26S. Thus, the lack of 19S components is
probably due to the method used.
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The accumulation of proteasomes in aged muscle is sur-
prising because multiple reports show a decline in expression
of proteasome subunits during aging in other tissues (8 —13,
56). On the other hand, Dasuri et al. (57) recently reported an
increase in 26S subunits in liver but a decline in brain from
aged rats. These observations suggest that proteasome levels
and presumably rates of proteolysis change in a distinct man-
ner with aging in muscle, which is differentially lost in sar-
copenic animals.

Interestingly, elevated 20S levels were also reported in mus-
cles of aged, sarcopenic (22 month) mice. Overexpression of
the transcription factor PGC1-« in these mice prevented
muscle wasting and suppressed proteasome levels in adult
and aged animals (58). In our study, the enhanced capacity of
the UPS in muscle appears to be a regulated response, be-
cause the increase in proteasome content with age was atten-
uated by dietary restriction (Fig. 2). However, the underlying
mechanisms are quite unclear. For example, the accumulation
of proteasomes occurred without any increase in mRNA (Fig.
2), in accord with prior studies in aged muscle (59, 60). By
contrast, in muscles atrophying due to disuse, fasting, or vari-
ous systemic diseases, there is a characteristic set of transcrip-
tional changes including induction of the mRNA for many
26S subunits (61, 62).

Consequently, the accumulation of proteasomes in aged
muscle must be due to enhanced subunit translation, more
efficient assembly of the 26S particles (although no change in
expression of assembly factors was seen), or slower degrada-
tion of the 26S particles. Many particles and organelles are
eliminated by autophagy, and proteasomal proteins have been
detected in lysosomal vacuoles of rat liver (63). Several studies
report that the capacity for lysosomal proteolysis is reduced in
postmitotic cells with aging (64). We found an accumulation
of lipofuscin in aged skeletal muscle fibers,® which strongly
suggests some functional impairment of the lysosomal degra-
dative pathway. In addition, treatment of a rat muscle cell line
and adult animals with chloroquine, which impairs lysosomal
proteolysis, results in increased proteasome content. In addi-
tion, Cuervo and colleagues (63, 64) reported that autophagy
declines in liver with aging but this effect is reduced by DR.
Activation of autophagy in muscle by DR could explain our
findings that DR prevented the increase in proteasomes with
age without any change in proteasome mRNA levels.

Effect of Aging on Proteasome Activity in Muscle—There are
multiple reports that some of the activities of the proteasome
peptidase are reduced in aged tissues through oxidative cova-
lent modifications (8, 11, 67— 69) or oxidation of cysteines
(18). However, no such defect in degradative capacity with
aging was seen in the present study. Instead, our data indicate
that proteasome content increases during sarcopenia, and
that these particles retain their full ability to function in pro-
tein breakdown.

Accumulation of Damaged Proteins with Aging—The accu-
mulation of oxidized or otherwise damaged proteins is a hall-
mark of aging that is believed to reflect increased generation

¢ M. Altun and B. Ulfhake, unpublished observations.
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of oxygen radicals, decreased defenses against reactive oxygen
species, or reduced capacity to degrade such proteins (70).
Several groups have reported an increased content of oxida-
tively damaged proteins in aged rodent muscle (48, 49) as well
as of the chaperones, Hsp70 (48) and Hsp90 (18). These heat
shock proteins selectively bind unfolded proteins and are in-
duced as part of a cellular stress response that is triggered by
the buildup of misfolded proteins (71). Together these find-
ings suggest that the enhanced capacity of the UPS may be a
response to the increased generation of damaged polypep-
tides. Strong support for this conclusion was the finding of
elevated levels of the ubiquitin ligases, CHIP and E6AP, in
muscle of aged animals (Fig. 6). CHIP ubiquitinates misfolded
or mutated proteins in the cytosol that are bound to Hsp70 or
Hsp90 (46), and recently a similar function in cellular quality
control has been reported for E6GAP (44). Interestingly, E6AP,
unlike CHIP, accumulates on the 26S proteasome in the aged
muscle (Fig. 6B). The function of ubiquitin ligases on the pro-
teasome is not known, but in yeast, the HECT E3 ligase, Hul5,
on the proteasome appears to promote substrate degradation
by extending ubiquitin chains (72). Mutations of E6AP cause
severe mental retardation (73), and the present observations
suggest that E6GAP may be an important regulator of proteaso-
mal degradation of abnormal proteins. In this context, the
robust increase in p97 in aged muscle (Fig. 6B) is also of spe-
cial interest because p97 is essential for both the extraction of
misfolded ubiquitylated proteins from the endoplasmic retic-
ulum in the “ERAD” pathway (51) and the elimination of oxi-
datively damaged proteins in the cytosol (24). Recently, we
have found that p97 activity is critical in muscle atrophy and
is induced following denervation.” The p97/VCP complex has
also been implicated in defense against neurodegenerative
diseases (74), and a lack of this ATPase leads to cytosolic in-
clusions and dysfunction of multiple organs (75).

Levels of DUBs Increase in Muscles of Aged Rats—In yeast,
decreases in the pool of free ubiquitin from the pool can limit
the rate of proteolysis by the proteasome (76, 77). Free ubiq-
uitin is in turn released during degradation of ubiquitylated
proteins by the DUBs associated with the 26S proteasome.
Thus, to achieve high degradation rates, the capacity for de-
ubiquitylation probably needs to be increased also. Surpris-
ingly, 11 DUB enzymes were strongly up-regulated in the
muscles of aged rats (Figs. 8 and 9), including USP14 and
Uch37, which are known to be associated with the 26S protea-
some. USP14 and UCH37 trim off ubiquitin from the poly-
ubiquitin chain and release ubiquitin monomers for re-use. In
addition, USP14 controls gate opening into the 20S protea-
some and facilitates substrate degradation (39). On the other
hand, the yeast homolog of USP14, Ubp6, regulates the over-
all rate of proteolysis and appears critical in replenishing the
free ubiquitin pool in yeast (6, 76). Similarly, USP5 hydrolyzes
anchorless ubiquitin chains (78, 79) and appears to work
downstream of Rpn1l1, an intrinsic DUB on the proteasome,
to prevent the binding of free ubiquitin chains to the 198,
which would inhibit proteolysis. Together these data illustrate

7 R. Piccirillo and A. L. Goldberg, unpublished data.
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important roles for deubiquitylation in the aged muscle, prob-
ably ensuring a supply of ubiquitin for enhanced proteolysis
but perhaps also serving additional regulatory functions.

Differences between Sarcopenia and Rapid Atrophy Due to
Inactivity or Disease—Loss of muscle mass can occur through
increased protein degradation but also decreased protein syn-
thesis or through some combination of these responses. With
aging, sarcopenia develops over months to years depending
on the species, unlike the rapid loss of muscle weight induced
by fasting, disuse, and in various catabolic diseases, where
marked atrophy (20-50% loss) can occur in rodents in several
days. In these types of rapid atrophy there is a common pro-
gram of changes in the transcription of a set of atrophy-re-
lated genes (“atrogenes”) (2, 61, 62). The various biochemical
changes observed here clearly distinguish the muscles of aged
rats from those undergoing rapid atrophy in adult animals.
Upon denervation or fasting, the atrophy-specific ubiquitin
ligases, Atrogin-1/MAFbx and MuRF1, are induced by mem-
bers of the FOXO family of transcription factors, and this in-
duction is essential for the rapid weight loss (2, 80, 81). Inhibi-
tion of FOXOs prevents their induction and the loss of
muscle mass upon denervation, fasting, or glucocorticoid
treatment (65, 66, 81). In contrast, in the aged muscles,
mRNAs for Atrogin-1/MAFbx, MuRF1, and the Ub-conjugat-
ing enzyme, E2-14K, were unchanged or lower than adult lev-
els (Fig. 7A) (36). Also, treatment with the glucocorticoid,
dexamethasone (Fig. 7B), failed to induce Atrogin-1/MAFbx
or MuRF1 or to cause muscle wasting, as it does in adult ani-
mals (80, 82). However, MuRF1 protein increased in aged
muscle from both AL fed and DR groups (Fig. 68), whereas
Atrogin-1/MAFbx protein decreased (in accord with the
mRNA data). Unlike these atrogenes, the ubiquitin ligases,
CHIP and E6AP, increased markedly in the aged muscle, al-
though they do not rise in rapidly atrophying muscles (sup-
plemental Fig. S2). Their induction may reflect adaptations in
the aged muscle to eliminate more efficiently misfolded
proteins.

Transcriptional profiling (59, 60) and mass spectrometry
(31) of muscles from aged rodents showed a reduced expres-
sion of myofibrillar components, which presumably reflects
decreased protein synthesis in aged muscle (83—85). The find-
ing of increased content of proteasomes and other UPS com-
ponents (e.g MuRF1) argues that proteolysis also increases in
these muscles and may contribute to muscle wasting in the
aged rats. DR decreased levels of proteasomes and several
other UPS components toward the levels observed in adult
animal and partially inhibited the development of sarcopenia
(Fig. 1B). The modest dietary restriction (70% of AL) adminis-
tered here slows but does not prevent the development of
sarcopenia (Fig. 1). In related work, we found that 36-month-
old rats maintained on DR eventually showed the same extent
of muscle wasting as 30-month-old rats fed AL.

In summary, the present findings do not support the wide-
spread view that with aging, the capacity of the organism for
protein degradation declines irreversibly. At least for skeletal
muscle, when sarcopenia is dramatic, the muscles showed
multiple indications of enhanced activity of the ubiquitin pro-
teasome system. The generality of these changes to other tis-
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sues of aged animals, especially the central nervous system,
will be important to explore to distinguish general features of
aged tissues from muscle-specific responses that are part of
the pathogenesis of sarcopenia. Because muscle appears to
decrease in mass by distinct mechanisms in aging and during
atrophy induced by disuse, fasting, or systemic disease, if the
latter conditions develop in an aged sarcopenic organism,
these distinct mechanisms could have additive effects in caus-
ing further loss of muscle mass and functional impairment.
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