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Abstract
Autophagy, a self-degradative process is crucial in the development of cells and maintaining the nutrient balance of cells
under the conditions of nutrient starvation. The process of autophagy plays a very important role in the elimination of
misfolded and aggregated protein complexes. It also plays a vital role in removing the damaged cellular organelles like
mitochondria, peroxisomes and endoplasmic reticulum. The process of autophagy also removes the intracellular
pathogens and hence serves as a cell survival mechanism. The process of autophagy is activated under the conditions of
nutrient deprivation and hypoxia. A number of autophagy-related proteins (ATG) are involved in regulating the process
of autophagy by mediating membrane rearrangements which result in the engulfment and degradation of cytoplasmic
contents. The process of autophagy is vital for development, differentiation and survival of cells. Autophagy serves to
safeguard the organism against various pathologies including cancer development, neurodegeneration, aging and
pathogen infection.
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Introduction
The term autophagy was coined by Christian de Duve from a greek word meaning ‘eating of self’.  The study
was based on the degradation of mitochondria and other intracellular organelles in the lysosomes of rat
hepatocytes treated with glucagon [1]. The mechanism of autophagy induced by glucagon in hepatocytes
requires the activation of protein kinase A by cAMP [2]. Autophagy is a general term used for the
deterioration of the cytoplasmic contents in lysosomes [3,4,5].  The process of autophagy is quite disparate
from the process of endocytosis in which the proteins of plasma membrane and extracellular matrix are
degraded in the lysosome. The process of autophagy is divided into three types and these include
macroautophagy, microautophagy and chaperone mediated autophagy, all of which are involved in the
degradation of cytoplasmic contents in the lysosome. However, the term autophagy is used to specify
macroautophagy, which is the best characterized form of autophagy [6]. The process of autophagy is
interposed by a unique organelle called autophagosome. Autophagy is a non-selective degradation process in
which a portion of cytoplasm is engulfed by the autophagosome. This contrasts with the ubiquitin mediated
proteosomal degradation in which the ubiquitin proteasome system recognizes the ubiquitinated proteins and
targets them for degradation in the proteosome [5]. Macroautophagy involves the degradation of cytoplasmic
contents in the lysosome through the formation of autophagosome which then fuses with the lysosome to form
an autolysosome. However, microautophagy does not involve the formation of autophagosome. In
microautophagy the lysosomal membrane undergoes invagination to engulf the cytoplasmic contents that are
to be degraded. The process of chaperone mediated autophagy involves the translocation of a complex of
tagged protein and the chaperone protein(like Hsc70) across the membrane of lysosome. This complex is
recognized by the lysosomal membrane receptor, lysosomal-associated membrane protein 2A (LAMP-2A),
triggering the unfolding and degradation of the target protein [12]

The process of autophagy involves a sequence of events which ultimately culminate in the degradation of the
captured cytosolic cargo. Autophagy begins with the formation of autophagosomes from an isolation
membrane, which is followed by the elongation and maturation of the autophagosome, which then captures
the cytoplasmic contents that are to be degraded [7]. The origin of the autophagosomic membrane is the
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mitochondria, plasma membrane and endoplasmic reticulum, however recent studies have shown that the
contact point of endoplasmic reticulum and is indispensable for the formation of autophagosome [8,9].  After
the formation of the autophagosome, it fuses with the lysosome resulting in the formation of autolysosome
where the cytoplasmic contents are degraded [7].

Autophagy induction
Nutrient deprivation is the major inducer of autophagy. Although nitrogen deprivation is the potent inducer of
autophagy, the deprivation of other important elements like carbon, nucleic acids, auxotrophic amino acids
and sulfate also induce autophagy [10]. The induction of autophagy by nutrient deficiency and metabolic
abnormality is non-selective and leads to the degradation of any portion of cytoplasm.  However, autophagy
can be a highly selective process and leads to the degradation of damaged or redundant structures [12].In
autophagy the presence of degradation tags like ligand on a target protein marks the target protein for
degradation by autophagy. The process of autophagy is also characterized by the requirement of selective
autophagy receptors and at least one scaffold protein [13,14]. In selective autophagy the targets including
peroxisomes, mitochondria, endoplasmic reticulum, bacterial pathogens, protein aggregates and signaling
complexes that are no longer needed by the cell. The yeast cytoplasm to vacuole targeting pathway (Cvt
pathway) is the best characterized example of selective autophagy. This pathway utilizes the central
machinery of autophagy to dispatch the precursor aminopeptidase I and other degradative enzymes to the
vacuole [15].

Autophagy and apoptosis crosstalk
The processes of autophagy and apoptosis are of great significance in the development and prevention of
various disease in humans. The process of autophagy and apoptosis are two independent events, however
under certain circumstances the induction of autophagy obstructs the process of apoptosis [16,17,18]. Also the
process of autophagy occurs upstream of apoptosis under certain conditions [16]. The proteins required for the
regulation of autophagy like beclin1, Atg4D and Atg5 are also involved in the regulation of apoptosis [19].
Also the proteins regulating the process of apoptosis likeCASP8 and FADD-like apoptosis regulator
(CFLAR)and Bcl-2 family meembers (Bcl-2 and Bcl-XL) are also involved in the regulation of autophagy
[20,21].  Caspase 8, a positive regulator of apoptosis is degraded by autophagy and hence the process of
autophagy serves to inhibit the process of apoptosis [22]. In Drosophila the inhibitor of apoptosis, dBRUCE
controls the process of apoptosis in nurse cells during oogenesis, however the autophagic degradation of
dBRUCE leads to the induction of apoptosis in these cells. Autophagy can hence result in the activation of
apoptosis and hence the process of autophagy is an upstream event to apoptosis [23]. Also the process of
autophagy can occur independently of apoptosis and does not involve characteristic features of apoptosis like
DNA fragmentation and caspase activation [24]. A number of Atg proteins involved in the regulation of
autophagy have been implicated in regulating apoptosis. Atg4D, an Atg4 family member is cleaved by
caspase 3 to generate a truncated product, ΔN63 Atg4D. This truncation variant of Atg4D when expressed
alone promotes apoptosis independent of autophagy [25]. Caspases, which are the regulators of apoptosis
cleave beclin 1 at Asp149 and hence inhibit autophagy [26,27,28].  Also under the conditions of apoptosis
calpains cleave Atg5 generating a truncated version of Atg5, 24K Atg5. This truncated version of Atg5 leads
to the induction of apoptosis when expressed alone [29].

mTOR, the master regulator of autophagy
mTOR, mammalian target of rapamycin is a kinase belonging to the phosphoinositide 3-kinase-related kinase
(PIKK) family. This protein kinase serves as a key regulatory station of the metabolic acivities of cell,
promoting protein synthesis and hence cell growth and inhibiting the induction of autophagy [30]. mTOR
combines with different protein partners to form two functionally disparate protein complexes mTOR
complex 1 (mTORC1), which is rapamycin sensitive and mTOR complex 2 (mTORC2), which is insensitive
to rapamycin. mTORC1 is composed of mTOR kinase, a regulatory associated protein of mTOR, raptor,
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proline-rich AKT-substrate (PRAS40), DEPTOR and  lethal with SEC13 protein 8 (LST8). mTORC1
responds to a variety growth factors and the nutrition status of the cell and integrates a variety of signaling
pathways to modulate the cell behavior [31]. mTORC2is composed of the kinase  mTOR,  rictor (rapamycin-
insensitive companion of mTOR), SIN1 (stress-activated-protein-kinase-interacting protein 1), LST8 and
DEPTOR. mTORC2is involved in the regulation of actin organization and AKT activation [32].

Under the conditions of nutrient sufficiency, the PI3K-Akt signaling pathway gets activated which in turn
activates mTORC1. The activation of mTORC1 results in the   phosphorylation and activation of p70S6 K
and 4E-BP inducing cell growth and proliferation [31]. Also the activation of mTORC1results in the
suppression of autophagy by inhibiting Atg1-Atg13-Atg17 complex. This complex is involved in the
biogenesis of autophagosomes in both mammals and yeast [34]. The activation of TOR in saccharomyces
leads to the phosphorylation of Atg13. This phosphorylation of Atg13 inhibits its interaction with Atg1, hence
inhibiting autophagosome biosynthesis [30,33]. However, in mammalian cells mTOR interacts with the ULK1
complex and the Atg1 complex. Under the conditions of nutrient sufficiency mTOR phosphorylates ULK1
and Atg13 and inhibits the process of autophagy. The dissociation of ULK1 from mTORC1 however results
in the activation of ULK1 [34,35]. In the absence mTOR stimulation or rapamycin treatment, the Atg/ULK1
complex gets activated resulting in the induction of autophagy [36]. Hence under the conditions of nutrient
sufficiency mTORC1 inhibits autophagy and enhances cell proliferation and growth by enhancing the
processes of protein, lipid and nucleic acid synthesis [31].

When the conditions are hostile for cell growth and proliferation as in hypoxia and low energy availability,
mTORC1 gets inactivated by AMP-activated protein kinase (AMPK) and REDD1. AMPK, the energy sensor
of the cell gets activated under the conditions of energy deprivation by sensing the ratio of AMP/ATP.
Activation of AMPK results in the phosphorylation and activation of TSC1/2 complex which inturn inhibits
the activity of mTOR via Rheb [40]. REDD1 is a transcriptional target of HIFα that is activated in response to
low oxygen availability [30]. The inhibition of mTORC1 results in the release of Atg/ULK1 complex, thus
enhancing autophagy [38]. This increase in the process of autophagy results in the breakdown cellular
components for energy production [39]. Also, AMPK phosphorylates p27kip1, a cyclin dependent kinase
inhibitor. Phosphorylation of p27kip1 results in its activation and cell cycle arrest. Activation of p27kip1 inhibits
the process of apoptosis and induces autophagy under the conditions of bioenergetics stress [41]. Snf1, the
yeast homologof AMPK regulates autophagy positively by mechanisms involving Atg1 [42]

Autophagy and oxidative stress
The most common cause of autophagy induction is the generation of reactive oxygen species (ROS).
Mitochondria which are the major site of ATP generation are also the major source of ROS generation.
Chemical agents which inhibit the electron transport chain and the ROS generating agents like hydrogen
peroxide and 2-methoxyestradiol induce the production of reactive oxygen species and autophagy in
transformed and cancer cell lines. However, these drugs are not able to stimulate autophagy in non-
transformed primary mouse astrocytes because they fail to stimulate ROS generation in these cells. Normal
cells maintain ROS at tolerable levels via the action of superoxide dismutase, catalase and the redox system.
Also, the overexpression of SOD2 or application of chemical ROS scavengers results in the inhibition of
autophagy [43,44]. The generation of ROS stimulates autophagy induction via the cysteine protease Atg4. Atg
4 cleaves Atg8/LC3 from the outer membrane of autophagosome either before or after its fusion with
lysosome. . ROS generation targets a conserved cysteine  (Cys81) on Atg4 and inhibits the protease activity of
Atg4. The inhibition of Atg4 protease activity stimulates the lipidation of Atg8/LC3, an essential step for
autophagy induction [45]. Atg4 is not the only molecule that is involved in the  oxidative stress mediated
autophagy regulation. Poly(ADP-ribose) polymerase-1 (PARP-1) is also activated by hydrogen peroxide,
which inturn activates the LKB1-AMPK pathway to stimulate the induction of autophagic cell death [46]. The
generation of reactive oxygen species results in DNA damage to the cell which induces PARP-1 activation
and autophagy [47].
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Amino acid sufficiency- a negative feedback loop to control cellular autophagy
The process of autophagy is a unique process in the cells that degrade the long-lived proteins and the protein
aggregates to restore the amino acid pool of the cells particularly in the cells that are nutrient-deprived [30].
The knock-down of autophagy related genes like Atg7 reduces the concentration of amino acids in the cell
[48]. However, during autophagy the increased concentration of amino acids produced by the autophagic
degradation of proteins reactivates mTORC1and inhibits further autophagy, thus serving as a negative
feedback loop in regulating the process of autophagy [49,50]. mTORC1 can perceive small increased
concentrations of amino acids like leucine to increase the activity of its downstream effector p70S6K [51].
The effect of amino acids on the activation of mTORC1 depends on the autophagic degradation of proteins
and is independent of insulin and growth factors stimulation [52]. Long term starvation results in the
reactivation of mTORC1 which inhibits autophagy and maintains lysosome homeostasis [50]. This negative
feedback loop serves as a homeostatic mechanism to block prolonged autophagy [39].

Autophagy in neurodegeneration and cancer
Autophagy has been implicated in neurodegenerative disease as the number of autophagosomes increases in
the brains of patients with neurodegenerative disease like Parkinson’s disease, Huntington disease,
Alzheimer’s disease and transmissible spongiform encephalopathies [53,54]. Autophagy has also been
implicated in the development of cancer and increasing evidences suggest autophagy as a bonafide tumor
suppressor pathway [55,56]. A number of tumor suppressor proteins that are involved in the downregulation
of mTOR signaling like TSC1, TSC2 and PTEN have been shown to enhance autophagy. Also the proteins
involved in the upregulation of mTOR signaling like AKT and class I PI3K suppress autophagy [57,58]. The
anti-apoptotic proteins like Bcl-2 and Bcl-XL promote tumor development and are often overexpressed in
human cancers. These proteins inhibit the rate limiting step of apoptosis by inhibiting the permeablization of
mitochondrial membrane. Also the ER-localized Bcl-2 and Bcl-XL bind to Beclin1 thereby inhibiting the
process of autophagy [59,60]. P53, the most potent tumor suppressor promotes autophagy in the cells with
damaged DNA. P53 activates AMPK which inturn phosphorylates TSC1/TSC2 complex consequently
resulting in mTOR inhibition and autophagy induction. P53 also activates damage-regulated autophagy
modulator (DRAM) which is a lysosomal protein that promotes autophagy [61,62].

Conclusion
Autophagy is a degradation pathwayin the cellular systems by which the damaged cellular components and
misfolded or aggregated proteins are eliminated from the cell. Autophagy plays a vital role in various diseases
wherein it can prove either protective or detrimental to the cell. Any flaw in the processes that inhibit
autophagy can result in cell toxicity. Also insufficient autophagy can result in the accumulation of damaged
organelles in the cell which can trigger inflammatory responses. Hence autophagy is a dynamic process that
must be tightly regulated in order to maintain cellular homeostasis.
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