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Abstract: Two major pathways degrade most cellular proteins in eukaryotic cells: the ubiquitin–proteasome system 
(UPS), which usually degrades the majority of proteins, and autophagy, primarily responsible for the degradation 
of most long-lived or aggregated proteins and cellular organelles. Disruption of these processes can contribute to 
pathology of a variety of diseases. Further, both pathways are critical for the maintenance of several aspects of 
cellular homeostasis, but, until recently, were thought to be largely distinct. Recent advances in this field, however, 
now strongly suggest that their activities are carefully orchestrated through several interfacing elements that are 
presented and discussed in this review. 
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Introduction

For decades, studies have focused on analyz-
ing protein synthesis, particularly in under-
standing transcriptional and translational sig-
nals. However, the other side of protein 
steady-state, degradation, has been over-
looked. Since pioneering studies initiated in the 
1940s [1], Two major pathways of degradation 
have been described for most cellular proteins 
in eukaryotic cells: 1) the ubiquitin-proteasome 
system (UPS), responsible for degrading 
80-90% of proteins including many regulated, 
short-lived, abnormal, denatured, or, in general, 
damaged proteins [2]; and 2) autophagy, which, 
by contrast, is primarily responsible for the deg-
radation of most long-lived proteins, but also 
for aggregated proteins as well as cellular 
organelles (mitochondria, peroxysomes, ribo-
somes, infectious organisms). These two deg-
radative systems not only degrade proteins into 
small polypeptides, but help maintain amino 
acid pools and energy balance, either during 
acute starvation for the UPS, or in the course of 
chronic starvation for autophagy. Indeed, 
because de novo synthesis of amino acids car-
ries high energy costs, recycling of amino acids 
is important for its contribution to maintenance 

of cellular homeostasis with less energy expen-
diture. Additionally, these catabolic pathways 
constitute essential components of the cellular 
control of protein quality (PQC), which senses 
misfolded or damaged proteins, tags them, 
and, finally, degrades them. Therefore, studying 
these systems is essential to developing a bet-
ter understanding of protein homeostasis.

Although the UPS and autophagy mechanisms 
were primarily thought to be largely distinct cat-
abolic pathways, and were therefore investigat-
ed separately, recent advances in understand-
ing the common mechanisms contributing to 
the UPS regulation and the induction of autoph-
agy have highlighted the relationship between 
them. As autophagy and the UPS are both criti-
cal for the maintenance of aspects of cellular 
homeostasis (ATP balance, amino acid recy-
cling, PQC), their activities likely need to be 
carefully orchestrated. Recent evidence has 
revealed cross-talk mechanisms involving the 
small ubiquitin ligand molecules and the linking 
protein p62, as well as cell signaling pathways 
and transcription factors, and will be discussed 
in this review to outline the coordination 
between these systems and its importance to 
protein homeostasis.

http://www.ijbmb.org
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The ubiquitin-proteasome system (UPS)

Ubiquitination-dependent degradation by the 
proteasomal machinery is involved in the regu-
lation of several processes including mainte-
nance of cellular quality control, transcription, 
cell cycle progression, DNA repair, receptor-
mediated endocytosis, cell stress response, 
and apoptosis. This mechanism is the predomi-
nant mode of targeting proteins for degrada-
tion. Before degradation through the protea-

somal machinery can occur, substrate 
proteins designated for degradation must 
first be tagged with ubiquitin, a highly con-
served 76-amino-acid polypeptide. 

Ubiquitin and ubiquitin-like tags for deg-
radation

The conjugation system

The small, globular regulatory protein ubiq-
uitin directs other proteins to cellular loca-
tions: modification of a target protein by 
ubiquitin serves as a recognition signal 
that allows downstream effectors to bind 
the ubiquitin-modified protein to change 
its function or fate. Covalent attachment 
of ubiquitin to the protein substrate occurs 
through a three-step cascade mechanism 
(Figure 1): Ubiquitin is first linked to a cys-
teine residue of an activating enzyme, E1, 
via its terminal glycine, in an ATP-
dependent manner. The activated ubiqui-
tin is then transferred to a conjugating 
enzyme, E2, also at a cysteine residue, 
forming an energy-rich thiol ester bond. 
Finally, ubiquitin is attached to the sub-
strate protein that is specifically bound to 
one member of the E3 ubiquitin ligase 
family [3]. In the case of RING (really inter-
esting new gene) finger E3 ligases, the 
transfer of ubiquitin is direct from 
E2-ubiquitin to the substrate, even if the 
presence of E3 is required. In the case of 
HECT-domain-containing (homologous to 
the E6AP carboxy terminus) E3 ligases, 
ubiquitin is first transferred to an interme-
diate complex, E3-ubiquitin, which, in turn, 
attaches its ubiquitin moieties to the sub-
strate protein to be degraded [4]. At pres-
ent, 2 genes are known to encode E1 iso-
forms, at least 37 genes encode E2, and 
over 1000 encode E3 ubiquitin ligases in 
the human genome [5]. Each E1 isoform 

Figure 1. Schematic representation of the ubiquitination pro-
cess that target proteins for degradation. A ubiquitin molecule 
(Ub) is first linked by its carboxy-terminal amino acid to an E1-
activating enzyme (E1) through a high-energy bond on a cys-
teine residue, while consuming energy (ATP). Activated ubiq-
uitin is then translocated to the E2-conjugating enzyme (E2). 
RING E3 ubiquitin ligases (E3 RING) catalyze the transfer of 
ubiquitin directly from E2 to the substrate, whereas HECT E3 
enzymes (E3 HECT) accept activated ubiquitin from E2 before 
transferring it to the substrate. Following this first step, called 
monoubiquitination, the process may be repeated by some 
processive E2/E3 enzymes, or with the help of E4 enzymes 
and, finally, leads to polyubiquitination. Proteins targeted for 
degradation into amino acids can however be rescued by deu-
biquitining enzymes (DUB).

has a distinct preference for E2, while associa-
tion of E2 and E3, depending on the cellular 
context, generates extensive combinatorial 
complexity. 

The repertoire of ubiquitin signals

Ubiquitin can attach to substrate proteins in 
several ways, generating a broad repertoire of 
signals with different topologies and lengths. 
These can be diversely recognized by different 
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proteins and lead to various functional out-
comes for the tagged substrate protein. 
Ubiquitin is anchored by an isopeptide bond to 
the ε-NH2 group of lysine residues in the sub-
strate protein by the C-terminal residue on its 
last glycine (residue 76), a mechanism called 
“monoubiquitination”. This signal may be 
extended by addition of other ubiquitin moi-
eties to the previous one, called “polyubiquiti-
nation”. In eukaryotes, most substrates are 
polyubiquitinated (Figure 2). 

Polyubiquitination can occur at several sites 
and in several ways. An additional component 
of the ubiquitination machinery, an E4 enzyme, 
is involved in elongation of short ubiquitin 
chains [6]. In the “classical” pathway, the lysine 
residue at position 48 of ubiquitin is used, and 
this pattern is repeated to generate polymers. 
A chain of four or more moieties is, in general, 
the minimal requirement for substrate recogni-
tion by the 26 S proteasome complex-the major 
ATP-dependent degradation pathway-although 
for some proteins monoubiquitination or multi-
ple monoubiquitinations can efficiently target 
substrates for proteasomal degradation [7]. In 
fact, seven lysine residues in ubiquitin can be 
used for chain elongation, at positions 6, 11, 

27, 29, 33, 48, and 63. In addition, the 
N-terminal methionine of ubiquitin can also 
bind to the C-terminal glycine, generating a lin-
ear chain. However, lysine-48 (K48) and 
lysine-63 (K63) are the most frequent sites for 
elongation. In contrast to all other positions 
that can target proteins for degradation, K63 
polyubiquitination chains participate in regula-
tion of endocytosis, DNA repair, and protein 
kinase activity [8]. In addition to homogeneous 
polyubiquitination, recent evidence describes 
mixed types of ubiquitin addition using differ-
ent lysine residues in the same linear chain, or 
multiple branched chains on several lysine resi-
dues on one ubiquitin polypeptide or substrate 
protein (for details, see review [7]). In fact, the 
affinity of K48 tetraubiquitin chains for the pro-
teasome is 100-fold higher than for diubiquitin, 
and does not increase further with longer 
chains [9]. Monoubiquitination is sufficient for 
receptor internalization, but evidence suggests 
that polyubiquitination uses K63 as a chain 
type for further processing. 

Variations in degradation signals

A limited number of short-lived proteins are 
believed to have their stability governed by their 
N-terminal amino acid, which provides destabi-
lizing activity upon modification (according to 
the “N-end” rule). N-end dependent degrada-
tion has been shown to have important func-
tions in peptide import, chromosome segrega-
tion and meiosis, angiogenesis and 
cardiovascular development. Several proteins 
degraded through this pathway have been 
characterized so far, including RGS4, RGS5 and 
RGS16 (regulator of G protein signaling), GNG2 
(G protein subunit γ2) involved in signal trans-
duction, IAP1 (inhibitor of apoptosis protein 1), 
and SCC1 (sister chromatid cohesin 1) playing 
an essential function in cohesion between sis-
ter chromatid during DNA replication. 
Recognition occurs by specific elements called 
N-recognins, which bind N-terminal sequences 
of substrates and tag them with ubiquitin for 
proteasomal degradation (reviewed in [10]). 
Therefore, ubiquitin can also be conjugated to 
the α-NH2 group of the N-terminal residue of the 
substrate. 

To add complexity to this process, de-ubiquiti-
nating enzymes can reverse the ubiquitination-
degradation process by cleaving ubiquitin resi-
dues from both monoubiquitinated substrates 

Figure 2. Different types of ubiquitination. Monou-
biquitination represents modification of protein by a 
single ubiquitin (A), or by several single ubiquitins (B). 
Polyubiquitination (C) corresponds to the successive 
addition of several ubiquitins on one of their seven 
lysine residues. All types of ubiquitination involve 
isopeptide bonds anchoring ubiquitin to either the 
ε-NH2 group of a lysine in the target substrate, or to 
the α-NH2 group of its amino-terminal residue. 
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and polyubiquitinated proteins. This process 
allows free ubiquitin regeneration, which is any-
way present at limiting concentration in the 
cells, but also constitutes a “last-chance” 
proofreading allowing correctly-folded proteins 
to escape degradation [11].

Other ubiquitin signals

Molecular ubiquitin signals generated by 
attachment of one or more ubiquitin molecules 
are recognized by specialized ubiquitin binding 
domains (UBD) that form transient and nonco-
valent interactions with monomers or polymers 
of ubiquitin moieties. So far, around 200 cellu-
lar proteins have been recognized to contain 
one or more UBD [12], including shuttle pro-
teins that transport degradation candidates to 
the proteasome [R23A (Rad23 in yeast), Dsk2, 
Ddi1, NBR1] and binding proteins directly par-
ticipating in the proteasome machinery [Rpn10 
(S5a in human), Rpn13] [13].

In addition, several other proteins related to 
ubiquitin have been identified as mediating pro-
tein degradation; these fall into two classes: 
proteins containing a ubiquitin-like domain 
(UDP) and ubiquitin-like modifiers (Ubl). UDPs 
are highly homologous to ubiquitin in amino 
acid sequence as well as in three-dimensional 
structure, but they do not form conjugates with 
proteins. Instead, they serve as adaptors bind-
ing to ubiquitin or Ubl proteins. Like UDPs, Ubl 
proteins are also homologous to ubiquitin in 

sequence and three-dimensional structure, 
but, in addition, they possess a glycine residue 
at their C-terminus that allows them to form 
conjugates with proteins. Ubl proteins include 
SUMO (small ubiquitin-like modifier), NEDD8 
(neuronal-precursor cell expressed develop-
mentally down-regulated protein) [14], ISG15 
(interferon-stimulated gene 15) [15], ATG 8 and 
12 (autophagy-related genes in yeast) (see 
below [16]), FAT10 (F-adjacent transcript-10) 
[17], and UFM1 (ubiquitin-fold-modifier 1) [18]. 
The functions of these Ubl proteins are still 
poorly understood, but they are related to vari-
ous biological processes including DNA replica-
tion, signal transduction, cell cycle control, 
embryogenesis, cytoskeletal regulation, metab-
olism, stress response, homeostasis, and 
mRNA processing.

In summary, ubiquitin is one of the most versa-
tile protein modifiers, producing a wide reper-
toire of molecular signals. However, the com-
plexity of this first step of tagging proteins to be 
degraded or regulated is far from being clearly 
understood and will require further 
investigation. 

The proteasomal machinery

Structure

Degradation of the vast majority of intracellular 
proteins is performed by the 26 S proteasome. 
This machinery contains two subcomplexes, 

Figure 3. Assembly and constitution of the 26 S proteasome. The proteasome is constituted of subcomplexes of 20 
S and 19 S core particles. The 20 S is a barrel-shaped structure, which consists of two inner β-rings with proteasic 
activities, each made up of seven subunits, and of two outer α-rings. The 19 S regulatory particle is composed of 
approximately 20 different proteins that form a lid and a base. Energy is required for the assembly of the complete 
26 S complex (ATP), but also for the unfolding and translocation of the ubiquitinated (green spheres) protein to be 
degraded (black structure). 
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the core 20 S proteasome of about 700 kDa 
and the 19 S regulatory particle of about 900 
kDa [19] (Figure 3). The 20 S element forms a 
barrel-shaped structure with a central cavity of 
2-nm diameter. It contains proteases subunits, 
with two copies of seven different α-subunits 
and two copies of seven different β-subunits. 
β1-subunits have caspase-like activity that 
hydrolyzes the peptide bond after negatively-
charged amino acid residues. β2-subunits have 
trypsin-like activity, which cleaves the peptide 
bond after positively-charged amino acid resi-
dues. β5-subunits are characterized by chymo-
trypsin-like activity and hydrolyze the peptide 
bond after large hydrophobic amino acid resi-
dues. The size of released peptides varies from 
3 to 25 amino acid residues, which are further 
degraded into single amino acids by peptidases 
[20].

In mammals, there also exists an immunopro-
teasome stimulated by γ-interferon. This cyto-
kine activates the synthesis of alternate β1i, 
β2i, and β5i subunits incorporated in place of 
constitutive subunits. The immunoproteasome 
is believed to generate peptides specifically 
cleaved for antigen presentation [21].

Each 20 S proteasomal subunit possesses two 
units of each of the three cleaving activities. To 
be degraded, a substrate must first be unfold-
ed, then must been translocated into the pro-
teolytic chamber via the narrow gate formed by 
α residues.

Regulation

The mechanisms regulating 26 S proteasome 
activity remain poorly understood, but involve 
numerous proteins that reversibly associate 
with it: binding of the regulatory 19 S particle, 
opening of the axial channel into the 20 S core 
particle, translocation of the protein to be 
degraded, and association with proteins that 
modify proteasome-bound ubiquitin chains. 
The 19 S regulatory particle is the key regula-
tory component of the 26 S proteasome; it is 
responsible for 20 S gating, recognition, unfold-
ing, and translocation of ubiquitinated proteins. 
Attachment of the 19 S particle to the 20 S ele-
ment controls the gate and helps to avoid 
degrading a protein in error. Recognition and 
binding to ubiquitin by 19 S subunits permits 
selection of the appropriate target protein [22]. 
A 20 S core particle can exist without a 19 S 

element and may exert selective degradation, 
in particular on oxidized proteins. In addition to 
the 19 S regulatory particle, several other pro-
tein complexes, such as PA200, PA28, and 
PI31, can interact with α-rings of the 20 S core 
particle, forming alternative isoforms of the 
proteasome [23-25]. These isoforms regulate 
ubiquitin-independent substrate degradation 
by the proteasome, but the physiological func-
tions of such alternative complexes are not well 
understood.

26 S proteasome activity is ATP-dependent. 
Indeed, ATP is necessary for 19 S assembly 
with a 20 S core particle, as well as for sub-
strate unfolding and translocation into the 20 S 
proteolytic chamber. When cells are subjected 
to stress factors, and ATP is low, the protea-
some system may switch to an ATP-independent 
mechanism of degradation of proteins, and/or 
autophagy may be upregulated. Proteasome 
isoforms involving PA200, PA28, and PI31 are 
ATP-independent. 

Additional regulation of protein degradation 
occurs directly on the proteasomal complex. In 
fact, the proteasomal subunit can be subjected 
to several types of post-translational modifica-
tions, including phosphorylation, N-acetylation, 
N-terminal processing, caspase cleavage, 
N-myristoylation, O-glycosylation, S-glutathiony- 
lation, alkylation, and oxidation (reviewed in 
[26]). These modifications affect the protea-
somal activity, its proteic composition, and 
have been assumed to control proteasome 
interaction with proteins and membranes.

Alternative “non-canonical” mechanisms

The well-studied “classical” ubiquitin-depen-
dent proteasomal degradation requires polyu-
biquitination of the substrate and mobilizes 
energy from ATP. However, in recent years data 
have accumulated on alternative mechanisms: 
ubiquitin-independent, ATP-independent degra-
dation by the 20 S proteasome without a 19 S 
lid, and processing without degradation. 
Additionally, ubiquitin-like mechanisms of deg-
radation occur in which another protein plays 
the role of ubiquitin, or the signal for degrada-
tion, called a “degron”, is contained in the 
sequence of the protein per se. For example, 
ornithine decarboxylase contains a degrada-
tion signal, the “PEST” sequence [27], while 
α-synuclein and tau proteins involved in 
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Parkinson’s disease [28, 29], c-jun [30], 
calmodulin [31], and oxidized proteins [32] may 
also be degraded without ubiquitination. 
Further, natively-disordered or stress-induced 
unfolded proteins can be degraded without ATP 
consumption because energy is not required to 
unfold such proteins, and exposed hydrophobic 
surfaces resulting from this unfolding replace 
ubiquitination. In this case, the function of ubiq-
uitin is fulfilled by hydrophobic regions of the 
unfolded chain. Oxidized proteins can undergo 
ubiquitin-independent degradation by the 20 S 
core proteasome in the absence of ubiquitin 
and ATP, as shown by in vitro experiments [32].

The proteasome can also work by processing a 
protein, which differs from complete degrada-
tion. Processing affects proteins like p105, 
which is cleaved by a limited endoproteolysis to 
generate the p50 NF-κB transcription factor 
[33, 34]. Other proteins that undergo process-
ing include YB-1, a DNA/RNA nuclear and cyto-
plasmic binding protein with multiple protective 
functions [35], and eIF4G and eIF3a, which are 
translation initiation factors [36]. Their cleav-
age by the 20 S proteasome has an inhibitory 
effect on translation of mRNAs that are depen-
dent on these factors.

Physiopathological alterations in proteasomal 
efficiency

Though the exact mechanism remains unclear, 
an age-related decrease in proteasome activity 
is observed, which weakens the capacity of 
cells to remove damaged proteins and favors 
the development of diseases [37]. For example, 
proteasome activity decreases with advancing 
age in the cerebral cortex, hippocampus and 
spinal cord, but not in the cerebellum or brain-
stem in rats [38]. In addition, a common age-
related feature observed in many tissues is 
accumulation of the ubiquitin-conjugated pro-
teins. Such proteins, tagged for degradation 
but not efficiently removed, may be harmful to 
the cells. Several factors may contribute to this 
situations, including chronic exposure to free 
radicals, accumulation of genetic errors, or 
reduced amounts of proteasome synthesis 
[37]. In addition, the insulin/IGF-1 (insulin-like 
growth factor type 1), activating a cascade of 
conserved kinases, inhibits the forkhead tran-
scription factor FoxO (forkhead box O), which 
coordinates the induction of degradative path-
ways including the UPS (see third section).

The proteasome ultimately controls almost all 
intracellular processes, including cell cycle con-
trol, transcription, translation, protein quality 
control (PQC), DNA repair, receptor endocyto-
sis, and cell stress response [39]. It is therefore 
not surprising that the proteasome system is 
involved in physiopathological processes 
resulting in cancer, autoimmune diseases, neu-
rodegenerative disorders, or viral diseases. 
Many neurodegenerative diseases such as 
polyglutamine repeat diseases, Parkinson’s 
disease, Alzheimer’s disease, tauopathies, 
prion disease, and amyotrophic lateral sclero-
sis (ALS) share abnormal accumulation of ubiq-
uitinated proteins into aggregates and inclu-
sions as a hallmark feature of the disease 
pathology. Failure to remove the polyubiquiti-
nated proteins may lead to the accumulation of 
aggregated proteins. The capacity of the ubiq-
uitin proteasome pathway can be exceeded 
either by overexpression of substrates or by a 
decrease in proteasome activity, due to either 
directly clogging the entrance of other sub-
strates or down-regulation components of the 
UPS components [40]. In addition, there is a 
strong evidence demonstrating that protea-
some inhibition by pharmacological treatment 
enhances inclusion formation in cellular mod-
els, indicating that dysfunction of the protea-
some might be a factor that initiates the forma-
tion of inclusions [41]. In these diseases, 
specific misfolded proteins exert toxicity lead-
ing to neuronal cell dysfunction and death, 
although the exact molecular mechanisms are 
still poorly understood. Evidence has shown 
that early protein aggregates may be toxic to 
neuronal cells [42]. In other cells, toxicity could 
result from unnecessary interactions of mis-
folded proteins with normal cellular proteins, 
disturbing the maturation process and activi-
ties of normal cellular proteins, or exhibit toxic-
ity by trapping normal proteins (gain of 
function).

The cardiomyocyte, similar to the neuron, is a 
postmitotic cell in which protein degradation 
may be important in protein quality control. For 
that reason, impaired or inadequate protein 
degradation in the heart is associated with and 
may be a major pathogenic factor for a wide 
variety of cardiac dysfunctions, while enhanced 
protein degradation is also implicated in the 
development of cardiac pathology [43]. In ani-
mal models of ischemic cardiopathies, declined 
peptidase activities accompanied by accumula-
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tion of oxidatively modified and ubiquitinated 
proteins were observed, while several protea-
some subunits are subjected to oxidative modi-
fications. In addition, depressed proteasome 
activities occur in pressure-overload mouse 
hearts and conversely, genetic deficiency of 
UPS components causes cardiac pathology 
(reviewed in [44]).

The importance of protein degradation in carci-
nogenesis has been exemplified by the suc-
cessful application of a novel class of cancer 
therapeutics known as proteasome inhibitors, 
like Bortezomib which has demonstrated activ-
ity towards multiple myeloma, mantle cell lym-
phoma, prostate cancer and non-small cell lung 
carcinoma [45]. The mechanisms mediating 
the antitumor activity of proteasome inhibitors 
are manifold, including accumulation of p53, 
p21Cip1 and p27Kip1, upregulation of death 
receptors and pro-apoptotic members of the 
Bcl-2 family and induction of endoplasmic retic-

ulum stress [46]. Proteasome inhibitors exhibit 
preferential cytotoxicity towards cells grown 
under hypoxic conditions, as is the case in most 
solid tumors. High levels of proteasome inhibi-
tion can be achieved in vivo in the absence of 
dose-limiting systemic side-effects. In addition, 
cancer cells usually display higher levels of 
basal proteasomal activity, rendering the pro-
teasome an attractive target for cancer therapy 
[47]. 

Several inhibitors of the proteasome system 
have been studied; however, proteasomal 
involvement in many critical cellular processes 
ultimately makes these inhibitors toxic. Such 
inhibitors have been used to successfully com-
bat cancer cells [26, 48], and the therapeutic 
use of these reagents is a promising approach 
to cancer treatment. Few activators of the pro-
teasome have been reported. One of them is 
the 1-[1-(4-fluorophenyl)-2,5-dimethylpyrrol-
3-yl]-2-pyrrolidin-1-ylethanone, which inhibits 
Usp14, a proteasome-associated de-ubiquiti-
nating enzyme [49].

Conclusion

The rapid, precise, and timely processing of 
many cellular proteins by the UPS allows tight 
control of critical cellular functions, including 
protein quality control, regulation of prolifera-
tion, DNA repair, and signal transduction. A 
functional UPS is also required for cells to cope 
with various types of stress, including oxida-
tion, exposure to heavy metals, and accumula-
tion of misfolded proteins. Aberrant protea-
some activity is directly related to the 
pathogenesis of many human diseases includ-
ing cancer, neurodegenerative disorders, viral 
infection, autoimmune diseases, and aging. 
The control and proper functioning of this sys-
tem is therefore critical for the cell.

Autophagy

Autophagy is an intracellular lysosomal (vacuo-
lar) degradation process that is characterized 
by the formation of double-membrane vesicles, 
known as autophagosomes, which sequester 
cytoplasm. Autophagy is involved in cell growth, 
survival, development, and death, and has 
been implicated in human physiopathologies 
such as cancer, neurodegenerative disorders, 
myopathies, heart and liver diseases, and gas-
trointestinal disorders [50].

Figure 4. Autophagic pathways. Cytosolic proteins are 
degraded in the lysosomal lumen (yellow) through 
three different autophagic mechanisms. In micro-
autophagy, the lysosomal membrane invaginates to 
engulf a small portion of cytosol with its contents. In 
chaperone-mediated autophagy (CMA), a targeting 
motif in the substrate proteins is recognized by a cy-
tosolic chaperone (red sphere) that delivers it to a ly-
sosomal receptor. This receptor multimerizes to form 
a translocation complex that mediates the transloca-
tion of the substrate protein into the lumen of the 
lysosome. In macroautophagy, a double membrane 
vesicle sequesters cargo proteins and a whole region 
of the cytosol, and then fuses with the lysosome for 
cargo delivering. Once in the lysosomal lumen, pro-
teins as well as other macromolecules are rapidly de-
graded by multiple enzymes, including cathepsins.
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Autophagic pathways

Autophagy occurs in three distinct types, 
according to the different pathways by which 
the cargo is delivered to the lysosomes or vacu-
ole: chaperone-mediated autophagy (CMA), 
microautophagy, and macroautophagy (Figure 
4). Additionally, in yeast an autophagy-related 
constitutive transport system delivers some 
vacuolar enzymes and is a cytoplasm-to-vacu-
ole targeting (Cvt) pathway [51]. In CMA, which 
has been characterized in higher eukaryotes 
but not in yeast, the Hsc70 (heat shock cognate 
protein of 70 kDa) chaperone protein and co-
chaperones BAG1, Hip, Hop, and Hsp40/
DNAJB1 first bind to the cytosolic target, by rec-
ognizing a specific consensus sequence KFERQ 
on it (present in 30% of cellular proteins). The 
chaperone then binds to a specific receptor 
(LAMP-2A) on the lysosomal membrane [52]. 
Subsequently, the cargo protein is unfolded 
and translocated into the lysosome, where it is 
degraded. In microautophagy, the lysosomal (or 
vacuolar) membrane is subjected to invagina-
tion, protrusion, or septation to incorporate a 
small part of the cytoplasmic volume into the 
lysosomal inner space, where its contents are 
degraded [53]. Macroautophagy (also referred 
to as “autophagy”) is mediated by a unique 
organelle, the autophagosome, which encloses 
a portion of cytoplasm or organelle such as 
mitochondria, peroxysome, or aggregates, for 
delivery to the lysosome. Macroautophagy is 
believed to be the major mode of autophagy, 
and is the most extensively analyzed [54]. 
Constitutive autophagy has a housekeeping 
role and is essential for survival, development, 
and metabolic regulation. Autophagy is also 
responsive to stress, and can be activated ten-
fold by nutrient deprivation under a complex 
cascade of regulatory signaling pathways, but it 
can also degrade damaged proteins and organ-
elles, oxidized lipids, and intracellular patho-
gens. We will present here the main features of 
macroautophagy (hereafter termed 
“autophagy”).

Understanding the molecular mechanisms of 
autophagy has accelerated since the initial dis-
covery of approximately 35 autophagy-related 
(Atg) genes from genetic studies in yeast [55]. 
Mammals have orthologs for most yeast Atg 
proteins, as well as producing some additional 
factors specific to higher eukaryotes. The 
autophagic cascade has been divided into dis-

tinct stages: control by cell signaling pathways, 
nucleation, elongation, and vesicle fusion to 
lysosomes.

The different steps of the autophagic process

The regulation of autophagy is central to the 
understanding of its mechanisms. Two main 
kinase systems control the autophagic path-
way: the mTOR–ULK1 and the Beclin1 path-
ways (Figure 5). mTOR, or target of rapamycin 
(TOR in nonmammalian species), belongs to 
the family of phosphoinositide-3-kinase related 
kinase (PIKKs) [56]. mTOR is so-named because 
it responds to treatment with rapamycin and 
other kinase inhibitors that have been widely 
used to induce autophagy, even under nutrient-
rich conditions [57]. mTOR exists in two distinct 
complexes, complex 1 (mTORC1) and complex 
2 (mTORC2); mTORC2 is less sensitive to 
rapamycin. The two complexes contain several 
proteins in common (Deptor, GβL, and PRAS40), 
but other components are specific to mTORC1 
(Raptor) or mTORC2 (Rictor, SIN1, and Protor).

The serine-threonine kinase TOR is central for 
integrating signaling pathways that regulate 
cellular homeostasis, by coordinating anabolic 
and catabolic processes with nutrients, energy 
and oxygen availability, and growth factor sig-
naling [50]. When activated in the presence of 
nutrients or growth factors, the mTORC1 com-
plex associates to the ULK1 (or ULK2) complex 
and hyperphosphorylates its Atg13 subunit, 
which results in its inactivation and subsequent 
down-regulation of autophagy. The ULK com-
plex contains the ULK1 or ULK2 kinase, Atg13, 
FIP200 (focal adhesion kinase-family interact-
ing protein of 200 kDa) and Atg101, an Atg13-
binding protein in mammals. Once activated, 
mTORC1 favors cell growth by promoting trans-
lation via the phosphorylation of p70S6K (70 
kDa polypeptide 1 ribosomal protein S6 kinase) 
and of 4E-BP1, an inhibitor of translation initia-
tion, therby inactivating it [58].

Conversely, nutrient or growth factor depriva-
tion downregulates mTORC1, which dissociates 
from the ULK1 (or ULK2) complex, leading to its 
subsequent dephosphorylation on specific resi-
dues and resulting in its activation. Activated 
ULK1 (or ULK2) phosphorylates itself and both 
Atg13 and FIP200 to initiate autophagy. The 
activated ULK1 (or ULK2) complex localizes at 
the phagophore during starvation. How ULK1 
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and ULK2 activate downstream components of 
the autophagic machinery remains unclear, but 
ULK1 can phosphorylate Ambra1 (activating 

molecule of Beclin 1-regulated autophagy 1), a 
component of the Beclin1 complex associated 
with the kinase vps34 [59]. The mTOR-ULK1-

Figure 5. Overview of the major components controlling the initiation step of mammalian autophagy. Several key 
molecular components participate in the initiation of autophagy. Autophagy inducers such as growth factor, glucose, 
or amino acid (a. a.) deprivation, DNA damage or hypoxia modulate the inhibitory interaction of mTORC1 with the 
ULK1/2 complex. Only some of the intermediate molecules are shown in the pathways from autophagy inducers to 
mTORC1 for the sake of clarity. Grey lines indicate connections between proteins that are not known to be direct. 
This upper part is condensed and adapted from [56]. The mTORC2 complex is shown only for comparison of its sub-
unit composition with mTORC1, but its function is less well known. When activated by growth factors for example, 
the mTORC1 complex binds to the ULK1/2 complex and hyperphosphorylates its Atg13 subunit, resulting in the 
inactivation of the ULK1/2 complex. Starvation, resulting in glucose and amino acid deprivation, low level of growth 
factor, or stress factors such as DNA damage or hypoxia, results in the inhibition of the mTORC1 complex. As a con-
sequence, the downregulated mTOC1 complex dissociates from the ULK1/2 complex. Subsequent dephosphoryla-
tion of the Atg13 subunit allows ULK1/2 activation, with its autophosphorylation, in addition of phosphorylation of 
Atg13 and FIP200. The activated ULK1/2 complex locates then at the initiating phagophore, where it stimulates the 
activity of Beclin 1 class III PI3K complex, through phosphorylation of Ambra1, and maybe through other putative 
interactions. The activated PI3 kinase Vps34 of the Beclin 1 complex produces phosphatidylinositol-3-phosphate 
(PI3P) at the phagophore membrane that binds to DFCP1 and WIPI 1 and 2 proteins. These proteins allow modifi-
cations at the phagophore membrane and subsequent recruitment of the Atg5-Atg12:Atg16 conjugation complex 
at the phagophore membrane, that in turn allows to anchor LC3, together with its homologous protein, GABARAP. 
These elongation steps allow subsequent autophagosome growth, closure, and maturation into autolysosomes.
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vps34 pathway can be stimulated by multiple 
forms of cellular stress in addition to nutrient or 
growth factor deprivation, including hypoxia, 
reactive oxygen species, DNA damage, protein 
aggregates, damaged organelles, or intracellu-
lar pathogens. Accordingly, ULK complexes are 
regulated by multiple pathways including cAMP-
dependent protein kinase (AMPK). However, a 
detailed study of pathways involved in these 
cellular stresses is complex and beyond the 
scope of this review [50, 56].

Initiation/nucleation

In the initial step of macroautophagy, an isola-
tion membrane forms in the cytoplasm through 

the activity of specific autophagy effectors (see 
below, and Figure 6), including LC3 (microtu-
bules-associated protein light chain 3). The 
nascent membrane, called the “isolation mem-
brane”, wraps around a portion of cytoplasm 
that may contain soluble proteins, organelles, 
or aggregates to be degraded. It forms a cres-
cent-shaped structure called the “phagophore” 
or “omegasome”, which is assembled at the 
phagophore assembly site (PAS). Sources of 
the phagophore membranes remain uncertain, 
but potentially include the endoplasmic reticu-
lum, the golgi complex, endosomes, mitochon-
dria, and the plasma membrane [54, 60]. 
Nucleation and assembly of the initial phago-
phore are under the control of a complex of 

Figure 6. Integrated view of mammalian autophagy. Autophagy is initiated (1) by the nucleation of the phagophore, 
also called isolation membrane. This membrane vesicle then elongates (2) and closes on itself as a double mem-
braned vesicle, the autophagosome. It selectively engulfs proteins (black) or organelles such as mitochondria, as 
well as non-selectively a portion of the cytosol. The autophagosome usually fuses with endosomes coming from the 
endocytic pathway (3). The resulting amphisome then fuses with lysosomes to form autolysosomes, in which macro-
molecules and proteins are degraded in an acidic environment by lysosomal hydrolases. The Beclin1:hVps35:Atg14L 
complex controls the initiation process, and is regulated by several associated proteins, such as Ambra1, Bif-1, 
UVRAG, or Bcl-2. The kinase hVps34 allows the synthesis of phosphatidylinositol-3-phosphate (PtdIns3P), which is 
essential for the phagophore formation. In parallel, Atg9 and WIPI proteins contribute also to the nucleation and 
elongation of the phagophore. Below, LC3 proteins (Atg8 orthologs) are cleaved by Atg4, and linked to phosphati-
dylethanolamine (PE) by the Atg7, Atg3, and Atg12-Atg5:Atg16 conjugation complex, to be finally included into the 
autophagosomal membrane. It plays a crucial function in the elongation process, and in cargo anchoring to the au-
tophagosome inner cavity, with the help of adaptors like p62. The second conjugation complex, Atg12-Atg5:Atg16, 
is bound to the inner and the outer membrane of the elongating phagophore, and is supposed to play a role in the 
elongation as well as the closure of the autophagosome.
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class III phosphatidylinositol 3-kinases (PI3K). 
The core components of this complex include 
the catalytic PI3K unit Vps34 (vacuolar protein 
sorting), Vps15, a p150 regulatory kinase, and 
a positive modulatory unit Beclin 1 (Atg6 in 
yeast). The activity of this complex is tightly 
controlled by positive and negative regulators, 
and determines the level of cellular autophagy. 
Mammalian cells possess Beclin 1-binding pro-
teins, including positive regulator Atg14L [also 
known as Barkor (Beclin 1-associated Atg Key 
regulator)], Bif-1 and UVRAG, and negative reg-
ulators, Bcl-2, and Rubicon, characterized by a 
more transient binding [61]. Phosphatidyli- 
nositol-3-phosphate (PtdIns3P) is generated by 
Vps34 and constitutes an essential membrane 
component of the elongating phagophore. In 
mammalian cells, WIPI1 and WIPI2 (WD-repeat 
protein interacting with phospholipids, ortholo-
gous to yeast Atg18), DFCP1 (double FYVE-
containing protein), and Alfy (autophagy linked 
FYVE protein) are recruited by PtdIns3P at the 
membrane, together with Atg2 (in yeast, but its 
function in mammalian cells is not known yet 
[59]). Subsequently, WIPIs induce membrane 
rearrangements that ultimately facilitate the 
formation of autophagosomes by an unknown 
molecular mechanism [62]. Atg9 (mAtg9 or 
Atg9L1 in mammals) is the only transmem-
brane Atg protein. mAtg9 traffics between the 
trans-Golgi network and late endosome in nor-
mal cells, but in response to starvation, it local-
izes to autophagic vacuoles. It is supposed to 
carry lipids or to serve as platform for recruiting 
effectors to the phagophore [63].

Elongation

Two ubiquitin-like conjugation systems are 
involved in the maturation of phagophores into 
closed autophagosomes during an elongation 
and a closure stage [16]. In the first conjugation 
system, the Atg12-Atg5 ubiquitin-like conjuga-
tion system promotes elongation and closure of 
the autophagosome. Atg12 is activated by Atg7 
(an E1-like enzyme), is transferred to Atg10 
(E2-like enzyme), and is, finally, conjugated with 
Atg5 [64]. The Atg12-Atg5 conjugate then binds 
to Atg16L (Atg16 in yeast) in a non-covalent 
fashion to constitute an E3-like enzyme. The 
second conjugation system involves the Atg8 
proteins. The yeast Atg8 possesses several 
mammalian orthologs: LC3A, LC3B, LC3C, 
GABARAP (γ-AminoButyrate acid receptor-asso-
ciated protein), GABARAPL1 (GABARAP-Like 

protein 1), GABARAPL2/GATE-16 (Golgi-
associated ATPase enhancer of 16 kDa), and 
GABARAPL3 (a human paralog) [65, 66]. LC3B 
is thought to act as the main Atg8 homolog 
involved in starvation-induced autophagy [67]. 
These ubiquitin-like proteins are synthesized as 
precursors and are essential components of 
autophagosome formation. LC3 processing 
involves Atg4, a cysteine protease that cleaves 
LC3 at its C-terminus, exposing a glycine resi-
due. This form of LC3 is then activated by Atg7 
(E1-like enzyme), transferred to Atg3 (E2-like 
enzyme), and, finally, covalently linked to an 
amino group of phosphatidylethanolamine (PE), 
a major membrane phospholipid, by the Atg12-
Atg5:Atg16L complex (E3-like enzyme) [68, 69]. 
Atg4 is also able to cleave LC3-PE, thus func-
tioning as a deconjugating enzyme, a reaction 
that controls the level of active LC3. LC3-PE 
localizes at both sides of the isolation mem-
brane. Several results suggest that the level of 
LC3-PE tightly controls the size of autophago-
somes [70]. When the autophagosome closes, 
resulting in a double-membrane vacuole-which 
is typical, but not exclusive, of autophago-
somes-the Atg12-Atg5:Atg16L complex leaves 
the autophagosome, and LC3-PE molecules 
associated with the autophagosomal cytosolic 
surfaces are cleaved from PE by Atg4 and recy-
cled. Recent evidence suggests that, if LC3 
members of the LC3 subfamily have a role in 
elongation of the autophagic membrane, 
GABARAP proteins act downstream of this step 
in regulating the size of the autophagosomes, 
possibly by controlling their closure [66]. 

Cargo recognition

Although originally considered a non-specific 
process, autophagy has been more recently 
found to occur in a selective mode of degrada-
tion for targeted defective proteins or damaged 
organelles. The LC3 family of proteins not only 
plays an essential function in autophagosome 
biogenesis, but also in selective autophagy 
(Figure 7). LC3 family members are able to 
recruit several adaptor proteins, including p62/
SQSTM1 (sequestosome 1), NBR1 (neighbor of 
BRCA1), and Nix/BNIP3L, as well as other types 
of proteins, such as calreticulin and clathrin 
heavy chain [65]. p62 and NBR1 are both 
selectively degraded by autophagy and are able 
to act as cargo receptors for degradation of 
ubiquitinated substrates for autophagy. p62 
has been more extensively studied, and con-
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tains an LIR (LC3 interacting region, also called 
LRS, LC3 recognition sequence) domain that 
binds to LC3 as well as a UBA (ubiquitin-binding 
adaptor), which allows ubiquitin-conjugated 
substrate proteins to be incorporated into the 
autophagosome [41]. p62 interacts preferen-
tially with long K63-linked chains (with more 
than 7 ubiquitins) [71], but it can also bind 
short chains linked through both K48 and K63. 
The LC3 recognition region contains basic resi-
dues at its N-terminal α-helix surface, which is 
involved in an interaction with the acidic cluster 
of the LRS/LIR domain in p62 [72]. In addition, 
p62 polymerizes via its N-terminal Phox/Bem1 
(PB1) domain, which may be responsible for 
aggregate formation and accumulation [73]. It 
can interact with NBR1 through the PB1 
domain, but also through the Alfy protein. 
Though a LIR/LRS in Alfy has not yet been iden-
tified, Alfy physically interacts with Atg5 and 
p62 and functions as a scaffold for recruitment 
of their cargos to the isolation membrane [74, 
75]. However, other potential interacting pro-
teins can bind to other surfaces of LC3 pro-
teins, independently of LIR. p62 could also be 
involved in ubiquitin-independent selective 
autophagy, as it has recently been found for the 
superoxide dismutase 1 (SOD1) protein [76]. 

NBR1 is a p62-like protein with similar domain 
architecture to p62. It contains a C-terminal 
UBA domain interacting with ubiquitin, an LIR 
motif binding to Atg family members such as 
LC3, and a PB1 domain allowing interaction 
with p62 [77]. As NBR1 co-localizes with p62 in 
ubiquitin-positive aggregates in response to 
autophagy inhibition, it suggests that p62 and 
NBR1 cooperate in sequestering and degrading 
ubiquitinated proteins [78].

Another adaptor, Nix/BNIP3L has been associ-
ated exclusively with mitochondrial degrada-
tion (mitophagy) during erythroid maturation 
[79]: mitochondria are progressively lost from 
the erythroblast until the mature erythrocyte 
stage. The mitochondrial molecule Nix is 
responsible for recruiting autophagosomes to 
depolarized mitochondria and was suggested 
to be essential for the loss of mitochondrial 
membrane potential, which would act as a sig-
nal to target mitochondria for autophagy. Nix 
was recently found to bind the mammalian LC3 
and GABARAP and thus recruit forming autopha-
gosomes to depolarized mitochondria. As such 
Nix may represent the closest mammalian 
homologue of the yeast Atg32, at least in ery-
throid mitophagy [80].

Figure 7. Schematic representation of the structure of p62 and NBR1 adaptors, and of their binding partners. p62 
and NBR1 bind preferentially to K63-ubiquitinated proteins with the UBA domain situated at their carboxy-terminus. 
LC3 molecules, which are situated at the inner membrane of the phagophore, and are involved in the selective 
autophagic process, recognize p62 through the LIR (LC3-interacting region)/LRS (LC3 recognition sequence). In ad-
dition, p62 can bind to the proteasome as a shuttling protein due to the presence of a ubiquitin-like (UBL) domain, 
situated at its amino-terminal end. Other sites in p62 allow binding of RIP proteins (ZnF: Zinc finger), Traf6 media-
tor in IL1 or NGF signaling (TB) and Keap1 (KIR). NBR1 posseses two LIR domains and two coiled-coil domains of 
oligomerization (CC1 and CC2). The common domain Phox and Bem 1 (PB1) can form self-oligomerization and 
hetero-oligomerization with other proteins containing the PB1 domain such as p62. 
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Fusion

After their formation, autophagosomes can 
fuse to endocytic compartments that are either 
early or late endosomes, as well as multivesicu-
lated bodies [59], and are called amphisomes 
(amphi: both, some: body). Amphisomes fuse 
with the lysosomal compartment, a step that 
recruits hydrolases, including cathepsins B, D 
and L, to contact the cargo transported in 
autophagosomes [81]. These hydrolases work 
as endopeptidases under acidic conditions, 
determined by vacuolar ATPases at the lyso-
somal membrane. Small peptides and amino 
acids resulting from that digestion are then 
released into the cytosol by putative permeas-
es [82]. In S. cerevisiae, Atg22 has recently 
been identified as a permease that recycles 
amino acids from the vacuole [83]. These last 
steps of the autophagic process are of funda-
mental importance, since any blockade in the 
autophagosomal flux would result in an accu-
mulation of autophagosomes that would ulti-
mately interrupt the autophagic process. Fusion 
events between autophagosomes and lyso-
somes have been studied extensively and indi-
cate that it is a multi-step process regulated 
through complex molecular machinery that 
includes ESCRT and HOPS molecular complex-
es. ESCRT proteins (endosomal sorting com-
plex required for transport) situated at the ves-
icle membrane may be crucial for the 
autophagosome-lysosome fusion and may 
have a role in autophagosome formation [84, 
85]. HOPS (homotypic fusion and proteins sort-
ing) plays a role in the early stages of docking at 
the vesicle surface and takes part in the vesicle 
fusion with SNARE (soluble N-ethylamide-
sensitive factor attachment protein receptor) 
and Rab [86, 87]. In fact, fusion between two 
cellular compartments depends on the canoni-
cal cellular fusion machinery, the Rab-SNARE 
system. SNAREs are membrane-anchored pro-
teins that regulate lipid bilayer fusion, and Rab 
GTPases associate with membranes and play 
an important role in tethering and docking ves-
icles to their target compartment during vesicle 
fusion [88]. Rab proteins can directly regulate 
SNARE function during fusion [89, 90]. Other 
proteins such as LAMPs (lysosomal-associated 
membrane proteins) [91], UVRAG (UV irradiated 
resistance-associated gene) [92], AAA ATPases 
[93], and DRAM (damage-regulated autophagy 
modulator) [94] have also been demonstrated 
to play a role in the later stage of autophagy in 

mammals but their precise function remains to 
be further elucidated. 

Non-conventional autophagy

Recent findings suggest that macroautophagy 
can also occur in the absence of some of the 
key autophagy proteins, through a non-canoni-
cal mechanism: steps involving Beclin1, ULK1, 
Atg5, and LC3 can thus be bypassed to allow 
autophagosomes formation, under special con-
dition of stress, such as pro-apoptotic stimuli or 
nutriment deprivation. The monomeric GTPase 
Rab9 that is involved in vesicle trafficking 
between the trans-Golgi network and late endo-
somes is required in this non-canonical form of 
autophagy [95].

Physiopathological alterations in autophagy 
efficiency

Autophagy has been implicated in several dis-
eases, including neurodegenerative, liver, mus-
cle (including heart) diseases, cancer, and 
aging. 

Indeed, reduced macroautophagy activity has 
been reported in Parkinson’s disease, 
Huntington’s disease, Alzheimer’s disease, 
polyglutamine disease, amyotrophic lateral 
sclerosis and prion diseases. Alteration in 
autophagy in these disorders spread across 
problems in autophagosome formation, cargo 
recognition, autophagosome mobilization 
toward lysosome fusion or in the degradation of 
the autophagic cargo once delivered to the 
lysosomes [41]. The development of neurode-
generative disease in patients with proteinopa-
thies implies that the autophagy may reach a 
saturation point in which its capacity to degrade 
the mutant aggregate-prone proteins is exceed-
ed, or that concurrent defects may occur in the 
autophagy pathway. The benefits of autophagy 
in improving the pathological conditions caused 
by the misfolded proteins could be clearly dem-
onstrated in animal models of Alzheimer’s dis-
ease, Huntington’s disease or Kennedy’s dis-
ease, while mice deficient for autophagy show 
neurodegeneration in the brain [96, 97].

Similar to neurodegenerative diseases, the 
pathogenesis of myodegenerative diseases 
may involve either the failure of autophago-
somes to fuse with lysosomes or the aggrega-
tion of misfolded proteins that exceed the 
autophagic clearance capacity of the myocyte. 
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Danon disease, a genetic disease character-
ized by cardiomyopathy, myopathy, and variable 
mental retardation, results from a mutation in 
the lysosomal protein LAMP-2 and is associat-
ed with extensive accumulation of autophago-
somes in the muscles of LAMP-2-deficient mice 
and patients. Inhibition of other essential com-
ponents of the autophagic pathways (Atg5 or 
Atg7) triggers cardiac hypertrophy, left ventricu-
lar dilation, and diminished cardiac output, 
accompanied by increased levels of ubiquiti-
nated proteins and aggregated mitochondria 
[43]. Conversely, cardiac pathology elicited by 
multiple stressors, including elevated after-
load, chronic ischemia and ischemia/reperfu-
sion, are associated with robust induction of 
autophagy. However, induction of autophagy 
can either antagonize disease pathogenesis or 
contribute to the progression of the disease 
depending on the context and amplitude of 
induction [98]. For example, autophagy may be 
protective in ischemia, when cardiomyocytes 
need energy. Moreover, rapamycin reduces 
established cardiac hypertrophy, improves car-
diac function in pressure-overloaded rats, and 
is protective against ischemia/reperfusion inju-
ry in cultured mouse cardiomyocytes. By con-
trast, activation of autophagy is maladaptive in 
cases of load-stressed hearts, and during the 
post-ischemic reperfusion phase [99].

The role of autophagy in cancer is complex and 
highly debated. On one hand, autophagy, as a 
housekeeping process capable of preventing 
accumulation of toxic cellular waste, some of 
which may be carcinogenic, can act as a tumor 
suppressor. On the other hand, the ability of 
autophagy to support cell survival in conditions 
of hypoxia and nutrient deprivation may assist 
the survival of tumors, as these need to devel-
op strategies to survive in sites where there is 
poor vasculature or reduced nutrient delivery to 
the core of a lesion. 

In the course of cellular transformation, autoph-
agy may act as a tumor-suppressor pathway. 
The autophagic machinery can limit DNA dam-
age and chromosomal instability. In addition, 
many of the signaling pathways leading to 
tumorigenesis overlap with those regulating 
autophagy, and a number of autophagy genes 
such as Beclin 1, ATG5, ATG4c, and Bif-1 also 
have properties of tumor suppressors in mice. 
Conversely, the products of several tumor sup-
pressor genes, such as DRAM, PTEN, DAPK, 

TSC1, and TSC2, positively regulate autophagy 
(reviewed in [47]). The most frequently mutated 
in human cancers gene p53, can transactivate 
genes that induce autophagy, like DRAM and 
sestrin 1 and 2, though its role in autophagy 
remains controversial, while other oncogenes 
such as class I PI3K, Akt/PKB, and Bcl-2, 
among others, inhibit autophagy. Thus, in gen-
eral, there is a positive correlation between 
molecules that induce autophagy and tumor 
suppression, and between molecules that 
inhibit autophagy and tumor progression.

On the other hand, macroautophagy serves as 
a pivotal mechanism to facilitate tumor growth 
and survival under conditions of nutrient depri-
vation by liberating free amino acids into the 
cytosol as a result of self-digestion [46]. 
Oncogenically transformed cells may have a 
stronger ability to initiate autophagy and 
become more dependent on this mechanism to 
survive, especially when exposed to radiation 
or chemotherapeutic agents. For example, 
pharmacological inhibition of autophagy in 
colorectal tumors causes nutrient deprivation 
induced cell death, highlighting an essential 
role of autophagy for the survival of cancer 
cells [100]. This has led to pharmacologically 
favorable inhibitors of autophagy, like chloro-
quine (inhibiting lysosomal acidification) and its 
derivatives, being tested in clinical trials as 
sensitizers for radio- and chemotherapy in sev-
eral malignancies. In addition, a large series of 
clinically approved and experimental antican-
cer therapies induce the accumulation of 
autophagosomes in tumor cell lines in vitro 
[101]. Altogether, these data suggests that inhi-
bition of autophagy, rather than stimulation of 
autophagy, might be beneficial in cancer 
treatment. 

Autophagic activity decreases with age, leading 
to poor response to stress and inefficient clear-
ance of damaged proteins and organelles in 
cells, which may contribute to the functional 
deterioration of aging organisms [102]. In par-
ticular, increasing evidence suggests that 
impaired autophagy is important in neuronal 
dysfunction and death in ageing and age-relat-
ed disease. The mechanism for the decline in 
autophagy with aging is unknown but, at least 
in the rodent liver, is thought to involve altera-
tions both in responses to hormonal regulation 
of autophagy (e.g., glucagon, insulin) and in the 
degradation of autophagosomes [103]. It is 
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possible that the accumulation of undigested 
material inside secondary lysosomes, including 
lipofuscin, a nondegradable pigmented product 
and a characteristic feature of aged or postmi-
totic cells, interferes with the ability of lyso-
somes to fuse with autophagosomes and 
degrade their cargo [104]. This situation thus 
creates a vicious cycle and leads to a progres-
sive defect in autophagosome degradation. 
However, actively dividing and growing cells can 
partially eliminate lipofuscin by diluting the pig-
ment in each mitotic cycle. Another explanation 
to the decrease in autophagy efficacy comes 
from multiple reports indicating that Atg pro-
teins or other proteins required for autophagy 
induction, such as Sirtuin 1, have reduced 
expression in aged tissues and that autophagy 
diminishes with age [105]. This applies, for 
instance, to normal human brain aging in which 
Atg5, Atg7, and Beclin 1 are downregulated. 
Finally, one interesting feature is that caloric 
restriction, an inducer of autophagy, extends 
lifespan of diverse organisms, including yeast, 
worms, flies, fish and mammals (reviewed in 
[102]).

In summary, the development of these diseas-
es in patients implies that autophagy may 
reach a saturation point in which the capacity 
to degrade aggregate-prone proteins is exceed-
ed. While in degenerative diseases, and in 
some of cardiopathies a way to specifically 
stimulate autophagy is sought, in contrast, in 
anti-cancer therapies, inhibition of autophagy 
might be beneficial (reviewed in [106]). 
Moreover, autophagy may also be involved in 
cell death, liver diseases, and innate and adap-
tive immunity, and it is therefore likely that 
more diseases with autophagy associations 
will be discovered in the future.

Conclusion

Autophagy, a key component of the intracellular 
protein quality control system, and of the 
homeostatic pathway, seems to be intricately 
linked with different adaptive and repair 
responses to stress. Autophagy can be regu-
lated at least at three levels, upstream signal-
ing pathways, autophagosome formation, and 
autophagosome maturation and fusion with 
lysosomes. Many questions remain opened 
about these mechanisms, that will probably be 
addressed in the future. 

Interactions

The need for energetic homeostasis and pro-
tein balance (proteostasis) requires that both 
degradative systems, the UPS and autophagy, 
are tightly controlled and coordinated during a 
cell’s life. The relative contribution of each deg-
radation pathway is different between cell 
types. Proteasomal degradation is predomi-
nant in cultured cells that are not subjected to 
stress conditions. Depending on the cell type, 
the relative contribution of the UPS and autoph-
agy may considerably vary: in muscle cells, for 
example, autophagy can account for 40% of 
degradation of long-lived proteins [107]. In gen-
eral, if short-lived proteins are specifically 
degraded by the ubiquitin-proteasome system 
[108], long-lived proteins are preferential sub-
strates for autophagy [109]; however, this dis-
tinction is only relative [110]. Further, one 
hypothesis suggests that, in cells in which the 
UPS is dominant, autophagy may act as a back-
up system that can help or relieve the burden of 
the UPS in case of overloading [111]. Ubiquitin-
proteasome and autophagy degradation path-
ways were considered for a long time as inde-
pendent. However, as seen above, recent 
results have suggested that ubiquitination can 
target substrates for degradation via both path-
ways. In addition, several proteins, such as 
α-synuclein [112, 113], aggregate-prone, or 
other proteins [110, 114], are known to be sub-
strates of both degradative pathways. 

At the interface between the UPS and autopha-
gy, the first consideration is the protein to be 
degraded. This protein either has to be refold-
ed or degraded, and a pathway must be cho-
sen. The decision depends on multiple param-
eters, including the structure of the protein and 
the chaperone and co-chaperone molecules 
that constitute the primary detection device for 
proteins to be degraded. Additionally, the 
machinery must consider ubiquitin ligases and 
ubiquitin structure as a degradative signal (e.g., 
monoubiquitination, K48, K63). Then, ubiqui-
tin-binding molecules may work as adaptors, 
shuttling proteins, or proteins linking directly to 
the proteasome or to the growing phagophore. 
Another level of cross-talk between the UPS 
and autophagy involves more general cellular 
integrative programs, such as the endoplasmic 
reticulum (ER) stress response, atrophy in mus-
cle cells, or energetic homeostasis.
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First level of interface: the protein to be de-
graded

The protein to be degraded contains in its 
structure, at least partially, elements that will 
determine its fate (Figure 8A): 1) The protein’s 
structure specifies if it is a wild-type or a mutant 
that may be less stable. Additionally, the pro-

tein may contain clusters of hydrophobic amino 
acids and/or specific signals such as N-terminal 
amino acids following the N-end rule, or degra-
dation signals or degrons that may determine if 
the protein belongs to the class of short- or 
long-lived proteins. 2) The secondary structure 
may give rise to conformational instability or 
exposure of hydrophobic regions to the environ-

Figure 8. Schematic representation of factors situated at the interface between the ubiquitin-proteasome and the 
autophagy-lysosome degradative systems. A: Molecular interface between the UPS and autophagy. Misfolded pro-
teins may be degraded preferentially by the UPS or by autophagy, or even by both degradative pathways. The fate of 
a given protein is dictated first by its altered conformation, and/or by molecular determinants such as exposed hy-
drophobic amino acids, specific signals (degrons), or N-terminal specific amino acids. These misfolded proteins are 
then recognized by the front-line detectors constituted of chaperones (Hsp70, Hsc70 or Hsp90) and co-chaperones 
(Bag1, Bag3, CHIP, HspBP1, HSJ1, etc.) that will attempt to refold it, or will make decisions (triage) about refolding 
or degrading the substrate protein. For simplicity, the case of Hsp90 has not be treated in this figure (see reference 
[156] for more details). Co-chaperones molecules can display a ubiquitin-ligase activity (CHIP), and recruit ubiquitin-
conjugating enzymes such as Ubc4/5, or facilitate binding to the proteasome (Bag1). On the other hand, the co-
chaperone Bag3 will favor K63- (Lysine 63) over K48-polyubiquitination (Lysine 48), and direct the substrate protein 
to autophagic degradation. The tagged protein is usually recognized then by several types of adaptor proteins that 
bring them to the proteasome or to autophagic vesicle. Certain adaptor proteins, such as p62, can play different 
roles for both degradative systems. There are proteins involved in the structure or in regulation of one degradative 
pathway, and are degraded by the second degradative system, that are thus contributing to the cross-talk between 
both systems (p53, LC3, or proteasome subunits, see text). At a higher level of integration, the degradative path-
ways are probably coordinated with more general homeostatic programs, such as response to stress factors (the 
ER stress response is one example of coordination of signaling pathways directing the activity of both degradative 
pathways). Another example of integrative program concerns the catabolic atrophy in muscles that involves the 
coordinating action of the FoxO transcription factors on both pathways. B: Energy interface as a possible balance 
element between UPS and autophagy activities. The UPS requires energy to assemble the proteasomal complex, 
activate ubiquitin, and unfold the substrate protein. Although the proteasome structure can be switched to an ATP-
free one, and certain proteins can be degraded without needing ubiquitination, low levels of ATP may globally reduce 
the efficiency of this pathway. Conversely, low level of ATP, amino acids (a.a.), glucids or anabolic hormones (insulin, 
insulin-like growth ractor (IGF-1)) results in the activation of autophagy. Amino acids resulting from protein degrada-
tion may either be used for the synthesis of new proteins, sparing thus energy for their de novo synthesis (except for 
essential amino acids that have to be brought by nutrition), or may be totally degraded through a catabolic pathway 
to recover new energy.
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ment. 3) At a higher level of protein structure, 
only soluble proteins can be degraded by the 
proteasome, while aggregates cannot, and may 
even impair its functioning [110]. The candi-
date protein for degradation thus constitutes 
the first element at the interface between the 
two degradative systems, since the triage deci-
sion may eventually saturate one system, and 
modify the working of the other.

Most misfolded soluble proteins would be pref-
erentially degraded by the proteasome, and by 
autophagy only if the proteasome capacity is 
exceeded. However, micro- and macroautopha-
gy are both able to degrade soluble proteins, 
either on a house-keeping basis, or as a bulky 
process under stress in the case of macroau-
tophagy, as it is the case under amino acid, 
energy, or growth factor depletion. However, 
aggregates can only be degraded by autopha-
gy. Notably, this is true even for very large (2 
µm) aggregates in cultured cells [73]. This phe-
nomenon may correspond to the process of 
concentrating aggregated proteins into a single 
structure at the microtubule organizing center 
(MTOC). This structure is called the aggresome, 
which is supposed to facilitate its autophagic 
degradation [111]. 

Second level of interface: degradative tags 
and linking proteins

The second level of cross-talk between the UPS 
and autophagy depends on the tagging system 
that marks proteins for degradation, usually 
with ubiquitin, or ubiquitin-like proteins. The 
type of ubiquitin structure and polymerization 
determines the fate of the protein to which it is 
attached. However, upstream of ubiquitination, 
misfolded or damaged proteins are first detect-
ed by the chaperone/co-chaperone system, 
which constitutes the front-line of detectors 
that contribute to cellular homeostasis [115]. 
Proteins misfolded at the synthesis step, dena-
tured following a stress (thermic shock, oxyda-
tion, glycation, etc.), constitutively rapidly 
degraded for cell signaling, or presenting 
regions with low levels of structuration, are 
good candidates for such detection. 

Co-chaperone molecules and degradative 
pathways

Among co-chaperone molecules able to decide 
the fate of candidate proteins for degradation, 
CHIP and BAG proteins have been found to be 

deciding how to direct substrate proteins 
toward the UPS or the autophagic proteolytic 
pathways [116]. CHIP (C-terminus of Hsp70-
interacting protein) is a co-chaperone with an 
E3 ubiquitin ligase activity associated to Hsp70. 
It contains two functional domains and may 
mediate substrate degradation by both degra-
dative pathways: the tetratricopeptide repeat 
domain is critical for proteasomal degradation, 
whereas the U-box domain is sufficient to direct 
substrates toward the lysosomal degradation 
pathway [117]. Studies performed with α-synu- 
clein suggest that CHIP acts effectively as a 
molecular switch between UPS and autophagy 
degradation pathways [118]. Other co-chaper-
ones known to be involved in switching between 
the UPS and autophagy are members of the 
BAG (Bcl-2-associated athanogene) protein 
family. BAG1 constitutes a link between HSP70 
and the proteasome [119, 120]. It also inter-
acts with CHIP, and may therefore direct Hsc/
Hsp70 substrate to the proteasome. In con-
trast, BAG3, associated to the sHSP (small heat 
shock protein) HSPB8 (sHSP20), facilitates the 
degradation of substrates such as mutated 
Huntingtin with expanded glutamine repeats 
via the autophagic process [121]. Moreover, 
BAG3 interacts with p62 to promote p62-depen-
dent autophagic degradation [120]. The BAG3/
BAG1 ratio may therefore regulate autophagy 
compared to proteasomal pathway, respective-
ly. This ratio has been shown to increase during 
aging, which indicates that aged cells depend 
more on autophagy than the UPS machinery to 
degrade polyubiquitinated proteins [122]. As a 
result of protein identification by chaperones 
and co-chaperones, E3 ligases associated to 
E2-conjugation enzymes are recruited by co-
chaperones, or are already present in the co-
chaperone molecule, as it is the case for CHIP. 
This step may be regulated, and one can 
hypothesize that regulating cofactors will be 
found that will control the association between 
co-chaperones and E2/E3 enzymes and to 
determine precisely which degradative pathway 
will seal the fate of a specific protein.

The result of this first step of identification by 
chaperone/co-chaperone complexes is a tag 
attached to the protein to be degraded, which 
is usually ubiquitin. The type of ubiquitination 
may direct the substrate toward one or the 
other degradative pathway. For example, K48-
linked polyubiquitinated chains target the sub-
strate to the proteasome [123], while K63-
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linked polyubiquitinated chains or 
monoubiquitinated substrates [124] favor 
autophagic degradation [125, 126]. There also 
exist substrates that can be degraded by both 
pathways, like α-synuclein and alpha(1) anti-
trypsin in the ER [127]. Further studies are 
needed to clarify these points. In fact, deple-
tion of ubiquitin, which is present as free pro-
tein at a limited concentration in cells, by satu-
rating one system of degradation has, therefore, 
mechanically a strong effect on the second 
one. 

Common adaptor molecules

Following ubiquitination, adaptor proteins asso-
ciate to ubiquitin or to other degradative tags. 
These proteins include p62, NBR1 (Figure 7), 
and, more generally, proteins bearing ubiquitin 
binding domains (UBD) or ubiquitin-associated 
domains (UBA). These adaptors are either shut-
tling proteins, part of the proteasome, or linkers 
for engulfing autophagic cargo. 

P62/SQSTM1 is an adaptor molecule linking 
ubiquitinated proteins to the autophagic 
machinery through its ubiquitin-associated 
(UBA) domain on one side, and directly binds to 
LC3 and other Atg8 homologs via the LC3 inter-
acting region (LIR) motif on the other side [73]. 
p62 can also interact with the intrinsic subunits 
of the proteasome via an N-terminal ubiquitin-
like (UBL) domain, therefore shuttling sub-
strates for proteasomal degradation [41, 128]. 
p62 has homologs: NBR1, or Atg32 and Nix for 
mitophagy in developing erythroid cells. 

In fact, these molecules at the interface 
between the two systems were identified 
through perturbations in the flux through either 
pathway that have been reported to affect the 
activity of the other system. These data indi-
cate cross-talks between the two pathways. 
Indeed, proteasome inhibitors induce autopha-
gy as a compensatory response [129-131]. The 
autophagy adaptor protein p62 is also involved 
in this mechanism. Conversely, genetic inacti-
vation of essential autophagic genes results in 
the accumulation and aggregation of ubiquiti-
nated proteins [96, 97]. However, this converse 
situation is not symmetrical to the inhibition of 
the proteasome: long-term autophagy inhibi-
tion slows the clearance of short-lived protea-
some-specific substrates (like p53) because of 
elevated levels of p62, which might result in the 

sequestration of ubiquitinated short-lived sub-
strates [132]. In addition, inhibition of autopha-
gy does not lead to the induction of the protea-
some, as a general compensatory mechanism.

A third molecule that may play a role at the 
interface between the UPS and autophagy is 
HDAC6 (histone deacetylase 6), and is associ-
ated to microtubules through dynein motor mol-
ecules. It binds ubiquitin via the C-terminal BUZ 
domain, thereby allowing retrograde transpor-
tation of ubiquitinated proteins toward the 
microtubule organizing center (MTOC) in the 
vicinity of the nucleus [129]. Accumulation of 
aggregated proteins at the aggresome is sup-
posed to help to detoxify cells against oligo-
mers, amyloid fibrils or small aggregates [133]. 
Proteasomal complexes were found to be more 
abundant in this region, but there are also 
reports indicating that aggregates may impair 
their activity [134]. Moreover, HDAC6 is also 
essential for the retrograde transport of 
autophagosomes and lysosomes to MTOC 
where it may facilitate the autophagic degrada-
tion of aggresomes [135]. HDAC6 may there-
fore favor autophagy upon the proteasome 
process.

Interaction through common regulatory mol-
ecule

Several kinases or transcription factors may be 
situated at the interface between both degra-
dative pathways. For instance, a regulatory 
molecule may activate or inhibit one pathway, 
and may be degraded by the other one. When 
this second degradative pathway is downregu-
lated, the quantity of regulating molecule is 
increased, which then affects the first pathway. 
This is the case for example for p53: in dopami-
nergic neurons, induction of autophagy follow-
ing proteasome inhibition may take place via a 
mechanism requiring p53, which level is 
increased [136]. p53 is suggested to activate 
AMPK and inhibit mTOR, and also to induce the 
transcription of DRAM. 

LC3, involved in autophagosomes formation 
and in cargo selection, has also been shown to 
be degraded by the proteasome system with-
out absolutely requiring ubiquitination [137]. 
Further studies are needed to better under-
stand this point. Interestingly, proteasomal 
subunits were also found to be degraded by 
lysosomes [138, 139].
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It may be interesting to further investigate 
whether other regulatory molecules, such as 
proteins controling autophagy, like kinases or 
Atg proteins for example, may be degraded by 
the proteasome.

Integrative mechanisms

The third level of control is determined by gen-
eral cellular programs that coordinate the activ-
ity of several genes involved in the degradative 
pathways, through the activity of kinases and 
transcription factors. So far, only two such pro-
grams have been found: the ER stress response 
[140], and the atrophy program working more 
specifically in muscle, including cardiac [43], 
cells. Additionally, the possibility of coordina-
tion of the two degradative pathways through 
the sensing of cellular energy level will be 
discussed.

The ER stress pathway

One of the main elements that coordinates the 
activity of the UPS and autophagy is the endo-
plasmic reticulum (ER). ER is the site for post-
translational protein modifications, including 
folding, oligomerization, glycosylation, and 
disulfide bond formation. ER stress can be 
caused by the accumulation of misfolded or 
premature proteins in the ER lumen or the cyto-
sol [141, 142]. In eucaryotic cells, UPS is the 
main system that degrades misfolded proteins 
exporting from the ER. The main mechanism of 
response against ER stress is called unfolded 
protein response (UPR). In mammalian cells, 
UPR is mediated by three pathways, PERK, 
ATF6, and IRE1 [143]. As a consequence of 
their induction, global protein synthesis will be 
downregulated, but ER chaperone molecules 
and proteins involved in degradation pathways 
will be upregulated. This mechanism helps the 
UPS because it will lower its burden [144]). 
However, ER stress, through part of the UPR 
pathway, can also activate autophagy: the IRE1 
pathway is necessary for lipid conjugation of 
LC3 [145], probably via activation of the JNK 
pathway, which in particular phosphorylates 
Bcl-2 and induces Beclin1 activation [130, 
146]. The PERK/eIF2alpha phosphorylation 
step is the second essential arm to mediate 
polyglutamine-induced LC3 conversion [147]. It 
downregulates general protein synthesis, but 
permits relative transcription of specific tran-
scription factors such as ATF4. Several studies 

have highlighted the importance of this tran-
scription factor in the upregulation of autopha-
gy following proteasome inhibition [148, 149]. 
However, signals activating ATF4 are not 
restricted to the UPR: in response to amino acid 
deficiency, double-stranded RNA, or heme limi-
tation, in addition to ER stress, this factor stim-
ulates the expression of Atg5, Atg7, and LC3 
genes. 

FoxO transcription factors

In atrophying muscle cells, FoxO3 coordinately 
activates protein degradation by both pathways 
[150, 151], and its activation has been found to 
be essential. FoxO3 activation causes dramatic 
atrophy of muscles and cultured myotubes via 
transcription of a set of atrophy-related genes 
(“atrogenes”) including atrogin-1, a critical ubiq-
uitin ligase involved in proteasomal degrada-
tion of proteins [152]. In addition, FoxO3 
increases the transcription of many autophagy-
related genes, including LC3B, GABARAPL1, 
ATG12, vps34, ULK2, Atg4B, Bnip3, and Beclin 
1. This transcription factor, which is negatively 
regulated through the insulin/IGF-1/PI3K(I)/Akt 
pathway, therefore constitutes, at least in mus-
cular cells, a master control element that coor-
dinates the activation of autophagy and the 
UPS pathways [153].

Level of cellular energy available

The level of cellular energy available, in other 
words ATP, may also constitute a link between 
the ubiquitin-proteasome and autophagy 
(Figure 8B). In fact, when ATP level is high, the 
degradation process uses more energy, and 
the ubiquitin-proteasome system is working 
properly. Refolding of damaged proteins by 
chaperones and co-chaperones, proteasome 
assembly, activation of ubiquitin by E1 
enzymes, as well as target protein unfolding 
before entry into the proteasomal cavity for 
degradation, have an energy cost. While refold-
ing of a certain protein may spare neosynthe-
sis, its complete degradation will spare de novo 
synthesis of some amino acids. When ATP is 
low, it may slow down protein refolding as well 
as proteasomal degradation. However, in some 
cases, there are alternative approaches to the 
19 S subunit of the proteasome that do not 
need ATP. In addition, degradation of unfolded 
proteins following a stress, such as oxidative 
stress, does not consume as much ATP. It would 
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therefore be interesting to measure if a switch 
in types of proteasomal degradation is trig-
gered in case of low energy. On the other hand, 
low ATP level results in activating autophagy, in 
part because of the mechanistic increase of 
AMP, which activates AMPK, and finally inhibits 
the mTOR pathway. In addition, mitophagy is 
the autophagic process that removes damaged 
mitochondria that are no longer effective in pro-
ducing energy. It is not clear, however, how high 
the energy cost of synthesizing autophagic ves-
icles is. In the case of low resources, autophagy 
is stimulated, and is probably coupled to cata-
bolic pathways that may also be activated to 
replenish ATP levels, otherwise the cell would 
probably be destroyed by apoptosis or necro-
sis. As a general point of view, it would be inter-
esting to compare the energy cost of each deg-
radative process, UPS and autophagy. 

Conclusion

The two synergistic degradation systems in 
eukaryotic cells, the ubiquitin-proteasome sys-
tem and autophagy, are cooperative and com-
plementary to maintain cellular homeostasis, 
in forming a network for critically monitoring 
and preventing toxicity arising from protein mis-
folding, and ultimately in dealing with toxic mis-
folded species [40, 46, 154, 155]. This network 
includes chaperones, co-chaperones, stress-
sensing molecules, aggresomes, UPS, and 
autophagy. Both degradative pathways can be 
coactivated to degrade misfolded proteins, but 
display also compensatory effects when one is 
dysfunctional. 

During the last decades, extensive effort has 
been invested to understand molecular mecha-
nisms underlying both the UPS and autophagy, 
and to learn how these two different degrada-
tive pathways are integrated as components of 
cellular catabolism or survival mechanisms. 
Elucidation of the signaling network bridging 
these two systems may help to identify novel 
drug targets for enhancing the cellular sensitiv-
ity to degradation inhibitors for anticancer 
treatments, or to enhance efficiency of misfold-
ed protein degradation to cure degenerative 
diseases. Further understanding of the molecu-
lar mechanisms of communication between 
UPS and autophagy in response to different 
stimuli is therefore important to manipulate the 
pathways for therapeutic goals and will help 

pharmaceutical development of novel treat-
ment methods for a variety of diseases.
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