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Abstract: Proteinopathies are a family of human disease caused by toxic aggregation-prone proteins and featured 
by the presence of protein aggregates in the affected cells.  The ubiquitin-proteasome system (UPS) and autopha-
gy are two major intracellular protein degradation pathways.  The UPS mediates the targeted degradation of most 
normal proteins after performing their normal functions as well as the removal of abnormal, soluble proteins.  
Autophagy is mainly responsible for degradation of defective organelles and the bulk degradation of cytoplasm 
during starvation.  The collaboration between the UPS and autophagy appears to be essential to protein quality 
control in the cell.  UPS proteolytic function often becomes inadequate in proteinopathies which may lead to acti-
vation of autophagy, striving to remove abnormal proteins especially the aggregated forms. HADC6, p62, and 
FoxO3 may play an important role in mobilizing this proteolytic consortium.  Benign measures to enhance protea-
some function are currently lacking; however, enhancement of autophagy via pharmacological intervention 
and/or lifestyle change has shown great promise in alleviating bona fide proteinopathies in the cell and animal 
models. These pharmacological interventions are expected to be applied clinically to treat human proteinopathies 
in the near future.     
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Proteinopathies are caused by toxic aggregate-
prone mutant proteins.  This family of human 
disorders are exemplified by Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), amyo-
trophic lateral sclerosis (ALS), polyglutamine 
(poly-Q) and polyalanine expansion disorders 
[1], and more recently TDP-43 proteinopathy 
[2].  Abnormal protein aggregation and accu-
mulation of ubiquitinated proteins have been 
not only observed in myofibrillar myopathies 
resulting from mutations of filamentous pro-
teins in muscle cells [3, 4] but also detected in 
dilated and ischemic cardiomyopathies [5, 6].  
Aberrant protein aggregation in the form of 
pre-amyloid oligomers has been detected in 
the majority of failing human hearts with 
hypertrophic or dilated cardiomyopathy [7].  A 
recent report further reveals aggresome for-
mation in the mouse heart with pressure over-
load cardiomyopathy [8].  These findings cate-
gorize a large group of heart diseases stem-
ming from not only genetic mutations but also 

environmental stress as proteinopathies.  
Hence, proteinopathies are both common and 
highly lethal and disabling diseases that afflict 
tens of millions of people worldwide.   
 
To a large extent, proteinopathies belong to 
conformational disease which is caused by the 
failure of a protein to attain or maintain correct 
conformation which is usually caused by ge-
netic mutations.  Under normal conditions the 
cell can efficiently degrade the unsalvageable 
misfolded/unfolded proteins through targeted 
proteolysis.  When the cellular capability to 
remove these terminally damaged proteins is 
overwhelmed these toxic misfolded/unfolded 
proteins tend to form aggregates.  Cells have 
also evolved an active system involving the 
sequestration of aggregated proteins into 
prominent juxtanuclear inclusion bodies 
around the microtubule organizing center 
(MTOC).  These inclusion bodies are termed 
aggresomes [9].  Aggresomes restrict the 
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intracellular distribution of the misfolded pro-
tein; therefore aggresome formation is part of 
a cytoprotective response [10].  This process 
involves binding of the aggresomes to dynein 
motors and their subsequent retrograde 
transport along the microtubule network [11].  
Another way by which aggresome formation 
could protect the cell is to facilitate the deli-
very of dispersed protein aggregates to the 
proteolytic machinery for bulky degradation 
[12]. 
 
In the past several years, substantial exciting 
progresses have been made in the pathobiolo-
gy of proteinopathies and will likely benefit the 
development of effective pharmacological in-
tervention for these devastating diseases.  
This review article will highlight the new under-
standings on how these misfolded and/or ag-
gregated proteins are removed in the cell, 
whether the removal mechanisms are im-
paired in proteinopathy, and how the removal 
mechanisms can be harnessed to treat protei-
nopathies.    

      
1. Pathways that clear aggregation-prone 

proteins 
 
Two major pathways are responsible for the 
clearance of proteins and organelles in euka-
ryotic cells: the ubiquitin-proteasome system 
(UPS) and the autophagy-lysosome pathway 
[13]. The UPS, consisting of ubiquitination and 
proteasome-mediated degradation (Figure 1), 
predominantly degrades short-lived normal 
protein molecules after they have fulfilled their 
duty in the cell, such as proteins involved in 
regulation of cell division, gene transcription, 
signal transduction, and endocytosis [14].   
The UPS also degrades abnormal proteins, 
such as misfolded, oxidized, and mutant pro-
teins, thereby serving as a critical step of post-
translational protein quality control (PQC) in 
the cell [15]. On the other hand, macroauto-
phagy (commonly referred to as autophagy), a 
process mediating bulk degradation of cytop-
lasmic proteins or organelles, is primarily re-
sponsible for degrading long-lived proteins 
[16].  Notably, the distinctions of substrate 
preference between the two proteolytic sys-
tems are relative.  Recent studies indicate that 
the UPS can participate in the degradation of 
long-lived proteins while the autophagy can 
also be involved in the degradation of short-
lived proteins [17, 18].  Here we focus on the 
role of the UPS and autophagy in handling ag-
gregate-prone proteins in proteinopathies, with 

an emphasis on the interplay between the two 
proteolytic pathways. 
 
Aggregation-prone proteins, the cause of pro-
teinopathy, can be degraded by both path-
ways.  Some studies suggest that aggregate-
prone proteins including poly-Q-expansion mu-
tations, α-synucleins, mutant superoxide dis-
mutase (SOD1), and tau are strongly depen-
dent on the autophagy pathway for their clear-
ance.  This is demonstrated by the experi-
ments where inhibition of autophagy delays 
the clearance of aggregation-prone proteins 
and induction of autophagy enhances the 
clearance, improving the outcome of the re-
lated disease in animal models [19-22].   
There is also evidence that many of the same 
disease-causing proteins are also degraded by 
the UPS [19, 22-25], suggesting that more 
than one degradation route may be involved.  
 
Hence, the question arises on how the UPS 
and autophagy coordinate in degrading the 
unfolded/misfolded proteins.  It has been ob-
served that soluble poly-Q expansions could be 
degraded by the proteasome, whereas the 
aggregated forms resist proteasomal degrada-
tion [26].  Similarly, a study on a1-antitrypsin z 
mutant, a substrate for endoplasmic reticulum 
(ER) -associated protein degradation (ERAD), 
shows that the soluble form of the mutant pro-
tein can be degraded by both the UPS and 
autophagy; however, the insoluble form is only 
degraded by autophagy [27].   It has also been 

Figure 1.  An illustration of the ubiquitin-protea-
some system for intracellular protein degradation. 
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proposed that the poly-Q repeat may interfere 
with proteasomal degradation in a length de-
pendent manner [25].  This resistance to UPS 
degradation is probably because aggregated 
proteins cannot enter the proteasome barrel 
[26].   Moreover, the presence of protein ag-
gregates, in turn, overwhelms and inhibits pro-
teasome activity, potentially disrupting other 
important proteasome functions [28, 29].  In 
contrast, autophagy had a more remarkable 
effect on the degradation of mutant α–
synuclein and huntingtin proteins, compared 
with wild-type proteins [19, 30].  All the evi-
dence suggests that wild-type proteins may be 
preferentially degraded by the UPS.  However, 
under the circumstance that accumulation of 
damaged, misfolded, ubiquitinated proteins 
outpaces proteasomal degradation, a buildup 
of intracellular aggregate-prone proteins oc-
curs [31].  Consequently, autophagy becomes 
a major clearance route because protein ag-
gregates make poor substrates for protea-
some-mediated proteolysis [31]. The relative 
contribution from the UPS and autophagy to 
degrade disease-related abnormal proteins 
and the interplay between them remain an 
important, actively investigated subject.   
 
2. Changes of the UPS in proteinopathies 
 
Neurons and cardiomyocytes are highly meta-
bolically active and post-mitotic cells, making 
them especially vulnerable to the accumula-
tion of defective proteins.  Unlike many other 
cell types, they cannot avoid the protein buil-
dup simply by cell division or regeneration 
[32].  Changes in the UPS have a primary role 
in the pathology of a wide range of proteinopa-
thies and the intracellular protein aggregation 
in turn affects UPS function [31]. 
 
 2.1. Impaired UPS function in neurodegenera-
tion diseases 
 
Many neurodegenerative diseases, including 
PD and HD, are characterized by accumulation 
of toxic, aggregation-prone proteins in the af-
fected brain regions, suggesting a failure in 
the cell’s degradative capacity.  The majority of 
experimental data also illustrates that neuro-
degeneration is generally associated with im-
paired UPS function.  Impaired UPS function 
was found in PD vulnerable regions, early and 
late stage HD patient brain regions, and fa-
milial amyloidotic polyneuropathy (FAP) pa-
tients and mouse models [33-36].  Further-
more, in a prion neuropathology model, prion 

infection impairs the proteasome by specifical-
ly inhibiting the catalytic β subunit activity and 
this inhibition is abrogated by pre-incubation 
with an anti-oligomer antibody [37].  This sug-
gests a mechanism for UPS impairment me-
diated by oligomers of misfolded prion pro-
teins. 
 
Proteasome activator (PA) 28’s were known to 
enhance antigen processing especially during 
viral infection but PA28 (or REGgamma) has 
recently been shown to mediate the degrada-
tion of important cell cycle regulators in a ubi-
quitin-independent manner [38].  Seo et al. 
reported that overexpression of PA28 but not 
subunit S5a of the 19S proteasome helped 
recover compromised proteasome function 
and enhanced survival of HD neuronal cells in 
vitro [39]. However, a study using the R6/2 
mouse model of HD failed to show a deteri-
orating effect of PA28 knockout on HD [40].  
Notably, increased proteasome peptidase ac-
tivities, as well as increased protein levels of 
the immunoproteasome inducible subunits 
LMP2 and LMP7 were observed in HD94 mice 
[41].   Considering that these changes are 
usually accompanied by elevated levels of ubi-
quitinated proteins and by aggresome forma-
tion [41-43], they may represent compensato-
ry responses to over all UPS functional inade-
quacy.  
 
2.2. Inadequate PQC in cardiomyocytes of dis-
eased hearts 
 
Aberrant protein aggregation in the form of 
preamyloid oligomerization and accumulation 
of ubiquitinated proteins in heart muscle cells 
are common features in most explanted hu-
man hearts [7, 44], suggesting that PQC is 
inadequate in failing human hearts.  Multiple 
lines of evidence from animal studies and clin-
ical observation support that PQC inadequacy 
may be involved in the genesis of congestive 
heart failure (CHF).   
 
2.2.1 Desmin-related (cardio)myopathy (DRM) 
 
DRM is a family of muscle diseases featured 
by the presence of desmin-positive protein 
aggregates in skeletal, cardiac, and some 
times smooth muscle cells.  DRM has been 
linked to the mutations in the desmin [45], αB-
crystallin (CryAB) [46], or myotilin genes [47].  
The cardiomyopathy aspect of DRM is referred 
to as desmin-related cardiomyopathy (DRC) 
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and is often the cause of death of DRM.  The 
most prominent pathological characteristics 
include intrasarcoplasmic protein aggregates 
and qualify DRC as a bona fide proteinopathy 
of the heart.  In fact, DRC is the best studied 
cardiac proteinopathy, thanks to the characte-
rization of several DRC mouse models created 
by cardiomyocyte-restricted transgenic expres-
sion of human DRM linked mutant genes, in-
cluding a missense mutation (R120G) of CryAB 
(CryABR120G) and a 7 amino acid deletion 
(R172~E178) mutation of the desmin gene 
(D7-des) [7, 45, 46].  UPS proteolytic function 
has been evaluated in both CryABR120G based 
[48] and D7-des based [49] DRC mice by our 
laboratory.  In both cases, the overall UPS pro-
teolytic function is inadequate despite com-
pensatory increases in 20S proteasome pepti-
dase activities.  The key defect resides in deli-
vering ubiquitinated protein substrates into 
the 20S proteolytic chamber and the reduction 
of key subunits of the 19S proteasome ap-
pears to be responsible.  Additional experi-
ments in cultured cardiomyocytes demon-
strate that aberrant protein aggregation is re-
quired for CryABR120G or D7-des to impair pro-
teasome function [28, 48, 49].   
 
2.2.2 Myocardial ischemia 
 
Ischemic heart disease represents the number 
one etiology of CHF. Increased oxidative stress 
during myocardial ischemia and ische-
mia/reperfusion (I/R) can disrupt the folding 
and assembly of nascent polypeptides, dam-
age more mature proteins, and lead to in-
creased production of abnormal proteins [50].  
Abnormal protein aggregation and accumula-
tion of ubiquitinated proteins has also been 
observed in ischemic cardiomyopathy [5, 44, 
51].  Recent observation indicates that the 
decreased peptidase activity of the protea-
some is associated with oxidative modification 
of several proteasome subunits and contri-
butes to accumulation of ubiquitinated pro-
teins in animal models of myocardial ischemia 
and I/R injury [51-53].  
 
Pretreatment of isolated hearts with the pro-
teasome inhibitor lactacystin resulted in a 
greater accumulation of oxidized proteins in 
the postischemic heart [54].  Also, muscle-
specific ring finger proteins (MuRF) E3 ligases 
have been shown to play a key role in protect-
ing the heart from deteriorating after myocar-
dial infarction [55].  CHIP (carboxyl terminus of 
Hsc70 interacting protein) is a critical E3 li-

gase for PQC in the cytosol [56].  The role of 
UPS-mediated cardiac protection in myocardial 
ischemia is also supported by a study showing 
that CHIP null mice are more sensitive to I/R 
injury than wild-type mice [56].   Although a 
few reports suggest that proteasome inhibition 
using pharmacological inhibitors may protect 
against myocardial I/R injury likely through 
mobilizing the heat shock response and sup-
pressing NFB signaling, the majority of the 
evidence suggests that UPS-mediated PQC 
plays a cardioprotective role by removing 
damaged proteins during myocardial ischemia 
[15]. 
 
2.2.3 Load-dependent cardiomyopathy 
 
Increased ubiquitin staining and the depres-
sion of proteasome activities were also ob-
served in the pathogenesis of CHF induced by 
pressure-overload [57].  Multiple mechanisms 
appeared to be involved in the depression of 
proteasome activities in pressure-overloaded 
hearts.  Among them are: altered gene expres-
sion, modifications of the proteasome sub-
units by oxidation, glycation, glycoxidation, 
conjugation with lipid peroxidation products, 
and presence of damaged inhibitory proteins 
that inhibit proteasome function [57].  Howev-
er, several recent studies have shown elevated 
abundance of proteasome subunits and some 
E3 ligases, as well as increased proteasome 
peptidase activities in transverse aortic con-
striction (TAC)-induced cardiac hypertrophy [8, 
58, 59].  It should be pointed out that the de-
scribed changes do not necessarily reflect that 
UPS function is sufficient in pressure over-
loaded hearts and evidence of this includes 
the observation of elevated ubiquitinated pro-
teins as well as elevated aggresome formation 
[8, 57]. Interestingly, pharmacological protea-
somal inhibition prevented TAC-induced car-
diac hypertrophy and is believed beneficial to 
the heart [58].  The reason behind this seem-
ing paradox remains to be clarified, but the 
severity and stage of the TAC model may be a 
factor.  Clearly proteasome inhibition can also 
inhibit the gene expression required for in-
creased protein synthesis thus the basis of 
cardiac hypertrophy; therefore, inhibiting pro-
teasome can inhibit cardiomyocyte growth in 
size.  The long term outcome of cardiac pro-
teasomal inhibition remains to be shown in 
experimental animals, however clinical reports 
have shown adverse effects of proteasome 
inhibition on the heart in cancer patients [60, 
61].   Also interestingly, ageing-associated de-
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creases in proteasome proteolytic function do 
not appear to inhibit hypertension induced 
cardiac hypertrophy in the elderly.  
 
3. UPS malfunction is sufficient to induce neu-
ronal proteinopathy 
 
Although altered UPS function is a prominent 
feature of a number of proteinopathies, it was 
not clear whether the decreased UPS function 
is a cause or effect of the disease. Recent 
loss-of-function studies in the UPS have pro-
vided compelling evidence that UPS impair-
ment is sufficient to cause neural proteinopa-
thy.  Mice treated systemically with a protea-
some inhibitor develop a progressive PD-like 
syndrome, accompanied by intracytoplasmic 
Lewy body–like inclusions that stained posi-
tively for α-synuclein and ubiquitin [62].  Pri-
mary genetic deficiencies of components of 
the UPS are also sufficient to cause neurode-
generation.  The loss-of-function mutations in 
genes including parkin, ubiquitin carboxy-
terminal hydrolase L1, and CDC48/p97 cause 
neurodegeneration (reviewed in [63]).  A re-
cent study has also elegantly demonstrated 
that conditional knockout of the proteasomal 
Psmc1 gene, an essential subunit of the 19S 
proteasome, depletes 26S proteasome in neu-
rons of different regions of the brain and 
causes neurodegeneration and Lewy-like in-
clusions [64, 65]. 
 
Notably, it is unclear whether the conclusion 
drawn from the studies on the brain can be 
extrapolated to the heart because similar stu-
dies on the heart have not been reported yet.    
  
4. Defective autophagy causes proteinopa-
thies 
 
Disruptions of key genes that mediate the au-
tophagic pathway have revealed a critical role 
for basal autophagy in PQC.  Ubiquitous 
knockout of Atg5 or Atg7 in mice causes early 
neonatal lethality [66].   Neuron-confined au-
tophagy-gene knockout in mice causes forma-
tion of intraneuronal protein aggregates and 
neurodegeneration despite the apparently 
normal proteasome function [67, 68].  Similar-
ly, belcin1 deficiency is sufficient to cause 
synaptodendritic degeneration in mice [69].   
Cardiac specific knockout of Atg5 in adult mice 
also results in cardiac hypertrophy and con-
tractile dysfunction accompanied by increased 
levels of ubiquitinated proteins and mitochon-
drial structural abnormalities [70].  

The role of autophagy in proteinopathy is fur-
ther illustrated by characterization of gene 
disruption on lysosomal function.  Cathepsin D 
deficient mice and drosophila melanogaster 
develop aberrant autophagosomes, lysosome 
accumulation and extensive neurodegenera-
tion [71, 72].  Moreover, cardiomyocytes are 
ultra-structurally abnormal and heart contrac-
tility is severely reduced in LAMP-2 deficient 
mice [73, 74] .  In addition, mutations in 
ATP13A2, a lysosomal ATPase, leads to failure 
of autophagy execution and aggregation of α–
synuclein in PDs [75].  Mutation in CLN3, an 
endosomal/lysosomal membrane protein, also 
results in reduction of autophagosome-
lysosome fusion and juvenile neuronal ceroid 
lipofuscinosis (NCL) [76]. 
 
Furthermore, a series of mutations in the 
genes participating in trafficking autophago-
somes caused a disruption in the delivery of 
the autophagosomes to the lysosomes and 
caused a host of neurodegeneration diseases 
[77].  Cytoplasmic dynein and its activator dy-
nactin are minus end–directed microtubule 
motors that help the retrograde transport of 
aggresomes along the microtubule network 
and allow the aggresomes to be degraded by 
autophagy [7].  In a mouse model a missense 
point mutation in the cytoplasmic dynein heavy 
chain perturbs neuron-specific functions of 
dynein. The result is progressive motor neuron 
degeneration in heterozygous mice, and the 
formation of Lewy-like inclusion bodies in the 
homozygote [78].  Loss of dynein/dynactin 
function caused by dynactin mutations or 
postnatal transgenic overexpression of dyna-
mitin also induces the specific degeneration of 
motor neurons [79, 80]. 
 
5. Role of autophagy in the genesis of protei-
nopathies  
 
Although it is quite clear that deficiency in au-
tophagy can cause proteinopathy, it remains to 
be addressed how the role of autophagy in the 
development of proteinopathy is initiated by 
mutations unrelated to autophagic function. To 
answer this question, the autophagic activity 
has been evaluated in proteinopathy and more 
importantly, the effect of genetic and pharma-
cological manipulations of autophagy on pro-
teinopathy has been assessed.   Multiple lines 
of evidence are emerging, which suggests that 
proteinopathies are frequently accompanied 
by accumulation of autophagic vacuoles in the 
affected cell.  The prevalent explanation is that 
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the expression of aggregation-prone proteins 
in terminally differentiated cells triggers the 
autophagic pathway which in turn facilitates 
the removal of soluble and aggregated forms 
of the mutant proteins [81].  Under these cir-
cumstances, the increase in autophagosomes 
reflects the activation of autophagy, perhaps 
representing a cytoprotective response [82].  
This is further tested by whether manipulation 
of autophagy alleviates proteinopathy pheno-
types in cell and animal models.   
 
5.1. Autophagy in neurodegenerative disease 
 
Accumulation of autophagic vacuoles is ob-
served in the neurons of affected brain regions 
in a number of neurodegenerative diseases.  
Autophagic vacuoles are extensively abundant 
in AD and PD [83, 84].  Furthermore, the asso-
ciation between huntingtin accumulation, au-
tophagic vacuoles, as well as p62 (or Seques-
tom1, SQUSTM1) in HD, suggests a close rela-
tionship between huntingtin aggregates and 
autophagy [85, 86].   
 
Genetically diminishing autophagy by hetero-
zygous gene targeting of beclin1 promotes 
neurodegeneration and accelerates Aβ accu-
mulation in a transgenic mouse model of AD 
[69].  Similarly, progressive alterations of lyso-
somal function contribute importantly to AD 
[87].   Knockdown of the Atg12 gene en-
hances the degeneration in spinobullar mus-
cular atrophy (SBMA) flies [88].   Furthermore, 
decreased dynein function impairs autophagic 
clearance of aggregate-prone proteins and 
enhances the overall phenotype of a HD 
mouse model [89].  These studies demon-
strate that reduced autophagy worsens dis-
ease phenotypes.  Conversely, other studies 
have demonstrated that augmented autopha-
gy provides benefit.  Belcin1 overexpression by 
viral delivery reduces intraneuronal and extra-
cellular amyloid pathology in an AD mouse 
model [69]. Rapamycin, a mTOR inhibitor that 
activates autophagy, ameliorates the dege-
nerative phenotype in a Drosophila model of 
SBMA as well as in Drosophila and mouse 
models of HD [21, 88, 90].  Lithium and treha-
lose also alleviate neurodegeneration in HD 
mice and flies by activating autophagy via a 
TOR- independent mechanism [91, 92].  
 
5.2 Autophagy and cardiac diseases 
 
5.2.1 DRC 
 

Increased autophagic activity was reported in 
patients’ hearts with idiopathic dilated cardi-
omyopathy [93].  Recently, the relationship 
between the impaired UPS and upregulated 
autophagy is further illustrated in a DRC 
mouse model.  Robust autophagic activity was 
detected even before the formation of detect-
able protein aggregates or the emergence of 
cardiac pathology.  Suggesting that the ex-
pression of misfolded proteins in myocardium 
is sufficient to activate autophagy [94].  Also, 
an interesting relationship between aggre-
gated proteins and autophagy in cardiomyo-
cytes is suggested by the finding that more 
autophagosomes are found in the area adja-
cent to aggregates in CryABR120G expressing 
cardiomyocytes [94].  
 
Similar to neurodegenerative diseases, sup-
pressing autophagy by 3-methyladenine (3-MA) 
increases the rate of aggresome accumulation 
induced by CryABR120G [94]. Consistently, blunt-
ing autophagy by belcin1 haploinsufficiency 
induces greater accumulation of high molecu-
lar weight polyubiquitinated protein,  larger 
and more protein aggregates in cardiomyo-
cytes, accelerates pathological remodeling and 
mortality in CryABR120G based DRC mice [94].  
 
In neurodegenerative disease and DRC, it is 
generally believed that mutant proteins exert a 
particular toxicity in the oligomer form.  The 
microscopically visible larger protein aggre-
gates may be less toxic.  Increased autophagic 
activity not only directly removes aggregates 
but also clears aggregate precursors, shifting 
the equilibrium away from aggregate formation 
and thereby attenuating its toxicity in cells [63, 
95].  This view is supported with the evidence 
that autophagy activation reduces, whereas 
autophagy inhibition increases, the formation 
of protein aggregates and the toxicity of aggre-
gation-prone proteins [19, 30]. 
 
5.2.2 Myocardial ischemia and I/R  
 
Autophagy is induced in acute or chronic 
ischemic heart disease [96, 97].  During 
ischemia, autophagy is perhaps the main me-
chanism for adaptation to hypoxia and salvage 
of ATP.  Thus, autophagy caused by hypoxia 
limits the deleterious effects of ischemia and 
contributes to the survival of cardiomyocytes 
[96, 97].  In the reperfusion phase, marked 
accumulation of autophagosomes is observed 
compared to the ischemic phase.  Many me-
chanisms favoring autophagy, such as oxida-
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tive stress, mitochondrial damages and ER 
stress are involved in reperfusion [82].  Auto-
phagy during the reperfusion phase may help 
eliminate damaged organelles (e.g., mitochon-
dria) and protein aggregates.  An in vitro study 
suggests a protective role for autophagy in I/R, 
which showed that beclin1 overexpression 
decreased cell injury and dominant-negative 
Atg5 overexpression increased cell injury [98].  
On the other hand, several lines of in vivo evi-
dence suggest that autophagy may be involved 
in non-apoptotic cell death during reperfusion.  
Myocardial I/R injury was attenuated in an 
autophagy diminished mouse model, beclin1+/- 
mice [97].  Cardiomyocyte death induced by 
I/R was also blocked in the presence of 3-MA 
or beclin1 inhibition; conversely, overexpres-
sion of beclin1 reversed the protective effect 
[99].  Hence, autophagy may be protective 
during ischemia but detrimental to the heart 
during reperfusion. 
 
5.2.3 Pressure overload cardiomyopathy 
 
During the compensatory hypertrophy stage of 
pressure overload, autophagic activity is sup-
pressed; however, in failing hearts, autophagic 
activity is induced by the accumulation of pro-
tein aggregates or damaged organelles [8, 70, 
100].  Disrupting autophagy by cardiomyocyte-
restricted Atg5 knockout deteriorates TAC-
induced cardiac dysfunction.  This is demon-
strated as increased polyubiquitinated protein 
accumulation and ER stress, as well as pro-
moted apoptosis by Atg5-deficiency [70].  
However, other experimental data suggest a 
maladaptive role for autophagy during cardiac 
stress [100].  Heterozygous disruption of the 
gene encoding beclin1 decreases autophagy 
and diminishes pathological remodeling in-
duced by severe pressure overload. Converse-
ly, beclin1 overexpression increases autophag-
ic activity and accelerates pathological re-
modeling [100].  Notably, different levels of 
autophagy were at play in these two sets of 
pressure overload experiments.  In Atg5-
deficient hearts, the basal level of constitutive 
autophagy was lost.  In contrast, the bel-
cin1+/- mice have only a 50% reduction in 
autophagic flux [101].  Therefore, it is likely 
that constitutive autophagy in the heart under 
baseline conditions is a hemeostatic mechan-
ism and the basal level of autophagy in failing 
hearts is an adaptive response; whereas, 
stress-related increases in autophagy can be 
maladaptive [100, 101].  
 

In cardiovascular disease, whether autophagy 
is protective or detrimental remains to be fur-
ther delineated.  In the mechanically active 
heart muscle cells, protein aggregates are not 
the sole inducer of autophagy, oxidative stress 
and Ca2+ overload are also involved.  The ex-
tent of autophagic flux can therefore more 
easily rise to the maladaptive level in cardi-
omyocytes than in neurons [101].  The severity 
and duration of the autophagic response may 
determine the pathophysiological outcome of 
autophagy.  
 
6. The UPS and autophagy form a consortium  
 
Not very long ago, the UPS and autophagy 
were viewed as two parallel proteolytic path-
ways.  Many studies published in the past sev-
eral years have changed that view considera-
bly.  A current view of the interplay between 
the two pathways in the removal of aggregate-
prone proteins is summarized in Figure 2. 

 
6.1 Functional interaction between the UPS 
and autophagy 
 
Pharmacologically induced proteasome inhibi-
tion induces autophagy in multiple mammalian 
cell types and genetic impairment of the pro-
teasome induces autophagy in Drosophila 
[88].   Autophagy induction in the setting of 
proteasome impairment is likely protective.  
This protective role is elucidated by the fact 
that the degenerative phenotypes caused by 
proteasome impairment are enhanced in an 
autophagy-deficient background, whereas the 
degeneration is significantly alleviated with 
autophagy induction in Drosophila [88].  This 
is consistent with the in vitro study which 
shows that pretreatment with rapamycin, an 
activator of autophagy, attenuates proteasome 
inhibitor lactacystin-induced apoptosis and 
ubiquitinated protein aggregation [102], whe-
reas suppression of autophagy by 3-MA or Atg 
knockdown enhances proteasome inhibitor-
induced cell death [8, 103].  
 
Conversely, multiple lines of evidence suggest 
that reduced autophagy results in enhance-
ment of proteasome-dependent protein de-
gradation.  Autophagy inhibition by 3-MA re-
sults in an increase in proteasome activity and 
Atg5-ablated hearts have elevated polyubiqui-
tinated protein levels and increased protea-
some activities in both the basal state and in 
response to TAC [100].  Taken together, it ap-
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pears that UPS and autophagy are compensa-
tory mechanisms in PQC.  
 
6.2 Regulation of ER stress by UPS and auto-
phagy 
 
Unfolded protein response (UPR) triggered by 
ER stress is an integrated part of intracellular 
PQC.  A recent study suggests that linking au-
tophagy to the UPS is crucial to the regulation 
of ER stress [103].  The ER is a critical site for 
modification and folding proteins targeted to 
the secretary pathway.  Terminally misfolded 
ER proteins are retrogradely transported out of 
the ER and subjected to ubiquitination and 
proteasomal degradation by ER-associated 
degradation (ERAD) in the cytosol [104].  ER 
stress is induced by the accumulation of mis-
folded proteins due to proteasome inhibition, 
overload or ERAD failure [105, 106].  Overacti-
vation of ER stress has been linked to neuro-
degeneration, endocrine pathologies, and 
ischemic and pressure overload cardiac dis-
ease [107].  When ERAD is overloaded by ER 
inhibitors or blocked by proteasome inhibitors, 

autophagy is called in for the degradation of 
terminally misfolded ER proteins via the ER-
activated autophagy (ERAA) pathway [108-
111].  UPR is the major protective and com-
pensatory mechanism during transient ER 
stress [105]. However, prolonged ER stress 
can induce apoptosis via the UPR pathway 
[112].  
 
Proteasome inhibition likely causes the accu-
mulation of misfolded protein in the ER due to 
the blockage of ERAD and induces ER stress 
and cell death [111].  Autophagy is activated 
under this scenario to compensate for the re-
duced proteasome function and acts as an 
alternate to ERAD for the clearance of mis-
folded ER proteins [113].  By doing so, auto-
phagy relieves ER stress and suppresses cell 
death induced by proteasome inhibition.  Con-
versely, under the condition that ER stress is 
caused by proteasome inhibitors or ER func-
tion inhibitors, suppression of autophagy pro-
motes accumulation of polyubiquitinated pro-
teins, ER stress and cell death [103].  There-
fore, it is possible that ER stress is a link be-

Figure 2. A thematic illustration of the interplay between the ubiquitin-proteasome system and autophagy in 
proteinopathy   
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tween the UPS and autophagy but other play-
ers, as highlighted below, may play a more 
mechanistic role in connecting the two path-
ways together.  
 
6.3. The mechanistic link between the UPS 
and autophagy 
 
Although it seems to be quite clear that the 
two major proteolytic pathways are compensa-
tory mechanisms in PQC and in dealing with 
proteinopathies, the underlying mechanisms 
are just now being elucidated.  It appears that 
several signaling proteins are important in 
mediating the crosstalk and are reviewed be-
low. 
 
6.3.1. p62/SQSTM1 
 
p62/SQSTM1 appears to be an adaptor mole-
cule linking ubiquitinated proteins to the auto-
phagic machinery [86].  The C-terminal portion 
of p62 binds polyubiquitinated substrates 
through its ubiquitin-associated (UBA) domain 
and directly binds to LC3 via the LC3 interact-
ing motif [114].  p62 can also polymerize via 
its N-terminal PB1 domain and interact with 
proteasomes via an N-terminal ubiquitin-like 
(UBL) domain [115].  It has been suggested 
that p62 provides a key link between autopha-
gy and the UPS by facilitating the autophagic 
degradation of ubiquitinated proteins [116].  
 
p62 localizes in a variety of ubiquitin-positive 
inclusion bodies in many neurodegenerative 
diseases, including Lewy bodies in PD, neuro-
filbrillary tangles in tauopathies, huntingtin 
aggregates in HD, and aggregates seen in fa-
milial amyotrophic lateral sclerosis [117-120].  
The interaction between the p62 UBL domain 
with proteasomes may be involved in shuttling 
substrates for proteasomal degradation [115].  
Increases in both transcript and protein levels 
of p62 in response to the stress induced by 
proteasome inhibition, proapoptotic treatment, 
oxygen free radicals [121], and poly-Q expres-
sion [114, 117], suggest that p62 can be de-
graded by the UPS.  
 
Besides co-localizing with ubiquitin-positive 
inclusion bodies, p62 also co-localizes with 
autophagosomes and can be degraded by au-
tophagy [114].  Accumulation of p62 was con-
sidered a sign of autophagic malfunction.  The 
degradation of p62 by autophagy is implicated 
by the studies showing that the level of p62 is 
accumulated following autophagy inhibition 

[86, 122, 123], whereas rapamycin treatment 
causes a decrease of endogenous p62 [86].  
p62 is required for the formation and auto-
phagic degradation of polyubiquitin-positive 
inclusion bodies in response to stress [114].  
The protective role of p62 in response to mis-
folded protein stress is supported by the ob-
servation that depletion of p62 diminishes the 
formation of ubiquitin-positive inclusions 
[114], autophagosomal structures and causes 
a significant increase in apoptosis upon over-
expressing mutant huntingtin [86].  Similarly, 
p62 null mice fail to form ubiquitin-positive 
inclusions in response to misfolded protein 
stress in an autophagy-deficient background 
[124] and leads to accumulation of tau and 
neurodegeneration [125].  Taken together, 
p62 plays a critical role in the formation and 
degradation of ubiquitinated protein aggre-
gates under stress and is a perfect candidate 
for a messenger between the UPS and auto-
phagy.  
 
6.3.2. Histone Deacetylase 6 (HDAC6) 
 
As mentioned earlier, aggresome formation 
may help detoxify misfolded proteins through 
packaging more toxic and active oligomers of 
misfolded proteins into large inclusion bodies.  
The transportation of aggresome precursors 
via microtubules and their motor proteins to 
the vicinity of MTOC is critical to aggresome 
formation and subsequent removal by auto-
phagy [12]. 
 
HDAC6 is a microtubule- and dynein- asso-
ciated deacetylase.  It interacts with both po-
lyubiquitinated proteins and dynein motors, 
thereby serving as a linker coupling protein 
aggregates to the retrograde microtubule mo-
tor.  HDAC6 was found to localize to the aggre-
somes formed by the misfolded F508 mutant 
of cystic fibrosis transmembrane conducting 
regulator (CFTR), poly-Q expanded mutant of 
huntingtin [126], and induced by proteasome 
inhibition [126, 127].  HDAC6 may therefore 
regulate the retrograde transport of misfolded 
protein to MTOC to form aggresomes [126, 
127].  HDAC6 deficiency results in defects in 
aggresome formation accompanied by greater 
apoptotic responses to misfolded protein-
stress induced by proteasome inhibition or by 
ectopic expression CFTR-F508 mutant [127].  
More strikingly, HDAC6 is essential for retro-
grade transport of autophagosomes and lyso-
somes to MTOC where the aggresomes are 
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mainly located, thereby facilitating the auto-
phagic degradation of the aggresome [126].  
The two functions of HDAC6 in promoting ag-
gresomes and autophagy could be coupled 
and could represent one integrated mechan-
ism.  In this view, autophagic degradation may 
require the formation of aggresomes promoted 
by HDAC6 [95].  HDAC6 is required for auto-
phagic degradation of the aggregated mutant 
huntingtin in cultured cells and the mutant 
androgen receptor in a fly model of Kennedy’s 
disease [88]. In addition, autophagy is induced 
in response to and compensates for the UPS 
impairment in a fly model of spinobulbar mus-
cular atrophy in an HDAC6-depedent manner 
[88].   
 
p62 and HDAC6 may work in synergy to pack 
the misfolded proteins together and facilitate 
their interactions with the phagophore, thus 
providing the specificity required for the de-
gradation [95].  It is suggested that K63-linked 
polyubiquitin chains interact with p62 and 
HDAC6, thereby providing a signal for auto-
phagic degradation [128, 129].  
 
6.3.3. FoxO3 
 
In atrophied muscles, FoxO3 simultaneously 
activates and regulates both UPS and auto-
phagy proteolytic pathways [130].  Cardiac 
FoxO3 causes atrophy by activating the tran-
scription of E3 ubiquitin ligases, such as atro-
gin-1 or MuRF1 [131].   FoxO3 is also required 
for the induction of autophagy in skeletal mus-
cle by binding directly to the promoter of LC3b, 
Gabarap1, atg12I, Bnip3, and controlling the 
transcription of autophagy-related genes.  
Conversely, FoxO3 knockdown blocks the en-
hanced autophagy induced by starvation in 
isolated muscle fibers [130, 132]. Bnip3 in-
duction by FoxO3 appears to play a major role 
in autophagosome formation during muscle 
atrophy [132].  Activation of the UPS and au-
tophagy by FoxO3 seems to result from induc-
ing the coordinated transcription of key genes 
of both pathways rather than mediating a di-
rect crosstalk between the two systems.  Inhi-
bition of either process does not change the 
rate of the remaining degradative process ac-
tivated by FoxO3 [130].  
 
7. Enhancing Autophagy: a Possible Solution to 
Proteinopathies 
 
Since many aggregation-prone proteins cause 
proteinopathy, the therapeutic strategy for 

proteinopathies could include reduction of the 
synthesis and/or acceleration of the degrada-
tion of the toxic proteins.  In many cases, the 
synthesis cannot be easily suppressed be-
cause of germ-line genetic mutations are often 
involved.  Despite the importance of both de-
gradation pathways, few studies have shed 
light on the feasibility and effect of enhancing 
UPS function.  This is at least partially because 
enhancing UPS function may accelerate the 
degradation of critical short-lived intracellular 
regulators and thereby be detrimental to the 
cell [39].  In contrast, autophagy seems to be 
more amenable to manipulation.  The possible 
mechanisms for autophagy to be therapeuti-
cally effective in treating proteinopathies can 
be summarized as: 1) helping clear the prima-
ry toxin tht causes the disease; 2) removing 
damaged organelles such as damaged mito-
chondria; and 3) attenuating the apoptotic 
response to various forms of stress and there-
by rendering the cell resistant to programmed 
cell death [100, 133].  
 
A growing body of evidence indicates that 
pharmacological upregulation of autophagy 
through mTOR- dependent or -independent 
pathways is indeed beneficial in a wide variety 
of disease models associated with intracellular 
protein aggregation [21, 90, 91].  Given that 
drugs enhancing autophagy are already in clin-
ical use [63], substantial progresses in attain-
ing more effective treatment for human pro-
teinopathies are on the horizon [62]. Addition-
ally, since calorie-restriction is known to in-
crease longevity and starvation is thought to 
activate autophagy moderate starvation is 
perhaps another way to treat proteinopathies. 
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