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Abstract

Autophagy is a critical cellular process orchestrating the lysosomal degradation of cellular
components in order to maintain cellular homeostasis and respond to cellular stress. A growing
research effort over the last decade has proven autophagy to be essential for constitutive protein
and organelle turnover, for embryonic/neonatal survival, and for cell survival during conditions of
environmental stress. Emphasizing its biological importance, dysfunctional autophagy contributes
to a diverse set of human diseases. Cellular stress induced by xenobiotic exposure typifies
environmental stress, and can result in the induction of autophagy as a cytoprotective mechanism.
An increasing number of xenobiotics are notable for their ability to modulate the induction or the
rate of autophagy. The role of autophagy in normal cellular homeostasis, the intricate relationship
between cellular stress and the induction of autophagy, and the identification of specific
xenobiotics capable of modulating autophagy, point to the importance of the autophagic process in
toxicology. This review will summarize the importance of autophagy and its role in cellular
response to stress, including examples in which consideration of autophagy has contributed to a
more complete understanding of toxicant-perturbed systems.

2. Introduction

Autophagy, of Greek derivation meaning self-eating, was first characterized by Christian de
Duve nearly five decades ago. The term was coined to describe observations from electron
microscopy studies that demonstrated novel single- or double-membrane vesicles containing
parts of the cytoplasm, including organelles, in various degrees of disintegration (Ashford
and Porter 1962; Clark 1957; De Duve and Wattiaux 1966). Today autophagy is recognized
as a fundamental cellular process that orchestrates the constitutive degradation of proteins
and organelles, as well as the removal of damaged cellular constituents through lysosomal
degradation. The exponential increase in autophagy publications over roughly the past
decade has contributed to a rapidly evolving understanding of autophagy as a pivotal cellular
process that is necessary for constitutive protein turnover, embryonic development, neonatal
survival, and cellular adaptation to environmental stress. Perturbation of autophagy can lead
to malignant transformation and can enhance tumor survival under environmental stress
(Liang et al., 1999; Liu et al., 2010). Autophagy can be an adaptive response to cellular
stress, including stress induced by xenobiotics or their intermediary effects (Lim et a/., 2010;
Shen et al., 2011). Under specific conditions autophagy may be capable of executing a type
of programmed cell death. Several xenobiotics are well-characterized for their effect in
inhibiting or in modulating autophagy. Taken together, the importance of autophagy in
homeostasis, the close relationship between cell stress and autophagy, and the identification
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of diverse environmental stressors and xenobiotics that are capable of modulating
autophagy, all underscore the importance of this cellular process to the field of toxicology.
The intent of this review is to advance the appreciation of this important cellular stress
response among toxicologists, a research community focused on stressed biological systems.

3. The process of autophagy

The unifying feature of all types of autophagy is the delivery of cellular constituents to the
lysosome, where they are degraded. As illustrated in Figure 1, three substantially different
mechanisms have been defined that can carry out this process: macroautophagy, chaperone-
mediated autophagy, and microautophagy. The processes are not exclusive and may occur
simultaneously.

3.1: Macroautophagy

Macroautophagy is initiated through the formation of a de novo double membrane structure
or phagophore from within the cell. The growing phagophore gradually surrounds cellular
components, then fuses at its ends, forming a unique double-membrane vesicle called an
autophagosome (Mizushima et a/., 2001). This sequestration of cellular components by the
autophagosome can either be a non-selective process resulting in the engulfment of bulk
cytoplasm, or alternatively can involve the selective targeting of specific cellular
components for degradation (Nakagawa et al., 2004; Rodriguez-Enriquez et al., 2006). The
autophagosome is shuttled to a lysosome, with which it fuses by merging its outer
membrane with the lysosomal membrane, introducing a now single-membrane
autophagosome into the lysosome. The newly formed combined organelle is referred to as
an autolysosome. In the autolysosome, lysosomal hydrolases degrade the introduced cellular
components, eventually resulting in a vacuole.

Macroautophagy is an evolutionarily conserved process, with much of the molecular
characterization of pathways and pathway members resulting from studies of yeast (Barth
and Thumm 2001). To date over 30 genes involved in the execution and regulation of
macroautophagy, referred to as autophagy-related genes (Atg), have been identified in yeast
(Review in (Klionsky et al., 2003)). Many mammalian homologues of the yeast Atg have
been identified and several reviews have provided a detailed description of their role in the
initiation, machinery, and regulation of the autophagic process (Eskelinen 2008a; He and
Klionsky 2009; Kroemer et a/., 2010; Kundu and Thompson 2008; Yorimitsu and Klionsky
2005).

In mammalian systems the central inhibitor of macroautophagy is the nutrient sensing
serine/threonine kinase, mammalian target of rapamycin (mTOR) (Reviewed in (Pattingre et
al., 2008)). mTOR forms an inhibitory complex, mTORCL, with its substrate binding
subunit, raptor, and the polypeptide Lst8/GBL (Kim et a/., 2002; Kim et al., 2003). Under
nutrient rich conditions in eukaryotes, mMTORCL1 is activated through either the PI3K-1/AKT
or MAPK/Erk1/2 signaling pathways, to enable cell growth and to inhibit autophagy by
negatively regulating the autophagy genes, Unc-51-like kinase 1 (ULK1) and - 2 (ULK2)
(yeast homolog, Atgl). Environmental stress conditions or exposure to certain xenobiotics
(e.g. rapamycin) cause inhibition of the mMTORC1 complex, resulting in downstream
activation of ULKSs. Activation of ULKSs promotes recruitment of the focal adhesion kinase
family-interacting protein of 200kD (FIP200) (yeast homolog, Atgl17) and Atgl3 to form the
ULKs-Atg13-FIP200 initiation scaffold as well as recruitment of other Atg proteins to the
phagophore assembly site (PAS) to initiate autophagosome formation. The nucleation and
assembly of the initial phagophore membrane requires the class 111 phophatidylinositol 3-
kinase (Ptdins3K) complex, which is composed of PtdIns3K, vacuolar protein sorting 34
(Vps34), p150 (yeast homolog, Vps15), Barkor or mammalian Atgl4 (mAtgl4) (yeast
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homolog, Atg14), and Beclin 1 (yeast homolog, Atg6/Vps30). In addition, two positive
regulators of autophagy, activating molecule in beclin-1-regulated autophagy (Ambral) and
ultraviolet irradiation resistance-associated gene (UVRAG), can associate with the PtdIns3K
complex, driving autophagosome maturation (Fimia et a/., 2007; Liang et al., 2008). The
PtdIns3K complex along with other Atg proteins further recruits two interrelated ubiquitin-
like conjugation systems Atg12-Atg5-Atgl6 and Atg8-phosphatidylethanolamine (Atg8-PE)
(mammalian homolog, microtubule-associated protein 1 light chain 3 (LC3)) to the
phagophore, which play an integral role in regulating the membrane elongation and
expansion of the forming autophagosome (Reviewed in (He and Klionsky 2009)). Atg12 and
Atg8 are considered ubiquitin-like proteins because they undergo a conjugation process in a
similar manner as ubiquitin. Atg12 is activated by Atg7 (E1 activating enzyme), transferred
to Atg10 (E2 conjugating enzyme) and attached to an internal lysine of the substrate protein
Atg5. The Atgl2-Atg5 conjugate further interacts with Atgl16, which links the Atg12-Atg5-
Atg16 complex into a tetramer and attaches it to the phagophore (Mizushima et a/., 2003;
Mizushima et al., 1999). In the Atg8 conjugation system, Atg8 is first processed by Atg4 to
expose a C-terminal glycine residue. Atg8 is activated by the same E1 enzyme, Atg7, and
then transferred to Atg3 (E2 conjugating enzyme). Atg8 is conjugated to the target lipid PE,
facilitated by the E3-like Atg12-Atg5 conjugate, and then attaches to both the inner and
outer membranes of the phagophore (Hanada et a/., 2007).

Autophagy genes can be regulated at the transcriptional level in response to stress stimuli.
For example, under nutrient starved conditions, gene expression of the autophagy gene
Atg8/LC3 is rapidly induced in yeast and certain mammalian cells (Kirisako et al., 1999;
Mizushima et al., 2004). However, the underlying transcriptional signaling that regulates
autophagy gene expression is poorly understood. The transcription factor, FoxO3 (forkhead
box transcription factor class O 3) induces the expression of multiple autophagy genes,
including LC3B, GABA(A) receptor-associated protein like 1 (GabarapL1), Atgl2, Atg4B,
Vps34, ULK2, Beclin 1, BCL2/ adenovirus E1B 19kDa interacting protein 3 (Bnip3), and
Bnip3L in atrophied skeletal muscle cells (Mammucari et al., 2007; Zhao et al., 2008). In
addition, signaling pathways that induce translational arrest such as the eukaryotic
translation initiation factor 2-alpha kinase (elF2a) mediated signaling pathway positively
regulate autophagy. Phosphorylation of elF2a at serine 51 is essential for global
translational arrest and selective translational induction of specific transcriptional activators
such as GCN4, which stimulate transcription of starvation-induced genes (Talloczy et al.,
2002). Recently, transcription factor EB (TFEB), which regulates lysosome biogenesis, has
also been identified as a master regulator of autophagy through the induction of both
lysosomal and autophagy genes (Settembre ef a/., 2011).

Macroautophagy can be a non-selective bulk degradation process or, conversely, can
selectively target a particular organelle for degradation in order to regulate organelle number
or maintain organelle quality control. Alternative terms describing macroautophagy have
been coined to identify particular subtypes of macroautophagy that selectively target a
particular superfluous or damaged organelle for degradation. For example, mitophagy is the
selective removal of mitochondria from the cell by autophagic degradation (Lemasters
2005). Mitophagy is critical for the removal of mitochondria from immature red blood cells
in mammals during maturation (Kundu et a/., 2008). In addition, damaged mitochondria can
be tagged for autophagic removal (Kim et a/., 2007). Pexophagy is the selective removal of
peroxisomes. In methylotrophic yeast species a shift in the main carbon source from glucose
to methanol results in an increased proliferation of peroxisomes, which are removed through
pexophagy once normal nutrient conditions are restored (Oku and Sakai 2010). Additional
examples of cargo-specific autophagy include ribophagy (ribosomes) and xenophagy
(intracellular pathogens) (Gutierrez et al., 2004; Kraft et al., 2008).
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3.1.1: Experimental Measurement of Macroautophagy—There is currently no
single experimental measurement that unequivocally establishes the presence or rate of
macroautophagy. Many investigators consider the electron microscope-documented
presence of cellular structures consistent with autophagosomes and autolysosomes to be a
gold standard for establishing autophagy (Eskelinen 2008b; Klionsky et a/., 2008).

Autophagy can also be monitored with fluorescent dyes that accumulate in acidic vesicles,
allowing measurement of the number and size of autolysosomes. Commonly used
acidophilic dyes that can be measured microscopically or by flow cytometry include
lysotracker red, acridine orange, and monodansylcadaverine (Bolt et a/., 2010b; Contento et
al., 2005; Paglin et al., 2001).

Immunoblot analysis of cellular protein levels of LC3-11 (an alias for Atg8-PE, mentioned
previously) is commonly used to monitor autophagy. Upon the induction of autophagy, the
cytosolic protein LC3 is cleaved at its C terminus by Atg4 to form LC3-I. LC3-1 is then
covalently conjugated to phosphatidylethanolamine via an ubiquitylation-like system
through Atg7 and Atg3 to form LC3-11, which is specifically located on both the inner and
outer membranes of autophagosomes. Thus, there are two pools of LC3-1l in
autophagosomes. The LC3-I1 bound to the outer membrane can be removed by Atg4-
mediated delipidation during the maturation of the autophagosome, potentially recycling
LC3-1 back to the cytoplasm. Upon fusion of the autophagosome with the lysosome the
inner autophagosome membrane is inserted into the lysosomal lumen. This results in the
degradation of LC3-11 present on that membrane (Kabeya et a/., 2004; Kabeya et al., 2000).
Thus, the quantity of LC3-I1 protein correlates with the number of autophagosomes, but this
is complicated by the fact that LC3-11 is in a state of flux during autophagy, with production
by Atg genes that post-translationally modify LC3, and with degradation by the lysosomal
introduction of the inner autophagosomal membrane as autophagy proceeds. As a result,
measuring LC3-I1 flux through the autolysosome over time is an essential element in
quantifying autophagy. Simply observing a decrease in steady-state LC3-I1 levels in
experimental groups, compared to controls, could result from decreased autophagy and
fewer autophagosomes, or it could result from increased autophagy that consumes LC3-11
more rapidly than it is being produced. In practice, teasing this apart is accomplished
through the use of inhibitors of lysosomal degradation. One commonly used inhibitor is
bafilomycin Al (BafAl), a proton pump inhibitor that increases lysosomal pH, inactivating
lysosomal proteases (Yamamoto et al., 1998). For example, cultured cells, in the presence or
absence of an experimental treatment, would be subjected to exposure to BafAl for O hrs, 4
hrs, and 8 hrs. The 0 hr time-point reflects the steady-state LC3-11 level, and the delta of the
band intensities between the subsequent time-points and the 0 time-point reflects the amount
of LC3-I1 that would have been degraded by autophagy during that time without BafAl
present.

3.2 Chaperone-Mediated Autophagy

In contrast to macroautophagy, CMA is a selective process that targets individual proteins
and directly shuttles them from the cytosol across the lysosomal membrane into the
lysosomal lumen via specific receptors, leading to their degradation by lysosomal
hydrolases. Unlike either macro or micro-autophagy, CMA has only been described in
mammals. Currently the signal transduction pathways that regulate CMA remain elusive.
Inhibition of p38 MAPK can partially prevent activation of CMA, implicating this pathway
in the activation of CMA (Finn et al., 2005). In addition, protein levels of CMA components
can regulate CMA activity. The quantity of lysosomal-associated membrane protein 2a
(Lamp2a), the lysosomal membrane protein that interacts with CMA chaperones and
internalizes CMA substrate proteins to the lysosome, directly correlates with CMA activity.
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Under nutrient-starved conditions, the half-life of Lamp2a in mouse fibroblasts is increased,
resulting in more Lamp2a protein in the lysosomal membrane and an elevation in CMA-
mediated proteolytic activity (Cuervo and Dice 2000). In addition, researchers have
determined that, under conditions of starvation or oxidative stress, protein levels of the
CMA chaperone, Hsc70, in the lysosome, as well as the number of Hsc70-positive
lysosomes gradually increased with increased CMA activity (Chiang et al., 1989; Kiffin et
al., 2004).

CMA incorporates substrate selectivity and direct translocation of substrates across the
lysosomal lumen, which distinguishes CMA from the other two autophagic processes. CMA
substrate selectivity and direct shuttling to the lysosome allow for the selective removal of
non-essential proteins for degradation to generate new pools of free amino acids required for
protein synthesis during starvation. This system also allows for the removal of specific,
damaged or misfolded proteins during cellular stress without disturbing undamaged proteins
or functionally critical proteins (Cuervo et al., 1995; Kiffin ef al., 2004). CMA is also
involved in specialized cellular functions such as the processing and major
histocompatibility complex (MHC) - loading of endogenous and exogenous antigens during
antigen presentation (Zhou et al., 2005).

The CMA process centers around three components: chaperone proteins, receptor proteins
and substrate proteins. The main chaperone protein is Hsc70, which is a constitutively
expressed member of the heat shock protein 70 family of chaperones. Chaperone proteins
are involved in the recognition and shuttling of individual proteins to the lysosome. In order
for the chaperones to recognize proteins that are substrates of CMA, the proteins must
contain a specific motif homologous to the consensus amino acid sequence KFERQ (Cuervo
et al., 1994; Salvador et al., 2000). During CMA, cytosolic-Hsc70 interacts with the KFERQ
motif in substrate proteins, after which the protein pair is shuttled to the lysosome. The
docking partner present on the lysosomal membrane is Lamp2a. CMA substrate proteins
directly bind to the short cytosolic tail of Lamp2a, which is considered the rate-limiting step
in the CMA process (Majeski and Dice 2004). The positively charged amino acid residues in
the cytosolic tail of Lamp2a are important for this binding. Upon formation of the 3-protein
complex, the substrate protein unfolds, Lamp2a forms a multimeric channel, and the
substrate protein is translocated into the lysosomal lumen through that channel (Cuervo et
al., 1994; Salvador et al., 2000). Co-chaperone proteins that interact with Hsc70 and
facilitate substrate recognition and transport include heat shock protein 40 kD (Hsp40), heat
shock protein 90 kD (Hsp90), and Hsp70-interacting protein (Hip) (Agarraberes and Dice
2001).

Antibodies raised against the CMA recognition motif KFERQ immunoprecipitate roughly
one-third of cytosolic proteins in mammalian cells, suggesting that a substantial portion of
the proteome can be degraded through CMA (Dice 2007). Of the cellular proteins that
contain the recognition motif, about 80% of the motifs are recognizable by KFERQ specific
antibodies without denaturing the protein, evidence that the motif is accessible under normal
protein folding (Chiang and Dice 1988). These proteins could represent a pool subject to
starvation-induced CMA degradation. On the other hand, some substrate recognition motifs
are only accessible after protein unfolding. This suggests a mechanism for the selective
removal of improperly folded proteins by the KFERQ becoming accessible to the chaperone
proteins when the protein is misfolded, but not in the native folding state (Kiffin et al.,
2004).

3.2.1: Experimental Measurement of CMA—Methods used to monitor CMA include

measuring protein degradation rates of CMA degraded proteins, or measuring protein levels
of key CMA pathway members such as Hsc70 or Lamp2a by immunoblot analysis. An in
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vitro measurement of CMA activity can be performed by monitoring the direct translocation
of a known CMA substrate, which is radio-labeled, into lysosomes isolated from a particular
tissues or cell type of interest (Kaushik and Cuervo 2009).

3.3: Microautophagy

Microautophagy is characterized by the direct sequestration of cellular components into the
lysosome through invagination of the lysosomal membrane. The vesicle containing
cytoplasmic contents is then pinched off into the lysosomal lumen and rapidly degraded by
lysosomal hydrolyses (Ahlberg and Glaumann 1985). The degradation of both organelles
and proteins through microautophagy has been described in yeast (Yuan et al., 1997). As
opposed to macroautophagy where there is considerable homology in the Atg genes from
yeast to humans, the mammalian homologues of the yeast genes unique to microautophagy
have not yet been identified. The lack of molecular characterization of the microautophagy
machinery in mammalian systems has limited our understanding of this process in higher
organisms. Methods to monitor or to modulate microautophagy are also limited. Currently,
the most widely used method of monitoring microautophagy is through visualization of
morphological characteristics by transmission electron microscopy (Reviewed in (Klionsky
et al., 2007)).

These three types of autophagy share the common function of delivering both bulk, non-
selective cytosolic cargo, as well as cargo that has been specifically tagged for degradation,
to the lysosome. Because of our limited understanding of microautophagy, this review will
focus on macroautophagy and chaperone-mediated autophagy as they relate to toxicology.

4. Autophagy: Lifeboat or Torpedo?

Molecular and morphological evidence of autophagy is commonly observed in dead or
dying cells. In part, this has led to the classification of autophagy as an alternative
programmed cell death mechanism (Bursch et al., 1996). There has been considerable debate
over whether autophagy is actually a programmed cell death mechanism, or conversely, if
the presence of autophagy markers in dead or dying cells is a remnant of failed
cytoprotection (Reviewed in (Bursch et al., 2008; Debnath ef a/., 2005)). There are many
examples of xenobiotic-induced cellular death that are associated with characteristic markers
of autophagy; including environmental toxicants such as arsenic as well as other xenobiotics
including dexamethosome, histone deacetylase inhibitors, tamoxifen, etoposide, and
staurospaurine (Bolt ez al., 2010b; Bursch et al., 1996; Kanzawa et a/., 2005; Laane et al.,
2009; Lee et al., 2011; Shao et al., 2004; Shimizu et al., 2004; Zhao et al., 2010). Yet,
deciphering the precise role autophagy plays in the cell death process has been challenging.

There are, in fact, relatively few examples in which specific inhibition of autophagy through
knockout or knockdown of essential autophagy-relevant genes fully inhibits cell death
induced by specific stimuli. Shimizu et al. demonstrated that embryonic fibroblasts from
Bax/Bak double knockout mice are resistant to apoptosis, but underwent non-apoptotic cell
death after treatment with etoposide or staurospaurine. Morphological and molecular
characterization identified that cell death was associated with autophagy. Inhibition of
autophagy by knockout of autophagy genes Atg5 and Beclin 1 or chemical inhibition with 3-
methyladenine (3MA) resulted in a reduction of cell death (Shimizu et a/., 2004).In addition,
autophagic cell death is required for the selective destruction of salivary gland cells during
Drosophila development (Berry and Baehrecke 2007). In this model, Atg loss-of-function
genetic mutants are impaired in the developmentally programmed degradation of salivary
gland cells. Instead, salivary gland cells were vacuolated and fragments of the cells persisted
for up to 24 hours. Further studies have established that the induction of autophagy leads to
autophagic cell death of salivary gland cells in a caspase-independent manner. Autophagy
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has also been shown to be required for the induction of necrotic cell death in C. elegans
neuronal cells (Samara et al., 2008). Loss of the gene unc-51, the C. elegans ortholog of
Atgl involved in induction of autophagosome formation, substantially suppressed necrotic
cell death induced by a diverse set of genetic neurotoxic insults. Thus, in certain situations,
autophagy can execute programmed cell death. These studies however, should be
distinguished from studies that simply associate cell death with autophagy markers.

More commonly, autophagy is considered a cytoprotective process. Recently, Shen et al.
investigated whether autophagy is capable of mediating cell death in mammalian cells by
performing a high-content screen of cytotoxic compounds from the National Cancer Institute
(NCI) mechanistic library (Shen ef a/., 2011). Of the 59 cytotoxic compounds that robustly
induced the formation of GFP-LC3 puncta (indicative of autophagy induction) that was
enhanced by Baf-Al exposure (confirming active autophagic flux), no compounds caused
cell death that was inhibited by Atg7 knockdown. The authors concluded that, in general,
xenobiotic stress does not induce autophagy as a cell death mechanism.

5. Autophagy: A view from the cell

5.1: Adaptation to Nutrient Deprivation

Arguably the most well-understood function of the autophagic process is its role as an
adaptive process to replenish the nutrient pools of the cell in response to conditions of amino
acid starvation or general nutrient deprivation. Nutrient-deprived cells must reduce the
energy intensive process of new protein synthesis due to limited supply of amino acids and
energy. Maintaining homeostasis under these conditions requires the cell to set a new
balance between protein synthesis and protein degradation rates. Autophagy induction
addresses this need through a reduction in new protein synthesis and an increase in protein
degradation. Inhibition of protein translation and the induction of autophagy are
coordinately regulated through elF2a.- and mTOR- mediated pathways (Harding et a.,
2000; Hosokawa et al., 2009). Phosphorylation of elF2a at serine 51 downregulates cap-
dependent RNA translation leading to globally reduced protein synthesis and can also play a
role in the induction of autophagy. In mammals there are four elF2a kinases that respond to
different stress stimuli: GCN2, PKR, HRI and PERK. GCN2 is activated under nutrient-
deprived conditions through the binding to uncharged tRNAs that accumulate under amino
acid-limited conditions to mediate translational control (Sood ef a/., 2000). elF2a has also
been shown to indirectly induce autophagy by phosphorylating eukaryotic elongation factor
2 (eEF-2) during nutrient deprivation (Py et al., 2009). AMP-activated protein kinase
(AMPK) senses the energy status through monitoring the AMP:ATP ratio inside the cell.
Under conditions of starvation or low energy (increasing AMP:ATP ratio), AMPK activates
autophagy through the inhibition of mTOR, an event mediated by phosphorylation of the
tuberous sclerosis complex 2 (TSC2) and the regulatory protein associated with mTOR,
Raptor (Gwinn et al., 2008; Inoki et al., 2003).

The rapid induction of autophagic degradation of cellular organelles and proteins serves
multiple objectives for the starved cell. First, degraded, superfluous organelles and proteins
can contribute recycled components, including amino acids, to pathways that are critical for
cell survival (Onodera and Ohsumi 2005; Yang et a/., 2006). Second, by targeting some
mitochondria for degradation the cell can alter its overall metabolic state to become less
energy consumptive (Egan et al., 2011). While macroautophagy is the principal autophagy
pathway shown to mitigate starvation stress, CMA also plays a role in the degradation of
specific proteins. During starvation macroautophagy is activated very rapidly, often within
minutes. The advantages of this are evident, but because macroautophagy is not an entirely
selective process, extended induction carries the risk of eventually destroying essential
cellular components. The starvation-stressed cell can mitigate this risk is by switching from
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macroautophagy to CMA, which facilitates targeting of non-essential proteins (proteins with
natively-exposed motifs) for degradation to obtain amino acids required to maintain
synthesis of essential proteins (Fuertes et al., 2003; Massey et al., 2006).

Onodera and Ohsumi investigated the role of autophagy in nutrient recycling and protein
translation rates in wild type or Atg7-deficient strains of yeast (S. cerevisiag) under nitrogen
starved conditions for up to 24 hours. Autophagy was strongly induced by nutrient
starvation and was characterized by an increase in amino acid synthesis enzymes and
vacuolar (analogous to lysosomal) enzymes in wild type cells, but not in Atg7-deficient
cells. However, global protein synthesis and total intracellular amino acid pools were
significantly decreased in Atg7-deficient cells in comparison to wild type controls,
demonstrating that under nutrient deprived conditions, autophagy plays an important role in
the recycling of cellular components in order to replenish depleted amino acid pools helping
cells survive and maintain normal protein synthesis function (Onodera and Ohsumi 2005).

Autophagy also plays a role in maintaining nutrient homeostasis in mammalian systems.
Amino acid-starvation of human HepG2 hepatocytes resulted in the induction of autophagy,
characterized by extensive vacuolization, depletion of organelles, increase in acidic vesicles,
and accumulation of lipid droplets. The induction of autophagy was associated with a
decline in global translation (reduced de rnovo protein synthesis, decrease in total protein
content and dephosphorlyation of p70 S6 kinase) after a 48 hour period (Martinet et al.,
2006). In HeLa cells, deprivation of serum and amino acids caused an induction of
autophagy (Boya et al., 2005). Knock down of autophagy genes in this model (Beclin 1,
Atg5, Atgl2, or Atg10) using RNA interference, or chemical inhibition of autophagy,
resulted in increased apoptotic cell death of the nutrient deprived cells.

5.2: Adaptation to Diverse Environmental Stressors

Autophagy is also induced in response to diverse cellular stressors, including ER stress,
oxidative stress, hypoxia, and DNA damage (Abedin ef a/., 2007; Bellot et a/,, 2009; Kiffin
et al., 2004; Ogata et al., 2006; Onodera and Ohsumi 2005). In this context, autophagy
serves as a cytoprotective mechanism, degrading damaged cellular proteins and organelles
that can be toxic to the cell and thus restoring cellular homeostasis (Ogata et a/., 2006). Both
macroautophagy as well as CMA have been shown to function in the removal of damaged
cellular components from the cell in response to environmental stress (Kiffin et al., 2004;
Ogata et al., 2006).

5.2.1: Endoplasmic Reticulum Stress—ER stress due to the accumulation of
misfolded proteins in the ER lumen activates the unfolded protein response (UPR). There
are three major branches of the UPR, mediated by three ER-membrane associated “sensor”
proteins: PKR-like elF2a kinase (PERK), inositol required enzyme 1 (IRE1), and activating
transcription factor-6 (ATF6). Xenobiotics such as thapsigargin, cyclosporine, cadmium,
and tunicamycin have all been shown experimentally to induce ER stress (Lim et a/., 2010;
Ogata et al., 2006; Pallet et al., 2008). Macroautophagy is induced in response to UPR
activation, mediated through activation of one or more of the ER stress-sensing pathways
(PERK, IRE1, and ATF6), or through an elevation in cytosolic calcium levels (Hoyer-
Hansen et al., 2007; Kouroku et al., 2007; Ogata et a/., 2006). Treatment of either yeast or
mammalian cells with ER stress inducing agents including tunicamycin or dithiolthreitol
(DTT) effectively triggered the induction of autophagy (Ogata et a/., 2006; Yorimitsu et a/.,
2006). The activation of autophagy in response to ER stress is crucial for the removal of
misfolded proteins that could accumulate, inducing further ER stress and damage. An
additional role of autophagy during ER stress is in maintaining total cellular ER volume. In
yeast, ER stress leads to an expansion of the ER lumen in response to the transcriptional
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activation of the UPR (Bernales et a/., 2006). The autophagic degradation of ER serves to
normalize the volume of ER present in cells that have recovered from ER stress.

5.2.2: Hypoxia—Hypoxic (3.0%-0.1% oxygen) or anoxic (<0.1% oxygen) conditions
induce mitophagy through two distinct pathways. Enhanced mitophagy during hypoxia is an
adaptive response, reducing the levels of reactive oxygen species (ROS) and protecting cell
integrity (Rouschop et al., 2009). Hypoxic conditions can rapidly induce autophagy through
activation of hypoxia-inducible factor 1 alpha (HIF-1a.), a transcription factor that induces
genes expression leading to rapid adaptation to reduced oxygen conditions. In mouse
embryonic fibroblasts (MEF), selective removal of mitochondria through mitophagy is
induced in response to hypoxic conditions via HIF-1a and downstream induction of Bnip3
(Zhang et al., 2008). Bnip3 competes with the autophagy protein Beclin 1 for binding to the
anti-apoptotic protein B-cell CLL/lymphoma 2 (BCL2) and thus releases Beclin 1 for
participation in mitophagy (Bellot et a/., 2009).

Autophagy is also capable of being activated during hypoxia or anoxia in a HIF-1a.-
independent manner. Often anoxic conditions are accompanied by dramatic glucose and
amino acid restriction, leading to autophagy induction during hypoxia/anoxia through the
previously described mMTOR/AMPK pathways (Mazure and Pouyssegur 2010; Papandreou et
al., 2008). In addition, anoxic conditions can lead to ER stress, activating autophagy through
up-regulation of the UPR (Koritzinsky et al., 2006).

5.2.3: Oxidative Stress—Autophagy can also mitigate damage from oxidative stress.
Mild oxidative damage induces partial protein unfolding and facilitates proteolytic
degradation of damaged proteins (Grune et al.,, 1997; Grune et al., 1995). However,
persistent or extensive oxidative damage can lead to protein aggregation when damaged
proteins adopt conformations that expose previously “hidden” regions of hydrophobic amino
acids. Aggregated proteins become less susceptible to proteolytic cleavage (Davies 2001;
Grune et al,, 1997). CMA facilitates the selective removal of individual damaged proteins
induced by oxidative stress without disrupting other non-damaged protein critical for normal
cellular function (Cuervo et al., 1998; Kiffin ef al., 2004). In addition, CMA activity
increases /n vitroin the presence of compounds that induce oxidative stress, further
supporting the hypothesis that CMA is involved in the removal of oxidatively damaged
proteins (Kiffin et al,, 2004). Degradation of damaged proteins in the proteasome or via
CMA is efficient only for monomeric proteins. However, when the oxidative damage is
extensive and protein aggregates form, macroautophagy is required to remove the protein
aggregates and to prevent further damage to the cell.

Mitochondria are both ROS producers and ROS targets, pointing to their central role in the
oxidatively stressed cell (Hamanaka and Chandel 2010). Autophagy removes damaged
mitochondria selectively (mitophagy) to reduce ROS levels and to maintain a functional
mitochondrial pool under conditions of cellular stress (Kim et a/., 2007).

5.2.4: DNA Damage—Exogenous and endogenous chemical agents can induce DNA
damage. The fate of a DNA-damaged cell can be influenced by autophagy (Abedin et al,
2007; Kang et al., 2009). DNA-damaging agents camptothecin, etoposide, tomozolomide, p-
anilioaniline, doxorubicin, and ionizing radiation have all been shown to induce autophagy
(Abedin et al,, 2007; Elliott and Reiners 2008; Katayama et a/., 2007; Munoz-Gamez et al.,
2009; Rieber and Rieber 2008). Yet, the role that autophagy serves in the response to DNA
damage is still unclear. Autophagy delays apoptotic cell death induced by the DNA
damaging agent camptothecin through activation of mitophagy (Abedin et a/., 2007). In 3T3
fibroblasts, doxorubicin induced DNA-damage is associated with characteristics of
autophagy, which are dependent on activation of the DNA repair enzyme poly (ADP-ribose)
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polymerase 1 (PARP-1) (Munoz-Gamez et al., 2009). Inhibition of autophagy resulted in
increased doxorubicin-induced cell death, suggesting that autophagy may function in
conjunction with PARP-1 in the DNA repair mechanism to prevent cell death. Autophagy
induction is associated with the activation of another DNA damage sensor, ataxia
telangiectasia mutated (ATM). ATM is a serine/threonine kinase that serves as a checkpoint-
specific damage sensor that is activated in response to DNA damage. Upon DNA damage,
transcription factor FOXO3a detaches from DNA to interact with ATM in the nucleus to
promote DNA repair (Tsai et al., 2008). DNA damage inducing agents, including ROS
production and the chemotherapy agent BO-1051, activate ATM and subsequently induce
autophagy as a response to DNA damage (Alexander et al., 2010; Chen et al., 2011).

Autophagy has also been shown to produce a cytoprotective adenosine triphosphate (ATP)
surge as an adaptive response against DNA damage (Katayama et al., 2007). After exposure
to DNA damaging agents etoposide or temozolomide in malignant glioma cell lines, the
induction of autophagy was associated with a cytoprotective surge of ATP generated by
oxidative phosphorylation, suggesting that autophagy may be enhancing catabolic
metabolism and ATP levels, in order to maintain cell survival in the midst of DNA damage
(Katayama et al., 2007).

The tumor-suppressor protein p53 regulates a variety of cell response pathways including
cell cycle arrest, apoptosis, and metabolism in response to genotoxic stress. Recent findings
have demonstrated a bidirectional role of p53 in autophagy regulation. Under basal, non-
stressed conditions, cytoplasmic p53 inhibits autophagy through an mTOR/ AMPK-
dependant pathway (Tasdemir et al., 2008b). In p53 deficient conditions (p53 knockout
mutants or depletion of p53 protein levels), autophagy is restored and promotes cell survival
(Tasdemir et al., 2008a). Inhibition of autophagic flux also induces p53-dependant cell death
(Maclean et al., 2008; Zaidi et al., 2001). Conversely, p53 has also been shown to
transcriptionally activate autophagy through activation of several autophagy inducers
including DRAML1 and Sestrin2 (Budanov and Karin 2008; Crighton et a/., 2006). One
interpretation emerging from these studies is that cytoplasmic and nuclear p53 may have
opposing effects on autophagy.

5.3: Interaction Between Autophagy and Other Stress-Compensatory Systems

Autophagy pathways connect with other cytoprotective pathways, including the antioxidant
response pathway regulated by the transcription factor, Nrf2 (nuclear factor, erythroid
derived 2, like 2). The scaffold protein, p62, also known as sequestosome-1, is responsible
for the selective sequestration of polyubiquinated and other damaged cellular proteins and
organelles into aggregates, targeting them to the lysosome for degradation via autophagy
(Seibenhener et al., 2007). In autophagy-deficient cells p62 accumulates due to a block in its
autophagic degradation, allowing it to interact with other signaling molecules, including
Keapl from the Nrf2/Keap-1 complex (Komatsu et a/., 2010; Lau et al., 2010).
Accumulation of p62 sequesters Keapl in the cytoplasm, blocking the Keap1-Nrf2
interaction. This causes Nrf2 stabilization and translocation into the nucleus, activating
transcription of Nrf2 target genes. This provides an additional adaptive response to cellular
stress when autophagy is defective or unable to meet the demands of stressed cells.

NF-kB is a transcription factor that integrates a diverse array of stress signals including
immune signals and autophagy. NF-kB is activated through the phosphorylation of the NF-
kB inhibitor (1kB) by IkB kinase (IKK) (Beg et al., 1993). IKK is activated under diverse
stress signals, including ROS, DNA damage, and activation of death receptors. NF-kB can
directly activate autophagy through the induction of Beclin 1 expression by NF-kB family
member p65/RelA (Copetti ef al., 2009). IKK can also stimulate autophagy in an NF-kB-
independent pathway through activation of the AMPK and JNK1 pathways (Criollo ef al.,
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2010). The interaction between the NF-kB and autophagy pathways illustrates that multiple
compensatory pathways can act in concert in response to cellular stress.

5.4 Protein quality control

Principally, there are two protein degradation systems in eukaryotic cells: the ubiquitin/
proteasome system (UPS) and the lysosomal system. The normal half-life of cellular
proteins ranges widely, from minutes (e.g., the tumor suppressor p53) to days (e.g., myosin)
(Kamijo et al., 1998; Martin et al,, 1977). Virtually all nucleated cells have constitutive
autophagic activity at low basal levels to perform the homeostatic function of protein
turnover. Early studies defined two categories of proteins based on their degradation
kinetics. Short-lived, rapidly degraded proteins were primarily degraded by the proteasome,
whereas long-lived, slowly degraded proteins were degraded by the lysosome (Mortimore
and Poso 1987). In addition to the basal degradation of long-lived cellular proteins,
autophagy has also been shown to be responsible for the constitutive degradation of aged or
damaged proteins and organelles (EImore ef a/., 2001; Fortun ef a/., 2003; lwata et al.,
2006).

A theme repeated in this review is that autophagy can degrade damaged cellular components
either by a bulk (non-selective) process or alternatively through a selective process targeting
specific proteins and organelles for degradation. In order for a misfolded protein to be
degraded by macroautophagy the damaged protein must be tagged and shuttled to the
phagophore for degradation. One such adaptor protein involved in the recognition and
shuttling of misfolded or aggregated proteins is p62. When denatured or improperly folded
proteins accumulate and exceed the cell’s degradation capacity, aggregates of these
misfolded proteins can form (Klemes et a/.,, 1981). Most aggregated proteins are decorated
with ubiquitin, and p62 has both LC3-1I-binding and ubiquitin-binding domains, allowing it
to act as a scaffold between ubiquitinated proteins and LC3-11 in the membrane of the
forming autophagosome (Bjorkoy et al., 2005; Pankiv et al., 2007). Recruitment of
polyubiquitinated proteins for autophagic degradation can also be mediated by histone
deacetylase 6 (HDACS). The role of HDACG in autophagic degradation of misfolded
proteins is unclear, but there is evidence suggesting that HDACS activity on microtubules is
involved in the fusion of the autophagosome with the lysosome (Ding and Yin 2008). /n
vitro HDACG genetic knockdown studies have revealed that HDACSG serves as a recruitment
protein, required for the autophagic degradation of aggregated proteins by recruiting actin-
remodelling machinery to ubiquitinated protein aggregates, which facilitates the fusion of
the autophagosome to the lysosome and subsequent clearance of the aggregated proteins
(Lee et al., 2010).

In addition to macroautophagy, CMA has also been shown to selectively degrade individual
damaged cellular proteins. Exposed hydrophobic regions on damaged proteins present a
danger to the cell because the hydrophobic regions can bind to normal proteins and disrupt
essential protein-protein interactions (Sherman and Goldberg 2001). Chaperone proteins
involved in CMA can recognize specific misfolded proteins by binding to exposed
hydrophobic regions (which contain the consensus amino acid motif KFERQ) on the surface
of the proteins and transferring those proteins to the CMA degradation system.

5.5: Intracellular Pathogen Defense

Autophagic machinery used to engulf and degrade cellular organelles and proteins can also
be used for the selective delivery of microorganisms to the lysosome for degradation in a
process termed xenophagy (Amano et al., 2006). Xenophagy can target extracellular bacteria
that invade the cell (e.g., Group A Streptococcus) as well as true intracellular bacterial
pathogens (e.g., Mycobacterium tuberculosis and Shigella flexneri) (Gutierrez et al., 2004;
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Nakagawa et al., 2004; Ogawa et al., 2005). In addition, xenophagy has also been shown to
target newly synthesized virions during their exit from the nucleus through the cytoplasm
(Talloczy et al., 2002). Outside of its direct role in pathogen elimination, xenophagy may
also play a cytoprotective function through enhancing immune recognition of infected cells
by the production of antigenic bacterial peptides (Paludan et a/., 2005). Interestingly, several
bacteria and viruses have the ability to co-opt components of the autophagic machinery to
establish their own defense mechanism and provide a replicative niche that avoids
destruction (Dorn et al., 2001; Pizarro-Cerda et al., 1998).

Processing and Presentation

Presentation of antigenic peptides by MHC class | and Il molecules is an essential
component of adaptive immunity. Autophagy plays a vital role in the generation of peptides
and presentation of those peptides by MHC class molecules to epitope-specific T cells
(Dorfel et al., 2005; Li et al., 2008; Paludan et al., 2005; Zhou et al., 2005). MHC class |
molecules are limited to the recognition of endogenous antigens from viruses, tumors, or
self-proteins for presentation to CD8* T cells (Reviewed in (Jensen 2007)). Autophagy has
not been implicated in playing a role in classical MHC class | antigen presentation, but it has
been implicated in regulating class I-mediated cross presentation of exogenous antigens. In
class I-mediated cross presentation, antigen presenting cells such as dendritic cells
internalize and process extracellular antigens and display the resulting peptides on cell
surface MHC class | molecules (Shen and Rock 2006). Modulation (induction or inhibition)
of autophagy in HEK 293T cells expressing a model antigen, OVA, altered cross
presentation /n-vitro. The induction of autophagy enhanced the cross presentation of OVA to
epitope-specific CD8 * T cells. Conversely, inhibition significantly reduced cross
presentation (Li ef al.,, 2008). Autophagy has also been implicated in playing a role in MHC
class Il antigen processing and presentation. Induction of autophagy due to serum starvation
in B-cells resulted in an increase in MHC class Il associated peptides derived from
intracellular proteins (Dengjel et al., 2005). CMA has also been identified as playing a role
in the selective processing and MHC-loading of exogenous or endogenous antigens during
antigen presentation. B-cells with reduced levels of CMA proteins (Lamp2a or Hsc70)
exhibit decreased presentation of cytoplasmic epitopes on MHC class 11 molecules.
Conversely, an increase in cytoplasmic autoantigen presentation was observed upon over-
expression of Lamp2a or Hsc70 (Zhou et a/., 2005). In addition, B-cells deficient in Lamp2
had impaired antigen presentation of exogenous antigens and peptides to CD4* T cells
(Crotzer et al., 2010). Interestingly, class Il presentation of peptides from endogenous
proteins was detected in Lamp2 deficient cells, suggesting that Lamp2 levels may also affect
the type of peptides displayed by MHC class Il molecules.

6. Autophagy: A view from the organism

6.1: Autophagy and embryonic development

Autophagy is essential to mammalian development, serving roles in adaptation to the stress
and starvation that occurs during embryogenesis, and, working in concert with apoptosis, in
embryonic cell elimination. In mammals, whole organism genetic knockouts of essential
autophagy genes (Beclin 1, Ambral, Atg7, Atg5) are lethal, either resulting in death at early
embryonic stages due to severe developmental defects, or within a few days of birth, failing
to survive the starvation period during the transition from placental to gastrointestinal
nutrition (Fimia et al,, 2007; Komatsu et al., 2005; Kuma et al., 2004; Yue et al., 2003).
Autophagy is induced after fertilization in the mouse and is essential for the preimplantation
development (Tsukamoto ef a/., 2008). Its importance extends to the late stages of
mammalian embryonic and postnatal development, including neurogenesis, cardiogenesis,
hematopoiesis, osteogenesis, and folliculogenesis (Choi et al., 2010; Fimia et al., 2007;
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Nakai et al., 2007; Pua et al., 2007; Settembre et al., 2008). This role is not peculiar to
mammals. Autophagy plays a major role in cellular remodeling during dauer formation in C.
elegans, Drosophila metamorphosis, and in yeast sporulation (Denton et a/., 2009;
Deutschbauer et al., 2002; Melendez et al., 2003).

6.2: Autophagy and constitutive homeostasis

Protein quality control has an important role in all cells, but particularly in non-proliferative
cell types that can not dilute damaged proteins through cytoplasmic expansion. In neural
cells, autophagy plays a constitutive role in the bulk removal of unnecessary, damaged, or
aggregated proteins. Loss of Atg7 in mice leads to neurodegeneration (Komatsu et af.,
2006). Mice lacking Atg7 in the central nervous system display behavioral defects,
including abnormal limb-clasping reflexes, reduction in coordinated movements, and death
within 28 weeks of birth. In neurons of those mice, polyubiquitinated proteins accumulated
as inclusion bodies, which increased in size and number with age. Similar observations have
been made in mice with neural cell-specific deletion of Atg5 (Hara et al., 2006). These
results highlight the importance of constitutive autophagic function in the survival of neural
cells and prevention of neurodegenerative disorders through maintaining protein quality
control. The importance of constitutive autophagy is not confined to the nervous system.
Liver-specific deletion of Atg7 in mice resulted in progressive hepatomegaly accompanied
by accumulation of aberrant organelles and heavily ubiquinated proteins (Komatsu et a.,
2005). These studies highlight the fact that autophagy is important for the maintenance of
normal hepatocyte function and the removal of damaged cellular components that can be
deleterious to the cell.

6.3: Autophagy and homeostasis under stress

Autophagy also serves as a mechanism that allows organisms to survive under adverse
conditions. At birth the trans-placental nutrient supply is suddenly interrupted and neonates
go through a period of severe starvation until nutrient supply can be restored through
maternal milk. Neonates adapt to this neonatal starvation period by inducing autophagy.
Levels of autophagy in mice remain low during embryogenesis; however autophagy is
immediately induced in various tissues after birth. Neonate mice deficient in Atg5 appear
almost normal at birth, but die within 1-day (Kuma et al., 2004). Atg5 deficient pups,
starved for 10-hours post delivery, had decreased amino acid concentrations in plasma and
tissue in comparison to wide-type pups, presumably due to a lack in normal autophagic
activity that is required to replenish amino acid pool during periods of nutrient deprivation.
Starved pups also displayed signs of energy depletion including activation of AMPK and
altered electrocardiograms, highlighting the importance of a sufficient amino acids reservoir
in maintaining energy homeostasis.

Autophagy is also a necessary adaptation to starvation in adults, where it is essential to
normal cardiac function. After 12 hours of starvation in adult mice, electron-dense vesicles,
which increased in number during starvation, appeared in cardiomyocytes (Takemura et al.,
2009). Treatment with BafAl did not affect cardiac function in normally fed mice, but
significantly depressed cardiac function and caused significant left ventricular dilation in
starved mice, suggesting that autophagy plays a critical role in the maintenance of cardiac
function during starvation.

Komatsu et al. generated conditional knockouts of the autophagy gene, Atg7 in the livers of
recombinant mice (Komatsu ef a/., 2005). Livers isolated from nutrient starved knockout
mice failed to show characteristics of autophagy. Atg7 deficiency also led to other
abnormalities such as accumulation of deformed mitochondria and ubiquitin-positive
aggregates in the livers in comparison to starved wild-type mice, suggesting that autophagy
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deficient mice cannot protect liver function during starvation. Degradation of long-lived
proteins was also inhibited in knockout hepatocytes, independent of nutrient deprivation.

6.4: Autophagy and cancer

6.4.1: Autophagy and cancer causation—Cancer was one of the first diseases
genetically linked to autophagy defects (Liang et al.,, 1999). Beclin 1 is monoallelically
deleted in 40-75% of cases of human breast, ovarian, and prostate cancer (Aita et al., 1999).
Furthermore, hemizygosity of BECN1 (the gene encoding Beclin 1) or complete loss of the
gene encoding the UVRAG binding protein Bif-1 (regulates autophagy by forming a
complex with Beclin 1 and UVRAG to activate class 111 PI3K), resulted in increased tumor
susceptibility in mice (Qu et al., 2003; Takahashi et a/., 2007). In addition, the ectopic
expression of BECN1 or UVRAG has been shown to repress the growth of human cancer
cell xenografts (Liang et al., 1999; Takahashi et a/., 2007). Ambral, a component of the
autophagy activation Beclin 1/ PI3K complex, and Atg4, have also been shown to control
cellular growth and exert tumor suppressive effects (Fimia ef a/., 2007; Marino et al., 2007).
Thus, in certain experimental models, autophagy appears to be a tumor-suppressive process.

To complicate matters, however, in other settings autophagy appears to promote
tumorogenesis, perhaps by enhancing cell survival under adverse conditions. During tumor
growth, periods of poor vascularization lead to limited nutrient availability and hypoxic
regions within tumors (Hirst et al,, 1991). Under these circumstances, autophagy induction
provides a survival advantage to the transformed cells, compensating for the metabolic stress
caused by limited nutrients or oxygen (Degenhardt et a/., 2006). Thus, the particular point
during carcinogenesis at which autophagy is impaired or induced may determine whether it
provides a growth advantage or a disadvantage.

6.4.2: Autophagy and cancer treatment—Autophagy induction in tumor cells in
response to adverse conditions is one potential mechanism driving tumor resistance to
antineoplastic compounds. Liu et al. in 2010 investigated the mechanism of hypoxia-induced
resistance to the retinoid, N-(4-Hydroxyphenyl)retinamide (4-HPR) in the human cervical
cancer cell line HeLa (Liu et a/,, 2010). Under hypoxic conditions, 4-HPR induced
autophagy through activation of HIF-1a., characterized by an increase in LC3 11 protein
levels and acidic vesicle formation. Co-treatment with autophagy inhibitors 3MA or
chloroquine enhanced apoptosis and decreased cell viability in 4-HPR exposed cells,
indicating that autophagy induction conferred hypoxia-induced resistance in HelLa cells.
SKBR3/TzbR is a HER2-positive breast cancer cell line that exhibits acquired resistance to
the Anti-HER2 monoclonal antibody trastuzumab (Tzb). Constitutive autophagic levels
were significantly higher in the Tzb-conditioned cells resistant to Txb (TzbR) versus the
parental Tzb-sensitive line (Vazquez-Martin et al., 2009). Knockdown of LC3 expression
via siRNA reduced TzbR cell proliferation and increased sensitivity to Tzb treatment.
Interestingly, a sub-population of Tzb-naive parental cells accumulated LC3 punctate
structures and decreased p62 expression after treatments with high-dose Tzb, likely
promoting their own resistance. Translational research following this general theme has
confirmed that genetic or pharmacological inhibition of autophagy can enhance cytotoxicity
of cancer chemotherapeutic agents, making this an active area of research aimed at
increasing the efficacy of chemotherapy agents (Amaravadi et al., 2007; Carew et al., 2007).

7. 1s autophagy important in toxicology?

7.1: Xenobiotic stress can induce autophagy

Cellular damage (ER stress, oxidative stress, or DNA damage) induced by xenobiotics can
result in the induction of autophagy as a cytoprotective mechanism to facilitate cell recovery
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and return to homeostasis. One significant group of environmental toxicants that have been
shown to induce autophagy are metals including cadmium, chromium, and arsenic, which
activate autophagy through a variety of mechanisms including the generation of ER-stress
and oxidative stress. Human CD34++ hematopoietic progenitor cells exposed to 10 uM
hexavalent chromium or cadmium showed substantial cell loss (Di Gioacchino et a/., 2008).
Surviving cells were positive for autophagosomes and autolysosomes, and had extensive
organelle damage, suggesting that the induction of autophagy may have been compensatory
to cadmium-induced damage. Autophagy induction is being studied as a potential biomarker
of toxic metal exposure in blood cells (Di Gioacchino et al., 2008). Our research group has
shown that sodium arsenite-induced toxicity in human lymphoblastoid cell lines (LCL) is
strongly associated with the induction of autophagy. Arsenite-induced autophagy was also
associated with increased protein levels of LC3-I1, increased enzymatic activity of
lysosomal protease cathepsin D, and coordinated induction of lysosomal gene expression
corresponding with increased expression of the lysosome biogenesis master regulator gene,
TFEB (Bolt et al.,, 2010a; Bolt et al., 2010b). In rat proximal convoluted tubule cells,
cadmium exposure resulted in the induction of ER stress, which triggered cell proliferation
and autophagy as an adaptive response against toxicity (Chargui et a/., 2011). Ovarian
cancer cell lines, exposed to increasing concentrations of arsenic trioxide displayed
characteristics of autophagy in response to oxidative damage (Smith et a/,, 2010). In that
model, arsenic trioxide induced autophagy conferred protection against cellular damage
through a Beclin 1-independent pathway.

The importance of autophagy in toxicology is not confined to metal xenobiotics. The
induction of autophagy in response to diverse anti-neoplastic compounds and DNA
damaging agents was described in previous sections.

7.2: Autophagy can confer xenobiotic resistance

Autophagy induction in response to cellular stress induced by xenobiotic exposure can serve
as a resistance mechanism to enable the cell to recover. Human lung epithelial fibroblasts
(WI138) exposed to cadmium responded to ER stress through activation of the PERK arm of
the UPR (Lim et al., 2010). A resistant WI38 cell line (RWI38) was generated by culturing
WI38 cells in media with increasing concentrations of cadmium for six months, selecting for
viable cells (Oh et al., 2009). RWI38 cells exposed to cadmium do not demonstrate ER
stress or mitochondrial apoptosis, and are 4-fold resistance to cadmium toxicity in
comparison the parent cell line. Cadmium exposure in RWI38 is associated with the
induction of autophagy. This induction was demonstrated by an increase in Atg5 and LC3-II
protein, and formation of a GFP-LC3 punctate fluorescence pattern.

Treatment of human renal epithelial cells with the immunosuppressive drug cyclosporine for
24 hours induced ER stress and the subsequent induction of autophagy. Inhibition of
autophagy through siRNA gene silencing of the autophagy gene, Beclin 1, significantly
increased tubular cell death, indicating that autophagy induction is a novel resistance
mechanism against ER stress induced tubular damage (Pallet et a/., 2008).

Rat hepatocytes can induce autophagy as a protective mechanism to minimize hepatotoxicity
due to acetaminophen (APAP) overdose (Ni ef al., 2011). Pharmacological inhibition of
autophagy further exacerbated APAP-induced hepatotoxicity, implicating autophagy as an
in vivo xenobiotic stress-compensatory mechanism. The induction of autophagy, likely
activated through the generation of ROS and possible inhibition of mTOR, eliminated
damaged mitochondria preventing further damage from occurring. This suggests that the
induction of autophagy could be a novel therapeutic approach to preventing APAP-induced
liver damage.
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7.3: Xenobiotics can perturb / modulate autophagy

Xenobiotics can modulate the autophagy process, providing an opportunity to manipulate
autophagy in order to achieve better therapeutic efficacy or conversely, to reduce toxicity
and disease progression (Table 1). Treatment of cells with the mTOR inhibitor, rapamycin,
is an established experimental method used to induce macroautophagy, however due to the
lack of specificity the clinical implications of rapamycin treatment are limited (Ravikumar et
al., 2004). Other mechanisms that regulate autophagy, independent of mTOR inhibition,
have been reported using other xenobiotics. Calcium channel blockers, including verapamil
and nimodipine, induce autophagy through the reduction of intracytosolic calcium levels
(Williams et al., 2008). Lithium induces autophagy through the inhibition of inositol
monophosphatase, which results in the reduction of myo-inositol-1,4,5-triphosphate (1P3)
levels (Sarkar et al., 2005).

Clomipramine, an FDA-approved tricyclic antidepressant, and its active metabolite,
desmethylclomiramine (DCMI), modulate autophagic flux (Rossi et al., 2009). Treatment
with DCMI caused a significant increase in LC3-11 protein levels and GFP-LC3 puncta. The
study revealed that the increase of autophagosome markers actually resulted from blocked
degradation of autophagic cargo or inhibition of autophagic flux. These findings highlight an
important caveat in the interpretation of an increase in autophagic structures and proteins as
conclusive evidence of autophagy induction. Interestingly, DCMI-mediated inhibition of
autophagic flux increased the cytotoxic effects of several chemotherapeutic agents, making
it a promising candidate for use in conjunction with other chemotherapy agents to increase
the efficacy of treatment. Our group determined that at cytotoxic concentrations (6 UM, 96
hrs), sodium arsenite treatment decreased autophagic flux in LCL. These findings suggest
that arsenite can not only induce autophagy, but also block the breakdown of autophagic
vesicles, resulting in the accumulation of autophagosomes inside of the cell (Bolt et al.,
2010b). In the high-content screen of cytotoxic agents from the NCI panel, 26% of the
chemicals that induced GFP-LC3 puncta failed to stimulate autophagic flux, suggesting that
they actually block autophagy. Further investigation into these chemicals revealed that they
all disrupted the microtubular network, which may disrupt the fusion of the autophagosome
with the lysosome (Shen et al., 2011).

Several xenobiotics have a long history of experimental use in autophagy research because
of their ability to modulate autophagy. 3-methyladenine and wortmannin are PI3K (class |
and I11) inhibitors that block autophagic sequestration of damaged cellular components
(Petiot et al., 2000). Other inhibitory compounds block post-sequestration steps. Vinca
alkaloids, including vinblastine and other microtubule damaging agents, block fusion of the
autophagosome to the autolysosome (Kovacs et al., 1982). Alternatively, some compounds
modulate autophagy by elevating lysosome pH. These include bafilomycin Al, which is a
vacuolar-type H*-ATPase inhibitor, and chloroquine, a lysosomotropic weak base amine.
Both alter lysosomal hydrolase activity and block fusion of the autophagosome to the
lysosome (Boya et al., 2005; Yamamoto et al., 1998).

8: Concluding Remarks

Autophagy is a critical biological process that plays roles in constitutive and stress-induced
cellular homeostasis. An increased research focus on autophagy is rapidly expanding our
appreciation of the many biological processes impacted by this process. In this review we
have highlighted facets of autophagy that underscore its importance in toxicology studies.
Autophagy is positioned at the balance point between cellular compensation for xenaobiotic
stress, and stress-induced cell death. Xenobiotics can induce autophagy as well as impair
autophagic induction. It is clear that defining the role of autophagy in xenobiotic-induced
human toxicity will be difficult, given that the outcome of autophagy can depend on many
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things: the toxicant, the exposure duration, the cell type, the developmental stage, and the
disease stage. But it is equally clear that failing to appreciate the role of autophagy in
toxicology will limit our ability to fully explain how biological systems can be harmed by
environmental toxicants.
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Figure 1.
Primary autophagic pathways in mammalian cells. Macroautophagy involves the
sequestration of cytoplasmic components by the generation of a denovo double membrane
structure (phagophore) from within the cell to form an autophagosome. The newly formed
autophagosome then fuses with a lysosome, forming an autolysosome, where lysosomal
hydrolases degrade the cellular components. Microautophagy mediates the sequestration of
cellular cargo, proteins and organelles through the invagination of the lysosomal membrane.
Once cellular components are localized in the lysosome, lysosomal hydrolases degrade the
components. Chaperone Mediated Autophagy (CMA) involves the specific targeting and
shuttling of individual proteins to the lysosome for degradation. Internalization of substrate
proteins into the lysosome is mediated through coordinated interaction of chaperone proteins
and the lysosomal receptor Lamp2a on the membrane of the lysosome.
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Autophagy Modulators

Table 1

agent, weak base
amine, alters
lysosome pH

lysosome hydrolase
activity and block
fusion of
autophagosome to
lysosome

Xenobiotic M echanism of Effect on Autophagy | References
Action
3-Methyladenine | PI3K Inhibitor Inhibit, block (Petiot et al., 2000)
formation of
autophagosome
Wortmannin PI3K Inhibitor Inhibit, block (Petiot et al., 2000)
formation of
autophagosome
Vinblastine Damages Inhibit, block (Kovacs et al., 1982)
microtubules fusion of
autophagosome
with lysosome
Chloroquine Lysosomotropic Inhibit, Alter (Boya et al., 2005)

Bafilomycin A1

Vacuolar-type
H*-ATPase
Inhibitor, alters lysosome pH

Inhibit, Alter
lysosome hydrolase
activity and block
fusion of
autophagosome to
lysosome

(Yamamoto et al., 1998)

Rapamycin

mTOR Inhibitor

Induce

(Ravikumar et al., 2004)

Verapamil and

Calcium Channel

Induce, Reduction

(Williams et al., 2008)

Reduction in IP3

Nimodipine Blocker of cytosolic Ca*2
Lithium Inhibition of Induce (Sarkar et al., 2005)
IMPase,

Abbreviations: phosphoinositide-3-kinase (PI3K), mammalian target of rapamycin (mTOR), inositol monophosphatase (IMPase), myo-

inositol-1,4,5-triphosphate (IP3)
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