
 

 

Introduction 
 
Protein quality control (PQC) is a basic cellular 
process that functions to assist protein (re)
folding, protect nascent or unfolded polypep-
tides from aggregating, and selectively degrade 
terminally misfolded polypeptides [1]. Like in 
other cells, PQC plays an indispensable role in 
maintaining protein homeostasis (also referred 
to as proteostasis) in cardiomyocytes. PQC 
senses and repairs misfolded/unfolded proteins 
and, if the repair fails, degrades the terminally 
misfolded polypeptides through an intricate col-
laboration between molecular chaperones and 
targeted proteolysis. Proteolysis of damaged 
proteins is performed primarily by the ubiquitin-
proteasome system (UPS) [1]. But recent stud-
ies suggest that macroautophagy (commonly 
known as autophagy) may also play a role in 
PQC-associated proteolysis, especially when 
UPS function becomes inadequate [2]. The de-
velopment of a range of heart diseases, includ-
ing bona fide cardiac proteinopathies and vari-

ous forms of cardiac dysfunction has been 
linked to proteasome functional insufficiency 
(PFI) [2, 3]. Meanwhile, proteasome inhibition is 
clinically employed to treat certain types of can-
cer and has shown promising efficacy but se-
vere adversary effects on the heart have been 
reported [3]. Hence, it is important to have a 
better understanding of how cardiomyocytes 
and the heart respond to proteasome inhibi-
tion/malfunction.  
 
As the two major intracellular protein degrada-
tion pathways, the UPS and the autophagy-
lysosome pathway are responsible for the clear-
ance of proteins and organelles that are no 
longer needed or unwanted in eukaryotic cells 
[4]. Earlier studies defined proteins into two 
categories including “short-lived” and “long-
lived” proteins based on their degradation kinet-
ics [5]. The UPS predominantly degrades short-
lived normal protein molecules after they have 
fulfilled their duty in the cell [6]. On the other 
hand, autophagy is primarily responsible for 
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degrading long-lived proteins [7]. Notably, the 
distinction of substrate preference between the 
two proteolytic systems is relative. Recent stud-
ies indicate that the UPS can participate in the 
degradation of long-lived proteins while auto-
phagy can also be involved in the degradation of 
short-lived proteins [5, 8].  
 
An alternative way to categorize proteolytic 
mechanisms is based on function rather than 
the degradation kinetics. From the functional 
point of view, the UPS degrades two types of 
proteins: the fully functional proteins which are 
degraded as a regulatory mechanism, such as 
proteins involved in regulation of cell division, 
gene transcription, signal transduction, and en-
docytosis; and abnormal proteins, thereby serv-
ing as a critical step of posttranslational PQC in 
the cell [1, 9]. Autophagy also degrades two 
types of proteins: functional proteins which are 
degraded in a bulk fashion as a nutrient recy-
cling mechanism during starvation, and perhaps 
aggregated misfolded proteins or defective or-
ganelles. It appears that these two degradation 
systems cooperate with each other to degrade 
the misfolded proteins [10]. Misfolded cytosolic 
proteins are partitioned into two distinct PQC 
compartments. Soluble misfolded proteins ac-
cumulate in a juxtanuclear compartment prefer-
entially for degradation by the UPS [11]. In con-
trast, terminally aggregated proteins are parti-
tioned in a perivacuolar inclusion and are 
mainly degraded by autophagy because they 
cannot be efficiently degraded by the protea-
some [10, 11]. However, the interplay between 
the UPS and autophagy in normal and diseased 
hearts remains poorly understood. 
 
Using a surrogate substrate reporter system, we 
have previously revealed PFI in the heart of two 
bona fide mouse models of cardiac proteinopa-
thy [12, 13]. Aberrant protein aggregation was 
subsequently shown to play a critical role in the 
proteasome impairment induced by expression 
of misfolded proteins in cardiomyocytes [13, 
14]. More recently, we reported that autophagy 
is adaptively activated in the heart of the well-
established mouse model of cardiac proteinopa-
thy and this is accompanied by upregulation of 
p62 [15]. The p62 is a substrate of autophagy 
and its increase is often used as an indicator of 
decreased autophagic flux. The paradoxical in-
crease of p62 during autophagic activation in 
cardiac proteinopathy occurs at the transcrip-
tion level and may in fact mediate the autopha-
gic activation in the cell under a proteotoxic 

stress [15]. Interestingly, a previous report 
showed in cultured cardiomyocytes that phar-
macological inhibition of the proteasome in-
creased simultaneously autophagosomes and 
p62 in cultured cardiomyocytes [16]. Indeed, it 
has been shown in non-cardiac cells that p62 is 
a target gene of the Keap1-Nrf2 regulatory path-
way [17]. Keap1, a BTB protein, serves as the 
substrate-specific adaptor in a Cullin3-based 
ubiquitin ligase for Nrf2. Under unstressed con-
ditions, Keap1 constitutively binds Nrf2 and 
targets Nrf2 for ubiquitination and proteasome-
mediated degradation [18, 19]. Upon oxidative 
stress, dissociation of Keap1 from Nrf2 stabi-
lizes Nrf2 and allows Nrf2 translocate to the 
nucleus to activate its target genes [20]. More 
recent studies further demonstrated that p62 
can disrupt Keap1-Nrf2 interaction, forming a 
feed-forward loop [21]. Hence, we sought to test 
the hypothesis that PFI is sufficient to activate 
autophagy in the heart. We found that pharma-
cologically induced proteasome inhibition 
(PSMI) increased autophagosomes in mouse 
hearts and this increase is due to increased 
autophagic flux in cardiomyocytes.  
 
Materials and methods 
 
Reagents 
 
E64D, pepstatin A methyl ester, and MG132 
were purchased from EMD Chemicals Inc. 
(Gibbstown, NJ). Bafilomycin A1 (BFA) and bor-
tezomib were from LC laboratory (Woburn, MA). 
MG262 was purchased from BIOMOL (Plymouth 
Meeting, PA). DNase I and complete protease 
inhibitor cocktail was from Roche Applied Sci-
ence (Indianapolis, IN)  
 
Transgenic mice 
 
The protocol for the care and use of animals in 
this study was approved by University of South 
Dakota Institutional Animal Care and Use Com-
mittee. The transgenic mouse model with ubiq-
uitous expression of the green fluorescence 
protein fused microtubule associated protein 1 
light chain 3 (GFP-LC3), was generously do-
nated by Dr. N. Mizushima from National Insti-
tute for Basic Biology in Japan and maintained 
in the FVB/N inbred background [22]. Genotyp-
ing was carried out by PCR analysis. The primers 
used for PCR genotyping are as follows: 
 
GFP-LC3: Forward 5’-ATAACTTGCTGGCCTTTCCA 
CT-3’; intermediate 5’-GCAGCTCATTGCTGTTCCT 
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CAA-3’; reverse 5’-CGGGCCATTTACCGTAAGTT-AT
-3’.  
 
Heart perfusion fixation 
 
Mice were anesthetized by inhalation of isoflu-
rane in room air supplemented with 100% oxy-
gen. For perfusion fixation, a 25G butterfly can-
nula was connected to the perfusion apparatus 
which was placed at 80cm above the working 
table and generated 80mmHg pressure by 
height. The chest of a mouse was opened and 
the butterfly cannula was then introduced into 
the left ventricle of the mouse. Immediately af-
ter the heart started to fill up with the fixative, 
an incision was made in right atrium to release 
fluid. The whole system was flushed with PBS 
for 5 minutes and then fixed with 4% parafor-
maldehyde at 80 mmHg for 15 minutes. After 
fixation, the organs of interest were removed 
and equilibrated overnight in 40% sucrose at 
4˚C.  
 
Isolation and primary cell culture of neonatal rat 
ventricle myocytes (NRVMs) 
 
NRVMs were isolated using the Cellutron Neo-
myts isolation system (Cellutron Life Technol-
ogy, Baltimore, MD, Cat. No. nc-6031) following 
the manufacturer’s instructions.[23, 24] Ventri-
cles were collected from 0- to 2-day-old rat neo-
nates and then digested at 37°C in a beaker 
with stir bar stirring at a speed of 150rpm for 
12 minutes. Cells were collected using 
1200rpm centrifugation for 2 minutes and then 
resuspended in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% Fetal 
bovine serum (FBS), 100 M BrdU, and 100 U/
ml penicillin/streptomycin (Invitrogen, Carlsbad, 
CA). Several repeats of the digestion process 
were performed until most of the tissues were 
digested. To selectively enrich cardiomyocytes, 
the cells were preplated in 100mm non-coated 
dishes for 1 hour. The resulting suspended cells 
were counted with a hemocytometer and then 
plated evenly on 1% gelatin-coated plates in 
appropriate cell densities. The plated cells were 
then cultured in a 5% CO2 incubator at 37°C for 
at least 24 hours before the medium was 
changed to meet the needs of the follow-up ex-
periments. 
 
Recombinant adenoviruses infection of NRVMs 
 
Recombinant adenoviruses harboring the ex-
pression cassette of GFP-LC3 (Ad-GFP-LC3) 

were generously provided by Dr. R. Gottlieb of 
the San Diego State University (San Diego, CA) 
[25]. Infection of cultured cardiac myocytes with 
the recombinant adenoviruses was generally 
started at 48–72 hours after myocytes were 
plated. Three hours after infection, the cultured 
mediums containing the adenovirus were re-
placed with fresh mediums containing 2% FBS 
and the cells were incubated for at least 48 
hours to allow the transgene expression.  
 
Protein extraction and western blot analysis 
 
To prepare total proteins, ventricular myocar-
dium tissues or cultured cells were lysed in 1× 
SDS sampling buffer (50mM Tris–HCl at pH 6.8 
containing 2% SDS and 10% glycerol and a 
complete protease inhibitor cocktail). The ex-
tracts were homogenized on ice and boiled for 5 
minutes. After cell/tissue homogenates were 
centrifuged at 10,000×g for 10 minutes at 4˚C, 
the supernatants were obtained as total pro-
teins. The protein concentration was deter-
mined using Bicinchoninic acid (BCA) reagents 
(Pierce biotechnology, Rockford, IL). Equal 
amounts of samples were subjected to sodium 
dodecyl sulfate -polyacrylamide gel electropho-
resis (SDS-PAGE), transferred to PVDF mem-
brane using a Trans-blot apparatus (Bio-Rad, 
Hercules, CA). The membranes were blocked 
with 5% non-fat-dry milk in PBS containing 0.1% 
Tween-20 (PBS-T) for 1 hour at room tempera-
ture and then probed with appropriate primary 
antibodies overnight at 4˚C. The following pri-
mary antibodies were used: anti--tubulin 
(T6199, Sigma-Aldrich; 1: 2000), anti-GAPDH 
(G8795, Sigma-Aldrich; 1:1000), anti-LC3 
(M115-3, Medical & Biological Laboratories Co., 
MBL, Nagoya, Japan; 1:1000). The correspond-
ing horseradish peroxidase-conjugated goat anti
-mouse, goat anti-rabbit or goat anti-guinea sec-
ondary antibodies (Santa Cruz Biotechnology) 
were used respectively for chemoluminescence-
based western blot analysis. The signal was 
detected using either enhanced chemilumines-
cence (ECL-Plus) reagents (GE Healthcare, Pis-
cataway, NJ) or, for weak signals, ECL Advance 
Western Blotting Kit (GE Healthcare) and visual-
ized with a VersaDoc3000 imaging system 
(model 3000, Bio-Rad). The signal was quanti-
fied with the Quantity One software (Bio-Rad).  
 
Fluorescence microscopy 
 
Perfusion-fixed mouse tissue samples were 
saturated with 40% sucrose solution, embed-
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ded in Tissue-Tek O.C.T. (Sakura Finetek. USA, 
Inc, Torrance, CA), and frozen in a -80°C ultra-
low freezer until sectioning was performed. 
NRVMs cultured in dishes were fixed with 2% of 
paraformaldehyde for 10 minutes. The tissue 
cryosections or fixed cells were permeabilized 
with 1% of Triton-X100 in PBS for 1 hour, 
quenched with 0.1M glycine in PBS for 1 hour, 
and blocked with 0.5% BSA for 1 hour. The proc-
essed tissue sections were mounted in fluores-
cence-quenching resistant mounting medium 
and imaged using a fluorescence confocal mi-
croscope (Olympus Fluoview 500, Center Valley, 
PA). The processed cell samples were then incu-
bated with Alexa Fluor 568-conjugated phal-
loidin (Invitrogen) to stain F-actin and identify 
cardiomyocytes. DAPI (Sigma-Aldrich) was used 
to stain nuclei. The fluorescence staining of cul-
tured cells was visualized and imaged using an 
epi-fluorescence microscope (Zeiss Axiovert 
100, Branson, MO). 
 
Proteasomal peptidase activities 
 
The activity assay was done according to proto-
col reported by Saul R Powell [26]. Snap-frozen 
tissues and cultured NRVMs were homogenized 
on ice in 10 volumes of lysis buffer (50mM 
HEPES buffer at pH 7.5 containing 20 mmol/L 
KCl, 5 mmol/L MgCl2, 1 mmol/L DTT), and then 
centrifuged at 10,000×g for 10 minutes at 4 °
C. The protein extracts and synthetic fluorogenic 
peptide substrates III Suc-LLVY- AMC (EMD 
Chemicals Inc.) were used for assaying the chy-
motrypsin-like activities. Assays were carried out 
using 10 g of protein in a total volume of 200 
l. The peptidase activity reactions were incu-
bated at 37 °C for 30 minutes and then 
quenched by adding 300 μl ice-cold ethanol. 2 
ml H2O was then added into the reaction and 
then the fluorescence intensity was evaluated 
using fluorescence spectrometer (Perkin Elmer 
precisely LS 55, Billerica, Massachusetts) at 
excitation/emission wave length of 350/440 
nm. Assays were carried out with and without 
proteasome inhibitor MG132 at a final concen-
tration of 10 M. The difference between the 
two fluorescence readings was attributed to 
proteasomal activity. 
 
Statistical analysis 
 
All quantitative data were presented as mean ± 
S.D. Differences between experimental groups 
were evaluated for significance using Student’s 

t-test for unpaired two group comparison, non-
parametric statistic if variances were unequal. 
One-way or two-way ANOVA followed by the post-
hoc test was used when appropriate. The p-
value <0.05 is considered statistically signifi-
cant.  
 
Results 
 
Pharmacological PSMI increases auto-
phagosomes in the cardiomyocytes of intact 
mice.  
 
To determine whether PMSI is sufficient to acti-
vate autophagy in the heart, we first tested 
whether pharmacologically induced PSMI in-
creases autophagosomes in the heart of intact 
mice. In this experiment, a transgenic mouse 
model with ubiquitous overexpression of well-
established autophagy reporter GFP-LC3 was 
employed. To achieve systemic proteasomal 
inhibition, mice were intravenously injected with 
MG-262, a specific proteasome inhibitor [27]. 
MG-262 was dissolved in 60% DMSO in saline. 
Vehicle -treatment (CTL) used 60% DMSO in 
saline. Three pairs of adult GFP-LC3 mice were 
treated with MG-262 (5 mol/kg) or vehicle via 
the tail vein. Twelve hours after the treatment, 
tissue samples were collected from major or-
gans for proteasomal peptidase activity assays. 
Proteasomal chymotrypsin-like activity was 
measured using specific synthetic flurogenic 
peptide substrates and crude protein extracts 
from the tissue samples. The results showed 
that the proteasomal chymotrypsin-like activity 
in the hearts, livers, kidneys, and lungs was sig-
nificantly decreased in MG262-treated mice. An 
80% decrease in proteasomal chymotrypsin-like 
activity was achieved in MG262-treated hearts 
(Figure 1A).  
 
Lipidation of LC3-I to form LC3-II allows LC3 to 
be incorporated into the membrane of auto-
phagosomes; hence the abundance of LC3-II 
and the redistribution of LC3 from the cytosol (a 
diffuse pattern) to the autophagosomes (a 
punctate pattern) have been widely used as 
markers of autophagosomes [28]; To assess 
the impact of pharmacologically induced PSMI 
on autophagy activity, endogenous LC3 levels 
were detected by western blot analyses. The 
results revealed that LC3-II levels in vehicle -
control mice varied substantially among differ-
ent organs, but all clearly displayed significant 
increases upon proteasomal inhibition by MG-
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262. A three-fold increase in LC3-II abundance 
was observed in MG262-treated hearts (Figure 
1B, 1C).  
 
In agreement with the increase in LC3-II protein 
levels as revealed by western blot analyses, 
fluorescence confocal microscopy of sections 
from representative organs also revealed that 
GFP-LC3 puncta were increased in the hearts, 
kidneys, and livers of MG262-treated mice com-
pared with control ones (Figure 2).   
 
Autophagy is activated by PSMI in cultured 
cardiomyocytes 
 
Systemic PSMI has previously shown to affect 
heart function and trigger pathological cardiac 

hypertrophy [29]. Alteration of autophagy has 
been observed in various forms of cardiac dys-
function [28]. Therefore, it is possible that the 
increase in autophagosomes in the heart by 
systemic PSMI may be a secondary response to 
cardiac dysfunction at the whole organ level.  To 
rule out this possibility and to test whether the 
increase in autophagy is cardiomyocyte autono-
mous, we further test the effect of PSMI on cul-
tured cardiomyocytes. In these cell culture stud-
ies, PSMI was achieved using two different 
types of well-documented proteasome inhibi-
tors: MG132 and bortezomib. MG132, a peptide 
aldehyde, inhibits the chymotryptic activity of 
the proteasome by forming hemi-acetal adducts 
with the active site threonine nucleophile of -
subunits. It also potently inhibits thiol proteases 
such as cathepsin B and calpains [30-32]. In 
contrast, bortezomib, a peptidyl boronic acid, is 
a much more potent and more selective inhibi-
tor of the chymotryptic site within the 20S pro-
teasome. Bortezomib forms stable tetrahedral 
intermediates with the N-terminal threonine 
residues of the catalytically active proteasome 
5-subunit [31-33]. In these experiments, 
changes in not only the abundance of auto-
phagosomes but also the autophagic flux were 
evaluated. This is important because an in-
crease in autophagosomes can result from an 
increased formation or a decreased removal of 

Figure 1. LC-II in major mouse organs is increased by 
systemic administration of a proteasome inhibitor. 
GFP-LC3 mice of 2 months of age were treated with 
proteasome inhibitor (MG-262, 5mol/kg in 60% 
DMSO) or vehicle control (60% DMSO) via the tail 
vein at 12 hours before the representative organs are 
harvested for proteasomal chymotrypsin-like activity 
assays (A) and western blot analyses (B and C). A, 
The mean value of DMSO-treated group (vehicle con-
trol) was set as 100 AU and used to normalize the 
MG262-treated groups. B and C, The levels of LC3 
were increased in representative organs of GFP-LC3 
mice by MG-262 treatment. The representative image 
(B) and quantitative data of LC3 protein levels in the 
indicated organs of mice (C) are presented. *p<0.05, 
**p<0.01 vs. the DMSO group, student’s t-test, n=3 
mice/group. 

Figure 2. Confocal micrographs of GFP-LC3 direct 
fluorescence in tissue sections of mouse hearts, 
kidneys and livers. GFP-LC3 mice were treated as 
described in Figure 1. Cryosections of ventricular 
myocardium, liver and kidney tissues from both 
DMSO-treated and MG262-treated mice were ana-
lyzed for GFP-LC3 direct fluorescence using a confo-
cal microscope.  Punctate GFP-LC3 fluorescence was 
significantly increased by MG262 treatment in these 
organs. 
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autophagosomes. The former indicates auto-
phagic activation while the latter is a sign of 
autophagy impairment.  
 
Autophagic flux is increased in NRVM by 
MG132 treatment (Figures 3, 4) 
 
To verify the PSMI effect of MG132 on NRVMs, 
proteasomal peptidase activity assays were car-
ried out with protein extracts from cells incu-
bated with MG132 or DMSO for 12 hours. Pro-
teasomal chymotrypsin-like activity was reduced 
to 46% with 200nM MG132 treatment, and to 
17% with 1M MG132 treatment (Figure 3A).  
To evaluate the autophagic activity, NRVMs 
were infected with GFP-LC3 expressing adenovi-
ruses (Ad-GFP-LC3) to trace autophagosomes. 
MG132 or DMSO was applied to NRVMs 72 
hours after the Ad-GFP-LC3 infection. Protein 
lysates were prepared after the indicated incu-
bation time courses and analyzed by western 
blot analysis using anti-GFP antibodies. On the 
western blot image, the positions of GFP-LC3-I 
(cytosolic), GFP-LC3-II (membrane-bound), and 
free GFP are readily identifiable. The extent of 
accumulation of membrane-bound GFP-LC3-II 
serves as a marker of autophagosome forma-
tion [34]. At 12 hours, the protein abundance of 
GFP-LC3-II was increased by MG132 treatment 
in a dose-dependent manner (Figure 3B). More-
over, the protein abundance of GFP-LC3-II was 
also increased by treatment with 1M MG132 
in a time-dependent manner at 6, 12, and 24 
hours (Figure 3C).  

To further test the autophagic activity with 
MG132 treatment, the subcellular localization 
of GFP-LC3 was examined. NRVMs were in-
fected with Ad-GFP-LC3 and the transgene was 
allowed to express for 72 hours before the cells 
were treated with MG132 or DMSO. After 12 
hours of treatment, the cells were fixed with 2% 
paraformaldehyde in PBS and imaged using an 
epifluorescence microscope. With MG132 treat-
ment, GFP-LC3 underwent dramatic redistribu-
tion from a diffuse cytosolic signal to punctate 
dots (Figure 4A). The punctate dots mark auto-
phagosomes, and the redistribution of GFP-LC3 
is an indicator of autophagy induction [25].  
 
To determine the effect of pharmacologically 
induced PSMI on autophagic flux in cardiomyo-
cytes, GFP-LC3-expressing NRVMs were treated 
with MG132 either alone or in combination with 
a mixture of lysosomal inhibitors (bafilomycin 
A1, E64D, and pepstatin A), which inhibits auto-
phagosome-lysosome fusion and lysosomal pro-
tease activities [25]. Fluorescence microscopy 
of GFP-LC3 was used to determine auto-
phagosome prevalence in both conditions. The 
results showed that PSMI induced by MG132 
significantly increased autophagic flux in cul-
tured NRVMs (Figure 4B). 
 
Autophagosomes are increased by bortezomib 
treatment in NRVMs (Figure 5) 
 
To determine the PSMI effect of bortezomib on 
cultured NRVMs, proteasomal peptidase activity 

Figure 3. PSMI by MG132 increases 
GFP-LC3-II levels in NRVMs. A, MG132 
treatment inhibits proteasomal chy-
motrypsin-like activity in NRVMs. 
NRVMs were treated with the indicated 
doses of MG132 for 12 hours. The cells 
were then harvested for proteasomal 
chymotrypsin-like activity assay. 
*p<0.05 vs. CTL group, one-way ANOVA 
followed by the Dunnett’s test, n=3. B, 
and C, The levels of GFP-LC3-II were 
increased in NRVMs by MG132 treat-
ment in a dose- and time-dependent 
manner. Cultured NRVMs were infected 
with Ad-GFP-LC3. Three days later, 
NRVMs were treated with the indicated 
doses of MG132 for 12 hours (B) or 
treated with 1M MG132 for the indi-
cated time courses (C). The cells were 
then harvested for western blot analy-
ses for the indicated proteins  
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assays were carried out with protein extracts 
from cells incubated with bortezomib or DMSO 
for 12 hours. Proteasomal chymotrypsin-like 
activity was reduced to 47% by 0.8nM borte-
zomib treatment, to 18% by 4nM bortezomib 
treatment (Figure 5A).  
 
To evaluate the autophagic activity with borte-
zomib treatment in NRVMs, Ad-GFP-LC3 was 
applied to mark autophagosomes. Three days 
after infection with Ad-GFP-LC3, NRVMs were 
incubated with bortezomib or DMSO. The cells 
were harvested after the indicated incubation 
hours and analyzed by western blot analysis 
using anti-GFP antibodies. The result revealed 
that GFP-LC3-II levels were increased after 12 
hours of treatment with 10nM bortezomib. At 
12 hours, the protein abundance of GFP-LC3-II 
was increased by bortezomib treatment in a 
dose-dependent manner (Figure 5B). Moreover, 
GFP-LC3-II is increased after a minimum of 6 
hours of incubation with 20nM bortezomib. The 
protein abundance of GFP-LC3-II was also in-
creased by bortezomib treatment in a time-
dependent manner (Figure 5C).  

To further test the autophagic activity with bor-
tezomib treatment, the subcellular localization 
of GFP-LC3 was examined in NRVMs. After 12 
hours of treatment with bortezomib, GFP-LC3 
fluorescence underwent dramatic redistribution 
from a diffuse cytosolic signal to punctate dots, 
indicative of autophagy induction (Figure 5D). 
 
Taken together, these data demonstrate that 
pharmacologically induced PSMI is capable of 
inducing autophagy both in cultured cardiomyo-
cytes and in intact mice. 
 
Discussion 
 
The present study demonstrates that pharmaco-
logically induced PSMI is sufficient to activate 
autophagy in cardiomyocytes in both intact ani-
mals and cell culture. We have demonstrated 
this by assessing the changes in the endoge-
nous LC3-II and the abundance and distribution 
of transgenic GFP-LC3-II. Notably, systemic ad-
ministration of a proteasome inhibitor (MG262) 
increases autophagosomes in major mouse 
organs, as indicated by increased LC3-II levels 

Figure 4. PSMI by MG132 increases autophagic flux in NRVMs. Cultured NRVMs were infected with Ad-GFP-LC3. 
Three days later, the cells were treated with 1M MG-132 or DMSO for 12 hours. A, NRVMs were fixed in 2% parafor-
maldehyde and stained with Alexa Fluor 568-conjugated phalloidin (red). Phalloidin stains F-actin to identify cardio-
myocytes. Nuclei were stained blue with DAPI. GFP-LC3 fluorescence was diffusely distributed throughout the cyto-
plasm and nuclei in CTL NRVMs, whereas with MG132 treatment, GFP-LC3 formed dot-like structures in the cyto-
plasm, indicative of Autophagic Vacuoles (AVs). B, A mixture of lysosomal inhibitors (100nM bafilomycin A1, 5g/mL 
E64D, 5ug/mL cathepsin) or DMSO was added to and remained in the cultures for another 3 hours. The quantitative 
analysis of the number of GFP-LC3 positive AVs per cell in each condition from 3 repeats are presented. *p<0.05, 
two-way ANOVA followed by the Scheffe test.  
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and increased GFP-LC3-labeled puncta in 
MG262-treated mice (Figure 1, 2). Previous 
studies have shown that proteasome inhibitors 
increase autophagy in cell lines including corti-
cal neurons and HEK293 cells [35, 36]. One 
recent study showed that pharmacologically 
induced PSMI by 5M MG-132 elicited modest 
increases in LC3-II levels in cultured cardiomyo-
cytes [16]. The current study extends previous 
findings in several important ways. First, 
MG132 and bortezomib, belonging to two 
mechanistically different groups of proteasome 
inhibitors, are sufficient to trigger autophagy in 
cardiomyocytes. Moreover, to minimize the non-

specific effects of proteasome inhibitors, low 
doses of proteasome inhibitor were tested in 
this study and found to be able to activate auto-
phagy. Meanwhile, peptidase activity has been 
examined to monitor the proteasome inhibition 
effect. Our results have revealed that 200 nM of 
MG132, which inhibits chymotrypsin-like activity 
to 46%, is able to increase autophagy in cardio-
myocytes. In contrast, in previous studies, 
MG132 at much higher doses (5M or even 
higher) was used to activate autophagy [16, 
36]. Furthermore, MG132 treatment combined 
with lysosomal inhibition increased accumula-
tion of autophagic vacuoles and suggested an 

Figure 5. PSMI by bortezomib increases autophagosomes in NRVMs. A. Bortezomib treatment inhibited proteasomal 
chymotrypsin-like activities in NRVMs. NRVMs were treated with the indicated doses of bortezomib for 12 hours. The 
cells were then harvested for the proteasomal chymotrypsin-like activity assay. *p<0.05 vs. CTL group, one-way 
ANOVA followed by the Dunnett’s test, n=3. B and C. The levels of GFP-LC3-II were increased in NRVMs by bortezomib 
treatment in a dose- and time-dependent manner. Cultured NRVMs were infected with Ad-GFP-LC3. Three days later, 
NRVMs were treated with the indicated doses of bortezomib for 12 hours (B) or treated with 20nM bortezomib for the 
indicated time courses (C). The cells were then harvested for western blot analyses for GFP and - tubulin. D. Three 
days after infection with Ad-GFP-LC3, NRVMs were treated with 20nM bortezomib or DMSO for 12 hours. NRVMs then 
were fixed in 2% paraformaldehyde and stained with phalloidin (red). Nuclei were stained blue with DAPI. GFP-LC3 
fluorescence was diffusely distributed in CTL NRVMs, whereas GFP-LC3 was found in dot-like structures in bortezomib
-treated NRVMs. 
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increased autophagic flux. Compared with using 
the sole parameter of the steady levels of LC3-II, 
the parameter of autophagic flux better reflects 
autophagic activity.  More strikingly, for the first 
time, our study reveals that systemic protea-
somal inhibition increased autophagosomes in 
major mouse organs.  
 
These experiments demonstrate that pharmaco-
logically induced PSMI is capable of elevating 
autophagy in cardiomyocytes and intact mice. 
Therefore, a direct causal link between PFI and 
autophagy enhancement is suggested by our 
study. 
 
Mammalian cells are endowed with the ability to 
defend against the potentially toxic effects of 
misfolded proteins. The UPS and autophagy are 
important players for maintaining protein ho-
meostasis in cells. Along with our another re-
cent report [15], We have found that autophagy 
is upregulated in bona fide mouse models of 
cardiac proteinopathy as well as in response to 
pharmacologically induced PSMI. Given that 
UPS proteolytic function is inadequate in the 
cardiac proteinopathy mice [12, 13], this leads 
to the proposition that autophagy is activated to 
compensate for the impaired or insufficient UPS 
function in order to protect cells from misfolded 
protein stresses. 
 
Autophagy has been generally characterized as 
a non-selective degradation pathway. Recently, 
there is a growing body of evidence suggesting 
that autophagy also selectively degrades vari-
ous cellular structures, including protein aggre-
gates, damaged mitochondria, and invading 
microbes [37, 38]. It has been found that the 
removal of aggregate-prone proteins related to 
neurodegenerative diseases is largely depend-
ent on autophagy [39, 40]. Moreover, protein 
aggregates are accumulated in autophagy-
deficient mice [41-43]. 
 
When cells are subjected to misfolded protein 
stress, the accumulation of unfolded/misfolded 
proteins induces endoplasmic reticulum (ER) 
stress. The unfolded protein response (UPR) 
triggered by ER stress is an integral part of intra-
cellular PQC [44]. Terminally misfolded ER pro-
teins are retrogradely transported out of the ER 
and immediately subjected to ubiquitination 
and proteasomal degradation via ER-associated 
protein degradation (ERAD) in the cytosol [45]. 
However, sustained ER stress causes accumula-

tion of UPS reporter substrates, which indicates 
that sustained ER stress has an inhibitory effect 
on the UPS [46]. When ERAD is overloaded by 
ER inhibitors or blocked by proteasome inhibi-
tors, autophagy is mobilized to degrade termi-
nally misfolded ER proteins via the ER-activated 
autophagy (ERAA) pathway [47-50]. In auto-
phagy-defective tumor cells, although no accu-
mulation of polyubiquitinated proteins occurs, 
the accumulation of ER chaperones and the 
oxidative protein folding machinery in auto-
phagy-deficient cells and tumors indicates a 
defect in the management of protein turnover 
[51]. 
 
Several reports have suggested that autophagy 
is activated by misfolded protein stress via 
upregulated ER signaling. In a recent study, 
Hill’s group reported that accumulation and 
aggregation of ubiquitinated proteins upregu-
lated the UPR regulator Bip and triggered activa-
tion of autophagy in a mouse model of load-
induced heart failure [16]. Additionally, accumu-
lation of misfolded proteins, such as polyQ72 
aggregates, in the ER stimulated LC3 conver-
sion from LC3-I to LC3-II through phosphoryla-
tion of PERK (RNA-dependent protein kinase-
like ER kinase) and eukaryotic initiation factor 
2α (eIF2α) [48]. A related study with human 
tumor cells revealed that UPR protects against 
hypoxic tumor cells by inducing LC3 and Atg5 
gene expression via the PERK/eIF2 signaling 
branch [52].  
 
Previously, ubiquitination was generally consid-
ered as a signal for a protein to be degraded by 
the proteasome. Misfolded proteins, which are 
often ubiquitinated, were thought to be mainly 
degraded by UPS. Recent findings suggest that 
ubiquitinated proteins are also a major class of 
substrate for selective autophagy. This is sug-
gested by the elevated ubiquitinated protein 
levels in tissue-specific knockout of Atg7 or Atg5 
in mouse brains, livers and hearts [41-43]. 
Therefore, attachment of ubiquitin to various 
cellular cargos constitutes a universal degrada-
tion signal recognized by both UPS and the 
autophagy-lysosome pathways. The question 
arises as to what determines if a ubiquitin-
labeled protein substrate will enter one or the 
other pathway. Recent studies suggest that K48
-linked polyubiquitination is associated with the 
UPS, whereas K63-linked polyubiquitination 
chains provide a signal for selective autophagic 
degradation [38, 53].  
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A potential working model is that under the cir-
cumstance of PFI or PSMI, polyubiquitinated 
proteins accumulate. This accumulation of 
polyubiquitinated proteins may provide a signal 
that leads to activation of selective autophagy. 
Under this condition, autophagy functions as a 
compensatory mechanism to eliminate proteins 
that have escaped the surveillance of the UPS. 
The p62 and other ubiquitin binding protein 
may mediate this cross-talk between the UPS 
and autophagy. To date, for at least cardiomyo-
cytes, this remains an attractive hypothesis to 
be formerly tested. 
 
The p62 is a multi-functional adaptor protein 
that has been implicated in homeostatic cell 
function. As an adaptor molecule, p62 links 
ubiquitinated proteins to the autophagic ma-
chinery [54]. The C-terminal portion of p62 
binds polyubiquitinated substrates through its 
ubiquitin-associated (UBA) domain and directly 
binds to LC3 via the LC3 interacting region (LIR) 
motif [55]. p62 can also polymerize via its N-
terminal Phox/ Bem1p (PB1) domain and inter-
act with the proteasome via an N-terminal ubiq-
uitin-like (UBL) domain. Interaction of the UBL 
domain with proteasomes may be involved in 
shuttling substrates for proteasomal degrada-
tion [56]. In cultured neuronal cells, the in-
crease in both transcript and protein levels of 
p62 in response to PSMI has been reported and 
p62 was purported to sense proteolytic stress 
with PSMI and be involved in mediating the al-
ternative degradation pathway to alleviate pro-
teolytic stress [57]. PFI, upregulation of both the 
transcript and protein levels of p62, and in-
creased autophagic flux have been found to co-
exist in mouse hearts overexpressing human 
disease-linked misfolded proteins. It will be very 
important to sort out the inter-relationship 
among these derangements. The findings of the 
present study favor the model that PFI accumu-
lates Nrf2; increased Nrf2 in turn increases the 
transcription of p62; and p62 further activates 
Nrf2 through a positive feedback on one hand 
and activates autophagy on the other hand. 
Increased autophagy will attempt to compen-
sate for PFI by selectively removing misfolded 
proteins in the cell, thereby helping the cell to 
survive.  
 
In support of the above model, reduction of p62 
protein levels or interference with p62 function 
significantly increases cell death induced by the 
expression of mutant huntingtin proteins [54]. 

However, one study using mice with genetic 
inactivation of p62 and Atg7 found that loss of 
p62 markedly attenuated liver injury caused by 
autophagy deficiency; whereas p62 deficiency 
had little effect on neuronal degeneration [58]. 
The reason for this apparent discrepancy is not 
yet clear. With the loss of Atg7 in the liver, accu-
mulated p62 might be above the level of opti-
mum cell survival and the detrimental function 
of p62 might be activated [59]. Furthermore, 
when autophagy is inhibited, the accumulation 
of p62 was shown to account for the impaired 
degradation of UPS substrates [60]. Moreover, 
p62 overexpression at levels similar to those in 
autophagy-deficient cells increases polyQ aggre-
gation and toxicity. This effect is proteasome-
dependent and autophagy-independent [60]. 
Therefore, it appears that p62 is a double-edge 
sword and the consequence of its upregulation 
in the cell depends heavily upon the functional 
status of the autophagic-lysosomal pathway and 
may also be cell-type specific. Further investiga-
tion of the cross-talk between the UPS and auto-
phagy in the heart is clearly warranted. 
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