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Abstract Autophagy is a lysosomal degradation path-
way of eukaryotic cells that is highly conserved from
yeast to mammals. During this process, cooperating
protein complexes are recruited in a hierarchic order to
the phagophore assembly site (PAS) to mediate the
elongation and closure of double-membrane vesicles
called autophagosomes, which sequester cytosolic com-
ponents and deliver their content to the endolysosomal
system for degradation. As a major cytoprotective
mechanism, autophagy plays a key role in the stress
response against nutrient starvation, hypoxia, and infec-
tions. Although numerous studies reported that impaired
function of core autophagy proteins also contributes to
the development and progression of various human
diseases such as neurodegenerative disorders, cardio-
vascular and muscle diseases, infections, and different
types of cancer, the function of this process in human
diseases remains unclear. Evidence often suggests a
controversial role for autophagy in the pathomechanisms
of these severe disorders. Here, we provide an overview
of the molecular mechanisms of autophagy and summa-
rize the recent advances on its function in human health
and disease.
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UVRAG Ultra violet radiation resistance asso-
ciated gene

VPS Vacuolar protein sorting

Introduction

The term autophagy (Bself-eating^ from Greek) de-
scribes lysosome-dependent degradative routes of eu-
karyotic cells, during which cytosolic material is deliv-
ered to the endo-lysosomal system for subsequent deg-
radation. Its three major forms involve different mech-
anisms, which are responsible for the sequestration of
different cargo. Chaperone-mediated autophagy is a
selective delivery pathway accomplished by
lysosomal-associated membrane protein 2A
(LAMP2A) and chaperon complexes while cytoplasmic
constituents are directly engulfed by the invaginations
of lysosomes during microautophagy. The process of
macroautophagy involves the formation of double-
membrane autophagosomes to sequester cytosolic cargo
either in a selective or in a non-selective way. Matured
autophagosomes undergo fusion with late endosomes or
lysosomes (vacuole in yeast), and their degraded content
is recycled. Macroautophagy (hereafter referred to as
autophagy) is the most prevalent and therefore the
best-characterized self-degradative pathway. It not only
provides nutrients for the cell but also has an essential
housekeeping function: by the elimination of excessive
and damaged organelles, protein aggregates, and invad-
ing microorganisms it contributes to the organism’s
health and longevity.

The molecular mechanism of autophagy

Autophagy is a complex intracellular process involving
sequential steps of nucleation, elongation, and closure of
a so-called phagophore or isolation membrane to form
the autophagosome and subsequent membrane fusing
events. Although various organelles have already been
reported as primary membrane sources, origin of
autophagosomes is still unclear. Three-dimensional re-
construction studies carried out on different mammalian
cell types showed that specific subdomains of the endo-
plasmic reticulum (ER) are intimately associated with
cup-shaped autophagic membranes called omegasomes
and presumably serve as an assembly site for them

(Hayashi-Nishino et al. 2009). However, Hailey and
colleagues found in a normal rat kidney cell line
(NRK58B) that mitochondria can also provide mem-
brane for forming autophagic structures (Hailey et al.
2010). In addition, a more recent study using COS-7
fibroblast-like cells suggested that ER-mitochondria
contact sites may also play a role in the formation of
autophagosomes (Hamasaki et al. 2013). In parallel with
these studies, Rubinsztein and his colleagues found that
during periods of increased autophagosome formation,
the plasma membrane can also serve as an important
membrane source in HeLa cells (Ravikumar et al. 2010).
Moreover, experiments in both yeast and human embry-
onic kidney (HEK293) cells showed that ATG9-posi-
tive, Golgi-derived small vesicles play a key role in the
elongation of the phagophore membrane (Yamamoto
et al. 2012). According to recent studies, recycling
endosomes also provide membrane for autophagosomes
during starvation-induced autophagy in HEK293A, in
HeLa cells, and in the larval fat body of Drosophila
melanogaster (Longatti et al. 2012; Puri et al. 2013).
Together, these data suggest that more different organ-
elles can serve as membrane source for autophagic
structures at the same time, and the level of their contri-
bution might vary among cell types and organisms.

Although autophagy itself was originally described
in mammalian cells, the underlying molecular mecha-
nisms were identified in the yeast Saccharomyces
cerevisiae (Tsukada and Ohsumi 1993). The core au-
tophagic machinery consists of a subset of autophagy-
related (ATG) proteins, which were shown to be essen-
tial for autophagosome formation. ATG proteins form
several complexes, which are recruited to the PAS in a
hierarchical order (Itakura and Mizushima 2010).

Autophagosome formation

Following autophagy induction, an initiation complex
(ULK1 complex) is recruited to the PAS (Fig. 1). The
complex is named after the serine/threonine kinase
ULK1/2 (Atg1 in yeast), which is the only known
ATG protein with kinase activity (Yan et al. 1998).
This complex also contains ATG13 (Chang and
Neufeld 2009; Funakoshi et al. 1997), the scaffold pro-
tein RB1CC1/FIP200—Atg17 in yeast—(Hara et al.
2008; Nagy et al. 2014) and ATG101 as well
(Hosokawa et al. 2009). Activated ULK1/2 not only
phosphorylates ATG13 and RB1CC1/FIP200 but also
enhances the activity of the autophagy nucleation
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complex (see below) by phosphorylation (Kim et al.
2013a). In addition, a recent study suggested that—
through the phosphorylation of a myosin light-chain
kinase-like protein—ULK1/Atg1 indirectly regulates
the activity of myosin II motor protein, thereby affecting
the delivery of membrane source to the elongating PAS
(Tang et al. 2011). Similarly, yeast ATG17 was found to
directly bind ATG9, thereby recruiting it to the PAS
(Sekito et al. 2009). ATG9 is a transmembrane protein,
which has a key role in the transport of Golgi-derived

vesicles to the PAS, providing membrane source for its
expansion (Yamamoto et al. 2012). Shuttling of ATG9
between PAS and different membrane sources is medi-
ated by ATG2 and (WIPIs) (Atg18 in yeast) (Nagy et al.
2013).

The nucleation complex (together with ULK1 com-
plex) plays an essential role in the early stages of au-
tophagy; it is involved in the elongation of the
phagophore. The complex comprises of the class III
phosphatidylinositol 3-kinase (PI3K) vacuolar protein
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Fig. 1 The major molecular mechanisms involved in autophagy.
Upon autophagy induction, ULK1 complex and BECN1 complex
appear at the phagophore assembly site (PAS) to orchestrate the
recruitment of further autophagy-related (ATG) proteins and the
elongation of the phagophore membrane. After cleavage by the
protease ATG4 and subsequent conjugation to phosphatidyletha-
nolamine (PE), ATG8/LC3 is attached to the phagophore mem-
brane. Following autophagosome closure, ATG8/LC3 is recycled
from the outer membrane again by the help of ATG4. However,
ATG8/LC3 bound to inner membrane is sequestered into the
lumen of the autophagosome and degraded—together with other
cytosolic material—by lysosomal hydrolases. Closed
autophagosomes undergo fusion with late endosomes and

lysosomes, thereby acquiring lysosomal enzymes and membrane
proteins required for degradation. The fusion events are mediated
by the multiunit tethering factor HOPS complex and the
autophagosome-specific SNARE syntaxin 17. Following
autophagosome-lysosome fusion, lysosomal enzymes are activat-
ed due to acidic pH provided by v-ATPases. Lysosomal associated
membrane proteins (LAMPs) control fusion and protect the
autolysosomal membrane against degradation. During selective
autophagy, cargo—such as bacteria containing vacuole (BCV)—is
specifically bound by adaptor proteins. These adaptors are called
autophagy receptors since they also interact with ATG8/LC3, thus
attaching cargo to the phagophore membrane
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sorting 34 (VPS34) and its regulatory subunit Vps15.
These proteins are responsible for the elevated phos-
phatidylinositol 3-phosphate (PI3P) level of autophagic
membranes (Lindmo et al. 2008). The inositol head
group phosphorylated at position 3 is recognized by
distinctive protein domains, such as FYVE and PX, so
the presence of PI3P is a key factor in the subsequent
protein recruitment to the phagophore. As it also con-
tains Beclin 1 (BECN1), the mammalian homolog of the
yeast Atg6 protein (Furuya et al. 2005), the nucleation
complex is called BECN1 complex as well. VPS34,
VPS15, and BECN1 proteins constitute the core which
can form, depending on the fourth subunit, two different
complexes in yeast, fruit fly, andmammals. The BECN1
complex containing UV radiation resistance associated
(UVRAG) protein plays an essential role in endosomal
maturation, whereas that containing ATG14L is re-
quired for autophagy (Lőrincz et al. 2014; Zhong et al.
2009). Presumably, ATG14L has a primary role in
recruiting the BECN1 core complex to the PAS
(Matsunaga et al. 2010).

An essential step of phagophore elongation is the
lipidation of the ubiquitin-like protein Atg8/LC3. For
this process, two ubiquitin-like conjugation systems are
required (reviewed in Nakatogawa 2013). First, owing
to the E1 enzyme-like protein activating activity of
ATG7 and the E2 enzyme-like protein conjugating func-
tion of ATG10, the ubiquitin-like ATG12 protein forms
covalent bond with ATG5. The ATG5–12 conjugate is
subsequently organized into a multimeric protein com-
plex containing ATG16L1 (Atg16 in yeast) as well. This
large complex acts as a ubiquitin ligase-like enzyme and
mediates the covalent binding of an ubiquitin-like Atg8
family protein (Atg8 in yeast, MAP1LC3 or
GABARAP in mammals ) to phospha t idyl -
ethanolamine (PE) (Romanov et al. 2012). However,
before this step, ATG8 must be activated by the
abovementioned E1-like ATG7 and the E2 enzyme-
like protein ATG3 and also by a specific cleavage car-
ried out by ATG4 protease. The result of this elaborate
process is a lipidated Atg8, which is subsequently at-
tached to both the inner and outer membrane of the
expanding phagophore. Before autophagosome comple-
tion, all ATG proteins except for Atg8 dissociate from
the isolation membrane and are recycled to the PAS.
Following phagophore closure, Atg8 is also recycled
from the outer membrane, again mediated by ATG4
(Satoo et al. 2009), whereas inner membrane proteins
are trapped inside the autophagosome and will be

degraded by lysosomal enzymes. Although the exact
function of Atg8 in the process of autophagy remains
unclear, it is a widely used autophagy marker, since it
localizes to autophagic structures from the early steps till
degradation (Klionsky et al. 2016).

Maturation process

Following completion and the removal of LC3/Atg8
from the outer membrane, autophagosomes undergo
homo- and heterotypical fusion events (Fig. 1).
Growing evidence shows that autophagosomes can fuse
not only with lysosomes to form autolysosomes but also
with various populations of endosomes leading to the
formation of hybrid organelles called amphisomes. In
many cell types, this latter is an essential step for sub-
sequent lysosomal fusion and degradation. The conver-
gence of endosomal and autophagic routes might under-
lie the phenomenon that vesicles with cytosolic content
(and thus interpreted as autophagosomes) were found to
be positive for UVRAG or RAB7, proteins essential for
endosomal maturation and fusion (Hyttinen et al. 2013).
Presumably, these structures are amphisomes containing
both autophagic and heterophagic membrane portions.

Notab ly, seve ra l s tud ies found tha t the
abovementioned small GTPase RAB7 (Ypt7 in yeast),
a widely used marker of late endosomes (for a review
seeWang et al. 2011), not only is present on autophagic/
amphisomal structures but also required for the late
stages of autophagy. In mammalian cells, dynein-
dependent movement of autophagosomes was observed
toward the perinuclear region where lysosomes are lo-
calized (Kimura et al. 2008); and RAB7, together with
its effectors RILP (RAB interacting lysosomal protein)
and FYCO1 (FYVE and coiled-coil domain containing
1), plays a key role in this microtubular transport (Bains
et al. 2011; Pankiv et al. 2010).

Furthermore, RAB7 recruits additional proteins re-
quired for the late endosomal or lysosomal tethering and
fusion. Recent studies found that depletion of RAB7 or
overexpression of its inactive GDP-locked form resulted
in the accumulation of enlarged autophagosomes, prob-
ably due to their impaired fusion with lysosomes
(Gutierrez et al. 2004). Homotypic fusion and vacuole
protein sorting (HOPS) complex, which was identified
as an evolutionarily conserved hexameric tethering fac-
tor required for lysosomal/vacuolar fusion from yeast to
mammals (for a review see Balderhaar and Ungermann
2013), is a well-known interacting partner of RAB7.
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Several studies based on various model organisms
found that recruitment of HOPS complex to
autophagosomes, presumably via binding to RAB7, is
required for autophagic clearance (Jiang et al. 2014;
Takáts et al. 2014; Wartosch et al. 2015). HOPS not
only functions as a bridge connecting the opposing
membranes before fusion but also directly mediates
the fusion events through interaction with soluble N-
ethylmaleimide-sensitive factor attachment protein re-
ceptors (SNAREs). In yeast, several SNARE proteins,
for instance, Vam3p and Vam7p, were reported to par-
ticipate in autophagosome-vacuole fusion (Darsow et al.
1997; Sato et al. 1998). In fruit fly and mammals, recent
studies revealed the existence of an autophagosome-
specific SNARE called syntaxin 17, which—together
with its partners SNAP-29 and VAMP7 or VAMP8—is
responsible for the autophagosome-lysosome fusion
(Itakura et al. 2012; Takáts et al. 2013). Furuta and
colleagues also showed that VAMP8 together with
VTI1B has an important role in autophagic fusion
events (Furuta et al. 2010).

Ultimately, the outer membrane of autophagosomes
or amphisomes fuse with lysosomes to form
autolysosomes, a process often referred to as
autophagosome maturation. Following the fusion, au-
tophagic content is degraded by lysosomal hydrolases
specific to a wide range of targets, e.g., cathepsins.
Numerous studies showed that lack of these enzymes
or their reduced activity led to impaired autophagic
degradation and autophagosome accumulation
(Maruzs et al. 2015; Tatti et al. 2012). These hydro-
lases are usually produced in pro-form and activated in
lysosomes by the highly acidic pH (between 4.5 and
5.0) generated and maintained by lysosomal proton
pumps called v-ATPases. Although it was previously
presumed that lysosomal acidification is essential for
autophagosome-lysosome fusion, a recent study re-
vealed that fusion events are independent of lysosomal
pH: while v-ATPase dysfunction resulted in an im-
paired degradation, autolysosome formation was not
disrupted (Mauvezin et al. 2015). Autolysosomal
membrane also contains a significant amount of inte-
gral lysosome-associated membrane glycoproteins
(LAMPs), which probably play a key role in
membrane protection against proteolytic enzymes.
Several studies suggested that LAMP-2 is required
for autophagosome-lysosome fusion, as well, since
lack of this protein led to the accumulation of
autophagosomes (Huynh et al. 2007).

Eventually, the content of autolysosomes is degrad-
ed, and the resulting molecules are released into the
cytoplasm by permeases where they are recycled in
anabolic processes (Yang et al. 2006). Increased amino
acid level is already sensed in the lysosomal lumen by v-
ATPases and, subsequently, results in the activation of
mechanistic/mammalian target of rapamycin complex 1
(mTORC1) at the cytosolic side. As mTORC1 is the
master negative regulator of autophagy (see below), this
interaction is a part of a negative feedback loop down-
regulating the autophagic process (for a review see
Jewell et al. 2013). Reactivated mTORC1 signaling also
regulates the recycling of lysosomal membrane proteins
and hydrolases through a process called lysosome ref-
ormation (Yu et al. 2010).

Selective autophagy

In most cell types, autophagy occurs at low basal levels
as a housekeeping process to maintain cellular homeo-
stasis by eliminating old and damaged organelles and
misfolded proteins. However, upon stress conditions,
such as nutrient starvation, hypoxia, growth factor dep-
rivation, or oxidative stress, the autophagic degradation
is rapidly upregulated and provides the cell with
recycled nutrients and energy. Although stress-induced
autophagy is mostly regarded as a non-specific (or bulk)
degradative pathway, growing evidence shows that dur-
ing basal or housekeeping autophagy, cargo can be
sequestered selectively (for more detailed information,
see Zaffagnini and Martens 2016). Various forms of
selective autophagy are named after their specific tar-
gets, which can be invading pathogens (xenophagy or
antimicrobial autophagy), mitochondria (mitochondrial
autophagy or mitophagy), peroxisomes (pexophagy),
cilia (ciliophagy), ER and ribosomes (reticulo- and
ribophagy), or protein aggregates (aggrephagy).

Numerous studies suggest that ubiquitination might
be a general tag designating the cargo to selective au-
tophagic degradation (Kirkin et al. 2009). During selec-
tive autophagy, targeted proteins or organelles are rec-
ognized by adaptor proteins, such as SQSTM1/P62
(Pankiv et al. 2007), NBR1 (Deosaran et al. 2012),
optineurin (Korac et al. 2013), nix (Novak et al. 2010),
CALCOCO2/NDP52 (Heo et al. 2015), or Alfy
(Isakson et al. 2013). A common structural feature of
these autophagy receptors is the presence of canonical
or non-canonical Atg8/LC3 interacting regions
(LIRs)—also known as Atg8-interacting motifs
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(AIMs). LIRs specifically recognize and bind Atg8
family proteins; thereby, these autophagy receptors pro-
teins are able to attach the cargo to the phagophore
membrane (von Muhlinen et al. 2012; Pankiv et al.
2007). Interestingly, Ref(2)P, the Drosophila homolog
of SQSTM1 was recently reported to interact with other
proteins of the core autophagy machinery—for instance
ATG101, ATG18, ATG14, and VPS34—raising the
possibility that it has a role not only in cargo selection
but also in autophagosome formation (Nagy et al. 2014).

Regulation of autophagy

Autophagy is a complex process fine tuned by several
environmental signals through various signaling path-
ways (Fig. 2). One of the major regulators is the
abovementioned mTOR, an evolutionarily conserved
serine/threonine kinase, which integrates metabolic sig-
nals including amino acids and growth factors as well as
oxygen and energy level to coordinate cell growth, pro-
liferation, and metabolic processes in order to maintain
cellular homeostasis. mTOR forms two complexes with
distinct functions, but only mTOR complex 1
(mTORC1) has been described in the regulation of au-
tophagy: active mTORC1 performs an inhibitory effect
on autophagy induction by phosphorylating the initiation
complex members (reviewed in Meijer et al. 2015).

mTORC1 activity is regulated by multiple signaling
pathways and molecules. Upon receptor tyrosine kinase
activation in the presence of insulin-like and other
growth factors, the serine/threonine kinase AKT phos-
phorylates and thus inhibits tuberous sclerosis complex
(TSC1/TSC2), a GTPase-activating protein (GAP) for
the small GTPase Rheb (Zhang et al. 2003).
Consequently, Rheb is stabilized in an active, GTP-
bound form and activates mTORC1, thereby repressing
autophagy (Long et al. 2005). Phosphatase and tensin
homolog (PTEN) is a phosphoinositide-3 phosphatase,
which activates autophagy by antagonizing the above
signaling pathway (Arico et al. 2001). Subcellular local-
ization of mTORC1 has an essential role in its regula-
tion, as well. Amino acid sufficiency promotes the acti-
vation of RAG GTPases in a Ragulator complex-
dependent manner (Sancak et al. 2010). Next, active
RAGs recruit mTORC1 to the lysosome membrane,
where it can be activated owing to both elevated amino
acid levels and direct binding to Rheb.

5′-AMP-activated protein kinase (AMPK), activated
upon low cellular energy levels, regulates autophagy

positively both by direct phosphorylation of ULK1
(Bach et al. 2011) and indirectly by repressing
mTORC1 activity (Gwinn et al. 2008). A recent study
revealed that upon nutrient deprivation, AMPK pro-
motes autophagy via inhibitory phosphorylation of
non-autophagic BECN1 complexes (Kim et al. 2013a).

Autophagy regulation is not confined to the modula-
tion of the induction. Upon hypoxia, HIF1α transcrip-
tion factor activates expression of several genes neces-
sary for metabolic adaptation to low oxygen levels.
Among these hypoxia responsive genes, there are
BNIP3 and BNIP3L, which were found to increase
mitochondrial autophagy (Zhang et al. 2008). While
BNIP3 is able to suppress the activity of mTORC1 by
binding and inhibiting Rheb (Li et al. 2007), BNIP3 and
BNIP3L also contribute to the formation of the BECN1
complex by displacing BECN1 from its inhibitory bind-
ing partner Bcl-2 (Bellot et al. 2009). Similarly, other
proteins containing Bcl-2 homology 3 (BH3) domain
play a positive regulatory role by disrupting the Bcl-2/
Bcl-XL inhibition of BECN1 (Maiuri et al. 2007).
Among others, the ER-associated IP(3) receptor func-
tions as an autophagy inhibitor by forming a complex
with BECN1 and probably Bcl-2 (Vicencio et al. 2009).
In addition, upon nutrient starvation, c-Jun N-terminal
protein kinase 1 (JNK1) contributes to the induction of
autophagy by phosphorylating Bcl-2 and thereby
disrupting its interaction with BECN1 (Wei et al. 2008).

Oxidative stress promotes autophagy in another
VPS34-dependent manner as well. Under these condi-
tions, death-associated protein serine/threonine kinase
(DAPK), a well-known regulator of cell death activates
protein kinase D (PKD), which subsequently phosphor-
ylates VPS34 leading to increased autophagosome for-
mation (Eisenberg-Lerner and Kimchi 2012).

Autophagy in diseases

As autophagymaintains cellular homeostasis and acts as
a major cytoprotective mechanism upon different stress
conditions, it is essential for the organismal survival
under physiological conditions. Regarding this impor-
tance, it is not surprising that defects or deregulation of
this process were observed in various human diseases,
such as infections, neurodegenerative, cardiovascular
and immune disorders, diabetes, or cancer (Fig. 3).
Here, we summarize in more detail how autophagy is
relevant to disease pathogenesis.
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Autophagy in infections and immunity

Autophagy contributes to the defense against infec-
tious diseases via selective removal of intracellular
pathogens (bacteria, parasites, and viruses) and by
activation of innate immune response. Already inside
the cell, invading pathogens are targeted by SQSM1-
like receptors (SLRs) of the selective autophagic
machinery and are di rec t ly e l iminated via
xenophagy; extracellularly, they are attacked by
ATG8/LC3-associated phagocytosis (LAP), a phago-
cytotic process which also engages parts of the au-
tophagic machinery (Henault et al. 2012). The most
studied examples of antibacterial autophagy are host

response against group A Streptococcus and
Mycobacterium tuberculosis, but autophagy also has
an important role in the defense against other bacte-
ria, such as Salmonella, Shigella, and Listeria (for
further details see Yuk et al. 2012). In addition to its
role in targeting and degradation of bacteria, autoph-
agy also promotes the elimination of bacterial toxins,
for instance, the α-toxin of Staphylococcus aureus
(Maurer et al. 2015). Moreover, autophagy functions
as an antiviral process—by targeting HIV (Campbell
et al. 2015), hepatitis C (Dash et al. 2016), or Sindbis
virus (Orvedahl et al. 2010)—and it contributes to the
elimination of protozoans, as well (Cervantes et al.
2014; Choi et al. 2014).
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Fig. 2 Regulation of autophagy. Upon receptor tyrosine kinase
(RTK) activation in the presence of insulin-like or other growth
factors, AKT kinase is activated and inhibits tuberous sclerosis
complex (TSC1/2) via phosphorylation. TSC1/2 functions as a
GTPase activating protein (GAP) for the small GTPase Rheb;
thus, active TSC1/2 has an inhibitory effect on Rheb. Inactivated
TSC1/results in a GTP-bound Rheb which enables it to localize to
lysosomal membranes and there to activate mTORC1, master
regulator of cell growth, survival, and catabolic processes.
mTORC1 is recruited to this place by the RAG small GTPases,
which are translocated to the lysosome membrane following their
activation by the guanosine exchange factor (GEF) Ragulator
complex. Once localized to the lysosome, mTORC1 can be acti-
vated by Rheb. mTORC1 activity is also enhanced upon nutrient
sufficiency. Elevated amino acids are already sensed in the lyso-
somal lumen by the transmembrane protein v-ATPase, which
subsequently activates mTORC1 at the cytosolic surface. Active

mTORC1 phosphorylate members of the autophagy initiation
complex, thereby, prevents induction of autophagy. 5′-AMP-acti-
vated protein kinase (AMPK) is activated by high intracellular
AMP/ATP ratio and by the LKB1 kinase and induces autophagy
via direct phosphorylation of ULK1 or inhibition of mTORC1.
During oxidative stress, death-associated protein Ser/Thr kinase
(DAPK) is activated and induces autophagy via BECN1 complex
activation by protein kinase D (PKD) phosphorylation. Upon
hypoxia, HIF1α translocates to the nucleus and activates the
transcription of genes necessary for metabolic adaptation to low
oxygen levels, such as BNIP3. BNIP3 is a pro-apoptotic Bcl-2
family protein, which binds Bcl-2, thereby releasing BECN1
protein resulting in subsequent induction of autophagy. Bcl-2-
BECN1 interaction is sustained by ER-associated IP(3) receptor
(IP3R) and disrupted by c-Jun N-terminal protein kinase 1 (JNK1)-
mediated phosphorylation of Bcl-2
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Given the significance of xenophagy as a major
antimicrobial response of host cells, several micro-
organisms have developed defense mechanisms to
escape autophagic degradation. As a result of co-
evolution, several pathogens are able to evade au-
tophagy recognition. For example, Shigella flexneri
masks its surface by secreting a virulence protein
(Ogawa et al. 2005). In contrast, Salmonella
enterica subsp. enterica serovar Typhimurium trig-
gers autophagy in infected cells by depletion of
amino acids. However, during the prolonged starva-
tion caused by this, mTORC1 is recruited to the
Salmonella-containing vacuole and reactivated in a
RAG-Ragulator-dependent pathway. By this strate-
gy, autophagy is locally inhibited and bacteria avoid
the elimination by xenophagy (Tattoli et al. 2012).
M. tuberculosis also modulates autophagy in a reac-
tive oxygen species (ROS)-dependent manner (Shin
et al. 2010).

Other microorganisms subvert or exploit the core
autophagic machinery. For instance, Coxiella burnetii
and Yersinia pseudotuberculosis are able to hijack the
autophagic machinery. Presumably, increased autopha-
gic activity providesmembrane source for the expansion
of intracellular vacuoles, which function as replication
site for these bacteria (Moreau et al. 2010). With a
slightly different strategy, Legionella pneumophila fine
tunes the host autophagy response by secreting proteins
which promote the transformation of bacteria-
containing vacuoles into autophagic structures; at the
same time, however, it also inhibit autophagosome for-
mation and maturation into autolysosomes. It seems that
autophagy is beneficial to the replication of Legionella,
and this complex mechanism is used probably to avoid
elimination and to gain more time for its replication
(Choy et al. 2012; Khweek et al. 2013; Rolando et al.
2016). Similarly, Niu and colleagues reported that
Anaplasma phagocytophilum induces autophagy
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Fig. 3 Autophagy is deregulated in several human diseases. Path-
ogens are able to inhibit or induce autophagy or to exploit the
autophagic machinery in order to support their own survival in
host cells during infections (orange). Neurodegenerative disorders
(blue) impair distinct steps of autophagy contributing to the path-
ogenesis of disease. Autophagy is often upregulated in cardiovas-
cular diseases (green) as a cytoprotective response; however,
excessive autophagy may exacerbate some pathological condi-
tions. Deregulation of the autophagic process may contribute to
metabolic diseases (brown) as well. In cancer (purple), autophagy
also seems to play a dual role: as a surveillance mechanism, it

protects normal cells from oncogenic transformation, whereas the
process is able to promote tumor cell survival upon stress condi-
tions. Abbreviations in the figure are the following: AD
Alzheimer’s disease, ALS amyotrophic lateral sclerosis, CM car-
diomyopathy, HD Huntington’s disease, HF heart failure, HIV
human immunodeficiency virus, KSHV Kaposi sarcoma-
associated herpesvirus, LMNA-related DCM lamin A/C
mutation-related dilated cardiomyopathy, PD Parkinson’s disease,
SENDA static encephalopathy of childhood with neurodegenera-
tion in adulthood (color figure online)
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independently of mTORC1 via the secretion of Ats-1, a
BECN1-binding protein and uses the cytoplasmic com-
ponents nutrients sequestered in the autophagosomes for
its own growth (Niu et al. 2012).

Recent studies identified various viral factors which
also target the autophagic machinery to modulate au-
tophagic response. Proteins produced by HIV interact
with BECN1 and ATG8 leading to impaired maturation
of autophagosomes, thereby protecting viruses from
degradation (Borel et al. 2015). Influenza A virus de-
ploys a similar strategy to block autophagosome-
lysosome fusion (Beale et al. 2014). Gamma herpesvi-
rus also inhibits autophagy through the production of
Bcl-2 like proteins (vBcl-2), which bind BECN1 via its
BH3 domain (Su et al. 2014). Although BECN1 has a
central role in autophagy regulation, it is not the only
target of viral proteins. Kaposi’s sarcoma-associated
herpesvirus encodes viral factors, which not only block
VPS34 activity but also prevent the E3 enzyme-like
ATG3 from interacting with ATG8, thus inhibiting au-
tophagy (Lee et al. 2009; Liang et al. 2013).

Autophagy is able to activate adaptive immunity as
an effector process of Toll-like receptor (TLR) signal-
ing, playing an important role in the trafficking of path-
ogens to the lysosomes (for a detailed review see Deretic
et al. 2013). TLR4 was recently shown to activate the
ubiquitin-ligase TNF receptor-associated factor 6
(TRAF6), which subsequently induces autophagy via
ubiquitination (and subsequent activation) of ULK1 and
BECN1 (Shi and Kehrl 2010). In response of pathogen-
associated molecular patterns (PAMPs), TLR7 was also
shown to stimulate autophagy (Delgado et al. 2008).

Autophagy can also be activated—probably in
BECN1-dependent manner—by proinflammatory cyto-
kines (IL-1β and IFN-γ) in some effector cells, such as
macrophages (Pilli et al. 2012). Thereafter, induced
autophagy contributes not only to the elimination of
microorganisms but also to the generation of antigenic
peptides. These peptides appear on the cell surface in
association with MHC class II molecules and are pre-
sented to CD4+ T cells, thereby promoting the develop-
ment of a self-tolerant T cell repertoire (Aichinger et al.
2013). In line with these observations, Lee and col-
leagues found that ATG5-deficient dendritic cells
(DCs) failed to activate herpes simplex virus-specific
CD4+ T cells (Lee et al. 2010a). Another study showed
that in ATG5−/− chimeric mice, both CD4+ and CD8+
T cell proliferation was impaired (Pua et al. 2007).
Furthermore, autophagy seems to affect T cell

polarization, as IL-1α and IL-1β released from
autophagy-deficient macrophages enhanced polariza-
tion and duration of Th17 responses (Castillo et al.
2012). In a mouse model, both ATG5 and ATG7 were
required for the maintenance of memory B cells against
influenza (Chen et al. 2014). These findings together
strongly suggest that autophagy is essential for the prop-
er function of adaptive immunity.

Autophagy in neurodegenerative diseases

Numerous early reports described that autophagosomes
accumulate in the brains of patients and model organ-
isms with various neurodegenerative disorders suggest-
ing a crucial role for autophagy in the pathogenesis of
these diseases (Boland et al. 2008; Ravikumar et al.
2004). Other studies highlighted the importance of au-
tophagy in neurodegenerative diseases by demonstrat-
ing that fruit flies or mice lacking ATG7 or ATG5 show
symptoms of neurodegeneration in the central nervous
system (Hara et al. 2006; Juhász et al. 2007).

Proteinopathies are late-onset neurodegenerative dis-
eases featured by the accumulation of protein aggre-
gates. Autophagy was found to be essential for the
clearance of cytosolic aggregate-prone proteins under-
lying the symptoms of such diseases. These include
mutant α-synuclein in Parkinson ’s disease,
polyglutamine-expanded Huntingtin in Huntington’s
disease, wild-type and mutant forms of Tau in various
dementias, such as Alzheimer’s disease or mutant TDP-
43 in amyotrophic lateral sclerosis (ALS), and
frontotemporal dementia (FTD).

Huntington’s disease (HD) is characterized by the
perinuclear accumulation of polyQ-rich extension con-
taining mutant Huntingtin (htt) protein (for detailed
information see Labbadia and Morimoto 2013). A re-
cent study of Heng and colleagues observed elevated
levels of autophagy proteins in HD patients suggesting
that autophagy—as a cytoprotective process—might
struggle against the disease (Heng et al. 2010). A plau-
sible explanation for autophagy induction in HD can be
that mTORC1, the major inhibitor of this process, is also
sequestered into htt aggregates (Ravikumar et al. 2004).
Supporting the role of autophagy in htt clearance,
Metzger and colleagues reported that polymorphism in
ATG7 is associated with an early onset in HD (Metzger
et al. 2013). However, more recent studies found that
accumulated autophagosomes fail to selectively recog-
nize and isolate abnormally accumulated htt, so they do
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not contribute significantly to protein degradation
(Martinez-Vicente et al. 2010). In line with this, Pryor
and colleagues found that htt enhances mTORC1 activ-
ity thereby contributing to the pathogenesis of HD
(Pryor et al. 2014). Moreover, proteins required for
autophagy such as BECN1 were found to be also
trapped into htt aggregates (Shibata et al. 2006).
Interestingly, direct participation of normal htt in au-
tophagy regulation was described in cell culture and in
mice and Drosophila models of HD as well. Both full-
length htt (lacking polyQ region), and its interacting
proteins (RAB5 and Rhes) were found to induce au-
tophagy, thus defending cells against toxicity caused by
mutant htt (Mealer et al. 2014; Ravikumar et al. 2008;
Zheng et al. 2010).

Alzheimer’s disease (AD) involves the extracellular
presence of amyloid-β (Aβ) plaques derived from the
cleavage of amyloid precursor protein (APP) and also
the intracellular accumulation of the microtubule-
associated protein Tau, leading to the formation of neu-
rofibrillary tangles (reviewed in Kumar et al. 2015).
Autophagy seems to have a major role in the clearance
and secretion of Aβ (Nilsson et al. 2013; Tian et al.
2011; Vingtdeux et al. 2011). Supporting these findings,
both APP and presenilin 1 (a protein required for Aβ
production and whose mutations were described in fa-
milial autosomal-dominant AD) were observed inside of
accumulated autophagic structures in AD neurons (Yu
et al. 2005). Furthermore, a recent study showed that
autophagy induction via trehalose decreases Tau levels
(Krüger et al. 2012). However, the involvement of au-
tophagy in the pathogenesis of AD is more complex.
Although previously it was thought that increased au-
tophagy during AD is a cytoprotective response, more
recent studies revealed evidence showing that the ob-
served autophagosome accumulation is rather caused by
impaired autophagic degradation. It is supported by the
fact that presenilin-1 not only is essential for Aβ pro-
duction but it also promotes the lysosomal trafficking of
V0a1 subunit of v-ATPase, thus enabling the acidifica-
tion of lysosomes (Lee et al. 2010b). Consequently,
presenilin 1 mutations can be responsible for Aβ and
autophagosome accumulation independently.
Interestingly, restoration of lysosomal function in a
mouse AD model by deletion of the lysosomal cysteine
protease inhibitor cystatin B facilitated the clearance of
Aβ and improved cognitive performance (Yang et al.
2011a). Other studies suggested that—in parallel with
autophagic maturation—autophagosome formation

may also be affected in AD neurons and non-neuronal
cells, as a significant reduction was observed in the
levels of BECN1 and protein in them (Lucin et al.
2013; Pickford et al. 2008; Rohn et al. 2011).

Parkinson’s disease (PD) is accompanied by the in-
tracellular accumulation of mutant α-synuclein protein
(for a review see Beitz 2014). The close relationship
between PD and autophagy is underlined by the findings
that loss of PTEN-induced putative kinase 1 (PINK1/
PARK6) and Parkin (PARK2)—proteins playing crucial
role in mitophagy (Geisler et al. 2010)—cause
autosomal-recessive and sporadic juvenile-onset PD.
Although themitophagic role of PARK2was questioned
in an in vivo mouse neurodegeneration model (Sterky
et al. 2011), Hsu and colleagues found that α-synuclein
aggregates in sporadic PD promote mitochondrial dys-
function (Hsu et al. 2000). A more recent study indicat-
ed that overexpression of Parkin in a rat model for PD
contributed to α-synuclein clearance suggesting that
PARK2 may have further roles is the pathogenesis of
disease (Lonskaya et al. 2013). Despite the fact that α-
synuclein is an autophagy substrate, its elevated levels
inhibited autophagosome formation both in fruit fly and
in cell culture, due to mislocalization of ATG9
(Winslow et al. 2010). A recent study reported similar
autophagy defects owing to mutation of the retromer
member VPS35, which is associated with familiar forms
of PD (Zavodszky et al. 2014). Furthermore, leucine-
rich repeat kinase 2 (LRKK2)—whose mutations was
revealed in autosomal-dominant PD patients—was re-
cently described also as an autophagy regulator; how-
ever, evidence on the exact autophagic role of this
protein is controversial (Bravo-San Pedro et al. 2013;
Gómez-Suaga et al. 2012; Manzoni et al. 2013).

Proteins with well-known autophagic roles were
found to be affected in other neurodegenerative disor-
ders as well. For instance, mutations of the selective
autophagy receptor SQSTM1 and optineurin were ob-
served in ALS patients; moreover, optineurin was also
detected in cytosolic aggregates in HD or other polyQ
diseases (Hirano et al. 2013; Mori et al. 2012; Teyssou
et al. 2013). Mutations of dynactin 1—which has an
essential role in dynein-mediated autophagosome traf-
ficking in neurons—were found to cause neurodegener-
ative diseases, as ALS and Perry syndrome (Farrer et al.
2009). Recent studies showed that loss of WDR45/
WIPI4 protein, one of the mammalian homologs of
ATG18 results in impaired autophagy in parallel with
SENDA (static encephalopathy of childhood with

154 Cell Biol Toxicol (2017) 33:145–168



neurodegeneration in adulthood), a subtype of neurode-
generation with brain iron accumulation (Saitsu et al.
2013).

Autophagy in cardiovascular disease

Autophagy contributes to the maintenance of normal
cardiovascular function and thus functions as a protec-
tive mechanism under physiological conditions
(reviewed in Lavandero et al. 2015). Impairment of this
process was observed in the pathogenesis of various
heart and vascular diseases. Several early studies re-
vealed increased autophagic activity in human athero-
sclerotic plaques, which probably occurs due to the
simultaneous presence of hypoxia, inflammation, in-
creased ROS and oxidized lipoprotein level (Muller
et al. 2011). Elevated autophagy, by removal of dam-
aged organelles, might serve as a defending strategy
during the pathogenesis of atherosclerosis. Supporting
this hypothesis, recent study showed that upregulation
of autophagy via resveratrol reduces inflammatory re-
sponse of endothelial cells (ECs) (Chen et al. 2013).
Furthermore, autophagy induction protected vascular
smooth muscle cells (VSMCs) against cell death in-
duced by 7-ketocholesterol, a major component of oxi-
dized lipoproteins (He et al. 2013c). Autophagy in mac-
rophages has a beneficial effect on the cardiovascular
system aswell: its inhibition in them promotes apoptosis
and NADPH oxidase-mediated oxidative stress and in-
creases plaque formation in an inflammasome-
dependent manner (Liao et al. 2012). However, other
reports demonstrated that excessive autophagy may also
contribute to cell death in ECs and VSMCs; for instance,
increased autophagic activity via long-term activation of
XBP-1 eventually leads to apoptosis of ECs (Margariti
et al. 2013). Moreover, even phagocytosis of cells dying
by autophagy promoted pro-inflammatory response in
macrophages (Petrovski et al. 2011).

Autophagy is also involved in the pathogenesis of
cardiomyopathies. Several studies described impaired
autophagy in lamin A/C gene mutation related dilated
cardiomyopathy, probably caused by increased
mTORC1 signaling (Choi et al. 2012). In humans, di-
lated cardiomyopathy was also found to be connected to
the Mst1-mediated phosphorylation of BECN1 facilitat-
ing its interaction with Bcl-2, thereby leading to autoph-
agy inhibition (Maejima et al. 2013). Upon desmin-
related cardiomyopathy, autophagy may function as a
protective mechanism through the removal of misfolded

alphaB-crystallin protein; it is supported by a study
demonstrating that loss of BECN1 promoted heart fail-
ure and early mortality in a mouse model system
(Tannous et al. 2008). Furthermore, sustained expres-
sion of ATG7 was able to rescue not only impaired
autophagy but also decreased cardiac hypertrophy
(Pattison et al. 2011). Danon disease, a glycogen storage
disease-related form of cardiomyopathy, is primarily
caused by impaired autophagosome-lysosome fusion
owing to LAMP2 mutations (for a recent review see
Rowland et al. 2016). Similar to cardiovascular diseases,
excessive autophagy may also contribute to cardiomy-
opathies. For instance, histone deacetylases (HDACs)
were shown to decrease cardiac hypertrophy through
suppression of elevated autophagic activity in mice
(Cao et al. 2011). In addition, ceramide synthase-5 was
recently described as a positive regulator of both lipid-
induced autophagy and lipotoxic cardiomyopathy
(Russo et al. 2012).

Autophagy plays a crucial role during ischemia/re-
perfusion. During ischemia, autophagy protects tissues
via removal of damaged mitochondria and also provides
molecules for the metabolic cellular processes upon low
nutrient levels. In line with this, AMPK-activated au-
tophagy functions as a major cytoprotective process and
reduces apoptotic cell death in this condition (Troncoso
et al. 2012). Furthermore, Huang and colleagues dem-
onstrated that preconditioning by repeated short ische-
mic periods facilitates cardioprotection through autoph-
agy induction (Huang et al. 2010b). Following reperfu-
sion, transient elevation in autophagy level mediating a
beneficial effect on cell survival was observed in various
model systems (Huang et al. 2010a; Xie et al. 2014).
Interestingly, it seems that upregulation of autophagy
during reperfusion occurs through a different pathway,
as it was independent of AMPK activation while
BECN1 abundance had a central role in the process
(Matsui et al. 2007). However, Valentim and colleagues
showed that autophagy may also be detrimental during
reperfusion (Valentim et al. 2006). Later reports indicat-
ed that ischemia/reperfusion induced a protective au-
tophagic response, but cell death eventual occurs due
to defective autophagosome clearance (Ma et al. 2012a;
Ma et al. 2012b).

Autophagy plays a similarly controversial role in
heart failure. In mice, autophagy induced by prolonged
ATG7 expression was found to be beneficial by antag-
onizing ventricular hypertrophy through increased pro-
tein degradation (Bhuiyan et al. 2013). Supporting the
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protective role of autophagy, a significant decrease in
the levels of core autophagic proteins was detected upon
heart failure in human biopsy samples (Kassiotis et al.
2009). Moreover, high fat diet, a well-known risk factor
underlying cardiac hypertrophy and dysfunction also
resulted in impaired autophagosome maturation by
disrupting autophagosome-lysosome fusion (Xu et al.
2013). miR-212 and miR-132, two regulator
microRNAs which play a key role in hypertrophic
growth of cardiomyocytes leading to heart failure in
mice, caused impaired starvation-induced autophagy in
parallel, suggesting that autophagic response might pro-
tect cells from pathological conditions (Ucar et al.
2012). By contrast, autophagy inhibition by 3-
methyladenine or depletion of ATG genes preserved
cardiomyocytes from injury caused by hyperglycemia-
like conditions (Kobayashi et al. 2012). Furthermore,
loss of myocardial mTORC1 activity in mice promoted
both autophagy and apoptosis and led to heart failure
(Shende et al. 2011). Thus, despite its beneficial effects,
excessive autophagy may exacerbate the symptoms of
cardiac hypertrophy and heart failure.

Autophagy in diabetes and obesity

Autophagy, as a surveillance mechanism, plays a crucial
role in the maintenance of cellular homeostasis under
normal conditions in pancreatic β-cells. Recent studies
demonstrated that ATG7 deletion in mice lead to
diabetes-like symptoms such as low insulin levels, hy-
perglycemia, and reduced β-cell mass (Quan et al.
2012). Consistently, induction of autophagy via mTOR
inhibitors reduced ER stress in β-cells and protected
cells against apoptosis (Bachar-Wikstrom et al. 2013).
Diabetes is often associated with cardiomyopathy in-
creasing the incidence of heart failure. In a mouse model
of diabetic cardiomyopathy, Xie and colleagues recently
found significantly reduced AMPK activity, which in
turn resulted in decreased autophagy and cardiac dys-
function (Xie et al. 2011). In line with this, enhanced
cardiac autophagy stimulated via the AMPK pathway
protected cells from apoptosis in diabetic mice and also
in high glucose-treated cardiac myoblasts (He et al.
2013a). Regarding kidney functions, high glucose level
was found to disrupt autophagy in podocytes leading to
diabetic glomerular dysfunction (Fang et al. 2013).
Moreover, in the epithelial cells of proximal tubules in
both mouse and human kidney, Yamahara and col-
leagues found that obesity may lead to impaired

autophagy exposing these cells to more severe damage
under diabetic conditions (Yamahara et al. 2013).

Obesity is caused by the chronic imbalance of energy
homeostasis and nutrient storage. Autophagy plays an
essential role in lipid metabolism via the selective deg-
radation of lipid droplets (LDs)—a process called
lipophagy (for a recent review see Wang 2016).
Among others, it is supported by the fact that
hepatocyte-specific deletion of core ATG genes facili-
tated triglyceride storage into LDs (Singh et al. 2009a).
In line with this, in both genetic and dietary models of
obesity, downregulation of autophagy resulted in ER
stress and insulin resistance, which could be rescued
by restoration of ATG7 levels (Yang et al. 2010).
Moreover, supporting the protective role of autophagy
against obesity, a recent study reported that acute exer-
cise induced autophagy in skeletal and cardiac muscle,
liver, pancreas, adipose tissue, and cerebral cortex and it
was necessary for altered glucose metabolism and en-
durance during physical exertion (He et al. 2012). In
addition, autophagy in agouti-related peptide (AgRP)
neurons of hypothalamus reduced food intake upon
starvation and promoted the production of α-
melanocyte-stimulating hormone, which is usually as-
sociated with lean phenotype (Kaushik et al. 2011).
However, other findings showed that autophagy does
not possess a definite role either in obesity. Skeletal
muscle-specific inhibition of this process by ATG7 de-
letion just protected mice from increased adipogenesis,
insulin resistance, and obesity induced by diet (Kim
et al. 2013b). Similarly, adipose-specific ATG7 knock-
out and depletion of ATG5 and ATG7 reduced lipid
accumulation in white adipose tissue, increased brown
adipose tissue mass, and increased insulin sensitivity in
mice (Zhang et al. 2009).

Autophagy in cancer

Perhaps not surprisingly, autophagy has a dual role in
cancer as well: in normal cells, it acts as housekeeping
and protective process, which prevents from tumorigen-
esis; however, it may also contribute to the survival of
already existing tumor cells, thus promoting tumor
progression.

BECN1 was the first autophagy gene identified as a
haploid-insufficient tumor suppressor present only in
one copy in 40–75% of breast, ovarian, and prostate
cancers (Aita et al. 1999). Further studies also supported
that BECN1 may function as a tumor suppressor, since

156 Cell Biol Toxicol (2017) 33:145–168



loss of BECN1 function facilitated tumorigenesis in
mice (Qu et al. 2003). Consistently, AKT-mediated in-
hibitory phosphorylation of BECN1 resulted in autoph-
agy inhibition and subsequent tumorigenesis (Wang
et al. 2012). More recently, other ATG genes were found
to be relevant in cancer development. Mutations in
ATG2B, ATG5, ATG9B, and ATG12 genes were detect-
ed in human samples of patients with various types of
gastrointestinal cancers (An et al. 2011; Kang et al.
2009). In accordance with it, mosaic ATG5 and liver-
specific ATG7 deletion leads to the development of
benign liver tumors in a mouse model system
(Takamura et al. 2011). In addition, Sato and colleagues
identified various point mutations of mTOR resulting in
its constitutive kinase activity and, as a consequence,
inhibition of autophagy in human cancers (Sato et al.
2010). Furthermore, several well-known tumor suppres-
sor proteins, i.e., PTEN, TSC1/2, and LKB1 function as
positive regulators of autophagy (reviewed in Cheng
et al. 2013).

Together, these data suggest a tumor suppressor role
for autophagy, although the exact mechanism through
which it may inhibit tumorigenesis remains unclear. A
study suggested that loss of autophagy results in tumor-
igenesis due to the impaired removal of the autophagy
receptor SQSTM1, which in turn accumulates and leads
to oxidative stress and tumor development (Mathew
et al. 2009). Supporting this, Li and colleagues demon-
strated that overexpression of SQSTM1 contributes to
the pathogenesis of clear cell renal cell carcinoma (Li
et al. 2013). Interestingly, SQSTM1 was also found to
be required for RAS-induced tumorigenesis: SQSTM1
deficiency prevented the tumorigenic activity of RAS
(Duran et al. 2008). However, based on the study of
Rosenfeldt and colleagues, it seems that, in mouse pan-
creas, impaired autophagy only promotes pre-malignant
tumor development and loss of other tumor suppressor
factors, such as p53 is required for further tumor pro-
gression (Rosenfeldt et al. 2013).

On the other hand, increased autophagic activity can
facilitate cancer development and progression by pro-
moting the survival of existing tumor cells upon low
oxygen levels or other stress conditions (Guo et al.
2011; Lock et al. 2011). For example, a recent work of
Sabatini’s group demonstrated that autophagy inhibition
increases the vulnerability of melanoma cells to leucine
deprivation, suggesting that autophagy has an important
role in tumor growth and survival during periods of
nutrient starvation (Sheen et al. 2011). In a mouse model

of breast cancer, loss of RB1CC1/FIP200 leads to a
suppression in both initiation and progression of mam-
mary tumors, suggesting that autophagy is necessary for
tumor development (Wei et al. 2011). Interestingly, its
cancer promoting effect can be resulted from a positive
impact on metastasis and drug resistance as well. A
recent study showed that, by facilitating the secretion
of promigratory factors, autophagy might contribute to
the invasion of epithelial cells transformed with onco-
genic RAS (Lock et al. 2014). Furthermore, pancreatic
tumor cells are highly dependent on autophagy, as it
increases their drug resistance (Yang et al. 2011b).
Consistently, other studies showed that high levels of
autophagy in biopsy samples frommetastatic melanoma
patients can be used as a prognostic factor for invasive-
ness, chemotherapy resistance, and the duration of sur-
vival (Ma et al. 2011). According to a more recent study
of Ma and colleagues, therapy-induced autophagy pro-
moted tumor cell resistance and decreased the patients’
response to BRAFi treatment (Ma et al. 2014).
Interestingly, in mouse models of various types of lung
tumors, while autophagy prevents cells from malignant
transformation, it also promotes cell growth, probably
due to the degradation of damaged mitochondria and
thereby reducing ROS levels (Guo et al. 2013; Rao et al.
2014; Strohecker et al. 2013). Thus, in tumor cells,
autophagy contributes to growth and survival by multi-
ple mechanisms: it supplies the cells with sufficient
amounts of nutrients, inhibits apoptotic cell death by
removal of damaged mitochondria and by reduction of
oxidative stress, and promotes drug resistance during
chemotherapy.

Concluding remarks

Based on the numerous studies of the last 50 years, it is
apparent that autophagy is an essential stress-response
mechanism and it is required for the maintenance of
cellular homeostasis under physiological conditions.
Mutations in ATG genes and impaired function of core
autophagic proteins were associated with different types
of infections, neurodegenerative, cardiovascular and
metabolic diseases, and cancer (Table 1), suggesting that
autophagy plays a crucial role during the pathogenesis
of severe human diseases. Although investigation of
human samples or invertebrate and vertebrate disease
models provides a deeper insight into the pathological
roles of autophagy, observations are often controversial.
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Table 1 Contribution of autophagic genes and proteins to various human diseases

Affected gene or protein Disease References

Autophagosome formation

SQSTM1/p62 Failed to recognize Legionella-containing vacuoles during
infection

Khweek et al. (2013)

Mutations in ALS Hirano et al. (2013); Teyssou et al. (2013)

Optineurin Trapped into protein aggregates in HD Mori et al. (2012)

Mutations in ALS Bury et al. (2016)

PINK1 Mutations lead to early onset PD Valente et al. (2004)

PARK2 Mutations lead to early onset PD Padmaja et al. (2012)

Overexpression facilitated α-synuclein clearance in PD Lonskaya et al. (2013)

RB1CC1/FIP200 Knockout suppressed initiation and progression of
mammary tumors

Wei et al. (2011)

Beclin 1 Recruited to Coxiella vacuoles during infection Vázquez and Colombo (2010)

Bound by bacterial protein to induce autophagy during
Anaplasma infection

Niu et al. (2012)

Bound by viral protein upon γ-herpesvirus infection to
inhibit autophagy

Sinha et al. (2008)

Trapped into htt aggregates in HD Shibata et al. (2006)

Reduced mRNA and protein levels in AD Lucin et al. (2013); Pickford et al. (2008);
Rohn et al. (2011)

Inhibited via phosphorylation in dilated cardiomyopathy Maejima et al. (2013)

Upregulated during reperfusion in heart Matsui et al. (2007)

Decreased mRNA and protein levels following HF Kassiotis et al. (2009)

Dissociation from Bcl-2 protected cardiomyocytes from
apoptosis in diabetes

He et al. (2013b)

BECN1 Knockout promoted HF Tannous et al. (2008)

Knockout facilitated tumorigenesis Qu et al. (2003); Yue et al. (2003)

Inhibition via AKT-mediated phosphorylation promoted
tumorigenesis

Wang et al. (2012)

Monoallelically deleted in breast, ovarian, and prostate
cancers

Aita et al. (1999); Liang et al. (1999)

WDR45/WIPI4/ATG18 Mutations in SENDA Saitsu et al. (2013)

ATG2B Mutations in gastrointestinal cancers Kang et al. (2009)

ATG9 Mislocalized by α-synuclein in HD Winslow et al. (2010)

ATG9B Mutations in gastrointestinal cancers Kang et al. (2009)

ATG5 Knockout reduced Aβ clearance in AD Tian et al. (2011)

Decreased mRNA and protein levels following HF Kassiotis et al. (2009)

Knockdown inhibited lipid accumulation in adipose tissue Singh et al. (2009b)

Mosaic deletion facilitated the development of liver tumors Takamura et al. (2011)

Mutations in gastrointestinal cancers An et al. (2011); Kang et al. (2009)

ATG12 Mutations in gastrointestinal cancers Kang et al. (2009)

ATG7 Mutations in early onset HD patients Metzger et al. (2013)

Knockout decreased extracellular Aβ plaque burden in AD Nilsson et al. (2013)

Overexpression decreased cardiac hypertrophy Pattison et al. (2011)

Sustained expression antagonized ventricular hypertrophy Bhuiyan et al. (2013)

Knockout led to diabetes-like symptoms Jung et al. (2008); Quan et al. (2012)
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One underlying factor may be that in spite of several
studies, many questions remained open concerning the
molecular mechanisms involved in autophagy and the
exact pathomechanisms of these disorders (Lindqvist
et al. 2015).

Although our incomplete understanding on autopha-
gy and its contribution to diseases limits therapeutic
targeting, recent studies, seeking for pharmacological
approaches able to enhance or inhibit autophagy, has

yielded promising results in animal models for human
diseases (for a detailed review see Levine et al. 2015).
For instance, Ravikumar and colleagues demonstrated
that activation of autophagy via mTORC1 inhibitors
(such as rapamycin and its analog CCI-779) prevented
neurodegeneration in Drosophila and mouse models of
Huntington’s disease (Ravikumar et al. 2004). Other
rapamycin analogs (e.g., RAD001 and AP23573) also
induced autophagy and in parallel, successfully

Table 1 (continued)

Affected gene or protein Disease References

Knockdown inhibited lipid accumulation in adipose tissue Singh et al. (2009b); Zhang et al. (2009)

Adipocyte-specific knockout decreased white adipose
tissue mass and increased insulin-sensitivity

Singh et al. (2009b)

Muscle-specific deletion protected from obesity Kim et al. (2013b)

Liver-specific deletion facilitated the development of liver
tumors

Takamura et al. (2011)

ATG3 Bound by viral protein in Kaposi’s sarcoma-associated
herpesvirus

Lee et al. (2009)

ATG8/LC3 Irreversibly deconjugated from PE during Legionella
infection

Choy et al. (2012)

Bound by viral protein during HIV infection Borel et al. (2015)

Overexpressed in HD Heng et al. (2010)

decreased mRNA and protein levels following HF Kassiotis et al. (2009)

Autophagosome maturation

Beclin 1 Bound by viral protein to inhibit autophagosome
maturation during HIV infection

Kyei et al. (2009)

LAMP2 Mutations block autophagosome-lysosome fusion in
Danon disease

Nishino et al. (2000); Tanaka et al. (2000)

v-ATPase V0a1 subunit Failed reach lysosomal membrane in AD Lee et al. (2010b)

Regulation of autophagy

mTORC1 Recruited to bacteria-containing vacuoles upon
Salmonella infection

Tattoli et al. (2012)

Facilitated activity by htt in HD Pryor et al. (2014)

Loss of activity led to HF Shende et al. (2011)

Inhibition protected pancreas β-cells from apoptosis Bachar-Wikstrom et al. (2013)

Mutations in various cancer types Sato et al. (2010)

AMPK Activation increased Aβ degradation in AD Vingtdeux et al. (2011)

Activation protected neurons during cardiac ischemia Matsui et al. (2007)

Activation protected cardiomyocytes from apoptosis in
diabetes

He et al. (2013b)

Reduced activity in diabetic cardiomyopathy Xie et al. (2011)

HDACs Decreased cardiac hypertrophy through autophagy
suppression

Cao et al. (2011)

Symbols for genes are italicized, whereas symbols for proteins are not italicized

AD Alzheimer’s disease, HD Huntington’s disease, HF heart failure, PD Parkinson’s disease, SENDA static encephalopathy of childhood
with neurodegeneration in adulthood
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attenuated medical symptoms in animal models of ath-
erosclerosis or in patients with different tumor types
including sarcoma (Martinet et al. 2007; Mita et al.
2008). Interestingly, some other inhibitors of mTORC1
kinase activity (e.g. Torin 1 and PP242) may be even
more effective than rapamycin (Feldman et al. 2009;
Thoreen et al. 2009). Trehalose, an mTORC1-
independent autophagy activator, had a beneficial effect
on the clearance of mutant α-synuclein and also
protected cells against apoptosis in a HD model
(Sarkar et al. 2007). Autophagy-inducing drugs were
also successfully deployed against hepatic fibrosis
(Hidvegi et al. 2010) and viral infections (Shoji-
Kawata et al. 2013).

In other cases, inhibition of autophagy seems to be
needed: it induced apoptotic death of tumor cells in a
mouse model of lymphoma (Amaravadi et al. 2007) and
in various types of tumors (McAfee et al. 2012).
Currently, further autophagy regulator agents targeting
core autophagic proteins, such as ATG4B, ATG7, or
VPS34, are under different phases of testing (reviewed
in Jiang and Mizushima 2014).

However, pharmacological targeting of autophagy is
still at its beginnings; and, unfortunately, it is likely that
most approved autophagy-modulating drugs also affect
other pathways—and hence processes side effects.
Furthermore, different studies often reported contradic-
tory role for autophagy in human diseases suggesting
that it has remained unclear whether this process should
be enhanced or inhibited in order to mitigate symptoms.
Thus, further investigations are necessary, which would
reveal the yet unknown molecular mechanisms of au-
tophagy, especially under pathological conditions.
These future advances might pave the way for the
development of more specific autophagy inhibitors and
enhancers, which could eventually help us to harness
autophagy in favor of efficient therapeutic interventions
against various human diseases.
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