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Preface

What this book is about?

This book is a multinational effort of dozens of contributors with expertise in translational
research and thus reflects growing global research interests in autophagy biology and medi‐
cine. The intent of the book is to present an overview of diverse aspects of biogenesis of
autophagy and autophagy-mediated barriers in cell and tissue development and aging, its
pro-survival effects in injury and degenerative diseases, and its arrangement of intrinsic re‐
sistance to stress and harmful impacts. Along with this, a particular attention is paid to con‐
troversial yet detrimental implication of autophagy in cancerogenesis and a divergent role
of autophagy in cell death, chronic inflammation and infectious diseases.

Focusing on autophagy function in both tissue’s normal development and pathology, a large
volume of the book discussions is dealing with investigation of (i) a variety of active intrin‐
sic barrier functions mediated by autophagy; (ii) autophagy-controlled cellular biogenesis,
metabolome, and proteostasis; and (iii) interplay of key pathways, hub proteins, and organ‐
elles featuring autophagy interactome in order to execute selective degradation of cell con‐
stituents and xenobiotics that is termed as “autophagic flux.” In this account, investigators
who are working on development of new remedies for therapy of stress, trauma-related in‐
jury, degenerative diseases, and cancer could avail themselves an in-depth understanding of
the autophagy biology, the mechanisms of autophagy biogenesis, and the regulation of au‐
tophagic flux. Giving a wide-angle perspective on biomedical aspects of autophagy, we ad‐
dressed this book to a broad audience of readers from students to practicing clinicians and
experts in autophagy research.

Autophagy and the necessity for barrier formation and metabolic control

Autophagy is a catabolic pathway of lysosomal recycling of cell constituents and xenobiotics
by the mechanisms of sequestration of targeted biomolecules and compromised organelles
within isolating membranes, that is, autophagosomes, or protein complexes and processing
them in lysosomal machinery. By this means autophagy mediates cell and organelle biogen‐
esis, provides energy supplies, and sustains system integrity and homeostasis. Autophagy is
evolutionarily conserved and ubiquitously present in eukaryotes, for example, multicellular
organisms such as fungi, plants and animals. Therefore, many details related to autophagy
signaling, target selection, autophagic flux, as well as autophagy-targeted modulation of cell
and tissue biogenesis and morphogenesis have been recently investigated using in vitro
models, vertebrates, and lower vertebrate animals. Note that these aspects of autophagy
translational research are elegantly presented in several chapters of this book and discussed
in conjunction with developments of new models for therapy of cancer and degenerative
diseases.



Although autolysosomal process per se is still considered to be a bulk hydrolytic degrada‐
tion, a growing number of evidence indicate that autophagy biogenesis is strictly regulated
by autophagy-related genes (i.e., ATG genes) and their protein products, numerous signal‐
ing cascades, adaptors, chaperones, modifiers, cell energetic conditions, and intimate inter‐
actions in the organelle networks (e.g., the endoplasmic reticulum-mitochondrial interplay).
Overall, that determines cargo-selectivity to proteins and organelles as well as the pathway
specificity (e.g., macroautophagy vs. chaperone-mediated autophagy). This network gov‐
erns a crucial autophagy feature, which is the execution of barrier functions by targeting,
sequestration and compartmentalization for recycling of damaged cytotoxic constituents, ac‐
quired xenobiotics and invading pathogens. These barrier functions “arm” organisms with
the ability to specifically respond to starvation and oxidative, electrophilic, and hypoxic
stress related to acute injury and hyperinflammation as well as to mediate innate and adap‐
tive immunity and to control aging, infections, degenerative disease, cancer development,
etc. Remarkably, the interplay between autophagy biogenesis and the endoplasmic reticu‐
lum-mitochondrial axis, cell metabolome, proteostasis, and energetic machinery defines the
capacity of cell intrinsic resistance to stress impacts and impairments. These evidences can
imply novel concepts for therapy of numerous illnesses such as cystic fibrosis, preeclampsia,
drug addiction-related disease, and dysfunctions of the heart, lung, and nervous tissue.

Autophagy subjects addressed

In conjunction with the above, the scientific reviews and research data presented in the
chapters of this book are focused on several interconnected autophagy areas such as (i) au‐
tophagy signaling pathways, mediators, and autophagy interactome; (ii) autophagy and bio‐
logical barriers such as defense, offense, survival, or death; (iii) autophagy in tissue
morphogenesis, remodeling, and regeneration; (iv) selective autophagy in health, disease,
and therapy; and (v) autophagy in metabolic homeostasis.

The selected topics encompass personal experience and visions of the chapter contributors
and editors as well as a broad analysis of literature on biology of autophagy.

Dr. Nikolai V. Gorbunov
Department of Anaesthesiology,

Uniformed Services University of the Health Sciences,
Bethesda, Maryland, USA

Prof. Dr. Marion Schneider
Head of Division of Experimental Anesthesiology

Department of Anaesthesiology, University Hospital Ulm
Ulm, Germany
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Chapter 1

Introductory Chapter: Overview on Autophagy in

Burden of Functions

Nikolai V. Gorbunov and E. Marion Schneider

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65435

Provisional chapter

Introductory Chapter: Overview on Autophagy
in Burden of Functions

Nikolai V. Gorbunov and E. Marion Schneider

Additional information is available at the end of the chapter

“The Nobel Assembly at Karolinska Institutet has today decided to award the
2016 Nobel Prize in Physiology or Medicine to Yoshinori Ohsumi for his discover-
ies of mechanisms for autophagy. 2016-10-03”.
[q]:www.nobelprize.org/nobel_prizes/medicine/laureates/2016/press.pdf
This Nobel Assembly announcement culminates enormous efforts devoted over
past decades to elucidate the molecular network of autophagy – fundamental
“self-eating” machinery for decomposition and remodeling of cellular compo-
nents - and thus, closes another chapter in the History of Cell Physiology.

1. Introduction to Autophagy: “Self-Eating” in the Pursuit of Cell Health
and “Happiness”

Multicellular organisms evolved, adopted and conserved numerous mechanisms and pathways,
which allow them to sustain essential metabolism and morphogenesis over life period and to
proceed through aging. Remarkably, often the same mechanisms orchestrate response to impacts
of environmental and oxidative stressogens, toxins and adverse conditions caused by a variety of
infections, and degenerative and malignant transformations. Among these mechanisms, a crucial
role is borne by autophagy-lysosomal catabolicmachinery or autophagy, which is constituted
by a large interactome of autophagy-related genes and organelle networks, that is integrated
within a distinct singularity along with newly introduced “omes” such as “exposome” and
“stressome” [1–5]. The normal “housekeeping task burden” of the autophagy system (i.e.,
chaperone-mediated autophagy, microautophagy and the nonselective and selective

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



macroautophagy) is to sustain, adjust, reconstitute and to remodel the cellular contents in
order to maintain cell metabolism, phenotypes and structural integrity, especially in the case
of starvation when energy molecules are depleted, nutrition is limited, and thus death risk is
high [2, 5]. In these events, autophagy biogenesis is regulated with precision by the autophagy-
response receptors and signaling systems at metabolic and immune checkpoints that operate
in conjunction with other cellular elements and machineries, such as cellular energy sensors,
the proteotoxic stress sensors the pattern recognition receptors, the ubiquitin system, galectins,
danger and redox signaling cascades, the endoplasmic reticulum-mitochondrial system, etc.
[2, 5, 6, current book Chpt. 4]. Overall, that phenomena make the autophagy-lysosomal
pathway to be a universal mechanism for decomposition of biological targets regardless their
biochemical nature yet vital for response to stress and damage [1, 2]. The functional role of the
autophagy machinery in immunochemical and structural cellular homeostasis can be further
elaborated within a framework of “entity component system architecture" with a perspective
on “the autophagy-mediated intrinsic barrier network”.

Historically, invention of the term “autophagy” is credited to Nobel Laureate Christian de
Duve. Since his mid-1950s pioneering work on compartmentalization of hydrolytic enzymes
in subcellular structures (defined thereafter as “lysosomes”), and then his postulation that the
end-point of all organelles subjected to destruction is sequestration in lysosomal apparatus, it
took Christian de Duve another decade to evolve a concept of biodegradation of cell constitu-
ents via ubiquitous lysosomal pathway, which he named as “autophagy” (from the Greek for
self-eating) [7]. Over that time period, the crucial evidence supporting de Duve’s concept was
provided by several other scientists (Novikoff AB, Essner E, Clark SL, Holt SJ, Hruban Z,
Spargo B, Swift H, Ashford TP, Porter KR), who developed and implemented new cell frac-
tional analysis, organelle contrasting techniques and ultrastructural analyses of lysosomal
sequestration of organelles and proteins with electron microscopy—the only advanced cell
research technique available at that time [8–9]. The research conducted globally by thousands
scientists over the following fifty years lead to development of new autophagy techniques and
brought enormous progress in clarification of many fundamental aspects of autophagy biology
and the pathway details [7, 10, 11]. This research includes remarkable work of Drs, Mortimore
GE, Dice JF, Ohsumi Y, Mizushima N, Klionsky DJ, Levine B, Johansen T, Yoshimori T, and
others who built up milestones toward development of the autophagy paradigm. That pro-
gress was culminated by the 2016 Nobel Prize Award to Ohsumi Yoshinori for his achieve-
ments in the molecular dissection of key autophagy pathways leading to discovery of two
ubiquitin-like conjugation system (see below) essential for development of autophagic vesicles
(i,e., autophagosomes) [7, 10]. But still a lot needs to be done, especially when it comes to
understanding autophagy signaling, the biogenesis of phagophores (another name - “isolation
membranes”), mechanisms of selective autophagy and autophagosome trafficking.

2. Autophagy Molecular Paradigm: the Universal Mechanisms for
Defining “to Be or not to Be”

According to the modern paradigm, autophagy represents a system of evolutionary conserved
and strictly regulated "multitasking" mechanisms which is employed by eukaryotic cells (i) to
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control quality of cellular constituents and to maintain AMP and ATP balance and cell metab-
olism—all by refurbishing unnecessary or compromised organelles and biomolecules; (ii) to
compensate stress and danger and, thus to sustain the intrinsic resistance to harmful exposures;
(iii) to decompose acquired xenobiotics (e.g., microorganisms and viruses) and, by these means,
to mediate innate and adaptive immunity [1, 2, 5, 7, 10–16, current book Chpt. 18]. Detailed
analyses of the autophagy interactive system revealed many aspects of the stress/damage-
activated “eat-me” signaling mechanisms. Thus referring to macroautophagy the phagophore
initiation, nucleation and elongation, the autophagic flux, the autophagy-regulated
proteostasis, organelle biogenesis, pathogen sequestration, etc. are all borne by the highly
conserved ATG-genes, Atg-proteins as well as by several signaling modules (e.g., mTOR,
AMPK, the PI3K complexes, CREB transcriptional factor), sequestosome 1/p62-like receptors
—adaptor proteins (e.g., p62/SQSTM1, NBR1, NDP52, T6BP, optineurin) and quality control
modifiers (e.g., ubiquitins, galectins, STING) [1, 2, 5–7, 10, 11, 13, 16 and current book Chpts. 2,
3, 16, 17, 21]. In conjunction with this, interestingly that “membrane structural modules”
arranged by mitochondria and endoplasmic reticulum (or the ER-mitochondrial axes), which
are other key players in cell bioenergetics and proteostasis, are also involved in the emerging
macroautophagy signaling mechanisms [5, 6, 12, 13]. Thus, numerous reports indicate that
the ER-mitochondrial membrane modules along with their contact membranes (i.e., mitochon-
dria-associated membranes – MAMs) can operate as a “fine stress-sensing interface”, which
either triggers prosurvival reconstitution of the damaged organelles or diverges the pathway to
cell death [5, 12, 13]. Moreover, referring to the macroautophagy biogenesis, the ER-MAM-
mitochondrial structures can originate omegasomes yet essentially contribute to formation,
nucleation and elongation of the isolation membranes (phagophores), which further became
sources of autophagosomes [5, 6, 10, 16]. Note the phagophore formation is mediated by the
Atg12-Atg5-Atg16L and LC3/GABARAP/Atg8-phosphatidylethanolamine autophagy conju-
gates produced via activation of two ubiquitin-like enzymes E1 and E2 (i.e., Atg7 and Atg10—
for Atg12 conjugation system and Atg7 and Atg3—for Atg8 conjugation system), and is
assisted by an autophagosome-specific pool of phosphatidylinositol-3-phosphate and
syntaxin-17 [1, 5, 13, current book Chpts. 2, 6, 12, 16, 21]. These observations are crucial for
understanding efficacy of the macroautophagy target-sequestration from topological perspec-
tive. Indeed, according to the above model, potential sources of phagophores (i.e., the ER-
MAM-mitochondrial structures) are ubiquitously present across cell volume (except other
organelles), and thus the phagophore and autophagosome biogenesis can be specifically acti-
vated at the “target site”. Further accomplishment of autophagic flux occurs with fusion of
spatially separated autophagosomes, endosomes and lysosomes [5]. It should be denoted that
spatiotemporal dynamics of autophagosome-to-lysosome trafficking through the cytoplasm
still remains obscure.

Corroborating importance of crosstalk between autophagy and the ER-mitochondrial mem-
brane modules in control of cell homeostasis, we can refer to the fact that suppression of
ATG-genes and dysregulation of autophagic flux results in accumulation of damaged and
therefore cytotoxic mitochondria and misfolded and oxidized proteins [11–14, 17, current
book Chpts. 3, 14, 22]. These observations link impairment of autophagy machinery with
pathogenesis of severe degenerative diseases and with promotion of aging, chronic viral
infections and tumorigenesis, but also tumor cell death [11–14, 17], current book Chpts. 3,
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14, 22]. Taking all the above into consideration, autophagy appears to be an efficient
prosurvival adaptive and protective cellular mechanism [2, 5, 6, 12–16].

Evidently, autophagy-lysosomal pathway is adapted to recycle diverse intracellular com-
ponents regardless of their size and biological nature, i.e., from polypeptide molecules
(10−8 m) through microorganisms (10−6 m). That makes autophagy extremely efficient in
barrier functions. From the evolutionary perspective it is interesting that host cells can
eliminate bacteria and the “alleged” bacteria-derived endosymbionts, i.e., mitochondria,
via selective autophagy, i.e., xenophagy and mitophagy, respectively [5, 6, 12–14, current
book Chpt. 19]. Both xenophagy and mitophagy require implication of the “core”
autophagy proteins [e.g., ULKs (Atg1), LC3/GABARAP, Atg5-Atg12, Atg9, Atg16L1],
autophagy adaptors (“cargo” receptors) (e.g., p62, NBR1, NDP52), factor FIP200 and the
poly-ubiquitin-modifiers—for the sequence of phagophore formation, cargo-selection and
autophagosome enclosure and for autophagic flux. However, activation of these pathways
and their spatial arrangements are regulated by distinct signaling mechanisms triggered
by either invaded bacteria or damaged and depolarized mitochondria. Thus, in the first
case the signaling cascade is comprised of pathogen recognition sensors (e.g., Toll
and NOD-like receptors, antimicrobial GTPase proteins, STING, galectin-8), which can
respond to entire microorganism or to the bacterium-containing vacuoles and their frag-
ments [6, 15, 18]. While in the second case the signaling mechanism is initiated by mito-
chondrial expression of either Nix/Bnip3L and Bnip3 receptors of LC3/GABARAP or—
PINK1 kinase followed by recruitment of cytosolic Parkin (E3 ubiquitin ligase), Mfn2,
ubiquitin and p62 linking the mitochondrial cargo with LC3/GABARAP on isolation mem-
brane [5, 6]. Seemingly, host cells endowed with these signaling mechanisms are capable of
pursuing selective “multitargeting” autophagy, and thus sustaining resistance to invading
pathogens, pathogenic factors as well as to the associated damage to mitochondria and
ER [19].

Paradoxically, as many other crucial pathways, autophagy plays a dual role under normal
and pathological conditions. In addition to the well-known role of autophagy in cell sur-
vival, autophagy-mediated type II programmed cell death has long been proposed [5, 12–
14 and current book Chpt. 12]. The autophagic cell death was originally reported in tissues
subjected to extensive development and remodeling. That effect seems to be analogous
to apoptosis in similar metamorphoses [8, 14, current book Chpt. 13]. However, the
autophagy implication in cell death is not restricted to the morphogenetic events; it can
also drive cell death under various pathological conditions such as acute inflammation,
ageing, malignancies and intracellular pathogens such as tuberculosis, borreliosis, etc.,
[5, 6, 8, 12–14, current book Chpt. 21]. Thus, many highly virulent intracellular pathogens
can subvert and adapt different components of autophagy machinery to establish replica-
tive niches eventually leading to host pathology and death [14, 16, 18, 20]. In conjunction
with this, interestingly that upon invagination of hepatocytes, malaria sporozoites are able
to adapt autophagy LC3-II protein to form host cell-derived parasitophorous vacuoles;
and then to subvert amphisomes—originated from another autophagy pathway—as a
nutritional source arranging "own feeding mechanisms", while avoiding degradation by
lysosomes [20].
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In addition, regulation of autophagic flux with pro- and anti-proteolytic enzymes can be a
leading key for development of either “excessive autophagy” or “defective autophagy”, such
as described in the context of persistent chronic infections during sepsis [5, 11, 13–15, current
book Chpt. 10]. These both autophagy conditions can affect the ER-mitochondrial network
resulting in alterations in oxidative phosphorylation, energetic collapse, impairment of
proteostasis, inflammation and the detrimental course of immune dysfunction [5, 12–15].

3. Autophagy and Intrinsic Biological Barriers

In the light of the above considerations, we can say that autophagy mechanism is indispens-
able contributor to the interactive system of intrinsic biological barriers in living organisms, i.
e., the barriers which are essential to maintain nonequilibrium dynamics of organic and
inorganic metabolites, to control bioenergetics, antigen and redox status, to protect against
thermal impacts and electromagnetic radiation, to interact with microbiota, etc. Based on
biological nature of the elements which conduct sequestration, spatial isolation, shielding and
target-processing, the barrier functions can be carried out at: (i) molecular level by e.g., ligands,
carriers/transporters, proteasomes and redox “converters”; (ii) membrane subcellular level by
e.g., mitochondria, endoplasmic reticulum, phagophores, the plasma membrane;
(iii) extracellular level by e.g., mucus and other extracellular matrices. Moreover, at cellular
level these barriers represent numerous interfaces of tissues and organs with ambient and
internal environment to sustain structural, immune and metabolic integrity. From this perspec-
tive, while macroautophagy, microphagy and chaperone-mediated autophagy execute barrier
functions at molecular and membrane levels [2, 5, 6, 13–17], it would be reasonable to assume
that dynamics and efficacy of autophagy function can determine performance of the barrier-
forming cells. Note, in the vertebrates the infection cellular barriers are constituted by
multidimensional interactive networks of mesenchymal, epithelial, reticuloendothelial, endo-
thelial and hematopoietic cells, where along with monocytes and polymorphonuclear
granulocytes, a particular role in xenobiotic control and “cleaning function” is attributed to
nonprofessional phagocytes, e.g., skin fibroblasts, bone marrow stromal cells, endothelial and
epithelial cells [18, 19]. Evidently, nonprofessional phagocytes are very efficient in phagocyto-
sis with “autophagy-to-pathogen” response mechanism and therefore, can compensate profes-
sional phagocyte function, when the last one declines [19]. Thus, a lack of the “canonical”
phagocytic features (such as phagosome biogenesis, the oxidative burst, etc.) in
nonprofessional phagocytes is presumably compensated by empowering xenophagy to con-
trol and execute all events from pathogen sequestration through degradation [5, 6, 18–21,
current book Chpt. 15]. That infers increasing burden of autophagy function in
nonprofessional phagocytes when professional phagocytes are depleted due to pathological
conditions. Furthermore, considering that nonprofessional phagocytes can also orchestrate
response to acute stress or trauma by expression and massive release of paracrine and endo-
crine factors, such as damage-associated molecular patterns (DAMPs), inflammatory cyto-
kines, proteases, chemokines, defensins, nitric oxide, ROS, fragmented DNA, exosomes and
microvesicles, which in turn can trigger and propagate autophagy stress response [6, 14–19].
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These effects may suggest a presence of cross-talk in the “barrier network” assisted by
autophagy mechanism.

4. Conclusion

Overall, it is hard to overestimate the vital role of autophagy in function of the intrinsic cellular
barriers. Thus, autophagy machinery bears specific types of physical barriers emerging from
activation and interaction of autophagy scaffolds, membrane-assembling proteins, ubiquitin-
like modifiers and autophagy adaptors, which sustain autophagic flux. In this event, the
hallmark of macroautophagy is formation of new organelles, i.e., double-membrane
phagophores and then sequestration and compartmentalization of cellular constituents within
autophagosomes (exemplified in Figure 1 and Supplement 1).

Figure 1. Various states of mitophagy in a glioblastoma cell and a clear contribution by endoplasmic reticulum forming
the phagophore can be deduced; lysosomes are found adjacent to autophagosomes (arrow head) as well as following
fusion (arrows) (A). Two lipid bilayers of a completed phagophore engulfing cytoplasm are surrounded by endoplasmic
reticulum membranes (B). Lipid bilayers of the phagophore double membrane can be identified by higher magnification.
The high resolution also shows the typical asymmetry of phagophore (and autophagosome membranes). Lower staining
intensity is seen in the vesicle-faced bilayers whereas higher contrast is seen in the outer lipid bilayers (C) (trans electron
microscopy performed with a JEOL 1400 at 120 keV).
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Supplement 1

A tomogram depicting the glioblastoma cells (line #12537 GBM) with active autophagy and
mitophagy. Different stages of mitophagy progression [ e,g., advanced mitophagy (upper left)
and just initiated mitophagy (lower left)] are detectable within numerous autophagosomes
and newly formed intravesicular membranes. The residual mitochondrial constituents are
observable at higher magnification (see in the middle). The autophagy tunneling system,
shielded from the rest of the cell‘s cytoplasm can be best envisaged in a tomogram. Note
numerous ribosomes and structural elements comprised of actin, intermediate filaments and
microtubules.

The tomogram was taken by Paul Walther in the Central Facility for Electron Microscopy at
Ulm University using Jeol 2100F TEM in STEM mode at 200 keV.
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Abstract

Autophagy  is  fundamental,  evolutionary  conserved  physiological  process  at
molecular  level  which  targets  long-lived  cytosolic  proteins  and  organelles  to  be
recycled  through  lysosomal  degradation.  Diminished  autophagic  activity  caused
cellular stress in many organisms following aging,  and inhibition of autophagy in
model organisms causes degenerative changes and pathologic diseases observed with
high incidence ratio generally in older ages. Consequently the delayed senescence or
increased longevity in model organisms often stimulate autophagy, and autophagy
inhibition compromises anti-aging effects. The cytoprotective function of autophagy
is presented in various human diseases such as lung, liver, cardiovascular diseases,
neurodegeneration,  myopathies,  cancer,  stroke,  infections  and  metabolic  diseases
which are found associated with autophagic targets. These pathologies are defined
with their age-dependent characteristics, is not fully understood that how autophagy
network regulates metabolism and may cause diseases in age-related manner. In this
book chapter, we are going to discuss the autophagy and aging relationship in three
different parts. In the first section autophagy and aging relationship is going to be
presented  through  explaining  responsible  signalling  network.  The  autophagy  and
age-related neurological disorders, genetic basis of age-dependent diseases and the
functional role of autophagy is going to be discussed in the second and third part of
the chapter.

Keywords: autophagy, aging, metabolism, diseases, sirtuins, AMPKa

Definitions [1]:

Macroautophagy:  Macroautophagy  is  a  complex  process  that  involves  the  formation  of
subcellular and typically double membrane vesicles.  These subcellular compartments are
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called as autophagosomes, which is used for sequestration of cytoplasmic materials and cargo
them into lysosomes to be recycled. The process of macroautophagy starts with the initiation
of the formation of the phagophore. The growth of the phagophore terminates in completion
of the autophagosome.

Chaperone-mediated autophagy (CMA): Chaperone-mediated autophagy is the only type of
autophagy in mammalian cells that able to selectively degrade cytosolic proteins in lysosomes.
All CMA substrates contain in their amino acid sequence a motif biochemically related to the
pentapeptide KFERQ required for their selective recognition by the CMA cytosolic chaperone
complex. These proteins are recognized by a chaperone complex and are translocated into the
lysosome through a specific receptor called the lysosome-associated membrane protein
(LAMP)-2A. Reduced CMA activity has been observed in many cell types and tissues of old
rodents, as well as in cells derived from aged individuals. This mechanism is also linked to
“lipophagy.”

Lipophagy: Cellular lipid stores are also targeted for lysosomal degradation through a process
termed “lipophagy.” Therefore during lipophagy, autophagy and lipases can act together to
mobilize lipids stored in lipid droplets. According to Caenorhabditis elegans studies, less fat
content may promote longevity through inactivating mTOR downstream targets.

Microautophagy: During microautophagy, cytoplasmic content is sequestered into lysosomes
through direct invagination of lysosomal membranes. This process can be observed in different
organisms: yeast and mammalians. However, there are less information about microautoph-
agy in mammalians compared to other distinguished autophagic processes.

Mitophagy: The process of removal of damaged mitochondria through autophagy is called
mitophagy. Accumulating evidence points that the maintenance of mitochondrial homeostasis
is strongly associated with the onset and the progression of several age-associated neurode-
generative diseases, such as Parkinson’s disease, Alzheimer’s disease, and Huntington’s
disease.

Moreover, the selective degradation of endoplasmic reticulum, mitochondria, ribosomes, and
peroxisomes are referred to as ERphagy, mitophagy, ribophagy, and pexophagy, respectively.

1. Introduction

Autophagy is an evolutionary conserved process, characterized by massive degradation of
cytosolic contents [2]. The typical autophagy process is finalized by fusion of autophagosome
to endosomes and lysosomes, which engulf cytoplasmic contents within a double-membrane
vacuole [3]. Autophagy process has important physiological functions including the degra-
dation of misfolded proteins and organelle turnover [4]. Recent studies also showed that there
is a functional role between autophagy and apoptosis, which has been introduced as an
important regulation of cell death in response to chemotherapeutic drugs [5]. The process is
regulated by several proteins such as Atg protein family, essential for the initial building of
the autophagosome, and phosphoinositide-3 kinase (PI3K) important in the early stages of
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“lipophagy.”

Lipophagy: Cellular lipid stores are also targeted for lysosomal degradation through a process
termed “lipophagy.” Therefore during lipophagy, autophagy and lipases can act together to
mobilize lipids stored in lipid droplets. According to Caenorhabditis elegans studies, less fat
content may promote longevity through inactivating mTOR downstream targets.

Microautophagy: During microautophagy, cytoplasmic content is sequestered into lysosomes
through direct invagination of lysosomal membranes. This process can be observed in different
organisms: yeast and mammalians. However, there are less information about microautoph-
agy in mammalians compared to other distinguished autophagic processes.

Mitophagy: The process of removal of damaged mitochondria through autophagy is called
mitophagy. Accumulating evidence points that the maintenance of mitochondrial homeostasis
is strongly associated with the onset and the progression of several age-associated neurode-
generative diseases, such as Parkinson’s disease, Alzheimer’s disease, and Huntington’s
disease.

Moreover, the selective degradation of endoplasmic reticulum, mitochondria, ribosomes, and
peroxisomes are referred to as ERphagy, mitophagy, ribophagy, and pexophagy, respectively.

1. Introduction

Autophagy is an evolutionary conserved process, characterized by massive degradation of
cytosolic contents [2]. The typical autophagy process is finalized by fusion of autophagosome
to endosomes and lysosomes, which engulf cytoplasmic contents within a double-membrane
vacuole [3]. Autophagy process has important physiological functions including the degra-
dation of misfolded proteins and organelle turnover [4]. Recent studies also showed that there
is a functional role between autophagy and apoptosis, which has been introduced as an
important regulation of cell death in response to chemotherapeutic drugs [5]. The process is
regulated by several proteins such as Atg protein family, essential for the initial building of
the autophagosome, and phosphoinositide-3 kinase (PI3K) important in the early stages of
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autophagic vesicle formation. This complex is called autophagosomes, which are specific
cytoplasmic compartments to degrade useless cellular components to reutilize in cellular
processes. It is well established that a number of molecular targets are critical in autophago-
some complexes [2]. One of the most remarkable autophagic marker, Beclin-1, has Bcl-2
homology (BH) 3 domain and it is a linker protein between apoptosis and autophagy due to
its interaction with antiapoptotic Bcl-2 family members. Therefore, forced expression of Bcl-2
renders autophagy-related processes and thereby prevented autophagy as well as apoptosis
[6].

In addition, LC3, a cytosolic soluble protein, is cleaved during autophagic induction and
involved in the autophagic vacuole membrane formation. When autophagic process starts,
LC3-I (16 kDa) is converted to LC3-II (14 kDa). Recent studies showed that another autophagic
key molecule, p62, is integrated in the autophagosome complexes during autophagy and
reduced level of cytoplasmic-free p62 level could be accepted as an autophagic marker in the
cells. Autophagy is also classified as the second type of cell death. A number of reports showed
that drug-induced apoptosis mechanism could be postponed in cancer cells by activating
autophagy [5]. Recent reports showed that inhibition of autophagy by the treatment of specific
inhibitors for autophagic regulators, 3-MA, or suppression of autophagy regulatory path-
ways [7, 8] may provoke apoptotic efficiency of chemotherapeutic agents in prostate, breast,
colon, lung, and HeLa cancer cells [9–11]. Mammalian target of rapamycin (mTOR) signaling
pathway is one of the leading pathways that orchestrates autophagy in the cells [12]. Normally,
mTOR is activated and autophagy is suppressed in the presence of insulin. Insulin binds to its
specific receptor and caused autophosphorylation by the recruitment and phosphorylation of
its major substrates insulin receptor substrate 1 and 2 (IRS1 and IRS2). Phosphorylated partners
then recruit class I PI3K. Rapamycin is a lipophilic, macrolide antibiotic which has been shown
to induce autophagy by inactivating mTOR [13, 14]. Therefore, rapamycin-mimicking agents,
rapalogs, are natural autophagy inducers through inhibiting mTOR downstream signaling
cascade.

Autophagy is also referred as a catabolic process, which involves the formation of a double
membrane structure around damaged organelles and cellular compartments which lead to
growth arrest [4]. It has been shown that mTOR negatively regulates autophagy in response
to cellular conditions and environmental stress [15]. mTOR consists of two complexes: mTOR
complex I (mTORC1) and mTOR complex II (mTORC2). mTORC1 has specific protein, raptor,
which is sensitive to rapamycin. mTORC2 associates with Rictor, which is considered to be
insensitive to rapamycin (Figure 1).

The PI3K/Akt pathway is an important intracellular signaling pathway in the regulation of cell
survival through activating mTOR. Its downstream targets are translational regulators:
p70S6K and eukaryotic initiation factor 4E (eIF4E) binding protein-1 (4EBP1) [12]. Raptor binds
to mTOR substrates, including 4E-BP1 and p70 S6 kinase, through their TOR signaling (TOS)
motifs and is required for mTOR-mediated phosphorylation of these substrates. Furthermore,
the Rictor-mTOR complex has been identified as the previously elusive PDK2 responsible for
the phosphorylation of Akt/PKB on Ser473, facilitating phosphorylation of Akt/PKB on Thr308
by PDK1 and required for the full activation of Akt/PKB [16]. The PI3K/Akt signaling proteins
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also interfere with apoptotic regulators, Forkhead box O (FoxO) and glycogen synthase kinase
3 (GSK3β), to inhibit apoptosis and autophagy in cancer cells [17, 18].

Figure 1. STRING mTOR interacting partner analysis.

Figure 2. Crystal structure of regulatory fragment of mammalian AMPK in complexes with ATP-AMP through PDB
database ribbon presentation.
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All the mentioned molecular targets are well documented with their autophagy-related
characteristics in different cells or organisms. Beside these highlighted targets, there are other
important regulators, which also act as stress sensors in the cells [19]. One of the leading targets
is AMP-activated protein kinase (AMPK), energy-sensing kinase, which is a downstream
target of mTOR (Figure 2). AMPK is a heterotrimeric protein complex that is regulated by
different modulators in the cells. This serine/threonine kinase is a heterotrimer composed of a
catalytic (AMPKα) subunit and two regulatory (AMPKβ and AMPKγ) subunits. The phos-
phorylation of a conserved threonine residue (T172) in the activation domain of catalytic α-
subunit by a number of kinases is crucial for the activity of AMPK [20]. Activated AMPK
typically phosphorylates TSC2 tumor suppressor and leads to inactivation of Rheb, which is
an interacting partner of mTORC1. Alternatively, it is shown that AMPK can regulate mTOR
signaling by phosphorylating Raptor at Ser722 and Ser792, which leads to 14-3-3 binding to
Raptor, and induces cell-cycle arrest triggered by impaired energy balance [21].

Since the ratio of AMP to ATP exerts the intracellular energy measurement, these substrates
determine the AMPK activity in the cells [22, 23]. AMPK can be also activated by metabolic
stress factors, hypoxia or ATP consuming catabolic processes in the cells [17, 24, 25]. For this
purpose, it can be emphasized that there is strong relationship between energy balance and
autophagy regulation in the cells. To point this relationship, it is critical to put forward AMPK
activation status in different conditions. In a brief presentation, AMPK is referred as a central
metabolic sensor found in a variety of organisms that regulates glucose and lipid metabolism
in response to alterations in nutrients and intracellular energy levels [23, 24]. However, the
functional role of autophagy in energy balance conditions is not fully understood.

As an example for this issue, although glucose starvation can activate AMPK-mediated
signaling route and trigger autophagy through phosphorylating Ulk1 at Ser 317 and Ser 777,
nutrient deficiency in high mTOR activity can also prevent Ulk1 activation by phosphorylating
Ulk1 Ser 757 and disrupting the interaction between Ulk1 and AMPK. In addition, an estab-
lished marker for autophagy, p62, can accumulate in AMPK-deficient livers [26]. Since p62 is
involved in mitochondria clearance, the defects in selective degradation of mitochondria by
autophagy (mitophagy) and a corresponding mitochondria accumulation was also shown in
the same study with presence of severe abnormalities in AMPK- or ULK1-deficient hepato-
cytes.

Therefore, there is still need to evaluate the AMPK activation status in autophagy-related
issues. The supporting data for this manner are also observed in the treatment of type 2 diabetes
(T2D). The well-known T2D treating drugs, metformin, thiazolidinediones, etc., can activate
AMPK and improve insulin sensitivity and metabolic health [27–29]. It can be concluded that
AMPK as a critical autophagy regulator has a great impact on human metabolic diseases.
Thereby, diminished cellular energy capacity can stimulate glucose uptake in skeletal muscles
or fatty acid (FA) oxidation in tissues through modulating AMPK.

AMPK is a central molecular target that orchestrates metabolic stress and energy balance in
the cells. One of the critical mechanisms regulated by AMPK is fatty acid synthesis, which is
generally age-related problem due to nutritional habits or genetic background. When activated
AMPK acetyl-CoA carboxylase (ACC) is phosphorylated at Ser79 (an inhibitory site), it
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prevents the conversion of acetyl-CoA to malonyl CoA. This action allows long-chain FAs to
enter the mitochondria for oxidation. Concomitantly, HMG-CoA reductase leads to the
inhibition of cholesterol synthesis, peroxisome proliferator-activated receptor-gamma coacti-
vator (PPARα) 1α, which stimulates mitochondrial biogenesis and many others [19, 23]. The
inhibition of FA synthase (FAS) expression due to AMPK was previously reported in primary
cultured hepatocytes [30, 31]. Supporting this finding, it was shown that AMPK can suppress
FAS gene expression either by AMPK activating AICAR or an antidiabetic drug metformin
treatment in liver cells [29]. Indeed, activation of AMPK by either AICAR or rosiglitazone
reduces expression of FAS and ACC resulting in the suppression of proliferation of prostate
cancer cells [32]. Of note, physical exercise and calorie restriction (CR) may exert similar
beneficial effects on metabolic health and reduce risk of several diseases, including T2D and
cardiovascular diseases via targeting previously mentioned pathways [33]. Both exercise and
CR are shown as the frequently observed metabolic stresses that increase the AMP: ATP ratio
in an organism’s cells, which led to activation of AMPK. Similar to AMPK, silent information
regulator 1 (SIRT1) signaling pathways are evolutionarily conserved energy sensors in cells
responding to the increase in cellular AMP and NAD+ concentrations, respectively [34–36].
SIRT1 is a member of sirtuins, which is discussed later in detail to evaluate the autophagy and
aging relationship.

2. Aging: energy balance and stress management

It is well studied that over 30 proteins orchestrated autophagy-related processes in the cells,
which differ due to stress stimuli or depends on intrinsic molecular mechanism. Autophagy
is a complex process in development, metabolism, and aging. In order to evaluate the potential
characteristics of autophagy in aging, researchers pointed out that energy balance and stress
factors should be discussed. Both factors are critical initiators of autophagy and play a role in
cell decision signaling routes. For this reason, in this part, we will discuss the energy metab-
olism-related signaling cascades and stress-related cellular responses.

Aging is strongly correlated with autophagy in different organisms from fungi to humans. It
is well documented that protein degradation ratio is decreased due to aging [35, 36], which
presents similar observations of diminished levels of age-related autophagic/proteolytic
activity [37]. Therefore, it can be emphasized that there is strong relationship between
autophagy, aging, and lifespan. The genetic basis of this connection was established in C.
elegans daf-2 mutants, which have diminished insulin-signaling cascade and extended lifespan.
Similar to this finding, mTOR or p53 mutants show lifespan extension [38–40].

It is well documented that CR or late findings also showed the potential effect of resveratrol
or spermidine treatment causing upregulation of sirtuins and led to increased lifespan in the
cells. Similar findings were also shown for Caenorhabditis elegans and Drosophila melanogaster
species [33, 41–44]. For this reason, sirtuins (mammalian protein family members 1–7) are also
termed as antiaging proteins, class III histone deacetylases (HDACs), exerting function as
protein deacetylases/ADP ribosyltransferases that target a wide range of cellular proteins in
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the nucleus, cytoplasm, and mitochondria for posttranslational modification by acetylation
(SIRT1, -2, -3, and -5) or ADP ribosylation (SIRT4 and 6). Sirtuins have conserved NAD+-
dependent deacetylase domain, which is known to regulate cellular senescence and lifespan.
SIRT1 is generally found in nucleus, but there are remarkable data about its presence in
cytoplasm. SIRT2 is the dominant member found in cytoplasm. SIRT3, SIRT4, and SIRT5 are
localized to the mitochondria with different enzymatic activities. SIRT6 is a chromatin-
associated nuclear protein and SIRT7 is found in nucleoli. Early data about involvement of
sirtuins in autophagy-related longevity was shown with CR experiments [43, 44]. The reduced
food intake without malnutrition caused increased autophagy via upregulation of AMPK and
SIRT1 and inhibition of insulin/insulin-like growth factor (IGF) signaling. mTOR inhibition
also has a remarkable data with these alterations [45]. Rapamycin is an mTOR complex I
inhibitor that altered sirtuins and caused autophagy responses in the cells [46]. In a similar
way, researchers highlighted that increased levels of acetate, acetyl-CoA, could inactivate
autophagy in yeast models [47, 48]. These substances are generated through mitochondrial
energy regulator networks such as acetyl-CoA hydrolase-1 (ACH1) and mitochondrial
pyruvate carrier-1 (MPC1)-dependent pathway and the acetyl-CoA synthetase-2 (ACS2)-
dependent nucleo-cytoplasmic pathway. The hyperactivation of these targets led to hyperace-
tylation of histones and ATG genes [48]. Similar findings were also shown for a number of
pharmacological drugs, such as rapamycin, spermidine, or resveratrol, in different organisms.

Figure 3. STRING analysis of Homo sapiens SIRT2.
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The supporting data are observed within 25 years of experiment with primates. CR reduced
mortality rates and age-related diseases in Rhesus monkeys [49]. Therefore, the identification
of CR-altered molecular mechanisms has gained importance to evaluate the main reason of
human diseases arisen during aging. In vivo and in vitro evidences highlighted that CR or
fasting without malnutrition upregulated SIRT1, which regulates several transcription factors
that regulate stress responses, energy metabolism, and endocrine signaling, including
peroxisome proliferator-activated receptor (PPAR)γ, PPARγ coactivator 1 (PGC1)-α, forkhead
box transcription factors (FOXOs), liver X receptor (LXR), and p53 [50]. In addition to these
observations, we search SIRT2 on STRING (Figure 3). The analysis results showed that SIRT2
and SIRT1 have strong interactions with cellular dynamic proteins tubulins, cell survival, and
death decision maker proteins: p53, MDM2, FoXO1, FoXO3, DNA repair proteins (BRCA1),
and PI3K/AKT/MAPKs signaling axis proteins [51]. For this reason, it can be suggested that
longevity, which is a final destination of sirtuins, is a complex cellular decision.

When we checked protein atlas database for cancer-related SIRT1 and 2 expression profiles,
we observed that SIRT1 is the most critical target in a number of cancer cases (Figure 4A and
B). Overexpression of SIRT1 is regulated at the transcriptional level through p53 binding sites,
as SIRT1 promoter normally repress SIRT1 expression. However, in the absence of nutrients,
FoXO3a translocates to the nucleus, interacts with p53, inhibits its suppressive activity, and
leads to increased SIRT1 expression [52]. Moreover, double knockout p53 mice show increased
basal expression of SIRT1 in selective tissues, including adipose tissue, but SIRT1 levels were
not further elevated upon nutrient withdrawal [52]. The loss of functional p53 in carcinogenesis
might increase SIRT1 levels [53].

It is noteworthy that the clarification of several indicators is required to determine critical
molecular factors in disease progression related to autophagy in age-dependent manner. The
well-established models in this concept are nutrient deficiency with CR or physical exercise, a
metabolic stress inducer. According to previous results both CR and physical exercise exert
beneficial effects on metabolic health and reduce risk of several diseases, including T2D and
cardiovascular diseases through targeting previously mentioned pathways. These factors are
also accepted as metabolic stressors that increase the AMP: ATP ratio in an organism’s cells,
which led to activation of AMPK [54].

A number of studies showed that AMPK activation may slow aging [55, 56]. In contrary, the
decline in AMPK activation with aging causes diminished autophagic regulation, increased
oxidative stress, endoplasmic stress, apoptotic resistance, inflammation, fat deposition,
hyperglycemia, and finally metabolic disorders. The key molecule AMPK gains more impor-
tance in age-related disease progression. While AMPK stimulates energy production from
glucose and FA during metabolic stress and depress energy consumption for macromolecule
synthesis [57, 58], it is not a new paradigm that nutritional overload breaks the functional
AMPK status and induces insulin resistance which trigger metabolic syndromes such as
obesity, diabetes, and cardiovascular diseases [59]. According to the findings obtained from
model organisms, metformin treatment increases lifespan of C. elegans model organism [60].
The AMPK ortholog, AAK-2, can be activated through metformin treatment. Similar findings
were also observed in Drosophila model organism [61]. However, all findings indicate that there
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is a clear deficiency in the sensitivity of AMPK activation in aged tissues. This might be a reason
of systemic alterations such as function of protein phosphatases, which could be involved in
the suppression of AMPK activation with aging.

(A)

(B)

Figure 4. Human protein atlas database query results for SIRT1 (A) and SIRT2 (B). http://www.proteinatlas.org/.

Since it is well established that CR might reduce the tumor weight, the energy balance
mechanism is investigated by cancer researchers. Supporting this observation, it is highlighted
that cancer is a disease of aging, and the incidence of most of the cancers are increased with
age due to genomic stability problems in genome [62–64]. DNA replication errors, reactive
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oxygen species (ROS) generation due to intrinsic cellular stress factors, or extrinsic stress
inducers increased genomic instability. In correlation, in a number organisms which have
lower reactive oxygen species are shown with increased lifespan. Therefore, increased lifespan
may be causative factor for cancer development.

In contrary to CR, high fat diet or increased calorie intake leads to obesity with a number of
comorbidities, including cancer, cardiovascular diseases, and diabetes [65–68]. The main idea
is to understand energy balance and human diseases relationship through investigating
molecular targets in the cells (Figure 5). High calorie intake or fat oxidative stress cause
metabolic dysfunction of critical pathways. During aging, slow rate of autophagy decision
mediates a number of pathogenesis related to functional status of mTOR, AMPKa, and sirtuins,
which are cellular stress and nutrient sensors.

Figure 5. Aging-related diseases and autophagy-related molecular signaling cascades.

3. Aging and related neurological disorders

Human aging, the gradual harmful effect of time on an organism, is comprised of physiological
changes leading to senescence and inability to adapt to metabolic stress. Although aging has
been considered as a natural process, age-associated diseases are found as leading causes of
death. The dramatic increase in average life expectancy in the last century has been accompa-
nied by an equivalent increase in age-related disease diagnosis, such as cancer, neurodege-
nerative diseases, type II diabetes, and cardiovascular diseases.

The basis of aging process is examined under several hypothesis: the free radical, the immu-
nologic, the inflammation, and the mitochondrial theories [69–72]. However, aging seems more
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likely a multifactorial process rather than a single cause [73, 74]. In this context, studies on
longevity focus more than one target at a time, and animal models showed that aging rates
and life expectancy can be modified by multitarget modulators. The consensus among
researchers in the field indicates that aging can be retarded by dietary and pharmaceutical
interventions, which let to delays in age-related diseases.

Aging is an occasional process in different individuals in contrast to the programmed events
in early development. Although recent studies indicate that klotho gene mutation could cause
premature aging or telomeres are tightly linked to senescence, the variation of aging initiation
pose an obstacle to interfere to the progress.

The promising strategies to slow aging have suggested suppressing glucose production by the
liver, inhibition of inflammation, and protein restriction [75]. The prevention of high glucose
production, hyperglycemia, the condition in which excessive amount of glucose is found in
the blood plasma, by metformin is under investigation for its potential effect on slowing aging
in different organisms such as C. elegans [76]. Studies indicate that worms treated with
metformin have stable body volume with reduced deformation of cuticle [76, 77].

One of the possible mechanisms of metformin to decrease hyperglycemia is the activation of
AMPK. AMPK is the primary activator of cellular response to lowered ATP levels [78]. As
mentioned in previous section, AMPK targets mTOR signaling pathway, which affects
transcription and translation through effector proteins 4E-BP1 and p70S6. The involvement of
AMPK/mTOR axis in the suppressing glucose production strategy also overlaps with the
inhibition of inflammation and protein restriction targets against aging. mTOR signaling
regulates inflammatory responses after bacterial stimulation in monocytes, macrophages, and
primary dendritic cells [79]. mTOR following tuberous sclerosis complex 2 activation (TSC2)
has been shown to diminish proinflammatory cytokines production through nuclear factor
(NF)-κB [79]. On the other hand, mTOR inhibition by AMPK is also a critical step in the control
of translation attenuation [80]. In normal cellular conditions, nutrients induce mTOR and its
downstream target S6K to promote growth and proliferation. However, in nonproliferating
cells, this signaling axis has been shown to initiate cellular senescence, the phenomenon by
which cells cease to divide. mTOR inhibitor rapamycin has been proposed for decelerating
aging and age-related pathologies in D. melanogaster, C. elegans, and yeast [81–83].

Therefore, the inhibition of mTOR is a critical phenomenon to balance cell survival and death
signaling in eukaryotic organisms. Nutrient starvation can directly cause mTOR inhibition and
induction of autophagy, a process that optimize the usage of limited energy supply. Autophagy
is generally referred as a catabolic process during which autophagosomic-lysosomal degra-
dation of cytoplasmic proteins, macromolecules, and damaged or aged organelles occur.

The hallmarks of neurogedenerative diseases are generally described with the accumulation
of abnormal proteins forming aggregates. These aggregates usually cause toxic effects, such
as defective axonal transport, inactivation of transcription factors, reactive oxygen species
generation, and consequently neuronal death [84]. Since differentiated neural cells lose their
ability to divide, except the granule cell layer of the olfactory bulb, and the dentate gyrus of
the hippocampus, a well-organized protein quality-control complex is needed in neural cells.
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Autophagy, as a process of cellular recycling for aggregated proteins, might be a critical target
in the treatment of neurodegenerative diseases; however, altered autophagic activity has also
been implicated in their pathogenesis [85].

3.1. Alzheimer’s disease

The main manifestations of Alzheimer’s disease (AD) are selective memory impairment and
degenerative dementia in the elderly people. AD is characterized by the formation of neuro-
fibrillary tangles and extracellular senile plaques. Tau protein and amyloid beta-peptide (Aβ)
are involved in these two processes, respectively. Tau is a soluble microtubule-associated
protein playing a role in microtubule stabilization and vesicle transport along the axon. Tau
proteins have six isoforms with different size of amino acid chain. All isoforms are present
usually in central nervous system, and upon hyperphosphorylated, they paired as helical
filaments, a characteristic feature of AD. The hyperphosphorylation might be due to mutations
in tau isoforms that alter their function and expression or in tau-kinases capable of phosphor-
ylating tau such as glycogen synthase kinase 3 β (GSK3β), cyclin-dependent kinase 5 (CDK5),
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p38, and the c-Jun NH2-terminal kinases (JNKs) [86–88]. Hyperphosphorylated tau disassem-
bles microtubules and aggregates with MAP 1 (microtubule-associated protein1), MAP 2, and
ubiquitin forming tangles. These aggregations are insoluble and cause neuronal dysfunctions
in axonal transport resulting in cell death [89].

Apart from Tau protein, amyloid plaques, which consist of aggregates of Aβ peptide, are
responsible for AD development. Neurotoxic Aβ42 peptide is generated by the irregular
proteolytic cleavages of transmembrane amyloid precursor protein (APP) extracellular
domain by β- and γ-secretases. The cleaved intracellular parts form fibrils due to protein
misfolding and can induce tau hyperphosphorylation, disruption of proteasome, mitochon-
dria, and synapses as well [90, 91].

Both tau and Aβ neurotoxicity exhibit altered protein aggregate formation, therefore the
clearance of these structures is extremely important in neurons which are unable to eliminate
them by dilution through cell division [92]. Thus, a protein quality-control system is needed
in neural cells. Autophagy, due to its role of degrading nonfunctional proteins, is one of the
candidates to process against neurodegenerative disorders. The increasing autophagosome
formation augmented Aβ42 in autophagy-deficient conditions and reduced Beclin1 expres-
sion, which provided evidence for the importance of autophagy in AD [93–95]. However,
autophagy might not always be the answer. The effect of autophagy is divided into two stages
during neurodegenerative disorder: the acute and the chronic condition. Although acute
autophagy helps neurons to eliminate neurotoxic aggregates, studies showed that chronic
autophagy may be implicated in AD pathogenesis [96]. When autophagy is induced by
rapamycin, due to mTOR inhibition γ-secretase activity and Aβ production was found
increased by two fold compared to autophagy suppressed mouse fibroblasts [97]. Similar
results were also found by serum starvation, where threefold increase in Aβ levels was also
observed in human neurons [98].
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Consequently, the role of the autophagy is elusive for AD at the initial steps; however, later
stages of the same pathway might affect the prognosis negatively. Therapies based on autoph-
agy will require attentive targeting of specific steps of the process for efficient digestion of the
aggregates without worsening the disease stage.

3.2. Parkinson’s disease

The loss of dopaminergic neurons in the substantia nigra of the central nervous system is the
primary cause of Parkinson’s disease (PD). The pathology of the disease requires characteristic
Lewy bodies in the nuclei of neurons [99]. Lewy bodies contain insoluble α-synuclein aggre-
gates. α-synuclein, in nonpathological conditions, has the ability to bind membrane phospho-
lipids and involved in presynaptic membrane procedures during neurotransmitter release,
especially dopamine [100, 101]. The accumulation of α-synuclein occurs due to two missense
mutations during PD: A53T and A30P [102]. A small percentage of the aggregates carrying
these two mutations have been shown to recycle by the proteasomal degradation or CMA in
dopaminergic neurons. During CMA, pathologic α-synucleins are directly targeted to
lysosomes by HSC70 due to their Lys-Phe-Glu-Arg-Gln (KFERQ) amino acid sequence without
involvement of vesicle formation apart from macroautophagy [103]. Mutated α-synucleins can
accumulate with extra phosphate groups which led to the loss of the recognition sequence for
CMA. In this case, the accumulation cannot be tolerated by CMA and dopaminergic neurons
die via apoptosis [104]. Other than α-synuclein, parkin and PINK1 (PTEN-induced putative
kinase 1) are PD promoting molecules.

Parkin is an ubiquitin E3 ligase, located in mitochondria, which regulates variety of cellular
processes in neural cells. Loss of parkin has been suggested as the second most common cause
of PD. On the other hand, PINK1, with parkin, manage mitochondrial quality control. Recent
studies indicate that upon mitochondria membrane potential loss, PINK1 cannot be imported
to mitochondria and it accumulates in the cytoplasm where it recruits parkin to induce
mitophagy [105]. Therefore, dysfunctional mitochondria are degraded under normal cellular
conditions. However, when PINK1 is mutated, altered parkin activity leads to autophagy
impairment and mitochondria imbalance which has been reported for animal models of PD
[106, 107]. In addition, PINK1 also interplays with Beclin1. PINK1 mutation during PD cause
defective or loss of PINK1-Beclin1 interaction and thus resulted in insufficient autophagic
activity [108]. Taken together, PD promoting proteins having a role in either cell membrane or
mitochondria integrity are also involved in the induction of autophagy. Therefore, mutations
in their genes cause defective autophagy process and leads to the accumulation of both α-
synuclein and unhealthy mitochondria leading to the apoptotic cell death of dopaminergic
neurons in the substantia nigra.

3.3. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the
degeneration of both upper and lower motor neurons resulting in paralysis. ALS patients suffer
from muscle weakness, atrophy, and spasticity. Denervation of the respiratory muscles and
diaphragm is the fatal event of ALS. Although most incidences of ALS are sporadic, 20% of all
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cases are hereditary and caused by mutations in the superoxide dismutase 1 gene (SOD1) [109].
SOD1 is responsible to convert the natural byproduct of respiration, superoxide, to water and
hydrogen peroxide. Therefore, defective SOD1 is not able to work properly causing loss of
detoxification in motor neurons [110]. The alanine-to-valine substitution at position 4 of SOD1
is responsible for most of the cases, and patients carrying the mutation have a mean survival
of 1 year after onset. Mice having the mutant SOD1 gene have been shown also to develop
progressive motor neuron degeneration [111, 112]. ALS mice expressing mutant SOD1 have
defective protein folding, mitochondrial dysfunction, oxidative stress, inflammation, and
toxicity. More importantly, these mice exhibited aberrant neuronal aggregates composed by
insoluble forms of SOD1 in their motor neurons, which suggested a pathological hallmark of
ALS. These aggregates, also detected in sporadic ALS patients, were shown to carry not only
SOD1 but also neurofilaments, peripherin, an intermediate filament subunit, and ubiquitin
[110, 113, 114]. Therefore, it is concluded that although cells are willing to eliminate aggregates
following ubiquitination through proteasomal degradation, misfolding due to mutations
provides an obstacle for this process, which prevents them from degrading. In addition,
proteasome malfunction has been implicated in motor neuron death during ALS [115]. The
experimental models of ALS suggested that the above aggregates are cleared by autophagy.
When autophagy was inhibited by 3MA or bafilomycin, cell viability was found further
decreased in in vitro ALS models [116]. In contrary, autophagy inducer lithium increased the
number of Renshaw cells, interneurons found in the spinal cord, which are affected early
during experimental ALS [117]. Therefore, it is concluded that a proper autophagy mechanism
is needed for the elimination of the aggregates for ALS treatment.

3.4. Multiple sclerosis

Studies on age-related diseases revealed that there is a relationship between age and the rate
of disability progression of multiple sclerosis (MS). Although MS patients are usually diag-
nosed between the ages of 20 and 50, the relapse-remitting form of MS exhibits active symp-
tomatic period by the age, indicating a faster rate of disease progression in older patients. MS
is the most common autoimmune inflammatory demyelinating disease of the central nervous
system. Demyelination occurs due to T cells and activated microglia attack to myelin proteins
resulting in axonal injury and loss of oligodendrocytes. Findings also indicate that MS patients
have increased T and B lymphocyte levels in demyelinated areas due to blood-brain barrier
disruption [118]. In addition, dysfunction of mitochondria is one of the important factors in
the pathogenesis of MS [119]. The decreased expression of cytochrome c oxidase impairs the
function of mitochondria [120]. Dysfunction of mitochondria induces reactive oxygen species
generation, contributing demyelination, and axonal loss [121]. Recent studies revealed that
autophagy plays a role in the progress of MS and experimental autoimmune encephalomyelitis
(EAE), which is accepted as the mouse model of MS. Studies indicated that depolarized
mitochondria is engulfed and degraded in autophagic vacuoles to reduce the excessive
production of ROS, which was supported by the increase of Beclin1 and Atg4 expression in
MS brains [122]. On the other hand, exposure of rapamycin, mTOR inhibitor, prevented
relapsing-remitting EAE.
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It was also shown that Atg5 was increased, whereas Atg16L2 is reduced in T cells in EAE and
relapsing-remitting MS brains [123]. Atg-5-deficient mice were reported to have impaired T-
cell function and survival [124]. All these data suggest that autophagy relates to both preven-
tion of MS by degrading defective mitochondria and inducer of MS through Atg5 to extend T-
cell survival [125].

3.5. Huntington disease

Huntington disease (HD) is an autosomal-dominant neurodegenerative disorder with a
distinct phenotype, including cognitive decline, muscle incoordination. The HD symptoms are
noticeable between the ages 35–45; however, the case gradually worsens at the old age with
dementia, pneumonia, and heart diseases. HD develops due to a mutation in huntingtin
protein, an expanded CAG repeat leading to a toxic polyglutamine strand of variable length
at the N-terminus. Normally associated with vesicle and microtubule function, mutated
huntingtin accumulates in tissues causing undegradable molecules by proteosomal degrada-
tion [126]. In this step, macroautophagy acts as a compensatory mechanism for the elimination
of huntingtin [127]. Studies indicated that HD is associated with impaired degradation process
of autophagosomes resulting in the accumulation of highly ubiquitinated aggregates of
huntingtin in the endosomal-lysosomal organelles. Moreover, mutations in Atg genes,
especially in Atg7 (V471A), have been linked to disease onset [128].

4. Genetic basis of autophagy-related genes and diseases

Since Human Genome Project is completed in 2003 and HapMap Project in 2005, valuable
bioinformatics data were gained and published for research interested tools. Instead of
classical Sanger-type DNA sequencing, next-generation DNA sequencing equipment acceler-
ated the human gene-related alteration and human disease among ethnic population all
around the world [129, 130]. While Mendelian-mediated monogenic and multifactorial-
induced polygenic genes responsible for diseases were determined and localized within the
human genome, association mediated regression analysis of human population genetics
revealed some specific genes related with various cellular process involved in diseases has
been assumed. One of the essential cellular processes, autophagy, is the process of long-lived
proteins and organelles that are nonfunctional or damaged, maintaining the cellular homeo-
stasis mediated by autophagosome and autolysosome formation [131]. Autophagy is demos-
trated as a protective event against oxidizable substrates, various pathological processes such
as aging, neurodegeneration, cancer, diabetes, obesity, cardiac disease infection, and immun-
ity [132–136]. These diseases are linked with various autophagy process key elements express-
ing genes via etiology of them. All the mutated autophagy-related genes and linked disease
are presented in Table 1.

Aging slows autophagy and prevents cellular defense mechanism against metabolic stress
factor. However, all findings indicate that the functional role of autophagy differs in condi-
tional manner.
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Genes Mutation type Associated human disease Ref.

Gene products required for autophagosome formation

 ATG5 Polymorphism Asthma and risk of systemic

lupus erythematosus

[137]

 ATG16L T300A Crohn’s disease [138]

 BECN1 Monoallelic deletion Risk and prognosis of human breast,

ovarian, prostate and colorectal cancer

[139–142]

 EI24/PIG8 Mutations and

deletions

Risk of early breast cancer [143]

 TECPR2 Frameshift mutation Hereditary spastic paraparesis [144]

 UVRAG Deletion mutation Static encephalopathy of childhood with

neurodegeneration in adulthood

[145]

Gene products required for autophagosome maturation/degradation

 EPG5 Recessive mutations Vici Syndrome [146]

 IRGM SNPs, deletions Risk of Crohn’s disease [147]

 ZFYVE26/SPG15 Mutations Hereditary spastic paraparesis type 15 [148]

Gene products required for induction of mitophagy

 PARK2/Parkin Mutation Autosomal recessive or sporadic early-onset

Parkinson’s disease

[149]

 PARK6/PINK1 Mutations Autosomal recessive or sporadic early-onset

Parkinson’s disease

[150]

Gene products involved in autophagosomal sequestration, movement or maturation

 SQSTM1/P62 Mutations Paget disease of bone and

amyotrophic lateral sclerosis

[151]

 CLN3 Mutations Batten disease [152]

 LAMP-2 Mutations Danon disease [153]

 Dynactin subunit p150 Mutations Spinal or bulbar muscular atrophy [154]

Table 1. Germline and somatic mutations in human diseases-related with autophagy.

4.1. Static encephalopathy of childhood with neurodegeneration in adulthood (SENDA)

SENDA begins with early childhood intellectual impairment. Unlike the other forms of NBIA,
however, the cognitive dysfunction remains nonprogressive, sometimes for decades, after first
being recognized. Then, in adulthood, affected patients develop severe dystonia-parkinsonism
and later exhibit signs of a progressive dementia. Although no etiology has yet been identified
for SENDA, autophagy is focused on the pathogenesis of the disease [155, 156]. The neuroi-
maging of SENDA is distinct. In addition to iron deposition in the globus pallidus and
substantia nigra, SENDA features T1 hyperintensity of the substantia nigra with a central band
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of T1 hypointensity. Significant cerebral and milder cerebellar atrophy also occur in elder age
[157].

Recent studies about autophagy-related genes has been identified, de novo mutations within
WD Repeat-Containing Protein 45 (WDR45) gene [158]. WDR45 is a member of WD repeat
protein family, encodes WD repeats which has minimally 40 amino acid conserved region leads
to heterotrimeric or multiprotein complex generation [159]. WDR family member proteins are
involved in cell-cycle progression, signal transduction, apoptosis, and gene regulation [160].
WDR45 gene is located at Xp11.23 band, and 25.9 kb length gene composed of 12 exons and
11 introns [161]. WDR45 gene expressed one of the four mammalian homologs of yeast Atg18
protein. Besides, Atg18 is the major autophagosome formation-related protein, with WIPIs
proteins Atg18 belonging to PROPPIN family proteins [162]. Atg18/WIPIs protein complexes
interact directly with Atg2 and this complex cross-talk with class III PtIns 3-kinase during
autophagosome formation [163]. Homologs of Atg18 are ATG-18 and EPG-6 in C. elegans.
Although C. elegans needs each homolog proteins at the same time to form autophagosome,
homology of WDR45/WIPI4 in human shows powerful correlation with EPG-6 than ATG-18
[164]. Next-generation whole-exome sequencing results revealed that static encephalopathy
of childhood with neurodegeneration in adulthood is classified as a subtype of neurodege-
nerative disease category. The etiology of this disease is mainly related to iron accumulation
in brain leading to paraplegia and mental retardation at early onset. Other symptoms of this
disease are aggressive behavior, abnormality of eye movement, absent speech, cerebellar
atrophy, cerebral atrophy, dementia, dystonia, neurodegeneration, parkinsonism, and spastic
paraparesis [165]. Lymphoblastoid cell lines derived from SENDA patients highlighted the
reduced level of WIP14 expression compared to healthy control cases. In affected patients
lymphoblastoid cell lines demonstrated abnormal accumulation of ATG9A and LC3-double
positive components leading to autophagy blockage [159]. As both WDR45 and WIPI4 genes
are localized within the same locus at chromosome X. Although the gender-dependent gene
expression through X inactivation has not been determined yet, female-type mosaics and male-
type hemizyotic lethally confused the molecular processes [166].

4.2. Vici syndrome

Vici syndrome is a very rare and severe congenital multisystem disorder characterized by the
principal features of agenesis of the corpus callosum, cataracts, oculocutaneous hypopigmen-
tation, cardiomyopathy, and combined immunodeficiency. The pathogenesis of Vici syndrome
is related with autophagy because of the putative role of autolysosome formation gene, EPG-5
[Ectopic P-Granules Autophagy Protein 5 Homolog (C. elegans)] [167]. EPG-5 is a metazoan-
specific autophagy gene that encodes a large coiled coil domain-containing protein that
functions in autophagy during starvation conditions. Note that 5.9 kb long EPG-5 gene is
localized in the Xp11.23 band and it is composed of 16 exons and 15 introns. Mutations within
EPG-5 reported to be autophagy defective profile in C. elegans [146]. Moreover, lack of C. elegans
EPG-5 demonstrated an accumulation of nondigested autolysosome in mammalian cells.
Accumulation of SSTM/P62 and NBR1 are the leading cause of autophagy flux blockage in in
vitro culture of fibroblasts from Vici syndrome patients [168]. In addition, the role of EPG-5 in
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Vici syndrome also indicated by reporting of dysregulation in endocytic pathway. In addi-
tion, EPG5−/− mice displayed some of the symptoms of Vici syndrome such as facial dysmor-
phism and cataracts [167].

4.3. Danon disease

Danon disease is a X-linked recessive disease characterized by weakening of the heart muscle
(cardiomyopathy); weakening of the muscles used for movement, called skeletal muscles
(myopathy); and intellectual disability [169]. Age and gender are the main risk factors for
Danon disease as males develop Danon disease earlier than female and the symptoms come
up in childhood or adolescence in most affected males and in early adulthood in most affected
females. Heart-related signs and symptoms, including a sensation of fluttering or pounding
in the chest (palpitations), an abnormal heartbeat (arrhythmia), or chest pain are the symptoms
of Danon disease [170]. The association between autophagy and Danon disease is dependent
on the gene that is responsible for Danon disease formation, LAMP2. LAMP2 gene encodes
integral lysosomal membrane proteins that is an essential protein involved in the autophago-
some vesicle formation via interaction with LAMP-2A [171]. The gene responsible for Danon
disease is lysosomal-associated membrane protein 2 (LAMP2) that is localized at Xq24 band
[172]. LAMP2 protein is a member of a family of membrane glycoproteins, which provides
selectins with carbohydrate ligands and it may also function in the protection, maintenance,
and adhesion of the lysosome. Alternative splicing of this gene results in multiple transcript
variants encoding distinct proteins [173]. LAMP2 gene is composed of 9 exons and 8 introns,
43.2 kb in length. GLN174TER, VAL310ILE, and TRP321ARG mutations within the LAMP2
gene lead to Danon disease [174].

4.4. Liver disease

Both liver disease and lung disease may be developed with the deficiency of alpha-1 antitryp-
sin gene [175]. Alpha trypsin deficiency prevalence is 1/1500–3500 individuals among Euro-
pean ancestry population. The disease onset varies at age range among individuals. First signs
of lung disease in alpha-1 antitrypsin deficiency are generally observed between ages 20 and
50 [176]. Among alpha-1 antitrypsin deficiency patients, 10% of them develop liver disease,
which can be diagnosed by yellowing of the skin and whites of the eyes (jaundice). Approxi-
mately 15% of adults with alpha-1 antitrypsin deficiency develop liver damage (cirrhosis) due
to the formation of scar tissue in the liver [177]. Since liver disease is a multifactorial polygenic
disease and alcohol and hepatotoxic agents are the major environmental risk factors for liver
disease causing cirrhosis include a swollen abdomen, swollen feet or legs, and jaundice. The
most common genetic risk factor for liver disease is the alpha-antitrypsin gene deficiency [178].
The protein encoded by SERPINA1 [serpin peptidase inhibitor, clade A (alpha-1 antiprotei-
nase, antitrypsin)] is secreted as a serine protease inhibitor. It has a number of targets including
elastase, plasmin, thrombin, trypsin, chymotrypsin, and plasminogen activator. The mutations
on SERPINA1 can cause emphysema or liver disease. Several transcript variants encoding the
same protein have been found for this gene. SERPINA1 is composed of 7 exons and 6 introns
with a length of 13.9 kb that is located in the 14q32.1 band [179]. SERPINA1 gene product plays
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an essential role in the hepato-detoxification process of ZZ genotype of alpha antitrypsin
deficiency syndrome diagnosed by PCR amplification and RFLP analysis [180]. By using 19-
mer synthetic oligonucleotide probes, SZ phenotype is reported to be associated with M/S
difference in exon 3 and M/Z difference in exon 5, whereas phenotype of MZ heterozygotes
showed a low Z expression [181]. By routine isoelectric focusing of affected Z type and MZ
(her husband genotype) of an obligate carrier mother of PI(M)/PI(null), heterozygote showed
atypically low concentrations of circulating Z peptides, which were demonstrated by Harrison
et al. [182]. Accumulation of ZZ peptides as intracellular inclusion bodies was reported by
Lomas [183] in the ZZ homozygote. Moreover, it was shown that only about 15% of the AAT
protein is secreted in the plasma in ZZ homozygotes and the rest of 85% of the protein is not
secreted and accumulates in the endoplasmic reticulum (ER) of the hepatocyte. Thus, about
10% of newborn ZZ homozygotes develop liver disease that often leads to fatal childhood
cirrhosis. Antitrypsin is an acute phase protein and undergoes a manifold increase in associ-
ation with temperature elevations during triggered inflammation. Regulation of triggered
inflammation and pyrexia symptoms in ZZ homozygote infants is found critical [183]. Wild-
type protein primarily degraded by proteosomal activity, mutant alpha-ATZ protein, is
reported to be digested autophagy-mediated degradation. According to Yorimitsu and
Klionsky et al [1], depletion of Atg-5 in hepatocytes leads to the formation of insoluble
aggregates of ATZ proteins and increased production of inclusion bodies. Although the
protective or tumor suppressor effect of ATZ protein via autophagy regulation has not
demonstrated yet, general evidences support the role of ATZ as a protection against alcohol
and hepatotoxic agents [184] (Figure 6).

Figure 6. The role of autophagy in alpha antitrypsin deficiency syndrome etiology.
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4.5. Myopathy

Myopathies are neuromuscular disorders in which the primary symptom is muscle weakness
due to dysfunction of muscle fiber. As different genes are responsible for various types of
myopathy, the symptoms of myopathy can include muscle cramps, stiffness, and spasm [185].
Moreover, myopathies can be inherited as the muscular dystrophies or acquired as common
muscle cramps [186]. Congenita (developmental delays in motor skills; skeletal and facial
abnormalities are occasionally evident at birth), muscular dystrophies (progressive weakness
in voluntary muscles; sometimes evident at birth), mitochondrial myopathies (such as in
Kearns-Sayre syndrome, MELAS, and MERRF), glycogen storage diseases of muscle (Pompe’s,
Andersen’s, and Cori’s diseases), dermatomyositis (inflammatory myopathy of skin and
muscle), myositis ossificans (bone growing in muscle tissue), polymyositis, inclusion body
myositis, and related myopathies (inflammatory myopathies of skeletal muscle), neuromyo-
tonia (alternation episodes of twitching and stiffness), tetany (characterized by prolonged
spasms of the arms and legs is defined as myopathy), and major symptoms of Danon disease
is linked with myopathy. There are also various autophagy-related myopathic disorders such
as X-linked congenital autophagic vascular myopathy and adult onset vacuolar myopathy with
multiorgan involvement that the etiology machinery has not been highlighted [187–190]. All
these emphases disorders are predicted to be associated with autophagosome-lysosome
fusion. Among muscle diseases sporadic inclusion body myositis, limb girdle muscular
dystrophy type 2B, and miyoshi myopathy are shown to be associated with autophagy via
clearance of the disease causing proteins during molecular pathogenesis [191].

4.6. Cardiac disease

X-linked Danon disease or lysosomal storage disorder and Pompe diseases are rare hereditary
diseases of heart, and they are associated with imperfect autophagy processes due to impaired
autophagosome lysosome fusion. Patients with coronary artery disease, hypertension, aortic
valvular disease, and congestive heart failure are associated with autophagy [135, 192]. The
cardiomyocytes isolation from cardiac disease rodent models showed that an obvious
accumulation of autophagosomes is distinguishable [193]. Although it is not well clarified that
autophagy might exert cytoprotective effects in these models via regulating ATP production,
protein, and organelle quality control, or other mechanisms [136]. Atg5 knockout heart tissue
models in adult mice results cardiac hypertrophy and contractile dysfunction. The heart
consumes more energy per gram than any other tissue in the body. Therefore, energy turnover
mechanisms are strictly orchestrated in normal heart tissue. In contrary, cell homeostasis is not
properly regulated in a number of cardiac disorders such as cardiac ischemia and heart failure,
which are characterized by a reduction in the availability of energy substrates [194]. Further-
more, long-term cardiac stress may remodel in myocytes through inducing elongation and
hypertrophy to adapt to stress factors [195]. According to previous data, it is well established
that heart tissue required more energy substrates under stress conditions. Therefore, active
autophagy may increase the survival of heart cells when they were exposed to stress. Cardiac-
specific Atg-5 knockout models did not exert any physiological change under normal condi-
tions. However, stress induction caused more severe pathophysiological processes. Therefore,
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these data suggest that upregulation of autophagy in failing hearts is an adaptive response
that protects against hemodynamic or neurohormonal stresses. Furthermore, it was shown
that Beclin-1 protects contractile functions in the myocytes after stress overload [196]. While
heterozygous disruption of Beclin-1 mediated decrease in the size of the myocardial infarction
after ischemia/reperfusion, Beclin-1 overexpression decreased cell injury in an in vitro model
of cardiac ischemia/reperfusion. Dominant-negative Atg5 overexpression increased cell injury,
suggesting a protective effect for both ATG genes in ischemia/reperfusion [196].

5. Conclusion

Under physiological conditions, autophagy-related processes are important to provide unique
cell homeostasis. In addition, when the cells are exposed to a number of environmental or
cellular stress factors, full functional autophagy may protect cells against stress factors.
However, as we discussed in previous parts, aging is a multifactorial process, which renders
functional regulatory pathways and cause a pathophysiological problems in the cells. Aging
in the presence of metabolic diseases causes the impairment of a number of critical genes,
which orchestrates autophagy. For this reason, the determination of potential role of autopha-
gic processes in aging-related diseases has potential to provide better therapeutic strategies in
the treatment of diseases.

Briefly all mentioned signalling cascades related to aging are altered during autophagic
processes. As shown in Figure 5, the incidence of orange-colored diseases is increased in an
age-dependent manner. Under normal conditions physiological energy balance is orchestrated
by several factors placed in blue boxes. Intracellular stress and nutrient sensors labeled in green
exert their functional roles through modulating different signaling cascades, which produce a
variety of cellular responses as placed in yellow boxes.

The functional role of autophagy in diseases is controversial. Also nutritional status, oxidative
stress, and genetic basis of autophagy-related molecular targets determine the disease
progression. In this section, we discuss the functional role of autophagy in genetic manner in
common diseases and rare diseases (Vici syndrome, SENDA, and Danon disease).
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Abstract

Cell cycle-arresting drugs, thapsigargin (Tg) and chloroquine (CQ), are employed to
study endoplasmic reticulum (ER) stress and the autophagic process using cell lines
without measuring the cell cycle of such cells. The potential cell cycle-dependent aspect
of such processes in cell lines may impact upon the degree of ER stress and autophagy
measured. ER stress is known to be caused by a build-up of misfolded proteins within
the ER, which may then undergo ER phagy or reticulophagy. The cell cycle-dependent
nature of all  these processes is not well  studied, so we investigated ER stress and
autophagy by use of a combination of flow cytometric assays. These included cell cycle-
dependent measurement of reticulophagy, misfolded protein levels and autophagic
marker LC3-II in K562 and Jurkat cells. ER stress-inducing drug Tg caused significant
reticulophagy in both cell types. This was cell cycle dependent in K562 cells only, with
proliferating cells undergoing more reticulophagy. In contrast,  autophagy-initiating
drug CQ caused reticulophagy at  higher doses in Jurkat  cells,  whereas K562 cells
showed a cell cycle-dependent elongation of the ER, which was less pronounced in
proliferating cells. The level of cellular misfolded protein in response to both drugs was
high in K562 cells when either undergoing reticulophagy or elongation in a non-cell
cycle-dependent  manner,  whereas  the  misfolded  protein  levels  in  Jurkat  cells  in
response to both drugs were lower than those observed in K562 cells. Both cell lines
employed in this study showed no increase of LC3-II above controls in response to Tg
treatment. However, CQ induced a cell cycle-dependent increase of LC3-II in both cell
types. Thus, the type of cell employed and the cell cycle dependent modulation of
thebiological processes involved in ER stress and autophagy should be considered when
designing studies in ER stress and autophagy.
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1. Introduction

Endoplasmic reticulum (ER) stress has been implicated in numerous degenerative neurolog-
ical diseases and cancer; elucidation of the mechanisms involved may determine drug targets
for the treatment of such diseases [1, 2]. ER stress is known to cause autophagy and ultimately
cell death via apoptosis, the mechanism of which is only beginning to be understood [3–5]. ER
stress can be induced by a range of drugs, including thapsigargin (Tg) which acts by inhibition
of ER ATPase located in the ER, resulting in the accumulation of misfolded proteins within
the ER [6]. Tg is also known to cause cell arrest in G1 phase of the cell cycle and has been shown
to inhibit autophagic flux by inhibition of the translocation of Rab7, a protein required for the
fusion of  lysosomes with autophagosomes [6–8].  ER stress  resulting from a  build-up of
misfolded proteins occurs once a  threshold of  misfolded protein accumulation has been
reached. This then initiates the unfolded protein response (UPR) by the ER stress sensor
signalling proteins, IRE1, PERK and ATF6 which initiate protein refolding and elongation of
the ER until ER homeostasis is returned [3, 9, 10]. This process is a coping mechanism which
reduces the mass of misfolded protein per unit volume of ER. If the high level of misfolded
protein persists, then reticulophagy (phagy of the ER) occurs [11]. Chloroquine (CQ) is also
known to initiate autophagy and block completion of the autophagic process by increasing
the pH within the lysosome, with resultant inhibition of the lysosome fusion process with
autophagosomes [12]. CQ was investigated for its ER stress-inducing qualities by comparison
with Tg upon Jurkat T cells and K562 erythromyeloid cell lines. Thus measurement of changes
in ER mass and misfolded protein levels would give a measure of the degree of ER stress within
a cell.

The term autophagy or type II cell death is derived from the Greek roots “auto” (self) and
“phagy” (eat) and was first observed by Porter in 1962 [13, 14]. Autophagy or macroautophagy
is an intracellular degradation system that maintains cell homeostasis and is characterised by
the formation of a double membrane around the cytosolic components to be degraded, forming
an autophagosome of sequestered malfunctioning components ranging from misfolded
proteins to organelles such as stressed ER [15, 16]. An autophagosome then fuses with
lysosomes, giving rise to an autolysosome, where the intracellular components are degraded
by hydrolases which produces energy, thus promoting cellular haemostasis [2, 15, 17–20]. The
main biological autophagy marker is the microtubule-associated protein LC3-II or LC3B. LC3-
I is normally located in the cytoplasm but when cleaved and lipidated by phosphatidyletha-
nolamine is then incorporated into the autophagosome inner leaflet of the membrane in the
form of LC3-II [21–23].

Methods for monitoring autophagy began with the initial discovery of the process by the use
of electron microscopy, which showed the presence of autophagosome and autolysosome or
autophagolysosome [13, 14]. Biochemical techniques such as Western blotting can be used to
quantitate the degree of autophagy in cells by measuring the autophagy marker proteins, LC3-
II and LC3-I [21–23]. Fluorescently tagged LC3-II can also be imaged and flow cytometrically
analysed through transfections with GFP-RFP through transfections with GFP-RFP, with the
benefit that GFP fluorescence is dissipated by the acidic conditions prevailing in autolyso-
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somes, whereas RFP is not, thus making LC3-II-GFP detection specific for autophagosomes
and LC3-II-RFP specific for autolysosomes [22, 24–26]. The number and intensity of fluores-
cently labelled anti-LC3-II-positive puncta (autophagosomes-autolysosomes) can also be
quantitated by time-consuming image analysis, whereas measuring the increase in median
fluorescent values of LC3-II antigen level flow cytometrically makes the process significantly
less burdensome, especially when combined with cell cycle analysis [25, 27–29]. Here we show
how flow cytometry can be used to measure not only the autophagy marker LC3-II but also
the cellular end products of ER stress which include reticulophagy and cellular levels of
misfolded proteins and their cell cycle distribution. Most studies using cell lines have not
generally focussed upon the cell cycle distribution of the autophagy marker even though
autophagy-inducing drugs such as rapamycin are known to cause G1 cell cycle arrest. However
a few studies have investigated the cell cycle distribution of LC3-II with variable results which
seem to vary depending upon the cell line employed [17, 30, 31]. Thus this chapter investigates
whether the autophagic biological marker, LC3-II, and end products of ER stress (ER mass and
misfolded protein) showed a cell cycle-dependent nature during ER stress. Drugs such as Tg
and CQ, which cause the build-up of misfolded proteins and induce ER stress, were then
compared in terms of cell cycle-dependent reticulophagy, misfolded protein levels and LC3-
II [32].

Here, we employed flow cytometric cell cycle analysis of live cells to measure reticulophagy
combined with an assay employing fixed-cell immunofluorescence analysis of LC3-II devel-
oped in this laboratory and the cell cycle analysis of cellular misfolded proteins [31, 33, 34].
The use of ER Tracker was used as previously described but was now employed in a cell cycle-
dependent manner to determine the relative change in ER mass compared to untreated control
cells [35, 36]. We also determined the degree of misfolded protein aggregate formation in a cell
cycle-dependent manner using the Proteostat probe (Enzo Life Sciences) that fluoresces when
bound to misfolded proteins in fixed cells [32]. Thus, we were able to investigate whether the
observed drug-induced ER stress had a cell cycle-dependent nature by the measurement of
changes in ER mass, misfolded proteins and the autophagy marker LC3-II.

2. Materials and methods

2.1. Induction of ER stress

Jurkat and K562 cells were grown in RPMI-1640 with l-glutamine with 10% FBS (Invitrogen,
UK) and penicillin and streptomycin or treated with CQ at 25, 50 and 75 μM (Sigma Chemicals,
UK) or 0.1, 0.5 and 1 μM Tg (Santa Cruz, US) for 24 h (n = 3). Cells were harvested and processed
as described in the sections below.

2.2. Cell cycle and ER Tracker

Jurkat and K562 cells with or without treatment were adjusted to 1 × 106/ml and loaded with
Hoechst 33342 (15 μg/ml, Sigma Chemicals, UK) and ER Tracker Red dye (ERTR 100 nM,
Invitrogen, UK), by incubating cells with the dyes for 1 and 0.5 h at 37°C, respectively. Dead
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cells were detected by DRAQ7 (2.5 μM, Biostatus, UK), incubated with cells for 10 min at 37°C.
Live cells were analysed for ERTR Area MFI levels from Ho33343 Area and Width dot plots;
see Figure 1. The percentage change in ER mass test samples was determined by comparing
test and control values for each phase of the cell cycle comparing control values for each phase
of the cell cycle: 30,000 events collected by flow cytometry, with Ho33342 excited at 350–60 nm
(UV laser) and emission collected at 450/50 nm; ERTR Area excited at 488 nm (blue laser) and
emission collected at 610/10 nm; and DRAQ7 excited at 633 nm (red laser) and emission
collected at 780/60 nm (n = 3).

2.3. Misfolded protein labelling

Jurkat and K562 cells with or without treatment were pelleted and resuspended in 200 μl
of Solution A fixative for 15 min at room temperature (RT) (Caltag, UK). Cells were then

Figure 1. Cells were gated on forward‐scatter (FSC) vs. side‐scatter (SSC) dot plot (A). Live cells were then gated by
their exclusion of cell viability dye DRAQ7 from a FSC vs. DRAQ7 dot plot (B). Live single cells were then gated
through Ho33342 Area and Width parameter analysis (C). Cell cycle analysis of these single cells into G1, S and G2m
phases of the cell cycle by virtue that Ho33342 fluorescence intensity being proportional to DNA content as shown in
(D). The ERTR fluorescence signal is proportional to ER mass; the phases of the cell cycle in cells treated with Tg were
compared to untreated cells in G1 (E), S phase (F) and G2m (G). ERTR MFI were normalised as a percentage change in
the test ERTR signal was made to the control ERTR signal.
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washed in PBS buffer (Invitrogen, UK) and cell pellets permeabilised with 0.25% Triton
X-100 (Sigma Chemicals, UK) for 15 min at RT. Cells were then washed in PBS buffer and
a 1:20,000 dilution of Proteostat (Enzo Life Sciences, UK) was made in Proteostat buffer
(1 μl of Proteostat reagent in 20 ml of buffer) and 400 μl added to the cell pellet with
1 μg/ml DAPI and incubated for 30 min at RT. Flow cytometric analysis was performed
with excitation of Proteostat with the blue 488 nm laser and excitation of DAPI with UV
laser line and emissions collected at 610/20 nm and 440/40 nm, respectively (n = 3). Cell
cycle analysis was performed by collecting 30,000 events with the DAPI 440/40 Area and
Width parameter for doublet discrimination; see Figure 3. Then Proteostat Area MFI for
cells in G1, S phase and G2m cycling cells was determined by comparison of control and
test MFI for each phase of the cell cycle by the formula given in the manufacturer’s in-
structions, (MFItest − MFIcon)/MFItest × 100 = misfolded protein level.

2.4. Indirect immunofluorescence LC3-II labelling and cell cycle analysis

Jurkat and K562 cells with or without treatment were pelleted and resuspended in 200 μl of
Solution A fixative for 15 min at RT (Caltag, UK). Cells were then washed in PBS buffer and
cell pellets permeabilised with 0.25% Triton X-100 for 15 min at RT. Cells were washed in PBS
and anti-LC3-II monoclonal antibody (1:400 dilution) (Cat. No. 3868, Cell Signalling Technol-
ogy Inc., USA) incubated for 0.5 h at RT. Cells were then washed in PBS and labelled with
0.125 μg of secondary fluorescent conjugate Alexa Fluor-647 goat anti-rabbit IgG (Invitrogen,
UK) for 0.5 h at RT. Cells were then washed in PBS buffer and resuspended in 400 μl of PBS
with DAPI (1 μg/ml). Analysis of upregulated LC3-II-Alexa Fluor-647 MFI signal in treated
samples (above control levels) was determined for each phase of the cell cycle by gating cells
on a FSC versus SSC dot plot, with doublet discrimination achieved by use of the DAPI Area
and Width parameters with gating for G1, S and G2m on the DAPI-A parameter; see Figure 5.
Thirty thousand events were collected by flow cytometry. DAPI was excited at 350–60 nm (UV
laser) and emission collected at 450/50 nm; LC3-II-AF-647 was excited at 633 nm (red laser)
and emission collected at 660/20 nm (n = 3).

2.5. Flow cytometry

A Becton Dickinson LSRII with FACSDiva software (ver 6.3.1) fitted with blue (488 nm), red
(633 nm), violet (405 nm) and UV (350–360 nm) lasers. The optical filters (fitted in 2005) used
were for ERTR (610/10 nm), Ho33342 and DAPI (450/50 nm), DRAQ7 (780/60 nm), LC3B-
AF-647 (660/20 nm) and Proteostat (610/10 nm).

2.6. Statistics

Student t tests were performed in GraphPad software with P > 0.05 not significant (NS),
P < 0.05*, P < 0.01**, n = 3.
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3. Results

3.1. Flow cytometric analysis of cell cycle-dependent reticulophagy

For estimating the degree of reticulophagy after treatment with Tg or CQ, known ER stress
inducers and interceptor of autophagy, cells were labelled with Ho33342, ERTR and DRAQ7.
Live cells were analysed for reticulophagy after flow cytometric analysis on a Becton Dickinson
LSRII after UV, blue and red laser excitation and fluorescence collection at 460, 610 and 780 nm,
respectively. The gating strategy for the analysis of live cell cycle-dependent reticulophagy of
such cells is shown in Figure 1.

Tg induced a high degree of K562 cell cycle-dependent reticulophagy (29–76%), which was
greater in S, G2m and G1 phases with increasing [Tg] (P < 0.05, 0.01, n = 3, Figure 2A), whereas
Jurkat cells displayed a lower level of reticulophagy 35 to >55%, which was not cell cycle
dependent (P < 0.01, n = 3, Figure 2B). The K562 response to CQ was very different to that of
Tg with an ER elongation of >10 to >40%, with the highest degree of ER stress (smallest amount
of elongation) present in G2m cells (NS, P < 0.05, <0.01, n = 3, Figure 2C). CQ treatment of Jurkat

Figure 2. Jurkat and K562 cell lines were untreated or treated with Tg (0.1, 0.5, 1 μM) or CQ (25, 50, 75 μM) for 24 h.
Cells were loaded with Hoechst 33342 (15 μg/ml), ERTR (100 nM) and DRAQ7 (2.5 μM) for 1, 0.5 and 0.25 h at 37°C,
respectively. Cells were gated as described in Section 2; see Figure 1. ERTR test MFI were normalised against the con-
trol and a percentage change in the test ERTR signal was calculated. Percentage changes in ER mass of K562 (A) and
Jurkat cells (B) treated with Tg were made for G1, S and G2m phases of the cell cycle. Percentage changes in ER mass of
K562 (C) and Jurkat cells (D) treated with Tg or CQ were made for G1, S and G2m phases of the cell cycle. Student t test,
*P <0.05; **P < 0.01; NS, not significant; error bars indicate SEM, n = 3.
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3.1. Flow cytometric analysis of cell cycle-dependent reticulophagy

For estimating the degree of reticulophagy after treatment with Tg or CQ, known ER stress
inducers and interceptor of autophagy, cells were labelled with Ho33342, ERTR and DRAQ7.
Live cells were analysed for reticulophagy after flow cytometric analysis on a Becton Dickinson
LSRII after UV, blue and red laser excitation and fluorescence collection at 460, 610 and 780 nm,
respectively. The gating strategy for the analysis of live cell cycle-dependent reticulophagy of
such cells is shown in Figure 1.

Tg induced a high degree of K562 cell cycle-dependent reticulophagy (29–76%), which was
greater in S, G2m and G1 phases with increasing [Tg] (P < 0.05, 0.01, n = 3, Figure 2A), whereas
Jurkat cells displayed a lower level of reticulophagy 35 to >55%, which was not cell cycle
dependent (P < 0.01, n = 3, Figure 2B). The K562 response to CQ was very different to that of
Tg with an ER elongation of >10 to >40%, with the highest degree of ER stress (smallest amount
of elongation) present in G2m cells (NS, P < 0.05, <0.01, n = 3, Figure 2C). CQ treatment of Jurkat

Figure 2. Jurkat and K562 cell lines were untreated or treated with Tg (0.1, 0.5, 1 μM) or CQ (25, 50, 75 μM) for 24 h.
Cells were loaded with Hoechst 33342 (15 μg/ml), ERTR (100 nM) and DRAQ7 (2.5 μM) for 1, 0.5 and 0.25 h at 37°C,
respectively. Cells were gated as described in Section 2; see Figure 1. ERTR test MFI were normalised against the con-
trol and a percentage change in the test ERTR signal was calculated. Percentage changes in ER mass of K562 (A) and
Jurkat cells (B) treated with Tg were made for G1, S and G2m phases of the cell cycle. Percentage changes in ER mass of
K562 (C) and Jurkat cells (D) treated with Tg or CQ were made for G1, S and G2m phases of the cell cycle. Student t test,
*P <0.05; **P < 0.01; NS, not significant; error bars indicate SEM, n = 3.
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cells displayed a lower level of non-cell cycle-dependent ER elongation than that observed in
K562 cells (<20%, P < 0.05, NS, n = 3, Figure 2D). However the higher dose CQ induced a
reticulophagy (<20–>50%) which was also non-cell cycle dependent (P < 0.05, P < 0.01, n = 3,
Figure 2D).

3.2. ER stress responses: protein misfolding

For estimating the overall level of misfolded proteins after ER stress induction, Tg or CQ cells
were fixed, permeabilised and labelled with DAPI and the misfolded protein detection reagent,
Proteostat [32]. Flow cytometric analysis of the cell cycle and misfolded protein levels was
performed on a Becton Dickinson LSRII after UV and blue laser excitation and fluorescence
collected at 460 and 610, nm respectively. The gating strategy for the cell cycle analysis of
misfolded proteins is shown in Figure 3.

Figure 3. Jurkat and K562 cell lines were untreated or treated with Tg (0.1, 0.5, 1 μM) or CQ (25, 50, 75 μM) for 24 h.
Cells were fixed and permeabilised and stained with Proteostat probe (Enzo Life Sciences) according to that described
in Section 2. Misfolded protein levels were calculated from the test and untreated Proteostat MFI according to that de-
scribed in Section 2. The gating strategy employed was to gate on cells through FSC vs. SSC (A) and then gate on single
cells using DAPI Area and Width parameters (B). Followed by cell cycle analysis on the DAPI Area parameter, mark-
ing off G1, S and G2m phases of the cell cycle by virtue that DAPI fluorescence intensity is proportional to DNA content
is shown in (C). The Proteostat fluorescence signal is proportional to the level of cellular misfolded proteins, in cells
treated with Tg, and was compared to untreated cells in G1 (D), S (E) and G2m (F) phases of the cell cycle.

Tg treatment of K562 cells showed a moderately high level of misfolded proteins which were
neither dose nor non-cell cycle dependent (>40, P < 0.05, P < 0.01, n = 3, Figure 4A). Jurkat cells
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showed a low level of misfolded proteins when treated with Tg which was also not dose nor
cell cycle dependent (<35, P < 0.01, NS, n = 3, Figure 4B). CQ treatment of K562 cells showed
a variable level of misfolded proteins which was not cell cycle dependent (25–80, P < 0.01, n = 3,
Figure 4C). In contrast Jurkat cells produced a lower degree of misfolded proteins when treated
with CQ (25–40 P < 0.05, P < 0.01, n = 3)) which was cell cycle dependent in that cells in G2m
had lower amounts of misfolded proteins (Figure 4D).

Figure 4. Jurkat and K562 cell lines were untreated or treated with Tg (0.1, 0.5, 1 μM) or CQ (25, 50, 75 μM) for 24 h.
Cells were fixed and permeabilised and stained with Proteostat probe (Enzo Life Sciences) according to that described
in Section 2; see Figure 3. Misfolded protein levels for each phase of the cell cycle (G1, S and G2m) were calculated from
the test and untreated Proteostat MFI according to that described in Section 2. The level of misfolded proteins in K562
cells is shown in (A) Tg, (C) CQ and Jurkat cells treated with (B) Tg, (D) CQ. Student t test, *P < 0.05; **P < 0.01; NS, not
significant; error bars denote SEM, n = 3.

3.3. ER stress responses: LC3-II-associated autophagy is cell cycle dependent

For estimating the level of autophagy occurring in cells treated with ER stress-inducing drugs,
Tg and CQ cells were fixed, permeabilised and labelled with DAPI cells and anti-LC3-II-Alexa
Fluor-647 which were collected on a Becton Dickinson LSRII after UV and red laser excitation
and fluorescence collected at 460 and 660 nm, respectively. The gating strategy for the cell cycle
analysis of LC3-II is shown in Figure 5.

Although Tg induced a high degree of ER stress in K562 cells and a lower order in Jurkat cells
after 24 h, LC3-II did not increase above control levels (data not shown). However CQ did
induce a cell cycle-dependent increase of LC3-II for both cell lines employed in this study
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(Figure 6A and B). Both cell types showed a similar level of LC3-II in that 25 and 75 μM CQ
showed a dose and cell cycle-dependent increase above control levels (Figure 6A and B),
whereas 50 μM CQ showed a lower degree of LC3-II upregulation than the other doses of CQ
employed in this study (Figure 6A and B).

Figure 5. Jurkat and K562 cell lines were untreated or treated with Tg (0.1, 0.5, 1 μM) or CQ (25, 50, 75 μM) for 24 h.
Cells were fixed and permeabilised and stained with anti-LC3-II and Alexa Fluor-647 according to that described in
Section 2. LC3-II MFI test samples were subtracted from untreated cells according to that described in Section 2. The
gating strategy employed was to gate on cells through FSC vs. SSC (A). Single cells were gated using DAPI Area and
Width parameters (B). Followed by cell cycle analysis on the DAPI Area parameter, marking off G1, S and G2m phases
of the cell cycle by virtue that DAPI fluorescence intensity is proportional to DNA content is shown in (C). The LC3-II
MFI of CQ treated cells was subtracted from untreated cells in G1 (D), S (E) and G2m (F) phases of the cell cycle.

Figure 6. Jurkat and K562 cell lines were untreated or treated with CQ (25, 50, 75 μM) for 24 h. Cells were then fixed,
permeabilised and labelled with rabbit anti-LC3-II-AF-647 and DAPI for cell cycle analysis. After gating as described
in Section 2 (see Figure 5), the LC3-II MFI levels in test samples (test MFI-control MFI) were determined for all cell
cycle phases. The levels of LC3-II in K562 (A) and Jurkat cells (B) treated with CQ were calculated for G1, S and G2m
phases of the cell cycle. Student t test, *P < 0.05; **P < 0.01; NS, not significant; error bars indicate SEM, n = 3.
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4. Discussion

Flow cytometry can be used to investigate ER stress, a biological process not much analysed
by this experimental approach to date. Here we measured the end products of ER stress, that
is, reticulophagy and misfolded proteins rather second messengers associated with the
process, for example, PERK, IRE-1 and ATF6. However the use of live cells and ER Tracker
probes to measure reticulophagy has been previously used to estimate the degree of reticu-
lophagy [35, 36], although not in a cell cycle-dependent manner. Analysis of these cells under
fixed conditions allowed flow cytometry to estimate the level of misfolded proteins present in
the cell (rather than exclusively in the ER) in a cell cycle-dependent manner. The assays
employed using just two or three fluorescent probes allowed for a relatively easy flow
cytometric analysis, without the need for colour compensation or correction of the bleed
through of the different fluorophores into each other, thus avoiding false readings and
incorrect conclusions from the acquired data sets. Gating strategies used were as simple as
possible, but given the relatively complex nature of the gating needed, they all employed the
same approach. This study employed known ER stress-inducing drug Tg, as well as by
comparison CQ, and used two cell types to show potential different responses to these drugs.
To this end Tg was shown to induce ER stress after 24 h in both cell lines with the ER in such
cells undergoing a significant degree of reticulophagy. K562 cells were more affected than
Jurkat T cells, whereas only K562 cells showed a reticulophagy, which was more pronounced
in specific phases of the cell cycle with the different concentrations of the drug.

The drug CQ, a known initiator of autophagy and apoptosis (although the drug also blocks
the process at the lysosome-autophagosome fusion step), was also tested for its ER stress-
inducing qualities [12, 32, 33]. CQ appeared to induce ER stress in both cell lines, with Jurkat
cells treated with high concentration of CQ displaying a high level of reticulophagy like that
observed with Tg. However lower doses of CQ induced ER stress which was typified by an
elongation of the ER in Jurkat cells which was again not cell cycle dependent. This mode of
action of CQ causing an elongation of the ER was repeated in K562 cells which was cell cycle
dependent. Here the degree of elongation reduced as the cell moved through the cell cycle.
Thus G2m cells showed the least amount of ER elongation and hence were more stressed than
cells in the G1 phase of the cell cycle.

Induction of ER stress by both Tg and CQ was further confirmed by the detection of misfolded
proteins in a non-cell cycle-dependent manner above that found in untreated cells (except G2m
phase Jurkat cells treated with CQ). K562 cells had a high level of misfolded proteins in
response to both Tg and CQ even though Tg induced a reticulophagy and CQ an ER elongation.
Similarly Jurkat cells responded to Tg and CQ with a moderate level of misfolded proteins,
with most cells displaying a reticulophagy in this instance. Thus, although cells were display-
ing ER elongation as well as reticulophagy with the different drugs, misfolded proteins were
detectable and the highest level found in cells undergoing ER elongation rather than reticu-
lophagy, this perhaps being a reflection that cells with less ER have less space for misfolded
proteins and thus a lower level of misfolded proteins.
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Although Tg induced a high degree of reticulophagy and misfolded proteins in both cell lines,
there was no evidence of autophagy as LC3-II levels did not increase above control levels.
However CQ shown previously and in this study to induce ER stress did show an increase
LC3-II in a cell cycle-dependent manner in both cell lines.

Thus, the degree and mode of action of these two drugs appear to be cell type dependent, with
K562 cells displaying a cell cycle-dependent ER stress response to both drugs, whereas Jurkat
cells did not. However, the induction of the autophagic response (the process being blocked
at the lysosome fusion step) to CQ was cell cycle dependent in both cell lines. While Tg did
not induce an autophagic response in either cell line after 24 h. The type of cell employed and
the cell cycle-dependent modulation of these biological processes involved in ER stress and
autophagy should be considered when designing studies in ER stress and autophagy. Flow
cytometry makes the analysis of these cell cycle-dependent events in the ER stress process
easily measureable.

Author details

Ashik Asvin Patel and Gary Warnes*

*Address all correspondence to: g.warnes@qmul.ac.uk

Flow Cytometry Core Facility, Blizard Institute, Barts and The London School of Medicine and
Dentistry, Queen Mary University London, London, UK

References

[1] Rosello A, Warnes G, Meier U. Cell death pathways and autophagy in the central
nervous system and its involvement in neurodegeneration, immunity and CNS
infection: to die or not to die—that is the question. Clinical and Experimental Immu-
nology. 2012;168:52–7.

[2] Yang Z, Klionsky D. Eaten alive: a history of macroautophagy. Nature Cell Biology.
2010;12(9):814–22.

[3] Ogata M, Hino S, Saito A, et al. Autophagy is activated for cell survival after endo-
plasmic reticulum stress. Molecular and Cellular Biology. 2006;26(24):9220–31.

[4] Chen Y, Brandizzi F. IRE1: ER stress sensor and cell fate executor. Trends in Cell Biology.
2013;23(11):547–55.

[5] Moretti L, Cha YI, Niermann KJ, Lu B. Switch between apoptosis and autophagy:
radiation-induced endoplasmic reticulum stress? Cell Cycle. 2007;6(7):793–8.

Cell Cycle Analysis of ER Stress and Autophagy
http://dx.doi.org/10.5772/63653

59



[6] Furuya Y, Lundmo P, Short AD, Gill DL, Isaacs JT. The role of calcium, pH, and cell
proliferation in the programmed (apoptotic) death of androgen-independent prostatic
cancer cells induced by thapsigargin. Cancer Research. 1994;54:6167–75.

[7] Lin X, Denmeade R, Cisek L, Isaccs J. Mechanism and role of growth arrest in pro-
grammed (apoptotic) death of prostatic cancer cells induced by Thapsigargin. The
Prostate. 1997;33:201–7.

[8] Ganley I, Wong P, Gammoh N, Jiang X. Distinct autophagosomal–lysosomal fusion
mechanism revealed by thapsigargin-induced autophagy arrest. Molecular Cell.
2011;42(6):731–43.

[9] Yorimitsu T, Klionsky DJ. Eating the endoplasmic reticulum: quality control by
autophagy. Trends in Cell Biology. 2007;17(6):279–85.

[10] Hoyer-Hansen M, Jaattela M. Connecting endoplasmic reticulum stress to autophagy
by unfolded protein response and calcium. Cell Death and Differentiation. 2007;14(9):
1576–82.

[11] Klionsky DJ. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy. 2016;12(1):1–222.

[12] Choi JH, Yoon JS, Won YW, Park BB, Lee YY. Chloroquine enhances the chemothera-
peutic activity of 5-fluorouracil in a colon cancer cell line via cell cycle alteration.
APMIS: Acta Pathologica, Microbiologica, et Immunologica Scandinavica. 2012;120(7):
597–604.

[13] Ashford TP, Porter K. Cytoplasmic components in hepatic cell lysosomes. The Journal
of Cell Biology. 1962;12:198–202.

[14] Deter RL, Duve CD. Influence of glucagon, an inducer of cellular autophagy, on some
physical properties of rat liver lysosomes. The Journal of Cell Biology. 1967;33:437–49.

[15] Tooze SA, Yoshimori T. The origin of the autophagosomal membrane. Nature Cell
Biology. 2010;12(9):831–5.

[16] Mehrpour M, Esclatine A, Beau I, Codogno P. Overview of macroautophagy regulation
in mammalian cells. Cell Research. 2010;20(7):748–62.

[17] Ge JN, Huang D, Xiao T, et al. Effect of starvation-induced autophagy on cell cycle of
tumor cells. Chinese Journal of Cancer. 2008;27(8):102–8.

[18] Komatsu M, Ichimura Y. MBSJ MCC Young Scientist Award 2009: selective autophagy
regulates various cellular functions. Genes to Cells. 2010;15(9):923–33.

[19] Hailey  DW,  Rambold  AS,  Satpute-Krishnan  P,  et  al.  Mitochondria  supply
membranes  for  autophagosome  biogenesis  during  starvation.  Cell.  2010;141(4):
656–67.

Autophagy in Current Trends in Cellular Physiology and Pathology60



[6] Furuya Y, Lundmo P, Short AD, Gill DL, Isaacs JT. The role of calcium, pH, and cell
proliferation in the programmed (apoptotic) death of androgen-independent prostatic
cancer cells induced by thapsigargin. Cancer Research. 1994;54:6167–75.

[7] Lin X, Denmeade R, Cisek L, Isaccs J. Mechanism and role of growth arrest in pro-
grammed (apoptotic) death of prostatic cancer cells induced by Thapsigargin. The
Prostate. 1997;33:201–7.

[8] Ganley I, Wong P, Gammoh N, Jiang X. Distinct autophagosomal–lysosomal fusion
mechanism revealed by thapsigargin-induced autophagy arrest. Molecular Cell.
2011;42(6):731–43.

[9] Yorimitsu T, Klionsky DJ. Eating the endoplasmic reticulum: quality control by
autophagy. Trends in Cell Biology. 2007;17(6):279–85.

[10] Hoyer-Hansen M, Jaattela M. Connecting endoplasmic reticulum stress to autophagy
by unfolded protein response and calcium. Cell Death and Differentiation. 2007;14(9):
1576–82.

[11] Klionsky DJ. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy. 2016;12(1):1–222.

[12] Choi JH, Yoon JS, Won YW, Park BB, Lee YY. Chloroquine enhances the chemothera-
peutic activity of 5-fluorouracil in a colon cancer cell line via cell cycle alteration.
APMIS: Acta Pathologica, Microbiologica, et Immunologica Scandinavica. 2012;120(7):
597–604.

[13] Ashford TP, Porter K. Cytoplasmic components in hepatic cell lysosomes. The Journal
of Cell Biology. 1962;12:198–202.

[14] Deter RL, Duve CD. Influence of glucagon, an inducer of cellular autophagy, on some
physical properties of rat liver lysosomes. The Journal of Cell Biology. 1967;33:437–49.

[15] Tooze SA, Yoshimori T. The origin of the autophagosomal membrane. Nature Cell
Biology. 2010;12(9):831–5.

[16] Mehrpour M, Esclatine A, Beau I, Codogno P. Overview of macroautophagy regulation
in mammalian cells. Cell Research. 2010;20(7):748–62.

[17] Ge JN, Huang D, Xiao T, et al. Effect of starvation-induced autophagy on cell cycle of
tumor cells. Chinese Journal of Cancer. 2008;27(8):102–8.

[18] Komatsu M, Ichimura Y. MBSJ MCC Young Scientist Award 2009: selective autophagy
regulates various cellular functions. Genes to Cells. 2010;15(9):923–33.

[19] Hailey  DW,  Rambold  AS,  Satpute-Krishnan  P,  et  al.  Mitochondria  supply
membranes  for  autophagosome  biogenesis  during  starvation.  Cell.  2010;141(4):
656–67.

Autophagy in Current Trends in Cellular Physiology and Pathology60

[20] Kim  I,  Rodriguezenriquez  S,  Lemasters  J.  Selective  degradation  of  mitochondria
by  mitophagy.  Archives  of  Biochemistry  and  Biophysics.  2007;462(2):245–53.

[21] Kabeya  Y,  Mizushima  N,  Ueno  T,  et  al.  LC3,  a  mammalian  homologue  of  yeast
Apg8p,  is  localized  in  autophagosome  membranes  after  processing.  EMBO.
2000;19(21):5720–8.

[22] Barth S, Glick D, Macleod K. Autophagy: assays and artifacts. The Journal of Pathology.
2010;221(2):117–24.

[23] Hansen TE, Johansen T. Following autophagy step by step. BMC Biology. 2011;9(39):1–
4.

[24] Shvets E, Fass E, Elazar Z. Utilizing flow cytometry to monitor autophagy in living
mammalian cells. Autophagy. 2008;4(5):621–8.

[25] Kimura  S,  Noda  T,  Yoshimori  T.  Dissection  of  the  autophagosome  maturation
process  by  a  novel  reporter  protein,  tandem  fluorescent‐tagged  LC3.  Autophagy.
2007;3(5):452–60.

[26] Wu YT, Tan HL, Huang Q, et al. Autophagy plays a protective role during zVAD‐
induced necrotic cell death. Autophagy. 2008;4(4):457–66.

[27] Thomas S, Thurn KT, Biçaku E, Marchion DC, Münster N. Addition of a histone
deacetylase inhibitor redirects tamoxifen‐treated breast cancer cells into apoptosis,
which is opposed by the induction of autophagy. Breast Cancer Research and Treat‐
ment. 2011;130(2):437–47.

[28] Geng Y, Kohil L, Klocke BJ, Roth KA. Chloroquine‐induced autophagic vacuole
accumulation and cell death in glioma cells is p53 independent. Neuro‐Oncology.
2010;12(5):473–81.

[29] Chen Y, McMillan‐Ward E, Kong J, Israels SJ, Gibson SB. Oxidative stress induces
autophagic cell death independent of apoptosis in transformed and cancer cells. Cell
Death and Differentiation. 2007;15(1):171–82.

[30] Kaminskyy V, Abdi A, Zhivotovosky B. A quantitative assay for the monitoring of
autophagosome accumulation in different phases of the cell cycle. Autophagy.
2011;7(1):83–90.

[31] Warnes G. Flow cytometric assays for the study of autophagy. Methods. 2015;82:21–8.

[32] Shen  D,  Coleman  J,  Chan  E,  et  al.  Novel  cell‐  and  tissue‐based  assays  for
detecting  misfolded  and  aggregated  protein  accumulation  within  aggresomes
and  inclusion  bodies.  Cell  Biochemistry  and  Biophysics.  2011;60(3):173–85.

[33] Chikte S, Panchal N, Warnes G. Use of lysotracker dyes: a flow cytometric study of
autophagy. Cytometry A. 2014;85A(2):169–78.

Cell Cycle Analysis of ER Stress and Autophagy
http://dx.doi.org/10.5772/63653

61



[34] Warnes G. Measurement of autophagy by flow cytometry. Current Protocols in
Cytometry. 2014:9.45.1–10.

[35] Panchal N, Chikte S, Wilbourn BR, Meier UC, Warnes G. Autophagy—a double-edged
sword—cell survival or death? Flow cytometric measurement of cell organelle autoph-
agy. Intech Open Access Publisher. 2013.

[36] Jia W, Pua HH, Li QJ, He Y. Autophagy regulates endoplasmic reticulum homeostasis
and calcium mobilization in T lymphocytes. The Journal of Immunology. 2010;186(3):
1564–74.

Autophagy in Current Trends in Cellular Physiology and Pathology62



[34] Warnes G. Measurement of autophagy by flow cytometry. Current Protocols in
Cytometry. 2014:9.45.1–10.

[35] Panchal N, Chikte S, Wilbourn BR, Meier UC, Warnes G. Autophagy—a double-edged
sword—cell survival or death? Flow cytometric measurement of cell organelle autoph-
agy. Intech Open Access Publisher. 2013.

[36] Jia W, Pua HH, Li QJ, He Y. Autophagy regulates endoplasmic reticulum homeostasis
and calcium mobilization in T lymphocytes. The Journal of Immunology. 2010;186(3):
1564–74.

Autophagy in Current Trends in Cellular Physiology and Pathology62

Chapter 4

High-Mobility Group Box 1 and Autophagy

Daolin Tang and Rui Kang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63476

Provisional chapter

High-Mobility Group Box 1 and Autophagy

Daolin Tang and Rui Kang

Additional information is available at the end of the chapter

Abstract

High-mobility group box 1 (HMGB1) is an architectural chromosomal protein and
stress  sensor  that  plays  a  critical  role  in  various  physiological  and  pathological
processes,  including  cell  death  and  survival.  Autophagy  is  the  major  pathway
involved  in  the  degradation  of  proteins  and  organelles,  maintenance  of  cellular
homeostasis, and promotion of survival during environmental stress. HMGB1 plays
an  important  location-dependent  role  in  the  regulation  of  autophagy.  Nuclear
HMGB1 contributes to mitophagy by regulation of heat shock protein beta-1 (HSPB1)
expression and cytoskeleton dynamics.  Cytoplasmic  HMGB1 is  a  novel  coiled-coil
myosin-like  BCL2-interacting  protein  (BECN1)-binding protein  in  the  induction of
autophagosome formation. Extracellular-reduced HMGB1 triggers autophagy in an
advanced  glycosylation  end  product-specific  receptor  (AGER)-dependent  manner.
HMGB1-dependent autophagy promotes chemotherapy resistance, sustains the tumor
metabolism requirement and T-cell survival, prevents polyglutamine aggregates and
excitotoxicity,  and protects  against  endotoxemia,  bacterial  infection,  and ischemia-
reperfusion  injury  in  vitro  or  in  animal  studies.  Targeting  the  HMGB1-mediated
autophagy pathway may be  required  to  address  whether  or  not  this  approach  is
therapeutically advantageous in human disease.

Keywords: HMGB1, autophagy, ATG, disease, pathway

1. Introduction

The autophagic network is complex and requires a core regulator: autophagy-related genes/
proteins  (ATGs)  [1].  The  study  of  the  molecular  basis  of  autophagy  started  with  the
discovery  of  Aut1  (now  Atg3)  [2],  Apg13  (now  Atg13)  [3],  and  Apg1  (now  Atg1;  the
mammalian homolog is ULK1 [unc-51 like autophagy-activating kinase 1]) [4] in Saccharo‐
myces cerevisiae in 1997. Currently, over 38 ATGs that control membrane dynamics during
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autophagy have been identified in the cells of different organisms, ranging from yeasts to
mammals [5–7].

In addition to ATGs, several non-ATG proteins are involved in the regulation of autophagy
through direct or indirect interplay with ATGs. High-mobility group protein 1 (HMGB1)
belongs to the family of the high-mobility group (HMG) nuclear proteins [8]. Here, we
highlight the emerging role of HMGB1 as an important non-ATG protein in the regulation of
autophagy.

2. HMGB1 structure

HMGB1 is a highly conserved protein and present in almost all cell types [9]. The genetic
sequence of human HMGB1 is located on chromosome 13q12–13 and the protein sequence
of human HMGB1 is composed of 215 amino acids (AAs). Human HMGB1 is 99% AA
identical to mouse, rat, bovine, and porcine HMGB1. HMGB1 structurally consists of
three different domains: two DNA-binding domains (HMG boxes A and B) and a nega-
tively charged 30 AA C-terminal region that contains only Asp and Glu. Both the HMGB1
A and B boxes are about 75–80 AAs long and are formed by two short and one long α-
helixes that upon folding, produce an L- or V-shaped three-dimensional domain structure
[10–12]. The cytokine activity of HBMG1 is restricted to the HMG B box because AA89–
108 of HMGB1 can be recognized by Toll-like receptor (TLR)-4 to induce the release of
proinflammatory cytokines [13]. In contrast, the purified recombinant A box has been
identified as an antagonistic and anti-inflammatory factor [14]. AA150–183 of HMGB1 is
responsible for binding to the receptor for advanced glycation end products (AGER/
RAGE) to induce cell migration [15]. In addition, to mediate cell migration, AGER is also
important for HMGB1-induced autophagy [16], metabolism [17], and inflammation [18] in
a context-dependent manner. AA 27–43 and 178–184 of HMGB1 contain two nuclear local-
ization signals, respectively. Acetylation of nuclear localization signals triggers HMGB1
translocation from the nucleus to the cytosol. HMGB1 is a redox protein and contains
three cysteines (C23, C45, and C106). C23 and C45 form an intramolecular disulfide bond
within the A-domain, while C106 is redox inactive and remains reduced [19, 20]. In gener-
al, reduced HMGB1 exhibits immune activity, whereas oxidized HMGB1 displays immune
tolerance [21, 22]. In addition to regulating activity, redox also affects HMGB1 transloca-
tion and release [23, 24]. For example, mutant C106 can cause HMGB1 translocation from
the nucleus to the cytosol. Indeed, oxidative stress plays a central role in mediating active
HMGB1 secretion as well as passive release [25]. Inhibition of HMGB1 release by antioxi-
dant compounds such as N-acetyl-cysteine [26], quercetin [27], edaravone [28], epigalloca-
techin gallate [29], and resveratrol [30] improves animal survival and limits the
inflammatory response in infection and tissue damage.
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3. HMGB1 function

Under normal conditions, over 95% of intracellular HMGB1 is located in the nucleus and
functions as a deoxyribonucleic acid (DNA) chaperone. Under stress conditions, HMGB1 can
be released from the intracellular to the extracellular space [31]. Extracellular HMGB1 acts as
a damage-associated molecular pattern molecule (DAMP) to mediate the inflammation,
immunity, and metabolism responses in human disease [9, 32]. Thus, the function of HMGB1
depends on its location. Below, we summarize the major functions of nuclear, cytosolic, and
extracellular HMGB1, respectively.

3.1. Nuclear HMGB1

Like the histones, HMGB1 is among the most important chromatin proteins. In particular, the
DNA-binding domains confers HMGB1 the ability to recognize, bind, and bend different DNA
structures such as DNA mini-circles, four-way junctions, looped structures, hemicatenated
DNA, and triplex DNA [33]. This DNA chaperone activity is critical for HMGB1-mediated
nuclear homeostasis and genome stability.

3.1.1. Nucleosome dynamics and quantity

The nucleosome is the fundamental subunit of chromatin. Each nucleosome is composed of a
core particle, DNA, and a linker protein. The proteins in the core particle and linker proteins
are called histones. HMGB1 can bind to histones and DNA to promote nucleosome sliding,
relax nucleosome structure, and make chromatin more accessible [34, 35]. Loss of HMGB1
leads to the loss and release of nucleosomes [36, 37]. Extracellular nucleosomes, including
histones and DNA, are inflammatory mediators in cancer, sepsis, and pancreatitis [38].

3.1.2. Gene transcription

HMGB1 knockout mice die shortly after birth due to hypoglycemia and exhibit a defect in the
transcriptional enhancement of the glucocorticoid receptor [39]. In addition to the glucocorti-
coid receptor, HMGB1 interacts with a number of transcription factors (e.g., p53, p73, the
retinoblastoma protein, nuclear factor kappa B [NF-κB], and estrogen receptor) to either
activate or repress the transcription of specific genes.

3.1.3. DNA repair

The major forms of DNA damage include single-strand breaks, double-strand breaks, altera-
tion of bases, hydrolytic depurination, hydrolytic deamination of cytosine and 5-methylcy-
tosine bases, formation of covalent adducts with DNA, and oxidative damage to bases and
to the phosphodiester backbone of DNA. Loss of HMGB1 increases these lesions [40, 41] and
nuclear HMGB1 contributes to base excision repair, nucleotide excision repair, and mis-
match repair [33].
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3.1.4. V(D)J recombination

VDJ recombination is the process by which T cells and B cells randomly assemble different
gene segments—known as variable (V), diversity (D), and joining (J) genes—in order to
generate unique receptors (known as antigen receptors) that can collectively recognize many
different types of molecules. HMG proteins, including HMGB1, are important components of
the V(D)J recombinase complex [42].

3.1.5. Telomere homeostasis

Telomeres are caps with a region of repetitive nucleotide sequences at the end of chromosomes.
Telomerase is an enzyme made of protein and ribonucleic acid (RNA) subunits that elongates
chromosomes by adding TTAGGG sequences to the end of existing chromosomes. Telomere
shortening is involved in the aging process. Loss of HMGB1 reduces telomerase activity,
decreases telomere length, and increases chromosomal stability on a cellular level [43, 44].

3.2. Cytosolic HMGB1

Early studies have shown that the expression of HMGB1 in hepatic and brain tissues is high;
it has been suggested a functional role of HMGB1 in both the nucleus and the cytoplasm [45,
46]. Recent studies have demonstrated that various tissues have a near-universal high expres-
sion of HMGB1. Cytoplasmic localization of HMGB1 has been observed in living fibroblasts
[47], thymocytes [48], and several different tissues (e.g., liver, kidney, heart, and lung) [49].
Normally, the nuclear-to-cytoplasmic HMGB1 ratio is about 30:1 and this ratio is significantly
reduced in cellular stress [49]. HMGB1 translocates from the nucleus to the cytoplasm,
including the mitochondria and lysosomes, following various types of stressors such as
inflammatory cytokines/chemokines and thermal and hypoxic stress. Although the study of
the function of cytosolic HMGB1 remains poor, our research indicates that the main function
of HMGB1 in the cytoplasm is to function as a positive regulator of autophagy and mitophagy
(discussed later at section 4.2).

3.3. Extracellular HMGB1

HMGB1 can be actively secreted by immune cells or passively released by dead, dying, or
injured cells [50]. Extracellular HMGB1 has multiple functions and is involved in several
processes.

3.3.1. Cell differentiation

The first reported activity of extracellular HMGB1 is that HMGB1 promotes murine erythro-
leukemia cell differentiation [51, 52]. Structurally, the N-terminal region of HMGB1 is respon-
sible for promoting murine erythroleukemia cell differentiation [53]. In addition to murine
erythroleukemia cells, extracellular HMGB1 triggers the differentiation of chronic lymphocytic
leukemia, stem cells, dendritic cells (DCs), and T cells [54, 55].
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3.3.2. Inflammation and immunity

HMGB1 is an important late mediator released by macrophages in sepsis [31]. In addition to
macrophages, many immune cells (e.g., neutrophils, mast cells, eosinophils, DCs, T cells, and
natural killer cells) can release HMGB1 in response to infection [56]. HMGB1 cannot be actively
secreted via the classical endoplasmic reticulum -Golgi secretory pathway due to lacking a
leader signal sequence [57]. In turn, secretory lysosome contributes to HMGB1 secretion [58].
This process is regulated by metabolism [59]. Once released, HMGB1 can activate immune
cells to sustain the inflammatory response. This process is regulated by redox status, receptor,
and partner of HMGB1. For example, HMGB1 can bind and activate different signaling
transduction cell receptors such as AGER, TLRs (e.g., TLR-2, -4, and -9), CD24, and TIM3 [60–
62]. HMGB1 is very “sticky” and can bind to various extracellular pathogen-associated
molecular patterns (PAMPs) (e.g., lipopolysaccharide) and DAMPs (e.g., DNA and histones)
to amply inflammatory and immune responses [60, 63].

3.3.3. Cell migration

HMGB1 has chemokine activity to induce cell invasion and migration, a key process during
the development of most organisms [64]. The potential mechanism includes HMGB1-mediated
signaling transduction (e.g., ERK [65, 66] and Cdc42 [67]), transcriptional factor activation (e.g.,
NF-κB), and chemokine production.

3.3.4. Tissue regeneration

Tissue regeneration is the body’s autohealing reaction once it gets injured or damaged. HMGB1
can stimulate myocardial regeneration, which may facilitate cardiac repair [68–71], cardio-
myocyte hypertrophy [72], or cardiac fibrosis [73].

3.3.5. Angiogenesis

Angiogenesis is the growth of blood vessels from the existing vasculature. Treatment with
HMGB1 protein increases angiogenesis by the secretion of vascular endothelial growth factor,
an important inducer of angiogenesis [74].

4. HMGB1 and autophagy

4.1. Nuclear HMGB1 in autophagy

Mitophagy is an important mitochondrial quality control mechanism to sustain mitochondrial
structure and function. We recently demonstrated that the nuclear protein HMGB1 modulates
mitochondrial respiration and morphology by sustaining mitophagy through the regulation
of heat shock protein β-1 (HSPB1) gene expression [75]. Metabolic activities in normal cells
rely primarily on mitochondrial oxidative phosphorylation (OXPHOS) to generate adenosine
triphosphate (ATP) for energy. In contrast, cancer cells mainly use glycolysis to generate ATP
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for energy. This type of energy reprogramming is called the Warburg effect. Interestingly,
knockout or knockdown of HMGB1 or HSPB1 significantly inhibits OXPHOS and glycolysis
in cancer cells or fibroblasts [75]. As expected, ATP production is decreased in HMGB1- or
HSPB1-deficient cells. HSPB1 is a member of the small heat shock proteins (HSPs), which are
important for protein folding [75]. HSPB1, but not other HSPs, is significantly inhibited in
HMGB1-/-cells. Transfection of HMGB1 complementary DNA (cDNA) into HMGB1 cells
restores HSPB1 expression at messenger RNA (mRNA) and protein levels. This process is not
dependent on heat shock factor 1 (HSF1), the major transcription factor for HSP expression.
Importantly, forced expression of HSPB1 by gene transfection corrects the deficiency in
mitochondrial respiration, ATP production, and mitochondrial fragmentation, which is
observed in HMGB1-deficient cells [75]. Thus, HSPB1 is the primary downstream mediator of
HMGB1’s effect on the regulation of mitochondrial homeostasis.

Alterations to the cytoskeleton during cell death and autophagy have been described in a
variety of different cells. Previous studies have suggested that HSPB1 has a direct influence
on the dynamics of cytoskeletal elements by HSPB1 phosphorylation [76, 77]. Similarly, by
using cytoskeleton inhibitor cytochalasin D, loss of HSPB1 or mutation of its phosphorylation
sites at serines 15 and 86 decreases starvation and rotenone-induced autophagy and mitophagy
and impairs autophagosome and lysosome fusion [75]. These findings suggest that impaired
cytoskeleton is involved in HMGB1-HSPB1 pathway-mediated mitophagy.

PTEN-induced putative kinase-1 (PINK1) is a kinase of the outer mitochondrial membrane,
and PARK2 is a protein implicated in autosomal recessive juvenile Parkinsonism. The PINK1-
PARK2 pathway has been largely implicated in the removal of damaged mitochondria with
depolarized membranes in mammalian cells [78]. Upon mitochondrial membrane depolari-
zation, PINK1 mediates the stress-induced mitochondrial translocation of PARK2. Subse-
quently, mitochondrial PARK2 drives the formation of Lys27-linked ubiquitin chains on the
outer membrane of voltage-dependent anion channel 1 (VDAC1) [78]. These chains are then
recognized by the autophagic adapter protein sequestosome 1 (SQSTM1/p62). SQSTM1 binds
directly to LC3 to facilitate the formation of autophagosomes engulfing damaged mitochon-
dria. HMGB1 and HSPB1 regulate PARK2 translocation and VDAC1 ubiquitination during
mitochondrial depolarization. Knockdown of PINK1 or PARK2 abolishes the HSPB1-induced
restoration in ATP production and reduction in mitochondrial fragmentation in HMGB1-
deficient cells. Collectively, activation of the PINK1-PARK2 pathway is required for the
HMBG1-HSPB1-dependent autophagic clearance of mitochondria. HMGB1 and HSPB1
translocate into the mitochondria during cellular stress. Whether these proteins interact
directly with PINK1 or PARK2 remains unknown.

4.2. Cytosolic HMGB1 in autophagy

Release of HMGB1 has been observed in different types of cell death such as apoptosis,
necrosis, and necroptosis [50, 79–84]. Similarly, classical autophagic stimuli such as rapamycin
or starvation trigger HMGB1 translocation and release [81]. This process is not associated with
lactate dehydrogenase release in the early stage, suggesting that translocation and release of
HMGB1 in autophagy is an active process. Reactive oxygen species (ROS) generated in cell
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stress induce cell death, survival, or senescence, depending on the concentration of ROS. ROS
quencher (e.g. N-acetyl cysteine) inhibits starvation- and rapamycin-induced HMGB1 trans-
location and subsequent autophagy [81]. Knockdown of antioxidant enzyme superoxide
dismutase 1 also promotes HMGB1 cytosolic translocation and release in autophagy [85].
These findings suggest that oxidative stress is required for the translocation and release of
HMGB1 in autophagy.

BECN1 was originally discovered as a Bcl-2-interacting protein. Bcl-2 binds to BECN1, leading
to repression of autophagy [86]. We now know that BECN1 participates in autophagosome
formation and plays an important role in the regulation of interplay between autophagy and
apoptosis [87]. The levels of HMGB1 affect the interaction between Bcl-2 and BECN1 in
autophagy. On one hand, HMGB1 is involved in the regulation of Bcl-2 phosphorylation by
activation of the ERK pathway. Ablation of HMGB1 diminishes starvation-induced phosphor-
ylation of both ERK1/2 and Bcl-2 [87]. Phosphorylation of Bcl-2 inhibits interaction between
Bcl-2 and BECN1. On the other hand, cytosolic HMGB1 has been identified as a direct BECN1-
binding protein in tumor and nontumor cells. HMGB1 competes with Bcl-2 for interaction with
BECN1 and orients BECN1 to autophagosomes in response to starvation. Structurally, C23 and
C45 are required for HMGB1 to bind to BECN1 [87]. Mutation of C23 and C45 in HMGB1
results in the loss of their ability to mediate autophagy. Moreover, C106S mutation of HMGB1
results in much higher cytoplasmic levels of HMGB1 and demonstrates enhanced binding to
BECN1, leading to the subsequent dissociation of Bcl-2 from BECN1. Knockdown of HMGB1
finally inhibits the formation of the BECN1- PIK3C3 complex in autophagy.

In addition to the redox state of HMGB1, several proteins such as ULK1, FIP200, nuclear
accumbens-1 (NAC1), p53, SNCA/α-synuclein, and gamma-interferon inducible lysosomal
thiol reductase (GILT) have been demonstrated to positively or negatively regulate HMGB1-
BECN1 complex formation in several cells.

Different from other ATGs, ULK1 is a serine/threonine-protein kinase. FIP200 (FAK family
kinase-interacting protein of 200 kDa) was identified in a two-hybrid screen with the tyrosine
kinase Pyk2. Both ULK1 and FIP200 are involved in the formation of ULK1-ATG13-FIP200
complex in triggering vesicle nucleation during autophagy [88–91]. The formation of the
ULK1-ATG13-FIP200 complex is not affected by HMGB1. However, knockdown of ULK1 or
FIP200 inhibits HMGB1-BECN1 complex formation. This increases cell death in osteosarcoma
cells following anticancer agent treatment [92]. Thus, the HMGB1-BECN1 complex functions
as a downstream signal from ULK1-mATG13-FIP200 complex formation in the induction of
autophagy.

NAC1 is a nuclear protein that belongs to the POZ/BTB (Pox virus and zinc finger/bric-a-brac
tramtrack broad complex) domain family. NAC1 can bind and increase HMGB1 translocation
from the nucleus to the cytosol and subsequent HMGB1-BECN1 complex formation in
response to cisplatin [93]. Suppression of NAC1 expression limits HMGB1-BECN1 complex
formation and impairs the autophagic response and enhanced anticancer activity of cisplatin
in tumor cells [93].
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p53, the most common tumor suppressor, plays both transcription-dependent and -independ-
ent roles in the regulation of apoptosis, autophagy, metabolism, cell cycle progression, and
many other processes. Cytosolic p53 is a negative regulator of autophagy through a transcrip-
tion-independent mechanism [94] whereas nuclear p53 is a positive regulator of autophagy by
a transcription-dependent mechanism [95, 96]. A number of studies have demonstrated a
nuclear interaction between HMGB1 and p53 in the regulation of gene expression [97–100].
The interaction between HMGB1 and p53 in the nucleus and cytosol is increased in colon cancer
cells following starvation-induced autophagy [101]. Importantly, p53-HMGB1 complexes
regulate cytosolic translocation of the reciprocal protein and levels of autophagy. Loss of p53
increases HMGB1 cytosolic translocation and HMGB1- BECN1 complex formation, which
results in autophagy induction [101]. In contrast, loss of HMGB1 increases p53 cytosolic
translocation, which leads to autophagy inhibition [101]. This dynamic location change
between p53 and HMGB1 affects the levels of autophagy and anticancer activity of chemo-
therapy in colon cancer cells [102].

SNCA is expressed predominantly in the brain, where it is concentrated in presynaptic nerve
terminals. The deposition of the abundant presynaptic brain protein SNCA as an aggregating
fibrillary in neurons or glial cells is a hallmark lesion in a subset of neurodegenerative
disorders. Autophagy contributes to SNCA clearance. Interestingly, aggregated SNCA may
inhibit autophagy by blocking the cytosolic translocation of HMGB1 and subsequent HMGB1-
BECN1 binding in PC12 cells [103]. Thus, HMGB1 may be a new target for drug intervention
to restore the deficient autophagy caused by SNCA in neurodegenerative disorders.

GILT is a lysosomal thiol reductase, which can reduce protein disulfide bonds at a low pH.
The enzyme is expressed constitutively in antigen-presenting cells (e.g., B cells, DCs, mono-
cytes, and macrophages) and is induced by γ interferon in endothelial cells and tumor cells.
GILT may negatively regulate HMGB1-BECN1 complex formation in response to oxidative
stress [104]. Loss of GILT increases the cytosolic translocation of HMGB1 and subsequent
autophagy, which contributes to diminished superoxide dismutase 2 expression and elevated
superoxide production.

4.3. Extracellular HMGB1 in autophagy

HMGB1 release is a critical regulator of apoptosis and autophagy in response to metabolic and
therapeutic stress [105]. Treatment with reduced but not oxidized HMGB1 protein increases
the accumulation of LC3 puncta associated with induced LC3-II formation, reduced expression
of SQSTM1, and suppressed BECN1-Bcl-2 complex formation [16]. However, the HMGB1
C106A mutant protein significantly decreases autophagy compared with wild-type reduced
HMGB1 protein [16]. Moreover, knockout of BECN1 inhibits reduced HMGB1-induced
autophagy, suggesting that BECN1 is required for reduced HMGB1-induced autophagy.
Interestingly, oxidized HMGB1 may trigger mitochondria-mediated apoptosis by activation
of CASP-3 and -9 [16].

Multiple surface receptors, including TLR2, TLR4, and AGER have been demonstrated to
mediate HMGB1 activity. C106 is required for HMGB1 binding to TLR4 and activation of
cytokine release in macrophages. AGER is a transmembrane receptor of the immunoglobulin
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gene superfamily encoded within the class III region of the major histocompatibility locus.
RAGE activation has been implicated in infection and sterile inflammation, as well as in cancer,
diabetes, and Alzheimer’s disease. The interaction between AGER and its ligands, including
HMGB1, promotes proinflammatory signal pathway activation and the formation of neutro-
phil extracellular traps partly through upregulation of autophagy [17, 106, 107]. AGER
promotes anticancer agent-induced autophagy by regulating MTOR activation and BECN1-
PIK3C3 complex formation [108, 109]. Knockdown of AGER, but not TLR4 in cancer cells
diminishes HMGB1-induced autophagy [16]. Moreover, AGER contributes to HMGB1-
induced autophagy in a BECN1-dependent manner in cancer cells. However, it is unclear
which receptor is required for oxidized HMGB1-induced apoptosis. In addition to HMGB1,
AGER is required for IL6- and hypoxia-induced autophagy in pancreatic cancer cells, sug-
gesting an important role of RAGE-mediated autophagy in the pancreatic tumor microenvir-
onment [106, 110].

5. Transcriptional regulation of HMGB1 in autophagy

Transcription factors such as p53 [111], c-Myc [112], and Kruppel-like factor-4 [113] have been
reported to regulate mRNA expression of HMGB1 in several cells. These transcription factors
are also important for autophagy. In addition to transcription factors, microRNAs (miRNAs)
play an important role in the regulation of HMGB1 expression. miRNAs are a class of post-
transcriptional regulators of gene expression. They are short (about 22 nucleotide) RNA
sequences that bind to complementary sequences in the 3' untranslated region (3'UTR) of
multiple target messenger RNAs (mRNAs). At the molecular level, miRNAs restrain the
production of proteins by affecting the stability of their target mRNA and/or by downregu-
lating their translation. We recently demonstrated that MIR34A is a potent inhibitor of
autophagy by suppression of HMGB1 (but not sirtuin 1) expression in the retinoblastoma cell
[114]. MIR34A directly targets HMGB1 mRNA and inhibits HMGB1 protein levels, thereby
preventing autophagosome activation [114]. Targeting the MIR34A-HMGB1 pathway inhibits
autophagy and increases apoptosis in response to chemotherapy.

Another study suggests that MIR22 controls autophagy by regulating HMGB1 protein levels
[115]. MIR22 is an evolutionally conserved miRNA that is highly expressed in various tissues
and cancer cells. MIR22-mediated transcriptional regulation of HMGB1 inhibits autophagy
and chemotherapy resistance in osteosarcoma cells [115]. The human let-7 family of micro-
RNAs contains 13 members that are major players in the regulation of gene expression. HMGB1
is another important direct target of MIR-let-7f-1 in medulloblastoma cells [116]. Overexpres-
sion of MIR-let-7f-1 inhibits HMGB1 expression and subsequent autophagy in medulloblas-
toma cells following treatment with cisplatin [116]. The complex interactions of HMGB1
expression by miRNAs and transcription factors in autophagy must be further investigated
and will likely impact tumor treatment in the future.
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6. Post-translational modification of HMGB1 in autophagy

Autophagy is mainly regulated by post-translational and lipid modifications of ATG pro-
teins. HMGB1 also undergoes extensive post-translational modifications, including reversi-
ble and terminal acetylation [117], poly-ADP-ribosylation [118, 119], phosphorylation
[120], and oxidation [121]. These post-translational modifications have been demonstrated
to influence HMGB1’s DNA chaperone activity, subcellular localization, and extracellular
DAMP activity. We have discussed above that the redox status of HMGB1 affects autoph-
agy. Unlike other members of the tumor necrosis factor (TNF) superfamily, the TNF (li-
gand) superfamily, member 10 (TNFSF10/TRAIL) selectively activates CASP8 and induces
apoptosis in cancer cells (but not normal cells) in vitro and in vivo. HMGB1 is specifically
poly-ADP-ribosylated (PAR) by PAR polymerase-1 (PARP1) in pancreatic cancer cells.
This HMGB1 modification contributes to TNFSF10 resistance through upregulation of au-
tophagy and suppression of apoptosis [122]. PARP1 is an ADP-ribosylating enzyme criti-
cal for initiating various forms of DNA repair in nucleus. Activation of PARP1 mediates
TNFSF10-induced poly-ADP-ribosylation and subsequent translocation of HMGB1 from
the nucleus to the cytosol. Inhibition of PARP1 expression or activity via shRNA knock-
down or pharmacologic inhibitor PJ-34 significantly limits TNFSF10-induced poly-ADP-ri-
bosylation and the subsequent cytoplasmic translocation of HMGB1 in human pancreatic
cancer cells [122]. Importantly, activation of PARP1 promotes HMGB1-BECN1 complex
formation, which leads to autophagy following TNFSF10 treatment. Transfection of
HMGB1 C106S mutant cDNA into PARP1-knockdown cancer cells increases cytosolic
HMGB1 level, LC3-II expression, and TNFSF10 resistance. These findings suggest that cy-
toplasmic HMGB1 is sufficient to trigger autophagy and TNFSF10 resistance in PARP1-de-
ficient cancer cells [122]. Compared with C106S mutation, the C23S and C45S mutations
fail to restore TNFSF10-induced HMGB1-BECN1 complex formation, LC3 turnover, and
resistance to apoptosis in HMGB1-knockdown pancreatic cancer cells. Thus, PARP1-
HMGB1-BECN1-mediated autophagy inhibits TNFSF10-induced apoptosis by suppression
of CASP8 activity [122]. It will be interesting to test whether other post-translational mod-
ifications of HMGB1 directly activate autophagy under stress.

7. HMGB1-mediated autophagy in disease

The role of autophagy in cancer is complex and is likely dependent on tumor type and stage
[123]. On one hand, autophagy plays a tumor suppressor role by preventing genome instability,
limiting oxidative injury, reducing the inflammatory response, and inhibiting angiogenesis.
On the other hand, autophagy functions as a survival mechanism in tumor development.
Upregulation of autophagy promotes the growth of established tumors by sustaining energy
metabolism and cell proliferation. In addition, increased autophagy leads to therapy resistance
by diminishing regulated cell death. A number of studies indicate that HMGB1-mediated
autophagy can enable tumor cell survival by inhibition of apoptosis, which can lead to
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therapeutic resistance [92, 93, 102, 122, 124–130]. It remains to be determined whether HMGB1-
mediated autophagy contributes to the suppression of tumorigenesis [131, 132].

Autophagy regulates inflammation through interfering with innate immune signaling
pathways, including inflammasome activation and proinflammatory cytokine release [133,
134]. We and others have demonstrated that activation of autophagy contributes to HMGB1
release in immune and nonimmune cells [84]. Inflammasomes are protein complexes in the
innate immune system that regulate the activation of CASP1 or CASP11 and induce IL-1β and
IL-18 release in response to infection or tissue injury. Conditional depletion of HMGB1 in
myeloid cells renders mice more sensitive to Listeria monocytogenes infection and endotoxic
shock [135] partly through downregulation of autophagy. This in turn promotes inflamma-
some activation and IL-1β release in macrophages [135]. Cytosolic HMGB1 in intestinal
epithelial cells suppresses inflammation-associated cellular injury by controlling the switch
between the proautophagic and proapoptotic functions of BECN1 and ATG5 during inflam-
mation [136]. Moreover, conditional knockout of HMGB1 in the pancreas and liver promotes
pancreatitis [137] and liver ischemic reperfusion [138], which are sterile inflammatory diseases
without infection. Additionally, HMGB1 and BECN1 are co-expressed in the invading T cells
in the muscle tissue of myositis patients, which is required for T-cell survival and function
[139]. The underlying molecular mechanism of HMGB1-mediated autophagy in inflammation
and immunity remains to be further explored.

Most neurodegenerative diseases that afflict humans are associated with the intracytoplas-
mic deposition of aggregate-prone proteins in neurons and with autophagy dysfunction.
Impairment of HMGB1-mediated autophagy has been implicated in the increased protein
misfolding and aggregation in neurodegenerative disease [140, 141]. In addition, HMGB1
has recently been indicated to be involved in the autophagy inhibition caused by SNCA
overexpression, implying a direct role in modulating the autophagic degradation of
SNCA [103].

8. Conclusion

HMGB1 is a nuclear protein and stress sensor that plays a critical role in various physiological
and pathological processes, including autophagy. Autophagy is the major pathway involved
in the degradation of proteins and organelles, cellular remodeling, and survival during stress.
HMGB1 plays important intranuclear, cytosolic, and extracellular roles in the regulation of
autophagy [142]. Cytoplasmic HMGB1 is a novel BECN1-binding protein active in autophagy.
Extracellular HMGB1 induces autophagy in an AGER-dependent manner. Nuclear HMGB1
contributes to mitophagy by regulation of HSPB1 expression. HMGB1-dependent autophagy
promotes chemotherapy resistance, [92, 93, 101, 108, 114, 127, 128, 143–145], sustains the tumor
metabolism requirement [16, 146] and T-cell survival, [139], prevents polyglutamine aggre-
gates [140] and excitotoxicity [141], and protects against endotoxemia, bacterial infection, and
ischemia-reperfusion injury [135, 147–149]. The role of HMGB1 in autophagy is clearly
complex and tissue dependent [142]. HMGB1 is not required for starvation-induced autophagy
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in mice with hepatocyte-specific HMGB1 deletion, suggesting that an HMGB1-independent
autophagy pathway exists in different organs [150]. Indeed, mice with hepatocyte-specific
HMGB1 deletion have a different phenotype following different stressors [151, 152]. Targeting
the HMGB1-mediated autophagy pathway may be required to address whether or not this
approach is therapeutically advantageous in human disease.
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Abstract

γ-Tocotrienol, a natural isoform of vitamin E, is a potent anticancer agent. Autophagy
is a highly regulated process by which debris is eliminated from a cell, but can also play
a role in cellular survival or death. The role of autophagy in mediating the anticancer
effects of γ-tocotrienol is not clearly understood. This chapter reviews the mechanism(s)
involved in γ-tocotrienol-induced autophagy in breast cancer cells. Treatment with γ-
tocotrienol increased conversion of microtubule-associated protein, 1A/1B-light chain
3, from its cytosolic form (LC3B-I) to its lipidated form (LC3B-II), and the accumulation
of  autophagy-related  proteins  Beclin-1  (Atg6)  and  Atg5-Atg12.  Additional  studies
confirmed that transfection with Beclin-1 siRNA or pretreated with 3-methyladenine (3-
MA), an inhibitor of autophagy, blocked these effects.  γ-Tocotrienol treatment also
induced a time-responsive increase in autolysosome markers LAMP-1 and cathepsin-
D, and pretreatment with bafilomycin A1 (Baf1), an inhibitor of late phase autophagy,
blocked  these  effects  and  caused  a  significant  reduction  in  γ-tocotrienol-induced
cytotoxicity. γ-Tocotrienol also induced a decrease in ERK, an increase in p-38 and JNK
activation,  and  endoplasmic  reticulum  (ER)  stress  apoptotic  markers  including
phospho-PERK, phospho-elf2α, Bip, IRE1α, ATF-4, CHOP, and TRB3. In summary, γ-
tocotrienol-induced autophagy is intimately involved in promoting ER-stress-mediated
apoptosis in human breast cancer cells.

Keywords: γ-tocotrienol, autophagy, breast cancer, endoplasmic reticulum stress, ori-
donin

1. Introduction to autophagy

Autophagy (Greek for “self-eating”) is hallmarked by the formation of double-membrane-bound
organelles known as autophagosomes and is a lysosome-dependent pathway for the degradation
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of damaged cytoplasmic organelles and proteins [1]. There are multiple subtypes of autophagy
that are classified according to mechanism and function [2, 3]. The present review will focus on
macroautophagy, which is characterized by the engulfment and degradation of cytoplasmic
materials in bulk in a selective/nonselective manner. Autophagy is the only mechanism that is
involved in the degradation of large structures such as organelles and protein aggregates. In the
absence of stress, autophagy serves a housekeeping function [2, 3]. However, during starvation
autophagy provides material that can be used as a source of nutrition to promote survival.
Autophagy can be induced by a broad range of other stressors to aid in the degradation of protein
aggregates, oxidized lipids, damaged organelles, and even intracellular pathogens [2, 3]. Defects
in autophagy are linked to liver disease, neurodegeneration, Crohn’s disease, aging, cancer, and
metabolic syndrome [4].

Autophagy is a self-catabolic cellular mechanism in which damaged cellular organelles in the
cytoplasmic compartment are sequestered into the double-membrane vesicles known as
autophagosomes that further fuse with lysosomes to form autophagolysosomes. Excessive
formation of autophagic vesicles interferes with normal membrane functioning and can lead
to autophagy-associated programmed cell death [3–5]. Autophagy is regulated by class I and
class III phosphatidylinositol 3-kinase (PI3K)-signaling pathways. Activation of class I PI3K
leads to the phosphorylation of plasma membrane lipids that play a role in the recruitment
and activation of Akt, a downstream negative regulator of autophagy. The tumor suppressor,
phosphatase and tensin homolog (PTEN), dephosphorylates lipids in the plasma membrane
and thereby acts to prevent the activation of Akt [3–5]. Activated Akt inhibits the tuberous
sclerosis complex 1 (TSC1) and TSC2 proteins that act as positive regulators of autophagy by
repressing the activity of the small G protein Rheb, which modulates mammalian target of
rapamycin (mTOR) [3–5]. mTOR functions to inhibit autophagy [3–5]. Although the exact
mechanism by which mTOR inhibits autophagy is not completely understood, it appears to
be involved in suppressing Atg autophagy-related genes [6].

Figure 1. Schematic representation of autophagy.
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The execution and regulation of the autophagy pathway is governed by Atg [6]. The initial
nucleation and assembly of the primary autophagosomal membrane forms a complex of
Beclin-1, the mammalian homolog of Atg6, with class III phosphatidylinositol 3-kinase (PI3K)
that mediates the localization of autophagy-targeted proteins into the autophagic vesicles [4,
6]. Elongation of this isolated membrane is governed by two ubiquitin-like conjugation
systems, Atg5-Atg12 complex, and microtubule-associated protein 1A/1B-light chain (LC3).
Upon the activation of Atg12 by Atg7, Atg12 is transferred to Atg10 and is eventually conju-
gated to Atg5, which subsequently forms a complex with Atg16. Under basal conditions, LC3B
exists in its cytosolic form LC3B-I. However, during autophagy LC3B-I is converted to its lipid-
conjugated membrane-bound form LC3B-II, a process that is dependent on the Atg5-Atg12
complex throughout the course of membrane elongation. LC3B-II is associated with autopha-
gosomes and promotes the formation of autophagic vacuoles [4, 6]. A brief summary of the
autophagic process is shown in Figure 1.

2. Autophagy and cancer

The autophagic process of recycling damaged cytoplasmic organelles and proteins can serve
as an alternative energy source during the period of metabolic stress and can play a role in the
maintenance of homeostasis and viability. However, in cancer cells autophagy appears to play
a dual role that can either allow prolonged cell survival or promote cell death [7, 8]. This dual
role of autophagy in cancer, as both tumor suppressor and a protector of cancer cell survival,
is not yet clearly understood. Autophagy dysregulation is observed in a wide spectrum of
human cancers. For example, the altered expression of several autophagy proteins such as
LC3B and Beclin-1 has been observed in brain, esophageal, breast, colon, gastric, liver, and
pancreatic cancer as well as osteosarcoma and melanoma [9, 10]. Mutations of various
autophagy-related genes have also been reported in gastrointestinal cancers [1]. It is clearly
evident that greater understanding of the specific role of autophagy in the etiology of various
types of cancer and at various stages of cancer progression will provide useful insights for the
development of novel and more effective strategies for the prevention and treatment of cancer.

3. γ-Tocotrienol and cancer

Vitamin E is a generic term that represents eight chemically similar natural products that is
subdivided into two subgroups classified as tocopherols and tocotrienols. The four tocopherol
isoforms of vitamin E are more common and found in abundance in animal and vegetable oils.
By contrast, the remaining four tocotrienol isoforms are quite rare, but found in high concen-
trations in palm oil [11, 12]. Both tocopherols and tocotrienols are characterized by a chromanol
ring structure methylated to varying degrees at the 5, 7, and 8 positions to form eight different
isoforms classified as α-, β-, γ-, and δ-tocopherols and α-, β-, γ-, and δ-tocotrienols. Attached
to the chromanol ring is a long phytyl that is saturated on tocopherols and unsaturated on
tocotrienols (Figure 2).
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Figure 2. Chemical structure of tocopherols and tocotrienols.

Numerous in vitro and in vivo investigations have demonstrated the anticancer effects of to-
cotrienols [13–15]. Further studies showed that tocotrienols are preferentially and selectively
taken up into mammary tumor cells as compared to tocopherols [16, 17]. Thus, tocotrienol
displays potent anticancer activity at treatment doses that have little or no effect on the
growth and viability of primary epithelial cells isolated from the mammary gland or immor-
talized mouse (CL-S1) and human (MCF-10A) normal mammary epithelial cell lines [16–18].
Additional reports have shown that the combined use of tocotrienols with other chemother-
apeutic agents results in a synergistic anticancer response [19–23].

4. γ-Tocotrienol effects on mitogenic and apoptotic signaling

Various downstream signaling pathways are initiated by ligand-induced ErbB/HER receptor
activation, including the mitogen-activated kinase (MAPK) and PI3K/Akt/mTOR, and
activation of these cascades is associated with cellular growth, survival, and motility [24–26].
Specifically, studies have shown that tocotrienol inhibits PI3K/Akt-signaling pathways
through the inhibition of EGF-dependent Akt phosphorylation (activation) in mammary
cancer cells [27]. Moreover, inhibition of MAPK such as ERK, p38 MAPK, and activation of
JNK is critical to the antiproliferative effects of tocotrienols [23, 28, 29].

Studies conducted by Wali et al. [30] were the first to demonstrate that treatment with 15–40
μM of γ-tocotrienol induced mouse +SA mammary tumor cell death in a dose-dependent
manner. Specifically, γ-tocotrienol induced cytotoxicity in these cells as associated with an
increase in poly (ADP-ribose) polymerase (PARP) cleavage, an established cellular marker for
apoptosis, as well as increased signaling of the protein kinase-like endoplasmic reticulum (ER)
kinase/eukaryotic translational initiation factor/activating transcription factor 4 (PERK/
eIF2α/ATF-4) pathway, a marker of endoplasmic reticulum stress. These studies also showed
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that γ-tocotrienol treatment also induced a large increase in C/EBP homologous protein
(CHOP) levels and tribbles 3 (TRB3) expression [30]. ER-stress response also cleaved cas-
pase-12 (activated), which is responsible for the disruption of ER calcium homeostasis and the
accumulation of excess proteins in ER, and thus initiating the apoptosis signaling was observed
following cytotoxic treatment of γ-tocotrienol for 24 h [30]. Studies have also shown that γ-
tocotrienol treatment led to apoptosis, necrosis, and autophagy in human prostate PC-3 and
LNCap cancer cells, as it causes an increase in the accumulation of dihydrosphingosine and
dihydroceramide, important sphingolipids in de novo biosynthesis pathway, but have no
effects on ceramide or sphingosine [31]. Other studies have shown that the γ-tocotrienol-
induced autophagy is associated with the inhibition of mTOR activation [32].

5. Oridonin and cancer

Oridonin (7,20-epoxy-ent-kauranes), a diterpenoid isolated from the Chinese medicinal herb
Rabdosia rubescens, is shown in Figure 3. Oridonin has also been shown to display potent
anticancer activity [33]. Oridonin treatment was found to significantly inhibit tumor growth
and induced cancer cell death in vivo [34], and was effective in suppressing tumor develop-
ment, growth, and progression [33]. The antitumor effects of oridonin appear to include the
suppression of cell cycle progression and/or the initiation of apoptosis [35]. Experimental
investigations showed that following oridonin treatment, murine melanoma K1735M2 cells
[35], DU-145 cells [36], and L929 cells [37] showed cell cycle arrest in the G2/M phase. In
addition, other investigators have found that oridonin induced cell cycle arrest in the G1/S
phase and this was associated with a corresponding inhibition in cdc2 and cyclin B activation
in MCF-7 breast cancer cells [38]. Furthermore, oridonin-induced autophagy has been shown
to be a prerequisite for the initiation of apoptosis in breast cancer cells [39].

Figure 3. Chemical structure of oridonin.
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6. Combination treatment of γ-tocotrienol with other
chemotherapeuticagents

Most traditional cancer chemotherapies are not very selective and can cause damage to normal
cells. It has become evident that a better approach is to use combination therapy that is more
effective and produces less adverse side effects. Furthermore, the use of phytochemicals in the
prevention and treatment of cancer has recently gained much interest, and combination
therapies are attractive because an additive or synergistic therapeutic response can result. The
rationale for using tocotrienols in combination therapy is based on the findings that a form of
vitamin E has a broad range of anticancer actions and the principle that resistance to any single
agent can be overcome by using multiple agents with complimentary mechanisms of action
[11, 12, 19–23, 40]. Previous studies have shown that combined low dose of γ-tocotrienol with
other chemotherapeutic or phytochemical agents displays significantly enhanced anticancer
effects, as compared to that of individual treatment alone [11]. It has also been shown that γ-
tocotrienol synergizes with other phytochemical agents such as resveratrol to induce autoph-
agy accompanied by the activation of Beclin and LC3-II and by decreasing mTOR signaling
[32].

7. γ-Tocotrienol-induced autophagy in breast cancer cells

Previous investigations have shown that tocotrienol treatment induces autophagy in various
cell types [31, 32, 41, 42]. Treatment with γ-tocotrienol was found to induce autophagy and
apoptosis in rat pancreatic stellate [41] and prostate cancer cells [31], whereas other studies
have shown that γ-tocotrienol treatment was cardioprotective and prevented apoptosis in
ischemic cardiomyocytes [32]. However, the exact role of autophagy in mediating γ-tocotrie-
nol-induced cytotoxicity has only recently been investigated [18]. In these studies, experiments
were conducted to characterize γ-tocotrienol-induced autophagy in highly malignant mouse
(+SA), and human estrogen-dependent (MCF-7) and estrogen-independent (MDA-MB-231)
malignant mammary cancer cell lines. Results showed that γ-tocotrienol treatment signifi-
cantly reduced cell viability in these breast cancer cell lines in a dose-responsive manner [18].
These same treatments also induced a corresponding increase in autophagy markers as
determined by an increase in monodansylcadaverine (MDA) autofluorescence and flow
cytometric analysis of positive acridine orange staining [18]. In addition, parallel studies
determined that treatment with these same doses of γ-tocotrienol induced an increased
conversion of microtubule-associated protein, 1A/1B-light chain 3, from its cytosolic form
(LC3B-I) to its lipidated form (LC3B-II), the phosphatidylethanolamine-conjugated form
associated with autophagosomes, and a corresponding increase in Beclin-1 and ATG6 in +SA,
MCF-7, and MDA-MB-231 breast cancer cells.

These findings confirm and extend previous findings that showed that tocotrienol treatment
promotes the conversion of LC3B-I to LC3B-II in other cell types [32, 41, 42]. By contrast, similar
treatment with γ-tocotrienol was not found to increase autophagy marker expression in
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immortalized mouse (CL-S1) and human (MCF10A) normal mammary epithelial cell lines,
indicating that γ-tocotrienol displays selective action against cancer cells. Additional studies
showed that γ-tocotrienol treatment also caused a reduction in PI3K/Akt/mTOR signaling and
a corresponding increase in the Bax/Bcl-2 ratio, cleaved caspase-3, and cleaved PARP levels in
these cancer cell lines, suggesting that γ-tocotrienol-induced autophagy may be involved in
the initiation of apoptosis [18]. Since mTOR activity is directly associated with a suppression
of autophagy [6] and Bcl-2 acts to suppress Beclin-1 levels [43], these findings indicate possible
intracellular-signaling mechanisms that may be involved in mediating tocotrienol-induced
autophagy and promote cytotoxicity in breast cancer cells. Selective effects of γ-tocotrienol on
autophagy cellular markers in MDA-MB-231 human breast cancer cells are shown in Figure 4.

Figure 4. (A) Western blot analysis of γ-tocotrienol effects on the relative protein levels that serve as markers for au-
tophagy in mammary cancer cells and scanning densitometric analysis of Western blots shown above. (B) Western blot
analysis of γ-tocotrienol effects on the relative levels of apoptotic protein markers and scanning densitometric analysis
of Western blots shown above. (C) Effects of γ-tocotrienol treatment on autophagic vacuoles MDC fluorescence intensi-
ty. (D) Western blot analysis of γ-tocotrienol effects on the relative levels of PI3K/Akt/mTOR signaling proteins. *P <
0.05 as compared to the vehicle-treated control group.
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In summary, these initial studies provided evidence to support the suggestion that the
cytotoxic effects of γ-tocotrienol are associated with the induction of autophagy in mouse and
human breast cancer cells.

8. γ-Tocotrienol simultaneously induces autophagy and endoplasmic
reticulum stress-mediated apoptosis in breast cancer cells

The endoplasmic reticulum is an intracellular organelle that is involved in protein synthesis,
but during times of stress the ER plays an important role in programmed cell death [30]. ER-
stress-mediated apoptosis is associated with an increased expression of several proteins
including protein kinase-like endoplasmic reticulum kinase (PERK), activating transcription
factor 6 (ATF-6), and inositol-requiring kinase 1 (IRE1) [44–46]. In addition, the increased
expression of phosphorylated eukaryotic translational initiation factor 2 (eIF2α), C/EBP
homology protein (CHOP), tribbles 3, and ATF-4 also occurs during the initial phases of ER-
stress-mediated apoptosis [30, 47–52].

Previous studies have shown that the anticancer effects of tocotrienols are associated with the
induction of autophagy and endoplasmic reticulum-stress-mediated apoptosis [18, 30, 31, 53].
However, a direct causal relationship between tocotrienol-induced autophagy and ER stress
had not yet been established. Recently, studies were conducted to characterize the interrela-
tionship between γ-tocotrienol-induced cytotoxicity, autophagy, and ER-stress-mediated
apoptosis in human breast cancer cells [54]. In these studies, γ-tocotrienol treatment causes an
increase in the appearance of damaged and/or dying MCF-7 and MDA-MB-231 cancer cells
together with a corresponding increase in the appearance of large autophagic vacuoles as
visualized by Giemsa staining, a large increase in positive MDC fluorescent staining, a positive
marker for autophagic vacuole formation [2, 55], and a large increase in positive LC3B
fluorescent staining, a marker for autophagosomes [2, 55] in these same cells [54]. In addition,
transfection with small interfering RNA (siRNA) targeting Beclin-1 prior to γ-tocotrienol
treatment resulted in a modest but significant reduction in γ-tocotrienol-induced cytotoxicity
as compared to cells transfected with scrambled siRNA (negative control) and then treated
with γ-tocotrienol, and these effects were correlated with a corresponding large increase in
Beclin-1 levels and LC3B-II/LC3B-I ratio [54].

Subsequent studies investigated the effects of γ-tocotrienol on the activation of stress-signaling
pathways in these same MCF-7 and MDA-MB-231 breast cancer cells. Results showed that γ-
tocotrienol induced an increase in the activation of p38 and JNK1/2, and simultaneous decrease
in Erk1/2 signaling. This same treatment also induced a reduction in Bcl-2 (antiapoptotic), and
an increase in Bax (proapoptotic), cleaved caspase-3 (activated), and cleaved-PARP (activated)
protein levels in these breast cancer cells [54]. In addition, γ-tocotrienol treatment significantly
increases the ratio of Bax/Bcl-2, and induced a time-dependent increase in the relative levels
of ER-stress markers including Bip, IRE1, phosphorylated PERK (activated), phosphorylated
eIF2α (inactivated), ATF-4, CHOP, and TRB3 in MCF-7 and MDA-MB-231 breast cancer cells
[54]. Combined treatment with the pan caspase inhibitor, zVADfmk, with γ-tocotrienol
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resulted in a complete blockade of γ-tocotrienol-induced cytotoxicity in these cells [54]. During
this same time period, γ-tocotrienol caused a time-dependent decrease in mitogenic Erk and
Akt signaling, a corresponding increase in stress-dependent p38 and JNK activation [54].

Since autophagy may have a dual function in cancer that can either promote or suppress tumor
cell survival [3, 4, 9, 10, 56], it is unclear whether autophagic activity in dying cancer cells is
reflective of a compensatory mechanism that is trying to prevent death or is directly involved
in promoting cell destruction. Previous studies have clearly demonstrated that γ-tocotrienol-
induced cytotoxicity is not dependent on estrogen receptor status of breast cancer cells [57,
58]. Although it remains unclear why the γ-tocotrienol appears to selectively target cancer cells
and not normal cells [14, 18], the possibility exists that noncancerous cells possess specific
compensatory mechanisms that provide protection against γ-tocotrienol-induced ER-stress-
mediated apoptosis and autophagy, and these self-survival mechanisms may be dysfunctional
in malignant cells.

In summary, results obtained in the studies described above strongly suggest that γ-tocotrie-
nol-induced breast cancer cell death is intimately related to the simultaneous initiation of
autophagy and ER-stress-mediated apoptosis. This suggestion is further evidenced by the
finding that pretreatment with agents that block the induction of autophagy resulted in a
suppression in γ-tocotrienol-induced apoptosis. Taken together, these data indicate that γ-
tocotrienol-induced autophagy and ER stress act concurrently to enhance the self-destruction
of human breast cancer cells. The intracellular mechanism by which γ-tocotrienol-induced
autophagy and ER stress initiate breast cancer-programmed cell death is shown as a schematic
representation in Figure 5.

Figure 5. Schematic representation of the proposed molecular mechanism mediating γ-tocotrienol concurrent induc-
tion of autophagy and ER-stress-mediated apoptosis in breast cancer cells.
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9. Synergistic anticancer effects of combined γ-tocotrienol and oridonin
treatment

A great deal of interest has recently been generated in the development of novel therapies that
target specific signaling pathways associated with neoplastic transformation, growth, and
progression, because not only do these therapies provide enhanced anticancer efficacy, they
also display significant less adverse or toxic effects on normal tissue. Phytochemicals appear
to have great potential in this area not only for use as anticancer agents alone but also for use
as potent supplemental agents that when combined with traditional anticancer therapies
provide a synergistic therapeutic responsive [19, 59, 60]. γ-Tocotrienol displays potent
antiproliferative, autophagic, and apoptotic activity against cancer cells at treatment doses that
have little or no effect on normal cell growth and viability [12, 54]. Oridonin is another such
phytochemical isolated from the herb R. rubescens, which displays potent anticancer activity
against a wide range of cancer cell types [61–63]. Furthermore, oridonin-induced autophagy
has been shown to be a prerequisite for the initiation of apoptosis in breast cancer cells [39].
Based on findings in the current literature, γ-tocotrienol-induced autophagy in breast cancer
cells is associated with a reduction in mitogen-dependent PI3K/Akt/mTOR signaling and Bcl-2
expression [18]. These effects were also found to be directly related to an increase in Beclin-1
levels and the conversion of LC3B-I to LC3B-II in mouse and human breast cancer cell lines
[18]. By contrast, oridonin-induced autophagy was shown to be directly related to a decrease
in MAPK signaling and an increase in JNK- and p38-stress pathway signaling [39]. Combina-
tion therapy has also been shown to provide therapeutic advantages over monotherapy
because a synergistic response is often observed using very low treatment doses and thereby
reduce the emergence of toxic side effects [11].

Recent studies have also showed that combined treatment of subeffective doses of γ-tocotrienol
and oridonin resulted in a significantly greater reduction in mammary tumor cell viability as
compared to cells treated with either drug along [64]. Isobologram analysis of combination
treatment with γ-tocotrienol and oridonin determined that these effects were synergistic. By
contrast, similar combination treatment had no effect on the viability of normal mammary
epithelial cells [64]. In addition, combined therapy significantly increased the conversion of
LC3B-I to LC3B-II, as well as the expression of Beclin-1, Atg3, Atg7, Atg5-Atg12, LAMP-1, and
cathepsin-D, established cellular markers of autophagy [64]. Furthermore, pretreatment with
3-methyladenine or bafilomycin A1, agents that prevent the induction of autophagy, blocked
these effects induced by combined treatment with γ-tocotrienol and oridonin [64]. Additional
studies showed that combination treatment with these phytochemicals also induced a large
suppression in Akt/mTOR mitogenic signaling and corresponding increase in the levels of
apoptotic cellular marker including cleaved caspase-3 and PARP, and Bax/Bcl-2 ratio in these
same mammary tumor cells [64].

In summary, findings from these studies demonstrate that combined low-dose treatment of
γ-tocotrienol and oridonin acts synergistically to induce autophagy and apoptosis in mam-
mary tumor cells. Since these effects were associated with a large reduction in PI3K/Akt/mTOR
signaling, these findings suggest that the combined use of the phytochemicals γ-tocotrienol

Autophagy in Current Trends in Cellular Physiology and Pathology98



9. Synergistic anticancer effects of combined γ-tocotrienol and oridonin
treatment

A great deal of interest has recently been generated in the development of novel therapies that
target specific signaling pathways associated with neoplastic transformation, growth, and
progression, because not only do these therapies provide enhanced anticancer efficacy, they
also display significant less adverse or toxic effects on normal tissue. Phytochemicals appear
to have great potential in this area not only for use as anticancer agents alone but also for use
as potent supplemental agents that when combined with traditional anticancer therapies
provide a synergistic therapeutic responsive [19, 59, 60]. γ-Tocotrienol displays potent
antiproliferative, autophagic, and apoptotic activity against cancer cells at treatment doses that
have little or no effect on normal cell growth and viability [12, 54]. Oridonin is another such
phytochemical isolated from the herb R. rubescens, which displays potent anticancer activity
against a wide range of cancer cell types [61–63]. Furthermore, oridonin-induced autophagy
has been shown to be a prerequisite for the initiation of apoptosis in breast cancer cells [39].
Based on findings in the current literature, γ-tocotrienol-induced autophagy in breast cancer
cells is associated with a reduction in mitogen-dependent PI3K/Akt/mTOR signaling and Bcl-2
expression [18]. These effects were also found to be directly related to an increase in Beclin-1
levels and the conversion of LC3B-I to LC3B-II in mouse and human breast cancer cell lines
[18]. By contrast, oridonin-induced autophagy was shown to be directly related to a decrease
in MAPK signaling and an increase in JNK- and p38-stress pathway signaling [39]. Combina-
tion therapy has also been shown to provide therapeutic advantages over monotherapy
because a synergistic response is often observed using very low treatment doses and thereby
reduce the emergence of toxic side effects [11].

Recent studies have also showed that combined treatment of subeffective doses of γ-tocotrienol
and oridonin resulted in a significantly greater reduction in mammary tumor cell viability as
compared to cells treated with either drug along [64]. Isobologram analysis of combination
treatment with γ-tocotrienol and oridonin determined that these effects were synergistic. By
contrast, similar combination treatment had no effect on the viability of normal mammary
epithelial cells [64]. In addition, combined therapy significantly increased the conversion of
LC3B-I to LC3B-II, as well as the expression of Beclin-1, Atg3, Atg7, Atg5-Atg12, LAMP-1, and
cathepsin-D, established cellular markers of autophagy [64]. Furthermore, pretreatment with
3-methyladenine or bafilomycin A1, agents that prevent the induction of autophagy, blocked
these effects induced by combined treatment with γ-tocotrienol and oridonin [64]. Additional
studies showed that combination treatment with these phytochemicals also induced a large
suppression in Akt/mTOR mitogenic signaling and corresponding increase in the levels of
apoptotic cellular marker including cleaved caspase-3 and PARP, and Bax/Bcl-2 ratio in these
same mammary tumor cells [64].

In summary, findings from these studies demonstrate that combined low-dose treatment of
γ-tocotrienol and oridonin acts synergistically to induce autophagy and apoptosis in mam-
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signaling, these findings suggest that the combined use of the phytochemicals γ-tocotrienol
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and oridonin may provide some benefit as supplemental or adjuvant therapy in the treatment
of breast cancer.

10. Conclusion

Experimental data summarized above in this review provide convincing evidence that the
anticancer effects of γ-tocotrienol are directly associated with the simultaneous initiation of
autophagy and ER-stress-mediated apoptosis in breast cancer cells. This suggestion is further
supported by the finding that chemical-induced blockade of γ-tocotrienol-induced autophagy
significantly reduces γ-tocotrienol-induced apoptosis and cell death. These findings also show
that γ-tocotrienol-induced autophagy is directly associated with a significant reduction in
PI3K/Akt/mTOR signaling and corresponding increase in intracellular levels of Beclin-1 and
conversion of LC3B-I to LC3B-II in these breast cancer cells. Furthermore, combination
treatment with subeffective doses of γ-tocotrienol and oridonin acts synergistically in pro-
moting the initiation of autophagy and apoptosis, indicating that the combined use of these
natural phytochemicals may have value in the treatment of breast cancer in women.
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Abstract

It is known that tumor necrosis factor‐related apoptosis‐inducing ligand (TRAIL) could
induce both apoptosis and autophagy. Here, we summarized the recent findings of the
key regulators and the crosstalk pathway that highlights the intricate interplay between
TRAIL‐induced apoptosis and autophagy.

Keywords: apoptosis, autophagy, caspase‐8, RIP1, TRAIL

1. Introduction

Tumor necrosis factor (TNF)‐related apoptosis‐inducing ligand (TRAIL), also known as Apo‐
2 ligand (Apo2L), is a multifunctional cytokine of the TNF superfamily (TNFSF) [1, 2]. TRAIL
gained much attention due to its specific antitumor potential without toxic side effects [3],
making TRAIL itself as well as agonists of its two receptors, which can submit an apoptotic
signal, TRAIL‐R1 (DR4) [4] and TRAIL‐R2 (DR5) [5–8], promising novel biotherapeutics for
cancer therapy [9–11]. Importantly, TRAIL can also induce autophagy, which has been linked
to apoptosis, serving either a prosurvival or prodeath function [12, 13]. Recent findings reveal
that the cellular contexts require a balanced interplay between apoptosis and autophagy.
Here, we summarized the recent findings of the key regulator and the crosstalk pathway
that highlights the intricate interplay between TRAIL‐induced apoptosis and autophagy.
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2. TRAIL‐induced apoptosis and autophagy

2.1. TRAIL signaling

There are four TRAIL transmembrane receptors: TRAIL‐R1 (DR4), TRAIL‐R2 (DR5), TRAIL‐
R3, also known as decoy receptor 1 (DcR1), and TRAIL‐R4 (DcR2), and a soluble receptor
osteoprotegerin (OPG) [4, 7, 14]. Only TRAIL‐R1 and TRAIL‐R2 are able to induce apoptosis,
whereas TRAIL‐R3, TRAIL‐R4, and OPG lack the intracellular functional domain, which is
required for apoptosis induction [15, 16]. This domain is characteristic for all apoptosis‐
inducing members of the TNFR superfamily (SF) and is called the death domain (DD). TRAIL‐
R3 and TRAIL‐R4 have been suggested to act as decoy receptors that inhibit apoptosis
induction [17]. It has been delineated that TRAIL triggers two major apoptosis signaling
pathways, the death receptor (extrinsic) and the mitochondrial (intrinsic) pathways. TRAIL
triggers the extrinsic apoptosis pathway upon binding of the TRAIL trimer to TRAIL‐R1 and/
or TRAIL‐R2, resulting in receptor trimerization, which in turn leads to recruitment of the
adaptor protein Fas‐associated DD (FADD). FADD in turn recruits procaspase‐8 and procas‐
pase‐10 through homotypic interactions of death‐effector domains (DED) presenting in FADD
and caspase‐8 and caspase‐10, respectively. This multiprotein complex is called death‐inducing
signaling complex (DISC) [18–21]. The DISC is an aggregation of the intracellular death domain
of the death receptor. In “type I” cells, the procaspase‐8 and procaspase‐10 form homodimers.
This induces a conformational change that exposes their proteolytical active sites, resulting in
autoactivation and subsequent cleavage of additional procaspase‐8 and procaspase‐10
molecules leading to activation of sufficient caspase‐8 to stimulate effector caspase‐3 to induce
apoptosis [22–24]. However, “type II” cells generate less‐active caspase‐8 at the DISC. These
cells induce apoptosis requiring further signal amplification by the intrinsic/mitochondrial
pathway. In this situation, an intracellular complex is activated [25–27]. The next is triggered
by caspase‐8‐mediated cleavage of Bid to truncated Bid (tBid) as the active fragment of this
protein [28–31]. Subsequently, tBid activates the mitochondrial pathway eventually leading to
mitochondrial outer membrane permeabilization (MOMP) and releasing of cytochrome C and
Smac/DIABLO [30, 32]. In the cytosol, cytochrome c Apaf‐1 and caspase‐9v forms a multimeric
complex called apoptosome. Activated caspase‐9 as the initiator caspase cleaves and activates
the effector caspases. Release of Smac augments apoptosis by antagonizing the inhibitor of
apoptosis (IAP) proteins, a family of antiapoptotic proteins that block apoptosis by binding to
and inhibiting effector caspases such as caspase‐3 and caspase‐7 [33, 34].

In the DISC, the main regulator protein is cellular FLICE‐like inhibitory protein (cFLIP) and
caspase‐8, cFLIP contains a death domain, which allows them to interact with proteins of the
TRAIL DISC, thereby blocking the transmission of the proapoptotic signal and preventing
caspase‐8 activation [35–37]. cFLIP closely resembles caspase‐8 but lacks the protease activity
required for apoptosis induction [38, 39]. Two main variants of cFLIP are expressed on the
protein level: a short isoform (cFLIP‐S) and a long isoform (cFLIP‐L) [40]. The cFLIP‐S isoform
can inhibit caspase‐8 activation in a dominant‐negative manner by competing with it for
binding to FADD. cFLIP‐L can also completely prevent DR‐induced apoptosis when it is
expressed at high levels. Several studies have demonstrated that cancer cells exploit overex‐
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pression of cFLIP to evade TRAIL‐induced apoptosis [41–43]. Overexpression of cFLIP is a
frequent event in human cancers and has been correlated with resistance to the induction of
apoptosis, including TRAIL‐mediated cell death [36, 37]. Consequently, downregulation of
cFLIP may sensitize certain cancers to TRAIL‐induced apoptosis [44–46]. Another key
regulator in the DISC is caspase‐8 that, besides caspase‐10, represents the initiator caspase that
is engaged during TRAIL‐induced apoptosis [47]. Hypermethylation of a regulatory motif that
controls caspase‐8 expression has been shown to be responsible for low or even absent caspase‐
8 expression in several cancer entities, resulting in resistance or decreased sensitivity to TRAIL‐
induced apoptosis [48–51]. Caspase‐8 function can be suppressed in a dominant‐negative
manner by aberrant expression of a splice variant of caspase‐8, that is, caspase‐8 long (caspase‐
8L) [52, 53]. This variant of caspase‐8 was detected in cancer cells. Caspase‐8L interferes with
caspase‐8 activation by competing with wild‐type caspase‐8 for the recruitment into the TRAIL
DISC. Additional regulatory mechanisms that control caspase‐8 activity include post‐transla‐
tional alterations of caspase‐8 such as phosphorylation. The tyrosine kinase Src has been
reported to phosphorylate caspase‐8 on one specific residue (tyrosine‐308), which impairs the
enzymatic function of caspase‐8 [54]. These regulation factors can influence the activity of
caspase‐8 that causes the change of TRAIL‐induced apoptosis.

Except from inducing apoptosis, TRAIL can also induce cell survival signaling such as
proinflammatory pathways (through NF‐kB, Akt, MAPK, and JNK activation). TRAIL can
promote a variety of cell survival cascades leading, for example, to proliferation, migration,
invasion, and even metastasis, especially in cancers in which the cell death signaling part of
the signaling network is impaired [55–57]. The induction of pathways has been suggested to
be mediated by the formation of a secondary complex containing FADD, caspase‐8, cFLIP,
RIP1, TRAF2, and NEMO [25, 58]. RIP1 is an important regulatory protein in the DISC that
can activate NF‐κB and caspase‐8 and generate reactive oxygen species (ROS) [59–61]. RIP1
function is modulated by ubiquitination and phosphorylation [62, 63]; a previous report
showed that in TNF‐α‐induced DISC, RIP1, and NEMO form a stable chain of linear ubiquitin.
This complex is involved in determining cell survival, necrosis, and apoptosis [64].

2.2. The regulators and pathways in TRAIL‐induced apoptosis and autophagy

Apoptosis and autophagy are evolutionarily conserved processes that regulate cell fate
together. Although apoptosis and autophagy has obvious difference, but their regulation is
closely related; they share the same regulator molecules and same pathway; however, these
same regulators may determine a different cell fate.

Nowadays, most studies focused on the relationship between TRAIL sensitivity and autoph‐
agy [12, 65–68], TRAIL has been shown to induce apoptosis and autophagy in a number of
cancer cell lines, including colon, glioma, bladder and prostate, and breast carcinoma. Han et
al. first explained TRAIL‐mediated cytoprotective autophagy in apoptosis‐deficient tumor
cells. They found that TRAIL can induce autophagic response in apoptosis‐defective tumor
cells (Hct116‐FLIP or Bax‐/‐ Hct116). Engineered apoptotic deficiencies included stable FLIP
transfection, which is expected to block the TRAIL‐apoptotic cascade at the DISC level, and
Bax knockout demonstrated to block the TRAIL apoptotic response of colon carcinoma Hct116
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cells despite the processing of caspase‐8 upstream of the mitochondria. Inhibition of autophagy
by the knockdown of Beclin 1, UVRAG, Vps34, or Atg7 allows for the induction of significant
apoptosis in response to TRAIL [69]. The following work from this laboratory demonstrates
that TRAIL‐mediated autophagic response counterbalances the TRAIL‐mediated apoptotic
response by the continuous sequestration of the large caspase‐8 subunit in autophagosomes
and its subsequent elimination in lysosome [66]. Inhibition of autophagy induces caspase‐8
activity; these findings provide evidence for regulation of caspase activity by autophagy. These
results suggest that the regulators, such as Beclin 1 and caspase‐8, play an important role in
the regulation of TRAIL‐induced apoptosis and autophagy.

He et al. demonstrate that TRAIL induced cytoprotective autophagy in different cancer cell
lines. MAPK8/JNK activation mediated by TRAF2 and RIP1 is required for TRAIL‐induced
autophagy. Blocking MAPK8 but not NF‐κB effectively blocked autophagy, suggesting that
MAPK8 is the main pathway for TRAIL‐induced autophagy. TRAF2 and RIP1 modulated
TRAIL‐induced and MAPK8‐mediated autophagy. These results reveal that inhibiting MAPK8
pathway‐mediated autophagy will increase TRAIL's anticancer activity in cancer cells [65].
Inhibition of antiapoptosis factors in the DISC (cIAP1, cIAP2, XIAP, and c‐FLIP, and so on)
increases TRAIL‐induced apoptosis. Also, some autophagy‐related pathways, such as AMPK
and MAPK/JNK pathway, are involved in TRAIL‐induced apoptosis [65, 70, 71]. These results
suggest that there are some regulators and pathways that are necessary for autophagy involved
in the regulation of TRAIL‐induced apoptosis and autophagy.

Following these researches, some new regulators were found. Caspase‐9 is a novel coregulator
of apoptosis and autophagy. Han et al. demonstrate that caspase‐9 facilitates the early events
leading to autophagosome formation; that it forms a complex with Atg7, and Atg7 represses
the apoptotic capability of caspase‐9, whereas the latter enhances the Atg7‐mediated formation
of light chain 3‐II. The repression of caspase‐9 apoptotic activity is mediated by its direct
interaction with Atg7, and it is not related to the autophagic function of Atg7. The Atg7 caspase‐
9 complex performs a dual function of linking caspase‐9 to the autophagic process while
keeping in check its apoptotic activity [72]. So far it has been found that many regulators such
as Beclin 1 and caspase 8 IAPs XIAP in TRAIL induced apoptosis and autophagy in cancer
cells. Caspase‐8L, cFLIP‐L, and cFLIP‐S act not only as antiapoptotic factors but also as
suppressors of autophagy. Inhibition of autophagy by gene silencing of these regulators or
small compounds targets these regulators sensitizing TRAIL‐resistant tumor cells to TRAIL‐
induced apoptosis. Taken together, these researches suggest some potential targets in the
prediction of tumor resistance to DR‐targeted therapies. Interestingly, a basal level of autoph‐
agy is needed for TRAIL‐induced apoptosis [73].

In addition to cancer cells, TRAIL has been shown to induce apoptosis and autophagy in other
cell lines such as U937 cell, Jurkat T cell, breast epithelial cells, and so on. We found that TRAIL
induces both apoptosis and autophagy in human U937 cells [74]. Inhibition of autophagy
facilitates TRAIL‐induced apoptosis, suggesting that autophagy of macrophages protects
against TRAIL‐induced apoptosis. RIP1 ubiquitination rapidly increased in U937 cells treated
with TRAIL, and RIP1 ubiquitination was significantly reduced in the presence of 3‐MA in the
cells treated with TRAIL. RIP1 expression was also distinctly decreased in the presence of 3‐
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MA in the cells treated with TRAIL. Furthermore, c‐FLIP‐L cleaved into the p43 variant
caspase‐8 was degraded into p43/41 while autophagy was suppressed by 3‐MA in the cells
treated with TRAIL. Knockdown of RIP1 suppresses autophagy in macrophage. These data
demonstrate that RIP1 is essential for the regulation of death receptor‐mediated apoptosis and
autophagy in macrophage and suggest that the expression and ubiquitination of RIP1 regulate
TRAIL‐induced apoptosis and autophagy. The results in this study contribute to understand‐
ing the regulation of apoptosis and autophagy in macrophages, and sheds light on inflamma‐
tion and autoimmune diseases [74].

Wang et al. in our group demonstrate that HTLV‐1 (human T cell leukemia virus type 1) Tax
protein increases autophagosome accumulation in human U251 astroglioma cells. In addition,
HTLV‐1 Tax deregulated the autophagy pathway, which plays a protective role during the
death receptor‐mediated apoptosis. Tax‐induced c‐FLIP expression also contributes to the
resistance against death receptor‐mediated apoptosis. Tax‐induced c‐FLIP expression corre‐
lated with the phosphorylation of IKK and the transcriptional activation of NF‐κB. But Tax‐
triggered autophagy only depends on the activation of IKK but not on the activation of NF‐
kB. TRAIL‐induced apoptosis is correlated with the degradation of Tax, which can be facilitated
by the inhibitors of autophagy [75]. These results outline a complex regulatory network
between apoptosis and autophagy, and Tax‐induced autophagy represents a new potential
target for therapeutic intervention for the HTVL‐1‐related diseases.

Herrero‐Martin et al. demonstrate that TRAIL triggers cytoprotective autophagy in untrans‐
formed human epithelial cells by the AMP‐activated protein kinase pathway. Transforming
growth factor‐b‐activating kinase 1 (TAK1) and TAK1‐binding subunit 2 mediate TRAIL‐
induced activation of AMPK and autophagy. These data have broad implications for under‐
standing the cellular control of energy homoeostasis as well as the resistance of untransformed
cells against TRAIL‐induced apoptosis [71]. These studies of macrophage, Jurkat T cell, and
breast epithelial cells have shown that some new regulators are involved in TRAIL‐induced
apoptosis and autophagy, and the expression and ubiquitination of RIP1, HTLV‐1 Tax protein,
and TAK1‐AMPK pathway regulate the balance of TRAIL‐induced apoptosis and autophagy
in different extent.

3. Conclusion

Taken together, both the regulators in apoptosis pathway such as caspase‐8 and caspase‐9 and
the key factors in autophagy such as Beclin 1 and ATG7 can regulate the TRAIL‐induced
apoptosis and autophagy [66, 72]. Moreover, some molecular switchers, like RIP1, regulate the
balance between TRAIL‐induced apoptosis and autophagy by dynamic expression and
modification [65, 74]. They share the same regulators even pathways to control the complicated
process (Table 1).

Both apoptosis and autophagy are important biological processes that play essential roles in
the development of tissue homeostasis and disease. Interactions among components of the two
pathways indicate a complex crosstalk. Insight into the complex network of TRAIL‐induced
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apoptosis and autophagy contributes to the development of novel therapeutic strategies for
the treatment of TRAIL‐related diseases and deeply understand the molecular mechanism of
apoptosis and autophagy.

Cell lines Key regulators pathway References

Hct116‐FLIP or (Bax‐/‐)Hct116 Beclin 1 and caspase‐8 [66, 69]

UM‐UC‐3, PC‐3, and A549 TRAF2 (RIP1)‐MAPK8/JNK pathway [65]

Hct116, HeLa, MB‐MDA‐231, and RKO Atg7·caspase‐9 complex [72]

U937 RIP1 caspase‐8 and cFLIP [74]

U251 HTLV‐1 Tax and cFLIP [75]

MCF10A–eGFP–LC3 TAK1‐AMPK pathway [71]

Table 1. The regulators and pathways in TRAIL‐induced apoptosis and autophagy in differences cell lines.
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Abstract

Autophagy is a highly conserved lysosomal degradation pathway, which has been
shown to play a pivotal role during normal physiological and pathological conditions.
Many proteins and signaling pathways have been shown to regulate autophagy during
different  stages  of  the  process.  Modifying  autophagy-related  proteins  (Atg)  by
posttranslational modification (PTM) is an important way to control proper autophagic
activity. Ubiquitination is one of the PTM that has a crucial role in controlling protein
stability and functions. Proteins can be conjugated with ubiquitin chains with different
topologies that are associated with different outcomes. Many autophagy regulators are
found to be substrates for ubiquitin E3 ligases or deubiquitinating enzymes (DUBs).
Ubiquitination  modifications  of  these  autophagy  regulators  result  in  autophagy
induction or termination. Moreover, ubiquitin is also involved in selective autophagy
by acting as a degradation signal. Here, we are going to review how E3 ligases and
DUBs  function  in  autophagy  regulation  and  discuss  the  recent  findings  about
ubiquitination regulation in autophagy-related processes and diseases.

Keywords: autophagy, ubiquitin, E3 ligase, deubiquitinating enzyme

1. Introduction

Proteome dynamics and complexity are tightly regulated to maintain normal cellular function
and homeostasis. The ubiquitin-proteasome system (UPS) and autophagy are the two main
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proteins and damaged organelles. Autophagy is a lysosome-mediated catabolic process by
which cytoplasmic components are degraded and recycled for cellular homeostasis [3, 4]. It
is  tightly  controlled  by  complex  signaling  pathways  and  serves  as  a  cytoprotective
mechanism in  response  to  environmental  stresses  such  as  nutrient  deprivation,  reactive
oxygen species (ROS), and pathogen invasion [5]. Dysregulation of autophagy pathway has
been implicated in various human diseases [6, 7], including myopathies, aging, neurodegen-
eration, and cancer, as well as in heart, liver, and kidney diseases. To date, more than 35
autophagy-related (Atg) genes have been implicated in regulating the autophagic process [8].
The core Atg proteins are highly conserved and can be assembled into different complexes
such as the autophagy-initiating Atg1/Ulk protein kinase complex,  Beclin1-class III  PI3K
complex, the Atg5-Atg12 and Atg8/LC3 ubiquitin-like conjugation systems, and the Atg9
recycling system [8, 9].

Protein posttranslational modification (PTM) plays a pivotal role in increasing proteome
complexity and determining the fates of proteins [10–13]. It is a widespread mechanism that
involves the addition of a functional group covalently to a protein. The major types of PTMs
include phosphorylation, glycosylation, acetylation, ubiquitination, methylation, and
lipidation. The diversity of PTM provides enormous flexibility for control of protein
structure, localization, activity, and function; this modification can be reversible or irrever-
sible. Recent studies have identified various forms of PTMs in the regulation of autophagy
[14–16]. Some PTMs regulate autophagy by affecting the enzymatic activity of Atg proteins.
For example, the Ulk1 kinase (the key initiator of autophagy) can be phosphorylated by
upstream regulators such as AMP-activated protein kinase (AMPK) and mammalian target
of rapamycin (mTOR), which result in the activation or inactivation of Ulk1 kinase activity,
respectively [17–19]. Additionally, Ulk1 can also be acetylated at K162 and K606 by acetyl
transferase KAT5/TIP60, and the PTM acetylation is vital to the activation of Ulk1 [20]. PTMs
can also regulate autophagy by changing the interacting partners of Atg proteins [21, 22]. It
has been shown that the posttranslational modification of Beclin1 affects its interaction with
Vps34 complex. Zalckvar et al. showed that death-associated protein kinase (DAPk)-
mediated phosphorylation of Beclin1 promotes the association between Beclin1 and Vps34
complex [23]. On the contrary, Beclin1 phosphorylation by CDK1 leads to the dissociation
of Beclin1 from Vps34 [24].

Accumulating evidence indicates that protein ubiquitination and deubiquitination play
multiple roles in the regulation of protein stability and signaling during autophagy [15, 16].
Several ubiquitin E3 ligases and deubiquitinating enzymes (DUBs) have been shown to
regulate autophagy at different stages. However, the detailed mechanisms of the E3 ligases
and the DUBs in controlling both “on” and “off” signals of autophagy remain unclear. The
ubiquitin system is also essential for the recognition and removal of damaged organelles and
invading pathogens during selective autophagy processes. Moreover, two ubiquitin-like
conjugation systems are found to be crucial for the expansion of the elongation and expansion
of autophagosomal membrane. Here, we will discuss recent advances on the role of ubiquitin
systems in autophagy.
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2. Ubiquitin modification and protein fate determination

2.1. Ubiquitin modification

Ubiquitination is an ATP-dependent enzymatic process that involves the covalent conjugate a
highly conserved 8-kDa ubiquitin (Ub) peptide to lysine residues of target proteins [25]. The
ubiquitination reaction requires three classes of enzyme: ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2), and substrate-specific ubiquitin ligases (E3) [25, 26]. In
mammals, there are more than 500 E3 ligases, 30 E2-conjugating enzymes, and two E1-
activating enzymes [26–28]. The E1 enzyme activates free ubiquitin by forming a thioester
linkage between the C-terminal carboxyl group of ubiquitin and the E1 cysteine sulfhydryl
group in an ATP-dependent manner. The activated ubiquitin is then transferred from E1 to the
catalytic cysteine of E2, which can determine the type of ubiquitin chain formed. Finally, the
E3 binds both the Ub-charged E2 and substrates to catalyze and transfers the C-terminus of
Ub to the lysine residue of substrates. The E3 ligase transfers ubiquitin to specific protein
targets and is critical for conferring the substrate specificity. Because of the large number of E2
and E3 enzymes, a broad range of substrates can be modified by distinct ubiquitin chain
configurations.

Ubiquitination of a substrate can be classified according to the number of ubiquitins, linkage
of ubiquitin chains, and chain length [27]. It has been shown that the attachment of an ubiquitin
molecule at one site in the substrate causes monoubiquitination [28, 29]. Whereas monoubi-
quitin is conjugated on several lysine residues of the substrate results in multiubiquitination.
Mono- and multiubiquitination regulate processes that range from histone modification to
membrane-receptor endocytic trafficking [30]. In addition, the E2/E3 complexes can catalyze
further cycles of ubiquitination on the substrate-conjugated ubiquitin, resulting in substrate
polyubiquitination [28, 29]. Ubiquitin links to another ubiquitin molecule to form polyubiqui-
tin chain via one of its seven lysines (K6, K11, K27, K29, K33, K48, and K63) or the N-terminal
methionine residue (M1) [27, 31]. The polyubiquitin chain can elongate using the same lysine
residue on each ubiquitin (homogeneous ubiquitin chain) or the polyubiquitin chain can form
through conjugation with mixed topology (heterogeneous ubiquitin chain). The different
ubiquitination modification patterns provide a way to increase the diversity of protein
regulation and functions. For example, the polyubiquitin chain linked through Lys48 (K48-
linked polyubiquitin) provides a signal for protein degradation by the 26S proteasome, thereby
regulating the stability of proteins [32]. The K11-linked polyubiquitin can trigger the degra-
dation of cell cycle regulators via the ubiquitin-proteasome pathway during mitosis [33, 34].
Moreover, ubiquitination modification also regulates protein-protein interaction, enzyme
activity, and the cellular localization of proteins. The K63-linked polyubiquitin was reported
to be involved in signal transduction [35], kinase activation [36, 37], and protein-protein
interaction [21]. Together, these findings indicate that ubiquitin modification affects diverse
cellular processes by regulating the stability and the function of proteins. The temporal and
spatial control of ubiquitin signaling plays a pivotal role to maintain normal cellular functions.
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2.2. Deubiquitinating enzymes (DUBs)

Protein ubiquitination is a reversible posttranslational modification process. The process to
cleave ubiquitin from proteins and other molecules is called deubiquitination, and the process
is catalyzed by a large group of ubiquitin-cleaving proteases, the deubiquitinating enzymes
(DUBs) [38–41]. DUBs can be classified into five families: ubiquitin-specific proteases (USPs),
ubiquitin C-terminal hydrolase (UCHs), ovarian tumor proteases (OTUs), Machado-Joseph
disease domain proteases (MJDs), and Jab1/Mpn/Mov34 metalloenzymes (JAMMs) and play
several critical roles in the ubiquitin pathway [38, 40]. First, they are responsible for processing
inactive ubiquitin precursors. The ubiquitin is translated in the form of linear polyubiquitin
chain or fusion with ribosomal proteins. DUBs are needed to generate free ubiquitin monomer.
Second, DUBs can antagonize E3 ligases by removing the ubiquitin molecule or trimming the
ubiquitin chain form substrates, thereby changing the ubiquitin signaling or stability of
targeted proteins. Finally, DUBs are required for the recycling of ubiquitin molecule. The
ubiquitin molecules cleaved from substrates or ubiquitin chains can re-enter to the free
ubiquitin pool. The coordination of E3 ligases and DUBs leads to conjugating, trimming, and
removing ubiquitin modification of target proteins for various biological processes.

3. The role of ubiquitin modifications in autophagy regulation

Recent investigations have implicated the involvement of complex signaling pathways during
different stages of autophagic process. Modifying autophagy-related proteins (Atg) by
posttranslational modification is one of the important mechanisms to control proper autopha-

Figure 1. Functional role of ubiquitin-related enzymes (E3 ligases and DUBs) in autophagy regulation. An overview
shows the involvement of the ubiquitination events during different steps of autophagy. Ubiquitination modifications
by E3 ligases are shown in red arrows, and deubiquitination by DUBs are shown in blue arrows. “+” indicates that
enzymes play positive regulatory roles (USP10, USP13, and USP19), and “−” indicates those thought to play negative
roles (SCFβTrCP, CUL5, CUL3/KLH20, A20, NEDD4, CUL4/DDB1, Parkin, and RNF5) in autophagy. TRAF6 can function
as positive or negative regulator in autophagy via ubiquitination modification of different substrates.
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gic activity [15, 16]. Many autophagy regulators are found to be substrates for ubiquitin E3
ligases or deubiquitinating enzymes (DUBs) [42, 43]. Ubiquitination modification of these
autophagy regulators controls autophagy induction, nucleation, maturation, or termination.
Here, we are going to review recent findings on the role of E3 ligases and DUBs in the regulation
of autophagy (Figure 1).

3.1. Ubiquitin systems and autophagy initiation

Many signaling pathways participate in the induction of autophagy. The inhibition of mTOR
function and the activation of Ulk1 complex are two major mechanisms in the initiation of
autophagy [8]. Several ubiquitination enzymes have been shown to participate in the induction
of autophagy by modifying the initiators of autophagy [44–47]. It has been reported that mTOR
inhibitor, DEPTOR, can be ubiquitinated by SCFβTrCP E3 ubiquitin ligase and CUL5, and led to
the degradation of DEPTOR. In response to growth signals, DEPTOR is phosphorylated by
the downstream components of mTOR pathway such as RSK1 and S6K1, and the phosphory-
lated DEPTOR is then targeted for ubiquitination by SCFβTrCP E3 ligase for degradation [44,
45]. Interestingly, Antonioli et al. recently showed that CUL5 can also catalyze the DEPTOR
ubiquitination and promote its degradation under normal conditions. The degradation of
DEPTOR leads to the activation of mTOR, which acts as an inhibitor of autophagy. Upon
autophagy stimulation, the CUL5-mediated degradation of DEPTOR is inhibited by Ambra1
in an Ulk1-dependent manner and promotes the onset of autophagy [46, 47].

The mTOR activity can also be regulated by ubiquitination through the TRAF6 E3 ligase [48].
Upon amino acids stimulation, TRAF6 is recruited to mTOR complex 1 (mTORC1) through
p62 and catalyzes K63-linked polyubiquitination of mTOR which is required for mTORC1
translocation to the lysosome and its subsequent activation. Moreover, TRAF6 has also been
shown to promote K63-linked polyubiquitination of Ulk1, which results in Ulk1 stabilization,
self-association, and autophagy induction [49]. The TRAF6-mediated Ulk1 ubiquitination
depends on Ambra1 which is also a substrate target of Ulk1 during autophagy induction. These
findings together indicate that ubiquitin system and ubiquitin-related enzymes play a critical
role in autophagy initiation.

3.2. Ubiquitin systems and autophagy nucleation

The Beclin1 and Vps34, a class III phosphoinositide 3-kinase (PI 3-kinase), are the key regula-
tors in the nucleation step of autophagy [8]. Beclin1 acts as an adaptor, which recruits cellular
components such as Ambra1 and UVRAG to form different Beclin1-Vps34 complexes that are
responsible for modulating the activity of Vps34. Recent studies have shown that the interac-
tion between Beclin1 and its binding partners can be regulated by PTMs including ubiquiti-
nation [21].

It was reported that, upon lipopolysaccharide (LPS) stimulation, TRAF6 catalyzes K63-linked
polyubiquitination of Beclin1 at K117 [50]. The TRAF6-mediated Beclin1 ubiquitination leads
to the disassociation of Beclin1 with Bcl2 and promotes autophagy. On the contrary, the
deubiquitinating enzyme A20 antagonized the TRAF6-mediated Beclin1 ubiquitination and
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abrogated autophagy induction. Recently, Chen et al. showed that the E3 ubiquitin ligase
Parkin, which is found to be involved in the neurodegenerative Parkinson’s disease (PD), can
also catalyze the monoubiquitination of Bcl2 [51]. Parkin-mediated Bcl2 ubiquitination
increases the steady-state levels of Bcl2 and enhances the interactions between Bcl2 and Beclin1,
leading to the inhibition of autophagy. Moreover, E3 ubiquitin ligase Nedd4 (neural precursor
cell expressed developmentally down-regulated protein 4) promotes Beclin1 degradation
through proteasomal system in the absence of Vps34 interaction [52]. Nedd4 controls the
stability of Beclin1 via K11-linked polyubiquitination. Through the degradation of Beclin1,
Nedd4 acts as a negative regulator of autophagy. Besides E3 ligases, Liu et al. showed that
USP10 and USP13 DUBs also participate in the autophagy nucleation by regulating the stability
of Beclin1-Vps34 complex components including Vps34, Beclein1, Vps15, and Atg14L [53].
Unexpectedly, Beclin1-Vps34 complex also promotes the stability and activity of USP10 and
USP13 [53, 54]. Recently, the deubiquitinating enzyme USP19 was found to stabilize Beclin1
by removing the K11-linked ubiquitin chains of Beclin-1 at lysine 437 and act as a positive
regulator of autophagy [55]. Moreover, USP19 inhibits RIG-I-mediated type I interferon (IFN)
signaling and antiviral immune responses by blocking RIG-I-MAVS interaction in a Beclin-1-
dependent manner. In addition, the deubiquitinating enzyme USP33 is also involved in
autophagy induction by deubiquitinating the RAS-like GTPase RALB under starvation
conditions [56]. RALB interacts with the exocyst components EXO84. Upon nutrient depriva-
tion, the USP33-mediated deubiquitylation of RALB induces the assembly of RALB-EXO84-
Beclin1 complex and the initiation of autophagy.

By interfering the interaction or by controlling the stability of the Vps34-Beclin1 complex
components, the ubiquitin system provides a flexible and diverse way to regulate autophagy
nucleation.

3.3. Ubiquitin systems and autophagosome elongation/expansion

The Atg8 (LC3 and GABARAP in mammals) and Atg12 ubiquitin-like conjugation systems are
two major pathways involved in the regulation of autophagosomal elongation and expansion
[57]. Similar to ubiquitination, Atg12 is conjugated to the lysine residue in Atg5 by the E1
enzyme Atg7 and the E2 enzyme Atg10. The Atg12-Atg5 conjugate subsequently forms a
complex with Atg16 for phagophore membrane elongation. On the other hand, Atg8 is first
processed at the C-terminus by the cysteine protease Atg4 and then activated by Atg7 (E1) and
Atg3 (E2) for the conjugation of the lipid phosphatidylethanolamine (PE). Atg4 is also required
for the cleavage of Atg8 from PE on the autophagic membrane after the completion of
autophagosome formation. As Atg4 plays a critical role in the phagophore expansion and
autophagosome completion, depletion of Atg4 inhibits the processing of Atg8 paralogues and
autophagy. It has been shown that the membrane-associated E3 ligase RNF5 regulates
autophagy by ubiquitinating Atg4b and promoting the proteolytic degradation of Atg4b [58].

3.4. Ubiquitin systems and autophagy termination

Like the initiation of autophagy, the termination of autophagy is also tightly regulated after
completion of each run. The failure of autophagy termination under prolonged starvation will
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lead to unrestrained cellular degradation and cell death [59]. In addition to mTOR activation
induced by the regeneration of intracellular nutrients, recent studies revealed that the protea-
somal degradation of autophagy components also plays a critical role in controlling autophagy
termination [46, 59]. It has been shown that CUL4 controls autophagy termination by promot-
ing Ambra1 ubiquitination and regulating Ambra1 protein levels [47]. Under high nutrient
conditions, DDB1/CUL4 mediates Ambra1 ubiquitination and maintains Ambra1 at low level.
Upon starvation, CUL4 dissociates with Ambra1, and Ambra1 is stabilized by Ulk1 phosphor-
ylation. The phosphorylated Ambra1 inhibits CUL5-mediated degradation of DEPTOR and
further downregulating mTOR activity. Under prolonged stress conditions, DDB1/CUL4 re-
establishes its interaction with Ambra1 and promotes the ubiquitination and degradation of
Amba1, which in turn leads to autophagy termination [46].

Recently, Liu et al. reported that CUL3 also participates in the termination of autophagy [59].
KLHL20/CUL3 recruited autophosphorylated Ulk1 for ubiquitination and degradation under
stress conditions. Moreover, KLHL20/CUL3 also promotes ubiquitination of phagophore-
residing VPS34 and Beclin1, and the ubiquitination leads to their degradation. KLHL20/CUL3
plays a crucial role in autophagy termination by regulating the turnover of Ulk1 and VPS34
complex to restrain the amplitude and duration of autophagy.

To date, many ubiquitination events have been shown to participate in autophagy regulation.
The ubiquitin-mediated modification functions at different steps of autophagy and targets at
different substrates in response to distinct stress stimulation. Moreover, some of the ubiquiti-
nation modifications are antagonized by the deubiquitinating enzymes. Therefore, the
ubiquitin system provides flexible, diverse, and effective ways to control the onset and the
termination of autophagy.

4. Ubiquitination modification and selective autophagy

Although autophagy was originally thought to be a non-selective pathway which appears to
randomly sequester cytosolic components for lysosomal degradation, it is now recognized that
autophagy also acts in selective processes that involves specific receptors to target certain
cargos [60, 61]. Accumulating evidence indicates that many intracellular degradation events
are processed through selective autophagy, including the turnover of damaged organelles such
as mitochondria (mitophagy) [62, 63] and peroxisomes (pexophagy) [64, 65], removal of protein
aggregates (aggrephagy) [66], and elimination of intracellular pathogens (xenophagy) [67,
68].

Upon the induction of selective autophagy, phagophore is enriched with specific cargos in a
process dependent on cargo receptors [61]. These cargo receptors can interact with both target
proteins and the autophagic vesicle components such as LC3/Atg8 family proteins, which
result in the enclosure of selective cargos to the autophagosome and promote the autophagic
degradation of cargos. Like nonselective autophagy, selective autophagy also plays an
important role in cellular homeostasis and has been associated with a variety of human
diseases [63, 69].
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4.1. The role of ubiquitin in selective autophagy

Ubiquitination has long been recognized as a key regulator to determine protein fate by tagging
proteins for proteasomal degradation [60]. Ubiquitination of cargo proteins plays a crucial role
in selective autophagy process. In selective autophagy, cargos are ubiquitinated and recog-
nized by ubiquitin-binding receptors to transport cargos for lysosomal degradation [70].
Therefore, ubiquitin acts as a degradation signal for selective autophagy. Protein aggregates,
damaged organelles, or pathogens can be tagged and targeted for degradation through the
lysosome machinery to maintain cellular homeostasis. In this section, we will illustrate the
mechanism and importance of ubiquitination in selective autophagy (Figure 2).

Recent studies have shown that selective autophagy is responsible for delivering a wide range
of cargos to the lysosome for degradation [70–72]; however, the detailed mechanisms of
selective degradation by lysosome remain largely unknown. Several types of adaptor proteins
such as p62, NDP52, optineurin (OPTN), NBR1, and HDAC6, which contain the ubiquitin-
binding motif, have been reported to target ubiquitinated cargos for lysosomal degradation
under stress conditions [70, 71]. Besides the ubiquitin-binding motif, these cargo receptors
often also contain a LC3-interacting region (LIR) or Atg8 interaction motif to interact with the
LC3/Atg8 family members [60, 70]. Therefore, through binding to ubiquitinated cargos and
LC3 simultaneously, these receptors can deliver selective cargos to the autophagosome and
promotes the autophagic degradation.

Figure 2. The involvement of ubiquitin-related enzymes (E3 ligases and DUBs) in selective autophagy. Selective au-
tophagy is a process that depends on the ubiquitin signals and the ubiquitin recognition adaptor proteins. (a) The E3
ligase (Parkin) promotes mitophagy by catalyzing the ubiquitination of mitochondrial proteins, and DUBs (USP15,
USP30, and USP35) inhibit mitophagy by removing the ubiquitin signals of mitochondrial proteins. USP8 participates
in mitophagy by removing non-canonical K6-linked ubiquitin chains from Parkin, a process required for the efficient
recruitment of Parkin to depolarized mitochondria. (b) USP36 removes the ubiquitin markers from protein aggregates,
which inhibits aggrephagy. (c) The DUB SseL which is secreted by Salmonella can remove the ubiquitin tags on Salmo-
nella-containing vacuole (SCV) and aggresome-like induced structures (ALIS) in order to escape xenophagy. “U”
means ubiquitin (this involves different types of ubiquitination); the red arrows and the blue arrows indicate ubiquiti-
nation events and deubiquitination events, respectively.
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Recent studies have shown that selective autophagy is responsible for delivering a wide range
of cargos to the lysosome for degradation [70–72]; however, the detailed mechanisms of
selective degradation by lysosome remain largely unknown. Several types of adaptor proteins
such as p62, NDP52, optineurin (OPTN), NBR1, and HDAC6, which contain the ubiquitin-
binding motif, have been reported to target ubiquitinated cargos for lysosomal degradation
under stress conditions [70, 71]. Besides the ubiquitin-binding motif, these cargo receptors
often also contain a LC3-interacting region (LIR) or Atg8 interaction motif to interact with the
LC3/Atg8 family members [60, 70]. Therefore, through binding to ubiquitinated cargos and
LC3 simultaneously, these receptors can deliver selective cargos to the autophagosome and
promotes the autophagic degradation.

Figure 2. The involvement of ubiquitin-related enzymes (E3 ligases and DUBs) in selective autophagy. Selective au-
tophagy is a process that depends on the ubiquitin signals and the ubiquitin recognition adaptor proteins. (a) The E3
ligase (Parkin) promotes mitophagy by catalyzing the ubiquitination of mitochondrial proteins, and DUBs (USP15,
USP30, and USP35) inhibit mitophagy by removing the ubiquitin signals of mitochondrial proteins. USP8 participates
in mitophagy by removing non-canonical K6-linked ubiquitin chains from Parkin, a process required for the efficient
recruitment of Parkin to depolarized mitochondria. (b) USP36 removes the ubiquitin markers from protein aggregates,
which inhibits aggrephagy. (c) The DUB SseL which is secreted by Salmonella can remove the ubiquitin tags on Salmo-
nella-containing vacuole (SCV) and aggresome-like induced structures (ALIS) in order to escape xenophagy. “U”
means ubiquitin (this involves different types of ubiquitination); the red arrows and the blue arrows indicate ubiquiti-
nation events and deubiquitination events, respectively.
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Ubiquitinated cytosolic proteins can undergo degradation via proteasome or the lysosome.
Proteins conjugated with K48-linked polyubiquitin chains often are recognized by UBD
(ubiquitin-binding domain) containing proteasomal receptors and degraded by proteasome
[73]. On the other hand, the ubiquitin-binding autophagy adaptors have been shown to interact
with cargos containing K63-linked polyubiquitin chains [74–77]. Cargos modified with K63
polyubiquitination are preferentially targeted via the autophagy/lysosomal degradation
pathway.

4.2. E3 ligases and DUBs in selective autophagy

Given that ubiquitin plays a critical role by acting as a tag for substrates recognition in selective
autophagy, it is important to understand the regulatory mechanism of ubiquitin system during
this process. E3 ubiquitin ligases and deubiquitiylating enzymes (DUBs) involved in the cargos
ubiquitination are crucial in the selective autophagy regulation.

Autophagy of the mitochondria, also known as mitopahagy, depends on a set of ubiquitination
modification on mitochondrial outer membrane proteins [63]. Upon the induction of mitoph-
agy, Parkin, an E3 ubiquitin ligase that is also involved in the pathogenesis of Parkinson’s
disease, is recruited to the depolarized mitochondria [77, 78] to ubiquitinate several mito-
chondrial proteins, including MFN1, MFN2, VDAC1, and MIRO [79–81]. How is Parkin
recruited to the damaged mitochondria? Recently, three studies showed that Pink1-mediated
phosphorylation of ubiquitin at Ser65 activates Parkin [82–84]. The accumulation of ubiquiti-
nated mitochondrial proteins then recruits the autophagy adaptors NDP52 and optineurin,
which then promote the formation of mitophagy [85, 86]. Mitophagy is also modulated by a
number of DUBs. It has been shown that USP15 [87], USP30 [88, 89], and USP35 [89] reduce
the ubiquitin levels from the ubiquitinated mitochondrial proteins, thereby preventing the
recognition by autophagy adaptors and blocking mitophagy. Moreover, TRAF6 [90] and USP8
[91] can also participate in mitophagy by regulating the ubiquitination of Parkin.

The selective degradation of protein aggregates requires aggregative proteins to be labeled
with K63-linked ubiquitin chains which then are recognized by autophagy adaptors including
p62 and NBR1 and HDAC6 [92]. Taillebourg et al. recently showed that DUB USP36 can act as
a negative regulator to inhibit the selective autophagy of protein aggregates by removing the
ubiquitin signals [93]. However, the specific ubiquitin ligases involved in aggrephagy remain
to be identified.

The process of selective autophagy also plays a crucial role in host defense. It has been shown
that the intracellular pathogen Salmonella Typhimurium can be eliminated by selective
autophagy [94]. After infection, Salmonella Typhimurium grows in a membranous compart-
ment, the Salmonella-containing vacuole (SCV). The bacterial infection often induces immune
and nonimmune cells forming aggresome-like induced structures (ALIS). The host cell can
eliminate SCV and ALIS by ubiquitination and xenophagy. However, S. Typhimurium can
remove the ubiquitin signals by secreting the deubiquitinating enzyme SseL, which leads to
lower autophagy flux due to the failure of autophagy-receptor recognition [94].
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The ubiquitin-mediated selective autophagy plays an important role in maintaining cellular
homeostasis and in the elimination of invading pathogens. Therefore, it is critical to further
identify the E3 ubiquitin ligases and DUBs involved in selective autophagy under physiolog-
ical and pathological conditions.

5. Ubiquitin system and autophagy in human health and disease

Like the ubiquitin-proteasome system, autophagy is a tightly regulated lysosomal degradation
pathway which has been implicated in various human pathological and physiological
processes. Basal autophagy is essential for removing misfolded proteins and damaged
organelles; therefore, autophagy is also important for maintaining normal cellular processes
in all tissues [95, 96]. Since the ubiquitin system serves as a central regulator to modify the
autophagic activity and functions, it is no doubt that the protein modification by ubiquitination
and deubiquitination also play crucial roles in autophagy-related diseases [97–100]. However,
the relationship between the ubiquitin system and the autophagy-related pathological
processes remain unclear. In this section, we will discuss the recent findings and progresses in
the field.

5.1. Ubiquitin system and autophagy in cancer

Cancer is one of the first human diseases identified to be associated with autophagy malfunc-
tion [101]. Some autophagy genes mutation or deletion can lead to cancer. For instance,
monoallelic deletion of Beclin1 gene has been detected in 40–75% of human breast, ovarian,
and prostate cancer [102]. Besides Beclin1, many autophagy genes are found to be involved in
human cancer, including UVRAG [103], Atg5, and Atg7 [104]. Accumulating evidence has
indicated that autophagy also plays a crucial role in cancer cell progression. Autophagy likely
plays distinct roles during different stages of cancer development [105]. It has been shown that
autophagy has a preventive effect against tumorigenesis and the cancer occurrence during
early cancer formation. However, autophagy provides a protective mechanism and supports
the tumor growth once cancer progresses [105–107].

Although the role of autophagy in cancer progression remains elusive, several recent studies
have shown that the inhibition of autophagic pathway can enhance the efficacy of anticancer
drugs [108, 109]. Shao et al. showed that autophagy inhibitor-1 (spautin-1), an inhibitor of
USP10 and USP13, can enhance Imatinib mesylate (IM)-induced cell death in chronic myeloid
leukemia (CML) in a Beclin1-dependent manner [102]. Since autophagy plays a role in IM
resistance and spautin-1 inhibits IM-induced autophagy in CML cells, inhibition of autophagy
with the DUBs inhibitor spautin-1 may provide a promising approach to increase the efficacy
of IM for patients with CML [110]. In another study, Yang et al. showed that knockdown of the
regulator of CUL1 (ROC1) suppresses the growth of liver cancer cells through the induction
of autophagy and senescence [103]. The triggering of autophagic response in ROC1 silencing
cells is through the accumulation of the mTOR inhibitory protein DEPTOR [111]. Another link
of ubiquitination regulation in autophagy and cancers is that the ubiquitin modification of
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Beclin1 and p53 by E3 ligases or DUBs can balance the interaction between Beclin1 and p53,
and their interaction is thought to regulate the cellular decision between apoptosis and
autophagy in embryonal carcinoma cells [43].

As ubiquitination modification in autophagy regulation plays a notable role in cancer cells, it
is crucial to further investigate the detailed mechanisms of how ubiquitin system regulates
autophagic function during cancer progression. Findings from these studies will provide new
insights into cancer biology as well as novel approaches in cancer prevention and treatment.

5.2. Ubiquitin system and autophagy in neurodegenerative diseases

In recent years, there is increased attention on the role of autophagy in neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s
disease (HD) [112, 113]. These neurodegenerative disorders are usually characterized by the
presence of protein inclusions and aggregates in neurons, which result from the failure of
protein degradation, and these protein aggregates may be one cause of the progressive
degeneration and/or death of neuronal cells [113, 114]. The ubiquitin-proteasome and autoph-
agy-lysosome pathways are the two major pathways to degrade misfolded proteins and
damaged organelles [60]. Accumulating evidence indicates that the dysfunction of autophagy
may result in the accumulation of abnormally folded protein aggregates, which may contribute
to neurodegenerative disorders [112, 114]. Although there are growing studies indicating the
importance of autophagy in the neurodegenerative diseases, the molecular mechanisms of
how autophagy or selective autophagy functions in these disorders are still not completely
understood.

Ubiquitination of cellular proteins and organelles has been shown to promote the autophagic
clearance of cargos associated with neurodegenerative diseases [76, 112, 115]. Parkin is a
multifunctional ubiquitin ligase that has been found to be mutated in sporadic and familial
early onset Parkinson’s disease [116]. The involvement of Parkin and DUBs such as USP15,
USP30, and USP35 in mitophagy has also been demonstrated to be critical in neurodegenera-
tion related to PD [43, 116]. Besides its role in regulating mitochondrial homeostasis, it has
been shown that Parkin catalyzes the ubiquitination modification of misfolded proteins, which
then promotes the degradation of these substrates via proteasome or autophagy pathway
[116]. The dysfunction of Parkin leads to the accumulation of protein aggregates and causes
some neurodegenerative diseases. It was also reported that the C-terminus of Hsc70 interacting
protein (CHIP) E3 ubiquitin ligase can promote the ubiquitination of denatured proteins and
play an important role in neurodegeneration. By binding to different E2 enzymes, CHIP can
catalyze K48- and K63-linked polyubiquitin chains which promote proteins degradation via
chaperone-dependent ubiquitin-proteasome system and autophagy-lysosome pathway,
respectively [117].

5.3. Ubiquitin system and autophagy in infectious diseases

Activation of autophagy provides a promising approach in the treatment of infectious diseases.
Recent studies have shown that this cellular process can either selectively target microorgan-
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isms for lysosomal degradation (referred to as xenophagy) or promote the delivery of microbial
nucleic acids and antigens to endo/lysosomal compartments for innate and adaptive immunity
activation [118–120]. Accumulating evidence indicates that autophagy activity is higher upon
the pathogen infection [119], and it is also known that autophagy can facilitate the intracellular
antigen-processing events [118]. Moreover, the autophagy pathway can cross talk with
immunity pathways [50, 120]. Interestingly, several reports also indicate that autophagy may
provide a pathway for pathogens to escape from host defense and help them to invade host
tissues [97].

The role of autophagy in immunity has been further confirmed by the finding of the connec-
tions between autophagy and several immune diseases. For example, Atg16 mutations are
associated with increased risk of an inflammatory bowel disease, Crohn disease, which affects
the gastrointestinal tract from the mouth to the anus [98]. Moreover, several studies have linked
single-nucleotide polymorphisms (SNPs) in ATG5 to systemic lupus erythematosus (SLE)
susceptibility [119]. Ubiquitination regulation of autophagy regulators was also found to
participate in the infectious events. The ubiquitin E3 ligase TRAF6 has been shown to catalyze
the K63-linked polyubiquitination of Beclin1 upon LPS stimulation and is critical for TLR4-
triggered autophagy in macrophages [50]. And the deubiquitinating enzyme A20 antagonizes
TRAF6-mediated ubiquitination of Beclin1 and limits the induction of autophagy in response
to TLR signaling. The balanced activity of TRAF6 and A20 is required for the inflammatory
response [50]. Another indication that ubiquitination modification regulates inflammation
through autophagy involves the E3 ligase RNF216 (ring finger protein 216). RNF216 was
reported to inhibit autophagy in macrophages by catalyzing K48-linked polyubiquitination of
Beclin1, which induces the degradation of Beclin1 [121]. Manipulating RNF216 expression may
provide a therapeutic approach for treatment of inflammatory diseases. In addition, the
ubiquitination modification processes participated in xenophagy also plays important roles
for the bacterial infection. The DUB SseL regulates the ubiquitin modification of SCVs and
ALIS and is important for the removal of pathogens [115]. Kuang et al. showed that RNF5
promotes the ubiquitination and the degradation of Atg4b limits the basal levels of autophagy
and influences susceptibility to bacterial infection [58].

In addition to the diseases discussed earlier, there are also disorders related to autophagy
dysfunction, including developmental defect, muscle atrophy, heart diseases, liver disease,
and aging [95]. However, it remains unclear whether the ubiquitin system also plays a role in
these diseases.

6. Conclusion

Protein ubiquitination is considered as one of the most important reversible posttranslational
modifications and has been implicates in various cellular signaling processes. Increasing
evidence indicates that the ubiquitin system plays a pivotal role in the regulation of autophagy
pathway. Recent studies have explored and highlighted the important functions of ubiquitin
system in the pathogenesis of autophagy-related diseases such as tumorigenesis,
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neurodegeneration, and pathogen infection. Further investigations to identify novel E3 ligases
and DUBs involved in autophagy and to determine their underlying mechanisms will not only
contribute to our understanding on how autophagy is controlled by the ubiquitin system but
also provide a rationale for novel therapeutic interventions in autophagy-related diseases.
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Abstract

Despite the dramatic success of combined antiretroviral therapies (cART) in controlling
peripheral  virus  replication,  the  prevalence  of  HIV‐1‐associated  neurocognitive
disorders (HAND) is on a rise as infected individuals continue to live longer. Almost
half of the infected individuals on ART develop HAND, out of which at least 30% suffer
from a comorbid condition of substance abuse. Involvement of autophagy has been
implicated not only in HIV‐1 infection of the CNS but also in CNS cells exposed to drugs
such as amphetamine, opiates, and cocaine, contributing in turn, to cellular dysfunction.
HIV‐1 is known to interfere with the autophagy pathway, resulting in turn to upregu‐
lation of HIV‐1 replication. Specifically, different HIV‐1 proteins such as TAT, gp120, and
Nef have been shown to act on various stages of autophagy such as initiation and
maturation and to affect overall autophagy levels. Whether or not abused drugs and
HIV‐1 can cooperate to dysregulate autophagy, however, remains unclear. This chapter
is focused on identifying the molecular mechanism(s) underlying HIV‐1 (proteins) and
cocaine, opiate, methamphetamine‐mediated impairment of autophagy. Such effects
could  underlie  the  synergistic  effects  of  HIV‐1  and  abused  drugs  in  exacerbating
symptoms of HAND.

Keywords: HIV‐1, TAT, gp120, drug addiction, cART, autophagy

1. Introduction

Since the advent of combined antiretroviral therapy (cART), human immunodeficiency virus
(HIV‐1) infection has transformed into more manageable and controllable chronic disease
analogues to diabetes [1]. HIV‐1‐infected individuals on cART are living longer compared to
HIV‐1‐seronegative controls. Despite the dramatic success of cART in controlling viremia and
increased longevity, various comorbidities involving multiple organs including the brain are
on a rise in the infected individuals [2, 3]. In the context of CNS, there is an increased prevalence
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of HIV‐1‐associated neurocognitive disorders (HAND) due to the extended life expectancy.
HAND is composed of various entities of neurocognitive impairments ranging from asympto‐
matic to milder forms of motor disorders. Increased activation of microglia and astrocytes
(neuroinflammation) and synaptodendritic injury are the emerging hallmark features of HAND.
Although multiple factors and pathways have been proposed in the development of HAND,
the exact molecular mechanisms underlying the pathogenesis of HAND in the era of cART
remain elusive.

Autophagy is a highly conserved cellular process that is present in all eukaryotic cells.
Autophagy allows the orderly degradation and recycling of cellular components [4]. During
this process, targeted cytoplasmic constituents are isolated from the rest of the cell within a
double‐membraned vesicle known as the autophagosome. The autophagosome fuses with a
lysosome and the contents are degraded and recycled. Autophagy can be broadly divided into
several stages: initiation, elongation, autophagosome formation, and maturation. Each stage
is tightly and sequentially regulated by multiple autophagy‐related proteins, to ensure the
completion of whole process (autophagy flux).

It is well recognized that drug abuse serves as a significant risk factor for acquiring HIV‐1
infection and has been implicated in worsening the symptoms of HAND [5, 6]. HIV‐1‐positive
individuals with a history of abused drug exposure exhibit severe cognitive and behavioral
dysfunction compared to those without exposure to abused drugs. Clinical evidence points to
increased neuroinflammation, severe neuronal injury, and increased viral loads in the brains
of HIV‐1‐positive patients with a history of drug addiction compared to the brains of infected
individuals that were drug naive [5, 6]. Abused drugs including cocaine, methamphetamine,
and opiates have been shown to interact with the autophagy pathway in various kinds of cells
including microglia, astrocytes, and neurons to alter their homeostasis. Dysfunction of these
three cell types plays critical roles in the pathogenesis of HAND.

In this chapter, we focus on the intermingled relationship between HIV‐1, abused drugs, and
autophagy. HIV‐1/HIV‐1 proteins and drugs of abuse, that have been shown to interact with
various stages of autophagy pathway, can synergistically lead to autophagy dysregulation,
which, in turn, contributes to accelerated pathogenesis of HAND. Understanding and
clarification of the complex interplay of HIV‐1, abused drugs and HAND could set a stage for
future development of novel target(s) as alternative therapeutic approaches to ameliorate
HAND in HIV‐1‐infected individuals on cART.

2. HIV‐1, HAND, and cART

In 1983, HIV‐1 was first isolated and identified as a lentivirus (a subgroup of retrovirus) that
was the causative agent for acquired immune deficiency syndrome (AIDS). In the pre‐
antiretroviral therapy era, the average survival time following infection with HIV‐1 was
estimated to be 9–11 years, depending on the HIV‐1 subtype [7]. In 1996, the introduction of
combined antiretroviral therapy (cART) changed the course of the HIV‐1 epidemic. In the
current era of cART, HIV‐1 infection has become a more controllable and manageable disease,
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with increased patient longevity [1, 8]. Clinical studies have shown that in patients with well‐
controlled viremia, the CD4 numbers are relatively maintained in a normal range (400–
1600/mm3) and also that the function of immune system is well preserved with extended
periods of undetectable viral loads.

HAND is composed of neurological complications that range from asymptomatic neurocog‐
nitive impairment (ANI) to milder forms of cognitive impairment (MNI). While severe
complications of CNS such as HIV‐associated dementia (HAD) have declined in the post‐cART
era, emergence of milder cognitive motor disorders is actually on rise. In fact, as HIV‐1‐infected
individuals continue to live longer lives, it is estimated that up to 50% of those individuals still
continue to display varying degrees of neurocognitive impairment, which could impact their
quality of life, leading to increased healthcare burden.

Various theories are extant about the mediators that regulate pathogenesis of HAND. For
example, it has been implicated that direct injury caused by HIV‐1 and its associated proteins
such as the envelope gp120, transactivator of transcription (TAT), and Vpr can mediate damage
in the CNS. Furthermore, indirect damage caused by proinflammatory cytokines/chemokines
and chronic, sustained immune activation in the CNS can all play key roles in the pathogenesis
and progression of HAND [9, 10]. It is now well accepted that events secondary to HIV‐1
infection (inflammation) are critical for CNS damage associated with HAND [10]. Other factors
have also been shown to contribute to HAND development. For example, factors such as
inefficient CNS penetration of cART and/or emergence of latent virus reservoirs can also be
attributable factors to the pathogenesis of HAND [11, 12]. Additionally, it is now becoming
well recognized that HAND is prevalent in infected individuals abusing recreational drugs.
In fact, substance abuse and co‐infection with hepatitis C are recognized comorbidities of HIV
infection. In summary, while treatment with cART has reduced the incidence of the severe
form of CNS impairment such as HAD, low‐level ongoing inflammation in the periphery and
in the CNS and HAND is emerging as newer comorbidity of HIV infection.

3. HIV‐1 and autophagy

Autophagy and the innate immune responses are highly conserved evolutionarily processes
in virtually all the eukaryotic cells [4]. Autophagy is an important player in various diseases
such as cancer and neurodegenerative disorders [4]. At the cellular level, HIV‐1 can infect
dendritic cells (DC), monocytes, and CD4+ T cells in the periphery and microglia and astrocytes
(limited infection) in the CNS. Depending on the cell type, HIV‐1 can either usurp certain
autophagy‐related proteins or block autophagy flux to invade the host immune response,
thereby exacerbating HIV‐1 replication and transmission [13].

In DCs, HIV‐1 impairs autophagy to subvert host immunity and enhance trans‐infection. The
efficiency of DCs being infected by HIV‐1 heavily depends on their origin and activation state
[14]. Previous reports have demonstrated that immature, resting DCs are more readily infected
with HIV‐1 than mature, activated DCs that are induced either by TNF‐α or by poly I:C [14,
15]. Of note, while immature DCs seem to be more easily infected with HIV‐1, mature DCs are
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more efficient at mediating trans‐infection to CD4+ T cells without themselves getting infected
[14]. The idea that autophagy is a mechanism that protects against HIV‐1 infection originated
from the fact that treatment of DCs with either TNF‐α or poly (I:C) led to the activation and
upregulation of autophagy suggests thereby that elevated levels of autophagy degrade the
incoming virions in mature DCs [15]. Another study indicated that viral Env downregulated
autophagy through mTOR activation, thereby protecting the virus from autophagy‐mediated
degradation, ultimately leading to increased trans‐infection to CD4+ T cells [16]. These results
reveal a mechanism by which HIV‐1 limits autophagy in DCs to target immune function
leading, in turn, to increased transmission.

HIV‐1 is known to infect macrophages, without a negligible change in cell numbers [17]. The
role of autophagy in viral replication in the macrophages, however, remains poorly explored.
In one study, it was shown that autophagic vacuoles were increased in infected macrophages.
The mechanism underlying this phenomenon involved inhibition of the maturation stage of
autophagy by HIV‐1 factor Nef, via its association with the autophagy regulator Beclin‐1 [18].
Thus, HIV‐1 can exploit early stages of autophagic signaling in the macrophages for biogenesis
and egress, while concomitantly also inhibiting the maturation stages of autophagy to prevent
its own degradation. One of the key hallmark features of HIV‐1 infection is a significant
depletion of CD4+ T cell in patients that are treatment naive [19, 20]. Previous investigations
have addressed the effects of HIV‐1 protein Env on bystander T‐cell death [20]. Although
autophagic vacuoles (AV) were increased in these bystander T cells, the exact role of autophagy
contributing to cell death still remains elusive. Since the autophagic process involves the
capture and degradation of activated inflammasome complexes, increased numbers of AV in
the bystander CD4+ T cells could thus imply an attempt by the cell to upregulate autophagy
as part of an anti‐inflammatory response. The failure of autophagy to protect these bystander
cells from inflammasome activation could eventually lead to cell death. Thus, while autophagy
has no direct role in CD4+ T‐cell death, it can be envisioned as a secondary, compensatory
mechanism that is an attempt at salvaging the cells from apoptosis [21].

Microglia is the primary immune‐competent cells of the brain. Similar to peripheral immune
cells, HIV‐1 and viral proteins also modulate autophagy levels in microglia. A recent study has
demonstrated that expression levels of autophagy markers such as Beclin‐1, ATG5, LC3‐II, and
p62 were significantly altered in microglia from HIV‐1‐infected individuals with NCI ± HIV‐1
encephalitis (HIVE) [22]. Autophagy dysregulation could thus be associated with the micro‐
glial activation status. Another investigation provided a more direct evidence focusing on the
role of HIV‐1 infection on microglial autophagy [23]. In this study, it was shown that in primary
human microglia infected with macrophage‐tropic HIV‐1SF162 strain, there was increased
protein expression of Beclin‐1 and LC3‐II. In these infected cells, accumulation of LC3 report‐
er RFP+ GFP+ (yellow) puncta suggested that HIV‐1 infection triggered autophagosome
formation without promoting protein degradation by the lysosomes. These findings imply that
HIV‐1 can usurp autophagy pathway to promote its own replication. Increasing autophagy
flux could thus serve as a potential therapeutic approach against HIV‐1 infection in microglia.
Similar to microglia, dysregulation of autophagy in HIV‐1‐infected astrocytes has also been
reported [24].
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Unlike the microglia and astrocytes, HIV‐1 does not infect the neurons, primarily due to lack
of CD4+ receptor in these latter cells. Neurons, however, are susceptible to the toxic effects of
HIV‐1 proteins TAT and gp120, which have been shown to dysregulate autophagy, leading, in
turn, to neurotoxicity and/or neuronal injury including synaptodendritic injury. A seminal
report [25] investigated the role of autophagy in microglia‐induced neurotoxicity in primary
rodent neurons. These authors demonstrated that conditioned media from simian immuno‐
deficiency virus (SIV)‐infected microglia inhibited autophagy in rodent neurons, leading to
decreased neuronal survival. It is likely that a combination of HIV‐1 proteins (TAT/gp120) and/
or multiple inflammatory mediators released from the infected cells could be contributing to
the dysregulation of autophagy. Another study has provided evidence that HIV‐1 protein TAT
can impair the endolysosome structure and function and ensuing autophagy in the neurons
[26]. In this study, it was shown that following the treatment of primary cultured rat hippo‐
campal neurons with HIV‐1 TAT, neuronal viability was significantly decreased. The authors
reported significant changes in the structure and membrane integrity of endolysosomes,
endolysosome pH, and autophagy flux, which were responsible for neuronal death. In
agreement with these findings, report by Fields et al. also demonstrated that TAT altered
neuronal autophagy by modulating autophagosome fusion to the lysosome [27]. In this study,
TAT exposure resulted in increased numbers of LC3‐II puncta and autophagosomes in a
neuronal‐derived cell line in vitro. Similarly, in vivo studies in GFAP‐TAT transgenic mice
showed increased autophagosome accumulation in the neurons that was accompanied with
altered LC3‐II levels and neuron dysfunction. The findings from this study implicate that
therapies targeting TAT‐mediated autophagy alterations could mitigate neurodegeneration in
HIV‐1‐infected individuals with HAND.

4. Cocaine, HIV‐1, and autophagy

Cocaine, one of most abused drugs, is known to lead to drug addiction. At the molecular level,
cocaine binds to dopamine transporter to block dopamine uptake by the neurons, leading
subsequently to elevated synaptic dopamine concentrations. Increased synaptic dopamine
levels can, in turn, overstimulate the dopamine receptors located in the post‐synaptic mem‐
brane resulting in enhanced neuronal excitability in the brain striatum [28]. Emerging evidence
also demonstrates that cocaine‐mediated microglial activation can contribute to the develop‐
ment of drug addiction [29]. In this study, it was shown that cocaine directly interacts with the
Toll‐like receptor 4‐mediated pathway to activate microglia, resulting in enhanced microglial‐
neuronal cross talk and enhanced synaptic dopamine concentrations. Inhibition of microglial
activation through pharmacological or genetic approaches was shown to block cocaine‐
mediated reward‐related behavioral changes.

Compared to other abused drugs such as methamphetamine and morphine that have been
implicated to dysregulate autophagy, reports on cocaine‐mediated induction of autophagy in
cells of the CNS are relatively scant. In a recent study, it was shown that [30] cocaine exposure
resulted in induction of autophagy both in microglia and in astrocytes and also in vivo in mice
administered cocaine. Cocaine exposure can lead to increased expression of various autophagy
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markers such as Beclin‐1, ATG5, and LC3‐II in both a dose‐ and time‐dependent manner. In
this study, upstream activation of ER stress was shown to mediate induction of autophagy. It
was shown that increased autophagy contributed to cocaine‐mediated activation of microglia
since pre‐treatment of cells with wortmannin resulted in decreased expression and release of
inflammatory factors (TNF‐α, IL‐1β, IL‐6, and CCL2). In another report, it was demonstrated
that cocaine induced autophagic death in astrocytes, a process involving activation of sigma
1 receptor, PI3K, and mTOR pathway [31]. In another recent report, cocaine exposure of
neurons was also shown to elicit autophagic cytotoxicity via a nitric oxide‐GAPDH signaling
cascade [32]. In this study, cocaine exposure markedly increased levels of LC3‐II with a
concomitant depletion of p62. Pharmacologic inhibition of autophagy protected neurons
against cocaine‐induced cell death.

Cocaine abuse is one of the comorbidities of HIV‐1 infection. Cocaine abuse has been demon‐
strated to increase HIV‐1 infection rate and to accelerate HAND pathogenesis [33, 34]. HIV‐1‐
infected individuals abusing cocaine exhibited increased virus loads in the brain with
associated neuroinflammation and neuronal injury compared to HIV‐1‐infected individuals
that were drug naïve. Clinical evidence showed that cocaine use resulted in lack of virologic
suppression and accelerated decline of CD4+ T cells even among ART‐adherent patients [35]
which was consistent with findings that cocaine enhanced HIV‐1 replication, as demonstrated
in multiple in vitro and in vivo studies [36, 37]. In addition to its effects on virus replication,
cocaine has also been shown to disrupt the integrity of brain‐blood barrier, resulting in
enhanced macrophage/monocyte influx into the brain, leading to increased neuroinflamma‐
tion [38]. Additionally, cocaine has also been shown to potentiate toxicity of HIV‐1 proteins
such as gp120 in the brain [39]. Similar to gp120, cocaine and TAT exerted a synergistic
neurotoxic effect in rat primary hippocampal neurons [40]. In these cells, cocaine exposure
exacerbated TAT‐induced mitochondrial depolarization and generation of intracellular ROS
[40]. Cocaine can thus modulate the activation status of microglia and astrocytes through
multiple mechanisms including ROS, ER stress, and autophagic pathways [30, 41].

5. Methamphetamine (METH), HIV‐1, and autophagy

METH is a psychostimulant drug which is extensively abused for its stimulant, euphoric,
empathogenic, and hallucinogenic properties [42]. METH predominantly disrupts the
monoamine neurotransmitter system of the brain leading to persistent damage in the serotonin
and dopamine neurotransmission, a mechanism also accountable for the motor deficiencies
observed in Parkinson's disease [43]. While METH‐mediated impairment in neurotransmis‐
sion results in nigrostriatal denervation, accumulation of ubiquitin‐positive neuronal inclu‐
sions, and striatal dopamine loss resulting in long‐term neurotoxicity [42], METH does not
affect dopaminergic neurons in the substantia nigra pars compacta. Although nigral cell bodies
are largely preserved following exposure to METH, cytoplasmic features do reveal the
presence of autophagic‐like vacuolization and accumulation of α‐synuclein, ubiquitin, and
parkin‐positive inclusion‐like bodies [44], as is the feature of several neurodegenerative
diseases [45]. Chronic use of METH is closely coupled with cognitive deficits ranging from
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impaired impulse control, attentional problems, working memory, and decision making to
motor coordination, including inhibitory control [46]. Apart from this, chronic METH abuse
also leads to a limited, but persistent, loss of dopamine and serotonin transporters in the
striatum, cortex, and hippocampal areas. METH abuse also induces basal ganglia‐mediated
behavioral deficits, which is secondary to compromised dopamine neurotransmission in the
moderately denervated striatum [47].

Emerging studies also correlate the use of METH with the activation of autophagy in both the
CNS and periphery [48]. The effects of METH on the autophagic pathway are likely to depend
on the superfluous free radicals and oxidative species generated within the cells. These effects
become predominant within the dopaminergic neurons, which is likely due to the specificity
of METH for dopamine targets and the ability of dopamine to self‐oxidize and produce free
radicals [49]. Indeed, the mechanisms of action of METH involve release of cytosolic dopamine
and are based on various molecular targets such as the dopamine transporter, the vesicular
monoamine transporter‐2, and monoamine oxidase, which are involved in the uptake, storage,
and release of dopamine [50]. By acting on the dopamine vesicular storage, METH interrupts
the physiological gradient, with the diffusion of large amount of dopamine into the cytosol,
where the blockage of monoamine oxidase type A abrogates its physiological metabolism,
leaving the cytosolic dopamine vulnerable to self‐oxidize to form dopamine‐quinones and
cysteinyl aggregates, thereby promoting neurotoxicity [49].

In addition to its direct neurotoxic effects, the dysfunction of blood‐brain barrier (BBB) is also
a feature of METH‐induced neurotoxicity [51]. METH has been shown to induce the impair‐
ment of GLUT1 at the brain endothelium thereby contributing the energy‐associated disrup‐
tion of tight junction assembly and loss of BBB integrity [52]. Moreover, METH acts directly
on cultured rat brain microvascular endothelial cells to compromise the BBB via the involve‐
ment of eNOS/NO‐mediated transcytosis [51]. Additionally, METH mediates a transient
increase in the permeability of the BBB in the hippocampus compared with the frontal cortex
and striatum, via alterations in the expression levels of tight junction proteins and matrix
metalloproteinase‐9 [53]. Low doses of METH (1 μM) have been shown to induce endothelial
cell barrier dysfunction, thereby underscoring the role of METH in BBB compromise [51].
Interestingly, exposure of low doses of METH also induces induction of autophagy in two
dopaminergic neuronal‐derived cell lines such as the rat pheochromocytoma PC12 and the
human neuroblastoma SH‐SY5Y through the phosphatidylinositide 3‐kinase III signaling. In
contrast, caspase‐dependent neuronal cell death involves inhibition of the autophagy matu‐
ration process despite the aggregation of α‐synuclein and damaged mitochondria in the
cytoplasm of METH‐exposed cells [44]. Similarly, METH exposure also leads to the induction
of the autophagic sequestering process (by inducing LC3‐II expression) in human dopami‐
nergic SK‐N‐SH cell line by ameliorating the mTOR activity on its downstream phosphoryla‐
tion of the target eukaryotic translation initiation factor 4E‐binding protein 1, eventually
resulting in decreased cell viability [54]. METH exposure of SK‐N‐SH cells also induces
autophagy by blocking both the dissociation of the Bcl‐2/Beclin‐1 complex and upstream
activation of c‐Jun N‐terminal kinase 1 signaling [55]. Acute METH exposure also has been
shown to induce autophagy as an early protective response. Chronic METH exposure on the
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other hand exacerbates the progression of autophagic flux leading, in turn, to apoptotic cell
death in primary human brain microvascular endothelial cells and human umbilical vein
endothelial cells, through the Kappa opioid receptor [56]. Recent investigations have also
identified the potentiation of METH‐mediated neurotoxicity by caffeine through inhibition of
autophagy via the protein kinase A activation pathway and via enhancement of LC3‐II
phosphorylation, thereby abrogating incorporation of LC3‐II into the autophagosomes [57]. In
cardiomyocytes and dopaminergic neurons, METH exposure also stimulates the damage‐
inducible transcript 4 expression leading to induction of autophagy and apoptosis [58, 59].

METH use has been associated with higher risk‐taking behaviors that set drug abusers at a
higher risk of exposure to infections such as HIV‐1 and hepatitis C, each, in turn, contributing
eventually to CNS dysfunction. METH abuse has also been shown to accelerate the onset and
severity of HAND. Neurotoxic consequences of METH abuse and HIV‐1 infection include brain
hyperthermia, release of inflammatory cytokines and reactive oxygen species, excitotoxicity,
and astrogliosis [60]. METH abuse in combination with HIV‐1 infection leads to notable
variations in the functioning of dopaminergic neurons. Role of HIV‐1 TAT protein that is
actively released by infected glial and lymphoid cells has been well documented in the
pathogenesis of HAND [61–63]. Intrastriatal administrations of HIV‐1 TAT combined with
gp120 protein have been shown to damage both efferent and afferent neurons in the striatum
[64], including the nigrostriatal DA neurons [65], likely underlie the motor abnormalities
observed in HIV‐1‐infected individuals. Co‐exposure of HIV‐1 TAT and METH cross‐amplifies
their deleterious cellular effects through oxidative stress‐mediated inflammatory mediators
such as TNF‐α, IL‐β, and ICAM‐1 in distinct regions of the mice brain, with implications for
CNS complications in HIV‐1‐infected individuals abusing drugs. Additionally, mice adminis‐
tered HIV‐1 TAT and METH were shown to exhibit enhanced DNA‐binding activities of
transcription factors such as NF‐kB, AP‐1, and CREB in the frontal cortex and hippocampal
regions compared with mice administered either HIV‐1 TAT or METH alone [60]. These
findings likely suggest that HIV‐1 TAT and METH synergistically decrease striatal dopamine
release and content, which likely leads to increased risk for basal ganglia dysfunction and
cognitive impairment in METH abusers that are infected with HIV‐1 [66].

Interestingly, METH abuse is closely associated with higher viral loads in ART‐receiving HIV‐
1‐positive individuals [67]. The combination of METH and HIV‐1 leads to increased neuro‐
cognitive deficits and neuropathology compared with the either agent alone [68]. The potential
mechanistic interactions of virus, antiviral treatment, and the psychostimulant drug, however,
remain largely unknown. Furthermore, METH‐mediated dopamine accumulation in the
synapse also increases the levels of free radicals in the neurons, thereby promoting protein
damage as well as protein dysfunction, leading to upregulation of autophagy [48]. It has also
been shown that exposure of neurons to varying combinations of cART and METH, along with
HIV‐1‐envelope gp120, compromised cellular ATP homeostasis in association with activation
of both AMP‐activated protein kinase (AMPK) and autophagy [68]. Overall, METH‐mediated
neurotoxicity is mediated by induction of a specific cellular pathway that is activated when
dopamine is not effectively sequestered in the synaptic vesicles, thereby producing oxidative
stress, autophagy, and eventually neurite degeneration.

Autophagy in Current Trends in Cellular Physiology and Pathology146



other hand exacerbates the progression of autophagic flux leading, in turn, to apoptotic cell
death in primary human brain microvascular endothelial cells and human umbilical vein
endothelial cells, through the Kappa opioid receptor [56]. Recent investigations have also
identified the potentiation of METH‐mediated neurotoxicity by caffeine through inhibition of
autophagy via the protein kinase A activation pathway and via enhancement of LC3‐II
phosphorylation, thereby abrogating incorporation of LC3‐II into the autophagosomes [57]. In
cardiomyocytes and dopaminergic neurons, METH exposure also stimulates the damage‐
inducible transcript 4 expression leading to induction of autophagy and apoptosis [58, 59].

METH use has been associated with higher risk‐taking behaviors that set drug abusers at a
higher risk of exposure to infections such as HIV‐1 and hepatitis C, each, in turn, contributing
eventually to CNS dysfunction. METH abuse has also been shown to accelerate the onset and
severity of HAND. Neurotoxic consequences of METH abuse and HIV‐1 infection include brain
hyperthermia, release of inflammatory cytokines and reactive oxygen species, excitotoxicity,
and astrogliosis [60]. METH abuse in combination with HIV‐1 infection leads to notable
variations in the functioning of dopaminergic neurons. Role of HIV‐1 TAT protein that is
actively released by infected glial and lymphoid cells has been well documented in the
pathogenesis of HAND [61–63]. Intrastriatal administrations of HIV‐1 TAT combined with
gp120 protein have been shown to damage both efferent and afferent neurons in the striatum
[64], including the nigrostriatal DA neurons [65], likely underlie the motor abnormalities
observed in HIV‐1‐infected individuals. Co‐exposure of HIV‐1 TAT and METH cross‐amplifies
their deleterious cellular effects through oxidative stress‐mediated inflammatory mediators
such as TNF‐α, IL‐β, and ICAM‐1 in distinct regions of the mice brain, with implications for
CNS complications in HIV‐1‐infected individuals abusing drugs. Additionally, mice adminis‐
tered HIV‐1 TAT and METH were shown to exhibit enhanced DNA‐binding activities of
transcription factors such as NF‐kB, AP‐1, and CREB in the frontal cortex and hippocampal
regions compared with mice administered either HIV‐1 TAT or METH alone [60]. These
findings likely suggest that HIV‐1 TAT and METH synergistically decrease striatal dopamine
release and content, which likely leads to increased risk for basal ganglia dysfunction and
cognitive impairment in METH abusers that are infected with HIV‐1 [66].

Interestingly, METH abuse is closely associated with higher viral loads in ART‐receiving HIV‐
1‐positive individuals [67]. The combination of METH and HIV‐1 leads to increased neuro‐
cognitive deficits and neuropathology compared with the either agent alone [68]. The potential
mechanistic interactions of virus, antiviral treatment, and the psychostimulant drug, however,
remain largely unknown. Furthermore, METH‐mediated dopamine accumulation in the
synapse also increases the levels of free radicals in the neurons, thereby promoting protein
damage as well as protein dysfunction, leading to upregulation of autophagy [48]. It has also
been shown that exposure of neurons to varying combinations of cART and METH, along with
HIV‐1‐envelope gp120, compromised cellular ATP homeostasis in association with activation
of both AMP‐activated protein kinase (AMPK) and autophagy [68]. Overall, METH‐mediated
neurotoxicity is mediated by induction of a specific cellular pathway that is activated when
dopamine is not effectively sequestered in the synaptic vesicles, thereby producing oxidative
stress, autophagy, and eventually neurite degeneration.
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6. Morphine, HIV‐1, and autophagy

Opiates are the most potent and popular compounds known to control pain and are also among
the most common drugs of abuse. Heroin is one such highly addictive, illegal opioid drug.
Since heroin is converted to morphine in the brain, morphine has been the preferred opiate of
choice in most studies. Morphine is a natural opiate that has a clinically widespread use for
pain management in cancer patients. Despite its beneficial effects, chronic use of opiates elicits
adverse side effects, such as memory impairment, tolerance, dependence, drug addiction, and
neural injury [69]. Morphine exposure also significantly alters the immune system by modi‐
fying the functions of a range of immune cells such as phagocytes, T cells, and dendritic cells
[70, 71]. Morphine induces cellular impairment via inhibition of the central cholinergic system,
altered expression of μ‐opioid receptor, attenuation of long‐term potentiation in the hippo‐
campus caused by accumulation of extracellular adenosine [72], increased glucocorticoid
concentration in plasma [73], and inhibition of nitric oxide synthesis in the brain [74].

Morphine induces autophagy through sustained activation of μ‐opioid receptor in rat
hippocampal neurons and in neuroblastoma SH‐SY5Y cells resulting in neuronal injury [75].
Morphine‐mediated induction of autophagy in these cells is operated primarily by PTX‐
sensitive G protein‐coupled receptor signaling. Following its binding to μ‐opioid receptor,
there is an increase in Beclin‐1 protein levels and a significant decrease in the association of
Beclin‐1 with Bcl‐2 leading, in turn, to dissociation of Beclin‐1 from its pro‐autophagic events.
It has been reported that Bcl‐2 overexpression remarkably impedes morphine‐mediated
autophagy induction and that genetic silencing of Beclin‐1 or another autophagy marker ATG5
inhibits morphine‐mediated autophagy. Long‐term exposure of morphine has been shown to
stimulate neuronal cell death, an effect that is exacerbated by genetic silencing of Beclin‐1.
Taken together, this study for the first time identified key roles of Beclin‐1 and ATG5 in
morphine‐mediated induction of neuronal injury [75].

In another study, long‐term morphine exposure was shown to induce autophagy in the
superficial layer of the spinal cord through upregulation of Beclin‐1, LC3‐II, and cathepsin B
in the GABAergic interneurons, resulting in the development of antinociceptive tolerance.
Blockade of either cathepsin B or autophagy notably suppressed morphine‐mediated antino‐
ciceptive tolerance [76]. Morphine abuse was also closely associated with decreased mito‐
chondrial DNA copy number both in the hippocampus and in peripheral blood and was linked
to drug addiction. These findings were also corroborated in heroin addicts [77]. Morphine
exposure also has been shown to potentiate LPS‐induced autophagy initiation and block the
fusion of autophagosomes in macrophages, leading to defective bacterial clearance and
increased bacterial load via TLR4‐dependent and TLR4‐independent pathways. Morphine
exposure thus increases the susceptibility to infection as well as prevalence of persistent
infection in drug addicts [78]. Morphine also increases autophagic flux both in the hippocam‐
pal CA1 neurons and in microglia, leading to increased neuronal cell death in the CA1 and
CA3 regions and escalated inflammation in the hippocampal microglia, ultimately resulting
in morphine‐mediated spatial memory impairment [79].
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Opiates abuse and HIV‐1 are interlinked epidemics, and opiates such as heroin exacerbate the
neuropathogenesis of HIV‐1 with rapid disease progression [80]. Long‐term opiate abuse in
the pre‐cART era was demonstrated to be directly associated with increased progression to
HIVE and exacerbated neuropathology in patients on cART [81]. Morphine exacerbates HIV‐
1 toxicity through distinct pathways in neurons and in glia, primarily through the μ‐opioid
receptors. Acute exposure of morphine leads to increased HIV‐1 replication in the infected
microglia [82]. Morphine potentiates the deleterious effects of HIV‐1 TAT via dysregulation of
intracellular calcium homeostasis, leading to decreased buffering of extracellular glutamate in
the astrocytes. This dysfunction in turn leads to decreased excitotoxicity threshold of neurons,
resulting in increased production of reactive species and proinflammatory mediators, which
ultimately damage the neurons [83]. Morphine exposure has also been shown to enhance both
HIV‐1 replication and inflammatory response through the Beclin‐1‐independent mechanism
in microglial cells, implicating the connections between autophagy and HIV‐1 pathogenesis
[23]. In another study, chronic morphine exposure of HIV‐1‐infected human monocyte‐derived
macrophages led to significant alterations in the secretion of IL‐6 and monocyte chemoattrac‐
tant protein 2, thereby suggesting enhanced CNS inflammation in HIV‐1‐infected opiate
abusers [84].

7. Conclusion

Overall, this chapter sheds light on HIV‐1, drugs of abuse such as cocaine, methamphetamine,
and morphine‐mediated autophagy primarily in the CNS and periphery. Such effects could
underlie the synergistic effects of HIV‐1 and abused drugs in exacerbating symptoms of
HAND. Further studies, however, are warranted to unravel the mechanistic roles of autophagy
in CNS cells and periphery in HIV‐1‐infected individuals with a history of drug addiction.
Primarily, how autophagy might be involved in these cells and its relative contribution to
immunopathogenesis, particularly HAND, has yet to be determined. Investigating autophagy
in various cell types involved in the pathogenesis of HIV‐1 infection in the context of drug
abuse could provide a basis for future development of novel therapeutic strategies aimed at
treating HIV‐1‐infected individuals that abuse drugs.
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Abstract

Protein degradation through autophagy is  one of  the key pathways that  maintain
proteostasis and neuronal viability. Dysregulation in autophagy has been associated
with a number of major protein aggregation storage disorders that are characterized by
increased cellular vulnerability and susceptibility to undergo cell death. Although the
molecular machinery, the proteome, and the regulation of the autophagy system are
becoming increasingly clear, the specific nature of its dysfunction in the context of
neuronal disease pathogenesis remains largely unclear. Moreover, although the intricate
network of autophagy regulatory proteins with key metabolic checkpoints is increas‐
ingly being revealed, the relationship between autophagy dysfunction, the changing
rate of protein degradation in the specific pathology, and the aggregate prone behavior
of specific candidate proteins remains less understood. Many questions remain and
deserve urgent attention. When does a neuron respond with heightened autophagic
activity and When does the system fail to degrade autophagy cargo? This book chapter
will focus on some of the main challenges in the field of autophagy research, the identity,
and nature of autophagic flux failure in neurodegeneration, current means to discern
and measure autophagic flux dysfunction in neuronal tissue, and recent advances in
compensating  the  flux  offset.  Specifically,  the  role  of  both  macroautophagy  and
chaperone‐mediated  autophagy  in  neuronal  function  and  dysfunction  and  the
spatiotemporal changes in their rates of protein degradation will be discussed and their
molecular interplay highlighted. Finally,  current advances in the use of autophagy
modulators to better control autophagy activity will be stressed and contextualized
within the framework of  re‐establishing neuronal  proteostasis  to favorably control
cellular fate.

Keywords: autophagic flux, proteotoxicity, Alzheimer’s disease, cell death onset, neu‐
rodegeneration, autophagosome, lysosome
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1. Introduction

Maintaining the delicate balance between protein synthesis and the degradation of cytotoxic
aggregate‐prone proteins is crucial for sustained cell growth and development [1]. In neurons,
the continuous removal of deleterious intracellular components, including aberrant protei‐
naceous species and irreversibly damaged organelles, is governed by the machinery of two
proteolytic systems: the ubiquitin proteasome system (UPS) and the autophagy‐lysosome
pathways [2].  While  the activity  of  the UPS is  limited to  the degradation of  short‐lived
cytosolic  and  nuclear  proteins,  the  autophagy  pathways  are  responsible  for  the  bulk
sequestration, degradation, and recycling of long‐lived or misfolded cytosolic proteins and
damaged organelles [3]. Defects in the autophagic pathways are particularly detrimental to
neuronal  cells,  with  heightened  vulnerability  to  the  accumulation  of  toxic  cytoplasmic
components [4, 5]. Autophagy is a highly conserved and tightly regulated pathway that is
constitutively active in all cell types and is markedly induced under stress conditions [6].
Depending on the cargo targeted, and the mode of cargo delivery to the lysosome, autophagy
is  generally  classified into macroautophagy,  chaperone‐mediated autophagy (CMA),  and
microautophagy [7]. All three autophagic pathways usually coexist in the same cell, but only
macroautophagy (henceforth referred to as autophagy) and CMA have been implicated in
the central nervous system and associated with specific neurodegenerative diseases [8]. In
contrast to the distinctive vesicular formation, and the indiscriminate bulk degradation of
cytoplasmic  materials  by  autophagy,  CMA’s  characteristic  feature  is  selectivity,  whereby
cytosolic proteins containing a pentapeptide motif (KFERQ) are targeted and bound by the
cytosolic chaperone heat‐shock cognate protein of 70 kDa (hsc70) and its cochaperones [9].
An estimated 30% of all cytosolic proteins are thought to contain the KFERQ‐like targeting
motif, but this number is likely underrated given that post‐translational modifications can
also render proteins amiable to CMA‐mediated degradation [9]. Similar to autophagy, CMA
is constitutively active in all cell types studied thus far and upregulated in response to various
stressors [10]. Importantly, the inability to upregulate CMA has been shown to render cells
more vulnerable to cell death onset [11]. Neurons are highly efficient in autophagic cargo
degradation [12], which contributes to their heightened vulnerability when autophagic flux,
that is the rate of protein degradation though autophagy, is impaired. Changes in autophagic
flux alter the cell’s susceptibility to undergo cell death and it is becoming increasingly clear
that the autophagic machinery is anchored within an energetic feedback loop that includes
metabolic checkpoints that govern cell survival [13] (Figure 1). It is therefore critical in our
understanding of autophagic flux deviation or dysfunction to reliably and robustly quantify
this process,  in vitro as well  as in vivo.  Autophagic flux is  defined as the rate of  cargo
degradation within autophagosomes through autophagy [4]. Transmission electron micro‐
scopy  (TEM),  Western  blotting,  and  fluorescence  microscopy,  all  of  which  have  been
extensively described elsewhere [14], are widely used in this context. In brief, TEM remains
a most powerful technique for assessing autophagy, as it  allows the identification of the
autophagic machinery structures at nm range [15]. Western blotting monitors endogenous
microtubule‐associated protein 1 light chain 3 (MAP1‐LC3/Atg8/LC3) [16] as well as p62
(sequestosome/SQSTM1) degradation [17] as an indicator of autophagic flux. Importantly, the
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amount of LC3 II correlates with the number of autophagosomes. p62/SQSTM1 is responsible
for selecting cargo and to deliver proteins for degradation. It binds directly to LC3 and is
codegraded by autophagy [18]. Therefore, the total amount of p62 expressed in a given cell
inversely correlates with autophagic flux and provides an indication for the autophagic flux
status. Fluorescence microscopy‐based analysis techniques enable the counting of LC3 and
p62 punctate as well as the quantification of the fluorescence signal at a single‐cell level [19].
However, although above techniques are valuable in assessing whether autophagic flux has
changed, they are most powerful when complemented with single‐cell measurements that
allow the assessment of the organelle pool size of autophagosomes (nA), autophagolysosomes
(nAL), and lysosomes (nL), thus enabling to report on autophagic flux (J) and transition time
(τ).  Currently,  there has been a major progression using such single cell‐based assays to
quantify flux using combinations of live cell imaging and photoswitchable fluorochromes
[19–21]. These techniques are highly aligned with measuring the rate of cargo degradation,
that is degradation per hour, and hence autophagic flux.

Figure 1. Changes in macroautophagy (MA) and chaperone‐mediated autophagy (CMA) impact on cell vulnerability.
The autophagic machinery is anchored within an energetic feedback loop that includes key metabolic checkpoints gov‐
erning proteostasis and cell survival.
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2. Macroautophagy and chaperone‐mediated autophagy in
neurodegeneration: from spatiotemporal changes to complete pathway
failure

A unifying theme in neurodegenerative diseases is the failure of the proteolytic systems to
adequately dispose unwanted, deleterious proteins [22]. The first pathological evidence of
dysfunctional autophagy related to neurodegeneration came from electron microscopy studies
of the Alzheimer’s disease (AD) brain showing amyloid plaque‐associated dystrophic neurites
displaying massive autophagic vacuole (AV) accumulation [23]. Similar observations have
been made in multiple animal models of AD [24] as well as in brains of patients with Parkin‐
son’s disease (PD) [25] and Huntington’s disease (HD) [26]. Although the exact mechanism
underlying autophagic dysfunction in neurodegeneration remains unclear, AV buildup may
result from increased autophagic induction, impairment of downstream degradative processes
in the autophagic pathway, or a decreased rate of autophagosome formation combined with
insufficient lysosomal fusion [27]. The role of chaperone‐mediated autophagy (CMA) in
neurodegeneration is twofold: On the one hand, CMA contributes to the removal of pathogenic
proteins, but, on the other hand, CMA itself becomes functionally affected by the toxicity of
abnormal proteins [28] (Figure 1). In the following section, we will focus specifically on the
three candidate pathologies with emphasis on the variability of autophagy and CMA dys‐
function.

2.1. Alzheimer’s disease

Evidence indicates that abnormal autophagy at the level of induction or autophagosome
formation may contribute to AD pathogenesis as the expression of Beclin 1, an essential
initiator of autophagy, was found to be decreased in AD patients [29, 30], possibly due to an
increase in caspase 3‐mediated cleavage of Beclin 1 [31]. However, a genome‐wide study
reported an upregulation of autophagy in AD due to transcriptional upregulation of positive
regulators of autophagy as well as reactive oxygen species (ROS)‐dependent activation of type
III PI3 kinase, a critical kinase for the initiation of autophagy [32]. Furthermore, accumulation
of electron‐dense autolysosomes in the AD brain indicates lysosomal proteolytic failure [23,
33]. The morphology of such accumulated AVs resembles those resulting from selectively
blocking lysosomal proteolysis through deletion of specific cathepsins or addition of lysosomal
inhibitors [34, 35]. The most common cause of early‐onset, familial AD is autosomal‐dominant
mutation in presenilin 1 (PS1) and PS2 [36], which enhance the disproportionate release of
aggregation prone Aβ. However, not all AD‐linked PS mutations manifest with this effect.
Apart from its role in the cleavage of γ‐secretase, PS1 was suggested to function in calcium
homeostasis [37]. Calcium flux regulates both autophagic induction and lysosomal fusion, and
PS mutations appear to aggravate this dysfunction [24] and may represent a mechanistic link
unifying these pathologies [38]. Therefore, presenilins may affect autophagic flux by facilitat‐
ing two crucial aspects, firstly, vesicle fusion and secondly, lysosomal function [39]. In fact, PS1
is involved in lysosomal acidification and autophagosome‐lysosome fusion, and recent
findings demonstrated its association with defective proteolysis of autophagic substrates in
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reported an upregulation of autophagy in AD due to transcriptional upregulation of positive
regulators of autophagy as well as reactive oxygen species (ROS)‐dependent activation of type
III PI3 kinase, a critical kinase for the initiation of autophagy [32]. Furthermore, accumulation
of electron‐dense autolysosomes in the AD brain indicates lysosomal proteolytic failure [23,
33]. The morphology of such accumulated AVs resembles those resulting from selectively
blocking lysosomal proteolysis through deletion of specific cathepsins or addition of lysosomal
inhibitors [34, 35]. The most common cause of early‐onset, familial AD is autosomal‐dominant
mutation in presenilin 1 (PS1) and PS2 [36], which enhance the disproportionate release of
aggregation prone Aβ. However, not all AD‐linked PS mutations manifest with this effect.
Apart from its role in the cleavage of γ‐secretase, PS1 was suggested to function in calcium
homeostasis [37]. Calcium flux regulates both autophagic induction and lysosomal fusion, and
PS mutations appear to aggravate this dysfunction [24] and may represent a mechanistic link
unifying these pathologies [38]. Therefore, presenilins may affect autophagic flux by facilitat‐
ing two crucial aspects, firstly, vesicle fusion and secondly, lysosomal function [39]. In fact, PS1
is involved in lysosomal acidification and autophagosome‐lysosome fusion, and recent
findings demonstrated its association with defective proteolysis of autophagic substrates in
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AD patients [39, 40]. It was suggested that familial AD‐linked PS1 mutations may have a loss‐
of‐function effect on lysosomal proteolysis that leads to AV accumulation and impaired
autophagic substrate turnover in AD [41]. Moreover, defective axonal transport of AVs is being
implicated in AD pathogenesis. Under normal conditions, immature AVs are transported
retrogradely toward the soma for degradation, but in the AD brain, a significant buildup of
AVs is found within dystrophic neurites, an event that could be mimicked by inhibiting
autophagosome delivery to lysosomes in healthy cells [34]. The exact molecular defects
underlying axonal transport failure remain, however, largely unclear. Neuronal damage may
be further inferred via inflammatory reactions generated by brain amyloid deposits. Such
reactions may affect both neuronal and glial functions [42], with glial autophagy specifically
affecting amyloid processing during the advanced stages of the disease [43].

Moreover, pathogenic variants of proteins, such as mutant tau associated with AD and other
proteinopathies, block CMA leading to increased levels of neurofibrillary tangles [44]. When
mutant tau binds to the lysosomal surface protein LAMP‐2A, it is only partially internalized
and the portion that gains entry is trimmed resulting in smaller amyloidogenic tau fragments
at the lysosomal membrane [44]. Tau fragment oligomerization disrupts lysosomal membrane
integrity and blocks CMA function. In addition, tau oligomers released from the lysosomes
upon membrane rupture may act as a nucleating agent to further seed tau aggregation. It was
suggested that alterations in mTOR signaling and autophagy occur at early stages of the
disease [45]. A significant increase in Aβ (1–42) levels associated with a reduction in autophagy
(Beclin 1 and LC3) was observed in postmortem tissue from the inferior parietal lobule of AD,
amnestic mild cognitive impairment (MCI), and preclinical AD (PCAD) subjects. Hyperacti‐
vation of the PI3K/Akt/mTOR was evident in MCI and AD subjects, but not in PCAD subjects,
indicating that autophagy is dynamically altered early on in the disease pathogenesis of AD.

2.2. Parkinson’s disease

Faulty CMA has been widely reported in both familial [28] and sporadic PD [46]. An important
role for CMA in familial PD was indicated by sequence analysis showing the presence of CMA‐
targeting motifs in the majority of PD‐related proteins. The two most predominantly mutated
proteins affected in PD, α‐synuclein, and leucine‐rich repeat kinase 2 (LRRK2) have been
shown to undergo lysosomal degradation through CMA [28]. Mutant variants of these proteins
fail to reach the lysosomal lumen despite recognition by cytosolic hsc70 and successful delivery
to the lysosomal membrane [28, 47]. Aberrant interactions of these toxic proteins with
lysosomal surface protein LAMP‐2A obstruct internalization [28]. Importantly, such toxic
interactions not only impede the degradation of these proteins but also obstruct the degrada‐
tion of other CMA substrates [28, 47]. In sporadic PD, post‐translational modifications caused
by environmental or cellular stressors may reduce dopamine‐modified α‐synuclein suscepti‐
bility to CMA degradation in a manner similar to mutant α‐synuclein [46]. Moreover, the
persistent binding of modified forms of α‐synuclein to the lysosomal membrane promotes the
formation of highly toxic α‐synuclein oligomers or protofibrils. Studies show that an increase
in the cellular levels of either α‐synuclein [28] or LRRK2 [47] beyond a tolerable threshold has
similar inhibitory effects on CMA activity even in the absence of modifications. Aberrant α‐
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synuclein not only inhibits CMA but also inhibits autophagy [48], while the overexpression of
α‐synuclein blocks autophagosome formation [49]. The block in autophagy through α‐
synuclein overexpression presents early, prior to autophagosome formation, suggesting an
effect on Atg9, the only transmembrane autophagic protein.

Several genes related to PD participate in the removal of damaged mitochondria via the
specialized form of autophagy, termed mitophagy [49]. In nearly 50% of autosomal recessive
PD, and about 15% of sporadic early‐onset PD cases, the PARK2 gene is mutated. The gene
product of PARK2, PARKIN, is a ubiquitin E3 ligase containing a ubiquitin‐like domain, two
RING finger domains, and a conserved region between the RING domains [50]. PARKIN, a
cytosolic protein, plays an important role in eliminating dysfunctional mitochondria [51]. It is
recruited to the membrane of damaged mitochondria and promotes their autophagic degra‐
dation [52]. Degradation of mitochondria is both dependent on the expression of PARKIN and
the presence of Atgs. Another PD‐related protein, PTEN‐induced kinase 1 (PINK1), interacts
with PARKIN. p62 connects ubiquitinated proteins to LC3 for degradation via the autophagic
pathway [18] and the loss of mitochondrial membrane potential promotes p62 accumulation
on clustered mitochondria in a PARKIN‐dependent fashion. It remains, however, less clear
whether p62 is required for mitophagy [53, 54].

2.3. Huntington’s disease

Wild‐type Huntingtin protein (Htt) is a short‐lived, regulatory protein usually degraded
through the ubiquitin proteasome system (UPS) [55]. In HD, the long polyQ may affect the
UPS by obstructing the system with mutant Htt (mHtt) [55, 56]; however, the exact afflic‐
tion remains less clear. In HD, a unique situation arises compared to other neurodegenera‐
tive proteinopathies: Apart from autophagy being dysfunctional, wild‐type Huntingtin
protein (Htt) plays multiple roles in regulating the dynamics of the autophagic process
[57]. mHtt contributes toward the induction of autophagy through mTOR sequestering and
inactivation [58]. Importantly, the autophagosomes detected, while increased in abundance,
appear devoid of contents indicating cargo recognition failure [59]. Hence, a situation aris‐
es where aggregated proteins and damaged organelles are not readily degraded despite the
increase in autophagic induction. The presence of mHtt results in defective autophagy,
leading to increased accumulation of protein aggregates, which in turn leads to compensa‐
tory upregulation of autophagy, resulting in accumulation of mHtt and subsequent toxicity
[57]. mHtt affects autophagosome motility and prevents their fusion with lysosomes, fur‐
ther contributing to the heightened autophagosome pool size [60]. However, the exact
point in disease pathogenesis during which the specific molecular defects manifests re‐
mains elusive. Fusion dynamics may be affected early on in the disease leading to compen‐
sation through alternative pathways followed by autophagic failure to recognize mHtt and
subsequent toxicity, or vice versa [57]. In order to implement a successful autophagic thera‐
peutic strategy in neurodegeneration, such defects need to be precisely mapped and quan‐
tified, in order to correct and offset a specific flux deviation.
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3. Spatiotemporal changes of MA and CMA flux in the pathogenesis of
neurodegeneration

Functional autophagic flux involves both the execution of autophagosome formation and
lysosomal clearance, and dual evaluation is required when studying disease pathology [38].
The presence of autophagosomes alone is not a measure of functional autophagy and auto‐
phagic flux; the net rate of autophagosome content degradation [19, 61] reflects the efficiency
of the process. Many neurodegenerative diseases have been characterized by a low autophagic
flux leading to accumulation of diseased proteins and neurotoxicity [62]. Reports on autopha‐
gic flux are often contradictory as dysfunction in multiple steps of the pathway may be
implicated. In the case of HD, for example, human and rodent samples have been reported to
display increased numbers of autophagosomes while, at the same time, maintaining basal, or
even increased, levels of autophagic flux compared to wild‐type controls [59, 63]. In AD,
decreased expression of autophagic induction proteins and increased activity of autophagy‐
suppressing molecules indicate impaired autophagic induction [30, 64]. However, accumu‐
lating intermediate AVs containing partially digested cargo indicates intact autophagic
induction and failure instead of substrate clearance [23, 30]. Given the number of pathological
events occurring in the lysosomal network of AD neurons, such changes in autophagic status
are likely to reflect different stages of AD progression. During normal ageing, autophagy is
downregulated; however, transcriptional regulation thereof seems to be upregulated in AD
brains [32, 65]. This upregulation may represent a compensatory attempt to increase flux
affected by the defective autophagosome maturation that occurs in AD neurons [38]. Impaired
autophagy was suggested to occur early in the onset of AD and the dysregulated overcom‐
pensation in the advanced stages instead. It becomes clear that a fine dissection and quantifi‐
cation of autophagic flux [19] are required to better elucidate the extent of pathway failure and
to better align autophagy modulating drugs to compensate for the existing offset.

4. Autophagy biomarkers?

There is currently an urgent need for validated biomarkers to guide clinical diagnosis in the
early stages of neurodegenerative disease progression, to estimate disease risk, to evaluate
disease stages, and to monitor progression and/or response to therapy before the brain is
irreversibly damaged [66]. Some of the earliest pathogenic events in AD have also been linked
to the Aβ clearance systems, which consists of an interconnected vesicular network of endo‐
somes, lysosomes, and autophagosomes [67]. These alterations are followed by an increase in
lysosomal biogenesis, autophagy impairment, and loss of function in genes and proteins
related to the lysosomal system in AD [23]. A recent study investigated whether alterations in
the lysosomal system are mirrored in the CSF of AD patients and found that the lysosomal
proteins LAMP‐1 and LAMP‐2 were significantly upregulated in the CSF of AD patients [68].
Moreover, strongly reduced BECN1 levels have been observed in the affected brain regions of
presymptomatic AD patients compared with controls [69]. APP‐transgenic mice with a
homozygous BECN1 deletion (BECN1‐/‐) died during embryogenesis [70], whereas mice
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containing a heterozygous deletion, that is BECN1+/‐, revealed increased Aβ plaque deposition,
neuronal loss, and prominent accumulation of dysfunctional lysosomes containing electron‐
dense material [30].

These data indicate that the autophagy profile changes substantially in the disease pathogen‐
esis, increasing the complexity of treating neuronal autophagy dysfunction. Brain imaging
studies of AD disease progression have previously been monitored by the presence of tangle‐
bearing neurons in selective brain areas classified into Braak stages 0–VI [71, 72]. In Braak
stages V and VI, the clinical diagnosis of dementia is made as NFC‐associated neuropathology
is spread throughout most parts of the neocortex [71, 72]. However, few studies have investi‐
gated the alterations in gene expression patterns throughout the entire course of AD progres‐
sion. These and above data strongly highlight that an assessment of the autophagy proteome,
autophagic as well as CMA flux parameters, and a correlation with clinical data or Braak stages
would be highly beneficial in advancing successful implementation of autophagy modulation
in the clinical scenario.

5. MA and CMA in disease‐specific target protein clearance

Although knowledge of how autophagy and CMA are linked is limited, these two pathways
have been shown to provide an integrated cytoprotective response against various proteotoxic
challenges [11]. Indeed, experimental inhibition of either pathway has been shown to result in
compensatory upregulation of the other, revealing a close “cross talk” between these systems
[11, 73] (Figure 2). For example, blockage of CMA through Lamp‐2A silencing in cultured cells
not only leads to the constitutive upregulation of autophagy [11, 73] but also sensitizes cells
to various stressors, such as oxidative stress [11, 74]. The autophagy–CMA compensatory
response appears to be sequential rather than simultaneous, further stressing the need for a
time‐dependent flux profile assessment in the disease pathogenesis. For example, autophagy
is rapidly upregulated as a transitory response to starvation [75], while CMA is sequentially
upregulated in response to long‐term starvation following the downregulation of autophagy
[76]. In some instances, autophagy and CMA have been shown to degrade the same substrate
proteins, but to varying degree. For example, wild‐type α‐synuclein [28], mutant HTT [77],
and mutant tau protein [44] are all degraded by autophagy and CMA (Figure 2). Therefore, it
is possible that the compensatory upregulation of these pathways may attenuate a specific
disease pathogenesis by preferentially targeting and eliminating a specific candidate mutant
protein aggregate. Indeed, autophagy has been shown to serve as the primary route for mutant
HTT degradation [58, 78] and to eliminate both soluble and mutant tau protein aggregates in
vitro and in vivo models [79, 80]. It would therefore be expected that, in the presence of CMA
dysfunction, autophagy would be upregulated, thereby enabling CMA‐defective cells to
maintain their normal protein degradative capacity to sustain cell viability. However, in
cortical neurons and differentiated SHSY5Y cells, CMA blockage due to the overexpression of
mutant α‐synuclein was not found to result in the compensatory upregulation of autophagic
activity [81]. Instead, it led to the accumulation of autophagosomes, cytoplasmic release of
vacuolar hydrolases, and eventually induced autophagic cell death of primary cortical
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neurons [82, 83]. In this regard, the interaction between autophagy and CMA may be a
detrimental, calling for the need to accurately determine how these pathways are sequentially
activated and why the molecular interplay does not always operate functionally.

6. Flux modulation and future outlook

Autophagy can be modulated through mammalian target of rapamycin (mTOR)‐dependent
and mammalian target of rapamycin (mTOR)‐independent pathways using either pharmaco‐
logical agents or lifestyle interventions. Autophagy upregulation has been shown to clear
various types of aggregate prone proteins in vitro [84–86] as well as in vivo [58, 87, 88].Agents
such as rapamycin, rilmenidine, lithium, and trehalose have been used in various disease
models of AD, PD, and HD and have been shown to reduce the disease pathology (Table 1).
However, the application of these drugs in different cell types, at different concentrations, or

Figure 2. Substantial cross talk exists between macroautophagy (MA) and chaperone mediated autophagy (CMA),
with precision defect localization. This calls for the need to precisely map and quantify both MA and CMA fluxes, in
order to correct and offset the pathological flux deviation, re‐establishing proteostasis.

Autophagic Flux Failure in Neurodegeneration: Identifying the Defect and Compensating Flux Offset
http://dx.doi.org/10.5772/64197

165



varying time durations makes conclusive flux modulation challenging. In addition, autophagic
flux was not always assessed, as the techniques and the approach to accurately measure
autophagy activity have often evolved in parallel. For example, rapamycin has been used to
induce autophagy and has been shown to protect against AD and HD when administered in
COS‐7 cells for 15 and 48 h [84, 86] and in PD models when given at 2 µg/ml in PC12 cells for
48 h [85] (Table 1). The same can be reported in in vivo studies where rapamycin has been used
at different concentration and durations, for example 2.24or 14 mg/kg for 13 weeks or 16 
months, respectively [89, 90]. Rilmenidine has been shown to reduce aggregate prone proteins
associated with HD when administered at 1 µM incortical neurons and PC12 for 8 and 24 h,
respectively [87]. Lithium has been shown to increase the clearance of mutant Huntingtin and
α‐synuclein when given at 10 nM [91] and 15 mM [92] in Hela cells (Table 1).

Intervention Pathology Pathology

specificity 

Model

system 

Concentration

applied 

Duration

applied 

Mode of flux

assessment 

References 

Rapamycin AD Autophagy

induction and

autophagosome

clearance 

COS7 0.2 µg/ml 48 h — Berger et al.

[86]

HD Cargo

recognition 

CO7 0.2 µg/ml 15 h — Ravikumar

et al. [84]

PD Cargo recognition

and autophagy

induction   

PC12 0.2 µg/ml 48 h — Webb et al.

[85]

AD Autophagy

induction and

autophagosome

clearance

Mouse 2.24 mg/kg 1X per

day

WB (LC3II,

p62), FM (LC3

II)

Spilman et al.

[89]

Rilmenidine HD 1 µM 8 and 24 h FM & WB (LC3

II)

Rose et al. [87]

Lithium HD Hela 15 mM 48 h/5

days

FM (LC3) WB

(p62)0

Wu et al. [92]

The application of these drugs in different cell types, at different concentrations or varying durations applied, makes
conclusive flux modulation challenging and calls for enhanced method standardization.

EM, electron microscopy; FM, fluorescence microscopy; and WB, Western blotting.

Table 1. Autophagic flux modulators in key model systems of neurodegenerative disease.

Although it becomes clear that major promise exists to achieve favorable therapeutic effects
through autophagy upregulation, it remains largely unclear what the concentration or dose
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and the duration of exposure should be. In addition, AD, PD, and HD affect the autophagic
pathway in different compartments and subtypes of autophagy, changing autophagic flux
distinctively. Increased autophagic induction prior to developing AD‐like pathology in 3xTg‐
AD mice reduces levels of soluble Aβ and tau, but induction after formation of mature plaques
and tangles has no effect on either pathology or cognition [90]. In a scenario where the
lysosomal clearance of autophagosomes is halted, activation of autophagy will result in an
increase in the harmful accumulation of intermediate AVs [93]. In the case of Aβ, it was found
that autophagosomes in AD brains may be a major reservoir of Aβ [94]; therefore, enhancement
of new autophagosome formation without the parallel increase in their degradation may lead
to an increase in Aβ production and subsequent toxicity [95]. Ideally, modification of auto‐
phagic failure should improve autophagosome clearance via the lysosome. Thus, restoring
normal lysosomal proteolysis may hold a key to optimal therapeutic interventions against AD
[33]. Currently, such therapeutic compounds are not yet available. With regard to the role of
Htt in regulating autophagy, it is necessary to identify therapeutic targets that are able to both
restore Htt function and normalize defects associated with key autophagic processes [57]. CMA
regulation also represents a potential therapeutic target given the cross talk that exists between
autophagic pathways [96]. Currently, it is, however, unclear to what extent autophagic flux is
being affected. This demands a better quantitative assessment of autophagic flux as well as
subsequent improved alignment of autophagy modulators, to allow for precision in compen‐
sating flux offset. Taken together, upregulation of autophagy may be beneficial, especially in
the early stages of disease pathogenesis; however, the precise molecular target within the
autophagy machinery as well as the approach and timing of the intervention has to be strongly
aligned with the particular disease specific autophagic flux deviation. Future studies will
undoubtedly better address these challenges, thereby impacting on the therapeutic success
brought about by autophagic flux control.
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Abstract

Background: Burn wound progression refers to the phenomenon of continued tissue
loss following abatement of an initial thermal insult, which makes the treatment more
difficult, prolongs hospital stay, increases medical costs, and raises the likelihood of scar
formation.  Autophagy  is  a  highly  conserved  pathway  that  delivers  intracellular
macromolecule waste to lysosomes, where they are degraded into biologically active
monomers,  such as amino acids,  that are subsequently reused to maintain cellular
metabolic turnover and homeostasis. We aimed to observe the expression of autophagy
in burn wounds in a deep second‐degree rodent burn model and further investigate the
role of autophagy on burn wound progression and wound healing.

Methods: A rat deep second‐degree burn model was established by placing a 100°C brass
rod to the shaved skin of rats for 6 s. Rats were randomly divided into sham burn, burn,
burn treated with rapamycin, and burn treated with vehicle. Immediately after creating
the thermal  injury,  rats  in  the treatment  group were given rapamycin 1 mg/kg by
intraperitoneal injection, and the rats in the vehicle group were injected with equivalent
carrier solution. Skin tissue specimens from burn wounds were taken for assessment of
autophagy, apoptosis, myeloperoxidase activity, methane dicarboxylic aldehyde contents,
laser Doppler flow values, H&E, and Masson staining.

Results: Reduced levels of autophagy, impaired blood flow, together with increased
levels of apoptosis, inflammation, and myeloperoxidase activity during the early course
of burn wound progression were observed. However, enhanced autophagy in the deep
dermal layers was observed, which may function as a prosurvival mechanism against
inflammation and ischemia.

Rapamycin enhanced the level of autophagy in burn wounds, ameliorated the early
progression of burn depth, and promoted burn wound healing, possibly by protecting
the zone of stasis from further necrosis and by reducing the extent or level of apoptosis
commonly seen in burn wounds.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Conclusion: Autophagy protects from burn wound progression and promotes burn
wound healing through protecting the zone of stasis from further necrosis, which is
probably mediated by phagocytizing damaged organelles to sustain homeostatic
response and remodeling in the injured tissue.

Keywords: Autophagy, Burn, injury progression, wound healing, rapamycin

1. Introduction

After the initial thermal insult, tissue necrosis is continued in burn wound, which is referred
to as the phenomenon of “burn wound progression” [1]. The progression of burn wound is an
important problem in clinic, largely determining the morbidity and mortality of burn patients.
Generally, the burn wound can be divided into three concentric zones [2]: the zone of coagu‐
lation, the zone of stasis, and the zone of hyperemia. While the central zone of coagulation is
distinguished by irreversible tissue necrosis and the outer zone of hyperemia can always
naturally recover, the intermediate zone of stasis may either progress into necrosis or can be
salvaged if optimal treatments be available [3].

It has been demonstrated that burn wound progression is attributed to many mechanisms,
including tissue hypoperfusion, prolonged inflammation, edema, hypercoagulability, and free
radical damage [4]. Many studies have aimed to ameliorate burn wound progression by
intervening these above mechanisms, and certain advance has already been achieved. How‐
ever, further studies are still needed to help us better understand this complicated process.

Autophagy is a lysosomal‐dependent degradation pathway, which is indispensable for
survival, development, differentiation, and cellular homeostasis [5]. Autophagy has been
reported to protect against ischemic injuries, inflammatory diseases, and other disease models
[6]. To understand the role of autophagy in burn wound progression, firstly, we designed an
animal study to examine the expressing pattern of autophagy in burn wounds. We found that
autophagy level in the zone of stasis was increased when comparing to the normal unburned
tissue. We speculated that the increase of autophagy level in the zone of stasis was a survival
mechanism against tissue ischemia, excessive inflammatory response, and oxidative stress in
burn wounds [7].

Rapamycin is a macrolide antibiotic agent, which was initially used as an antifungal drug, and
has potent anti‐proliferative and immunosuppressive properties. Rapamycin is now a
commonly used autophagy‐enhancing agent and it can induce autophagy by inhibiting mTOR
kinase activity [8]. In the second part of the work, we used a rat model of second degree burns
and selected rapamycin as an autophagic‐enhancing agent to determine whether it could
enhance autophagy in burn wounds and ameliorate burn wound progression while promoting
wound healing. We found that rapamycin enhanced the level of autophagy in burn wounds,
ameliorated the early progression of burn depth and promoted burn wound healing, possibly
by protecting the zone of stasis from further necrosis and by reducing the extent or level of
apoptosis commonly seen in burn wounds [9].
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2. Materials and methods

See details at Refs. [7, 9].

3. Results

3.1. Expression rule of autophagy proteins in burn wounds

Levels of LC3 and Beclin‐1 protein were maintained at a certain degree in normal skin tissue.
After burn was inflicted, levels of these proteins declined continuously in wound tissue until
24 h after the burn. Levels then increased slightly, but remained far lower than in normal skin
samples. Quantitative analysis show that autophagy level decreased about fourfold over 24 h,
and then began to increase but still could not reach their normal level (Figure 1).

Figure 1. (A) Western blot analyses of LC3 and Beclin‐1 in wound and normal unburned skin at different time points
after burn. (B, C) Quantitative analysis of LC3II/I and Beclin‐1 in burn wounds. B and C show that the levels of these
proteins declined continuously in wound tissue until 24 h after the burn. Levels then increased slightly, but remained
far lower than in skin samples. The times trends for LC3II/I and Beclin‐1 change were almost identical. Data are pre‐
sented as means ± SD (*P < 0.05, **P < 0.01, n = 8 per group).

3.2. Change of apoptosis level in burn wounds

To investigate the apoptosis level of burn wounds, we conducted TUNEL staining to see how
the apoptosis level in burn wounds would change after burn was inflicted. We found more
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cells undergoing apoptosis in burn wounds than control. The apoptotic rates in burn wounds
at 6, 24, 48, and 72 h are 4.56 ± 0.27, 11.76 ± 0.7, 13.16 ± 0.65, and 8.14 ± 0.62%, respectively, versus
2.23 ± 0.23% of controls (mean ± SD, P < 0.05 at 6 h, P < 0.01 at 24, 48, 72 h) (Figure 2).

Figure 2. TUNEL staining of normal skin (A) and burn wound tissue 1 day (B), 2 days (C), and 3 days (D) post burn.
Cells with shrunken brown stained nuclei were considered positive (black arrows). E: The p values for 6h, 1d, 2d and
3d are 0.028, 0.005, 0.003 and 0.007 respectively. Scale bars = 50 um, *P < 0.05, **P < 0.01, n = 8 per group.

3.3. Change of Laser Doppler Flowmetry (LDF) value and Myeloperoxidase (MPO) activity
in burn wounds

LDF value in burn wounds is an indicator of burn wound blood flow, while MPO activity
reflects the inflammatory response in the burn wound. We found that the LDF values decreased
fourfold over 12 h after burn and then began to increase but still far lower normal level. The
MPO activity increased about 5.3‐fold over 48 h after burn and then decreased slightly, yet still
significantly higher than control (Figure 3).
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Figure 3. LDF value and MPO activity in burn wounds and normal skin. (A) LDF values in the burn wounds were
significantly decreased as compared to the control group. LDF values in the burn wounds decreased fourfold over 12 h
and then began to rise, yet still could not reach their normal level. (B) MPO activities in burn wounds were significant‐
ly increased than the control. The levels of MPO activity in burn wounds were increased 5.3‐fold over 48 h, and then
decreased but still far higher than normal. Alterations in the LDF value were significant at all the time points post
burn. Changes in the levels of MPO activity between burn and control groups were significant at the time points of 1,
2, and 3 days post burn. The values described herein were mean ± SD (burn versus control group, *P < 0.05, **P < 0.01, n 
= 8 per group).

Figure 4. Immunohistochemical staining of LC3 (black arrows, cells with brown cytoplasm) in deep dermis of normal
skin (A) and burn wounds (B–D). (B) 1 day post burn; (C) 2 days post burn; (D) 3 days post burn. At all time points
after burn, the cells expressing LC3 were increased in the deep dermis of burn wound tissue as compared to that of
control. Scale bars = 50 um. (E) Semi‐quantitative analysis of the immunohistochemical staining results. The expression
of LC3 in the deep dermis of burn wounds was significantly higher than that of the control at all time points. The val‐
ues herein were mean ± SD (*P < 0.05, **P < 0.01, n = 8 per group).
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3.4. LC3 staining in the zone of stasis

We found that LC3‐positive cells in the deep dermis adjacent to the subcutaneous tissue, which
in this deep second‐degree burn model, may represent the zone of stasis, which were much
more than that of control. We conducted a quantitative analysis and found that the increase of
LC3‐positive cells in the deep dermis was significant at 6, 24, and 48 h post burn (Figure 4).

3.5. Rapamycin enhanced the autophagic level in burn wounds

Western bolt analysis showed that the protein levels of two autophagy markers, LC3 and
Beclin‐1, were significantly augmented in the thermal burn wounds of the rapamycin‐treated
group as compared with the levels seen in the control group (Figure 5). The expression of both
proteins in burn wounds were at their lowest 24 h post‐thermal burn injury and then gradually
increased with time. The patterns of LC3‐II/LC3‐I and Beclin‐1 expression were almost
identical (Figure 5). Moreover, the increases in expression of these proteins were statistically
significant at 6 h (p < 0.05) and at 24 and 48 h post‐thermal burn injury (p < 0.01).

Figure 5. Western immunoblot assay of LC3 and Beclin‐1 expression in burn wounds of control and treatment groups
(A–C). The values herein were mean ± SD (*p < 0.05, **p < 0.01, n = 8 per group).

3.6. Rapamycin treatment inhibited apoptosis in burn wounds

To further investigate if the enhanced autophagy had any effects on apoptosis of burn wounds,
we conducted TUNEL staining to see if the apoptosis level in burn wounds of treated rats were
different from controls. Cells with shrunken brown stained nuclei were considered positive.
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We found fewer cells undergoing apoptosis in rats treated with rapamycin. The apoptotic rates
in burn wounds of treated rats at 6, 24, 48, and 72 h are 2.99 ± 0.33, 8.85 ± 0.6, 12.48 ± 0.67, and
6.7 ± 0.31%, respectively, versus 4.56 ± 0.27, 11.76 ± 0.7, 13.16 ± 0.65, and 8.14 ± 0.62% of controls
(mean ± SD, p < 0.05 at 6, 24, 72 h). Besides, we found that the TUNEL‐positive cells were mainly
observed in the epithelium of hair follicles or blood vessels (Figure 6).

Figure 6. TUNEL staining of burn wounds in control (A–C) and treatment (D–F). (A, D) 6 h post burn; (B, E) 24 h post
burn; (C, F) 72 h post burn. TUNEL positive cells were characterized by shrunken nucleus with brown staining. Scale
bars = 50 um. (G) Quantitative analyses of TUNEL staining results. The values herein were mean ± SD (*p < 0.05, **p < 
0.01, n = 6 per group).

3.7. Rapamycin treatment reduced inflammatory infiltration and restored blood perfusion
in burn wounds

The LDF values and Na/K‐ATPase activities in burn wounds of the treatment group were
significantly increased when compared to those of the control group (Figure 7A, B). Further‐
more, both LDF values and Na/K‐ATPase activities in burn wounds were lower than those of
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normal unburned skin. The IL‐8 level, MPO activity, and MDA content in burn wounds of the
treatment group were significantly decreased when compared to those of the control group.
In addition, these measurements were almost all higher than those of normal unburned skin
(Figure 7C–E). Changes in the activities of Na/K‐ATPase and MPO between the treatment and
control groups were significantly different at the time points of 1 day and 2 days post‐thermal
burn injury. The changes in LDF, MDA, and IL‐8 content between the treatment and control
groups were also significant at the time points of 1, 2, and 3 days post‐thermal burn injury.

Figure 7. Na/K‐ATPase activities, LDF values, MDA contents, MPO activities, and IL‐8 contents in burn wounds of the
treatment group, vehicle control, and normal unburned control. A: The p values for 1d and 2d are 0.008 and 0.006. B:
The p values for 1d, 2d and 3d are 0.007, 0.007 and 0.043, respectively. C: The p values for 1d, 2d and 3d are 0.009, 0.006
and 0.008, respectively. D: The p values for 1d and 2d are 0.005 and 0.003. E: The p values for 1d, 2d and 3d are 0.006,
0.004 and 0.006, respectively. The values described herein were mean ± SD (treatment versus control group, *p < 0.05,
**p < 0.01, n = 8 per group).

3.8. Rapamycin treatment reduced burn wound progression

Histopathological examination demonstrated that the burn wound progression was reduced
in the treatment group when compared to the controls (Figure 8). Fewer residual hair follicles,
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deeper tissue necrosis, more severe collagen denaturation, and more inflammatory infiltrations
in burn wounds of the control group were seen when compared to those of the treatment group.
Masson staining showed that less intense staining with Masson red were seen in the treated
rats when compared to control, which may indicate less tissue necrosis in the treated rats
(Figure 8A–F).

Figure 8. H&E and Masson staining of normal skin tissue and burn wounds. (A–F) Masson staining of burn wounds of
1‐day control (A), 1 day following treatment (B), burn wounds of 2‐day control (C), 2 days following treatment (D), 3‐
day control (E), and 3 days following treatment (F). (G, H) H&E staining of 3‐day control (G), and 3 days following
treatment (H). (I, J) H&E and Masson staining of normal skin tissue. Scale bars = 200 um.

3.9. Rapamycin treatment promoted burn wound healing

Finally, the time to wound re‐epithelialization was shorter in treated rats as compared with
controls (22.5 ± 1.4 vs. 24.8 ± 1.3 days, respectively). (mean ± SD, p<0.01, Figure 9).
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Figure 9. Time to wound re‐epithelialization. The time to wound re‐epithelialization was significantly shorter in treat‐
ed rats compared with controls.

4. Discussion

The phenomenon of burn wound progression has long been considered a complex and
challenging clinical and theoretical challenge. For over half a century, investigators in the field
have been attempting to study the mechanisms of burn wound penetration of the epidermal
and dermal layers of the skin with the objective of gaining greater insights into the pathology.
Several studies [10] have demonstrated that a number of factors contribute to the invasive
deepening of thermal burn wounds including a deficiency in local burn wound perfusion,
edema, thrombosis, free radical damage, accumulation of factors that contribute to cell‐
mediated toxicity and inflammatory cell infiltration.

The first part of our study showed that after the occurrence of burn injury, laser Doppler flow
values and Na/K‐ATPase enzyme activities, which collectively represent the burn wound
blood circulation and index of energy metabolism, decreased significantly. Moreover, both
MPO and MDA activities, which respectively represent wound inflammation and free radical
generation, increased significantly. Moreover, the autophagy level was at first reduced and
then increased, yet remained far below those in normal skin. We speculate that at the early
stage when the tissue necrosis due to thermal injury was inevitable, autophagy may not be a
principal cellular activity as necrosis did in burn wounds and which is why autophagy level
decreased at first. At the latter stage, when the inevitable tissue necrosis ceased, the remain
viable tissue adjacent to coagulation was subject to ischemic and inflammatory damage among
others, and then autophagy may protect against these stress stimuli as a survival mechanism
which account for the latter rise of autophagy level. The prosurvival role of autophagy is
supported by our another finding in IHC staining, which demonstrated significantly activated
autophagy in the deep dermis which in this burn model, and represents the zone of stasis (or
ischemia). In addition, at the latter stage (48–72 h) after burn, tissue perfusion as determined
by LDF was restored and inflammatory infiltration in burn wounds as shown by MPO activity

Autophagy in Current Trends in Cellular Physiology and Pathology186



Figure 9. Time to wound re‐epithelialization. The time to wound re‐epithelialization was significantly shorter in treat‐
ed rats compared with controls.

4. Discussion

The phenomenon of burn wound progression has long been considered a complex and
challenging clinical and theoretical challenge. For over half a century, investigators in the field
have been attempting to study the mechanisms of burn wound penetration of the epidermal
and dermal layers of the skin with the objective of gaining greater insights into the pathology.
Several studies [10] have demonstrated that a number of factors contribute to the invasive
deepening of thermal burn wounds including a deficiency in local burn wound perfusion,
edema, thrombosis, free radical damage, accumulation of factors that contribute to cell‐
mediated toxicity and inflammatory cell infiltration.

The first part of our study showed that after the occurrence of burn injury, laser Doppler flow
values and Na/K‐ATPase enzyme activities, which collectively represent the burn wound
blood circulation and index of energy metabolism, decreased significantly. Moreover, both
MPO and MDA activities, which respectively represent wound inflammation and free radical
generation, increased significantly. Moreover, the autophagy level was at first reduced and
then increased, yet remained far below those in normal skin. We speculate that at the early
stage when the tissue necrosis due to thermal injury was inevitable, autophagy may not be a
principal cellular activity as necrosis did in burn wounds and which is why autophagy level
decreased at first. At the latter stage, when the inevitable tissue necrosis ceased, the remain
viable tissue adjacent to coagulation was subject to ischemic and inflammatory damage among
others, and then autophagy may protect against these stress stimuli as a survival mechanism
which account for the latter rise of autophagy level. The prosurvival role of autophagy is
supported by our another finding in IHC staining, which demonstrated significantly activated
autophagy in the deep dermis which in this burn model, and represents the zone of stasis (or
ischemia). In addition, at the latter stage (48–72 h) after burn, tissue perfusion as determined
by LDF was restored and inflammatory infiltration in burn wounds as shown by MPO activity

Autophagy in Current Trends in Cellular Physiology and Pathology186

was reduced, in coincidence with the increase of autophagy level at the same time, which may
add to evidence for the pro‐survival roles of autophagy in this burn model.

To further dissect the role of autophagy in burn wound progression, we used rapamycin as
treatment intervention in the second part of the study. The results demonstrated that the
autophagic levels in burn wounds were enhanced following treatment with rapamycin.
Furthermore, both LDF values and Na/K‐ATPase activities (indicators of blood perfusion and
energy metabolism) in the wounds of treatment group were significantly increased as com‐
pared to those of the control group. However, the IL‐8 level, MPO activities, and MDA content
(representative of inflammatory reaction and free radial damage) in the wounds of rapamycin‐
treated group were significantly decreased as compared to those of the control group [11].
Therefore, these results suggested that enhanced autophagy restored blood perfusion and
energy metabolism, and inhibited inflammatory reaction and oxidative damage in burn
wounds. Thus, it can be inferred that autophagy maintained cellular metabolic turnover and
homeostasis in this experimental burn model [12].

Histopathological results showed that the burn wound depth of the rapamycin‐treated group
was less remarkable and “more superficial” than that seen in the control group, particularly
at 2 and 3 days following thermal tissue injury. Additionally, as compared with the burn
wounds of the treatment group, there were fewer residual hair follicles, more severe denatured
collagen events recorded, evidence of deeper tissue necrosis, and more obvious inflammatory
infiltrates in the burn wounds of the control group. These results suggested that burn wound
progression in the treated rats was ameliorated. At last, burn wounds in treatment group re‐
epithelialized faster than those of control group, further indicating that prevention of burn
wound progression were beneficial to burn wound healing.

5. Conclusion

Autophagy protects from burn wound progression and promotes burn wound healing
through protecting the zone of stasis from further necrosis, which is probably mediated by
phagocytizing damaged organelles to sustain homeostatic response and remodeling in the
injured tissue.
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Abstract

Autophagy is an evolutionarily conserved process utilized by most organisms to clear
cellular damage and recycle building blocks for energy production. In this chapter, we
emphasize the importance of genetic model organisms, including yeast, nematodes,
flies, and mammals in the discovery and understanding of the autophagy process. We
highlight the important roles of autophagy in aging, stress tolerance, neuronal health,
organismal development, and pathogen resistance in invertebrate and vertebrate model
organisms. We provide examples on how the same autophagy‐related pathways that
increase stress response and longevity in lower organisms could be utilized by cancer
cells to survive harsh microenvironments, proliferate, and metastasize, with emphasis
on the dual role of autophagy in cancer: an antitumorigenic or a protumorigenic process.

Keywords: autophagy, model organisms, stress tolerance, aging, organismal develop‐
ment, cancer

1. Introduction to autophagy

Autophagy is an evolutionarily conserved “self‐degradation” process through which cytosolic
compartments and organelles are delivered to the lysosome for degradation [1]. Autophagy
exists in three forms: microautophagy where cytosolic components are directly engulfed in
lysosomes, chaperone‐mediated autophagy through which designated proteins are selectively
targeted to the lysosomes, and macroautophagy (noted herein as autophagy) where cytosolic
material is enclosed in a double‐membrane autophagosomal structure that is delivered to
lysosomes for degradation by acidic hydrolases [1]. Autophagy is selectively activated to
remove cellular damage or is non‐selectively activated under stress situations to supply energy
and sustain cellular/organismal viability.
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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The autophagy machinery components and the physiology of this process are highly con‐
served across evolution from yeast to mammals. The autophagy‐related genes (ATGs) have
been initially identified in yeast Saccharomyces cerevisiae by pioneering genetic screens [2–7].
Later, their orthologues in other organisms have been determined, which led to the assessment
of the functional roles of autophagy. ATG proteins form distinct autophagic complexes that
function upon phagophore biogenesis, autophagosome formation, and maturation. The
autophagy process comprises several steps. First, it starts with the nucleation and formation
of the phagophore, which elongates and closes to form the double‐membrane autophagosome,
engulfing material to be recycled. Then, the autophagosome fuses with the lysosome to form
the autolysosome where the material is digested by hydrolases [8–12]. The autophagy proteins
are classified into six functional groups: the Atg1 autophagy initiation complex, the autophagy‐
specific phosphatidylinositol PI 3‐kinase complex, the Atg12 the Atg2‐Atg18 complex, the Atg9
transmembrane protein, the Atg12 autophagy conjugation system, and the Atg8 lipid conju‐
gation system [8, 9]. The autophagic components of every group, their functions, and homo‐
logues in yeast, Drosophila, and the nematode Caenorhabditis elegans are described in Table 1.

Yeasts Caenorhabditis
elegans

Drosophila
melanogaster

Mammals

Regulation of induction yTOR let‐363 dTOR mTOR
Snf1 aak‐1, aak‐2 AMPK AMPK

Atg1/ULK autophagy
initiation complex

Atg1 unc‐51 Atg1 ULK1, ULK2
Atg13 atg‐13 Atg13 ATG13
Fip200 atg‐11 Fip200 ATG17
Atg101 epg‐9 Atg101 ATG101

Class III PI3K complex Vps34 vps‐34 Vps34 VPS34
Vps15 vps‐15 Vps15 VPS15
Atg6 Bec‐1 Atg6 ATG6
Atg14 epg‐8 Atg14 ATG14L

Atg2‐Atg18 conjugation
complex

Atg2 atg‐2 Atg2 ATG2
Atg18 atg‐18, epg‐6 Atg18a, Atg18b WIPI1, WIPI2,

WIPI3, WIPI4
Atg 9 transmembrane Atg9 atg‐9 Atg9 ATG9A, ATG9B
Atg12 conjugation system Atg12 lgg‐3 Atg12 ATG12

Atg5 atg‐5 Atg5 ATG5
Atg10 atg‐10 Atg10 ATG10
Atg16 atg‐16.1, atg‐16.2 Atg16 ATG16L1, ATG16L2
Atg7 atg‐7 Atg7 ATG7

Atg8 conjugation system Atg8 lgg‐1, lgg‐2 Atg8a, Atg8b GABARAP, LC3,
GABARAPL1,
GABARAPL2

Atg3 atg‐3 Atg3 ATG3
Atg4 atg‐4.1, atg‐4.2 Atg4a, Atg4b ATG4A, ATG4B,

ATG4C, ATG4D
Atg7 atg‐7 Atg7 ATG7

Table 1. Conserved autophagy genes in yeast, nematodes, flies, and mammals.
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This review focuses on the multifaceted roles of autophagy in model organisms and how these
conserved pathways could be adopted by cancer cells to suppress or promote tumorigenesis.

2. The importance of invertebrate model organisms

Although mammalian model organisms such as mice and rats are highly advantageous to
study disease‐related biological processes in humans due to the close anatomical and physio‐
logical similarities between systems, they have disadvantages including space, cost, and time‐
consuming transgenic technologies. Yeast models including budding yeast Saccharomyces
cerevisiae (S. cerevisiae) and fission yeast Schizosaccharomyces pombe (S. pombe), the fruit fly
Drosophila melanogaster (D. melanogaster), the nematode Caenorhabditis elegans (C. elegans), and
other invertebrate models have emerged as excellent model organisms to study conserved
signaling pathways. Many biological processes including autophagy are highly evolutionary
conserved such that findings in these models are often applicable to humans.

First, yeasts, flies, and nematodes are characterized by their short lifespans and rapid repro‐
ductive lifecycles. Second, their genomes are fully sequenced [13–15] and well annotated, and
a large number of tools and resources are available in accessible bioinformatics databases
specific to every model (Yeast: www.yeastgenome.org; Drosophila: www.flybase.org; C. elegans:
www.wormbase.org). Third, a high percentage of genes in invertebrate model organisms is
homologous to disease‐associated genes in humans. Fourth, several tools have been invented
and developed in these systems including microscopy, transgenic techniques, biochemical
methods, and others, rendering them attractive models to study genetically signaling path‐
ways linked to diseases in humans including autophagy.

Although autophagy has been first observed by electron microscopy in mammalian cells in
the 1950s [16], more than 30 autophagy genes have been discovered using genetic screens in
yeast, and many of them have homologues in humans [2–7]. The rapid reproductive life cycles
and short lifespans, the massive generation of tools to study autophagy, and the ease with
which researchers pursue genetics work in vivo emphasize the importance of these models to
study not only the molecular basics of the autophagic process but also the multifaceted roles
of autophagy in organismal aging, stress tolerance, neuronal health, metabolism, pathogen
infection, and others.

Despite the large advantages of invertebrate model organisms, they also have many limita‐
tions. The anatomy and physiology of the organismal systems, including immune, circulatory,
respiratory, and nervous systems, largely differ from that of humans. Therefore, the impor‐
tance of mammalian in vitro and in vivo models in studying autophagy is also unquestionable.

3. Methods to monitor autophagy in model organisms

Similar methods to study autophagy have been used in invertebrate model organisms and
mammalian systems with the employment of the benefits of every system. These methods are
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recently reviewed in detail for yeast [17–20], C. elegans [21–25], flies [26–30], and mammalian
systems [31–36].

Despite its complexity and difficulty to pursue, electron microscopy is one of the most reliable
methods to visualize autophagic structures and has been used to monitor autophagy in many
model organisms. However, since it requires a substantial specialized expertise, most re‐
searchers currently rely on light microscopic and biochemical methods, which are more
accessible and easier to perform in most organisms. The fluorescent image analysis of auto‐
phagic components using reporters of tagged autophagic proteins has been widely used. LC3/
ATG8 exists in two forms: LC3‐I is cytosolic and soluble, and LC3‐II is conjugated with
phosphatidylethanolamine and is bound to the autophagosomal membranes. When autoph‐
agy is induced, the conjugation reaction can be monitored using the LC3:GFP reporter and the
change between the diffuse localization of LC3 into autophagosomal puncta structures reflects
the autophagic activity. This reporter is one of the most popular with its orthologues in C.
elegans (LGG1:GFP) [23, 24] and in Drosophila and yeast (ATG8:GFP) [18, 29, 30]. The autophagic
activity has been also assessed using Western blotting of the LC3:GFP protein extracts with or
without inhibitors to determine the conversion of LC3‐I to LC3‐II. Moreover, previous studies
in yeast, C. elegans, and mammalian cells have demonstrated that LC3‐II is degraded inside
the autolysosomes and that the GFP fragment is resistant to degradation and accumulates
when autophagy is induced [37–40]. Therefore, researchers have used Western blot analysis
on protein extracts to assess the levels of GFP and cleavage of GFP‐LC3‐I.

Since autophagic proteins also accumulate upon defective autophagy, researchers have
monitored the degradation of cargo proteins such as p62 in most model organisms as well [24,
25, 28, 41, 42]. Furthermore, autophagy inhibitors have been used to determine whether the
accumulation of autophagosomes is due to impaired autophagy or to a heightened autophagic
flux. The most recent studies employ the mRFP‐GFP‐LC3, which enables the distinction
between heightened autophagic flux and impaired autophagy. In this method, mCherry and
GFP have been used as red and green fluorescent protein markers, respectively, to trace the
autophagic protein LC3. Upon physiological pH in newly formed autophagosomes or when
autophagy is impaired, both GFP and mCherry colocalize in puncta leading to yellow puncta
structures, whereas upon lysosomal fusion and acidification, the GFP signal is lost and only
mCherry is detected.

High‐resolution live‐cell imaging to visualize the dynamics of autophagy has been also
employed and reviewed in detail [36].

4. Autophagy‐related biological roles in model organisms

Despite the anatomical, morphological, and physiological differences between model organ‐
isms, autophagy appears to play similar important roles across evolution. In this section, we
review the major autophagy‐associated roles at the cellular and organismal levels in inverte‐
brate and mammalian model systems.
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4.1. Stress tolerance

In most organisms, autophagy is activated by different stresses including nutrient deprivation,
oxidative stress, hypoxia, temperature shifts, and others, to eliminate damaged macromole‐
cules and to produce energy

In yeast, mutation of Atg1, Atg2, Atg4, Atg7, or Atg8 genes increases sensitivity to the oxidative
stressor paraquat [43]. In C. elegans, starvation, oxidative stress, and hypoxia stresses induce
autophagy in multiple tissues of the animal as monitored by the number of positive GFP:LGG‐
1 puncta [44–47]. The increased autophagy levels induced by stress are essential for organismal
survival to stressful conditions. In addition, the inhibition of autophagy genes causes defects
in the formation of the C. elegans dauer animals, a static larval stage adapted to survive
prolonged starvation [45]. Furthermore, autophagy is required for the survival of C. elegans
nematodes to starvation [47, 48], hypoxic environments [44], oxidative stress [46], and
hyperosmotic stress [49].

In Drosophila, Atg7 mutant flies are hypersensitive to complete starvation, sugar‐only diets,
and oxidative stress [50, 51]. Moreover, JNK signaling induces the transcription of autophagy
genes to help protect flies from oxidative stress [52]. Specifically, mutation of Atg1 and Atg6 in
young adult flies overexpressing JNK signaling suppressed their increased resistance to the
oxidative stressor paraquat [52]. Consistently, the spermidine‐induced autophagy is required
for the resistance of Drosophila animals to paraquat [53].

The role of autophagy in stress resistance has been demonstrated not only in invertebrate
models but also with mammalian cell culture and in vivo models. For example, in mice, ATG5
overexpression induces autophagy, increases oxidative stress resistance, and extends lifespan
[54]. Additionally, autophagy is significantly induced following the early starvation‐associated
postnatal period in mouse neonates and is required for their survival until supply with milk
nutrients [55]. Several studies also reported that following ischemic injuries, autophagy is
activated and contributes to neuroprotection by delaying neuronal cell death in rats [56–58].
Collectively, these studies demonstrate an evolutionarily conserved role of autophagy in stress
tolerance. However, how autophagy mediates stress tolerance is still unclear. While many
studies highlight the important role of autophagy in the clearance of stress‐induced damaged
organelles, others claim that the stress resistance is due to the role of autophagy in sustaining
energy levels and providing building blocks for mitochondrial energy production.

4.2. Extension of lifespan

Accumulating evidence demonstrates that longevity pathways converge on autophagic
processes in many organisms to regulate diverse cellular functions including the clearance of
damaged proteins and organelles and the remodeling of cellular metabolism. In C. elegans,
multiple genetic or pharmacological manipulations extend lifespan [59]. For instance, muta‐
tions of genes in the insulin‐signaling pathway, including daf‐2 and age‐1, which are ortho‐
logues of the insulin signaling receptor and PI3K, respectively, deficiency in target of
rapamycin (TOR) signaling, overexpression of activated protein kinase (AMPK) signaling,
mutation of mitochondrial genes, dietary restriction through mutation of eat‐2, mutation in
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sitruin‐1, are all genetic alterations that extend lifespan in C. elegans [59]. Pharmacological
alterations, such as spermidine, resveratrol, and w‐6 polyunsaturated fatty acids treatment
also prolong lifespan in C. elegans [60, 61]. Importantly, autophagy is induced in most of the
above‐mentioned longevity pathways and contributes to the lifespan extension phenotypes in
C. elegans. For example, the inhibition of the autophagy gene bec‐1 suppresses the increased
lifespan mediated by caloric restriction in eat‐2 mutant animals or by TOR inhibition [62].
Furthermore, the inhibition of bec‐1 in daf‐2 long‐lived C. elegans mutants severely reduces their
lifespan [45]. In addition, autophagy is highly induced in calcineurin C. elegans mutant animals
and its inhibition by RNAi feeding against bec‐1 or atg‐7 abolishes the increased longevity
phenotype [63]. Moreover, the mutation of cep‐1, the worm orthologue of P53 promotes an
autophagy‐dependent lifespan extension [64]. Additionally, both spermidine and resveratrol
extend C. elegans lifespan by inducing autophagy [60, 65]. Mitophagy also contributes to the
extension of lifespan upon low insulin signaling and mitochondrial mutations [66].

HLH‐30 is the worm homologue of transcription factor EB (TFEB), a master transcriptional
regulator of lysosomal and autophagic pathways [67, 68]. The overexpression of HLH‐30
increases lifespan in C. elegans [67]. Furthermore, the impairment of the production of the yolk
lipoprotein vitellogenin extends lifespan in C. elegans [69]. Importantly, autophagy and HLH‐
30 are both induced by the reduction in vitellogenesis and contribute to the extension of
lifespan in vitellogenesis‐defective vit mutant animals [69].

In Drosophila, mutations in Atg7 and Atg8 genes shorten lifespan [50, 51]. In addition, mutation
of the autophagic protein FIP200, a component of the Atg1 autophagy initiation complex, leads
to neuronal degeneration and shortens lifespan [70]. The administration of phosphatidyletha‐
nolamine enhances autophagic flux and increases lifespan in yeast, Drosophila, and mammalian
cells in culture [71].

In yeast, the role of autophagy in aging seems to be context‐dependent. Autophagy has been
shown to be required for the extension of chronological lifespan by low doses of the
mammalian target of rapamycin (mTOR) inhibitor rapamycin [72, 73], methionine limitation
[74], and calorie restriction [75]. In contrast, Tang et al., 2008 claim that autophagy genes may
be required or not for the lifespan extension by calorie restriction depending on their role in
the autophagy process. Specifically, they show that the deletion of genes involved in
autophagosome formation including Atg1, Atg6, Atg7, and Atg8 did not affect lifespan of
budding yeast upon calorie restriction [76]. However, the deletion of Atg15, Atg17, or other
genes involved in vacuole‐vacuole fusion reduced the lifespan extension promoted by calorie
restriction [76].

In mammals, the link between autophagy and the organismal extension of lifespan has not
been clearly established. A few studies support the role of autophagy in promoting longevity
in mammals. For instance, ATG5 overexpression has been shown to extend lifespan by 17.2%
in mice [54]. Interestingly, rapamycin feeding of mice at their old age extends their lifespan,
which could be due to autophagy activation [77]. While rapamycin is a strong mTOR inhibitor
and autophagy inducer, the link between rapamycin feeding and increased autophagy has not
been made, and therefore, the extension of lifespan by administration of rapamycin in mice
may not be due to autophagy activation per se but to other mechanisms [77].
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Although the role of autophagy in mammalian organismal lifespan is still not clearly eluci‐
dated, many studies demonstrate an important role for autophagy in delaying the acquisition
of aging features of multiple cells and tissues. Numerous studies also claim a decline in the
autophagic activity in many mammalian organs upon aging [78–83]. For example, autophagy
genes Atg5, Becn1, and Atg7 are significantly downregulated in the human aging brain [84].
Cardiac‐specific Atg5 deficiency in mice leads to cardiac abnormalities after 6 months of age
and early death [85]. Consistently, cardiac‐specific overexpression of Atg7 increased autopha‐
gic flux and improved cardiac function in desmin‐related cardiomyopathies in mice [86].
Furthermore, the hyperactivation of chaperone‐mediated autophagy in aging livers maintains
hepatic function in old mice to a level comparable to that reported in young mice [87]. Recently,
autophagy inhibition has been shown to increase aging features in macrophages including the
reduction in phagocytosis and nitrite burst and increased inflammatory response [78].
Numerous studies have also linked autophagy to improved neuronal health in mice and
protection from age‐associated neurological disorders [58, 81, 88–93]. This is further detailed
in the neuronal health section of this chapter. Moreover, the role of autophagy in suppressing
tumor initiation is well described at the end of this chapter. Therefore, although it is not clear
whether autophagy extends organismal lifespan in mammals, collective evidence supports its
implication in the extension of healthy living or health span and the delay of the appearance
of age‐associated diseases.

4.3. Resistance to pathogen infection

The induction of autophagy has been widely shown to contribute to the organismal survival
to infection with pathogens. In C. elegans, autophagy genes are required for survival to infection
with pathogens, including Pseudomonas aeruginosa, Salmonella typhimurium, and other patho‐
gens [68, 94, 95]. Using the GFP:LGG1 reporter, autophagy has been shown to be induced in
the hypodermal seam cells and intestinal cells of wild‐type animals following infection with
Pseudomonas aeruginosa [95] and Staphylococcus aureus [68]. Importantly, inhibition of autoph‐
agy genes suppresses not only the resistance of wild‐type animals but also the resistance of
highly stress‐resistant strains including daf‐2 mutant animals and daf‐16 overexpressing
animals to infection with Salmonella typhimurium [94].

In Drosophila, IRD1 is the fly homologue of mammalian VPS15, an important autophagic serine/
threonine kinase implicated in phagosome maturation. IRD1 plays an important role in
antibacterial immune responses in Drosophila [96]. Ird1 mutant flies are incapable of expressing
antimicrobial peptide genes upon infection [96]. In addition, the conditional inactivation of
autophagy genes Atg5, Atg7, Atg12 in Drosophila reduces survival of the animals upon infection
with Escherichia Coli [97]. Moreover, autophagy genes Atg5, Atg8a, and Atg18 are also required
to limit the infection of Drosophila cells with the Vesicular stomatisis virus [98]. Furthermore, the
inhibition of Atg5 using RNAi in flies increased the susceptibility of the animals to infection
with Listeria monocytogenes [99].

The transcriptional upregulation of autophagy genes by TFEB has been also associated with
increased resistance to pathogens. Upon infection with Staphylococcus aureus, HLH‐30 rapidly
translocates to the nucleus and activates the expression of autophagy genes, lysosomal genes,
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and antimicrobial peptide genes in both C. elegans [68]. In murine cell lines, TFEB translocates
to the nucleus following infection and induces the transcription of chemokines and cytokines
[68]. Mitophagy is also another mechanism of defense against invasion with P. aeruginosa [100].

How autophagy mediates resistance to pathogens is still not clear. Xenophagy (eating the
pathogen) is a cellular defense mechanism through which cells direct autophagy to degrade
the invading pathogens. Autophagy genes restrict Salmonella bacterial replication in both hosts,
the unicellular organism Dictyostelium discoideum and in C. elegans [94]. However, autophagy
only increased resistance of C. elegans to Pseudomonas aeruginosa and to Staphylococcus aureus
without decreasing bacterial load suggesting that xenophagy is not the only defense mecha‐
nism attributed to autophagy [68, 95].

In mammalian cells, autophagy also plays an essential role in the protection against invading
pathogens, including Streptococcus, Shigella flexneri, Mycobacterium tuberculosis, and Toxoplasma
gondii [12, 101–103]. Autophagy has also been shown to protect against toxins released by
bacterial pathogens [37]. In mice, recent work demonstrates the involvement of autophagy in
the clearance of pathogens, including Listeria monocytogenes, and moreover, IRF8 directs stress‐
induced autophagy in macrophages and promotes clearance of L. monocytogenes [104] and
Staphylococcus aureus [105, 106] and Mycobacterium tuberculosis [107, 108]. However, recent work
demonstrates a unique role of ATG5 in the resistance of mice to Mycobacterium tuberculosis
infection distinct from autophagy in contrast to previous reports. ATG5 prevents polymor‐
phonuclear cell‐mediated immunopathology enhancing resistance to Mycobacterium tubercu‐
losis infection [109].

4.4. Organismal development

Accumulating evidence highlights an important role for autophagy during organismal
development. Deletion of autophagy genes leads to severe defects and causes early lethality
in many organisms. For example, bec‐1 mutation leads to severe defects during embryogene‐
sis in C. elegans and mutant animals display a highly penetrant lethal phenotype where only
few animals are capable of reaching adulthood [110]. The unc‐51/atg‐1 C. elegans mutant
animals exhibit an uncoordinated movement and paralysis. Moreover, autophagy is highly
induced at several stages during C. elegans development and a genome‐wide genetic screen
has identified signaling pathways that regulate this process in C. elegans [111]. In Drosophila,
mutations in Atg1 are pupal lethal [112] and strong hypomorphic mutations in Atg8 lead to a
semi‐lethality phenotype [50, 51]. Autophagy is also induced during the development of
Zebrafish larvae and the knockdown of autophagy genes Atg5, Beclin1, and Atg7 results in
aberrant cardiac morphogenesis and reduced survival in Zebrafish [113]. ATG5 deficiency in
Zebrafish impairs nervous system development, specifically brain morphogenesis [114].
Additionally, AMBRA1 (autophagy/Beclin 1 regulator 1) is an evolutionary conserved positive
regulator of BECN1 and is essential for proper autophagic activity. The inhibition of AMBRA1
in Zebrafish leads to incomplete organogenesis and defects in skeletal muscle development
[115, 116].

In mice, Becn1 homozygous deletion leads to embryonic lethality [117], while Atg7 and Atg5
null mice are born alive but die soon after birth. Similarly to what has been reported in
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Zebrafish, Atg5 is required for the proper cardiac development [113] and cortical astrocyte
differentiation [118] during embryogenesis in mice. Autophagy is also involved in chondrocyte
differentiation and bone formation through fibroblast growth factor (FGF) signaling in mice
[119]. FIP200 is an important autophagic protein that interacts with ULK1 in the autophagy
initiation complex. Homozygous deletion of FIP200 in mice leads to embryonic lethality due
to heart failure and severe hepatic defects [120]. Other than its important role in the heart and
liver, FIP200 plays a central role in the differentiation of neural stem cells and is essential for
maintenance and function of fetal hematopoietic stem cells [121]. Supporting the role of
autophagy in stem cell differentiation during development, a recent study reports a retardation
in stem cell differentiation during the embryonic development of mice hypomorphic for
Atg16l1 [122].

The discovery that autophagy is involved in the degradation of the paternal mitochondria is
another important aspect during development. In most eukaryotes, the maternal mitochon‐
drial genome is believed to be the one inherited and thus the degradation of the sperm‐
inherited mitochondrial genome is essential. In C. elegans, autophagosomes engulf the paternal
mitochondria and target them to the lysosomes for degradation during embryonic develop‐
ment [123]. Similarly, paternal mitochondria are also destroyed by endocytic and autophagic
pathways in Drosophila [124]. However, in mammalian zygotes, the degradation of the
paternally inherited mitochondria requires the ubiquitin proteasome system rather than
autophagy [125]. Therefore, autophagy plays central role (s) in organismal development across
evolution, which includes key checkpoints during embryogenesis, cellular differentiation, and
tissue organization.

4.5. Neuronal health

The accumulation of autophagosomes has been observed in the neurons of individuals affected
with neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease, Hun‐
tington’s disease, and amyotrophic lateral sclerosis. Autophagy improves neuronal health by
degrading damaged proteins, specifically mutant proteins associated with neurological
disorders and toxic aggregation‐prone proteins [88, 91, 126–128]. Non‐mammalian model
systems are excellent to study protein homeostasis in regard to fatal neurological disorders.
In addition, C. elegans [129–133] and flies [134–139] researchers have generated transgenic
animals that express polyglutamine repeats, beta‐amyloid peptides, and the αsynuclein
protein, to mimic the pathologies of Huntington’s disease, Alzheimer’s disease, and Parkin‐
son’s disease, respectively. Using electron microscopy and the LGG‐1:GFP reporter, the
expression of human beta‐amyloid (1–42) in C. elegans muscles resulted in the accumulation
of autophagic vacuoles. Autophagy contributes to the degradation of the Beta‐amyloid
peptide in daf‐2 mutant nematodes [129]. In Drosophila, inhibition of autophagy genes increases
neuronal toxicity of amyloid beta 1–42 peptides [140]. In C. elegans, inactivation of autopha‐
gy genes atg‐18 and atg‐7 accelerates the accumulation of polyQ40:YFP protein aggregates in
the body wall muscles of the animals over time [133]. In C. elegans, the unc‐51 (atg‐1) gene is
essential for normal axonal elongation and structure [141].
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In Drosophila, mutation of Atg7 or Atg8 genes enhanced the accumulation of insoluble poly‐
ubiquitinated proteins with age as determined by Western blot analysis using fly head extracts
[50, 51]. Consistently, the overexpression of Atg8 in the central nervous system of adult flies
reduced the accumulation of insoluble ubiquitinated proteins [51]. The Drosophila homologue
of P62, refractory to sigma P (Ref(2)P), a scaffold protein with diverse biological roles, marks
ubiquitinated protein aggregates for degradation [142, 143]. Ref(2)P acts as a receptor for
selective autophagic degradation. In flies, p62‐tagged ubiquitinated protein aggregates
accumulate in the brains of older animals as compared to young animals [143]. The accumu‐
lation of protein aggregates correlates not only with poor autophagic functions with age but
also with a decline in fly behaviors and aging [144]. While the accumulation of Ref(2)P‐linked
protein aggregates is enhanced in Drosophila Atg8 [143] and Vps15 [145] mutant flies, Ref(2)P
is also required to form these aggregates [143]. In Drosophila, Atg17/FIP200 localizes to Ref(2)P
protein aggregates proximate to the lysosomes and interacts with the autophagy‐activating
protein ATG1 to promote autophagy [146]. By sustaining autophagy, the N‐ethyl‐maleimide‐
sensitive fusion protein (NSF1) protects dopaminergic neurons from degeneration and
promotes longevity in Drosophila [147]. Also, the inhibition of the ectopic P‐granules autoph‐
agy protein 5 (Epg5) in the retina of adult Drosophila animals leads to the degeneration of
photoreceptor neurons and loss of the retina [148] mirroring the genetic neurological disorders
of EPG5‐related Vici Syndrome in humans. Mutation of the autophagy gene‐related proteinase
ATG4D in dogs has been recently associated with a novel neurodegenerative disorder in the
Lagotto Romagnolo dog breed [149]. Accordingly, knockdown of Atg4D in Zebrafish also leads
to neurodegeneration of the central nervous system [149].

Consistently with what has been observed in C. elegans and Drosophila, the induction of
autophagy by starvation [150] or by rapamycin [151] reduced the amount of poly‐ubiquiti‐
nated proteins [150] or α‐synuclein [151] protein aggregates in yeast. However, yeast Atg8
mutants displayed an accumulation of ubiquitinated aggregate‐prone proteins upon starva‐
tion and high temperature stresses [150]. Moreover, the mutation of Atg1 or Atg7 delayed the
clearance of α‐synuclein aggregates in yeast [152, 153].

Numerous studies highlight an important role for autophagy in mammalian neurogenesis and
neuronal “maintenance.” Several neurological disorders in humans are associated with
impaired autophagy and defects in the clearance of damaged organelles and proteins [154,
155]. Among several examples, mutations in WDR45, one of the mammalian homologues of
yeast Atg18, cause encephalopathy in children and neurodegeneration in adults [156].
Importantly, V471A polymorphism in the Atg7 gene in human patients, mostly of Italian
origin, has been strongly correlated with an earlier onset of Huntington’s disease [157, 158].
In mice, lack of autophagy genes Atg7 and Atg5 in the neurons promotes the accumulation of
poly‐ubiquitinated aggregation‐prone proteins leading to neuronal degeneration [92, 93]. The
specific knockout of Atg7 in the Purkinje cells of mice leads to neurodegeneration and
destabilization of axonal homeostasis [159]. Moreover, the induction of autophagy in neuronal
of amyotrophic lateral sclerosis models decreases proteotoxicity by enhancing TDP43 turnover
and neuronal survival [89]. An increasing number of studies support the correlation between
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selective autophagic degradation. In flies, p62‐tagged ubiquitinated protein aggregates
accumulate in the brains of older animals as compared to young animals [143]. The accumu‐
lation of protein aggregates correlates not only with poor autophagic functions with age but
also with a decline in fly behaviors and aging [144]. While the accumulation of Ref(2)P‐linked
protein aggregates is enhanced in Drosophila Atg8 [143] and Vps15 [145] mutant flies, Ref(2)P
is also required to form these aggregates [143]. In Drosophila, Atg17/FIP200 localizes to Ref(2)P
protein aggregates proximate to the lysosomes and interacts with the autophagy‐activating
protein ATG1 to promote autophagy [146]. By sustaining autophagy, the N‐ethyl‐maleimide‐
sensitive fusion protein (NSF1) protects dopaminergic neurons from degeneration and
promotes longevity in Drosophila [147]. Also, the inhibition of the ectopic P‐granules autoph‐
agy protein 5 (Epg5) in the retina of adult Drosophila animals leads to the degeneration of
photoreceptor neurons and loss of the retina [148] mirroring the genetic neurological disorders
of EPG5‐related Vici Syndrome in humans. Mutation of the autophagy gene‐related proteinase
ATG4D in dogs has been recently associated with a novel neurodegenerative disorder in the
Lagotto Romagnolo dog breed [149]. Accordingly, knockdown of Atg4D in Zebrafish also leads
to neurodegeneration of the central nervous system [149].

Consistently with what has been observed in C. elegans and Drosophila, the induction of
autophagy by starvation [150] or by rapamycin [151] reduced the amount of poly‐ubiquiti‐
nated proteins [150] or α‐synuclein [151] protein aggregates in yeast. However, yeast Atg8
mutants displayed an accumulation of ubiquitinated aggregate‐prone proteins upon starva‐
tion and high temperature stresses [150]. Moreover, the mutation of Atg1 or Atg7 delayed the
clearance of α‐synuclein aggregates in yeast [152, 153].

Numerous studies highlight an important role for autophagy in mammalian neurogenesis and
neuronal “maintenance.” Several neurological disorders in humans are associated with
impaired autophagy and defects in the clearance of damaged organelles and proteins [154,
155]. Among several examples, mutations in WDR45, one of the mammalian homologues of
yeast Atg18, cause encephalopathy in children and neurodegeneration in adults [156].
Importantly, V471A polymorphism in the Atg7 gene in human patients, mostly of Italian
origin, has been strongly correlated with an earlier onset of Huntington’s disease [157, 158].
In mice, lack of autophagy genes Atg7 and Atg5 in the neurons promotes the accumulation of
poly‐ubiquitinated aggregation‐prone proteins leading to neuronal degeneration [92, 93]. The
specific knockout of Atg7 in the Purkinje cells of mice leads to neurodegeneration and
destabilization of axonal homeostasis [159]. Moreover, the induction of autophagy in neuronal
of amyotrophic lateral sclerosis models decreases proteotoxicity by enhancing TDP43 turnover
and neuronal survival [89]. An increasing number of studies support the correlation between

Autophagy in Current Trends in Cellular Physiology and Pathology198

autophagy deficiency and neurodegeneration in mammals. Here, we only listed few examples
to support this idea. For detailed reviews, please see [154, 155].

4.6. Autophagic cell death and clearance of cellular corpses

Apoptosis or programmed cell death is a fundamental component in the development of C.
elegans nematodes [160]. Pioneering studies in C. elegans led to the discovery of evolutionarily
conserved key players implicated in this important biological process. There are two types of
programmed cell death in C. elegans: “developmental cell death,” which occurs in the somatic
tissues throughout worm development, and “germ cell death,” which takes place in the gonads
of adult hermaphrodites [160–165]. During the embryonic and postembryonic stages of C.
elegans development, only 131 cells of 1090 cells undergo apoptosis to form the adult her‐
maphrodite [160–165]. The morphological changes in apoptotic C. elegans cells are similar to
those of mammalian cells and include DNA fragmentation, chromatin condensation, and
changes in mitochondrial and plasma membrane potentials [160]. Autophagy plays a major
role in the clearance of apoptotic corpses generated during both the developmental cell death
and germ cell death [166–169]. Specifically, the number of embryonic apoptotic corpses is
significantly increased in nine C. elegans strains harboring mutations in essential genes of the
autophagic pathway [167]. Autophagy proteins LGG‐1, ATG‐18, and EPG‐5 are recruited to
engulfed apoptotic corpses and are essential for the degradation inside the phagocyte [169].

In Drosophila, several studies have reported the requirement of autophagy in the death and
clearance of specific cells throughout the fly development. In contrast to the role of autophagy
in mediating cellular survival, autophagy contributes to fly development by killing particular
cells in specific tissues. For instance, autophagy genes are required for the killing and clearance
of cells in the salivary glands, ovary, intestine, and embryonic serosa membranes [170–175].
Autophagy also occurs in dying midgut cells and is essential for the clearance of this tissue.

In mice, autophagy contributes to the programmed cell death‐mediated clearance of apoptotic
cell corpses. Lack of Atg5 leads to defective apoptotic corpses engulfment in the developing
mice embryos [176]. Autophagy is also required for the clearance of cell corpses in the retinal
neuroepithelium of developing chick embryos [177]. Therefore, the role of autophagy in the
clearance of corpses is evolutionarily conserved and essential for the proper organogenesis
and development in most animals.

4.7. Metabolism

In invertebrates, the storage and biosynthesis of energy reserves, including yolk particles,
lipids, and glycogen, play a crucial role in development during early embryogenesis and later
during adulthood [178]. In C. elegans, the yolk particles accumulate with age and are synthe‐
sized in the intestine and transported later to the pseudoceolom (body cavity) of C. elegans
animals. These granules are essential to survival upon starvation during L1 diapause [178,
179]. In Drosophila, the yolk particles are also important for embryonic development. Impor‐
tantly, ATG1 is required for the catabolism of yolk particles in Drosophila [180].
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The role of autophagy in lipid metabolism has been reported in many organisms. In C.
elegans, inhibition of autophagy genes leads to a decline in organismal lipid content supporting
an essential role for autophagy in lipid metabolism [181]. Moreover, autophagy and lipolysis
work inter‐dependently to promote longevity in germline‐less C. elegans strains [181, 182]. The
role of autophagy in the degradation of lipid droplets has not been clearly elucidated in C.
elegans. The fact that autophagy mutants display reduced lipid contents in C. elegans could be
due to the role of autophagy in the restoration of energy levels and storage in the form of yolk,
glycogen, and fat. To determine whether autophagy plays a role in lipid degradation in
nematodes, both wild‐type and autophagy mutant C. elegans strains should be subjected to an
energy depletion stress that induces lipid degradation and the difference in the efficiency of
degradation should be investigated. A similar experiment has been conducted upon loss of
HLH‐30, the TFEB homologue in C. elegans. In this case, hlh‐30 mutant animals displayed a
less efficient degradation of lipid content upon starvation in comparison with the wild‐type
animals supporting a potential role of autophagy in the mobilization of lipids upon stress in
C. elegans [183]. This role of HLH‐30 is evolutionarily conserved. In fact, TFEB has been also
shown to prevent diet‐induced obesity in mice [183].

Following stress and energy depletion, the mobilization of “energy‐rich” intracellular contents
is essential. The autophagic degradation of lipids has been reported throughout evolution. In
contrast to what has been observed in C. elegans, where the inhibition of autophagy leads to a
decrease in lipid content, autophagic pathways are important for targeting lipid droplets for
lysosomal degradation in yeast [184, 185]. In mammalian systems, autophagy has been linked
to lipid metabolism but with opposite effects depending on the context. In hepatocytes, the
pharmacological or genetic inhibition of autophagy increases triglyceride content supporting
an important role of autophagy in lipid breakdown. Consistently, lipid content is significantly
increased in Atg7 liver‐specific knockout mice as compared to the controls [186]. However,
knockdown of Atg7, Atg5, or the pharmacological inhibition of autophagy in 3T3‐L1 pre‐
adipocytes reduced lipid accumulation [187]. This is in accordance with the observation that
the mass of white adipose tissue decreased significantly in Atg7 adipocyte‐specific knockout
mice in comparison with the control [187]. The connection between autophagy and lipid
metabolism is reviewed in detail in Ref. [188].

In accordance with the role of autophagy in lipid metabolism, autophagy also plays an
important role in glycogen metabolism. In Drosophila, the inhibition of autophagy in the fly
skeletal muscles using chloroquine reduced the efficiency of glycogen degradation [189]. Using
electron microscopy, the same group has revealed glycogen as electron dense material inside
the double membrane structures of the autophagosomes [189]. Importantly, Vps15 deficiency
led to the accumulation of glycogen in murine skeletal muscles, whereas the overexpression
of Vps34/Vps15 in myoblasts from Danon autophagic vacuolar myopathy patients decreased
glycogen storage [190]. In humans, the impairment of lysosomal and autophagic functions is
associated with glycogen storage diseases and is linked to muscle atrophy and neurodegen‐
eration [191–194]. Altogether, accumulating evidence supports the role of autophagy in the
degradation of lipids and glycogen across evolution.
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5. From model organisms to cancer in humans

Genetic pathways that alter autophagy in model organisms are often linked to cancer in
humans. For instance, AMPK, TOR, Insulin, SKN‐1/NRF2, CEP‐1/p53, FLCN‐1, and other
signaling pathways modulate autophagy in model organisms and are associated with cancer
initiation and progression in humans. Two major kinases are important in stress sensing and
autophagy regulation: the mammalian target of rapamycin (mTOR) and the 5′ AMP‐activated
protein kinase (AMPK). TOR is a serine/threonine kinase that is activated during nutrient‐rich
conditions and is inhibited by starvation. In S. cerevisiae, D. melanogaster, and mammalian
systems, TOR has been linked to autophagy through the regulation of the autophagy initiation
complex ULK1/ATG1 [112, 195–199]. AMPK is activated upon starvation and drives autophagy
in mammalian cells and in invertebrate model organisms. In yeast, ATG1 and ATG13 have
been found as potential genetic interactors and downstream effectors of SNF1, the yeast AMPK
homologue [200]. In mammals, two groups reported the ability of AMPK to induce autophagy
through ULK1/ATG1 activation [195, 201]. In this section of this chapter, we will emphasize
the dual role of autophagy in cancer.

Autophagy deregulation has been widely reported in human cancers. This is reviewed in detail
in Refs. [202, 203]. Whether autophagy plays a tumor‐suppressing role or a tumor‐promoting
role is still controversial since both cases have been reported. Although autophagy protects
against tumorigenesis since it plays a central role in the clearance of damaged cellular
macromolecules and organelles, increasing evidence suggests that autophagy could also
acquire tumor‐promoting functions. By supplying cancer cells with energy, autophagy may
promote their survival because they are often exposed to nutrient deprivation and hypoxia
due to lack of blood vessels.

5.1. Autophagy as a tumor‐suppressing mechanism

The observation that autophagy gene ATG6/BECN1 is monoallelically lost in a large number
of prostate, breast, and ovarian cancers supported the tumor suppression role of autophagy
at first [117, 204–206]. Consistently, autophagy genes are frequently downregulated in tumors.
In mice, homozygous deletion of Becn1 leads to embryonic lethality. However, Becn1 hetero‐
zygous mice exhibit a high frequency of spontaneous tumors that still express the wild‐type
Becn1 mRNA and protein supporting a role of Becn1 as a haploinsufficient tumor suppressor
gene [117, 206]. Moreover, BIF‐1 and UVRAC, which are essential components of the Beclin1/
class III PI3K complex, also contribute to the control of proliferation and suppression of tumor
growth [207]. Furthermore, the deficiency in autophagy genes Atg5, Atg7, and Becn1 in mice
leads to benign hepatic tumors [208].

How autophagy acts as a tumor suppressor is not clear yet. A plausible explanation could be
that loss of autophagy increases oxidative stress, which leads to the accumulation of damaged
macromolecular cellular components [209, 210]. This is supported by the fact that impaired
autophagy increases genomic instability presumably through lack of degradation of damaged
mitochondria and an intracellular increase in the levels of reactive oxygen species (ROS) [211,
212]. The selective degradation of damaged mitochondria by autophagy has been shown to
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protect against oxidative stress and mitochondrial dysfunction [213]. Autophagy deficiency
has been shown to contribute to the tumorigenesis induced by oncogene activation or by
chemical carcinogens. Deletion of Atg7 in mice drives early tumorigenesis induced by BRAF
V600E activation [214], supporting the tumor suppression function of autophagy in the initiation
of tumorigenesis. However, Atg7 deletion also abrogated the ability of the BRAF V600E‐driven
tumors to progress into a more malignant phenotype [214]. Also, Atg4C/autophagin3 knock‐
out mice exhibited an increased susceptibility to develop fibrosarcomas induced by chemical
carcinogens [215].

Autophagy has been recently shown to mediate cellular senescence through the degradation
of nuclear lamina upon oncogenic events, suggesting that this guardian role of autophagy
might prevent tumorigenesis [216].

5.2. Autophagy as a tumor‐promoting mechanism

The balance between autophagy and apoptosis is a key factor in the cellular decision between
life and death. These two pathways are connected, and deregulation in this balance is a main
factor in carcinogenesis. Upon cellular exposure to stress, when the damage cannot be repaired,
cells normally undergo programmed cell death to eliminate them. When cells escape these
control mechanisms and are unable to die, resistant clones emerge which could lead to cancer.
Therefore, mechanisms of resistance to stress are often utilized by cancer cells to survive and
proliferate. Autophagy is induced in hypoxic and highly nutrient‐stressed tumor microenvir‐
onments [211, 212]. Autophagy is also required to promote tumorigenesis by activating
mutations of multiple oncogenes, including KrasG12D [217–219] and BrafV600E [214]. In fact, Atg7
deletion in mice extends the lifespan of mice carrying an activating mutation in BrafV600E that
drives lung tumor growth and impairs mitochondrial metabolism and survival to starvation
[214]. Similarly, the inhibition of autophagy using the autophagy inhibitor chloroquine
abrogates the growth of lymphoma tumors induced by Myc activation. Additionally, deletion
of the autophagic component FIP200 in mammary epithelial cells in mice suppressed mam‐
mary tumor growth in the MMTV‐PyMT mouse model of human breast cancer [220].

The role of P62/SQSTM1 in tumorigenesis is controversial and context‐dependent. While
autophagy suppresses tumorigenesis by eliminating P62, recent findings demonstrate that P62
synergizes with autophagy to promote tumor growth in vivo [221].

Several tumor suppressor genes are associated with aberrant autophagic flux. Mutation in the
tumor suppressor gene Flcn in humans, responsible for the Birt‐Hogg‐Dubé neoplastic
syndrome, increases the predisposition to renal cysts and tumors [222, 223]. Importantly,
autophagy is required for survival to oxidative and nutrient deprivation stresses of FLCN‐
deficient cells and for the FLCN‐driven tumorigenesis [46, 224]. A similar role for VHL, another
renal tumor suppressor, in the regulation of autophagic events in renal cell carcinomas has
also been described [225]. Autophagy inhibition by MiR‐204 suppressed the tumor growth in
VHL‐deficient cells and the inhibition of LC3B/ATG5 suppressed the development of VHL‐
deficient renal cell carcinomas in nude mice [225]. Autophagy also contributes to the tumori‐
genesis induced by loss of the tumor suppressor tuberous sclerosis complex TSC2 [226].
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Recently, ATG7 has been shown to cooperate with loss of PTEN to drive tumorigenesis in
prostate cancer [227].

Autophagy also plays a critical role in sustaining cancer cell viability and promoting tumor
growth in pancreatic ductal adenocarcinoma [228]. MiT/TFE‐dependent transcriptional
activation of the lysosomal‐autophagic pathway is essential for metabolic reprogramming in
pancreatic ductal adenocarcinomas and drives aggressive malignancies [229].

6. Conclusion and perspectives

The autophagy‐associated pathways that alter lifespan, stress tolerance, neuronal health,
resistance to pathogens, and metabolism in lower organisms are highly evolutionarily
conserved and are associated with tumorigenesis in mammals. Although the autophagic
process does not change between cells/tissues/organisms, its roles are diverse and depend on
the context. The important role of autophagy as a “guardian” of cellular integrity by clearing
damaged components helps protect organisms against many diseases, including neurological
disorders and cancer. Moreover, the important role of autophagy in energy supply and survival
to harsh environmental conditions could be employed by cancer cells to survive hypoxic tumor
microenvironments. Due to the fact that the molecular and functional basis of autophagic
processes are highly conserved between organisms, it is of great interest to use these organisms
to link autophagy to important disease‐associated signaling pathways. Finding pathways that
alter autophagic activities is essential and could help the development of cures for multiple
diseases with the common denominator: autophagy. Performing such assays in invertebrate
models is an advantageous fast, inexpensive, and a reliable method that has great potential
and value for the understanding and treatment of human diseases linked to autophagy
including cancer.
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Abstract

Autophagy is a ubiquitous and conserved process in eukaryotic cells from yeasts to
mammals.  It  also appears  to  play vital  roles  in  plant  pathogenic  fungi,  impacting
growth,  morphology,  development,  and  pathogenicity.  In  this  chapter,  we  have
introduced a new concept to delineate the role of autophagy in homeostasis of plant
pathogenic fungi and in their interaction with host cells, in breach of host barrier, and
in the mechanisms of plant fungal infection.

Keywords: plant pathogenic fungi, autophagy, selective autophagy, process and func‐
tion, molecular mechanism

1. Introduction of plant pathogenic fungi

Filamentous fungi play important roles in health care, agriculture, and bioprocessing. There
are thousands of species of plant pathogenic fungi that collectively are responsible for 70%
of all known plant diseases. An improved understanding of the molecular mechanisms of
plant fungal  pathogenesis  will  ultimately lead to better control  of  plant fungal  diseases.
However, until recently, the complexity of fungal pathogen‐plant host interactions made for
slow progress in understanding both the mechanisms of plant host resistance and fungal
pathogenesis.  Over  the  last  40  years,  the  development  and  application  of  productive
approaches based on genetics and molecular biology has led to the cloning and analysis of
many plant resistance genes and fungal pathogenesis determinants to reveal a plethora of
fungus‐plant molecular interactions [1–3]. Diverse plant organs present different obstacles to
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infection by potential fungal pathogens, and therefore successful pathogens have evolved
specific strategies, especially infection structures, that are able to break through host plant
roots, stems, leaves, flowers, or other special tissues. These infection structures are usually
modified hyphae specialized for the invasion of the target host plant tissue(s).

The typical life cycle of plant pathogenic fungi includes an asexual and a sexual stage. In the
asexual stage, pathogens often repeatedly produce many asexual spores during the crop
growing season; these play important roles in the spread of plant disease. The asexual spores
germinate into filamentous hyphae, which can differentiate into a series of complex infection
structures such as infection cushions, haustoria, appressoria, penetration pegs, and others [4].
This stage plays an important role in the spread of plant disease. When the vegetative growth
stage reaches a certain period of time, fungi begin to enter the sexual stage to form various
sexual spores, which are the initial sources of infection during the next disease cycle, in
addition to giving rise to offspring and aiding pathogenic fungi in adverse environments. In
favor of pathogens undergoing successful sporulation and infection, autophagy plays
important roles in nutrient homeostasis. However, studies examining the role of autophagy
are still not advanced in plant pathogenic fungi. With the publication of the genome sequence
of Saccharomyces cerevisiae in 1996, the use of yeast as a model system to study the molecular
mechanisms of autophagy came to the fore. The noteworthy discovery of the role of autoph‐
agy, following its induction by nutrient starvation, in the development of turgor in the
appressorium represents a milestone emphasizing the importance of recognizing the role of
autophagy in the formation of infection structures in plant pathogenic fungi. This achieve‐
ment adds to our fundamental knowledge of both plant fungal pathogenesis and the
biological roles of autophagy [5]. In the last two decades, our knowledge has advanced
remarkably and autophagy has been examined in organisms from yeast to plant pathogenic
fungi, such as Magnaporthe oryzae, Colletortrichum spp., Fusarium spp., and Ustilago maydis.

The rice blast fungus, M. oryzae, a filamentous ascomycete fungus, is the causal agent of rice
blast disease, the most destructive disease of rice worldwide [6]. M. oryzae differentiates a
special infection structure, the appressorium, to rupture the strong cuticular layer, which is
the first defense barrier of the plant host, and gain entry to colonize into plant tissue [4, 7]. The
appressorium is a flattened, hyphal structure that is used to enter host cells during infection.
It generates colossal intracellular turgor pressure (as much as 8.0 MPa), allowing it to penetrate
the leaf cuticle. The mechanical forces that generate a mature appressorium and deliver its
penetration peg have been confirmed by researchers worldwide. This enormous turgor in the
appressorium is a consequence of the accumulation of very large quantities of glycerol in the
cell, and potential sources for glycerol biosynthesis are lipids and glycogen, as well as sugars,
trehalose, and mannitol, in the conidium [8]. The sequenced genomes of M. oryzae have been
provided online [9].

Colletotrichum is the causal agent of anthracnose and other diseases on leaves, stems, and fruits
of numerous plant species, including several important crops. The damage caused by
Colletotrichum spp. extends to important staple food crops, including bananas, cassava, and
sorghum. In addition, it is particularly successful as a postharvest pathogen because latent
infections, which are initiated before harvest, do not become active until the fruit has been
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stored or appears on the market shelf. Colletotrichum is highly significant as an experimental
model in studies of fungal development, infection processes, host resistance, signal transduc‐
tion, and the molecular biology of plant‐pathogen interactions. Colletotrichum can differentiate
the specialized infection structure, the appressorium, as well. Dozens of laboratories are
studying the biology and pathology of various species of Colletotrichum all over the world. The
sequenced genomes of C. graminicola and C. higginsianum have been provided online [10].

The ascomycete Fusarium graminearum (teleomorph Gibberella zeae) is a highly destructive
pathogen of all cereal species. It causes Fusarium head blight, a devastating disease on wheat
and barley. Infection causes shifts in the amino acid composition of wheat, resulting in
shriveled kernels and contamination of the remaining grain with mycotoxins, primarily
deoxynivalenol. Mycotoxins in grain can affect human and animal health when they enter the
food chain. The other important Fusarium species, F. oxysporum, can induce susceptibility in
more than 120 types of plants such as cotton, tomato, and banana. The infection process begins
when the pathogen reaches the surface of plant roots, subsequently resulting in the penetration
and colonization of this fungus. Ultimately, the pathogens will diffuse in the xylem vessels,
which can result in both local and systemic defense responses in the host plant. The typical
disease symptoms in the infected plant cells are slow growth, browning, wilting, and finally
the death of the host. In addition to the economic importance of Fusarium spp., Fusarium species
also serve as key model organisms for biological and evolutionary researches [11].

U. maydis, a member of the smut fungi, infects certain important crops such as wheat, maize,
and barley. Smut fungi are obligate parasite pathogens, thus they live in their host plants to
obtain necessary nutrition for their sexual life cycle. The haploid yeast‐like form of U. maydis
can be propagated on artificial media. However, this form is unable to cause disease. Two
compatible haploid strains fuse and generate a dikaryotic filament to cause infection. The
dikaryotic filament penetrates the host cell via invagination of the plasma membrane. Unlike
the systemic infections caused by other smut fungi, U. maydis is unable to cause systemic
disease and can only infect the above‐ground portions of the host plant maize [12].

In addition, the genetic models Aspergillus spp., Podospora anserina, and Sordaria macrospore are
discussed in this chapter. We enumerate progress in studying autophagy and describe the
many differences between single cell yeasts and multiple cell fungi in the context of this
process.

2. Autophagy: functional roles in eukaryotes

Autophagy is an intracellular degradation system that is highly conserved in eukaryotic cells,
which degrade proteins and organelles in the vacuole/lysosome. Studies examining the
functions of autophagy have increased significantly in the last decade. Autophagy has a wide
variety of functions in eukaryotic cells and intensive studies have shown that autophagy is not
only involved in nutrient recycling but also in other cellular processes such as cellular
differentiation, growth, and pathogenicity [13–18].
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• Autophagy is a general term for the degradation of cytoplasmic components within
lysosomes. This process is quite distinct from general endocytosis‐mediated lysosomal
degradation of extracellular and plasma membrane proteins [19]. There are three types of
autophagy that are classified based on the different ways in which a substrate in the
cytoplasm can be transferred into the vacuole/lysosome: macroautophagy, microautopha‐
gy, and chaperone‐mediated autophagy (CMA). In general, we often consider the term
“autophagy” to refer to macroautophagy. In recent years, given the selectivity of substrates
for degradation, autophagy has been divided into two types: selective autophagy and
nonselective autophagy [16–18, 20]. The unique organelle, called the autophagosome,
mediates autophagy but where and how autophagosomes emerge has been a major
question. In yeast, more than 38 Atg (autophagy‐related) proteins have been identified, and
most of them gather at a site that can be identified by fluorescence microscopy as a punctate
spot very close to the vacuolar membrane. As autophagosomes are generated from this site,
it is called the “preautophagosomal structure” (PAS) [21, 22]. However, the structure of the
PAS has not been characterized until now.

2.1. Autophagy/autolysosomal events

In mammals, the regulation of autophagy is highly complicated. Limited numbers of studies
examining autophagy in filamentous fungi have extended the knowledge gleaned from S.
cerevisiae, the model organism for the study of autophagy [23]. Generally, autophagy consists
of four sequential steps: (1) induction of autophagy; (2) recruitment of ATG proteins by
phagophore assembly site proteins, the rapid formation of two‐layer autophagosomal
membrane structures, and isolation of the cytoplasm and organelles; (3) fusion of autophago‐
somes with lysosomes/vacuoles, in which the inner membrane of the autophagosome and the
cytoplasm‐derived materials are contained in the autophagosome; and (4) degradation of
autophagic bodies in the vacuole into macromolecules that will be recycled. Autophagy
facilitates the recycling of cytoplasmic components as nutrients to support cell survival. This
feature is remarkably different from the ubiquitin‐proteasome system, which only can
specifically recognize ubiquitinated proteins for proteasomal degradation. Autophagy can
selectively or nonselectively degrade proteins and fragments of organisms to maintain
essential activity and viability in response to nutrient limitation.

2.2. The induction and inhibition of autophagy

Like yeast or mammals, fungal autophagy is typically induced by nutrition (e.g., carbon and
nitrogen) starvation [24]. Conversely, autophagy is inhibited by the mammalian target of
rapamycin (mTOR), a central cell growth regulator that is connected with growth factor and
nutrient sensing. It has been demonstrated that the molecular mechanism is regulated by the
mammalian autophagy‐initiating kinase Ulk1, a homolog of yeast Atg1 [25]. Under nutrient‐
rich conditions, TOR kinase is activated and phosphorylates Atg13. Phosphorylated Atg13
does not possess sufficient affinity for the Atg1 kinase and cannot form a complex with Atg1.
Thus, the process of autophagy is inhibited [26, 27].
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nonselective autophagy [16–18, 20]. The unique organelle, called the autophagosome,
mediates autophagy but where and how autophagosomes emerge has been a major
question. In yeast, more than 38 Atg (autophagy‐related) proteins have been identified, and
most of them gather at a site that can be identified by fluorescence microscopy as a punctate
spot very close to the vacuolar membrane. As autophagosomes are generated from this site,
it is called the “preautophagosomal structure” (PAS) [21, 22]. However, the structure of the
PAS has not been characterized until now.

2.1. Autophagy/autolysosomal events

In mammals, the regulation of autophagy is highly complicated. Limited numbers of studies
examining autophagy in filamentous fungi have extended the knowledge gleaned from S.
cerevisiae, the model organism for the study of autophagy [23]. Generally, autophagy consists
of four sequential steps: (1) induction of autophagy; (2) recruitment of ATG proteins by
phagophore assembly site proteins, the rapid formation of two‐layer autophagosomal
membrane structures, and isolation of the cytoplasm and organelles; (3) fusion of autophago‐
somes with lysosomes/vacuoles, in which the inner membrane of the autophagosome and the
cytoplasm‐derived materials are contained in the autophagosome; and (4) degradation of
autophagic bodies in the vacuole into macromolecules that will be recycled. Autophagy
facilitates the recycling of cytoplasmic components as nutrients to support cell survival. This
feature is remarkably different from the ubiquitin‐proteasome system, which only can
specifically recognize ubiquitinated proteins for proteasomal degradation. Autophagy can
selectively or nonselectively degrade proteins and fragments of organisms to maintain
essential activity and viability in response to nutrient limitation.

2.2. The induction and inhibition of autophagy

Like yeast or mammals, fungal autophagy is typically induced by nutrition (e.g., carbon and
nitrogen) starvation [24]. Conversely, autophagy is inhibited by the mammalian target of
rapamycin (mTOR), a central cell growth regulator that is connected with growth factor and
nutrient sensing. It has been demonstrated that the molecular mechanism is regulated by the
mammalian autophagy‐initiating kinase Ulk1, a homolog of yeast Atg1 [25]. Under nutrient‐
rich conditions, TOR kinase is activated and phosphorylates Atg13. Phosphorylated Atg13
does not possess sufficient affinity for the Atg1 kinase and cannot form a complex with Atg1.
Thus, the process of autophagy is inhibited [26, 27].
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Rapamycin is an inducer of autophagy as inhibition of mTOR mimics cellular starvation by
blocking signals required for cell growth and proliferation. Fungi can also be induced by
treatment with rapamycin, often with concentrations between 200 and 500 ng/ml in fungal
culture [23, 24, 28, 29].

2.3. Autophagy in nutrient recycling

Under nutrient‐limited conditions, autophagy can serve as a nutrient recycling pathway to
support cell survival [30]. This role was demonstrated in the autophagy‐deficient Aspergillus
fumigatus ΔAfatg1 mutant strain that experienced limited growth on a nutrient starvation
medium (i.e., water‐agarose), while the wild‐type strain could maintain growth on the same
medium. After reconstituting AfATG1 back into the mutant, the complemented strain exhibited
the same phenotype as the wild‐type strain, suggesting that autophagy can recycle nutrients
for growth [31]. For fungi, the colony margin mycelium is more active than the central
mycelium and the inner hyphal network recycles nutrients to complement the growing tips
[32]. When autophagy was blocked in ΔMoatg1 mutants of M. oryzae, growth of the ΔMoatg1
mutants was assessed on minimal media lacking either of the two crucial nutrients, nitrogen
and carbon, and ΔMoatg1 mutant colonies spread more slowly than those of the wild‐type
strain in both the cases [5]. These studies provide evidence that autophagy is required to
support growth.

2.4. Autophagy in cellular degradation

Filamentous fungi have no lysosomes, like mammals, but the vacuoles play a similar role as
degradative organelles. Hyphal vacuolation has been shown to increase rapidly in nutrient‐
starved Aspergillus oryzae mycelia [33]. It has been demonstrated that autophagic bodies can
be visualized in vacuoles under starvation conditions; however, autophagic bodies cannot be
detected in autophagy‐blocked mutants, such as in the A. fumigatus ΔAfatg1 mutant or in the
M. oryzae ΔMoatg1, 4, 5, and 9 mutants [5, 31, 34–36]. Mon1 or Ypt7 are essential for vesicle
fusion and vacuole morphology in yeast, and deleting the homologous genes in M. oryzae
results in autophagy blockage in the mutants [37, 38].

2.5. Autophagy in cellular differentiation

In eukaryotic cells, autophagy is involved in cellular differentiation and development [14]. In
plant pathogenic fungi, blocked autophagy impacts the phenotypes and morphologies of
fungi. In the M. oryzae autophagy‐deficient mutant ΔMoatg8, sucrose or glucose supplemen‐
tation suppresses conidiation defects but the appressorium loses the ability to penetrate [39].
Deletion of MoATG4 or MoATG8 results in nuclear degeneration during appressorium
formation and a drastic reduction in asexual conidiospore formation [34, 39]. Deletion of the
lipase gene ATG15 in F. graminearum results in reduced degradation of storage lipids [40].
Deletion of autophagy genes also inhibits the formation of sexual reproductive organs such as
protoperithecia in P. anserina and perithecia in M. oryzae [5, 41]. These findings strongly suggest
that autophagy is needed for proper cellular differentiation in several species of filamentous
fungi. However, autophagy does not always appear to be involved in cellular differentiation.

Autophagy in Plant Pathogenic Fungi
http://dx.doi.org/10.5772/64634

225



For example, hyphal differentiation in Δatg9 mutant of the filamentous yeast Candida albicans
does not affect the formation of chlamydospores [42]. Thus, there may be diverse roles for
autophagy in the fungal differentiation of different species.

3. Macroautophagy-related genes studied in plant pathogenic fungi

Macroautophagy is the most widely studied type of autophagy. Many ATG genes involved in
this process have been identified and characterized in yeast, plant, and mammals [43].
Additionally, it has been demonstrated that autophagy is a conserved catabolic pathway in
plant pathogenic fungi and plays vital roles in development and differentiation among plant
pathogens [44]. In contrast to yeast, many plant pathogenic fungi form special infection
structures that can rupture the plant cuticle to gain entry to internal tissue, ultimately causing
plant disease. The appressorium is known as a typical feature of some of the most important
cereal pathogens such as the devastating rice blast disease‐causing fungus, M. oryzae. Macro‐
autophagy‐related genes have been studied extensively in the plant pathogens M. oryzae,
Aspergillus spp., Colletotrichum spp., Fusarium spp., and U. maydis.

3.1. The Atg1 kinase complex

In S. cerevisiae, Atg1, which encodes a serine/threonine kinase, forms a complex with Atg13,
Atg17, Atg29, and Atg31 that are required for PAS formation. The Atg1 complex initiates the
formation of the autophagosome by forming a scaffold to recruit other complexes [45].
Homologs of the yeast ATG1 gene have been identified and characterized in many filamentous
fungi including Colletotrichum lindemuthianum [46], M. oryzae [5], and P. anserina [41]. Random
insertional mutagenesis in C. lindemuthianum clones produced mutations in a putative serine/
threonine protein kinase named Clk1 that is associated with pathogenicity in the common
bean. Clk1 is homologous to Atg1 in S. cerevisiae, although its role in autophagy has not been
reported [46]. Disruption of the ATG1 gene results in blockage of the autophagy process as
confirmed by a defect in autophagosome formation and the absence of autophagic bodies in
the vacuole in P. anserina [47]. In M. oryzae, deletion of MgATG1(MoATG1) causes reduced
conidiation, delayed spore germination, and loss of pathogenicity on barley and rice due to
interrupted autophagy [5]. Similarly, deletion of BcATG1 inhibits autophagosome accumula‐
tion in the vacuoles of nitrogen‐starved cells. A null mutant of BcATG1 is defective in vegetative
growth, conidiation, sclerotial formation, and appressorium formation [48]. Functional
analysis of AoATG1 in A. oryzae shows that conidiation and aerial hyphae are reduced
significantly. Overexpression of AoAtg1 leads to decreased conidiation and excessive devel‐
opment of aerial hyphae [49]. These data are consistent with the role of S. cerevisiae ATG1 in
the induction of autophagy.

Upon starvation induction, Atg13 is rapidly dephosphorylated and subsequently activates
Atg1 kinase activity. Atg13 binds to the C‐terminus of Atg1 and this interaction occurs in a
constitutive manner [50]. Data from M. oryzae show that MoATG13 and MoATG29 are not
essential for turgor generation and rice blast formation [51]. Although the AoATG13 deletion
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mutant exhibits a reduction in conidiation and aerial hyphae, the mutant still exhibits auto‐
phagic activity in A. oryzae [52]. Thus, unlike S. cerevisiae Atg13, there may be another Atg13
in these plant pathogens.

3.2. Atg9-mediated vesicle transport

In yeast, Atg9 is a transmembrane protein consisting of six transmembrane domains with the
amino and carboxyl termini exposed in the cytosol. Atg9 is positioned on the PAS and
peripheral sites, shuttling and delivering membrane to form the phagophore. Atg1‐Atg13 and
Atg2‐Atg18 facilitate Atg9‐mediated vesicle transport from the PAS to peripheral sites [53],
and the return of Atg9‐mediated vesicle transport depends on Atg11, Atg23, and Atg27 [54,
55]. A new report indicates that Atg9 is a direct target of Atg1 kinase. Phosphorylated Atg9 is
essential for the recruitment of Atg8 and Atg18 to the PAS and extension of the isolation
membrane [56].

The functional characterization of Atg9 homologs in filamentous fungi has been document‐
ed. In M. oryzae, knockout of 23 autophagy‐related genes confirmed that MoATG9 is essential
for rice blast formation [51]. Dong et al. also characterized the MoAtg9‐mediated trafficking
process in detail by observing the fluorescent localization of MoAtg9 in the wild‐type strain
and null mutants of MoATG1, 2, 13, and 18. MoAtg9 cycling depends on MoAtg1, 2, and 18
but not on MoAtg13. The null mutant of MoATG9 exhibits similar phenotypes to the MoATG1
deletion mutant, such as poor sporulation and appressorium formation, blockage of autoph‐
agy, and lack of pathogenicity on susceptible rice [35].

3.3. The two ubiquitin-like systems in autophagy

The process of autophagy involves two ubiquitin‐like systems, the Atg12 and Atg8 conjugation
systems. Both play key roles in bending and extension of the autophagosome membrane [45].
In the Atg12‐Atg5‐Atg16 ubiquitin‐like system, Atg5 can directly bind the membrane, a
process that is negatively regulated by Atg12 and positively regulated by Atg16 [57]. Identi‐
fication of the proteins associated with the autophagosome has been performed in filamentous
fungi. Disruption of the gene BbATG5 resulted in abnormal conidia and reduction in growth,
germination, blastospore formation, conidiation, and virulence in Beauveria bassiana [58].
Disruption of MoATG5 in M. oryzae caused loss of pathogenicity, reduced conidiation, and
perithecia formation [34]. In Trichoderma reesei, TrATG5 gene knockout resulted in reduced
conidiation and abnormal conidiophores [59]. Null mutants Moatg12 and Moatg16 also result
in loss of pathogenicity in M. oryzae [51]. We can conclude that the Atg12 ubiquitin‐like system
is associated with conidiation and pathogenicity in plant pathogens.

Atg8 is another ubiquitin‐like protein associated with autophagosome formation throughout
the autophagy process and is well conserved in most model organisms and higher eukaryotes.
It is associated with the autophagosome membrane and has been used as a marker for
autophagy [60]. The amount of Atg8 can regulate the volume of autophagosomes by control‐
ling phagophore expansion [61, 62]. The Atg12‐Atg5‐Atg16 complex acts like an E3 ligase,
catalyzing Atg8 to phosphatidylethanolamine (PE) on the membrane [57].
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Deletion of the ATG8 gene in fungi detrimentally inhibits autophagy and affects cellular
growth and differentiation [63]. Deletion of FgATG8 in the necrotrophic plant pathogen F.
graminearum results in loss of perithecia, reduced conidiation, and collapse of the aerial
hyphae [64]. Lipid utilization is dependent on autophagy in F. graminearum for providing
nutrients for the nonassimilating portion of the fungi. Although the ability to infect plants is
not affected in the null mutant Fgatg8, plant colonization cannot be seen from spikelet to
spikelet as with the wild‐type fungus [64]. In F. oxysporum, the autophagy‐related gene FoATG8
is involved in nuclear degradation after hyphal fusion and the control of nuclear distribution
[65]. The null mutant Smatg8 in S. macrospore results in fruiting body loss, impaired ascospore
germination, and the ability to undergo hyphal fusion [66]. In M. oryzae, loss of MoATG8 blocks
autophagic conidial cell death leading to impaired appressorium formation, loss of pathoge‐
nicity, and reduced conidiation [67]. Consistent with its function in M. oryzae, CoATG8 is also
involved in normal conidiation, appressorium formation, and pathogenicity in C. orbiculare
[68]. Disruption of the AoATG8 gene causes severe defects in the formation of aerial hyphae
and conidia by affecting the autophagy process in A. oryzae [69].

The Atg12 and Atg8, two ubiquitin‐like conjugating systems, share the same E1‐like activating
enzyme, Atg7, but have different E2‐like conjugating enzymes: Atg10 and Atg3, respectively
[45]. In M. oryzae, MoATG7, MoATG10, and MoATG3 are all associated with pathogenicity.
Deletion of any of these causes a loss of pathogenicity in M. oryzae [51]. Atg4, a cysteine
protease, is responsible for the first cleavage of Atg8 to expose its C‐terminal glycine and the
second cleavage from PE to recycle Atg8 [47]. In M. oryzae, the cleavage event mediated by
MoAtg4 is also conserved as observed in in vitro assays. Disruption of MoAtg4 blocks autoph‐
agy and causes defects like other null mutants of autophagy‐related genes in M. oryzae [36]. In
Sordaria macrospora, SmAtg4 is also capable of cleaving the SmAtg8 precursor [66]. Deletion of
AoATG4 results in the loss of aerial hyphae and reduced conidiation, resulting from the
destruction of autophagy in A. oryzae [52].

3.4. The PI3K complex

Another protein complex required for autophagy in yeast is the phosphatidylinositol 3‐kinase
(PI3K) complex that involves Vps15, Vps34, Atg6, and Atg14 [45]. All of these proteins, with
the exception of Atg14, are conserved in filamentous fungi. In S. cerevisiae, this complex is not
specific to autophagy and is also involved in the cytoplasm‐to‐vacuole targeting pathway
(CVT) pathway and a fairly diverse array of signaling and membrane transport events
including Golgi to vacuole transport [61]. Thus, it is likely that autophagy may be impacted
by other cellular signaling events. There have been few studies examining this complex in plant
pathogens except in M. oryzae. A null mutant of MoATG6 resulted in the loss of pathogenicity
[50].

3.5. Membrane fusion

The membrane fusion of the autophagosome and vacuole requires many proteins. The au‐
tophagosome first docks with the surface of a vacuole, and then the outer membrane
fuses with the vacuolar membrane. The proteins involved in this step are mostly those
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proteins which are implicated in membrane fusion, such as the SNARE family proteins
and the homotypic fusion and vacuolar protein sorting (HOPS) tethering complex [70, 71].
Once inside the vacuolar lumen, the single‐membrane vesicle turns into the autophagic
body.

Many SNARE proteins have been characterized in plant pathogens especially in M. oryzae and
F. graminearum. In M. oryzae, MoVam7 is essential for vacuolar membrane fusion and vacuolar
maturation [72]. MoSec22, an R‐SNARE protein, is involved in endocytosis. Both MoVam7 and
MoSec22 are required for growth, conidiation, and pathogenicity in M. oryzae [73]. Recently,
another syntaxin protein, MoSyn8, has been identified for its role in regulating intracellular
trafficking in M. oryzae [74]. In F. graminearum, FgVam7, a homolog of Vam7, plays an important
role in regulating cellular differentiation and virulence [75]. Roles for these SNARE proteins
in fungal development have been explored in depth but their functions in the autophagy
process must be further evaluated. It has been reported that the HOPS subunit MoVps39 is
crucial for pathogenicity in M. oryzae due to its role in anchoring G protein signaling. Rab
GTPases also function in vesicle‐vacuolar fusion [76]. In M. oryzae, MoYpt7, a homolog of Ypt7
in yeast, has been confirmed to be required for autophagy by affecting membrane fusion and
assembly of the mature vacuole [37]. MoMon1, an ortholog of S. cerevisiae Mon1, is also
required for membrane fusion in mature vacuolar formation [38]. Consistent with the results
in M. oryzae, it has also been demonstrated that the F. graminearum homologs of Ypt7 and Mon1
are conserved in vacuole fusion and autophagy [77, 78].

3.6. Degradation of the autophagic body

The last step during autophagy is the degradation of the autophagic body in the vacuoles
and recycling of cellular macromolecules to supply nutrient. Two autophagy‐related pro‐
teins, Atg15 and Atg22, have been identified in yeast and are involved in this process [45].
Atg15 is a putative lipase involved in the lysis of CVT bodies, autophagic bodies, and incor‐
porated peroxisomes in the vacuole [79]. Atg15 is well conserved in yeast and filamentous
fungi, but it contains a distinct repeat motif at its C‐terminus in front of the Ser/Thr‐rich re‐
gion [80]. In A. oryzae, AoAtg15 is required for autophagosome formation and the lysis of
autophagic bodies. A null mutant of Aoatg15 exhibits differentiation defects for the aerial hy‐
phae and conidia [52]. Disruption of FgATG15 causes a delay in lipid body degradation and
utilization and abnormal development of the conidia and aerial hyphae formation [81]. In
M. oryzae, MoATG15 is also involved in pathogenicity [53]. On the other hand, Atg22 is an
integral vacuolar transmembrane protein with structural similarity to permeates. It may
function as a transporter in the export of recycled amino acids from the vacuole to the cyto‐
sol [82]. In A. nidulans and many other filamentous fungi, multiple paralogs of Atg22‐like
proteins have been identified [80]. In P. anserina, the pspA/idi-6 gene encoding serine protease
A is the functional ortholog of the S. cerevisiae vacuolar protease B (Prb1). Both of these pro‐
teases are involved in autophagy [47].
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4. Selective autophagy in plant pathogenic fungi

With the exception of bulk autophagy, which is nonselective, eukaryotic cells possess several
types of selective autophagy to maintain homeostasis during stress. These processes include
the CVT pathway (which is only found in S. cerevisiae), pexophagy (which targets peroxi‐
somes), mitophagy (the specific elimination of mitochondria), nucleophagy (which targets the
nucleus), reticulophagy (which mediates the turnover of the endoplasmic reticulum), and
ribophagy (the specific elimination of ribosomes) [83]. Here, we provide a brief introduction
to the mechanisms that have been identified and the development of selective autophagy in
plant pathogenic fungi.

4.1. Pexophagy

Peroxisomes share enzymes involved in the β‐oxidation of fatty acids and the production and
degradation of H2O2 or other reactive oxygen species (ROS); thus, homeostasis in peroxisomes
plays an important role in survival and development. Researchers have found that peroxi‐
somes exhibit high variability under changing circumstances because their numbers can be
rapidly increased when their functions are required but then can be quickly recycled when
they are not essential to avoid wasting energy [84]. There are two biological processes that
explain this phenomenon: the process of peroxisome growth and division and the specific
degradation of peroxisomes by autophagy, known as pexophagy. Studies of methylotrophic
yeasts have shown that two distinct, selective modes are exploited for pexophagy: macropex‐
ophagy and micropexophagy. It appears that high levels of ATP activate micropexophagy,
while lower levels induce macropexophagy. Macropexophagy is initiated at a specific PAS
(different from the CVT pathway); newly synthesized membrane wraps around and sequesters
the peroxisomes one by one and then forms a double membrane pexophagosome, which is
ultimately delivered to the vacuole. In contrast to macropexophagy, a cluster of peroxisomes
is swallowed by vacuolar sequestering membranes (VSMs) in micropexophagy. Meanwhile,
the micropexophagy‐specific membrane apparatus (MIPA), which mediates fusion between
the tips of the invagination vacuoles, extends from the PAS. Finally, membrane scission occurs
on the inner side of the vacuolar membrane and the peroxisomes are cracked [85].

Among 38 ATG genes that have been identified in yeasts, 16 Atg proteins constitute the core
machinery mediating the formation of the autophagosome for almost all types of autophagy.
While the specialization of any selective autophagy pathway is determined by the selective
cargo recognized and engulfed by the autophagosomes, this requires the help of other selective
autophagy‐specific ATG genes. In Pichia pastoris, phosphorylated Atg30 physically interacts
directly with Atg11 and Atg17. These two proteins act as scaffolds at the PAS to recruit other
proteins. In Hansenula polymorpha, Atg25 is essential to connect Atg11 and Atg17. In contrast,
Atg30 is required for macropexophagy in S. cerevisiae. During the final stages of pexophagy in
P. pastoris and S. cerevisiae, Atg24 is involved in the regulation of membrane fusion at the
vacuolar surface. Atg26 is a sterol glucosyltransferase that synthesizes sterol glucoside and is
necessary for both modes of pexophagy but not bulk autophagy. In P. pastoris, the protein is
associated with the MIPA during micropexophagy [86].
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machinery mediating the formation of the autophagosome for almost all types of autophagy.
While the specialization of any selective autophagy pathway is determined by the selective
cargo recognized and engulfed by the autophagosomes, this requires the help of other selective
autophagy‐specific ATG genes. In Pichia pastoris, phosphorylated Atg30 physically interacts
directly with Atg11 and Atg17. These two proteins act as scaffolds at the PAS to recruit other
proteins. In Hansenula polymorpha, Atg25 is essential to connect Atg11 and Atg17. In contrast,
Atg30 is required for macropexophagy in S. cerevisiae. During the final stages of pexophagy in
P. pastoris and S. cerevisiae, Atg24 is involved in the regulation of membrane fusion at the
vacuolar surface. Atg26 is a sterol glucosyltransferase that synthesizes sterol glucoside and is
necessary for both modes of pexophagy but not bulk autophagy. In P. pastoris, the protein is
associated with the MIPA during micropexophagy [86].
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In the cucumber anthracnose fungus C. orbiculare, pexophagy is required for phytopathoge‐
nicity. To penetrate host epidermal cells and cause infection, C. orbiculare forms a specific
structure, the appressorium. Researchers showed that while appressoria could still form in the
Coatg26 deletion mutant, the infection process was severely delayed. Furthermore, deletion of
Coatg8 impaired formation of the appressoria, suggesting the important role of autophagy
during infection. A GFP fusion protein was peroxisomally expressed in C. orbiculare to monitor
peroxisome conditions. Massive fluorescent dots could be observed in the wild‐type strain and
Coatg26 mutant showing that the Atg26 null mutant still possessed a normal ability to perform
peroxisome biosynthesis. The authors also observed that CoAtg8‐tagged phagophores could
swallow the peroxisomes through diffusion of GFP inside the vacuoles in the wild‐type strain.
However, bright peroxisomal dots were present in the appressoria of the Coatg26 mutant. This
indicated that appressoria pexophagy of the Coatg26 mutant was significantly impaired
compared with the wild‐type strain. Taken together, nonselective general autophagy is
essential for early stage pathogen development and Atg26‐dependent selective pexophagy is
essential for later stages of infection [68].

4.2. Mitophagy

Mitochondria are the sites of oxidative metabolism in eukaryotic organisms and are the places
where the energy is released by the final oxidation of carbohydrates, fats, and amino acids.
Reactive oxygen species are a side‐product of the mitochondria. ROS release damages
mitochondrial DNA and proteins and other cellular compartments, e.g., nuclear DNA. Thus,
mitochondrial homeostasis is critical for organisms. Mitochondria degradation is mediated
through a selective type of autophagy, called mitophagy. In S. cerevisiae, Atg32 (a mitochondrial
outer membrane protein) functions as a receptor protein that interacts with Atg11 and Atg8
[87]. Recent studies show that a portion of the molecular mechanism involved in mitochondrial
fission participates in mitophagy [88].

In M. oryzae, Atg24‐assisted mitophagy in the foot cells is necessary for proper asexual
differentiation and functions in redox homeostasis and nutrient modulation. MoAtg24, a
sorting nexin related to yeast Snx4, is only required for mitophagy. The ΔMoatg24 strain
exhibited a decreased rate of conidiophore formation and reduced aerial hyphal growth.
Subcellular localization of MoAtg24‐GFP under ROS stress and starvation conditions found
that MoAtg24‐GFP was localized to the mitochondria and studies employing Mito‐GFP clearly
indicated signals in the foot cells. The Bin‐Amphiphysin‐Rvs (BAR) and Phox homology (PX)
domains of MoAtg24 are essential for its mitochondrial localization [89].

4.3. Reticulophagy and ribophagy

The ribosome is a cellular ribonucleoprotein particle that is primarily composed of RNA
(rRNA) and proteins, and its only function is to catalyze amino acids for proteins according to
the instructions imparted by the mRNA. Ribophagy involves degradation of the 60S ribosomal
subunit and is regulated by both ubiquitination and deubiquitination. Some proteins are
synthesized in the endoplasmic reticulum (ER) shortly after synthesis begins. The ER also
modulates the modification and processing of protein folding and assembly and transport of
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nascent peptides. Like other selective autophagy pathways, reticulophagy and nucleophagy
should be highly controlled. ERphagy is differentially induced, depending on the intensity
and type of the ER stress [90]. This shows that the Ypt/Rab GTPase module, formed by the
Trs85 containing the Ypt1, the Atg11 effector and the TRAPPIII GEF, functions in reticulophagy.
With the exception of Ypt/Rab GTPases [91], macroreticulophagy also depends on Atgs and
their cargos. In conclusion, Atg9‐dependent ERphagy involved autophagy of the endoplasmic
reticulum, Ypt1‐ and core Atg‐dependent phagy mediate the organization of PAS, and Ypt51‐
dependent phagy mediates the delivery of autophagosomes to the vacuole [92].

Recently, researchers identified two Atg8‐binding proteins in S. cerevisiae, Atg39 and Atg40,
both of which are receptors for reticulophagy. ER consists of 3 subdomains in S. cerevisiae,
specifically, the cytoplasmic ER (cytoER), the cortical ER (cER), and the perinuclear ER (pnER),
i.e., the nuclear envelope (NE). Atg39 specifically localizes to the pnER/NE and induces
autophagic sequestration of double‐membrane vesicles as well as some intranuclear compo‐
nents. Thus, the Atg39‐dependent pathway should also be called nucleophagy. Atg40 is
primarily responsible for cER/cytoERphagy. Atg39 mutant cells die earlier than wild‐type cells
under prolonged nitrogen starvation, while Atg40 mutant cells do not, suggesting the phys‐
iological significance of the pnER‐autophagy pathway. It is still unknown whether the
generation of nuclear envelope‐derived vesicles and ER fragments are coupled with their
sequestration into autophagosomes [93, 94]. The processes of reticulophagy and ribophagy
still need to be studied in plant pathogens.

4.4. Nucleophagy

The removal of damaged/nonessential/entire (in some circumstances) nuclei under stress is
crucial for cell survival. Nucleophagy is the selective degradation of nuclear material by
autophagy. It has two modes: macronucleophagy and micronucleophagy. Two processes
(piecemeal microautophagy of the nucleus, PMN, and late nucleophagy) exist in S. cerevisiae
and are considered microautophagy. In the PMN, two proteins, Vac8 (located in the vacuolar
membrane) and Nvj1 (in the nuclear envelope), recognize each other at nucleus‐vacuole (NV)
junctions. Then, nuclear membranes that are associated with NV junctions invaginate into the
vacuolar lumen. Sequestration of the nuclear cargo occurs via the fission of nuclear membranes
and the vacuolar membrane, and ultimately a triple‐membrane PMN vesicle is released into
the vacuolar lumen and is degraded. The cargo that is sequestered by PMN includes nones‐
sential nuclear components; PMN requires the core ATG genes, and specific ATG genes are
necessary at the step in which the vacuolar membrane fuses. Conversely, late nucleophagy can
occur in the absence of Nvj1, Vac8, and Atg11 [95].

Micronucleophagy has been studied in A. oryzae. EGFP‐tagged Atg8 has been utilized to track
autophagosomal structures. Large autophagosomes (1–2 mm in diameter) are formed around
the nuclei and then sequester whole targets. Subsequently, nuclear material is dispersed
throughout neighboring vacuoles, suggesting that autophagosomes forming close to targeted
nuclei in turn sequester whole nuclei [96]. Micronucleophagy has been studied in M. oryzae.
A dome‐shaped structure, called the appressorium, penetrates host tissues. To form appres‐
soria, spores undergo a series of autophagy steps including nuclear degeneration. In contrast
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to piecemeal microautophagy of the nucleus, nuclear degradation in M. oryzae is dependent
on core autophagy genes, and fungi, such as A. oryzae, possess large autophagosomes, while
M. oryzae’s autophagosomes are smaller and more punctate [97].

In M. oryzae, core ATG genes such as MoATG1, MoATG5, and MoATG8 were studied in the
context of pathogenicity but given that these genes are essential for both selective and bulk
autophagy, it is still unknown if selective autophagy has a critical function in the fungal
pathogenicity of M. oryzae [98]. Kershaw et al. conducted a mass gene knockout in M. oryzae
to analyze 22 ATG genes [51]. The results showed that M. oryzae becomes nonpathogenic on
rice when it loses any one of the core ATG genes but is still pathogenic in the absence of ATG
genes for selective autophagy (ATG11, 24, 26–29).

5. Conclusions

In this report, we have introduced a new concept to delineate the role of autophagy in
homeostasis of plant pathogenic fungi and in their interaction with host cells, breach of host
barrier, and in the mechanisms of plant fungal infection. More knowledge of the diverse modes
of autophagy is likely to help us understand the mechanisms of fungal pathogen‐plant host
interactions. In addition, pathogenic fungi are multicellular organisms that undergo constant
polar growth that is completely different from yeast. Due to the differences between yeast and
multicellular organisms, greater divergence has been revealed in terms of the CVT pathway,
SNARE proteins, and selective autophagy, as mentioned in this chapter. It is necessary to create
a new system to analyze autophagy in filamentous fungi. Furthermore, with the development
of metabolomics and proteomics, studies of autophagy in plant pathogenic fungi can be
combined with new technologies based on the molecular mechanisms of autophagy.
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Abstract

Cystic fibrosis (CF) is a fatal, genetic disorder that critically affects the lungs and is
directly caused by mutations in the CF transmembrane conductance regulator  (CFTR)
gene,  resulting  in  defective  CFTR  function.  In  epithelial  cells,  the  CFTR  channel
conducts anions and plays a critical role in regulating the volume and composition of
airway surface liquid. This thin layer of aqueous fluid and mucus covering the airway
surface facilitates mucociliary clearance, bacterial killing, and epithelial cell homeosta‐
sis. The importance of the CFTR channel in macrophages was revealed in recent work
that demonstrated that defective CFTR function is accompanied by impaired innate
immune responses to specific infections. Notably, most CF‐associated infections are
caused by microbes that are cleared by autophagy in healthy cells. Autophagy is a
highly regulated biological process that provides energy during periods of stress and
starvation. Autophagy clears pathogens, inflammatory molecules, and dysfunctional
protein  aggregates  within  macrophages.  However,  this  process  is  impaired  in  CF
patients and CF mice, as their cells exhibit limited autophagy activity. The mechanisms
linking a malfunctioning ion channel  function to the defective autophagy remains
unclear. In this chapter, we describe and discuss the recent findings indicating the
presence of several mechanisms leading to defective autophagy in CF cells. Thus, these
novel data advance our understanding of mechanisms underlying the pathobiology of
CF and provide a new therapeutic platform for restoring CFTR function and autophagy
in patients with CF.

Keywords: cystic fibrosis (CF), autophagy, Rab GTPases (Rabs), CF‐associated bacte‐
ria, autophagy therapeutics
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1. Introduction

Cystic fibrosis (CF) is the most common life‐threatening genetic disease in North America
and Europe. The birth prevalence of CF is estimated to be one in 3500–4500, with 200–300
new cases each year in Europe. The typical form of CF is diagnosed during early childhood
and is characterized by recurrent pulmonary infections, pancreatic insufficiency, and elevated
chloride concentrations in sweat. CF is a multi‐organ disorder, however infections often occur
in the lungs accompanied with severe inflammation and tissue destruction [1]. CF is directly
caused by mutations in the CF transmembrane conductance regulator (CFTR) gene, resulting in
defective CFTR function. Over 1400 mutations have been identified in the CFTR gene, the
most common mutation leading to CF is deletion of phenylalanine at position 508 (F508del)
and is present in over 70% of the CF alleles [2, 3]. Most of the work discussed in this chapter
refers to the F508del‐CFTR.

The previous commonly accepted hypothesis for CF pathology is the excessive secretion of
thick mucus that remains in the lungs and is accompanied by impaired mucociliary clearance.
This viscous mucus layer predisposes CF patients to chronic pulmonary infections. An
intriguing speculation arose from the specificity of organisms that tend to infect CF patients.
We hypothesized that the susceptibility of CF patients to these infectious agents is due to weak
autophagic activity since most of the organisms that tend to cause chronic infection in CF are
controlled by autophagy in healthy cells [4–6]. Autophagy is a highly regulated biological
process that provides energy during periods of stress and starvation [7] and is typically
induced upon glucose or amino acid starvation. Autophagy clears pathogens, inflammatory
molecules, and dysfunctional protein aggregates within macrophages. Autophagy proceeds
through sequential steps that begin with the formation of the phagophore or isolation mem‐
brane at a pre‐autophagosomal structure (discussed in chapter of this book) [8]. The nascent
autophagic membrane elongates to form a double‐membrane autophagosomes that captures
regions of cytoplasm, damaged mitochondria, or aggregated proteins. Upon maturation, the
autophagosome containing the isolated cargo then fuses with the lysosome to form a single
membrane compartment called the autolysosome. The autophagosomal cargo is then degrad‐
ed in this compartment by lysosomal acid hydrolases and other degradative enzymes. The
resulting degradation products including free amino acids, fatty acids, and nucleotides are
released to the cytoplasm by the action of lysosomal permeases, where they may be reutilized
for anabolic pathways [9, 10]. However, this process is impaired in CF patients and CF mice,
as their macrophages and epithelial cells exhibit limited autophagic activity. The mechanisms
linking a malfunctioning ion channel to the defective autophagy remains unclear.

Until recently, it was believed that the production of thick mucus and the impairment of
mucociliary clearance was the main underlying culprit, allowing the persistence of specific
infections in the CF lung. The idea of the existence of an innate immune deficiency disorder in
CF was not examined until lately. The discovery that the innate immune functions of macro‐
phages and neutrophils are disrupted in CF was a turning point in the CF field and in
understanding the pathobiology of CF. Several years were consumed to provide what is now
undisputable data confirming that CF should be considered an innate immune disorder.

Autophagy in Current Trends in Cellular Physiology and Pathology246



1. Introduction

Cystic fibrosis (CF) is the most common life‐threatening genetic disease in North America
and Europe. The birth prevalence of CF is estimated to be one in 3500–4500, with 200–300
new cases each year in Europe. The typical form of CF is diagnosed during early childhood
and is characterized by recurrent pulmonary infections, pancreatic insufficiency, and elevated
chloride concentrations in sweat. CF is a multi‐organ disorder, however infections often occur
in the lungs accompanied with severe inflammation and tissue destruction [1]. CF is directly
caused by mutations in the CF transmembrane conductance regulator (CFTR) gene, resulting in
defective CFTR function. Over 1400 mutations have been identified in the CFTR gene, the
most common mutation leading to CF is deletion of phenylalanine at position 508 (F508del)
and is present in over 70% of the CF alleles [2, 3]. Most of the work discussed in this chapter
refers to the F508del‐CFTR.

The previous commonly accepted hypothesis for CF pathology is the excessive secretion of
thick mucus that remains in the lungs and is accompanied by impaired mucociliary clearance.
This viscous mucus layer predisposes CF patients to chronic pulmonary infections. An
intriguing speculation arose from the specificity of organisms that tend to infect CF patients.
We hypothesized that the susceptibility of CF patients to these infectious agents is due to weak
autophagic activity since most of the organisms that tend to cause chronic infection in CF are
controlled by autophagy in healthy cells [4–6]. Autophagy is a highly regulated biological
process that provides energy during periods of stress and starvation [7] and is typically
induced upon glucose or amino acid starvation. Autophagy clears pathogens, inflammatory
molecules, and dysfunctional protein aggregates within macrophages. Autophagy proceeds
through sequential steps that begin with the formation of the phagophore or isolation mem‐
brane at a pre‐autophagosomal structure (discussed in chapter of this book) [8]. The nascent
autophagic membrane elongates to form a double‐membrane autophagosomes that captures
regions of cytoplasm, damaged mitochondria, or aggregated proteins. Upon maturation, the
autophagosome containing the isolated cargo then fuses with the lysosome to form a single
membrane compartment called the autolysosome. The autophagosomal cargo is then degrad‐
ed in this compartment by lysosomal acid hydrolases and other degradative enzymes. The
resulting degradation products including free amino acids, fatty acids, and nucleotides are
released to the cytoplasm by the action of lysosomal permeases, where they may be reutilized
for anabolic pathways [9, 10]. However, this process is impaired in CF patients and CF mice,
as their macrophages and epithelial cells exhibit limited autophagic activity. The mechanisms
linking a malfunctioning ion channel to the defective autophagy remains unclear.

Until recently, it was believed that the production of thick mucus and the impairment of
mucociliary clearance was the main underlying culprit, allowing the persistence of specific
infections in the CF lung. The idea of the existence of an innate immune deficiency disorder in
CF was not examined until lately. The discovery that the innate immune functions of macro‐
phages and neutrophils are disrupted in CF was a turning point in the CF field and in
understanding the pathobiology of CF. Several years were consumed to provide what is now
undisputable data confirming that CF should be considered an innate immune disorder.

Autophagy in Current Trends in Cellular Physiology and Pathology246

In this chapter, we describe and discuss the recent findings in the field, which demonstrate
that CF is a newly recognized innate immune deficiency disorder. We will discuss several
reports demonstrating that macrophage functions are disrupted in CF contributing to the
pathobiology of the disease. This chapter, encompassing recent data in CF, suggests that
targeting autophagy may be exploited as a novel strategy for treatment of CF.

2. Cystic fibrosis

The cystic fibrosis transmembrane conductance regulator (CFTR) protein is an integral
membrane glycoprotein that functions as a cAMP‐activated and phosphorylation‐regulated
Cl channel at the apical membrane of epithelial cells. CFTR is a member of the ATP‐binding
cassette transporter superfamily. It is a multi‐domain glycoprotein whose biosynthesis,
maturation, and functions involve multi‐level posttranslational modifications and complex
folding processes to reach its native, tertiary conformation. The topology of CFTR includes
two transmembrane‐spanning domains, two nucleotide‐binding domains, and a regulatory
domain, which is a unique feature among ATP‐binding cassette transporters (Figure 1) [11].
The newly synthesized CFTR emerges out of the ribosome and is targeted through the signal
recognition particle to the ER membrane translocon [12, 13]. The CFTR polypeptide chain
emerges into the ER lumen, and its glycosylated helping stabilize the protein. CFTR follows
the secretory pathway through the Golgi in order to reach the plasma membrane [14]. The
recycling of internalized CFTR channels is important for maintaining a functional pool of CFTR
at the plasma membrane.

Only 20–40% of the nascent chains achieve folded conformation, whereas the remaining
molecules are targeted for degradation by endoplasmic reticulum, lysosomes, or autophagy.
A large number of mutations impair processing of CFTR. Growing knowledge of CFTR
biosynthesis has enabled understanding of the cellular basis of CF and has brought to light
various potential targets for novel and promising therapies [15]. The most common mutation
leading to CF is deletion of phenylalanine at position 508 (F508del) and is present in over 70%
of the CF alleles [2, 3]. As mutant CFTR is targeted for degradation by the proteasome, the
formation of protein aggregates occurs, hence provoking an unfolded protein response (UPR)
[16]. Other common mutations such as the G551D exhibit defective CFTR function, however
it does not aggregate or elicit a UPR. Comparing the phenotypes and immune functions of the
F508del and G551D mutants will discern if defective bacterial clearance and uncontrolled
inflammation are due to defective channel function, UPR, or both.

Hyper‐inflammation and failure to clear infection is recognized as a leading cause of lung
tissue destruction in CF [17] that can be explained, at least in part, by incompetent autophagy
machinery in cells with a dysfunctional CFTR channel [18]. Bronchoalveolar lavages from CF
patients contain high levels of the pro‐inflammatory cytokine interleukin (IL)‐1β [1, 19–26].
IL‐1β is primarily expressed as a precursor inactive molecule that is later cleaved by caspase‐1
to yield active 17‐kDa IL‐1β [27]. The biological activities of IL‐1β include promoting inflam‐
matory responses and leukocyte infiltration. Autophagy directly regulates the level of pro‐
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IL‐1β in response to lipopolysaccharide (LPS) and infections [28, 29]. Interestingly, stimulation
of autophagy by rapamycin dramatically reduced signs of inflammation in the murine CF
lung [30, 31].

Figure 1. Autophagy process is impaired in CF cells preventing bacterial clearance.

Several reports demonstrated multiple malfunctions in adaptive and innate immune responses
in CF. Lack of functional CFTR in CD3+ lymphocytes leads to aberrant cytokine secretion and
hyper‐inflammatory adaptive immune responses [32] while producing high levels of IL‐1β [1,
19]. Naive cystic fibrosis T cells are intrinsically predisposed to differentiate toward a Th17
phenotype [33]. Therefore, CF is a multifaceted immune deficiency disease.

3. Rabs and the cytoskeleton: common modulators or innocent bystanders
for autophagy and CFTR trafficking?

Rab (Ras‐related proteins in brain) proteins are key regulators of both vesicular transport and
trafficking of proteins [34]. Several Rab GTPases have been implicated in the regulation of the

Autophagy in Current Trends in Cellular Physiology and Pathology248



IL‐1β in response to lipopolysaccharide (LPS) and infections [28, 29]. Interestingly, stimulation
of autophagy by rapamycin dramatically reduced signs of inflammation in the murine CF
lung [30, 31].

Figure 1. Autophagy process is impaired in CF cells preventing bacterial clearance.

Several reports demonstrated multiple malfunctions in adaptive and innate immune responses
in CF. Lack of functional CFTR in CD3+ lymphocytes leads to aberrant cytokine secretion and
hyper‐inflammatory adaptive immune responses [32] while producing high levels of IL‐1β [1,
19]. Naive cystic fibrosis T cells are intrinsically predisposed to differentiate toward a Th17
phenotype [33]. Therefore, CF is a multifaceted immune deficiency disease.

3. Rabs and the cytoskeleton: common modulators or innocent bystanders
for autophagy and CFTR trafficking?

Rab (Ras‐related proteins in brain) proteins are key regulators of both vesicular transport and
trafficking of proteins [34]. Several Rab GTPases have been implicated in the regulation of the

Autophagy in Current Trends in Cellular Physiology and Pathology248

intracellular transport and the plasma membrane delivery of CFTR. The trafficking of CFTR
from the plasma membrane to early endosomes is controlled by RAB5 [35, 36]. RAB7 regulates
the movement of CFTR away from the recycling pathway and into late endosomes and also
from late endosomes to lysosomes for degradation [37]. RAB9, however, can move CFTR away
from lysosomal degradation by mediating its transport from late endosomes back to the trans‐
Golgi, from which CFTR may reenter the secretory pathway leading to plasma membrane
insertion [37].

Growing knowledge of CFTR biosynthesis has enabled understanding of the cellular basis of
CF and has brought to light various potential targets for novel and promising therapies [15].
Although some in vitro studies have shown that F508del‐CFTR cell surface expression can be
increased through the manipulation of key Rab GTPases, the mechanisms involved are still
unclear. Rabs are also related to autophagy by regulating the transport and fusion of auto‐
phagosomes. However, it remains unclear how each cycle of Rab activation/inactivation is
finely regulated. There is evidence indicating that RAB1, RAB5, and RAB7 participate in certain
steps of autophagosome development and maturation [38], but the specific function of some
of these Rab proteins remains poorly characterized. Conversely, RAB7, a low molecular weight
GTPase found mainly on late endosomes, has been extensively studied [38]. By interacting
with its partners (including upstream regulators and downstream effectors), RAB7 regulates
mechanisms in endosomal sorting, biogenesis of lysosome, and phagocytosis [37]. Particularly,
RAB7 governs early‐to‐late endosomal maturation, microtubule minus‐end as well as plus‐
end directed endosomal migration, and endosome‐lysosome transport through different
protein–protein interaction cascades [34, 39]. In addition, RAB7 directs the maturation of
autophagosomes, by guiding the trafficking of cargos along microtubules to participate in the
fusion step with lysosomes [38]. Notably, activation of Rab7 is impaired by bacteria that tend
to infect CF patients such as Burkholderia cenocepacia, accounting at least in part for the inability
of the vacuole to merge with lysosomes [40]. Staphylococcus aureus also modulates Rabs to
establish infection [41]. Whether specific nonfunctional Rabs promote aberrant CFTR traffick‐
ing and autophagy malfunction through common mechanisms in CF remains to be elucidated.

4. “Eat-me” signaling molecules: Are they trapped in CFTR aggregates?

The major molecular regulator of autophagy in response to starvation or energy depletion
include the mammalian target of rapamycin complex 1 (mTORC1). Inhibition of mTORC1 by
starvation or rapamycin results in the activation of autophagy and the start of autophagosome
formation. The capacity of autophagy to clear intracellular pathogens such as bacteria, viruses,
and parasites is collectively referred to as xenophagy [5], whereas the selective autophagic
degradation of mitochondria is denoted as mitophagy and that of protein aggregates is termed
aggrephagy. But how do autophagosomes find their targets? The modification of targets by
ubiquitination represents a signal for selection of substrates to the autophagy pathway.

Mammalian cells ubiquitinate bacteria that erroneously enter the cytosol or their containing
vacuole and target them for destruction by autophagy. Adaptors, including p62/SQSTM1 [42],
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optineurin (OPTN) [43], NBR1 (neighbor of BRCA1 gene 1) [44–46], and NDP52 (nuclear dot
protein 52 kDa) [47], mediate “eat‐me” functions by promoting autophagic sequestration of
cargo. The adaptor molecule p62 is a ubiquitously expressed cellular protein and its quantity
is critical for cell viability [48]. p62 has multiple protein‐protein interaction domains, including
the ubiquitin‐associated domain for binding of ubiquitinated cargo and a LC3 interaction
region for binding Atg8/LC3 [49]. p62 plays a role in amino acid sensing and the oxidative
Stress response, in addition to its function as an autophagy receptor for ubiquitinated cargos
[50]. Most p62 protein in the healthy cell is distributed in the cytoplasm. In response to various
stressors though, it is translocated to autophagy substrates such as protein aggregates,
damaged mitochondria, and intracellular bacteria [42]. Then, through its LC3‐binding domain,
p62 engages autophagosomes.

Autophagy is responsible for the degradation of p62. Therefore, impairment of autophagy is
usually accompanied by massive accumulation of p62 followed by the formation of aggregate
structures positive for p62 and ubiquitin [50]. This accrual is a defining characteristic of
impaired autophagy. Aggregation occurs due to both the predilection for self‐oligomerization
and the ubiquitin‐binding capabilities of p62 [51]. Notably, p62 accumulates in CF macro‐
phages and promotes the sequestration of mutant CFTR (Figure 1). These aggregates, in turn,
consume important autophagosome‐needed proteins, such as BECN1 and LC3 [30, 31]. Recent
reports demonstrate that the adapter protein NDP52 directly binds to ubiquitinated bacteria
and facilitates the assembly of an autophagic membrane that surrounds these invaders [47].
Interestingly, NDP52 can also bind ubiquitinated bacteria‐containing vacuole when p62 is
drastically reduced [30, 31]. Optineurin can mediate the removal of protein aggregates through
an ubiquitin‐independent mechanism. In addition, this protein can induce autophagy upon
overexpression or mutation [43]. NBR1 and p62 cooperate in the sequestration of misfolded
and ubiquitinated proteins in p62 bodies and are both required for their degradation by
autophagy. Recently, NBR1 was found to be necessary and sufficient for pexophagy [44–46].
Whether NBR1, optineurin, and NDP52 play important roles in CF‐associated autophagy is
still unknown.

5. Function of CFTR channel in epithelial cells

CFTR is an anion channel permeable to chloride and bicarbonate [2, 52]. Upon activation, CFTR
transports chloride following its electrochemical gradient. In the lung, CFTR is expressed at
the apical membrane of bronchial cells where it regulates chloride transport and fluid homeo‐
stasis [53]. The absence of functional CFTR in the lung results in abnormal surface hydration
and decreased airway surface fluid. Thus, mutations in the CFTR protein results in the
accumulation of thick mucus at the surface of epithelial cells, leading to impairment of
pathogen clearance and dysregulated inflammatory responses that in turn results in chronic
infection and inflammation [54]. In addition, epithelial cells expressing mutant CFTR exhibit
weak autophagy activity.
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6. Function of CFTR channel in macrophages

Macrophages are central innate immune cells that engulf invaders within a vacuole and target
them to fuse with the lysosome for degradation. Therefore, lysosomes contribute to antimi‐
crobial capacities by fusing with the pathogen‐containing, intracellular vacuole [55]. Lyso‐
somes are acidic compartments filled with various acid hydrolases, NADPH oxidases, and
oxygen radicals that degrade and break down proteins, lipids, and polysaccharides.

The lung disease seen in CF was accordingly suggested to result in part from lysosomal
dysfunction [56], yet the exact location and function of CFTR in macrophages are still debat‐
able. A report showed impaired bacterial killing due to impaired function of antibacterial
proteins at low pH in a CF pig model [57]. Another study demonstrated that acidification
requires anion transport through CFTR [58]. More recently, defective lysosomal acidification
was also invoked as the mechanism underlying CF lysosome malfunction [59]. Others failed
to confirm the involvement of CFTR in acidification [60, 61]. Both these reports are plausible.
When macrophages are infected with autophagosome‐resident organisms such as B. cenoce‐
pacia, fusion with the lysosome is impaired and acidification is reduced [30, 31, 56]. Yet, when
they are infected with phagosome‐resident organism such as Escherichia coli, fusion with the
lysosome moves swiftly and the bacterium is degraded within minutes in an acidified
compartment [30, 31]. These results suggest that the defect in lysosomal degradation is only
associated with autophagy. This explains the prevalence of several autophagy‐related organ‐
isms in CF. Actually, an acceptable approach would be to examine organisms that tend to infect
CF patient and test whether they are cleared by autophagosomes in healthy cells as was
achieved for B. cenocepacia and Pseudomonas aeruginosa. However, on the other hand, not every
organism that interacts with autophagosomes survives in CF macrophages. For example, in
our hands, Legionella pneumophila that is cleared by autophagy in wild‐type healthy macro‐
phages and survives in autophagosomes in permissive macrophages fail to establish infection
in CF macrophages (unpublished observation). How would a chloride channel alter autopha‐
gic activity is still unclear. Taken together, the role of CFTR in lysosomal function still awaits
more conclusive reports.

7. CFTR in neutrophils

Polymorphonuclear neutrophils (PMNs, neutrophils) are responsible for the earliest innate
immune response to infection and most of their antimicrobial activity against ingested
microbes is confined within phagosomes. However, exuberant neutrophil activation can
culminate in extracellular release of oxidants and granule contents that leads to local damage
to healthy tissue. Neutrophils function to kill microbes through compartmentalization by use
of membrane‐bound phagosomes, where toxic oxidants such as hydrogen peroxide (H2O2) and
hypochlorous acid (HOCl) are generated [62]. The azurophilic granule protein myeloperoxi‐
dase (MPO) catalyzes the oxidation of Cl− to form HOCl. Neutrophils predominate in the CF
patient’s lung and is a major contributor to the inflammation and destruction of the lung [63].
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Yet, despite a successful inflammatory response, neutrophils fail to eradicate invading
microbes in the CF lung [64]. CFTR dysfunction results in impaired intraphagosomal HOCl
production and neutrophil‐mediated microbial killing. Notably, the Cftr −/− lungs are deficient
in bacterial clearance, despite the sustained neutrophilic infiltration and accompanying
inflammation [65]. These events demonstrate that neutrophils with nonfunctional CFTR have
reduced capability to clear infection, yet remain capable of releasing inflammatory molecules
that destroy the lung tissue leading to decline in lung function. Some studies suggested that
CFTR channel expression in neutrophils and its dysfunction can affect neutrophil chlorination
of phagocytosed bacteria [65] and that CFTR‐dependent chloride anion transport contributes
significantly to P. aeruginosa killing by normal neutrophils [63]. Others have reported that
neutrophils from mice expressing the F508del‐CFTR or mice lacking CFTR in myeloid cells
have a pro‐inflammatory phenotype after lipopolysaccharide or bacterial [64] challenge, thus
suggesting again that CFTR expression in neutrophils might regulate their function [66].

In the CF lung, there is overproduction of the neutrophil chemotactic cytokine interleukin 8
(IL‐8). This leads to excessive infiltration of neutrophils [67]. Lung infections cause significant
morbidity and mortality in patients with CF, even in the presence of neutrophil infiltration into
infected lungs. Thus, disturbance in innate neutrophil function in CF includes excessive
recruitment [65], hyper‐production of oxidants, and increased release of degradative enzymes
[64]. Thus, it is evident that CF is indeed an innate immune disorder involving several
malfunctioning immune cells.

8. Autophagy and cystic fibrosis

Several autophagy proteins are scarcely expressed in CF cells, yet the underlying mechanism
is undefined [30, 31]. This strongly suggests the presence of an epigenic regulation that targets
autophagy mRNA in cells bearing mutant F508del‐CFTR. Considering the strong implications
of microRNAs (miRs) in autophagy [28, 29, 68–70] and given the increasing evidence showing
reduced expression of essential autophagy proteins in CF cells, we performed an in silico
approach to recognize miRs that target autophagy and are highly expressed in CF cells [71].
miRs are evolutionarily conserved class of small (∼21–24 nucleotides) noncoding RNAs that
play key roles in the transcriptional and posttranscriptional regulation of gene expression [72].
We identified the Mir17~92 cluster as being deregulated in CF [71]. This cluster generates a
single polycistronic transcript that yields six mature Mirs: Mir17, Mir18a, Mir19a, Mir20a,
Mir19b, and Mir92 [73]. miRs can regulate individual stages of these processes [72]. The
polycistronic Mir17~92 cluster was initially linked to tumorigenesis. Whether the elevated
levels in CF patients will promote cancer in aging CF population remains to be observed [73–
80]. Several specific miRs comprising the Mir17~92 cluster are overexpressed in CF human and
murine macrophages. Their expression is indirectly proportional to the expression of their
predicted autophagy‐targeted genes. Notably, reducing the inherently elevated expression of
Mir17 and Mir20a improves ATG7 and ATG16 expression both in vitro and in vivo [71]. In
addition, reducing Mir17 and Mir20a expression improves CFTR function by restoring
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autophagy expression [71]. Whether other epigenetic regulatory elements contribute to low
expression of autophagy proteins is still unclear.

In airway epithelial cells, absence of functional CFTR increases oxidative stress and
transglutaminase 2 (TGM2), a calcium‐dependent enzyme that creates intra‐ or intermolecular
covalent bonds between proteins. TGM2‐mediated cross‐linking causes sequestration of
BECN1 and its accumulation in histone deacetylase‐6 (HDAC6), p62, and ubiquitin‐containing
cytoplasmic aggresomes. BECN1 sequestration in aggresomes results in the dislodgement of
class III PtdIns3K complexes from the endoplasmic reticulum, thereby inhibiting autophagy
[30, 81]. In addition, the sequestration of BECN1 within F508‐CFTR protein aggregates
deprives the cell for an essential factor needed for autophagosome formation.

High levels of p62 promote the aggregation of mutant F508del‐CFTR sequestering several
autophagy molecules such as BECN1. This p62 buildup could be due to reduced recycling in
CF macrophages as a consequence of compromised autophagosome formation and matura‐
tion. Notably, p62 downregulation disassembles mutant CFTR and autophagy factors, thus
improving autophagy activity and allowing the maturation and trafficking of CFTR to the cell
surface in epithelial cells and bacterial clearance in macrophages [30, 31]. Similarly, genetic
manipulation or autophagy stimulatory proteostasis regulators such as cystamine restore
BECN1 availability and detangle SQSTM1/p62, which partially rescues F508del CFTR function
in airway epithelial cells and reduces lung inflammation [82].

9. Cystic fibrosis and infection

There is evidence for autophagy dysregulation in a variety of disease states, including cancer,
neurodegenerative diseases, chronic granulomatous diseases, infectious diseases, and auto‐
immune disorders [83–85]. For this reason, therapeutic modulation of autophagy is of great
interest. Autophagy has emerged as a central component of the innate and adaptive immune
responses where it plays roles in direct and indirect killing of intracellular and extracellular
pathogens, the generation of bactericidal peptides, and antigen presentation [29]. Functions of
autophagy that are compromised in CF include bacterial clearance, degradation of protein
aggregates, and the elimination of dysfunctional mitochondria. Thus, the restoration of
autophagy will have positive therapeutic effects in CF.

Patients with CF are susceptible to Nontypeable Haemophilus influenzae (NTHi), Staphylococcus
aureus (S. aureus), Burkholderia cenocepacia (B. cenocepacia), Pseudomonas aeruginosa (P. aerugino‐
sa), and nontuberculous Mycobacterium (NTM) [86–88]. The major cause of high morbidity and
mortality in CF remains the chronic respiratory infections with P. aeruginosa [89].

In healthy cells, P. aeruginosa is targeted to the autophagy pathway through yet uncharacter‐
ized mechanisms [90, 91]. Increased susceptibility of CF cells to P. aeruginosa has been
attributed to changes in airway liquid composition and enhanced bacterial binding to mucin
and epithelial cell receptors such as asialo‐GM1 [92]. In addition, disruption of lipid metabo‐
lism in CF cells increases innate inflammation in the presence of bacteria. The CFTR protein
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may also act as a receptor to P. aeruginosa and explains the high infection rate in CF patients
[93]. Although largely considered an extracellular pathogen, P. aeruginosa can invade host
airway epithelial cells where the bacteria can reside for extended periods of time. Pharmaco‐
logical improvement in autophagy in vivo effectively promoted bacterial clearance of P.
aeruginosa from the lungs.

S. aureus is one of the earliest bacteria detected in infants and children with CF. This pathogen
is the single most common CF‐associated opportunistic infection, colonizing between 50 and
68% of the population. The rise of methicillin‐resistant S. aureus (MRSA) in the past 10 years
has drawn attention to this organism [94, 95]. Unlike the other common CF‐associated
pathogens, S. aureus escapes from the phagosome upon entering the cell. In healthy cells,
cytosolic S. aureus, or those contained within damaged phagosomes, are targeted to the
autophagy pathway where they inhibit lysosomal fusion [96, 97]. The ability to escape
degradation is increased in CF cells [98].

NTM strains infect between 5 and 22% of CF patients and are a growing concern among CF
populations due to their increasing prevalence and multi‐drug resistance. Infection is often
associated with poor clinical outcomes [99]. Although autophagy contributes to clearance of
M. tuberculosis in healthy cells, it is still unclear whether NTMs can be specifically targeted for
degradation by the autophagy machinery [88].

NTHi chronically colonizes the airways of CF patients at a very young age. Recent reports
suggest that autophagy may be actively subverted by NTHi by an unknown mechanism.

On the other hand, following phagocytosis, the degradation of Aspergillus fumigatus spores
requires LC3‐associated phagocytosis for effective lysosomal degradation [100]. Whether
defective autophagy contributes to the prevalence of this infection in CF is still under investi‐
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B. cenocepacia infections are not particularly common in CF patients, afflicting 3–5% of the
population, yet they are very difficult to treat due to multi‐drug resistance and are associated
with a rapid decline in lung function. In healthy macrophages, B. cenocepacia‐containing
vacuoles are targeted to the lysosome for degradation via the autophagy pathway [30, 31].
However, in CF macrophages, B. cenocepacia persists in vacuoles that do not acquire LC3 or
p62 like their counterparts in wild‐type healthy cells. These B. cenocepacia‐containing vacuoles
do not fuse with lysosomes and the bacteria evade degradation (Figure 1) [30, 31]. Similar
findings were reported in human macrophages derived from CF patients [101]. Together, these
data show that correcting autophagy activity in CF will help prevent and eradicate infectious
agents that are otherwise detrimental to the CF patients.
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clearance
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need to be overcome. Activation of autophagy through rapamycin treatment has shown
efficacy in promoting clearance of certain bacteria in vitro and in vivo [30, 102–104]. Thus, the
exploration of alternative autophagy inducing drugs is in the early stages.

Rapamycin was developed as an antifungal agent but its use was abandoned due to the potent
immunosuppressive and antiproliferative properties. Recently, it was found that rapamycin
inhibits mTOR and therefore induces autophagy [105]. Rapamycin promotes clearance of the
CF‐associated pathogens P. aeruginosa and B. cenocepacia both in vitro and in vivo in mice [30].
This could potentially be beneficial in the treatment of CF‐associated lung infection since it is
an important cause of decline in lung functions of CF patients [30]. However, rapamycin was
most effective when administrated before B. cenocepacia infection but not after. The use of
immunosuppressive drugs such as rapamycin to treat infections could negatively impact the
ability of the patients to fight other opportunistic infections. In addition, rapamycin has been
associated with significant lung toxicity in transplant recipients [106–108]. As a result,
rapamycin proved the concept that targeting autophagy is needed in CF, but represents a poor
candidate for autophagy‐inducing therapy in the treatment of CF‐associated lung infections,
and other more specific candidates are urgently needed. Thus, the field requires a safe
autophagy‐enhancing approach for CF patients.

Among the most common autophagy‐stimulating compounds were the antipsychotic drugs
bromperidol, metergoline, thioridazine, and chlorpromazine. However, the psychoactive
nature of these compounds and their potentially life‐threatening side effects limit their utility,
but nevertheless provide a strong theoretical basis for future drug development [109, 110].

Metformin is a drug that activates AMPK and therefore stimulates autophagy via TORC1‐
dependent and TORC‐1‐independent methods [111, 112]. Metformin probably has many other
mechanisms of action that cannot be explained by the induction of autophagy. Metformin and
resveratrol activate SIRT1 that in turn activates autophagy [113, 114].

Certain anticancer drugs have also been found to stimulate autophagy. For example, Perifosine
inhibits mTOR signaling through a different mechanism than classical mTOR inhibitors such
as rapamycin [115], whereas Tamoxifen, an antagonist of the estrogen receptor, is known to
induce autophagy [116]. Tamoxifen stimulates autophagy by increasing the intracellular level
of ceramide, which inhibits mTOR activation and/or stimulates expression of Atg genes.

The second generation of selective histamine H1‐receptor antagonist astemizole is a potent
inducer of autophagy at biologically achievable concentrations [117]. Astemizole exhibits
antifungal activity and antimalarial properties making it attractive option for CF patients even
though the mechanism by which it activates autophagy is still unclear [117, 118]. Safety and
drug interaction profiles of astemizole are well characterized. However, due to the availability
of superior next‐generation histamine receptor agonists, it is not commonly used in Europe or
North America.

The potential application of the TGM2 inhibitor cystamine in CF patients has recently been
reviewed. Cystamine restores normal autophagy in CFTR‐deficient cells and mouse models.
Cystamine also restores normal trafficking of the F508del‐CFTR and stabilizes the expression
of the protein at the plasma membrane of airway epithelial cells [100]. In a pilot clinical trial
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involving 10 F508del‐CFTR homozygous CF patients, the combination of cysteamine and
epigallocatechin gallate (EGCG) restored the levels of the autophagy molecules BECN1 and
p62 and improved CFTR function from nasal epithelial cells in vivo. These effects correlate with
a decrease in chloride concentrations in sweat [119]. Although the mechanism of EGCG‐
mediated autophagy is unclear, it seems like a viable option for targeting autophagy in CF.
Depletion of p62 in CF cells disintegrates the mutant CFTR aggregates and releases sequestered
molecules such as BECN1, improving overall autophagic flux in the cell. This was accompanied
by improved bacterial clearance [30, 31]. This indicates that targeting p62 in CF is a promising
approach to improve bacterial clearance and reduce inflammation in CF [30, 31]. Since the
expression of several autophagy proteins is low in CF cells, it is necessary to restore their levels
to effectively improve autophagy activity. Identifying Mir17 and Mir20a as new targets to
improve the expression of autophagy proteins and CFTR function offers a viable target in the
CF field. Further studies should explore whether other epigenetic regulatory elements
contribute to low expression of autophagy proteins in CF.

11. Concluding remarks

There is now strong evidence that immune cells, such as macrophages and neutrophils, are
intrinsically impaired in CF. We therefore, recommend that CF be added to the list of innate
immune disorders. In fact, autophagy, an intracellular degradation process that contributes to
bacterial clearance, protein degradation, and cell survival, is defective in CF. Therefore, we
propose that altered autophagy in CF contributes to chronic lung infection and inflammation.
The CF field is in desperate need for an approach to correct autophagy in CF patients. The
autophagy‐correcting agents should ameliorate the marginally positive effects of correctors
(therapies that correct the trafficking defect of F508del CFTR) and activators (compounds that
activate the F508del CFTR that reaches the cell membrane) typically used in CF. Thus, the
development of safe novel autophagy stimulating agents will improve the clinical outcome of
CF and promote the clearance of infectious agents.
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Abstract

The autophagy degradation pathway is a cellular pathway that sequesters cargo from
the cytosol to autophagosomes that are transferred to lysosomes for degradation or
recycled as  precursor  metabolites.  The  autophagy pathway allows the  removal  of
damaged  organelles/proteins  and  is  emerging  as  an  important  aspect  of  multiple
human pulmonary diseases. The autophagy process is important in both the function
of the immune system and the control of inflammation. Xenophagy (autophagy of
bacteria) is an example of selective autophagy which could play a role in host defense
mechanisms in pulmonary diseases such as sepsis. Autophagy pathways involving the
degradation of cytosolic cargo could play different roles in disease pathogenesis and
progression. In the case of certain lung diseases, mitophagy is elevated and the cilia
shorten  (ciliophagy),  which  contribute  to  lung dysfunction  in  the  pathogenesis  of
chronic  obstructive  pulmonary  disease.  In  other  types  of  lung  diseases  such  as
pulmonary vascular disease, autophagy may provide a protective role to allow cell
proliferation, repair and control of cell death. Disruption of autophagy in cystic fibrosis
and idiopathic pulmonary fibrosis could promote pathogenesis of the disease. In lung
cancer, autophagy is a ‘double-edged sword’ it blocks progression, but at the same
time promotes tumor growth. In this chapter, we will review the different types of
autophagy,  the  role  of  autophagy and its  significance  to  human lung diseases.  In
addition, we will discuss the potential of targeting autophagy with therapeutics for
lung disease management.

Keywords: autophagy, cancer, COPD, infection, CF

1. Introduction

Autophagy is an evolutionarily-conserved cellular mechanism that allows the turnover of
organelles and proteins, through a lysosome-dependent degradation pathway in the cell. The
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most common type of autophagy (also called macroautophagy) involves the sequestering of
cytosolic  molecules  into double-membrane compartments  called autophagosomes,  which
subsequently  fuse  to  lysosomes  where  their  contents  are  degraded  and  recycled  into
metabolic precursors (Figure 1). Autophagy is emerging as an important mechanism in the
pathogenesis  of  several  pulmonary  diseases,  including  lung  injury,  sepsis,  pulmonary
vascular disease, idiopathic pulmonary fibrosis (IPF), cystic fibrosis and cancer. As autophagy
can act as a modulator of pathogenesis, it is a therapeutic target. A number of studies indicate
that  autophagy may provide a protective function against  disease and at  the same time
contribute  to  deleterious  processes,  usually  when  its  activity  is  impeded  or  elevated.
Autophagy is a known function in the clearance of subcellular material and the recycling of
metabolites playing a role in cellular detoxification and adaptive or protective mechanisms.
It is well accepted that autophagy plays a key role as a regulator of adaptive and innate
immune responses, hence modulating autophagy could have a profound effect on disease
pathogenesis. Xenophagy, which is the autophagic clearance of pathogens/bacteria, is one of
the host’s protective defense mechanisms against the pathogenesis of sepsis and inflammatory
diseases. However, autophagy clearance of mitochondria may contribute to chronic obstruc-
tive pulmonary disease (COPD) through the activation of cell death pathways. In other types
of  pulmonary  diseases,  impairment  of  autophagy  may  aggravate  and  contribute  to  the
pathogenesis  process.  In  contrast,  active  autophagy  in  lung  cancer  could  have  many
consequences including controlling carcinogenesis, modulating treatment efficacy and thus
supporting tumor cell survival.

Figure 1. Schematic of the steps of autophagy. In the first step of autophagy the isolation membrane or phagophore is
formed. In the next step of vesicle elongation, the proteins of the autophagy core machinery are believed to gather at
the phagophore assembly site (PAS), and expand the phagophore into an autophagosome. In the next step, the auto-
phagosome can engulf the cytosolic cargo including targeted cargo/organelles specifically. Following engulfment of
cargo, the autophagosome can fuse with an endosome called an amphisome (not shown) or directly fuse with a lyso-
some to form an autophagolysosome. In the final step the cargo inside the autophagolysosome is degraded and free
metabolites recycled.
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2. Autophagy regulation

The autophagy process is comprised of the rearrangement of membrane components derived
from the endoplasmic reticulum (ER), the endosome/Golgi, plasma membrane and mitochon-
drial membranes [1–9]. Autophagy proceeds through several sequential steps (Figure 1),
starting with the formation of the phagophore or the isolation membrane at the preautopha-
gosome site (PAS, see Figure 1) [10]. Next, the autophagic membrane elongates forming a
double-membrane autophagosome engulfing a part of the cytoplasm. The maturation of the
autophagosome and its cargo results in their fusion with the lysosome to form a single-
membrane compartment, the autolysosome. This process is assisted by many proteins such as
class C Vps proteins, small GTPases (e.g., Rab5 and 7), UVRAG and lysosome-associated
membrane proteins (e.g., LAMP2) [11–14]. The cargo can then be degraded through the action
of lysosomal degradative enzymes such as acid hydrolases that are activated at low pH (pH
5). This is accomplished by a proton pump located in the lysosomal membrane pumping H+
ions from the cytosol into the lysosome [15]. The degraded products such as free amino acids,
nucleotides and fatty acids are then released into the cytoplasm by lysosomal permeases and
then recycled through anabolic pathways [10].

A large number of autophagy-related (Atg) proteins regulate autophagy through various steps
of initiation and execution [16, 17]. Autophagy is regulated by upstream cellular signals such
as glucose or amino acid starvation and is an adaptive response in these conditions [10].
Autophagy contributes to cellular homeostasis along with the unfolded protein response
(UPR) and endoplasmic reticulum stress (ERS). All these cellular responses are linked through
crosstalk and can be activated by external stimuli such as hypoxia [18]. The mammalian target
of rapamycin complex 1 (mTORC1) and the energy sensing, 5′-adenosine monophosphate-
regulated kinase (AMPK) are the main regulators initiated under starvation conditions. The
mammalian target of rapamycin (mTOR) pathway suppresses autophagy under starvation
conditions can be activated by growth factors through the Class I phosphatidylinositol-3-
kinase (PI3K)/Akt-pathway [19]. As well as mTOR protein, mTORC1 is comprised of the
regulatory-associated protein of mTOR (Raptor), the mammalian lethal with SEC13 protein 8
(mLST8), and the 40 kDa proline-rich Akt/PKB substrate (PRAS40) [17]. mTORC1 can be
inhibited by rapamycin or starvation leading to autophagy activation via derepression of the
substrate complex, the uncoordinated 51-like kinase-1 (ULK1) complex, which is comprised
of ULK1, FIP200/RB1CC1, Atg13 and Atg101 [20–24]. Upregulation of AMPK is directly related
to an increase in AMP levels which inturn downregulates mTORC1 by Raptor phosphorylation
and in addition activates ULK1 [25, 26]. A recent study has shown that the trafficking of mAtg9
which is involved in vesicle delivery to the PAS is regulated by AMPK-dependent ULK1
phosphorylation [27].

The Beclin1 complex is comprised of Beclin1, class III PI3K (PI3KC3/Vps34), UVRAG or p150
and Atg14L [28, 29]. The connection of ULK1 and Beclin 1 complex regulation via Vps34
phosphorylation has been demonstrated [30, 31]. Also, Beclin 1 complexes are known to
associate with a number of inhibitory or activating proteins such as Ambra 1 [28]. Autopha-
gosome formation requires the activation of PI3KC3 in the Beclin 1 complex leading to the
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formation of phosphatidylinositol-3-phosphate (PI3P). Various accessory protein factors are
recruited by PI3P such as the double FYVE-containing protein-1 (DFCP1) and the WD-repeat
protein in association with phosphoinositides (WIPI) proteins that are important in the
assembly of autophagosomes [20, 32, 33]. In addition, the soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins are also implicated recruitment of
membrane and the assembly of autophagosomes [34, 35].

There are two ubiquitin-like conjugation systems: the LC3/ATG8 conjugation system and the
ATG5–ATG12 conjugation system [36]. Autophagosome assembly requires ATG5–ATG12
conjugates along with ATG16L1. The ubiquitin-like protein microtubule-associated protein-1
light chain 3 (LC3B) mediates autophagosome formation [17]. The pro-LC3 form is cleaved by
the endopeptidase, ATG4B generating LC3B-I form. In eukaryotes, LC3B-I (unconjugated
form) conversion to its conjugated phosphatidylethanolamine (PE) form, and the association
of LC3B-II with the membrane is an important stage of autophagosome biogenesis [36, 37].
LC3B-II association with the autophagosomal membrane is prolonged until the final stages of
autophagosome-lysosome fusion. At the final stages, the LC3B-II associated with the outer
membrane can be recycled by ATG4B while LC3B-II found on the inner membrane will be
degraded by lysosome degradative enzymes [17].

3. Autophagy

3.1. Lung injury

Acute lung injury (ALI) is characterized by an uncontrolled acute inflammation and dysfunc-
tion of both the endothelial and epithelial barriers in the lung, and disproportionate transepi-
thelial leukocyte migration, affecting the integrity of the alveolar-capillary membrane and the
increase of proinflammatory cytokines [38–40]. In addition, ALI is linked to hyperoxia, sepsis,
trauma, xenobiotic exposure and mechanical ventilation.

The annual incidence of ALI in the USA in 2005 was around 78.9 per 100,000 [41]. However,
current ALI therapy is fairly basic involving simple medical or surgical treatment allowing an
improvement in ventilation of the patient, while remedial ALI therapy exists [39, 42, 43]. The
ALI pathogenesis can be rationalized by the injury to both the alveolar epithelium and vascular
endothelium. The innate immune system cells are both the target of damage and effectors of
injury in ALI/acute respiratory distress syndrome (ARDS). Damage to type I alveolar epithelial
cells promotes pulmonary edema and the degradation of the epithelial layer revealing the
basement membrane increasing the chances of bacteremia and sepsis. Damage of type II
alveolar cells results in perturbed synthesis of surfactant and metabolism giving rise to
elevated alveolar surface tension and alveolar collapse [38]. A diverse range of biomarkers
such as intracellular adhesion molecule-1 (ICAM-1), the receptor for advanced glycation end-
products (RAGE), von Willebrand factor (vWf) and surfactant D (SP-D) have been discovered
in the endothelium and the epithelium; these play a role in coagulation cascades and inflam-
mation and may be used to predict outcome in patients with ALI [44–47]. In addition, aberra-
tions in the coagulation cascade as a result of plasminogen activator inhibitor-1 and protein C
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also contribute to ALI [48]. Furthermore, the elevated levels of the inflammatory factors such
as interleukins (IL-1, -6, -8) and tumor necrosis factor (TNF) are often associated with a
response to cellular injury [49, 50].

Autophagy has been implicated in the pathogenesis of ALI [51] but could be due to long
exposure to high levels of oxygen (hyperoxia) through mechanical ventilation treatment.
Hyperoxia is sufficient to induce autophagy activation and LC3B knockdown effects cell
survival [51]. Further studies have shown that in normal physiological conditions, the
formation of a complex, p62/LC3B/truncated BH3-interacting domain death agonist (tBID) is
necessary for cellular homeostasis [52]. In hyperoxia conditions, this complex dissociates and
prevents the transport of tBID to the lysosome. The elevated levels of tBID result in the
mitochondria releasing cytochrome c and caspase-dependent cell death [52]. The outcome of
hyperoxia can lead to mitochondrial dysfunction in the lungs [53, 54]. Thus, mitophagy in
hyperoxia has been implicated to play a role in ALI pathogenesis [55].

3.2. Infectious lung disease

Phagocytosis can act against infection in two ways: by ingesting bacteria (by macrophages and
neutrophils) or by processing infectious agents for antigen presentation by dendritic cells.
Similarly, autophagy is emerging as an essential process in innate and adaptive immune
functions [56]. Autophagy plays an important role in protection of the host from various
microbes such as viruses, bacteria and parasites [56–58]. The functions of antibacterial and
antipathogenic autophagy are well characterized [59, 60]. It is known that phagocytosis of
nonpathogenic mycobacteria by macrophages stimulates autophagy and apoptosis resulting
in the removal of the pathogen. Conversely, the phagocytosis of pathogenic mycobacteria can
perturb the autophagy pathway [61].

Tuberculosis is the result of a pathogen infection called Mycobacterium tuberculosis which is a
serious infection affecting the lungs and is a burden worldwide [62]. The mycobacteria are
resistant, remaining and replicating inside the immature phagosomes during tuberculosis
infection. M. tuberculosis utilizes a protective survival strategy which allows them to interfere
with a fusion event at the phagosomal compartments comprising M. tuberculosis and lyso-
somes [63]. Furthermore, the M. tuberculosis phagocytosis stimulates necrotic cell death
allowing mycobacteria release to uninfected cells as opposed to stimulating macrophage
apoptosis. Thus, this leads to a reduction in mycobacterial antigen presentation and promo-
tion of M. tuberculosis infection [64]. The intracellular survival and replication rate of M.
tuberculosis can be reduced through stimulation of autophagy [59, 60, 64–66]. Recent studies
have shown that several compounds that stimulate autophagy through mTORC1 inhibition
to alleviate M. tuberculosis infection [67, 68]. At the same time, autophagy inhibition promotes
M. tuberculosis infection [60].

Autophagy can be important for antivirulence elements against M. tuberculosis generated
substrate degradation [69, 70]. The host defense system against M. tuberculosis is protected by
the production of interferon-gamma (IFN-γ) which stimulates macrophages, induces the
autophagy process and thus protects the host against infection [60, 69]. In fact, stimulating
with IFN-γ leads to bacteria degradation by p62-dependent selective autophagy [69]. Autoph-
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agy induced by IFN-γ requires p47 guanosine triphosphatase IRGM-1 [60, 71, 72] and increased
sensitivity to M. tuberculosis infection is associated with single nucleotide polymorphisms in
the IRGM-1 gene [73].

M. tuberculosis processing has been recently linked to selective autophagy [74]. It is known that
the bacterial early secretory antigenic target (ESAT-6) system 1 (ESX-1) secretion system
facilitates phagosomal permeabilisation allowing the ubiquitin-mediated autophagy entry to
phagosomal M. tuberculosis. The extracellular bacterial DNA is recognized and tagged with
ubiquitin by the stimulator of interferon gene (STING)-dependent cytosolic pathway. Then p62
and NDP52, the autophagy cargo adaptors, recognize ubiquitinated M. tuberculosis and target
them to autophagosomes.

Autophagy is also described as a defense mechanism against other pathogens affecting the
respiratory system. The growth of Legionella pneumophila which causes Legionnaire’s disease
is promoted in the absence of Atg9 suggesting that autophagy contributes to defense against
this pathogen [75]. Influenza-A virus infection induces autophagy and autophagosome
formation is necessary for virus replication [76], but it is believed that the influenza-A proteins
such as M2 protein, can block autophagosome formation and subsequent fusion with the
lysosome [77]. Recent studies on influenza infection have shown that autophagy is a requisite
for maintaining memory B cells that are necessary in secondary antibody responses. Mice
carrying a B cell-specific knockout of Atg7 showed perturbed secondary antibody responses
and thus were more sensitive to influenza infection [78]. Therefore, future therapeutic
developments should challenge the modulation of the autophagy pathway to eliminate
infection and encourage adaptive immunity against infectious agents.

3.3. Emphysema and chronic obstructive pulmonary disease

Emphysema is characterized by the deterioration of the lung parenchyma as a result of an
abnormal inflammatory response. In addition, there is degradation of the pulmonary matrix
leading to an increase in the lung space and reduced respiratory function [79]. It is commonly
observed that mice exposed to cigarette smoke give rise to an increase in lung space and can
be used as a model of emphysema. Mice exposed to cigarette smoke over 3 months demonstrate
raised autophagosomal numbers and elevated levels of LC3B-II in the resected lung tissue [80].
Interestingly, in the LC3B knockout mouse model demonstrated insensitivity to cigarette
smoke leading to no change in the lung space. Depletion of the early growth response-1 (Egr-1)
known to regulate LC3B transcription resulted in an increase in lung space with no changes
induced with cigarette smoke. Conversely, knockout of caveolin-1 in mice led to sensitivity to
cigarette smoke [80, 81]. Thus, LC3B is considered to be a crucial regulator of apoptosis and
autophagic signaling.

Chronic obstructive pulmonary disease (COPD) is emerging as a global burden to society [82].
COPD is clinically defined into different types of lung disease, including emphysema and
bronchitis leading to obstruction of the airway with mucus [83]. The main risk factor for COPD
is cigarette smoke [84]. The mechanisms of COPD pathogenesis are still unknown. However,
some theories indicate that abnormal cellular and inflammatory responses to cigarette smoke
within the lung, the vessels and the airspace may be involved [84, 85]. The role of autophagy
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in COPD pathogenesis could be demonstrated by an excessive increase in autophagy or by
mitophagy (selective degradation of mitochondria by autophagy) leading to cell death [80, 81,
86–88]. These studies indicate that the levels of the autophagy markers (such as LC3-II) and
the mitophagy markers (such as PINK1) are elevated in COPD patient’s lung tissue. Thus, an
increase in autophagy or a defect in the autophagy flux could contribute to COPD pathogen-
esis [80, 87, 89]. In fact, a number of studies have shown that cigarette smoke can induce
abnormal autophagy and mitophagy leading to bronchial cell death through apoptosis or
necroptosis, respectively [81, 87]. Furthermore, there was an increase in histone deacetylase-6
levels as a result of oxidative stress, inducing hypomethylation leading to autophagy and cilia
shortening which could contribute to mucociliary dysfunction [86]. Previous studies have
shown that a block in autophagy promotes cilia growth [90]. Cigarette smoke has been shown
to activate autophagy leading to elevated cell senescence along with a build-up of both p62
and ubiquitinated proteins [91]. As a result of autophagy blockade, cells display a ‘senescence-
associated secretory phenotype’ secreting interleukin 8 (CXCL8) [91]. Autophagy was rescued
with Torin 1, an mTOR inhibitor [91]. The genetic knockout Atg5−/− mouse model showed that
p62 levels were elevated in the lung epithelial cells along with a shortening of cilia [92].

A recent study analyzing autophagy in macrophages in the alveoli from smokers’ lung showed
induction of LC3-II and the presence of autophagosomes [93]. The levels of autophagosomes
in macrophages were elevated and autophagy activity was perturbed [93]. Altogether, these
studies implicate that autophagy is an important cellular process in COPD pathogenesis.
Future studies will need to address whether cigarette smoke promotes or blocks the autophagy
flux in lung parenchyma, as well as the links between autophagy, apoptotic cell death and
development of emphysema.

3.4. Pulmonary vascular disease

Hypoxia is an important contributing factor to pulmonary cardiovascular diseases such as
pulmonary hypertension (PH), ischemia-reperfusion injury and atherosclerosis [94]. The
hypoxia-inducible factors (HIFs), heterodimers of transcription family Per-Arnt-Sim/basic
helix-loop-helix, regulate hypoxia. The heterodimer of HIF-1 is composed of two subunits,
HIF-1β and HIF-1α, the O2-sensitive subunit. Under normoxia conditions, HIF-1α is degraded
by the proteasome aided by HIF prolyl hydroxylase and the von Hippel-Lindau E3 ubiquitin
ligase [94].

It is widely reported that the autophagy process can be regulated by hypoxia in cells and
tissues. This process could be a crucial factor in cell injury induced by hypoxia in mitochondrial
turnover [95–98]. Under in vitro conditions, autophagy activation requires Beclin 1 and an
element that can be induced, encompassing HIF-1α stabilization and elevated ROS produc-
tion [67, 96]. In addition, hypoxia-inducible autophagy is regulated by BNIP3 (Bcl-2/adenovi-
rus E1B 19 kDa-interacting protein-3), a Bcl-2 family member [96].

The accumulation of abnormal, unfolded proteins during hypoxia or nutrient deprivation
(endoplasmic reticulum stress, ERS) is the stimulus for the unfolded protein response. In its
adaptive phase, this vital defense mechanism initially recruits autophagy to assist ER-
associated degradation in the breakdown of abnormal proteins, while blocking cell death
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pathways. This prosurvival role for autophagy is partly responsible for resistance of hypoxic
cells to therapies, such as chemotherapy [18]. Autophagy activation in tumor cells through
hypoxia requires BNIP3 [97, 98]. In this case, autophagy could provide a mechanism of cell
survival in hypoxia conditions via selective mitophagy [96]. It still remains unclear how BNIP3
acts during hypoxia either through cell survival or the cell death pathway.

Hypoxia conditions trigger autophagy in pulmonary vascular primary cells. In particular,
hypoxia experiments performed in vitro show that LC3B-II accumulates and Beclin 1 expres-
sion increases both in pulmonary vascular endothelial cells and muscle cells. In addition, GFP-
LC3 puncta are formed which is a common feature of autophagosome formation in cells
transfected with GFP-LC3 [95]. In the same study, LC3-II and autophagosome formation were
elevated in the presence of the autophagosomal inhibitor, bafilomycin A1, indicating elevated
autophagic activity [95].

3.5. Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is characterized by the build-up of extracellular matrix
proteins deposited in the interstitial tissue and basement membrane of damaged epithelium
and an increase in active mesenchymal cells such as myofibroblasts [99]. The lung interstitium
is primarily composed of fibroblasts, which play a role in maintaining the extracellular matrix
and in wound healing. Altered autophagic function is implicated in the pathogenesis of IPF.
Elevated cellular senescence and decreased autophagy activity as a result of decreased LC3B
protein expression have been observed in the lung tissues from patients with IPF and in lung
fibroblasts treated with TGF-β [91, 100]. TGF-β1 is known as an inhibitor of autophagy in
human lung fibroblasts. In fibroblasts, genetic ablation of the autophagy proteins, LC3B or
Beclin1, elevates the expression of fibronectin and α-smooth muscle actin (a myofibroblast
marker) induced by TGF-β1 [100]. The mTORC1 inhibitor, rapamycin, was shown to protect
against lung fibrosis when mice were treated [100]. Thus, reduced autophagy in IPF patients
could increase the efficacy of TGF-β1 leading to a build-up of the extracellular matrix and
conversion to a myofibroblast phenotype. Perturbation of lung IL-17A has been demonstrated
to be protective against fibrosis, through autophagy recovery, in a mouse bleomycin model of
pulmonary fibrosis [101]. Recent studies have shown that the multiple tyrosine kinase inhibitor
nintedanib downregulated extracellular matrix production and promoted autophagy in IPF
fibroblasts while inhibiting the TGF-β signaling pathway [102]. However, further investiga-
tions are required to better understand the role of autophagy and the molecular mechanism
of fibrogenesis.

3.6. Cystic fibrosis

CF is a fatal genetic lung disease caused by a mutation in the gene encoding the cystic fibrosis
transmembrane conductance regulator (CFTR); it is characterized by the accumulation of
mucus in the airways. This accumulation can result in damage to the lungs that are linked to
recurrent secondary infections. The CFTR mutation of a deletion of phenylalanine at position
508 (CFTRF508del) is the most common found in humans [103]. Recent studies are demon-
strating defective autophagy with the CFTR mutation in airway epithelial cells from CF
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patients with the CFTR mutation. This is visualized by a reduction in autophagosome number
along with the presence of LC3 puncta and p62 accumulation in starvation conditions [104].
Cells expressing CFTR F508del have been shown to be defective in autophagy and to accu-
mulate polyubiquitinated proteins and aggresome-like structures [105]. Inflammatory
response is enhanced in CF with defective autophagy [106]. In addition, defective CFTR can
upregulate reactive oxygen species production and tissue transglutaminase [104]. A block in
autophagy leads to cross-linking and inactivation of Beclin1 with PI3KC3 sequestering and
p62 accumulation [104]. Protein trafficking of CFTR F508del to the cell surface could be restored
with the overexpression of Beclin1 or the depletion of p62 [104]. Targeting p62 genetically
rescued the functional expression of CFTR and improved the efficacy of CFTR channel
activators [107]. Genetic targeting of p62 was also recently shown to improve the therapeutic
effect of CFTR channel activators [107].

Xenophagy, the clearance of bacteria by autophagy, could play a role in defending against
infections linked to CF. In a mouse CF model, rapamycin has been shown to alleviate Burkhol‐
deria cenocepacia infection and reduce lung inflammation [108]. In vivo studies have shown that
pharmacological intervention of autophagy could enhance the clearance of Pseudomonas
aeruginosa bacteria from the lung [109]. Therefore, dysfunctional autophagy leading to a
compromise as a result secondary infection could promote CF pathogenesis. Hence, future CF
therapy should include the rescue of autophagy [110].

3.7. Cancer

The autophagy pathway is a complex biological process that is believed to influence the
induction, development and cancer therapy. Autophagy is the main cellular protection system
with an anticarcinogenic effect through preserving mitochondria, recycling of precursors of
metabolism, removal of cell debris/products and the control of inflammation that could
promote gene instability [111]. Surprisingly, autophagy could provide a mechanism that
contributes to tumor cell survival and cancer progression as a result of chemotherapy resist-
ance. At the same time, autophagy could provide a means to treat the cancer through chemo-
therapy promoting autophagy-mediated cell death [111].

Early studies demonstrated that the monoallelic loss of Beclin1 from chromosome 17q21 occurs
in many cancers such as prostate, breast and ovarian [112–114]. It is reported from in vitro
studies that perturbing autophagy can promote cancer growth, and in addition heterozygous
Beclin1 mice develop lung, liver and lymphomas [115, 116]. In addition, the aberrant expres-
sion of Beclin1 in the tumor is associated with poor outcome and aggressive disease [57, 58].
Currently, the role of autophagy in the lung and its effect on therapy is an unexplored area of
research. Studies have shown that Beclin1 expression is reduced in NSCLC compared to
healthy tissue and this reduction is further pronounced in higher stage, poorly differentiated
tumors [117, 118]. Autophagy induction with mTOR inhibitors is linked to radiosensitization
in NSCLC [119]. In addition, hydroxychloroquine, an autophagy inhibitor, has been tested in
the clinic for treatment of NSCLC on the basis that inhibition of autophagy, which aids cell-
survival, helps prevent resistance to chemotherapy [113]. Depletion of the autophagy protein,
ATG5, both perturbs the progression of KRas (G12D) lung cancer and stimulates tumor
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survival in a mouse model. On the other hand, ATG5 depletion promotes the initiation of KRas
(G12D) tumors [120]. These studies indicate the ‘double-edged sword of autophagy’ in cancer
where autophagy prevents progression and promotes tumor growth.

4. Conclusion and future perspectives

It is emerging that autophagy can promote and perturb pathogenesis in human disease (see
Figure 2). These effects are well illustrated in cancer, where the ‘double-edged sword’ of

Figure 2. The effects of autophagy in human lung diseases. The role of different pathways of autophagy to remove
bacteria (xenophagy), mitochondria (mitophagy), cilia (ciliophagy) and protein aggregates (aggrephagy). The autopha-
gy process plays a role in the pathogenesis of many human lung diseases as shown in the schematic. In lung cancer,
autophagy could perturb tumorigenesis, but at the same time promote cell proliferation and thus tumoral survival. In
pulmonary infections, autophagy could reduce bacterial expansion and block survival of bacteria such as M. tuberculo‐
sis. The pathogenesis of human lung disease is promoted with cigarette smoke exposure which induces oxidative stress
and triggers cilia protein damage.
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autophagy provides protection in the early stages of disease, while in the later stages promotes
tumor growth or resistance to therapy. In some lung diseases, such as sepsis, autophagy could
provide protection against bacterial infection and allow an inflammatory response. In the case
of exposure to cigarette smoke, this aggravates and promotes disease progression for many
human lung diseases. Current therapeutic strategies are still in development, and a few
molecules that regulate autophagy have already been tested in the clinic. For example, the
autophagy inhibitors chloroquine and hydroxychloroquine and autophagy inducer, mTOR
inhibitor rapamycin, have been analyzed in the clinic. Recent development of compounds that
modulate autophagy has been the Tat-Beclin 1 peptide, an inhibitor of histone deacetylases
[121], vitamin D and AMPK activators [58, 113, 122]. Due to the complexity of autophagy,
further research is required to fully understand how modulating autophagy could be used as
a therapeutic strategy in disease management. In addition, we will need to define the various
pathways of selective autophagy and their relevance to disease pathogenesis. This will allow
the design of novel compounds to be used in therapeutic strategies that could specifically target
certain lung diseases.
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Abstract

Autophagy  is  an  evolutionarily  conserved  intracellular  recycling  pathway  that  is
indispensable for cellular quality control. Dysfunctional autophagy has been associated
with several neurodegenerative, myodegenerative, infectious, and cancerous disorders.
Autophagic processes are not only important for cellular maintenance in the retina but
also intimately involved with phagocytosis and the very core of retinal visual process.
Additionally,  excessively  upregulated  autophagy  may  culminate  into  a  cell  death
modality, which may be detrimental to the non-dividing cells of various eye segments.
Major advances have been made in understanding the role and fate of autophagy in
different ocular tissue layers. In this chapter, we summarize the current understanding
of autophagy in the eye in the context of development, aging, and disease. We also
speculate on the putative therapeutic strategies where autophagy may be incorporated
to treat oculopathies.

Keywords: retinal degeneration, RPE, photoreceptor, lens, cornea, retinal ganglion
cells, phagocytosis, lipofuscin, autophagic flux, lysosomes, non-canonical autophagy,
diurnal rhythm, circadian, cell death, aging, neovascularization, glaucoma, diabetic
retinopathy, macular degeneration

1. Introduction

As a housekeeping cellular degradative and recycling process, autophagy is indispensable
for the maintenance of ocular physiology. Since the early 2000s, research in understanding
the mechanism and role of autophagy in development and disease has received a tremendous
boost [1]. A rapidly growing wealth of data, focused on the diverse role of autophagy in
ocular development, physiology, or disease, has enabled researchers to begin understanding
this complex process with the hope of manipulating it as a therapeutic tool in treating a
myriad of disorders that often lead to loss of visual acuity or complete blindness [2, 3].
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The eye has a complex anatomy (Figure 1A), with a plethora of specialized cells working
together to create the visual perception [4]. Almost all cells in the developed eye have some
common characteristics; they have high metabolic rates; are highly differentiated and are either
post-mitotic or slowly dividing [5–10]. In addition, owing to the high blood perfusion rates,
the eye is an oxygen-rich organ that, along with stressors like UV radiation and visible light,
provides a highly oxidative microenvironment leading to cellular damage [7, 11, 12]. In order
to combat this onslaught of oxidative damage, cells require not only effective antioxidant
defense mechanisms but also cellular repair both at the organellar and macromolecular levels.
Autophagy (referring mainly to macroautophagy), along with proteasomal degradation and
DNA repair mechanisms, provides this critical housekeeping service to almost every cell type
in the eye from the cornea in the anterior part of the eye to the retina/choroid in the posterior [3].

Figure 1. (A) Basic anatomy of the eye: principal ocular tissue components are shown. (B) Diagrammatic cross section
of the retina. (C) Fundus image of a healthy adult eye (kindly provided by Dr. Yang Sun, MD, PhD, Department of
Ophthalmology, IU School of Medicine, Indianapolis) with no ocular disease history is shown. The ganglion cell axons
exit the eye at the optic disk, which is a ‘blind spot’ due to the complete absence of photoreceptors. The macula is tight-
ly packed with photoreceptors and is critical for central vision. The fovea is a small pit-like area within the macula
highly enriched with cone photoreceptors.

Perhaps, the most convincing evidence of the importance of autophagic activity in the eye is
the preferential expression of autophagic proteins in the ocular cells and diurnal variation in
expression of autophagic protein expression in the retina [13, 14]. As early as 1977, Reme et al.
showed increased autophagosome formation in the inner segments of the photoreceptor cells
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3 hours after maximum photoreceptor disk shedding in the rat retina [15, 16]. Diurnal variation
in autophagosome formation rates was shown to be strongly dependent on light and ampli-
tudes were severely dampened in animals kept under constant darkness [17, 18]. Recent
reports have shown autophagic activity in the retinal pigmented epithelium (RPE) to be
strongly correlated to the phagocytosis of photoreceptor outer segments (POS) underlining
the importance of autophagy not just in being a housekeeping process but as an essential
component of RPE function [19, 20].

Because of its dual role in cell survival and death, autophagy has often been referred to as a
‘double-edged sword’ [21, 22]. As a degradative and recycling pathway, autophagy is essential
for sequestration and digestion of toxic waste that could otherwise lead to loss of cell function
and eventually lead to cell death. Autophagy (specifically macroautophagy) remains the only
known process by which damaged cellular organelles as large as the mitochondria can be
digested and recycled [23]. Metabolites generated from autophagic digestion and recycling
serve as essential components for new macromolecules and organelles. Because of the ability
of this process to be upregulated when the cell is subjected to stress such as nutrient starvation,
oxidative stress, hypoxia, and growth factor depletion, autophagy can be thought of as an
adaptive process that can meet the energy demand under unfavorable conditions [24].

Due to the generally non-dividing nature of many of the constituent cells of the eye, most
reports on autophagy in the eye have concluded it to be a necessary cytoprotective mechanism
that prevents the accumulation of cellular damage and inflammation over the lifetime of an
individual [25, 26]. However, reduced autophagic efficiency is implicated in a number of ocular
pathologies such as age-related macular degeneration (AMD), glaucoma, diabetic retinopathy
(DR), photoreceptor degeneration, and ocular infections. Because of its ‘destructive self-eating’
nature, when autophagic activity exceeds a certain threshold or duration, it may actually
promote cellular demise. Moreover, autophagy can ‘cross talk’ with other cell death modalities
like apoptosis to influence overall cell fate [26]. It is thus critical to understand the mechanism
and functional role of autophagy in specific cells of the eye before autophagic modulation be
incorporated in ocular therapeutic strategies.

In this chapter, we summarize the overall understanding of the role of autophagy in develop-
ment and normal aging of the eye. We then describe the aspects of autophagy with respect to
ocular diseases.

2. Autophagy in the healthy and aging eye

There is increasing evidence that autophagy plays a critical role in ocular development and
homeostasis. Developmentally, the vertebrate eye derives from coordinated interactions
between neuroepithelium, surface ectoderm, and extraocular mesenchyme (originating from
neural crest and mesoderm) [27]. The major development of the eye occurs between the 3rd
and 10th weeks of fetal development with the initial formation of the optic vesicles followed
by the gradual formation of the lens and the optic nerve [27–30]. Development of the lens
requires maturation of lens fibers by degrading the mitochondria, nuclei, Golgi apparatus, and
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endoplasmic reticulum to create the transparent organelle-free zone to allow passage of light
into the ocular chamber (reviewed in [31]). During development, the hyaloid artery supplies
the lens with much needed nutrition and eventually its distal end degrades in the inner vitreous
of the eye bulb, while the proximal end becomes the central retinal artery [32]. While the
pigmented layer and the retina form from the outer and inner layers of the posterior (4/5th)
optic cup, respectively, iris and the ciliary body are formed from the anterior (1/5th) region.
The sclera and choroid are formed from the mesenchyme on the outer side of the optic cup.
The primary and secondary lens fibers form the lens. The vitreous humor is a gel-like substance
formed from the mesenchymal cells of the neural crest (reviewed in [33]). In the normal human
eye, the photoreceptors continue to mature after birth. Foveal cone photoreceptor cell size
shrinks (from 7.5 to 2 μm diameter), while cell density increases (18–42/100 μm) until 3 years
of age [34, 35].

Programmed cell death plays a crucial role in neuroretinal development [36]. Autophagic
proteins AMBRA1 and Beclin1 are strongly expressed in chicken embryonic (E5) neural retina
[37]. Autophagy supplies ATP to energize the externalization of phosphatidyl serine on the
dying cell surface, an essential step in the clearance of cell corpses from the developing retinal
neuroepithelium. Pharmacological inhibition (3-Methyladenine) of autophagy increases
TUNEL-positive apoptotic cells [38]. It will be interesting to investigate the role of autophagy
in the development of mammalian neuroretinal cells. Autophagy has also been shown to
reduce cell size in other cell types [39–41]. Antagonistic mTOR and autophagic pathways
control activity of YAP/TAZ transcription factors, thereby influencing cell size and prolifera-
tion [42]. Differential cellular signaling to modulate autophagy and mTOR in both dividing
and differentiated photoreceptors during pre- and postnatal cone photoreceptor enrichment
in the macular fovea is an area hitherto unexplored.

Autophagic vacuoles engulfing mitochondria were reported in the lens in 1984 [43, 44].
Autophagy was the expected pathway of choice for the developing lens’ fiber cells to degrade
cell organelles to create the organelle-free zone (reviewed in [45]). Autophagosomes were
reported in both differentiating primary and secondary lens fiber cells [43, 46]. However,
during the embryonic period, deletion of either Atg5 or Pik3c3 genes in mice did not affect
lens organelle clearance [43, 46]. Costello et al. put forward an alternative hypothesis that since
both Atg5- and Pik3c3-independent autophagy have been reported and that mutation in
autophagy gene FYCO1 causes autosomal recessive congenital cataract, the role of autophagy
(and mitophagy) cannot be ruled out in organelle clearance [47–50]. ATG5-independent non-
canonical autophagy has also been implicated in the mitochondrial clearance required during
metabolic reprogramming of induced pluripotent cells (iPSC) [51]. Perhaps a simpler ap-
proach, where overall lens autophagic flux is inhibited (possibly by inhibiting lysosomal
fusion), needs to be adopted to confirm that organelle clearance in developing lens is not
dependent on autophagy. Furthermore, it remains to be seen if the various proteolytic
mechanisms active during lens fiber differentiation can compensate autophagic deficiency (for
further reading, please refer [30]).

The adult eye is enclosed in the outer fibrous tunic, composed of the sclera (posterior 5/6th of
the eye bulb) and cornea (transparent anterior part) (Figure 1A). The middle layer is known
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as the vascular tunic (or uvea) comprising of the choroid, ciliary body, and iris. The ciliary body
supports the lens and controls the shape of the lens with the ciliary muscle. The innermost
layer is the retina with ten distinct layers. Moving in a direction from the inside of the eye,
these layers are arranged as (1) the inner limiting membrane; (2) the nerve fiber layer; (3) the
ganglion cell layer; (4) the inner plexiform layer; (5) the inner nuclear layer; (6) the outer
plexiform layer; (7) the outer nuclear layer; (8) the outer limiting membrane; (9) the photore-
ceptor (rods and cones) layer; and (10) the retinal pigmented epithelium (RPE) (Figure 1B) [52].
The innermost layers of the neural retina comprise of different classes of neuronal cells such
as the ganglion cells, the Müller, horizontal, bipolar, amacrine cells, and the photoreceptor cells
(rods and cones). Together, these cells constitute a complex network of visual sensory synapses
that communicate the visual signals to the brain via the central nervous system.

The extraocular muscles (EOMs) control eye directional movement and eyelid movements and
contain cells that are likely to accumulate mitochondrial damage during aging, resulting in
slower eye muscle movements [53–55]. McMullen et al. reported that autophagy was severely
impaired in 18- and 30-month-old compared with 6-month old Fisher 344-Brown Norway rat
EOMs supported by their observation of decline in LC3, ATG5, and ATG7 [56].

The cornea, being a non-keratinized epithelial surface, requires to be kept moist by tear
secretions from the lacrimal, meibomian (or tarsal) glands, and the conjunctival goblet cells
[57, 58]. Basal autophagy-lysosomal activity in the constituent fibroblasts (also known as
keratocytes) of the corneal stroma is critical for the clearance of transforming growth factor
β-induced protein (TGF-βIp) (discussed in detail in next section along with other corneal
abnormalities) [59].

The lacrimal glands produce the aqueous components of the tears (i.e., lacritin, lysozymes,
lactoferrin, lipocalin, secretory immunoglobulin A (IgA) and complements), which protect the
cornea against a large number of infectious agents (reviewed in [60]). The meibomian glands
produce the lipid components of tears called meibum consisting of a variety of esters and fatty
acids that prevent evaporation of the tears from the conjunctiva (reviewed in [58]). The mucous
secretion from the conjunctival goblet cells allows for even distribution of the tears over the
conjunctival surface (reviewed in [61]).

Earliest data on autophagic activity in the acinar cells of the lacrimal glands showed dramatic
buildup of autophagosomes upon treatment with vinblastine (microtubule inhibitor that
blocks autophagosome–lysosome fusion), strongly suggesting the existence of basal autoph-
agy [62, 63]. Autophagy (along with apoptosis) is upregulated in response to inflammation
induced in BALB/c mice lacrimal glands, resulting in acinar cell death. It remains to be
investigated whether this phenomenon is critical for tissue repair and remodeling post-
inflammation injury [64]. The tear component glycoprotein, lacritin, has been reported to
protect in vitro-cultured corneal epithelial cells under inflammatory cytokine-induced stress
via upregulation of autophagic flux [65–67]. Lacritin-stimulated acetylation of transcription
factor FOXO3a, followed by acetylated FOXO3a-ATG101 coupling and coupling of stress-
acetylated FOXO1 with ATG7, is critical for this autophagic response [68].
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The earliest publication on autophagy in the conjunctiva described autophagic structures in
guinea pigs [69].

The trabecular meshwork (TM) is located in the iridocorneal junction of the eye and is
responsible for draining the aqueous humor from the eye via the anterior chamber (Fig‐
ure 1B) [70]. Porcine TM cells under hypoxic conditions show increased autophagy, perhaps
as a response to increase reactive oxygen species (ROS) [71]. TM cells when chronically exposed
to oxidative stress tend to develop lysosomal basification and membrane permeabilization
owing to the increased lysosomal iron content. Although autophagic activity is elevated in
oxidatively stressed TM cells, the levels of ATG5, ATG7, and ATG12 are significantly reduced
[72, 73]. This paradoxical observation hints at the possibility of the existence of active and
potentially novel non-canonical autophagic pathways that may use another enzymatic
network to modify LC3. Ex vivo human trabecular meshwork, cells collected from healthy
donor eyes, displays an increase in both oxidative DNA damage (8-hydroxy-2-deoxyguano-
sine) and autophagic activity markers (increased LC3II/I ratio and reduced p62/SQSTM1) in
older donors [74]. However, in vitro data have failed to establish autophagy as either an inducer
of senescence or an inhibitor. Trehalose-induced autophagy and oxidative stress-induced
senescence-associated-β-galactosidase (SA-β-gal) activity, while rapamycin treatment did not
show the same effect [73].

The iris modulates the amount of light entering the retina by controlling the size and diameter
of the pupil. The iris contains pigmented epithelial cells that have the same origin as RPE and
contain melanosomes [75]. In vitro-cultured newt iris epithelial cells dedifferentiated to lens
cells and this process was accompanied by the sequestration of the melanosomes, ribosomes,
and multivesicular bodies (MVB) in autophagic vesicles [76]. Autophagy has not been widely
studied in the iris. However, since the iris-pigmented epithelial cells and RPE have some
common features like melanosome content as well as phagocytic ability, it is expected that they
would have high metabolic rates making them susceptible to accumulating cellular damage
[77, 78]. Therefore, autophagy, among other housekeeping processes, must be at an efficient
level in order to exacerbate this cellular damage. Consistent with this hypothesis, Petrovski et
al. have reported an increase in basal LC3 levels in iris sections from aging human cadaver
eyes [79]. Interestingly, the authors observed LC3 expression in mouse iris sections. They also
reported an increase in basal LC3 levels in the non-pigmented aqueous humor producing
epithelium of the ciliary body (connection between iris and choroid) of aging human cadaver
eyes and hypothesized that autophagy might play a key role in the maintenance of intraocular
pressure (IOP) in the aging eye. Similar LC3 expression was observed in mouse ciliary body
[79]. One must however exercise caution before interpreting autophagic protein expression in
any ocular tissue. We and others have observed significant oscillations of autophagic protein
expression in the retinal layers of rodents [19]. Recent reports show oscillatory expression of
circadian clock genes Bmal1, Clock, Cry1, Cry2, Per1, and Per2 in the irisciliary body of C57BL/
6 mice with significant correlation with diurnal IOP variations over a 12-h/12-h light/dark cycle
[80]. Per1-deficient mice show increased susceptibility to neuronal injury after cerebral
ischemia and one of the key reasons behind this has been hypothesized to be a dramatic
attenuation of autophagic activity [81]. Therefore, before conclusions are made about the
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expression in the retinal layers of rodents [19]. Recent reports show oscillatory expression of
circadian clock genes Bmal1, Clock, Cry1, Cry2, Per1, and Per2 in the irisciliary body of C57BL/
6 mice with significant correlation with diurnal IOP variations over a 12-h/12-h light/dark cycle
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absence of expression of autophagic proteins in the iris of mice, diurnal/circadian studies on
autophagic protein expression must be conducted.

During normal aging, basal LC3 levels are elevated in the lens of human cadaver eyes [79].
Analysis of autophagic gene expression by a combined approach of microarray, qRT-PCR, and
Western blotting revealed as many as 42 autophagy-related genes in microdissected human
lens epithelium and fiber cells (age range: 47–69 years) providing convincing evidence of
autophagy in the lens [82, 83]. Two independent reports suggest the critical role of autophagy
in maintaining lens homeostasis in mutant models of αβ-crystallin (R120G) and αA-crystallin
(R120A) (discussed in detail in the next section) [84, 85].

The mean retinal thickness of the human eye reduces by about 0.53 μm annually with con-
current loss of macular thickness, implying that there is a significant cell loss in the retina even
with no pathology [86, 87]. It remains a challenge to researchers to determine whether changes
in cell biology of the retinal cells that trigger onset of disease are different from the normal
aging process. The nerve fiber layer shows substantial thinning over time (nearly 150/mm2

during an average lifetime) due to the significant loss of retinal ganglion cells (RGCs) that make
up the ganglion cell layer of the retina and convey visual signals from the photoreceptor layer
to the optic nerve that constitutes of RGC axons and glial cells [88–91]. The optic nerve also
suffers some detrimental changes during aging due to the loss of ganglial axons [92]. The
neuroretinal rim area reduces at a rate of 0.28–0.39% annually, while the optic cup area and
the vertical cup diameter start to increase especially after the third decade of life [93]. Apoptosis
is considered the primary cell death mode for RGC loss [94–96]. Reports suggest that autoph-
agy may promote RGC survival after optic nerve axotomy in mice [97]. Atg5, 7 and 12, LC3,
and Beclin-1 expression is elevated in the mouse RGCs up to 7 days after optic nerve injury
[98]. It has been suggested that autophagic flux impairment in the RGC axons may lead to age-
associated changes in the optic nerve [99]. We will elaborate the role of autophagy in terms of
RGC and disease in Section 3.

Photoreceptor density decreases at a rate of 0.2–0.4% annually with a greater degree of rod cell
loss than cones causing reduced dark adaptation in aged individuals [100, 101]. This loss is
mostly in the peripheral and the parafoveal retina rather than at the fovea (Figure 1C) [102].
We have previously shown strong expression of Atg9 and LC3 in the ganglion cell layer, retinal
vessels, a subpopulation of the inner nuclear layer, the outer nuclear layer of rods and cones,
and the RPE [103]. Deletion of Beclin1 or Atg7 or mitophagy-specific Parkin gene in mice causes
severe retinal degeneration along with accumulation of abnormal mitochondria [104].

The RPE monolayer consists of perhaps the most multifunctional cells of the eye. The RPE has
a plethora of functions such as phagocytosis of photoreceptor outer segments, renewal of
chromophores in visual transduction cycle, supplying nutrients from the choroidal side to the
photoreceptors, ion, and metabolite exchange and light absorption (reviewed in [7]). Like the
entire retina, the RPE is also prone to age-associated decline in function and vitality and
accumulate massive cell damage even during normal aging [104, 105]. Additionally, the RPE
has to combat light and reactive oxygen species induced damage not just to its own cellular
components but also to those of the photoreceptors. Aging changes in the RPE layer is not
uniform across the retina [105, 106]. It appears that the peripheral cell area increases while that
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at the central retina declines. Cell density decreases with increasing distance from the fovea,
but the foveal RPE cell density is relatively very stable. Surprisingly, the aged non-diseased
macula shows a population of apoptotic RPE [107]. Both the RPE and photoreceptors are highly
metabolic and a healthy pool of mitochondria is required to meet this energy demand. There
is a significant reduction in the number of healthy mitochondria and extensive damages to
mitochondrial cristae, and matrices are observed [108]. A number of publications together have
shown RPE and photoreceptors expressing autophagy proteins (p62, LC3, ATG7, ATG9, and
Beclin1) in both human cadaver and rodent model retina sections [13, 14, 19, 103, 109].
Furthermore, as mentioned earlier, diurnal oscillations of autophagic proteins and autopha-
gosomes in the RPE/photoreceptor layers confirm a functional role of autophagy that is
integrally linked to POS phagocytosis [19, 110, 111]. Autophagic digestion of rhodopsin light
pigment in rod photoreceptors is also necessary for adaptation to changes in light intensity (3–
200-lx) [110]. Lentiviral shRNA-mediated silencing of autophagic genes (Beclin1 and ATG7)
or 3-Methyadenine (3-MA)-mediated autophagy inhibition in human RPE in cell culture
increases susceptibility to oxidative stress with compromised mitochondria, increased
lipofuscin, and reduced cell viability [13]. Deletion of RB1CC1 in rodent RPE caused severe
retinal degeneration underlining the importance of basal autophagy in the RPE [109]. Levels
of autophagic protein such as ATG7, ATG9, and LC3 increase with aging in the retinal layers
including RPE and photoreceptors in both human cadaver donor and c57Bl/6 mouse retina
sections [13].

Non-canonical LC3-associated phagocytosis (LAP), dependent on Atg5 and Beclin1 but
independent of the autophagy pre-initiation complex consisting of Ulk1/Atg13/Fip200, was
reported to be critical for degradation of POS and renewal of retinoids required for chromo-
phore synthesis for optimal visual function (Figure 2) [111, 112]. Melanoregulin, a 28 KDa
membrane-associated protein is critical for lysosomal hydrolase activity in the RPE as well as
for RILP-p150Glued complex-mediated retrograde melanosome transport via actin filaments
in melanocytes [113, 114]. Frost et al. demonstrated a diurnal variation in melanoregulin
expression in the RPE and its distinct association with the ATG5-dependent LAP [111]. Loss
of melanoregulin causes accumulation of phagosomes and lipofuscin in the RPE with elevated
cathepsin-D secretion that could injure not only the RPE but also the adjacent ocular layers
[111, 114]. Furthermore, ROS generated from NADPH oxidase activity resulting from the
delayed clearance of all-trans retinal (activated visual chromophore of the visual transduction
cycle) shows severe RPE cytotoxicity [104]. LC3 association with phagosomes is signaled by
elevated NAPDH oxidase activity in other ‘professionally’ phagocytic cells like macrophages
[115]. Park2 (mitophagy receptor protein) and LC3 activity are indispensable for RPE defense
against all-trans retinal induced cytotoxicity [104]. It is now evident that while basal rate
canonical autophagy is critical for quality control and stress adaptation, non-canonical forms
of autophagy where some but not all components and mechanisms of the canonical form
participate, supports the very core of retinal visual function.

The ocular vasculature has several indispensable functions including supply of oxygen and
nutrients to the ocular components; transportation of ions and metabolites; circulation of
immune-surveillant cells; and exclusion of pro-inflammatory cytokines and molecular toxins
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[116]. The study of autophagic flux and its role in ocular vascular endothelial physiology is
still at rudimentary stages. However, recently it has been reported that conditional deletion of
endothelial Atg7 in ApoE−/− mice results in accumulation of oxidized LDL within the RPE and
choroidal vascular endothelium of the eye underscoring the importance of autophagy in
vascular lipid homeostasis [117]. Conflicting opinions exist regarding the role of autophagy in
angiogenesis most likely due to the different tissue source of the endothelial cells under study.
Lee et al. have recently reported that Beclin1 deficiency leads to increased hypoxia-induced
angiogenesis in human pulmonary artery endothelial cells [118]. On the other hand, in bovine
aortic endothelial cells, Du et al. suggest that autophagy promotes angiogenesis and elevated
ROS levels [119]. Autocrine vascular endothelial growth factor (VEGF) suppresses autophagy
in human umbilical vascular endothelial cells (HUVECs) to maintain cell viability. The role of
αvβ3 and αvβ5 integrins has long been implicated in retinal neovascularization [120, 121].
αvβ5 integrins act downstream of VEGF activating focal adhesion kinases (FAKs) that are
critical for cell migration [122]. Recent reports suggest a critical role of autophagy in restricting
integrin activity and thus inhibiting cell migration [123]. Autophagy receptor NBR1 has been
shown to be a specific cargo receptor for targeting focal adhesion components to the lysosome
for degradation [124].

Figure 2. Classic and non-canonical LC3-associated phagocytosis (LAP) in the RPE: basal autophagy is essential in the
RPE to maintain organelle and protein quality. Phagocytosis of ingested outer segments may be mediated by autopha-
gy components LC3, ATG5-12-16 complex, and delivery of the phagosome to the lysosome is dependent on these pro-
teins underlining the existence of a non-canonical autophagic pathway in the eye that supports RPE phagocytic
function. Furthermore, melanoregulin (MREG) facilitates LC3 recruitment to the phagosomes. Phagocytosis is essential
for renewal of all-trans retinol to 11-cis retinal visually active chromophore that is sent to the photoreceptors for ena-
bling the visual cycle. Hence, while basal canonical autophagy is essential for basic housekeeping of the RPE, non-can-
onical autophagy supports at least in part the visual cycle and photoreceptor disk processing.
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These mechanisms need to be reinvestigated in retinal endothelial cells in order to elucidate
the role of autophagy in maintenance of retinal vasculature. Inhibiting autophagy in the RPE
in vitro elevates the levels of pro-angiogenic intercellular adhesion molecule (ICAM), stromal
cell-derived factor (SDF-1) and VEGF A in response to challenge by lipofuscin component
A2E [125]. Therefore, retinal vascular stability may not only be influenced by autophagy in the
vascular endothelial cells but also by the cross talk from adjacent cell layers.

One of the inevitable consequences of oxidative damage in the aging retina is the accompa-
nying inflammatory response and elevated levels of damage-associated molecular patterns
(DAMP) [126]. Although the eye was considered immune privileged for a long time, immu-
nocompetent cells like the monocyte-derived cells, microglia, dendritic cells, and perivascular
macrophages have been detected in the retina [127–130]. Ample evidence suggests that the
inflammation observed during normal tissue aging is an adaptive response and the word
coined for this inflammation is ‘para-inflammation’ [129, 131–133]. Para-inflammation is
required for retinal tissue homeostasis plays a crucial role in tissue repair/remodeling, but
when para-inflammation becomes chronic or progresses to destructive inflammation, retinal
damage and pathology may ensue (reviewed in [134]). As mentioned earlier, the aging retina
shows an increase in apoptotic cells. However, several reports have recently indicated that
other cell death modalities like autophagy and necrosis may also exist in the eye that may
become particularly active in retinal degenerative conditions [135, 136]. While apoptosis
restricts the release of inflammatory danger signals, late-stage apoptosis and necrosis can
initiate DAMP-mediated inflammation. Autophagy, at least in the early stages, has been
considered a protective response that suppresses inflammatory signals [137]. Shi et al. showed
the activation of autophagy by sterile inflammation (NLRP3- and AIM2-mediated inflamma-
tion) limited caspase-1-mediated maturation of IL-1β and IL-18 [138]. Impairing autophagy in
RPE leads to not only inflammasome activation but also macrophage-mediated angiogenesis
[139–141]. The age pigment, lipofuscin, is a common feature of many post-mitotic cells
throughout the body and is largely derived from autophagic removal of damaged organelles
[142]. Lipofuscin accumulation occurs in an age-dependent manner in both photoreceptor cells
and the RPE. In both cell types, lipofuscin is derived at least in part via autophagy of damaged
organelles (e.g., mitochondria) [142], but the situation is more complicated in the RPE where
(a) lipofuscin is also an inevitable consequence of phagocytosis of spent photoreceptor outer
segments [143] and (b) phagocytosis is linked to a non-canonical autophagy pathway [111,
112]. Lipofuscin is both a cause and consequence of oxidative stress and oxidative stress-
mediated accumulation of lipofuscin increases dramatically in the RPE when autophagy is
pharmacologically inhibited [13].

Considerable cross talk exists between apoptosis and autophagy. p53 and Bc1-2 family proteins
and calpain have been classically considered as apoptotic proteins but can also modulate
autophagy [144–146]. For example, Beclin1 is cleaved by caspase upon depletion of IL-3 in Ba/
F3 cells leading to inactivation of autophagy and release of proapoptotic cytochrome c from
the mitochondria [147]. Direct cleavage of ATG3 (a ubiquitin-like-conjugating enzyme
involved in autophagosome biogenesis) by activated caspase-8 can lead to inhibition of
autophagy and cell death [148]. Yet other reports show autophagy prevents necrosis by
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reducing metabolic stress [149]. Although cross talk between cell death pathways needs to be
confirmed in ocular cells, it is safe to assume that autophagy in the aging eye plays a critical
role in maintaining balance between the cell death modalities to avoid a pathological scenario.
Arrested autophagic flux by lysosomal disruption enhances buildup of ubiquitinated protein
aggregates and cell death under oxidative stress that cannot be prevented by apoptotic caspase
inhibitor (zVAD-FMK) [150].

3. Autophagy in ocular disease

3.1. Autophagy in congenital ocular abnormalities

Several congenital deformities of the eye occur such as coloboma, congenital glaucoma,
congenital cataracts, congenital detached retina, partially persistent iridopupillary membrane,
persistent hyaloid artery, microphthalmia and Peter’s anomaly, Leber’s Congenital Ameurosis
[151–156]. While the cause of most of these diseases is rooted deep in mutation of genes such
as PAX2, PAX6, CYP1B1, GLC3A, GLC3B, GLC3C, FOXC1, CEP290, CRB1, GUCY2D, RPE65,
several reports suggest autophagy may be compromised in some of these diseases [157].
Persistent hyaloid artery and persistent hyperplastic primary vitreous (PHPV) could result
from incomplete involution of the hyaloid vessel [32, 158]. Studies have shown that hypoxic
conditions, as seen in the developing eye, increase autophagic activity in vascular endothelial
cells. Hypoxia plays a major role in triggering the hyaloid vessel regression and activation of
autophagy seems to enhance hyaloid regression in the developing eye [159]. Recessive
mutations in EPG5 cause a rare inherited congenital multisystem disorder called Vici syn-
drome with defective systemic autophagy [160]. EPG5, the human homolog of the Caenorhab‐
ditis elegans autophagy gene epg-5, encodes a key protein (ectopic P-granules autophagy
protein 5) that regulates the formation of autolysosomes [160]. Retinal hypopigmentation and
bilateral cataracts are among the chief manifestations of this disorder, once again suggesting
the importance of autophagy in retinal development (reviewed in [157]). Mutations in WDR45
(also known as WIPI14) cause a rare biphasic X-chromosome-linked disorder called beta-
propeller protein-associated neurodegeneration (BPAN) [161, 162]. WDR45 interacts with
ATG2 and ATG9 that regulate lipid and membrane supplies for autophagosome formation
and elongation [163–165]. A subset of BPAN patients has optic nerve atrophy suggesting a
possibility that defective autophagy may be part of the disease etiology [166]. Congenital eye
disorders typically emerge from underlying genetic mutations, which may often prove difficult
to manage therapeutically. Understanding the effect of these genes on cell biology leading to
the disease may, in some cases, provide a better therapeutic avenue.

Autophagy is an integral part of developmental cell biology that is coordinated by a vast
network of genes [167]. Although still at rudimentary stages, research on the role and fate of
autophagy in ocular development must be intensified in the search of more promising
therapies in debilitating congenital eye disorders.
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3.2. Conjunctiva

Several topical eye ointments contain benzalkonium chloride (BAC) as a preservative that has
been shown to induce caspase-independent cell death in a conjunctival cell line, was reversible
by autophagy induction [168].

3.3. Cornea

The consequences of corneal infection can be devastating with corneal scars that would require
corneal transplant [20]. Toxoplasma gondii and herpes simplex virus-1 (HSV-1) are two most
common pathogens that can directly infect the cornea. Alternately, HSV-1 can infect the cornea
indirectly via first infecting the oral mucosa [169]. In some extremely infectious cases, HSV-1
infections may cause stromal keratitis leading to blindness and is the leading cause of corneal
blindness globally [170]. A key virulence mechanism of HSV-1 is to hijack and inhibit autoph-
agy in the host cell via the binding of Beclin1 with the viral protein ICP34.5 [171, 172]. Addi-
tionally, IPC34.5 can inhibit autophagy induction by inhibiting the antiviral eIF2alpha kinase-
signaling pathway (including PKR and eIF2alpha) [173]. Contradicting opinions exist as to
whether autophagy promotes HSV-1 infection or inhibits it. Petrovski et al. recently showed
that autophagy was induced in HSV-1-infected rabbit corneal cell survival against apoptosis
[174]. Yakoub et al. showed that HSV-1 does not increase autophagic activity in the cell but
basal autophagy is required for it to infect the host cells [175] and pharmacological induction
of autophagy in host cells suppresses HSV-1 infection [176]. Yet in another independent study,
Alexander et al. reported no effect on HSV-1 replication in autophagy-deficient host mouse
fibroblast cells [177]. It seems that the experimental model of choice from one research team
to another may affect the final outcome of autophagy on HSV-1 in the infected host cell.

T. gondii infection in the cornea is a classic example where an invading pathogen disrupts
cellular endosomal-lysosomal fusion and therefore prevents itself from degradation by
lysosomal enzymes [178]. Defects in the CD40 pathway that activates macrophages to eliminate
T. gondii cause ocular toxoplasmosis, suggesting autophagy may prevent T. gondii-mediated
infection [179, 180].

Granular Corneal Dystrophy 2 (GCD2), an autosomal dominant disorder caused by mutation
R124H in the transforming growth factor β-induced gene (TGFBI) on chromosome 5q31, shows
dramatic accumulation of mutant transforming growth factor β-induced protein (TGF-βIp) in
autophagosomes and/or lysosomes of corneal fibroblasts [59]. Autophagy is activated, but the
rate of autophagic degradation is not sufficient to inhibit the accumulation of the aberrant
protein or polyubiquitinated proteins that are also digested in part by autophagy [59, 181].

3.4. Trabecular meshwork

Defects in fluid drainage by the TM can lead to elevated IOPs and eventually cause irreversible
damage to the optic nerve leading to glaucoma. Glaucoma is manifested with loss of peripheral
vision leading eventually to complete blindness [182–184]. Both elevated IOP and biaxial TM
stretching have been independently shown to promote autophagosome formation [185, 186].
Additionally, aging TM is subjected to both hypoxic and highly oxidative conditions that cause
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increased ROS production and accumulation of non-degradable material along with lipofuscin
in lamina cribrosa as well as TM cells [187]. In both cell types, autophagic flux is severely
impaired contributing to glaucoma pathogenesis [73, 188]. Autophagy seems to be protective
from apoptotic caspase signals in TM cells [189].

3.5. Optic nerve

Optic nerve damage is a commonality in all glaucoma subtypes [190]. Other retinal neuropa-
thies such as optic neuritis, hereditary optic atrophy, and traumatic injury may also lead to
degeneration of retinal ganglion cell axons in the optic nerve [191]. Optineurin overexpression
in retinal ganglion cells (RGC-5) in vitro was found to be beneficial via its stimulatory effect on
autophagy [192]. However, some reports contradict this hypothesis suggesting that autophagy
may, in chronic hypertensive glaucoma models, be neuropathic to the optic nerve [99, 186].
This disagreement may arise from variations in disease stage and models under investigation
(reviewed in [191]).

3.6. Lens

As mentioned in the earlier section, there still seems to be considerable debate over the role of
autophagy in digestion of organelles of differentiating lens fiber cells to create the organelle-
free zone. However, even the reports that argue against the role of autophagy in organelle
clearance suggest that it is indispensable for lens quality control. Morishita et al. showed that
Pik3kc3/VPS34 deletion in mouse caused congenital lens defects including cataract and that
in ATG5 deletion mice lens, the lens developed age-related cataracts although not congenital
cataracts [46]. Mutations in FYCO1 (facilitates microtubule-dependent directional transport of
autophagosome vesicles) show severe autosomal-recessive congenital cataracts in patients [48,
193]. αβ-Crystallin mutation (R120G) in hereditary cataract mouse model causes concurrent
increase in autophagosome fractional volumes and p62-positive aggregates in lens suggesting
impaired autophagic flux that leads to increased lens opacity [194]. Similar results were also
observed in a hereditary mutant double knock-in (R49C+/+) mouse model where autophagic
flux also seemed impaired [85]. Recently, an ESCRT-III subunit CHMP4B has been proposed
to be involved in autophagosomal clearance of extranuclear DNA and chromatin [195].
CHMP4B mutation is associated with autosomal dominant posterior polar cataract formation
[196].

3.7. Retina

Many studies have investigated the implications of autophagy in retinal degenerative diseas-
es [12–14, 103, 109, 125, 150, 194, 197, 198]. Age-related macular degeneration (AMD) is an
aging-associated neuropathy that affects primarily the photoreceptors and RPE in the macula
resulting in loss of peripheral vision and eventual legal blindness [199]. Early in AMD
pathology, sub-RPE deposits known as drusen are observed on Bruch’s membrane (BM) by
fundoscopy. There are two types of AMD: ‘dry AMD’ characterized by geographic atrophy
(GA) and ‘wet AMD’ characterized by neovascularization. Although a heterogenous disease,
the key reason behind the pathology is the increased susceptibility of the RPE to oxidative
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stress [200, 201]. Diseased retina shows a significantly greater extent of damaged organelles
(mitochondria, peroxisome, melanosomes, etc.) and protein aggregates compared to age-
matched healthy retina [108]. The overall accumulation of damaged organelles and macro-
molecules suggests a collapse of overall antioxidant and proteolytic capacity of the RPE that
sets up the stage for disease [202]. Not surprisingly, autophagy has been shown to be severely
impaired in AMD retinas of both human cadaver eyes compared with age-matched donors as
well as in AMD mouse models [13, 14, 198]. In vivo deletion of autophagic gene RB1CC1 in
mouse retina results in retinal degeneration that shares many features with AMD disease [109].
RPE cells in vitro accumulate lipofuscin and greater loss of mitochondrial activity and mem-
brane integrity under oxidative stress when autophagy is inhibited [13, 125, 203]. Autofluor-
escent lipofuscin in the RPE destabilizes the lysosome and is a hallmark of RPE senescence
that has been widely implicated in AMD [204, 205]. Lysosomal destabilization leads to a
severely impeded autophagic flux that has been recently suggested in dry AMD where a higher
accumulation of p62 was observed in the foveomacular regions of AMD patient retinas
compared with age-matched donors [14]. Interestingly, as mentioned earlier, autophagy
inhibition in lipofuscin chromophore A2E-laden RPE results in elevated levels of several pro-
inflammatory and pro-angiogenic factors that suggest a possible role of autophagy in both dry
and wet forms of AMD [125].

Diabetic retinopathy (DR) is a retinal complication characterized by pericyte loss, microvas-
cular instability, blood retinal barrier (BRB) leakage, and abnormalities in the retinal vascula-
ture [206, 207]. Since pericyte loss is a key feature of DR, the effect of autophagy was
investigated in a combination mouse model of diabetes and hypercholesterolaemia. The
authors showed that autophagy promoted pericyte survival under mild stress but under
chronic stress conditions resulted in pericyte death [208]. This may be considered as a perfect
example of the dual role of autophagy both as a protector and as a destructive pathway.
Extravascular oxidized low-density lipoprotein (LDL) has been reported to be damaging to
the BRB and to cause apoptotic pericyte loss [209]. Du et al. suggested that oxidized LDL may
cause RPE injury by excessive oxidative stress, ER stress, autophagy, and apoptosis [210]. High
glucose (30 mM) conditions in the RPE result in higher levels of p62 and LC3 accompanied by
an increase in the number of autophagosomes [211]. This increase in autophagosomes is
possibly to accommodate for the increased ROS damage sustained by the mitochondria, but
it needs to be determined whether autophagic flux is reduced as lysosomal pH is reported to
be elevated under high glucose conditions [212]. As described earlier, circadian rhythmicity
and diurnal variations in expression amplitudes of autophagic proteins is a prominent feature
of the retina. Disruption of the peripheral clock has been reported in DR pathology affecting
cellular processes such as regulation of inflammation and lipid metabolism [213–216]. Our
unpublished data show dramatic phase-shift and amplitude dampening of key autophagic
proteins in the retina of rodent models of diabetes (manuscript under preparation). It remains
to be elucidated how disruption of diurnal rhythm dysregulates the normal balance between
retinal cell metabolism and autophagy, which contributes to DR pathology.

Photoreceptor degeneration is widely observed both in AMD as well as in retinitis pigmentosa
(RP). The latter is a highly hetergenous disease with hereditary mutations in multiple gene loci
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[217]. Both caspase-dependent and caspase-independent pathways are involved in photore-
ceptor cell death in RP [218–220]. rd/rd mouse, the rds/rds mouse, and the light-damage model
in albino mice show several elements of the autophagic pathway to be upregulated. This
induction seemed secondary to an increase in oxidative stress markers, suggesting that
autophagy may be upregulated specifically to remove damaged photoreceptors [221].

Inherited lysosomal storage disease Niemann–Pick type C (NPC) disease is caused by
mutations in genes NPC 1 and 2 [222]. LC3 and autophagosmal numbers are elevated in the
ganglion cell layer of Balb/cNctr-Npc1m1N/J mouse model possibly because of disruption of
autophagic flux and reduced degradation of autophagosomes in the lysosome [223].

3.8. Retinal detachment

Retinal detachment has a number of causes and could be rhegmatogenous or may due to other
causes such as traumatic brain injury, severe myopia, retinal tear, or vascular abnormalities
frequently encountered in diabetic retina and hypertension [224–227]. In rodent models, retinal
detachment induced by subretinal injection of 1% hyaluronic acid resulted in a rapid increase
in autophagic activity 3 days after insult. However, 7 days post-injury the autophagic response
declined with a simultaneous rise in calpain activity resulting in photoreceptor cell death.
Calpain inhibition resulted in increased autophagy and prolonged the survival of photore-
ceptors [228]. Furthermore, activating autophagy in the same model in Fas-dependent manner
inhibited apoptotic death of photoreceptors [229]. Unpublished results suggest hypoxia
(increased Hif1α and Hif2α protein levels) induced by the retina-RPE separation is a key
inducer of autophagy in vivo. In an independent study, Dong et al. confirmed the increase in
autophagy 3 days after retinal detachment induction. They also showed induction of necrop-
totic cell death as seen by increased RIP kinase activation [230]. Although they concluded that
autophagic and necroptotic cell death can be blocked by the use of necrostatin, it must be
considered that all procedures were done at 3 days post-injury when autophagy is at its peak.
It would be interesting to see whether necroptosis is still active at 5 days post-injury when
autophagy has subsided.

3.9. Uvea

The uvea (consisting of the choroid and the ciliary body) may be affected in some disease
conditions such as uveitis and uveal melanoma. Autoantigen-induced experimental autoim-
mune uveitis (EAU) in Lewis rats shows an increased autophagic activity in infiltrating T
lymphocytes that was required for disease recurrence [231].

Uveal melanoma results from malignant tumors arising from melanocytes in the uvea and is
the most common intraocular cancer [232]. Mutations in GNAQ and GNA11 genes contribute
to a majority of uveal melanoma cases [233, 234]. Ambrosini et al. showed that mutant GNAQ
promoted AKT activation via phosphorylation and deletion of mutant GNAQ upregulated
AMP kinase-dependent autophagic cell death in primary choroidal uveal melanoma cell lines
[235].
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3.10. Autophagy in ocular inflammation

Inflammation is an unavoidable phenomenon of aging. Elevated inflammation in the eye
contributes to disease pathologies including uveitis, diabetic retinopathy, or maculopathies
[236, 237]. As discussed earlier, chronic inflammation in diseased eye is destructive and
detrimental to ocular health compared with para-inflammatory immune surveillance that
responds to, and repairs, localized tissue injuries. In AMD, drusen deposits play a major role
in eliciting inflammation via both the inflammasomes and the complement pathway [238].
While mild upregulation of NLRP3 inflammasome has been shown to be protective, accumu-
lation of lipofuscin, drusen, and damaged mitochondrial DNA have all been implicated in
pathological upregulation of inflammasome activity [239]. Furthermore, complement pathway
element C5a has been shown to prime the RPE cell for upregulating NLRP3 inflammasome
activity in response to light-induced damage [240].

Ocular

tissue 

Autophagic role Disease implications References

Lens Critical for proteolytic digestion and

lens quality control. Role in lens

organelle clearance during eye

development controversial.

Disrupted autophagy due to FYCO1

mutations leads to and autosomal

recessive congenital cataract.

CHMP4B mutation leads to autosomal

dominant posterior polar cataract.

Hereditary cataract mouse models show

disruption of autophagic flux.

Costello et al. [47]

Chen et al. [48]

Wignes et al. [194]

Shiels et al. [196]

Cornea Cellular housekeeping and defense

against infectious pathogens

Insufficient autophagic degradation

leads to accumulation of TGF-βIp in

autolysosomes.

T. gondii disrupts cellular endosomal-

lysosomal fusion machinery as a part of

the infectious process.

Choi et al. [251, 252, 254]

Optic nerve Promotes cell survival in RGC post-

optic nerve axotomy.

Optineurin mediated RGC in vitro

survival dependent on autophagy

stimulation.

Alternative opinions exist of autophagy

effecting cell death in chronic

hypertensive model of glaucoma.

Some BPAN patients have optic nerve

atrophy possibly due to defective

autophagy.

Park et al, [186]

Gregory et al. [166]

Sternberg et al. [189]

Trabecular

meshwork

Autophagy upregulated under

hypoxia, elevated IOP and biaxial TM

stretching.

Oxidative stress increases autophagy

but ATG5, ATG7, and ATG12 reduced.

Disruption of endoplasmic reticulum

autophagy may be a key feature of

myocilin accumulation seen in a

majority of glaucoma cases.

Pulliero et al. [74]

Porter et al. [185]

McElnea et al. [187]
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Ocular

tissue 

Autophagic role Disease implications References

Autophagic markers increase during

aging in donor eyes.

Ocular

vasculature

Critical for proteolytic and lipid

homeostasis.

Potential regulator of vascular stability

by prevention of angiogenesis.

Autophagy essential for hyaloid

regression and clearance during

development.

Diabetic Retinopathy: Accumulation of

extravascular oxidized LDLs due to

disrupted autophagy leads to blood-

retina barrier damage and causes

pericyte loss.

Torisu et al. [117]

Lee et al. [118]

Kim et al. [159]

Fu et al. [208]

Wu et al. [209]

Retina Diurnal modulation of Autophagic

proteins.

Non-canonical LC3 associated

Autophagy is essential for phagocytosis

is critical for degradation of POS.

Basal autophagy indispensable for

maintenance of RPE and photoreceptor

homeostasis.

Restricts sterile inflammation in the

retina

AMD: Autophagy initiation and flux are

disrupted in human donors and mouse

models for AMD.

Diabetic Retinopathy: Disrupted

autophagy may cause pericyte loss.

Kim et al. [112]

Yao et al. [19, 109];

Mitter et al. [13]

Viiri et al. [14]

Fu et al. [208]

Liu et al. [139]

Uvea Autophagy promotes cellular survival Uveal Melanoma: Inhibition of

autophagy may be effective in Uveal

melanoma therapy

Ambrosini et al. [232]

Table 1. Description of role of autophagy along with disease implications in various ocular tissues.

Autophagy plays a critical role in controlling NLRP3 inflammasome activity in the retina.
Several in vitro experiments show dramatic upregulation of inflammasome activity in RPE and
secretion of IL-1β after autophagic flux inhibition [139–141] [203]. Wortmannin inhibits
autophagy by inhibiting class III PI3Kinase [241]. Intravitreal injection of wortmannin inhibits
autophagy in vivo in mouse retina-induced inflammasome activity and CCR2+ monocyte-
derived macrophage augmentation that promotes angiogenesis [139]. Although the role of
autophagy in activating and augmenting the retinal complement pathway needs to be deeply
investigated, evidence does exist of C3- and CD63-positive deposits on Bruch’s membrane in
aged mice possibly as a result of increased autophagy and exocytosis [197] (see Table 1).

4. Autophagy as a therapeutic target in ocular pathology

Since autophagy is a pathway with a dual role in cell maintenance as well as cell death; multiple
stages such as initiation, maturation, and lysosomal fusion; and cross talk with multiple
cellular pathways, its manipulation is a challenging therapeutic option in diseases. Neverthe-
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less, autophagy has received special attention in cancer, metabolic, neurodegenerative, and
infectious diseases [242–245]. Since overall proteolytic capacity is attenuated in a majority of
ocular diseases, autophagy modulation must be incorporated in current therapeutic regimens
to achieve a better outcome.

Treatment strategies for immature cataracts have been sought after for more than a century
[245, 246]. Topical solutions with antioxidants glutathione, cysteine ascorbate, l-taurine,
riboflavin, and 2% N-acetyl carnosine showed some promise in reducing immature cataracts
[247]. Including autophagy stimulation may improve this treatment strategy. Posterior capsule
opacification, a common post-surgical complication of mature cataracts, results from the
remnant lens fibers and epithelial cells that proliferate and damage the new lens implant [248].
Laser capsulotomy surgery although usually successful may in rare occasions give rise to
retinal detachment and is also extremely challenging to execute when treating congenital
cataracts in younger patients [249]. It is not known whether autophagy (as well as other
mechanisms) supports cell survival of the remnant lens epithelial cells. Pharmacologically
stimulating cell death may involve autophagy that either promotes or inhibits survival of these
cells.

As mentioned earlier, removal of TGF-βIp deposits is a focus in granular corneal dystrophy 2
(GCD2) research. Lithium, which has shown some success in removing these deposits from
in vitro-cultured corneal fibroblasts from GCD2 patients, has also been shown to induce
autophagy as a part of its cytoprotective mechanism [250, 251]. Since TGF-βIp accumulates in
autolysosomes, autophagy stimulation by lithium or by rapamycin and melatonin as suggest-
ed in another study must be explored as a treatment strategy in this disease (please refer to
Choi et al. for more details) [59, 252–254].

Non-infectious uveitis treatment with subconjunctival injections of rapamycin as an immu-
nosuppressive agent has shown promise in clinical studies with patients showing improved
visual acuity and reduced vitreous haze with no noticeable adverse effects [255]. Mechanistic
studies may reveal that at least a part of this immune suppressive ability of rapamycin may
be credited to autophagy stimulation.

Antitumor activity is seen in combinatorial therapy involving mTOR inhibition and autophagy
inhibition with hydroxychloroquine has been shown to restrict melanoma and these treat-
ments are currently under phase-1 trial [256, 257]. Such treatment strategies may be adopted
in treatment of uveal melanoma although the fact that chloroquine may induce cataract
formation, demands that careful dose-response studies be conducted to ensure no adverse
effects [258, 259].

Autophagic degradation is attenuated in AMD. Lipofuscin accumulation in the disease has
been shown to perturb the lysosomes that have serious implications on RPE health [142, 260–
262]. Lysosomal activity disruption affects both autophagic flux and phagocytosis [263]. Hence,
putative therapies should first focus on restoring lysosomal activity to improve degradation
of existing autophagosomes. Rapamycin administration to senescence-accelerated OXYS rats
improved the RPE morphology in the retina [264]. Clinical trials using rapamycin to treat GA
in advanced stages of dry AMD showed ‘no positive anatomic or functional effects’ [265]. The

Autophagy in Current Trends in Cellular Physiology and Pathology304



less, autophagy has received special attention in cancer, metabolic, neurodegenerative, and
infectious diseases [242–245]. Since overall proteolytic capacity is attenuated in a majority of
ocular diseases, autophagy modulation must be incorporated in current therapeutic regimens
to achieve a better outcome.

Treatment strategies for immature cataracts have been sought after for more than a century
[245, 246]. Topical solutions with antioxidants glutathione, cysteine ascorbate, l-taurine,
riboflavin, and 2% N-acetyl carnosine showed some promise in reducing immature cataracts
[247]. Including autophagy stimulation may improve this treatment strategy. Posterior capsule
opacification, a common post-surgical complication of mature cataracts, results from the
remnant lens fibers and epithelial cells that proliferate and damage the new lens implant [248].
Laser capsulotomy surgery although usually successful may in rare occasions give rise to
retinal detachment and is also extremely challenging to execute when treating congenital
cataracts in younger patients [249]. It is not known whether autophagy (as well as other
mechanisms) supports cell survival of the remnant lens epithelial cells. Pharmacologically
stimulating cell death may involve autophagy that either promotes or inhibits survival of these
cells.

As mentioned earlier, removal of TGF-βIp deposits is a focus in granular corneal dystrophy 2
(GCD2) research. Lithium, which has shown some success in removing these deposits from
in vitro-cultured corneal fibroblasts from GCD2 patients, has also been shown to induce
autophagy as a part of its cytoprotective mechanism [250, 251]. Since TGF-βIp accumulates in
autolysosomes, autophagy stimulation by lithium or by rapamycin and melatonin as suggest-
ed in another study must be explored as a treatment strategy in this disease (please refer to
Choi et al. for more details) [59, 252–254].

Non-infectious uveitis treatment with subconjunctival injections of rapamycin as an immu-
nosuppressive agent has shown promise in clinical studies with patients showing improved
visual acuity and reduced vitreous haze with no noticeable adverse effects [255]. Mechanistic
studies may reveal that at least a part of this immune suppressive ability of rapamycin may
be credited to autophagy stimulation.

Antitumor activity is seen in combinatorial therapy involving mTOR inhibition and autophagy
inhibition with hydroxychloroquine has been shown to restrict melanoma and these treat-
ments are currently under phase-1 trial [256, 257]. Such treatment strategies may be adopted
in treatment of uveal melanoma although the fact that chloroquine may induce cataract
formation, demands that careful dose-response studies be conducted to ensure no adverse
effects [258, 259].

Autophagic degradation is attenuated in AMD. Lipofuscin accumulation in the disease has
been shown to perturb the lysosomes that have serious implications on RPE health [142, 260–
262]. Lysosomal activity disruption affects both autophagic flux and phagocytosis [263]. Hence,
putative therapies should first focus on restoring lysosomal activity to improve degradation
of existing autophagosomes. Rapamycin administration to senescence-accelerated OXYS rats
improved the RPE morphology in the retina [264]. Clinical trials using rapamycin to treat GA
in advanced stages of dry AMD showed ‘no positive anatomic or functional effects’ [265]. The

Autophagy in Current Trends in Cellular Physiology and Pathology304

treatment failure may partly be attributed partly to the fact that the intervention may have
been attempted at a time when the disease was well underway with well-developed AMD
lesions. An earlier intervention in addition to stimulating lysosomal activity may produce
better results.

To include autophagy in ocular therapeutic strategy for better treatment outcomes, the
following aspects must be considered. (1) Stimulating autophagy initiation: Several pharma-
cological activators of autophagy have been identified for possible therapeutic treatments.
Rapamycin and its analogs (CCI-779, RAD001 and AP23573) act via inhibiting the mTOR
pathway. Metformin mediates AMP kinase activity which stimulates autophagy initiation. Yet
other drugs such as lithium and valproic acid have been identified that stimulate autophagy
induction. Studies using rapamycin or resveratrol have shown promising results in treatment
of cardiac hypertrophy [266, 267]. Clearance of α-synuclein and polyQ mutant Huntingtin
aggregates has also resulted from using rapamycin in Parkison’s and Huntingtin disease,
respectively [268–270]. Also, small molecule enhancers of rapamycin have also been reported
that show positive results in neuroprotection. However, whether stimulation of autophagy
would be at all beneficial in retinal diseases perspective depends significantly on the status of
lysosomal machinery at the stage of the disease when intervention is attempted. Stimulating
autophagosome biogenesis when lysosomes are destabilized will not alleviate the cytotoxic
burden resulting from damaged protein aggregates. (2) Stimulating lysosomal activity: An
effective strategy to clear aggregate proteins may be attempted by improving lysosomal
activity and thereby increasing (or restoring) the autophagic flux. Transcription Factor EB
(TFEB) is considered a ‘master regulator of autophagy’ and drives the expression of several
autophagy and lysosomal genes including p62, Atg9b, LC3B, Wipi1, and Lamp1 [271]. Gene
therapy with TFEB in mouse model of hepatic disease improved clearance of protein aggre-
gation and rescued alpha-1-anti-trypsin deficiency [272]. High efficiency gene transfers have
been achieved to specific retinal layers previously with different adeno-associated virus (AAV)
serotypes. TFEB gene transfer may dramatically improve lysosomal biogenesis and overall
autophagic flux in the RPE and may be of particular importance in AMD therapeutic strategies.

5. Summary and future directions

The autophagic machinery consists of a fine-tuned complex network of genes whose mysteries
are still being unraveled by researchers. Autophagy research in the eye so far has established
it as an essential housekeeping pathway indispensable for ocular homeostasis. While thera-
peutic strategies to regulate autophagy in ocular diseases are still in rudimentary stages,
promising results from initial trials have raised hope of autophagic modulation moving
gradually from bench to clinic. The challenge lies in modulation of autophagy to the levels
required in the particular disease scenario, that is do we want cell death in malignant conditions
or just to restore autophagy to levels where it can not only clear cellular waste but also
effectively reverse inflammation and contain cell death signals.
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Abstract

Autophagy is an evolutionarily conserved process in eukaryotes by which cytoplas‐
mic cargo sequestered inside double‐membrane vesicles is delivered to the lysosome
for degradation. In early pregnancy, trophoblasts and the fetus experience hypoxic
and low‐nutrient conditions; nevertheless, extravillous trophoblasts (EVTs) invade the
uterine myometrium up to one‐third of its depth and migrate along the lumina of
spiral  arterioles,  replacing  the  maternal  endothelial  lining.  An  enhancement  of
autophagy induced by physiological hypoxia takes part in the invasion and vascular
remodeling in EVTs. On the other hand, soluble endoglin, which increased in sera in
preeclamptic cases,  suppresses EVT‐invasion or ‐vascular remodeling by inhibiting
autophagy In vitro. In addition, a substance selectively degraded by autophagy, p62/
SQSTM1, accumulates in EVT cells in preeclamptic placental biopsy samples showing
impaired  autophagy  in  vivo.  Thus,  alternation  of  autophagy  could  affect  fates  of
mothers  and  babies.  Recently  increasing  evidence  of  modulating  autophagy  has
accumulated during pregnancy. In this chapter, we introduce the role of autophagy
in embryogenesis, implantation, and maintaining pregnancy.

Keywords: autophagy, extravillous trophoblast, hypoxia, invasion, preeclampsia, p62/
SQSTM1, soluble endoglin

1. Introduction

The placenta acts to mediate the exchange of materials between mother and fetus under
hypoxic and low‐nutrient conditions during the early gestation period [1, 2].  It has been
reported that hypoxia and low nutrient, which are generally harmful for cells, are preferable
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for trophoblasts during the early gestation period [3–5], indicating that trophoblasts possess
evolutionary mechanisms allowing them to adjust to stress. In other words, disruption of these
adaptive mechanisms may contribute to placental dysfunction, which induces preeclampsia
and fetal growth restriction (FGR). Preeclampsia is one of the important diseases for life
threatening a baby as well as a mother. It  also causes FGR. Ten million women develop
preeclampsia each year, and 76,000 mothers among them die each year all over the world. A
recent interest for autophagy researchers is how autophagy contributes to the human diseases.
It is getting clarified the role of autophagy for pathophysiology of preeclampsia or pregnancy‐
related diseases. In this chapter, we focus on the role of autophagy as a cellular cytoprotective
mechanism, especially for embryogenesis, implantation, and maintaining pregnancy.

2. Autophagy in embryogenesis and implantation

Macroautophagy (herein referred to as autophagy) has long been considered a nonselective
process for bulk degradation of either long‐lived proteins, or cytoplasmic components during
nutrient deprivation. Autophagy works for not only cellular energy metabolism, but also
quality control for cellular protein (by eliminating protein aggregates, damaged organelles,
lipid droplets, and intracellular pathogens) [6]. Though lysosomal degradation is served as a
final step of autophagic machinery, this machinery can be deployed in some cellular processes:
phagocytosis, exocytosis, secretion, antigen presentation, and regulation of inflammatory
signaling [7]. Consequently, the autophagy pathway is mediated with human diseases, such
as protection against aging, suppression or development of cancers, infections, neurodege‐
nerative disorders, metabolic diseases, inflammatory diseases, and muscle diseases [8–12].

Autophagy has a variety of functions during embryogenesis (Figure 1). Autophagy is highly
induced in fertilized oocytes, but not unfertilized oocytes, within 4 hours after fertilization [13].
As oocytes lacking Atg5 are fertilized normally in vivo, autophagy is not important for
folliculogenesis and oogenesis. Similarly, ovulation, fertilization, implantation, and ovary size
are not affected by the ablation of Beclin1 (BECN1) in luteal cells of ovary [14]. During oocyte‐
to‐embryo transition, many of maternal proteins stored in oocytes are provided to zygotes
(fertilized embryos), the stock of these proteins is largely degraded, and newly synthesized
proteins encoded by the zygotic genome are translated. In mice, it is known that zygotic
transcripts are detected at the late one‐cell stage, and most of the maternal RNAs are eliminated
by the two‐cell stage [15–17]. During this period, autophagy is transiently suppressed from
the late one‐cell to middle two‐cell stages, and reactivated after the late two‐cell stage,
suggesting that autophagy is involved in the degradation of maternal proteins in oocytes. In
addition, complete autophagy‐deficient embryos, which are derived from oocytes lacking Atg5
fertilized with Atg5‐null sperm, arrest at four‐ to eight‐cell stages, but not embryos derived
from oocytes with Atg5‐plus sperm [13]. Protein synthesis rates are reduced in complete
autophagy‐deficient embryos, suggesting that the degradation of maternal factors by autoph‐
agy is essential for preimplantation embryo development in mammals.
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Figure 1. The role of autophagy during embryogenesis: Activation of autophagy occurs from the late two‐cell stage to
the eight‐cell stage. Autophagy helps survival of blastocysts treated with estradiol (E2). Subsequently, EVTs’ invasion,
which is necessary for normal placentation, is supported by hypoxia‐activated autophagy.

A mouse model of experimentally delayed implantation, established by ovariectomy before
blastocyst implantation, showed that Atg7 and LC3 expression is upregulated in blastocysts
made dormant by the elimination of 17β‐estradiol (E2), in comparison with E2‐activated
blastocysts, suggesting that autophagy is sustained during the prolonged survival of dormant
blastocysts [18]. Activation of autophagy is also observed in the inner cell mass, known as the
embryoblast or pluriblast, which will evolutionally give rise to the definitive structures of the
fetus. On the other hand, E2 or progesterone activates autophagy simultaneously with a
decrease in activation/phosphorylation of mTOR (mammalian target of rapamycin) in bovine
mammary epithelial cells [19].

Mice lacking BECN1, which is necessary for autophagy [20], died for early embryonic period
(E7.5 or earlier) with defects in proamniotic canal closure [21]. Ablation of FIP200 (focal
adhesion kinase family interacting protein of 200 kD) in mice also leads to embryonic lethality
at mid/late gestation, which is caused by defective heart and liver development [22]. Most
mouse embryos with functional deficiency of Ambra1 (activating molecule in beclin1‐
regulated autophagy) exhibit neural tube defects in midbrain/hindbrain exencephaly and/or
spina bifida during E10–E14.5 [23]. Therefore, these types of autophagy deficiency are mainly
involved in the impairment of embryonal development. However, it is unknown whether
autophagy deficiency affects placental development or physiological status in dams.

Mice lacking Atg5 are born normally, but die within the first day after birth [24]. Atg7, which
is essential for Atg5‐Atg12 conjugation, knockout mice are also born at expected ratios, with
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large healthy major organs. Similar to Atg5 knockout mice, Atg7 knockout mice also die earlier
than wild‐type controls under nonsuckling conditions after cesarean delivery, and have lower
plasma amino acid levels [25]. Atg3, Atg9, and Atg16L1 conventional knockout mice demon‐
strate similar phenotypes [26–28]. The exact reason for neonatal death in those knockout mice
is still controversial, and observation of a suckling defect may indicate a neuronal defect.
However, the above studies demonstrate that amino acid supply through autophagy is
important for mouse neonatal survival, preventing sudden starvation at birth. In addition,
autophagy knockout mice that are born normally exhibit slightly inhibited fetal growth. It is
still unknown whether inhibited growth is a result of defects within the placenta, or by
mechanisms within the pups themselves. This question could be elucidated with the use of
placenta‐specific autophagy‐deficient mouse. The BECN1‐containing PI(3)K and ULK1‐FIP200
complexes function early in the autophagy process at the autophagosome nucleation step [9,
29], while Atg3, Atg5, Atg7, and Atg16L1 function later at autophagosome elongation. As
shown in Table 1, genetic knockout upstream factors may produce more severe phenotypes,
or alternatively, as recently reported, downstream factors may be responsible for a particular
type of macroautophagy [30]. In fact, LC3B knockout pups survive longer than their wild‐type
counterparts without a compensatory increase in LC3A, demonstrating opposite results to the
other Atg‐knockout mice [31]. Atg4C, a family of cysteine proteinases for processing and
delipidation of Atg8, knockout mice also indicate that Atg4C is dispensable for embryonic and
adult mouse development, as well as for normal growth and fertility [32].

Genes Phenotypes

Atg3−/−, Atg5−/−, Atg7−/−,

Atg9−/−, Atg16L1−/−

Neonatal lethal with reduced amino acid levels, suckling defect

(Atg5: the failure of the four‐ and eight‐cell stages in embryogenesis)

Beclin 1−/− Early embryonic lethal (E7.5 or earlier) with defects in proamniotic canal closure

(heterozygous mice show increased susceptibility to spontaneous tumor)

FIP200−/− Embryonic lethal (E13.5–E16.5) dueto defective heart and liver development

Ambralgt/gt Embryonic lethal (‐E14) with defects in neural tube development, and

hyperproliferation of neural tissues

ULK1−/− Increased reticulocyte number with delayed mitochondrial clearance

Atg4C−/− Viable, fertile, increased susceptibility to carcinogen‐induced fibrosarcoma

LC3B−/− Normal phenotype, production higher levels of IL‐1β and IL‐18 in response to LPS

GABARAP−/− Normal phenotype

Table 1. Phenotypes of systemic knockout mice of Atg‐related genes.

3. The role of autophagy in trophoblasts for normal development of the
placenta

In humans, trophoblast stem cells differentiate into two cell types: villous trophoblasts and
extravillous trophoblasts (EVTs). Invading trophoblasts called interstitial EVTs migrate into
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the decidualized endometrium, and endovascular EVTs migrate along the lumina of spiral
arterioles. The invasion of spiral arteries by EVTs starts early in pregnancy, and the endovas‐
cular trophoblastic cells aggregate in the lumen of the vessel forming the “trophoblastic plug”
to allow the growth of the embryo and the placenta in a low‐oxygen environment (Figure 2).
As the EVTs migrate away from the villi and invade the maternal decidua, they progressively
develop an invasive phenotype without proliferation [33], and stop at one‐third of the depth
of the myometrium in the uterus. EVTs invade the maternal decidua under harsh conditions,
including low oxygen (2–5% O2) and low‐glucose concentrations (1 mM), until 11 weeks of
gestation [33, 34]. During the invasion, the hypoxia inducible factor (HIF) system plays a critical
role in their functions. After 12 weeks of gestation, endovascular EVTs invade the uterine spiral
arteries, replace their endothelial cells, and participate in the degradation of tunica media
smooth muscle cells under moderate hypoxia (approximately 8%). This remodeling of the
spiral arteries is essential to allow a proper placental perfusion to sustain fetal growth
(Figure 2). In other words, impairment of trophoblast invasion or remodeling may contribute
to fetal loss during early pregnancy, or poor placentation during the middle of the pregnancy
period.

Figure 2. Autophagy supports EVT functions under physiological hypoxia: Interstitial EVT invades during 7–11 weeks
of gestation, and vascular remodeling by EVTs occurs during 12–16 weeks of gestation. Cross section‐1 indicates the
“trophoplastic plug” to maintain hypoxia in the conceptus during 7–11 weeks of gestation. Cross section‐2 indicates
separation and apoptosis of vascular smooth muscle cells by endovascular EVTs.

Activation of autophagy is observed in EVTs invading into the maternal decidua at 7 weeks of
gestation, under physiological hypoxic conditions [35]. Hypoxia induces autophagy in
primary trophoblasts [35, 36], and inhibition of autophagy induced by silencing Atg7 in
primary trophoblasts decreases apoptosis under 1% oxygen conditions in the presence of
bafilomycin A1, an inhibitor of lysosome, indicating that autophagy mediates apoptosis in
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trophoblasts under specific conditions. Not only hypoxia, but also starvation induces autoph‐
agy in trophoblasts or some choriocarcinoma cell lines, and LC3‐II/actin levels, a marker of
autophagic activation, vary depending on the cell lines (unpublished data). Though many
independent studies have shown that hypoxia enhances invasion of EVTs, the role of autoph‐
agy in trophoblast functions is still unclear. To elucidate the specific role of autophagy in
trophoblast functions, we constructed autophagy‐suppressed cells by stably transfecting
ATG4BC74A, an inactive mutant of ATG4B, which inhibits autophagic degradation and lipida‐
tion of LC3B paralogs [37]. In these cell lines, the conversion of LC3‐I to LC3‐II was abolished
by starvation, a commonly used autophagy stimulator. Hypoxia enhances the invasive
capacity of EVT cell lines, such as HTR‐8/SVneo, the most widely used EVT cell line, or
HchEpC1b, immortalized by infection with retroviral expression vectors containing the type
16 human papillomaviruses E6 and E7 in combination with a human telomerase reverse
transcriptase, with a normal chromosomal number and no tumorigenic activity [38]. The
invasion was significantly reduced in autophagy‐suppressed EVT cell lines, compared with
autophagy‐normal EVT cell lines, under 2% oxygen tension, which matches the placental
condition until 11 weeks of gestation.

The other function of EVTs, vascular remodeling, is also necessary to precisely develop
placentation. To clarify the role of autophagy in vascular remodeling, tube formation assays
with EVT cells and human umbilical vascular endothelial cells (HUVECs), an in vitro model
of vascular remodeling by EVT cells, were performed under 8% oxygen tension, simulating
physiological levels of oxygen tension after 12 weeks of gestation [39]. Both the autophagy‐
normal EVT cells and the autophagy‐suppressed cells formed a tube structure with HUVECs
at 12 h, but did not form a tube structure in the absence of HUVECs. In the culture with the
autophagy‐normal EVT cells and HUVECs, the tubes were mostly occupied by the autophagy‐
normal EVT cells at 12 h or later; whereas the tubes were not occupied by EVT cells when the
autophagy‐suppressed cells were cocultured with HUVECs, suggesting that replacement of
endothelial cells by EVT cells requires autophagy. Thus, autophagy plays an important role in
the endovascular interaction between EVT and endothelial cells [35].

No difference in HIF1α expression was observed between autophagy‐normal and autophagy‐
suppressed EVT cell lines [35], suggesting that HIF1α is not affected by autophagy status. A
number of studies have investigated the role of the HIF1 pathway in EVT invasion. A decrease
in HIF1α expression induced by siRNA markedly reduced the invasiveness of HTR8/SVneo
cells under hypoxia and normoxia [40]. Hypoxia‐induced autophagy is modulated by the
inactivation of mTOR via AMPK (5′‐AMP‐activated protein kinase) [41]. Additionally, Atg5
knockout, but not wild type, mouse embryo fibroblasts (MEFs) showed no activation of
autophagy under hypoxia [42]. Thus, HIF1α may activate EVT functions, at least partially, by
manipulating autophagy status. Rapamycin or siRNA‐mediated mTOR knockdown, an
activator of autophagy, reduced the invasiveness of HTR8/SVneo cells under normoxia [43].
However, our study revealed no effect of rapamycin on invasion of HTR8/SVneo cells [44].
This result might be explained by a rapamycin‐induced cell cycle arrest in the G1 phase [45].

Hypoxia activates macroautophagy via the HIF1 pathway, and HIF1α seems to be controlled
by autophagy. Chaperone‐mediated autophagy (CMA) has recently shown to degrade
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HIF1α, which is mostly controlled by the oxygen‐dependent proteasome, through LAMP2A,
a lysosomal transporter protein. Interestingly, this new pathway for degradation of HIF1α does
not depend on the presence of oxygen and is activated in response to nutrient deprivation in
rat livers [46]. CMA‐mediated excessive degradation of HIF1α compromises cells’ ability to
respond to and survive under hypoxia, suggesting that the impairment of this pathway might
be of pathophysiological importance in conditions that combine hypoxia with starvation,
including the early pregnancy period, during which EVTs invade.

Placenta expresses LC3B in both cytotrophoblasts and syncytiotrophoblasts. LC3‐II/actin
levels, which indicate activation of autophagy, are higher in placentas from cesarean sections
than from vaginal deliveries [47], suggesting that uterine contraction might inhibit autophagy
in placentas. In other words, autophagy might be activated in normal placenta before delivery.
Autophagic cell death is also reported in amniotic epithelium following the rupture of
membranes in term placentas [48]. Atg9L2 (Atg9b) is specifically expressed in placenta
(trophoblast cells) and pituitary gland, while another homolog Atg9L1 (Atg9a) is ubiquitously
expressed in adult human tissues [49]. Atg9L1 and Atg9L2 are involved in autophagosome
formation [26]. Mouse Atg9L2 is found to be more widely expressed at embryonic stages than
in adulthood. In humans, the expression of Atg9L2 is significantly higher than that of Atg9L1
in human primary cytotrophoblasts, suggesting that Atg9L2 contributes to tissue‐specific and
developmental activation of autophagy. Autophagy‐deficient mice, similar to Atg7 or Atg5
knockout mice, are born at expected ratios, and fetal weight is only slightly lower than that of
wild‐type fetuses. Kojima et al. [50] recently reported the role of autophagy in preeclampsia
in Atg9a−/− mice mated with heterozygous p57Kip2 mice, which develop hypertension and
proteinuria in dams. Fetal death was increased in Atg9a−/− and Atg9a+/− pups, compared with
wild‐type controls [51]. In addition, the body weight of fetuses in Atg9a−/− pups was signifi‐
cantly lower than those of Atg9a+/− or wild‐type pups, suggesting that autophagy sustains fetal
spare ability under stress. A future task is to clarify the role of Atg9b, which is highly expressed
in the placenta.

4. The role of autophagy in the pathophysiology of preeclampsia

The current hypothesis regarding the etiology of preeclampsia is focused on shallow tropho‐
blast invasion and poor placentation [52, 53] (Figure 3). We recently reported that autophagy
was enhanced in EVTs in early gestation placental tissues, which are under physiological
hypoxia [35]. As mentioned previously, the impairment of the invasion and vascular remod‐
eling under hypoxia, which are thought to be a cause of preeclampsia, are observed in
autophagy‐deficient EVT cell lines. Furthermore, soluble endoglin (sENG), levels of which
increase in sera before the onset of preeclampsia, suppresses invasion in EVT cell lines by
inhibiting autophagy. The sENG‐inhibited EVT invasion is recovered by TGF‐β treatment in a
dose‐dependent manner. A low dose of sENG also inhibits the replacement of HUVECs by
EVT cell lines in the in vitro model of vascular remodeling. This is the first report to show the
role of autophagy in poor vascular remodeling during preeclampsia. Several studies have
linked TGF‐β to inhibition of EVT invasion [54–56]. Conversely, one study reported that TGF‐
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β augments EVT invasion [57]. It is well known that sENG binds TGF‐β, thus neutralizing its
effects. Paradoxically, our data showed that TGF‐β neutralized the effect of sENG, resulting in
recovery of HTR‐8/SVneo cell invasion under hypoxic conditions (2% oxygen tension)
mimicking the physiological hypoxia during the early pregnancy period, but TGF‐β showed
no effect on HTR‐8/SVneo cell invasion under 20% oxygen tension. Thus, physiological
hypoxia, in which EVT cells invade into maternal side, was the key to understand the mech‐
anism by which sENG inhibits autophagy in EVT cells. Though TGF‐β has been shown to
induce autophagy accompanied with transcriptional increase of BECN1, Atg5, and Atg7
mRNA in human hepatoma cells, and increases autophagy in mammary carcinoma cells [58,
59], neutralizing effects to sENG by TGF‐β might be more important than autophagy activation
in EVT cells.

Figure 3. Two‐step model of preeclampsia: Poor placentation is happened before 11 weeks of gestation, and endothe‐
lial dysfunction is happened after 12 weeks of gestation. Autophagy might be involved in each step of the pathophysi‐
ology of preeclampsia.

In regard to the role of autophagy in placenta, it remains to be elucidated whether autophagy
is activated or inhibited in preeclamptic placenta. Increased numbers of LC3B dots, a marker
of autophagy activation, in villous trophoblasts were observed in cases of preeclampsia with
IUGR or idiopathic IUGR placentas, compared with normal human pregnancy [60]. Further‐
more, sphingolipids may be involved in autophagic activation in trophoblasts in preeclamptic
placentas [61]. These support the activation of autophagy in villous trophoblasts during
preeclampsia and IUGR. On the other hand, p62/SQSTM1, a protein specifically digested by
autophagy, accumulated in autophagy‐suppressed human cell lines, suggesting inhibition of
autophagy. The expression of p62/SQSTM1 is significantly higher in EVTs in preeclamptic
placentas, demonstrating the inhibition of autophagy in EVTs during preeclampsia. However,
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p62/SQSTM1expression in syncytiotrophoblasts is not observed in either preeclamptic
placentas or normal placentas, indicating the activation of autophagy in syncytiotrophoblasts
[35]. Together, these results suggest that autophagy inhibition occurs specifically in EVTs, and
that there appears to be a difference in autophagic activity between syncytiotrophoblasts and
EVTs in preeclamptic placentas. Sera from preeclamptic patients induce hypertension,
proteinuria, and FGR in pregnant IL‐10−/− mice, indicating that a variety of factors, including
sENG and soluble Flt‐1, contribute to the occurrence of preeclampsia [39]. Additionally,
rapamycin‐induced autophagy in peripheral blood mononuclear cells is suppressed in the
presence of sera from women with preeclampsia, but not women with normotension [62].
Thus, sera from women with preeclampsia modulate the status of autophagy in the placenta.

BECN1 acts as an initiator of autophagy in mammals, and upregulation of BECN1 expression
represses cellular proliferation under hypoxia. The expression of BECN1 mRNA or protein is
significantly higher in IUGR without preeclampsia, than in normal pregnancy [60], and no
significant difference in BECN1 expression is reported between syncytiotrophoblasts of
preeclampsia or normal pregnancy patients [63]. A recent report demonstrated the importance
of BECN1 for maintaining pregnancy in mice. Pregnant dams lacking BECN1 in the ovarian
granulosa cell population showed impaired progesterone production during preterm labor.
Luteal cells in this mouse model exhibit p62 accumulation, which indicates deficiency of
autophagy, and a failure of neutral lipid storage, which is needed for steroidogenesis [14].
Progesterone in humans is produced in syncytiotrophoblasts of the placenta after 8 weeks of
gestation. Despite the difference between mouse and humans, a BECN1 deficiency can be able
to affect preterm birth in humans by different ways. This is the case in the hormonally‐induced
preterm labor model, while inflammation‐induced preterm labor is also enhanced by alterna‐
tion of autophagy flux, resulting in NF‐kB mediated hyperinflammation in the placenta [64].
Finally, an unexpected function of autophagy in the placenta has been revealed: micro RNAs
delivered from human placental trophoblasts to nonplacental recipient cells confer resistance
to infection with different types of viruses, such as human cytomegalovirus, herpes simplex
virus‐1, vaccinia virus, poliovirus, or coxsackievirus B3. This involves exosome‐mediated
transfer of a unique set of placental‐specific effector micro RNAs, indicating that the placenta
is involved in regulating systemic immunity in humans [65].

5. Attention for estimating autophagy

Mizushima et al. [66] stated that there is no single “gold standard” for methods to monitor or
modulate autophagic activity or flux. Rather, one should consider the use of several different
concurrent methods (with nonoverlapping limitations) to accurately assess the status and
functions of autophagic activity in any given biological setting. Of note, a common miscon‐
ception for estimating autophagic activity often occurs in human tissue samples. Increased
numbers of autophagosomes, LC3 dots, in cells does not invariably correspond to increased
cellular autophagic activity. Tissue samples reflect only one time point when they are fixed,
but “autophagy flux” could have occurred before fixation. Thus, autophagosome accumula‐
tion may represent either autophagy induction, or alternatively, suppression of steps in the
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autophagy pathway downstream of autophagosome formation. The blockade of any step
“downstream” of autophagosome formation increases the number of autophagosomes. In
contrast, the blockade of any step “upstream” of autophagosome formation decreases the
numbers of all autophagic structures. Therefore, simply determining the quantity of autopha‐
gosomes is insufficient for an overall estimation of autophagic activity. Indeed, in tissue
samples, the quantities not only of autophagosomes, but also of autolysosomes, are available
for estimating autophagic activity. In addition, we found that p62/SQSTM1, which becomes
incorporated into the completed autophagosome and is degraded in autolysosomes, was
accumulated in some trophoblast cell lines in which autophagy is suppressed by Atg4BC74A

mutant [35]. The accumulation of p62/SQSTM1 could assist in the estimation of the level of
impairment of autophagy in the placenta. Autophagy researchers anticipate that better assays
will be developed to monitor autophagy, and that more specific agents will be developed to
modulate autophagy. Indeed, more advances are necessary to accurately assess the status of
autophagy in human tissues in order to improve clinical therapies involving modulation of
autophagy.

6. Future directions

A growing body of evidence indicates that autophagy plays a key role in placentation and
contributes to differences observed between normal pregnancy, preeclampsia, and IUGR. The
placenta contributes to systemic immunity by activating autophagy in extraplacental cells. We
believe that autophagy affects numerous functions, including protection from stress, energy
regulation, immune regulation, differentiation, proliferation, and cell death in the placenta.
Better molecular characterization of the autophagic pathways, as well as the possibility of
genetically manipulating these cellular processes, will further elucidate the link between
autophagic abnormalities and disease. The first and most important issue is how we determine
the status of autophagy in the placenta. The status of a preeclamptic placenta is affected by
severity, infarction, infection, degree of cell damage, genetic background, immunological
status, and age. As mentioned previously, the elevation of autophagosomes observed in many
disease conditions, initially interpreted as an increase in macroautophagy, is now more
cautiously interpreted, because blockage of further downstream in this pathway can also
produce a similar morphological signature. Thus, conditions initially labeled as having ‘too
much autophagy’ are being currently reinterpreted as having ‘a blockage in autophagic
clearance’. Precise estimation of autophagy status will likely help to elucidate autophagic
mechanisms implicated in placental disorders.
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Better molecular characterization of the autophagic pathways, as well as the possibility of
genetically manipulating these cellular processes, will further elucidate the link between
autophagic abnormalities and disease. The first and most important issue is how we determine
the status of autophagy in the placenta. The status of a preeclamptic placenta is affected by
severity, infarction, infection, degree of cell damage, genetic background, immunological
status, and age. As mentioned previously, the elevation of autophagosomes observed in many
disease conditions, initially interpreted as an increase in macroautophagy, is now more
cautiously interpreted, because blockage of further downstream in this pathway can also
produce a similar morphological signature. Thus, conditions initially labeled as having ‘too
much autophagy’ are being currently reinterpreted as having ‘a blockage in autophagic
clearance’. Precise estimation of autophagy status will likely help to elucidate autophagic
mechanisms implicated in placental disorders.
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Abstract

Autophagy is a crucial metabolic pathway that sustains cellular homeostasis in health
and that can also play either a protective or a destructive role in disease. During the last
decade,  progress  made in understanding of  the molecular  basis  of  autophagy has
uncovered an exciting opportunity to target  it  for the treatment of  several  human
illnesses. In fact, there is emerging interest in autophagy-modulating and autophagy-
targeted therapy with a variety of pharmacologic agents. However, to develop effective
autophagy-targeted therapy, it is essential to identify the pharmacologic key targets in
the autophagy pathway. In this chapter, we reviewed the cases of success and pitfalls of
activating or  inhibiting autophagy attempting therapeutic  intervention of  diseases,
including cancer, neurologic disorders, and infectious diseases. In all these histopatho-
logic states, autophagy is considered as the principal cellular mechanisms of defense
and immunochemical homeostasis. In the last section of this chapter, we discuss main
directions  that  may  be  of  particular  use  in  the  future  investigations,  including  a
promissory avenue for autophagy modulation for organelle-targeting therapy through
a promotion of parallel damage in lysosomal and mitochondrial membranes.

Keywords: autophagy-targeted therapy, activation/inhibition of autophagy, triterpe-
noids, lysosomal and mitochondrial membranes

1. Introduction

The  impact  of  autophagy  in  human pathogenesis  comprises  its  critical  function  for  the
degradation and recycling of long-lived proteins, lipid droplets, protein aggregates, mature
ribosomes, glycogen, and even entire organelles such as the endoplasmic reticulum, mito-
chondria, and Golgi apparatus [1, 2]. For example, when the efficiency of mitophagy (a type
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of  autophagy  that  specifically  targets  dysfunctional  mitochondria  [2–7])  is  reduced,  the
maintenance of cellular homeostasis decreases, leading to cell aging, genomic instability, and
senescence  [4,  8,  9].  However,  the  molecular  mechanism by  which  deficient  mitophagy
jeopardizes genomic stability are unclear [10].

To develop effective autophagy-based therapy, it has been essential to identify the pharmaco-
logic key targets in the autophagy pathway for the development of new therapeutic agents.
As discussed earlier in this book, autophagy can play either a protective or a destructive role
in disease states and thus for therapeutic purposes is valuable to identify and develop
pharmacologic agents that might activate or inhibit this cellular process [11].

We will evolve this part of the chapter to review the cases of success and pitfalls of activating
or inhibiting autophagy attempting therapeutic intervention of diseases, including cancer,
neurologic disorders, and infectious diseases. In the following sections, we discuss a few
directions that may be of particular use in future investigations. As recently proposed by our
group, the promotion of parallel damage in lysosomes and mitochondria represents a prom-
issory avenue for therapeutic autophagy targeting and aiding controlled cell death and
senescence [12, 13].

2. Autophagy-modulating drugs

During the last decade, progress made in understanding of the molecular basis of autophagy
has uncovered an exciting opportunity to target it for the treatment of human illnesses [14]. In
principle, understanding the role of autophagy in diseases has helped identify new avenues
of pharmacologic modulation of autophagy as novel therapeutic intervention. Thus, knowing
the process of autophagy targeting might facilitate the search of new drugs or concepts for the
treatment of several types of diseases whose etiology or progression is associated with
autophagy including cancer [8, 15–17], degenerative diseases 25 [18–23], and lysosomal storage
disorders [24–26].

2.1. Autophagy inhibitors

The pharmacologic inhibition targeting the early or later autophagy process has been demon-
strated to play pivotal roles in cellular outcome and may affect disease processes. Because
inhibition of autophagy by pharmacologic agents also may have some off-target effects on
cellular functions, the question of whether, for example, cell death can truly occur due to
autophagy alone remains to be clarified [11, 27]. Table 1 lists the compounds identified as
inhibitors of autophagy.

The inhibitors that target the early stage of autophagy include 3-MA, Wortmannin, and
LYS294002, all of which inhibit the class III PI3K (VSP34) and disable the formation of auto-
phagosome. The inhibitors act on the later stage of autophagy, including compounds (see
Table 1) that are capable of preventing lysosomal degradation or blocking the fusion of
autophagosomes with lysosomes. For example, the neutralization of intralysosomal pH by
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lysosomotropic agents such as Bafilomycin A1, Chloroquine (CQ), Hydroxychloroquine
(HCQ), or NH4Cl prevents the digestive activity of hydrolases, leading to inhibition of
degradative activity of autolysosomes [33, 34, 37, 44]. In their unprotonated form, CQ and HCQ
can diffuse across cell membranes to become protonated and accumulated only in acidic
organelles. Once trapped within lysosomes, they interfere with prosurvival autophagy,
resulting in controlled cell death [57–60]. This unique property has established CQ as the most
widely used drug to inhibit autophagy in vitro and in vivo. Bafilomycin A1 is a selective
vacuolar-type H+-ATPase [V-ATPase] inhibitor responsible for acidifying lysosomes and
endosomes [33, 34]. Of note Bafilomycin A1 blocks the fusion of autophagosomes with
lysosomes, which results from inhibition of ATP2A/SERCA activity independently of its effect
on intralysosomal pH [35, 61].

Compounds Autophagy signaling pathway

3-methyladenine An inhibitor of autophagic/lysosomal protein degradation [28], but not a specific
autophagy inhibitor [29] may also inhibit the activity of Phosphatidylinositol
3-kinase [30], effectively blocking the early stage of autophagy. 3-MA does not
inhibit BECN1-independent autophagy [29].

ARN5187 4-[[[1-(2-fluorophenyl)cyclopentyl]amino]methyl]-2-[(4-methylpiperazin-1
-yl)methyl]phenol, 1 is a lysosomotropic compound with a dual inhibitory activity
against the circadian regulator NR1D2/REV-ERBβ and autophagy [31, 32].

Bafilomycin A1 A V-ATPase inhibitor that causes an increase in lysosomal/vacuolar pH and,
ultimately, blocks fusion of autophagosomes with the vacuole; the latter may result
from inhibition of ATP2A/SERCA [33–35].

Betulinic acid A pentacyclic triterpenoid that promotes parallel damage in mitochondrial and
lysosomal compartments and, ultimately, triggers autophagy associated
cell death in human keratinocytes [12].

CA074 N-(l-3-trans-propylcarbamoyloxirane-2-carbonyl)-l-isoleucyl-l-proline is a potent
and specific inhibitor of cathepsin B in vitro [36].

Chloroquine Chloroquine and its analog Hydroxychloroquine are lysosomotropic compounds
that elevate/neutralize the lysosomal/vacuolar pH [37].

Colchicine A microtubule depolarizing agent that may block autophagosome maturation to
autolysosomes and increased LC3II protein levels [38].

Desmethyl
clomipramine

3-(2-chloro-5,6-dihydrobenzo[b][1]benzazepin-11-yl)-N-methylpropan-1
-Amine, an active metabolite of clomipramine inhibits late autophagy through a
significant blockage of the degradation of autophagic cargo [39]; may induce an
increase in the steady-state levels of p62/SQSTM1 by inhibiting the autophagic
flux as opposed to an activation of the autophagic pathway [39].

E64d Inhibits papain-like cathepsin cysteine proteases and calpain-activated neutral
proteases [40]; should be used in combination with pepstatin A to inhibit lysosomal
protein degradation [29].

Eflornithine 2,5-diamino-2-(difluoromethyl)pentanoic acid, an irreversible inhibitor of ODC1
(ornithine decarboxylase 1) that blocks spermidine synthesis and ATG5 gene
expression acting as a novel autophagy inhibitor [41].
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Compounds Autophagy signaling pathway

Leupeptin An inhibitor of cysteine, serine, and threonine proteases that causes significant
inhibition of the intracellular maturation of cathepsin B, L, and H [37, 42, 43]; decreases the
degradation of short- and long-lived proteins [44]; should be used in combination with
pepstatin A and/or E-64d to block lysosomal protein degradation [29].

Lucanthone Interferes with lysosomal function and leads to the accumulation of undegraded
proteins and induces a cathepsin D-mediated apoptosis [45].

LYS294002 2-(4-morpholi-nyl)-8-phenylchromone may prevent autophagic sequestration by
inhibiting phosphatidylinositol 3-kinase activity [30].

Monensin An inhibitor of protein transport, acts as proton exchange for potassium or sodium and
inhibits autophagy by preventing the fusion of the autophagosome with
the lysosome [46].

NH4Cl Lysosomotropic compound that elevate/neutralize the lysosomal/vacuolar pH,
inhibiting the lysosomal pathway of protein degradation [37].

Nocodazole A depolymerizer of nonacetylated microtubules and impairs tubulin acetylation
but does not affect polymerized acetylated microtubules; may impair the conversion
of LC3I to LC3II but does not block the degradation of LC3II-associated
autophagosomes [47].

Pepstatin A An aspartyl protease inhibitor that can be used to partially block lysosomal
degradation [44]; should be used in combination with other inhibitors such as E-64d [29].

PES 2-Phenyl-ethynesulfonamide , a small molecule inhibitor of heat shock protein 70
(HSP70), impairs autophagy through its inhibitory effects on lysosomal functions
showing an accumulation of the precursor procathepsin L and a markedly reduced
abundance of the smaller, mature form of the enzyme [48].

Propofol May exert protective effects on neuronal cells and cardiomyocytes, in part through
the inhibition of early autophagy [49–51].

Spautin A specific and potent autophagy inhibitor 1 that promotes degradation of
the Vps34 (a phosphoinositide 3-kinase class III isoform) via inhibiting ubiquitin-
specific processing protease 10 (USP10) and USP13, two ubiquitin-specific peptidases
that target the deubiquitination of Beclin1 [52].

Thapsigargin A sarco/endoplasmic reticulum Ca (2+)-ATPase inhibitor that inhibits autophagic sequestration of
cytosolic material through the depletion of intracellular Ca2+ stores [53, 54]; also may lead to the
accumulation of mature autophagosomes by blocking autophagosome fusion with the endocytic
system by interfering with the recruitment of RAB7 [55].

Vacuolin-1 2-N-[(3-iodophenyl)methylideneamino]-6-morpholin-4-yl-4-N,4-N-diphenyl-
1,3,5-triazine-2,4-diamine, an activator of RAB5A GTPase activity that
potently and reversibly inhibits autophagosome-lysosome fusion; also
may alkalinize lysosomal pH and decrease lysosomal Ca2+ content [56].

Vinblastine A depolymerizer of both nonacetylated and acetylated microtubules that interferes
with both LC3I-LC3II conversion and LC3II-associated autophagosome
fusion with lysosomes [47].

Wortmannin An inhibitor of PI3K and PtdIns3K that blocks autophagy, but not a specific inhibitor
that prevents autophagic sequestration such as 3-methyladenine [30].

Table 1. Compounds known to inhibit autophagy.
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Other inhibitors of autophagy that impair the autolysosome formation include the antide-
pressant drug Desmethylclomipramine, the anti-schistome agent Lucanthone, Eflornithine,
Monensin, PES, Spautin, Thapsigargin, Vacuolin-1, and Vinblastine (see Table 1).

The digestive phase of autophagy may also be blocked by lessening lysosome-mediated
proteolysis such as the cysteine protease inhibitor E-64d; the aspartic protease inhibitor
Pepstatin A; the active inhibitor of cathepsin B CA074; and the cysteine, serine, and threonine
protease inhibitor Leupeptin [37, 44, 62]. Autophagosomes and lysosomes move along the
microtubules to fuse, so microtubule-disrupting agents, including taxanes, Nocodazole,
Colchicine, and Vinca alkaloids, may inhibit the fusion of autophagosomes with lysosomes
[11, 63, 64].

2.2. Autophagy activators

It is now generally believed that modulating the activity of autophagy through targeting
specific regulatory molecules in the autophagy machinery may improve clinical outcome for
diverse diseases [11, 14]. In this context, mTOR inhibitors has been considered as the most
potent activators of autophagy by playing pivotal key negative regulatory role [29]. Table 2
lists the compounds that have been identified as activators of autophagy.

Compounds Autophagy signaling pathway

10-NCP 10-(4′-N-diethylamino)butyl)-2-chlorophenoxazine that may promote potential

and safe upregulation of autophagy in neurons in an AKT-

and mTOR-independent fashion [65].

17-AAG 17-Allylamino-17-Demethoxygeldanamycin that may inhibit the HSP90 CDC37

chaperone complex activating autophagy in certain systems (e.g., neurons),

but impairs starvation-induced autophagy and mitophagy

in others by promoting the turnover of ULK1 [66].

Akti-1/2 Akt inhibitor VIII isozyme-selective Akti-1/2 can promote allosteric inhibition of

AKT1 and AKT2 and activates autophagy in B-cell lymphoma [67].

AUTEN-67 An inhibitor of MTMR14, a myotubularin-related phosphatase that may antagonize

the formation of autophagic membrane [68].

AZD8055 5-[2,4-bis[(3S)-3-methylmorpholin-4-yl]pyrido[2,3- d]pyrimidin-7-yl]-2-methoxyphenyl

methanol that may inhibit both mTORC1 and mTORC2 [69].

Everolimus An inhibitor of mTORC1 that induces both autophagy and apoptosis in B-cell lymphoma

primary cultures [67].

KU-0063794 A specific mTOR inhibitor that may bind the catalytic site and activates autophagy [70, 71].

MLN4924 A small molecule inhibitor of NEDD8 activating enzyme (NAE) [72] that triggers

autophagy through the blockage of mTOR signals via DEPTOR as well as the HIF1A-

DDIT4/REDD1-TSC1/2 axis [73] as a result of inactivation

of cullin-RING ligases [74].
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Compounds Autophagy signaling pathway

Oleanolic acid A pentacyclic triterpenoid that promotes damage in mitochondrial

compartments, and ultimately, activates prosurvival autophagy in human

keratinocytes [12].

NAADP-AM Nicotinic acid adenine dinucleotide phosphate (NAADP) can mobilize

Ca2+ from acidic Ca2+ stores through lysosomal

two-pore channels (TPCs) in primary cultured rat astrocytes and present evidence

that NAADP-evoked Ca2+ signals regulate autophagy [75].

NVP-BEZ235 NVP-BEZ235 is an imidazo[4,5-c]quinoline derivative that can inhibit

the activity of target proteins in the PI3K/AKT/mTOR cascade and

activates autophagy in human gliomas [76, 77].

PMI Is a pharmacological P62-mediated mitophagy inducer (PMI) that activates

mitophagy without recruiting Parkin or collapsing the mitochondrial

membrane potential [78].

PP242 2-(4-amino-1-isopropyl-1H- pyrazolo[3,4-d]pyrimidin-3-yl)-1H-indol-5-ol is a

ATP-competitive inhibitor of mTORC1 and mTORC2 [79, 80]; should be more effective mTORC1

inhibitor than rapamycin [81].

PP30 3-(4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-N-(4,5-dihydrothiazol-2-yl)

benzamide is a ATP-competitive inhibitor of mTORC1 and mTORC2 [81].

Rapamycin Binds to FKBP1A/FKBP12 and inhibits mTORC1; the complex binds to the FRB domain

of mTOR and limits its interaction with RPTOR, thus inducing autophagy,

but only providing partial mTORC1 inhibition [82].

Resveratrol A natural polyphenol that affects many proteins [83] via both AMPK activation

and JNK-mediated p62/SQSTM1 expression activates autophagy [84, 85].

Ridaforolimus Binds to and inhibits the mammalian target of Rapamycin (mTOR), which may

result in cell cycle arrest and, consequently, the inhibition of tumor cell growth

and proliferation.

RSVAs Synthetic small-molecule analogs of resveratrol that potently activate

AMPK and induce autophagy [86].

Saikosaponin-d A natural small-molecule inhibitor of ATP2A/SERCA that induces autophagy

via direct inhibition of sarcoplasmic/endoplasmic reticulum Ca2+ ATPase

(SERCA), leading to the increase of intracellular calcium ion levels and

activating the Ca2+/calmodulin-dependent kinase kinase-b (CaMKKβ)/AMPK

signaling cascade [87].

Tat-Beclin 1 A cell penetrating peptide that potently induces autophagy [88, 89].

Temsirolimus Is Rapamycin ester analog CCI-779 with better stability and pharmacological

properties compared to rapamycin that activates autophagy in neurons in

Alzheimer's disease [90–92].

TMS Trans-3,5,4-trimethoxystilbene upregulates the expression of the transient receptor potential

canonical channel 4 (TRPC4), resulting in mTOR inhibition and autophagy activation [93].
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Torin1 1-[4-(4-propanoylpiperazin-1-yl)- 3-(trifluoromethyl)phenyl]-9-quinolin-3-ylbenzo

[h][1, 6]naphthyridin-2-one, a catalytic mTORC1 and mTORC2

inhibitor that induces autophagy [94].

Trehalose mTOR-independent, autophagic enhancer that may be relevant for the treatment of

different neurodegenerative diseases [20, 95, 96].

Tunicamycin A glycosylation inhibitor that induces autophagy due to endoplasmic reticulum

stress [97].

WYE-125132 1-[4-[1-(1,4-dioxaspiro[4.5]decan- 8-yl)-4-(8-oxa-3- azabicyclo[3.2.1]octan-3-yl)pyrazolo

[3,4- d]pyrimidin-6-yl]phenyl]-3-methylurea is an ATP-competitive and

specific inhibitor of mTORC1 and mTORC2 [98].

Table 2. Compounds known to activate autophagy.

There are several other agents that negatively regulate autophagy, such as inositol 1,4,5-
trisphosphate (IP3), epidermal growth factor receptor (EGFR), Bcl-2, and Bcl-xl. The mTORC1
inhibitor Rapamycin and its analogs Temsirolimus (CCI-79, Torisel), Everolimus (RAD001,
Afinitor), and Ridaforolimus (AP-23573, Deferolimus, MK-8669) are strong inducers of
autophagy [14], as are the ATP-competitive inhibitors of mTOR such as Torin 1 [94], PP242 [79,
80], PP30 [81] and AZD8055 [69], and WYE-125132 [98], but their autophagy-inducing efficacy
has not been well documented [11]. Other autophagic enhancers that induces autophagy via
a mTOR-independent pathway, include AUTEN-67 [68], 10-NCP [65], PMI [78], Resveratrol
[84, 85], Trehalose [20, 95, 96], and Tunicamycin [97].

3. Modulation of autophagy as a cancer therapy

The human cancer represents a significant worldwide public health problem considered as the
main cause of death [99]. Its worldwide incidence is expected to show more than 21 thousand
million new cases in 2030 [100]. To deal with such increased incidence, 47,608 clinical 15 trials
have been currently carried out according to Clinical Trials.Gov [101]. Therapeutic targeting of
the autophagy pathway as a new anticancer strategy has been under extensive investigation
[11, 64, 102, 103]. Several data indicate that prosurvival autophagy confers a tumor growth
advantage through the supplementation of required nutrition of growth, and thus it represents
a novel therapeutic target [46, 104]. Actually, autophagy may represent a major impediment
to successful cancer therapy by radiation, drugs (e.g., Doxorubicin, Temozolomide, and
Etoposide), histone deaceltylase inhibitors, Arsenic trioxide, TNF-alpha, IFN-gamma, Imati-
nib, and Rapamycin and the anti-estrogen hormonal therapy Tamoxifen as reviewed [46, 104,
105]. Dalby and colleagues propose that inhibitors of autophagy may either enhance the
efficacy of anti-tumor therapy or promote cell death not only in primary cancer types but also
in advanced-stage cancers and metastatic tumors that are considered drug resistant or
apoptosis resistant, such as chemotherapy-resistant cancer [105]. However, depending on the
context, such as tumor type or stage, the autophagy-enhancing agents believed to induce a
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type II programmed cell death mechanism through an extensive autophagic degradation of
intracellular content may also elicit beneficial effects in the treatment of cancer [105]. Both the
approaches, inhibition of either the prosurvival or induction of prodeath mechanism of
autophagy, will be discussed further.

3.1. Use of autophagy activators in cancer treatment

Several evidence have suggested that increased autophagy may kill cells. However, the
weakness of many studies has been that the demonstration of autophagy after a cytotoxic
treatment does not prove that autophagy contributed to cell death, only that it was associated
with it [11]. It is equally plausible that increased autophagy in these settings was more a failed
effort to maintain cell survival than triggering per se cell death. If autophagy would act more
definitively as a prodeath cell role than a prosurvival one, its inhibition would have to increase
survival. In fact, most studies have showed that a cell death had been counterbalanced by an
autophagic salvage response rather than demonstrate a causative role for autophagy in the
promotion of cell death [106, 107]. Nonetheless, induction of autophagy-associated cell death
has been suggested as a potential strategy to eradicate human cancers [108]. In fact, several
anticancer drugs have been reported to kill tumor cells through autophagy-mediated mecha-
nisms, include Photodynamic Therapy, Cisplatin, 5-Fluoroacil, Etoposide, Imatinib, and
Paclitaxel, as reviewed [109].

Rapamycin and its more soluble analog Temsirolimus trigger autophagy, as does KU-63794,
whose selective mTOR inhibition has been attributed to its antitumor mechanism regardless
apoptosis induction [110–112] in which the disruption of the PI3K/Akt signaling pathway
might greatly enhance the effectiveness of mTOR inhibitors [110]. Likewise, the inhibitory
effect of the mTOR inhibitor Everolimus on acute lymphoblastic leukemia was associated with
autophagy activation [113]. The combination of Temsirolimus, an mTOR inhibitor, and HCQ,
an autophagy inhibitor, augments cell death in preclinical models [114].

The ATP-competitive inhibitors of mTORC1/mTORC2, WYE-125132 [98], and AZD8055 [69]
have demonstrable anticancer activity by growth inhibition, and potentially autophagy both
in vitro and in vivo. In case of rapamycin-resistant T37/46 phosphorylation sites on 4E-BP1,
AZD8055 may fully inhibit mTOR [69]. AZD8055 is currently in Phase I clinical trials as an
antitumor agent (NCT00973076, NCT01316809, NCT00999882 and NCT00731263). The
tyrosine kinase inhibitor Dasatinib (BMS-354825) has been reported to enhance the antiglioma
effect of Temozolomide through triggering significant decrease in cell proliferation while
simultaneously increasing autophagy, and this action can be antagonized by the autophagy
inhibitor 3-MA [115].

Other types of drugs possessing an autophagy-inducing effect have also found their potential
application in cancer treatment (see Table 3). For instance, autophagy-associated cell death
may contribute to the anticancer actions of the histone deacetylase (HDAC) inhibitor suber-
oylanilide hydroxamic acid (Vorinostat) [116–118]. Vorinostat may induce autophagy through
downregulation of Akt/mTOR signaling and induction of ER stress response, whose biological
effects might be antagonized by the autophagy inhibitor 3-MA [117]. Coadministration of
Vorinostat and a poly (ADP-ribose) polymerase (PARP) inhibitor Olaparib synergistically
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inhibits the growth of triple-negative breast cancer cells through increased apoptotic and
autophagy-associated cell death [119]. In Tamoxifen-resistant MCF-7 breast cancer cells the
HDAC inhibitor MHY218 induces apoptosis or autophagy-related cell death [120]. The
estrogen receptor antagonist Raloxifene induces autophagy via the activation of AMPK by
sensing decreases in ATP, leading to a nonapoptotic autophagy-associated cell death in breast
cancer [121]. However, it has been proposed that autophagy is sterol-dependent and is
associated with cell survival rather than cytotoxicity [122]. The natural products Resveratrol
[84], triterpenoids Ursolic acid [123–125], and Saponin [126] promote cancer cell death
associated with activation of autophagy. It is conceivable that some autophagy-inducing agents
may also be useful in cancer therapies because of their ability to trigger autophagy-associated
cell death [11, 113, 115]. The same attention given to inhibitors of autophagy should be given
to autophagy-inducing or autophagy-enhancing agents [114, 127–131].

Cancer Type Identifier Study Phase Status

Renal cell

cancer

NCT00830895  Everolimus for nonclear cell renal cell carcinoma (RCC) II 1  [132]

NCT01090466  Gemcitabine Hydrochloride, Cisplatin, and Temsirolimus

as first-line therapy to treat patients with locally

advanced and/or metastatic transitional cell cancer

of the urothelium

I/II 1

Prostate

cancer

NCT01313559  Pasireotide (SOM230) with or without Everolimus to

treat patients with hormone-resistant chemotherapy

naive prostate cancer

II 1

NCT00574769  Docetaxel with Everolimus and Bevacizumab in men

with advanced prostate cancer

I/II 1

NCT02339168  Enzalutamide and Metformin Hydrochloride to treat

patients with hormone-resistant prostate cancer

I 2

NCT01748500  Pantoprazole and Docetaxel for men with metastatic

castration-resistant prostate cancer

II 2

NCT01497925  ADIPEG 20 and Docetaxel in solid tumors with emphasis on

prostate cancer and nonsmall cell lung cancer

I 2

Breast cancer NCT00411788  Rapamycin and Trastuzumab for patients with HER-2

receptor positive metastatic breast cancer

II 3

NCT01111825  Temsirolimus and Neratinib for the treatment of patients

with metastatic HER2-amplified or triple negative

breast cancer

I/II 2

NCT00736970  Ridaforolimus in combination with Trastuzuma in patients

with metastatic, HER2-positive breast cancer who

have developed resistance to Trastuzumab.

III 1  [133]

NCT01605396  Ridaforolimus and Exemestane, compared with

Ridaforolimus, Dalotuzumab and Exemestane to

II 2
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Cancer Type Identifier Study Phase Status

treat breast cancer

NCT01234857  Ridaforolimus in combination with Dalotuzumab

compared to the standard of care treatment

in estrogen receptor positive

breast cancer patients

II 1

Nonsmall cell

lung cancer

NCT00079235  Temsirolimus to treat patients with stage III-B

(with pleural effusion) or stage IV nonsmall cell

lung cancer

II 1

NCT00923273  Sirolimus and Pemetrexed to treat nonsmall cell lung cancer I/II 1

Small cell

lung cancer

NCT00374140  Everolimus in previously treated small cell lung cancer II 1

NCT01079481  Combination anticancer therapy of Everolimus and

Paclitaxel for relapsed or refractory small cell

lung cancer

I/II 1

Pancreatic

cancer

NCT01648465  Everolimus to treat newly diagnosed patients with advanced

gastrointestinal neuroendocrine tumors

II 4

NCT01537107  Sirolimus and Vismodegib to treat patients with solid

tumors or pancreatic cancer that is metastatic

or cannot be removed by surgery

I 5

Glioblastoma NCT00329719  Temsirolimus and Sorafenib to treat patients with recurrent

glioblastoma

I/II 1

NCT01062399  Everolimus, Temozolomide, and Radiation therapy to treat

patients with newly diagnosed glioblastoma multiforme

I/II 2

NCT01956734  Virus DNX2401 and Temozolomide to treat recurrent

glioblastoma

I 2

Colorectal

cancer

NCT00522665  Second-line therapy with Irinotecan, Cetuximab,

and Everolimus to treat colorectal cancer

I/II 1

NCT01154335  Everolimus and Linsitinib to treat patients with refractory

metastatic colorectal cancer

I 1  [134]

Chronic

myeloid

leukemia

NCT01188889  Everolimus to treat chronic phase chronic myeloid leukemia

with persistent molecular disease.

I/II 6

Chronic

lymphocytic

leukemia

NCT00935792  Everolimus and Alemtuzumab to treat patients with recurrent

chronic lymphocytic leukemia or small lymphocytic

lymphoma

I/II 1

Advanced

solid

tumor

NCT00849550  Everolimus in combination with current standard treatment

of XELOX-A (Bevacizumab, Oxaliplatin, Capecitabine)

to treat advanced solid tumors

I 1

NCT01020305  Temsirolimus to reverse androgen insensitivity for I/II 1
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castration-resistant prostate cancer

NCT00657982  Everolimus in a neoadjuvant setting in men with

intermediate or high risk prostate cancer

II 4

NCT01155258  Temsirolimus and Vinorelbine Ditartrate to treat patients

with unresectable or metastatic solid tumors

I 2

NCT01295632  Ridaforolimus with MK-2206 or MK-0752 for participants

with advanced cancer

I 1  [135]

NCT01169532  Ridaforolimus and the HDAC inhibitor Vorinostat to

treat patients with advanced cancer

I 1  [136]

NCT00781846  Ridaforolimus in combination with Bevacizumab for

patients with advanced cancers

I 1  [137]

Endometrial

carcinoma

NCT00739830  Ridaforolimus in advanced endometrial carcinoma II 1  [138]

Multiple

myeloma

NCT00693433  Temsirolimus and Dexamethasone to treat patients with

recurrent or refractory multiple myeloma

I 1

NCT00398515  Temsirolimus and Lenalidomide to treat patients with

previously treated multiple myeloma

I 1

NCT00918333  Everolimus and Panobinostat to treat patients with

recurrent multiple myeloma, non-Hodgkin lymphoma, or

Hodgkin lymphoma

I/II 2

NCT00474929  Everolimus and Sorafenib to treat patients with

relapsed or refractory lymphoma or multiple myeloma

I/II 2

Ovarian

cancer

NCT01460979  Temsirolimus to treat ovarian cancer of women who

progressed during previous platinum chemotherapy

or within 6 months after therapy or advanced

endometrial carcinoma

II 1

NCT00982631  Temsirolimus and Pegylated Liposomal Doxorubicin to

treat advanced or recurrent breast, endometrial

and ovarian cancer

I 3

NCT01196429  Temsirolimus, Carboplatin, and Paclitaxel as first-line

therapy to treat patients with newly diagnosed

stage III–IV clear cell ovarian cancer

II 1

NCT01010126  Temsirolimus and Bevacizumab to treat advanced endometrial,

ovarian, liver, carcinoid, or islet cell cancer

II 2

NCT01031381  Everolimus and Bevacizumab to treat recurrent ovarian,

peritoneal, and fallopian tube cancer

II 1

NCT01281514  Everolimus and Carboplatin, Pegylated Liposomal Doxorubicin

Hydrochloride to treat patients with relapsed ovarian

I 4
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Cancer Type Identifier Study Phase Status

epithelial, fallopian tube, or peritoneal cavity cancer

Melanoma NCT01166126  Temsirolimus and AZD 6244 to treat naive with BRAF

mutant unresectable stage IV

II 1

NCT01014351  Everolimus with Paclitaxel and Carboplatin to treat

metastatic melanoma

II 1

NCT01092728  Dasatinib to treat acral lentiginous, mucosal, or chronic

sun-damaged melanoma

II 1

Sarcoma NCT00112372  Ridaforolimus to treat patients with refractory or advanced

malignancies and sarcomas

I/II 1  [139]

NCT00093080  Ridaforolimus to treat patients with

advanced sarcoma

II 1

1 Completed or terminated; 2 Active, not recruiting; 3 Unknown; 4 Recruiting; 5 Suspended; 6 Withdrawn.

Table 3. Clinical trials of the effects of autophagy activators on human cancers.

3.2. Use of autophagy inhibitors in cancer treatment

Autophagy confers stress tolerance that enables tumor cells to maintain metabolic homeostasis
and the adaptation to hypoxic, nutrient-limiting, and metabolically stressed environments as
well as resistance to therapy-induced stress, such as chemotherapy or radiotherapy [11, 64,
105]. Since autophagy activation confers an advantage to tumor growth, it would be one of the
hallmarks of tumor progression [140]. For example, K-RasV12 transforming malignant cells are
capable of evading metabolic stress and cell death through activation of autophagy cascades.
In an attempt to overcome this advantage of tumor behavior, the treatment with autophagy
inhibitors Bafilomycin A1 or 3-MA successfully decreases the growth of human breast
epithelial cells in vitro [141]. Also, targeting autophagy inhibition using CQ suppressed growth
and tumorigenicity of K-Ras mutation tumor cells leading to prolonged survival in pancreatic
cancer xenografts and genetic mouse models [142]. These preclinical results suggest that
autophagy might be exploited as a new therapeutic target in the setting of tumors driven by
oncogenic RAS, which may improve clinical outcome of the patients with RAS-driven tumors,
such as pancreatic cancer and malignant melanoma; however, recently reported KRAS-driven
tumor lines may not require autophagy for growth [143]. By profiling 47 cell lines with
pharmacological and genetic loss-of-function tools, Eng and colleagues suggested that KRAS
mutation status would not predict the sensitivity of cancer cells to autophagy inhibition with
CQ [143]. Accordingly, oncogenic B-RAF signaling in melanoma impairs the therapeutic
advantage of autophagy inhibition [144].

Despite this controversial relation regarding the activation of MAPK pathway and the
prediction of the efficacy of autophagy inhibition, the pharmacologic inhibition targeting the
early or late autophagy process may increase controlled cell death of several other human
tumors during chemotherapy aiding improved clinical outcomes [59, 102, 109]. The therapeutic
modulation of autophagy for cancer treatment has been supported by preclinical models in
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autophagy might be exploited as a new therapeutic target in the setting of tumors driven by
oncogenic RAS, which may improve clinical outcome of the patients with RAS-driven tumors,
such as pancreatic cancer and malignant melanoma; however, recently reported KRAS-driven
tumor lines may not require autophagy for growth [143]. By profiling 47 cell lines with
pharmacological and genetic loss-of-function tools, Eng and colleagues suggested that KRAS
mutation status would not predict the sensitivity of cancer cells to autophagy inhibition with
CQ [143]. Accordingly, oncogenic B-RAF signaling in melanoma impairs the therapeutic
advantage of autophagy inhibition [144].

Despite this controversial relation regarding the activation of MAPK pathway and the
prediction of the efficacy of autophagy inhibition, the pharmacologic inhibition targeting the
early or late autophagy process may increase controlled cell death of several other human
tumors during chemotherapy aiding improved clinical outcomes [59, 102, 109]. The therapeutic
modulation of autophagy for cancer treatment has been supported by preclinical models in
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which inhibition of autophagy restored chemosensitivity and enhanced tumor cell death [64].
For example, CQ and its analog HCQ given in combination with chemotherapy suppressed
tumor growth and triggered cell death to a greater extent than did chemotherapy alone, both
in vitro and in vivo as reviewed [64].

Moreover, suppression of autophagy via use of chemical inhibitors of autophagy such as 3-
MA can sensitize tumor cells to the effects of chemotherapeutic drugs [11, 14], 5-Fluorouracil
[128, 145], TNF-a [146], proteasome inhibitors [147], and Src family kinase (SFK) inhibitor
Saracatinib [148].

The sensitizing effects of inhibiting autophagy on the antitumor efficacy of chemotherapeu-
tic agents have been recapitulated in preclinical models of Myc-induced lymphoma [67,
149], colon cancer [45, 59, 127, 128, 131, 145, 150–153], ovarian cancer [154], breast cancer [31,
32, 155, 156] hepatocellular cancer [157], prostate cancer [148, 156], bladder cancer [156],
melanoma [114], and glioma [152, 158]. Preclinical evidence reveals the efficacy of CQ to
inhibit the genesis and self-renewal of cancer stem cells (CSC) and underlines the impact of
this “old drug” as repurposing strategy to open a new CSC-targeted chemoprevention era
[153].

Several clinical trials that have been conducted or are in progress have shown favorable effects
of CQ as a novel antitumor drug as reviewed [159, 160]. Autophagy inhibition may contribute
to the anticancer actions of the histone deacetylase (HDAC) inhibitor Vorinostat [127, 130, 136].
Table 4 compiles recent clinical trials therapeutic targeting autophagy inhibition.

Cancer Type Identifier  Study Phase Status

Renal cell
cancer

NCT01144169  Hydroxychloroquine before surgery in
patients with primary renal cell carcinoma

I 1

NCT01480154  Akt Inhibitor MK2206 and Hydroxychloroquine to
treat advanced solid tumors, melanoma,
prostate, or kidney cancer

I 2

NCT01510119 Everolimus and Hydroxychloroquine to
treat renal cell carcinoma

I/II 4

Prostate
cancer

NCT00726596 Hydroxychloroquine to treat patients with
rising PSA levels after local therapy for
prostate cancer

II 2

NCT00786682 Docetaxel and Hydroxychloroquine to treat
metastatic prostate cancer

II 1

NCT01480154 Akt Inhibitor MK2206 and Hydroxychloroquine to treat
advanced solid tumors, melanoma, prostate,
or kidney cancer

I 2

NCT01828476 Navitoclax and Abiraterone with or without
Hydroxychloroquine to treat progressive
metastatic castrate refractory prostate cancer

II 1

Breast cancer NCT01292408 Hydrochloroquine to treat breast cancer patients II 3

NCT00765765 Hydroxychloroquine and Ixabepilone to treat
metastatic breast cancer

I/II 1
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Cancer Type Identifier  Study Phase Status

NCT01023477 Chloroquine to treat ductal carcinoma in situ I/II 4

NCT02333890 Chloroquine to treat breast cancer II 4

Non–small
cell lung
cancer

NCT00977470 Erlotinib with or without Hydroxychloroquine
in chemo-naive advanced NSCLC and (EGFR) mutations

II 2

NCT00809237 Hydroxychloroquine and Gefitinib to treat lung cancer I/II 3

NCT00933803 Hydroxychloroquine, Carboplatin, Paclitaxel, and
Bevacizumab to treat recurrent advanced
non-small cell lung cancer

I/II 1

NCT01649947 Hydroxychloroquine, Carboplatin, Paclitaxel, and
Bevacizumab to treat advanced/recurrent nonsmall
cell lung cancer

II 4

NCT00728845 Hydroxychloroquine, Carboplatin, Paclitaxel, and
Bevacizumab to treat recurrent advanced non–small
cell lung cancer

I/II 1

Small cell
lung cancer

NCT00969306 Chloroquine to treat stage IV small cell lung cancer I 4

Pancreatic
cancer

NCT01273805 Hydroxychloroquine to treat patients with metastatic
pancreatic cancer

II 2

NCT01128296 Study of presurgery Gemcitabine and Hydroxychloroquine
to treat stage IIB or III adenocarcinoma
of the pancreas

I/II 2

NCT01506973 Hydroxychloroquine in combination with Gemcitabine/
Abraxane to inhibit autophagy in pancreatic
cancer

I/II 4

NCT01978184 Gemcitabine and Abraxane with or without
Hydroxychloroquine

II 4

Glioblastoma NCT00486603 Hydroxychloroquine, radiation therapy, and
Temozolomide to treat patients with newly
diagnosed glioblastoma multiforme

I/II 1  [161]

NCT00224978 Chloroquine to treat glioblastoma multiforme III 1  [162]

NCT02432417 Chloroquine and chemoradiation to treat glioblastoma II 5

NCT02378532 Chloroquine and Chemoradiation to treat glioblastoma I 5

Colorectal
cancer

NCT01206530 FOLFOX, Bevacizumab and Hydroxychloroquine to
treat colorectal cancer

I/II 4

NCT01006369 Hydroxychloroquine, Capecitabine, Oxaliplatin,
and Bevacizumab to treat metastatic
colorectal cancer

II 6

NCT02316340 Vorinostat and Hydroxychloroquine versus Regorafenib
to treat colorectal cancer

II 4

Chronic
myeloid
leukemia

NCT01227135 Imatinib Mesylate with or without Hydroxychloroquine
to treat patients with chronic myeloid leukemia

II 3

NCT00771056 Hydroxychloroquine in untreated B-CLL Patients II 6

Advanced
solid tumor

NCT00813423 Sunitinib Malate and Hydroxychloroquine to
treat patients with advanced solid tumors

I 2
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Cancer Type Identifier  Study Phase Status
that have not responded to chemotherapy

NCT00714181 Hydroxychloroquine and Temozolomide to treat
patients with metastatic or unresectable
solid tumors

I 1

NCT00909831 Hydroxychloroquine and Temsirolimus to treat
patients with metastatic solid tumors
that have not responded to treatment

I 2

NCT01023737 Hydroxychloroquine and with histone deacetylase
(HDAC) inhibitor Vorinostat in patients with
advanced solid tumors

I 4

NCT01266057 Sirolimus or Vorinostat and Hydroxychloroquine
in advanced solid tumors

I 4

Multiple
myeloma

NCT00568880 Hydroxychloroquine and Bortezomib to treat
patients with relapsed or refractory
multiple myeloma

I/II 3

NCT01689987 Hydroxychloroquine, Cyclophosphamide, Dexamethasone,
and Sirolimus to treat patients with relapsed
or refractory multiple myeloma

I 2

NCT01438177 Chloroquine and VELCADE and Cyclophosphamide to
treat relapsed and refractory multiple myeloma

II 1

Melanoma NCT00962845 Hydroxychloroquine to treat patients with stage
III or stage IV melanoma that can be removed
by surgery

I 2

NCT01480154 Akt Inhibitor MK2206 and Hydroxychloroquine to
treat patients with advanced solid tumors, melanoma,
prostate, or kidney cancer

I 2

NCT02257424 Dabrafenib, Trametinib and Hydroxychloroquine in
patients with advanced BRAF mutant melanoma

I/II 4

1 Completed or terminated; 2 Active, not recruiting; 3 Unknown; 4 Recruiting; 5 Not yet recruiting; 6 suspended.

Table 4. Clinical trials of the effects of autophagy inhibitors on human cancers.

4. Therapeutic effects of autophagy modulators on cardiovascular diseases

Autophagy plays a dichotomous role on many cardiac pathologic states in which it may exert
both protective and detrimental effects through context-dependent mechanisms. As a
protective mechanism, autophagy closely protects the heart from myocardial ischemia-
reperfusion (I/R) and attenuates cardiac remodeling after myocardial infarction [49, 163]. In
fact, as demonstrated in ischemia-reperfusion-induced heart injury, Parkin-mediated
mitophagy showed a protective role against the cell death of cardiomyocytes [164]. Moreover,
recent evidence indicates that basal levels of autophagy are required for the maintenance of
normal cardiovascular function and morphology [165]. However, by contrast, excessive levels
of autophagy—or perhaps distinct forms of autophagic flux—contribute to several types of
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cardiomyopathy by functioning as a controlled cell death pathway [165, 166]. In line with these
findings, the selection of activators or inhibitors of autophagy for prevention or treatment of
cardiovascular diseases will be complicated. Nevertheless, in practice successful therapeutic
approaches that regulate autophagy have been reported recently, suggesting that the
autophagic machinery may be properly manipulated to treat heart failure or to prevent rupture
of atherosclerotic plaques and sudden death [165, 166]. Whereas there have been no clinical
data reporting the efficacy of pharmacologic modulation of autophagy in cardiac diseases, as
reviewed in 2011, nine patents have disclosed the pharmacologic modulation of autophagy as
a new therapeutic strategy against cardiovascular diseases [166]. In this section, we will review
the fundamental use of autophagy modulators on heart diseases, whose biological effects have
been identified through both in vitro and in vivo models.

5. Use of autophagy inhibitors in treatment of heart disease

Pharmacologic suppression of autophagy pathway comprises potential new targets for
treating cardiac disorders [11]. In vitro and in vivo studies demonstrated that the inhibitor of
histone deacetylases Trichostatin A may attenuate both load- and agonist-induced hypertro-
phic growth and abolish the associated activation of autophagy, reducing pathologic cardiac
remodeling during severe pressure overload [167]. Through negative modulation of early stage
of autophagy process by inhibiting the expression of Beclin-1 induced by myocardial I/R injury
parallel to phosphorylation of mTOR, Propofol reduces autophagy-associated cell death
induced by the myocardial I/R injury [49]. Although these strategies for suppressing the
excessive activation of autophagy for treating cardiac disorders are in theory promising, a
comprehensive view of myocardial autophagy will be obligatory to avoid disrupting homeo-
static mechanisms [166]. Thus, although the major challenges remain, patients with heart
disease are likely to benefit from these efforts.

In other situations, such as in response to stress, activation rather than suppressing autophagy
might be beneficial, since it increases the clearance of misfolded and other harmful proteins.
In fact, recent reports had established a requirement for autophagy for cardioprotection in
rodent models mediated by a variety of agents including the adenosine A1 receptor agonist
Chlorocyclopentyladenosine, Sulfaphenazole, and ischemic preconditioning [168]. On the fate
of ischemic-reperfused cardiomyocytes, autophagy plays a protective role [169, 170].

The development of a pharmacological agent to salvage myocardium after an ischemic insult
has been explored. For example, attempting to enhance the heart’s tolerance to ischemia-
reperfusion through inducing autophagy, the antimicrobial agent Sulfaphenazole might be
used [163]. Likewise, chloramphenicol succinate has been shown to activate autophagy and
reduce myocardial damage during I/R [169, 170]. In the case of regression of established
increase in myocyte cell size (i.e., cardiac hypertrophy) induced by ascending aortic constric-
tion (i.e., pressure overload), the administration of Rapamycin, a mTOR inhibitor, may
improve cardiac function [171, 172]. In line with this finding, animal studies suggest that mTOR
inhibition attenuates cardiac allograft remodeling secondary to downregulation of mTOR
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downstream targets and increased autophagy. To increase the paucity of data regarding effect
of Sirolimus, a mTOR inhibitor, on human heart remodeling, a current clinical trial Phase 1
has been conducted (NCT01889992).

Macrophages play a central role in atherosclerotic plaque destabilization, leading to acute
coronary syndromes and sudden death, and therefore their clearance from atherosclerotic
plaques through autophagy has been suggested as an attractive therapeutic strategy for
atherosclerosis [173]. In line with these findings, the stent-based delivery of Everolimus was
shown to selectively clear macrophages from atherosclerotic plaques in rabbits by activating
autophagy without altering smooth muscle cells [174]. As suggested recently, mTOR inhibition
represents a promising strategy for stabilization of atherosclerotic plaques [175], as this also
prevents adverse left ventricular remodeling and limits infarct size following myocardial
infarction [176]. Though the benefits afforded by autophagic activation depend on cardiac
pathologic states, vigilance for extra-cardiac effects may be critical [166].

6. Use of autophagy modulators for neurologic disorders

In contrast to other cell types, neurons for being nondividing cells are particularly sensitive to
changes in autophagic degradation [177]. As most neurons must survive for the lifetime of the
organism, maintenance of organelle function and clearance of aberrant, misfolded, and
aggregate proteins are critical processes regulated by autophagy [19]. In fact, many aggregate-
prone forms of such proteins, including tau [178], α-synuclein [179, 180], mutant huntingtin
[181], and mutant ataxin 3 [178] have a higher dependency on autophagy for their clearance.
While autophagy clears these aggregate-prone proteins, upregulation of autophagy may also
contribute to amyloid-β pathology [182], as autophagic vacuoles may represent one site of
amyloid-β generation. The intracellular accumulation of these aggregate proteins are features
of many late-onset neurodegenerative diseases, including Alzheimer’s disease (AD), Parkin-
son’s disease (PD), tauopathies, and polyglutamine expansion diseases—such as Huntington’s
disease (HD) and various spinocerebellar ataxias (SCAs) [183]. Currently, there are no effective
therapeutic strategies capable of attenuating or preventing the neurodegeneration resulting
from these diseases in humans.

Autophagy has been considered as a potentially novel approach for treating neurodegenera-
tive disorders [160, 183], although its role in neurodegenerative disorders remains unclear [11].
Even though autophagy may be initially induced as a neuroprotective response, due to
excessive, imbalanced induction or defects in completing degradation, it may also contribute
to neuronal atrophy, neurite degeneration, and cell death [19, 177]. It is noteworthy that the
failed attempt of autophagy at neuron survival has been closely associated with age-related
autophagy insufficiency and lysosomal aging [19]. In fact, several evidences recently suggest
a possible role for autophagic dysfunction in the pathogenesis of neurodegenerative diseases
[184]. Conversely, autophagy also has the ability to decrease the accumulation of toxic,
aggregate-prone proteins that cause neurodegeneration [11, 183]. As summarized in the
following paragraph, multiple studies provide proof of principle for the activation of autoph-
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agy as a therapy for neurodegenerative disease. To date, there are still very few reported clinical
results demonstrating that modulation of autophagy indeed represents an effective therapeu-
tic intervention for these devastating diseases [11].

HD disease is caused by a polyglutamine expansion mutation in the huntingtin protein (polyQ-
expanded Htt) that confers a toxic gain-of-function and causes the protein to become aggre-
gate-prone proteins, which are cleared by autophagy. It is noteworthy that upregulating this
process by Rapamycin attenuates their toxicity in various HD models [181, 185]. The autophagy
inducer Rapamycin or its analog CCI-779 has been reported to promote autophagic clearance
of polyQ-expanded Htt protein [178, 181, 186]. Likewise, Rapamycin increases the clearance
of α-synuclein and lessens the formation of aggregates (Lewy bodies) in neurons [179].
Rapamycin in combination with lithium showed a greater protection against neurodegenera-
tion in an HD fly model [185]. Interestingly, the disaccharide bilayer membrane-protector
Trehalose [187] accelerates the autophagic clearance of mutant Huntingtin and α-synuclein
through an mTOR-independent pathway [95]. However, in a combination of mTOR inhibitor,
Rapamycin Trehalose’s effect on autophagic activity increases, resulting in an additive effect
on the clearance of the above proteins [95]. Together these studies demonstrate that autophagy
upregulation and promotion of aggregation-prone protein degradation ameliorate neurode-
generative pathology, but conversely autophagy inhibition enhances the toxicity of these
proteins [184].

7. Autophagy modulators for treatment of other diseases

Similar to the details outlined above for neurodegenerative disorders, autophagy upregulation
may enhance the clearance of a range of infectious agents, including multidrug-resistant
(MDR) strains of Mycobacterium tuberculosis. In some cases, mouse models and preclinical data
have strengthened the protective role of autophagy against microbial infections, as summar-
ized in Table 5.

AR-12 induces autophagic clearance of Francisella tularensis from the human leukemic cell line
THP-1 macrophages [188] and Salmonella enterica serovar Typhimurium in murine macrophages,
both in vitro and in vivo [189]. Additionally, experimental findings underscore the importance
of host autophagy in orchestrating successful antimicrobial responses to Mycobacterium
tuberculosis during chemotherapy with Isoniazid and Pyrazinamide [190]. Likewise, the most
active form of vitamin D 1,25D3 may inhibit replication of human immunodeficiency virus
(HIV) in human macrophages through autophagy activation [191].

Based on these preclinical findings, researchers have raised the possibility that some antimyco-
bacterial chemotherapies already used in clinical for the treatment of infectious diseases anti-
infection effects, at least partially, via inducing autophagy. However, it is still unclear whether
those findings can be translated into the clinical treatment of certain infections [11]. Stimulation
of autophagy with Rapamycin reduces intracellular survival of mycobacteria in macrophages
[192].
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Drugs Effects

1,25D3 1α,25-dihydroxycholecalciferol inhibits HIV replication and mycobacterial growth [191].

AR-12 2-amino-N-4-5-(2 phenanthrenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl phenyl-acetamide inhibits

activity of phosphoinositide-dependent kinase-1 and promotes autophagic clearance of bacteria

in human and murine macrophages [188, 189].

Carbamazepine Induces antimicrobial autophagy through a mTOR-independent pathway controlled by cellular

depletion of myo-inositol [193].

Fluoxetine A selective serotonin reuptake inhibitor, enhances secretion of proinflammatory cytokine TNF-α

and induces autophagy in Mycobacterium tuberculosis–infected macrophages [194].

Gefitinib An inhibitor of the Epidermal Growth Factor Receptor (EGFR), activates autophagy, and

restricts growth of Mycobacterium tuberculosis in the lungs of infected mice [194].

Isoniazid or

pyrazinamide

Reduces Mycobacterium tuberculosis (Mtb)–induced proinflammatory responses by promoting

autophagy activation and phagosomal maturation in Mtb-infected host cells [190].

Nitozoxanide Nitazoxanide and its active metabolite Tizoxanide strongly stimulate autophagy and inhibit

mTORC1 signaling and intracellular proliferation of Mycobacterium tuberculosis [195].

Nortriptyline Induces the formation of autophagosomes that progressively acidify over time and become

competent for Mycobacterium tuberculosis degradation in infected macrophages [196].

Prochlorperazine

edisylate

Modulates autophagy that correlates with delivery of Mycobacterium tuberculosis to lysosomes

leading to mycobacterial degradation [196].

Rapamycin Induces autophagy and suppresses intracellular survival of M. tuberculosis [192].

Statins Enhances autophagy and phagosome maturation leading to reduction the Mycobacterium

tuberculosis burden in human macrophages and in mice [197].

Valproic acid Stimulates autophagic killing of intracellular Mycobacterium tuberculosis within primary human

macrophages [193].

Table 5. Preclinical studies of the effects of autophagy activators on infectious diseases.

Remarkably, several FDA-approved drugs counter M. tuberculosis infection, possibly through
autophagy, which disrupts the host-pathogen equilibrium in favor of the host (see Table 5).
The antidepressants Fluoxetine [194] and Nortriptyline [196], the anticonvulsants Carbama-
zepine and Valproic acid, and the antipsychotic Prochlorperazine edisylate reveal relevant
antimycobacterial properties by targeting autophagy in the host (i.e., infected macrophages).
Notably, in mice infected with a highly virulent MDR-strain of Mycobacterium tuberculosis,
Carbamazepine reduces bacterial burden, improve lung pathology, and stimulate adaptive
immunity [193]. Furthermore, the tyrosine kinase inhibitor (Gefitinib) also activates autophagy
and suppress Mycobacterium tuberculosis in macrophages and, to some extent, in infected mice
[194]. Other autophagy-inducing candidate drugs attempting to Antituberculosis Host-
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Directed Therapy (HDT) include antiprotozoal drug Nitozoxanide [195] and cholesterol-
lowering drugs, i.e., Statin [197]. Together these findings support that autophagy enhancement
by repurposed drugs provides an easily implementable potential therapy for the treatment of
multidrug-resistant mycobacterial infection.

8. Promising future therapeutic strategies

8.1. The case of the pentacyclic triterpenoids, the working hypothesis

After decades of scientific discoveries and discussions [10, 198] the general agreement is that
autophagy associated cell-death is commonly linked to failure in either the fusion of autopha-
gosomes with lysosomes or in the digestion activity of autolysosomes [27, 198]. Whereas the
understanding of this process at the molecular level needs a deeper knowledge of the compe-
tition between its activation and inhibition pathways, autophagy has been explored as a
potential therapeutically target for treating several diseases [11, 14]. Consequently, the impact
of activating mitophagy on the condition of autophagy impairment is a noteworthy subject to
explore. A recent work has proposed that by modulating parallel damage in membranes of
mitochondria and lysosome, autophagy turns into a destructive process [12]. Comparative
analysis of the biological effects of two chemical isomers, i.e., pentacyclic triterpenoids
Betulinic and Oleanolic acids (BA and OA, respectively), Martins and colleagues showed that
the main differences between the activity of BA and OA is due to their efficiency in interacting
and damaging membranes [12] (see Figure 1). These triterpenoids are new promising drugs
with various pharmacological actions (anti-inflammatory, antiviral, antifungal, antimalarial,
among others), being easily extracted from plants [199]. So far, about 2167 patents for AB and
1018 for OA have been deposited.

Figure 1. Modulation of membrane damage provided insights into biological effects of triterpenoids in vitro (Figure
kindly supplied by Martins WK).

By comparing these triterpenoids, it was realized that the fate of autophagy may depend on
the extent of lysosomal and mitochondrial membrane damage. In case of OA, there is marked
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cytoplasmic vacuolization and mitochondria shrinkage with remarkable cellular recovery that
was intrinsically associated with autophagy activation. However, cell recovery failed upon
concomitant lysosome inhibition with CQ or Bafilomycin A1 [12]. Of note, the lysosomal
damage BA-mediated is per se capable of compromising autophagy, without any incremental
damage when lysosomal function was deeply altered by lysosomal inhibitors, such as CQ and
Bafilomycin A1.

BA and OA differ significantly on their ability to penetrate membranes, which appears to be
mainly related to the twisted backbone structure of OA, in contrast to the fully planar structure
of BA. Interestingly, this stronger efficiency in interacting and damaging membrane mimics
ascribed to BA correlates with a higher ability of disturbing mitochondrial and lysosomal
membranes of human keratinocytes [12]. The ability of BA to disturb the mitochondrial
membrane is in agreement with other published results [106, 200, 201]. For example, by
inhibiting the activity of steroyl-CoA-desaturase (SCD-1) BA may also directly and rapidly
impact on the saturation level of cardiolipin (CL), a specific mitochondrial phospholipid lipid
that has important structural and metabolic functions, and at the same time regulates mito-
chondria-dependent cell death [202]. Interestingly, thermodynamic analyses of Langmuir
monolayers and AFM study of Langmuir-Blodgett monolayers provide insights into the ability
of BA interacting with CL-enriched membranes. BA may orient nearly perpendicularly with
hydroxyl group toward water, which causes phase separation and changes the permeability
of CL film [203]. BA was also shown to disrupt membranes of human red blood cells (RBC) in
vitro, with release of calcein from the RBC ghosts in a way similar to Digitonin in membrane
permeabilization experiments [204].

Of note, the damage in lysosomal function caused by BA may not be explained by traditional
justifications (lack of lysosome acidification or neutralization of its internal pH). Otherwise,
BA disturbs lysosome’s membrane integrity that dramatically jeopardizes the lysosomal
function, leading to a lysosomal-mitochondrial axis of cellular stress that causes autophagy-
associated cell death [12]. Remarkably, in the survival of BA-challenged cells occurs sustained
formation of reactive oxygen species (ROS) inside nonfunctional lysosomes, which in the long-
term response leads to lipofuscinogenesis, genomic instability, and cell senescence [13]. Thus,
promotion of concomitant damage in mitochondrial and lysosomal membranes seems to be
an efficient strategy for inducing autophagy-associated cell death and cell aging.

The AB’s ability to promote parallel damage in lysosomes and mitochondria could be the
explication for the positive synergistic action of BA in different antitumor protocols including
radiation [205, 206], chemotherapy drugs, such as Cisplatin [207] and Vincristine [208].
Therefore, the possible increase of cell death potentially relates to the AB ability of suppressing
prosurvival autophagy. The knowledge of this premise at molecular level may contribute to
the development of new autophagy modulators.

Since 1995, BA has been considered as a highly promising anticancer drug showing remarkable
antitumor effects against several human tumors [106, 208–222]. In addition, in the last decade,
many studies have shown further effects that justify the expectation that triterpenes and
synthetic analogs are useful to treat cancer by several modes of action [223]. For example, BA
acid derivatives are under evaluation as chemotherapeutic agent against several types of
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human tumors in vitro and in vivo [152, 199, 223–235]. The synthetic analog of OA [2-cya-
no-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO)] is currently under clinical Phase I study
(NCT00322140) for treating solid tumors and lymphoma [101]. Introduced in 2009, the new
semisynthetic candidate drug designated NVX-207 (3-acetyl-betulinic 2-amino-3-hydroxy-2-
hydroxymethyl-hi-ethyl propanoate) enhanced apoptosis-inducing activity and dramatically
enhanced solubility over BA [230]. However, limited solubility and often ultimately modest
efficacy have hampered the development of this class of compounds [230]. Thus, scientific
efforts focused on the elucidation of molecular mechanisms triggered by these triterpenoids,
attending the interests of the scientific community as well as of the pharmaceutical industry.

9. Perspectives for drug development

During the last decade, important progress was made in understanding the molecular basis
of autophagy uncovering its potential in anticancer therapies [105, 236, 237]. Because the
abrogation of autophagy via knockdown of autophagy-related molecules increases the
sensibility of therapy-resistant cancer cells to conventional cancer therapies, there has been
great interest in developing clinically relevant autophagy inhibitors [238]. As reviewed by Yang
and colleagues, multiple studies have shown that genetic knockdown of autophagy-related
genes (Atgs) or pharmacological inhibition of autophagy can effectively enhance tumor cell
death induced by diverse anticancer drugs in preclinical models [64].

Figure 2. Modulation of membrane damage provided insights into biological effects after PDT (Figure kindly supplied
by Martins WK).
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Photodynamic therapy (PDT) is a procedure that has applications in the selective eradication
of cancer where sites of tumor lesions are clearly delineated. It is a two- step process whereby
cells are first incubated with photosensitizers and then photoirradiated. This results in the
formation of singlet molecular oxygen and other reactive oxygen species (ROS) that can cause
photodamage at sites where the photosensitizing agent has localized [239]. Photosensitizers
found to be clinically useful, showing affinity for the endoplasmic reticulum, mitochondria,
lysosomes, or combinations of these sites [240]. The induction of cell death triggered by
apoptosis and/or autophagy in photosensitized cells is a common outcome of PDT [239–242].
Therefore, the photosensitizers are drugs that are used to treat a series of different diseases.
Our group has addressed the concept of parallel photodamage in mitochondria and lysosome
with the consequent induction of cell death and senescence after PDT (Figure 2). In near future,
we will exploit the possible use of this concept in the development of new photosensitizers
targeting autophagy as cell death mechanism.
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Abstract

Autophagy  (macroautophagy)  is  a  lysosome-dependent  catabolic  pathway  that
degrades  damaged  organelles,  protein  aggregates,  microorganisms,  and  other
cytoplasmic components. Autophagy was previously considered to be nonselective;
however, studies have increasingly established that autophagy-mediated degradation
is highly regulated. Selective autophagy regulates plenty of specific cellular components
through specialized molecules termed autophagy receptors, which include p62, NBR1,
NDP52, optineurin, and VCP among others. Autophagy receptors recognize ubiquiti-
nated cargo and interact with the LC3/GABARAP/Gate16 protein on the membrane of
nascent  phagophore.  In this  review,  we summarize the advances in the molecular
mechanisms of selective autophagy adaptor proteins.

Keywords: selective autophagy, adaptor proteins, p62, optineurin, NDP52

1. Introduction

The various functions of eukaryotic organisms depend largely on the existence of highly
efficient regulation mechanisms. Each physiologic activity involves the production of several
molecules whose half-life must be controlled by degradation system to maintain homeostasis.
Up to the present time, two systems of degradation molecules or organelles are known: (a)
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ubiquitin-proteasome system (UPS) and (b) autophagy, a lysosome-dependent degradation
system. The precise mechanisms to lead the substrate to UPS or autophagy are not understood
completely. However, it is known that ubiquitin is a key protein to regulate the substrate
recognition through the conjugation of a single ubiquitin monomer (monoubiquitination) or
sequential conjugation of several ubiquitin moieties (polyubiquitination). The conjugation of
four ubiquitin monomers is sufficient signal to allow the ubiquitylated target protein to be
recognized by UPS [1]. The specificity in the UPS is generated by the ability of ubiquitin to
form eight different chain linkages on itself, through its seven lysine residues (K6, K11, K27,
K29, K33, K48, and K63). K48 ubiquitin chain is the most well studied and was originally
identified as  the  signal  to  target  proteins  to  proteasomal  degradation  [2].  K11  and K63
ubiquitin chains are more related to signal for nonproteolytic functions as DNA repair and
cell signaling, but a recent study shows that heterotypic K11/K48-polyUb chains bind to the
proteasome and facilitate the degradation of cyclin B1 [3]. Whereas UPS is the major degra-
dation pathway for short-lived and regulatory proteins, autophagy is more linked with the
elimination of long-lived proteins and organelles. The selectivity of autophagy degradation is
conferred by K63 ubiquitin chains [4,  5]  (Figure 1).  Autophagy was first  described as  a
nonselective bulk degradation system, and now the accumulated evidence indicates that
autophagy can be highly selective.  Nonselective autophagy is triggered as a response to
starvation and implies the random formation of the autophagosomes with the subsequent
capture of  any organelle  or  molecule near the autophagosome.  In contrast,  the selective
autophagy is involved in the recruitment of different adaptor proteins that interact with Atg
proteins and target organelles or molecules to be degraded [6, 7]. It is possible to distinguish

Figure 1. Schematic representation of selective autophagy. The two degradation pathways are shown. Mitochondria,
misfolded proteins, and microorganisms are ubiquitinated and selected to proteasome system or autophagy. Selective
autophagy involves the participation of adaptor proteins as p62, NDP52, optineurin, NBR1, and VCP, as bridges to car-
go and nascent phagophore.
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various types of selective autophagy, depending on the cargo that is captured and degraded:
lipid  droplets  (lipophagy),  mitochondria  (mitophagy),  ER  (reticulophagy),  pathogens
(xenophagy), and aggregation-prone proteins (aggrephagy) [8], among others. Nevertheless,
the precise mechanism of cargo recognition remains unclear; the molecular characterization
of autophagy receptors, initially SQSTM1/p62 and NBR1, has revealed that ubiquitination is
involved in substrate selectivity. Most autophagy receptors have a ubiquitin-binding domain
(UBD) and LC3-interacting region (LIR). The UBD domains attach to target molecules or
organelles, and LIR domain interacts with LC3/GABARAP/Gate16 protein in autophagy to
facilitate autophagosome formation, transport, and/or maturation [8]. The core of LIR consists
of D/E, D/E, D/E, F/W/Y, X, X, L/I/V, and D; the phosphorylation of this domain enhances the
affinity  with  LC3/GABARAP/Gate16  protein  [7].  In  this  chapter,  we  discuss  the  recent
knowledge on autophagy receptors and their role in selective autophagy.

2. SQSTM1/p62

SQSTM1/p62 (referred to hereafter as p62) was initially identified as a phosphotyrosine-
independent binding of a 62 kDa (gave p62 its name) to the Src homology 2 (SH2) domain [9].
Subsequently, the term sequestosome-1 (SQSTM1) was assigned for its capacity to sequester
polyubiquitinated protein to cytoplasmic storage before its degradation by the proteasome,
protecting the cytosol from the toxic effect of misfolded proteins [10]. Currently, p62 has been
considered a protein with pleiotropic activities, derived from their multiple domains, which
interact with several molecules involved in the cellular death, oxidative stress, inflammatory
response, and recognition of molecules to be degraded by UPS or autophagy [10, 11]. Recent
studies have reported that mTOR activation depends on p62 as a key regulator of the nutrient-
sensing pathway [12].

Figure 2. Structure of adaptor proteins involved in selective autophagy.
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p62 is a multifunctional protein of 440-amino acids that is conserved in metazoans but not in
plants and fungi [13]. Refractory to Sigma P (Ref(2)P) is a homologue protein of mammalian
p62 in Drosophila melanogaster, that regulates protein aggregation in adult brain [14]. p62 has
six functional domains: the N-terminal Phox/Bem1 domain (PB1, 21–103 aa), a ZZ-type zing
finger domain (ZnF, 128–163 aa), TRAF6-binding domain (TB, 225–250 aa), a short LC3-
interacting region (LIR, 321–345 aa), KEAP1-interacting region motifs (KIR, 346–359), and
ubiquitin-associated domain (UBA, 386–440 aa) which is localized in C-terminal end (Figure
2) [11].

PB1 domains, ZZ zinc finger, KIR, and UBA can bind several proteins to participate in
inflammatory responses and receptor-mediated signal transduction. PB1 has been associated
with atypical protein kinase C (aPKC) to activate NF-kB signaling pathway. The ZZ zinc finger
domain is responsible for binding the receptor interacting protein (RIP) to regulate the
inflammatory response. The KIR region of this scaffold protein is a regulator for Nrf2, and its
activation induces transcription of oxidative stress response genes [11, 15].

p62 provides a link between the degradation of ubiquitin cargo by UPS or autophagy through
the UBA domain. The PB1, LIR, and UBA domains are implied in the degradation of ubiqui-
tinated cargo by selective autophagy. UBA domain is responsible for noncovalent binding with
polyubiquitinated cargos, through serine 403 phosphorylation by casein kinase 2 (CK2), which
increases the affinity for ubiquitinated chains [16, 17]. PB1 domain is involved in self- and
heteroligomerization with NBR1 (another receptor of selective autophagy) [18–20], and LIR
region is important to LC3 interaction. It has been hypothesized that the activity of p62, in
selective autophagy, requires a sequential interaction. Initially, there must be an interaction of
p62 with ubiquitin proteins, and then aggregation of complex protein oligomerization to itself
or with NBR1, and these aggregates are finally degraded by autolysosomes [7, 21, 22]. This
order is altered in defects of autophagy, where firstly accumulations of p62 proteins are present
and later are ubiquitinated [23, 24].

Furthermore, p62 is an autophagy receptor that can bind proteins to be degraded by selective
autophagy as aggregates of misfolded proteins, damaged mitochondria, peroxisomes, and
intracellular bacteria, which are ubiquitinated and targeted for clearance by autophagy [7,
25]. Several works have evidenced that p62 has a critical role in the normal functioning of
mitochondria. p62 is localized to mitochondria under physiological conditions and plays an
important role in mitochondrial morphology, genome integrity, and mitochondrial import of
transcription factors. When p62 is deleted, it leads to mitochondrial fragmentation and
mitochondrial dysfunction [26]. The role of p62 as adaptor receptor in mitophagy is currently
debated. Geisler and colleagues reported that p62 with PINK1 y Parkin molecules has a key
role in the sequential mitophagy process. p62 colocalized with Parkin on clustered mitochon-
dria after the induction of mitophagy by carbonyl cyanide m-chlorophenylhydrazone (CCCP)
treatment, and the silence of p62 by siRNA resulted in a significant loss of mitochondrial
clearance [27, 28]. In contrast, Narendra and colleagues mentioned that p62 is not indispensable
in the mitophagy; in HeLa cells with siRNA directed against p62, no difference was found in
lacking mitochondria after the induction of mitophagy but is important in clustering of
depolarized mitochondria [29, 30]. Similarly, in pexophagy, the role of p62 is not clear. p62 has
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been involved in the clustering of peroxisomes that were labeled with ubiquitin to selective
degradation [31], but recent work suggests that p62 is responsible for clustering, and only
NBR1 is essential for peroxisome degradation by autophagy [32].

Adaptor p62 protein has an important role in the xenophagy, which is responsible for restric-
tion of the replication of several intracellular microorganisms. The role of p62 has been more
explored in infections by intracellular bacteria. Bacteria such as Shigella flexneri, a nonmotile
actA mutant of Listeria monocytogenes [33], Salmonella enterica serotype Typhimurium [34], and
Mycobacterium tuberculosis [25, 35] are targeted selectively through p62 recruitment to deliver
into nascent LC3-positive isolation membranes for autophagosomal degradation. Interesting-
ly, p62 has an additional role in antibacterial effect against M. tuberculosis, through the delivery
of cytosolic proteins to M. tuberculosis containing-autolysosomes, where they are processed to
convert into new antimicrobial peptides [36]. In viral infections, it has been reported that p62
plays a role in the clearance of viral proteins. Orvedahl and colleagues demonstrate that Sindbis
virus capsid protein can interact with p62 in an ubiquitin-independent pathway, suggesting
that clearance of viral proteins by autophagy requires p62 and other molecules tag different
from ubiquitin [37]. There is little evidence about the role of p62 in infections by parasites. In
the infection of Toxoplasma gondii, it has been observed that p62 and ubiquitin were recruited
to T. gondii parasitophorous vacuoles when infected cells were stimulated by INF-γ playing
an important role in the antigen presentation to activate specific CD8+T cells [38].

The high relevance of p62 as a signaling hub implies their efficient regulation. When p62 is
disregulated or dysfunctional, there are multiple consequences. Several studies have impli-
cated p62 aggregates in cancer, inflammation, neurodegenerative disease, liver disease, and
aging [10, 13, 20, 39].

3. NBR1

Neighbor of BRCA1 gene 1 (NBR1) is another cargo receptor that is selectively degraded by
autophagy. NBR1 was originally cloned as a candidate gene for the ovarian cancer antigen
CA125 [40]. Given the similarity and interaction with p62, NBR1 has been studied in cell
signaling and differentiation [41]. In 2009, Kirkin and colleagues have shown that NBR1 was
involved in autophagic degradation of ubiquitinated targets [42].

NBR1 was recognized as a direct binding partner of the autophagosome-specific ATG8/LC3/
GABARAP modifiers both in vitro and in vivo. NBR1 has similar domain architecture as p62
and shares several key features with p62 though differs in sequence and size. Both proteins
share a very similar overall domain architecture, consisting of an N-terminal PB1(residues 5–
85) domain, a ZZ-like zinc finger domain (residues 215–259), a two-domain light-chain-3-
interacting regions LRS1 (residues 540–636) and LRS2 (residues 727–738, the LRS2 does not
have the core consensus motif W/YXXL/I, most likely representing a novel type of LC3-
interacting sequence), and a C-terminal ubiquitin-associated (UBA) domain (Figure 2) [43].

NBR1 binds strongly to ubiquitin via its UBA domain with a bias toward the K63-linked
polyUb chains [43]. NBR1 undergoes dimerization via the coiled-coil domain. NBR1 can
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directly bind to p62, and together they act as cargo receptors for autophagic degradation of
polyubiquitylated aggregates and peroxisomes [43–45]. In the absence of p62, NBR1 interacts
with misfolded and ubiquitinated proteins for degradation by autophagy [42]. Moreover, it is
known that NBR1 promotes cell differentiation, may act as a tumor suppressor, and is also
involved in bone remodeling [46, 47]. NBR1 also is involved in protein misfolding disorders
such as body myositis sporadic inclusion, and autophagic degradation may have a role in the
pathology [48].

4. NDP52

The nuclear dot protein 52 kD (NDP52) also named as calcium binding and coiled-coil domain
2 (CALCOCO2) is a 446-amino acid protein. Discovered in 1995, it was first erroneously found
as part of the nuclear domains (ND10) called Kr bodies or PLM-containing oncogenic domains
(POD), consisting of protein aggregates detected as dots (approximately 10) by autoimmune
sera or monoclonal antibodies. By 1997, Sternsdorf and colleagues found by using polyclonal
sera anti-NDP52 that the protein localization is restricted to the cytoplasm but not ND10 and
confirmed an increase of NDP52 transcripts when cells were treated with IFN-γ [49].

NDP52 has a predicted molecular mass of 52 kD and exhibits an N-terminal skeletal muscle,
and kidney-enriched inositol phosphatase carboxyl homology (SKICH) domain (aa 1–127), a
central coil-coiled domain with zipper leucine motifs (aa 140–420) and the C-terminus presents
homology with Lin11, Isl-1, and Mec-3 (LIM) domains containing two zinc finger arrangements
involved in protein-protein interactions as ubiquitin (Figure 2) (aa 421–446) [50–52]. There are
two paralogs existing, CoCoA (also known as Calcoco1) and Tax1BP1 (also known TXBP151).
The CoCoA paralog comprises SKICH domains and LIM domains as NDP52, but it lacks an
ubiquitin-binding domain. Therefore, it did not decorate bacteria when they escaped to the
cytosol [53].

First studies linking NDP52 to a physiological process showed that after infection with S.
enterica, the ubiquitin-coated bacteria in the cytosol are recognized by NDP52, which acts as a
receptor. Then, NDP52 interacts with the adaptor proteins, Nap1 or Sintbad (also named
TBKBP), and leads to the recruitment of TANK-binding kinase 1 (TBK1), which results in the
control of bacterial growth [52]. The authors also found that NDP52 recruits and binds ATG8/
LC3, an autophagosomal marker, and the knockdown of NDP52 impairs the autophagy of
Salmonella [52, 54]. The same effect was observed with Streptococcus pyogenes-infected cells but
not with S. flexneri. They conclude that NDP52 is a receptor that recognizes ubiquitin-coated
bacteria and binds ATG8/LC3 leading to the control of bacterial growth by autophagy. Further
studies demonstrated that NDP52 has a LC3-interacting region (LIR) domain and the sites of
interaction with Nap1 or Sintbad are located at the SKICH domain (Figure 2) [55]. Later,
Muhlinen and colleagues demonstrated that NDP52 binds all human ATG8/LC3 orthologs
(LC3A, LC3B, LC3C, GABARAP, GABARAPL1, GABARAPL2), but only LC3C performs an
antibacterial function when binds NDP52 through the LC3C-interacting region (CLIR) [56].
Other studies demonstrated that S. flexneri is also targeted by NDP52/P62 to autophagy

Autophagy in Current Trends in Cellular Physiology and Pathology396



directly bind to p62, and together they act as cargo receptors for autophagic degradation of
polyubiquitylated aggregates and peroxisomes [43–45]. In the absence of p62, NBR1 interacts
with misfolded and ubiquitinated proteins for degradation by autophagy [42]. Moreover, it is
known that NBR1 promotes cell differentiation, may act as a tumor suppressor, and is also
involved in bone remodeling [46, 47]. NBR1 also is involved in protein misfolding disorders
such as body myositis sporadic inclusion, and autophagic degradation may have a role in the
pathology [48].

4. NDP52

The nuclear dot protein 52 kD (NDP52) also named as calcium binding and coiled-coil domain
2 (CALCOCO2) is a 446-amino acid protein. Discovered in 1995, it was first erroneously found
as part of the nuclear domains (ND10) called Kr bodies or PLM-containing oncogenic domains
(POD), consisting of protein aggregates detected as dots (approximately 10) by autoimmune
sera or monoclonal antibodies. By 1997, Sternsdorf and colleagues found by using polyclonal
sera anti-NDP52 that the protein localization is restricted to the cytoplasm but not ND10 and
confirmed an increase of NDP52 transcripts when cells were treated with IFN-γ [49].

NDP52 has a predicted molecular mass of 52 kD and exhibits an N-terminal skeletal muscle,
and kidney-enriched inositol phosphatase carboxyl homology (SKICH) domain (aa 1–127), a
central coil-coiled domain with zipper leucine motifs (aa 140–420) and the C-terminus presents
homology with Lin11, Isl-1, and Mec-3 (LIM) domains containing two zinc finger arrangements
involved in protein-protein interactions as ubiquitin (Figure 2) (aa 421–446) [50–52]. There are
two paralogs existing, CoCoA (also known as Calcoco1) and Tax1BP1 (also known TXBP151).
The CoCoA paralog comprises SKICH domains and LIM domains as NDP52, but it lacks an
ubiquitin-binding domain. Therefore, it did not decorate bacteria when they escaped to the
cytosol [53].

First studies linking NDP52 to a physiological process showed that after infection with S.
enterica, the ubiquitin-coated bacteria in the cytosol are recognized by NDP52, which acts as a
receptor. Then, NDP52 interacts with the adaptor proteins, Nap1 or Sintbad (also named
TBKBP), and leads to the recruitment of TANK-binding kinase 1 (TBK1), which results in the
control of bacterial growth [52]. The authors also found that NDP52 recruits and binds ATG8/
LC3, an autophagosomal marker, and the knockdown of NDP52 impairs the autophagy of
Salmonella [52, 54]. The same effect was observed with Streptococcus pyogenes-infected cells but
not with S. flexneri. They conclude that NDP52 is a receptor that recognizes ubiquitin-coated
bacteria and binds ATG8/LC3 leading to the control of bacterial growth by autophagy. Further
studies demonstrated that NDP52 has a LC3-interacting region (LIR) domain and the sites of
interaction with Nap1 or Sintbad are located at the SKICH domain (Figure 2) [55]. Later,
Muhlinen and colleagues demonstrated that NDP52 binds all human ATG8/LC3 orthologs
(LC3A, LC3B, LC3C, GABARAP, GABARAPL1, GABARAPL2), but only LC3C performs an
antibacterial function when binds NDP52 through the LC3C-interacting region (CLIR) [56].
Other studies demonstrated that S. flexneri is also targeted by NDP52/P62 to autophagy

Autophagy in Current Trends in Cellular Physiology and Pathology396

pathway dependent upon septin and actin [57]. Additional to the ubiquitin-dependent
pathway needed for the recruitment of NDP52, a carbohydrate-dependent galectin-8 pathway
also mediates NDP52 recruitment to invading bacteria at early stages of infection, unlike the
ubiquitin-dependent pathway which plays a major role at later points [58, 59].

As part of the autophagosome maturation, it was found that NDP52 interacts with myosin VI
via RRL motif, and such interaction recruits myosin VI to deliver endosomal membranes to
the nascent autophagosome [60, 61]. This function of NDP52 is independent of its function in
xenophagy and involves a different binding domain [62].

Recently, it has been demonstrated that NDP52 also plays a role in regulation. The Toll-like
receptor (TLR) signaling serves as, an example, the selective autophagic degradation of Toll/
interleukin-1 receptor homology domain-containing adaptor-inducing interferon (TRIF), and
TRAF6 is mediated by this receptor. The mechanism involves the polyubiquitination of NDP52
by TRAF6 to acquire the ability to form aggregates of polyubiquitinated TRAF6 [63, 64]. The
regulation of the miRNA activity is another example; recently, it has been discovered that the
miRNA-processing enzyme DICER and the miRNA effector AGO2 are a target by NDP52 for
their degradation via autophagy [65]. Another target of NDP52 includes the RNA retrotrans-
poson, and the degradation of this RNA via autophagy helps to maintain the stability of the
genome [66]. More recently, Heo and colleagues found that the PINK1-PARKIN mitochondrial
ubiquitination pathway promotes mitophagy by recruiting TBK1 kinase which binds to NDP52
and other autophagy receptors to induce autophagy of mitochondria [67, 68].

Some studies with viruses have related autophagy to anti- or pro-viral roles; NDP52 has been
involved in promoting viral replication of chikungunya virus (CHIKV) when interacts with
the nonstructural protein nsP2 in infected human cells [69].

Although autophagy has a protective role against some intracellular bacteria, some studies
indicate that NDP52 has a relation with Crohn’s disease, and Ellinghaus and colleagues found
an association between the disease and a missense mutation in affected individuals [70, 71].
Additionally, NDP52 has been involved in Alzheimer’s disease where it has a protective role
in facilitating the clearance of phosphorylated tau [72, 73].

5. Optineurin

Optineurin was first described by Li and colleagues [74]. They were looking for proteins that
interact with the early region 3 (E3) 14.7 K protein in the yeast two-hybrid system. E3 14.7 K
is synthesized by E3 in group C of adenovirus and is an inhibitor of NF-kB cytolysis. They
found a protein with the ability to interact with E3 14.7K and named as FIP-2 (for 14.7K
interacting protein), and FIP-2 interacts with E3 14.7K in the cytoplasm and caused redistrib-
ution of the protein. Also, FIP-2 reversed the protective effect of E3 14.7K on cell death induced
by TNF-α. After, Schwamborn and colleagues described that FIP-2 had a strong homology to
NF-kB essential modulator (NEMO) and named as NEMO-related protein (NRP). They found
that NRP was associated with Golgi apparatus and is de novo expressed by interferon and
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TNF-α [75]. Rezaie and colleagues coined the name optineurin (optic neuropathy-inducing
protein) after discovering that this molecule was associated with diseases such as normal
tension glaucoma and a subtype of primary open-angle glaucoma [76].

Optineurin is a 67 KDa intracellular protein found in different tissues [77], and optineurin gene
encodes an 884-amino acid protein and contains three noncoding exons and 13 exons that code
for a 577-amino acid protein [78]. The mRNA can be found in 3 isoforms as a result of alternative
splicing [74]. Optineurin has been described in different tissues such as spleen, kidney, skeletal
muscle, brain, heart, lung, pancreas, and eyes of various species: human, mouse, and chicken
[74, 78, 79]. The UPS is a very important pathway to recycle optineurin, but in situations where
optineurin is upregulated, the UPS is compromised and autophagy is induced to control the
optineurin levels [80].

Optineurin has different domains through which it can interact with different proteins. It
contains putative domains such as C-terminal zinc finger, leucine zipper domain [74], a LIR
domain [81], a NEMO-like domain [75], UBD domain [82], and various coiled-coil motifs [83].
In Figure 2, optineurin is shown and compared with other adaptor proteins involved in
selective autophagy.

Optineurin can participate in different biological activities because it has multiple domains,
which mediate the interaction with other proteins. For example, optineurin can interact with
Rab8 [83–85], transferrin receptor [86], serine/threonine kinase receptor-interacting protein 1
(RIP) [87], ubiquitin [88], and Myosin VI [61, 84], among others. The interaction of optineurin
with myosin VI [84, 89] is mediated by the UBD domain, and this interaction is important in
the fusion of secretory vesicles with the plasma membrane [90]. Also, it has been described
that macrophages from patients with Crohn’s disease where optineurin was under-expressed
fail to secrete pro-inflammatory cytokines [91], which suggest that optineurin can also be
involved in the vesicular transport of the autophagosomes.

As it was mentioned, the importance of optineurin in selective autophagy relies on their UBD
and LIR domains, through their interaction with specific cargo and the autophagy machinery
respectively. However, it has been reported that optineurin can recognize a target like a
superoxide dismutase 1 and huntingtin protein by an ubiquitin-independent pathway and
degrade protein aggregates through autophagy [92], and this recognition was related to the
C-terminal coiled-coil domain of optineurin.

LIR domain mediates the interaction of optineurin with autophagy machinery. The phosphor-
ylation of serine 177 on LIR domain by TANK-binding kinase 1 (TBK1) increases the affinity
of optineurin to LC3/GABARAP proteins [81, 93]. After the dominant phosphorylation at
serine 177, optineurin forms a strand with the beta-strand 2 of LC3B and phenylalanine 178
and isoleucine 181 are inserted into a hydrophobic pocket on the LC3B [93]. On the other hand,
the isomers of LC3 and the proteins of the GABARAP family interact with the machinery
involved in autophagosome elongation, which is recruited to LC3/GABARAP-optineurin.
Then, autophagy-related protein ATG4 is recruited to cleavage at the C-terminal of LC3/
GABARAP and exhibits phenylalanine and glycine amino acids, which participate in the
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conjugation of LC3/GABARAP with phosphatidylethanolamine (PE) [94] to complete auto-
phagosome formation finally.

Mitochondria are important and dynamic organelles, depending on energetic requirements of
the cells, mitochondria can undergo cycles of fusion and fission [95]. When mitochondria are
damaged, they suffer an increase in the rate of fission, and this results in their fragmentation.
Damaged and fragmented mitochondria are removed via mitophagy [28, 96]. The role of
optineurin in mitophagy has been recently studied. Mitophagy requires the interaction with
other proteins. First, damaged mitochondria are marked with ubiquitin by Parkin and PINK1.
Both proteins act in the ubiquitination of Mitofusin 1 and Mitofusin 2 when mitochondrial
depolarization was induced by carbonyl cyanide-m-chlorophenylhydrazone (CCCP) treat-
ment [97]. When mitochondria become depolarized, PINK1 accumulates on the mitochondrial
outer membrane and phosphorylates to Mitofusin 2, this allows their interaction with inactive
Parkin, and the subsequent activation of Parkin by PINK1 activates the Parkin ubiquitin ligase
activity [98]. This ubiquitination allows the interaction of optineurin with ubiquitinated
mitochondria through its UBD domain, and this recognition is similar to p62 and NIX [28].
After this initial recognition, optineurin recruits autophagy machinery around damaged
mitochondria to capture it into the autophagosome [96].

Xenophagy has been considered as an innate immune response against intracellular infections.
Xenophagy guided by optineurin has been poorly described, so it represents an interesting
and wide field of study. It has been described that xenophagy mediated by optineurin
participates in the intracellular control of S. enterica. For this activity, optineurin requires UBD
and LIR domains. It has been reported than when UBD domain was mutated, optineurin failed
to colocalize with S. enterica and when LIR domain was mutated, optineurin colocalized with
S. enterica but not with LC3. Also, TBK1 activity was necessary for the xenophagy mediated
by optineurin [81]. Tumbarello and colleagues found that optineurin, TAX1BP1, and NDP52
are important in xenophagy response against Salmonella typhimurium. Also, they found that
Myosin VI is necessary to restrict the replication of S. typhimurium, highlighting the role of
Myosin VI in the vesicular transport of autophagosomes containing S. typhimurium to lyso-
somes [99].

Due to the role of optineurin in the capture of unnecessary or damaged organelles, the lack or
the deficiency of optineurin has been associated with different pathologies such as amyotro-
phic lateral sclerosis [100], Paget’s disease of bone [101], normal tension glaucoma, and primary
open-angle glaucoma [102].

6. VCP/p97

Valosin-containing protein (VCP/97)—also called Cdc48p in yeast, p97 in Xenopus, CDC-48 in
Caenorhabditis elegans, or TER94 in Drosophila—belongs to the hexameric AAA (ATPases
associated with diverse cellular activities) family of proteins with two ATPase domains, D1
and D2. The structure of VCP/97 molecule includes N (1–187), D1 (209–460), D2 (481–761), and
C (762–806) domains, with two linkers: N-D1 linker (188–208) and D1–D2 linker (461–480)

Choosing Lunch: The Role of Selective Autophagy Adaptor Proteins
http://dx.doi.org/10.5772/63977

399



(Figure 2). VCP proteins form a barrel-like structure that comprises two ring-shaped layers
made of D1 and D2 AAA modules [103]. The diversity of cellular functions and the activity of
VCP/p97 are mediated by their interaction with a large number of protein cofactors. p97 forms
core complexes with the major cofactors, which include the proteins ubiquitin-X (UBX)
domain, the Ufd1 (ubiquitin fusion degradation 1)-Npl4 (nuclear protein localization homolog
4) heterodimer, and p47 [104]. Several works have established p97 as a principal element in
emerging functions of the UPS as was described in a review by Meyer et al. [104]. Nevertheless,
p97 lacks a LIR domain; recent reports now link to p97 with the autophagy. The first findings
of the involvement of p97 with autophagy were reported in studies of the multisystem
degenerative disorder characterized by inclusion body myopathy, frontotemporal dementia,
and Paget’s disease of bone (also known as IBMPFD) [105] which is associated with VCP
mutations. This disorder is characterized by the extensive accumulation of ubiquitin conju-
gates in affected tissues, and in IBMPFD patients the VCP mutations cause no damage in
ubiquitin-dependent degradation by the proteasome, but do impair maturation of ubiquitin-
containing autophagosomes. Further, the myoblasts derived from IBMPFD patients showed
accumulation of LAMP-1, LAMP-2, and LC3-II-positive vacuoles indicating that VCP/p97 is
essential to autophagosome maturation [106]. Additional work has provided evidence about
the role of Cdc48/p97 in the regulation of autophagosome biogenesis. In Saccharomyces
cerevisiae, it has been demonstrated that the participation of Cdc48/p77 in autophagy is
mediated by direct interaction of Shp1/Ubx1 cofactor with Atg8 PE-conjugated form [107].
Recently, it has been recognized the role of VCP/p97 in mitochondrial maintenance. On the
one hand, VCP/p97 was accepted as part of outer mitochondrial membrane-associated
degradation (OMMAD), functioning as retrotranslocase of ubiquitinated mitochondrial
proteins for degradation by UPS [108]. On the other hand, Tanaka and colleges showed that
p97 and proteasome activity are required to mitophagy mediated by Parkin protein [109]. The
role of VCP/p97 in xenophagy remains unexplored, which opens a new window to investigate.

7. Conclusion

Currently, autophagy is an attractive area of investigation. It has been recognized the partici-
pation of autophagy in homeostatic cellular functions, such as clearance of damaged organ-
elles, misfolded proteins, and microorganism, among others. Scientists have focused on
describing the molecular mechanisms responsible for the autophagy. Now, we know that
autophagy, far from beginning a random pathway, is a mechanism that elegantly regulates and
is highly orchestrated by several proteins. Some proteins have been identified as bridges
between the cargo and nascent phagophore, and recently studies are in process to know how
these proteins are working and how to interact with the complex autophagy machinery. Several
of these proteins share some structural characteristics, such as LIR domain, which allow the
direct interaction with LC3 protein. However, recently, studies have identified new proteins
that participate in selective autophagy but lack LIR domain, for example, VCP/p97 and Alfy.
The studies to know the precise mechanisms of interaction of these proteins are in process. The
understanding of the molecular mechanism that governs the autophagy represents an
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interesting field because many of these molecules could be manipulated to recover the cellular
homeostasis in several pathologies, where autophagy is involved.
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Abstract

Mitophagy is a selective form of autophagy that eliminates mitochondria and is part of
a larger network of mitochondrial quality control processes that respond to mitochon‐
drial  damage.  Treatment of  haematological  malignancies often involves drugs that
ultimately cause cell death by mitochondrial injury and initiation of apoptosis. Thus,
mitophagy  is  a  potential  cause  of  resistance  to  anticancer  drugs  that  target  the
mitochondria (mitocans). Since mitophagy is integrated to mitochondrial biogenesis,
mitochondrial fission and fusion, the bioenergetics profile and metabolic reprogram‐
ming of tumour cells, the blockage of mitophagy may not be sufficient to overcome
resistance. In addition, the mitochondrial unfolded protein response and the outer
mitochondrial  membrane‐associated  degradation  have  extensive  crosstalk  with
mitophagy, and advanced forms of neoplasms will  require targeting both systems.
Proteasome inhibitors and vinca alkaloids target many of the critical steps involved in
resistance  to  mitocans,  while  inducers  of  mitochondrial  turnover  (biogenesis  and
mitophagy) like valproic acid have a variable effect depending on metabolic reprog‐
raming and the activity of oxidative phosphorylation of tumour cells. Here we discuss
the mechanisms of mitophagy and its associated mechanisms, and discuss its applica‐
tion to the rationale of  targeted combined therapies of  low‐ and high‐grade B‐cell
neoplasms.

Keywords: mitocans, arsenic trioxide, BNIP3, Parkin, aggresome, Proteasome inhibi‐
tors, valproic acid, vincristine, mitochondrial dynamics, mitochondrial turnover, met‐
abolic reprogramming, lymphoma, myeloma, chronic lymphocytic leukemia (CLL)
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1. Introduction

Autophagy is a cell response that aims to recycle proteins, cytoplasmic components and even
organelles particularly under starvation conditions [1]. Mitochondria are one of the many
organelles and cytoplasmic components that can be identified as the cargo within autopha‐
gosomes. More recently, this kind of autophagy has been referred to as bulk or non‐selective
autophagy, to underscore that there is no particular selection of the cellular components that
may enter the autophagy process.  The main driver of nutrient depletion autophagy is a
catabolic response to provide amino acids and support metabolic pathways such as gluco‐
neogenesis and ketogenesis. By contrast, mitophagy is defined as the selective autophagy of
mitochondria [2].  In fact,  elimination of mitochondria is  particularly avoided in nutrient
depletion autophagy. Since mitochondria is the source of ATP in normoxia, supports lipid
biosynthesis, gluconeogenesis, ketogenesis and many other metabolic functions that take place
precisely under nutrient depletion, mitochondria are spare as much as possible under catabolic
conditions [3].  One of the first metabolic contexts where mitochondria were found to be
eliminated with selectivity was hypoxia. Even under normal nutrient conditions, cells exposed
to  hypoxia  will  undergo increased oxidative  stress.  The  absence  of  O2  causes  abnormal
function of the electron transport chain (ETC) and oxidative phosphorylation (OXPHOS), and
this leads to increased superoxide anion leakage and reactive oxygen species (ROS) production
[4]. The main driver of response to hypoxia is the increase in mitochondrial ROS, which
stabilizes the hypoxia inducing factor 1α (HIF‐1α) by preventing its proteasome degradation.
HIF‐1α is a transcription factor that orchestrates an array of changes in mitochondrial proteins
to  reduce  OXPHOS  and  particularly  promotes  mitophagy  resulting  in  the  reduction  of
mitochondrial  mass.  Nevertheless,  mitophagy  may  occur  under  many  other  conditions
leading to abnormal function of mitochondria, particularly if it involves increased mitochon‐
drial  ROS  (mtROS).  Increased  mtROS  can  lead  to  collapse  of  mitochondrial  membrane
potential  (MMP),  mitochondrial  outer  membrane  permeabilization  (MOMP),  release  of
cytochrome c and initiation of intrinsic apoptosis. However, elimination of mitochondria by
mitophagy prior to MOMP may prevent apoptosis particularly if the production of mtROS is
not massive.

We review how mitophagy is integrated to mitochondrial quality control (QC), mitochon‐
drial turnover and mitochondrial dynamics, and we discuss the interdependency with the
bioenergetics profile of the cell. This knowledge will be further considered to discuss its im‐
plication in resistance to treatment of haematological malignancies, and how combined
therapies can be selected to target mitophagy, mitochondrial biogenesis and compensating
mechanisms of resistance that involve the ubiquitin proteasome system (UPS), particularly
in the most aggressive forms of lymphomas. We discuss the use of drugs already in clinical
use that may be potentially combined based on their recognized effects on mitophagy, au‐
tophagy and mitochondrial biogenesis. We finally discuss methods that can help determine
the status of resistance mechanisms based on mitophagy in lymphoma cells obtained from
patients.
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2. Mitophagy and mitochondrial turnover

2.1. Mitophagy is coupled to biogenesis and both occur at perinuclear areas

Mitochondria are far from being static and frequently change their shape and size. Even in a
single cell they are not equal to one another, a condition called heteroplasmy, and there is still
a great variation depending on the cell type. Recently the term “mitochondrial behaviour” was
proposed to embrace all these properties and states, underscoring the need to integrate the
many dimensions of mitochondrial study [5]. Mitochondria spread around the cell by attaching
to the microtubule network and move to the areas of high energy demands to provide
OXPHOS‐derived ATP. Even though mitophagy reduces the mitochondrial mass, this process
is coupled to mitochondrial biogenesis through a homeostatic loop, in order to keep the
mitochondrial mass in accordance with the bioenergetics demands of the cell [6]. Mitochon‐
drial biogenesis requires duplication of mitochondrial DNA (mtDNA), the expression of new
mtDNA‐coded proteins, nuclear DNA‐coded mitochondrial proteins and a huge work of
mitochondrial protein import. This process is controlled by the peroxisome proliferator‐
activated receptor gamma coactivator 1‐alpha (PGC‐1α) transcription factor that regulates the
expression of a large number of nuclear‐encoded mitochondrial genes. Biogenesis involves
elongation of existing mitochondria and further fission of the newly formed units (Figure 1).
In fact, what is known as a mitochondrion may contain several units, each one with a single
copy of mtDNA forming a nucleoid, and a completely assembled respiratory chain complex.
Remarkably, the process of elongation and protein import associated with biogenesis occurs
in perinuclear mitochondria [7]. The induction of biogenesis after mitophagy is often referred
as the nuclear retrograde response, and is an important regulator of mitochondrial turnover
because it leads to changes in the grade of heteroplasmy of the entire mitochondrial network.
In cases of mutated mtDNA the grade of heteroplasmy may be critical for the severity of
mitochondrial damage or malfunction.

2.2. Mitophagy is initiated after mitochondrial fission

Mitochondrial biogenesis involves elongation and fission, but fission also occurs apart from
biogenesis [8]. In fact, mitochondria may be divided at positions dictated by a surrounding
endoplasmic reticulum (ER) that corresponds to the joint between internal units. These sites
are known as sites of ER‐associated mitochondrial division (ERMD) [9]. At these sites dynamin
relates protein 1 (DRP1) is recruited to constrict and further split mitochondria during fission
(Figure 1). Fission allows the segregation of individual units with impaired or abnormal
function that can no longer sustain a normal OXPHOS, the MMP, and the production of ATP
[10]. Mitochondria with otherwise normal function can fuse again by the activation of Mfn1
and Mfn2, which accomplish fusion of the outer mitochondrial membrane (OMM), and OPA1
that completes fusion of internal mitochondrial membrane (IMM) [5]. In contrast, segregated
mitochondria with abnormal function can no longer fuse again due to inactivation of Mfn1
and OPA1 particularly due to collapsed MMP. Thus, fission and segregation of mitochondria
with collapsed MMP is the first step in the process of mitophagy (Figure 1) [10]. During
mitophagy, the tip‐ends of split mitochondria are kept sufficiently closed to prevent MOMP
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and cytochrome c release [11]. However, the particular phospholipid cardiolipin (CL), which
is normally concentrated in the IMM, is partially exposed at the OMM. CL at the OMM acts
as an “eat me” signal to initiate mitophagy, much in the same way as phophatidylserine acts
as an “eat me” signal in the cell membrane during apoptosis [12]. The collapse of MMP acts to
stabilize Pink1 and recruits the E3 ubiquitin ligase Parkin, while further attachment of p62 at
the OMM initiates the formation of the mitophagosome [13]. In contrast to mitophagy, during
intrinsic apoptosis the entire mitochondrial network undergoes fission, and at these tip‐ends
occurs a massive oxidation of CL that leads to MOMP, cytochrome c oxidation and further
release to the cytosol.

Figure 1. Transitional states of mitochondria.

Mitochondria undergo rounds of fusion and fission. Mitophagy is initiated after fission as part
of mitochondrial quality control. Fission involves Drp1, while fusion requires Mfn1, Mfn2 and
OPA1. Parkin and BNIP3 are the two most common mitophagy receptors. Mitophagy is
coupled to biogenesis through the retrograde nuclear signalling. Mitochondrial biogenesis is
initiated by mtDNA duplication and elongation, with assembly of a completely new nucleoid
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and respiratory unit. The elongated mitochondria start undergoing fission ad fusion. Mitocans
are anticancer drugs that target the mitochondria and induce intrinsic apoptosis after inflicting
different sorts of mitochondrial damage. Mitophagy can counterbalance this damage by
removing compromised mitochondria; while mitochondrial biogenesis completes a turnover
cycle by maintaining mitochondrial mass. Valproic acid (VPA) induces mitophagy by upre‐
gulation of BNIP3 and mitochondrial biogenesis by upregulating PGC‐1α.

2.3. Bioenergetics implications of mitochondrial fusion and fission-metabolic
reprogramming

Mitophagy and mitochondrial biogenesis do not provide a complete picture of the regulation
of mitochondrial network, unless it is integrated to the metabolic changes associated with
mitochondrial dynamics, which is a term that is used to refer collectively to mitochondrial
fusion and fission. A hyperfused network in normoxia often denotes a high respiratory rate
with high OXPHOS activity, O2 consumption, ATP production, high MMP and increased
mitochondrial mass. The cycles of fission and fusion contribute to exchange mitochondrial
components, dilute any defects and improve efficiency of respiration. In contrast, a network
with a predominance of fission is often indicative of low OXPHOS‐derived ATP, low O2

consumption, high glycolysis rate and decreased mitochondrial mass, with low exchange of
mitochondrial components. Metabolic reprogramming is a characteristic of cancer cells that
enhances their ability to survive under adverse conditions such as hypoxia and nutrient
deprivation [14]. Cancer cells may use either glycolysis or OXPHOS as a source of ATP, and
these two alternatives may be not mutually exclusive, and can vary during the progression of
the disease depending on several factors. OXPHOS redirection towards lipid and protein
synthesis, truncation of Krebs’s cycle and glycolysis can all be regulated to support tumour
growth, meeting particular demands that appear under harsh growing conditions, such as
glucose and other nutrients deprivation, lack of oxygen and the expression of particular
oncogenes [15]. The oncogene c‐MYC, which is characteristically overexpressed in high‐grade
Burkitt´s lymphoma, participates in this regulation through the expression of genes required
for either OXPHOS or glycolysis [15]. We will next consider a heterogeneous group of B‐cell
lymphomas as an example to discuss the role of mitophagy in disease progression and
response to treatment with a particular emphasis on metabolic reprogramming.

2.4. Metabolic features of low- and high-grade lymphomas

Mature B‐cell neoplasms are broadly classified as low‐grade (indolent) and high‐grade
(aggressive) considering the severity of symptoms, rate of progression and response to
treatment [16]. The most frequent low‐grade B‐cell neoplasm is chronic lymphocytic leukaemia
(CLL) also denoted as small lymphocytic lymphoma. Among high‐grade B‐cell lymphomas,
the most frequent ones are diffuse large B cell lymphoma (DLBCL) and Burkitt´s lymphoma.
CLL is a small cell lymphoma with a large number of non‐dividing mature B‐cells circulating
in the peripheral blood. These B‐cells may enter the lymph nodes where they can survive under
a hypoxic environment (hypoxic niche), receive growth signals and replicate in a location often
protected from the effect of anticancer drugs. However, CLL cells circulating in the peripheral
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blood show activated HIF‐1α, even though they are exposed to normoxic conditions. Progres‐
sion of CLL often leads to a transformation into high‐grade lymphomas such as DLBCL, a
process designated as Ritcher´s transformation [17]. Metabolic reprogramming parallels to
some extent the grading and aggressiveness of these lymphomas [18]. In one extreme, CLL
cells appear as small mature lymphocytes with metabolic features much similar to normal B‐
cells. This includes an efficient use of OXPHOS, low rates of glycolysis with a peripheral
arrangement of predominantly fused mitochondria. By contrast, high‐grade lymphoma cells
appear as large immature cells with very high rates of glycolysis, low use of O2 and OXPHOS,
high production of lactic acid and an extensive use of glucose and glutamine. High‐grade
lymphomas may show high rates of mitophagy and autophagy with a network distribution
that is often more perinuclear than peripheral [19]. When metabolically reprogrammed cells
do not derive ATP from OXPHOS, they are less vulnerable to mtROS under hypoxia.

2.5. Mitophagy and metabolic reprogramming cause resistance to mitocans

Mitocans are a heterogeneous group of anticancer drugs that target the mitochondria and
initiate apoptosis [20]. Mitocans may enhance OXPHOS (hexoquinase II blockers, sodium
dichloroacetate, 2‐bromopyruvate), block the ETC (tamoxifen, adaphostin), oxidize thiol
groups and deplete mitochondrial glutathione (arsenic trioxide) or destabilize VDAC.
Eventually, mitocans increase mtROS and initiate apoptosis by inducing MOMP. Mitocans like
arsenic trioxide (ATO) are used to treat promyelocytic leukaemia but other haematological
malignancies are often resistant [21]. ATO targets the ETC and oxidizes thiol groups by
increasing mtROS. Metabolic reprogramming and mitophagy can have a great influence in
resistance to the induction of apoptosis by ATO or other mitocans. In low‐grade lymphomas
mitocans like ATO that target the ETC and alter OXPHOS, induce massive mtROS and trigger
apoptosis. However, the cytotoxicity of ATO is significantly reduced in high‐grade lymphomas
because of their low OXPHOS‐dependency and high rates of mitophagy with increased
mitochondrial turnover [19]. ATO as other mitocans can hardly inflict mitochondrial damage
in these OXPHOS‐independent cells, and in addition, damaged mitochondria are effectively
replaced by a high mitochondrial turnover. A high rate of mitochondrial biogenesis is also
required to assist rapid proliferation, which is a characteristic feature of these high‐grade
lymphoma cells.

2.6. Transport of mitophagosomes over the microtubule network

Mitophagy is initiated after fission and segregation of mitochondria with collapsed MMP. The
first step involves the role of the E3 ubiquitin ligase Parkin [13]. Many proteins of OMM become
ubiquitinated by Parkin. Among these Mfn1, Mfn2, Miro and Paris help to highlight the
interaction of mitophagy with mitochondrial turnover and dynamics. Ubiquitination of Mfn1
precludes further fusion, ubiquitination of Miro immobilizes mitochondria and fixes it to the
microtubule network, and ubiquitination of Paris causes an increase in the expression of
PGC‐1α, initiating the nuclear retrograde signalling that leads to biogenesis [22, 23]. Interest‐
ingly, Parkin is able to carry on K48 and K63 linked polyubiquitination, but recent studies
support a preferential K63, K11 and K6 links for Parkin [24]. While K48 is a polyubiquitin
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modification known to target proteasome degradation, K63‐linked polyubiquitin has been
more specifically related to mitophagy, and even the mitochondrial deubiquitinase (DUB)
USP30 was shown to block Parkin‐mediated mitophagy by selectively eliminating this kind of
polyubiquitins [25]. The ubiquitination of OMM proteins recruits p62, a linker molecule that
has a ubiquitin binding domain (UBD) and a LC3 interaction region (LIR) domain, and recruits
LC3 to initiate the formation of the mitophagosome by sequestering the ubiquitinated
organelle (Figure 2) [26]. This initial phase has extensive opportunities for crosstalk between
the UPS and mitophagy. A mitophagy receptor is defined as a molecule that is shuttled to the
OMM, where it interacts with LC3 or gamma‐aminobutyric acid receptor‐associated protein
(GABARAP) to initiate the mitophagosome formation [27]. BNIP3 and NIX are two mitophagy
receptors that respond to increase in mtROS by inserting into the OMM [28]. These BH3‐only
molecules of the Bcl2 family have an LIR domain to initiate the formation of the LC3‐decorated
mitophagosome, even in the absence of p62 (Figure 2). BNIP3 can even cause the recruitment
of Parkin to the OMM facilitating also the p62‐dependent mitophagy pathway. Nix in particular
is responsible for mitophagy during the normal maturation of erythrocytes [29]. The matura‐
tion of mitophagosomes ultimately leads to the fusion with lysosomes. This requires the
transport of mitophagosomes along the microtubule network and is critical to complete the
mitophagy process. The encounter of mitophagosomes and lysosomes often occurs at the
perinuclear area at the minus end of the microtubule network. This is often quite evident in
high‐grade lymphoma cells as well as other aggressive tumour cells. In fact, the term mito‐
aggresome has been used to describe the occurrence of this end stage of mitophagy at the
perinuclear area [30]. Mitochondrial elongation and biogenesis occur in mitochondria located
at the perinuclear area. Thus, mitophagy and the nuclear retrograde response appear to occur
at perinuclear location, having significance to interpret the occurrence of perinuclear mito‐
chondrial clusters (PNMC) in high‐grade B‐cell neoplasms as suggestive of high basal
mitochondrial turnover [19].

2.7. Mitophagy and the mitochondrial unfolded protein response (mtUPR)

The term aggresome is used to describe aggregates of ubiquitinated proteins located at
perinuclear areas. These perinuclear areas close to the microtubule organizing centre (MTOC)
are enriched with proteasomes and function as proteolytic centres. Aggresomes are formed
when these proteolytic centres are no longer able to cope with an overload of misfolded
ubiquitinated proteins [31, 32]. The transport of ubiquitinated proteins to the proteolytic
centres depends on dynein motor‐proteins that move along the microtubule network towards
the minus end at the MTOC. Elimination of misfolded proteins and aggresome formation are
part of the unfolded protein response (UPR) that occurs upon ER‐stress [33]. Impaired
proteolysis by inhibition of proteasomes increases the occurrence of aggresomes. Once
aggresomes are formed, they cannot be cleared by proteasomes and in fact, persistence of
aggresomes leads to proteasome inhibition and apoptosis. However, aggresomes may be
cleared by autophagy. This involves a modification of K48‐linked polyubiquitination to K63‐
linked polyubiquitination and involves the histone deacetylase HDAC6 [34]. Mitochondria
have their own protein QC system that includes the proteases Lon and ClpX in the matrix, and
i‐AAA in the inter‐membrane space. The mitochondrial unfolded protein response (mtUPR)
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is regulated by the transcription factor CHOP and involves upregulation of proteases and
chaperones [35]. When this system is overloaded, misfolded mitochondrial proteins are
exposed at the OMM where they become ubiquitinated and shuttled for proteasome degra‐
dation. Because of the similarity with ER‐associated degradation (ERAD), this mitochondrial
process has recently been designated as OMM‐associated degradation (OMMAD) [2]. This
stress pathway functions as a mitochondrial protein QC independently of mitophagy and may
be similar to the ER‐stress associated UPR, involving K48 ubiquitination of OMM misfolded
proteins [35]. Mitochondrial UPR and mitophagy work in an integrated manner. If the amount
of mitochondrial damage is low, mtUPR and OMMAD may be enough to achieve the required
mitochondrial protein quality control. However, a more severe damage would require
mitophagy as a higher level of mitochondrial quality control leading to recycling of the whole
organelle.

Figure 2. Mitophagy, OMMAD and ERAD require oriented transport through microtubules.
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2.8. The transport to the perinuclear region in UPR and mitophagy

The transport of mitophagosomes and autophagosomes along the microtubule is required for
fusion with lysosomes [36]. In fact, not only mitophagosomes and autophagosomes but also
the entire mitochondrial network moves along microtubules. Mitochondrial biogenesis,
fusion, fission and mitophagy also occur over the microtubule network, and drugs affecting
the microtubule network have a profound impact on all of these processes. Microtubules
metaphorically represent the railways over which cargo‐carrying motor‐proteins move along.
Kinesins are motor‐proteins that carry cargo towards the positive end of microtubules that is
at the cell periphery. In contrast, dyneins carry cargo towards the minus end at the perinuclear
area. In a pioneer study, Lee et al. used nocodazole and overexpression of dynamitin to cause
inhibition of the motor‐protein dynein, and prove that QC mitophagy involved the transport
of mitophagosomes through motor‐proteins towards the perinuclear area, to fuse with
lysosomes at the PNMC (Figure 2) [30]. Even though mitophagy can be blocked very specifi‐
cally by knocking down the motor‐protein dynein, blocking the dynamics of the microtubule
has a profound impact on all motor‐proteins moving along the network. Vincristine, as other
vinca alkaloids, binds to α tubulin and prevents further polymerization, leading to a complete
destabilization of the network. These drugs compromise the entire dynamics of the microtu‐
bule network and have profound impact on all cargo‐carrying motor‐proteins (Figure 2). This
explains why cells are arrested in metaphase during mitosis, but also explains why mitophagy
and UPR are blocked, and why the PNMC and proteolytic centres are disrupted.

The UPR is a protein quality control mechanism that upregulates proteases and chaperones in
response to misfolded and damaged proteins. The OMMAD functions in a similar way as the
ERAD. In ERAD and OMMAD, ubiquitinated proteins are transported through microtubules
to the proteolytic centres where proteasomes are clustered. Similarly, mitophagosomes are
transported to the perinuclear region to fuse with lysosomes. Dynein motor‐proteins transport
cargo towards the minus end close to the microtubule‐organizing centre (MTOC). Vincristine
as other drugs affecting microtubule dynamics block transport and halt ERAD, OMMAD and
mitophagy. Bortezomib may create an overload of toxic misfolded ubiquitinated proteins at
the ER and mitochondria.

2.9. Cancer cells may be addicted to UPR and mitophagy

For several reasons, cancer cells may be adapted to an abnormally high load of misfolded
proteins. One of the best examples is that of multiple myeloma cells [33]. These are malignant
post‐germinal centre B lymphocytes that actively produce and secrete immunoglobulins. Due
to the huge amount of protein synthesis, myeloma cells are liable to ER‐stress and therefore
require activation of the UPR, induction of chaperones and autophagy for survival [37]. A
significant number of genes involved in the UPR are frequently mutated in patients with
multiple myeloma, and the UPR is highly active and increases in advanced disease stages [37].
Multiple myeloma cells may be addicted to the UPR for survival, and drugs that target protein
homeostasis, such as proteasome inhibitors, shift the balance of the UPR from prosurvival to
proapoptotic. However, myeloma cells further evolve alternative mechanisms to deal with ER‐
stress such as autophagy, and the disease remains incurable mainly due to therapy resistance.
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Remarkably, the mitophagy receptor BNIP3 is also upregulated in advanced forms of multiple
myeloma [38]. Most myeloma cells reside in a bone marrow hypoxic niche, and hypoxia
increases ER‐stress and upregulates UPR to deal with an overload of misfolded proteins at the
ER and the mitochondria. Therefore, the UPR and mitophagy may be crucial to avoid the
potential joint toxicity of undegraded misfolded proteins and damaged mitochondria.

2.10. Targeting mitophagy and the UPR with microtubule stabilizing drugs

Several mechanisms of resistance to proteasome inhibitors have been elucidated. The thera‐
peutic targeting of UPS and UPR has similarities to the therapeutic targeting of mitophagy,
and the potential resistance mechanisms may be comparable. Unfolded protein response and
mitophagy are flows that may be potentially toxic after being halted. When proteasome is
inhibited, the halted flow of proteolysis becomes lethal to the cells, due to accumulation of
misfolded proteins. Similarly, when mitophagy is inhibited, the halted flow of elimination of
damaged mitochondria becomes potentially lethal to the cell. However, as discussed before,
mitochondria have an internal protein QC mechanism represented by the mtUPR that involves
chaperones and proteases. In addition, it can target misfolded proteins to the OMM for further
ubiquitination and shuttling to the proteasome (OMMAD). This means that blocking mitoph‐
agy does not warrant an accumulation of potentially lethal organelles that trigger apoptosis.
Remarkably, by destabilizing the microtubule network, both the UPR and mitophagy become
halted. Therefore, the microtubule network is a target where mitophagy, OMMAD and ERAD
are convergent and lead to accumulation of ubiquitinated misfolded proteins and mitochon‐
dria (Figure 2). However, achieving a misfolded protein accumulation capable of causing
mitochondrial toxicity and an increase in ER‐stress, requires the concurrent inhibition of
proteasomes. In a similar way, lethality of mitochondria accumulation depends much on the
quality of mitochondria and factors such as mtROS level. The latter is much influenced by
metabolic reprogramming and the rate of OXPHOS dependency. As commented above,
aggressive neoplasm often have low OXPHOS activity, and damage inflicted to the ETC may
have a low impact in increasing mtROS. This situation accounts for resistance to mitocans and
tolerance to accumulation of damaged mitochondria. However, there are mitocan drugs that
make tumour cells shift to OXPHOS, and thus they can become vulnerable to increased mtROS.
This is the case of 2‐deoxyglucose (2DG) and 3‐bromopyruvate (3BP) that block mitochondrial‐
bound hexokinase and of dichloroacetate (DCA) that blocks pyruvate‐dehydrogenase‐kinase
(PDK) [39]

2.11. The pro-death role of mitophagy receptor BNIP3

BNIP3 is a “BH3‐only member” of the Bcl2 family that was originally described as a pro‐death
molecule that often triggers a caspase‐independent mode of apoptosis. More recently, BNIP3
was also characterized as a mitophagy receptor, and created a controversy about whether it
was a pro‐death or pro‐survival molecule [28]. Supporting its pro‐death role, the knock‐ down
of autophagy genes or the chemical inhibition of autophagy, enhanced apoptosis of cells where
BNIP3 was overexpressed. However, BNIP3 upregulation enhances mitophagy and may help
to eliminate potentially harmful damaged mitochondria [40]. The reconciliation of this dual
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role controversy requires the consideration of mitophagy as a flowing system. If accumulation
of mitochondrial BNIP3 triggers cell death, then the rate of mitophagic flow must be suffi‐
ciently high to eliminate these BNIP3‐bearing mitochondria. Otherwise, if mitophagy is
blocked downstream, the result is that BNIP3 is accumulated at the mitochondria initiating
cell death. In normal cells, BNIP3 is under transcriptional control of HIF‐1α, and the most active
inducer of BNIP3 is hypoxia and the increase of intracellular ROS [41]. BNIP3 targets to
damaged mitochondria particularly under increase of intracellular ROS to initiate mitophagy.
If mitophagic flow is not high enough to eliminate mitochondria, BNIP3 will induce cell death,
otherwise mitophagy eliminates damaged mitochondria contributing to cell survival and
tolerance to hypoxia. Thus, the pro‐death role of BNIP3 is dependent on a balance between
mitochondrial damage and mitophagic flow [19].

2.12. Valproic acid upregulates BNIP3 but also induces mitochondrial biogenesis

Downregulation of BNIP3 may result in failure of tumour cells to undergo cell death, and is
associated with a chemo‐resistant phenotype and decreased patient survival [42]. Samples
from patients with multiple myeloma were found methylated at the BNIP3 promoter, and
methylation was significantly correlated with poor patient survival rates [43]. The finding that
many haematological and other tumour cells have epigenetic silencing of BNIP3, led to the
hypothesis that epigenetic drugs that restore expression of BNIP3 could cause tumour cell
death. In fact, this was confirmed in some kinds of lymphoma, leukaemia and epithelial
tumours. Burkitt´s lymphoma cells have epigenetic silencing of BNIP3 and VPA is a histone
deacetylase (HDAC) inhibitor that upregulates expression of BNIP3. However, upregulation
of VPA improves growth and resistance to death in these cells, and even antagonizes the effect
of mitocans like ATO and improves tolerance to hypoxia [19]. Even though VPA increases the
expression of BNIP3 in high‐grade lymphoma, microarray data from studies conducted in low‐
grade lymphoma cells (CLL) showed that VPA upregulates BNIP3 and many other mitochon‐
dria‐related genes, including PGC‐1α that encodes a master regulator of mitochondrial
biogenesis [44]. Upregulation of PGC1α by VPA was also confirmed in SH‐SY5Y neuroblas‐
toma cells, and even in fibroblasts from patients with mutation in mtDNA polymerase (POLG)
as well as normal controls [45, 46]. Thus, VPA induces mitochondrial biogenesis through
PGC‐1 α and upregulates mitophagy through BNIP3, leading to an increase in mitochondrial
mass and an enhanced mitochondrial turnover [44]. This results in an enhanced metabolic rate
and increased OXPHOS. Patients with POLG mutation are extremely sensitive to VPA toxicity
because, in contrast to normal patients, POLG‐deficient cells cannot tolerate the increased
function of mitochondrial respiratory chain [46]. This exemplifies the fact that defective
mitochondria cannot tolerate increased OXPHOS derived from increased biogenesis. It also
underscores the importance of metabolic reprogramming and the bioenergetics profile of
cancer cells on the outcome of increased mitochondrial biogenesis. Metabolically reprogram‐
med cells of high‐grade lymphomas that have a low rate of OXPHOS and a high rate of
glycolysis can tolerate increased biogenesis. In contrast, low‐grade lymphoma cells that are
OXPHOS‐dependent with low levels of glycolysis will increase OXPHOS upon induction of
mitochondrial biogenesis by drugs like VPA, leading to increased mtROS and apoptosis. This
was confirmed recently in studies conducted in peripheral blood circulating cells obtained
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from CLL patients, where VPA treatment is correlated with the upregulation of several genes
involved in apoptosis [47]. In addition, VPA was synergic with fludarabine on the induction
of apoptosis, and CLL patients treated with VPA plus fludarabine had a better outcome than
patients treated with fludarabine alone. In contrast, the effect of VPA in high‐grade B‐cell
neoplasms such as Burkitt´s lymphoma is quite the opposite, providing survival advantage
even under hypoxia and antagonizing the apoptotic effect of ATO that is a mitocan known to
increase mtROS [19].

2.13. Mitophagy and bioenergetics profile in the cytotoxic response to mitocans

From the above discussion, it is clear that the pro‐death effect of mitocans is dependent on
several interacting factors such as the bioenergetics profile and the induction of increased
mtROS, mitochondrial mass, mitochondrial dynamics and mitophagic flow. VPA influences
many of these factors, but the bioenergetics profile appears critical in determining the sensi‐
tizing or resistance effect in combination with mitocans. The initiation of intrinsic apoptosis
by mitocans demands achieving a critical threshold of damage across the mitochondrial
network. If the mitochondrial damage inflicted by a mitocan is persistent, an increase in
mitochondrial biogenesis may result in an increased amount of damaged mitochondria and
an overload of mitophagic flow. However, mitophagic flow coupled to biogenesis may be high
enough as to keep the cells below the apoptotic threshold. Thus, the efficacy of mitocans will
increase if mitophagic flow is blocked, and conversely the anticancer efficacy of blocking
mitophagy will be enhanced with the addition of mitocans. However, blocking mitophagy
may still leave an overloaded mtUPR, and in the more aggressive forms, the addition of
proteasome inhibitors will contribute to increase damage inflicted by mitocans and blockage
of mitophagy [19]. Finally, mitocans such as 3BMP, 2DG and DCA may sensitize to mtROS
production in OXPHOS‐independent aggressive forms of neoplasms. The induction of
mitochondrial biogenesis and blockage of mitophagy present a certain analogy with thera‐
peutic strategies that induce ER‐stress to create an overload of the UPS, while at the same time
a proteasome inhibitor makes the overload even larger and more toxic. However, in the case
of mitochondria, there is a further need to assure that treatment makes them a real source of
toxicity to the cells, and this involves mitocans and evaluation of the bioenergetics profile of
the target cells.

3. Assessing basal mitophagic flow in lymphoma cells

Lymphoma cells can be obtained from peripheral blood or lymph node biopsies of patients to
be analysed for biological features involved in drug sensitivity, including mitophagic flow and
mitochondrial biogenesis. Mitophagy and biogenesis can be considered in a steady state that
determines the actual mitochondrial mass. As discussed above, this turnover can have a
profound impact on the threshold of mitochondrial damage that initiates apoptosis. This is a
reason why assessing the basal rate of mitophagy provides a first approach to predict sensi‐
tivity to mitocans, and provides a preliminary rationale for combined therapies. Since
mitophagy has to be interpreted as a flow, inhibitors provide an indication of the magnitude
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of this flow. Accumulation of mitochondria occurs after halting mitophagy, while biogenesis
is still active. Thus, the change in mitochondrial mass after halting mitophagy is an indicator
of mitophagic flow [48]. Colocalization between autophagosomes and mitochondria can also
provide an indicator of mitophagy. When mitophagosome formation is blocked upstream,
such as by knocking down ATG genes or using chemical inhibitors of the initiation of autoph‐
agy, colocalization of mitochondria and autophagosomes decreases. By contrast, when
mitophagy is blocked downstream, as for example with vincristine or other inhibitors of
autophagosome‐lysosome fusion, colocalization between autophagosomes and mitochondria
will increase. The morphology and dynamics of the mitochondrial network also provide
interesting information. Since fission is the first step in mitophagy and is required after
elongation during biogenesis, a high rate of basal mitophagy will often show a fragmented
network particularly at the perinuclear area. A fragmented PNMC is characteristic of high rates
of basal mitophagy and biogenesis. The use of vincristine or other microtubule stabilizing
drugs will show a disruption of the PNMC and a transition to a peripheral distribution of the
fragmented network.

3.1. Methods to assess mitochondrial mass and mitophagosomes

Changes of mitochondrial mass can be traced by quantifying mtDNA using QPCR, by
immunochemical methods such as western blot using antibodies directed against proteins of
the OMM like TOM20, or at the single cell level using flow cytometry, with probes such as
mitotracker or nonyl‐acridine‐orange (NAO) that binds to mitochondrial CL (Figure 3).
Colocalization between mitochondria and autophagosomes requires a probe for each structure
and microscopic analysis. One alternative is immunofluorescence with anti LC3 antibodies
and the fixable series of mitotrackers [49]. A second alternative is transient transfection with
a plasmid for expression of GFP‐LC3 together with mitotracker. A third alternative is the use
of mono‐dancylcadaverine (with UV excitation and collecting a narrow band of blue fluores‐
cent emission) and mitotracker [50, 51]. These are just some reference alternatives and many
more can be found elsewhere [49, 50]. Some less frequently used, although more robust
alternatives in quantitative aspects, are image flow cytometry and subcellular flow cytometry
(Figure 3). The former relies on colocalization metrics derived from thousands of low
magnification images obtained in flowing cells, while the latter refers to the analysis by flow
cytometry of subcellular particles obtained from cells that have fluorescently labelled auto‐
phagosomes and mitochondria, in order to quantify those particles that have dual fluorescence
as an indicator of colocalization [52, 53]. Although assessment of LC3‐I and LC3‐II by western
blot can give a measure of bulk autophagy (which is often present in lymphoma cells), it does
not provide the confidence that mitochondria are being part of that autophagic flow. Therefore,
assessment of mitochondrial mass and colocalization is necessary. Another alternative to
derive a measure of mitophagic flow using western blot, is the use of antibodies against
mitophagy receptors such as BNIP3 or Parkin. The accumulation after the addition of flow
inhibitors can also provide a measurement of mitophagic flow. This alternative is particularly
interesting for clinical samples since no transfection is required, although caveats such as
epigenetic silencing of BNIP3 should be considered in each case. The expression of tandem
proteins combining monomeric red fluorescence protein and green fluorescence protein
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(mRFP‐GFP) facilitates the monitoring of formation and maturation of autophagosomes, and
the late stage after fusion with lysosomes. Because GFP but not mRFP fluorescence is quenched
by low pH, the autophagosomes are “green‐red” double fluorescent but autophagolysosomes
are red‐only fluorescent. This allows using the ratio single red versus double fluorescence as
an indicator of autophagic flux without the need of inhibitors [54]. This measure should be
complemented with colocalization between autophagosomes and mitochondria. A new
alternative is a similar construction that includes the coding of mitochondria targeting domain,
and allows tracking of mitophagosomes until fusion with lysosomes and a direct measurement
of mitophagic flux [55]. Each of these methods has its strengths and limitations to measure
mitophagic flux, and the use of more than one method has been widely recommended [50].
The measurement of turnover as a result of biogenesis and mitophagy has been recently
facilitated with tandem probes that exploit the spectral change of the protein DsRed1‐E5 over
time (from green to red fluorescent). This probe is called mitotimer, includes a mitochondrial
targeting sequence and its expression is under the control of doxycycline [56]

Figure 3. Fission is the first step of mitophagy.
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Gamma‐aminobutyric acid receptor‐associated protein (CCCP) is an uncoupler of OXPHOS
that causes massive depolarization and increases mtROS due to leakage of superoxide anion
from the ETC. This generalized mitochondrial damage triggers mitophagy as a compensating
response, and CCCP is thus commonly used as a positive control of bulk mitophagy. In panel
A, Burkitt´s lymphoma cells were exposed to increasing doses of CCCP and analysed by flow
cytometry. CL content was assessed by the NAO probe (x‐axis) and MMP was assessed by
tetramethylrhodamine ethyl ester (TMRE) probe (y‐axis). Although CCCP caused collapse of
MMP as evaluated at 30 min, panel B shows that by 72 h MMP was completely recovered in
cells treated with 10 and 30 µM CCCP. An evaluation of mitochondrial fission by subcellular
flow cytometry is shown in panel C. Labelled cells were ruptured and immediately run in a
flow cytometer, acquiring only particles having NAO fluorescence that corresponded to
isolated mitochondria (m) or entire cells that were not ruptured (c). Numbers indicate
percentage of mitochondria having a high SSC‐A signal. The morphological changes, caused
by massive fission of the mitochondrial network and initiation of mitophagy, correlate with an
increase of the pulse area of the side scatter light signal (SSC‐A). The fluorescence images of
matching samples of non‐ruptured NAO‐labelled cells are shown at the bottom of panel C to
illustrate the morphological counterpart of the SSC‐A signal increase.

4. Conclusion

Mitophagy is a critical mechanism in the progression of B‐cell neoplasms and other haemato‐
logical malignancies. It is also critical in drug‐resistance, particularly in advanced forms of
myeloma and high‐grade lymphomas. However, mitophagy is at the centre of an integrated
system of resistance that involves mitochondrial biogenesis, dynamics, the UPS and metabolic
reprogramming. Thus, even though mitophagy is critical, there is no single mechanism of
resistance to drug treatment of advanced forms of B‐cell neoplasms. Even though some
particular mechanisms such as UPR and ERAD may prevail at some stages (as occurs in
multiple myeloma), other mechanisms such as mitophagy, autophagy and metabolic reprog‐
ramming evolve with disease progression, and these neoplasms remain incurable. However,
when these mechanisms are considered together as a system, and its occurrence is demon‐
strated in a particular case, a combined therapy can be designed to tackle one or all of them.
For example, OXPHOS‐dependent circulating CLL cells are quite sensitive to increased
mitochondrial biogenesis and blockage of mitophagy. The more advanced forms become less
OXPHOS‐dependent, are more tolerant to increased mitochondrial biogenesis and have
increased levels of basal mitophagy. These features make these neoplasm resistant to mitocans.
In addition, a cross talk with the proteasome may compensate for blockage of mitophagy
through OMMAD, and conversely mitophagy and autophagy may compensate for defective
UPR under treatment with proteasome inhibitors. By characterizing this resistance system in
particular patients at a particular disease stage, the combination of drugs that better tackle the
biological behaviour can be defined.
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Abstract

Multidrug resistance (MDR) in cancers is the major challenge in cancer therapy, thus
the development of sensitizing agents or small molecules with new mechanisms of
action to kill the resistant cancers is highly desired. Autophagy is a cellular process
responsible for the turnover of misfolded proteins or damaged organelles and recycling
of nutrients to maintain cellular homeostasis. Recently, autophagy has been shown to
regulate MDR in cancers. In this chapter, both intrinsic and acquired drug resistance
affecting  the  efficiency  of  chemotherapy,  and  the  MDR  mechanisms  including
nonclassical  MDR  phenotype  and  classical  transport-based  MDR  phenotype  were
discussed. In addition, the development of apoptosis-resistant cancer by the deregula-
tion of apoptotic gene machinery, such as BCL-2, BAX, BAK, and TRAILR, was also
covered. We then further discussed the controversial role of autophagy by illustrating
how induction of autophagy could work as a tumor suppressor or promote tumor
survival.  The  modulation  of  MDR  in  cancer  by  either  induction  or  inhibition  of
autophagy was also discussed. We have further summarized the current compounds or
drugs for modulating MDR cancers and how autophagy modulators could circumvent
the MDR phenotypes in cancers. Finally, the new mechanisms participating in MDR
phenotypes were proposed for future MDR drugs discovery.

Keywords: autophagy, multidrug-resistant cancers, apoptosis-resistant cancers, apop-
tosis, P-glycoprotein

1. Introduction

The efficiency of chemotherapy can be affected by both intrinsic and acquired drug resistance.
Intrinsic resistance is caused by the existing resistance factors presented in the cancer cells before
treatments, while acquired drug resistance is developed by mutations or adaptive responses
arising during chemotherapy. Due to the high-molecular heterogeneity of cancer cells, drug
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resistance can therefore be acquired through a minor population of resistant cancer cells
presented in the initially drug-sensitive tumor. Using the genomic, proteomic, bioinformatics
and systems biology approaches, a wide range of molecular mechanisms, genotypes and
therapeutic targets have been identified in developing drug-resistance cancers. For example,
alterations in drug transport or metabolism, local tumor microenvironment and drug targets
all contribute to chemoresistance. Recently, autophagy has also been identified as an important
mechanism in regulating multidrug resistance (MDR) in cancers [1].

Autophagy is constitutively active in its basal level for maintaining normal homeostasis,
quality control of protein and organelle and working with the ubiquitin proteasomal system
to degrade the polyubiquitinated and aggregated proteins. This catabolic process is triggered
by cellular stressful conditions such as nutrient or energy deprivation, pathogen infection or
misfolded protein accumulation, for the recycle of energy and nutrients to sustain cellular
metabolism. While most evidence supports the prosurvival role of autophagy, unrestrained
autophagy can contribute to cell death resulted from excessive cellular consumption [2]
(Figure 1). Therefore, targeting autophagy for modulating MDR cancers has become an
attractive approach in anticancer therapy.

Figure 1. Cellular function and role of autophagy. Autophagy is a cellular-regulated degradation system for delivering
unwanted cytoplasmic constituents to the lysosome for removal. Autophagy can be triggered by stressful conditions
such as infection, nutrient deprivation or protein aggregates accumulation. Recent studies have depicted the physio-
logical or pathological roles of autophagy in tumorgenesis, neurodegeneration, adaptation to starvation or develop-
ment, clearance of misfolded proteins and organelles, antiaging, elimination of invading pathogens and regulation of
cell death.

2. Autophagy and drug-/apoptosis-resistant cancers

2.1. Molecular mechanism of multidrug resistance in cancers

Drug-resistant mechanisms are classified into two major catergories: (1) nonclassical MDR
phenotype and (2) classical transport-based MDR phenotype. Non-classical MDR refers to the
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decreased sensitivity of tumor to certain anticancer drugs due to the activity of specific
enzymes, including topoisomerase or glutathione S-transferase. Defective apoptotic proteins
may also contribute to the development of drug resistant in tumors. Classical type of transport-
based MDR involves the ATP-binding cassette (ABC) family of transporters, which 49 types
of human ABC transporters were identified. Among them, three ABC transporters were
reported to cause human MDR, including (1) multidrug resistance protein 1 (MDR1/P-
glycoprotein/ABCB1); (2) MDR-associated protein 1 (MRP1/ABCC1); and (3) breast cancer
resistance protein (BCRP/ABCG2), which are responsible for the efflux of several hydrophobic
chemotherapeutic agents such as antimetabolites, taxanes or topoisomerase inhibitors across
the plasma membrane [3].

MDR1, a membrane-bound glycoprotein, which is most abundant on the surface of excretory
epithelial cells of colon, small intestine, pancreatic or bile ductules, and kidney proximal
tubules, was found overexpressed and associated with drug resistance in kidney, liver and
colon cancers. Recently, overexpression of MRP1 has also been found in chemoresistance
breast, prostate and lung cancers. BCRP is a MDR drug efflux pump, which was associated
with drug resistance in leukemia and breast cancer. Chemotherapeutic agents, such as
imatinib, erlotinib, sunitinib and nilotinib, are known substrates and modulators of both MDR1
and BCRP [1].

2.2. “Apoptosis-resistance cancers”

Deregulation of apoptosis can cause drug resistance of cancer cells, and therefore, targeting
the overamplifications, mutations and chromosomal translocations of antiapoptotic proteins,
such as BCL-2 family members, caspase 8 inhibitor FLIP and inhibitor of apoptosis proteins
(IAPs), are important in cancer therapies. Extensive studies suggested the overexpression of
BCL-2 confers resistance of leukemia cells and mouse thymocytes to chemotherapies. Apop-
tosis involving the permeabilization of outer mitochondrial membrane (MOMP) can be
blocked by BCL-2. Antiapoptotic BCL-2 family members, including BCL-XL and MCL1, and
proapoptotic family members, including BAX, BAD, BAK and BH3-only proteins (BIM) which
antagonize the antiapoptotic BCL-2 family members, are key regulators of apoptosis through
the induction of MOMP. Increased expression of BIM is responsible for apoptosis induced by
chemotherapeutic agents, including imatinib, gefitinib and erlotinib, in various cancer models.
Besides, responsiveness to inhibitors of EGFR, HER2 or PI3K is correlated with the level of
BIM. Deletion in the gene-encoding BIM is associated with intrinsic resistance to tyrosine
kinase inhibitors (TKIs) therapies in lung cancer models [1].

Overexpression of prosurvival protein BCL-2 was found in malignant cells with defective
apoptosis; therefore, drugs mimicking its antagonists, BH3-only proteins, may be effective in
chemotherapy. Preclinical data confirmed that both ABT-737 (a BH3 mimetic) and its orally
bioavailable form ABT-263, antagonized the antiapoptotic function of BCL-2, BCL-XL and
BCL-W and exhibited cytotoxicity through Bax/Bak-mediated apoptosis. The weak-binding
affinity of ABT-737 to the antiapoptotic BCL-2 family member (MCL1) can affect the effective-
ness of ABT-737 and lead to drug resistance in cells. Therefore, targeting the enzymatic
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degradation of antiapoptotic BCL-2 family members may be an alternative way to overcome
the drug resistance in cancer cells [1].

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and agonistic
antibodies targeting the TRAILR death receptors demonstrated antitumor properties in both
in vitro and xenograft models. Currently, combinational use of TRAIL receptor agonists with
chemotherapeutics, including carboplatin, paclitaxel, BCL-2 antagonists, bevacizumab, or
histone deacetylase (HDAC) inhibitors showed prominent effect in clinical evaluations. Several
drugs that are able to improve sensitivity to TRAIL can also decrease the level of the caspase
8 inhibitor (FLIP) and induce apoptosis. Therefore, inhibition of FLIP may work as an attractive
therapeutic strategy for apoptosis-resistance cancers [1, 4].

The small molecule obatoclax (GX15-070) has been reported to antagonize antiapoptotic BCL-2
proteins, such as BCL-2, BCL-XL, BCL-W and MCL-1, and induce both apoptosis and auto-
phagic cell death. Although the molecular mechanisms underlying the effect of obatoclax
remain unclear, both single and combinational therapeutic uses of GX15-070 are under clinical
evaluation, suggesting the role of apoptosis and autophagy in cancer therapy [5].

2.3. Autophagy in tumor suppression

In fact, the role of autophagy in cancer is controversial as it can work as a tumor suppressor,
which inhibits tumor initiation or facilitates the survival of cancer cells during metabolic
stresses induced by anticancer agents. Although autophagy may play a prosurvival role in
tumor cells, loss of function mutations in the autophagy pathways were associated with
tumorgenesis. For example, defects in apoptosis and autophagy may lead to tumorgenesis
through chronic wound-healing response triggered by necrosis and inflammation. Malfunc-
tion of autophagy lead to the mismanagement of metabolic stress, which contributes to damage
of cellular proteins, organelles or DNAs; insufficient ATP levels that are essential for main-
taining normal DNA replication and genomic integrity, all these finally lead to genomic
damage and tumor progression in autophagy-deficient tumor cells. This conception is
supported by evidence of increased DNA breaks or damage response and aneuploidy in
autophagy-defective cancer cells [6] (Figure 2).

Beclin 1 is a haploinsufficient tumor suppressor gene responsible for the induction of autoph-
agy. Overexpression of beclin 1 can inhibit tumorgenesis. Accumulation of the autophagic
substrate, p62/SQSTM 1 protein aggregates, could lead to the damage of mitochondria,
accumulation of misfolded proteins, and overproduction of reactive oxygen species (ROS) that
lead to DNA damage and genomic instability, suggesting the tumor suppressive role of
autophagy [6]. Genetic instability and mutation are causes for increased cancer cells evolution
and resistance to chemotherapy. While autophagy is associated with the promotion of
longevity, DNA damage facilitates both cancer and ageing. Therefore, it is proposed that
autophagy may play a protective role in maintaining cellular and genome stabilities, which
can eventually prevent cancer and extend lifespan [7].

Furthermore, the induction of autophagic cell death has been observed in cancer cells triggered
by excessive activation of autophagy, which causes irreversible damage to cells through
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redundant degradation of regulatory organelles, such as endoplasmic reticulum, mitochondria
and golgi apparatus. Although evidence supporting the anticancer properties of autophagic
death is limited and controversial, induction of autophagic cell death by novel small molecule
activator of autophagy (e.g., STF-62247) was shown in renal cell carcinoma cells [6]. Proteins
identified to be related to the autophagic cell death included steroid receptor coactivator, foxo1,
histone deacetylases, ras or e4F1. Compound such as dasatinib, an inhibitor of Src/Abl family
kinases, triggers autophagic cell death in ovarian cancer xenograft model; knockdown of

Figure 2. The interplay between autophagy, apoptosis and necrosis in the survival and death mechanisms of cancer
cells. (A) Apoptosis and autophagy are programmed cell death mechanisms involved in various physiological and
pathological conditions such as cancers. Failure in the induction of apoptosis or autophagy could result in malignant
transformation of cells. Despite the basic physiological role of apoptosis and autophagy, targeting both apoptosis and
autophagy pathways has been a popular strategy in chemotherapies. (B) Malfunction of autophagy is frequently found
in human cancers. When apoptosis is inhibited, autophagy is promoted for inducing autophagic cancer cells death.
However, evidence also indicated the induction of autophagy could confer stress tolerance to cancer cells and facili-
tates the survival of cancer cells under stressful condition, such as starvation, suggesting the controversial role of au-
tophagy in cancer therapies. (C) The induction of necrotic cell death when both autophagy and apoptosis are inhibited.
Necrosis is referred to the unprogrammed type of cell death characterized by an increase in cell volume and swelling,
which finally lead to the rupture of the cell membrane and burst of cellular contents. (D) Inhibition of cell death is
attributed to DNA damage induced by agents such as cisplatin, which can cause cell cycle arrest and allow the repair-
ment of damaged cells, and finally lead to multidrug resistance (MDR). Besides, malfunction of apoptosis or induction
of autophagy can also decrease drug-induced damage of DNA and cell death. All these mechanisms limit the effective-
ness of chemotherapies via inhibition of specific enzymes or receptors in cells, leading to MDR in cancer cells.
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beclin1 lead to reduction of autophagy and tumor growth. Interestingly, while oncogenic
proteins, such as BCL-2, PI3K or AKT1, could inhibit autophagy, tumor suppressor proteins,
such as beclin1, BIF-1, LKB1 or UVRAG, could induce autophagy. It was reported that
autophagy may inhibit tumors growth by working with apoptosis and/or necrosis to cause cell
death. For example, caffeine induces apoptosis through p70S6K-dependent activation of
autophagy. A novel survivin suppressant, YM155, could induce autophagy-dependent
apoptosis in prostate cancer cells. All these evidence suggested the potential role of autophagy
in cancer therapy [3].

2.4. Inhibition of autophagy in cancer therapy

Increasing preclinical evidence supported the argument that pharmacological inhibition of
autophagy or genetic knockdown of autophagy-related genes (ATGs) can increase sensitiza-
tion of tumor cells to drug-induced cell death. Mechanistic pathways depicting the protective
mechanisms of autophagy in cancers include the E3 ubiquitin ligase c-Cbl cascade that targets
the active Src to promote survival of cancer cells via autophagy. Mutation of oncogene, H-Ras
or K-Ras, upregulates basal autophagy for promoting the survival of cancer cells under nutrient
deprivation conditions. Overexpression of inflammatory receptor, receptor for advanced
glycation end products (RAGE), activated interleukin 6 (IL-6)-mediated mitochondrial
pathway and transcription 3 (STAT3) signaling, induced autophagy and inhibited apoptosis
to promote survival of pancreatic cancer cells. Lymphocyte-induced autophagy triggered
tumorigenesis, suggesting a positive correlation between inflammation and cancer. An
anticancer agent, suberoylanilide hydroxamic acid (SAHA), activated prosurvival autophagic
pathway to attenuate both apoptotic and nonapoptotic cell death, suggesting the inhibition of
autophagy may enhance the efficacy of SAHA [8].

With the prosurvival role of autophagy in cancer treatment, genetic or pharmacological
inhibition on autophagy may therefore enhance the efficacy of cancer therapies. Pharmaco-
logical inhibition of autophagy can be induced by early phrase inhibitors such as 3-methya-
denine (3-MA), wortmannin and LY294002. Late-phrase autophagy inhibitors include
chloroquine (CQ), hydroxychloroquine (HCQ), bafilomycin A1 and monensin. CQ increased
cyclophosphamide-induced cell death of tumor; reduced tumor size and enhanced apoptosis
with the presence of anticancer drug vorinostat in colon cancer xenograft model. Besides, the
treatment of saracatinib (Src inhibitor) with CQ in a prostate cancer mouse model demon-
strated a higher percentage of tumor growth inhibition when compared with saracatinib
alone [6].

Another autophagy inhibitor, 3-MA, enhanced 5-fluorouracil (5-FU)-induced apoptosis with
increased regression of tumor in colon cancer models, suggesting the anticancer properties of
autophagy inhibition in chemotherapy. While combinational use of bortezomib with CQ
suppressed growth of tumor to a greater extent than bortezomib alone in colon cancer models,
evaluation of phase I/II clinical trials is ongoing in patients with myeloma, suggesting the
potential therapeutic use of autophagic inhibitor in cancer therapy [6].
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2.5. Role of autophagy in MDR

2.5.1. Inhibition of autophagy in MDR

Overexpression of p-glycoproteins can efflux anticancer drugs and resulted in drug resistance
and failure of anticancer therapies. It has been reported that the induction of autophagy may
contribute to the survival of MDR cells during chemotherapy; defective autophagy contributes
to MDR cells growth inhibition. In contrast, clinical trials have been performed to evaluate the
beneficial role of autophagy enhancer in anticancer therapy, suggesting the double-edged
sword of autophagy which its effect may highly dependent on the stage of tumor. The potent
anticancer and apoptotic properties of gossypol, a BH3-mimetic small molecule isolated from
cottonseeds, have been demonstrated in Ras-NIH 3T3-Mdr cells with overexpression of p-
glycoproteins. However, results indicated that defective autophagy in the Ras-NIH 3T3-Mdr
cells may enhance necrotic and apoptotic cell death induced by gossypol, suggesting the
prosurvival role of autophagy in the MDR cells [9].

Further studies suggested that autophagy may contribute to resistance to chemotherapy drugs,
such as tamoxifen, herceptin, paclitaxel (PTX) and epirubicin (EPI), in breast cancer. It was
demonstrated that PTX- and vinorelbine (NVB)-induced autophagy facilitated the develop-
ment of resistance to PTX and NVB in both MCF-7er and SK-BR-3er cells with overexpression
of p-glycoproteins. The finding suggested that the use of autophagy inhibitors may be an
attractive way for overcoming MDR in cancer therapy [10]. Further evidence suggested that
the combinational use of autophagy and Src tyrosine kinase inhibitor was able to sensitize
MDR cells to anticancer therapy. To increase the therapeutic efficacy of 5-fluorouracil (5-FU)
to MDR colon cancer cells, many reports have confirmed the use of autophagy inhibitors, such
as 3-MA or chloroquine, can increase the sensitivity of cancer cells toward treatment of 5-FU.

2.5.2. Activation of autophagy in MDR

Although mitigating MDR through inhibition of ABC transporter-mediated drug efflux or
autophagy may be an effective approach in anticancer therapy, the induction of autophagy
may also attenuate MDR. For example, vocamine (alkaloid) isolated from Peschiera fuchsiaefolia
can mitigate drug resistance of osteosarcoma cells by inhibiting p-glycoproteins and inducing
autophagic cell death when used with chemotherapeutic agent doxorubicin. Autophagy
increases the efficacy of radiation therapy in both apoptosis-deficient lung cancer cells and
xenograft model. Evidence demonstrating the potential anticancer efficacy of mTOR inhibitors
was abundant. For example, combinational treatment by beclin1 expression and autophagic
induction inhibited the growth of MDR (Ras-NIH 3T3) cells. Interestingly, constitutive
expression of p-glycoproteins in hepatocellular cancer cells can lead to overexpression of BCL2
and mTOR, which contributed to resistance of cells to both apoptosis and autophagy [3].

In fact, autophagic cell death was observed in a p-glycoproteins overexpressing breast cancer
cells that are resistant to paclitaxel. Further report demonstrated that long-term exposure to
cisplatin leads to MDR and finally inhibition of both cisplatin-mediated apoptotic cell death
and autophagy. Consistently, the presence of autophagic inducer can mitigate the resistance
of cancer cells toward cisplatin-mediated apoptotic cell death, suggesting the anticancer
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property of autophagy induction. p53, a well-known tumor suppressor gene, can lead to cancer
cell death. Mutations in p53 were highly correlated with failure of chemotherapy or radio-
therapy. However, while p53 mutant utilizes autophagy to kill the ovarian MDR cancer cells,
wild-type p53 reverses the MDR phenotype by autophagy inhibition. The observation has
further suggested the dual role of autophagy in MDR cancer therapy, and special cautions are
required when applying autophagy modulators in cancer therapies [3].

3. Current approaches, challenges and compounds in targeting MDR

3.1. Current compounds/drugs in modulating MDR cancers

Malfunction of the apoptosis contributed to the survival of cancer cells under oxidative stress
and hypoxia conditions. These lead to the accumulation of genetic defects in cells, which
resulted in the deregulation of cell proliferation or promotion of angiogenesis during tumor-
genesis. Therapeutic strategies targeting apoptosis through inhibition of antiapoptotic
proteins or stimulation of expression of proapoptotic proteins have been used in anti-MDR
cancer treatments. In fact, mutation or alteration in the level of drug targets may also confer
resistance to therapeutic agents in cancer cells. For example, fluoropyrimidine 5-fluorouracil
(5-FU), a common chemotherapeutic agent for breast and colorectal cancers, triggers cancer
cell death via inhibition of thymidylate synthase (TS) [11]. Consistently, many evidences
suggest that high expression of TS contributed to the increase resistance of cancer cells to 5-
FU. Another type of chemotherapeutic agents, including paclitaxel, docetaxel, vinblastine and
vincristine (vinca alkaloids), inhibited tumor growth via suppressing the polymerization of
microtubules, and eventually lead to apoptotic cell death. However, cancer cells can acquire
resistance to paclitaxel or vinca alkaloids by alternating the levels of tubulin isotypes, since a
reduction in tubulin levels was found in paclitaxel-resistant cells. Platinum-induced DNA
damage by cisplatin can trigger apoptosis. While an increase in the BAX to BCL-2 ratio by
cisplatin could induce apoptosis, overexpression of BCL-2 was reported in tumors that were
resistance to cisplatin. Therefore, functional defects in the apoptotic pathway or inactivation
of apoptosis may contribute to the development of drug resistance in cancers and revealed the
current challenges of using chemotherapeutic agents in MDR cancer therapies [12].

New therapeutics against specific antiapoptotic targets has been applied to enhance apoptosis
and sensitize MDR cancer cells to anticancer agents. For example, antiestrogens, such as
tamoxifen, can inhibit estrogen-dependent BCL-2 expression and increase the sensitivity of
cancer cells to anticancer agent doxorubicin. Expression of BCL-2 or BCL-XL can be downre-
gulated by small molecule compounds regulating retinoic acid receptors (RAR), PPAR or
retinoid receptors. For example, RAR and RXR ligands are used to treat leukemia and
lymphoma in clinical trials; PPAR agonist troglitazone, decreased serum prostate-specific
antigen (PSA) in patients with prostate cancer; inhibitors of histone deactylases (HDACs) can
suppress the expression of antiapoptotic BCL-2-family genes in cancers and enhance sensitiv-
ity of cancer cells to conventional cytotoxic agents in xenograft models or clinical trials.
Moreover, antisense oligonucleotides targeting the BCL-2 mRNA are in phase III clinical trials.
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BH3-only proteins, endogenous antagonists targeting BCL-2 and MCL-1, have been revealed
for their therapeutic potency to induce apoptosis. The anticancer effect of synthetic BH3
peptides occupying the BH3-binding site of BCL-2 or BCL-XL, and BH3-mimicking com-
pounds have already been validated for their anticancer properties. Small molecule BCL-2
inhibitors (HA14-1), BH3 peptidomimetics and BCL-2 antagonists (ABT-737 and ABT-263)
have been shown in the preclinical studies to enhance the sensitivity of cancer cells to ionizing
radiation or chemotherapeutic agents, providing us an overview on current approach of
targeting apoptosis in MDR cancer therapies [12].

Overcoming intrinsic apoptosis failure during anticancer therapies could be achieved by
triggering extrinsic apoptosis. For example, TNF treatment by cytokines FasL and TRAIL can
activate caspases without the proinflammatory activation of the NF-KappaB pathways. TRAIL
and its agonistic antibodies that bind TRAIL receptors have been proved to possess potent
antitumor effect in mouse xenograft models. Moreover, clinical trials evaluating the efficacy
of agonistic antibodies were completed, suggesting the potential of applying these biological
agents to circumvent the defective intrinsic mitochondrial apoptotic pathway. CDDO and
CDDOm are synthetic triterpenoids that sensitize cells to TRAIL-induced apoptosis in
chemoresistant leukemia cells. Byrostatin, a protein kinase C (PKC) modulator, triggers the
production of TNF and apoptosis in myeloid leukemia cells. All-trans-retinoic acid (ATRA)
induces the production of cytokine TRAIL and apoptosis in acute leukemia cells, confirming
the beneficial role of targeting TRAIL to kill cancer cells that are resistance to apoptosis. Heat-
shock protein 90 (Hsp90) is a molecular chaperone ubiquitously expressed for the maturation
of a set of substrate proteins called clients. Hsp90 promotes invasion, angiogenesis and
metastasis which all contribute to tumorgenesis. Hsp90 stabilizes Raf-1, Akt and ErbB2
proteins and lead to the resistance of cancer cells to radiation therapy. Geldanamycin, inhibitor
of Hsp90, enhances the sensitivity of cancer cells to radiation therapy. However, due to the
poor solubility, high toxicity and problems of drug efflux by p-glycoprotein, modification on
synthetic Hsp90 inhibitors has been made. For example, pyrazole resorcinol compound NVP-
AUY922 has higher binding affinity to Hsp90, and NVP-BEP800, a 2-aminothieno pyrimidine
class Hsp90 inhibitor, possess high antiproliferative activity in cancer cells. These inhibitors
increase the sensitivity of tumor cells to apoptosis via depletion and destabilization of Hsp90
proteins and finally lead to increased DNA damage and apoptosis [12].

3.2. Current compounds/drugs regulating MDR cancers through autophagy

Most, if not all, chemoresistant cancers have defects in apoptotic pathways. In addition, the
mitochondrial/cytochrome c pathway of apoptosis is frequently perturbed in various types of
human cancers [13]. For instance, gene deficiency of BAX or BAK is commonly found in many
malignancies, and BAX-BAK double-knockout mouse embryonic fibroblasts (MEFs) are
resistant to various apoptosis-inducing agents [14]. On the other hand, caspase-3 and caspase-7
are crucial mediators of mitochondrial-mediated apoptosis [15], whereas caspase-3, caspase-8
and caspase-9 contribute the signal transduction roles in apoptosis induced by anticancer
agents. Deficiency of these caspases would ultimately develop apoptosis-resistance and drug
resistance phenotypes [16]. Although autophagy is considered as a crucial player in drug
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resistance because cancer cells can circumvent cellular stress via autophagy induction, it has
been shown that autophagy facilitates resistance of cancer cells to chemotherapeutic agents,
and inhibition of autophagy could be therapeutically beneficial in some cases [17].
Nevertheless, significant number of studies demonstrated that the use of small molecules to
induce autophagy-dependent cell death in apoptosis-defective or apoptosis-resistant cancer
cells is an effective therapeutic approach [18]. These evidences are fuelling novel approaches
to treat cancer and impede multidrug resistant through the induction of autophagy (Table 1).

Compounds or

drugs

Sources Target pathways Autophagy

inducer or

inhibitor

Types of MDR  Origin of

cancers

References

Saikosaponin-d

(Ssd)

Bupleurum

falcatum L

SERCA Inducer Caspases 3, 7 or  

8 deficient

Bax-Bak DKO

MEFs [19]

Liensinine,

isoliensinine,

dauricine,

cepharanthine

Nelumbo nucifera,

Asiatic moonseed

rhizome, Stephania

cepharantha

AMPK-mTOR Inducer Caspases 3, 7 or

8 deficient

Bax-Bak DKO

MEFs [20]

Hernandezine Thalictrum

glandulosissimum

AMPK Inducer Caspases 3, 7 or

8 deficient

Bax-Bak DKO

MEFs,

colon

[21]

Ursolic acid Apple peels JNK signaling Inducer p53 mutation Colorectal

cancer

[22]

Rottlerin Kamala powder unknown Inducer Caspase 3

deficient

Breast

cancer

[23]

Coibamide A Marine

cyanobacterium

mTOR-

independent

Inducer Apaf-1-null MEFs,

glioblas

toma

[24]

Chalcone-24 Synthetic c-FLIPL and

c-IAPs

degradation 

Inducer TRAIL

resistant

Lung

cancer

[25]

PG545 Synthetic Heparanase Inhibitor Heparanase-

overexpressing

cancer

Cancer

cells

[27]

Nelfinavir FDA drug Unfolded

protein

response

(UPR) and

endoplasmic

reticulum

Inducer Doxorubicin

resistant

Breast

cancer

[28]
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Compounds or

drugs

Sources Target pathways Autophagy

inducer or

inhibitor

Types of MDR  Origin of

cancers

References

(ER) stress    

Rapamycin FDA drug mTOR, mdr1

expression

Inducer Doxorubicin

resistant

Colon

cancer

[29]

Lansoprazole Synthetic Proton pump Inhibitor Doxorubicin

resistant

Solid

tumors

[30]

Oxaliplatin

derivatives

with axial

DCA ligands

Synthetic Mitochondria

and glucose

metabolism 

Inducer Cisplatin

resistant

Colorectal

cancer

[31]

LY294002 and

rapamycin

Synthetic and

FDA drug

Akt/mTOR

signaling,

miR-222

Inducer Cisplatin

resistant

Bladder

cancer

[32]

Rapamycin FDA drug mTOR Inducer Cisplatin

resistant

Cervical

cancer

[33]

Ursodeoxycholic

acid

Synthetic CD95/Fas Inducer Cisplatin

resistant

Gastric

cancer

[34]

Monanchocidin A Marine sponge

Monanchora

pulchra

Lysosomal

membrane

permeabilization

Inducer Cisplatin

resistant

Germ

cell tumor,

prostate

and bladder

cancer

[35]

Resveratrol

derivative, TMS

Synthetic SERCA Inducer Gefitinb

resistant

NSCLC

cells

[36]

Chloroquine FDA drug Autophagy Inhibitor Gefitinb

resistant

Liver

cancer

[37]

Leu-Leu-O-

methyl

Synthetic Lysosome

membranes

Inhibitor Sunitinib

resistant

Renal

carcinoma

[39]

Metformin FDA drug GRP78 Inhibitor Bortezomib

resistant

Multiple

myeloma

[40]

Table 1. Current compounds or drugs targeting MDR through modulation of autophagy.

In fact, the active components isolated from natural products have been found effective in
inducing autophagic cell death or autophagy-dependent cell death in apoptosis resistance cells
or cancers. For example, saikosaponin-d (Ssd), extracted from Chinese medicinal herb
Bupleurum falcatum L., is capable of inducing autophagic cell death in a panel of apoptosis-
resistant cells [19]. Ssd increases cytosolic calcium via direct suppression of sarcoplasmic/
endoplasmic reticulum Ca2+ ATPase Pump (SERCA), leading to autophagy induction through
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the activation of the Ca2+/calmodulin-dependent kinase kinase (CaMKK)—AMP-activated
protein kinase (AMPK)—mammalian target of rapamycin (mTOR) pathway. Importantly, Ssd-
disrupted calcium homeostasis stimulates endoplasmic reticulum (ER) stress as well as the
unfolded protein responses (UPR) and eventually contributes to autophagic cell death in
apoptosis-defective or apoptosis-resistant mouse embryonic fibroblasts (MEFs), which either
lack caspases 3, 7 or 8 or had the BAX-BAK double knockout [19]. Concomitantly, a group of
natural alkaloids, including liensinine (Nelumbo nucifera), isoliensinine (Nelumbo nucifera),
dauricine (Asiatic Moonseed Rhizome) and cepharanthine (Stephania cepharantha), were identified
to stimulate AMPK-mTOR-dependent induction of autophagy and autophagic cell death in
the same panel of apoptosis-resistant cell [20]. These alkaloids were later confirmed as novel
and direct AMPK activators [21]. Furthermore, hernandezine, an alkaloid isolated from
Chinese medicinal herb Thalictrum glandulosissimum, sharing structural similarity with the
above isoquinoline alkaloids, exhibits specific cytotoxicity and induces autophagy in a panel
of cancer cells. Hernandezine is a new class of AMPK activator, which induces autophagy and
autophagic cell death in a panel of caspases-deficient apoptosis-resistant MEF. Those studies
further indicated that the MEFs with genes deficiency of BAX and BAK demonstrated drug-
resistant phenotypes in various chemotherapeutic agents, such as cisplatin, adriamycin, taxol,
etoposide and staurosporine, but not in hernandezine. And hernandezine also shows similar
cytotoxicity toward both wild type and double knockout of BAX/BAK in human DLD-1 colon
cancer cells, suggesting the cross sensitivity of hernandezine toward this apoptosis-deficient
cancer [21].

Apart from AMPK-mTOR signaling, mutations of tumor suppressor p53 have been shown to
confer cellular resistant to various chemotherapeutic agents. For instance, colorectal carcino-
mas (CRCs) with p53 mutations have developed resistance to widely used chemotherapeutic
agent, 5-fluorouracil (5-FU) [22]. A natural triterpenoid, ursolic acid, was found to sensitize
p53 mutant apoptosis-resistant colorectal cancer cells to 5-FU effects via activation of c-jun N-
terminal kinase (JNK) [22]. In addition, rottlerin, a natural polyphenol purified from the
kamala powder, induces autophagic death in caspase-3−/− apoptosis-resistant MCF-7 breast
cancer cells [23]. Coibamide A, an N-methyl-stabilized depsipeptide isolated from a marine
cyanobacterium, induces autophagy and cell death in apoptosis-resistant MEFs and glioblas-
toma cells [24]. Other synthetic compounds and derivatives can overcome chemoresistance by
modulation of autophagy. For instance, a novel chalcone derivative, chalcone-24, potentiates
the anticancer activity of TNF-related apoptosis-inducing ligand (TRAIL) through autophagy-
mediated degradation of cellular FADD-like IL-1β-converting enzyme-inhibitory protein large
(c-FLIPL) and cellular inhibitor of apoptosis proteins (c-IAPs), which could be an effective
approach in alleviating drug resistance [25]. Besides, sepantronium bromide (YM155) is a
selective survivin inhibitor that exhibits potent antitumor activities in head neck squamous
cell carcinoma (HNSCC) in vitro and in vivo by inducing apoptosis and autophagic cell death
[26]. On the other hand, heparanase is a mammalian enzyme capable of cleaving heparan
sulfate, whose enzymatic activity contributed to tumor inflammation, angiogenesis and
metastasis. Recent studies indicated that heparanase-overexpressing cancers were more
resistant to chemotherapy in a manner associated with increased autophagy, and therefore,
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the suppression of heparanase and its mediated autophagy by heparanase inhibitor (PG545)
is a promising strategy in treatment of these resistant cancers [27].

Several clinically approved drugs were found to be effective in treating doxorubicin-resistant
cancer cells through modulation of autophagy. For example, nelfinavir, a clinically approved
anti-HIV drug targets multidrug-resistant mechanism to enhance the efficacy of doxorubicin
in doxorubicin-resistant MCF-7 breast cancer cells [28]. Rapamycin, a mTOR inhibitor, reverses
drug resistance to doxorubicin in colon cancer through induction of autophagy and apoptosis,
and suppression of multidrug resistance gene 1 (mdr1) expression [29]. Proton pump inhibitor
lansoprazole potentiates the therapeutic effects of doxorubicin by improving its distribution
and activity in solid tumors [30].

In cisplatin-resistant cancer, study reported that oxaliplatin derivatives with axial dichloroa-
cetate (DCA) ligands induce autophagy and potentiate toxicity in cancer cells through
modulation of mitochondria and glucose metabolism. These derivatives can also overcome
inherent and acquired resistance to cisplatin and oxaliplatin [31]. Inhibition of Akt/mTOR
signaling by LY294002 and rapamycin prevents miR-222-induced proliferation and restores
the sensitivity of resistant bladder cancer cells to cisplatin. These findings indicated that
miR-222 activates the protein phosphatase 2A subunit B/Akt/mTOR axis and thus plays a
critical role in regulating proliferation and chemotherapeutic drug resistance [32]. Consistent-
ly, cisplatin cytotoxicity could be greatly enhanced in resistant cancer cells when mTOR had
been inhibited prior to cisplatin treatment that was likely due to increased autophagy level
[33]. Ursodeoxycholic acid effectively kills drug-resistant gastric cancer cell through induction
of autophagic death [34]. Besides, a novel alkaloid, monanchocidin A isolated from the marine
sponge Monanchora pulchra, overcomes drug resistance by induction of autophagy and
lysosomal membrane permeabilization [35].

In other drugs-resistant cancers, a new analogue of resveratrol, (Z)3,4,5,4′-trans-tetramethox-
ystilbene (TMS), inhibits gefitinib-resistant non-small cell lung cancer (NSCLC) through
inhibition of SERCA and induction of autophagy [36]. In contrast, co-delivery of gefitinib and
chloroquine by chitosan nanoparticles overcomes gefitinb-resistant liver cancer by the
inhibition of gefitinib-mediated autophagy [37]. Similarly, inhibition of lapatinib-mediated
protective autophagy sensitizes HER2-positive breast resistance cancer cells to lapatinib,
suggesting that autophagy is a promising target for circumventing lapatinib resistance of
HER2-positive breast cancer cell [38]. Inhibition of sunitinib-mediated autophagy overcomes
sunitinib resistance in metastatic renal cell carcinomas [39]. Similarly, metformin suppresses
glucose-regulated protein 78 (GRP78), a key driver of bortezomib-induced autophagy and
enhances the antimyeloma effect of bortezomib [40].

Collectively, MDR cancer cells defective in apoptosis signaling pathway are more sensitive to
various types of autophagy inducers, which eventually induce autophagy-associated cell
death or autophagic cell death. It is suggested that autophagy and its associated cell death
provide an alternative promising approach for inducing cell death in MDR cancers. However,
both autophagy inducers and inhibitors are commonly involved in the suppression of many
other drugs-specific MDR cancer cells. Understanding the role of autophagy in particular
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chemotherapeutic treatment is crucial for establishing an effective treatment of MDR via
modulation of autophagy.

4. New mechanisms participating in MDR phenotypes for future drug
discovery

Heme oxygenase-1 (HO-1) contributes to imatinib resistance by promoting autophagy in
chronic myeloid leukemia through disrupting the mTOR-signaling pathway [41], whereas Src/
STAT3-dependent HO-1 induction contributes to doxorubicin resistance in breast cancer cells
by promoting autophagy [42]. Thus, HO-1 may be a novel target for improving MDR pheno-
types in leukemia and breast cancer therapy. Galectin-1 is a beta-galactoside-binding lectin,
and its mediated autophagy facilitates cisplatin resistance of hepatocellular carcinoma (HCC).
Thus, galectin-1 may be a potential target to improve the efficacy of cisplatin in the treatment
of patients with HCC [43]. Other studies showed that activation of autophagy in tumor
associated macrophages (TAMs) inhibits proliferation and induces apoptosis in colon cancer
cells and alters the expression of radiosensitivity associated proteins. Therefore, stimulating
TAM autophagy may increase the radiosensitivity of colorectal cancer cells [44]. BRAF is an
oncogenic protein, which promotes protective autophagy in colorectal tumor cells.
BRAFV600E is the mutant protein of BRAF, which contributes to the drug-resistant phenotype
of colorectal tumors. Study showed that pretreatment of autophagy inhibitor 3-MA followed
by combinational treatment with drug PLX4720 targeting BRAFV600E can synergistically
sensitize resistant colorectal tumors and provide novel efficient approaches for the treatment
of resistant colorectal tumors bearing BRAFV600E [45]. The CD44 isoform-containing variant
exon v6 (CD44v6) exhibits a crucial role in the progression, metastasis and prognosis of
colorectal cancer. Overexpression of CD44v6 contributes to acquired chemoresistance via
upregulation of autophagy in colon cancer SW480 cells, indicating that CD44v6 may be the
new therapeutic target for resistant colorectal cancer [46].

Early growth response gene-1 (Egr-1) enhances hypoxia-induced autophagy to contribute
chemoresistance of HCC. Dominant negative Egr-1 inhibits autophagy and thus enhances the
sensitivity of HCC cells to chemotherapeutic agents, indicating that hypoxia/Egr-1/autophagy
axis might be a novel therapeutic target for improving drug resistance in HCC [47]. Urothelial
carcinoma is characterized by therapeutic resistance and frequent tumor relapse. Study
indicated that the synergistic cytotoxic effect of gemcitabine/mitomycin with autophagy
inhibitor (chloroquine) or with glycolytic inhibitor (2-deoxyglucose) may be of help in
improving the treatment outcome in patients with urothelial carcinoma [48]. Blockage of
prosurvival autophagy by TGF-β inhibition in bone marrow fibroblasts circumvents bortezo-
mib resistance in patients with multiple myeloma. Therefore, a combinational treatment of
bortezomib and TGF-β inhibitor may provide the basis for a novel targeted therapeutic
approach [49]. Metabolic reprogramming by activation of glutaminolysis induces resistance
to anti-NOTCH1 therapies in T-cell acute lymphoblastic leukemia (T-ALL). Suppression of
both glutaminolysis and autophagy synergistically potentiate the antileukemic effects of anti-
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carcinoma is characterized by therapeutic resistance and frequent tumor relapse. Study
indicated that the synergistic cytotoxic effect of gemcitabine/mitomycin with autophagy
inhibitor (chloroquine) or with glycolytic inhibitor (2-deoxyglucose) may be of help in
improving the treatment outcome in patients with urothelial carcinoma [48]. Blockage of
prosurvival autophagy by TGF-β inhibition in bone marrow fibroblasts circumvents bortezo-
mib resistance in patients with multiple myeloma. Therefore, a combinational treatment of
bortezomib and TGF-β inhibitor may provide the basis for a novel targeted therapeutic
approach [49]. Metabolic reprogramming by activation of glutaminolysis induces resistance
to anti-NOTCH1 therapies in T-cell acute lymphoblastic leukemia (T-ALL). Suppression of
both glutaminolysis and autophagy synergistically potentiate the antileukemic effects of anti-
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NOTCH1 therapy in mice harboring T-ALL, suggesting glutaminolysis as a novel therapeutic
target for the treatment of T-ALL [50].

5. Conclusion

This chapter, with the main focus on the role of autophagy in multidrug-resistant cancers, has
demonstrated the controversial role of autophagy in cellular mechanisms of defense against
cancers and immunochemical homeostasis. Autophagy, a cellular process responsible for the
turnover of misfolded proteins or damaged organelles, is important key mechanism for
recycling of nutrients to maintain normal cellular homeostasis, DNA replication and genomic
integrity. This prevents the overproduction of metabolic stress that contributes to damage of
cellular proteins, organelles or DNAs, which finally lead to genomic damage and tumor
progression in cells. This conception is supported by our listed evidence of increasing number
of novel autophagic small molecules that could circumvent the MDR phenotypes in cancers
via cellular regulation of autophagy. This chapter has therefore given a comprehensive
summary on the role of autophagy or autophagic enhancers/ inhibitors in the cellular
mechanisms of defence and homeostasis in cancers.
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Abstract

Autophagy is a mechanism involved in cellular homeostasis under basal and stressed
conditions  delivering  cytoplasmic  content  to  the  lysosomes  for  degradation  to
macronutrients. The potential role of autophagy in disease is increasingly recognised
and investigated.  To date,  a  key role  of  autophagy in hepatic  lipid metabolism is
recognised and dysfunctional autophagy might be an underlying cause of non-alcoholic
fatty  liver  disease  (NAFLD).  Nevertheless,  the  exact  role  of  autophagy  in  lipid
metabolism remains controversial,  with both a lipolytic function of autophagy and
lipogenic function reported. This chapter aims to review the current knowledge on
autophagy in NAFLD, with a special focus on its role in hepatic lipid metabolism,
hepatic glucose metabolism and insulin resistance, steatohepatitis, hepatocellular injury
and hepatic fibrogenesis. Finally, interaction with another cellular homeostatic process,
the unfolded protein response (UPR), will be briefly discussed.

Keywords: autophagy, non-alcoholic fatty liver disease (NAFLD), non-alcohlic steato-
hepatitis (NASH), lipid metabolism, glucose metabolism, insulin resistance, fibrogen-
esis, hepatocellular carcinoma

1. Introduction

The term autophagy has been introduced by de Duve et al. over 40 years ago [1] to define a
process of vacuolisation for the transport of intracellular material to lysosomes for degradation.
Because the importance of autophagy in (patho)physiology became more and more recognised,
the knowledge and number of autophagy-related publications increased exponentially in the
last decade. Indeed, autophagy is progressively acknowledged as an important regulator of
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intracellular homeostasis. Dysfunction of this process has been linked with cardiovascular,
respiratory, neurodegenerative and metabolic diseases and with cancer [2, 3].

A growing body of evidence indicates that autophagy and lipid metabolism are correlated.
Dysfunctional autophagy may therefore contribute to the pathogenesis of non-alcoholic fatty
liver disease (NAFLD). However, controversies still exist and the exact role of autophagy in
hepatic lipid metabolism is not entirely elucidated yet. This chapter aims to give a brief
introduction about NAFLD and autophagy and subsequently reviews the current knowledge
on autophagy in NAFLD.

2. Non-alcoholic fatty liver disease (NAFLD)

Even though histological features of NAFLD were recognised for decades, the first formal
definition was introduced in 1980 to describe a small cohort with striking fatty changes in the
liver with lobular hepatitis and focal necrosis, termed non-alcoholic steatohepatitis (NASH)
[4]. Since then the concept has evolved to the definition of NAFLD, which covers a spectrum
of fatty liver without evidence for any secondary cause of hepatic fatty liver accumulation,
such as alcohol consumption or inherited disorders [5]. NAFLD is epidemiologically associ-
ated with the metabolic syndrome that encompasses obesity, diabetes mellitus, arterial
hypertension and dyslipidaemia [6].

The hallmark of NAFLD is macrovesicular fat accumulation in more than 5% of the hepato-
cytes, ranging from scarce to panacinar steatosis and usually starting in the acinar zone 3 [7].
It is important to discriminate non-alcoholic fatty liver (NAFL, also known as simple steatosis)
from non-alcoholic steatohepatitis (NASH). In the latter, not only macrovesicular steatosis is
present, but also hepatocellular ballooning and lobular inflammation [5, 7] (Figure 1).

Simple steatosis is currently still considered as relatively innocent, as it has a slow evolution
to advanced disease (though a subgroup of fast progressors was identified [8]) and in the
absence of fibrosis mortality does not seem to be increased [9]. Potential consequences might
therefore mainly be confined to the operative setting [10].

Once NASH has been established, patients are subjected to an increased risk of hepatic and
non-hepatic comorbidities and mortality (Figure 1) [6, 11, 12]. NAFLD is an independent risk
factor for cardiovascular disease, and cardiovascular events are the most important cause of
death [12, 13]. Of all the features of advanced disease, fibrosis appears to be the most predictive
for NAFLD-related outcomes [9, 14].

Since liver biopsy is the current gold standard for diagnosis but cannot be used routinely for
population-based studies, the current prevalence of NAFLD can only be estimated based on a
range of non-invasive diagnostic methods and/or in highly selected patient groups. The overall
prevalence in the Western societies is estimated 20–30% for NAFLD and 3–5% for NASH. The
incidence has substantially increased in the last decades and is expected to rise further [6, 16].
By 2025, NAFLD-related liver disease is anticipated to become the most important indication
for liver transplantation in the United States of America [17].
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Figure 1. Non-alcoholic liver disease (NAFLD) spectrum. NAFLD encompasses a spectrum of fatty liver disease rang-
ing from non-alcoholic fatty liver (NAFL, also simple steatosis) to non-alcoholic steatohepatitis (NASH). The latter
might further evolve to advanced fibrosis and eventually cirrhosis that can be complicated by hepatocellular carcinoma
(HCC). HCC can also develop outside the setting of cirrhosis. NASH is also associated with increased hepatic and non-
hepatic comorbidities and mortality (adapted from Cohen et al. [15] and Torres et al. [11]).

With the growing importance of NAFLD, research on this topic further increased, which led
to the formation of major research consortia in the United States and Europe [18]. Nevertheless,
there are still major knowledge gaps concerning the exact pathophysiology behind the
development and progression of NAFLD. It is generally believed that NAFLD is a very
dynamic and multifactorial disease, in which different ‘hits’ contribute simultaneously
and/or sequentially to the pathogenesis of NAFLD [19, 20]. Autophagy gained interest recently
as one of those potential hits.

3. Autophagy

The term autophagy is derived from the Greek language and literally means “self-eating”.
Damaged or dysfunctional cellular contents are continuously removed via basally active
autophagy to conserve cellular homeostasis and to supply the cell with substrates for energy
production, though autophagy can be further stimulated via oxidative or metabolic stress [21,
22].

In mammalian cells, three types of autophagy are described: macroautophagy, chaperone-
mediated autophagy (CMA) and microautophagy [2, 23, 24]. Microautophagy describes the
direct engulfment of a small portion of cytoplasm by the lysosome. When proteins containing
a special targeting motif are recognised by heat-shock cognate protein 70 (HSC70) and its
cochaperones, they are selectively delivered to the lysosome via CMA. In macroautophagy,
cytoplasmic material is either non-selectively or selectively (e.g. ‘mitophagy’, selective
autophagy of mitochondria) [2, 3, 24, 25] sequestrated in a double membrane structure, the
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autophagosome. This process starts with the formation of an isolation membrane (also known
as phagophore), which will lengthen to create an autophagosome. Autophagosomes fuse with
a lysosome, after which the sequestrated content will be degraded.

Macroautophagy (henceforth autophagy) is generally considered to play the most important
role in the (patho)physiology and is extensively studied in the last decades. The process of
autophagy is dynamic and strictly regulated, with control mechanisms at the transcriptional
and post-transcriptional level [26]. It is regulated at the molecular level by autophagy-related
(Atg) genes and their products, which form the core machinery of autophagy [27]. Paramount
in the regulation of autophagy is the mammalian target of rapamycin (mTOR) [28]. The
initiation of autophagosome formation by phosphorylating UNC51-like kinase 1 (ULK1) is
inhibited by mTOR. In response to growth factors (e.g. insulin), mTOR gets stimulated by the
class I phosphatidylinositol 3-kinase (PI3K)/AKT pathway. However, in case of starvation, the
AMP/ATP ratio increases and leads to adenosine 5′-monophosphate-activated protein kinase
(AMPK) activation and consecutive mTOR inhibition and thus activation of autophagy [27,
28]. The nucleation of the phagophore is mediated by a beclin-1/VSP34 (a class III PI3K)-
interacting complex [27, 28]. The elongation of the phagophore to form an autophagosome is
performed by two ubiquitin-like conjugated complexes: the ATG5-ATG12-ATG16L1 complex
and light chain 3 (LC3). The ATG7 protein (an E1-like protein) is needed to mediate the
conjugation of both complexes and is an interesting target for the study of autophagy [29]. The
active conjugated form of LC3, LC3-II, is frequently used as a marker for autophagy [30]. For
further information on autophagy regulation, we refer to previously published reviews [24,
26, 27].

4. Autophagy in lipid metabolism

Autophagy was convincingly correlated to lipid metabolism for the first time by Singh and his
colleagues [31] and considered as a novel selective pathway in lipid breakdown known as
‘lipophagy’. Others claimed in the same year that autophagy was indispensible for the genesis
of lipid droplets (LDs) rather than for the breakdown of LDs [32]. Ever since, supporting
evidence for both lipid breakdown and lipogenesis has been published. After describing some
common findings, both the opposing theories and contextual variations of autophagy in lipid
metabolism will be discussed.

4.1. Common findings in autophagy and lipid metabolism

In spite of the opposing views present in current literature, some common findings supporting
the relationship between autophagy and lipid metabolism in the liver deserve to be mentioned.

First, a close association between LDs and LC3, as well as between LDs and lysosomes, has
been demonstrated. As demonstrated by immunofluorescence microscopy, LC3-positive
structures and markers of LDs colocalise in liver tissue [32] and in cell lines [33–35]. Increased
colocalisation of LDs with lysosomal markers such as lysosomal-associated membrane protein
1 (LAMP1) [31] or lysotracker [35] in fat-loaded cells was also demonstrated by immunofluor-
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escence microscopy. Similarly, immunohistochemical LC3B-positive dots were localised on the
surface of LDs [36]. Immunogold staining of LC3 on transmission electron microscopy (TEM)
slides confirmed the colocalisation of LC3 with LDs and implies a LD-regulating function of
autophagy [31–33].

The colocalisation of LC3 with LDs was not influenced by inhibition of autophagosome–
lysosome fusion or knockout of autophagy. However, colocalisation of LDs with lysosomes
decreased after inhibition of autophagosome formation or by knockdown of autophagy [31].
These findings suggest that processing of LC3 into LC3-II (the active form) not only occurs on
autophagosomes but also on the surface of LDs [31].

Secondly, in parallel with the histological pattern of NAFLD [7], immunohistochemical
staining of LC3 is more localised in acinar zone 3 (i.e. around the central veins) [36, 37]. Findings
in glutamine metabolism postulate a theoretic zonal distribution of autophagy [38]. In this
view, low rates of autophagy in the periportal areas and constitutively high levels in the
pericentrally areas are assumed in case of well-nourished conditions. Accordingly, it might be
a potential explanation for the pattern found in NAFLD.

4.2. Autophagy as a lipolytic mechanism

The liver is capable of mobilising free fatty acids (FFAs) rapidly when needed. Autophagy as
contributing factor to lipolysis is hence an attractive theory, as it helps explaining this capability
while hepatocytes have relatively low concentrations of cytosolic lipases [39].

When hepatocytes were cultured in the presence of lipid stimuli, hepatocyte triglyceride (TG)
levels increase and LDs accumulate. The pharmacological inhibition or knockdown of
autophagy (targeting ATG5) enhanced these findings [31]. It was shown that impaired lipolysis
(fuelling β-oxidation) and not increased TG synthesis were responsible for these findings.
When autophagy was pharmacologically induced, the opposite happened with decreased lipid
stores in hepatocytes. Hepatocellular-specific, autophagy-deficient mice (targeting Atg7)
confirmed these in vitro results. Indeed, compared with wild-type littermates, liver TG and
cholesterol content increased [31]. Fasting-induced steatosis, which can be observed after 24 h
starvation, was less pronounced in wild-type mice compared with autophagy-deficient
littermates. Moreover, lysosomes and lipid-containing autophagosomes increased after fasting
in the autophagy-competent mice, supporting lipolysis [31].

The oxidation of FFA and the production of very low-density lipoprotein (VLDL) appeared to
be dependent on autophagy. Inhibition of autophagy decreases both FFA oxidation and VLDL
production, while stimulation induces the opposite [40, 41]. The distribution of lysosomal
lipases (LAL) changed towards the autophagosome fraction after starvation in rat liver and
supports an increase in autophagy-mediated lysosomal lipolysis [40].

It has been shown that dietary-induced obesity induces decreased autophagy flux [42, 43]. In
mice with dietary-induced obesity as well as in genetically induced obesity, ATG7 protein
levels were reduced (although the mRNA expression was comparable) [42]. Autophagy
induction via liver-specific overexpression of ATG7 in ob/ob mice [42] or via calcium channel
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blockers [43] restored autophagy flux, improved the metabolic state and reduced steatosis
significantly. These findings further support a lipolytic function of autophagy.

Trafficking of autophagosomes and lysosomes, as well as their interaction, is just modestly
understood. The Rab guanosine triphosphatases (GTPases) serve as master regulators of
intracellular membrane traffic [44] and might be involved in regulation of lipophagy as well.
Indeed, Rab7 is a fundamental component of both LDs and endolysosomal membranes and a
central regulator for LD breakdown by autophagy [45]. Dynamin 2, another GTPase, is also
involved in maintenance of lysosomal homeostasis by recycling of autophagosomes. Ablation
of Dynamin 2 compromised the autolysosomal compartment, with subsequent depletion of
lysosomes, and inhibited lipophagy [46].

Steatosis and dyslipidaemia are linked to defects in forkhead box class O (FOXO) [47], and
liver‐specific triple knockout of FOXO1/3/4 (LTKO) causes steatosis and hypertriglyceridemia
[48]. Regulation of the key autophagy genes mediated by FOXO1 was demonstrated [49]. The
autophagy gene Atg14 is regulated by FOXO1 and 3. Hepatic and serum TG increase after
knockdown of hepatic ATG14, whereas overexpression decreases steatosis in HFD fed animals.
Overexpression of Atg14 in LTKO mice could counteract the observed lipid disturbances
including steatosis [48]. Surprisingly, an increase instead of a decrease in FOXO1 levels was
described in a small cohort of NASH patients [50].

The longer‐term transcriptional regulation of autophagy becomes further unravelled [51] and
seems to be in favour of lipophagy. The transcription factor EB (TFEB) appears to be a master
regulator of autophagy [52] and is involved in lipid metabolism as well. Steatosis is induced
when TFEB is suppressed, while steatosis is inhibited when TFEB is overexpressed [53]. Both
autophagy and the stimulation of the peroxisome proliferator‐activated receptor γ coactivator
1 α–peroxisome proliferator‐activated receptor α (pgc‐1α‐PPARα) pathway mediated the
observed effects. The dependency of TFEB function on autophagy mechanisms was demon‐
strated by the inability to counteract steatosis caused by disruption of autophagy [53]. The
cyclic adenosine monophosphate (cAMP) response element‐binding protein (CREB) is able to
promote lipophagy in the fasted state via activation of TFEB and transcription of autophagy
genes, while the farnesoid X receptor (FXR) suppresses many autophagy genes in fed condi‐
tions [54]. Likewise, starvation‐induced activation of PPARα impedes the inhibitory effects of
FXR on autophagy [55].

It is well known that steatosis can be the consequence of some HIV antiretroviral drugs.
Thymidine analogues were able to inhibit the autophagic flux of hepatocytes in vitro in a dose‐
dependent manner, with subsequent induction of lipid accumulation and mitochondrial
dysfunction [56]. Even though currently only used as clinical treatment in trial [57], glucagon
like peptide‐1 (GLP‐1) analogues were able to reduce fat accumulation in vitro and in vivo by
the activation of autophagy [58–60], and by the reduction in endoplasmic reticulum (ER)
stress [58]. Moreover, Roux‐en‐Y gastric bypass in obese diabetic rats was able to improve
metabolic parameters and to restore hepatic autophagy and was correlated with increased
plasma GLP‐1 levels [61]. Carbamazepine and rapamycin induce autophagy and were effective
in reducing steatosis in models of alcoholic and non‐alcoholic fatty liver disease [62]. Also
caffeine, of which epidemiological data suggest a protective effect on NAFLD, was shown to
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induce autophagy dose dependently with increased lipid clearance [35, 63]. Finally, the
antioxidants resveratrol [64, 65] and tert-butylhydroquinone [66], but also metformin [67],
were able to attenuate hepatic steatosis by inducing autophagy via activation of AMPK/
Sirtuin-1. Other possible mechanisms parallel to changes in autophagy that might explain the
observed effects are formally not excluded, as illustrated by the reduced expression of genes
related to ER stress and inflammation and increased expression of genes involved in lipid
oxidation in zebrafish exposed to caffeine [63]. However, given the alike effects of different
compounds, involvement of autophagy in lipolysis is at least partially feasible.

Very recently, the role of autophagy appeared to be even more complex, since CMA emerged
to control lipid homeostasis. Blockade of CMA induces severe hepatosteatosis, partially
explained by defective breakdown of key enzymes involved in lipid binding, transport and
synthesis [68]. Moreover, CMA is required for breakdown of LDs. LDs are covered with
perilipins (PLINs), which regulate the accessibility of the LD for lipases. PLIN2 and PLIN3 are
substrates of CMA, and upon fasting, they are removed of the LD surface in a CMA-mediated
fashion. Afterwards, the lipid droplets are accessible for both cytosolic neutral lipases and for
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resembling microautophagy and independent of core autophagy proteins [70]. Whether this
also holds true for mammalian cells remains to be proven.

Experimental restrictions, for example the impossibility to use specific drugs or to perform
consecutive biopsies, limit the availability and interpretation of human data. Data of liver
biopsy represent a snapshot of a very dynamic process and cannot accurately discern between
increased autophagy and decreased degradation of autophagosomes [30, 36]. Furthermore,
some markers need to be overexpressed for accurate identification of autophagic structures
[36]. Nonetheless, a small post-mortem study demonstrated decreased LC3 and increased p62
staining in relation with the degree of steatosis, suggesting decreased autophagy in more
severe steatosis [37]. Likewise, in proven NAFLD p62 accumulation, increased numbers of
autophagic vesicles were demonstrated [71]. mRNA and protein analysis of liver biopsies were
also indicative of an impaired autophagic flux in both NAFL and NASH patients [72]. A more
in-depth analysis with gene set enrichment analysis of liver biopsies demonstrated that NASH
has distinct patterns, compared with normal livers or NAFL. In these livers, the gene categories
for apoptosis and autophagy were enriched for upregulated genes, while the gene categories
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and to increase lipolysis or indicate the direct involvement of autophagy in fat accumulation
in the liver.

Finally, two clinical observations need to be mentioned. Hypothyroidism is more prevalent in
patients with NAFLD [74–76] as well is hypovitaminosis D [77]. The thyroid hormone (T3) is
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a known regulator of the basal metabolism and recently shown to be a powerful inducer of
autophagy in vitro and in vivo. Autophagy plays a crucial role in T3-stimulated β-oxidation [34].
Vitamin D acts also as a potent inducer of autophagy [28]. As a result, these associations might
be explained via autophagy and are in line with lipophagy. A direct effect via autophagy,
however, has hitherto not been investigated.

4.3. Autophagy as a lipogenic mechanism

Caenorhabditis elegans is a nematode increasingly used in metabolic research. Its intestine fulfils
the role of a multifunctional organ reflecting the roles of the liver and adipose tissue [78].
Inhibition of autophagy via knockdown of several different genes involved in the autophagy
process results in a strong reduction in lipid content. Importantly, there were no arguments
for altered food uptake or defecation, nor for influenced differentiation of the tissue in case of
autophagy deficiency [79].

The body possesses an adaptive mechanism to maintain homeostasis in case of fasting. The
declined insulin levels no longer inhibit lipolysis in the adipose tissue (AT) and release FFA to
the serum. The liver captures FFA, either for the formation of ketone bodies, or for temporary
storage as TG in LDs [32, 80]. The latter can be seen with 1H-magnetic resonance spectroscopy
after 36-h fasting [81]. A substantial accumulation of TG in the liver, consequent to this
mechanism, can be seen in rodents and is known as fasting-induced steatosis. The C57Bl/6
mouse strain showed to be very prone to develop fasting-induced steatosis [80]. However,
compared with wild-type littermates, hepatocyte-specific autophagy-deficient mice lack
fasting-induced steatosis. The total TG content in their livers is lower, and the remaining LDs
are decreased in size and numbers [32]. This observation was not only the case in very young
mice (22 days old) but was also demonstrated in 8- to 12-week-old mice [32, 36, 82]. As a
consequence, autophagy seems to be implicated in the formation and growth of LDs. The
colocalisation of LC3 (necessary for autophagosome formation) with LDs in starved wild-type
mice further supports these findings [32]. Consistent with the overall nutrient shortage by
fasting, mice exposed to a one-week dietary protein deficiency develop hepatic steatosis,
accompanied by autophagy and ER stress. Leucine supplement, a known autophagy inhibitor,
lowered autophagy, ER stress and liver TG content [83]

In different cell lines, amongst which hepatocytes, the indispensability of autophagy for LD
formation was confirmed [33]. The knockdown of LC3 in these cells leads to reduced formation
of LDs and reduced TG content compared with their controls. Since FFA uptake, TG synthesis
or TG breakdown are unaltered after knockdown of LC3, an impaired ability to preserve
synthesised TG within these cells is suggested [33].

Hepatocyte- or skeletal muscle-specific autophagy-deficient mice exhibit an improved
metabolic profile [84]. When hepatocellular-specific autophagy-deficient mice are fed a control
diet [82, 84], the aforementioned fasting-induced steatosis did not occur. Moreover, when these
mice were fed a HFD, lipid accumulation was absent [84] or did not increase [82]. The
expression of genes involved in fatty acid and TG synthesis, but also of those involved in β-
oxidation and TG secretion were reduced in comparison with autophagy-competent litter-
mates [82, 84]. Therefore, it is not clear whether these findings are epiphenomena or directly
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involved in the prevention of steatosis. Kim and colleagues held the ‘mitokine’ fibroblast
growth factor 21 (FGF21), which is induced by mitochondrial stress, responsible as a central
mediator of the metabolic alterations [84].

Studies with dietary and genetic models of obesity report decreased levels of autophagy, while
the overexpression of ATG7 had beneficial metabolic effects [42] as discussed before. Never-
theless, in the same paper the suppression of ATG7 in lean mice failed to alter lipid accumu-
lation in the liver (as well as TG or FFA in serum), while hepatic glycogen content did show
an increase [42]. This study may therefore be considered as non-conclusive about a lipolytic
or lipogenic function of autophagy.

4.4. Contextual variability of autophagy in lipid metabolism

Besides the opposing views regarding autophagy as a lipolytic or lipogenic process, autophagy
is also subjected to context-dependent alterations. In most of these cases, these differences were
described by those who support autophagy as a lipolytic mechanism.

Lipid metabolism seems to be more dependent on basal autophagy than on induced autoph-
agy, since (sudden) lipid stimuli did not reveal signs of induced autophagy or autophagic flux
in cultured hepatocytes [31]. In vivo there is also impaired adjustment of autophagy, as external
lipid load by prolonged HFD decreases autophagy efficiency [31, 41, 42, 58]. Intriguingly, a
detailed follow-up of autophagy reveals fluctuating levels of autophagy over time. Increased
autophagic flux was observed after 2 weeks [41] or 4 weeks [85] of HFD, and a decrease was
observed after, respectively, 10 or 16 weeks of HFD. Other data (only published in abstract
form) suggest that autophagy decreases after short-term HFD (3 days) and normalises after
long-term HFD (10 weeks) [86]. Instead of a decrease, 8 weeks of a diet high in fat load generates
an increase in autophagy [87]. Recently, autophagy was shown to behave dynamically with an
oscillating damping pattern under HFD, probably the consequence of a feedback loop
mechanism between mTORC1 and TFEB (X.M. Yin, personal communication at the AASLD
2015). Overall, autophagic flux seems to be very dynamic in case of overnutrition.

The detrimental effects of fatty acids on the cellular integrity are called lipotoxicity [88, 89].
Thus, it is not surprising that lipids by itself may have impact on autophagy. Autophagy can
be induced by short chain fatty acids [90] and ω3-fatty acids (mTOR independently) in vitro
[91]. Unsaturated fatty acids (e.g. oleic acid) stimulate autophagy and protect against apopto-
sis, while saturated fatty acids (e.g. palmitic acid) inhibit autophagy and promote apoptosis
[58, 92, 93]. Tu et al. observed the opposite effects, with inhibition of autophagy by oleic acid
and induction by palmitic acid [94]. These conflicting results might reflect differences in cell
type, concentration and duration of FFA application, but more importantly emphasise the
contextual variability of autophagy.

The impairment of autophagy in case of saturated fatty acids is considered to be due to a
diminished fusion capacity of autophagosomes with lysosomes [43, 95]. Long exposure to high
lipid concentrations alters the lipid composition of membranes or vesicular compartments and
in this way impairs their fusion [95]. Another explanation includes an inhibitory effect of
increased cytoplasmic calcium concentrations via inhibitory effects of SFA on the sarco-ER
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calcium pump (SERCA) [43]. This may explain the altered autophagy after prolonged fatty
diets. Attenuation of CMA was also observed after lipid challenge [23]. However, some authors
did not observe an attenuated fusion capacity. Instead, they report a decrease in clearance of
autophagosomes due to a disturbed acidification of lysosomal compartments [96, 97] and/or
downregulated cathepsin expression [71, 96].

Variation is not only the case within the liver, but is also dependent on tissue type. Adipogen-
esis and transdifferentiation towards white AT, for example, depend on autophagy [98, 99],
thus arguing against a potential lipolytic function of autophagy in AT. This is opposite to the
observations in liver tissue, which mainly claim a lipolytic function (as discussed above).
Additionally, in the AT of patients with metabolic syndrome or type 2 diabetes mellitus,
autophagy increased [100–102].

4.5. Discrepancies and hypotheses

The role of autophagy in the liver seems to be more complicated than expected. At present, a
clear-cut explanation for the discrepancies of autophagy with respect to lipid metabolism as
stated above is missing [103]. However, several hypotheses have been put forward.

Firstly, some concerns were related to the age of the laboratory animals [104], since autophagy
declines with age [105]. Older mice might be less dependent on autophagy than juvenile mice.
However, experiments with both younger and older mice provide comparable results [32, 36,
82, 84], implying that only age cannot explain the observed differences.

Secondly, in vivo experiments can be subject to small variances in the mouse strains used [84].
However, this issue is not likely to offer an explanation. Most of the experiments were
performed on a C57Bl/6 background, which is an inbred strain. Moreover, manual backtrack-
ing the cited resources of the hepatocyte-specific Atg7 knockout mice leads to the same origin
of the mice. Atg7 flox mice were created by Komatsu and colleagues [29], while the albumin-Cre
mice were created by the group of Magnuson [106]. In addition, conflicting results were also
seen in hepatocyte cell lines as described above.

Thirdly, lipid accumulation and autophagy can be examined by many different methods. Liver
steatosis can be induced by fasting, and by genetic and/or dietary interventions. However,
these genetic modifications or pharmacological approaches can also alter autophagy by
themselves. Genetic modification can target different autophagy-related genes as well, which
might be reflected in the results. Whereas papers supporting autophagy as lipophagy use a
wide range of methods (see above), articles claiming the contrary chiefly applied in vivo
knockout and knockdown models and fasting-induced steatosis (see above). One also has to
be aware of the potential influential consequences of knockout models on the developmental
stages, for example as seen by the transdifferentiation of white adipocytes [98, 99]. As a result,
the observed differences in autophagic lipid handling might be consequent to altered hepato-
cellular maturation as well as to the experimental method applied.

Fourthly, basal autophagy and stimulated autophagy have to be distinguished. The former is
supposed to be the most important in the pathogenesis of NAFLD [31, 107]. Discernment
between basal and induced autophagy is hampered by the fact that mostly total blockage of
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autophagy is used. Selective blockage of stimulus-induced autophagy (i.e. by exercise or
starvation) can be achieved in a recently described Bcl-2 knock-in model [108]. These mice have
an exercise-related impairment of glucose metabolism and exhibit increased serum lipid levels
when fed a HFD. Importantly, liver and pancreas morphology did not alter after HFD,
supporting the importance of basal autophagy in lipid metabolism. These differences conse-
quent to basal versus stimulated autophagy deserve further study to elucidate each particular
role and potential influence on the divergent findings in lipid metabolism.

Whether the observed effects are a secondary/adaptive process or primary caused by autoph-
agy is sometimes difficult to differentiate [99, 109], as well as the potential modified effects due
to (compensatory upregulation of) other forms of autophagy (e.g. CMA) [107]. Furthermore,
other organelles and cellular processes are impacted by dysfunctional autophagy and could
in part explain observed differences in liver metabolism. Since autophagy can degrade apoB,
a necessary protein for the VLDL formation, impaired VLDL production might be involved as
well [109]. The involved ATG proteins might even exert non-autophagic (and autophagy
independent) functions [39, 42, 110] in lipid metabolism.

While focussing on the role of autophagy in lipid metabolism, the role of cytosolic lipases may
not become overlooked, while they still account for a substantial part of the lipolysis [88]. Total
blockage of lipolysis by diethylumbelliferyl phosphate (DEUP) causes a greater increase in the
cellular TG content than blocking autophagy alone [31]. In addition, if LD formation is
autophagy dependent, small LD-like bodies are still observed on TEM in autophagy-deficient
cells, suggesting that LDs formed out of the ER are unaffected [32].

Finally, the microscopical techniques currently available do not allow visualisation of the
smallest LDs in living cells [111]. Hence, it is possible that the observed effects only reflect
autophagy-related modulation once LDs are formed. In that case, autophagy can be considered
as a dynamically active process that controls LD size and the amount of lipotoxic FFA in the
cytoplasm. The effects of autophagy will be rather context dependent [79, 88]. In this perspec-
tive, lipolysis and lipogenesis are no longer mutually exclusive and in fact coexist [112].

5. Autophagy in glucose metabolism and insulin resistance

The liver has a key role in glucose metabolism and autophagy substantially contributes to
maintain glucose homeostasis. In case of a conditional whole-body knockout of Atg7 in adult
mice, liver glycogen stores were totally depleted and serum amino acids and glycaemia
dropped severely when fasted and led to death. The underlying cause was a lack of sufficient
substrates because of deficient autophagy, since liver ketogenesis and gluconeogenesis in the
liver remained intact [113].

Similar to whole-body autophagy, hepatic autophagy is necessary to deliver sufficient
substrates to maintain blood glucose levels in the fasting state [114, 115], which is under strict
control of insulin [114]. Additionally, long-term maintenance of blood glucose levels is
dependent on growth hormone-stimulated autophagy [115]. Adenoviral overexpression of
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TFEB, a master regulator of autophagy, improves the metabolic syndrome in HFD fed and ob/
ob mice, amongst which improved glucose metabolism [53].

CMA is also involved in glucose metabolism. Mice with knockout of LAMP2A, necessary for
internalisation of CMA-dedicated proteins, demonstrated increased levels of glycolysis. As a
consequence, they exhibit lower blood glucose levels after fasting, have decreased glucose
tolerance testing and recover less from insulin tolerance testing [68].

Impaired insulin signalling is an important feature of NAFLD [11]. The exact interactions
between the action of insulin and autophagy, explaining the observed alterations in glucose
metabolism, are not entirely clarified yet. Figure 2 summarises the current knowledge of
autophagy and insulin resistance.

Figure 2. Autophagy and insulin resistance. Reciprocal influences are described between autophagy and insulin resist-
ance (IR). Reduced autophagy causes a decrease in blood glucose level and is subject to different influences. Growth
hormone regulates blood glucose on long term through the stimulation of hepatic autophagy. Increased levels of cal-
pain 2 can induce IR through the effects of decreased autophagy on mitochondria and the endoplasmic reticulum (ER)
stress levels. On the other hand, when normal insulin sensitivity remains present, secondary hyperinsulinism due to IR
can decrease autophagy through the effects on mammalian target of rapamycin (mTOR) and through reduced fork-
head box class O 1 (FOXO1). IR is also influenced directly through modulation of ER stress and the mitochondrial
function by free fatty acids (FFA). Controversy exists on how autophagy might influence the level of lipids and thus
FFA. Likewise, the formation of bioactive stereoisomers of diacylglycerol (DG), which might induce protein kinase C
(PKC)-dependent IR, is also dependent on the effects of autophagy on FFA. The fibroblast growth factor 21 (FGF21) is
produced in response to mitochondrial dysfunction and capable of reducing IR. Arrows indicate a consequence of a
certain alteration, bar-headed arrows denote an inhibition. Double-headed arrows present a reciprocal influence. The
dashed arrow denotes the uncertain relation between FFA and autophagy. *ER stress actually increases autophagy;
#Only certain bioactive stereoisomers induce PKC (adapted from [112]).

Insulin inhibits autophagy via the stimulation of mTOR [2, 27]. When the liver presents a
normal insulin sensitivity, reduced hepatocellular autophagy might be explained by insulin-
dependent stimulation of mTOR in hyperinsulinaemic states. In case of insulin resistance (IR),
an alternative inhibitory pathway of autophagy was described as well [49]. In mice fed HFD,
diminished autophagy was the consequence of reduced FOXO1-mediated expression of key
autophagy genes. The IR was believed to be due to the reduced clearance of dysfunctional
mitochondria, as oxidative stress and altered mitochondrial integrity (and mass) are related
to IR [49].

In contrast to the abovementioned study, IR was the result of decreased autophagy rather than
the cause of reduced autophagy [42]. Insulin sensitivity and glucose tolerance improved, while
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the hepatic glucose production and steatosis decreased when obese mice overexpressed
Atg7. Knockdown of Atg7 in lean mice induced severe IR. Decreased protein levels of ATG7,
with the following increase in cellular stress, with emphasis on ER stress, might be the cause
of the observed IR. For this, increased levels of the calcium-dependent protease calpain 2,
capable of cleaving several autophagy-related proteins, were held responsible [42].

In line with the potential underlying mechanism of ER stress-mediated increase in the hepatic
IR, developing secondary to decreased autophagy, are the findings that intracellular saturated
fatty acids can contribute to IR by an increase in ER stress [116]. However, ER stress-inde-
pendent mechanism was described as well [116]. Moreover, ER stress can stimulate autopha-
gy [27, 117]. In this viewpoint, autophagy might potentially prevent cell injury and IR
particular by serving as an escape mechanism in an attempt to reduce ER stress.

Autophagy not only plays a role on cellular level, but appears to exert endocrine and metabolic
functions as well [84]. Defective clearance of mitochondria, due to dysfunctional autophagy,
induces cellular stress and subsequent stress responses. One of those is activation of tran-
scription factor 4 (ATF4), which promotes the expression of FGF21. FGF21 in turn has several
beneficial metabolic effects including improvement in insulin sensitivity and glucose toler-
ance [84, 118]. Paradoxically, in patients with NAFLD a positive association was observed
between plasma FGF21 levels, IR and steatosis [119]. This phenomenon might be explained by
FGF21 resistance, since less IR is actually expected with increasing levels of FGF21, or can either
be explained by an adaptive increase in FGF21 once IR has been established. Taking into
account these positive metabolic consequences, mitochondrial dysfunction no longer has to be
seen as just detrimental, but also as beneficial by improving glucose metabolism and reducing
fasting-induced steatosis.

Finally, insulin resistance is linked to protein kinase C (PKC) [120]. PKC in an important cellular
effector enzyme involved in several signal transduction cascades and several isoforms exist.
Many of them can be activated by diacylglycerol (DG). PKC showed to be able to inhibit and
stimulate autophagy [121, 122]. DG is a product of lipolysis, but also a TG intermediate, and
might be an additional crosslink between IR and autophagy. Importantly, not all DG are able
to activate PKC, only specific stereoisomers can. Of these, no bioactive DG can be produced
by lipolysis, and therefore, potential crosstalk is less likely [88, 120]. On the contrary, bioactive
stereoisomers of DG (i.e. 1,2-diacyl-glycerol) can still be generated in lipid synthesis and
interfere with insulin signalling.

6. Autophagy and hepatocellular injury and hepatocellular carcinoma

As mentioned in Section 1, NAFL can evolve to NASH and is prone to subsequent development
of advanced fibrosis or even development of hepatocellular carcinoma (HCC) in a subset of
patients [6]. Because autophagy plays a central role in cellular homeostasis, dysfunction likely
results in cellular injury. Indeed, stimulation of autophagy could reduce liver injury in animal
models of ethanol-induced steatohepatitis [62, 123] and NAFLD [62].
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Mitochondrial damage is often observed in autophagy deficiency [29, 36, 56, 84, 92, 124].
Dysfunctional mitochondria lead to the production of reactive oxygen species (ROS), which
are involved in the pathogenesis of NASH [125]. Increased ROS production was indeed
observed in autophagy deficiency [56, 126]. Autophagy‐deficient hepatocytes are more
susceptible to cell death via menadione‐induced oxidative stress [107]. Compensatory
upregulation of CMA, capable of protecting against menadione‐induced cell death via
different mechanisms, is unable to overcome the induced oxidative stress [107]. TNF‐induced
hepatic injury causes similar alterations as menadione, with increased cell death, JNK/c‐JUN
overactivation and activation of the mitochondrial death pathway in hepatocyte‐specific
autophagy‐deficient mice. However, this seems to be independent of oxidative stress or
impaired cellular energy homeostasis secondary to mitochondrial dysfunction [127].

In autophagy‐deficient cells, SQSTM1/p62‐positive proteinaceous aggregates accumulate as
they are no longer degraded. p62 seems to contribute considerably to the hepatocellular injury
seen in autophagy deficiency, as double knockouts (DKO) of autophagy (Atg7) and p62 have
less hepatocyte injury compared with autophagy knockout (Atg7) alone [128]. However,
overexpression of p62 is not cytotoxic [129]. The effects of p62 might be executed by NF‐E2‐
related factor 2 (NRF2), of which p62 is an endogenous protein inducer. Indeed, DKO of Atg7
and Nrf2 was able to prevent hepatic injury, similar to the DKO of Atg7 and p62 [129, 130]. This
is a paradoxical finding, as NRF2‐dependent gene products are known to be cytoprotective,
but is believed to be the consequence of increased cellular stress due to imbalance between
increased protein synthesis (NRF2‐driven) and reduced breakdown (by autophagy) [129]. Of
note, despite the alleviation of cellular injury by these DKOs, the observed phenotypes cannot
be attributed solely to NRF2 activation. Since turnover of damaged organelles is still not
corrected in these DKOs, complete prevention of the cellular injury comparable to control
levels cannot be achieved either.

In adipocytes, autophagy is linked to inflammatory cytokines and inflammation. Knockout of
p62 in adipocytes induces infiltration of macrophages and the production of pro‐inflammatory
cytokines in AT [131]. Furthermore, obesity and glucose intolerance are observed, while this
is not the case in p62 knockout in hepatocytes. Whether these inflammatory changes also occur
in liver is not investigated. Human and mice adipocytes also increase their pro‐inflammatory
cytokine production when autophagy is inhibited [102, 132].

Autophagy exerts a dual role in tumorigenesis depending on the stage of tumour development.
In normal tissue, autophagy acts as a tumour suppressor and thus prevents the development
of malignant neoplasia. However, when a tumour already has developed, autophagy aids the
survival of tumour cells by supplying nutrients [133].

Hepatocellular autophagy deficiency, either by Atg5 or Atg7 knockout, causes the development
of multiple spontaneous liver tumours [124, 126, 130, 134]. In line with the observed effects of
the contributing role of p62‐NRF2 to cellular injury, DKO of Atg7 and p62 was able to reduce
tumour size [124], and DKO of Atg7 and Nrf2 totally prevented tumour formation [130].
Intriguingly, all these tumours were not hepatocellular carcinomas (HCCs) but hepatocellular
adenoma, which are benign tumours. Even stimulation with diethylnitrosamine, an establish‐
ed chemical inducer of HCC, was not able to induce HCC in autophagy‐deficient livers
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compared with wild-type livers [126]. The induction of several tumour suppressors (e.g. p53)
could explain the prevention of carcinogenesis in case of autophagy deficiency [126]. Once
HCC has developed in autophagy-competent rat livers, differences in autophagy pattern
correlate with aggressiveness of the tumours, as determined by the marker cytokeratin-19
[135]. For further extensive discussion of the role(s) of autophagy in liver tumour biology, we
refer to other published reviews [21, 136].

7. Autophagy in liver fibrosis

As stated before, liver fibrosis is the main predictor for long-term outcomes in patients with
NAFLD [9, 14]. Interestingly, hepatocellular autophagy affects liver fibrosis too. In mice with
hepatocellular autophagy deficiency, the degree of fibrosis was significantly increased [82, 130,
137]. This could be only an indirect effect considering the protective role of hepatocellular
autophagy on liver injury and inflammation, which are the driving forces of fibrogenesis [82,
137].

Available evidence suggests also a direct elementary role for autophagy in different fibrogenic
cells [138]. Autophagy seems to provide nutrients to fuel the processes involved in the
activation of these cells. The hepatic stellate cells (HSCs) are considered major fibrogenic cells
in the liver. When these cells transdifferentiate from a quiescent state to active myofibroblasts,
their lipid stores (in HSC mainly vitamin A) become depleted [139].

During HSC activation, the autophagic flux increases and pharmacological or genetic inhibi-
tion could prevent the activation of HSCs [140, 141]. In these cells, autophagy interferes with
LD metabolism, as shown by colocalisation of LC3B with LDs. Interestingly, only larger LDs
seem to be affected and colocalisation disappeared once HSCs were activated [140]. More
specifically, autophagy plays a role as energy supplier through delivery of FFA out of LDs for
β-oxidation, necessary for the transdifferentiation of HSCs [141]. Even though there is no effect
on fibrogenesis in autophagy-competent cells, oleic acid could partly restore HSC activation
in autophagy-deficient cells [141].

HSC activation through autophagy activation was very recently ratified in an in vitro model
using rat HSCs [142]. When hypoxic stress was applied, HSCs increased autophagic flux and
got activated. Pharmacological intervention and knockdown of autophagy demonstrated that
HSC activation was autophagy dependent and mediated by the activation of Ca2+-AMPK-
mTOR and PKCθ signalling pathways.

8. Autophagy and ER stress

Next to autophagy, cells possess another homeostatic mechanism to protect cells by alleviating
cellular stress or by inducing cell death under extreme conditions: the unfolded protein
response (UPR). The UPR is activated in response to the accumulation of unfolded proteins in
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the endoplasmic reticulum (ER) (ER stress) [143, 144]. ER stress results from perturbation of
the normal protein folding capacity of the ER and induces inflammation and oxidative stress
[145]. The UPR encompasses three major adaptive mechanisms to restore protein homeostasis,
named after the respective ER stress sensor: activating transcription factor 6 (ATF6), protein
kinase RNA-like ER kinase (PERK) and inositol-requiring enzyme-1α (IRE1α) [143].

The UPR and autophagy can function independently, but are dynamically interconnected. The
classical view is that ER stress induces autophagy in order to restore cellular integrity, though
ER stress can both induce and inhibit autophagy, even in a selective way [144]. Reciprocal
feedback also exists, where autophagy influences the turnover of ER and the removal of
misfolded proteins and hence regulates ER stress [146].

Interestingly, impaired autophagy is associated with increased levels of ER stress (mRNA and
protein levels) in patients with NASH [72]. Gene analysis showed a general enrichment of
downregulated genes related to the UPR in patients with NASH [73]. However, microarray
data of the different UPR branches showed a more scattered pattern with both up- and
downregulated gene expression. Finally, there were increased levels of IRE1α-regulated
spliced X-box binding protein 1 (XBP1s) at protein level, with congruent increased nuclear
staining, and equal levels of other UPR chaperones (though with large variability) [73].

In a methionine-choline-deficient diet (MCDD) and HFD model of NAFLD, an analogous
association between impaired autophagy and ER stress was observed [72]. The same authors
demonstrated alleviation of ER stress in vitro after induction of autophagy in palmitic acid
induced fat accumulation. High fructose feeding, a model for diabetes, induces ER stress and
reduces autophagy after two weeks. Autophagy and ER stress occurred prior to lipid accu-
mulation, wherein autophagy preceded ER stress. Vice versa, induction of autophagy could
alleviate ER stress, restored insulin signalling and reduced liver fat content [147].

In line with these results, knockdown of Atg7 increased ER stress levels in lean mice, while
overexpression of Atg7 in obese ob/ob mice showed the opposite [42]. Furthermore, HFD
induced obesity or in vitro addition of SFA was able to impair autophagy by inhibiting the
fusion of autophagosomes with lysosomes. This impairment induced increased ER stress.
Intriguingly, ER stress in se was not able to inhibit autophagy, but the underlying inhibition of
SERCA pumps with subsequent rise in cytosolic calcium levels was. Calcium channel blockers
were able to restore autophagy, ER stress and the metabolic consequences of HFD or SFA [43].

Finally, C1q/TNF-related protein 9 (CTRP9) is the closest known paralog of adiponectin and
also thought to serve as an adipokine. CTRP9 has shown in vitro and in vivo to induce hepa-
tocellular autophagy, reduce ER stress and subsequently alleviate TG accumulation and
apoptosis. The reduction in ER stress was independent of direct effects on UPR chaperones
and proven to be dependent on its actions on autophagy [148].

These studies subscribe the reciprocal effects of autophagy on ER stress and their role (albeit
possibly indirectly) on lipid metabolism.
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9. Conclusion

The current literature clearly emphasises the importance of autophagy in the liver. Neverthe-
less, when focussing on its role in liver lipid metabolism, controversy still exists regarding
lipolytic or lipogenic features of autophagy. Moreover, autophagy is a highly dynamic process
and appears to act in a context- and tissue-specific way.

Autophagy is not only involved in lipid metabolism but also in glucose metabolism, liver
fibrogenesis and cellular injury. At the cellular level, there is a close interaction between ER
stress and the corresponding UPR, another cellular homeostatic defence mechanism.

Unravelling the exact function of autophagy in the complex pathophysiology of metabolic
disturbances and NAFLD could make autophagy an interesting target for treatment of the
metabolic syndrome or for NAFLD.
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Abstract

The physiological role of autophagy in metabolism of the body involves both protein
synthesis  and degradation.  The autophagy-lysosome and the ubiquitin-proteasome
systems  are  the  two  major  intracellular  proteolytic  mechanisms.  Autophagy  in
hepatocytes is known to be quite active and contribute to its normal functions and the
pathogenesis of liver diseases. The role of autophagy in liver diseases has been widely
studied,  and growing evidence has now shown that  autophagy is  involved in the
pathogenesis of cirrhosis and hepatocellular carcinoma (HCC). However, the role of
autophagy in the progression of liver fibrosis and prognosis of human HCC is not well
known.  Recent  studies  have  demonstrated  that  tissue  factor  (TF)  combined  with
coagulation factor VII (FVII) has a pathological role by activating a protease-activated
receptor 2 (PAR2) for tumor growth. Autophagy-related LC3A/B-II formation induced
by the inhibition of TF/FVII/PAR2 coagulation axis, particularly by FVII knockdown,
was selectively mediated by the Atg7 induction. These results are consistent with clinical
observations that indicate the important role of FVII activation in regulating autophagy
in HCC. In this chapter, we discuss our findings in which FVII promotes growth and
progression in HCC through ERK-TSC/mTOR signaling to repress autophagy and may
play a pivotal role in conferring cirrhosis and other liver diseases.

Keywords: autophagy, coagulation, hepatocellular carcinoma, cirrhosis, tissue factor,
factor VII, protease-activated receptor 2, mammalian target of rapamycin
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1. Introduction

Autophagy comprises some of the most fundamental reactions in which the cell sequesters
part of its own material for degradation and converts proteins and lipids into life-preserving
fuel through times of energy deprivation. In addition, the cell also uses autophagy to remove
misfolded protein aggregates and dysfunctional organelles under certain stress conditions
[1, 2]. During autophagy, multiple signaling pathways converge on the autophagy-related
(Atg) proteins,  mediating the formation of a double-membraned structure known as the
autophagosome.  Recruitment  of  the  Atg12-Atg5  complex  and  microtubule-associated
protein 1 light chain 3 (LC3) is essential for this process and correlates with the level of
autophagy. These autophagosomes then fuse with lysosomes to form autolysosomes that
lead to the degradation and recycling of their content [3]. Despite the general acceptance
that autophagy is a protective mechanism toward cell survival, recent studies have shown
an active role of autophagy in cell death [1]. Autophagic cell death is known as the type II
programmed cell death in response to several anti-tumor therapies in various types of cancer
[3].  Recent  studies  have  revealed the  involvement  of  autophagy in  major  fields  of  liver
physiology and pathology,  including acute/chronic  liver  injury,  lipid accumulation,  viral
infection, and hepatocellular carcinoma (HCC) [4]. The autophagy pathway may be used by
liver cells to generate energy during periods of starvation or exploited as a tumor suppressor
mechanism depending on different biological contexts [5]. Studies assessing autophagy in
HCC have demonstrated an anti-tumor role in various cellular, animal and clinical models.
However,  the mechanisms underlying low incidence of autophagy in HCC are not fully
elucidated.

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that controls cell
growth and survival and is regulated by various stimuli [6]. The mTOR pathway is abnormally
activated in a proportion of HCC patients. As the name implies, mTOR is the intracellular
target of rapamycin, a naturally occurring small molecule inhibitor that is currently used
clinically as an immunosuppressant and in some cases, to inhibit tumor growth and metasta-
sis [7, 8]. In HCC animal models, inhibition of the mTOR/ribosomal protein p70 S6 kinase
(p70S6K) pathway demonstrates anti-proliferative and anti-angiogenic effects [9, 10]. Studies
using histone deacetylase (HDAC) inhibitors OSU-HDAC42 and SAHA to induce autophagy
in HCC cells further reveal that their anti-cancer properties are mainly through blockade of
Akt/mTOR signaling [11].

Our recent publications tied together autophagy and the coagulation cascade in HCC and
highlighted the important role of factor VII (FVII)/protease-activated receptor 2 (PAR2) sig-
naling in regulation of autophagy, which is dependent upon mTOR activity. More impor-
tantly, an inverse correlation between FVII/PAR2 and LC3 expression in HCC tissues and
their contiguous normal regions suggests that components of this particular pathway may
serve as potential therapeutic targets in HCC and other cancers which exhibit aberrant FVII/
PAR2/LC3 signaling.
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2. mTOR interconnects coagulation cascade and autophagy in HCC and
related disorders

An established relation between cancer and thrombosis can be dated back to more than a
century ago, and the association was further refined and supported among patients who
showed venous thromboembolism (VTE) and were subsequently diagnosed with clinically
overt cancer [12, 13]. Thrombosis is considered as one of the common complications related to
the cancer itself as well as interventions for treating the disease. Approximately 15–20% of VTE
events are associated with malignancy [14, 15]. In addition, patients with cancer have a fourfold
higher risk for VTE compared with non-cancer patients. This risk is even higher in patients
who undergo chemotherapy [16]. Recurrent VTE is also twice as likely to occur in cancer
patients, even in those who experience oral anti-coagulant therapy [17, 18]. Notably, patients
with cancer who have a thrombotic event have reduced survival compared with those who do
not [19].

The transmembrane tissue factor (TF) initiates blood coagulation cascade that complexes with
activated FVII and transmits signals through direct activation of protease-activated receptors
(PARs) [20–22]. In fact, dysregulated cancer cells may have an important contribution to the
elevated levels of circulating TF, which in turn activates the coagulation system [23]. Cancer
cells release plasma membrane vesicles with pro-coagulant activity. Such activity has been
shown to behave as TF, requiring FVII for activation [24]. The role of direct TF signaling in
cancer is not fully understood. The best known pathway of TF-dependent signaling is through
the activation of PAR2 [25, 26] and in part through the thrombin-PAR1 pathway [27, 28]. It has
also been reported a constitutive association of TF with β1 integrins in cancer [25]. Inhibition
using specific antibodies or peptide inhibitors concludes that blockade of the FVII/TF/PAR2
signaling independent of the coagulation response can suppress cancer progression [25, 29].
TF expression varies among different types of malignancies; some may be more pro-thrombotic
than others. TF levels can also be influenced by tumor staging as well as associated therapeutic
interventions [30, 31].

Plasma TF levels are closely related to occurrence of chronic liver diseases [32, 33]. The diag-
nostic/prognostic value of TF in tumor pathology has also been demonstrated [34]. Angio-
genesis is recognized as an important factor in the development, progression, and
recurrence of HCC, and targeting vascularization has been vigorously studied for potential
therapeutic strategies [35–37]. A recent study to evaluate the correlation between TF expres-
sion with tumor angiogenesis and invasiveness in HCC suggests that tissue TF levels have a
significant association with microvascular density, venous invasion, microsatellite nodules,
tumor staging, and survival [38]. Zhou et al. also demonstrates that TF is overexpressed in
both plasma and liver tissue of HCC patients, and it is closely related to many invasive and
metastasis indexes [39]. Furthermore, hepatocytes occupy more than half of the total liver
volume and carry out critical functions in coagulation factor synthesis (TF, FVII, etc.) in the
liver. It has also been discussed that extremely low levels of hepatocyte TF compared with
other organs/tissues [40, 41], however, may be the potential source for the activation of coag-
ulation in liver diseases [42].
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TF is an essential cofactor of FVII, which accelerates the conversion of an inactive FVII into an
active FVIIa, propagating a series of serine protease activation events. In addition to pathogenic
mechanisms in which TF triggers a pro-coagulant state and aberrant signaling, when TF-
expressing tumor cells are in contact with the blood or when TF-positive membrane particles
are shed into the circulation, constitutive expression of FVII also participates in the process of
tumor invasion and metastasis [43]. Studies that target the TF/FVIIa signaling pathway with
specific inhibitor or RNA interference provide a logical path for the development of potential
therapeutics [44, 45]. In our clinical observations in HCC, we were the first to demonstrate that
the expressions of FVII and PAR2 were inversely correlated with the amount of autophagic
effector proteins LC3A/B-II [46]. We have also demonstrated that the treatment with recombi-
nant TF (rTF), rFVII, or PAR2 agonist decreased expression of LC3A/B-II protein in cultured
Hep3B cells suggesting a crucial impact of the TF/FVII/PAR2 coagulation pathway on tumor
malignancy under certain circumstances. The dependence of mTOR activation on pathological
thrombosis has been seen in various studies, in which the risk of thrombotic events while
patients were receiving organ transplants [47–52] and coronary stents [53] was associated with
TF expression. In this study, treatment with rTF, rFVII, and the PAR2 peptide agonist, rather
than thrombin and PAR1 agonist, induced activation and expression of mTOR whereas
silencing of TF, FVII, or PAR2 by siRNAs repressed its phosphorylation and expression.
Additionally, rTF, rFVII, or PAR2 activation drastically inhibited the LC3A/B-II expression
levels which were fully rescued by mTOR knockdown or treatment of mTOR inhibitors in
vitro. The results illustrated that repression of autophagy by TF/FVII/PAR2 relies upon mTOR
activity.

Our study indicated that recombinant FVII, TF, and a PAR2 agonist increased expression of
mTOR whereas thrombin or PAR1 agonists did not. Gene silencing of FVII, TF, or PAR2
decreased mTOR. The decrease of LC3A/B-II initiated by recombinant FVII/TF/PAR2 agonist
was rescued by mTOR knockdown in vitro. These results indicated an mTOR-dependent
repression of autophagy by the FVII/TF/PAR2 signaling.

Although our observations suggest that the inhibition of autophagy by the FVII/TF/PAR2
signaling involves mTOR activity, targeting mTOR itself may result in differential outcomes.
The relationship between autophagy and mTOR signaling has been comprehensively studied
in terms of tumor suppression. However, administration of metformin, which negatively
regulates mTOR by activating adenosine monophosphate kinase (AMPK), shows a contradic-
tory effect, suggesting that blockade of mTOR activity does not always lead to autophagy [54].
Other signaling companions may be responsible. Another example is sirolimus (rapamycin).
Our results showed that an increase of LC3A/B-II by sirolimus was partially inhibited by
recombinant TF and completely blocked in the presence of recombinant FVII or a PAR2 agonist.

Taken together, our results highlight an essential role of the FVII/TF/PAR2 signaling in
regulation of autophagy in HCC, which nicely correlates with our observations in clinical and
animal research (Figure 1). In addition, a recent study demonstrated differential effects of
valproic acid-induced autophagy among various human prostate cancer cell lines. The
differences were likely due to the existence of alternatively spliced, inactive forms of Atg5 that
dampens the formation of Atg12-Atg5 conjugates [55]. Therefore, careful interpretation is
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necessary especially in cancer research when aberrant signaling in the autophagic pathway
may result from gene variants that do not normally exist in cells.

Figure 1. Schematic representation shows that PAR2 transduces the TF/FVII coagulation signaling through mTOR-de-
pendent inhibition in autophagy flux, which may facilitate development and progression of HCC.

Our recent study has demonstrated that the activation of the FVII/TF/PAR2 axis correlates with
increased migratory and invasive properties in HCC cells [56]. This finding can be consistently
recapitulated in tumor tissues of HCC patients, in which we found that increased levels of FVII
and PAR2 were significantly correlated with clinical staging, increased invasion and worse
disease-free survival. Notably, the signals that drive FVII/PAR2 stimulation toward cell
migration are mainly through ERK-TSC, independent of other coagulation effectors such as
thrombin/PAR1. Interestingly, in our cellular model, only FVII, but not soluble TF, activates
ERK1/2 through PAR2 signaling. Gene knockdown of FVII abrogates migration and invasion
of HCC cells more effectively than knocking down TF. Our speculation is that TF is constitu-
tively expressed in HCC tissue, and therefore, the cells are less sensitive to changes in TF levels.
Therefore, the amount of FVIIa determines the ratio that is engaged to regulate PAR2 signaling.
Although TF upregulation is well linked to aggressiveness in several cancers, our results are
more consistent with the findings from Rullier et al., in which no association between TF levels
and clinicopathological characteristics of HCC was found [57]. Several studies also show
limited contribution of TF to tumor growth [58–60]. Therefore, the role of TF in cancer
progression may be essential in some but not all cancers, and TF may not be a reliable
prognostic marker at least for HCC progression. In addition, the animal model using mouse
xenografts can well reflect our clinical findings in which we found that FVIIa administration
only positively affected vascular density but not size and number of the inoculated tumor.
These results were consistent with the expression of FVII in liver tissues of HCC patients which
was associated with vascular invasion and capsulations but not the number and size of tumor.
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It has been generally accepted that tumor cell motility is necessary for cancer metastasis [61].
The molecular basis to acquire ability to colonize other organs by invading tumor cells has
been long studied, but it remains an unmet challenge in therapeutic control on disseminated
tumors [62, 63]. Especially in China and other East Asian countries, survival of HCC patients
has improved due to advanced surgical skills and technologies such as orthotopic liver
transplantation and perioperative medication, prognosis and long-term survival after surgical
resection remains low owing to risk of invasive recurrence [64, 65]. Thus, there is an urgent
need to identify new targets responsible for impaired metastatic mechanisms and develop of
novel therapeutic strategies as well as preoperative biomarkers that supplement current
treatment protocols. Although potential risk of bleeding using specific FVII antagonists exists,
a recent clinical study has claimed that PCI-27483, a selective inhibitor of FVIIa, is well tolerated
in advanced pancreatic cancer patients [44]. Our previous studies also found that two meta-
static suppressors, NME/NM23 nucleoside diphosphate kinase 1 (NME1) and the basic helix-
loop-helix family member e41 (BHLHE41), were highly induced in FVII/PAR2 knocked down
HCC cells. These findings support the idea of targeting the FVII/PAR2 pathway and provide
mechanistic insights that specific members involved in autophagic flux could be potential
targets for treatment of metastatic HCC.

Emerging cohort studies indicate that HCC is currently the major cause of death in patients
with compensated hepatic cirrhosis. The mortality rate of HCC associated with cirrhosis is
increasing, whereas mortality rate from non-HCC complications with cirrhosis is reducing and
stable. Viral-related cirrhosis especially with hepatitis C virus infection is associated with the
highest HCC incidence in cirrhotic cases, occurring with almost two times in East Asia than in
the West [66]. Liver cirrhosis is a slowly progressive disease that enhances extracellular matrix
(ECM) accumulation after chronic injury, in which healthy liver tissue is replaced with scar
tissue and poor function is seen at the terminal stages.

It is generally accepted that the vast majority of chronic liver disease patients with cirrhosis
have a dysregulated coagulation system [67, 68]. A growing number of studies represented a
thrombotic risk in patients with chronic liver disease [69–72]. Thus, the reevaluation of
homeostasis in patients with thrombotic tendency in cirrhosis challenges the dogma that
considered this coagulopathy an acquired bleeding disorder and featured in most hematology
textbooks [67]. However, the mechanistic basis for this hypercoagulable state in cirrhotic
patients of chronic liver disease is not yet understood. A recent study have suggested that
hepatocytes are the source of increased TF microparticles, and hepatocyte TF may contribute
to the activation of coagulation in patients with chronic liver disease [42]. We recently dem-
onstrated that hepatic steatosis and liver injury by alcohol (AFLD) were exacerbated by
chloroquine (an autophagy inhibitor), but alleviated by carbamazepine (an autophagy
promoter) or rapamycin (an mTOR inhibitor) [73]. The protective effects of carbamazepine and
rapamycin in reducing steatosis were also represented in high fat diet-induced non-alcoholic
fatty liver conditions (NAFLD). Furthermore, we also found that a second autophagy promoter
amiodarone significantly reduced liver injury and improved liver regeneration and survival
after 90% partial hepatectomy in a mouse model [74]. Our data suggests that pharmacological
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modulation of autophagy in the liver can be an effective strategy for alleviating liver injury,
improve proliferative recovery, and may also ameliorate progression of liver cirrhosis.

Taken together, TF/FVII signaling is the main initiator of the extrinsic coagulation cascade,
which is also the major contributor in modulating the systemic balance of homeostasis in
healthy persons as well as in response to the pathogenesis in patients with chronic liver disease.
Amiodarone is now a potential drug to treat HCC through the modulation of autophagy to
decrease oncogenic miR-224 expression [75]. Thus, increasing evidences including our studies
support a close relationship between TF/FVII coagulation and liver disease in association with
reduced autophagy, suggesting pharmacological modulation of autophagy for AFLD, NAFLD,
and/or HCC could be a potential strategy for clinical uses.
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Abstract

Cancer cells undergo a wide range of metabolic reprogramming to take advantage for
supporting rapid growth and survival.  Autophagy plays  a  critical  role  in  directly
regulating cellular metabolism as a main catabolic  process mediated by lysosomal
degradation in response to the metabolic stress. During cancer development, autophagy
plays opposite functions in suppressing or promoting tumors dependent of distinct
stage. Autophagy maintains cellular homeostasis by degrading unnecessary cellular
molecules and oncogenic products, thereby suppressing tumorigenesis. By contrast,
autophagy enables to promote cancer growth in advanced tumor by supplying nutrients
and relieving metabolic stress.

In this book chapter, recent progress indicates how autophagy is integrated with cellular
metabolic  alteration  during  cancer  development,  particularly  focusing  on  distinct
metabolic substrates including glucose or glutamine. Multiple mechanisms would be
suggested to explain the functions of autophagy at distinct stage of tumor progression.
Cancer metabolic alterations associated with autophagy can be determined by certain
oncogenic  activators  and/or  tumor  suppressors.  Understanding  the  molecular
mechanism of autophagy and metabolic alteration during cancer development may
suggest potential targets for therapeutic intervention.

Keywords: autophagy, glucose metabolism, glutamine metabolism, macropinocytosis

1. Introduction

Autophagy is a lysosome‐mediated self‐degradation process in which cytosolic components
and organelles are sequestered into membrane‐bound vesicles called autophagosomes and are
delivered to lysosomes. Autophagic cargo contents are ultimately degraded and recycled back
to the cytoplasm for supporting cell metabolic processes. Most Atg genes have been identified
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and characterized by genetic screening in yeast. The mutants harboring autophagy genes
showed severe growth defect upon nitrogen starvation, although some genes were identified
by the other‐distinct nutrient starvation conditions. Autophagy process is evolutionally
conserved from yeast to mammals, and more than 30 Atg proteins have also been found in
mammals. Accordingly, autophagy process is utilized to maintain constant nutrient balance,
which is important for certain stages of cellular development and physiology. Autophagy
process can be categorized at distinct steps from phagophore induction, vesicle nucleation,
expansion, fusion to the lysosome, and degradation of autophagic cargoes [1–3].

A key nutrient‐signaling molecule, mammalian target of rapamycin (mTOR), has been
identified as a major regulator of autophagy activity. mTOR activated by nutrients and growth
factors usually suppresses autophagy through the direct phosphorylation of ULK1/2 and
Atg13 [4, 5]. A well‐known energy‐sensing factor, adenosine monophosphate‐activated
protein kinase (AMPK), also positively regulates autophagy depending on the ratio of
intracellular AMP/ATP levels. Activated AMPK by low‐energy levels phosphorylates a series
of autophagy proteins including ULK1 and Beclin1/VPS34complex distinctly, thereby enhanc‐
ing autophagy activity. AMPK‐mediated autophagy regulation occurs either through mTOR
inactivation or through direct phosphorylation of ULK1 [6–8].

Cancer cells generally enhanced metabolic demands for supporting rapid proliferation,
thereby ultimately altering cell metabolism toward anabolic‐addicted condition. Metabolic
stress often occurs in fast‐growing tumor cells and the tumor microenvironment, which is
caused by the lack of sufficient nutrient and oxygen. To overcome this metabolic hurdle, tumor
cells engage in metabolic reprogramming and autophagy to increase intracellular nutrient
supplies to support cell growth and survival [9, 10]. A typical catabolic process, autophagy,
might support anabolic pathways such as macromolecule synthesis by supplying intracellular
metabolites to the cell through degradation of cellular constitutes in lysosome‐mediated
manner. Substantial evidence for the integration of autophagy and metabolic alterations is
reported, even though it is still not completely understood how these two processes are
mechanistically balanced to promote cancer development.

2. Tumor‐suppressing role of autophagy

Autophagy is considered to have both tumor‐suppressing and tumor‐promoting roles during
cancer progression. This functional duality can be determined by the oncogenic feature of the
primary tumor including oncogene types or the levels of tumor suppressors. In addition, the
cellular context of the tumor such as tumor type and tumor stage might also be critical
determinants for explaining the complex interactions of autophagy and tumor development.

The tumor‐suppressing role of autophagy was characterized that monoallelic deletion of
BECN1 was observed in various human cancers in breast, ovarian, and prostate [11]. Mice with
monoallelic loss of BECN1 spontaneously develop lymphoma, hepatocellular carcinoma, and
lung adenocarcinomas, suggesting that Beclin1 is a haploin‐sufficient tumor‐suppressor
protein [12]. Moreover, Beclin1‐interacting autophagic proteins such as UVRAG and Bif‐1
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exhibited tumor‐suppressor roles in different mouse models [13, 14]. Similarly, mice harboring
monoallelic deletion for the BECN1 interactor autophagy/beclin‐1 regulator 1 (AMBRA1) also
exhibit increased spontaneous tumorigenesis, through that preventing AMBRA1‐mediated
deregulation of c‐Myc [15]. Moreover, mice bearing a systemic mosaic deletion of Atg5 or a
liver‐specific knockout of Atg7 spontaneously develop benign hepatic neoplasms more
frequently than their wild‐type counterparts [16].

To address the role of autophagy as tumor suppressor, a series of reports have suggested that
multiple oncogenes can be degraded by autophagy processes. An autophagy cargo receptor
p62/SQSM1, an autophagic cargo receptor which is expected to be degraded by autophagy,
plays an oncogenic role in promoting cancer progression. Overexpression of p62/SQSM1 in
KRas‐induced tumor cells exhibits to increase pro‐inflammatory responses through the Nrf2
and nuclear factor‐kappa B (NF–κB) activation, thereby leading to tumor progression. These
results indicate that p62 accumulation due to autophagy defect is strongly correlated with
tumor development [17–19].

The mechanism of how p62/SQSTM1 regulates Nrf2 activity elucidates the tumor‐suppressing
role of autophagy. The transcription factor Nrf2 is known to activate the expression of
oncogenes involved in angiogenesis and cell survival. The p62/SQSTM1 is competing with
Nrf2 for binding Keap1 in the E3 ubiquitin ligase complex. Keap1 usually enables Nrf2 to be
ubiquitinated, thereby inducing its degradation under normal conditions. Under autophagy‐
defective conditions, accumulated p62/SQSTM1 directly competes with Nrf2 to interact with
Keap1, thereby preventing Keap1‐mediated Nrf2 degradation. Thus, Keap1 sequestration by
p62/SQSTM1 prevents Nrf2 degradation, which facilitates Nrf2‐mediated tumor survival and
aggressive angiogenesis [20].

Moreover, p62/SQSTM1 is phosphorylated by mTORC1 at S351 and increases its affinity for
Keap1, which eventually enhances Nrf2‐associated tumor progression [21]. ULK1 also plays
a role in phosphorylation of p62/SQSTM1 in response to proteotoxic stress including defective
proteasome or protein aggregate insult. In this condition, the phosphorylation directs p62/
SQSTM1 to be ubiquitinated, thereby leading to efficient degradation of p62/SQSTM1 [22].
Although mTOR and autophagy protein ULK1 inversely regulate autophagy activity, p62/
SQSTM1 is a substrate of both protein kinases and p62/SQSTM1 can be phosphorylated at
distinct sites and regulate autophagy activity distinctly. In addition, p62/SQSTM1 also acts as
an important role for activating mTORC1 through interaction with TNF receptor‐associated
factor 6 (TRAF6), showing that TRAF6‐p62 complex recruits mTORC1 to the lysosomal
membrane to be activated under the amino acids‐abundant conditions [23]. Furthermore,
significant activation of Nrf2 through p62 accumulation was observed in multiple cancer types
including hepatocellular carcinoma cells (HCCs) [24]. Taken together, the levels of p62/SQSM1,
an autophagic cargo receptor can be regulated by multiple mechanisms, thereby influencing
tumor progression.

Interestingly, the function of p62/SQSTM1 in tumor microenvironment is also critical for tumor
progression. Tumor‐associated stromal cells contain reduced p62/SQSTM1 levels compared to
cancer cells, which eventually enhances malignant tumorigenesis of epithelial prostate tumor.
Low levels of p62 in stromal cells inactivate mTOR and c‐Myc pathway resulting in downre‐
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gulation of glucose and glutamine metabolism. Associated metabolic defects in tumor
microenvironment ultimately fail to maintain redox balance and increase interleukin‐6 (IL‐6)
secretion, thereby leading to promote adjacent tumor progression [25]. Accordingly, the levels
of p62/SQSTM1 enable tumor‐associated stromal cells to work coordinately with adjacent
tumor cells, which ultimately alters stromal metabolism and influences on tumor development

3. Tumor‐promoting functions of autophagy

The importance of autophagy during tumor development can be elaborated as a feature of its
survival mechanism. Autophagy supports cell survival and growth by supplying degraded
and recycled nutrients, in response to various metabolic stresses, often facing rapidly prolif‐
erating or hypovascularizing well‐developed tumors. Cancer cells can utilize autophagy to
provide alternative bioenergetics and effective precursors for macromolecule biosynthesis,
which is required for fulfilling metabolic alteration in malignant tumor.

As a direct example, when hematopoietic cells dependent of IL‐3 are exposed to IL‐3‐deprived
conditions, glucose utilization is decreased, instead autophagy process is upregulated, which
provides energy and nutrients to prolong cell survival [26]. The tumor‐promoting role of
autophagy has been largely investigated in multiple oncogene‐driven cancers in vivo and in
vitro system, including oncogenic Ras expression. Genetic deletion of ATG genes in both
oncogenic HRas‐transformed MEFs and human breast carcinoma cells, harboring oncogenic
KRas, leads to reduced tumorigenic transformation and proliferation as well as decreased
glycolysis [27]. Similarly, a breast cancer mouse model driven by the polyoma middle T (PyMT)
oncogene, when FIP200, an essential protein for autophagy initiation, was deleted, exhibited
defective glycolysis in vitro and significantly blocked mammary tumor progression in vivo
[28].

Rapidly proliferating tumor cells primarily depend on glycolysis as main glucose metabolism,
which is mediated by the activation of oncogenes or the inactivation of tumor suppressors.
This metabolic alteration of glycolysis is proposed to provide a major portion of metabolic
intermediates for newly activated biosynthetic pathways [29]. Established tumors exhibited
Increasing anabolic reactions as the main cellular metabolism, which is supplied with meta‐
bolic precursors that are generated by autophagic degradation. Specific oncogenic transfor‐
mation such as oncogenic Ras promotes autophagic catabolic pathways, although most
oncogenic pathways are clearly associated with anabolic processes such as cell growth and
proliferation.

Multiple in vivo studies using genetically engineered mouse models (GEMMs) of cancer have
provided additional support for cancer‐promoting functions of autophagy. Genetic deletion
of Atg5 or Atg7 showing early tumorigenesis, however, revealed to reduce advanced tumor
development driven from certain oncogene activation.

Using KRas mutant‐driven PDAC or lung mouse model, autophagy is an important pathway
that exacerbates tumor development. In a pancreatic cancer mouse model harboring a
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defective glycolysis in vitro and significantly blocked mammary tumor progression in vivo
[28].

Rapidly proliferating tumor cells primarily depend on glycolysis as main glucose metabolism,
which is mediated by the activation of oncogenes or the inactivation of tumor suppressors.
This metabolic alteration of glycolysis is proposed to provide a major portion of metabolic
intermediates for newly activated biosynthetic pathways [29]. Established tumors exhibited
Increasing anabolic reactions as the main cellular metabolism, which is supplied with meta‐
bolic precursors that are generated by autophagic degradation. Specific oncogenic transfor‐
mation such as oncogenic Ras promotes autophagic catabolic pathways, although most
oncogenic pathways are clearly associated with anabolic processes such as cell growth and
proliferation.

Multiple in vivo studies using genetically engineered mouse models (GEMMs) of cancer have
provided additional support for cancer‐promoting functions of autophagy. Genetic deletion
of Atg5 or Atg7 showing early tumorigenesis, however, revealed to reduce advanced tumor
development driven from certain oncogene activation.

Using KRas mutant‐driven PDAC or lung mouse model, autophagy is an important pathway
that exacerbates tumor development. In a pancreatic cancer mouse model harboring a
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pancreas‐specific KRas mutant, when autophagy genes Atg5 or Atg7 were deleted, the
progression of PDAC was significantly inhibited [30]. In a lung cancer model driven by
oncogenic KRas or BRAF mutant, autophagy deficiency due to the deletion of Atg5 or Atg7
significantly decreased the tumor burden. These autophagy‐deficient mice still harbored
benign oncocytomas, which are different from adenocarcinoma generally induced by addi‐
tional oncogenic insult [31, 32]. As a mechanism for generating oncocytomas, the importance
of p53 was raised. The loss of p53 in the KRas‐induced lung cancer model suppressed fatty
acid oxidation and showed lipid‐accumulated oncocytomas, which phenotype might be due
to defective mitophagy caused from when autophagy genes were deleted [33].

Interestingly, the suppression of autophagy in oncogenic KRas‐driven PDAC mouse models
revealed conflicting results depending on the p53 status. Tumor‐promoting effect of autophagy
mostly was observed in p53‐intact condition. In the background of p53 deletion, autophagy
inhibition is not sufficient to block tumor progression in oncogenic Ras‐mutant mice. More‐
over, in the oncogenic KRas‐mutant mice with p53 deletion, genetic or pharmacological
inhibition of autophagy significantly increased PDAC development. As a survival mechanism,
glycolysis especially pentose phosphate pathway(PPP) is activated in tumor cell lines derived
from KRas G12D‐mutant mice with both deletion of p53 and Atg7, which contribute to tumor
progression in PDAC [30]. Since the pentose phosphate pathway can generate NADPH as
reductive molecule to scavenge reactive oxygen species (ROS) and produce the metabolic
intermediates supporting for biosynthesis efficiently, glycolysis and PPP activated in Ras‐
driven, p53‐deficient tumors might play a role in supplying the metabolic precursors, which
are reduced due to the lack of autophagy. Therefore, the p53 can determine cellular metabolic
status in coordinating with autophagy and directs to undergo tumor progression.

Moreover, the loss of Atg5 with oncogenic KRas‐driven p53‐deficient lung tumors markedly
increases tumor progression, due to the recruitment of regulatory T cells (T reg) on the tumors.
These accumulated Treg cells in tumor lesion might prevent immune surveillance system
against tumors and further promote lung cancer progression [34]. The distinct role of p53 in
particularly autophagy‐defective conditions might be associated with various aspects of
tumor‐favorable mechanisms including metabolic rewiring including increasing glycolysis,
regulating redox balance in addition to controlling immune cell populations adjacent to tumor.

According to a recent report, dormant populations of tumor cells can be survived even after
oncogene ablation which are derived from inducible KRas mutant in a heterozygous p53
mouse model. These surviving tumor cell exhibited substantial dependency of oxidative
phosphorylation (OXPHOS) for generating energy and utilized autophagy for the survival of
these cell populations. This result suggests that metabolic rewiring including autophagic
catabolism widely occurs even in heterozygous p53 mouse model. Autophagy and its related
mitochondria function are particularly crucial for the survival of tumor cells harboring features
of cancer stem cells or tumor relapse [35].

Accordingly, autophagy defect in oncogenic Ras‐driven tumor confers accumulated cellular
stress including metabolic and redox imbalance leading to cell death, when a tumor suppres‐
sor, p53, might have limitation of massive metabolic reprogramming. Thus, loss of p53 in
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oncogenic Ras driven cells enables autophagy‐defective cancer to avoid cell death through
substantial metabolic rewiring to support cell proliferation.

Similar to the function of autophagy in normal cells, autophagy basically plays a role in the
effective clearance of unnecessary intracellular products, thereby maintaining cell viability in
malignant‐transformed cancer cells. However, since cancer cells are frequently exposed to
metabolic stress condition as well as high anabolic demand for proliferation, the requirement
of autophagy might be more crucial for satisfying metabolic demand of malignant cancer cells.
Additionally, autophagy can be activated by multiple anticancer therapies to sustain cancer
survival against the treatment, implying the ability of autophagy for drug resistance.

4. Autophagy in glucose metabolism

Autophagy regulates aerobic glycolysis, which supports rapid growth and proliferation in
cancer cells. In HRas‐ or KRas‐mutant cells, the deletion of Atg5 or Atg7 leads to reduced
glycolysis significantly and then suppresses anchorage‐independent colony formation,
indicating inhibitory effect on tumor progression [27]. However, additional deletion of p53 in
tumor driven from oncogenic KRas mutant enables autophagy‐defective mice to increase the
levels of glycolysis and markedly facilitates pentose phosphate pathway, thereby promoting
PDAC progression [30].

Accordingly, the molecular regulatory mechanism between autophagy and glucose metabo‐
lism during cancer development should be studied. Particularly, the function of p53 as a
metabolic determinant in autophagy‐defective conditions should be investigated more.

Recent study identified specific glycolytic enzymes including hexokinase II (HK II) and
phosphofructokinase (PFK) that regulate autophagy [36–38]. Inhibition of hexokinase II (HK
II), the enzyme involved in the first step of glycolysis, markedly decreases autophagy and
facilitates cell death under the glucose‐starvation conditions. Autophagy is induced by HK II
upon glucose deprivation through HK II‐mediated mTOR inactivation [37]. Moreover,
hexokinase II (HK II) is phosphorylated by Akt, leading to increased mitochondrial binding
and mitochondrial protection against ROS, where phenotype is abrogated by the addition of
glucose‐6‐phosphate [39].

Another key glycolytic enzyme, 6‐phosphofructo‐2‐kinase/fructose‐2,6‐bisphosphatases
(PFKFBs), is also involved in regulating autophagy, which converts fructose‐6‐phosphate to
and from fructose‐2,6‐bisphosphate. An isoform of PFKFBs, PFKFB3 acts as a positive regulator
of autophagy in T‐effector cells [36], but PFKFB3 in human cancers shows inverse phenotype
that the inhibition of PFKFB3 significantly increases autophagy activity due to suppression of
glucose uptake and utilizes this pathway as cancer‐survival mechanism. Therefore, the
concomitant inhibition of autophagy and PFKFB3, using chloroquine (CQ) and PFKFB3
inhibitor, 3‐(3‐pyridinyl)‐1‐(4‐pyridinyl)‐2‐propen‐1‐one (3PO), might provide a reasonable
combinatorial strategy as an anticancer therapeutics, which can be more effective to the cancers
harboring highly expressed PFKFB [38]. PFKFB4 is also suggested as a putative autophagy
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regulator resulting from the shRNA screening, which activates pentose phosphate pathway.
Inhibition of PFKFB4 increases autophagy activity due to lowering NADPH and enhancing
cellular ROS levels, which was as a result of defective pentose phosphate pathway, but
paradoxically this PFKFB4 knockdown revealed the accumulation of p62 [40].

In addition to the function of glycolytic enzymes on autophagy activity, conversely autophagy
regulates specific steps of the glycolytic pathway. HK II is known as an oncogenic kinase to
promote metabolic pathways that are important to overcome metabolic stress. HK II overex‐
pression defends cell death after growth factor withdrawal through increasing glucose
metabolism [41]. The mutation of a receptor tyrosine kinase FLT3 in nonacute myeloid
leukemia cells activates autophagy to overcome metabolic stress. However, when both
autophagy and FLT3 are blocked, chaperone‐mediated autophagy (CMA) markedly promotes
to degrade hexokinase II. Cellular degradation of HK II by CMA primarily inhibits glycolysis
and increases metabolic stress in cancers, thereby facilitating cancer cell death [42].

CMA also directly degrades another glycolytic enzyme, pyruvate kinase, M isoform (PKM2)
in lysosome‐mediated manner, which supports tumor‐promoting role during tumor progres‐
sion [43]. Distinct from HK II, the degradation of PKM2 by CMA may enhance the accumula‐
tion of diverse glycolytic intermediates, which could be converted to biosynthetic precursors.
Consequently, this process is beneficial to proliferation of cells during tumor progression [44].

Dimeric form of PKM2 harboring low activity is known to be abundant in cancer, which mainly
converts from pyruvate to lactate [45].

Recently, acetyl‐CoA is reported as an essential metabolite for regulating autophagy activity.
The metabolic enzymes involved in the multiple nodes for generating acetyl‐CoA have a role
in the inhibition of autophagy activity. By contrast, the enzymes participate in reducing the
levels of acetyl‐CoA, which generally induces autophagy in vitro and in vivo system. Sup‐
pression of either glucose, branched chain amino acids (BCAAs) or fatty acid catabolism
generates acetyl‐CoA, which markedly induces autophagy regardless of intracellular ATP
levels. Upregulated autophagy is eventually restored back to normal levels by exogenous
treatment with acetyl‐CoA [46].

5. Autophagy in glutamine metabolism

Glutamine exists in mammalian plasma with the highest levels among 20 amino acids, which
and is utilized for diverse purpose depending on the cellular environment conditions.
Glutamine has important functions as a nitrogen source for contributing biosynthesis of
nucleotide, other nonessential amino acids (NEAAs), and hexosamine, and is also utilized as
a key component of an antioxidant to maintain redox homeostasis.

In various cancers, glycolytic intermediates from the enhanced glycolysis largely support
anabolic process, which is essential for rapid cell proliferation. Similarly, the tricarboxylic acid
(TCA) cycle can provide metabolic intermediate for supporting biosynthetic pathways in
addition to generating energy. Eventually, TCA cycle intermediates themselves can convert to
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nonessential amino acids and fatty acids, which are used as primary precursors for anabolic
processes. As a crucial carbon source, glutamine is converted to glutamate and then turns to
α‐ketoglutarate (α‐KG), which replenishes intermediates for the TCA cycle and preserves
mitochondrial function [9, 47, 48].

The levels of glutamine are elevated in multiple cancers, which are indispensable for cancer
growth and survival [49]. Particularly, in certain cancer cells, glutamine tends to replace
glucose for playing a role in carbon source through glutaminolysis. Distinct from glutaminol‐
ysis to replenish TCA cycle, glutamine can also be utilized to generate oxaloacetate by
nonconventional metabolic pathways, which ultimately increase NADPH to maintain redox
homeostasis and support cancer cell growth in pancreatic ductal carcinoma (PDAC) [50].

In addition to metabolic reprogramming of glutamine, autophagy is markedly upregulated in
response to glutamine deprivation although glutamine is one of NEAAs and is not absolutely
essential for regulating autophagy and growth in normal cell conditions. However, autophagy
is required for tumor transformation and growth in PDACs. As a similar concept, glutamine
might be supplied from the autophagic degradation of cellular macromolecules, which can
compensate or restore metabolic stress often shown in progressed malignant tumor.

Recently, multiple reports have suggested the mechanism of how glutamine controls autoph‐
agy activity, which is that glutamine and leucine act together to regulate mTORC1 activity and
thereby regulating autophagy. Import of glutamine tends to be enhanced in cancer cells, which
elevated levels of intracellular glutamine contribute to import leucine into cells with a
bidirectional alpha‐ketoglutarate transporting system. These bidirectional transport mecha‐
nisms of two amino acids control mTORC1 activity, thereby inversely regulating autophagy
[51]. In addition, glutamine and leucine work coordinately to activate glutaminolysis and α‐
ketoglutarate (α‐KG), production, which increases the activity and lysosomal localization of
mTORC1, resulting in the inhibition of autophagy [52]. A key enzyme in the glutaminolysis,
glutamate dehydrogenase (GLUD1) involved in converting glutamine to glutamate, shows a
critical role in autophagy regulation, which works as a leucine sensor. Intracellular leucine
levels and ROS levels activate mTORC1, respectively, to influence autophagy activity [53]. As
a consequence of rewired glutamine metabolism, ammonia at physiological concentration is
produced from the amino acid catabolism or glutaminolysis and eventually increases autoph‐
agy. This ammonia‐mediated autophagy occurs independent of mTORC1 and ULK1/2. These
results can suggest direct evidence for autophagy induction mediated by metabolite by‐
products [54, 55].

As aforementioned in tumor‐promoting role of autophagy, Braf‐driven lung cancer model
harboring the Atg7 deletion showed significant reduction of tumor progression [31]. Dysfunc‐
tional mitochondria accumulation in Atg7‐deficient cell lines generated from these tumors
might be due to defective mitophagy. The addition of glutamine to the cells rescued from the
mitochondrial functional defects and slow growth of autophagy‐defective tumors. By contrast,
the treatment with antioxidant reagents, N‐acetyl‐cysteine (NAC), is not completely restored
starvation‐mediated cellular growth defect. These results suggested that glutamine is one of
metabolic intermediates derived from autophagy, which are critical for regulating metabolic

Autophagy in Current Trends in Cellular Physiology and Pathology506



nonessential amino acids and fatty acids, which are used as primary precursors for anabolic
processes. As a crucial carbon source, glutamine is converted to glutamate and then turns to
α‐ketoglutarate (α‐KG), which replenishes intermediates for the TCA cycle and preserves
mitochondrial function [9, 47, 48].

The levels of glutamine are elevated in multiple cancers, which are indispensable for cancer
growth and survival [49]. Particularly, in certain cancer cells, glutamine tends to replace
glucose for playing a role in carbon source through glutaminolysis. Distinct from glutaminol‐
ysis to replenish TCA cycle, glutamine can also be utilized to generate oxaloacetate by
nonconventional metabolic pathways, which ultimately increase NADPH to maintain redox
homeostasis and support cancer cell growth in pancreatic ductal carcinoma (PDAC) [50].

In addition to metabolic reprogramming of glutamine, autophagy is markedly upregulated in
response to glutamine deprivation although glutamine is one of NEAAs and is not absolutely
essential for regulating autophagy and growth in normal cell conditions. However, autophagy
is required for tumor transformation and growth in PDACs. As a similar concept, glutamine
might be supplied from the autophagic degradation of cellular macromolecules, which can
compensate or restore metabolic stress often shown in progressed malignant tumor.

Recently, multiple reports have suggested the mechanism of how glutamine controls autoph‐
agy activity, which is that glutamine and leucine act together to regulate mTORC1 activity and
thereby regulating autophagy. Import of glutamine tends to be enhanced in cancer cells, which
elevated levels of intracellular glutamine contribute to import leucine into cells with a
bidirectional alpha‐ketoglutarate transporting system. These bidirectional transport mecha‐
nisms of two amino acids control mTORC1 activity, thereby inversely regulating autophagy
[51]. In addition, glutamine and leucine work coordinately to activate glutaminolysis and α‐
ketoglutarate (α‐KG), production, which increases the activity and lysosomal localization of
mTORC1, resulting in the inhibition of autophagy [52]. A key enzyme in the glutaminolysis,
glutamate dehydrogenase (GLUD1) involved in converting glutamine to glutamate, shows a
critical role in autophagy regulation, which works as a leucine sensor. Intracellular leucine
levels and ROS levels activate mTORC1, respectively, to influence autophagy activity [53]. As
a consequence of rewired glutamine metabolism, ammonia at physiological concentration is
produced from the amino acid catabolism or glutaminolysis and eventually increases autoph‐
agy. This ammonia‐mediated autophagy occurs independent of mTORC1 and ULK1/2. These
results can suggest direct evidence for autophagy induction mediated by metabolite by‐
products [54, 55].

As aforementioned in tumor‐promoting role of autophagy, Braf‐driven lung cancer model
harboring the Atg7 deletion showed significant reduction of tumor progression [31]. Dysfunc‐
tional mitochondria accumulation in Atg7‐deficient cell lines generated from these tumors
might be due to defective mitophagy. The addition of glutamine to the cells rescued from the
mitochondrial functional defects and slow growth of autophagy‐defective tumors. By contrast,
the treatment with antioxidant reagents, N‐acetyl‐cysteine (NAC), is not completely restored
starvation‐mediated cellular growth defect. These results suggested that glutamine is one of
metabolic intermediates derived from autophagy, which are critical for regulating metabolic

Autophagy in Current Trends in Cellular Physiology and Pathology506

homeostasis and sustaining mitochondrial intactness, rather than the function for redox
homeostasis [31].

Moreover, the functional connection between glutamine‐dependent metabolism and autoph‐
agy during metabolic stress conditions is recently reported. Using WT and atg5−/− MEFs,
metabolomic profiling, oxygen consumption, and quantitative real‐time polymerase chain
reaction (RT‐PCR) analyses about the metabolic enzymes are altered, upon glutamine depri‐
vation, suggesting that novel regulatory pathways between autophagy and glutamine
utilization. Autophagy deficiency shows significantly decreased levels of intracellular gluta‐
mine, indicating that glutamine can be supplied from activated autophagy, especially under
the nutrient starvation conditions. Interestingly, autophagy‐deficient cells increase the uptake
of essential amino acids (EAAs) and branched chain amino acids catabolism upon glutamine
deprivations, implying that the defect of glutamine generation caused from autophagy
deficiency in ATG5 null cells might lead to activation of an alternative mechanism to compen‐
sate glutamine limitation.

Furthermore, mRNA levels encoding enzymes used for glutamine‐dependent anaplerosis to
the TCA cycle and encoding glutamine/EAA transporters are upregulated in atg5−/− MEFs,
indicating that autophagy can function at transcriptional regulation to compensate glutamine‐
deprived conditions, although the exact mechanism is still not understood yet [56]. Taken
together, glutamine supplied from autophagy plays critical roles in fueling mitochondrial
function and regulating gene expression. Glutamine generated from autophagy is also
important for cell growth and survival under the specific conditions including nutrient
starvation.

Moreover, general amino acid control (GAAC) pathway, which usually maintains intracellular
amino acid levels, also regulates autophagy activity in addition to the uptake of amino acids.
Upon glutamine deprivation, the uptake of amino acids is enhanced by activated GAAC
pathway, which eventually restores mTORC1 activity and suppresses autophagy. This
feedback mechanism can explain how GAAC controls the degree of autophagy by the
regulation of amino acid uptake and amino acid synthesis [57].

Accordingly, glutamine metabolism and autophagy are not only reciprocally regulated to
compensate each other, along with metabolic and transcriptional alteration, but also more
complex and diverse molecular networks act to regulate for cell growth and survival.

In glioblastoma (GBM), glutamine metabolic alteration provides drug resistance to the mTOR
inhibition because targeting mTOR increases the expression levels of glutaminase (GLS), a key
enzyme for glutaminolysis. Inhibition of GLS can be expected to be more effective in addition
to the treatment with mTOR inhibitor [58]. Accordingly, it is speculated that autophagy can
associate with glutamine metabolism and glutamine derived from autophagy might amelio‐
rate metabolic stress due to glutamine deprivation, especially in mTOR‐activated tumors.
Therefore, concomitant‐targeting glutamine metabolism and autophagy in diverse cancer
including mTOR active cells would be considered as a promising anticancer strategy.
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6. Autophagy in macromolecule catabolism

In addition to massive metabolic alteration in various cancers, oncogenic Ras‐driven tumors
rely on macromolecule degradation including autophagy. Multiple reports have suggested
that oncogenic Ras‐driven tumors stimulate a unique endocytosis process called macropino‐
cytosis, which engulf and break down extracellular macromolecules. Ras‐driven tumors utilize
this process as an effective nutrient‐supply strategy. Moreover, associated with macropinocy‐
tosis driven by oncogenic Ras expression, core autophagy machinery is largely required for
macropinocytosis process.

Lysosomal degradation of the extracellular cargoes commonly occurs dependent on nutrient
availability and growth signaling. However, under the oncogenic Ras‐activating conditions,
autophagy is significantly activated despite the fact that this traditional degradation pathway
is suppressed by increasing anabolic‐signaling pathway.

Clearance of specific cargoes through activated lysosomal degradation, tends to maintain
intracellular homeostasis, and recycling of nonspecific cargoes more likely ameliorates cellular
metabolic stress of rapidly growing cells by supplying nutrients effectively.

As a typical scavenging pathway, autophagy is upregulated to support cancer cell proliferation
and survival in oncogenic Ras‐driven tumors including PDAC. In addition, oncogenic Ras‐
driven tumorigenic cells show increased uptake of extracellular materials for utilizing them
as metabolic fuels after lysosomal degradation.

Macropinocytosis is a unique type of endocytosis that engulfs random portion of extracellular
fluid without the need for specific vesicle‐coat proteins. Multiple growth factor signals
positively regulate macropinocytosis, which facilitates the plasma membrane ruffles and
engulfs extracellular fluid to be internalized into the cell forming as vesicles, called macropi‐
nosome. Ultimately, these vesicles can fuse either with the lysosome, thereby degrading its
cargo contents, or might follow regular secretory pathway to release its cargo contents out of
the cells [59, 60].

Although oncogenic Ras is known to induce macropinocytosis, the exact function of macro‐
pinocytosis on cancer development is largely unknown. Recently, oncogenic Ras‐mediated
macropinocytosis has revealed to contribute to cancer cell growth and survival through the
supply of the essential nutrients to overcome metabolic stress conditions of the cancer cells [59,
60].

In a recent report, macropinocytosis promotes the uptake of extracellular albumin as a cargo
molecule, which can be degraded by the lysosome. Thus, overall nutrients including amino
acids were generated from this macromolecule degradation. A couple of specific amino acids
including glutamine are essential nutrients for supporting high metabolic demand of cancers.
13C‐labeled whole protein treated in the media is utilized as a macropinocytosis cargo molecule
and degraded to generate amino acids through the detection of 13C‐labeled amino acid form.
Amino acids labeled with 13C can be thought as degraded products from extracellular macro‐
molecule in oncogenic KRas mutant, indicating that these amino acids were derived from the
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macropinocytosis‐mediated degradation and mostly utilized for replenishing the TCA cycle
[61].

Recent reports have demonstrated a novel regulatory mechanism for macropinocytosis, which
is correlated with a representative anabolic signaling molecule, mTORC1 activity. mTORC1
acts as a key regulator to determine metabolic pathways depending on nutrient status. In
nutrient‐rich condition, active mTORC1 suppresses lysosomal catabolism including the
degradation of extracellular proteins, whereas mTORC1 inhibition increases lysosomal
degradation of proteins to supply nutrients and support cell growth under nutrient‐depriva‐
tion conditions. Therefore, mTORC1 activity depending on environmental‐nutrient conditions
determines metabolic status in tumor either to addict to the anabolism or to rely on the
degradation of extracellular macromolecules.

mTORC1 also shows its activity by the intracellular localization of this protein. mTORC1 is
redistributed from cytoplasmic localization to the lysosomal membrane by nutrient abun‐
dance. Lysosomal localization of active mTORC1 is also exhibited by adding exogenous
albumin to the nutrient‐starved condition, similar to adding amino acids. This albumin‐
mediated mTORC1 re‐localization is not restored by the blockade of macropinocytosis and
lysosomal degradation [62, 63].

However, oncogenic KRas‐expressing MEFs deleting Atg5 gene or PDAC cell line harboring
Atg7 shRNA show the accumulation of extracellular proteins internalized by macropinocyto‐
sis, compared to complete degradation of the protein shown in WT control. Moreover, the
lysosomal degradation of extracellular proteins leads to restore the decreased mTORC1
activity, which phenotype is not observed in atg5−/− MEFs. These results suggest that the
generation nutrients from environmental extracellular proteins are mostly directed by the
major autophagy machineries [63]. When the effect of mTORC1 inhibition was examined using
a mouse model with pancreas‐specific Kras mutations or xenograft experiment with KRas‐
mutant PDAC cell lines, PDAC‐bearing mice showed rapid tumor growth along with the
treatment with mTORC1 inhibitor rapamycin, compared to the nontreated group of mice. As
results of histology analysis after rapamycin treatment, well‐vascularized outer regions of the
tumor revealed low number of Ki‐67‐positive, proliferating cells, whereas tumor cells in
interior and hypovascularized regions are markedly increasing the number of proliferating
cells, suggesting that poorly vascularized tumor microenvironment of PDAC is easily exposed
to the nutrients and oxygen deprivation. This tumor microenvironment tends to alter tumor
metabolism, which requires lysosomal degradation of extracellular macromolecule to generate
an alternative nutrient source to support tumor growth.

In addition to the effect of mTORC1 on tumor progression in KRas‐ and p53‐mutant mouse
model (KPC), concomitant inhibition of mTORC1 and upregulated macropinocytosis‐driven
autophagy leads to inhibit tumor growth significantly compared to single inhibition of either
mTORC1 or macropinocytosis/autophagy in mouse xenograft experiment using KRas‐mutant
PDAC cell lines. These results implied that macropinocytosis associated with autophagy can
fulfill cellular metabolic requirements for promoting cell growth under the mTOR‐compro‐
mised conditions. In other words, anabolic perturbation by mTORC1 inhibition results in more
active access of nutrients from the degradation of extracellular macromolecules, which

Role of Autophagy in Cancer Metabolism
http://dx.doi.org/10.5772/64025

509



ultimately promotes cell proliferation and survival under nutrient‐deprived conditions. Thus,
mTORC1 plays an opposite regulating role in tumor growth depending on environmental
nutrient availability, implying that the utilized catabolic pathways could be distinguished
depending on the nutrient status of the tumor microenvironment.

Accordingly, it raises the possibility of potential novel anticancer strategies interrupting
these metabolic balances during tumor progression can open promising avenues.

7. Concluding remarks

Cancer cells undergo metabolic change to support cell proliferation and survival during tumor
development.

As a representative catabolic process, autophagy can be suggested a key regulator. Most
cancers in advanced stage show “autophagy‐addiction” phenotype and need autophagy as a
type of metabolic reprogramming during cancer development. Despite the controversial role
of autophagy in cancer development, metabolically dynamic cancer cells utilize autophagy to
supply the bioenergetic fuels and biosynthetic precursors that support cancer cell growth and
survival.

As a new functional mechanism, autophagy also contributes to the metabolism of tumor
microenvironment including stroma and immune cells adjacent tumor, which integrated with
cancer metabolic alterations. These functional interactions and metabolic re‐modulation
within heterogeneous tumor microenvironment allow to overcome metabolic stress often
facing to the cancer and to sustain in the harsh tumor microenvironment.

Furthermore, autophagy is induced by oncogenic stress such as Ras activation, which is im‐
plicated in oncogene‐mediated transformation and proliferation. Most cancers driven by on‐
cogenic Ras require autophagy to recover from the metabolic stress. Understanding the
molecular mechanism on how autophagy is integrated to major metabolic change including
glucose or glutamine metabolic rewiring in cancer and how these pathways are mutually
regulated to each other to support cancer development are important for the development of
cancer therapeutics with novel strategy. Accordingly, accumulated knowledge of molecular
interactions among growth‐signaling pathways and the metabolic alteration including ana‐
bolic‐addicted phenotypes and autophagy dependency during cancer development shed a
light to identify the effective target combination for anticancer therapeutics.
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ultimately promotes cell proliferation and survival under nutrient‐deprived conditions. Thus,
mTORC1 plays an opposite regulating role in tumor growth depending on environmental
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these metabolic balances during tumor progression can open promising avenues.
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Furthermore, autophagy is induced by oncogenic stress such as Ras activation, which is im‐
plicated in oncogene‐mediated transformation and proliferation. Most cancers driven by on‐
cogenic Ras require autophagy to recover from the metabolic stress. Understanding the
molecular mechanism on how autophagy is integrated to major metabolic change including
glucose or glutamine metabolic rewiring in cancer and how these pathways are mutually
regulated to each other to support cancer development are important for the development of
cancer therapeutics with novel strategy. Accordingly, accumulated knowledge of molecular
interactions among growth‐signaling pathways and the metabolic alteration including ana‐
bolic‐addicted phenotypes and autophagy dependency during cancer development shed a
light to identify the effective target combination for anticancer therapeutics.
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