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Introduction

This book series consists of three volumes covering the basic science (Volume 1),
clinical science (Volume 2), and the technology and methodology (Volume 3) of
autophagy. Volume 3 focuses on the technical aspects of autophagy research. It is
comprised of two parts. The first part discusses the basic process of autophagy,
including its overall classification and individual stages in the life cycle of autopha-
gosomes. The second part discusses the tools, strategies, and model systems in cur-
rent autophagy research, including cell and animal models, detection and
manipulation methods, as well as screening, genomic, proteomic, and bioinformatic
approaches. The book is written and edited by a team of active scientists. It is
intended as a practical reference resource for interested researchers to get started on
autophagy studies.
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Chapter 1
The Classification and Basic Processes
of Autophagy

Tiejian Nie, Lin Zhu, and Qian Yang

Abstract Autophagy is a general term for the process of the lysosomal degradation
of intracellular components, a process occurring exclusively in eukaryotic cells.
Based on the way that intracellular substrates are transported to lysosomes, autoph-
agy in mammalian cells can be divided into three main types: macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA). Each type has its
unique molecular machinery and is tightly regulated by various cellular signals,
helping cells adapt to a changing environment. Autophagy can also be divided into
two categories based on cargo selectivity: selective autophagy and nonselective
autophagy. Nonselective autophagy refers to the bulk transport of organelles or
other cytoplasmic components to lysosomes, while selective autophagy refers to the
degradation of a specific substrate. Autophagy plays an essential role in maintaining
cellular homeostasis, and dysregulation of it may participate in the pathological
process of many human diseases.

Keywords Autophagy - Types - Basic process - Selective autophagy

There are two main degradation routes in cells: the pathway via the proteasome and
the autophagy pathway. Proteasomes primarily degrade short-lived proteins, while
autophagy is responsible for the degradation of long-lived proteins and damaged or
superfluous organelles. Autophagy is also part of the cellular response to intracel-
lular and extracellular stress. In some cases, autophagy can lead to a specific form
of cell death (type II programmed cell death) that is considered different from apop-
tosis (type I programmed cell death). In fact, autophagy rarely occurs in full scale in
normal cells unless there is a predisposing factor. These factors range from extracel-
lular forces, such as nutrient deprivation, ischemia, and hypoxia, to intracellular
drivers such as metabolic stress, damaged organelles, and unfolded and/or
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aggregated proteins. Due to the long-term presence of these factors, the cells main-
tain a very low basal autophagic activity to maintain homeostasis. Autophagy is a
conserved phenomenon that exists widely in eukaryotic cells. It is a mechanism for
eliminating the excess or damaged organelles that is common to the development
and aging process of organisms. This process plays an important role in cellular
protein metabolism, waste removal, structural reconstruction, growth, and develop-
ment (Mizushima et al. 2008).

Based on morphological features and molecular machinery involved, autophagy
can be divided into three main types: macroautophagy, microautophagy, and
CMA. From the perspective of the substrates, autophagy can also be divided into
two categories, selective autophagy and nonselective autophagy, based on the selec-
tivity of autophagic cargo. Nonselective autophagy refers to the random transport of
organelles or other cytoplasmic components to lysosomes. Selective autophagy
refers to the recognition of a specific substrate to be degraded and is further divided
into the following types: mitophagy, pexophagy, reticulophagy, nucleophagy,
ribophagy, lipophagy, aggrephagy, and xenophagy. As research advances, other
classes of selective autophagy may be discovered in the future.

1.1 The Basic Process of Autophagy

1.1.1 The Basic Process of Macroautophagy

Under normal conditions, macroautophagy is maintained at a low level to maintain
cellular homeostasis. Under stress conditions such as starvation and hypoxia, it can
be induced quickly. This regulation is achieved through posttranslational modifica-
tions (such as phosphorylation and acetylation) of key autophagy proteins. In addi-
tion, pathological stimuli such as inflammation, oxidative stress, and aggregation of
misfolded proteins can activate macroautophagy, which may be a factor in the pro-
gression of various diseases. Both the increase and decrease in macroautophagy
activity are rapid and tightly regulated processes. The latter is to prevent damage
caused by excessive autophagy.

The most typical morphological feature of macroautophagy is the formation of a
large number of vesicles in the cytoplasm. First, a free membranous structure
appears in the cytoplasm, and then it expands. It is not spherically shaped but rather
takes on a bowl-like structure composed of two layers of lipids known as the phago-
phore, which can be detected by electron microscopy. After enfolding the cargo, this
membrane bilayer is called the autophagosome. The origin of the autophagosome
membrane is still unclear. Studies have shown that the endoplasmic reticulum, the
Golgi apparatus, mitochondria, and the cell membrane may be possible sources of
autophagosome membranes (Hamasaki et al. 2013; Hayashi-Nishino et al. 2009).
The outer membrane of the autophagosome fuses with the lysosome, and the inner
membrane and the encapsulated substances of the autophagosome enter the
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lysosome and are hydrolyzed by the lysosomal enzymes. This process breaks down
the substances entering the lysosome into various nutrient components (e.g., the
protein is broken down into amino acids and the nucleic acids into nucleotides) that
are reused by cells. The lysosome that engulfs intracellular components is called an
autophagolysosome or autolysosome. Specifically, the process of macroautophagy
can be divided into four stages:

1. A separate membrane is formed. Under the stimulation of factors such as starva-
tion, the cup-shaped structure that serves as a separator of the two-layer mem-
brane begins to form around the cytoplasmic components to be degraded.

2. The autophagosome is formed. As the membrane is gradually extended, the cyto-
plasmic materials are completely surrounded by the newly formed autophagosome.

3. The autophagosome is transported to and fused with a lysosome to form an
autolysosome. This process is actively mediated by cytoskeletal structures such
as microtubules.

4. The autophagosome is degraded by lysosomal hydrolases, a process that relies
on the acidic microenvironment of the lysosome (the pH of mature lysosomes is
approximately 4.5, but the pH of the cytoplasm is 7.2).

Since the 1990s, biologists have used yeast as a model to study autophagy.
Nearly half of the autophagy-related genes are highly conserved in yeast and multi-
cellular species such as fruit flies, nematodes, and mammals. To unify the standards,
in 2003, the autophagy-related genes were collectively named Atg and represent
both autophagy genes and their corresponding proteins. The names of mammalian
autophagy genes are similar to those of yeast, but there are also differences. The
yeast Atg8 in mammals is called microtubule-associated protein light chain 3
(MAP-LC3), while yeast Atg6 in mammals is called Beclinl. Through in-depth
research, many yeast Atg homologs have been found in mammals. This finding
indicates that autophagy is an evolutionarily conserved process, and its molecular
mechanisms are similar for yeasts and mammals.

1.1.2 The Basic Process of Microautophagy

Microautophagy refers to the direct uptake of cytoplasm inclusions (such as glyco-
gen) and organelles (such as ribosomes and peroxisomes) by leaching, invading, or
separating the membranes of lysosomes or yeast vacuoles, depending on the form
of autophagy. It is different from macroautophagy in that the lysosome deforms
itself and encapsulates the substrate in the cytoplasm. Both in macroautophagy and
in microautophagy, after the substrate is brought to the lysosome, the membrane
wrapped around the substrate is rapidly degraded, and then the substrate is released
into the lysosome and dissolved effectively by hydrolases to ensure the reuse of
nutrients by the cell (Mukherjee et al. 2016).
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During the process of microautophagy, the lysosome/vacuolar membrane is
directly invaginated and will eventually extend into the autophagic tube. Vesicles
gradually form at the tip of the autophagic tube. The vesicles at the tip of the autoph-
agic tube are always in a dynamic state. After the vesicles fall off the autophagic
tube, they move freely in the lysosome/vacuolar and are degraded. Similar to mac-
roautophagy, microautophagy of soluble substances can be induced by nitrogen
starvation and/or rapamycin treatment. Furthermore, the process of peroxisome
microphagocytosis is dependent on ATG proteins, but there is still no evidence that
any ATG protein is directly involved in PMN (piecemeal microautophagy of the
nucleus) or the process of microautophagy.

Microautophagy is regulated by the TOR and EGO signaling pathways (Egolp,
Gtr2p, and Ego3p). These pathways control the absorption and degradation of the
vesicles. These steps can compensate for the influx of a large amount of membrane
caused by macroautophagy. The evidence suggests that, in the absence of nutrients,
from rapamycin-induced growth arrest to exponential growth conversion, microau-
tophagy appears to be essential for maintaining organelle size and membrane com-
position, in addition to contributing to cell survival.

1.1.3 The Basic Process of Chaperone-Mediated Autophagy

Chaperone-mediated autophagy (CMA) refers to a special type of autophagy that
selectively degrades certain proteins with the assistance of chaperones. Unlike mac-
roautophagy and microautophagy, CMA is currently thought to exist only in mam-
malian cells, and CMA does not depend on the formation of membranous structures
such as vesicles. The soluble protein substrate in the cytoplasm can directly enter
into lysosome. Under physiological conditions, CMA is active in most tissues, such
as the liver, brain, and kidneys. In the absence of nutrients (serum and growth fac-
tors), CMA can be slowly induced to a maximum activity that can be maintained for
a considerable period of time, which makes it quite different from macroautophagy.
Therefore, CMA plays a unique role in maintaining a stable intracellular
environment.

Before the 1980s, the words “selective” and “lysosome” were never discussed
together. It was widely believed that lysosomal degradation was a “bulk” process.
However, in 1982, Dice discovered that ribonuclease A (RNase A) can be selec-
tively degraded by lysosomes. This study was the first to confirm the existence of
lysosomal-dependent selective degradation of intracellular proteins. Subsequently,
Dice and colleagues found that the selective degradation of RNase A is dependent
on the KFERQ pentapeptide sequence and that the KFERQ-related motif is also
present in other CMA substrates. The presence of the KFERQ pentapeptide is indis-
pensable for the CMA degradation pathway. In 1989, Chiang et al. found that a heat
shock cognate protein of 70 KD (Hsc70) can bind to the KFERQ motif and is an
essential element of CMA. In 1996, Ana Cuervo et al. found that LAMP2A
(lysosome-associated membrane protein type 2A) on the lysosomal membrane is
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the receptor involved in this selective degradation pathway, thus identifying another
key regulator of CMA. In 1997, Agarraberas et al. found that part of hsc70 is also
present in the lysosomal matrix and is critical for CMA. In 2000, Dice officially
named this lysosomal-dependent selective degradation method chaperone-mediated
autophagy (CMA) (Kaushik and Cuervo 2018).

The process of CMA includes the following steps. First, the hsc70 chaperone
protein recognizes and binds to the KFERQ-like amino acid sequence of the sub-
strate protein, together with co-chaperones that include a heat shock protein of 90
KD (Hsp90) and a heat shock protein of 40 KD (Hsp40). Subsequently, the hsc70-
substrate-co-chaperone complex binds with LAMP2A to promote the oligomeriza-
tion of LAMP2A, which forms a passage through which the substrate translocates
into the lysosome. Finally, the substrate entering into the lysosomal matrix is
resolved by hydrolases, and the LAMP2A bonds are broken such that the oligomers
revert to their monomeric components. LAMP2A is considered to be the main rate-
limiting factor of CMA. Studies have shown that starvation, oxidative stress, DNA
damage, hypoxia, and other stimuli can increase the activity of CMA by promoting
the production of the LAMP2A protein. A high-fat diet can reduce the level of
LAMP2A on the lysosomal membrane and thus inhibits CMA activity in the liver.
Known mutations related to Parkinson’s disease lead to gene products that can bind
to LAMP2A, block the LAMP2A monomer-to-oligomer cycle, and thus inhibit
CMA activity in dopaminergic neurons.

A series of studies have demonstrated that CMA plays a significant role in main-
taining neuronal homeostasis, promoting lipid degradation, protecting mitochon-
drial function, and repairing DNA damage. The CMA activity decreases in aging
bodies, mainly due to the decreased level of LAMP2A in the lysosomes, which may
underlie the development of aging-related diseases such as Parkinson’s disease,
Alzheimer’s disease, metabolic disorders, and tumors (Cuervo and Wong 2014).
Considering the important role of CMA in maintaining cell homeostasis, enhancing
CMA activity may be an effective intervention to promote the health of aging organ-
isms (Fig. 1.1).

1.2 Selective Autophagy: The Basics

As early as 1966, Smith et al. observed that a large number of autophagosomes
containing prolactin particles appeared in pituitary prolactin cells after the sudden
cessation of lactation. De Duve called this phenomenon “crinophagy,” which may
be the earliest known form of selective autophagy; however, the exact mechanism
was not identified at the time. Another known example of selective autophagy is the
selective uptake of glycogen by lysosomes, directly after birth, to provide nutrients
for the newborn, since it can no longer take up nutrients through the placenta. The
intracellular autophagosomes contain a large amount of glycogen but few mito-
chondria or other organelles (Jin et al. 2013). Selective autophagy relies on specific
autophagic receptors that are not necessary for nonselective autophagy.
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Fig. 1.1 The types and basic processes of autophagy. (a) Macroautophagy. (b)
Microautophagy. (¢) CMA

In the past few years, researchers have discovered many selective autophagic
processes regulated by Atgs: mitophagy, ER-phagy, ribophagy, pexophagy, nucle-
ophagy, aggrephagy, lipophagy, xenophagy, etc. (Anding and Baehrecke 2017).

1.2.1 Mitophagy

Mitophagy refers to the process by which damaged mitochondria are specifically
encapsulated into autophagosomes and fused with lysosomes when mitochondria
depolarize under stimuli such as ROS, nutrient deprivation, and hypoxia. Mitophagy
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is an important process in the maintained balance between mitochondrial quality
and cellular energy metabolism. When Elmore et al. treated rat hepatocytes with
serum-deficient medium, they found that the spontaneous depolarization rate of
mitochondria was significantly elevated, and these depolarized mitochondria were
specifically transported to autophagosomes and autolysosomes where they were
degraded. The average time for mitochondrial degradation is approximately 7 min.
Mitochondria are the primary organelles that produce energy in eukaryotic cells;
that is, 80% of the energy required for cell activities is provided by mitochondria.
Although oxidative phosphorylation inside mitochondria is a more efficient energy
generation process than glycolysis, it is accompanied by the production of reactive
oxygen species (ROS). Excessive ROS can cause mitochondrial damage, proapop-
totic factor release, and cell death. Even under normal conditions, some mitochon-
dria will be damaged by the accumulation of ROS. Therefore, the timely removal of
aging and damaged mitochondria is critical for the health of cells.

Mitophagy is induced via Parkin-dependent and Parkin-independent mecha-
nisms. (1) Under normal conditions, in the Parkin-dependent pathway, protein
PINK1 (PTEN-induced putative kinase-1) of the outer mitochondrial membrane is
continuously cleaved by protease PARL (Presenilin-associated rhomboid-like pro-
tein). When mitochondrial damage occurs, PARL cannot cleave PINK1, causing it
to accumulate on the mitochondrial surface. PINK1 can recruit the E3 ubiquitin
ligase Parkin to the mitochondria to initiate mitophagy. (2) In sharp contrast with
the Parkin-dependent pathway, the Parkin-independent process does not involve the
translocation of Parkin to the damaged mitochondria. Instead, proteins containing
LIR (LC3-interacting region) motifs in the outer mitochondrial membrane act as
receptors that bind to the LC3. These proteins include BNIP3 (BCL2/adenovirus
E1B 19 kDa-interacting protein 3), NIX/BNIP3L (BCL2/adenovirus E1B 19 kDa-
interacting protein 3-like), FUNDCI1 (FUN 14 domain-containing protein 1), and
AMBRAI (autophagy and beclinl regulatorl) (Villa et al. 2018).

1.2.2 Reticulophagy

Bernales and colleagues first named “endoplasmic autophagy (ER-phagy),” which
they found in their study of unfolded protein response (UPR). The endoplasmic
reticulum is an important site for protein synthesis and lipid metabolism. Its volume
and function are consistent with the growth state of cells. Starvation, misfolded
proteins, hypoxia, pathogen infection and other stimuli, and certain drug interven-
tions (such as tunicamycin and thapsigargin) can cause dysfunction of the ER,
which leads to increased ER volume and ER stress. ER-phagy is activated at the
same time that a stimulus is introduced and maintains cellular homeostasis by
degrading the damaged ER and its contents, thus constraining ER stress.

As a selective autophagic process, ER-phagy requires activation of a membrane
receptor for LC3/GABARAP (y-aminobutyric acid receptor-associated protein),
which in yeast are identified as Atg39 and Atg40. The mammalian counterparts are,



10 T. Nie et al.

among others, FAM134B (family with sequence similarity 134), SEC62 (transloca-
tion protein SEC62), RTN3L (RHD-containing proteins 3L), and CCPG1 (Cell-
cycle progression gene 1). Due to different causes of ER-phagy, different membrane
receptors are involved. For example, FAM134B and RTN3L are mainly responsible
for the ER-phagy induced by starvation conditions, while SEC62 and CCPG1 are
involved in ER-phagy caused by ER stress (Wilkinson 2019). Severe ER stress is an
important pathological feature of neurodegenerative diseases, tumors, and diabetes.
ER-phagy is an important means to regulate ER function and has recently received
increasing attention by researchers worldwide. However, the full regulatory net-
work still remains to be elucidated.

1.2.3 Ribophagy

In the case of nutrient deprivation, the removal of organelles is accompanied by
specific ribosome degradation. Within yeast, this newly discovered type of selective
autophagy is named ribophagy. It has long been believed that the occurrence of
ribosomes in autophagosomes was due to the nonselective autophagic process.
However, under certain conditions, ribosomes are more susceptible to degradation
than are other proteins, which indicates a selective degradation process. Whole
genome screening of nonessential genes revealed that ubiquitin protease Ubp3/Bre3
is involved in ribophagy. The degradation of 60S and 40S ribosomes requires core
ATG proteins and other special elements (Macintosh and Bassham 2011). Recent
studies have shown that, in mammalian cells, NUFIP1 (Nuclear fragile X mental
retardation-interacting protein 1) may be an important regulator of ribophagy. When
cells were treated with the mTOR inhibitor Torin, NUFIP1 translocated to the cyto-
plasm from the nucleus and localized to the ribosome as an RNP (ribonucleopro-
tein) complex together with its partner ZNHIT3 (Zinc finger HIT domain-containing
protein 3). NUFIP1 binds to LC3 through its LIR motif to induce ribosome localiza-
tion to autophagic vacuoles, thus promoting ribophagy (Wyant et al. 2018). However,
how mTOR regulates NUFIP1 function and whether there are other ribophagy regu-
lation mechanisms remain to be explored.

1.2.4 Pexophagy

As a kind of organelle that is ubiquitous in eukaryotic cells, peroxisomes contain
abundant enzymes, such as peroxidase and catalase, which are important in the
regulation of ROS levels. In addition, peroxisomes are involved in the metabolism
of purine, fatty acid oxidation and bile acid synthesis. The half-life of peroxisomes
is approximately 2 days. When peroxisomes are damaged, they will be removed
from the cytoplasm by the autophagy pathway, i.e., pexophagy. Pexophagy is pri-
marily achieved via two pathways: (1) Through autophagy adaptors, a variety of
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proteins on the membrane of peroxisomes, such as PEX3, PEXS, and PMP70, can
be ubiquitinated to recruit p62 and NBR1, to promote peroxisome degradation, and
(2) through autophagy receptors, PEX14 can bind directly with LC3 to induce local-
ization of the peroxisomes to autophagic vacuoles (Eberhart and Kovacs 2018).

Morphologically, pexophagy is divided into micropexophagy and
macropexophagy:

1. Micropexophagy. First, the vacuole membrane surrounds the peroxisome cluster.
Then, the micropexophagic membrane apparatus (MIPA) structure appears on
the rough surface of the cluster. Peroxisome clusters close, which is accom-
plished by MIPA and vacuolar membrane fusion, to transport peroxisomes to
vacuoles.

2. Macropexophagy. When cells grown in methanol medium are transferred to eth-
anol medium, the peroxisomes are encapsulated in autophagosomes, and deliv-
ered to the vacuoles.

1.2.5 Nucleophagy

In some cases, removal of damaged nuclei or nonessential portions of the nucleus,
or even the entire nucleus, is critical to promoting cell survival and maintaining
proper function. Increasing evidence has shown that part of or even the entire nucleus
in eukaryotes is degraded by selective autophagy. Under starvation or other stressful
conditions, such as DNA damage and cell cycle arrest, nucleophagy may be induced.
Nutrient deprivation can promote nuclear degradation via yeast vacuoles (in PMN).
For example, in yeast, a part of the nucleus is swallowed by the vacuole. At the junc-
tion of the vacuoles and nucleus, the nucleus gradually enters into the PMN process.
The formation of NV (nucleus-vacuole) contact requires Nvjl and Vac8. Atgl1,
Atgl7, and other core Atg proteins are also essential for PMN function. This process
is similar to microautophagy. During PMN initiation, the NV junctions are formed
through the interaction of the vacuolar membrane protein Vac8 and the outer nuclear
membrane protein Nvjl. Nutrient deprivation leads to an increase in Nvjl. Nvjl
binds with Oshl, and as a result, parts of the NV form a bubble in the vacuole and
are released into the vacuole, and are degraded in the process.

After 18-24 h of starvation, another type of nucleophagy may also occur, namely,
late nucleophagy (LN), which does not require Nvjl, Vac8, or Atgl1. Hitoshi et al.
found that Atg39 is the key factor underlying this process in yeast. Atg39 is located
on the perinuclear endoplasmic reticulum and contains the LIR motif. When the
yeasts are treated with rapamycin, the level of Atg39 is elevated. Then, the autopha-
gic vacuoles containing LC3 are recruited to the nucleus to induce LN. Homologs
of Atg39 have not yet been identified in mammals. In addition, micronuclei, which
are structures containing ectopic chromosomes or chromosomal fragments pro-
duced under genotoxic stress, are also degraded by this selective autophagy path-
way (Nakatogawa and Mochida 2015).
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In conclusion, nucleophagy is a process that selectively removes nuclei from
cells by autophagy. It can be achieved through both macroautophagy and microau-
tophagy, which are called macronucleophagy and micronucleophagy, respectively.
During macronucleophagy, autophagosomes engulf the discarded components of
the nucleus, and fuse with vacuoles or lysosomes, and finally these nuclear compo-
nents are degraded. In contrast, during micronucleophagy nuclear components are
directly engulfed by invagination, protrusion, and/or vacuole separation or restric-
tive action of the lysosomal membrane. Whether macroautophagy and microau-
tophagy are involved in nucleophagy in mammals and how either or both are
induced remain to be determined by further studies.

1.2.6 Aggrephagy

The concept of aggrephagy, as originally proposed by Overbye, explains the spe-
cific removal of aggregates or protein inclusion bodies in cells. Protein aggregation
in cells is an ongoing process that is required for key processes of cellular activity;
however, some aggregates are produced by protein misfolding under various stress
conditions. Those damaged proteins cannot be repaired and are degraded by the
proteasome pathway or by lysosomes. These protein aggregates are typically labeled
with ubiquitin and recognized by HDAC6, SQSTM1/p62, and NBR1, which func-
tion as adaptor proteins.

Effective management of misfolded proteins is beneficial for maintaining the
balance between the normal functions of cells. Three systems control the quality of
cellular proteins, namely, chaperone-mediated folding, proteasome degradation,
and aggrephagy. When the former two pathways fail, aggrephagy is rapidly induced.
The first stage of aggresome formation involves aggregation of misfolded proteins
or other proteins that fail to refold properly. They form large insoluble aggregates
that are transported to the MTOC (microtubule-organizing center) where they are
concentrated. These aggresomes can trigger the autophagy degradation pathway,
during which proteins that have been labeled with ubiquitin are engulfed by autoph-
agic bilayer membranes that become autophagosomes that are subsequently
degraded by lysosomes (Hyttinen et al. 2014).

Selective autophagy for protein aggregation has now emerged as an important
cellular protein quality control system. In the past decade, scientists have made
great progress in understanding aggrephagy. The autophagy receptors p62 and
NBRI1, as well as the large adaptor protein ALFY, play a major role in aggrephagy.
As abnormal aggregation of misfolded proteins is a typical pathological feature of
neurodegeneration, autophagy and its signaling cascade provide novel and promis-
ing therapeutic targets for the prevention and treatment of neurodegenerative
diseases.
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1.2.7 Lipophagy

Autophagy plays a role in the degradation of several intracellular components, and
recently, cytoplasmic lipid droplets (LDs) were demonstrated to be degraded by
autophagy. LDs contain a core consisting primarily of triglycerides and sterol esters
and are surrounded by a phospholipid monolayer that includes various proteins.
They are highly dynamic organelles, as illustrated by the change in their size and in
the number formed, according to different environmental conditions. LDs play an
important role in lipid storage and metabolism. They can be degraded by both cyto-
plasmic and lysosomal pathways, the latter being called lipophagy (Zechner
et al. 2017).

Adipose triglyceride lipase (ATGL) and lysosome acid lipase (LAL) are the two
enzymes responsible for the hydrolysis of lipids in the cytoplasm and lysosomes,
respectively. A decrease in LAL levels causes lipids to accumulate in the lysosome,
thereby inhibiting lipophagy. The transcription factors FOXO1 and TFEB are acti-
vated when cells lack energy, which promotes the production of LAL. In addition,
TFEB also promotes the transcription of other components of lysosomes, thereby
activating lipophagy. Due to the large size of LDs, they usually break into several
smaller parts before entering autophagosomes, but the specific mechanism of this
breakdown remains unclear. Ana et al. found that CMA is responsible for the degra-
dation of proteins PLIN2 and PLIN3, which are located on the LD surface, which
promote the translocation of ATGL to the LDs. Therefore, it can facilitate the deg-
radation of LDs via the cytoplasmic pathway. Furthermore, the recruitment of
ATGL promotes LDs to break into smaller LDs, which are then swallowed by
autophagosomes. This study suggests that there may be complicated regulatory
relationships between CMA and lipophagy. LC3, LAMP1, LAMP2B, LAMP2C,
and Rab7a may be involved in the fusion between the lipid autophagosomes and the
lysosomes, but our current understanding is still limited. In addition, studies have
proven that lysosomes and LDs can form transient (“kiss and run”) contacts in a
Rab7a-dependent manner, similar to contacts made in the process of microautoph-
agy (Kaushik and Cuervo 2015).

There is a close relationship between the cytoplasmic metabolic pathway of LDs
and the lysosomal pathway. ATGL has an LIR motif in a sequence that binds to the
autophagic protein LC3. Unlike other forms of selective autophagy, this binding
during lipophagy promotes the localization of ATGL to the surface of the LDs to
promote lipid hydrolysis, but the specific mechanism remains unclear. In turn,
ATGL also promotes the function of PPARa and SIRT1, which positively regulate
the level of autophagy. In addition to being responsible for lipid degradation pro-
cesses, autophagy-related proteins also play a key role in lipid synthesis. For exam-
ple, studies have found that LC3 is critical for lipid formation and that knocking out
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atg5 or atg7 genes impedes adipocyte differentiation. Given the role of autophagy in
lipid metabolism, targeting autophagy-related genes may help in the development
of new interventions for the treatment of metabolic diseases such as obesity and
diabetes (Christian et al. 2013).

1.2.8 Xenophagy

Xeno stands for “heterologous,” which refers to the selective phagocytosis of bacte-
ria or viruses inside cells. Autophagy represents an important measure for cells to
deal with intracellular pathogens. This process has been confirmed in many mam-
malian experiments. One of the key functions of xenophagy is to serve as the first
line of defense against pathogens by targeting intracellular bacteria and viruses for
autophagy to control bacteria in the host cell and thus prevent the spread of the
infection.

Autophagy constitutes a critical mechanism that cells use to resist pathogen
infection, but autophagy is also involved in intracellular microbial infections. On
the one hand, autophagy can degrade the pathogen that invades the cell; that is, it
can remove intracellular pathogens by xenophagy. On the other hand, some patho-
gens can escape xenophagy, which facilitates their survival. For example, when the
DNA of Mycobacterium tuberculosis is released into the cytoplasm, it can be recog-
nized by STING (Stimulator of IFN genes), which promotes ubiquitination of bac-
terial proteins, and then, they are recognized by the autophagy adaptor proteins p62
and NDP52, which facilitate xenophagy. The PtpA (tyrosine phosphatase A) of
Mycobacterium tuberculosis inhibits fusion of the autophagosomes and lysosomes
by regulating the phosphorylation of VPS33B. In addition, PtpA impairs the func-
tion of V-ATPase, hindering the formation of autophagosomes. Listeria monocyto-
genes LLO (listeriolysin O) can directly activate xenophagy, while its other
component, ActA, recruits the Arp2/3 complex to inhibit ubiquitination of the bac-
terial proteins, and subsequently the bacteria are trafficked to autophagosomes
(Sharma et al. 2018).

Therefore, in-depth study of the mechanism of xenophagy in infection is expected
to help clarify the pathogen invasion process and provide new ideas and methods to
prevent and control the occurrence and development of infection through regulated
autophagy.

In summary, the discovery of selective autophagy has enriched the knowledge of
the forms of autophagic processes, which gives us a fuller understanding of the
mechanisms of autophagy. However, the detailed pathways of induction and execu-
tion of the autophagy involved in selective autophagic processes have not yet been
fully elucidated, and further research is still needed (Fig. 1.2).



1 The Classification and Basic Processes of Autophagy

15

Cvt pathway Ape1 (propeptide), Ape4, Ams1 Atg19

Micronucleophagy Portions of nucleus (Nvj1) Vac8

Mitophagy Mitochondria Atg32

Reticulophagy ER fragments Atg39, Atg40

Ribophagy Ribosomes (Rpl25-Ub)

Pexophagy Peroxisomes (Pex3/PpPex3, PpPex14) PpAtg30, Atg36

CMA Cargo protein (KFERQ motif) Hsc70, LAMP2A

Mitophagy Mitochondria (Ub), FUNDC1, BNIP3, OPTN, NDP52, Atg8
BNIP3L, AMBRA1, FKBP8,

Lipophagy Lipid droplets

Reticulophagy FAM134B, RTN3, ATL3 Atg8, GABARAP

Ribophagy NUFIP1-ZNHIT3 complex Atg8

Glycophagy STBD1 GABARAPL1

Pexophagy Peroxisomes (Ub), PEX14 SQSTM1, NBR1, Atg8

Aggrephagy Misfolded proteins (Ub) SQSTM1, NBR1

Xenophagy Viruses (viral capsid proteins), SQSTM1, CALCOCO2,

bacteria (Ub)

OPTN

Fig. 1.2 The process and machinery of selective autophagy

1.3 Summary

In the past decade, people have gained a new understanding of the role of lyso-
somes. The true function of this organelle has evolved from a pure “garbage dis-
posal station” to an active “recycling center” that is involved in protein quality
control. Lysosomes are not only responsible for “bulk™ degradation but are also key
to certain selective degradation processes.

It can be seen from the characteristics of autophagy that are summarized above
that once autophagy is initiated, it must be terminated quickly after the crisis has
been resolved. Otherwise, the nonspecific removal of the cytoplasmic components
can cause irreversible damage to the cells. This time dependence also reminds us
that dynamic observations are needed when we are studying autophagy. Snapshots
from a single time point are not sufficient to give a holistic view of the important
process of autophagy. At present, our knowledge about autophagy and autophagic
programmed cell death is still limited. The involved molecules signal transduction
pathways, and significance of autophagy requires further research. With the unrav-
eling of these mysteries, the detailed mechanisms of autophagy will be mapped, and
the relationship between autophagy and disease will be elucidated. Then, we can
find better clinical therapies that promote the well-being of humans.
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Chapter 2
Autophagosomal Membrane Origin
and Formation

Yi Yang, Li Zheng, Xiaoxiang Zheng, and Liang Ge

Abstract Autophagosome formation is a regulated membrane remodeling process,
which involves the generation of autophagosomal membrane precursors (vesicles),
the assembly of the autophagosomal membrane precursors to form the phagophore,
and phagophore elongation to complete the autophagosome. The sources of the
autophagosomal membrane precursors are endomembrane compartments, such as
the endoplasmic reticulum (ER), the ER-Golgi intermediate compartment (ERGIC),
ER-exit sites (ERES), and endosomes. In response to stress, these structures are
remodeled, to generate the early autophagosomal membrane precursors. The phago-
phore assembly site (PAS), which mainly localizes on the ER, harbors the site for
autophagosomal membrane assembly, elongation, and completion. ATG proteins,
membrane remodeling factors, and autophagic membranes follow a precise chore-
ography to complete the overall process. In this chapter, we briefly discuss our cur-
rent knowledge on the membrane origins of the autophagosome, as well as
autophagosomal precursor generation, assembly, and expansion.
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The endomembrane system of eukaryotic cells is a continuous organic whole under-
going dynamic changes. In a narrow sense, the endomembrane system contains the
endoplasmic reticulum (ER), the Golgi system, endosomes, lysosomes, peroxi-
somes, nuclear membranes, etc. Broadly speaking, the endomembrane system con-
sists of all the intracellular organelles with membrane structures, including
mitochondria and chloroplasts. The endomembrane system provides unique envi-
ronments for the initiation of various intracellular biochemical reactions. In addi-
tion, the membrane fluidity ensures the coordination of units and maintains the
homeostasis of the system. The dynamic changes and the association between the
components in the endomembrane system also affect various metabolic pathways in
cells. Autophagic vesicles are also part of the dynamic changes of the eukaryotic
cell membrane system. Since the discovery of autophagosome in the 1950s,
researchers have been working to solve the mystery of the origin and structure of
autophagic vesicles. Much progress has been made and the revelation of this mys-
tery is underway. In this chapter, we focus on current opinions about the origin of
the autophagosomal membrane and their supporting evidence.

2.1 Vesicular Trafficking in the Endomembrane System

Before introducing the association between intracellular organelles in the endo-
membrane system and the origin of autophagosomal membrane, we first need to
understand the vesicle trafficking processes in the endomembrane system.

Cell compartmentalization is the basic property of the structure and function of
eukaryotic cells. Substances are delivered between the various components of the
endomembrane system, usually by vesicles. Vesicular transport regulates the deliv-
ery of proteins or lipids synthesized in the ER to various locations in the cell. In
addition, extracellular materials are internalized through the endocytic pathway.
After internalization, these substances are delivered to lysosomes for degradation via
trafficking vesicles. Trafficking vesicles bud from a specific area on the plasma mem-
brane in the form of a coated vesicle. To date, three different types of coated vesicles
have been identified, namely, Coat Protein Complex (COP) II, COP I, and clathrin.
These coated vesicles have varied functions in mediating the transport of materials.

COPII-coated vesicles are believed to mediate the transport of substances from
the ER to the Golgi apparatus. In eukaryotic cells, proteins are synthesized in ribo-
somes in the cytoplasm. Some of the proteins translocate to the ER after the initia-
tion of synthesis. The newly formed proteins are transported from the ER to the
Golgi apparatus, and then to the cell surface or other intracellular sites to perform
their functions. The protein trafficking route from the ER to the Golgi apparatus is
known as early secretory pathway, and is an important phase in the quality control
and sorting of proteins. After preliminary processing in the ER, proteins bud from
the ER in COPII-coated vesicles at ER-exit sites (ERES). After that, COPII is
released and the vesicles fuse with the ER-Golgi intermediate compartment
(ERGIC). Protein maturation occurs in the ERGIC. Tubular vesicles leave the
ERGIC and are transported to the Golgi apparatus along microtubules. This trans-
port is regulated by motor proteins.
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COPI-coated vesicles control the retrograde transport of vesicles from the cis-
Golgi network to the ER. Clathrin mediates protein transport from the trans-Golgi
network to the plasma membrane or lysosome. In the process of endocytosis, clath-
rin also contributes to the trafficking of materials from the plasma membrane to the
intracellular compartments.

The process by which trafficking vesicles form, traffic, and fuse with target
membranes involves a variety of proteins that regulate the recognition, assembly,
and disassembly of these transporters. The mechanism of intracellular vesicle trans-
port has attracted the interest of many scientists. The 2013 Nobel Prize in Physiology
or Medicine was awarded jointly to three eminent scientists, James E. Rothman,
Randy W. Schekman, and Thomas C. Siidhof for their discoveries of the machinery
regulating vesicle traffic.

2.2 Membrane Origin of the Autophagosome

Autophagosome formation entails a stepwise membrane remodeling process. It
begins with the generation of small autophagosomal membrane precursors. Fusion
of these precursors then occurs to form a cup-shaped phagophore followed by phag-
ophore closure to complete a double-membrane autophagosome (Fig. 2.1) (Brier
et al. 2016). The appearance of the phagophore is an early event in the formation of
autophagic vesicles. Under transmission electron microscope, the phagophore is a
crescent- or cup-shaped bilayer structure, and tends to sequester cytoplasmic con-
stituents. The membrane of the phagophore expands and sequesters cytoplasmic
materials. After closure, the double-membrane autophagosome is formed. The
phagophore is also known as isolation membrane (IM). Regarding the origin of the
autophagosomal membrane, at present there are basically two academical views.
One view is that the autophagosomal membrane forms de novo in the cytoplasm as
the composition of the membrane is simple and the protein content is low. Such
an autophagosomal membrane formation is characterized as de novo synthesis.

Endomembrane PAS
Stress .
~ . -5
(@) .
Small
Membrane autophagosomal Phagophore Autophagosome
origin vesicle

Fig. 2.1 Overview of membrane remodeling in autophagosome formation. Stress signals are
transmitted into membrane remodeling signals that act on the autophagosome membrane origin
located in the endomembrane. Small autophagosomal vesicles/precursors are then generated as a
result of a membrane remodeling process. The precursors are targeted to the phagophore assembly
site (PAS) and fuse to form a cup-shaped phagophore. The phagophore further extends and
encloses to form the double-membrane autophagosome. The figure is modified from Brier LW
et al. (2016)
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In another view, autophagic vesicle forms from a pre-existing organelle already
containing its cargo. A variety of intracellular organelles with membrane structures
in the endomembrane system might contribute material for the generation of the
autophagosomal membrane, including the ER, the ER-Golgi intermediate compart-
ment (ERGIC), mitochondria, the plasma membrane, recycling endosomes, the
nuclear membrane, etc. The bending, expansion, and closure of the phagophore
ultimately contributes to the formation of the autophagosome. The biogenesis and
the remodeling of intracellular organelles, as well as material exchange between
organelles, occurs mostly at membrane contact sites. This basic principle of cell
biology supports the argument that several intracellular organelles participate in the
formation of the autophagosomal membrane. Here, we briefly introduce the current
prevalent views and experimental evidence regarding the biogenesis of the autopha-
gosomal membrane.

2.2.1 ER:A Major Site for Autophagosomal
Membrane Formation

The ER is a fine membrane system in cells that forms an interconnected network of
flattened or tubelike structures. Such membrane-enclosed sacs provide a large area
for various enzyme reactions within the cells. In addition, the ER continuously asso-
ciates with the Golgi apparatus as well as the nuclear envelope, supporting material
transport in cells. Among the various intracellular organelles in the endomembrane
system, the ER is the most likely origin site for autophagosomal membrane forma-
tion (Fig. 2.2). However, the ER interacts with other organelles in the cytoplasm and
extends to the edge of the cell, and thus it is difficult to identify the exact location of
autophagosome nucleation.

Double FYVE domain-containing protein 1 (DFCP1) is a phosphatidylinositol
3-phosphate (PI3P) binding protein. The protein expression of DFCP1 is signifi-
cantly upregulated in cells under starvation. Microscopic analysis reveals a cup-
shaped structure of DFCP1 proteins with a diameter of approximately 1 pm.
Microtubule-associated protein light chain 3 (MAP-LC3; aka LC3) is a commonly
used biomarker for phagophores. The basal autophagic activity in mammalian cells
is relatively low, and the LC3 is dispersed in the cytoplasm. Upon starvation or
other stimuli, autophagy is activated and LC3 puncta are formed. Some of the LC3-
positive ringlike structures are positive for DFCP1. The DFCP1-positive ringlike
structures are located on the ER, and are called the omegasome because of their
shape. Three-dimensional tomographic reconstruction reveals the connections
between the autophagosomal membrane and ER. The sheet-shaped ER tightly sur-
rounds the cup-shaped phagophore. The phagophore-associated tubular structures
are connected to the ER. The formation and extension of phagophore is guided by
the ER sheet (Fig. 2.3). The newly formed membrane structure is very narrow,
representing a connection between the phagophore and the ER. The Japanese
scholars Uemura et al. revealed that the formation of this membrane structure is
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Fig. 2.2 The potential origin for autophagosomal membrane. According to the existing hypothe-
ses, ER, ER-Golgi intermediate compartment (ERGIC), mitochondrion, ER-mitochondria contact
site, nuclear membrane, recycling endosome, and plasma membrane may play crucial roles in
autophagosome generation. They might be the possible origin sites or important sources for
autophagosomal membrane formation. In addition, it is possible that the autophagosomal mem-
brane forms de novo in cytoplasm from newly synthesized lipids
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Fig. 2.3 The autophagosomal membrane derived from ER. Generally, the formation of autopha-
gosomal membrane consists of three stages. (a) The ER membrane expands to form the phago-
phore, which is also known as the isolation membrane. (b) The ER surrounds the phagophore and
guides the formation and extension of phagophore. (¢) The closure of the phagophore ultimately
contributes to the formation of double-membrane autophagosome. After formation, the autophago-
some detaches from the ER and becomes an independent double-membrane structure
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closely associated with FIP200, an important component of the UNC51-like kinase
(ULKT1) complex, but not the Atg conjugation system (Uemura et al. 2014); mem-
brane formation could still be detected in fibroblasts deficient in Azg5, Atg7, or
Atgl6LI.

The ER is believed to be a major origin site for autophagosomal membrane for-
mation (Bissa and Deretic 2018). It is possible that the rough ER gives rise to the
double-membrane structures at the site where no ribosomes are adhered to form the
phagophore. After engulfing part of the cytosol, autophagosomes are formed. This
hypothesis has been supported by various experimental evidence. At present, it is
known that approximately 70% of the autophagosomes contain content derived
from the ER (Hayashi-Nishino et al. 2009). Both sides of the autophagosomal mem-
brane are surrounded by the ER membrane during formation. The inner ER mem-
brane might be degraded after membrane closure, maturation, and fusion with
lysosome. Another possibility is that the inner membrane might escape into the
cytoplasm through the open side of the phagophore.

2.2.2 Signaling Molecules in the ER Regulate the Biogenesis
of the Autophagosomal Membrane

Accumulating evidence suggests that several factors that regulate the biogenesis
of the autophagosomal membrane locate on the ER. PI3P plays a crucial role in
mediating the formation of autophagosomal membrane. Compared with other
intracellular organelles, ER has a relative high level of PI3P. The content of PI3P
on the ER is noticeably increased upon starvation. PI3P recruits multiple effec-
tors that control the formation of phagophore coordinately. It is reported that the
autophagosomal membrane is derived from sites on the ER enriched with
PI3P. Similar to PI3P, Atgl4 regulates the autophagosomal membrane origin
from the ER. Atgl4 contains a cysteine-rich domain at the N-terminal region,
which facilitates its specific localization in the ER. The C-terminal region of
mammalian Atg14 has a high affinity to PI3P and phosphatidylinositol 4,5-bispho-
sphate (PI[4,5]P,) lipids, and also targets to the ER. Under basal condition, Atg14
is uniformly distributed on the ER, while upon starvation, Atgl4 puncta accumu-
late on the ER. The ER localization capability of Atgl4 is essential for the bio-
genesis of the autophagosomal membrane. Atgl4 mutants fail to localize on ER
or to mediate the formation of autophagosomes. In addition, autophagosomes
cannot be formed in cells deficient in Atg14. Based on these findings, Atg14 plays
a pivotal role in the biogenesis of autophagosomal membrane originating from
the ER. Moreover, ULK1 and Atg5 also form puncta similar to that of Atgl4-
positive structures. ULK1 and Atg5 can be activated almost synchronously during
starvation, followed by ER accumulation and the formation of punctate struc-
tures. Subsequently, Atgl4 is recruited onto the ULK1/Atg5 complex, which is
stabilized by activated PI3K.
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2.2.3 ER-Golgi Intermediate Compartment

The ERGIC is a docking station in the process of protein sorting and transportation.
It receives COPII vesicles from ER as well as COPI vesicles from the Golgi appa-
ratus. Protein sorting occurs in the ERGIC, where tubulovesicular membrane clus-
ters are formed and mature. Driven by motor proteins, the carriers leave the ERGIC,
and are transported along the cytoskeleton to the Golgi apparatus or toward the ER
via COPI vesicles. Starvation induces the activation of the class III phosphatidylino-
sitol 3-kinase (PI3KC3), which subsequently causes the transport of COPII vesicles
to the ERGIC. A close connection between the autophagosomal membrane bio-
marker LC3 and the ERGIC has been detected. The COPII vesicles derived from the
ERGIC provide the source membrane for LC3 lipidation. After lipidation, the LC3
vesicles move to the phagophore assembly site (PAS); fuse with the precursor mem-
branes derived from the ER, cytoplasm membrane, or Golgi apparatus; and generate
the phagophore (Ge et al. 2015).

Several recent studies support the possibility that the ERGIC may serve as a
membrane source for the autophagosomal membrane:

1. Nicholas Ktistakis’ lab found that the early Atg factor FIP200 localizes adjacent
to the ERGIC using a supper resolution Stochastic Optical Reconstruction
Microscopy (STORM) approach (Karanasios et al. 2016).

2. Mario Rossi’s and Michele Pagano’s labs reported that ULK1 phosphorylates
SEC23B and promotes its relocation to the ERGIC to generate ERGIC-COPII
vesicles (Jeong et al. 2018).

3. The work from Zhijian Chen’s lab indicated that cGAS-STING activates autoph-
agy via ERGIC trafficking (Gui et al. 2019). In addition, in studies using
Saccharomyces cerevisiae, Yoshimori Ohsumi’s lab and Jodi Nunnari’s lab found
that the ERES, which is a Saccharomyces cerevisiae equivalent of the ERGIC, is
involved in autophagy (Graef et al. 2013; Kuninori et al. 2013). See more details
in Sect. 2.3.

2.2.4 Mitochondrial Outer Membrane

Mitochondria are the powerhouse of the cell, providing the energy needed for life
activities. Mitochondria are double-membrane-bound organelles. The outer mito-
chondrial membrane is smooth, and the inner mitochondrial membrane is folded to
form cristae. The inner mitochondrial membrane separates the mitochondria matrix
from the intermembrane space. The mitochondrial membrane is enriched in phos-
phatidylethanolamine (PE) and phospholipids, and is also the main site for the bio-
synthesis of PE in cells. Hence, mitochondria may be an important membrane
source for the generation of autophagosomal membrane.
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In 2010, Jennifer Lippincott-Schwartz’s lab raised a novel hypothesis that the
autophagosomal membrane may originate from the outer mitochondrial membrane
in mammalian cells. They found that under starvation, the LC3-labeled autophago-
somal membrane colocalized with a biomarker of the outer mitochondrial mem-
brane, but not biomarkers for the inner mitochondrial membrane or mitochondria
matrix. Therefore, the outer mitochondrial membrane might be another source for
the biosynthesis of autophagosomal membrane. These results were published in the
journal Cell that year and have attracted wide attention (Hailey et al. 2010). In 2014,
using transmission electron microscopy, immunogold electron microscopy, confo-
cal laser scanning microscope, and flow cytometry, Cook et al. confirmed that mito-
chondria provide a source for autophagosomal membrane biosynthesis in breast
cancer cells (Cook et al. 2014). Under basal condition, or upon drug-induced
autophagy activation, the generation of autophagosomal membranes can be seen in
breast cancer cells. Some of the autophagosomal membrane interacts with the outer
mitochondrial membrane. Hence, membrane lipids such as PE and other phospho-
lipids in mitochondrial membranes may be directly used to synthesize autophago-
somal membranes.

2.2.5 ER-Mitochondria Contact Site

It should be noted that organelles in cells are not isolated. Around 20% of the mito-
chondria surface is close to the ER membrane, with an interval distance of 10—-30 nm.
The ER-mitochondria contact site plays critical roles in several fundamental physi-
ological processes, such as mitochondrial division, Ca** signal transduction, lipid
metabolism, etc. The region where ER interacts with mitochondria is named as the
mitochondria-associated ER membrane (MAM). Outer mitochondrial membrane
components may be transferred into the phagophore through ER-mitochondria con-
tact sites. Interruption of the ER-mitochondria contact site significantly blocks the
formation of autophagosomes. MAM proteins, including those in the
ER-mitochondria contact site, can be collected using subcellular fractionation.
After starvation, many autophagy-related proteins, such as Atgl4, beclin 1, Vps34,
and Vps135, are found in the MAM fraction.

The vesicle-associated membrane protein-associated proteins VAPA and VAPB
contribute to the ER-organelle tethering function. The VAPB on ER coordinates
with the protein tyrosine phosphatase-interacting protein 51 (PTPIP51) in tethering
ER and mitochondria, which regulates the exchange of Ca?* between the ER and
mitochondria, and results in the autophagy induction. However, the role of the
ER-mitochondria contact site in the generation of the autophagosomal membrane
still needs to be further illustrated.
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2.2.6 Plasma Membrane

In addition to the aforementioned membrane-rich organelles that play an important
role in vesicular transport in the endomembrane system, eukaryotic cells have other
membrane-coated vesicular organelles, such as lysosomes, endosomes, and the
plasma membrane, all of which are closely associated with the origin of autophago-
somal membrane. The plasma membrane mainly consists of membrane lipids and
membrane proteins, which are wrapped around the cell surface. The plasma mem-
brane plays an essential role in maintaining the internal environment and homeosta-
sis of the cell. In addition, it also participates in the exchange of material, energy,
and signals with the external environment. The surface area of the plasma mem-
brane is large, providing sufficient materials for the formation of autophagosomal
membrane.

Autophagy-related 16-like 1 (Atgl6L1) is a key regulatory protein for autopha-
gosomal membrane generation. LC3-II-positive vesicles cannot form in cells lack-
ing Atgl6. Atgl6L1 binds to the Atgl2-AtgS complex, which specifies the site of
LC3 lipidation and promotes the formation of mature autophagosome. After the
closure of phagophore, the Atg12-Atg5-Atgl6L1 complex is released into the cyto-
plasm. It is generally accepted that the phagophore precursor only expresses
Atgl6L1; the phagophore expresses both Atg16L1 and LC3; and double-membrane-
bound autophagosomes only express LC3. Therefore, Atgl6L1 might be used as a
biomarker for the early phagophore.

David Rubinsztein and his research group from Cambridge Institute for Medical
Research have made great progress in understanding the role of the plasma mem-
brane in the origin of the autophagosomal membrane. In 2010, they for the first time
reported that Atgl6L1 associates with clathrin-coated vesicles through its interac-
tion with clathrin heavy chain and clathrin adaptor protein 2 (AP2). These vesicles
commonly appear in the vicinity of the plasma membrane (Ravikumar et al. 2010).
Atgl6L1-positive vesicles are internalized and detached from the cytoplasm mem-
brane via endocytosis. Blockage of clathrin-mediated endocytosis decreases the
number of Atgl6L1-positive vesicles and inhibits autophagosome generation. In
addition, suppression of the detachment process results in the accumulation of
Atgl6L1 precursor structures in cells. Another study indicates that Atgl6L1 can be
transferred to the phagophore from the plasma membrane and promote autophago-
some generation in a clathrin-independent endocytic pathway via Arf6. No matter
whether or not protein trafficking from the plasma membrane to autophagosome
depends on clathrin, these findings support the hypothesis that the cytoplasm mem-
brane might be an origin of autophagosomal membrane, and suggest that the cyto-
plasm membrane contributes to the early formation of Atgl 6L 1-containing vesicles.

The Atgl6L1-containing vesicles fuse and form an autophagosome in a process
regulated by the soluble N-ethylmaleimide-sensitive fusion attachment protein
receptors (SNAREs), such as vesicle-associated membrane protein 7 (VAMP7),
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syntaxin 7, syntaxin 8, or Vtilb. This process involves the fusion between two ves-
icles with the same origin and properties, and is therefore known as homotypic
fusion. The fusion event determines the size of vesicles and promotes the conver-
sion from Atgl6L1-containing vesicles to phagophores. Understanding this fusion
leads to a new understanding of the origin and formation of autophagosomal mem-
brane, and these data were published on Cell in 2011 (Moreau et al. 2011).

2.2.7 Recycling Endosome

The endosome is a membrane-bound compartment inside eukaryotic cells. It is a
compartment of the endocytic membrane transport pathway. Endosomes are catego-
rized in three different compartments, according to the phases of endocytosis,
namely, the early endosome, late endosome, and recycling endosome. Upon endo-
cytosis, the vesicles derived from the plasma membrane fuse with early endosome,
and generate late endosome. Some of the late endosomes fuse with lysosomes, and
their cargo is degraded inside of lysosomes. Others become recycling endosomes
and traffic back to the plasma membrane.

There is some controversy about whether endosomes participate in the origin of
autophagic vesicles. After the isolation and purification of autophagic vesicles from
rat hepatocytes, immunological examination was carried out, and no lysosomal bio-
markers (e.g., lysosomal glycoprotein of 120 kDa, Lgp120) or endosome biomark-
ers (e.g., early-endosome-associated protein 1 (EEA1)) were detected in the purified
contents (Stromhaug et al. 1998). These results suggest that the autophagosomal
membrane may not be derived from the membrane structures of lysosomes and
endosomes. In contrast, other studies indicate that the autophagosomal membrane-
related proteins are found in both early endosome and late endosome (Longatti et al.
2012; Puri et al. 2013). Emerging lines of evidence suggest that the recycling endo-
some may provide membrane lipids for the biogenesis of autophagosomal
membrane.

2.2.8 Nuclear Membrane

The nuclear membrane, made up of two lipid bilayer membranes, is located between
the cytosol and the nucleus in eukaryotic cells. The nuclear membrane is composed
of an inner and outer nuclear membrane, and plays a role in mediating the exchange
of material and information between the nucleus and the rest of the cell. The inner
and outer membranes connect to each other at several sites, forming nuclear pores,
which are the channels by which material is exchanged between the nucleus and the
cytoplasm.

In 2009, a Canadian research group found that the curling of nuclear membrane
formed phagophores in macrophages infected with herpes simplex type 1 virus
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(HSV-1) (English et al. 2009). Under the electron microscope, researchers detected
that the nuclear membrane-derived phagophore contains four-membrane structures.
Immuno-electron microscopic analysis further confirmed that the phagophores
originating from the nuclear membrane express the autophagy-related protein LC3.
In addition, Japanese researchers using electronic tomography technology demon-
strated in 2018 that phagophore may partially originated from the nuclear mem-
brane in yeast. These vesicular structures were termed the “alphasome” (Baba
et al. 2019).

2.3 Endomembrane Remodeling and Autophagosomal
Membrane Biogenesis

Autophagosomal membrane biogenesis occurs at specific sites of the endomem-
brane system. Under steady state, membrane trafficking within the endomembrane
system is tightly controlled. Formation of the autophagosome under stress condi-
tions requires redirecting the existing membrane trafficking system. Membrane
remodeling events occur to complete the redirection. Similar to membrane traffick-
ing, generation of the autophagosomal membrane includes vesicle budding, traf-
ficking, and fusion. Below, we will discuss two major membrane remodeling events
for autophagosomal membrane precursor generation and how these precursors are
assembled.

There are at least two portions of membranes that act as early autophagosomal
membrane precursors: vesicles that support LC3/Atg8 lipidation and ATG9 vesi-
cles. It has been shown that Atg8 lipidation regulates autophagosome size while
Atg9 determines the number of autophagosome in the cell (Jin and Klionsky 2016).
In mammals, the ER-Golgi intermediate compartment generates vesicles that sup-
port LC3 lipidation (Ge et al. 2013, 2014). ATG9 vesicles primarily come from
trans-Golgi and endocytic recycling system (Noda 2017). Generation of these vesi-
cles requires endomembrane remodeling.

2.3.1 Remodeling of the ERES-ERGIC-COPII System

The ER harbors majority of the membrane surface area in mammals and plays
essential roles in autophagosomal membrane generation and assembly (Lamb et al.
2013). Similar to membrane trafficking, generation of the autophagosomal mem-
brane precursors requires membrane remodeling at specific sites on the ER. The
COPII membrane remodeling machinery has been indicated to play a vital role.
Under steady state, COPII vesicles are generated from the ER-exit sites (ERES),
which is initiated by a type II transmembrane protein SEC12. Upon starvation, the
SEC12-positive part of the ERES is enlarged (Fig. 2.4) (Ge et al. 2017). This leads
to increased association with the ERGIC and the relocation of a fraction of SEC12
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to the ERGIC (Ge et al. 2017). The ERGIC-localized SEC12 then initiates COPII
assembly on the ERGIC (Fig. 2.4) (Ge et al. 2017). Distinct from the ER-COPII
vesicles which are for membrane trafficking between the ER and Golgi, the ERGIC-
COPII vesicles associate with autophagic factors and later serve as the template for
LC3 lipidation to supply autophagosome biogenesis (Fig. 2.4) (Ge et al. 2014).

How the ERES are remodeled under starvation condition is unclear. Existing
evidence indicates that CTAGES associates with SEC12 and maintains the concen-
tration of SEC12 on the ERES (Fig. 2.4) (Ge et al. 2017). This is required for the
remodeling of the SEC12-ERES. In addition, a population of the autophagic factor
FIP200 has been shown to localize on the ERES/ERGIC region (Ge et al. 2017). Via
associating with SEC12 through its C-terminus, this population of FIP200 partici-
pates in the enlargement of the SEC12-ERES compartment (Ge et al. 2017). The
role of FIP200 is independent of its partners ATG13 and ULK1, indicating FIP200
acts independently (Ge et al. 2017). In addition, different ATG protein complexes
play differential roles in the remodeling of the ERES-ERGIC-COPII system. Apart
from FIP200, ULK1, ATG14, and Beclinl have been shown to be necessary for the
generation of COPII vesicles from the ERGIC (Ge et al. 2014). However, it remains
to be determined how these ATG proteins act in each step.

In the yeast (Saccharomyces cerevisiae), ERES-COPII plays important roles in
autophagosomal membrane formation. Due to the lack of the ERGIC structure, the
ERES takes the part of the ERGIC. Nonetheless, a selection mechanism is required
to differentiate usual COPII vesicles from autophagic COPII vesicles. The kinase
Hrr25 phosphorylates the SEC24 subunit of COPII, which directs COPII vesicles
toward autophagosome biogenesis (Davis et al. 2016).

2.3.2 Remodeling of the Trans-Golgi and Endocytic
Recycling System

Atg9, an integral membrane protein with six transmembrane domains, is important
for autophagosomal membrane biogenesis. During the formation of the autophago-
somal membrane in yeastand mammalian cells, Atg9/ATG9Y traffics from membrane-
bound cellular organelles to phagophores. ATG9 does not stably exist in the
autophagosomal membrane. ATG9 is temporarily incorporated into the autophago-
somal membrane and is then cycled between the autophagosomes and other com-
partments. In yeast, Atg9 is distributed in mitochondria, Golgi apparatus, recycling
endosomes, and other Atg9 reservoirs. In mammalian cells, Atg9 is detected in
Golgi apparatus, primary endosomes, secondary endosomes, recycling endosomes,
and other Atg9 reservoirs. Under steady state, the transmembrane protein ATG9
mainly localizes on the trans-Golgi and endocytic recycling system (Fig. 2.5) (Noda
2017). Some ATGY resides on the plasma membrane (Fig. 2.5) (Noda 2017). ATG9
cycles between these compartments (Fig. 2.5) (Noda 2017). Similar to the situation
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Fig. 2.5 Remodeling of the trans-Golgi and endosome system. The transmembrane protein ATG9
cycles among the recycling endosome, the Golgi, and the plasma membrane. AP2 and TBC1D5 are
involved in the trafficking of ATG9 from the plasma membrane to the recycling endosome.
Multiple proteins, including AP2, TRAPPIIL, TBC1D4, RAB11A, Dynamin 2, and Bif-1, regulate
the shuttling of ATG9 from the recycling endosome to the Golgi. Upon autophagy induction, ATG9
autophagic vesicles are generated, likely from the Golgi, to nucleate autophagosomal membrane
precursors at the PAS. ULK1, PI3KC3, SNX18, and Bif-1 have been shown to regulate the genera-
tion of ATGY autophagic vesicles. The figure is modified from Noda (2017)

with ERGIC-COPII, generation of ATGY autophagosomal membranes involves
membrane remodeling, but of the trans-Golgi and endosomes.

It has been shown that the ATG9 located on the trans-Golgi relocates to small
dispersed vesicles upon starvation (Yoshinori et al. 2011; Young et al. 2006). This
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process requires the Bar-domain protein Bif-1 as well as autophagic factors ULK1
and PI3K complex (Yoshinori et al. 2011). The exact molecular details remain
elusive.

Several studies shed light on the remodeling of the endosomes upon starvation.
The morphological changes include tubulation and fission. Protein factors such as
Sorting Nexin 18 (SNX18), Rabl1, and TBC1D14 are involved in the tubulation
process, and membrane fission is mediated by AP2, Bif-1, Dynamin 2, etc. (Fig. 2.5)
(Andrea et al. 2012; Doris and Ivan 2014; Noda 2017).

Similar membrane remodeling also occurs in yeast (S. cerevisiae). During star-
vation, Atg9 distributes from trans-Golgi and endosome to vesicles positive for
Atg23 and Atg27 (Backues et al. 2015). It has been proposed that these vesicles are
intermediates for the formation of Atg9 autophagic membranes. Again, membrane
remodeling proteins including Atg24 (a sorting nexin), Retromer, etc. are involved
(Hettema et al. 2014).

2.4 Autophagosomal Membrane Assembly and Expansion

After generation, the autophagosomal membrane precursors are delivered to a spe-
cific site called phagophore assembly site (PAS) (Yang and Klionsky 2010). Within
the site, the vesicles are tethered and fused to form the cup-shaped phagophore. The
process is orchestrated by autophagic factors and membrane remodeling proteins.

2.4.1 PAS Is the Assembly Site for Autophagosomal Membrane

Among autophagy-associated genes (Atgs), atg8 is the primary biomarker for label-
ing phagophore and autophagosome in yeast cells. Under basal condition, Atg8 is
distributed diffusely throughout the cytoplasm of the cells. During starvation,
numerous Atg8 puncta appear to accumulate near the vacuoles, though typically not
more than one punctum per cell. The morphology of Atg8 puncta is very similar to
that of early autophagic vesicles. Using fusion proteins carrying green fluorescent
protein (GFP), researchers identified the subcellular localization of other Atgs.
Most of the Atgs have been detected to accumulate, or transiently appear at, a cer-
tain site near the vacuole, which is termed the pre-autophagosomal structure (PAS).
The PAS is mainly localized near the vacuole. Multiple proteins (e.g., Atgs) or pro-
tein complexes involved in the formation of autophagic vesicles are recruited to the
PAS in an orderly assembly. Atgl localizes to the perivacuolar PAS. Atg13 func-
tions in the recruitment of Atgl to the vacuole, where Atg1 clustering and activation
occurs (Torggler et al. 2016). Generally, a yeast cell contains only one PAS, while
Atg proteins assemble at several sites in mammalian cells. The study of PAS in
mammalian cells is just beginning. Assembly of the phagophore occurs at the PAS
which supports the nucleation, extension, and closure of the autophagic membrane.
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There is one PAS in the yeast (S. cerevisiae) which is adjacent to the vacuole and a
portion of the ERES, whereas during autophagy in mammalian cells, multiple PASs
form. A striking number of PASs are located in a special domain in the ER. This
domain of the ER is enriched with PI3P and has a morphology resembling the Greek
alphabet “Q”. Therefore, this domain of the ER is termed the “omegasome” (Axe
etal. 2011; Sgreng et al. 2018). It has been shown that autophagosomal membranes
are assembled at the omegasome, after which the omegasome is disassembled and
the completed autophagosome leaves the ER (Axe et al. 2011).

2.4.2 Delivery of Autophagosomal Membrane
Precursors to PAS

Recent studies employing biochemical and cell imaging approaches indicate a dif-
ference between the sites of autophagosomal precursor generation and assembly.
Therefore, it is necessary to deliver the autophagosomal membrane precursors to
PAS after generation. The molecular pathways for this are not clear. It has been
shown that the site of autophagosomal membrane generation is adjacent to PAS. In
the yeast (S. cerevisiae), the ERES, the source of autophagic COPII vesicles, is
close to the PAS (Kuninori et al. 2013; Young et al. 2006). Moreover, the mamma-
lian ERGIC also locates near the PAS (Karanasios et al. 2016). Regarding ATG9
vesicles, they have been reported to dynamically contact the PAS (Orsi et al. 2012).
Therefore, these pieces of evidence indicate that autophagosomal membrane pre-
cursors quickly enter the PAS after generation, which is likely to be coupled with
the process of assembly.

2.4.3 Assembly of the Phagophore on the PAS

Phagophore assembly starts with a nucleation process. Tethering proteins are
required. The protein complex Atgl7/Atgl3/Atgl has been indicated as one key
factor. In the yeast (S. cerevisiae) autophagy, the Atgl7/Atgl3/Atgl complex,
together with its partners Atg29 and Atg31, is one of the earliest Atg protein com-
plexes that appears on the PAS during starvation-induced bulk autophagy (Hurley
and Young 2017). Structural analysis has found that the Atgl7 protein is crescent
shaped (Fig. 2.6). The curvature of the crescent is the right size to clamp a 30—60-nm-
diameter vesicle, which is similar to the size of Atg9 vesicles. The N-terminus and
C-terminus of Atgl7 reside on each side of the crescent which forms an S-shaped
dimer with each other via the C-terminus (Fig. 2.6). The dimer could tether two
small vesicles in theory. In addition, in vitro liposome binding assay indicates that
the EAT domain of Atgl binds to highly curved membranes, therefore assisting the
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Fig. 2.6 A model for Atgl7 complex to tether vesicles. (a) Crystal structure of the Atg17/Atg29/
Atg31 dimer. (b) A proposed model for tethering of Atg9 vesicles by the Atgl7 complex and Atgl.
The figure is modified from Ragusa MJ et al. (2012)

membrane binding and tethering of the Atgl7/Atgl3/Atgl complex (Fig. 2.6)
(Hurley and Young 2017; Ragusa et al. 2012). The vesicle tethering ability of Atg17/
Atgl3/Atgl was partially validated by a following study using in vitro approaches
(Rao et al. 2016).

In the yeast (S. cerevisiae) autophagy, another tethering factor reported is the
TRAPPIII complex. The TRAPPIII complex binds to the Sec23 subunit of COPII
(Fig. 2.7) (Tan et al. 2013). Therefore, it recruits COPII vesicles to the site positive
for Atgl17/Atgl13/Atgl (Fig. 2.7) (Tan et al. 2013). Although pending direct experi-
mental validation, it has been proposed that TRAPPIII may mediate the tethering of
COPII and Atg9 vesicles on the PAS.

The mammalian homologues of the Atgl7/Atgl3/Atgl and TRAPPIII com-
plexes are FIP200/ATG13/ULK1 and TRAPPIIL. It has been shown that FIP200/
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Fig. 2.7 A model for TRAPPIII to tether vesicles. TRAPPIII binds to COPII vesicles and activates
Yptl. Atgl7 binds to TRAPPIII and Atgl, which recruits COPII vesicles to the PAS. Atgl also
binds Atg9 vesicles. Through complex formation and likely a dimerization of Atgl, COPII vesicles
and Atg9 vesicles are tethered. The figure is modified from Tan D et al. (2013)

ATGI13/ULK]1 plays a similar role as the Atgl7/Atgl3/Atgl complex. Although
ULKI kinase activity is required in the early step of autophagy, it remains to be
determined whether the FIP200/ATG13/ULKI1 possesses an ability to tether vesi-
cles. Regarding the TRAPPIII complex, it has been shown to regulate ATG9 traf-
ficking in mammalian cells (Noda 2017). However, no direct evidence has been
provided to indicate a protein tethering role for it in phagophore assembly.

2.4.4 Elongation of Autophagosomal Membrane

After autophagosomal membrane assembly, multiple rounds of membrane tethering
and fusion are required to accomplish autophagosomal membrane extension. As
during the assembly process, ATG proteins and non-ATG membrane remodeling
factors cooperate to achieve the goal.
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2.4.4.1 The PI3KC3 Complex 1

Two PI3KC3 complexes participate in autophagy, of which complex 1 is involved
in early autophagosome biogenesis whereas complex 2 is involved in a later stage.
Complex 1 consists of ATG14, Beclinl, VPS34, and P150 (Hurley and Young 2017).
ATG14 targets complex 1 to the site of autophagosome biogenesis, and VPS34 cata-
lyzes the formation of PI3P. The PI3P recruits downstream factors, e.g., WIPIs
(Atgl8), which further bring autophagic factors, e.g., ATG16 and ATG2, essential
for autophagosomal membrane elongation (Tassula et al. 2015).

2.4.4.2 The Atg9/Atgl18/Atg2 Complex

In the yeast (S. cerevisiae), Atg9, Atgl8, and Atg2 form a protein complex which is
essential for autophagosomal membrane elongation. Atg18 binds to PI3P and regu-
lates the localization of the protein complex (Isei 2011). Atg2 possesses membrane
tethering activity that it recruits a portion of the adjacent ERES to the PAS to supply
lipids for phagophore elongation (Kotani et al. 2018). The structure of mammalian
ATG2B has been solved (Zheng et al. 2017; Yang and Klionsky 2010). The struc-
tural analysis together with in vitro liposome binding assays suggests a similar
function of mammalian ATG?2 to the yeast homologue in phagophore maturation.

2.4.4.3 The Atgl6 Complex

During autophagy, Atg5 and Atgl2 form a protein conjugate, which then forms a
complex with Atgl16. The complex is essential for efficient Atg8 lipidation. Recent
evidence indicates that the complex binds to liposomes via a positively charged
region on Atg5. After binding to liposomes, the complex tethers liposomes (Julia
et al. 2014). The conclusion is supported by cell imaging studies in mammalian
cells, which showed that autophagosome formation required homotypic fusion
between ATG16-positive membranes (Moreau et al. 2011). Therefore, it is possible
that the Atg5-Atgl12/Atgl6 (ATG5-ATG12/ATG16) protein complex is involved in
tethering membranes during phagophore elongation.

2.4.4.4 Lipidated Atg8

The ubiquitin-like protein Atg8 (LC3) is covalently linked to the PE on autophago-
somal membrane precursors. A study using yeast Atg8 indicated that lipidated Atg8
promotes liposome tethering and hemifusion (Nakatogawa et al. 2007). In addition,
another study using mammalian LC3 and GABARAPL?2 also found that they pro-
mote membrane tethering and fusion, and that the ten amino acids at the N-terminus
are required for this function (Weidberg et al. 2011). In a yeast genetic study, the
expression level of Atg8 correlated with autophagosome size (Xie et al. 2008).
Together, these studies indicate the involvement of Atg8/L.C3 in regulating autopha-
gosomal membrane elongation.
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2.4.4.5 SNARE Proteins

SNARE [soluble N-ethylmaleimide-sensitive fusion (NSF) attachment protein
receptors] proteins are classified as either R-SNAREs or Q-SNARESs (Moreau et al.
2013). They play a decisive role in membrane fusion. R- and Q-SNARE:s localize to
different vesicles. One R-SNARE pairs with three Q-SNAREs, which forms an
a-helical bundle to merge two membranes together (Wang et al. 2016). Through this
way, SNARESs promote membrane fusion.

A special pool of SNARE proteins has been shown to act in autophagosomal
membrane elongation. In mammalian cells, VAMP7 (R) pairs with Syntaxin 7 (Qa),
Syntaxin 8 (Qc), and Vtilb (Qb), and this is required for ATG16-positive vesicle
fusion (Wang et al. 2016). Besides, VAMP2 and VAMP3 were also reported to sup-
port phagophore elongation (Sgreng et al. 2018). Yeast genetic studies indicate that
the Q-SNARESs Tlg2, Ssol, and Sec9 interact with the R-SNARESs Sec22 and Ykt6
(Sgreng et al. 2018). Together they regulate the membrane trafficking and the fusion
of Atg9 vesicles at the PAS.

2.4.4.6 RAB Proteins

RAB proteins are small GTPases essential for membrane trafficking and cargo sort-
ing. Multiple RABs including RAB1 (Yktl), RAB2, RABS, RAB11, and RAB33B
function in autophagy (Sgreng et al. 2018). RAB1 (Yktl) regulates the PAS target-
ing of ULK1 (Atgl) and Atg9; RABS activates PI3KC3; RAB11 regulates the
membrane remodeling of the endosome and generation of ATG9-positive autopha-
gosomal membrane precursors; RAB33B associates with ATG16. Together, these
RAB proteins regulate autophagosomal membrane elongation in different aspects.
A recent study reveals the importance of RAB?2 in autophagosomal membrane for-
mation. It was shown that the Golgi contributes autophagosomal membrane through
RAB2-ATG9-positive vesicles. Under stress conditions, RAB2- and ATG9-positive
vesicles dissociate from GM130 on the Golgi. The vesicles subsequently recruit
ULKI1 to activate autophagosomal membrane initiation. In a later step, RAB2 asso-
ciates with Pacer and Syntaxinl7 to accurately modulate the HOPS complex for
autophagosome-lysosome fusion. Together, these RAB proteins regulate different
aspects of autophagosomal membrane elongation (Ding et al. 2019).

2.4.5 The Role of Lipid Synthesis and Transport

It has been indicated that lipid synthesis and transport also contribute to the mem-
brane supply during autophagosome biogenesis. Evidence for this includes:

1. Lipid droplets contribute to autophagosome biogenesis. Considering that lipid
droplets are coated with a single-layer membrane, it is unlikely that lipid droplet
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contributes to autophagosome membrane expansion through direct membrane
fusion. A solution would be to translocate phospholipids to the autophagosome.
In this case, a possible mechanism is membrane contact formation. Indeed, it
was shown that lipid droplets directly contact autophagosomes (DuPont
et al. 2014).

2. Arecent study indicates that phosphatidylinositol synthase (PIS) localizes to the
PAS (Nishimura et al. 2017). It is important for the formation of the autophago-
some. Therefore, local PI synthesis contributes lipids to the expanding autopha-
gosomal membrane.

3. Structural biology and in vitro biochemical assays indicate that the ATG2 protein
contains a lipid-transfer protein-like-hydrophobic-cavity domain which allows it
to associate with more than ten kinds of phospholipids and transfer them to the
autophagosome. In addition, ATG2 also facilitates the membrane contact
between the ER and the autophagosome, which is essential to facilitate lipid
transfer (Osawa et al. 2019; Valverde et al. 2019).

2.4.6 The Directionality of Autophagosomal Membrane
Elongation and Shape Formation

During the early stage of autophagosomal membrane formation, Atgl6L1 binds to
Atgl2-Atg5 and forms a complex that accumulates at the phagophore precursor
and facilitates the LC3 lipidation. Before the autophagosomal membrane closure,
the Atgl6L1 complex dissociates from the phagophore. Therefore, Atgl6L1 is
known as a biomarker for early autophagic vacuoles. In 2013, researchers from
Norway indicated that SNX18 induced the accumulation of Atg16L1-positive recy-
cling endosomes at the perinuclear region under starvation. Moreover, SNX18
facilitated the recruitment and tubulation of Atgl6L1- and LC3-labeled mem-
branes, and contributed to the formation of autophagosomal membrane (Knaevelsrud
et al. 2013).

In 2013, David Rubinsztein and his research group further showed that Atg9 and
Atgl6L1 on the plasma membrane could be engulfed in vesicles and transported to
recycling endosomes through different pathways (Puri et al. 2013). Within the recy-
cling endosomes, VAMP3-dependent heterotypic fusion occurs between the Atg9-
Atgl6L1-containing vesicles, which contributes to the formation of phagophore
precursors. Under starvation, the incidence of vesicle fusion is significantly
increased. Hence, recycling endosomes might be one of the key links in the trans-
formation of vesicles from different sources into phagophores.

Although Atgl6L1 participates in the early formation of autophagosomal mem-
brane, transient overexpression of Atg16L1 in mammalian cells inhibits the biogen-
esis of autophagosomes, leading to the aberrant accumulation of recycling
endosomes in cells. Therefore, transient overexpression of Atgl6L.1 may not be
applicable to studying autophagy in physiological conditions.
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2.4.7 The Directionality of Autophagosomal Membrane
Elongation and Shape Formation

Autophagosomal membranes elongate to form the cup-shaped phagophore which
requires directed membrane extension. In addition, forming the cup-shaped com-
partment involves scaffolding machinery. It has been shown that ATG proteins regu-
late the direction of membrane extension and microfilaments build the shape of the
phagophore.

2.4.7.1 The Specific Localization of Atg Proteins
on the Growing Phagophore

Super-resolution imaging indicates that phagophore elongation in yeast (S. cerevi-
siae) is directional. One side (we name it “side A”’) of the phagophore contacts the
vacuole to form the vacuole-isolation membrane contact (Fig. 2.8) (Graef et al.
2013; Kuninori et al. 2013). In addition, a portion of the ERES also localizes close
to side A (Fig. 2.8). The other side (we name it “‘side B”) is adjacent to another por-
tion of the ERES. Early autophagosomal membrane assembly factors Atgl7, Atgl3,
and PI3BKC3 complex 1 localize on side A (Fig. 2.8). The Atg9/Atg2/Atgl8

O PAS scaffold complex

O Atg1

O Ptdins 3-kinase complex |
O Atg16-Atg5-Atg12 complex
O Atg8

O Atgoa Atg2-Atg18 complex

VICS:the vacuole-IM contact sites
IM:the isolation membrane

VICS M

Fig. 2.8 Distribution of Atg proteins on the growing phagophore. The figure is modified from
Kuninori S et al. (2013)
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complex localizes on both sides (Fig. 2.8). It has been suggested that Atg2 may
tether the ERES and the PAS. Therefore, the edge-localized Atg9/Atg2/Atg18 com-
plex may directly tether vesicles to promote phagophore elongation on the edge.
The ubiquitin-like machinery, Atg5-Atg12/Atg16 complex, and Atg8 evenly distrib-
ute on the phagophore membrane (Fig. 2.8), indicating they may not contribute to
the direction of phagophore elongation.

2.4.7.2 Microfilament

Microfilaments, also known as actin filaments, are filaments composed of polymers
of actin. Early in 1992, researchers found that autophagosomes could not form in
starved cells treated with actin inhibitors such as Cytochalasin D and Latrunculin
B. Using immunostaining, actin is found to colocalize with phagophore-related pro-
teins, including Atgl4 and Beclinl. In addition, actin is also found in the PI3P-
enriched area in cells (Mi et al. 2015). These findings suggest that microfilaments
may participate in the early formation of the autophagosomal membrane.
Nevertheless, actin does not colocalize with the phagophore closure-related protein
Atg5 nor autophagosome maturation-related protein MAP1LC3. Hence, it seems
that microfilaments are not involved in the expansion, closure, and maturation of
phagophores.

The Arp2/3 complex is an actin nucleator, which functions in promoting actin
assembly. Arp2/3 is regulated by nucleation-promoting factors (NPFs). WHAMM
(WASP homologue associated with actin, membranes, and microtubules) is a
mammalian NPF which mediates Arp2/3-dependent actin assembly. A recent
study demonstrates that WHAMM associates with the ER, and colocalizes with
the omegasome biomarker DFCP1. WHAMM and DFCP1 comigrate via the
actin comet tail motility mechanism, which is a typical process of actin-mediated
organelle transport in cells. Disturbance of actin assembly by Latrunculin B or
Jasplakinolide blocks the actin comet tail motility of WHAMM and DFCP1, sug-
gesting the formation of autophagosomal membrane is closely associated with
actin assembly and disassembly. WHAMM activates the Arp2/3 complex and trig-
gers the formation of branched actin networks, providing mechanical support for
omegasome generation. In addition, actin assembly may also rely on functional
autophagy. In Atg7-deficient mice, autophagosomes could not form. Moreover, the
expression of proteins related to actin assembly is downregulated, and therefore
the actin assembly is impaired. Hence, autophagy is closely associated with the
dynamic assembly of actin.

Acknowledgement The work is funded by Beijing Natural Science Foundation (JQ20028),
National Natural Science Foundation of China (91854114, 31872826), National Key R&D
Program of China (2019YFA0508602), and Tsinghua Independent Research Program
(2019Z206QCX02).



40 Y. Yang et al.

References

Andrea L, Christopher AL, Minoo R, Shin-Ichiro Y, Francis AB, Sharon AT. TBC1D14 regulates
autophagosome formation via Rab1l1- and ULK1-positive recycling endosomes. Autophagy.
2012;197:659-75.

Axe EL, Walker SA, Maria M, Priya CH, Llewelyn R, Anja H, Gareth G, Ktistakis
NT. Autophagosome formation from membrane compartments enriched in phosphatidylino-
sitol 3-phosphate and dynamically connected to the endoplasmic reticulum. J Cell Biol.
2011;182:685-701.

Baba M, Tomonaga S, Suzuki M, Gen M, Takeda E, Matsuura A, Kamada Y, Baba N. A
nuclear membrane-derived structure associated with Atg8 is involved in the sequestration
of selective cargo, the Cvt complex, during autophagosome formation in yeast. Autophagy.
2019;15(3):423-37.

Backues SK, Orban DP, Bernard A, Singh K, CaoY, Klionsky DJ. Atg23 and Atg27 act at the early
stages of Atg9 trafficking in S. cerevisiae. Traffic. 2015;16:172-90.

Bissa B, Deretic V. Autophagosome formation: cutting the Gordian knot at the ER. Curr Biol.
2018;28:R347-9.

Brier LW, Zhang M, Ge L. Mechanistically dissecting autophagy: insights from in vitro reconstitu-
tion. J Mol Biol. 2016;428:1700-13.

Cook KL, Soto-Pantoja DR, Abu-Asab M, Clarke PA, Roberts DD, Clarke R. Mitochondria
directly donate their membrane to form autophagosomes during a novel mechanism of parkin-
associated mitophagy. Cell Biosci. 2014;4:16.

Davis S, Wang J, Zhu M, Stahmer K, Lakshminarayan R, Ghassemian M, Jiang Y, Miller EA,
Ferro-Novick S. Sec24 phosphorylation regulates autophagosome abundance during nutrient
deprivation. Elife. 2016;5:e21167.

Ding X, Jiang X, Tian R, Zhao P, Li L, Wang X, Chen S, ZhuY, Mei M, Bao S, Liu W, Tang Z, Sun
Q. RAB2 regulates the formation of autophagosome and autolysosome in mammalian cells.
Autophagy. 2019;15(10):1774-86.

Doris P, Ivan D. TBC1D5 and the AP2 complex regulate ATG9 trafficking and initiation of autoph-
agy. EMBO Rep. 2014;15:392-401.

DuPont N, Chauhan S, Arko-Mensah J, Castillo E, Masedunskas A, Weigert R, Robenek H,
Proikas-Cezanne T, Deretic V. Neutral lipid stores and lipase PNPLAS contribute to autopha-
gosome biogenesis. Curr Biol. 2014;24:609-20.

English L, Chemali M, Desjardins M. Nuclear membrane-derived autophagy, a novel process
that participates in the presentation of endogenous viral antigens during HSV-1 infection.
Autophagy. 2009;5:1026-9.

Ge L, Melville D, Zhang M, Schekman R. The ER-Golgi intermediate compartment is a
key membrane source for the LC3 lipidation step of autophagosome biogenesis. Elife.
2013;2:e00947-172.

Ge L, Zhang M, Schekman R. Phosphatidylinositol 3-kinase and COPII generate LC3 lipidation
vesicles from the ER-Golgi intermediate compartment. Elife. 2014;3:¢04135.

Ge L, Wilz L, Schekman R. Biogenesis of autophagosomal precursors for LC3 lipidation from the
ER-Golgi intermediate compartment. Autophagy. 2015;11:2372—4.

Ge L, Zhang M, Kenny SJ, Liu D, Maeda M, Saito K, Mathur A, Xu K, Schekman R. Remodeling
of ER-exit sites initiates a membrane supply pathway for autophagosome biogenesis. EMBO
Rep. 2017;18(9):1586-603. https://doi.org/10.15252/embr.201744559.

Graef M, Friedman JR, Graham C, Babu M, Nunnari J. ER exit sites are physical and functional
core autophagosome biogenesis components. Mol Biol Cell. 2013;24:2918-31.

Gui X, Yang H, Li T, Tan X, Shi P, Li M, Du F, Chen ZJ. Autophagy induction via STING traffick-
ing is a primordial function of the cGAS pathway. Nature. 2019;567:262-6.

Hailey DW, Rambold AS, Satpute-Krishnan P, Mitra K, Sougrat R, Kim PK, Lippincott-Schwartz
J. Mitochondria supply membranes for autophagosome biogenesis during starvation. Cell.
2010;141:656-67.


https://doi.org/10.15252/embr.201744559

2 Autophagosomal Membrane Origin and Formation 41

Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A, Yoshimori T, Yamamoto A. A subdomain
of the endoplasmic reticulum forms a cradle for autophagosome formation. Nat Cell Biol.
2009;11:1433-7.

Hettema EH, Lewis MJ, Black MW, Pelham HRB. Retromer and the sorting nexins Snx4/41/42
mediate distinct retrieval pathways from yeast endosomes. EMBO J. 2014;22:548-57.

Hurley JH, Young LN. Mechanisms of autophagy initiation. Annu Rev Biochem. 2017;86:225-44.
https://doi.org/10.1146/annurev-biochem-061516-044820.

Isei T. Autophagosome formation and molecular mechanism of autophagy. Antioxid Redox Signal.
2011;14:2201-14.

Jeong YT, Simoneschi D, Keegan S, Melville D, Adler NS, Saraf A, Florens L, Washburn MP,
Cavasotto CN, Fenyo D, Cuervo AM, Rossi M, Pagano M. The ULK1-FBXW5-SEC23B nexus
controls autophagy. Elife. 2018;7:e42253.

Jin M, Klionsky DJ. Regulation of autophagy: modulation of the size and number of autophago-
somes. FEBS Lett. 2016;588:2457-63.

Julia R, Marta W, Iosune I, Stefan S, Egon O, Claudine K, Sascha M. Mechanism and functions
of membrane binding by the Atg5-Atgl2/Atgl6 complex during autophagosome formation.
EMBO J. 2014;31:4304-17.

Karanasios E, Walker SA, Okkenhaug H, Manifava M, Hummel E, Zimmermann H, Ahmed Q,
Domart MC, Collinson L, Ktistakis NT. Autophagy initiation by ULK complex assembly on
ER tubulovesicular regions marked by ATG9 vesicles. Nat Commun. 2016;7:12420.

Knaevelsrud H, Soreng K, Raiborg C, Haberg K, Rasmuson F, Brech A, Liestol K, Rusten TE,
Stenmark H, Neufeld TP, Carlsson SR, Simonsen A. Membrane remodeling by the PX-BAR
protein SNX18 promotes autophagosome formation. J Cell Biol. 2013;202:331-49.

Kotani T, Kirisako H, Koizumi M, Ohsumi Y, Nakatogawa H. The Atg2-Atgl8 complex tethers
pre-autophagosomal membranes to the endoplasmic reticulum for autophagosome formation.
Proc Natl Acad Sci U S A. 2018;115(41):10363-8.

Kuninori S, Manami A, Chika KK, Hayashi Y, Yoshinori O. Fine mapping of autophagy-
related proteins during autophagosome formation in Saccharomyces cerevisiae. J Cell Sci.
2013;126:2534-44.

Lamb CA, Tamotsu Y, Tooze SA. The autophagosome: origins unknown, biogenesis complex. Nat
Rev Mol Cell Biol. 2013;14:759-74.

Longatti A, Lamb CA, Razi M, Yoshimura S, Barr FA, Tooze SA. TBC1D14 regulates autopha-
gosome formation via Rabll- and ULKI-positive recycling endosomes. J Cell Biol.
2012;197:659-75.

Mi N, Chen Y, Wang S, Chen M, Zhao M, Yang G, Ma M, Su Q, Luo S, Shi J. CapZ regulates
autophagosomal membrane shaping by promoting actin assembly inside the isolation mem-
brane. Nat Cell Biol. 2015;17:1112.

Moreau K, Ravikumar B, Renna M, Puri C, Rubinsztein DC. Autophagosome precursor matura-
tion requires homotypic fusion. Cell. 2011;146:303-17.

Moreau K, Renna M, Rubinsztein DC. Connections between SNAREs and autophagy. Trends
Biochem Sci. 2013;38:57-63.

Nakatogawa H, Ichimura Y, Ohsumi Y. Atg8, a ubiquitin-like protein required for autophagosome
formation, mediates membrane tethering and hemifusion. Cell. 2007;130:165-78.

Nishimura T, Tamura N, Kono N, Shimanaka Y, Arai H, Yamamoto H, Mizushima
N. Autophagosome formation is initiated at phosphatidylinositol synthase-enriched ER subdo-
mains. EMBO J. 2017;36:1719-35.

Noda T. Autophagy in the context of the cellular membrane-trafficking system: the enigma of Atg9
vesicles. Biochem Soc Trans. 2017;45:1323-31.

Orsi A, Razi M, Dooley HC, Robinson D, Weston AE, Collinson LM, Tooze SA. Dynamic and
transient interactions of Atg9 with autophagosomes, but not membrane integration, are required
for autophagy. Mol Biol Cell. 2012;23:1860-73.


https://doi.org/10.1146/annurev-biochem-061516-044820

42 Y. Yang et al.

Osawa T, Kotani T, Kawaoka T, Hirata E, Suzuki K, Nakatogawa H, Ohsumi Y, Noda NN. Atg2
mediates direct lipid transfer between membranes for autophagosome formation. Nat Struct
Mol Biol. 2019;26:281-8.

Puri C, Renna M, Bento CF, Moreau K, Rubinsztein DC. Diverse autophagosome membrane
sources coalesce in recycling endosomes. Cell. 2013;154:1285-99.

Ragusa MJ, Stanley RE, Hurley JH. Architecture of the Atgl7 complex as a scaffold for autopha-
gosome biogenesis. Cell. 2012;151:1501-12.

RaoY, Perna MG, Hofmann B, Beier V, Wollert T. The Atgl-kinase complex tethers Atg9-vesicles
to initiate autophagy. Nat Commun. 2016;7:10338.

Ravikumar B, Moreau K, Jahreiss L, Puri C, Rubinsztein DC. Plasma membrane contributes to the
formation of pre-autophagosomal structures. Nat Cell Biol. 2010;12:747-57.

Sgreng K, Neufeld TP, Simonsen A. Membrane trafficking in autophagy. Int Rev Cell Mol Biol.
2018;336:1-92.

Stromhaug PE, Berg TO, Fengsrud M, Seglen PO. Purification and characterization of autophago-
somes from rat hepatocytes. Biochem J. 1998;335(Pt 2):217-24.

Tassula PC, Zsuzsanna T, Pierre DN, Oliver K. WIPI proteins: essential PtdIns3P effectors at the
nascent autophagosome. J Cell Sci. 2015;128:207-17.

Tan D, Cai Y, Wang J, Zhang J, Menon S, Chou HT, Ferro-Novick S, Reinisch KM, Walz T. The
EM structure of the TRAPPIII complex leads to the identification of a requirement for COPII
vesicles on the macroautophagy pathway. Proc Natl Acad Sci USA. 2013;110:19432-7.

Torggler R, Papinski D, Brach T, Bas L, Schuschnig M, Pfaffenwimmer T, Rohringer S, Matzhold
T, Schweida D, Brezovich A, Kraft C. Two independent pathways within selective autophagy
converge to activate Atgl kinase at the vacuole. Mol Cell. 2016;64:221-35.

Uemura T, Yamamoto M, Kametaka A, Sou YS, Yabashi A, Yamada A, Annoh H, Kametaka S,
Komatsu M, Waguri S. A cluster of thin tubular structures mediates transformation of the endo-
plasmic reticulum to autophagic isolation membrane. Mol Cell Biol. 2014;34:1695-706.

Valverde DP, Yu S, Boggavarapu V, Kumar N, Lees JA, Walz T, Reinisch KM, Melia TJ. ATG2
transports lipids to promote autophagosome biogenesis. J Cell Biol. 2019;218(6):1787-98.

WangY, Li L, Chen H, Lai Y, Long J, Liu J, Zhong Q, Diao J. SNARE-mediated membrane fusion
in autophagy. Semin Cell Dev Biol. 2016;60:97-104.

Weidberg H, Shpilka T, Shvets E, Abada A, Shimron F, Elazar Z. LC3 and GATE-16 N ter-
mini mediate membrane fusion processes required for autophagosome biogenesis. Dev Cell.
2011;20:444-54.

Xie Z, Nair U, Klionsky D. Atg8 controls phagophore expansion during autophagosome forma-
tion. Mol Biol Cell. 2008;19:3290.

Yang Z, Klionsky DJ. Mammalian autophagy: core molecular machinery and signaling regulation.
Curr Opin Cell Biol. 2010;22:124-31.

Yoshinori T, Meyerkord CL, Tsukasa H, Kristin R, Fox TE, Mark K, Loughran TP, Hong-Gang
W. Bif-1 regulates Atg9 trafficking by mediating the fission of Golgi membranes during
autophagy. Autophagy. 2011;7:61-73.

Young ARJ, Chan EYW, Wen HX, Robert KC, Crawshaw SG, Stephen H, Hailey DW, Jennifer LS,
Tooze SA. Starvation and ULK1-dependent cycling of mammalian Atg9 between the TGN and
endosomes. J Cell Sci. 2006;119:3888-900.

Zheng JX, LiY, Ding YH, Liu JJ, Zhang MJ, Dong MQ, Wang HW, Yu L. Architecture of the
ATG2B-WDR45 complex and an aromatic Y/HF motif crucial for complex formation.
Autophagy. 2017;13:1870-83.



®

Check for
updates

Chapter 3
Phagophore Closure

Yongheng Liang

Abstract Phagophore closure is a critical step during macroautophagy. However,
the proteins and mechanisms to regulate this step have been elusive for a long time.
In 2017, Rab5 was affirmed to play a role in phagophore closure in yeast.
Furthermore, in mammalian cells, ESCRT III was reported to have roles in phago-
phore closure and mitophagosome closure in vivo in 2018 and 2019, respectively.
The role of ESCRT in phagophore closure was confirmed in yeast, both in vivo and
in vitro, in 2019. Most importantly, the latter paper found that Atgl7 recruited the
ESCRT III subunit Snf7 to the phagophore to close it under the control of Rab5. To
determine the closure characteristics of autophagosome-like membrane structures
in ESCRT mutants, a traditional protease protection assay with immunoblotting was
used, accompanied by new techniques that were developed, including immunofluo-
rescence assays, autophagosome completion assays, and the optogenetic closure
assay. This study delivered our current understanding of phagophore closure and
provided more reference methods to detect membrane closure.

3.1 The Status and Difficulties in the Study
of Phagophore Closure

Macroautophagy (henceforth autophagy) is mainly regulated by the core Atg pro-
teins. The autophagy process can be roughly divided into five stages: the initiation
and phagophore formation, the extension of the phagophore, phagophore closure to
enclose cargoes, the fusion of autophagosomes with lysosomes/vacuoles, and deg-
radation and recycling stages. However, the specific process and morphological
changes of some stages have not been accurately defined and described. For exam-
ple, when does a process belong to the stage of extension of the phagophore and
when or in what state does a process begin to belong to the phagophore closure
stage? Roughly, studies of autophagosome regulation mainly focus on the early
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stage and the late stage (Tong et al. 2010), even though there are still many unan-
swered question details for the autophagy process (Lindqvist et al. 2015). A few
studies are regarding the middle stage. It was reported that the absence of Atg2 in
yeast or the absence of Atg3 in mammalian cells impaired phagophore formation/
extension and closure (Sou et al. 2008; Wang et al. 2001). However, since the forma-
tion of autophagy-related membrane vesicles and the extension of phagophore in
these mutants are affected, it is not possible to define whether the observed defect of
phagophore closure is caused by the failure of the early autophagy process or
whether Atg2 and Atg3 have unique roles in the closure of phagophores. In addition,
the depletion of Atg3 in mammalian cells also leads to the absence of LC3-PE form
and the inhibition of Atgl2-Atg5 formation, two major ubiquitination conjugation
systems, which play very important roles in the formation and extension of phago-
phores. In the end, the autophagosome-like membrane structures in Atg3-depleted
mammalian cells are smaller than normal autophagosomes (Sou et al. 2008), which
makes it hard to say that the main role of Atg3 is to regulate phagophore closure.
Similarly, there has been a report about an autophagosome closure defect caused by
overexpression of inactive Atg4B in mammalian cells, because this overexpression
also leads to the failure of LC3 to form LC3-II by normal lipidation (Fujita et al.
2008), so it cannot be excluded that the observed defect of autophagosome closure
is not caused by the abnormal early autophagy process in which LC3 is involved. On
the other hand, we also cannot exclude the possibility that the yeast Atg8-PE decon-
jugation process in which Atg4 is involved may play a role in phagophore closure
(Nair et al. 2012; Nakatogawa et al. 2012; Yu et al. 2012). However, it will be more
appropriate to say that an unmutated protein functions in the process of phagophore
closure if the size and shape of autophagosome-like membrane structure from its
mutants cannot be simply distinguished from that of normally closed autophago-
somes from wild type, and there is no evidence that the early autophagy process is
affected, such as the formation of Atg8-PE or the phosphorylation of Atgl3, while
it is demonstrated that the autophagosome-like membrane structures do not close.

We recently reported that the yeast endocytic Vps21/Rab5 module is required for
autophagy (Chen et al. 2014), and found that the absence of these proteins does not
affect the production and size of autophagosomes, but it does affect the entry of
autophagosomes into vacuoles, resulting in the accumulation of unclosed autopha-
gosomes (Chen et al. 2014). It is further clarified that the protein depletion does not
affect the formation of Atg8-PE, but causes the unclosure of autophagosomes (Zhou
etal. 2017). As we know, this is the first clear report to observe autophagosome-like
membrane structures without defects in initiation and phagophore extension, but
with defect in phagophore closure. We further tried to explore the molecular mecha-
nism of Vps21/Rab5 module in phagophore closure and found that the Vps21/Rab5
module regulates phagophore closure through the endosomal sorting complexes
required for transport (ESCRT) complex and in a Vps21/Rab5-dependent manner
(Zhou et al. 2019). Our results are complementary to the latest finding of mamma-
lian ESCRT in phagophore closure (Takahashi et al. 2018).

The phagophore itself is small in size and spherical; it is impossible to directly
observe its open pore to determine whether it is closed by microscopes if the diam-
eter size of the open pore of phagophore is smaller than the maximum resolution
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limit of current microscopes. If the diameter size of the open pore of phagophore is
bigger than the resolution limit of microscopes, theoretically it is possible to observe
the open pore of phagophore through serial-section electron microscopy combined
with 3-dimensional reconstruction to determine whether a phagophore is closed.
Similarly, multi-slice scanning by super-resolution microscope combined with
3-dimensional reconstruction should also be able to observe the open pore of phago-
phore to determine whether a phagophore is closed. However, both methods meet
difficulties as the platform of the former method is only available in a few labs
worldwide, while the latter method is limited by the resolution of super-resolution
microscope and by photobleaching during the taking of multiple pictures of the
same field. Nonetheless, a few methods have been developed to indirectly determine
whether a phagophore is closed or not, based on the differences of accessibility of
the contents of autophagosomes between open phagophores and closed autophago-
somes. I am going to introduce these methods below.

3.2 Methods to Determine Whether
an Autophagosome-Related Structure Is Closed

3.2.1 The Protease Protection Assay

If the accumulation of autophagosome-like structures in cells due to autophagy
defects were observed by either fluorescence microscopy or transmission electron
microscopy, but researchers are not sure whether they are open or closed autopha-
gosomes, the protease protection assay (Nair et al. 2011) is a common method to
determine if the autophagosome-like structures are closed or not. In this assay, dif-
ferent combinations of protease K (PK) and detergent Triton X-100 (TX) are applied
to treat the isolated autophagosome-like structures to check the degradation of pro-
teins on or inside the membrane, so that the autophagosome-like structures can be
distinguished to be open or closed autophagosomes. In the past, the degradation of
proteins associated with the membranes after the above treatment was displayed by
immunoblot assay to infer whether the membrane structures are closed. We have
recently developed a new method to display whether GFP-Atg8 is still on the mem-
branes after the above treatment by observing GFP fluorescence to infer whether the
membrane structures are closed (Zhou et al. 2019).

3.2.1.1 An Immunoblot Assay to Display the Results of Protease
Protection Assay

After the isolated autophagosome-like structures from budding yeast were treated
with different combinations of protease K and detergent, anti-GFP was used to
determine GFP-Atg8 degradation and/or anti-Apel to determine prApel (Apel pre-
cursor) maturation to assay whether the autophagosome-like structures are closed.
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This method has been widely used to determine the closure characteristics of
autophagosome-like structures in cells with obvious GFP-Atg8 accumulation
(Cebolleroetal.2012; Yang and Rosenwald 2016; Zhou etal. 2017). Correspondingly,
anti-LC3 was used to determine the level of LC3-II, and anti-p62 was used to deter-
mine the level of autophagosome cargo protein p62 in mammalian cells, to assay
whether the autophagosome-like structures are closed in cells with obvious LC3
accumulation (Takahashi et al. 2018; Velikkakath et al. 2012).

Based on the autophagic phenotypes of a large number of accumulation of
autophagosome-like membrane structures in ESCRT mutants snf7A and vps4A
observed by a fluorescence microscopy and a transmission electron microscopy, the
closure characteristics of these autophagosome-like membrane structures were ana-
lyzed using the protease protection assay combined with immunoblot assay to dem-
onstrate the application of this method. It is better to set up both positive and
negative controls at the same time when applying this method, although one control
is often ignored in some studies due to the lack of suitable control or to avoid trou-
bles. In Fig. 3.1, after the strains were induced for autophagy, the autophagosome-
associated membrane structures were isolated from them with the same conditions
(Zhou et al. 2019). These from atglA, which is defective in autophagosome biogen-
esis, were used as a control of unclosed autophagosomes, while these isolated from
ypt7A were used as a control of closed autophagosomes, to determine the closure
characteristics of autophagosome-like membrane structures isolated from snf7A
and vps4A. The results showed that the autophagosome-like membrane structures
isolated from snf7A and vps4A are unclosed autophagosomes as GFP-Atg8 was
completely degraded to GFP and prApel completely matured to mApel with prote-
ase K without Triton X-100 treatment, similar to the membrane characteristics of
autophagosome-associated membrane structures isolated from atg/A but not to

atgiA snfrA Vps4A ypI7TA
PK(ug/ml): 0 140 0 140 0 140 0 140
TX: —_ + —_— Z + — + —_— Z +
PrApel- e S e -—
mApe1- - = - A e —
GFP-AtgS- - - - -
GFP- - - - = e e

Fig. 3.1 The protease protection assay in combination with immunoblot assay to show the
autophagosome-like membrane structures isolated from snf7A and vps4A mutants are unclosed
autophagosomes. The autophagosome-associated membrane structures isolated from atg/A and
ypt7A were representing unclosed membrane structures and closed autophagosomes, respectively.
For induction of autophagy, the isolation of autophagosome-associated membrane structures and
the treatment conditions of protease and detergent, please refer to Zhou et al. (2019). PK protease
K, TX Triton X-100
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those from ypt7A, in which GFP-Atg8 was completely degraded to GFP and prApel
completely matured to mApel only if protease K and Triton X-100 were added
together. Furthermore, the upstream-downstream relationship between Snf7 and
Ypt7 or Vps4 and Ypt7 was determined with constructing double mutants and by
using the same protease protection assay to compare the results from single and
double mutants (Zhou et al. 2019).

3.2.1.2 Fluorescence Observation to Display the Results of Protease
Protection Assay

Atg8 is involved in the whole process of autophagy and distributes at both outer and
inner membranes of autophagosomes. GFP-Atg8 is an ideal protein to track
autophagosomes at different stages. As stated above, we observed a large number of
accumulation of GFP-Atg8-marked autophagosome-like membrane structures out-
side the vacuoles in snf7A and vps4A mutants by fluorescence microscopy (Zhou
et al. 2019), obviously different from the large number of accumulation of GFP-
Atg8-marked autophagosomes dispersed in cytosol as dots in ypt7A (Chen et al.
2014). If GFP-Atg8-labeled autophagosomal membrane structures were isolated
and subjected to protease protection assay, i.e., when they were treated with prote-
ase K and/or Triton X-100 and washed with water, the fluorescence of GFP-Atg8
(GFP unbound to membranes will be lost after washed with water) was observed to
display the results of protease protection assay. If the autophagosome-related mem-
brane structures are closed autophagosomes, then GFP-Atg8 fluorescence should be
observed for samples treated with protease without detergent. Under the same con-
dition, if the autophagosome-related membrane structures are unclosed autophago-
somes, then GFP-Atg8 fluorescence should not be observed. In contrast, GFP-Atg8
fluorescence should be observed for samples which were not treated with both pro-
tease and detergent, while not be observed for samples which were treated with both
protease and detergent. Thus, the closure characteristics of isolated autophagosome-
related membrane structures can be determined. We applied this method to detect
the closure characteristics of accumulated autophagosome-like membrane struc-
tures in snf7A, and the conclusion is consistent to that obtained by the immunoblot
assay for the protease protection assay, i.e., the accumulated autophagosome-like
membrane structures in snf7A are unclosed autophagosomes.

In Fig. 3.2, fluorescence observation was applied to determine GFP signal for the
isolated autophagosome-related membrane structures from snf7A and snf7Aypt7A
mutants when the isolated closed autophagosomes from yp?7A mutant induced
under the same condition were used as a control. The results showed that the
autophagosome-related membrane structures isolated from snf7A and snf7Aypt7A
mutants are unclosed autophagosomes as GFP disappeared when protease K with-
out Triton X-100 was added, indicating that GFP-Atg8 on autophagosome-related
membrane structures was accessed and degraded by protease K, not like these iso-
lated from ypt7A mutant, in which GFP disappeared only when protease K and
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Triton X-100 were added together so that GFP-Atg8 inside closed autophagosomes
was accessed and degraded by protease K. As the result in snf7Aypt7A mutant like
that in snf7A mutant but does not like that in ypt7A mutant, this method also indi-
cates that Snf7 functions upstream of Ypt7 in autophagy. Please go to our published
paper for similar results and more detailed operations (Zhou et al. 2019). Similarly
and much earlier, the fluorescence of GFP-fused aminopeptidase I, the best-
characterized selective cargo of autophagosomes in Saccharomyces cerevisiae, was
applied to successfully monitor intact autophagosomes ex vivo to facilitate the frac-
tionation of autophagosomes for biochemical assays (Suzuki et al. 2014).

3.2.2 An Immunofluorescence Assay to Determine Whether
Autophagosome-Associated Membrane Structures
Are Closed

Immunofluorescence was commonly used for protein localization before live fluo-
rescence was widely used. Based on the fact that autophagosomal membrane struc-
tures isolated for the protease protection assay contain GFP-Atg8 on both the outer
and inner membranes while the autophagosome interior may contain other cargo
proteins, such as Apel, we designed experiment with corresponding first antibody
anti-Apel to access cargo Apel inside GFP-Atg8-marked unclosed autophago-
somes through pores on autophagosome membranes. If the autophagosomes are
unclosed, the first antibody rabbit anti-Apel can enter unclosed autophagosomes so
that the Apel inside autophagosomes can be recognized and bound by anti-Apel,
and the second antibody can also enter the unclosed autophagosomes to recognize
the first antibody rabbit anti-Apel so that the site of Apel can be displayed by Alexa
Fluor 647-conjugated second antibody anti-rabbit IgG. If the autophagosomes are
closed, these processes will not happen on the Apel inside closed autophagosomes.
By comparing the colocalization of GFP-Atg8 and the Alexa Fluor 647-conjugated
second antibody anti-rabbit IgG for Apel by immunofluorescence, unclosed
autophagosomes will display both red and green colors, and yellow in merge. In
contrast, if the autophagosomes are closed, the cargo protein Apel inside the GFP-
Atg8-labeled autophagosomes cannot be accessed by first antibody rabbit anti-Apel
and Alexa Fluor 647-conjugated second antibody anti-rabbit IgG, the autophago-
somes will only display green color. By observing the colocalization of GFP-Atg8
and Alexa Fluor 647, the autophagosomal membrane structures can be determined
to be either closed or unclosed. In Fig. 3.3, with closed autophagosomes isolated
from ypt7A mutant as a control, immunofluorescence combined with GFP-Atg8
showed that the autophagosome-like membrane structures isolated from snf7A and
snf7Aypt7A mutants are unclosed because the autophagosomal membrane struc-
tures are mainly in yellow when the autophagosomal membrane structures isolated
from ypt7A mutant are mainly in green. Furthermore, as the phenotypes in
snf7Aypt7A mutant are similar to these in snf/A mutant, not to those in ypt7A
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Fig. 3.3 Immunofluorescence combined with GFP-Atg8 tagging showed that the autophagosome
membrane-associated structures isolated from snf7A and snf7Aypt7A mutants are unclosed
autophagosomes. The autophagosome membrane-associated structures isolated from snf7A and
snf7Aypt7A mutants were displayed with first antibody rabbit anti-Apel and second antibody
Alexa Fluor 647-conjugated anti-rabbit IgG, representing unclosed autophagosomes. Most of the
autophagosome-associated membrane structures isolated from yps7A almost cannot be identified
with the same first and second antibodies, representing closed autophagosomes. Arrows indicate
colocalizations; DIC differential interference contrast. The inset pictures indicate the content
inside the white dashed frame in merge pictures

mutant, this method also indicates that Snf7 functions upstream of Ypt7 in autoph-
agy. Similar results and more detailed operations were published in our previous
paper (Zhou et al. 2019).

3.2.3 The Autophagosome Completion Assay to Determine
Phagophore, Nascent Autophagosome, and Mature
Autophagosome in Mammalian Cells

In principle, similar to the immunofluorescence microscopy combined with fluores-
cence tagging we developed above, the lab of Hong-Gang Wang published a
HT-LC3 autophagosome completion assay in 2018 to distinguish unclosed and
closed phagophores/autophagosomes in mammalian cells (Takahashi et al. 2018).
In their method, the authors took advantage of the differential labeling of LC3-II
outside and inside autophagosomes by ligand in different colors step by step to dis-
tinguish phagophore, nascent autophagosome, and mature autophagosome. The
main procedures are: in step 1, autophagy-induced HT-LC3-expressing cells were
treated with cholesterol-complexing agents, such as digitonin, to permeabilize the
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plasma membrane to release HT-LC-I from the cytosol; in step 2, cells were incu-
bated with a saturating dose of membrane-impermeable Alexa Fluor 488 HT ligand
(MIL) to stain membrane-bound HT-LC3-II that is accessible to the cytosol; and in
step 3, cells were incubated with a membrane-permeable tetramethylrhodamine HT
ligand (MPL) to stain HT-LC3-II sequestered in autophagosomes. After that, the
cells were observed with confocal microscope, if the phagophores are only in green
color, they are unclosed phagophores; if the phagophores are only in red color, they
are closed phagophores, i.e., mature autophagosomes; if the outer layer of a phago-
phore is only in green color and the inner layer of a phagophore is in red color, that
phagophore is closed but immature, i.e., a nascent autophagosome. Through this
assay, this research group found that ESCRT-III subunits CHMP2A and AAA-
ATPase Vps4 are regulators of phagophore closure in mammalian cells (Takahashi
et al. 2018).

3.2.4 The Optogenetic Closure Assay to Distinguish Open
and Close Mitophagosomes

During the revision of this manuscript, the Harald Stenmark laboratory in Norway
reported a novel optogenetic closure assay for detection of sealed vs open
mitophagosomes and found that CHMP2A mediates the closure of mitophago-
somes (Zhen et al. 2020). This assay is based on the LOVTRAP system for
photoinduced protein dissociation (Wang et al. 2016). The LOVTRAP system
takes advantages of the reversible light-sensitive association between the light-
oxygen-voltage 2 (LOV2) domain from Avena sativa phototropin 1 and the pro-
tein A-derived ligand Zdk1 under the 488 nm light. The Stenmark lab fused the
N-terminus of the mitochondria outer membrane protein TOMM?20 (NTOMM?20)
with LOV2 and Zdk1 with mCherry to perform the assay. The mitochondria are
positive for mCherry because of the association between NTOMM20-LOV2 and
cytosolic mCherry-Zdk1l. When the cells were exposed to 488 nm wavelength
light, the LOV?2 domain dissociates from Zdk1, and mCherry-Zdk1 releases from
mitochondria to cytosol until the 488 nm light is turned off. The authors rea-
soned that if mitochondria are enclosed by sealed autophagic membranes, the
release of mCherry-Zdk1 into the cytosol should be inhibited. Conversely, if the
mitochondria are enclosed by autophagic membranes but unsealed, the release of
mCherry-Zdk1 into the cytosol should occur. After confirming the sensitivity and
reliability of this assay with control experiments, they found that the proportion
of unsealed mitophagosomes in CHMP2A-depleted cells significantly increased,
indicating CHMP2A mediates phagophore closure of mitophagosomes (Zhen
et al. 2020). This assay can be extended to any organelle inside autophagosomes
with organelle-specific protein fusion with LOV2 and compatible fluorescence
protein fusion with Zdkl to determine whether autophagosomes are open or
closed in mutants.
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Atg proteins change dynamically during the autophagy process, and the compo-
sitions of Atg proteins on phagophores and autophagosomes are different. Not like
Atg8 existing from the beginning to the end during autophagy, most other Atg pro-
teins, such as Atg2, attach to phagophores and release to be reused after phagoph-
ores are closed and mature to be autophagosomes (Noda et al. 2009; Cebollero et al.
2012). If autophagosomes were marked with red fluorescence protein to Atg8 and
other Atg proteins were tagged with GFP, at the same time, using a mutant which
generated closed mature autophagosomes as a control, then the phagophores/
autophagosomes in the target mutant can be determined by observing fluorescence
with fluorescence microscopy. If red Atg8 colocalized with green Atgs, then these
structures were phagophores or closed immature autophagosomes. If red Atg8
existed and no green Atgs attached to it, just like the fluorescence in the positive
control, then the Atg8-marked structures in the target mutant were mature autopha-
gosomes. This method was widely used in yeast and mammalian cells to distinguish
or verify whether the autophagosome membrane structures are either phagophores
or mature autophagosomes (Cebollero et al. 2012; Takahashi et al. 2018; Zhou et al.
2017, 2019).

3.3 Summary

By using the combination of the above different techniques, we and other groups
have determined that Rab5 module proteins and ESCRT complex subunits are regu-
lators for phagophore closure (Takahashi et al. 2018; Zhen et al. 2020; Zhou et al.
2017, 2019), while more experiments are needed to clarify whether some Atg pro-
teins are also required for phagophore closure. However, what’s the exact mecha-
nism of these proteins in the regulation of phagophore closure? Till now, we roughly
know that Rab5 module regulates the localization of ESCRT subunits on autopha-
gosome and the interactions between Atg protein and ESCRT subunit in yeast, and
ESCRT subunits indeed seal unclosed autophagosome in vitro (Zhou et al. 2019).
While in mammalian cells, ESCRT-III subunit CHMP2A was recruited to phago-
phore during autophagy, which further regulates the separation of inner and outer
membranes of phagophores to form double-membrane autophagosomes (Takahashi
et al. 2018). In addition, CHMP2A also regulates phagophore closure during
mitophagy (Zhen et al. 2020). However, the more specific and detailed molecular
mechanism of these proteins in phagophore closure remain to be explored.

In addition, are there any other proteins getting involved in phagophore closure?
What are the different roles of the same protein or complex from different species
in phagophore closure? These are all questions to be answered urgently in the future
when studying phagophore closure.
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Chapter 4
The Fusion Between Autophagic Vesicles
and Lysosomes

Check for
updates

Xiaoxia Liu and Qing Zhong

Abstract The autophagosome delivers engulfed substrates to the lysosome for
degradation via membrane fusion between the autophagosome and the lysosome.
The process of membrane fusion is highly conserved in evolution. It is widely
accepted that membrane fusion in general is driven by the zippering of the SNARE
complex to form a four-helix bundle. Besides SNARES, other proteins are required
to complete fusion efficiently, including tethering proteins, Rab GTPases, and SM
proteins (Sec1/SM family proteins). This chapter will summarize the current knowl-
edge of the key machinery involved in autophagosome-lysosome fusion, including
autophagic SNARESs, involved ATG proteins, the HOPS complex, Rab GTPase, and
other relevant aspects.

4.1 Autophagosome-Lysosome Fusion

As clarified in the previous chapter, once an autophagophore is closed and matured
into autophagosomes, the autophagic process moves into the next step, which is the
fusion between autophagosomes and lysosomes. To accomplish this fusion, first the
double-membraned autophagosome is tethered to single-membrane lysosomes; then
the outer membrane of the autophagosome fuses with the lysosome membranes; and
finally, the inner membrane of the autophagosome is hydrolyzed by lysozyme, and
the autophagosomal contents are degraded. The process of membrane fusion is
highly conserved in evolution. It is widely accepted that membrane fusion in general
is driven by the zippering of the SNARE complex to form a four-helix bundle.
However, SNARE proteins alone are not enough to complete the process efficiently.
Other proteins are required to promote this fusion process, including tethering pro-
teins like Rab GTPase, SM proteins (Sec1/SM family proteins), and others (Wickner
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and Rizo 2017). Even though a lot of scientists are dedicated to the elucidation of
the membrane fusion mechanism between autophagosomes and lysosomes in mam-
malian cells, our understanding of how these proteins are recruited and regulated
and how they are cooperating to facilitate fusion is still limited. This chapter will
summarize the current knowledge of the key proteins involved in this fusion step.

4.1.1 SNARE Proteins

SNARE:s (soluble N-ethylmaleimide-sensitive fusion attachment protein receptors)
are membrane proteins. All SNARE proteins contain evolutionarily conserved
coiled-coil SNARE motifs (Fig. 4.1a). According to the amino acid that is present
in the zero ionic layer of the SNARE domain, SNARE proteins are divided into
R-SNARE:S (with arginine in the zero ionic layer) and Q-SNAREs (with glutamine
in the zero ionic layer) (Fasshauer et al. 1998). There are three Q-SNARE families:
Qa, Qb, and Qc. The SNARE complex is formed by a four-helix bundle, including
R, Qa, Qb, and Qc (Fig. 4.1b). When all the SNARE protein constituents are
anchored to one membrane, the complex is called a cis-SNARE complex; other-
wise, when the proteins are anchored to two separate membranes, it is called a
trans-SNARE complex (Fig. 4.1c). Usually, SNARE proteins can form a four-helix
bundle by spontaneously zippering from the N-terminal to the C-terminal of the
SNARE domain. During this process, the trans-SNARE complex pulls and distorts
the two membranes on which the proteins are anchored. With the help of other pro-
teins, the membrane lipids are reorganized, and the membranes are eventually fused.
After the completion of this fusion, the (now cis-) SNARE complex can be hydro-
lyzed by NSF (N-ethylmaleimide-sensitive factor)/aSNAP. The disassociated
SNARE proteins can be reused for the next cycle of fusion (Zhao et al. 2015).

The sets of SNARESs that are available vary between species. Also, the fusion
between various membrane structures is regulated by distinctive sets of SNARESs.
According to previous studies, in mammalian cells, the fusion between autophago-
somes and lysosomes is regulated by STX17 (containing Qa-SNARE domain) and
SNAP29 (including both Qb- and Qc-SNARE domains) on autophagosomes and
VAMPS (R-SNARE) on lysosomes (Eisukeltakura and Mizushima 2012) (Fig. 4.1a,
b). STX17 is recruited to the autophagosomal membrane when an autophagopore is
about to close or is already closed (Tsuboyama et al. 2016). However, when SNAP29
and VAMPS are recruited is still unknown. From an X-ray structure of the STX17-
SNAP29-VAMPS complex, it could be concluded that the three SNARE proteins
form a four-helix bundle (Diao et al. 2015). This corresponds to established events
in other membrane fusion processes, including for instance the well-described neu-
ronal SNARE complex regulating the fusion between synaptic vesicles and the pre-
synaptic membrane and the SNARE complex regulating vacuole fusion in yeast.

Just as in other recognized mechanisms of membrane fusion, in vitro reconstitu-
tion experiments show that the STX17-SNAP29-VAMPS8 complex alone is not
enough to drive an efficient fusion. This suggests the requirement of other factors,
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like tethering proteins, Rab GTPase, SM proteins, or others. An example of such a
supplementary factor is the tethering protein ATG14. The previous study has dem-
onstrated that ATG14 is able to promote the fusion between autophagosomes and
lysosomes driven by STX17-SNAP29-VAMPS8 (Diao et al. 2015).

Another interesting fact is that O-GlcNAcylation of SNAP29 can regulate the
fusion between autophagosome and lysosome. Also, it has been demonstrated that
a knockdown of OGT (O-GlcNAc transferase) and a mutation in the O-GlcNAc-
modification site of SNAP29 are able to promote the formation of the SANP29
containing SNARE complex and the fusion between autophagosomes and lyso-
somes (Guo et al. 2014).

It is also worth mentioning that in STX17 knockout cells, the autophagosome-
lysosome fusion is, to some extent, retained. This suggests the involvement of other
SNARE proteins in this process. A recent study showed that YKT6 can bind to
autophagosomes through its N-terminal longin domain. Together with SNAP29 and
lysosomal STX7, a YKT6-SNAP29-STX7 complex can be formed, which drives
the fusion between autophagosomes and lysosomes. It was demonstrated that this
fusion function is independent from STX17 (Matsui et al. 2018).

4.1.2 Membrane Tethering Factors

Membrane tethering factors can promote membrane fusion by bringing two mem-
branes in close proximity to each other. In some cases, they are also involved in
helping in the assembly of the SNARE complex. Membrane tethering factors that
have been studied thoroughly are HOPS, ATG14, and Rab GTPase. These factors
will be described in the following paragraphs, together with some other, less exam-
ined, components.

4.1.2.1 The HOPS Complex

The HOPS complex (homotypic fusion and vacuole protein sorting complex) was
found during the study of yeast vacuole fusion. There are six subunits in the HOPS
complex, including Vpsl1, Vps16, Vpsl8, Vps33, Vps39, and Vps41l (Nakamura
et al. 1997; Seals et al. 2000). Cryo-EM structures of the HOPS complex in yeast
show that it has a seahorse-like shape with flexible head and tail regions (Fig. 4.2a)
(Brocker et al. 2012). In yeast vacuole fusion, Vps39 and Vps41, located on the two
ends of the HOPS complex, are able to bind the Rab GTPase Ypt7 from two sepa-
rate vacuole membranes. This induces the tethering of these two vacuoles. In mam-
malian cells, the HOPS complex bridges autophagosomes and lysosomes in a more
complicated way. So far it’s found that HOPS can be recruited to the Rab7 (the
homologue of yeast Ypt7)-attached lysosomes through the binding between Vps41
and Rab7 effector protein PLEKHM1 (Pleckstrin homology domain-containing
protein) or the binding between Vps39 and another Rab7 effector protein RILP
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(Rab-interacting lysosomal protein) (McEwan et al. 2015). On the other hand,
HOPS can tether autophagosomes through the binding with STX17 and PACER
(protein associated with UVRAG as autophagy enhancer) on autophagosomes. It is
possible that PACER enhances the binding between the HOPS complex and STX17
or that PACER, HOPS, and STX17 form a stable complex, to recruit the HOPS
complex to autophagosomes and to promote the fusion between autophagosomes
and lysosomes (Cheng et al. 2017). Furthermore, the HOPS complex can be
recruited to autophagosomes via Rab2. More details about this last mechanism are
covered in the following paragraph, about Rab GTPase (Fig. 4.2b).

It is worth noting that one of the HOPS subunits, Vps33, is a SM protein (Secl/
Muncl8 protein). It is well known that SNARE complex assembly is the core
machinery of membrane fusion. However, the assembly efficiency is not high
enough when SNARE proteins are present alone. In a recent study about yeast vacu-
ole fusion, it was found that Vps33 could help in the assembly of the SNARE com-
plex. By overlapping the X-ray complex structures of Vps33-Nyv1l (R-SNARE in
yeast) and Vps33-Vam3 (Qa-SNARE in yeast), Nyvl and Vam3 are observed to
register in the correct position for assembling on the Vps33 platform. This suggests
that Vps33 and other SM proteins might provide a platform for SNARE assembly
(Baker et al. 2015). Even though this hypothesis is not tested in the mammalian cell,
there are some hints that Vps33 in mammalian HOPS might have the same function
in autophagosome-lysosome fusion. Previous studies showed that Vps33 is able to
co-IP with STX17, SNAP29, and VAMPS (Jiang et al. 2014; Zhen and Li 2015). So
the HOPS complex might be able to assist in the assembly of the SNARE complex
for the fusion between autophagosomes and lysosomes in mammalian cells. More
direct evidence is needed.

Recent studies demonstrated that, besides playing an important role in the tether-
ing of membranes, the HOPS complex has another important function. The HOPS
complex is able to promote pore formation during membrane fusion, mainly because
of its huge volume (D’ Agostino et al. 2017). Pore formation is a speed-limiting step
between the hemi-fused state and fully fused state during membrane fusion, which
requires a lot of energy. The big HOPS complex (~663 kDa) increases the volume
of the SNARE complex, distorts the anchored membranes in the hemi-fusion state,
and lowers the energy barrier, which is needed for the formation of the fusion pore
in order to promote fusion. The study also proposed that this function of HOPS is
conserved in all membrane fusion pathways, which of course includes the fusion
between autophagosomes and lysosomes.

4.1.2.2 Rab GTPase

Rab GTPases form a branch of the Ras superfamily. The Ras superfamily is highly
conserved in evolution. Rab GTPases play important roles in membrane trafficking.
Rab GTPase can switch between the active GTP-bound form and the inactive GDP-
bound form (Langemeyer et al. 2018). The function of Rab GTPase is regulated by
three important proteins, GAP (GTPase-activating protein), GEF (guanine nucleo-
tide exchange factor), and GDI (GDP dissociation inhibitor). Rab GTPase can be
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Fig. 4.3 The general model of Rab GTPase activation and inactivation

prenylated on its C-terminal tail and stay in the cytosol through binding with a GDI
protein. With the help of GEF, the GDP moiety in Rab GTPase can be switched to
GTP. This makes Rab GTPase stably anchored on the membrane and become active
to perform its function via the binding of effector proteins. For example, once acti-
vated, Rab GTPases can bind cargo adaptors to form transport vesicles, bind motor
proteins to transfer vesicles to their target membrane, or bind tethering proteins to
promote the fusion between vesicles. At a certain point, bound GTP can be hydro-
lyzed into GDP by GAP, which makes Rab GTPase lose the binding ability with its
effector proteins and become inactive. When needed, Rab-GDP can be activated by
GEF again (Fig. 4.3).

So far, the most widely studied Rab GTPases involved in autophagosome-
lysosome fusion are Rab7 and Rab2.

The effector proteins of Rab7 include the HOPS complex, PLEKHM1, RILP,
EPGS (ectopic P granules protein 5), and some additional proteins. The PLEKHM 1
and RILP were discussed above. EPGS5 can be recruited to lysosomes through the
binding with Rab7 and VAMPS. On the other hand, EPGS5 can interact with LC3 and
the STX17-SNAP29 complex on autophagosomes (Fig. 4.2b). Besides, EPGS5 is
able to stabilize the STX17-SNAP29-VAMPS trans-SNARE complex and to pro-
mote the fusion between autophagosomes and lysosomes (Wang et al. 2016).

Rab2 was found to promote membrane fusion in experiments using the
Drosophila melanogaster model. As a Golgi-resident protein, Rab2 is important for
vesicle trafficking from the Golgi. Rab2 is transported on Golgi-derived vesicles to
fuse with Rab7-coated autophagosomes, late endosomes, amphisomes, or auto/
endolysosomes (Lorincz et al. 2017). In this process, GTP-loaded Rab2 binds to
VPS39 in the HOPS complex (Gillingham et al. 2014), while Rab7 binds to VPS41
on the other end of the HOPS complex via PLEKHMI. In this way, Rab2 cooperates
with Rab7 to promote the fusion (Fig. 4.2b). In another study, Rab2 was found to
locate on autophagosomes and to bind with the HOPS complex, which indicates
that Rab2 joins in the autophagosome-lysosome fusion (Fujita et al. 2017).. So far
it was found that human Rab2 can co-IP with both VPS39 (Kajiho et al. 2016) and
VPS41 (Ding et al. 2019).
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4.1.2.3 ATG14

ATG14 is also called Barkor or ATG14L (Sun et al. 2008). In early studies, it was
found that ATGI4 can regulate the activity of PI3KC3 (class III
phosphatidylinositol-3-kinase) and plays an important role in the initiation and
extension of autophagopores (Itakura et al. 2008; Zhong et al. 2009; Matsunaga
et al. 2009). ATG14 can sense the membrane curvature by its C-terminal BAT
domain [Barkor/Atg14(L) autophagosome-targeting sequence] (Fan et al. 2011).
Recently, it was found that ATG14 is also located on mature autophagosomes. It
was demonstrated that ATG14 is able to assist STX17 to recruit SNAP29 to
autophagosomes in order to promote the assembly of the STX17-SNAP29 com-
plex, and also to tether autophagosomes to lysosomes to promote fusion driven by
the STX17-SNAP29-VAMPS8 complex (Fig. 4.2b) (Diao et al. 2015). This tethering
ability of ATGI4 relies on a Cys43/Cys46-dependent self-oligomerization.
However, this tethering function is nonspecific, because ATG14 is able to bridge
two naked vesicles without SNARE proteins. So far there is very limited knowl-
edge about how other proteins, for example, the HOPS complex, cooperate with
ATG14 to regulate this fusion. More research is needed.

4.1.2.4 Other Proteins Involved in the Autophagosome-Lysosome Fusion

In the previous chapter, LC3 (ATGS in yeast) was mentioned as an important factor
in the formation of autophagosomes. There are two forms of LC3, namely, LC3-I
and LC3-II. The cytosolic form LC3-I can be switched to the membrane-bound
form LC3-II by a truncation process. In this form, LC3 is conjugated to a membrane-
resident PE lipid molecule (phosphatidylethanolamine). Recent study showed that
the phosphorylation of LC3 also regulates the fusion between autophagosomes and
lysosomes. The Thr50 of LC3 can be phosphorylated by Hippo Kinase STK3/
STK4. The fusion between autophagosomes and lysosomes is inhibited in the
absence of a phosphorylated Thr50. In STK3/STK4 knockout cells, the fusion and
autophagy flux can be rescued with a mutation in LC3T50E, which mimics the
phosphorylated threonine. Besides, this study proposed that this regulation function
of LC3 through phosphorylation is conserved in a variety of species (Wilkinson
et al. 2015).

4.1.3 Lipids

PI (phosphoinositides) play an important role in many cellular processes including
membrane identity, cell signaling, membrane trafficking, and other processes. The
three, four, and five hydroxyl groups of the inositol ring can be phosphorylated by a
variety of kinases in different combinations (Fig. 4.4). For example, Vps34 can
phosphorylate PI to generate PI3P on omegasomes, which can recruit the PI3P
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effector proteins WIPI2 (WD repeat domain phosphoinositide-interacting protein 2)
and DFCP1 (double FY VE-containing protein 1) to the omegasomes. This is impor-
tant for the recruitment of ATG proteins and the extension of autophagopores.

So far, PI3P, PI4P, and PI(3,5)P, have been shown to participate in the fusion
between autophagosomes and lysosomes. PI(3,5)P, can be dephosphorylated into
PI3P by INPPE (inositol polyphosphate-5-phosphatase E), which results in a low
concentration of PI(3,5)P, on lysosomes. PI(3,5)P, can interact with CCTN protein
to prevent it from binding with actin. However, once the concentration of PI(3,5)P,
decreased on the lysosome, CTTN is able to bind with actin and stabilize the actin
filament to promote autophagosome-lysosome fusion (Nakamura et al. 2016).
Furthermore, other studies found that PI3P can participate in autophagosome-
lysosome fusion mediated by TECPR1-ATG5-ATG12 (Chen et al. 2012), and PI4P,
generated by PI4K2A/PI4Klla, is also important for this fusion process (Wang
et al. 2015).

4.2 Amphisome-Lysosome Fusion

Autophagosomes can fuse with late endosomes to form amphisomes, which can
fuse with lysosomes later (Gordon and Seglen 1988; Berg et al. 1998). So far there
has been very little research about the fusion mechanism between amphisomes and
lysosomes.

It was reported that in the endocytic pathway in K562 cells, Rab11 is associated
with MVB (endosomal multivesicular bodies). Some MVB can fuse with the plasma
membrane to release their content into the extracellular medium. These intraluminal
vesicles are termed exosomes. Upon the induction of starvation, some Rabl1-
positive MVB fuse with autophagosomes to form amphisomes, which can finally
fuse with lysosomes in a Rab7-dependent way (Fader et al. 2008).

Another study pointed out that STX6-VTIIB-VAMP3 can regulate fusion
between autophagosome and recycling endosomes to facilitate xenophagy (Nozawa
et al. 2017).

4.3 Autophagosome-Plasma Membrane Fusion

Proteins that lack an N-terminal secretion signal are not able to be trafficked through
the ER and Golgi, so they are secreted in an unconventional manner, for example,
via secretory autophagy. In contrast to degradative autophagy, in secretory autoph-
agy, autophagosomes do not fuse with lysosomes to degrade the engulfed content
but fuse with the plasma membrane for secretion/expulsion of the cytoplasmic con-
stituents. It was found that in the secretion of interleukin-1p, Sec22b on autophago-
somes together with STX3/STX4 and SNAP23/SNAP29 on plasma membrane
drives the fusion between autophagosomes and the plasma membrane (Kimura
et al. 2017). Rab8a is also important for this process. Also, it is worth mentioning
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that, in secretory autophagy, autophagosomes can fuse with MVB to form amphi-
somes before fusion with the plasma membrane (Ponpuak et al. 2015).
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Chapter 5
Autophagosome Trafficking

Jingjing Ye and Ming Zheng

Abstract Autophagy is a major intracellular degradation/recycling system that
ubiquitously exists in eukaryotic cells. Autophagy contributes to the turnover of cel-
lular components through engulfing portions of the cytoplasm or organelles and
delivering them to the lysosomes/vacuole to be degraded. The trafficking of autopha-
gosomes and their fusion with lysosomes are important steps that complete their
maturation and degradation. In cells such as neuron, autophagosomes traffic long
distances along the axon, while in other specialized cells such as cardiomyocytes, it
is unclear how and even whether autophagosomes are transported. Therefore, it is
important to learn more about the processes and mechanisms of autophagosome
trafficking to lysosomes/vacuole during autophagy. The mechanisms of autophago-
some trafficking are similar to those of other organelles trafficking within cells. The
machinery mainly includes cytoskeletal systems such as actin and microtubules,
motor proteins such as myosins and the dynein-dynactin complex, and other pro-
teins like LC3 on the membrane of autophagosomes. Factors regulating autophago-
some trafficking have not been widely studied. To date the main reagents identified
for disrupting autophagosome trafficking include:

1. Microtubule polymerization reagents, which disrupt microtubules by interfering
with microtubule dynamics, thus directly influence microtubule-dependent
autophagosome trafficking

2. F-actin-depolymerizing drugs, which inhibit autophagosome formation, and also
subsequently inhibit autophagosome trafficking

3. Motor protein regulators, which directly affect autophagosome trafficking
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Abbreviations

Atg Autophagy-related gene

CMA Chaperone-mediated autophagy

GAP GTPase activation protein

GFP Green fluorescent protein

JIP1 JNK-interacting protein 1

LC3 Microtubule-associated protein light chain 3
LSD Lysosomal storage disorders

mTOR Mammalian target of rapamycin

MYOIC  Myosin IC
MYO6 Myosin VI
NMM2A  Non-muscle myosin IIA

PAS Phagophore assembly site

PI3K Phosphatidylinositol 3-kinase

Rab Ras-related protein in the brain

TGN Trans-Golgi network

ULK1 UNCS51-like kinase

VAMP Vesicle-associated membrane protein

Autophagy is a major intracellular degradation/recycling system ubiquitous in
eukaryotic cells. Autophagy contributes to the turnover of cellular components by
engulfing portions of the cytoplasm or organelles and delivering them to the lyso-
somes/vacuole to be degraded. Autophagy has been increasingly recognized as
essential for cells to maintain homeostasis and is also a conserved mechanism for
organisms to adapt to the external environment by recycling their own nutrients.
There are various types of autophagy, which can be classified according to
numerous criteria. In terms of the pathways involved, autophagy can be subdivided
into three main categories: macroautophagy, microautophagy, and chaperone-
mediated autophagy. Autophagy can also be classified as selective autophagy or
nonselective autophagy according to whether or not there is a specific choice of
autophagic substrates. Furthermore, autophagy can be classified in terms of cellular
purpose as either cellular quality control or nutrient recycling. In macroautophagy,
cargo is sequestered into a double-membrane vesicle derived from non-lysosome
organelles, termed the autophagosome, which subsequently fuses with an endosome
or lysosome or the vacuole. Microautophagy involves the direct engulfment of
cargo at the lysosome/vacuole surface by invagination, or protrusion and separation
of the lysosome/vacuole. Chaperone-mediated autophagy (CMA) is the process
whereby specific amino acid sequences are recognized by chaperones, causing the
proteins to be unfolded, transported into the lysosome, and degraded.
Macroautophagy, hereafter simply referred to as autophagy, is mediated by
unique double-membrane structures, the autophagosomes, which sequester the
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cellular components and then fuse with lysosomes where the captured cargos are
degraded. Therefore, the process of autophagy generally includes induction, forma-
tion and expansion of the phagophore, fusion of the autophagosome with the lyso-
some, and breakdown and recycling of contents inside autolysosomes. In this
chapter we will focus on the process and molecular mechanisms of the trafficking
of autophagosomes to lysosomes.

5.1 Intracellular Movement of Autophagosomes

5.1.1 Autophagosome, Lysosome, and Vacuole

Once an autophagic signal has been triggered, autophagic membranes are gradually
generated, enlarge, and wrap cytoplasm or organelles to form an autophagosome.
There are no lysosomal enzymes in the early autophagosomes. After fusion with
lysosome or endosome, the autophagosome becomes a mature autolysosome.
Electron microscopic images show that early autophagosomes contain relative com-
plete structures such as morphologically discernable ribosomes, mitochondria,
endoplasmic reticulum, etc., while cargos in late autophagosomes are partially or
completely degraded, and the electron density in late autophagosomes increases. By
approaches such as immune electron microscopy and organelle separation, it has
been found that there are many lysosome membrane proteins in late autophago-
somes. However, these are less abundant in early autophagosome, and scarcely any
lysosome membrane proteins are seen in autophagosome precursors. The early
autophagosome has the same pH as the wrapped cargos, but in the process of matu-
ration, the autophagosome is gradually acidified. In mouse liver hepatocytes, the pH
of early autophagosome is 6.4, while it is 5.7 in late autophagosome.

Lysosomes are membrane-bound organelles that contain many different hydro-
Iytic enzymes that participate in the disposal of foreign materials and senescent and
damaged organelles. All animal cells contain lysosomes except mature red blood
cells. Lysosomes are formed by vesicles budding from the Golgi complex contain-
ing lysosomal enzymes synthesized in endoplasmic reticulum. The lysosomal mem-
brane proton pump hydrolyzes ATP, transporting cytoplasmic H+ ions into lysosome,
which leads to a gradual decrease in pH. The lysosome eventually fuses with
autophagosome or phagosome to form the mature lysosome. Lysosomes contain
more than 60 different acid hydrolytic enzymes such as proteinases, DNAses,
RNAses, and glycosidases. The optimal pH for the activity of these enzymes is 5.0
and the pH in lysosome is 3.5-5.5. The acid environment of lysosome plays an
important role in the maturation and activity of the hydrolases, and in the degrada-
tion of cell contents. If the permeability of lysosome membrane increases, it may
lead to the leakage of hydrolytic enzymes from lysosome to cytosol, thus causing
severe cell damage. Therefore, maintenance of the homeostasis of the lysosome is
essential for normal cell function, and dysfunction of lysosomes leads to diseases
including lysosomal storage diseases (LSD).
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Vacuoles are large vesicular structures enwrapped by a biological membrane,
and are ubiquitous in plants, fungi, protozoa, and some bacteria. Like lysosomes,
vacuoles are formed by intracellular biogenesis and endocytosis. Vacuoles are the
counterpart of the mammalian lysosomes in the autophagy process, but they are also
involved in a wider array of other physiological processes such as in pH and ion
homeostasis and in turgor pressure maintenance. The vacuole can also function as
storage for ions, metabolites, and proteins. Similar to lysosomes, the vacuole has an
acidic internal milieu, which is essential for the optimal activity of acid hydrolases
in the lumen.

5.1.2 Autophagosome Trafficking

In yeast, the autophagosome begins to generate at the pre-autophagosomal structure
(a.k.a. phagophore assembly site, PAS), a single functional site situated close to the
vacuole membrane. In mammalian cells, multiple autophagosome formation sites
are detected throughout the cytoplasm. Lysosomes also have different intracellular
distributions under different cell conditions. For instance, when nutrients are rich,
with sufficient amino acids and growth factors, lysosomes transfer to the periphery
of cells, resulting in the activation of mTOR. However, when the cell is lacking
nutrients, lysosomes accumulate at the microtubule-organizing center and fuse with
autophagosomes transported by microtubules in order to degrade autophagic con-
tents and provide metabolic substrates for cells.

Therefore, autophagosomes must traffic to and then fuse with lysosomes to finish
their maturation and degradation. Kimura et al. have shown that autophagosomes do
not move far from the sites of formation to lysosomes until they are completed. In
neurons, autophagosomes have to move along the axon for a long distance, some-
times more than 1 m. Therefore, it is important to understand how autophagosomes
are transported for such long distances to finish the autophagic degradation process.
Moreover, in some specialized cells such as cardiomyocytes and skeletal muscle
cells, the arrangement of filaments is very strict and tight, and it is unclear how and
even whether autophagosomes are transported in these specialized cells. So far, the
dynamics and molecular mechanisms underlying autophagosomes’ directional traf-
fic and fusion with lysosomes are not fully understood. Although the process of
autophagosome formation is unique to this organelle, the trafficking mechanisms
used by autophagosomes are similar to that of other organelles in cells, mainly
including cytoskeletal systems, motor proteins, and other assistant proteins.

5.2 Molecular Mechanisms of Autophagosome Trafficking

The cytoskeleton is a network structure mainly composed of three basic types of fila-
ments: microfilaments, microtubules, and intermediate filaments. It not only func-
tions to maintain cell shape but also plays important roles in regulating the movement
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of cells and organelles and segregating cellular components. During the formation
and the trafficking of autophagosomes, it is necessary for them to move along cyto-
skeletal structures such as microfilaments and microtubules with the assistance of
motor proteins and adaptor proteins. Motor proteins are a class of molecular motors
that use the energy from the hydrolysis of ATP to drive themselves and attached
cargo molecules directionally along microfilaments and microtubules. So far, three
main motor protein families, myosin, kinesin, and dynein, have been identified.

5.2.1 Actin

Microfilaments usually mediate the short-distance transport of autophagosomes
within a local area, while microtubules mediate the long-distance transport in the
whole cell. Microfilaments, also known as actin filaments or filamentous actin, are
important components of the cytoskeleton, and are mainly composed of actin, which
mediates cell movement and muscle cell contraction together with myosin. Early
studies on actin filaments implicated them in selective autophagy such as mitophagy
in yeast but not in mammalian cells. In yeast, blocking actin polymerization did not
affect bulk protein degradation by autophagy, indicating that actin is not involved in
the nonselective autophagy. However, actin filaments are crucial in the Cvt pathway,
the classic pathway of selective autophagy in yeast, where actin mediates the recog-
nition and packaging of prApel oligomers into Cvt vesicles and then recruits the
Cvt complex to the PAS. Actin filaments also play crucial roles in other types of
selective autophagy such as the specific removal of peroxisomes and ER. Blocking
actin polymerization inhibits the directional movement of damaged organelles to
the PAS and the subsequent removal of damaged organelles. In these actin-mediated
selective autophagy processes, autophagy-related protein Atg9 interacts with the
Arp2/3 complex via Atgll, coordinately directing the movement of recognized
organelles to the PAS and then mediating autophagosome formation.

Later studies found that actin in mammalian cells regulates the recognition and
formation of the autophagosome during the initial phase of starvation-induced
autophagy. Depolymerizing F-actin with cytochalasin D or Latrunculin B inhibits
the formation of autophagosomes. Vice versa, deleting the core factors of autophagy
influences assembly of actin filament in starvation-induced autophagy; for instance,
F-actin is disassembled in ATG7 knockout MEFs. More recently, a series of studies
demonstrated that the dynamics of actin filaments also play a crucial role in autopha-
gosome movement. Actin filaments provide a network for the trafficking of organ-
elles to autophagosome, regulated by the nucleation factors ARP2/3 and
actin-capping protein CapZ. This actin-mediated network provides a scaffold to
support the expansion, trafficking, and effective fusion of the autophagosome with
lysosome. Interestingly, actin-associated autophagosome movement is mediated
through actin-comet tail motility. The nucleation-promoting factor WHAMM
directly recruits and activates the Arp2/3 complex, resulting in the formation of
actin-comet tails on autophagosome. The prompt assembly of actin-comet tails pro-
motes the movement of autophagosomes toward lysosomes.
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5.2.2 Microtubules

The exact role and mechanism of microtubules in autophagy has been studied for
quite a long time. Generally, it has been agreed that microtubules facilitate autopha-
gosome trafficking. Early studies in hepatocytes and kidney epithelial cells indi-
cated that disrupting microtubule polymerization with nocodazole and vinblastine
inhibits the fusion of autophagosomes with lysosomes but has no influence on
autophagosome biogenesis. Later studies found that these microtubule-
depolymerizing reagents increase the intracellular LC3-II concentration, cause the
accumulation of autophagosomes, and inhibit autophagy-mediated protein degrada-
tion. Together, these data suggest that microtubules mediate the fusion of autopha-
gosomes with lysosomes, and instability of microtubules blocks the transportation
and fusion of autophagosomes with lysosomes and results in the accumulation of
autophagosomes. However, other findings show that inhibition of the polymeriza-
tion of microtubules by vinblastine facilitates the formation of the autophagosome
without affecting the transfer of hydrolytic enzymes from the lysosome to the
autophagosome. In addition, the vinblastine-stimulated autophagosome is indepen-
dent of nutrient levels and mTOR inactivation but requires the activity of autophagy
proteins Atg5 and Atg6. Therefore, the study concluded that microtubules do not
mediate the fusion of autophagosomes with lysosomes but instead directly affect the
formation of autophagosomes. Visualizing the translocation of LC3, the autophago-
somal marker, with green fluorescent protein (GFP) shows that when stable micro-
tubules exist, autophagosomes are transported toward the centrosome in a rapid
linear manner, with the average rate of 5 pm/s. However, autophagosomes do not
only move toward centrosome, but bidirectionally along the microtubule: both for-
ward to and backward away from centrosome. Blocking the N-terminal microtubule
binding domain of LC3 by microinjection of anti-LC3 antibody inhibits the linear
movement of autophagosomes toward the centrosome and inhibits the fusion of
autophagosomes with lysosomes and subsequent degradation. Moreover, depoly-
merizing microtubules with nocodazole decreases the amount of autophagosomes
and slows down the trafficking of autophagosomes toward the centrosome.
Collectively, this evidence indicates that microtubule stability is required for the
formation of autophagosomes and the trafficking of autophagosomes toward lyso-
somes but not the fusion of autophagosomes with lysosomes.

Surprisingly, stabilizing microtubules with taxol does not accelerate the move-
ment of autophagosomes toward centrosomes; on the contrary, taxol causes a
decreased movement of autophagosomes toward centrosomes, and, an effect similar
to microtubule depolymerization, suggesting that while depolymerization and stabi-
lization of microtubules affect autophagosome trafficking, they are not the driving
forces for autophagosome movement. So far, the mechanism underlying microtu-
bules in autophagosome trafficking remains an open question. It is generally agreed
that microtubule proteins are associated with autophagosome transportation in
mammalian cells. However, unlike in mammalian cells, microtubules are not neces-
sary for autophagosome formation and degradation in yeasts. Atg8 is the yeast
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homolog of LC3, but the protein structure of Atg8 is different than LC3. Atg8 does
not bind to microtubules, whereas the N-terminus of LC3 protein directly binds to
microtubules, thus providing additional evidence to support the view that microtu-
bules are not necessary for autophagy in yeast. A possible reason could be that
autophagosomes in yeast are generated at the pre-autophagosomal structure (PAS)
and mature close to the yeast vacuole membrane, thus the long-distance trafficking
toward lysosomes is not required in yeast. This may also explain why actin plays
more important roles in the process of autophagosome formation and maturation
In yeast.

5.2.3 Motor Proteins

Several motor proteins including actin-based motors such as myosin and
microtubule-based motors such as dynein have been implicated in autophagosome
trafficking. Interaction of myosin with actin filaments drives a wide range of cellular
motility including muscle contraction. So far, several myosins have been shown to
play essential roles in specific steps of autophagy. For example, non-muscle myosin
ITA (NMM2A) is involved in the early stage of autophagy during the initiation and
expansion of the phagophore, and myosin IC (MYO1C) and myosin VI (MYO6)
operate in the late stages of autophagy during autophagosome maturation and fusion
with the lysosome. NMM?2A is encoded by MYH9, and is involved in dynamics of
cells such as translocation and migration. Under starvation conditions, NMM?2A is
activated by the serine/threonine kinase ATG1 (in mammalian cells, ULK1) which
is essential for the induction of autophagosome formation. Then NMM?2A is
recruited to trans-Golgi network (TGN) membranes via its interaction with Rab6
and is thus suggested to be involved in transport vesicle formation in the Golgi
complex. NMM2A together with actin forms the filament network that provides the
tension required for the formation of ATG9 vesicles and serves as the track for the
delivery of ATG9 from TGN to phagophore expansion sites within cells. During the
maturation stage, MYOG is the only myosin which directly associates with autopha-
gosomes through adaptor proteins/autophagy receptors, such as NDP52, OPTN,
TAX1BP1, and TOM1. MYOI1C is widely expressed in eukaryotic cells and associ-
ates with the transportation of sphingolipid- and cholesterol-enriched lipid rafts
from the trans-Golgi network (TGN) to the cell membrane, thus regulating cellular
cholesterol homeostasis. Deficiency of MYOIC leads to the accumulation of
autophagosomes, which may be due to a requirement for cholesterol in
autophagosome-lysosome fusion.

On the other hand, dynein regulates autophagosome movement along the micro-
tubules as a molecular motor connecting autophagosomes and microtubules.
Immunofluorescence evidence shows that only mature autophagosomes can move
along the microtubules. LC3-labeled mature autophagosomes distribute along
microtubules, and LC3 co-localizes with the dynein-dynactin complex. In addition,
impairing dynein activity with anti-dynein antibodies by microinjection, or
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overexpressing dynamitin which inhibits the activity of dynein-dynactin complex,
inhibits the movement of autophagosomes. In cardiomyocytes, H,O, or superoxide
anion increases the ATPase activity of dynein, accelerates the movement of autopha-
gosomes, and promotes the fusion of autophagosomes with lysosomes. In neurons,
a loss-of-function mutation of dynein causes increased LC3-II, impaired autopha-
gosome degradation, and the accumulation of damaged proteins. Moreover, muta-
tion of dynein aggravates the accumulation of huntingtin protein in Huntington
animal models, thus worsening the neurodegenerative symptoms. This evidence
suggest that stable microtubule structures mediate the transportation of autophago-
somes toward lysosomes, and a motor protein dynein-dynactin complex participates
directly in the regulation of autophagosomes movement along microtubules.

5.2.4 Others

The name of LC3, microtubule-associated protein light chain 3, indicates that LC3
participates in the movement of organelles along the microtubules. Although the
exact mechanism of LC3 in the regulation of autophagosome movement is unclear,
itis no doubt that LC3 plays an important intermediary role in autophagosome traf-
ficking. The 3D structure of LC3 protein reveals two N-terminal a-helices that can
directly bind with microtubules. Blocking the N-terminal activity by the microinjec-
tion of an anti-LC3 antibody inhibits the linear trafficking of autophagosomes
toward lysosomes. In addition, LC3 on the membrane of the autophagosome co-
localizes with the middle chain of dynein and the p150 subunit of dynactin.
Therefore, LC3 not only recruits motor proteins to bind to the autophagosome
membrane but also directly recruits autophagosomes to microtubules and mediates
autophagosome movement along microtubules.

LC3 has an established role in mediating autophagosome trafficking in axons in
neurons. In neurons, two kinds of motor proteins coexist: the motor protein dynein
mediates organelle movement toward nucleus (retrograde), whereas the motor pro-
tein kinesin mediates movement away from nucleus (anterograde). Both motor pro-
teins interact with the scaffolding protein JNK-interacting protein 1 (JIP1) to
coordinate the direction of movement. The competitive binding of JIP1 with the
subunit p150 of dynactin or the heavy chain KHC of kinesin determines the forma-
tion of anterograde or retrograde complexes. On the one hand, LC3 on the autopha-
gosome membrane binds to JIP1 via the LIR motif, directly mediating autophagosome
trafficking toward the cell body; on the other hand, the binding of LC3 to JIPI
competitively inhibits the binding of JIP1 to kinesin heavy chain KHC, inhibiting
the generation of anterograde complexes. In neuronal axons, therefore, LC3 binding
to JIP1 makes the autophagosome trafficking retrograde along microtubules toward
cell body (Fig. 5.1). In addition, FY VE and coiled-coil domain-containing protein 1
(FYCOL1), an effector of Rab7 that localizes on autophagosomes, late endosomes,
and lysosomes, is also involved in the regulation of autophagosome trafficking.
FYCOL associates with microtubules by forming complexes with LC3 through the
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LIR motif and Rab7. FYCOI also interacts with LC3 and PI3P, promoting plus-end-
directed transport of autophagosomes through the interaction with kinesin motor
protein.

5.3 Regulation of Autophagosome Trafficking

Factors regulating autophagosome trafficking are not well studied. However, there
are several types of manipulations widely used in experimental studies so far. (1)
Microtubule polymerization reagents, including vinblastine and nocodazole, disrupt
microtubules by interfering with microtubule polymerization, thus directly influ-
encing microtubule-dependent autophagosome trafficking. In nocodazole-treated
cells, the average speed of autophagosome movement is 1 pm/s, far less than the
5 pm/s in untreated cells. Both the total long-distance and linear motions are elimi-
nated by nocodazole. (2) F-actin-depolymerizing drugs such as cytochalasin D and
Latrunculin B, which inhibit autophagosome formation, also subsequently inhibit
autophagosome trafficking. Under the regulation of nucleation factors arp2/3, actin
filaments provide a network for organelles trafficking to autophagosome. The net-
work supports autophagosome expansion, trafficking, and effective fusion with
lysosome. The activation of the arp2/3 complex by nucleation promoting factors as
WASP (Wiskott-Aldrich syndrome protein (Las-17 in yeast)), WASH (WASP and
Scar homolog), WHAMM (WASP homolog associated with actin, membranes, and
microtubules), and JMY (junction-mediating and regulatory protein, p53) results in
the formation of actin-comet tails on autophagosome. The actin-comet tails pro-
mote autophagosome movement toward the lysosomes. Therefore, interrupting
actin polymerization by pharmacologically inhibiting ARP2/3 complex, knocking
down WHAMM, or using mutagenesis inhibits the formation of comet tails and
reduces both the size and amount of autophagosomes. It is proposed that during
starvation-induced autophagy, the forces generated by actin polymerization are har-
nessed to drive autophagosome trafficking. (3) Regulating motor proteins affects
autophagosome trafficking directly. Microinjection of anti-dynein intermediate
chain antibody (clone 70.1), which is known to impair dynein activity almost com-
pletely, impairs the rapid autophagosome movements. Overexpressing dynamitin, a
subunit of the dynein-dynactin complex that is known to inhibit dynein- and
dynactin-dependent organelle movement, significantly reduces autophagosome
movement. Disrupting dynein function by inhibiting the ATPase activity of dynein
with adenine analog EHNA (erythro-9-[3-(2-hydroxynonyl)] adenine) results in
reduced movement of GFP-LC3-positive autophagosomes. The RAB7 effector pro-
tein RILP (RAB7-interacting lysosomal protein) recruits dynein-dynactin motor
complexes to RAB7-containing late endosomes to facilitate their transport toward
the minus end of microtubules, effectively inhibiting their transport toward the
periphery of the cell. Autophagosome transportation along the axon is mediated by
binding of JIP1 to the dynein activator dynactin. In addition, the effector of Rab7
FYCOL also regulates autophagosome trafficking. Regulation of the interaction of
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FYCOI1 with LC3 and PI3P, or the FYCO1-Rab7 complex, or the binding with kine-
sin, causes the interruption of autophagosome movement and fusion with lyso-
somes, thus leading to the accumulation of autophagosomes and impaired autophagy.
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Chapter 6
Mechanisms of Selective Autophagy

Qi-Wen Fan and Xiang-Hua Yan

Abstract Autophagy is a lysosome-dependent degradation process. During autoph-
agy, cytoplasmic components are sequestered and catabolized to supply nutrition
and energy under starvation conditions. Recent work has demonstrated that many
cargos can be specifically recognized and then eliminated via the core mechanism
of autophagy which is termed as selective autophagy. The cargo recognition pro-
gram provides the basis for the specific degradation of selective autophagy; thus, the
exploration of the interaction between the cargo and the receptor is the key for
revealing the underlying mechanism. Also, receptor protein complexes are required
in various selective autophagy subtypes which process and guide the cargo to the
core mechanism. Ubiquitination and phosphorylation are the main methods to mod-
ulate the affinity of the receptor toward cargo. Although many key processes of
selective autophagy subtypes have been discovered and intensively studied, the pre-
cise ways in which the mechanisms of cargo recognition function remain mostly
elusive. A fuller mechanistic understanding of selective autophagy will be impor-
tant for efforts to promote disease treatment and drug development.

The process of autophagy includes four steps: induction, double-membraned forma-
tion and elongation, autophagosome formation and maturation, and autolysosome
formation. In early studies, autophagy was generally considered a nonselective deg-
radation process. However, the specific degradation of proteins, organelles, and
pathogens via selective autophagy processes has greatly expanded the field of
autophagy. The specificity of the cargo recognition and the trafficking strategy are
key processes for selective autophagy, which requires cargo receptors to link cargos
to autophagosomal membranes. In this chapter, we discuss the current view on the
molecular mechanisms behind how proteins, organelles, and allogeneic cargo are
selected during selective autophagy. Thus, we review the cargo receptors, receptor
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modification, and the mechanisms of cargo recognition and cargo transport in selec-
tive autophagy.

6.1 Selective Autophagy

Selective autophagy can be termed as a process to specifically degrade certain com-
ponents of cells (such as damaged mitochondria, protein aggregates, and invading
viruses or bacteria) through the core mechanism of autophagy via specific cargo
recognition. Nowadays, selective autophagy has been classified into three catego-
ries: selective macroautophagy, selective microautophagy, and chaperone-mediated
autophagy (CMA). It is generally expected that the cargo recognition programs
might be the same in macroautophagy and microautophagy. Currently, most studies
are focusing on exploring the mechanisms of selective macroautophagy. Thus, in
this chapter, selective autophagy usually refers to selective macroautophagy.

The process of selective autophagy can be divided into two steps: the first step,
cargo recognition and transport and, the second step, cargo degradation in the lyso-
some. However, selective and nonselective cargo degradation uses the same core
mechanism, so the characteristics of selective autophagy are represented in the spe-
cific program of cargo recognition and transport, which can be described as a cargo-
ligand-receptor-scaffold model.

During autophagy, receptor protein complexes (RPCs) process the cargo. RPCs
comprise of a functional tetrad of components: a ligand, a receptor, a scaffold, and
an Atg8 family protein (microtubule-associated protein 1 light chain 3 alpha, LC3 in
mammals). The ligand is present on the cargo and interacts with the receptor. The
autophagy receptor needs to be attached to the cargo to recruit the other components
of the RPC; the scaffold protein is recruited to the receptor which guides the cargo
to the phagophore assembly site (PAS) and mediates the formation of autophago-
somes. It is noteworthy that most of the components in RPCs are replaceable, and
some receptors are just an intrinsic component that is present on the surface of the
cargo; therefore, ligands are also replaceable parts of RPCs. Moreover, the cargo
recognition programs of selective autophagy are usually (1) induction of the cargo
degradation signal; (2) modifications of the cargo and the receptor as well as the
interaction between the cargo and the receptor; (3) the scaffold which guides the
cargo into the PAS by interacting with the receptor; and (4) the receptor and/or scaf-
fold which binds with an Atg8 family protein. Among these processes, the interac-
tion between the cargo and the receptor provides the basis for the specific degradation
of selective autophagy, which is also the key for the exploration of the mechanism.

6.1.1 The Cargo Receptor

In mammals, the receptors already known to be involved in selective autophagy
include sequestosome 1 (p62/SQSTM1), neighbor of BRCA1 (NBR1), calcium
binding and coiled-coil domain-containing protein 2/nuclear dot 10 protein 52
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(CALCOCO2/NDP52), CALCOCO3/Tax1-binding protein 1 (TAX1BP1), optineu-
rin (OPTN), BCL2/adenovirus E1B-interacting protein 3-like (BNIP3L/NIX), and
FUNI14 domain-containing 1 (FUNDCI). In yeast, Cue5, Atgl9, Atg32, Atg36,
Atg39, and Atg40 are known receptors for selective autophagy (Deng et al. 2017).
Most of these receptors have both an LC3-interacting region (LIR) and, in yeast, an
Atg8 family-interacting motif (AIM) and an ubiquitin-binding domain (UBD). The
UBD assists in cargo recognition by its interaction with ubiquitin. Notably, not all
receptors involved in selective autophagy are able to interact with members of the
Atg8 family. The most important role of the autophagy receptor is to recognize and
sort diverse cargo for delivery to the autophagic machinery.

The p62/SQSTMI protein (hereafter p62) acts as an autophagy receptor in mam-
mals and is widely involved in many types of selective autophagy, including
aggrephagy, mitophagy, pexophagy, and xenophagy. Besides containing a LIR and
a UBD, p62 includes a Phox and a Bem1p domain (PB1) at the N-terminus. These
domains mediate the homopolymerization of p62 and its co-aggregation with the
cargo (Stolz et al. 2014). Moreover, this polymerization enables a tight interaction
of the p62-coated cargo with lipidated LC3 at the autophagosome. After the discov-
ery of p62, NBR1 was identified as a mammalian autophagy receptor. The structure
of NBR1 is highly similar to p62, with a PB1 domain at the N-terminus and a UBD
and 2 LIR domains at the C-terminus. NBR1 can also target to ubiquitinated aggre-
gates or organelles, and differs from p62 in its UBD structure which results in a
much higher affinity of NBR1 for ubiquitin than p62. NDP52 and TAX1BPI, two
SKIP carboxyl homology (SKICH) domain-containing autophagy receptors, play
crucial roles in selective autophagy for the recognition and degradation of damaged
mitochondria and invading viruses or bacteria. The functions of NDP52 and
TAXI1BP1 are regulated by TANK-binding kinase 1 (TBK1), which may associate
with them through the adapter NAP1. The SKICH domain of NDP52 and TAX1BP1
can interact with NAP1, while TBK1 regulates phosphorylation modification of the
binding site (Fu et al. 2018). OPTN is also regulated by TBK1 and acts during selec-
tive autophagy of intracellular bacteria and damaged mitochondria. NIX and
FUNDCI are the autophagy receptors for mitophagy.

In general, autophagy receptors lack a clear specialization but often cooperate
with each other in selecting a specific cargo. NBR1 plays an essential role in
p62-dependent sequestration and degradation of aggregated proteins and peroxi-
somes. On the other hand, during xenophagy, p62 teams up with OPTN and NDP52
to facilitate the removal of invading bacteria. Moreover, the modification of cargo
and receptors, such as ubiquitination and phosphorylation, plays an important role
in cargo recognition and selective autophagy.

6.1.2 Modification and Cargo Recognition

In order to ensure the accuracy of cargo recognition and thus to prevent unintended
degradation, the receptor is usually localized to the cargo in an inactive form and
activated as a result of the induction of autophagy. The activation of receptor pro-
teins usually requires phosphorylation and/or ubiquitination, a process necessary
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for the formation of PRCs. Therefore, these modification processes can be seen as
autophagic targeting signals. In mammals, the most prevalent autophagy targeting
signal is ubiquitin, which binds to lysine residues of peptide chains under the action
of E3 ubiquitin ligase. The ubiquitination of Lysine 48 or 63 (K48 or K63) in the
cargo or intermediate receptor is usually used as an inducer of selective autophagy.
In this case, K48-linked chains are always recognized by the proteasome, while
K63-linked chains function as a generic autophagy target signal (Khaminets et al.
2016). In fact, the accumulation of all forms of ubiquitin chains in autophagy-
deficient cells indicates that autophagy has little selectivity for cargo marked with
specific forms of ubiquitin chains.

Phosphorylation of autophagy receptors by different kinases can increase their
affinity toward cargo or autophagosomes and thereby regulate the specificity and
activity of selective autophagy depending on the cellular condition. The autophagy
receptors Atg32 and Atg36 in yeast, whose serine/threonine residues adjacent to the
AIM motif are regulated by phosphorylation, affect the activity of mitophagy and
pexophagy, respectively. NIX and FUNDCI have similar phosphorylation processes
for the regulation of their activity. Moreover, in 25% of LIR sequences, the key
aromatic amino acid sites often are serine or threonine residues, suggesting that
phosphorylation may be involved in the regulation of LIR-LC3 interaction
(Birgisdottir et al. 2013). The structural studies on OPTN have also shown that the
phosphorylation of Ser177 in the LIR structure of OPTN enhances the interaction
with Lys51 and Argl1 in the N-terminus of LC3B. Conversely, phosphorylation of
some receptors in LIR structures prevents the interaction with LC3s. For example,
the phosphorylated LIR sequence (YEVL) of FUNDCI maintains FUNDCI in an
inactive state, and dephosphorylation under hypoxic conditions allows it to interact
with LC3, thereby enabling removal of damaged mitochondria by mitophagy (Liu
et al. 2012).

Another example of the involvement of phosphorylation is the mitochondrial
outer-membrane Ser/Thr protein kinase PINK1 which can phosphorylate Ser65 in
the Parkin ubiquitin-like (Ubl) domain, and the ubiquitin linked at Parkin (Gladkova
et al. 2018). The action of PINK1 can promote the capture and the aggregation of
receptor-specific cargo. In addition to phosphorylation and ubiquitination, SUMO
modification of receptors may be involved in cargo recognition.

6.2 Molecular Mechanisms of Selective Autophagy

6.2.1 The Selective Autophagy of Proteins

The degradation of proteins by selective autophagy is mainly directed to misfolded
proteins, including aggregates and soluble proteins which have lost efficacy. A mis-
folded protein present in the cell is initially refolded by the intracellular protein
repair pathway. If a misfolded protein cannot be refolded by the chaperone, it needs
to be degraded through ubiquitin-proteasome system (UPS), CMA, or other
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selective autophagy pathways. Among these three pathways, relatively small and
single proteins are usually degraded by the UPS and CMA pathways. However,
cargo-like aggregates with a certain spatial structure require aggrephagy for their
degradation. The chaperone complex composed of heat shock cognate protein of
70 KDa (Hsc70) and heat shock protein 90 (Hsp90) plays an important role in the
quality control of intracellular mature proteins. Recent studies have shown that cer-
tain functional proteins can also be selectively degraded by autophagy, such as in
ferritinophagy, to modulate cellular ionic levels. This section focuses on the selec-
tive autophagy of proteins.

6.2.1.1 The Cytoplasm-to-Vacuole Targeting Pathway

The cytoplasm-to-vacuole targeting (Cvt) pathway is an important regulatory path-
way that transports vacuolar enzymes from the cytosol to the vacuole via a selective
autophagy-like process. For many vacuolar hydrolases, their zymogens can be
transported directly from the cytoplasm to the vacuole via this pathway which con-
tributes to the regulation of vacuolar homeostasis. Klionsky’s team has made out-
standing contributions to the discovery and mechanisms of the Cvt pathway. Their
results have shown that the Cvt pathway has a standardized cargo recognition pro-
gram (Lynch-Day and Klionsky 2010). The Cvt pathway has strong analogy to the
transport of viruslike particles (VLPs) to the vacuole.

The vacuolar hydrolases precursor aminopeptidase I (prApel), a-mannosidase,
(Amsl), aspartyl aminopeptidase (Ape4), and leucine aminopeptidase (Lap3) but
also Tyl VLPs (which are produced by Tyl retrotransposons in yeast and can be
observed as particles by electron microscopy) can be delivered to the vacuolar
lumen by the Cvt pathway (Yamasaki and Noda 2017). Atgl9 and Atg34 are two
important receptors in the Cvt pathway, both of which can recognize substrates and
promote the formation of Cvt complexes. Subsequently, the Cvt complex forms a
Cvt vesicle under the guidance of the scaffold protein Atgl1. In this process, Atg19
has an AIM domain and can bind to Atg8, which helps the Cvt complex to form a
Cvt vesicle. A Cvt vesicle has a similar structure to autophagosomes, but the former
(about 150 nm) is significantly smaller than the latter (about 500 nm).

At present, the cargo recognition mechanism for Apel transportation through the
Cvt pathway is relatively clear. The precursor form of Apel, prApel, can rapidly
oligomerize into a homododecamer, which then assembles into a higher-order com-
plex composed of multiple dodecamers named an Apel complex. Atg19 can recog-
nize prApel and integrates into the Apel complex. Moreover, Atgl9 can guide
Amsl to localize to the Apel complex to form the Cvt complex. The binding
domains of prApel and Ams1 on Atgl9 are separate, and therefore delivering both
prApel and Amsl1 to the vacuole is a noncompetitive process in the Cvt vesicle. In
addition, crystal structure analysis showed that Atg34 can specifically bind to Ams1
to enhance its transport. The vacuolar transport of Ape4 and Lap3 and Tyl VLPs as
well is also carried out by binding to the Cvt complex, and Atg19 can serve as their
receptor, but the regulation mechanism is still unclear. A Cvt complex is transported
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to the PAS through a mechanism that requires the guidance of Atgl1. Atgl1 specifi-
cally recognizes and binds the C-terminal of Atgl19, and this interaction is indepen-
dent of the cargo, but its localization to PAS relies on prApel and Atg19. Therefore,
the binding of Atgl! to the Cvt complex is prior to PAS localization. Actin and
actin-binding complex (Arp2/3) provide power for the transfer of the Cvt complex
to the PAS. Atgl1 directly links to actin, pulls the Cvt complex, and finally locates
inside the PAS. Upon successful binding of the Cvt complex to the PAS structure,
Atgl9 binds to Atg8 with its AIM motif to facilitate the assembly of Cvt vesicles.
Subsequently, similar to other autophagic cargo receptors, Atg19 binds to the cargo
and then enters the lysosome for degradation.

6.2.1.2 Chaperone-Mediated Autophagy

CMA is a type of autophagy distinct from the other autophagic pathways, for its
cargo is a single protein with a specific motif. Its degradation function is similar to
that of the ubiquitin-proteasome system. Dr. Cuervo and her group are the pioneers
of this pathway, and with their work, we have gained a better understanding of the
CMA pathway (Kaushik and Cuervo 2018). Owing to its saturability and competi-
tivity, a subset of long-lived cytosolic soluble proteins is directly delivered into the
lysosomal lumen via specific receptors via the CMA pathway. Under nutritional
stress, CMA can clear “old” proteins and provide nutrients to cells.
Morphologically, the biggest difference between CMA and other types of selec-
tive autophagy is that the cargo transportation from the cytosol to the lysosome
occurs without the formation of an autophagosome. This specific transport depends
on the function of many chaperones, such as Hsc70 and lysosome-associated mem-
brane protein type 2A (Lamp2A). Hsc70 is a multifunction protein present in the
cytoplasmic and lysosomal lumen, and is the sole receptor for the CMA pathway.
All the proteins internalized into lysosomes through CMA contain in their amino
acid sequence a pentapeptide motif that is always KFERQ motif. Hsc70 remains to
be the only chaperone that can directly bind with the KFERQ motif, and many
cochaperones, such as the carboxyl terminus of Hsc70-interacting protein (CHIP),
Hsp40, and Hsc70-Hsp90 organizing protein (HOP), modulate substrate targeting
to lysosomes in an Hsc70-dependent manner. Accurately, CHIP can regulate the
refolding of proteins, mainly as a chaperone-associated ubiquitin ligase to stimulate
the degradation of the Hsc70 substrate protein; Hsp40 can activate the ATPase activ-
ity of Hsp70 and promote the ligation of substrates; Hsp90, in synergy with Hsp70,
can recognize unfolded regions of proteins and also prevents the substrate protein
aggregation, while HOP acts as an adapter between Hsc70 and Hsp90. In addition,
Bcl2-associated athanogene 1 protein (BAG1) and BAG3 are involved in the regula-
tion of CMA substrate transport and can act as a nucleotide exchange factor to
stimulate substrate release. The receptor, Lamp2A, is located on the lysosomal
membrane and selectively translocates the cargo that is transported by Hsc70 to the
lysosome to be degraded. Lamp2A works as a channel protein and has a short
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cytosolic tail (GLKRHHTGYEQF) that can bind to the substrate protein. This bind-
ing process is a rate-limiting step for the CMA process.

Since the recognition and transport of the substrate proteins by Hsc70 and
Lamp2A are carried out in linear steps, a substrate protein is recognized and trans-
ported by only one chaperone protein. Chiang et al. found that about 30% of soluble
proteins in the cytoplasm have a putative CMA-targeting motif. In addition, Lv
et al. have shown that posttranslational modification, such as acetylation,
SUMOylation, and other types of modification, may generate additional motifs that
increase the number of proteins that can serve as CMA substrates (Lv et al. 2011).
Notably, more than one targeting motif does not make proteins better CMA sub-
strates, i.e., a single KFERQ motif can already satisfy the recognition of the sub-
strate by the CMA pathway. So far, CMA has been found only in mammalian cells
and in a few bird cells.

6.2.1.3 Aggrephagy

The folding of proteins after their synthesis is essential for the function of proteins
in cells. Under normal conditions, the hydrophobic patches of the protein will be
buried internally during folding. However, misfolded proteins expose hydrophobic
patches on their surface which causes aggregation of intracellular proteins. Protein
aggregates cause a waste of energy and nutrition in cells, and seriously interfere
with the metabolic activities of cells. Therefore, when protein aggregates appear in
cells, they need to be cleared by metabolic pathways, and aggrephagy is described
as the selective capture and degradation of aggregates by autophagy.

In addition to p62, NBR1, and OPTN, the CueS5 protein in yeast and its mam-
malian homologue TOLLIP are newly discovered receptors involved in the clear-
ance of polyglutamine (polyQ protein) aggregates. Two independent pathways have
been described for the formation of an aggresome, which use histone deacetylase 6
(HDACG6) and BAG3 as characterizing protein, respectively. These two proteins
mediate the transport of aggregates to aggresomes in their respective pathways:

1. HDACG6-dependent transport: HDAC6 promotes dynein-mediated transport of
ubiquitinated protein aggregates to aggresomes, and it is also important for the
elimination of aggresomes by autophagy (Tan and Wong 2017). HDAC6 can
directly link to dynein and ubiquitin substrates and preferentially binds to the
K63-linked polyubiquitin chains. Besides, HDAC6 and p62 are involved in the
degradation of protein aggregates: while p62 recruits phagophores to the aggre-
gates and participates in the formation of aggresomes, HDAC6 enhances the
fusion between aggresomes and lysosomes by remodeling actin.

2. BAG3-dependent transportation: BAG3 and CHIP proteins are both needed for
the transport of Hsp70-mediated protein aggregates to the aggresome (Sturner
and Behl 2017). BAG3 interacts directly with dynein, which directly transports
Hsp70 substrates to the aggresome. This transport does not rely on ubiquitination
of the substrate, but the E3 ubiquitin ligase CHIP is essential. Thus, CHIP



86 Q.-W. Fan and X.-H. Yan

induces aggregation of the substrates, while BAG3 mediates the transport of mis-
folded protein aggregates, which together results in the formation of aggresomes.

After the transport step, the RPC complex which is composed of p62,
autophagy-linked FY VE protein (ALFY), and NBR1 can link to the aggresomes
by interacting with Atg8. In the complex, p62 is the major constituent and its
interaction partners are NBR1 and ALFY. The polymerization of p62 is neces-
sary, and the 400 kDa protein ALFY is a scaffold protein. ALFY contains a
BEACH domain, a WD40 repeat region that interacts with Atg5, and a FYVE
domain that binds to phosphatidylinositol 3-phosphate (PtdIns(3)P). The pres-
ence of these domains suggests potential links and regulatory functions between
ALFY and autophagy core components.

6.2.1.4 Ferritinophagy

Ferritinophagy is a newly found selective autophagic process which can participate
in the regulation of the iron status in cells. Ferritinophagy can increase the content
of the labile iron pool (LIP) by promoting the catabolism of the iron-storage ferritin
protein. This process safeguards iron homeostasis during iron depletion. The nuclear
receptor coactivator 4 (NCOA4) is an autophagy cargo receptor during low iron
levels, which binds ferritin heavy chain 1 (FTH1), and associates with LC3 to recruit
cargo-receptor complexes into autophagosomes (Santana-Codina and Mancias
2018). NCOA4 contains an unable canonical LIR (LC3-interacting region) motif,
and its role in ferritinophagy is regulated by HERC2 (HECT and RLD domain-
containing E3 ubiquitin protein ligase 2). Mancias et al. found that the C-terminal
383-522 amino acids of NCOA4 are required for binding to ferritin (Mancias et al.
2014). A mutation of 1489 or W497 in NCOA4 and R23 in FTHI1 abrogated the
binding between NCOA4 and FTH1 and induces a block in ferritinophagy. HERC2
is able to interact with NCOA4 in cells, depending on the level of bioavailable iron
(Mancias et al. 2015). During a high level of iron, HERC2 selectively binds to
NCOAA4 to initiate its ubiquitination and degradation. However, during a low level
of iron, the combination of HERC2 with NCOA4 is destructed, and stored iron is
released through the combination of NCOA4 with FTHI, which can induce
ferritinophagy.

Ferritinophagy is important for maintaining an effective iron status in the cell.
Ferritinophagy can however lead to the accumulation of ROS. In relation to this,
ferritinophagy plays an important role in cellular iron death (ferroptosis). Ferroptosis
is an iron and reactive oxygen species (ROS)-dependent form of regulated cell
death. The essence of ferroptosis is an abnormal metabolism of cellular iron, which
results in a large number of lipids and destroys the intracellular redox balance, thus
triggering cell death. Studies have shown that the inhibition of NCOA4 represses
ferritin degradation and suppresses ferroptosis, while its overexpression has the
opposite effects. Moreover, induction of ferroptosis by erastin was shown to be
blocked by a potent inhibitor of autophagy named bafilomycin Al (BafAl),
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indicating ferroptosis as an autophagic cell death program. Ferritinophagy selec-
tively degrades ferritin to release the iron that is stored in cells ensuring cell survival
under a depletion of iron.

6.2.2 The Selective Autophagy of Organelles

Under normal conditions, cellular organelles need to be maintained at an appropri-
ate number to ensure a normal metabolism. This maintenance usually manifests as
a dynamic balance, and autophagy plays an important role in the regulation of
organelle renewal and the elimination of damaged organelles. In some extracellular
stimulating conditions, such as hypoxia or dramatic changes of the nutrient environ-
ment, the organelles become damaged or redundant, and then autophagy partici-
pates in the clearance of these organelles. The selective degradation of organelles
via the process of autophagy is an adaptive regulation of cells, which is also impor-
tant for the quality control of intracellular organelles. The RPC model is also suit-
able for the cargo recognition of organelle autophagy. This section mainly introduces
the mechanism of cargo recognition and the physiological significance of various
types of organelle autophagy.

6.2.2.1 Mitophagy

Mitophagy refers to the process by which mitochondria are selective degraded by
autophagy procedures. Mitophagy occurs in basal mitochondrial quality control,
removal of damaged mitochondria, and during the maturation process of immature
red blood cells. The substrate of mitophagy is usually a damaged mitochondrion
which is accompanied with depolarization of the membrane. This mitochondrial
depolarization leads to the accumulation of Parkin on the outer mitochondrial mem-
brane (OMM), which then recruits and binds with the corresponding receptor. This
is followed by binding to Atg8 or LC3 under the induction of the scaffold protein.
In eukaryotes, the receptors of mitophagy are Atg32 (yeast), OPTN, NDP52,
Tax1BP1, BNIP3, NIX/BNIP3L, and FUNDCI (Liu et al. 2014).

6.2.2.1.1 Mitophagy in Yeast

In yeast, Atg32 is a protein with a single transmembrane span with its N-terminus
and C-terminus in the cytoplasmic and mitochondrial intermembrane space (IMS),
respectively. The cytosolic N-terminus of Atg32 contains an AIM motif and an I/
VLS motif which interact with Atg8 and Atgl1, respectively. The interaction with
Atgl1 is activated by phosphorylation at residues Serl114 and Ser119 in the I/VLS
motif of Atg32, and casein kinase 2 (CK2) has been proposed as the Atg32 Serl14
kinase. Under nitrogen starvation, ATP deprivation, or pH-alterating conditions,
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Atg32 can bind to Atgll. The interaction between Atg32 and Atgll promotes
recruitment of mitochondria to the PAS for sequestration. Notably, Atg32 also inter-
acts with Atg8 through its cytosolic AIM domain. However, mutating the Atg32
AIM causes only a partial mitophagy defect, indicating that the primary role of
Atg32 during mitophagy is the recruitment of Atgl1 protein.

Because intact mitochondria are larger than autophagosomes, the sequestration
of damaged mitochondria might be accompanied with mitochondrial fission. Dnm1
and Fisl are key proteins that participate in the regulation of mitochondrial fission.
It has been shown that deletion of either Dnml or Fisl significantly suppresses
mitophagy. Dnm1 can directly bind to Atgl1 to promote the recruitment of mito-
chondria that destined for degradation. Furthermore, the ER-mitochondrial encoun-
ter structure (ERMES) plays an important role in the regulation of mitochondrial
fission during mitophagy. Nevertheless, the exact mechanism of mitophagy-
associated mitochondrial fission is unclear, and more work is still needed.

6.2.2.1.2 Mitophagy in Mammals

In mammals, mitophagy encompasses a more complicated process. So far, the
homologous protein of Atg32 in mammals is still controversial. However, there are
many mitophagy receptors involved in cargo selection with similar functions to
Atg32: OPTN, NDP52, Tax1BP1, NIX, and FUNDCI.

1. NIX, FUNDCI: Nix, a BH3-only member of the Bcl2 family, is a mitochondrial
outer-membrane protein and has a LIR domain at the N-terminus that acts as an
LC3-binding motif. The exact functions of NIX in mitophagy are still unclear,
while the mutation of its LIR domain causes a partial mitophagy defect. The
expression of NIX is regulated by hypoxia-inducible factor 1 (HIF-1), which
leads to the induction of a variety of processes: preprocesses of mitochondrial
clearance, such as Drpl-mediated mitochondrial fission, and induction of the
localization of RPCs in mitophagy, such as the localization of Parkin and the
initiation of mitophagy. These extensive regulatory functions suggest that NIX
might be the core receptor for mitophagy. The study presently carried out in
reticulocytes (immature red blood cells) could very well give useful answers
about the molecular mechanism of NIX in mitophagy. Mitophagy is involved in
the clearance of mitochondria in red blood cells when they develop into mature
cells that do not contain mitochondria. NIX functions in the recognition and the
transport of mitochondria in this process.

FUNDCI is a protein with three transmembrane domains and is localized in
the mitochondrial outer membrane. Its cytosolic N-terminus contains a typical
LIR domain that binds to LC3 and mediates hypoxia-induced mitophagy. A
mutation in the LIR domain results in a loss of function of FUNDCI.
Phosphorylation plays a key role in the regulation of FUNDCI function and
mitophagy, and FUNDCI is phosphorylated by SRC kinase, ULK1, and CK2,
while more details of the regulatory mechanisms are still unknown.
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2. The PINK1-Parkin signaling pathway: The PINK1-Parkin pathway is the most
extensively characterized mechanism affecting mitochondrial quality control in
most mammalian cells.

PTEN-induced putative protein kinase 1 (PINK1/PARK®6) is a kinase acting
as a sensor for damaged mitochondria. PINK1 contains a cytosolic C-terminus
and a N-terminus passing through the mitochondrial membrane into the matrix.
In healthy mitochondria, the N-terminus of PINK1 in the matrix is cleaved by
presenilin-associated rhomboid-like protein (PARL) protein and mitochondrial
processing proteases (MPP), and subsequently released back into the cytosol for
degradation in the proteasome. In compromised mitochondria, the loss of mito-
chondrial membrane potential (A¥Wm) prevents the translocation of PINK1 into
the matrix, and PINKI is activated and stabilized on the OMM. This activated
PINKI1 phosphorylates ubiquitin, mitofusin 1 (MFN1), MFN2, and Parkin.
Moreover, PINK1 phosphorylates the Ser65 in ubiquitin attached to OMM pro-
teins, generating phospho-ubiquitin, a structure that shows a high affinity to
Parkin and thereby recruits Parkin to mitochondria. The phosphorylation of
MFN2 mediated by PINKI1 also promotes Parkin recruitment.

Parkin/PARK?2 contains 465 amino acids and is an E3 ubiquitin ligase that can
involve in the ubiquitination of substrates. Mitochondrial depolarization leads to
the accumulation of PINK1 in the OMM and the recruitment of Parkin, but the
specific mechanism is still unclear. To our knowledge, MFN2, F-box protein 7
(Fbxo7), voltage-dependent anion-selective channel 1 (VDACI), and mitochon-
drial movement Rho GTPases (Miro) might be the key regulators for this process.

After abundant Parkin is recruited to the OMM, its E3 ubiquitin ligase activity
can mediate the ubiquitination of OMM proteins, such as Mfnl/2, VDACI,
Miro, and hexokinase. Among all these proteins, ubiquitinated VDAC] acts as
the binding signal for HDAC6, p62, NDP52, OPTN, autophagy/beclin-1 regula-
tor 1 (Ambral), and Beclin, which induce mitophagy.

6.2.2.2 Pexophagy

Peroxisomes are single-membraned organelles present in eukaryotic cells and are
necessary for cell survival because of their functions in maintaining redox homeo-
stasis. Pexophagy is the autophagic process for selective removal of peroxisomes.
Excess or damaged peroxisomes are recognized by specific receptors which medi-
ate the targeting to autophagosomes. Eventually, the selected peroxisomes are
degraded in lysosomes. Due to their important functions, the quantity and quality of
peroxisomes need to be highly regulated. In addition, studies have demonstrated
that pexophagy is restricted to mature organelles, leaving immature peroxisomes,
which still have the ability to incorporate peroxisomal proteins, intact.

The protection of immature peroxisomes may be related to peroxisomal biogen-
esis factor 3 (Pex3), which is a peroxisome membrane protein that plays a key role
in peroxisome synthesis. The removal of Pex3 from the membrane and subsequent
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degradation in proteasomal disposal are required for pexophagy. Another key pro-
tein that regulates pexophagy is Pex14, which has a key regulatory role for peroxi-
some matrix input. Its function can be described as a “boat dock™ used to immobilize
an initiating factor in pexophagy, such as Atgl1.

So far, the receptors for pexophagy that have been identified in yeast are PpAtg30
(Pichia pastoris) and Atg36 (Saccharomyces cerevisiae).

1. Pexophagy in yeast: In Saccharomyces cerevisiae, Atg36 mediates the cargo
selection in pexophagy when induced by N starvation. Pex3 is required for the
recruitment of Atg36 on peroxisomes. Atg36 tethers peroxisomes targeted for
degradation. Atgl1 is required for pexophagy and Atg36 can bind to Atgll.
Moreover, Atg36 contains an AIM motif and can interact with Atg8, but this
interaction is unnecessary for pexophagy. Just similar to other receptors, Atg36
is a suicide receptor whose degradation is accompanied by that of the cargo.

PpAtg30 is the pexophagy receptor in Pichia pastoris. PpAtg30 binds both
Pex3 and Pex14 to localize to the membrane of peroxisomes. Meanwhile,
PpAtg30 can interact with PpAtgl1 and PpAtgl17 which guide the movement of
the peroxisome. In addition, the acyl-CoA-binding protein PpAtg37 is an inte-
gral peroxisomal membrane protein specifically required for phagophore forma-
tion during pexophagy. PpAtg37 is recruited to the RPCs by PpAtg30 to promote
the interaction of PpAtg30 with PpAtgl1.

2. Pexophagy in mammals: No pexophagy-specific cargo receptor has been found
in mammals. Pexophagy in mammals relies on the ubiquitination of peroxisomal
proteins and their recognition by SQSTMI1 and NBR1. PexS5 is a cytosolic pro-
tein that shuttles between the peroxisomal membrane and the cytosol in a
ubiquitin-dependent manner. By phosphorylation and subsequent monoubiquiti-
nation, Pex5 can localize on the peroxisomal membrane to initiate autophagic
degradation that is dependent on the induction of p62. In addition, E3 ubiquitin
ligase regulates the ubiquitination process of Pex5 and plays an important regu-
latory role in starvation-induced pexophagy. Moreover, in response to ROS,
ataxia telangiectasia-mutated (ATM) kinase has been found to be involved in the
activation of pexophagy (Zhang et al. 2015). ATM can be activated by ROS
which then phosphorylates Pex5. This phosphorylation promotes the monoubig-
uitylation of Pex5, which leads to a colocalization of the peroxisome and Pex5.
Subsequently, Pex5 can be recognized by p62, targeting the peroxisomes for
pexophagy. The understanding of pexophagy is limited and further studies are
still needed.

6.2.2.3 Ribophagy

Ribosome biogenesis and protein translation are the most energy-consuming pro-
cesses in the cell. Consequently, these two pathways must be tightly controlled upon
nutrient conditions. Kraft et al. demonstrated that in S. cerevisiae, ribosomes pref-
erentially degrade compared to other cytoplasmic components, indicating that there
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is a process that selectively degrades ribosomes, namely, ribophagy (Kraft
et al. 2008).

Ubiquitination and deubiquitination are involved in the selective degradation of
ribosomes under different nutrition conditions. 60S ribosomal subunits are cleared
by the ribophagy pathway under nitrogen starvation. The major partner of the ubiq-
uitin and proteasome system, Cdc48 and its ubiquitin-linked cofactor Ufd3, may act
on the ubiquitination of the 60S subunit. The deubiquitinating enzyme Ubp3 and its
cofactor Bre5 can mediate the deubiquitination of the 60S subunit, which is required
for ribophagy. In addition, both the 60S ribosome-associated E3 ubiquitin ligase
Ltn1/Rkrl and Ubp3 can regulate the ribosomal protein Rpl25, but Ltnl functions
as the opposite of Ubp3 for it is an inhibitor of ribosome autophagy. The regulation
of ubiquitination and deubiquitination by Cdc48-Ufd3, Ubp3-Bre5, and Ltnl is
critical for ribophagy of the ribosomal 60S subunit.

Recently, Sabatini’s team have shown that nuclear fragile X mental retardation-
interacting protein 1 (NUFIP1) is a receptor for starvation-induced ribophagy in
mammals (Wyant et al. 2018). NUFIPI can form a heterodimer with Zinc finger
HIT domain-containing protein 3 (ZNHIT3), which is transferred from the nucleus
to the lysosome in the cytosol under mTORCI1-inhibited conditions. Moreover,
NUFIP1 modifies ribosomal RNA and interacts with ribosomes. Therefore, when
NUFIP1 accumulates in the cytoplasm, it can carry ribosome substrates. Meanwhile,
ZNHIT3 has four potential LIR domains that can bind to LC3; thus, the complex
can transport the ribosome to the autophagosome and trigger degradation.

6.2.2.4 Reticulophagy

The endoplasmic reticulum (ER) is an important “assembly plant” that functions to
assemble, fold, and transport translated proteins in cells. Reticulophagy is a selec-
tive autophagy pathway, which targets aberrant ER as cargo recognized by the spe-
cific receptors.

So far, the receptors involving in reticulophagy include Atg39 and Atg40 in yeast
and FAM134B, SEC62, RTN3, and CCPG1 in mammals (Nakatogawa and Mochida
2015). In yeast, Atg39 and Atg40 recognize the perinuclear and cytoplasmic ER,
respectively. However, in mammals, FAM134B, a reticulon-like protein, can selec-
tively anchor damaged ER and assist the ER to break into “small” fragments.
Moreover, FAM134B contains a LIR domain at the C-terminus which can bind to
LC3 to guide ER fragments into autophagosomes. Similarly, RTN3 recognizes
tubular ER using its C-terminus, and contains multiple LIR domains at the
N-terminus that bind to LC3 and participate in the transport of ER fragments. Sec62
is part of the protein translocation apparatus in the membrane of the ER which acts
as a receptor for reticulophagy during the steady-state recovery from ER stress. The
LIR domain at the C-terminus of SEC62 can be used to interact with LC3s involved
in the elimination function during the ER stress recovery phase. CCPGl is also an
ER protein. Its FIP200-interacting region (FIR) and LIR domain allow this protein
to bind to RB1CC1/FIP200 and LC3, respectively, which promote the isolation and
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degradation of the ER through combination and regulation (Lahiri and Klionsky
2018). Although the receptors for reticulophagy have been found, the research on its
regulation mechanism is still lacking, and further studies need to be carried out
continuously.

6.2.2.5 Nucleophagy

The nucleus is the key organelle containing the cells’ genetic material, and the deg-
radation of the nucleus would generally be detrimental to cells; thus, the autophagic
degradation of the nucleus, nucleophagy, involves only a part of the nuclear compo-
nents, and usually occurs via microautophagy. In S. cerevisiae, nucleophagy
includes two forms: piecemeal nucleophagy (PMN) and late nucleophagy (LN).
PMN takes place under nutrient-rich conditions as well as after a short period of
nitrogen starvation, and a nucleus-vacuole junction (NVJ) is needed in this process.
The nuclear outer-membrane protein Nvjlp and the vacuolar protein Vac8p are
involved in the regulation of binding during the NVIJ. Crystal structure analysis
performed by Jeong et al. has shown that the N-terminus of Vac8p contains 12 arma-
dillo repeats (ARM), which can bind to the perinuclear ER membrane protein Nvjlp
to achieve a mutual anchoring between the nucleus and the vacuole. Thereafter,
under induced conditions, the nucleus produces bud-like bulges at the junction
region, and part of the nuclear material is delivered to the vacuole by vesicles where
it is degraded by vacuolar hydrolases. Therefore, the implementation of PMN
requires most of the autophagy core mechanisms, and the proteins that mediate the
fusion between the vesicle and the vacuole are indispensable. In addition, the cargos
which are selected for PMN are nonessential nuclear components such as portions
of the nuclear envelope and the granular nucleolus enriched in pre-ribosomes. The
chromosomal DNA, nuclear pore complexes, and the spindle polar bodies are not
degraded by this process. However, LN is not piecemeal autophagy which occurs
after prolonged periods of nitrogen starvation and is accompanied with changes in
the nuclear morphology. The autophagy core mechanism is necessary, but Nvjlp
and Vac8p are optional in this process.

At present, the receptor for nucleophagy that has been found in yeast is Atg39
(Mochida et al. 2015). This receptor can be selectively localized to the perinuclear
ER or the nuclear membrane, while the degradation of the nuclear outer-membrane
protein Hmg1, the nuclear membrane protein Srcl, and nucleolar protein Nopl
indicates that Atg39 is the regulator for the breakdown of different nuclear compo-
nents via autophagy. The homologous protein of Atg39 in mammals has not yet
been identified, but some studies in the terminal differentiation of keratinocytes
have provided a model for the selective degradation of the nucleus via the autoph-
agy program in mammals. The differentiation of keratinocytes leads to the forma-
tion of the stratum corneum, in which process the nucleus gradually dissolves, until
the resulting corneocytes have lost their nuclei. The autophagy program might
mediate the selective degradation of the nucleus. Incomplete keratinization, which
implies that a residue of the nucleus is present in the stratum corneum, is a major
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feature of psoriasis. Akinduro et al. have shown that LC3, WIPI1, and ULK1 were
reduced in the epidermal keratosis region of psoriasis, suggesting that failure of
autophagy may be one of the causes of this disease (Akinduro et al. 2016).

6.2.2.6 Lysophagy

The lysosome is the end point of all autophagy procedures, where the content of
autophagosomes is decomposed depending on a large variety of lysosomal hydro-
lytic enzymes and its internal acidic environment. However, the leakage of lyso-
somal contents caused by lysosomal membrane rupture is the main cause of
lysosomal cell death. Thus, timely cleaning of damaged lysosomes is necessary for
the maintenance of cell homeostasis, and the process of selectively degrading lyso-
somes by autophagy is called lysophagy. Several stimulating factors including bac-
terial or viral toxins, lipids, f-amyloid, and others can impair lysosomal membranes
in vivo and induce the initiation of lysophagy. Galectin-3 can be recruited and bind
to glycoproteins exposed on damaged lysosomal membranes (Maejima et al. 2013).
This protein can also colocalize with LC3 and might be a lysophagy receptor. In
addition, damaged lysosomes typically exhibit colocalization with ubiquitin and
p62, suggesting that ubiquitination and subsequent p62 recruitment may be involved
in lysophagy. Our knowledge of the mechanisms that control lysophagy are limited;
the details remain to be solved.

6.2.2.7 Lipophagy

Lipid droplets (LDs) are organelles composed of a phospholipid monolayer and
are mainly used to store neutral lipids such as triglycerides and cholesterol esters
in most animal cells. LDs have a strong lipid storage capacity that can form and
expand or shrink and dissolve in response to the cellular energy status. There are
many proteins presenting on the outside of LDs that can affect the metabolism and
be involved in signal transduction. Perilipin (PLIN) family proteins are markers
that are typical for fat droplets. In addition, a large number of enzymes related to
fat metabolism and cholesterol synthesis or decomposition, such as hormone-sen-
sitive lipase (HSL), adipose triglyceride lipase (ATGL), and diacylglycerol
O-acyltransferase 2 (DGAT?2), can be recruited to the surface of LDs to participate
in their metabolic regulation.

Lipophagy is a selective autophagic procedure that specifically degrades intra-
cellular lipid droplets. The activation of lipophagy is usually coupled to energetic
requirements. For example, under fasting conditions, the rapid activation of lipo-
phagy in the liver can rapidly degrade large amounts of fat delivered from fat tissue
to meet the energetic requirements of the liver. Similarly, lipophagy can be involved
in the production of cellular free fatty acid. Studies of lipophagy were started by
Singh et al., who have found that the inhibition of autophagy can lead to the accu-
mulation of lipid droplets in the liver and attenuate the oxidative metabolism of fatty
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acids (Singh et al. 2009). Previous studies have shown that PLIN2 and PLIN3 are
substrates for CMA, and the degradation of PLINs by CMA allows ATGL to bind to
the LD, thereby promoting lipid breakdown. In addition, recent studies have found
that the ATGL protein has a LIR domain that can link to autophagosomes. Mutations
of the LIR domain lead to the inhibition of ATGL-targeted LD binding, suggesting
that ATGL may have important roles in the regulation of lipophagy. At present,
research carried out on the mechanism of lipophagy and the procedures of cargo
recognition in this process is still lacking.

6.2.3 Selective Autophagy of Xenobiotics

In addition to functioning in maintaining the balance of intracellular proteins and
organelles, autophagy is involved in an intracellular innate immune system that
removes invading bacteria or viruses. The process of autophagic selective recogni-
tion and elimination of intracellular pathogens is termed xenophagy. Moreover,
when viral components are degraded via an autophagic process, the term virophagy
is used. The next section will focus on the substrate identification procedures for
this type of selective autophagy.

6.2.3.1 Xenophagy

Xenophagy refers to the process of autophagic removal of invading pathogens.
Ubiquitin is always used as the marker for removal of the pathogens, and xenophagy
utilizes autophagy receptors to bind to this marker. Upon entry into the mammalian
cytosol, the pathogens become decorated by a layer of polyubiquitinated proteins
and are then selectively degraded by the autophagic process. The first step of the
autophagic process is the identification of the pathogens by the host cell. It is
observed that differing bacteria are linked to differing ubiquitin chains. Salmonella
is decorated by linear and K63 ubiquitin chains, Mycobacterium marinum is sur-
rounded with both K48 and K63 ubiquitin chains, and Shigella residual is mainly
using ubiquitin chain linkage at the K48 site.

Xenophagy has a similar selection pattern to other types of selective autophagy.
The receptors can recognize tags on the cargo and can also bind to LC3s which
mediate cargo targeting to the autophagosomes. In this process, intracellular pattern-
recognition receptors (PRRs) exhibit a diverse regulatory function for cargo recog-
nition. PRRs include p62-like receptors (SLRs), Toll-like receptors (TLRs),
NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), and AIMS2-like recep-
tors (absent in melanoma 2 (AIM2)-like receptors, ALRs). PRRs participate in
cargo recognition by pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), and activate autophagy to guide pathogen
degradation in lysosomes. SLR is the main receptor type involved in pathogen rec-
ognition and acts as the xenophagy receptor. Receptors identified as SLR receptors
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involved in xenophagy include p62, NBR1, NDP52, and OPTN. Meanwhile, there
are two models to describe the recognition of pathogens which are characterized as
ubiquitin-dependent or ubiquitin-independent.

1. Ubiquitin-dependent pathogen recognition: Leucine-rich repeat and sterile alpha
motif-containing 1 (LRSAM]1) is an E3 ligase involved in the clearance of intra-
cellular Salmonella. This protein can localize to bacteria via a leucine-rich repeat
(LRR) and promote the ubiquitination of bacteria. In addition, the E3 ubiquitin
ligase Parkin plays an important role in xenophagy. The recruitment function of
Parkin is necessary to initiate xenophagy to clear intracellular pathogens.

The differences in the affinity of SLRs for distinct types of ubiquitin chains,
nonubiquitinated proteins, and LC3 result in SLRs differing in their specificity
for invading pathogens. p62, NDP52, and OPTN can participate in the recogni-
tion of ubiquitinated Salmonella, targeting this pathogen to autophagosomes.
Similarly, p62 and NDP52 can recognize residual membrane and Shigella, while
NBRI1 can help p62 and NDP52 to identify Shigella in the cytoplasm. Moreover,
Mostowy et al. have confirmed that NBR1 blocking can reduce the recruitment
of p62 and NDP52, which act as the receptors for autophagic degradation of
Shigella. For the cytosolic Salmonella, the bacterial cell wall component lipo-
polysaccharide (LPS) activates TBK1 via TLR4, and activated TBK1 phosphor-
ylates the ser177 of OPTN, which contributes to enhance the binding activity
with LC3. Furthermore, Cemma and his colleagues have found that during the
clearance of Salmonella by xenophagy, p62 and NDP52 can simultaneously be
recruited into the bacterial microstructure. Even though their functions are inde-
pendent, both are essential for the clearance process.

2. Ubiquitin-independent pathogen recognition: Galectin-8 can be used to detect
the integrity of phagosomes and lysosomes, and sense bacterial infection. The
recruitment of galectin-8 to NDP52 is transient, independent on ubiquitination,
and NDP52 subsequently enters a ubiquitin-dependent isolation program.
Therefore, galectin-8 is an early signal of the infection status of host cells.
Diacylglycerol (DAG) is involved in another ubiquitin-free bacteria clearance
procedure. Noda et al. modeled the DAG-dependent selective autophagy path-
way (Noda et al. 2012). Unlike standard autophagy procedures, after DAG initi-
ates autophagy, LC3 is recruited to pathogens without forming an isolation
membrane. Subsequently, the ULK1 complex, ATGIL1, and ATGI16L are
recruited by LC3 to participate in the formation of Salmonella-containing vacu-
oles (SCV), presenting a distinctive identification and degradation process.

6.2.3.2 Virophagy

Viruses hijack the host to synthesize nucleic acids (DNA or RNA) and other com-
ponents essential for viral replication or assembly. Such neosynthesized viral com-
ponents can be recognized by various SLRs and directed to lysosomal degradation.
This autophagic elimination of individual viral components is referred to as
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virophagy. Although virophagy and xenophagy both present the possibility of elimi-
nating viruses, there is a difference in that virophagy targets neosynthesized viral
components rather than the entire viral particles. For instance, p62 has been shown
to recognize the Sindbis virus (SINV) capsid and to target it to the autophagosome
in an ubiquitination-independent manner. However, an E3 ubiquitin ligase, Smad
ubiquitin regulatory factor 1 (SMURF1) is required for the colocalization of p62
with the SINV capsid protein and necessary for virophagy. Recently, Fanconi ane-
mia group C protein (FANCC) was also found to interact with the SINV capsid
protein to facilitate virophagy. HSV-1 is another target for SMURF1 and FANCC
which mediate the degradation of this virus via a virophagy process, suggesting that
those two proteins commonly function as virophagic factors.

In addition, Kim et al. demonstrated that SCOTIN, which is an ER transmem-
brane protein, can interact with nonstructural protein 5A (NS5A) of the hepatitis C
virus (HCV), finally leading to the suppression of viral replication and to autopha-
gic degradation. Picornaviruses, the poliovirus, for example, can be recognized by
galectin-8, which restricts viral infection by initiating the autophagic degradation.
The cargo recognition program in virophagy shows as a complex system. The
exploration of this process can provide direct targets for the biopharmaceutical
treatment of disease, so further research is still needed.

6.3 Summary and Prospects

Selective autophagy enables the specific regulation of energy and nutrient metabo-
lism in organisms. The identification of new models of selective autophagy may
provide genetic determinants of complex diseases and new targets for drug develop-
ment. This new version of the chapter is larger than in the previous edition, which
reflects the efforts of the experts in life sciences, which rapidly expanded the field
of selective autophagy for organelles, viruses, and other cellular metabolically
active substances. Unfortunately, our understanding of selective autophagy is still
very scarce, and the knowledge of specific receptors and cargo recognition mecha-
nisms is still insufficient. Therefore, many challenges remain for future research,
like the identification of new receptors, the elucidation of the mechanisms of cargo
recognition, and the mechanisms of posttranslational modification that are involved
in specific autophagy.

References

Akinduro O, Sully K, Patel A, Robinson DJ, Chikh A, McPhail G, Braun KM, Philpott MP,
Harwood CA, Byrne C, O’shaughnessy RFL, Bergamaschi D. Constitutive autophagy and
nucleophagy during epidermal differentiation. J Invest Dermatol. 2016;136:1460-70.



6 Mechanisms of Selective Autophagy 97

Birgisdottir AB, Lamark T, Johansen T. The Lir motif—crucial for selective autophagy. J Cell Sci.
2013;126:3237-47.

Deng Z, Purtell K, Lachance V, Wold MS, Chen S, Yue Z. Autophagy receptors and neurodegen-
erative diseases. Trends Cell Biol. 2017;27:491-504.

FuT, LiulJ, WangY, Xie X, Hu S, Pan L. Mechanistic insights into the interactions of NAP1 with the
SKICH domains of NDP52 and TAX1BPI1. Proc Natl Acad Sci U S A. 2018;115:E11651-60.

Gladkova C, Maslen SL, Skehel JM, Komander D. Mechanism of parkin activation by PINKI.
Nature. 2018;559:410-4.

Kaushik S, Cuervo AM. The coming of age of chaperone-mediated autophagy. Nat Rev Mol Cell
Biol. 2018;19:365-81.

Khaminets A, Behl C, Dikic I. Ubiquitin-dependent and independent signals in selective autoph-
agy. Trends Cell Biol. 2016;26:6-16.

Kraft C, Deplazes A, Sohrmann M, Peter M. Mature ribosomes are selectively degraded upon
starvation by an autophagy pathway requiring the Ubp3p/Bre5p ubiquitin protease. Nat Cell
Biol. 2008;10:602-10.

Lahiri V, Klionsky DJ. CCPGl is a noncanonical autophagy cargo receptor essential for reticu-
lophagy and pancreatic ER proteostasis. Autophagy. 2018;14(7):1107-1109.

Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, Ma Q, Zhu C, Wang R, Qi W, Huang L, Xue
P, Li B, Wang X, Jin H, Wang J, Yang F, Liu P, Zhu Y, Sui S, Chen Q. Mitochondrial outer-
membrane protein FUNDC1 mediates hypoxia-induced mitophagy in mammalian cells. Nat
Cell Biol. 2012;14:177-85.

Liu L, Sakakibara K, Chen Q, Okamoto K. Receptor-mediated mitophagy in yeast and mammalian
systems. Cell Res. 2014;24:787-95.

Lv L, Li D, Zhao D, Lin R, Chu Y, Zhang H, Zha Z, Liu Y, Li Z, Xu Y, Wang G, Huang Y,
Xiong Y, Guan KL, Lei QY. Acetylation targets the M2 isoform of pyruvate kinase for deg-
radation through chaperone-mediated autophagy and promotes tumor growth. Mol Cell.
2011;42:719-30.

Lynch-Day MA, Klionsky DJ. The Cvt pathway as a model for selective autophagy. FEBS Lett.
2010;584:1359-66.

Maejima I, Takahashi A, Omori H, Kimura T, Takabatake Y, Saitoh T, Yamamoto A, Hamasaki M,
Noda T, Isaka Y, Yoshimori T. Autophagy sequesters damaged lysosomes to control lysosomal
biogenesis and kidney injury. EMBO J. 2013;32:2336-47.

Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelman AC. Quantitative proteomics identifies
NCOA4 as the cargo receptor mediating ferritinophagy. Nature. 2014;509:105-9.

Mancias JD, Pontano Vaites L, Nissim S, Biancur DE, Kim AJ, Wang X, Liu Y, Goessling W,
Kimmelman AC, Harper JW. Ferritinophagy via Ncoa4 is required for erythropoiesis and is
regulated by iron dependent HERC2-mediated proteolysis. Elife. 2015;4:e10308.

Mochida K, Oikawa Y, Kimura Y, Kirisako H, Hirano H, Ohsumi Y, Nakatogawa H. Receptor-
mediated selective autophagy degrades the endoplasmic reticulum and the nucleus. Nature.
2015;522:359-62.

Nakatogawa H, Mochida K. Reticulophagy and nucleophagy: new findings and unsolved issues.
Autophagy. 2015;11:2377-8.

Noda T, Kageyama S, Fujita N, Yoshimori T. Three-Axis model for Atg recruitment in autophagy
against Salmonella. Int J Cell Biol. 2012;2012:389562.

Santana-Codina N, Mancias JD. The role of NCOA4-mediated ferritinophagy in health and dis-
ease. Pharmaceuticals (Basel). 2018;11:114.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, Tanaka K, Cuervo AM, Czaja
MJ. Autophagy regulates lipid metabolism. Nature. 2009;458:1131-5.

Stolz A, Ernst A, Dikic I. Cargo recognition and trafficking in selective autophagy. Nat Cell Biol.
2014:16:495-501.

Sturner E, Behl C. The role of the multifunctional BAG3 protein in cellular protein quality control
and in disease. Front Mol Neurosci. 2017;10:177.



98 Q.-W. Fan and X.-H. Yan

Tan S, Wong E. Kinetics of protein aggregates disposal by aggrephagy. Methods Enzymol.
2017;588:245-81.

Wyant GA, Abu-Remaileh M, Frenkel EM, Laqtom NN, Dharamdasani V, Lewis CA, Chan SH,
Heinze I, Ori A, Sabatini DM. NUFIP1 is a ribosome receptor for starvation-induced riboph-
agy. Science. 2018;360:751-8.

Yamasaki A, Noda NN. Structural biology of the Cvt pathway. J] Mol Biol. 2017;429:531-42.

Zhang J, Tripathi DN, Jing J, Alexander A, Kim J, Powell RT, Dere R, Tait-Mulder J, Lee JH, Paull
TT, Pandita RK, Charaka VK, Pandita TK, Kastan MB, Walker CL. ATM functions at the per-
oxisome to induce pexophagy in response to ROS. Nat Cell Biol. 2015;17:1259-69.



®

Check for
updates

Chapter 7
Similarities and Differences of Autophagy
in Mammals, Plants, and Microbes

Fu-Cheng Lin, Huan-Bin Shi, and Xiao-Hong Liu

Abstract Autophagy, a highly conserved metabolic process in eukaryotes, is a
widespread degradation/recycling system. However, there are significant differ-
ences (as well as similarities) between autophagy in animals, plants, and microor-
ganisms such as yeast. While the overall process of autophagy is similar between
different organisms, the molecular mechanisms and the pathways regulating
autophagy are different, which is manifested in the diversity and specificity of the
genes involved. In general, the autophagy system is much more complicated in
mammals than in yeast. In addition, there are some differences in the types of
autophagy present in animals, plants, and microorganisms. For example, there is a
unique type of selective autophagy called the cytoplasm-to-vacuole targeting (Cvt)
pathway in yeast, and a special kind of autophagy, chloroplast autophagy, exists in
plants. In conclusion, although autophagy is highly conserved in eukaryotes, there
are still many differences between autophagy of animals, plants, and
microorganisms.
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ESCRT Endosomal sorting complexes required for transport
GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GCN pathway  General control of nutrient

HIF-1 Hypoxia-inducible factor 1

MVB Multi-vesicle body

PAS Phagophore assembly site

PE Phosphatidylethanolamine

PRR Pattern recognition receptor

Autophagy was first observed by the Belgian biochemist Christian de Duve in the
1950s by electron microscopy. Until the 1990s, it was primarily observed morpho-
logically. Although autophagy was first studied primarily in animal cells, molecular-
level studies have mainly been conducted through genetic studies in the yeast
Saccharomyces cerevisiae. The laboratories of Yoshinori Ohsumi of Japan, Daniel
J. Klionsky of the United States, and Michael Thumm of Germany used yeast to
screen and identify autophagy-deficient mutants. In 1993, Yoshinori Ohsumi’s arti-
cle published in FEBS Letters opened the prelude to the molecular mechanisms of
autophagy, and identified 15 key genes involved in autophagy regulation (Tsukada
and Ohsumi 1993), which were later renamed “ATG” (Klionsky et al. 2003). The
study of the mechanism of autophagy in yeast lays a good foundation for the com-
position and biological function of autophagy in higher biological cells. Many
autophagy genes in yeast have homologous genes in higher organisms. Moreover,
these genes are also involved in autophagy and other developmental processes.
However, the genetic background of higher organisms is complex, their morphol-
ogy is diverse, and the autophagy process naturally has many specific features.
Therefore, comparing the autophagy processes of different eukaryotic organisms
can facilitate a clearer understanding of the functional and biological significance of
autophagy in organisms.

Autophagy is generally considered to be a pathway of degradation that recycles
intracellular components. The pathway is mainly used to degrade substances, which
has a variety of functions (Wen and Klionsky 2016). Cells use autophagy to main-
tain their viability in the face of starvation. After an organelle is damaged or becomes
dysfunctional, it will be degraded by autophagy. The degradation of organelles is
also a way for cells to adjust to different nutritional conditions. In addition, autoph-
agy can also be involved in biosynthetic processes. Some hydrolases enter the vacu-
ole through the cytoplasm, allowing their maturation and function. In addition,
preliminary observations have revealed that autophagic vacuoles can encapsulate
specific signaling molecules and fuse with the plasma membrane, transporting those
signaling molecules to the extracellular environment and thus participating in the
secretory pathway.
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7.1 Microbial Autophagy

7.1.1 The Process of Microbial Autophagy and Its
Molecular Machinery

7.1.1.1 The Process of Microbial Autophagy

Cell biologists have used S. cerevisiae as a model organism to identify ATG genes
and study their biological functions. At present, yeast has become the best-studied
model organism for understanding the molecular mechanism of autophagy.
Filamentous fungi are closely related to yeast in evolution, and the autophagy pro-
cess is similar to that in yeast, but homologs of some proteins or genes are not
found in filamentous fungi (Meijer et al. 2007). There are two main types of
autophagy in yeast, macroautophagy and microautophagy, which can be divided
into selective and non-selective according to their selective cargoes. There are a
few studies on non-selective microautophagy, but more on the other three types
(Wen and Klionsky 2016). In the methylotrophic yeast Hansenula polymorpha,
non-selective microautophagy was observed under nitrogen starvation, and the
absence of ATG25 activated peroxisomal constitutive degradation (Monastyrska
et al. 2005). The processes of selective macroautophagy, non-selective macroau-
tophagy, and selective microautophagy in yeast are generally similar to that in
plants and animals, but there are some special processes in yeast, such as cyto-
plasm-to vacuole-targeting (Cvt) pathway and the nontraditional protein secretion
pathway (Thompson and Vierstra 2005).

The autophagy process in yeast mainly includes the following major steps: (1)
induction of autophagy; (2) cargo selection and packaging; (3) vesicle aggregation;
(4) autophagosome membrane extension and closure; (5) dissociation of autophagy
proteins; (6) fusion of autophagosomes and vacuoles; and (7) degradation of
autophagosomes (Wen and Klionsky 2016).

7.1.1.2 Molecular Machinery of Autophagy

The origin of autophagosome membrane has been the subject of long-standing
debate. Endoplasmic reticulum is one of the sources of membrane. In addition,
mitochondria, the ER-Golgi intermediate compartment (ERGIC), the Golgi
apparatus (often associated with Atg9 vesicles), recycling endosomes, and the
plasma membrane are all proposed sources of the autophagosome membrane
(Lemus and Goder 2016). The phosphatidylinositol 3-phosphate kinase (PI3K)
complex is involved in the assembly of vesicles, and Atg9 vesicles shuttle back
and forth between the phagophore assembly site (PAS) and peripheral membrane
structures.
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The extension and closure of the autophagy precursor membrane involves two
ubiquitin-like conjugation systems, Atg8 and Atgl2. These systems are composed
of one El-like protein, Atg7; two E2-like proteins, Atg10 and Atg3; and two ubig-
uitin-like proteins, Atg8 and Atgl2. They play key roles in the maturation of
autophagosomes and the recruitment of cargoes. Atgl2 is covalently bound to a
lysine of Atg5 by the catalysis of Atg7 and Atgl0, and the Atgl2-Atg5 conjugate
forms an oligomer under the action of Atgl6. After Atg8 is activated by Atg7 and
Atg3, the Atgl12-Atg5°Atg16 complex promotes the covalent linkage of the glycine
at the C-terminus of Atg8 to phosphatidylethanolamine (PE). Meanwhile, the Atg5
complex can also promote the entry of Atg8-PE into autophagosomes, and Atg§8 is
involved in the closure of autophagosomes and the recruitment of substrates. After
autophagosome formation, the involved autophagy-related proteins will be dissoci-
ated and reused, with the exception of Atg8 proteins. Atg2 and Atgl8 are involved
in the dissociation and recovery of Atg9. The fusion of autophagosomes and vacu-
oles requires the involvement of SNARE, GTPase, and HOPS complexes. The deg-
radation of autophagosomes is dependent on the acidic environment of the vacuolar
cavity and proteases. Atg15 is an esterase involved in the degradation of autophagic
bodies (Wen and Klionsky 2016).

7.1.1.3 Nutrient Signaling

In yeast, the main stimulus to induce autophagy is nutritional deficiency. TOR
kinase is considered as the main sensing factor of nitrogen sources and amino acids,
and negatively regulates the occurrence of macroautophagy. TOR can directly regu-
late macrophagy by phosphorylating Atg proteins including Atgl3. Meanwhile,
TOR can also work through a secondary pathway. Tap42 is an effector protein of
TOR that forms a complex with PP2A Pph21/22. Overexpression of Pph21 or
Pph22 inhibits autophagy, while inactivation of Tap42 or overexpression of Tip41
results in induction of autophagy under well-fed conditions. The downstream target
of Tap42-Pph21/22 regulating autophagy is unknown (Yorimitsu et al. 2007). Kspl1
kinase regulates TOR and is also a target of TOR phosphorylation, so the regulatory
network is complex. PKA is considered to be a glucose-stimulated protein which
regulates TOR by regulating Ksp1 activity (Umekawa and Klionsky 2012).

Yeasts have very complicated mechanisms to perceive and respond to intracel-
lular glucose. High levels of glucose induce the production of cAMP. cAMP binds
to the regulatory subunit Beyl of PKA and inactivates it. As a consequence, PKA is
activated and inhibits macroautophagy. PKA directly phosphorylates Atgl and
Atg13, but the phosphorylation site differs from TOR, and this posttranslational
modification regulates these proteins at the PAS. Sch9 is a second glucose-sensing
protein, which functions in parallel with PKA. The activity of Sch9 kinase depends
on the phosphorylation of TOR, but does not depend on the phosphorylation of
Sch9 in the presence of glucose. Similar to PKA, Sch9 inactivation induces autoph-
agy (Yorimitsu et al. 2007). This process is partly regulated by Rim15 (an autophagy-
positive regulator), and Msn2/Msn4 (a transcription factor). In the absence of a
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nitrogen source, glucose deficiency induces autophagy as a positive regulatory sig-
nal. Snfl kinase is able to sense intracellular energy levels and regulate autophagy
induced by energy deficiency. Glucose starvation-induced Snfl-Mecl-Atgl-Atgl3
complexes are recruited to the mitochondria, and participate in the autophagy pro-
cess by regulating mitochondrial respiration (Yi et al. 2017).

The absence of nitrogen can induce autophagy, and one source of nitrogen is
amino acids. Indeed, amino acid depletion is another factor that induces autophagy.
The general control of nutrient (GCN) pathway modulates autophagy by regulating
the synthesis of amino acids. Gen2 kinase is involved in the sensing of intracellular
amino acid levels, which activates the transcription factor Gen4 via a signaling
chain, thereby activating genes involved in amino acid synthesis (Vlahakis et al.
2014). Gen?2 and Gen4 activated autophagy. Pho85 combines with Pcl5 and phos-
phorylated (inactivated) Gen4 and promotes the degradation of these two proteins to
achieve negative regulation of autophagy. Pho85 is a cyclin-dependent kinase that
can inhibit and activate autophagy, depending on which cyclin is bound to. During
phosphate signaling, the Pho85-Pho80 complex inhibits the transcription factor
Pho4, which is involved in the activation of transcription of genes involved in the
absorption and storage of phosphoric acid. Pho85-Pho80 can also inhibit the activ-
ity of Riml5 kinase. In contrast, the Pho85-Clgl complex inhibits the cyclin-
dependent kinase Sicl, thereby activating Rim15 (Yang et al. 2010).

7.1.2  Specific Autophagy in Microbes
7.1.2.1 Cytoplasm-to-Vacuole Targeting (Cvt) Pathway

According to the characteristics of autophagy occurrence in yeast, autophagy is
divided into macroautophagy and microautophagy, which are differed in morphol-
ogy but similar in mechanism. In addition, there is a cytoplasm-to-vacuole target-
ing (Cvt) pathway, which is similar in mechanism of macroautophagy. This
pathway mainly transports vacuolar proteases to vacuoles. The Cvt pathway does
not exist in mammals. The Cvt pathway is similar to selective autophagy in mor-
phology. The cargo proteins transported by this pathway are the precursors of ami-
nopeptidase I and alpha-mannosidase. After synthesis of aminopeptidase I in the
cytoplasm, it converges to form a dodecamer called aminopeptidase complex,
which interacts with the receptor protein Atg19 to form a Cvt complex. The diam-
eter of Cvt vesicle is about 140—160 nm, which is related to the size of Cvt com-
plex. This process can occur under normal physiological conditions. When
aminopeptidase I is moderately overexpressed and a larger Cvt complex is formed,
it becomes too large to be efficiently taken up by Cvt vesicles, but can still be effec-
tively transferred to the vacuole by means of starvation-induced macroautophagy
(GENG 2008). When aminopeptidase I is highly overexpressed, the complex
becomes too large even for an autophagosome to envelope, and remains in the
cytoplasm (Suzuki et al. 2013).
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7.1.2.2 Autophagy-Mediated Protein Secretion Pathway

Studies in Saccharomyces cerevisiae and Pichia pastoris have found that Acbl, a
binding protein of acetyl coenzyme in the cytoplasm, is transported to the extracel-
lular space under starvation conditions, but this is not mediated by known secretory
pathways. This transport depends on autophagic proteins. The results of electron
microscopy in S. cerevisiae showed that the initial transport precursor structure is
formed by aggregation of membrane and vesicles, similar to autophagy in morphol-
ogy. Furthermore, Atg8 and Atg9 are at these sites (Dimou and Nickel 2018).
However, in Aspergillus oryzae the acetyl coenzyme A binding protein AoAcb?2 is
also secreted through nontraditional secretion pathways, but does not rely on
autophagy system, so it is different from that in yeast (Kwon et al. 2017).

7.2 Similarities and Differences Between Mammalian
and Microbial Autophagy Processes

Two major pathways of degradation have been described for most cellular proteins in
eukaryotic cells: one is the ubiquitin proteasome pathway, and the other is a macroau-
tophagy process that relies on lysosomes (in animals) or vacuoles (in plants and
fungi). Short-lived proteins are degraded and recycled by ubiquitin proteasome sys-
tem, while long-lived proteins are degraded and utilized by autophagy system. The
autophagy process begins with the formation of a double-membrane autophagosome
precursor, and it encapsulates cytoplasm as well as aging, misfolded, and redundant
proteins to form a complete autophagosome, which is then fused with lysosome, and
the cytoplasmic constituents are degraded in the lysosome and recycled. In addition to
degrading proteins, the autophagy process also degrades intracellular aging organelles
such as mitochondria, peroxisomes, ribosomes, endoplasmic reticulum, etc., as well
as infective pathogens in an identical manner. Autophagy activity is at a low basal
constitutive level under normal growth conditions, and it is upregulated when the cell
encounters intracellular and extracellular stresses or signals, such as starvation, growth
factor deficiency, endoplasmic reticulum stress, and pathogen infection. Autophagy
can help the organism endure nutrient starvation and stress conditions and eliminate
excess or dysregulated organelles. In higher organisms, autophagy plays a role in
many physiological processes such as development, proliferation, cell remodeling,
aging, tumor suppression, neurodegeneration, antigen presentation, immunity, lifes-
pan modulation, and cell death (Dikic and Elazar 2018).
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7.2.1 Differences of Molecular Machinery
in Mammalian Autophagy

7.2.1.1 Differences in the Composition
of the Autophagy-Related Complex

In yeasts, there are four conserved signaling transduction complexes regulating the
development of autophagy, which are conserved from yeast to plants to animals:

1. The Atgl protein kinase complex comprises Atgl, Atgl1, Atgl3, Atgl7, Atg29,
and Atg31, and the corresponding complex in mammals is a ULK1 complex
comprising ULK1, Atg13, FIP200, and Atg101, which regulates an early stage of
autophagosome formation. FIP200 performs similar functions as yeast Atgl7.
The Atgl complex is in a disassembled state in yeast under the condition of abun-
dant nutrition, but the mammalian ULK1 complex binds directly to mTORCI.

2. The class three phosphatidylinositol 3-phosphate kinase (PI3K) complex con-
tains Vps34, Vps15, Vps30, Atgl4, and Atg38, and the corresponding PIK3C3-
BECNI1 complex in mammals contains Vps34, Vpsl5, BECNI1, Atgl4L, and
NRBF2, which regulates the production of phosphoinositide signaling, thereby
regulating the aggregation of initial autophagic vesicles.

3. A ubiquitin-like conjugation system plays an important role in the maturation of
autophagic vesicles and the recruitment of cargo.

4. The Atg9 recycling system, which also includes Atg2, Atgl8, and Atg2l, is
involved in the transfer and recycling of lipids from a hypothetical vesicular
source to the forming autophagosome (Mercer et al. 2018).

Although the mechanism of autophagy is similar in many organisms, there are
differences in the diversity and specificity of the genes involved. Mammalian
autophagy systems are much more complex than yeast. Many autophagy proteins
have multiple family members. For example, there is only Atg8 in yeast, but in
mammals, the Atg8 gene family has at least seven members including LC3A (two
splice variants), LC3B, LC3C, GABARAP, GABARAPLI1, and GABARAPL2.
Research shows that MAP1LC3 and GABARAP are conjugated to PE and thus
bound to autophagic vesicles. The recent studies have shown that GABARAPL1
and GABARAPL?2 can also interact with Atg7, Atg3, and Atg5, but the potential
significance of mammalian Atg8 family members is still unclear. There are two
Atg8 homologs, LGG-1 and LGG-2, C. elegans, but only LGG-1 is involved in
autophagy (Schaaf et al. 2016). Moreover, Atgl01, which is not found in yeast, is
present in the autophagy system of mammals.
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7.2.1.2 Autophagy Genes Are Involved in Other Biological Processes

Some genes, although conserved, may have additional functions in mammals. For
example, yeast Atg6, a component in the PI3K complex, is involved only in vacuo-
lar protein transport and autophagy. BECLIN1, the homologous mammalian pro-
tein, not only participates in autophagy regulation but also interacts with bcl-2, a
negative regulator of apoptosis, to regulate apoptosis (Booth et al. 2014). Atg4 is
also involved in the regulation of Notch signaling pathway in Drosophila melano-
gaster. Therefore, in higher eukaryotes, autophagy genes have both functional sepa-
ration and functional redundancy.

7.2.2 Differences of Mammalian Autophagy
Regulatory Pathways

In mammals, many signals regulate autophagy, and the regulation process is very
complicated. Excess or insufficient autophagy will be harmful to the life of the cells.
In addition, regulation by different signals also needs to be coordinated. In mam-
mals, intracellular energy levels, nutrients such as amino acids, and growth factors
regulate intracellular autophagy levels. AMPK, an AMP-dependent protein kinase,
senses intracellular energy levels, and rapamycin targets perceive intracellular nutri-
ent amino acid levels, and growth factors.

Autophagy is a protective response of cells to pathological adversity such as
cancer, myocardial ischemia, and pathogen infection. Meanwhile, intracellular sta-
bility is maintained by promoting the degradation cycle of intracellular long-lived
proteins and organelles. This homeostasis helps cells fight a variety of diseases,
such as neurodegeneration, myopathy, liver disease, and obesity. In the face of these
stresses, autophagy can maintain the biosynthetic and ATP levels of cells, provide
amino acids for de novo synthesis of proteins, and provide the substrates required
for the tricarboxylic acid cycle. In mice without Atg5 or Atg7, the level of amino
acids in the cytoplasm and tissues is decreased, and these mice die within 1 day after
birth (Kuma et al. 2004).

As an important survival metabolic pathway, autophagy has also been demon-
strated in cell culture systems. Bax/Bak double-knockout mutant cells cannot
undergo apoptosis, so when growth factors are deficient, autophagy protects these
cells from death. Silencing Atg7 with RNAI or treating growth factor-deficient cell
lines with autophagy inhibitor 3-MA leads to cell death. Supplementing autophagy-
deficient cell lines with methyl pyruvate, the substrate required in the tricarboxylic
acid cycle, restores ATP synthesis and cell viability. The evidence above shows that
autophagy acts as a metabolic pathway to protect cells. However, autophagy cannot
protect a cell indefinitely. It can only help cells cope with adversity and fight for
time, somewhat like a backup battery (Levine and Kroemer 2008).
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7.2.2.1 Regulation of Autophagy by TOR Kinase

TOR was originally identified as a negative regulator of autophagy in yeast and was
confirmed to be a major regulator of autophagy in mammals. Mammalian cells con-
tain two complexes: mMTORC1 and mTORC?2. Each has distinct functions; mTORCI1
regulates protein synthesis, cell proliferation, and autophagy, and mTORC2 regu-
lates cytoskeleton, cell metabolism, cell viability, and insulin response. Under con-
ditions with abundant nutrients, phosphorylation of Ulk1 and Atg13 is caused by the
binding of mTORCI to Ulkl and Atgl3 via the subunit Raptor. Under starvation
conditions, Ulk1is dephosphorylated and dissociates from mTORC1. Phosphorylated
Atgl3 and FIP200 form a complex, thereby activating the initiation of the autoph-
agy. Starvation, amino acid deficiency, or decreased growth factor levels inhibit the
activity of mTORCI, thus activating the autophagy process (Noda 2017).

7.2.2.2 Regulation of Autophagy by AMPK Kinase

AMPK is a major positive regulator of autophagy, and AMPK is activated when the
ratio of intracellular AMP/ATP increases, indicating that the intracellular energy
level is low. Activated AMPK on the one hand phosphorylates and activates Ulk1,
and on the other hand phosphorylates Raptor to inhibit mMTORC1. Both AMPK and
mTOR regulate the growth and metabolism of cells, linking these processes with
autophagy (Gallagher et al. 2016).

7.2.2.3 Regulation of Autophagy by Hypoxia

The tissue hypoxia-inducible factor 1 (HIF-1) signaling pathway responds to
hypoxia, tissue p53 signaling pathway downstream of DNA damage, and surface
pattern recognition receptor (PRR) signaling pathways in response to invasive patho-
gens. Under the condition of hypoxia, the transcription factor HIF-1 is stabilized,
leading to the expression of tissue hypoxia-related gene BNIP3. This protein con-
tains only one functional domain, BH3, is the main target of HIF-1, and is necessary
for tissue hypoxia-induced autophagy. Binding of BNIP3 to Bcl-2 blocks the inhibi-
tory interaction of Bcl-2 on Beclinl and induces autophagy. The tumor suppressor
p53 can be induced by many different cellular stresses, including DNA damage, and
this factor plays a dual role in the induction of autophagy. Multiple transcriptional
targets of p53 activate autophagy, including BAX and PUMA. However, p53 in the
cytoplasm can inhibit autophagy independent of transcriptional regulation. The bal-
ance between these two effects has not yet been studied in depth. PRRs recognize
molecular motifs on the surface of pathogens to induce autophagy, but the mecha-
nism of this signaling pathway is currently unclear, though there is evidence that
AMPK and Beclinl act as downstream effectors (Moloudizargari et al. 2017).
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7.2.3 Mammal-Specific Autophagy Type (Chaperone-Mediated
Autophagy, CMA)

In mammals and birds, in addition to macroautophagy and microautophagy, there is
a unique type of autophagy called chaperone-mediated autophagy, which is charac-
terized by direct transport of substrate proteins into lysosomes. Not all proteins can
be degraded by this pathway. The substrate protein must contain a specific sequence
motif (KFERQ) for recognition by the molecular chaperone HSC70, which is ulti-
mately transported to the lysosomal surface and degraded by entering the lysosome
with the transport complex LAMP2A (Kaushik and Cuervo 2018).

7.3 Similarities and Differences of Autophagy Between
Plants and Microbes

In the middle of the twentieth century, autophagy in plants was reported through
electron microscopy observation. Membrane-encapsulated cytoplasmic compo-
nents in vacuoles were first observed in the meristem of maize roots. In the late
1970s, Francis Marty and some other researchers found some vesicles wrapping
cytoplasm-like cargoes and forming structures like autophagosomes when observ-
ing the root meristem cells in Euphorbia L. Cytochemical analysis showed that the
vesicles were acidic and contained lysosomal acid hydrolases. These morphological
studies based on electron microscope provide a primary understanding and defini-
tion of autophagy in plants, but these results can only show static processes. Genetic
approaches have expanded our understanding of mechanisms and physiological
functions of autophagy, especially the identification of ATG genes in S. cerevisiae,
and promoted molecular explanations of autophagy in higher organisms. The analy-
sis of autophagy deletion mutants in plants is advancing the study of autophagy in
this field.

Unlike animals, plants are stationary so that they have to endure or overcome
stresses from different environmental conditions. For example, seedlings growing
in nitrogen-deficient soils or in shade have to face the problems of nitrogen or car-
bon deficiency. Under the condition of nutrient deficiency, plants need to degrade
macromolecular substances in vivo to adapt to the environment. Autophagy is a
major system involved in the degradation of organelles and cytoplasmic macromol-
ecules, and therefore plays an extremely important role in the growth and develop-
ment of plants. Up to now, two types of autophagy have been reported in plants:
microautophagy and macroautophagy. The vacuolar membrane can invaginate and
envelop cytoplasmic components to form vesicles within the vacuole; these vesicles
are degraded by enzymes in the vacuole, and this process is called microautophagy.
A large number of cytoplasmic components and organelles can be wrapped in
autophagosomes, which fuse with the vacuolar membrane and are then degraded in
the vacuole cavity; this process is called macroautophagy. Macroautophagy in
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plants is similar to that in animals, but the autophagosome degradation occurs in
vacuoles rather than lysosomes. Small vacuolar structures similar to autolysosomes
have been found in tobacco suspension cells as well, but it is uncertain whether they
exist in all plant cells. In addition to the above two types of autophagy, there are
molecular chaperon-mediated autophagy and pathogen autophagy in animals.
However, whether these autophagic processes exist in plants has been not known so
far (Wang et al. 2018).

7.3.1 Differences in Molecular Machinery of Autophagy
in Plants

There are 18 key genes involved in non-selective macroautophagy in yeast:
ATGI1-10, 12-14, 16—18, 29, and 31. In the Arabidopsis thaliana genome, there are
30 homologous genes corresponding to the 18 genes above. However, there are no
homologous genes for Atgl4, 17, 29, and 31. Although the sequences of autophagy
proteins in A. thaliana are not highly homologous to those of yeast, their functional
domains are well conserved, indicating that molecular mechanisms of autophagy in
plants and yeast are similar. Autophagy genes have also been identified in many
crops such as rice and maize in addition to A. thaliana. In addition to the classic
autophagy pathway yeast contains, there is a unique autophagy-related pathway
called cytoplasm-to-vacuole directed transport pathway, in which aminopeptidase I
is transported from the cytoplasm to the vacuole and catalyzed to maturation in the
vacuole. The Cvt pathway requires the involvement of most of the key genes in
autophagy except Atg29 and Atg31 as well as some other proteins such as Atgl19-
Atg21 and Atg23. However, there are no definite homologs to these genes in plant
genomes. As a result, there seems to be no such pathway in plants. Of course, it is
also possible that there are functionally related genes with low sequence homology
(Yoshimoto and Ohsumi 2018).

7.3.1.1 Differences in Atgl Kinase Complex

The Atgl protein kinase complex comprises Atgl, Atgl3, Atgl7, Atg29, and Atg31,
and is involved in the induction and regulation of autophagy. The TOR complex is
the upstream negative regulator of the Atgl complex. Under nutrient-rich condi-
tions, activated TORCI in yeast hyper-phosphorylates Atgl3, preventing the bind-
ing of Atgl and Atgl3 and thus inhibiting the induction of autophagy. In a
nutrient-deficient state, TORCI is inactivated and Atg13 is dephosphorylated, thus
binding with Atgl to initiate autophagy. Homologous proteins of Atgl, Atgl3,
Atgll, Atgl7, and AtglOl in A. thaliana were analyzed. Studies showed that
AtATGI13a and AtATG13b in A. thaliana regulate autophagy and AtATGla inter-
acts with AtATG13b. In A. thaliana genome, there are four homologs of Atgl,
AtATGla-1c and AtATGIt, and two homologs of Atg13: AtATG13a and AtATG13b.
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Atgl7 is not an independent gene in A. thaliana, but there is an Atgl7-like domain
in AtATG11. The Atg1/Atg13 complex is involved in autophagic membrane closure
and autophagosome synthesis in yeast and animals, and it is likewise very important
for autophagosome formation in plants. Homologs of TORC1 complex subunits
TOR, RAPTOR, and LST8 have also been identified in A. thaliana, and knockout
mutants have also been analyzed. Studies using RNAI to silence TOR suggest that
TOR is also a negative regulator of autophagy in A. thaliana (Yoshimoto and
Ohsumi 2018).

7.3.1.2 Differences in PI3K Kinase Complex

The PI3K complex is a phosphatidylinositol 3-kinase comprising Vps34, Vpsl5,
Atg6, and Atgl4. One of the functions of this complex is to recruit Atgl8-Atg2 to
autophagic membranes by creating the PI3P required for Atg18 binding. A homolog
of Atgl4 was not isolated in A. thaliana. However, the silencing of ATG6 in A. thali-
ana and tobacco resulted in decreased autophagy, indicating that the PI3K complex
plays an important role in autophagy in plants.

Atg9, as one of the few transmembrane proteins among autophagy-related
genes, is currently believed to be involved in the transport of lipid to PAS site and
the extension of preautophagosome. Atg9 exists as an oligomer in yeast and inter-
acts with the Atgl8-Atg2 complex. The A. thaliana T-DNA insertion mutant
AtAtg9-1 shows autophagy deficiency phenotypes such as accelerated aging.
T-DNA insertion mutants AtAtg2-1 and AtAtg18-1 and transgenic silencing mutant
AtAtgl8a all show deficiencies in autophagosome formation. There are eight
homologs of yeast Atg18 in A. thaliana, showing the evolution of a multigene fam-
ily (Kim et al. 2012).

7.3.1.3 Differences Between Ubiquitin-Like Systems Atg8 and Atgl2

Two ubiquitin-like conjugation systems have been extensively studied in a variety
of organisms. The Atg8 lipidation system and Atgl2 conjugation system play an
important role in the extension and closure of autophagosome. After catalysis by the
ubiquitin-like El-activating enzyme Atg7 and ubiquitin-like binding E2 enzyme
Atg3, the ubiquitin-like protein Atg8 is covalently attached to the membrane lipid
phosphatidylethanolamine (PE). In this process, Atg8 is firstly cleaved by cysteine
protease Atg4 to expose the glycine at the C-terminus, activated by Atg7 and Atg3,
and then finally combined with the head of PE. This system is also conserved in
plants. An A. thaliana mutant with a T-DNA insertion in AtATG7 can be comple-
mented by wild-type AtATG7 protein, but a mutant with a point mutation in AtATG7
cannot. In addition, there are nine homologs of Atg8 in A. thaliana, which can all be
cleaved by AtATG4, and the substitution of glycine by alanine results in mislocal-
ization of these proteins. Meanwhile, the intermediate products AtATGS8s-PE and



7 Similarities and Differences of Autophagy in Mammals, Plants, and Microbes 111

AtATGS-AtATG3 only exist in the wild type, and could not be formed in Atatg7 and
Atatg4a4b double-knockout mutants. Atgl2 is covalently linked to Atg5 in a reac-
tion catalyzed by the enzymes Atg7 and Atg10. The combination can be detected by
antibodies to AtATG5 and AtATG12 in wild-type plants, but not in mutants lacking
the proteins AtATGS, AtATG7, AtATGI10, and AtATGI12al2b (Ryabovol and
Minibayeva 2016).

7.3.2 Differences in Autophagy Regulation Pathways in Plants

Negative regulation autophagy by TOR has also been shown to be conserved in
plants. TOR regulates the initiation of autophagy by regulating the phosphorylation
level of Atgl3. But its regulation of Atgl has not been proven yet. In addition to
responding to nutritional deficiency, TOR is also involved in osmotic-induced
autophagy activation, but does not participate in oxidative stress and endoplasmic
reticulum stress-induced autophagy regulation (Michaeli et al. 2016).

7.3.2.1 Metabolic Components Regulate Autophagy

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) can negatively regulate
autophagy in A. thaliana. GAPDH in tobacco can directly interact with Atg3 to
inhibit its activity. When plants encounter stress and accumulation of reactive oxy-
gen species, GAPDH relieves the inhibition of Atg3 to activate autophagy (Han
et al. 2015).

7.3.2.2 Intracellular Transport Pathways Regulate Autophagy

The exocyst complex regulates the transport of vesicles from the Golgi apparatus to
the plasma membrane. Recent studies have shown that mutants of EXO70B1, a
component of this complex in A. thaliana, are extremely sensitive to nitrogen star-
vation, and have a decreased number of autophagic bodies in the vacuole. In addi-
tion, the EXO70B1 homologous protein EXO70B2 contains an Atg8 interaction
domain (AIM) (Kulich et al. 2013). The endosomal sorting complexes required for
transport (ESCRT) transports ubiquitinated proteins to the multi-vesicle body
(MVB) via the endosome and ultimately to the vacuole for degradation. Studies in
mammals have shown that ESCRT is involved in the degradation of autophago-
somes, and this conserved function has also been demonstrated in A. thaliana.
ESCRT in A. thaliana regulates the autophagy process by affecting cargo identifica-
tion, autophagosome transport, and the fusion of autophagosomes and vacuoles
(Lefebvre et al. 2018).
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7.3.3 Autophagy Type Specific in Plants

Recent studies have made great progress in understanding selective autophagy in
plants, including peroxisomal autophagy, mitochondrial autophagy, endoplasmic
reticulum autophagy, and autophagy of specific proteins, all of which have been
shown to exist in A. thaliana (Tang and Bassham 2018). Although there are various
differences in specific molecular mechanisms of selective autophagy in plants as
compared to microorganisms and mammals, here we specifically highlight a type of
selective autophagy found only in plants.

7.3.3.1 Chloroplast Autophagy

In the 1980s, studies using transmission electron microscopy showed that autoph-
agy was involved in the degradation of chloroplasts and chloroplasts were degraded
in large vacuoles during cell senescence. In addition, autophagy has been speculated
to be involved in the quality control of chloroplasts. Autophagy involved in chloro-
plast regulation depends on two pathways. In one pathway, autophagosomes wrap
small bodies containing ribulose bisphosphate carboxylase and chloroplast matrix
proteins and then enter vacuoles for degradation. In the other pathway, by the help
of the receptor protein ATI1 which can interact with Atg8 and bind to proteins on
the plastid, entire plastids containing thylakoid proteins and matrix proteins can be
transported to vacuoles (Xie et al. 2015).

7.4 Conclusion

The synthesis and degradation of proteins in cells is always in a state of dynamic
equilibrium. If the balance is broken, this may lead to many problems, so protein
degradation plays an important role in intracellular nutrient reuse and the mainte-
nance of intracellular environment stability. The balance of intracellular protein lev-
els is largely dependent on two pathways, one being the ubiquitin proteasome
pathway and the other macroautophagy, which involves lysosomes (in animals) or
vacuoles (in plants and fungi). Although the mechanism of autophagy is similar in
many organisms, there are some differences in the molecular mechanism as well as
the pathways that regulate autophagy. One is the diversity and specificity of the
genes involved. The other is that, in mammals, the autophagy systems are more
complex than in yeast, many signals regulate autophagy, and the regulation process
is very complicated. Many autophagy proteins exist as multiple family members, so
autophagy genes in higher eukaryotes have both functional separation and func-
tional redundancy. In addition, there are some differences in the types of autophagy
in animals, plants, and microorganisms. Autophagy in yeast is divided into two
main types, macroautophagy and microautophagy. These two types are classified
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according to their selectivity as selective and non-selective autophagy. In addition,
there are cytoplasmic to vacuolar pathways, peroxisome autophagy, mitochondrial
autophagy, nuclear autophagy, endoplasmic reticulum autophagy, ribosome autoph-
agy, and pathogen autophagy. Chaperone-mediated autophagy appears to be limited
to vertebrate animals (Lescat et al. 2020). In plants, there is a unique type of selec-
tive autophagy that targets chloroplasts for degradation in the vacuole.

References

Booth LA, Tavallai S, Hamed HA, Cruickshanks N, Dent P. The role of cell signalling in the cross-
talk between autophagy and apoptosis. Cell Signal. 2014;26:549-55.

Dikic I, Elazar Z. Mechanism and medical implications of mammalian autophagy. Nat Rev Mol
Cell Biol. 2018;19:349-64.

Dimou E, Nickel W. Unconventional mechanisms of eukaryotic protein secretion. Curr Biol.
2018;28(8):R406-R410.

Gallagher LE, Williamson LE, Chan EYW. Advances in autophagy regulatory mechanisms. Cells.
2016;5:24.

Han S, Wang Y, Zheng X, Jia Q, Zhao J, Bai F, Hong Y, Liu Y. Cytoplastic glyceraldehyde-3-
phosphate dehydrogenases interact with ATG3 to negatively regulate autophagy and immunity
in Nicotiana benthamiana. Plant Cell. 2015;27(4):1316-31.

Kaushik S, Cuervo AM. The coming of age of chaperone-mediated autophagy. Nat Rev Mol Cell
Biol. 2018;19:365-81.

Kim SH, Kwon C, Lee JH, Chung T. Genes for plant autophagy: functions and interactions. Mol
Cells. 2012;34:413-23.

Klionsky DJ, Cregg JM, Dunn WA Jr, Emr SD, Sakai Y, Sandoval IV, Sibirny A, Subramani S,
Thumm M, Veenhuis M, Ohsumi Y. A unified nomenclature for yeast autophagy-related genes.
Dev Cell. 2003;5:539-45.

Kulich I, Pecenkova T, Sekeres J, Smetana O, Fendrych M, Foissner I, Hoftberger M, Zarsky
V. Arabidopsis exocyst subcomplex containing subunit EXO70B1 is involved in autophagy-
related transport to the vacuole. Traffic. 2013;14(11):1155-65.

Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T, Ohsumi Y, Tokuhisa T,
Mizushima N. The role of autophagy during the early neonatal starvation period. Nature.
2004:432(7020):1032-6.

Kwon HS, Kawaguchi K, Kikuma T, Takegawa K, Kitamoto K, Higuchi Y. Analysis of an acyl-
CoA binding protein in Aspergillus oryzae that undergoes unconventional secretion. Biochem
Biophys Res Commun. 2017;493:481-6.

Lefebvre C, Legouis R, Culetto E. ESCRT and autophagies: endosomal functions and beyond.
Semin Cell Dev Biol. 2018;74:21-8.

Lemus L, Goder V. A SNARE and specific COPII requirements define ER-derived vesicles for the
biogenesis of autophagosomes. Autophagy. 2016;12:1049-50.

Lescat L, Veron V, Mourot B, Peron S, Chenais N, Dias K, Riera-Heredia N, Beaumatin F, Pinel
K, Priault M, Panserat S, Salin B, Guiguen Y, Bobe J, Herpin A, Seiliez I. Chaperone-mediated
autophagy in the light of evolution: insight from fish. Mol Biol Evol. 2020;37(10):2887-99.

Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008;132(1):27-42.

Meijer WH, van der Klei 1J, Veenhuis M, Kiel JA. ATG genes involved in non-selective autophagy
are conserved from yeast to man, but the selective Cvt and pexophagy pathways also require
organism-specific genes. Autophagy. 2007;3(2):106-16.

Mercer TJ, Gubas A, Tooze SA. A molecular perspective of mammalian autophagosome biogen-
esis. J Biol Chem. 2018;293:5386-95.



114 F.-C. Linet al.

Michaeli S, Galili G, Genschik P, Fernie AR, Avin-Wittenberg T. Autophagy in plants—what’s
new on the menu? Trends Plant Sci. 2016;21:134-44.

Moloudizargari M, Asghari MH, Ghobadi E, Fallah M, Rasouli S, Abdollahi M. Autophagy, its
mechanisms and regulation: implications in neurodegenerative diseases. Ageing Res Rev.
2017;40:64-74.

Monastyrska I, Kiel JAKW, Krikken AM, Komduur JA, Veenhuis M, van der Klei 1J. The
Hansenula polymorpha ATG25 gene encodes a novel coiled-coil protein that is required for
macropexophagy. Autophagy. 2005;1:92—100.

Noda T. Regulation of autophagy through TORC1 and mTORC]. Biomolecules. 2017;7:52.

Ryabovol VV, Minibayeva FV. Molecular mechanisms of autophagy in plants: role of ATG8 pro-
teins in formation and functioning of autophagosomes. Biochemistry (Mosc). 2016;81:348-63.

Schaaf MB, Keulers TG, Vooijs MA, Rouschop KM. LC3/GABARAP family proteins: autophagy-
(un)related functions. FASEB J. 2016;30:3961-78.

Suzuki K, Akioka M, Kondo-Kakuta C, Yamamoto H, Ohsumi Y. Fine mapping of autophagy-
related proteins during autophagosome formation in Saccharomyces cerevisiae. J Cell Sci.
2013;126:2534-44.

Tang J, Bassham DC. Autophagy in crop plants: what’s new beyond Arabidopsis? Open Biol.
2018:8(12):180162.

Thompson AR, Vierstra RD. Autophagic recycling: lessons from yeast help define the process in
plants. Curr Opin Plant Biol. 2005;8:165-73.

Tsukada M, Ohsumi Y. Isolation and characterization of autophagy-defective mutants of
Saccharomyces cerevisiae. FEBS Lett. 1993;333:169-74.

Umekawa M, Klionsky DJ. Kspl kinase regulates autophagy via the target of rapamycin complex
1 (TORC1) pathway. J Biol Chem. 2012;287:16300-10.

Vlahakis A, Graef M, Nunnari J, Powers T. TOR complex 2-Ypk]1 signaling is an essential positive
regulator of the general amino acid control response and autophagy. Proc Natl Acad Sci U S
A.2014;111:10586-91.

Wang P, Mugume Y, Bassham DC. New advances in autophagy in plants: regulation, selectivity
and function. Semin Cell Dev Biol. 2018;80:113-22.

Wen X, Klionsky DJ. An overview of macroautophagy in yeast. ] Mol Biol. 2016;428:1681-99.

Xie Q, Michaeli S, Peled-Zehavi H, Galili G. Chloroplast degradation: one organelle, multiple
degradation pathways. Trends Plant Sci. 2015;20:264-5.

Yang Z, Geng J, Yen WL, Wang K, Klionsky DJ. Positive or negative roles of different cyclin-
dependent kinase Pho85-cyclin complexes orchestrate induction of autophagy in Saccharomyces
cerevisiae. Mol Cell. 2010;38:250-64.

Yi C, Tong J, Lu P, Wang Y, Zhang J, Sun C, Yuan K, Xue R, Zou B, Li N, Xiao S, Dai C, Huang
Y, Xu L, Li L, Chen S, Miao D, Deng H, Li H, Yu L. Formation of a Snfl-Mec1-Atgl module
on mitochondria governs energy deprivation-induced autophagy by regulating mitochondrial
respiration. Dev Cell. 2017;41:59-71.e4.

Yorimitsu T, Zaman S, Broach JR, Klionsky DJ. Protein kinase A and Sch9 cooperatively regulate
induction of autophagy in Saccharomyces cerevisiae. Mol Biol Cell. 2007;18:4180-9.

Yoshimoto K, Ohsumi Y. Unveiling the molecular mechanisms of plant autophagy-from autopha-
gosomes to vacuoles in plants. Plant Cell Physiol. 2018;59:1337-44.



Part 11
Investigating Autophagy: Model Systems,
Tools and Strategies



®

Check for
updates

Chapter 8
Monitoring Autophagy by Optical
Microscopy

Yanrong Zheng, Xiangnan Zhang, and Zhong Chen

Abstract Thanks to the advances in optical microscope technology and our knowl-
edge of autophagic biomarkers, single-molecule events of autophagy are now acces-
sible to human eyes. Different proteins are involved hierarchically in the biogenesis
and maturation of autophagosomes. Detecting these autophagy-related proteins
either by immunostaining or fluorescent protein labelling makes the dynamic
autophagic process visible. However, low antibody specificity and weak endoge-
nous expression of autophagy-related proteins in certain tissues limit the applicabil-
ity of immunostaining in autophagy detection. To cope with this, live-cell imaging
combined with various fluorescent probes has been developed and employed in
monitoring autophagy. As the most widely used autophagic biomarker, LC3 can be
used to visualize autophagosomes, and fluorescent probes targeting LC3, i.e., RFP/
mCherry-GFP-LC3, and GFP-LC3-RFP-LC3AG, can examine autophagy flux
dynamically and quantitatively. In addition, the application of novel fluorophores
such as Keima helps to detect the temporal and spatial characteristics of autophagy.
Furthermore, selective autophagy can be clarified by labelling corresponding sub-
strates and autophagosomes or lysosomes simultaneously. With the help of two-
photon microscopy, the process of autophagy in live animals has been uncovered.
Here, we summarize the methods for observing autophagy by optical microscopy
and the selection of fluorescent markers.
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Abbreviations

GABARAP GABA type A receptor-associated protein
ICC Immunocytochemistry

IF Immunofluorescence

IHC Immunohistochemistry

Lamp-1 Lysosome-associated membrane protein-1
Lamp-2 Lysosome-associated membrane protein-2
MAPILC3/LC3 Microtubule-associated protein 1 light chain 3
PE Phosphatidylethanolamine

SIM Structured illumination microscopy

STED Stimulated emission depletion microscopy
STORM Stochastic optical reconstruction microscopy
ZFYVEI1 Zinc finger FY VE-type containing 1

8.1 Introduction

Although the observation of double-membrane structures with transmission elec-
tron microscope (TEM) serves as a gold standard for autophagy identification, TEM
doesn’t work when it comes to the detection of autophagy in living cells or animals.
In addition, laborious sample preparation and the few probes available also limit the
applicability of TEM. To cope with this, techniques for the detection of autophagy
with optical microscope have been springing up in recent decades.

Autophagy is characterized by a double-membrane structure called autophago-
some. According to the maturity of autophagosome, the process of autophagy can
be generally divided into the following stages: phagophore, sealed autophagosome,
amphisome, and autolysosome. Different proteins are involved in each special
stage, which makes the detection of dynamic processes of autophagy possible.
What’s more, labelling autophagosomes and autophagy substrates simultaneously
can clarify the different types of selective autophagy. Here, we focus on methods of
observing autophagy by optical microscope and the selection of fluorescent markers.

8.2 Monitoring Autophagy by Immunostaining

As one basic component of autophagosomes, the Atg8 family is widely employed to
visualize autophagy. Once autophagy is activated, Atg8 family members are modi-
fied by phosphatidylethanolamine (PE) lipidation at C-terminus. Upon conjugation
to PE, diffuse Atg8 in cytosol translocates to autophagosomes, forming punctate
structures. Detection of autophagosomes by endogenous Atg8 immunostaining
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helps to avoid false positives resulting from overexpression of fluorescent protein-
fused Atg8.

The mammalian homologs of Atg8 include microtubule-associated protein 1
light chain 3 (MAP1LC3/LC3) family and GABA type A receptor-associated pro-
tein family (GABARAP). The differences in their roles in autophagy are still incon-
clusive. The LC3 proteins have been reported to participate in phagophore formation,
while GABARAP family members contribute more to phagophore elongation and
closure (Weidberg et al. 2010). However, other lines of evidence suggest GABARAP
rather than LC3 is indispensable for autophagic sequestration of cytosolic substrates
in certain cell types (Szalai et al. 2015). Nevertheless, so far, LC3 has been the pri-
mary Atg8 mammalian homolog monitored in the most researches. Noteworthily,
the LC3 family also has diverse members including LCA, LC3B, and LC3C, and
the differences in their functions are poorly understood. A fundamental technical
consideration is that some commercialized anti-LC3 antibodies can recognize one
special LC3 family member while others cannot. For immunostaining, the antibody
can be selected according to the difference in tissue distributions of LC3 family
proteins. For example, LC3A is abundant in the brain, allowing immunohistochemi-
cal detection, particularly in the Purkinje cells of the cerebellum (Martinet et al.
2013). However, when it comes to the liver as well as the heart, spleen, and lung,
transgenic animals may be necessary for immunostaining due to the relatively weak
expression of both LC3A and LC3B (Martinet et al. 2006).

To obtain optimal detection of LC3 by immunostaining, different fixatives,
embedding media, and antibody concentrations should be tested and optimized. For
example, cross-linking fixatives like formalin may be more suitable for fixing LC3
which is not large enough to be precipitated by precipitant fixatives (e.g., metha-
carn) (Martinet et al. 2013). In addition, immunostaining based on Envision reagent
allows signal amplification via a hydrophilic polymer (dextran) conjugated to sec-
ondary antibodies and multiple (up to 100) horseradish peroxidase molecules
(Fig. 8.1), which may help improve the detection of LC3 by immunohistochemistry
(Rosenfeldt et al. 2012).

e Antigen

A Primary antibody

=
=
[

Y Secondary antibody

/ \ \ Dextran backbone
+ @ Horseradish peroxidase

Fig. 8.1 Schematic representation of signal amplification realized by Envision reagent. The dex-
tran backbone of Envision reagent is conjugated to secondary antibodies and multiple horseradish
peroxidase molecules. After secondary antibody identifies primary antibody, abundant horseradish
peroxidase molecules amplify the signals
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8.3 Monitoring Autophagy in Living Cells

Low antibody specificity and weak expression of endogenous LC3 in certain tissues
limit the applicability of immunostaining in autophagy detection. To cope with this,
optical microscopy has been employed to monitor living cells transfected with fluo-
rescent proteins fused to autophagy-related proteins, which also makes the dynamic
processes of autophagy visible.

8.3.1 Live-Cell Imaging of LC3

Similar to immunostaining, LC3 is also the most common autophagic marker exam-
ined in live-cell imaging. Here we introduce some methods of LC3 labelling in
live-cell imaging.

8.3.1.1 GFP/mCherry-LC3

Single fluorescent protein-fused LC3 (GFP/mCherry-L.C3) is the most widely used
tool for observing autophagosomes. The fluorescent protein is usually fused to the
N-terminus of LC3 since its C-terminus is cleaved during autophagy activation. After
autophagy induction in cells expressing GFP/mCherry-LC3, the cytosolic fluores-
cence signal localizes to punctate structures reminiscent of autophagosomes (Fig. 8.2).

Ctrl Hypoxia

Fig. 8.2 Autophagosomes labelled by mCherry-LC3 in Neuro2a cells. Neuro2a cells were trans-
fected with mCherry-LC3B. In the control group, the signal of mCherry-LC3B is diffuse in the
cytosol. However, hypoxia increases the number of punctate structures labelled by mCherry-
LC3B, reflecting the activation of autophagy. Scale bar: 10 pm
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The fluorescence of GFP is quenched below pH 7 (Patterson et al. 1997), making
GFP undetectable in lysosomes. Thus, it is possible that autophagosomes labelled
by GFP-LC3 won’t accumulate in certain cell types such as neurons whose lyso-
somes are relatively active (Adhami et al. 2007). Under such conditions, lysosome
inhibitor is necessary to prove autophagy activation. Alternatively, GFP can be
replaced by RFP or mCherry which shows stronger acid resistance (Kimura
et al. 2007).

One technical concern about single fluorescent protein-fused LC3 is that it by
itself cannot indicate the activation of autophagy flux since lysosomal dysfunction
can also lead to the accumulation of LC3 puncta. Thus, the use of a lysosome inhibi-
tor is required for determining the increase of autophagy flux (Klionsky et al. 2016);
alternatively, one of the following methods of LC3 labelling can be chosen.

8.3.1.2 RFP/mCherry-GFP-LC3

As mentioned above, GFP-LC3 loses fluorescence due to acidic lysosomal condi-
tions, while RFP/mCherry-LC3 does not, allowing the latter to label autophagic
compartments both before and after fusion with lysosomes. Taking advantage of
this property, RFP/mCherry-GFP tandem fluorescent-tagged LC3 has been devised
for dissecting the maturation process of autophagosomes (Kimura et al. 2007). RFP/
mCherry-GFP-LC3 shows both GFP and RFP/mCherry signals in the cytosol, but
exhibits only the RFP/mCherry fluorescence after fusing with lysosomes (Fig. 8.3),
thus allowing visualization of the formation and maturation of individual autopha-
gosomes. In addition, a dramatic increase in the number of puncta with only RFP/
mCherry signal as compared to puncta with both GFP and RFP/mCherry signals
indicates an accumulation of autolysosomes, and thus the activation of autophagy

Cytosol pH=7 pH<5

Lysosome

Autophagosome

Fig. 8.3 Schematic representation of RFP-GFP-LC3. When autophagy is activated, autophago-
somes in the cytosol labelled by RFP-GFP-LC3 show both GFP and RFP signals. However, RFP-
GFP-LC3 exhibits only the RFP/mCherry fluorescence after fusing with lysosomes due to the poor
acid resistance of GFP



122 Y. Zheng et al.

flux. In contrast, lysosome dysfunction stabilizes GFP-LC3 fluorescence and
increases GFP-LC3 and mRFP-LC3 co-localization, but reduces the number of
puncta with only RFP/mCherry signal.

8.3.1.3 GFP-LC3-RFP-LC3AG

Although RFP/mCherry is resistant to acidic conditions, its fluorescence will still be
quenched due to the degradation by lysosome, which makes it difficult to access
cumulative degradation of an autophagic substrate even with RFP/mCherry-GFP-
LC3. To deal with this, another fluorescence probe, GFP-LC3-RFP-LC3AG, has
been developed (Kaizuka et al. 2016). When autophagy is activated, Atg4 cleaves
LC3 precursor to form LC3-I with an exposed glycine residue at C-terminus. LC3-1
further undergoes PE conjugation and converts to LC3-II which is recruited to
autophagosomes (Fig. 8.4a). In GFP-LC3-RFP-LC3AG, GFP-LC3 is fused to the N
terminus of RFP-LC3 whose C-terminal glycine is deleted (Kaizuka et al. 2016).
When expressed in cells, GFP-LC3-RFP-LC3AG is separated into equimolar
amounts of GFP-LC3 and RFP-LC3AG by endogenous Atg4 proteases. GFP-LC3
localizes to the autophagosomes and is further quenched in lysosomes, while RFP-
LC3AG stably exists in the cytoplasm due to a lack of PE lipidation (Fig. 8.4b).
Thus, RFP-LC3AG here serves as an internal control and helps to determine whether
the reduction in the GFP intensity is due to autophagy activation or to the decrease
of protein synthesis. Autophagic flux can be quantitatively monitored by calculating
the GFP/RFP ratio whose reduction reflects an increase of autophagic degradation.

8.3.2 Live-Cell Imaging of Lysosomes

The detection of lysosome morphology is also widely employed in autophagy
research. However, unlike LC3, lysosomes alone cannot be used to measure the
activation of autophagy since the number and size of lysosomes also responds to
non-autophagic pathways (Fogel et al. 2012). Thus, lysosomes are usually co-
labelled with other autophagy-related proteins to interpret the maturity of autopha-
gosomes or with autophagic substrates to clarify selective autophagy.

8.3.2.1 Acidotropic Dyes

Acidotropic dyes, such as monodansylcadaverine, acridine orange, Neutral Red,
LysoSensor Blue, and LysoTracker Red, identify acidified vesicular compartments
and therefore can label lysosomes. However, this method cannot distinguish
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Fig. 8.4 Schematic representation of GFP-LC3-RFP-LC3AG. (a). When autophagy is activated,
Atg4 cleaves LC3 precursor to form LC3-I with an exposed glycine residue at C-terminus. LC3-1
further undergoes PE conjugation and converts to LC3-II. In RFP-LC3AG, the glycine residue at
C-terminus is deleted. (b) When expressed in cells, GFP-LC3-RFP-LC3AG is separated into equi-
molar amounts of GFP-LC3 and RFP-LC3AG by endogenous Atg4 proteases. GFP-LC3 localizes
to the autophagosomes and is further quenched in lysosomes, while RFP-LC3AG stably exists in
the cytoplasm due to a lack of PE lipidation

endosomes, amphisomes, lysosomes, and other acidified organelles and have been
gradually replaced by other methods.

8.3.2.2 GFP-Lampl/Lamp2

Lysosome-associated membrane protein-1 (LAMP-1) and LAMP-2 account for
about half of the lysosomal membrane protein (Hunziker et al. 1996) and are the
most widely used lysosome marker (Kornfeld and Mellman 1989). Fluorescent
protein-fused Lamp-1/2 is useful for indicating the maturity of autophagosomes and
monitoring selective autophagy when used in conjunction with other autophago-
some or substrate markers.
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8.3.3 Markers for Special Autophagic Stages

The process of autophagy can be generally divided into the following stages accord-
ing to the maturity of the autophagosome: phagophore, sealed autophagosome,
amphisome, and autolysosome. Different stages of the autophagic process involve
different autophagy-related proteins. Some of these proteins localize to autophago-
somes for just one particular period of time, which helps in the interpretation of the
maturity of autophagosomes. However, the majority of these proteins lack commer-
cial antibodies with high specificity, making live-cell imaging necessary for detec-
tion. Here, we introduce some protein markers for different stages of autophagic
process.

8.3.3.1 Phagophore

Atg5, Atgl2, Atgl4, and Atgl6L1 can serve as phagophore markers. Atg5, Atgl?2,
and Atgl6L1 form a protein complex which is critical for the elongation of the
phagophore. Downstream inhibition due to LC3/GABARAP deficiency results in
an accumulation of the phagophore-associated ATG5, ATG12, and ATG16L1 puncta
(Mikhaylova et al. 2012). During autophagosome biogenesis in axons, Atg5 local-
izes to punctate structure before LC3, and its signal decays from nascent autopha-
gosomes after LC3 translocation (Maday and Holzbaur 2014). Similarly, ATG16L1
is located on phagophores rather than completed autophagosomes (Mizushima et al.
2003; Ravikumar et al. 2010). However, ATG14 is not recruited exclusively to phag-
ophores and can also localize on mature autophagosomes as well as the ER (Fan
et al. 2011; Matsunaga et al. 2010). Accordingly, ATG14 should be used in combi-
nation with other phagophore and autophagosome markers.

In addition, the ER population of zinc finger FY VE-type containing 1 (ZFYVE]1)
marks the site of omegasome (Axe et al. 2008) from which phagophores form.

8.3.3.2 Sealed Autophagosomes

Numerous proteins including LC3 and WIPI1/2 localize to autophagosomes; how-
ever, their punctate signal cannot distinguish elongating phagophores or sealed
autophagosomes. Under such circumstances, combination of LC3 and phagophore
markers can be employed, and the dissociation of phagophore markers indicates the
sealed autophagosomes (Maday and Holzbaur 2014). Additionally, STX17 can
serve as a marker of sealed autophagosomes since it is recruited to completely
sealed autophagosomes but not to phagophores or autolysosomes (Itakura et al.
2012; Klionsky et al. 2016; Takats et al. 2013).
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8.3.3.3 Amphisome and Autolysosome

The autolysosome is produced by the fusion of an autophagosome with a lysosome.
Similarly, the convergence of macroautophagy and endocytosis generates an amphi-
some that further results in an autolysosome upon fusion with a lysosome (Hyttinen
et al. 2013). Thus, amphisomes and autolysosomes can be labelled by LC3 in com-
bination with endosome markers (such as Rab7) or lysosome marker (such as
Lamp-1) (Jager et al. 2004). In addition, tectonin beta-propeller repeat containing 1
(TECPR1) plays a role in autophagosome-lysosome fusion (Chen et al. 2012), thus
marking lysosomes and autolysosomes (Klionsky et al. 2016).

8.3.4 Live-Cell Imaging for Selective Autophagy

Selective autophagy refers to the process by which a certain type of substrate is
degraded through the autophagy pathway. Accumulated lines of evidence suggest
that selective autophagy plays an important role in a variety of physiological and
pathological conditions. Selective autophagy can be divided into many subtypes
according to diverse substrates, such as mitophagy, ER-phagy, and pexophagy.
Although autophagic substrates differ, the observation of different selective autoph-
agic pathways shares some common methods. Here we summarize some strategies
for detecting selective autophagy.

8.3.4.1 Co-localization with Atg8 Family Proteins
During selective autophagy activation, substrate of interest is co-localized with

Atg8 family members in both transversal and orthogonal views or surrounded by a
ringlike structure of Atg8 (Fig. 8.5). Noteworthily, different Atg8 family members

Fig. 8.5 Monitoring mitophagy in Neuro2a cells with confocal microscope. Neuro2a cells were
transfected with mCherry-L.C3 and MitoGFP to label autophagosomes and mitochondria, respec-
tively. After subjection to hypoxia, mitochondria are engulfed by LC3 puncta, indicating the acti-
vation of mitophagy. Scale bar: 2 pm
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should be chosen dependent on their affinity with the substrates. For example,
Bnip3L shows stronger interaction with LC3A and GABARAP than LC3B (Novak
etal. 2010). Thus, fluorescent protein-fused LC3A or GABARAP should be consid-
ered when studying Bnip3L-induced mitophagy.

8.3.4.2 Co-localization with Lysosomes

The co-localization of substrates with lysosomes implies the degradation of the sub-
strate in lysosomes. However, in some cases, the contact between substrates and
lysosomes can be induced by non-autophagic pathways. For example, lysosomes
interact with mitochondria to mediate mitochondrial fission in HeLa cells (Wong
et al. 2018). Thus, the combination of various methods is necessary for the proper
interpretation of selective autophagy.

8.3.4.3 pH-Sensitive Fluorescent Probe

Some fluorescent proteins show different spectral properties depending on environ-
mental pH. When fused with a substrate-targeting sequence, the change in the spec-
tral properties of the probe indicates the translocation of the substrate into lysosomes.
For example, the red fluorescent protein Keima has a bimodal excitation spectrum
peaking at 440 and 586 nm corresponding to the neutral and acidic conditions,
respectively, while its emission spectrum peaks at 620 nm (Violot et al. 2009). Thus,
mitochondria-targeted Keima (mtKeima) can be employed to detect mitophagy
(Katayama et al. 2011). Similarly, MitoQC, an mCherry-GFP tandem fluorescent
probe which is fused with mitochondrial targeting sequence, has been developed to
monitor mitophagy by taking advantage of weak acid resistance of GFP (Allen
et al. 2013).

8.3.4.4 Changes in the Distribution of Key Proteins

In some cases, selective autophagy activation can be indicated by translocation of
certain proteins. For example, the loss of mitochondrial membrane potential induces
recruitment of Parkin to mitochondria, which triggers the downstream pathway of
mitophagy (Youle and Narendra 2011). Thus, the mitochondrial translocation of
Parkin reflects the activation of Parkin-mediated mitophagy. Similarly, p62 is
recruited to peroxisomes to execute pexophagy (Zhang et al. 2015). Noteworthily,
this approach may only be suitable for indicating the activation of certain protein-
dependent selective autophagy pathways; a combination of other methods is
required for examining general selective autophagy.
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8.4 Monitoring Autophagy in Living Animals

Monitoring autophagy in vivo is necessary for further investigating the role of
autophagy in a variety of physiological and pathological conditions. The biggest
obstacle to imaging in living animals is large image depths. Under such circum-
stances, two-photon excitation microscopy is employed in preference to confocal
microscopy. In addition, two-photon microscopy reduces phototoxicity incurred
throughout the live samples compared with confocal microscopy. Two-photon
microscopy has been reported for visualizing autophagosomes in the cells of retro-
splenial dysgranular cortex (RSD) or cerebellar cortex in living mice (Chen et al.
2015). In this study, the cells in RSD and cerebellar cortex were transfected with
lentiviral vector expressing EGFP-LC3, and 20 days after virus injection, the mice
were investigated by two-photon microscopy with the thin-skull method. In both
areas, clustered EGFP-positive vesicles and dispersed fine EGFP-positive dots
could be observed, and these structures were further confirmed to be autophago-
somes by immunostaining with anti-Lamp-2 antibodies (Chen et al. 2015).

When performing two-photon microscope imaging, virus injection may be nec-
essary for overexpression of fluorescent protein-fused proteins. Inappropriate
administration of virus injection results in excessive bleeding and inflammation,
both of which undermine the quality of two-photon microscope imaging. In addi-
tion, two-photon microscopy has lower spatial resolution than conventional confo-
cal microscope, although it exhibits deeper tissue penetration (<1000 pm) and less
phototoxicity. Furthermore, it is difficult to avoid cross talk between fluorophores
due to broad excitation bands in two-photon microscope. These disadvantages limit
the applicability of two-photon microscope in selective autophagy research.
Fortunately, more fluorophores suitable for two-photon imaging have been made
available, and a variety of two-photon fluorescent dyes targeting lysosomes have
been reported (Jiang et al. 2017; Hou et al. 2018; He et al. 2014), which may con-
tribute to the investigation of autophagy.

Apart from two-photon imaging, macro-zoom fluorescence microscopy has also
been employed to observe the activation of autophagy in the whole brain of
GFP-LC3 transgenic mice (Tian et al. 2010). In addition, the utilization of model
organisms, including Drosophila, C. elegans, and zebrafish, may help to simplify
the detection of autophagy with the use of fluorescence or confocal microscope
(Zhou et al. 2015; Xu et al. 2019).

8.5 Perspectives

Advances in optical microscopy techniques have broadened our horizons at scales
from a single molecule to tissues. During the last decade, various super-resolution
imaging techniques, such as structured illumination microscopy (SIM), stimulated
emission depletion microscopy (STED), and stochastic optical reconstruction
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microscopy (STORM), have been established to achieve a higher resolution than
that imposed by the diffraction limit. The applications of super-resolution methods
in the area of autophagy have been considered and have advanced our knowledge of
autophagy machinery (Karanasios 2019; Mohan et al. 2019; Ligeon et al. 2015;
Graef et al. 2013). The development of novel fluorescent proteins (such as pHRed,
Keima, and Dendra2), has allowed the temporal and spatial characteristics of
autophagy to be further clarified. In addition, thanks to the deeper understanding of
autophagy machinery, more and more biomarkers are available, which promotes in
turn the detection of autophagy. However, there are still some bottlenecks in the
observation of autophagy with optical microscopy. For example, antibodies against
autophagy markers for IHC need further optimization, and fluorescent probes with
high specificity and low toxicity are still lacking. What is more, the roles of autoph-
agy need further clarification in living animals. Taken together, breakthroughs in the
detection of autophagy will undoubtedly shed light on the molecular mechanisms of
autophagy and its roles under physical and pathological conditions.

References

Adhami F, Schloemer A, Kuan CY. The roles of autophagy in cerebral ischemia. Autophagy.
2007;3(1):42-4.

Allen GFG, Toth R, James J, Ganley IG. Loss of iron triggers PINK1/Parkin-independent mitoph-
agy. EMBO Rep. 2013;14(12):1127-35. https://doi.org/10.1038/embor.2013.168.

Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, Habermann A, Griffiths G, Ktistakis
NT. Autophagosome formation from membrane compartments enriched in phosphatidylino-
sitol 3-phosphate and dynamically connected to the endoplasmic reticulum. J Cell Biol.
2008;182(4):685—701. https://doi.org/10.1083/jcb.200803137.

Chen DD, Fan WL, Lu YT, Ding XJ, Chen S, Zhong Q. A mammalian autophagosome maturation
mechanism mediated by TECPR1 and the Atg12-Atg5 conjugate. Mol Cell. 2012;45(5):629—41.
https://doi.org/10.1016/j.molcel.2011.12.036.

Chen X, Kondo K, Motoki K, Homma H, Okazawa H. Fasting activates macroautophagy in neu-
rons of Alzheimer’s disease mouse model but is insufficient to degrade amyloid-beta. Sci Rep.
2015;5:12115. https://doi.org/10.1038/srep12115.

Fan W, Nassiri A, Zhong Q. Autophagosome targeting and membrane curvature sensing by
Barkor/Atg14(L). Proc Natl Acad Sci U S A. 2011;108(19):7769-74. https://doi.org/10.1073/
pnas.1016472108.

Fogel JL, Thein TZT, Mariani FV. Use of LysoTracker to detect programmed cell death in
embryos and differentiating embryonic stem cells. J Vis Exp. 2012;(68):4254. https://doi.
org/10.3791/4254.

Graef M, Friedman JR, Graham C, Babu M, Nunnari J. ER exit sites are physical and functional
core autophagosome biogenesis components. Mol Biol Cell. 2013;24(18):2918-31. https://doi.
org/10.1091/mbc.E13-07-0381.

He L, Tan CP, Ye RR, Zhao YZ, Liu YH, Zhao Q, Ji LN, Mao ZW. Theranostic iridium(III) com-
plexes as one- and two-photon phosphorescent trackers to monitor autophagic lysosomes.
Angew Chem Int Edit. 2014;53(45):12137-41. https://doi.org/10.1002/anie.201407468.

Hou LL, Ning P, Feng Y, Ding YQ, Bai L, Li L, Yu HZ, Meng XM. Two-photon fluorescent probe
for monitoring autophagy via fluorescence lifetime imaging. Anal Chem. 2018;90(12):7122-6.
https://doi.org/10.1021/acs.analchem.8b01631.


https://doi.org/10.1038/embor.2013.168
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1016/j.molcel.2011.12.036
https://doi.org/10.1038/srep12115
https://doi.org/10.1073/pnas.1016472108
https://doi.org/10.1073/pnas.1016472108
https://doi.org/10.3791/4254
https://doi.org/10.3791/4254
https://doi.org/10.1091/mbc.E13-07-0381
https://doi.org/10.1091/mbc.E13-07-0381
https://doi.org/10.1002/anie.201407468
https://doi.org/10.1021/acs.analchem.8b01631

8 Monitoring Autophagy by Optical Microscopy 129

Hunziker W, Simmen T, Honing S. Trafficking of lysosomal membrane proteins in polarized kid-
ney cells. Nephrologie. 1996;17(7):347-50.

Hyttinen JMT, Niittykoski M, Salminen A, Kaarniranta K. Maturation of autophagosomes and
endosomes: a key role for Rab7. BBA-Mol Cell Res. 2013;1833(3):503—10. https://doi.
org/10.1016/j.bbamcr.2012.11.018.

Itakura E, Kishi-Itakura C, Mizushima N. The hairpin-type tail-anchored SNARE syntaxin 17
targets to autophagosomes for fusion with endosomes/lysosomes. Cell. 2012;151(6):1256—69.
https://doi.org/10.1016/j.cell.2012.11.001.

Jager S, Bucci C, Tanida I, Ueno T, Kominami E, Saftig P, Eskelinen EL. Role for Rab7 in matura-
tion of late autophagic vacuoles. J Cell Sci. 2004;117(20):4837-48. https://doi.org/10.1242/
jcs.01370.

Jiang JC, Tian XH, Xu CZ, Wang SX, Feng Y, Chen M, Yu HZ, Zhua MZ, Meng XM. A two-
photon fluorescent probe for real-time monitoring of autophagy by ultrasensitive detec-
tion of the change in lysosomal polarity. Chem Commun. 2017;53(26):3645-8. https://doi.
org/10.1039/c7cc00752c.

Kaizuka T, Morishita H, Hama Y, Tsukamoto S, Matsui T, Toyota Y, Kodama A, Ishihara T,
Mizushima T, Mizushima N. An autophagic flux probe that releases an internal control. Mol
Cell. 2016;64(4):835-49. https://doi.org/10.1016/j.molcel.2016.09.037.

Karanasios E. Correlative live-cell imaging and super-resolution microscopy of autophagy.
Methods Mol Biol. 2019;1880:231-42. https://doi.org/10.1007/978-1-4939-8873-0_15.

Katayama H, Kogure T, Mizushima N, Yoshimori T, Miyawaki A. A sensitive and quantita-
tive technique for detecting autophagic events based on lysosomal delivery. Chem Biol.
2011;18(8):1042-52. https://doi.org/10.1016/j.chembiol.2011.05.013.

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.

Klionsky D, et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd
edition) (vol 12, pg 1, 2015). Autophagy. 2016;12(2):443. https://doi.org/10.1080/1554862
7.2016.1147886.

Kornfeld S, Mellman I. The biogenesis of lysosomes. Annu Rev Cell Biol. 1989;5:483-525.
https://doi.org/10.1146/annurev.cb.05.110189.002411.

Ligeon LA, Barois N, Werkmeister E, Bongiovanni A, Lafont F. Structured illumination micros-
copy and correlative microscopy to study autophagy. Methods. 2015;75:61-8. https://doi.
org/10.1016/j.ymeth.2015.01.017.

Maday S, Holzbaur EL. Autophagosome biogenesis in primary neurons follows an ordered
and spatially regulated pathway. Dev Cell. 2014;30(1):71-85. https://doi.org/10.1016/].
devcel.2014.06.001.

Martinet W, De Meyer GR, Andries L, Herman AG, Kockx MM. In situ detection of starvation-
induced autophagy. J Histochem Cytochem. 2006;54(1):85-96. https://doi.org/10.1369/
jhc.5A6743.2005.

Martinet W, Schrijvers DM, Timmermans JP, Bult H, De Meyer GR. Immunohistochemical anal-
ysis of macroautophagy: recommendations and limitations. Autophagy. 2013;9(3):386—402.
https://doi.org/10.4161/auto.22968.

Matsunaga K, Morita E, Saitoh T, Akira S, Ktistakis NT, Izumi T, Noda T, Yoshimori T. Autophagy
requires endoplasmic reticulum targeting of the PI3-kinase complex via Atgl4L. J Cell Biol.
2010;190(4):511-21. https://doi.org/10.1083/jcb.200911141.

Mikhaylova O, Stratton Y, Hall D, Kellner E, Ehmer B, Drew AF, Gallo CA, Plas DR, Biesiada
J, Meller J, Czyzyk-Krzeska MF. VHL-regulated MiR-204 suppresses tumor growth
through inhibition of LC3B-mediated autophagy in renal clear cell carcinoma. Cancer Cell.
2012;21(4):532-46. https://doi.org/10.1016/j.ccr.2012.02.019.

Mizushima N, Kuma A, Kobayashi Y, Yamamoto A, Matsubae M, Takao T, Natsume T, Ohsumi
Y, Yoshimori T. Mouse Apgl6L, a novel WD-repeat protein, targets to the autophagic isola-
tion membrane with the Apgl12-Apg5 conjugate. J Cell Sci. 2003;116(9):1679-88. https://doi.
org/10.1242/jcs.00381.


https://doi.org/10.1016/j.bbamcr.2012.11.018
https://doi.org/10.1016/j.bbamcr.2012.11.018
https://doi.org/10.1016/j.cell.2012.11.001
https://doi.org/10.1242/jcs.01370
https://doi.org/10.1242/jcs.01370
https://doi.org/10.1039/c7cc00752c
https://doi.org/10.1039/c7cc00752c
https://doi.org/10.1016/j.molcel.2016.09.037
https://doi.org/10.1007/978-1-4939-8873-0_15
https://doi.org/10.1016/j.chembiol.2011.05.013
https://doi.org/10.1080/15548627.2016.1147886
https://doi.org/10.1080/15548627.2016.1147886
https://doi.org/10.1146/annurev.cb.05.110189.002411
https://doi.org/10.1016/j.ymeth.2015.01.017
https://doi.org/10.1016/j.ymeth.2015.01.017
https://doi.org/10.1016/j.devcel.2014.06.001
https://doi.org/10.1016/j.devcel.2014.06.001
https://doi.org/10.1369/jhc.5A6743.2005
https://doi.org/10.1369/jhc.5A6743.2005
https://doi.org/10.4161/auto.22968
https://doi.org/10.1083/jcb.200911141
https://doi.org/10.1016/j.ccr.2012.02.019
https://doi.org/10.1242/jcs.00381
https://doi.org/10.1242/jcs.00381

130 Y. Zheng et al.

Mohan N, Sorokina EM, Verdeny IV, Alvarez AS, Lakadamyali M. Detyrosinated microtubules
spatially constrain lysosomes facilitating lysosome-autophagosome fusion. J Cell Biol.
2019;218(2):632—-43. https://doi.org/10.1083/jcb.201807124.

Novak I, Kirkin V, McEwan DG, Zhang J, Wild P, Rozenknop A, Rogov V, Lohr F, Popovic D,
Occhipinti A, Reichert AS, Terzic J, Dotsch V, Ney PA, Dikic I. Nix is a selective autophagy
receptor for mitochondrial clearance. EMBO Rep. 2010;11(1):45-51. https://doi.org/10.1038/
embor.2009.256.

Patterson GH, Knobel SM, Sharif WD, Kain SR, Piston DW. Use of the green fluorescent pro-
tein and its mutants in quantitative fluorescence microscopy. Biophys J. 1997;73(5):2782-90.
https://doi.org/10.1016/S0006-3495(97)78307-3.

Ravikumar B, Moreau K, Jahreiss L, Puri C, Rubinsztein DC. Plasma membrane contributes
to the formation of pre-autophagosomal structures (vol 12, pg 747, 2010). Nat Cell Biol.
2010;12(10):1021. https://doi.org/10.1038/ncb1010-1021c.

Rosenfeldt MT, Nixon C, Liu E, Mah LY, Ryan KM. Analysis of macroautophagy by immunohis-
tochemistry. Autophagy. 2012;8(6):963-9. https://doi.org/10.4161/auto.20186.

Szalai P, Hagen LK, Saetre F, Luhr M, Sponheim M, Overbye A, Mills IG, Seglen PO, Engedal
N. Autophagic bulk sequestration of cytosolic cargo is independent of LC3, but requires
GABARAPs. Exp Cell Res. 2015;333(1):21-38. https://doi.org/10.1016/j.yexcr.2015.02.003.

Takats S, Nagy P, Varga A, Pircs K, Karpati M, Varga K, Kovacs AL, Hegedus K, Juhasz
G. Autophagosomal Syntaxinl7-dependent lysosomal degradation maintains neuronal func-
tion in Drosophila. FEBS J. 2013;280:269.

Tian FF, Deguchi K, Yamashita T, Ohta Y, Morimoto N, Shang JW, Zhang XM, Liu N, Ikeda
Y, Matsuura T, Abe K. In vivo imaging of autophagy in a mouse stroke model. Autophagy.
2010;6(8):1107-14. https://doi.org/10.4161/auto.6.8.13427.

Violot S, Carpentier P, Blanchoin L, Bourgeois D. Reverse pH-dependence of chromophore pro-
tonation explains the large stokes shift of the red fluorescent protein mKeima. J Am Chem Soc.
2009;131(30):10356-7. https://doi.org/10.1021/ja903695n.

Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Elazar Z. LC3 and GATE-16/GABARAP
subfamilies are both essential yet act differently in autophagosome biogenesis. EMBO
J.2010;29(11):1792-802. https://doi.org/10.1038/emboj.2010.74.

Wong YC, Ysselstein D, Krainc D. Mitochondria-lysosome contacts regulate mitochondrial fis-
sion via RAB7 GTP hydrolysis. Nature. 2018;554(7692):382-6. https://doi.org/10.1038/
nature25486.

XulJ, SuT, Tokamov SA, Fehon RG. Live imaging of hippo pathway components in Drosophila ima-
ginal discs. Methods Mol Biol. 2019;1893:53-9. https://doi.org/10.1007/978-1-4939-8910-2_4.

Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol. 2011;12(1):9-14.
https://doi.org/10.1038/nrm3028.

Zhang JW, Tripathi DN, Jing J, Alexander A, Kim J, Powell RT, Dere R, Tait-Mulder J, Lee JH,
Paull TT, Pandita RK, Charaka VK, Pandita TK, Kastan MB, Walker CL. ATM functions at
the peroxisome to induce pexophagy in response to ROS. Nat Cell Biol. 2015;17(10):1259-69.
https://doi.org/10.1038/ncb3230.

Zhou YF, Wang Q, Song B, Wu SC, Su YY, Zhang HM, He Y. A real-time documentation and
mechanistic investigation of quantum dots-induced autophagy in live Caenorhabditis elegans.
Biomaterials. 2015;72:38—48. https://doi.org/10.1016/j.biomaterials.2015.08.044.


https://doi.org/10.1083/jcb.201807124
https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1016/S0006-3495(97)78307-3
https://doi.org/10.1038/ncb1010-1021c
https://doi.org/10.4161/auto.20186
https://doi.org/10.1016/j.yexcr.2015.02.003
https://doi.org/10.4161/auto.6.8.13427
https://doi.org/10.1021/ja903695n
https://doi.org/10.1038/emboj.2010.74
https://doi.org/10.1038/nature25486
https://doi.org/10.1038/nature25486
https://doi.org/10.1007/978-1-4939-8910-2_4
https://doi.org/10.1038/nrm3028
https://doi.org/10.1038/ncb3230
https://doi.org/10.1016/j.biomaterials.2015.08.044

Chapter 9

Autophagic Flux Detection: Significance
and Methods Involved
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Xiao-Wei Zhang, Xiao-Xi Lv, Ji-Chao Zhou, Cai-Cai Jin, Lu-Yao Qiao,
and Zhuo-Wei Hu

Abstract Macroautophagy is an important biological process in eukaryotic cells
by which longevity proteins, misfolded proteins, and damaged organelles are
degraded. The autophagy process consists of three key steps: (1) the formation of
autophagosomes; (2) the fusion of the autophagosomes with lysosomes; and (3) the
degradation of the contents of autolysosomes. If any of the three steps is impaired,
autophagy will not be able to complete its biological function. Dysfunctional or
blocked autophagy is closely involved in the pathogenesis of a variety of diseases.
The accurate determination of the autophagy activity in vivo and in vitro has become
a challenge in the field of autophagy research. At present, the most widely used
detection method to determine autophagy activity in mammalian cells is to quantify
LC3B in the cells by Western blot, or to observe the formation and changes of
autophagosomes and autolysosomes by immunofluorescence and electron micros-
copy. However, ignoring the dynamic characteristics of autophagy and only evaluat-
ing the number of autophagosomes or the presence of LC3B cannot completely
reflect the activation or a blockage of the autophagy system, and objectively analyze
its real role in the occurrence and development of a disease. For example, the accu-
mulation of autophagosomes and autolysosomes can occur through an increase in
substrate to be degraded after the activation of autophagy, or it may be caused by the
partial obstruction or blockage of autophagy. In this chapter, new and familiar ways
to detect the autophagic flux are methodically summarized to provide researchers
with a multi-angled viewpoint.

Keywords Autophagic flux - Cargo sequestration assay - LC3B - SQSTM1/
p62 - TEM
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Abbreviations

3-MA  3-Methyladenine
BHMT Betaine-homocysteine methyltransferase
FRET  Fluorescence resonance energy transfer

GFP Green fluorescent proteins
LDH Lactate dehydrogenase
LIR LC3-interaction region

LRS LC3 recognition sequence

PB1 Phox and Bem1

RFPs Red fluorescent proteins

TCA Trichloroacetic acid

TEM Transmission electron microscopy
UBA Ubiquitin-associated domain

With the development of knowledge about the molecular mechanisms and functions
of autophagy, researchers have realized that autophagic flux disorders can cause a
malfunction of the degradation of certain pathogenic proteins, which may be an
important mechanism for the development of illnesses such as neurodegenerative
diseases, tumors, muscle diseases, cardiovascular diseases, autoimmune diseases,
and tissue fibrosis. The key step in the ultimate biological effect of autophagy is the
fusion of autophagosomes with lysosomes, which in turn form autolysosomes that
degrade the contents of their encapsulation. This process is collectively referred to
as autophagic flux. The activation or the obstruction of the autophagic flux can
result in distinct biological effects. The detection of the autophagic flux is compli-
cated. It is often impossible to systematically detect autophagic flux by using one of
the existing technical methods alone. A combination of a variety of different meth-
ods to comprehensively evaluate the activation or obstruction of autophagy is a
more objective strategy (Klionsky et al. 2016). At present, the main autophagic flux
detection methods include the analysis of the presence of LC3B-II and other
autophagy/lysosomal pathway-related proteins, the detection of the autophagic sub-
strate protein SQSTM1/p62, the degradation analysis of autophagy-dependent
long-lived proteins, dynamic transmission electron microscopy, cargo sequestration
assays, and others. A comprehensive application of these methods can ensure a
multi-angle scanning on the occurrence and development of autophagy. In this
chapter, we will review the methods that are used to detect the autophagic flux and
their significance.
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9.1 Evaluating the Presence of LC3B-II and Other
Autophagy/Lysosomal Pathway-Associated Proteins
in the Cell, to Analyze Autophagic Flux

9.1.1 Detection Methods Using LC3B Protein

The genetic homology of mammalian LC3B is as high as 94%, which reflects the
conservation and the importance of autophagy in the evolution. The total amount of
LC3B in mammalian cells does not fluctuate greatly. Usually, due to lysosomal
degradation, only LC3B-I is converted to LC3B-II or LC3B-II is reduced relative to
LC3B-I, both of which reflect the existence of autophagic flux. The detection of
LC3B-I or LC3B-II alone does not represent the presence of autophagic flux. It is
necessary to observe the dynamic changes of the two forms to determine the true
activity of autophagy. Western blot is the most common method for the detection of
LC3B, and it is also the most important method used to distinguish LC3B-I from
LC3B-II. However, many details determine whether the Western blot experiment
correctly reflects the autophagic flux state. It is generally believed that LC3B-I is
converted to LC3B-II, or that an increased LC3B-II content represents the activa-
tion of autophagic flux, while a decreased LC3B-II content represents an inhibition
of autophagy. However, there may be two reasons for a decrease in LC3B-II. One is
a blockage of autophagic flux, that is, LC3B-I cannot be converted to LC3B-II; the
other is the overactivation of autophagic flux, and the clearance of LC3B-II by
autophagic lysosomes. In these cases, similar results will be obtained in the Western
blot, but they represent distinct biological endpoints. Therefore, how to interpret the
differing amounts of the two forms of LC3B, made visible via Western blot, is the
key to the determination of autophagic flux activation (Barth et al. 2010).

It is worth noting that there are many technical challenges in the detection of
LC3B by Western blot. For example, the choice of antibodies is a determinant of the
success of the experiment. Some antibodies have differing binding abilities to the
two forms of LC3B, which may result in LC3B-I being difficult to detect.
Furthermore, the protein stability of LC3B-I is inferior to LC3B-II, and it is reduced
by repeated freeze-thaw cycles or storage in a buffer containing SDS. Therefore, it
is necessary to prepare a fresh sample when detecting LC3B-I, and complete the test
as soon as possible. When performing Western blot analysis, PVDF is the preferred
material used to detect LC3B-II compared to NC, probably due to the different
affinity of these two materials for hydrophobic proteins. The use of siRNA for gene
interference tends to have little impact on autophagy activity of cells. However,
stimulation with the agents used for the transfection with shRNA or overexpression
plasmids often results in significant changes in autophagy activity, thus distorting
the endpoint.
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In addition to the Western blot technique, LC3B protein can be detected by
immunofluorescence and flow cytometry. Both assays require labeling with fluores-
cent dyes or fluorescent proteins. The advantage of immunofluorescence is that
point-like aggregations of LC3B can be observed, while flow cytometry can analyze
the amount of LC3B present, in a large number of single cells. However, neither of
these methods can distinguish between LC3B-I and LC3B-II, and only the total
amount of LC3B can be observed. The use of fluorescence for LC3B labeling
requires consideration of changes in intracellular pH, which will be explained in
detail later.

Changes in the fluorescence intensity of LC3B are usually observed when using
flow cytometry to observe the LC3B content in cells (Demishtein et al. 2015).
EGFP-LC3B, as a substrate for autophagy, is often used to detect autophagic flux.
Through different experimental procedures, flow cytometry can be used to distin-
guish intracellular free LC3B from bound LC3B, which helps to determine the state
of autophagic flux. When the autophagic flux is activated, intracellular LC3B-I will
be transformed into LC3B-II, and LC3B-II, which is localized on the surface of the
autophagosome or the autolysosomal membrane, will gradually degrade with the
activation of autophagy, and then a decreased fluorescence intensity of LC3B will
be observed with the flow cytometer. However, since the production of LC3B-I is
also increased after autophagy activation, the decrease in fluorescence intensity of
LC3B is not very obvious. In order to observe significant fluorescence changes on
the flow cytometer, it is necessary to damage the membranes of the cells by using
saponin. Saponin produces micropores on the surface of the cell membrane. Since
LC3B-I is dispersed in the cytoplasm in a free form, it will leak out of the cell after
the cell is treated with saponin. However, LC3B-II mainly binds to the surface of
autophagosomes and autolysosome membranes, and these structures cannot pass
through the pores, due to their volume. The number of autophagosomes increases
when the autophagic flux is activated. Thus, when the autophagic flux is activated,
the saponin-treated cells have an increased fluorescence intensity (Fig. 9.1).
However, when cells are treated with the autophagy inhibitor bafilomycin Al, the
fluorescence intensity of the cells is also enhanced after saponin treatment
(Ciechomska and Tolkovsky 2007).

9.1.2 Tools to Detect the Conversion of LC3B-1/LC3B-11
in Pharmacological Studies

Also in pharmacological studies, the activity of the autophagic flux can be evaluated
by detecting the conversion of LC3B-I to LC3B-II using a Western blot. The core of
this assay is the correlation of LC3B-I with LC3B-II, and experiments should be
performed to detect drug-associated changes in the LC3B-II conversion with or
without the use of a saturating concentration of an autophagy inhibitor. When the
autophagic flux is activated, the amount of LC3B-II is significantly increased, when
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autophagy inhibitors are used. Tools for inhibiting autophagy usually include prote-
ase inhibitors such as pepstatin A, E-64d, etc., which inhibit lysosomal degradation,
or compound inhibitors such as bafilomycin A1, chloroquine, and ammonium chlo-
ride, which can alter the lysosomal pH which causes the inhibition of autophagy.
Bafilomycin Al also inhibits the fusion between autophagosomes and lysosomes.
The knockdown or knockout of the lysosomal-associated membrane protein 2
(LAMP2) can also inhibit the fusion of autophagosomes and lysosomes, thereby
blocking the autophagic flux.

Bafilomycin Al is currently the most routinely used and recognized autophagy
inhibitor, to detect the autophagic flux. Since bafilomycin A1 can effectively inhibit
autophagic lysosomal degradation, the amount of LC3B-II detected by Western blot
represents the total amount of synthetic autophagosomes and autolysosomes. If the
amount of LC3B-II in the treatment condition (test drug + bafilomycin Al) is sig-
nificantly increased compared to the control condition (only bafilomycin A1l treat-
ment), this reveals that the tested drug increases the formation of autophagosomes
or autolysosomes. Conversely, a decrease in LC3B-II compared to the control con-
dition indicates that the treatment drug reduces the formation of autophagosomes
(Fig. 9.2a).

Four experimental conditions are usually compared when an autophagic flux
detection is implemented using bafilomycin Al. These are condition A, cells with-
out treatment (blank); condition B, cells treated with bafilomycin A1l only; condi-
tion C, cells only treated with the drug that is tested; and condition D, cells that are
treated with both bafilomycin Al and the drug (combined treatment). The conver-
sion of LC3B-I to LC3B-II in the untreated cells (condition A) compared to cells
treated with the drug (condition C) represents the entire process of autophagic flux,
namely, the formation of autophagosomes and the degradation of autophagosomes.
The cells treated with bafilomycin Al (condition B) and the cells that received the
combined treatment (condition D) represent the level of the formation of autopha-
gosomes. Therefore, the influence of the drug on the degradation of autophagosome
can be partially determined by comparing the cells that have been treated with only
the drug (condition C) to the cells that have received the combined treatment (con-
dition D).

In Fig. 9.2b, the results are shown of an experiment that was carried out as
described above. The figure demonstrates that the LC3B-II content in condition A
(blank) < condition B (inhibitor)= condition C (drug) = condition D (combined).
This means that the compound to be tested can reduce autophagosome degradation.
Since the amount of LC3B-II in condition B (inhibitor) = condition D (combined
treatment), it can be concluded that the test compound does not affect autophago-
some formation. And since the amount of LC3B-II in condition A (blank) < condi-
tion C (drug), it can be concluded that the test compound inhibits the autophagic
degradation without affecting the formation of autophagosomes. Confirming that
the role of the tested drug lies solely in the degradation of autophagosomes, no dif-
ference in the amount of LC3B-II between condition C (drug) and condition D
(combination) is observed (Fig. 9.2b).
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If the results show that the LC3B-II content in the condition C (drug) < condition
A (blank) < condition B (inhibitor) < condition D (combination), this means that the
test compound can increase the formation and degradation of autophagosomes.
When LC3B-II in condition B (inhibitor) < condition D (combination), this indi-
cates that the test compound can increase autophagosome formation; in the case that
the test compound can increase autophagosome formation, LC3B-II content in con-
dition C (drug) < condition A (blank), indicating the test compound can increase
autophagosome degradation, so LC3B-II content can be observed as condition C
(drug) < condition D (combination) (Fig. 9.2¢).

If the results show that the LC3B-II content in condition A (blank) < condition B
(inhibitor) = condition C (drug) < condition D (combination), this indicates that the
test compound increases autophagosome formation. If the LC3B-II content in con-
dition B (inhibitor) < condition D (combination), this indicates that the test com-
pound increases the formation of autophagosomes; in the case that the test compound
can increase the autophagosome formation, the LC3B-II content in condition A
(blank) < condition C (drug) indicates that the test compounds have the potential to
inhibit the degradation of autophagosomes. At this time, it is necessary to compare
the difference of LC3B-II content between condition C (drug) and condition D
(combination) and the difference of LC3B-II content between condition B (inhibi-
tor) and condition D (combination). If the test compound inhibits autophagosome
degradation, the LC3B-II content in condition D (combination)-condition C (drug)
should be less than condition D (combination)-condition B (inhibitor); if the test
compound only increases autophagosome formation, the LC3B-II content in condi-
tion D (combination)-condition C (drug) should be equal to condition D
(combination)-condition B (inhibitor) (Fig. 9.2d).

It is usually easy to evaluate the autophagic flux via the above methods except in
the last case. Due to the limited accuracy of Western blot experiments, it is difficult
to observe whether the accurate LC3B-II content in condition D-condition C is
equal to condition D-condition B. Even if there is an equal outcome, this may be an
experimental error or a false-positive result. Therefore, it is easier to determine
whether the test compound increases the formation of autophagosomes. If it is nec-
essary to simultaneously detect whether it affects degradation, more careful experi-
mentation is needed. When the cells to be detected are blocked in autophagic flux
on a long term, due to genotypic changes or other factors, bafilomycin A1l can no
longer cause an increase in the content of LC3B-II.

Alternatives for bafilomycin A1 may be useful under some conditions. Since
bafilomycin Al has a great influence on the content of LC3B-II, it may be hard to
measure a complementary small effect of the tested drug. If the drug to be detected
only weakly regulates autophagy, the change may be occluded by the large effect of
bafilomycin Al. In addition, the treatment duration of bafilomycin Al is critical.
The half-life of autophagosomes is only 20-30 min. Usually, bafilomycin Al com-
pletely blocks autophagy after 4 h of stimulation, and short-term bafilomycin Al
stimulation can also prevent the conversion of LC3B-II to LC3B-I in autolyso-
somes. Long-term (>8-12 h) stimulation with a saturating concentration of bafilo-
mycin Al is likely to affect the function of the ubiquitin-proteasome pathway as
well. When a new autophagy-regulating drug is evaluated, changes in autophagic
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flux should be observed for a long time, and multiple time points should be set for
judgment. The alternatives for bafilomycin A1 all have their benefits and downsides.
Pepstatin A, for example, is a hydrophobic molecule that needs to be dissolved in
DMSO or ethanol, thus requiring longer (>8 h) and higher concentrations (>50 pg/
mL) of stimulation. With E-64d, on the other hand, only 1 h of stimulation with a
concentration of 10 pg/mL is required to inhibit lysosomal activity.

Special attention should be paid to autophagy studies involving viruses, using
bafilomycin A1, ammonium chloride, or chloroquine. Since the above autophagy
inhibitors inhibit autophagy activity by changing the pH of lysosomes, these drugs
will also inhibit the endocytosis of the virus and the virus shelling.

9.1.3 Evaluating the Autophagy Activity by Detecting
GFP-LC3B

9.1.3.1 The Construction of Chimeric LC3B

The construction of fluorescent protein tags is one of the most commonly used
experimental methods in molecular biology and basic medicine. GFP, RFP, and
mCherry are common fluorescent tag proteins. In conventional methods, these fluo-
rescent tags are usually constructed on the C-terminus of the gene of interest, which
does not affect the signal peptide function of the N-terminus of the target protein.
However, there are strict principles when constructing LC3B fusion proteins. In
most organs, LC3B has an extension sequence at the C-terminus, and the final form
of LC3B is formed by hydrolysis of this C-terminal sequence by Atg4 protease.
When the fluorescent tag is constructed at the C-terminus of LC3B (such as the
LC3B-GFP form), the fluorescent tag is cleaved in the cytosol to form an LC3B
fragment and a fluorescent tag fragment. This phenomenon can be verified by
Western blot experiments, so LC3B-GFP is commonly used to detect the protein
activity of Atg4. Another effective method for detecting Atg4 activity is to construct
a luciferase reporter gene at the C-terminus of the LC3B protein. Atg4 activity can
subsequently be detected by chemiluminescence. Thus, if LC3B is to be detected by
a fluorescent fusion protein method, it is more feasible to link the fluorescent pro-
tein to the N-terminus of LC3B (such as the GFP-LC3B form).

9.1.3.2 Evaluating the Autophagic Flux by a GFP-LC3B Cleavage Assay

The GFP-LC3B fusion protein is one of the commonly used tools for performing an
autophagic flux evaluation. After the GFP-LC3B protein enters autolysosomes, the
LC3B portion is more sensitive to proteolytic enzymes in lysosomes than the GFP
portion of the fusion protein. However, the lower pH (acidic environment) in the
lysosome can cause quenching of the fluorescent signal of GFP, so the autophagic
flux is evaluated by a combination of Western blot and immunofluorescence or flow
cytometry. In experiments performed by Ni et al., it was demonstrated that the
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intensity of green fluorescence in cells expressing GFP-LC3B was decreased when
autophagy was activated and three bands of GFP-LC3B-I, GFP-LC3B-II, and GFP
alone were detected by Western blot analysis using a GFP antibody. The LC3B
antibody can also be used to detect the conversion of endogenous LC3B-I to
LC3B-II in a sample (note that the molecular weights detected by Western blots
may be different for LC3B antibodies provided by different antibody companies). It
is worth noting that the GFP-labeled assay alone is limited to detecting a moderate
activation of the autophagic flux and that the GFP band will disappear when the
autophagic flux is overactivated. When autophagy is overactivated, the pH in the
autolysosomes is further reduced, and its ability to degrade proteins is further
enhanced, so the GFP protein is also gradually degraded. At this point, a partial
autophagy inhibitor, such as ammonium chloride or chloroquine, is required to
observe the GFP band. These drugs neutralize the acidic environment in lysosomes,
and GFP bands can be detected in this case. If the GFP band is not observed, it may
be either due to the blockage or the excessive activation of autophagic flux. If the
presence of green fluorescence signal can be observed through FACS or micros-
copy, even though the GFP band is not observed via Western blot, this indicates that
the fusion of the autophagosomes with lysosomes is blocked. The observation of
GFP fluorescence requires consideration of GFP-LC3B protein synthesis, so there
is a possibility that the decrease in green fluorescence is not obvious when autoph-
agy is activated. Stimulation with autophagy inhibitors of different concentrations
and durations can also effectively distinguish between activation and blockade of
autophagic flux (Ni et al. 2011).

The most common methods that are used to activate autophagy are rapamycin
stimulation and starvation using EBSS. However, the autophagy processes resulting
from the two methods are reflected in quite different ways in the GFP-LC3B Western
blot assay. In both cases, GFP fluorescence is quenched and LC3B protein is
degraded. Unlike starvation, rapamycin is a mild autophagy activator. When
rapamycin is used, a time- and concentration-dependent increase of single GFP
bands can be observed via Western blot. However, after inducing autophagy via
starvation, the cells require a large amount of endogenous protein to provide the
nutrients for survival, so the pH in the lysosome decreases sharply, and the GFP
protein is degraded and cannot be observed. However, an increased endogenous
LC3B-II content is observed in starvation conditions.

Chloroquine is a commonly used autophagy inhibitor that can block the cellular
autophagy activity in a dose-dependent manner. A separate GFP band is still
observed when GFP-LC3B-overexpressing cells are treated with low concentra-
tions of chloroquine (about 10 pM). This phenomenon is due to neither experimen-
tal error nor enhanced autophagy activity, but caused by the low concentration of
chloroquine which partially blocks autophagy, and causes an increase of the pH in
lysosomes. Meanwhile, partial autophagy activity can be retained to cause LC3B to
degrade. When the chloroquine concentration exceeds 50 pM, the autophagy activ-
ity is completely inhibited, so that the GFP band will not be observed. Similarly,
GFP bands can be observed with low concentrations of bafilomycin Al (2.5 nM).
This suggests that we need to go through a variety of different methods to get to the
bottom of what is going on in the cells (Fig. 9.3).
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9.1.3.3 Evaluation of Autophagic Flux Using GFP-LC3B Fluorescence

When the autophagic flux is activated, GFP-LC3B-overexpressing cells will show
intracellular GFP-LC3B aggregates under a fluorescence microscope. Calculating
the number of GFP-LC3B spots per cell can be used to partially evaluate the activa-
tion level of autophagy. Unlike soluble LC3B-I in the cytosol, formed LC3B-II
proteins bind to the outside of the autophagosomal membrane, and thus the charac-
teristics of punctate aggregations appear, while LC3B-I in the cytoplasm shows
only diffuse fluorescence under the fluorescence microscope. When autophagy is
activated, the GFP-LC3B fusion protein is translocated to the autophagosome mem-
brane, and a plurality of bright green fluorescent spots is formed under a fluores-
cence microscope. Each spot is equivalent to one autophagosome, and the autophagic
activity can be partially evaluated by counting. In addition, we can use immunohis-
tochemical methods to perform endogenous LC3B detection without manipulation
on the genetic level. Unlike fluorescence microscopy, flow cytometry can be used to
rapidly analyze the fluorescence intensity of multiple samples and quantify the fluo-
rescence of GFP-LC3B in each cell, so it is commonly used for high-throughput
detection of autophagy activity.

The detection of endogenous LC3B protein demands high requirements of the
experimental system and necessitates operational accuracy. If the signal intensity
generated by endogenous LC3B is lower than the detection limit, exogenous LC3B
gene transfer is required. In this case, a stable transfection of the LC3B gene can
reduce the intracellular fluorescence background values and also reduce the experi-
mental bias due to transfection steps or transfection reagents. Usually, in stable
transfections, cells are selected and cultured using monoclonal methods, so the
intracellular fluorescence intensities can be maintained at the same level. However,
the disadvantage of stable transfections with LC3B is that the fluorescence intensity
is usually not as high as after transient transfections, and the gene integration site
cannot be predicted. The greatest advantage of transiently transfecting cells with
LC3B is that it can be used to rapidly express a large number of target genes in cells
and thus in multigene co-transfection experiments.

Using fluorescence detection of LC3B requires more complicated processes and
equipment than performing Western blots. However, both of these techniques have
their advantages and disadvantages, and the combination of the two methods can
often lead to more accurate experimental conclusions. It is worth noting that the
observation of punctate aggregations of GFP-LC3B alone does not completely eval-
uate the autophagic flux state. For example, using the autophagy inhibitor bafilomy-
cin Al to stimulate GFP-LC3B-overexpressing cells can lead to significant LC3B
fluorescent dot-like aggregation due to insufficient elimination by autophagosomes.
If an immunofluorescence technique is used for detection, it will be found that in
bafilomycin Al-induced cells, LC3B punctate aggregation is significantly stronger
and brighter than in autophagy-activated cells. Although the GFP-LC3B bright spot
volume can be observed and calculated by fluorescence microscopy, the accuracy is
still limited.
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In addition, an important issue in quantitative analysis of LC3B point aggrega-
tion using a fluorescence microscope is that subjective judgment is prone to occur.
There is currently no precise standard for the definition of a point-like aggregation.
The number of point-like aggregations can be analyzed either by the naked eye or
by computer software. Although LC3B punctate aggregation is significantly
increased when autophagy is induced, partial punctate aggregation also occurs in
uninduced cells. Therefore, such indicators should not be used in determining the
activation of autophagic flux, as LC3B punctate aggregation is observed in almost
all cells. How to determine the threshold of the number of GFP-LC3B punctate
aggregation during autophagy activation is a difficult point in this experiment, and
the final result should be “the number of cells with GFP-LC3B punctual aggregation
exceeding a certain threshold.” The second difficulty of this method is to distinguish
between GFP-LC3B accumulation due to autophagic flux blockade and GFP-LC3B
punctate aggregation upon autophagic flux activation (Tabata et al. 2013). Moreover,
when the fusion protein of a foreign gene such as GFP-LC3B is overexpressed, the
protein expression level may be too high, which may lead to a similar result, which
often leads to deviation of the experimental conclusions (Fig. 9.4).

The LC3B punctate aggregation due to overexpression of GFP-LC3B is
extremely difficult to distinguish from autophagosomes under fluorescence micros-
copy. This can however be avoided by some methods. Monoclonal, stably trans-
fected GFP-LC3B cell lines are used as much as possible, and cells which do not
show GFP-LC3B punctate aggregation or accumulation during normal growth con-
ditions are selected during the screening of transformants. At present, GFP-LC3B
labeling has been successfully applied to the whole animal transgenic level.
Transgenic mice with GFP-LC3B under the control of a CAG promoter can be used
to evaluate the autophagy activity of target organs in vivo. However, this technique
is currently unstable, due to the differing inducibility of the CAG promoter in dif-
ferent target tissues or organs. A tissue-specific expression of GFP-LC3B or mRFP/
mCherry-LC3B is usually more sensitive and specific than systemic overexpres-
sion. Therefore, tissue-specific expression of fluorescently labeled LC3B is cur-
rently used in a variety of autophagy-related disease research.

Autophagy is generally thought to be a random degradation system, but there are
still some specific substrates that are more prone to degradation by autophagy than
others. Therefore, autophagic substrates other than LC3B are also used to evaluate
autophagic flux conditions. As a classical selective autophagy substrate, p62 can be
used to determine the changes in autophagic flux. Previous experience has shown
that intracellular p62 protein levels are negatively correlated with autophagy activ-
ity, but recent studies have shown that p62 detection can be done using several
techniques and these all have their difficulties, which will be described in detail in
the following sections.
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9.1.3.4 The Isolation and Purification of Autophagic Bodies to Evaluate
Autophagic Flux

The analysis of the number of autophagosomes and the related molecules or their
contents can not only help to understand the mechanism of autophagosome degra-
dation but also to analyze what contents of the cells are degraded under specific
pressure conditions. Traditional methods of isolating autophagosomes require long
periods of complex centrifugation steps and a relatively large number of samples.
For example, the isolation and extraction of autophagosomes from a mouse liver
tissue requires an entire mouse liver, which greatly increases the number of mice
that are sacrificed for the experiments. Sorting the autophagosomes of GFP-LC3B
transgenic mice with anti-GFP magnetic beads can solve this problem. The basic
premise of this technique is that the expressed GFP-LC3B proteins are present in
the outer membrane of the autophagosome, and the expression and membrane local-
ization of GFP-LC3B does not affect the autophagy process. Thus, magnetic label-
ing can be performed using beaded antibodies against GFP to obtain autophagosome
of higher purity (Yao et al. 2019).

The specific steps are as follows: First, the tissue sample is homogenized to
obtain a suspension, and then the suspension is pushed through pinholes of different
diameters to fully lyse the tissue and destroy the outer membranes. Subsequently,
the suspension is centrifuged, and the mixed solution is divided into a supernatant
fraction containing free GFP-LC3B and a precipitate fraction containing GFP-
LC3B-coated autophagosomes. The supernatant is discarded, the pellet is resus-
pended, and anti-GFP antibody beads are added. The mixture is incubated on ice for
1 h. Finally, the magnetic beads are sorted and eluted to obtain relatively pure
autophagosomes for the next step of morphology and protein analysis.

9.1.3.5 Using GFP-LC3B and a Lysosomal Fluorescent Probe
to Determine the Autophagic Flux

This method detects the autophagic flux by dynamically assessing the number of
autophagosomes, autolysosomes, and lysosomes in a single cell. These three intra-
cellular vesicles can be distinguished by using cells stably expressing GFP-LC3B,
plus a lysosomal red fluorescent probe. Since LC3B is a structural component of
autophagosomes, autophagosomes can be seen as green spots. The lysosomal red
fluorescent probe will stain the acidic vesicle lysosomes in red. Colocalization of
the green and red fluorescent signals indicates the presence of autophagosomes,
since LC3B is not immediately degraded when autophagosomes fuse to lysosomes.
When GFP is degraded, autolysosomes will slowly convert from the initial yellow
fluorescence to red fluorescence (du Toit et al. 2018).

The disadvantage of this method is that the concentration of the fluorescent dye
has a great influence on the test results. Experiments have shown that the red fluo-
rescence of lysosomes can be quenched by bafilomycin A1, when the concentration
of fluorescent probes is less than 75 nM. As bafilomycin A1 can affect the acidity of
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lysosomes, the concentration of probe should be greater than 75 nM, and then the
red fluorescence can still be maintained for more than 1 h. Another approach is to
express an RFP-fluorescent fusion protein of LAMPI (lysosomal-associated mem-
brane protein 1) instead of a fluorescent probe, which has the same principle as a
fluorescent probe and is insensitive to pH changes in lysosomes.

9.1.4 Using Tandem mRFP/mCherry-GFP Fluorescence
to Evaluate Autophagic Flux

9.1.4.1 The Characteristics of Fluorophores in Autolysosomes

Many fluorescent dyes can be used to detect the autophagic flux. Unlike GFP or
eGFP, which are easily quenched in autophagosomes, RFPs like mCherry are not
sensitive to acidic conditions in lysosomes, which makes the red fluorescence still
available after entering the autolysosomes. Furthermore, RFPs have a much higher
fluorescence intensity and fluorescence stability than GFP, making it easier to per-
form immunofluorescence. Thus, different fluorophores can be used for autophagy
activity detection for different purposes.

9.14.2 Tandem Fluorophore Detection of Autophagic Flux

mRFP/mCherry-GFP-LC3B is a fusion protein specifically designed to detect the
level of autophagic flux. It is devised to facilitate the observation of autophagy
activity in any cell via serial fluorescence. As mentioned above, the GFP fluores-
cence signal will be quenched due to the decrease of pH after entering the lysosome,
but the pH stability of the mRFP or mCherry fluorophore is higher than that of GFP,
and it can still be obtained after entering the autolysosomes. Therefore, when the
mRFP/mCherry-GFP-LC3B fusion protein is used for cell experiments, the changes
in the intensity of red fluorescence and green fluorescence can be observed simulta-
neously to accurately determine the autophagy activity. If green fluorescence and
red fluorescence colocalize in the cells (yellow), this indicates that the mRFP/
mCherry-GFP-LC3B fusion protein has not entered the lysosome, meaning that the
autophagic flux is blocked. When only red fluorescence occurs, and no green fluo-
rescence is present, it is a steady sign that the mRFP/mCherry-GFP-LC3B fusion
protein is localized in a lysosome or in autolysosomes, i.e., the autophagic flux is
active. Immunofluorescence microscopes or live-cell workstations are the best
instruments for observing this phenomenon, especially live-cell workstations that
can dynamically observe changes in intracellular fluorescence color. The greatest
advantage of using the mRFP/mCherry-GFP-LC3B tandem fluorescent protein is
that the autophagic flux state can be evaluated by a change in fluorescence intensity
alone, without using any other autophagy inhibitors or agonists. At the same time,
this method can be used to observe the change in autophagic flux of a certain cell
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under the living cell workstation for a long time, and also observe the increase of
early autophagosomes and late autophagosomes. Cells transfected with the mRFP-
GFP-LC3B plasmid show an increase in yellow fluorescence and red fluorescence
after starvation treatment, wherein the yellow fluorescence is similar to the green
fluorescent dot-like aggregation in the GFP-LC3B-overexpressing cells. At present,
this technology is being used for the screening of autophagy regulators (drugs), and
the fluorescence intensity of at least 1000 cells can simultaneously be observed by
a cytomics cytological microscope to achieve high-throughput screening (Fig. 9.5).

As described above, when the Western blot technique is used to detect the
autophagy activity of GFP-LC3B cells, a low-dose chloroquine stimulation can lead
to the detection of free GFP protein. This phenomenon is due to the fact that unsatu-
rated autophagy inhibitors increase the pH value of lysosomes. At the same time,
the low dose also ensures that part of the autophagy activity is retained. Similarly,
when the mRFP/mCherry-GFP-LC3B fusion protein assay is performed, low-dose
chloroquine or bafilomycin Al partially inhibits the increase of lysosomal pH after
autophagy while inhibiting lysosomal activity. The green fluorescence signal in
these cells is quenched, resulting in red fluorescence. If the cells are stimulated with
a high dose or saturated dose of chloroquine or bafilomycin A1, the yellow fluores-
cence in the cells increases significantly, but the quenching of the green fluores-
cence is not obvious. The red fluorescence intensity in these cells is very low. This
represents that the blockade of the autophagic flux by these high-dosed autophagy
inhibitors completely inhibits quenching of GFP fluorescence and degradation of
the tagged protein. Evidently, both the activation and a partial blockade of the
autophagic flux result in the increase of red fluorescence intensity. The difference
between the two is that the intensity of the red fluorescence signal is higher when it
is induced by the activation of the autophagic flux than when it is induced by partial
autophagy. Given the increase in yellow fluorescent dot-like aggregation in both
cases, we can determine the autophagic flux state by the percentage of red fluores-
cent dots in each cell. When the percentage of red fluorescent dots is increased
compared to the control, this represents autophagic flux activation. If the number of
red fluorescent dots increases, but the percentage of red dots does not change sig-
nificantly, it means that the number of yellow fluorescent dots is also increased, that
is, the autophagic flux is partially blocked. If the percentage of red fluorescent dots
decreases, this means that the autophagic flux is blocked.

Cells transfected with mRFP/mCherry-GFP-LC3B can also be sorted by flow
cytometry. The intensity of the emitted light of mRFP or mCherry in each cell is
compared with the intensity of GFP emission by using sorting software. The cells
with high ratio represent a high autophagic flux activity; the cells with low ratio
represent a low autophagic flux activity. Cells with high and low autophagic activity
can be sorted (Gump and Thorburn 2014) (Fig. 9.6).

However, the activity of autophagy flow in a cell is not always fixed. After resting
for a period of time, the fluorescence ratio of the selected cells with either high or
low autophagy flow will shift to the median, which fully indicates that autophagy
flow is a dynamic process. The usual experimental means can only detect a certain
state of the autophagic flux. To fully evaluate the autophagic flux changes, it is



X.-W. Zhang et al.

148

uonisodradns
I0)JB PAI IQ [[IM dOUIISIION dY) PUB “UMOYS SLA ALIDYDU/JTW JO 90UIISIION]J PaI 91 A[UO 08 “payouanb sem 9oud0sIony J,J0) ‘SOWOSOSA] YIIM 9SNJ SOUIOS
-oSeydoine uaypy ‘uonisodradns 101je 90UISIAIONY MO[[OA PUE ‘UOTIBIIOXS JISE[ JOPUN JDUIISAION] UIAIS pue par jwe ued sowosoSeydoine uo [[-€)T-d1D
-KiyDuy/ g w pue wse[doiko oy ur - T-dID-Aueyduy/d g ‘urejoid wopuey ¢ -dID-Ausyduy/ . w oy} Suisn pajodjep st xny dieydony g6 “Siq

(o1p1oe) sswosobeydoiny

x*

sawososA| yum sawosobeydoine jo uoisng

x*

(lesinau) sawosobeydoiny




9 Autophagic Flux Detection: Significance and Methods Involved 149

A

Cell number
Cell number

mRFP/mCherry mRFP/mCherry
GFP GFP

N e

1
Lower |

autophagic flux :

Higher
autophagic flux

Cell number

The ratio of mMRFP/mCherry fluorescence intensity
to GFP fluorescence intensity

Fig. 9.6 Autophagic flux is determined using the mRFP/mCherry-GFP-LC3 fusion protein in flow
cytometry. The ratio of mRFP/mCherry fluorescence intensity to GFP fluorescence intensity is
high in autophagic flux-unblocked cells, but is much lower in autophagic flux-obstructed cells

necessary to dynamically observe the autophagy activity in the cells. It is clear that
a long-term observation of the changes in intracellular fluorescence intensity of the
mRFP/mCherry-GFP-LC3B fusion protein under a live-cell workstation is a good
choice for evaluating the autophagic flux.

In summary, as a classical autophagic substrate, the decrease in the total amount
of intracellular LC3B-I and LC3B-II usually reflects the level of autophagic flux.
Even when LC3B-II is transiently increased when autophagy is activated, LC3B-II
undergoes significant degradation over time. Similarly, when GFP-LC3B-
overexpressing cells are starved, although a large amount of GFP-LC3B punctate
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aggregation occurs in the cells, the total amount of GFP-LC3B in the cytoplasm and
nucleus is eventually decreased. With flow cytometry, it is not possible to analyze
the intracellular LC3B spot aggregation and cell substructure localization, but is the
best choice for analyzing intracellular average fluorescence intensity (Shvets et al.
2008). If the autophagic flux is blocked, there will still be punctate aggregation-like
changes, but the degradation of LC3B will be blocked. This can be judged by
Western blot or flow cytometry combined with immunofluorescence microscopy. In
LC3B degradation experiments, it is best to use Western blot detection at different
time points, so that the LC3B-I and LC3B-II transformation can be evaluated, and
the degradation of the two types of LC3B molecules can be observed simultane-
ously. In addition, diverse cell lines have diverse sensitivities to LC3B degradation
when the autophagic flux is induced, so preliminary experiments are required to
determine the observation conditions.

9.1.4.3 The GFP-LC3B-RFP-LC3BAG Probe Can Be Used to Detect
Autophagic Flux

In recent years, a new fluorescent probe GFP-LC3B-RFP-LC3BAG has been devel-
oped to evaluate the autophagic flux. The probe can be hydrolyzed into equimolar
amounts of GFP-LC3B and RFP-LC3B/\G by endogenous Atg4 protease. GFP-
LC3B is degraded by autophagy, while RFP-LC3B A\G remains in the cytoplasm
and acts as an internal reference. Therefore, the autophagy effect can be estimated
by calculating the GFP/RFP signal ratio.

The probe is constructed by fusing GFP-LC3B to the N-terminus of RFP-LC3B
and by deleting the C-terminal glycine of RFP-LC3B to form RFP-LC3BAG. After
GFP-LC3B binds to PE, it localizes to autophagosomes. The GFP-LC3B in the
autophagosome is degraded after fusion with the lysosome, and the GFP-LC3B on
the outer autophagosomal membrane is uncoupled by the Atg4 protein and returned
to the cytosol. However, RFP-LC3BAG cannot be fused to autophagosomes due to
the lack of glycine, so it is stably present in the cytoplasm and acts as an internal
reference (Kaizuka et al. 2016).

Since it is not necessary to observe the colocalization of two kinds of fluores-
cence as in tandem probes, the fluorescence intensity of GFP-LC3B and RPF-
LC3B/\G can be determined by a fluorescent microplate reader, which makes it
more convenient to do a fast high-throughput screening of autophagy-active drugs.

However, like all other detection techniques, the use of this probe has drawbacks
and deficiencies. First, when fused to the genome of the transfected cells, homolo-
gous recombination may occur between the two LC3B (i.e., LC3B and LC3BAG)
sequences, resulting in GFP-LC3BAG, thus making the GFP protein unable to be
degraded. Therefore, special attention should be taken to avoid this when construct-
ing expression vectors. In theory, RFP-LC3B /\G would accurately reflect the fate
of LC3B-I in the cytoplasm and undergo posttranslational modifications such as
phosphorylation and acetylation. It should be noted that the time resolution of the
probe is not high. For example, the formation of GFP-LC3B fluorescence
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aggregation points can be clearly observed in only 30 min after starvation treatment,
but a significant decrease in the GFP/RFP ratio takes 2—4 h. However, such low
temporal resolution also has its advantages, such as monitoring the occurrence of
underlying autophagy levels using the cumulative effects of RFP. More importantly,
if the expression level of the probe is significantly different between cells and tis-
sues, the GFP/RFP ratio does not truly reflect the occurrence of autophagic flux.
Therefore, when detecting the occurrence of autophagic flux in different tissues, the
fluorescence intensity of RFP should be adjusted to a comparable level between two
different cells/tissues.

9.2 Evaluating the Expression of SQSTM1/p62 to Assess
the Autophagic Flux

9.2.1 The Significance of the Role of SQSTM1/p62
in Autophagic Flux

9.2.1.1 The Biological Functions of SQSTM1/p62

SQSTM1/p62 is the most critical substrate protein for selective autophagy. The pro-
tein is also known as the selective autophagy receptor, and forms a bridge between
LC3B and the ubiquitinated substrate to be degraded. When the autophagic flux is
blocked, a large amount of ubiquitinated proteins accumulates in the cells. The
C-terminus of the p62 protein possesses a ubiquitination binding domain (UBA
domain) and a short LC3B interaction domain (LIR domain). In addition, the p62
protein includes a PB1 domain for the regulation of its aggregation and binding to
other autophagy cargo proteins. The protein level of p62 is usually negatively cor-
related with autophagic degradation. When autophagic flux is activated, p62 is
degraded as an autophagic substrate, and the intracellular p62 level decreases. When
some Atg genes are deleted or autophagosomes are blocked from lysosome fusion,
p62 is significantly accumulated. In addition, p62 can be used as a carrier to carry
the protein to be degraded into the proteasome, but in general its role in the regula-
tion of autophagy is more important (Kraft et al. 2010).

It has previously been accepted that the role of p62 in the activation of autopha-
gic flux was to transfer the substrate to be degraded to the autophagosome mem-
brane surface by binding it to LC3B. However, current experimental results prove
that p62 is one of the substrates for autophagy. With the participation of various Atg
proteins, p62 and ubiquitinated proteins are involved in the production of autopha-
gosomes. The presence of a structure containing misfolded proteins or to be
degraded upstream Atg proteins establishes the initial stage of autophagy develop-
ment. Subsequently, LC3B recruits autophagic vacuoles around the structure. With
the continuous extension of the bilayer membrane structure around the p62 protein,
the substrate to be degraded, LC3B, and other Atg proteins autophagosomes are
formed. These are necessary processes for the autophagic flux.
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9.2.1.2 Structural Characteristics of SQSTM1/p62

The LC3B interaction (LIR) domain of p62 is composed of 11 amino acids and
mediates the interaction of p62 with LC3B/GABARAP family proteins. In 2007,
Pankiv and his colleagues first mapped the LIR domain on the p62 protein. A muta-
tion in the LIR domain significantly affects the interaction between p62 and
LC3B. The researchers confirmed that the LIR domain responsible for interaction
with LC3B is the Ser334-Ser344 position, which is also known as the LC3B recog-
nition sequence (LRS). Obtained crystals of the LC3B/p62 interaction site have
been subjected to X-ray diffraction, and the LIR domain-defined LC3B binding site
was concluded to be positioned between the N-terminal arm and the C-terminal
Ub-like domain. In addition to LC3B, the LIR domain interacts with Atg19, NBR1,
and Nix. The LIR domain of p62 is important for selective autophagy, and can in
this capacity affect the transport of autophagy substrates (Lin et al. 2013).

The C-terminal UBA domain of p62 is composed of 3 a-helices that consist of
50 amino acids. Since the UBA domain contains a ubiquitin Lys-linked side chain,
the UBA domain is prone to link to the polyubiquitin Lys side chain of Ub-tagged
proteins. Proteins like ubiquinone 1 and NBR1 contain similar motifs. The most
important biological function of the UBA domain is to link p62 to polyubiquitinated
proteins and mediate subsequent degradation. p62 is involved in the formation of
polyubiquitinated protein aggregates through the UBA domain. It has been reported
that overexpression of p62 enhances the formation of polyubiquitinated aggregates,
but overexpression of p62 may also trigger its own aggregation. It is currently
believed that the UBA domain mediates both the formation of aggregates of ubiqui-
tinated proteins and p62 aggregates and that the PB1 domain plays a more important
role in p62 self-polymerization than the UBA domain.

The PB1 domain at the N-terminus of the p62 protein is an evolutionarily con-
served sequence. The PB1 domain interacts with a variety of signaling molecules
such as PKC, MEKK3, MEKS, and ERK1. This implies that the PB1 domain is an
important domain, involved in signal transduction. p62 participates in a variety of
(patho)physiological processes through the PB1 domain, such as osteoclastogene-
sis, angiogenesis, early cardiovascular development, and cell polarity formation. In
addition, the PB1 domain regulates the activity of the autophagic flux. It is generally
believed that the autophagic flux can be obstructed by four reasons: a block in
autophagy signaling, inhibition of the formation of autophagosomes, a block in the
fusion of autophagosomes to lysosomes, and the inhibition of lysosome activity.
However, when the expression of p62 is significantly increased in cells, the p62 will
oligomerize due to the interaction between the PB1 domains, and then transform
into an insoluble form to accumulate in the cells, resulting in blockade of the
autophagic flux. The PB1 domain is also widely present in other autophagy cargo
proteins, such as NBR1 and Nix. Therefore, p62 and NBR1 and Nix can also form
oligomeric polymers through the PB1 domain, which affects autophagic flux activa-
tion negatively.
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9.2.1.3 ZZ Domain: Signal Identification Code of N-Terminal Dependent
Autophagic Degradation

Since p62 can interact with various signal molecules through its different domains,
it plays various important roles in the process of autophagy. The N-terminal degra-
dation process of proteins belongs to the category of autophagy degradation. The
main process is that the N-terminal residues of proteins are hydrolyzed or labeled
by specific proteases, and finally recognized and degraded by specific N-terminal
hydrolyzing proteases. The N-terminal arginine tag (Nt-R) is a protein degradation
tag widely found in eukaryotes. Arg-tRNA transferase recognizes the N-terminal
aspartic acid or glutamic acid and adds Nt-R label. Eventually, this Nt-R will be
recognized and degraded by UBR (ubiquitin ligase N-recognin). The ZZ domain of
p62 is a newly discovered Nt-R autophagy degradation signal recognition code. The
Nt-R substrate is selectively recognized to induce the occurrence of autophagy.
Three sites (D129, D147, and D149) are required for the ZZ domain to interact with
NT-R. The ZZ domain of p62 and the UBR-box are the only type I Nt-R signal
receptors that have currently been found. Further studies have shown that the ZZ
domain of p62 is essential for starvation-induced macroautophagy, but not for the
selective autophagy of mitochondria. p62 is also an important regulatory molecule
of mTORCI, and acts as a scaffolding protein that recruits mMTORCI to specific
locations. Some free amino acids, such as lysine and arginine, are able to activate
mTORCI1 and promote phosphorylation of p62. However, a mutation of the ZZ
domain of p62 would inactivate the mTORCI signaling pathway, since the ZZ
domain of p62 binds to arginine and blocks its interaction with mTORCI1. The ZZ
domain is also required for p62 to form punctate aggregates during autophagy. It is
suggested that the ZZ domain may be involved in the oligomerization of p62. The
PB1 domain and the ZZ domain of p62 protein both mediate the formation of oligo-
mers. An in vitro p62 protein polymerization experiment found that the self-
oligomerization of p62 at the basal level is directly dependent on the PB1 domain,
but the accumulation of p62 by disulfide bonds, as occurs during autophagy activa-
tion, is dependent on the ZZ domain, suggesting that the ZZ domain is required for
regulation of autophagy aggregation of p62 in vitro and in vivo (Zhang et al. 2018).

9.2.2 SQSTM1/p62 and LC3B Binding Protein Turnover
Experiments to Evaluate Autophagic Flux

Although some other autophagy receptors, such as NBR1 and Nix, can also be used
as protein markers for autophagy activity assays, p62 is so far the preferred one. It
forms a bridge between LC3B and ubiquitinated proteins. The ubiquitinated pro-
teins bound to p62 enter the autophagosomes which finally fuse with lysosomes to
form autolysosomes. The p62 content increases when the autophagic flux is
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inhibited, whereas the p62 level decreases when the autophagic flux is activated.
Phosphorylation of p62 Ser403 regulates the clearance of ubiquitinated proteins by
autophagy, a phenomenon that can be detected by using an anti-phospho-p62
antibody.

Current evidence suggests that p62 may also be involved in the regulation of the
mTOR signaling pathway. Therefore, p62 may have other biological roles in
autophagy in addition to recognizing cargo proteins. Usually, when detection of the
p62 protein is used, endogenous amounts of protein should be maintained, as over-
expression of p62 will cause an accumulation of p62 protein inclusion bodies. Even
when the autophagic flux is blocked, the endogenous p62 will be insoluble, and the
protein complexes are unsolvable by Triton X-100. In addition, p62 is involved in
the proteasome degradation mechanism, and the p62 content also increases when
the proteasome degradation system is blocked. When studying the degradation rate
of p62 protein, proteasome degradation system inhibitors should be used appropri-
ately to make sure that only the autophagosomal degradation of p62 is observed;
construction of EGFP-p62 with an inducible promoter can also be used to evaluate
the degradation of this protein; the radioisotope method can likewise be used to
evaluate the degradation of the p62 protein. It is also possible to observe an increase
in the p62 content when the autophagic flux is activated, which is due to the com-
pensatory increase in the number of autophagosomes and autolysosomes, and thus
the autophagy activity cannot be determined by the expression of p62 alone.

When performing Western blots with the p62 protein, some complications need
to be considered. When p62 is overexpressed, it will form aggregates that are some-
times missed during protein isolation, and it is sometimes concluded that the pres-
ence of the protein is declining or staying stable when it actually is not. When
samples are treated with NP40 or Triton X-100, both the soluble and aggregated
forms of p62 are isolated, and an actual comparison of the amount of protein can be
made. In most cases, the soluble protein level of p62 does not change significantly
during the activation of autophagic flux, which may be due to a simultaneous
increase at the transcriptional level. Therefore, the soluble protein level of p62 is not
decisively related to autophagic flux. When the autophagic flux is blocked, it is criti-
cal to observe the insoluble form p62, using Triton X-100. When the autophagic
flux is highly activated, the insoluble form p62 is almost undetectable, and its solu-
ble form may be reduced or may remain unchanged. The experimental bias caused
by the above problems can be avoided by choosing the right lyzation buffers. If the
soluble p62 is detected separately from the insoluble p62, the state of the autophagic
flux can be proved more objectively and accurately. In the experimental design, the
correct use of autophagy inducers and inhibitors (chloroquine, bafilomycin Al,
knockdown LAMP2, etc.) can make it more straightforward to draw conclusions
from the detection of soluble and insoluble p62. It should be noted that when the
autophagic flux is adjusted, the change of soluble and insoluble p62 has a certain
hysteresis, which also poses certain difficulties for interpreting results. When the
autophagic flux is activated or inhibited, the protein level of LC3B changes rapidly,
but as an autophagic substrate, the adaptation time for p62 is much longer. In each
cell line, different detection time points should be tested, and then the optimal
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observation time for the change of p62 levels in the cell line can be determined.
Assuming that changes in LC3B protein levels can usually be observed 624 h after
drug treatment, changes in protein levels of p62 may take up to 24 or 48 h, but may
also occur at the same time as the changes in LC3B levels.

Another method for detecting p62 is by immunostaining with or without autoph-
agy inhibitors, and the distribution of diffuse p62 and aggregated p62 can be
observed. The most accurate method for determining autophagic flux by detecting
p62 is to combine Western blot and immunostaining techniques, including immuno-
histochemistry and immunofluorescence. On one hand, the changes in the content of
different forms of p62 in cells can be detected, and on the other hand, the localization
of different forms of p62 in cells can be observed. Overall, the increase in LC3B-II
is not consistent with the decrease of p62. To correctly evaluate the inhibition of the
autophagic flux or the disturbances in the autophagy system, both the LC3B trans-
formation and the changes of soluble and insoluble p62 should be considered.

In recent years, the application of multispectral imaging flow cytometry (MIFC)
to detect LC3B and p62 has become increasingly popular. A common method of
detecting autophagy is to count LC3B or autophagosome bright spots by dot. The
detection of LC3B alone does not reflect the real situation of autophagy in cells.
Simultaneous labeling of multiple proteins involved in autophagy can largely avoid
false positives or misinterpretations. In the recent MIFC version 6.1 or higher
(MilliporeSigma), a new feature is introduced, called Bright Detail Colocalization 3
(BDC 3). With BDC 3 it is possible to compare positive point detail images of three
fluorescent probes, quantify the colocalization of the three probes, calculate the
Pearson correlation coefficient separately, and expand to three images after correc-
tion. By converting the BDC 3 correlation coefficient, Rajan et al. proposed a new
analytical method that combines the three most commonly used fluorescent markers
to simultaneously measure the state of autophagy. Three autofluorescence markers,
p62, LC3B, and lysosome (LAMP1), were detected in autophagy-activated cells.
MIFC was used to analyze cell clusters that were treated with several autophagy
inhibitors. The coincidence points of the highlights of the three autophagy markers
were compared, which was combined with the LC3B-positive dot counting func-
tion, and in this way the authors were able to objectively and quantitatively assess
the autophagic flux (Pugsley 2017).

The LC3B dots were counted using MIFC, and the colocalization of three
autophagy markers was determined, to measure the autophagy flux. Under basal
conditions (control samples), the number of autophagosomes was small, and there
were only a few cells with “highlighted spots.” After the addition of the autophagy
inhibitor chloroquine, which causes inhibition of the fusion between the autophago-
some and the lysosome, the number of LC3B highlights increased. Since the lyso-
somes were unable to degrade the formed autophagosomes and p62 is located in
autophagosomes, this resulted in an increased colocalization of LC3B, p62, and
LAMPI. This phenomenon was further amplified under the condition of nutritional
deficiencies. If chloroquine was not added, the number of autophagosomes did not
increase significantly, mainly due to starvation-induced autophagic flux activation
and accelerated metabolic turnover.
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9.2.3 Other Applications of SQSTM1/p62 in the Detection
of Autophagic Flux

p62 is important for the selective degradation of for instance protein aggregates dur-
ing autophagy. In fluorescence imaging assays, the reduction of GFP-p62 and an
increased colocalization of GFP-p62 with lysosomes are typical manifestations of
the activation of selective autophagy. The presence of GFP-p62 and the occurrence
of GFP-p62- and LAMP2-positive lysosomes can be assessed by using cell staining
and high-throughput time-lapse imaging experiments. The colocalization of the
GFP-p62 and lysosomes, the average fluorescence intensity of GFP-p62, and the
fusion number of autophagosomes and lysosomes can be assessed in this way.
Christopher M. Hale et al. obtained ten target genes via this method by siRNA
screening. Knockout verification confirmed the role of these targets in the upregula-
tion of autophagic flux via multiple assays. The retrieved targets include transcrip-
tional regulators, lysine acetylase and ubiquitinase. The discovery of new autophagy
regulatory pathways by means of high-throughput autophagy screening may be a
viable way to find therapeutic targets for autophagy-related diseases (Hale
et al. 2016).

9.3 Other Methods for the Measurement of Autophagic Flux

9.3.1 Autophagic Degradation of Long-Lived Proteins

Intracellular proteins are mainly degraded through two pathways, the proteasome
pathway and the autophagy pathway, in which the proteasome pathway is mainly
responsible for the degradation of short-lived proteins, while the long-lived proteins
and some organelles are mainly degraded via the autophagy pathway. In recent
years, more and more researchers have realized that simply observing the number of
autophagic lysosomes is not enough to evaluate the changes in the autophagic flux,
while monitoring the degradation of long-lived proteins could be very helpful.
Autophagy acts as a lysosomal-dependent degradation pathway widely present in
eukaryotic cells, and its activation includes the formation of autophagosomes, the
fusion of autophagosomes with lysosomes, and the degradation of the autophago-
somal contents in autolysosomes. Under starvation or stress conditions, autophagy
can effectively regulate the degradation of intracellular long-lived proteins and key
organelles, providing a material basis for cells to preserve or promote cellular
immunity, development, and tissue remodeling. Under pathological conditions, a
blocked or overactivated autophagic flux can lead to abnormal degradation of long-
lived proteins, resulting in an abnormal cell function and morphology, disruption of
cell homeostasis, and further deterioration of tissue and organ function (Yoshimori
2004). Here, we will introduce the conventional methods to assess autophagic flux,
based on the detection of long-lived protein degradation in cell lines and pri-
mary cells.
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9.3.1.1 Degradation of Long-Lived Proteins in Cell Lines

Observing the degradation of long-lived proteins is a classical method for the
dynamic quantitative analysis of autophagy. Researchers have used the detection of
the degradation of large-scale and isotope-labeled long-lived proteins to evaluate
the autophagic flux as early as the 1970s. The assay typically involves the incorpo-
ration of radioactive amino acids in cellular proteins and the quantification of pro-
tein degradation by the detection of radiolabeled amino acids. The methods in this
direction that are currently being used have been re-optimized and are based on
various tumor cell line platforms such as the human colon cancer cell line HT-29
and the human breast cancer cell line MCF7. These methods have been established
by Lavieu and Scarlatti, respectively. The operation can be adjusted according to the
characteristics of the cell type.

Specifically, the procedure is to incubate cultured cells with an isotope-labeled
amino acid (usually “C- or *H-labeled leucine or valine or **S-labeled methionine)
for several hours or even days. The radioactive material that is not incorporated into
proteins is removed by incubation of the cells with the non-isotopically labeled
amino acid for a short period of time (usually 1 h, for some cells this step may be
extended to 24 h), and the proteasome will rapidly degrade the excess of non-labeled
and radioactive amino acids. HBSS- or EBSS-induced autophagy activation is stim-
ulated for 4 h, during which 3-MA can also be added to inhibit the formation of
autophagosomes. Finally, 10% trichloroacetic acid (TCA) is added to the cells over-
night, the lysate is centrifuged at 470 x g for 10 min, and the amount of radioactive
signal in the acidic supernatant is detected by means of a liquid scintillation spec-
trometer. The pellets are washed twice, dissolved in 0.2 M NaOH solution, incu-
bated at 37 °C for 2 h, and then subjected to isotope detection as well, using a liquid
scintillation spectrometer. The ratio of the isotope in the supernatant and the isotope
in the precipitated protein is the degradation rate of long-lived proteins.

In the operation process, the following problems should be noted:

1. The selection of amino acids is particularly critical. In some cells, an isotope-
labeled amino acid (such as leucine) may directly inhibit the autophagy activity;
the best choice would be to use a more common amino acid that does not inter-
fere with autophagy activity in most cells, like valine.

2. Unlike with bicarbonate containing EBSS, do not place cells in a CO,-containing
environment when incubating cells with HBSS as HCO;/CO, cannot regulate
the pH of cell culture media.

3. 3-MA is the most common autophagy inhibitor, which can inhibit the formation
of the PI3K3c complex (including Beclin 1, Atg6, Vps30, Vps15, and Vps34). It
is worth noting that 3-MA also exerts a strong inhibitory effect on PI3K, interfer-
ing with other signal transduction pathways in the cell that depend on PI3K,
thereby affecting certain physiological properties and functions of the cell. In
addition, 10 mM 3-MA is not specific for autophagy inhibition, but also inhibits
membrane transport processes such as endocytosis, the phosphorylation of
important signaling molecules like JNK and p38, and the permeability of mito-
chondrial membranes. 3-MA also inhibits protein degradation in Atg5~~ cells,
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suggesting that 3-MA also partially inhibits other protein degradation pathways.
Therefore, when performing autophagic flux studies, especially using simultane-
ous detection of apoptosis or death, 3-MA should be used appropriately, and
other methods of identification should be used to jointly evaluate the true state of
the autophagic flux.

This method has high sensitivity but low specificity and cannot distinguish
between autophagy-dependent degradation and non-autophagy-dependent degrada-
tion. Therefore, it is usually necessary to add a lysosomal antagonist such as chlo-
roquine, ammonium chloride, or bafilomycin Al. The specificity of the method is
usually investigated by analyzing the release of isotopically labeled amino acids
before and after the addition of lysosomal antagonists. This is important since
autophagic degradation plays a large role but is not exclusively responsible for the
degradation of long-lived proteins. For example, when Atg5~~ embryonic stem
cells undergo nutritional starvation, the degradation of long-lived proteins by is
reduced to 30-40% of wild-type cells, suggesting that other protein degradation
pathways are also involved in the degradation of long-lived proteins. Possibly, this
role is overestimated due to the upregulation of other proteolytic pathways after
Atg5 deletion.

9.3.1.2 Degradation of Long-Lived Proteins in Primary Hepatocytes

Since the process of autophagy is relatively active in hepatocytes and rat primary
liver cells are easy to obtain, the study of long-lived protein degradation is most
conveniently performed in rat primary hepatocytes.

In the study of autophagy, in order to obtain reliable and accurate experimental
results, rat primary hepatocytes need to be obtained from the liver of a fasted rat.
The specific cell preparation process is as follows:

1. Rats are fasted for 18-24 h and then anesthetized with pentobarbital (45 mg/kg).
The portal vein is dissected, and the liver is perfused with 50 mL of KH sodium
bicarbonate buffer containing 10 mM Na*-HEPES and no Ca*; the blood is
drained, and then inverted from the inferior vena cava at a perfusion rate of
40 mL/min, for 10 min.

2. 0.1 mL of 1.3 M CaCl, and 20 mg collagenase are added to 100 mL of the above
perfusate, and simultaneously filled with oxygen-containing 5% CO,, and the
liver is perfused for 10—15 min in the same direction.

3. After perfusion, the liver is placed in a sterile cell culture dish and cut into small
pieces (diameter about 1 mm) with medical scissors. The tissue blocks are, with
an appropriate amount of medium, transferred to a 250 mL cell culture flask, and
gently shaken for 2-3 min.

4. All obtained cells are transferred through a 120 pm nylon mesh to filter out cell
debris. The cells are washed three times with ice-cold KH buffer (containing
1.3 M CaCl, and 10 mM Na*"-HEPES) to remove collagenase and are then
placed on ice.



9 Autophagic Flux Detection: Significance and Methods Involved 159

During the culture of rat primary liver cells, KH bicarbonate buffer (pH = 7.4) is
used as a basal medium, containing Na*-HEPES and glucose at a final concentration
of 10 mM and cycloheximide at a final concentration of 20 pM. The liver cells are
cultured in a 25 mL sealed culture flask, at 37 °C, placed in a 70 rmp shaker to
ensure sufficient oxygen supply. The cell samples are collected at different time
points, and the amino acid products after protein degradation are obtained by dena-
turation and neutralization. The corresponding amino acids can be analyzed and
compared using high-performance liquid chromatography. The specific steps are as
follows:

1. Before adding the cells to the sealed culture flask, make sure that the bottle is
filled with oxygen-containing 5% CO, and equilibrated in a water bath for at
least 10 min. Once the fully mixed liver cells are added, the bottle cap is tight-
ened in time.

2. When the cells are cultured for a suitable time (such as 0, 30, 60, 90, or 120 min),
1 mL of the cell suspension is pipetted into a centrifuge tube containing 0.3 mL
of 14% HCIOQ, to stop the reaction and placed on ice.

3. The suspension is incubated for at least 15 min to ensure complete denaturation
of the cells and is then centrifuged. 1 mL of supernatant is pipetted into a sterile
centrifuge tube, and the pH is adjusted to 7.0 with a solution containing 2 M
KOH and 0.3 M MOPS to neutralize the amino acid sample.

4. The neutralized amino acid samples can be analyzed by amino acid pre-column
derivatization high-performance liquid chromatography (RP-HPLC) to measure
the proline (or other amino acid) content, and the degradation of long-lived pro-
teins in mutant cells and normal cells can be compared after the autophagic flux
is blocked.

A mixed solution of amino acids or 3-MA is often added to the basal medium to
achieve inhibition of autophagy activity, and proline-free amino acid solution to
achieve autophagy. The solutions contain 60 pM asparagine, 100 pM isoleucine,
250 pM leucine, 300 pM Lysine, 40 pM methionine, 50 pM phenylalanine, 100 pM
proline, 180 pM threonine, 70 pM tryptophan, 400 pM alanine, 30 pM aspartic acid,
100 pM glutamic acid, 350 pM glutamine, 300 pM glycine, 60 pM cysteine, 60 pM
histidine, 200 pM serine, 75 pM tyrosine, and 100 pM ornithine. The content of
various amino acids is equivalent to the amino acid content in venous blood of
fasted 24-h rats, and the solution is adjusted to pH 7.4 with 1 M NaOH. The solution
is usually stored as a 20x concentrated stock at —20 °C and can be used for sev-
eral weeks.

In the actual operation process, the following problems should be noted:

1. In order to effectively inhibit protein synthesis, 20 uM of cycloheximide should
be added to the culture medium. The concentration of cycloheximide should be
strictly controlled since higher concentrations of cycloheximide inhibit mito-
chondrial electron transport and autophagy.

2. Because isoleucine and proline do not inhibit autophagy activity, it is possible to
use radioactively labeled isoleucine to replace the labeled proline.
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3. Before livers are isolated, ensure that the rats are fasted for more than 18 h,
because the glycogen reserve in the liver cells has a great influence on the metab-
olism of the cells.

Unfortunately, the detection sensitivity of conventional radioisotope labeling
assays is low. The latest studies propose a new method for the quantitation of long-
lived protein degradation, based on L-azido-based high alanine (AHA) labeling in
mouse embryonic fibroblasts (MEF) and human cancer cells. AHA is a substitute
for 1-methionine and contains a bis-naphthoic acid moiety. AHA is added to the
cultured cells and is incorporated into actively synthesized proteins. The azide
group of AHA can be stained with alkyl-labeled fluorescent dyes. After staining, the
content of azide-containing proteins is assessed by measuring the fluorescence
intensity by flow cytometry. Activation of autophagy by starvation or rapamycin
(mTOR) can trigger a significant decrease in fluorescence intensity. At the same
time, studies have confirmed that in cells containing autophagy disorders caused by
the deletion of Azg genes, or when using certain pharmacological agents, the
decrease in fluorescence intensity is reduced, indicating a clear negative correlation
between fluorescence intensity and autophagy activity. Compared with traditional
radioisotope pulse labeling methods, this method is more sensitive, more accurate,
safer, and easier to operate (Zhang et al. 2014).

9.3.2 Monitoring Autophagic Flux with Dynamic
Transmission Electron Microscopy

In the 1950s, researchers observed autophagy in cells by transmission electron
microscopy (TEM). For more than half a century, TEM has been considered a gold
indicator for the occurrence of autophagy. The formation of phagophores with a
bilayer membrane structure is of great significance during the morphological
changes through autophagy. Many autophagy structures were first discovered by
TEM and finally confirmed by other methods. TEM has many advantages: It has a
high resolution, which is specifically important during the early stages of autoph-
agy, and can also observe a variety of autophagic ultrastructures, such as phagocytic
vesicles, autophagosomes (amphisomes, hybrid vacuoles that fused by autophago-
somes and late endosomes), and autolysosomes. However, autophagy is a dynamic
and continuous process in cells. The use of TEM to examine the morphology of
autophagy in fixed cells is not sufficient to completely and objectively analyze the
changes in autophagic flux. However, based on the static detection of TEM, an
autophagy inhibitor can be used to observe the number and morphology of autoph-
agy ultrastructures at different time points to achieve dynamic detection of autopha-
gic flux (Eskelinen et al. 2011).



9 Autophagic Flux Detection: Significance and Methods Involved 161

9.3.2.1 Accurate Sampling Is the Key to the Detection
of Autophagy via TEM

The key to the detection of autophagic flux via TEM is to accurately quantify the
autophagy ultrastructures in a cell or tissue sample. Compared with optical micros-
copy, TEM has higher resolution, but TEM requires that the sample volume is very
small. Also the preparation requirements for the sample are higher. Since it is neces-
sary to cut the cells into coupes of about 70-80 nm, it is very difficult to obtain a
desired field of view, which causes a large bias in the TEM detection sample. When
samples are collected from cultured cell clumps, it is relatively easy to obtain paral-
lel results, since it is possible to ensure a more uniform distribution and similar cell
state during the culture process; for tissue sample collection, the entire organ needs
to be sampled. A recommended method is called “uniform random sampling.” The
first principle of this method is to ensure that each area used for sectioning in the
sample has an equal opportunity to be collected. In the following figure, we take
kidney tissue as an example to briefly explain how to adopt it (Fig. 9.7).

We know that the advantage of TEM is that autophagy can be observed at the
initial stage of autophagic vacuole formation. The traditional slice used in TEM is
50-80 nm, but the X-ray tomography technique can be used to perform 200 scans
for samples that are about 250 nm thick. Through analysis and image reconstruc-
tion, the three-dimensional structure of autophagy ultramicrocytoids can be fairly
clearly observed at an accuracy of 1-2 nm.

When using TEM for autophagy studies, particular concerns need be noticed:

1. Many organelles exhibit a microscopic morphology similar to autophagosomes
and autolysosomes, particularly when cells are in special states, such as stress or
cell death. In these states, the endoplasmic reticulum will be swollen and
deformed, and can be easily confused with autophagic organelles.

2. Due to the different positions where individual cells are cut to produce usable
slices, a double-layer membrane structure containing cytoplasm can be observed
under some circumstances without designating autophagy.

3. The use of immunoelectron microscopy to specifically label specific autophagy
markers will greatly improve the accuracy of the observations.

9.3.2.2 Reasonable Quantification Is the Basis of Using TEM
for the Detection of Autophagic Flux

At present, TEM is the most sensitive method to observe autophagic subcellular
structures. It can be used to observe the aggregation of various ultrastructures that
are formed during autophagy (such as early and late autophagy vesicles). When the
ratio of these vesicles to autolysosomes is analyzed, the dynamic process of autoph-
agic flux can be objectified. If the proportion of autophagosomes is significantly
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higher than that of autolysosomes, it may mean that the upstream of the autophagic
stream is overactivated or that there are obstacles in the formation or maturation of
autophagic endosomes or autolysosomes. In addition, a massive accumulation of
autophagy late-stage structures may be due to obstacles in the process of autolyso-
some degradation.

It should be noted that since the lifespan of autolysosomes is very short, most of
the downstream structures of autophagic flux observed by TEM are amphisomes.
Of course, the detection of autolysosomes can be achieved by blocking the degrada-
tion of autolysosomes using lysosomal inhibitors such as leupeptin, pepsin,
and E-64d.

It has been confirmed that by application of autophagy inhibitors, it is possible to
reveal the dynamic changes of individual subcellular structures of autophagy at dif-
ferent time points. The selection of the time point of observation after autophagy
induction is very important. For example, when autophagy occurs unhindered, the
lifespan of an autophagy ultrastructure in rat or mouse cells is only 68 min. The
addition of vinblastine, an autophagy downstream inhibitor, can prolong the lifes-
pan of autophagic flux components to 27-30 min. During this time, a large number
of autophagosomes can be observed under TEM. However, if the time point is not
properly selected, the autophagy turnover rate will be too high to be able to truly
reflect the activity of autophagy.

Using TEM to detect the autophagic flux still requires an overall evaluation in
conjunction with other assays. When the presence of a large number of autophago-
somes is observed, it may be caused by excessive activation of the autophagy
upstream signal. Of course, the obstruction of autolysosome degradation is not
excluded. Similarly, when autophagosomes are reduced, it does not necessarily
result from the inhibition of autophagic flux, since it may also be the result of over-
activation of the lysosomal degradation mechanism. Therefore, in the actual research
process, an autophagy signal protein such as LC3B, Beclin 1, or p62 should also be
considered to determine whether the autophagic flux is obstructed and in which step.

9.3.3 The Cargo Sequestration Assay to Evaluate
Autophagic Flux

The technique referred to as the cargo sequestration assay involves the detection of
the conversion of a probe protein from the soluble form (cytosolic) to the insoluble
form (in organelles). In this technique, protease inhibitors are used to block the
proteolytic inactivation and degradation of the probe protein in the autophagic ves-
icles or lysosomes. The cargo sequestration assay is one of the most direct and
accurate methods for detecting autophagy activity and autophagic flux (Engedal
etal. 2019).
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9.3.3.1 Endogenous Cytoplasmic Proteins as Probes to Detect
Autophagic Flux

Many proteins in the cell can be used as probes for the detection of autophagy.
However, when choosing the ideal endogenous probe to use with the cargo seques-
tration technique, three necessary conditions need to be met: (1) it should be a long-
lived protein in the cytoplasm; (2) the lysosomal pathway should be the only
pathway by which the protein is degraded; and (3) the activity of the target protein
is not destroyed during the aggregation process, since the measurement of the pro-
tein activity is used in order to quantify the amount of protein present, using the
corresponding biochemical methods. The most commonly used probe is lactate
dehydrogenase (LDH).

Protease inhibitors are indispensable in the cargo sequestration assay. A neces-
sary precondition for the used inhibitor is that the degradation of the probe of inter-
est can be completely inhibited by it. If other proteases can also participate in the
breakdown of the target protein, the corresponding protease inhibitors also need to
be added to the cells. Kopitz et al. found that using a buffer with 0.3 mM leupeptin
can rapidly and effectively prevent the inactivation and degradation of LDH in lyso-
somes and ensure a sustainable and stable aggregation of active probe proteins in
lysosomes. Comparing the insoluble form of LDH in the lysosome of protease
inhibitor-treated hepatocytes with the total LDH activity in the control cells will
represent the aggregation rate of the target protein probe (LDH), which usually is
2.5-4%/h in primary hepatocytes.

Activity tests for probe proteins by an enzymatic assay are preferable to immu-
noblotting, allowing much more accurate quantification at specific time points.
After autophagosome formation, any inhibitor that blocks its fusion with lysosomes,
such as the tubulin inhibitor vinblastine or 3-MA, can result in linear aggregation of
LDH in prelysosomal autophagic vacuolar compartment. Kopitz et al. found that
3-MA can completely inhibit the accumulation of LDH in autophagosomes in
leupeptin-treated hepatocytes.

Other targets that are used in cargo sequestration assays are subtypes of betaine-
homocysteine methyltransferase (BHMT). BMTH is a liver injury marker abun-
dantly expressed in the liver. During degradation, BHMT is split into a variety of
subtypes, some of which specifically bind to autophagic organelle membranes,
especially autophagosomes. These subtypes can be used as specific probes for
autophagy sequestration assays. Since they are only present in autophagic vesicles,
there is no need to consider autophagic vesicles and other organelles (or even whole
cells) when processing sequestrated products. At present, the most widely used
BHMT subtype is the amino-terminal hydrolyzed fragment p10, with a molecular
weight of approximate 10 kD. P10 is a product of BHMT after hydrolyzation by
serine protease and another leupeptin peptide-sensitive protease. Since BHMT is
easily hydrolyzed to produce p10, it is necessary to add a high concentration of the
serine protease inhibitor AEBSF (4-(2-aminoethyl) benzenesulfonyl fluoride) dur-
ing the extraction and analysis of the target probe, to prevent further production of
new plO. Due to the autophagy specificity of pl0, a low background, and a
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consistently stable sequestration rate (approximately 2%/h), good results can be
obtained within 4 h, in autophagy sequestration experiments. Immunoblotting can
be used for the quantification of p10.

An important tool in autophagy sequestration assays is electrodisruption technol-
ogy. The technique is used to separate the cell fluid from the cell organelles. The cell
sample is placed in a 1 x 1 x 5 cm ionization chamber in the cell ionization instru-
ment, a 2 kV/1.2 mF pulse is applied, and then the cells are placed on a Nycodenz
density separation buffer (containing 8% Nycodenz, 2.2% sucrose, 50 mM sodium
dihydrogen phosphate, 1 mM dithiothreitol, and 1 mM EDTA, pH = 7.5), centri-
fuged at 3750 rpm for 30 min at 4 °C, and finally all the organelles and autophagy
components are obtained by precipitation.

The sequestration rate of the probe protein can be calculated by quantifying the
isotope, measuring the enzyme activity, or assessing the amount of marker protein
present in the cells.

9.3.3.2 Labeled Exogenous Sugar as a Probe to Detect Autophagic Flux

When endogenous proteins are used to determine the sequestration and the autopha-
gic flux, autophagy inhibitors are necessary to distinguish between autophagic deg-
radation and the degradation via the proteasome pathway. Because of this, the
results are inevitably affected by high background. However, when exogenous
autophagic substrates are used as a probe, the autophagic flux study is more reliable,
and the interference factors are relatively few. Examples of such exogenous cargo
probes are isotopically labeled disaccharides or trisaccharides. The sugars are trans-
ferred into the cells via electroporation or mechanical force. Raffinose is a widely
used probe. In addition, sucrose (which is hydrolyzed by sucrase in amphisomes
and lysosomes) and lactose (which is hydrolyzed by endogenous p-galactosidase in
lysosomes) can be used in the detection of various stages of autophagic flux.

The main reasons for the selection of disaccharides or trisaccharides as probes for
autophagic flux studies include: (1) most di-/trisaccharides are relatively easily labeled
with isotopes; (2) di-/trisaccharide molecules are small and easy to use with electro-
poration; (3) after the cell membrane is closed, the bis-/trisaccharide does not easily
escape from the cytoplasm; and (4) di-/trisaccharides are usually not synthesized and
metabolized in mammalian cells, which precludes the interference by endogenous
saccharides. In addition, the degradation processes of di-/trisaccharides are often com-
partmentalized. Lactose is for instance hydrolyzed by a specific -galactosidase only
present in lysosomes. Because of this, the fusion of autophagosomes with lysosomes
and the biological functions of autophagosomes can be conveniently studied.

Raffinose, also known as melitriose, is the best-known trisaccharide in nature.
Raffinose is composed of galactose, fructose, and glucose. As early as in 1986,
3H-labeled raffinose was used as a probe for autophagy studies. Unlike disaccha-
rides, raffinose is not sequestered by non-autophagic organelles, so is only present
in the soluble form in cytoplasm and in the insoluble form in autophagosomes and
lysosomes. Therefore, it can be accurately used to quantify the autophagic flux.
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After electroporation, and re-closure of hepatocytes at 37 °C, raffinose is main-
tained in an insoluble form, sequestered in autophagosomes, and 3-MA completely
inhibits this sequestration.

Sucrose is another exogenous probe that is used in autophagy sequestration stud-
ies, and commercial sucrose is mostly labeled with “C. Unlike raffinose, sucrose
can be sequestrated not only by autophagy subcellular organelles but also by mito-
chondria. The use of sequestrated sucrose to measure autophagic flux requires a
special selective extraction process in order to distinguish between mitochondria-
separated sucrose and autophagy (including autophagosomes, amphisomes, and
autolysosomes). Compared to autophagic organelles, mitochondrial membranes
contain very little cholesterol and are tolerant of digitonin. Low concentrations of
digitonin (0.2-0.5 mg/mL) can effectively lyse the membrane of autophagic organ-
elles without destroying the mitochondrial membrane.

Invertase is a sucrose hydrolase expressed in yeast cells. For the studies of mam-
malian cellular autophagy, it can be taken up by cells via endocytosis and intracel-
lular phagocytosis. Researchers have found that hepatocyte lysosomes can sequester
autophagy-derived sucrose and endocytosed invertase. Gordon et al. showed that
sucrose aggregated in amphisomes (vacuoles that formed with autophagosomes and
late endosomes in hepatocytes) can be completely degraded by endocytic invertase.
However, even in the presence of 3-MA, sequestrated sucrose in lysosomes is also
degraded by endocytic invertase, suggesting that lysosome endocytosis of invertase
exists in both autophagy-dependent and autophagy-independent manners.

Just like sucrose, lactose can be taken up and cleaved by lysosomes. Interestingly,
the lactose metabolism in the cytoplasm is extremely slow, but once taken up by
lysosomes, lactose is eventually hydrolyzed by p-galactosidase which is specifically
located in lysosomes. As a result, lactose can be used as a biomarker to distinguish
amphisomes from autolysosomes: Obstruction of the fusion between autophagic
compartments and lysosomes in hepatocytes causes lactose to accumulate in the
autophagic compartments, but exogenous administration of p-galactosidase, which
is endocytosed into endosomes, prevents such an accumulation, indicating seques-
tered lactose and endocytosed P-galactosidase are delivered to the same prelyso-
somal vacuoles, i.e., amphisomes.

Electroinjected lactose can be used to detect the final stage of the autophagy-
lysosomal pathway and to evaluate the entire autophagic flux. The following is a
brief introduction to a lactose sequestration test:

1. Introduce “C-labeled lactose to the cell, add 10% cold trichloroacetic acid, and
place the cells on ice for 30 min.

2. Centrifuge the cells at 5000 rpm for 30 min, pass the supernatant through a
0.45 pm filter, and then separate using 5 pm Supelcosil LC-NH2 high-
performance liquid phase column (25 x 4.6 mm).

3. The first eluted product will contain *C-labeled glucose; the next will contain
14C-labeled lactose. The efficiency of autophagy degradation is indicated by the
radiation activity of glucose compared to the total radiation activity of the glu-
cose and lactose. Using this method, Hoyvik et al. found that 3-MA completely
inhibits the degradation of lactose.
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9.3.3.3 The Autophagy Sequestration Assay to Evaluate Autophagic Flux
in Yeast Cells

Because the metabolism of carbohydrates in yeast cells is fast, the electroinjection
of oligosaccharides is not suitable for the detection of autophagic sequestration in
yeast cells. Researchers have designed a series of unique methods for autophagic
flux detection in yeast. The most classic method is the ALP (alkaline phosphatase)
Pho8 A60 assay. The yeast gene PHOS encodes the only alkaline phosphatase that
is present in vacuoles (vacuoles are the equivalent of lysosomes in mammalian
cells). Normally, the N-terminus of Pho8 contains a transmembrane domain consist-
ing of 60 amino acids which ensures the successful translocation to the endoplasmic
reticulum, subsequentially to the Golgi, and eventually to the vacuole, where its
C-terminal peptide is hydrolyzed in order to form the active form of ALP. When the
N-terminal sequence is cleaved off (Pho8A60) Pho8 cannot enter the endoplasmic
reticulum and stagnates in the cytosol. Because of this, the autophagy route is the
only way to transport Pho8A60 into the vacuole and to attain hydrolase activity.
When nonselective autophagy activity is activated, Pho8A60 is transported to vacu-
oles via autophagosomes. Once here, it is hydrolyzed to exert alkaline phosphatase
activity, which can be quantitatively analyzed by a corresponding enzyme activity
assay or by SDS-PAGE. Under nutritional sufficiency conditions, the activity of
Pho8A60 is usually very low, which reflects the basal level of autophagy. A signifi-
cant increase of its activity can be detected after the induction of autophagy.
Activation involves the step of autophagosomal transport of Pho8A60 to the vacu-
ole, so in the absence of fusion of the autophagosome with the vacuole, no activity
will be measured.

9.3.3.4 Issues That Need to Be Considered in Autophagy Cargo
Sequestration Assays

To date, in most of the autophagic flux studies, autophagy has been demonstrated by
detecting various autophagic markers. Only a few accurate quantitative methods
have been used to detect autophagic flux activity in a short period. The autophagy
cargo sequestration assay provides researchers with more choices. The following
issues should however be considered in the actual experimental design:

1. Cells with strong adherence are not easily injected, and exogenous probes are
difficult to introduce into the cells.

2. When endogenous probes are used, it is better to select long-lived proteins that
are only degraded through the autolysosomal pathway.

3. Choose simple, rapid, and mature methods to detect the endogenous probe
activity.

4. Electrolytic separation is a simple and effective method for separating soluble
and insoluble forms of probe proteins, but it is not suitable for all applications. It
is recommended to try other dissociation methods, such as homogenization and
density gradient centrifugation.
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5. The detection of p10 can very well be used in cargo sequestration assays in hepa-
tocytes because the expression of BMTH is high in these cells. In cells with little
or no expression of BHMT, transfection of a GST-BHMT expression vector can
improve the autophagy sequestration assay.

Autophagy is a multistage cellular biological process influenced by many fac-
tors. The process is regulated via several processes, including a long-term regulation
of autophagy, employing several gene expression systems, and a short-term regula-
tion of autophagy activity, which is regulated by the substrate sensitivity of some
enzymes that are involved. For the long-term regulation of autophagic flux, an intui-
tive and accurate method is essential. Autophagy cargo sequestration assays com-
bined with other methods will help researchers to more fully understand and
accurately determine the autophagic flux.

9.3.4 Application of Nanoparticles for the Detection
of Autophagic Flux Research

Nanoparticles (NPs) are artificial particles with a diameter of 1-100 nm.
Nanoparticles can penetrate into cells and can be transmitted via nerve cell syn-
apses, blood, and lymphatic vessels. At the same time, nanoparticles can selectively
accumulate in specific cell types and in specific cell structures. Recent studies have
found that a specific range of nanoparticles can act as potential autophagy activators
and are cleared by autophagic flux, which makes it possible to apply nanoparticles
in autophagy studies (Remaut et al. 2014).

Researchers have found that semiconductor fluorescent nanoparticles with a par-
ticle size of less than 10 nm can activate autophagy in a particle size-dependent
manner. Since the electronic energy levels of the particles can be quantized, they are
called quantum dots (QDs). Transmission electron microscopy images show that
QDs in the cytoplasm are processed analogously to autophagic substrates. They are
sequestered in autophagosomes, and are transported to autolysosomes. While using
TEM, and observing the quantum dots that appear as specific dot-like structures in
the cell, LCB3 can be visually observed in the cells by immunocytochemistry.

Using QD has the following advantages: (1) QDs have a special brightness and
imageability; (2) QDs have a broad excitation wavelength and a narrow particle
size-dependent emission wavelength; (3) QDs are opaque under electron micros-
copy; and (4) QDs can be combined with various commercialized biomolecules,
medium molecular weight proteins, and bio-modifying complexes (Seleverstov
et al. 2009). Because of these advantages, QDs are more and more applied to the
research of autophagy.
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9.3.4.1 The Detection of Autophagic Flux in Living Cell by Using
Fluorescent Nanoparticles of Differing Sizes

Seleverstov et al. have tried to observe the autophagic flux using fluorescent
nanoparticles with different particle sizes. They found that QDs with small particle
sizes are more suitable for autophagic flux research, as the fluorescence intensity of
large particles is more easily affected by cellular biological activities such as cell
division and cytoplasmic flux (secretion and exocytosis).

Combined with other autophagic flux detection methods, the researchers found
that using a Qtracker Cell Labeling Kit to label multiple cells with a smaller particle
size QD (QD525, green) which has an emission wavelength of 525 nm, the fluores-
cence clearance rate consistently reflects the autophagic flux. When the cells are
labeled with QD (QD605, red) which has a larger particle size and an emission
wavelength of 605 nm, the fluorescence clearance rate more appropriately reflects a
non-autophagy-dependent QD clearance pathway. Usually, the autophagic flux has
a clearance time of about 72 h for QD, while the non-autophagy-dependent QD
clearance takes longer (20-50 days).

When performing a fluorescence QD detection of autophagic flux, the following
notes should be considered:

1. For long-term fluorescence observation, it is recommended to use adherent cells.
This makes it easier to observe cells.

2. Observation time point recommendations are 0, 4, 8, 12, 24, 36, 48, and 72 h and
several days after induction.

3. Normally, green fluorescent QDs require a stronger excitation intensity than red
fluorescent QDs. Although fluorescently labeled QDs do not undergo fluores-
cence decay, it is still important to ensure that the fluorescence excitation inten-
sity is consistent at each time point.

4. Single cells and tissues that are labeled with fluorescent QDs can also be used in
immunocytochemistry/histochemistry so that a multi-label approach is possible.

9.3.4.2 Prospects for the Application of Nanoproducts in the Research
of Autophagic Flux

Nanoparticles are a new biomedical tool. Many conventional experimental tech-
niques such as immunoblotting can benefit from the application of nanoparticles,
and their sensitivity gives these techniques a qualitative lift. Metal (gold or silver)
nanoparticles can increase the detection sensitivity of small (less than 10 kD) pro-
teins and peptides by 10,000 times. In addition, the application of fluorescent QD
technology allows the direct detection of degraded proteins in the cytosol, thereby
avoiding the process of immunoprecipitation and quantification. It has been reported
that nanoparticles are used for the detection of high-sensitivity protein activities
(such as enzyme activity and phosphorylation) on protein chips. Although the above
technologies are still in the early stages of development, their application will
greatly promote autophagy research.
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Some research institutes have used nanoparticles to label mitochondria and other
organelles in damage-related mechanism studies. Although there is currently no
reliable method that uses nanoparticles in the study of autophagic degradation of
damaged organelles, we believe that nanoparticle labeling technology has great
potential in this area.

Cellular reactions are accompanied by energy consumption and production.
Temperature-sensitive QDs can be used to detect these changes. At present, QD can
sensitively deliver information about intracellular temperature changes, and these
specific changes can be accurately quantified by a specific high-sensitivity photom-
eter. The QD technology can potentially be applied in the research for autophagic
flux by detecting dynamic temperature changes in autophagic organelles.

9.3.5 The Cyto-ID Autophagic Flux Assay

The current list of autophagy assays lacks rapid and accurate quantitative assays.
This hinders the development and implementation of autophagy-targeted therapies
for a variety of diseases. A variety of autophagy assays have been developed to date,
but only a few of them are suitable for both quantitative and high-throughput assays,
and these methods are cumbersome to perform and still not accurate enough. The
newly developed Cyto-ID fluorescent dye provides an accurate and simple assay for
autophagy research. Cyto-ID is a cationic amphiphilic tracer dye that specifically
labels autophagosomes but not lysosomes and endosomes. The Cyto-ID assay is a
spectrophotometric assay based on this specific fluorescent dye. It has excellent
performance and can be used to measure the size of the autophagy vesicles. This
allows the monitoring of the autophagic flux and the identification of novel genes or
compounds that regulate autophagy in a more convenient and faster manner (Guo
etal. 2015). In the following paragraphs, the Cyto-ID assay is compared to the main
traditional autophagy assays.

LC3B is an autophagic marker widely used for the detection of autophagic flux.
Cyto-ID assays can be used as an alternative to LC3B immunoblot assays to distin-
guish between activated and impaired autophagic flux at steady state. The draw-
backs of LC3B analysis are:

1. Measuring LC3B-II only gives information about autophagosomes, while
Cyto-ID dye labels most autophagy vesicles.

2. The levels of the LC3B-II protein are not sufficiently stable, while the Cyto-ID
assay is equally sensitive to the LC3B immunoblotting but more stable.

3. LC3B-based assays do not provide accurate digital readings associated with
autophagic vesicles, where Cyto-ID assays do. Cyto-ID assays may be the most
accurate quantitative analysis of all autophagy analysis techniques to date.

LC3B conjugated to GFP is also commonly used for fluorescent autophagy
detection. A disadvantage of this approach is that ectopically expressed GFP-LC3B
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typically forms aggregates that are difficult to distinguish from the characteristic
subcellular structures of autophagosomes, resulting in false-positive results.
Cyto-ID dye, on the other hand, specifically labels autophagosomes with minimal
staining of lysosomes and endosomes, which can improve the accuracy of detection
greatly.

MCD Ilabels are also often used to monitor autophagic flux. Similar to other
acidic fluorescent dyes such as acridine orange and LysoTracker Red, MDC labels
will stain acidic vesicles formed during autophagy but also lysosomes. In contrast,
Cyto-ID stains very little or even negligibly on lysosomes or amphisomes. Therefore,
Cyto-ID can perform autophagy detection with more specificity and sensitivity.

As the most common method for detecting autophagy, electron microscopy can
obtain images of early or late autophagy vesicles in cells, but often does not provide
quantitative data and is not suitable for clinical applications. Cyto-ID assays, how-
ever, make it not only possible to conveniently measure the size of autophagic com-
partments but also allow quantification of fluorescent dots, which makes them a
good candidate to be applied in drug screening assays and clinical detection
methods.

Taken together, this new Cyto-ID fluorescence spectrophotometry method pro-
vides a fast and reliable quantification of autophagy vesicles and autophagic flux,
which can be used for autophagy-related research on drugs and therapies.

9.3.6 High-Throughput Screening of Autophagy Regulatory
Compounds by a Split-Luciferase Assay
and the AlphalLISA Assay

Autophagy is a lysosomal degradation pathway that plays an important role in cel-
lular immunity, tumor suppression, metabolism, prevention of neurodegeneration,
and prolonged lifespan. The development of new compounds that specifically
induce or inhibit autophagy has become a key research activity. Two reliable assays
have been established to identify autophagic flux: the split luciferase assay and the
AlphalLISA assay (Amplified Luminescent Proximity Homogeneous Assay)
(Chiang et al. 2018).

The beclin 1/Bcl-2 split luciferase assay relies on two nonfunctional fragments
of NLuc (amino acids 2-416) and CLuc (amino acids 398-550), which can form a
luciferase after binding to their corresponding partner. To measure Beclin 1/Bcl-2
interactions with the split luciferase assay, a HeLa cell line expressing N-terminal
NLuc-tagged Beclin 1 (NLuc-Beclin 1) and CLuc-labeled Bcl-2 (CLuc-Bcl-2) was
used. A renilla luciferase was designed as an internal control. The interaction of
Beclin 1/Bcl-2 was measured in relative luminescence units (RLU), which is the
calculated ratio of split luciferase and renilla luciferase. In addition, the AlphalLISA
method can be used to evaluate protein-protein interaction in vitro, for example,
using purified recombinant Beclin 1 and Bcl-2 proteins.
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9.3.7 The Identification of Autophagy-Related Proteins
with Single-Particle Low-Temperature
Electromagnetic Technology

Single-particle low-temperature electromagnetic technology is an emerging power-
ful EM technique that is able to present a detailed electron microscope structure of
protein complexes at different resolutions. Single-particle low-temperature electro-
magnetic technology requires only a small amount of sample, avoids the need for
crystallization, and has wide applicability in autophagy research. Recently, research
using this technique has provided detailed image data of protein complexes involved
in the initiation, development, and substrate targeting process of autophagic flux,
including ATG1 protein kinase complexes and all class III phosphatidylinositol
3-phosphate complexes I (Hurley and Nogales 2016). In addition, this technology
will be applied for image acquisition of the mMTORC1 complex, Apel particles (the
main substrate for selective autophagy in yeast), and p62. Single-particle low-
temperature electromagnetic technology requires only a small amount of sample,
avoids the need of crystallization, and shows great potential in autophagy research.
The latest breakthroughs in low-temperature electromagnetic technology will
enhance our possibilities to understand the structure of autophagy proteins and the
autophagic regulation characteristics of biological macromolecules.
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Abstract Macroautophagy (referred to as autophagy hereafter) is a highly con-
served catabolic process in eukaryotic cells. Autophagy is essential for cellular
homeostasis through elimination and recycling of large cytoplasmic components,
such as abnormal protein aggregates and damaged organelles, via lysosomal degra-
dation. Since being originally identified by genetic screening in yeast, autophagy-
related (ATG) genes have played a central role in autophagy research in different
organisms, including plants, worms, flies, and mammals. Mouse models for moni-
toring autophagic activity or clarifying its biological functions have also been estab-
lished. These mice are powerful tools to investigate roles of autophagy in vivo.
Owing to the rapid technological advances in molecular biology, it is ever more
efficient and simpler to manipulate autophagy-associated genes. Herein, we will
introduce some commonly used approaches of gene silencing in mammalian cells,
including CRIPSR/Cas9-mediated gene knockout and siRNA- and shRNA-mediated
gene knockdown. We also summarized the common mouse models used for assess-
ing autophagy. We hope to bring the researchers some useful information as they
study autophagy.
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10.1 The Genetic Information and Mouse Models Used
in Autophagy

10.1.1 The Genetic Information Used in Autophagy

In the 1990s, a series of autophagy-related (ATG) genes were discovered through
yeast genetic screening, which makes it possible to study the autophagic machinery
at a molecular level. To date, more than 35 ATG genes have been identified in yeast.
Among them, ATGI-10, ATG12-14, ATG16, and ATG18 are highly conserved in
mammals (Nakatogawa et al. 2009). These ATG genes, together with additional
essential factors, form the core autophagy machinery and are indispensable for the
process of autophagy. Herein, we will summarize the information about the central
genes (or proteins) involved in autophagy induction, autophagosome formation, and
autophagosome-lysosome fusion.

10.1.1.1 The ULK1 Complex in Autophagy Induction

Autophagy can be induced via various types of extra- or intracellular stimuli, includ-
ing nutrient deficiency, withdrawal of growth factors, reduced ATP levels, hypoxia,
and other stresses (He and Klionsky 2009). Depletion of amino acids or growth
factors (e.g., insulin) is most effective for autophagy induction, and both of these
signals converge on the mechanistic target of rapamycin complex 1 (mTORCI, also
known as mammalian target of rapamycin complex 1), a central protein kinase of
the nutrient-sensing pathway.

The induction of autophagy requires the ULK1 kinase complex. In mammals,
the ULK1 complex consists of Unc-51-like kinase 1 (Ulkl, mammalian homo-
log of yeast Atgl), Atgl3, FIP200, and Atgl01. Unlike the Atgl complex in
yeast, the ULK1 complex is stably formed, and nutrient-dependent complex
disassembly is not observed in mammalian cells. Activities of the ULK1 com-
plex are regulated by mTORC1. Under nutrient-rich conditions, active mTORC1
phosphorylates ULK1 and Atgl3 to prevent the membrane targeting of the
ULK1 complex. During starvation condition, mTORCI is inhibited and dissoci-
ates from the ULK1 complex. Then, the ULK1 complex is free to phosphorylate
other components, such as Atgl3 and FIP200, leading to autophagy induction.
In addition, the 5’-AMP-activated protein kinase (AMPK) coordinates with
mTORCI1 to regulate autophagy induction through the phosphorylation of
ULK1 at distinct serine residues. Under starvation conditions, AMPK phosphor-
ylates ULK1 at Ser 317 and Ser 777 to disrupt the interaction between mTORC1
and ULK1, leading to the activation of autophagy.
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10.1.1.2 The Class III PI3K Complex in Autophagosome Formation

Autophagy induction is followed by autophagosome formation, which is composed
of isolation membrane formation, elongation, and completion (Mizushima et al.
2011). In mammals, the class III phosphatidylinositol 3-kinase (PI3KC3) complex
is required for isolation membrane formation and assembly. Vacuolar protein sort-
ing 34 (Vps34), the catalytic subunit, is associated with Beclinl (coded by the
Becnl gene, homolog of yeast ATG6) and Vps15, to form the core elements of
PI3KC3 complex (Mizushima and Komatsu 2011). Vps34 is recruited by the ULK1
complex and produces phosphatidylinositol 3-phosphate (PI3P) at initiation sites.
PI3P is critical for autophagosome formation and is considered a marker of autopha-
gosome membranes.

Beclinl play vital roles in autophagosome formation. Its interaction with Vps34
promotes the catalytic activity of Vps34 and increases production of PI3P. Several
factors are reported to interact with Beclinl to regulate the activity of PI3KC3 com-
plex. (1) Atgl4L (the mammalian homolog of yeast Atgl4) is an essential compo-
nent of Beclinl-Atgl14L-Vps34-Vpsl5 complex that senses membrane curvature
and regulates the activity and localization of Vps34. (2) UV radiation resistance-
associated gene (UVRAG) is located in the Beclinl-Vps34-Vps15 complex in a
mutually exclusive manner with Atgl4L, and is involved in trafficking of mature
autophagosomes to lysosomes. (3) RUN domain- and cysteine-rich domain contain-
ing Beclinl-interacting protein (Rubicon) negatively regulates endosome matura-
tion and autophagy by inhibiting PI3KC3 complex activity. Additional
Beclinl-interacting components, including activating molecule in Beclin1-regulated
autophagy (AMBRAT1); Bax-interacting factor 1 (Bifl); PTEN-induced putative
kinase 1 (PINK1); neuronal isoform of protein interaction, specifically with TC10
(nPIST); IP3 receptor (IP3R); the pancreatitis-associated protein; vacuole mem-
brane protein 1 (VMP1); and high mobility group box 1 (HMGB1), are also identi-
fied as participating in autophagosome formation (reviewed in (Pyo et al. 2012)).
Recently, Cheng et al. reported that a protein associated with UVRAG as autophagy
enhancer (Pacer) antagonizes Rubicon to stimulate Vps34 kinase activity to posi-
tively regulate autophagosome maturation.

10.1.1.3 Ubiquitin-Like Conjugation Systems in Autophagosome
Expansion and Maturation

During expansion of autophagosome membranes, two ubiquitin-like conjugation
systems are involved: the Atgl2 system and the microtubule-associated protein 1
light chain 3 (LC3) system.
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In the first conjugation system of Atgl2-Atg5-Atgl6L, Atgl2 is conjugated to
Atg5. Atgl2 contains a carboxyl-terminal glycine residue, which is activated by
ubiquitin-activating enzyme (E1)-like enzyme Atg7 in an ATP-dependent manner
(Mizushima et al. 1998). Atg12 is then transferred to ubiquitin-conjugating enzyme
(E2)-like enzyme Atg10, and finally conjugated to Atg5. The Atgl2-Atg5 conjugate
interacts with Atgl6L to form a multimeric Atgl2-Atg5-Atgl6 protein complex
through homodimerization of Atgl6L. The Atgl2 system has no deconjugating
enzyme, and the Atgl2-Atg5-Atgl6 complex is formed constitutively irrespective
of nutrient conditions.

The modification of LC3 by phosphatidylethanolamine (PE) is the second
ubiquitin-like conjugation system that is essential for the formation of autophago-
somes. LC3 is cleaved by the cysteine protease Atg4 to form cytosolic LC3-I and
then conjugated with PE by El-like enzyme Atg7 and E2-like enzyme Atg3. The
last step in Atg3 conjugation requires Atgl2-Atg5-Atgl6L complex, which serves
as an ubiquitin ligase enzyme (E3)-ligase. The resulting LC3-PE (LC3-II) associ-
ates with newly forming autophagosome membranes and remains on autophago-
somes even after their fusion with lysosomes (Burman and Ktistakis 2010). Thus,
the conversion of LC3-I to LC3-1II is widely regarded as a marker indicating autoph-
agy induction or fusion of autophagosomes with other organelles.

10.1.1.4 Participants in Autophagosome-Lysosome Fusion

Sequestration of cytoplasmic cargos into the autophagosome is followed by the
fusion of the vesicle with a late endosome or lysosome to form the autolysosome.
Upon fusion, the cargos are degraded by hydrolases inside the autolysosomes and
recycled to the cytoplasm for re-utilization (Nakamura and Yoshimori 2017). Three
major participants are involved in this process: Ras-related GTP-binding protein
(Rab) GTPases, soluble N-ethylmaleimide-sensitive fusion attachment protein
receptors (SNARE) proteins, and membrane-tethering complexes.

Rab GTPases are evolutionally conserved regulators of membrane trafficking in
eukaryotic cells. Each Rab protein localizes to a distinct membrane area, and thus is
thought to provide specificity to membrane trafficking. Rab7 plays a pivotal role in
the process of autophagosome-lysosome fusion. Rab7 is localized on late endo-
somes and lysosomes, and is essential for endocytic membrane trafficking from late
endosomes to lysosome, autophagosome-lysosome fusion, and the subsequent deg-
radation of autophagosomal components. Other GTPases, such as Rab33b, Rab22,
and Rab24, also participate in regulation of the fusion step.

SNARE proteins play a key role in autophagosome-lysosome fusion. In mam-
mals, there are more than 60 SNARE proteins that mediate the specific recognition
and fusion of vesicle trafficking. Functionally, SNAREs can be divided into two
categories: vesicle-SNAREs (v-SNAREs) and target-SNAREs (t-SNARES).
v-SNARESs are generally found on vesicles, and t-SNAREs are often localized in
targeting membranes. Each v-SNARE or t-SNARE has a helical domain that can be
intertwined to form a SNARE complex, enabling specific recognition and efficient
fusion of vesicles and target membranes (Zhao and Zhang 2018). During autophagy,
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Syntaxin 17 (Stx17) is recruited to the outer membrane of mature autophagosomes
and combines with another v-SNARE protein Snap29 to form a complex, which
binds to the t-SNARE protein Vamp8 on lysosomes, promoting anchoring and
fusion of autophagosomes and lysosomal membranes. Correspondingly, gene
silencing of StxI7, Snap29, and Vamp8 results in intracellular accumulation of
autophagosomes. In addition, Atg14 binds to the binary complex formed between
Stx17 and Snap29, promotes its interaction with Vamp8, and promotes the fusion of
autophagosomes and lysosomes.

The HOPS complex regulates the endocytic pathway, and also acts as a tethering
factor for autophagosome-lysosome fusion. All HOPS components, including
Vps33a, Vpsl6, Vpsl1, Vps18, Vps39, and Vps41, interact with Stx17. In line with
this, these HOPS subunits are recruited to Stx17-positive autophagosomes upon
autophagy induction. Furthermore, knockdown of Vps33a, Vpsi6, or Vps39 blocks
autophagic flux and causes accumulation of Stx17- and LC3-positive autophago-
somes, indicating that HOPS promotes autophagosome-lysosome fusion with
Stx17. Ectopic P granules protein 5 (Epg5) is another tethering factor that deter-
mines the fusion specificity of autophagosomes with lysosomes. Epg5 stabilizes
and facilitates the assembly of the Stx17-Snap29-Vamp8 SNARE complex to pro-
mote the fusion between autophagosomes and lysosomes.

Mammalian cells utilize autophagy to maintain homeostasis of materials and
energy. In the past decades, owing to the rapid development of molecular biology,
increasing numbers of autophagy-associated genes have been investigated. These
genes and their products are precious resources for better understanding the mecha-
nism of the autophagy process, and are summarized in Table 10.1. Continued

Table 10.1 The major autophagy machinery and autophagy-associated genes in mammals

Autophagy-
Autophagy associated Corresponding
machinery genes proteins Features or functions
ULK complex | Ulkl/2 Ulk1/2 Ser/Thr kinase; phosphorylated by
mTORCI; recruits ATG proteins to
isolation membrane
Atgl3 Atgl3 Phosphorylated by mTORC1; modulates
the activity of ULK complex
Rblccl FIP200 Scaffold for ULK1/2 and Atg13
Atgl0l Atgl01 Binds and stabilizes Atg13
Class IIl PI3K | Pik3c3 Vps34 PI3K catalytic subunit
complex Pik3r4 Vpsl5 PI3K regulatory subunit
Becnl Beclinl Key regulator of Vps34 activity
Atgl4 Atgl4 Senses membrane curvature; regulates the
activity and localization of Vps34
Uvrag UVRAG Interacts with Beclinl, activates PI3K
complex
Rubcn Rubicon Interacts with Beclinl, inhibits PI3K
complex activity

(continued)



180 R. Liu et al.

Table 10.1 (continued)

Autophagy-
Autophagy associated Corresponding
machinery genes proteins Features or functions
Atgl2 Atgl2 Atgl2 Ubiquitin-like protein; conjugated to
conjugation Atg5
system Atg7 Atg7 El-like enzyme
Atgl0 Atgl10 E2-like enzyme
Atg5 Atg5 Atgl2 is conjugated to Atg5
Atglo6ll/2 Atgl611/2 Homodimer; interacts with Atg5
LC3 Mapllc3a/b/c | LC3alblc Ubiquitin-like; conjugated to PE
conjugation Atg4a-d Atgda-d LC3 C-terminal hydrolase; deconjugating
system enzyme
Atg7 Atg7 El-like enzyme
Atg3 Atg3 E2-like enzyme
Rab GTPases Rab7a/b/l1 Rab7a/b/11 Localizes to late endosomes and
lysosomes; recruits tethering complexes
to promote fusion
SNARE Stxl7 Stx17 v-SNARE
complex Snap29 Snap29 v-SNARE, forms binary complex with
Stx17 on autophagosomes
Vamp8 Vamp$8 t-SNARE, interacts with binary complex
of Stx17 and Snap29
Membrane- Vps33a Vps33a Components of HOPS complex, help
tethering Vpsl6 Vpsl6 SNARE proteins to physically drive the
complexes Vpsi1 Vpsl1 fusion of autophagosomes and lysosomes
Vpsi8 Vpsl8
Vps39 Vps39
Vps4l Vps4l
Epg5 Epg5 Stabilizes and facilitates the assembly of
Stx17-Snap29-Vamp8 SNARE complex
to promote fusion

studies to identify key molecules regulating autophagy and underlying molecular
mechanisms are still required to better understand this process.

10.1.2 The Mouse Models Used in Autophagy

As a highly conserved cellular metabolic process, autophagy plays crucial roles
in the progress of both physiological and pathological conditions. In the past
decade, an increasing number of mouse models have been established to measure
autophagic activity and clarify its biological functions. Here, we will summarize
currently available autophagy-monitoring mouse models and autophagy-deficient
mouse models.
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10.1.2.1 Monitoring and Measuring Autophagy Using Transgenic Mice

Among the ATG proteins, LC3 is present on newly forming autophagosome mem-
branes and remains on autophagosomes even after their fusion with lysosomes.
Thus, LC3 is widely used as an autophagosome marker. Green fluorescent protein
(GFP)-tagged LC3 (GFP-LC3) is the first molecular probe used to monitor autoph-
agy. When GFP-LC3 is expressed, punctate signals can be easily observed by fluo-
rescence microscopy. In 2004, a transgenic mouse ubiquitously expressing GFP-LC3
was developed in Mizushima’s lab. The appearance of autophagosomes in mouse
tissues can be directly measured by fluorescence microscopy analysis of cryosec-
tions. It should be noted that the enrichment of autophagosomes might be ascribed
to higher rates of autophagosome induction or impaired autophagosome-lysosome
fusion or lysosomal degradation. Thus, without lysosomal inhibition, GFP-LC3
alone cannot indicate autophagic flux. In addition, the fluorescent signal of GFP is
quenched quickly under the acidic conditions in lysosomes, and more quantitative
systems were developed afterwards.

Transgenic mRFP-GFP-LC3 mice have been developed and validated by exam-
ining their response to starvation or autophagy-regulating drugs such as rapamycin.
Specifically, mice carrying an mRFP-GFP-LC3 reporter under the control of the
CAG promoter were developed to study the autophagic flux in the heart and kidney
after ischemia-reperfusion injury. The limitation of the mRFP-GFP-LC3 system is
that the identification of RFP/GFP-double positive and single positive puncta is
technically difficult in vitro and in vivo, limiting accurate measurement of autopha-
gic flux.

Mice expressing GFP-LC3-RFP-LC3AG were generated by Mizushima and col-
leagues in 2016. In addition to monitoring autophagic flux without using lysosomal
inhibitors, this system can also be used to measure basal autophagic activity. A key
limitation of GFP-LC3-RFP-LC3AG is that the time resolution is poor, requiring
over 2 h to detect a clear reduction of the GFP:RFP ratio, which is the relevant mea-
surement for monitoring autophagy.

Selective degradation of mitochondria via mitophagy is critical for mitochon-
drial quality control. However, reliable methods to monitor mitophagy in vivo are
quite limited. So far, two reporter systems are available for detecting mitophagic
flux in mouse models: mt-Keima and mito-QC.

mt-Keima is targeted to mitochondria by fusion to the COX8 subunit. Keima is a
pH-dependent fluorescent protein that is resistant to lysosomal hydrolysis. In a neu-
tral environment (mitochondria), mt-Keima is excited predominantly by 458-nm
light and produces red signal. When delivered into acidic lysosomes, mt-Keima is
activated by 561-nm light and fluoresces red. The ratio of mt-Keima-derived fluo-
rescence (561 nm/458 nm) indicates the activity of mitophagy. Mice expressing the
mt-Keima reporter have been developed for the in vivo assessment of mitophagy in
tissues under a wide range of experimental conditions. It should be noted that
freshly sectioned tissue and rapid visualization are required when using mt-Keima,
as the Keima protein signal is lost upon conventional fixation. Another disadvantage
of mt-Keima is that the emission spectra between acidic and neutral environments
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are not completely separated, but this problem may be improved by genetic altera-
tions in the structure of Keima in the future.

Another pH-sensitive mitochondrial fluorescent probe, mito-QC, has been gener-
ated. mito-QC is developed by fusing the tandem mCherry-GFP tag to the mito-
chondrial targeting sequence of the outer mitochondrial membrane protein FISI.
Like mRFP-GFP-LC3 system, the mitochondria display both red and green signals
under steady-state conditions. When mitophagy occurs, mitochondria are delivered
to lysosomes, where mCherry fluorescence remains stable, but GFP fluorescence
becomes quenched by the acidic pH. A transgenic mouse model harboring mito-QC
was generated to monitor mitochondrial turnover in a range of tissues. Interestingly,
basal mitophagic activity differs among tissues and cell types as indicated by mito-
QC. The kidney is a major organ of mitophagy, and cardiomitophagy is activated
during development in mice. Compared to mt-Keima transgenic mice, the mito-QC
mice display some advantages such as no overlap in emission spectra and a better
compatibility with a variety of labeling techniques.

Together, thanks to fluorescent reporters coupled to LC3 or mitochondrial pro-
teins, various mouse models have been developed to monitor autophagy and
mitophagy flux in vivo. The molecular probes, detection methods, and main limita-
tions/advantages of these mouse models are summarized in Table 10.2.

10.1.2.2 Analyzing Autophagy Using ATG Gene Knockout Mice

The majority of ATG genes identified in yeast are highly conserved in mammals,
allowing analyses of the roles of autophagy using genetic techniques. Autophagy-
deficient mice generated by knockout of core ATG genes are powerful tools to
investigate physiological roles and pathological effects of autophagy. Here, we will
summarize these mouse models and their phenotypes.

Table 10.2 Transgenic mouse models for monitoring autophagy and mitophagy

Molecular probes | Detection and evaluation Limitations or advantages
GFP-LC3 GFP-LC3 puncta Cannot indicate autophagic flux;
GFP is quenched in lysosomes
mRFP-GFP-LC3 | GFP+, RFP+ puncta indicate Indicates autophagic flux;
or autophagosomes and GFP-, RFP+ technically difficult to distinguish
mCherry- puncta indicate autolysosomes double positive from single positive
GFP-LC3 puncta
GFP-LC3-RFP- | The ratio of GFP signal to RFP signal | Measures basal autophagic activity;
LC3AG time resolution is poor
mt-Keima The ratio of the 561-458 nm excited | Measures mitophagic flux; emission
fluorescence intensity spectra overlap; incompatible with
fixed tissues
mito-QC GFP+, RFP+ puncta indicate No overlap in emission spectra and
cytoplasmic mitochondria and GFP-, | compatible with a variety of labeling
RFP+ puncta indicate mitophagy techniques
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Table 10.3 Knockout mice of autophagy-related genes

Survival
Genes time Phenotypes
Becnl E7.5 or Defects in proamniotic canal closure
earlier
Rblccl E13.5- Defective heart and liver development
E16.5
Pik3c3 E8.5 Fail to form mesoderm; reduced cell proliferation
Atg9a Before Growth retardation
E14.5
Atgl3 E17.5 Growth retardation; defective heartdevelopment
Ulkl/2 Neonatal Impaired lung function
lethal
Atg3, Atg5, Atg7, Neonatal Die within 1 day after birth, morphologically normal,
Atgl2, Atgl6L1 lethal reduced amino acid levels, suckling defect
Atg4b Viable Balance dysfunction
Atgdc Viable Fertile, increased susceptibility to carcinogen-induced
fibrosarcoma
Ulkl Viable Increased reticulocyte number with delayed mitochondrial
clearance
Ulk2, Map1lc3b, Viable No obvious phenotypic defects
Gabarap

In mammals, approximate 20 core autophagy-related genes are involved in
autophagosome formation, and 14 of them have been deleted in mice (Kuma et al.
2017). These ATG gene-deficient mice exhibit different phenotypes: some die dur-
ing embryogenesis, some causes neonatal lethality (within 1 day) despite almost
normal appearance at birth, and some show no obvious abnormalities (Table 10.3).

Conventional Arg5—/— mice survive early development, but this is owing to the
residual maternally inherited Atg5 protein in Azg5—/— oocytes. Oocyte-specific
Atg5—/— knockout results in embryonic lethality at the four-cell to eight-cell stages.
Mice deficient in genes functioning upstream of the ATG conjugation systems,
including Becnl—/—, Rblccl/FIP200—/—, Pik3c3/Vps34—/—, Atg9a—/—, and
Atgl3—/— mice, die during embryonic development. The ULK-deficient mouse is
an exception. Ulkl—/— or Ulk2—/— mice are viable, probably due to the redundant
effect, and Ulkl—/— Ulk2—/— double knockout mice are neonatal lethal. Mice defi-
cient in genes involved in Atgl2 and LC3 conjugation systems (except Azg/0) have
been generated. Among them, Atg3—/—, Atg5—/—, Atg7—/—, Atgl2—/—, and
Atgl6l1—/— embryos survive the entire embryonic period and are born at Mendelian
frequency but die within 1 day of birth. Mice deficient in redundant genes involved
in the two conjugation systems, including Lc¢3b—/—, Gabarap—/—, Atg4b—/—, and
Atg4c—/— mice, exhibit no obvious (or weak) abnormalities. Why the phenotypes of
different ATG gene knockout mice vary a lot is not completely understood. It may
depend on the step in autophagy at which each gene functions, and accordingly,
mice lacking upstream autophagy genes may show more severe phenotypes. In
addition, the ATG genes may have functions other than autophagy regulation. The
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functional redundancy or compensatory mechanisms between different ATG genes
can also influence the readouts of knockout mice.

Although embryonic or neonatal lethality is observed in conventional ATG gene
knockout mice, it is still possible to investigate autophagy in adult mice by using
Atg5—/—: NSE-Atg5 mice. Mizushima and colleagues demonstrate that re-
expression of Azg5 in the brain is sufficient to rescue Azg5-null mice from neonatal
lethality, suggesting that neuronal dysfunction, including suckling failure, is the
primary cause of neonatal death. The majority of these rescued mice survive
between 8 weeks and 8 months. Further analysis of this mouse model revealed pre-
viously unappreciated roles for Atg5 in multiple processes, including regulation of
the hypothalamic-pituitary-gonadal axis and iron absorption in the intestine. These
mice provide a valuable resource for understanding the physiological roles of
autophagy in the whole body.

Analysis of autophagy-associated gene knockout mice has greatly contributed to
clarifying the physiological functions of autophagy in vivo. Currently, studies of
autophagy are mainly centered on ATG genes, and mouse models for other
autophagy-regulating genes, especially regulators of autophagosome-lysosome
fusion, are largely lacking. In the future, combined usage of different mouse models
will improve the understanding of the role and mechanism of autophagy.

10.2 Gene Manipulation Techniques in Mammalian Cells

10.2.1 Gene Knockout Techniques in Mammalian Cells

Precise modification of genetic information is essential to understanding the func-
tion of a given gene. In the past decades, gene knockout techniques have enabled the
elucidation of the role of specific genes in various biological processes.

Traditionally, gene knockout is mainly achieved via homologous recombination,
which requires creating a DNA construct containing the desired mutations. This
method is inefficient, as homologous recombination accounts for only 10->-10-* of
DNA integrations, and limited to certain organisms. More recently, technological
breakthroughs in genome editing and regulation have significantly improved the
efficiency and specificity of gene knockout. Generally, two major parts are required
for a molecular machinery to precisely edit DNA sequences: a DNA-binding domain
to specifically recognize and bind DNA and an effector domain to mediate DNA
cleavage or other effects. Thus, sequence-specific nucleases can be engineered to
perform gene knockout. Zinc-finger nucleases (ZFNs) are one type of programma-
ble genome editing machines. ZFNs contain a common Cys,-His, DNA-binding
domain, which recognizes codons of a desired DNA sequence, and a DNA cleavage
domain of the FokI restriction endonuclease. Another genome editing platform is
transcription activator-like effector nucleases (TALENs). TALENs also contain a
DNA-binding domain and a nuclease that causes a double-stranded break (DSB) in
the DNA.
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Though both ZFNs and TALENs can be programmed to target specific DNA
sequences, the complicated and time-consuming protein engineering, selection, and
validation required restricts their wide application. The clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) is
emerging as a powerful system for genome editing, and especially for gene knock-
out in diverse organisms.

10.2.1.1 The Principle of CRISPR/Cas9

The CRISPR/Cas system was initially described as an adaptive immune system
in bacteria and archaea. The type II CRISPR system is one of the best character-
ized and has now been engineered as RNA-guided endonucleases for genome
editing. The Cas9 protein can be directed to specific DNA regions via a 20-nt
single-guide RNA (sgRNA) to create DSBs. The selection of Cas9 target sites
requires the presence of a protospacer adjacent motif (PAM) sequence directly 3’
of the 20-bp target sequence. For Cas9 nuclease from S. pyogenes (SpCas9), the
target sequence must immediately precede a NGG-3° PAM, e.g.,
5’-GTGCCGGAAATGACCGAGTTCGG-3'. By simply purchasing a pair of oli-
gos encoding the 20-nt guide sequence, Cas9 can be easily retargeted to new
DNA sequences, which makes customization easier. The DSBs generated by
Cas9 activate DNA repair mechanisms of nonhomologous end joining (NHEJ) or
homology-directed repair (HDR). Error-prone NHEJ is activated without a tem-
plate, resulting in insertions and/or deletions (indels) that lead to frameshift
mutations and premature stop codons, causing a gene knockout. If a donor tem-
plate with homology to the target sites exists, the HDR pathway is activated to
allow for precise repair. At present, the CRISPR/cas9 system is the most efficient
platform for genome editing and popularly used in diverse organisms, though
potential off-target effects cannot be ignored (Wang et al. 2016).

10.2.1.2 Applications and Protocol of CRISPR/Cas9

ATG genes can be efficiently manipulated via the CRISPR/Cas9 system to investi-
gate their functions. As essential components of Atgl2 and LC3 conjugation sys-
tems, Atg5 and Atg7 are required for autophagosome formation (see introduction
above). Thus, either Atg5 or Atg7 is commonly removed through Cas9 or other
methods to block autophagy and reveal the roles of autophagy in various mamma-
lian cells.

Similar to other mammalian genes, CRISPR/Cas9-mediated gene knockout of
Atg5 or Atg7 mainly includes:

1. Target selection for sgRNA. When searching for target sites in the genome, one
requirement is that a PAM immediately follows the target DNA locus. However,
this does not severely restrict the targeting range of Cas9, as PAM sequences can
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be found on average every 8—12 bp in the human genome. It is recommended to
use an online CRISPR Design Tool (http://tools.genome-engineering.org) to
select sgRNAs that offer suitable target sites. Possible off-target effects of Cas9
should also be considered, and at least two distinct sgRNAs are required for
each gene.

2. sgRNA construction and delivery. Expression plasmids for sgRNA are always
used to deliver sgRNA. The plasmids, such as the widely used pSpCas9(BB)-2A-
Puro (PX459), are engineered to express Cas9 and sgRNA simultaneously. The
purchased oligo pairs encoding the 20-nt guide sequences can be ligated into the
plasmid after annealing. Other transfection plasmids enabling virus production
in vivo are also used, such as LentiCRISPRv2.

3. Clonal isolation. Clonal isolation of transfected cells is necessary to establish
pure and stable knockout cell lines. Serial dilutions and flow cytometry can be
used to isolate single cells after transfection and antibiotic selection.

4. Knockout validation of cell lines. The SURVEYOR nuclease assay is commonly
used in detecting editing efficiency of CRISPR/Cas9. SURVEYOR nuclease or
other endonucleases, such as T7 Endonuclease I, are able to recognize and cleave
non-perfectly matched DNA, cruciform DNA structures, Holliday structures or
junctions, and heteroduplex DNA to detect mutants. Genomic amplicons of the
target region can be cloned into a plasmid, and a set of clones can be prepared for
Sanger sequencing to determine the genotype of modified cell lines. In addition,
western blot or other functional tests are required to validate gene knockout
mediated by CRISPR/Cas9.

10.2.2 Gene Knockdown Techniques in Mammalian Cells

In addition to gene knockout, gene knockdown techniques are widely used for
genetic functional analysis. Expression of one or more of an organism’s genes is
reduced in knockdown experiments. The reduction can occur via genetic modifica-
tion or by treatment with a short DNA or RNA oligonucleotide that is complemen-
tary to either a gene or a messenger RNA (mRNA) transcript (Summerton 2007).
Small interfering RNA (siRNA) and short hairpin RNA (shRNA) are two com-
monly used methods of gene knockdown.

10.2.2.1 Autophagy Gene Knockdown by siRNA
10.2.2.1.1 The Principle of siRNA
siRNA is also known as short interfering RNA or silencing RNA. It is a short (typi-

cally 20-24 bp) double-stranded RNA (dsRNA) with phosphorylated 5" ends and
hydroxylated 3’ ends with two overhanging nucleotides. siRNAs are easily
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designed and synthesized and introduced into the cell. In the cytoplasm, exoge-
nous siRNAs are processed by the RNA-induced silencing complex (RISC), in
which the sense strand of siRNA is degraded and ejected from RISC, and the
remaining antisense strand binds to its complementary mRNA to trigger mRNA
degradation by RISC.

10.2.2.1.2 The Application of siRNA

RNA interference (RNAi) mediated by siRNA can be used to silence a specific
autophagy gene to identify its function or to measure the role of autophagy in vari-
ous mammalian cells. Further, the genome-wide siRNA screen is a powerful tool to
reveal the mechanism of autophagy and identify novel autophagy regulators:

1. Ina genome-wide human siRNA screen, Lipinski et al. (2010) demonstrated that
upregulation of autophagy requires the type III PI3K, but not inhibition of
mTORCI1 under normal nutrient conditions. They also show that a group of
growth factors and cytokines, which positively regulate cell growth and prolif-
eration, including MAPK-ERK1/2, Stat3, Akt/Foxo3, and CXCR4/GPCR,
inhibit the type III PI3K. This study suggests that autophagy and cell prolifera-
tion may represent two alternative cell fates that are regulated in a mutually
exclusive manner.

2. Orvedahl et al (2011). performed a high-content, image-based, genome-wide
siRNA screen to detect mammalian genes required for selective autophagy. They
identified 141 candidate genes required for viral autophagy, which were enriched
for pathways of mRNA processing, interferon signaling, vesicle trafficking,
cytoskeletal motor function, and metabolism. Among these gene products,
SMURF1, a C2-domain-containing protein, was determined to be a novel media-
tor of both viral autophagy and mitophagy.

3. Continuing with Orvedahl et al.’s work, Mauthe et al. (2016) also determined the
effects of ATG proteins on the replication of six different viruses through siRNA
screening. An undocumented role for Atgl3 and FIP200 in picornavirus replica-
tion, which is independent of their function in autophagy as components of the
ULK complex, is revealed in this paper.

4. To find new proteins that modulate starvation-induced autophagy, McKnight
et al. (2012) performed a genome-wide siRNA screen in a stable human cell line
expressing GFP-LC3.They identified nine novel autophagy regulators and stud-
ied two of them in depth. SCOC is found to form a complex with UVRAG and
FEZ1 to regulate ULK1 complex activities. Another candidate, WAC, is required
for starvation-induced autophagy but also acts as a potential negative regulator of
the ubiquitin-proteasome system.

Together, these genome-wide siRNA screens on autophagy-regulating genes are
valuable resources to understand the mechanisms and novel roles of autophagy.
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10.2.2.1.3 The Protocol of siRNA

1. Design siRNA

2. Plate 0.2-1.0 x 10° cells per well in a six-well plate 24-48 h before transfection,
so they will be 20-70% confluent.

3. Dilute 10-30-pmol siRNA in 50-100-pL serum-free medium; incubate at room
temperature for 5 min.

4. Add transfection reagent to 50—100 pL serum-free medium (1:2—1:3 ratio); incu-
bate at room temperature for 5 min.

5. Add diluted siRNA to diluted transfection reagent; incubate at room temperature
for 20 min.

6. Add siRNA-lipid complex to cells; rock the plate gently back and forth to evenly
distribute the complexes.

7. After transfection, incubate the cells at 37 °C under normal cell culture condi-
tions for 2448 h. Then, analyze transfected cells for knockdown efficiency.

10.2.2.2 Autophagy Gene Knockdown by shRNA
10.2.2.2.1 The Principle of shRNA

Synthesized siRNA-mediated gene silencing is simple and fast. However, siRNAs
have a major drawback of a short lifespan, which weakens their ability to regulate
gene expression. The shRNA approach overcomes this limitation and inhibits gene
expression more stably.

A shRNA is an artificial RNA molecule that can spontaneously form a hairpin
structure, and is widely applied to silence expression of genes in mammals. ShRNAs
can be delivered into cells through plasmids or various viral vectors. Once intro-
duced into the cell, the shRNA is transcribed via the promoter on the vector. The
product mimics pri-microRNA (pri-miRNA) and is processed by Drosha. The
formed pre-shRNA is exported from the nucleus by Exportin 5, and then recognized
by the cellular RNAi machinery and processed to form active siRNAs. After that,
the task of gene silencing can be completed via siRNAs as introduced above.

10.2.2.2.2 The Application of shRNA

In mammalian cells, knockdown of ATG genes via shRNA approach is quite com-
mon to block autophagy. Similar to the siRNA technique, a genome-wide shRNA
screen can also be utilized to search novel autophagy regulators. Strohecker et al.
(2015) developed a high-content image-based shRNA screening system via moni-
toring levels of the autophagy substrate p62/SQSTM 1. They identified 186 putative
autophagy inhibitors and 67 potential autophagy stimulators. Among them, PFKFB4
was shown to regulate autophagy through influencing redox balance in the cell.
Recently, Cassidy et al. (2018) developed an inducible shRNA mouse model
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targeting Atg5, termed ATGS5i mice. Unlike conventional and conditional whole-
body knockout mouse models of key autophagy genes, which display perinatal
death and lethal neurotoxicity, respectively, ATG5i mice make dynamic inhibition
of autophagy in vivo possible. The researchers find that ATG5i mice recapitulate
many of the previously described phenotypes of tissue-specific knockouts. They
also demonstrate that hepatomegaly and other pathologies associated with autoph-
agy deficiency can be rescued with restoration of autophagy; however, this leads to
the development of hepatic fibrosis. These ATGS5i mice are good resources to inves-
tigate the pathological consequences of autophagy inhibition and restoration.

10.2.2.2.3 The Protocol of shRNA

—_—

. Design and construct the sShRNA expression plasmid.

2. Plate 0.2-1.0 x 10° cells per well in a six-well plate 24-48 h before transfection,
so they will be 20-70% confluent.

3. Dilute 2-10-pg plasmid in 50-100-pL serum-free medium; incubate at room
temperature for 5 min.

4. Add transfection reagent to 50—-100-pL serum-free medium (1:1-1:2 ratio);
incubate at room temperature for 5 min.

5. Add diluted plasmid to diluted transfection reagent; incubate at room tempera-
ture for 20 min.

6. Add plasmid-lipid complex to cells; rock the plate gently back and forth to
evenly distribute the complexes.

7. After transfection, incubate the cells at 37 °C under normal cell culture condi-

tions for 2448 h. Then, analyze transfected cells for knockdown efficiency.

In this chapter, we reviewed what is known about the main autophagy-associated
genes in mammals and commonly used mouse models of autophagy. We also intro-
duced some popular approaches to gene manipulation in the field of autophagy
research, including CRISPR/Cas9-mediated gene knockout and siRNA- and
shRNA-mediated gene knockdown. Autophagy-related genes can be manipulated
through the abovementioned methods at both the genomic and transcriptional lev-
els. Mouse models with modified autophagy genes have also been established to
provide more in vivo evidence for better understanding the roles of autophagy in
both physiological and pathological conditions.
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Chapter 11 m
MicroRNAs Regulating Autophagy
in Neurodegeneration

Check for
updates

Qingxuan Lai, Nikolai Kovzel, Ruslan Konovalov, and Ilya A. Vinnikov

Abstract Social and economic impacts of neurodegenerative diseases (NDs)
become more prominent in our constantly aging population. Currently, due to the
lack of knowledge about the aetiology of most NDs, only symptomatic treatment is
available for patients. Hence, researchers and clinicians are in need of solid studies
on pathological mechanisms of NDs. Autophagy promotes degradation of patho-
genic proteins in NDs, while microRNAs post-transcriptionally regulate multiple
signalling networks including autophagy. This chapter will critically discuss current
research advancements in the area of microRNAs regulating autophagy in NDs.
Moreover, we will introduce basic strategies and techniques used in microRNA
research. Delineation of the mechanisms contributing to NDs will result in develop-
ment of better approaches for their early diagnosis and effective treatment.

11.1 Introduction

Neurodegenerative diseases (NDs) represent a major threat to the modern society,
affecting tens of millions of people worldwide with a particular increase of inci-
dence among the elderly (GBD 2015 Neurological Disorders Collaborator Group
2017). The most common NDs are caused by misfolding and accumulation of
disease-specific proteins. Depending on the protein causing such accumulation,
NDs can be further classified as tauopathies if such a prion-like protein is repre-
sented by phosphorylated tau protein, amyloidoses for amyloid f (AP) protein
pathology, synucleinopathies for a-synuclein (SNCA), transactive response DNA
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binding protein 43 (TDP-43) proteinopathies and prion diseases for scarpie isoform
of the prion protein and others (Dugger and Dickson 2017). Tauopathies include
progressive supranuclear palsy, corticobasal syndrome, frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17), chronic traumatic encepha-
lopathy and Alzheimer’s disease (AD) to name just a few (Orr et al. 2017). The
latter can also be categorized as amyloidosis which is characterized by extracellular
deposition of Ap (Dogan 2017; Koo et al. 1999; Kametani and Hasegawa 2018).
Synucleinopathies include Parkinson’s disease (PD), PD-like dementia, dementia
with Lewy bodies and multiple system atrophy (MSA) (Valera et al. 2017).
Accumulation of TDP-43, a 43-kDa protein involved in transcription repression,
splicing and RNA metabolism, can lead to amyotrophic lateral sclerosis (ALS) and
ubiquitin-positive, and tau- and alpha-synuclein-negative frontotemporal dementia
(FTLD-TDP) (Neumann et al. 2006; Yu et al. 2020). All the above examples include
NDs involving pathogenic accumulation of misfolded proteins (often referred to as
prion-like proteins) which can be counteracted by the autophagy pathway (Dugger
and Dickson 2017). Currently, the cause of most of the NDs is unknown which
complicates their diagnosis and treatment. Genetic, epigenetic, hormonal and envi-
ronmental factors can contribute to these pathologies. This chapter discusses studies
about autophagy-regulating microRNAs in NDs (Fig. 11.1, Table 11.1).

11.1.1 Autophagy in Neurodegenerative Diseases

Autophagy is a complex process for repurposing the energy flows, degradation and
recycling of intact and malfunctioning proteins and organelles within the cell.
Autophagy is subdivided into macroautophagy, chaperon-mediated autophagy and
microautophagy (Fig. 11.1). The major proteins regulating this process are called
‘autophagy-related’ (Atg). Many NDs are accompanied by autophagy abnormalities
(Nixon 2013; Harris and Rubinsztein 2012). Prion-like proteins involved in NDs
pathogenesis such as AP (Stohr et al. 2012), phosphorylated tau (Sanders et al.
2014), SNCA (Woerman et al. 2018), mutant huntingtin (Jeon et al. 2016) and
TDP43 (Nonaka et al. 2013) can aggregate into complex structures with long half-
lives, while autophagy can counteract accumulation of such aggregates (Dugger and
Dickson 2017). Neurons are highly differentiated post-mitotic cells and hence are
vulnerable to autophagy dysfunction due to their limited ability to regenerate and
because the accumulating prion-like proteins cannot be diluted by cellular division
(Finkbeiner 2020).

11.1.1.1 Autophagy in Alzheimer’s Disease
Alzheimer’s disease (AD) is the most common ND affecting primarily the neocor-

tex and hippocampus (Calderon-Garciduefias and Duyckaerts 2017) and character-
ized by aggregation of A protein, tau protein and some other proteins leading to a
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progressive loss of neurons (Blennow et al. 2006; Hardy and Selkoe 2002). AD is
associated with impaired lysosomal, autophagosome and autolysosome function
(Yu et al. 2005; Boland et al. 2008). As evidenced by experiments in mice (Spilman
et al. 2010), primary rat neurons (Boland et al. 2008; Tian et al. 2011), mouse
embryonic fibroblasts (Tian et al. 2011) and murine neuroblastoma N2a cells (Tian
etal. 2011), autophagy can effectively counteract A accumulation. Indeed, knock-
out of autophagy-promoting protein Atg7 (autophagy-related 7) reduces the extra-
cellular secretion of AP and plaque formation in APP (amyloid precursor protein)
transgenic mice and increases intracellular accumulation of Af aggravating neuro-
degeneration (Nilsson et al. 2013; Komatsu et al. 2007). Moreover, downregulation
of autophagy-regulator beclin-1 in the brains of AD patients (Salminen et al. 2013)
is supported by in vitro and in vivo experiments demonstrating the protective effect
of beclin-1 against Ap accumulation (Salminen et al. 2013; Uddin et al. 2019) sug-
gesting that autophagy plays a vital role in counteracting AD pathology (Salminen
et al. 2013; Uddin et al. 2019; Chung et al. 2019).

11.1.1.2 Autophagy in Parkinson’s Disease

Parkinson’s disease (PD) is the second most common ND and the most common
ND affecting the motor system (Aboud et al. 2015) with the main symptoms com-
prising tremor, rigidity, bradykinesia and postural instability (Tysnes and Storstein
2017). The key pathology hallmarks of PD are represented by the loss of dopami-
nergic neurons in the substantia nigra pars compacta (SNpc) and accumulation of
intracellular SNCA-containing deposits, also called Lewy bodies (Takahashi et al.
2018; Rocha et al. 2018). Similar to AP and tau, SNCA has prion-like properties
(Stohr et al. 2012; Sanders et al. 2014; Woerman et al. 2018) and can be cleared by
autophagy (Poehler et al. 2014; Dehay et al. 2012). The process of mitophagy, one
of the types of macroautophagy (Fig. 11.1), plays a crucial role in the maintenance
of dopaminergic neurons and the pathogenesis of PD. Indeed, there are PD-associated
mutations G309D (Valente et al. 2004a), G502C, G275T, G1391A (Valente et al.
2004b) and T167A, C245A, G758A, C823T, C1310T (Jankovic et al. 2018) in two
critical mitophagy-related proteins: phosphatase and tensin homolog (PTEN)-
induced kinase 1 (PINK1) and parkin, respectively (Gémez-Suaga et al. 2018).

11.1.1.3 Autophagy in Multiple System Atrophy

Affecting both neurons and oligodendrocytes, multiple system atrophy (MSA) rep-
resents another SNCA-associated ND which is manifested by parkinsonism, ataxia
and dysfunction of the autonomous nervous system (Fanciulli and Wenning 2015).
Proteasomal clearance of myeloid proteins is impaired in MSA, while upregulation
of autophagy is often observed in MSA as a compensatory mechanism opposing the
SNCA buildup, indicating the abnormalities in autophagy could be related to MSA
pathology (Schwarz et al. 2012; Pukal and Richter-Landsberg 2015; Tanji
et al. 2013).
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11.1.1.4 Autophagy in Huntington’s Disease

Huntington’s disease (HD) develops when trinucleotide (CAG) repeat expansion of
a mutated huntingtin protein gradually damages striatal and cortical neurons leading
to chorea, dystonia, balance disorders and cognitive decline (Walker 2007; Bates
2005). The function of huntingtin is not fully understood, but it was shown to be
involved in the intracellular transport and can act as a scaffold for macroautophagy
(Ochaba et al. 2014; Martin et al. 2015; Rui et al. 2015). Moreover, autophagy can
prevent intracellular accumulation of mutated huntingtin aggregates (DiFiglia et al.
1997; Jin et al. 2016). This prompted the development of autophagy-promoting
strategies to halt HD progression by inhibition of the mammalian target of rapamy-
cin (mTOR) pathway, a key cellular regulator of energy homeostasis, growth and
autophagy (Williams et al. 2008; Sabatini 2017).

11.1.1.5 Autophagy in Amyotrophic Lateral Sclerosis

Main pathological feature of amyotrophic lateral sclerosis (ALS) is degeneration of
motor neurons associated with accumulation of misfolded proteins such as TDP43,
superoxide dismutase 1, NIMA-related kinase 1, fused in sarcoma and C9orf72
(Kiernan et al. 2011). ALS is associated with impaired autophagosome and autol-
ysosome formation (Hara et al. 2006; Barmada et al. 2014; Shen et al. 2015; Teyssou
et al. 2013; Crippa et al. 2010). For example, in superoxide dismutase 1 G93A
mutant ALS mouse model, this protein is cleared from neurons by autophagy
(Crippa et al. 2010). Generally, autophagy modulates cell death rate so that its sup-
pression leads to neurodegeneration (Hara et al. 2006; Barmada et al. 2014). In turn,
mitophagy receptor mutations are also linked to ALS development (Wong and
Holzbaur 2014).

11.1.1.6 Autophagy in Frontotemporal Dementia

Frontotemporal dementia (FTD) is a general term for a class of NDs characterized
by abnormalities in behaviour and language (Tanji et al. 2013; Krasniak and Ahmad
2016; Lee and Gao 2009; Bang et al. 2015). FTD progression is linked to Valosin-
containing proteins (VCPs) which are critical for autophagic vesicles maturation
(Halawani and Latterich 2006; Wong et al. 2018; Ju et al. 2009). The VCP research
and other evidence indicate the role of autophagy in FTD (Lee and Gao 2009).
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11.1.2 RNA Interference and MicroRNAs

As mentioned above, NDs progression is often modulated by autophagy activity,
which in turn is regulated by multiple mechanisms including RNA interference
(RNAI), a process of mRNA inhibition by antisense RNA molecules such as small
interfering (siRNAs) or microRNAs (Wang et al. 2018; Ye et al. 2013). In mammals,
primary microRNAs (pri-microRNAs) are typically transcribed by the DNA-
directed RNA polymerase II (RNApol II) (Lee et al. 2004; Cook et al. 2020) or, in
rare cases, (RNApol III) (Borchert et al. 2006). Such hairpin-loop-structured pri-
microRNAs are then recognized and cleaved by microprocessor complex contain-
ing one Drosha and two DGCRS (DiGeorge syndrome critical region 8) proteins to
produce precursor microRNAs (pre-microRNAs) (Lee et al. 2003). The latter is
exported into the cytoplasm by exportin V and finally cleaved by Dicer ribonuclease
producing mature 20-25 bp long double-stranded microRNAs with 3’-overhangs on
both 5'- and 3’-(called 5p and 3p) strands (counting from the transcription start site
in the pri-microRNA). Mediated by Dicer, one of these strands, called a guide
strand, will be typically incorporated into the Argonaute 2 (Ago2)-containing RNA-
mediated silencing complex (RISC), while the passenger strand will be rapidly
degraded (Lee et al. 2004; Ambros et al. 2003). The guide strand directs binding of
RISC to the target mRNA leading to its degradation or translation repression (Rand
et al. 2005). There are more than 5000 microRNAs in human genome, at least half
of which being unique to humans (Londin et al. 2015) (Table 11.2). Due to only
partial sequence complementarity, single microRNA can regulate multiple tran-
scripts while a single gene is often regulated by several microRNAs (Krek et al.
2005; Lim et al. 2005). MicroRNAs regulate the majority of human protein-coding
genes (Lewis et al. 2005) including those important for functionality of the nervous
system (Schratt 2009) (Table 11.2). MicroRNAs can be pre-loaded into RISC com-
plexes and remain stable in the processing bodies (P-bodies) in the neuronal termi-
nals for later context-dependent degradation of mRNAs and inhibition of their
translation (Corbin et al. 2009; Parker and Song 2004). Such interaction occurs in
the 3’-untranslated region (UTR) of the target mRNA (Hausser et al. 2013) with rare
exceptions when microRNAs bind to 5’-UTR or coding sequence (CDS) (Fang and
Rajewsky 2011). In the latter cases, microRNAs can stabilize target transcripts and
increase their half-life instead of neutralizing them (Atambayeva et al. 2017)
(Table 11.2).
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11.2 Regulatory Interplay of RNA Interference
and Autophagy in Neurodegenerative Diseases

Despite the absence of conclusive evidence of a crucial role of the microRNA path-
way in NDs (Lai et al. 2019), several in vitro and in vivo models demonstrate the
contribution of this pathway to neurodegeneration. In line with the upregulation of
miR-34c¢-5p in the AD patients’ hippocampus, researches have detected high levels
of this microRNA, decreased levels of its target sirtuin 1 and memory deterioration
in 24-month-old mice and in a double-transgenic mouse model of AD co-expressing
chimeric mouse-human amyloid precursor protein (APP) and a mutant human pre-
senilin (PS1) in neurons of the central nervous system (APPswe/PSTAE9 mice)
(Jankowsky et al. 2004; Zovoilis et al. 2011). Accordingly, injection of miR-34c-5p
mimics into the hippocampus negatively affects learning ability while the rescue of
the memory function by target protectors directly demonstrates the critical role of
sirtuin 1 as a functional target of miR-34c-5p in this phenotype (Zovoilis et al.
2011). This study shows inter-relation of microRNA functions in aging and neuro-
degeneration (Verheijen et al. 2018). Age is the major risk factor for most NDs,
while autophagy may affect both aging and neurodegeneration (Finkbeiner 2020;
Rubinsztein et al. 2011). Knockout of miR-34 which targets Atg9, a critical gene in
autophagosome formation, prolongs the lifespan of C. elegans (see Table 11.1)
(Yang et al. 2013).

Expression of Drosha, a critical ribonuclease for microRNA maturation, is
reduced in some cases of ALS indicating the control of microRNA biogenesis by
autophagy (Gongalves et al. 2018). Normally, Ago2 which is not occupied by
microRNAs is degraded by the autophagy pathway. Interestingly, experiments in
cell culture, in mouse models and in HD autopsy samples revealed that aggregation
of mutated huntingtin causes Ago2 accumulation and dysfunction of the microRNA
pathway which can be alleviated by activation of autophagy (Pircs et al. 2018). HD
is often associated with abnormal autophagy (Martinez-Vicente et al. 2010; Petersén
et al. 2001), while stimulation of autophagy pathway can alleviate this pathology
(Floto et al. 2007).

RNAi is a promising therapeutic tool to regulate disease-associated genes
(Adams et al. 2018). In contrast to microRNAs, siRNAs are fully complementary to
their targets (Elbashir et al. 2001), thus strongly inducing transcript degradation
(Piatek and Werner 2014). The first RNAi-based drug on the market, patisiran, was
developed against one of the NDs and targets amyloid transthyretin (Adams et al.
2017, 2018). The genes targeted by microRNAs are involved in different autophagy
stages (Finkbeiner 2020) (see Fig. 11.1), while RNAi tools are widely applied to
study autophagy in NDs (see Table 11.1). Below, we will discuss the roles of spe-
cific autophagy-regulating microRNAs in NDs.
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11.2.1 Macroautophagy-Regulating MicroRNAs
in Neurodegeneration

Macroautophagy involves several key autophagy-related (Atg) regulators to engulf
organelles or proteins to be degraded by a phagophore, followed by its maturation
to a double-membrane structure called autophagosome. Finally, autophagosome
transports the cargo towards the lysosome in order to fuse with the latter and degrade
the contents with the means of acidic lysosomal hydrolase (see Fig. 11.1) (Nixon
2013; Yang et al. 2013; Walczak and Martens 2013). Below, we discuss three
microRNAs involved in regulation of macroautophagy initiation in AD models:
miR-214-3p, miR-299-5p and miR-124-3p. All of them are highly expressed in the
central nervous system with the miR-124-3p being the most abundant neuronal
microRNA (Zhang et al. 2016a, b; Gascon et al. 2014) (see Fig. 11.1, Table 11.1).

11.2.1.1 MicroRNAs Regulating Macroautophagy Initiation

Transfection of Atgl2-targeting miR-214-3p into mouse primary hippocampal neu-
rons reduces autophagosome formation as evidenced by LC3B (microtubule-
associated protein 1 B light chain 3) and beclinl decrease and p62 increase (Zhang
et al. 2016a). Moreover, miR-214-3p mimics injection into the third ventricle of
SAMPS (senescence accelerated mouse prone 8) AD mouse model (see Table 11.1)
decreases expression of Atgl2 while also reducing apoptosis which phenotypically
leads to restored spatial learning and memory (Zhang et al. 2016a). In another AD
model, APPswe/PS1AE9 mice (see above, and Table 11.1), miR-299-5p is neuro-
protective via targeting AtgS, suppressing autophagy and decreasing caspase-
dependent apoptosis (Zhang et al. 2016b).

As previously mentioned, miR-124-3p is the most abundant and one of the criti-
cal microRNAs in the central nervous system. Its upregulation improves learning
and slows down pathology development in the same APPswe/PS1AE9 AD model.
One of the proposed mechanisms for these effects of miR-124-3p is regulation of its
putative target amyloid precursor protein (APP) cleaving enzyme 1 (BACEI) (Du
et al. 2017). BACEI cleaves APP to produce Af (Fukumoto et al. 2010) leading to
its aggregation, and formation of fibrils and plaques (Nixon 2007; Wu et al. 2016;
Feng et al. 2017). Interestingly, in a widely used PD mouse model causing a severe
neurodegeneration of dopamine neurons, injection of MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) toxin results in reduced expression of miR-124-3p and
upregulation of its targets p62 (also known as sequestosome 1) and p38 (also known
as mitogen-activated protein kinase 14, MAPK14) reflecting suppressed autophagy
and activation of microglia (Yao et al. 2019). While knockdown of p62 suppresses
the levels of phosphorylated p38 and pro-inflammatory responses in glial BV2 cells,
application of miR-124-3p mimics to the lateral cerebral ventricle rescues the toxin-
induced phenotype and promotes autophagy by attenuating the activities of p62 and
phosphorylated p38 (Yao et al. 2019) (see Fig. 11.1, Table 11.1).
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11.2.1.2 MicroRNAs Regulating the mTOR Pathway

The mammalian (or mechanistic) target of rapamycin (mTOR) pathway is a key
pathway inhibiting macroautophagy (see Fig. 11.1). In the condition of high nutri-
tional supply, mTOR complex 1 inhibits Unc-51 like autophagy activating kinase
(Ulk) complex consisting of FIP200 (also known as RB1 inducible coiled-coil 1,
Rblccl), Ulkl/2 (analogues of Atgl) and Atgl3 via direct phosphorylation of
Atgl13 and Ulk1/2 (Kim et al. 2011). Inhibition of the mTOR pathway upon meta-
bolic stress or deficiency of nutrients leads to dephosphorylation of Ulk1/2 and
Atg13, which in turn leads to phosphorylation of FIP200 by Ulk and autophagy
initiation (Rabinowitz and White 2010).

This pathway is regulated by microRNAs abundant in the central nervous sys-
tem, such as miR-101-3p (Valera et al. 2017; Li et al. 2017a; Wong et al. 2013; Lee
et al. 2012). In the MSA mouse model expressing myelin basic protein promoter-
driven SNCA (MBP-a-syn), striatal expression of miR-101-3p is elevated (Krismer
et al. 2013) leading to inhibition of autophagy (Valera et al. 2017). The study identi-
fied several targets of miR-101-3p: Rab5A, Atg4D, stathmin 1 (STMN1) and mTOR
with the first three being autophagy-promoting genes and the latter being autophagy
inhibitor, as such, miR-101-3p is a potent regulator of autophagy. In this model,
upregulation of miR-101-3p correlates with SNCA accumulation, which can be
attenuated by microRNA inhibitor administration (Valera et al. 2017). Another
microRNA regulating autophagy is miR-193b-3p. It activates mTOR via targeting
its negative regulator tuberous sclerosis complex 1 (TSCI) (Li et al. 2017a).
Downregulation of this microRNA and mTOR, and as a result activation of autoph-
agy and cell survival, was detected both in ALS patients (Chen et al. 2016) and in
G93A mutant superoxide dismutase 1 ALS mouse model.

11.2.1.3 The Role of Mitophagy-Related MicroRNAs
in Neurodegeneration

Mitochondrial autophagy, or mitophagy, is a type of macroautophagy when the
phagophore initiation machinery is recruited to damaged mitochondria in order to
maintain the pool of healthy organelles in the cell. Such balance may be severely
disturbed in PD (Banerjee et al. 2010), AD (Fang et al. 2019), ALS (Wong and
Holzbaur 2014) and other NDs. Indeed, single nucleotide polymorphisms (SNPs) in
Pink1 (PTEN-induced putative kinase 1) and parkin are strongly associated with PD
(Klein et al. 2005; Ibafiez et al. 2006). Pink1 is accumulated on the damaged outer
mitochondrial membrane and recruits cytoplasmic parkin initiating mitophagy via
autophagy receptors optineurin (Optn) and ND52 (nuclear dot protein 52) receptors
(Deas et al. 2011; Ruimeng et al. 2019) (see Fig. 11.1). This process can be directly
inhibited by parkin-targeting miR-181a-5p and Pink1-targeting miR-27a/b-3p (Kim
etal. 2016a; Cheng et al. 2016). Interestingly, miR-27a/b-3p are induced by mitoph-
agy (Kim et al. 2016a) and thus are capable of forming a negative feedback loop in
SNpc, where these microRNAs are highly abundant (Landgraf et al. 2007). This
region located in the ventral midbrain comprises the majority of dopaminergic
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neurons which are known to be particularly vulnerable to oxidative stress, aging and
mitochondrial damage. Notably, miR-27a-3p also reduces huntingtin levels in R6/2
HD mouse model via a different mechanism (Ban et al. 2017).

Another microRNA abundant in SNpc, miR-137-3p, (Landgraf et al. 2007) tar-
gets autophagy receptors located on the outer mitochondrial membrane Fundcl
(FUN14 domain containing 1) and NIX (Poursadegh Zonouzi et al. 2017) which
promote autophagy in hypoxic conditions via binding to LC3 (Poursadegh Zonouzi
et al. 2017; Liu et al. 2012a; Bruick 2000; Sandoval et al. 2008; Schweers et al.
2007) (Fig. 11.1). Inhibition of mitophagy by miR-137-3p is prevented by expres-
sion of synthetic Fundcl, and NIX variants lacking the microRNA binding site in
their 3’-UTR cannot bind to miR-137-3p, thus preventing the inhibition of mitoph-
agy by miR-137-3p (Poursadegh Zonouzi et al. 2017).

11.2.2 MicroRNAs Regulating Chaperone-Mediated
Autophagy in Neurodegeneration

The key proteins in chaperone-mediated autophagy (CMA): LAMP-2A and heat
shock cognate protein 70 (Hsc70) are downregulated in PD. They are directly tar-
geted by eight of microRNAs that are highly abundant in the brain (Kim et al. 2007):
miR-21-3p, miR-379-5p, miR-373-5p, miR-320a-3p, miR-224-5p, miR-301b-3p,
miR-26b-5p and miR-106a-5p, which was validated for all microRNAs except
miR-320a-3p (see Fig. 11.1 and Table 11.1). Interestingly, transfection of these
microRNAs reduces the expression of LAMP-2A and Hsc70 and upregulates the
SNCA levels in SH-SY5Y dopaminergic neuroblastoma cells (Alvarez-Erviti et al.
2013). Accordingly, since six of these microRNAs are upregulated in SNpc of PD
patients and two other microRNAs are upregulated in amygdala of PD patients with
correspondingly reduced expression of their targets LAMP-2A or Hsc70 in these
regions (Alvarez-Erviti et al. 2010), inhibition of CMA may contribute to accumu-
lation of Lewy bodies (Alvarez-Erviti et al. 2013) in these patients. In addition, the
age-related decline in CMA is also associated with a decline in LAMP2A expres-
sion, a rate-limiting regulator for this type of autophagy (Cuervo et al. 2004; Zhang
and Cuervo 2008).

11.3 Techniques Used in MicroRNA Research

11.3.1 Techniques for MicroRNA Identification
11.3.1.1 Next-Generation Sequencing
Next-generation sequencing (NGS) detects short DNA molecules in a sample

(Voelkerding et al. 2009) and as such is well suited for microRNA research. NGS is
a method of choice for discovery of novel microRNAs and microRNA isoforns as



224 Q. Lai et al.

well as for characterization of expression patterns in various cell populations.
MicroRNA and other transcripts must first be reverse-transcribed to produce cDNA
for subsequent sequencing. Once generated, NGS data require bioinformatical anal-
ysis (see Table 11.2 for examples of relevant tools) and have to be verified by reverse
transcription real-time quantitative PCR (qRT-PCR).

11.3.1.2 Quantitative Reverse-Transcription PCR for Identification
of MicroRNAs

Semi-quantitative PCR analysis can be done by comparing band sizes after electro-
phoresis of DNA products produced by different number of cycles (Marone et al.
2001). A quantitative PCR (qPCR) uses fluorescent reporter sequence to monitor
the amount of replicated DNA for relative or absolute quantification (Dhanasekaran
et al. 2010). Similar to NGS, microRNAs must be reverse-transcribed using linear
(Sharbati-Tehrani et al. 2008; Raymond et al. 2005), usually random hexamer prim-
ers (Stangegaard et al. 2006) to generate cDNA and increase the length of the prod-
uct to enhance the effectivity of subsequent PCR-based assay (Chen et al. 2005;
Zhang et al. 2008).

Both the fluorescent dye SYBR-green and Tagman fluorescent probes can be
used for qRT-PCR quantifications. The former integrates into the double-stranded
PCR product, while the latter binds specifically to defined nucleotide sequences.
Both methods allow quantification of replicated product via an increase of fluores-
cence signal. TagMan assay utilizing microRNA-specific fluorescent probes or uni-
versal probes exhibits high accuracy and sensitivity (Luo et al. 2012). In contrast,
strategies SYBR-green-based qRT-PCR are prone to false-positive results (e.g.
detecting primer dimers). Data from qPCR need to be normalized (Chugh and
Dittmer 2012). Optimal approach is to use a set of genes expressed throughout the
body as a normalization reference (Chugh and Dittmer 2012). For large-scale qRT-
PCR experiments, at least three stably expressed housekeeping genes are used, and
the geometric mean is generated as an accurate normalization factor (Vandesompele
et al. 2002; Meyer et al. 2010; Peltier and Latham 2008). Some stably expressed
microRNAs can also be used as references (Peltier and Latham 2008). In addition,
researchers should set up experimental replicates to ensure the credibility of
microRNA expression data. Different replicates of each group should be scattered
in different positions of the cell plate to avoid experimental errors (Chugh and
Dittmer 2012). We usually use a 1:1, 1:5, 1:25, 1:125 and 1:625 dilutions of one of
the samples for both the studied microRNA and the reference gene (e.g. U6 RNA)
in the conventional (not large scale) QRT-PCR assays. This helps us ensure the
dynamics of Ct fluorescent curves. Additionally, quenching a known amount of a
specific RNA in such assays may also allow an absolute quantification of specific
RNAs in the samples.
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11.3.1.3 In Situ Hybridization

In situ hybridization (ISH) method utilizes RNA probe markers to detect microRNA
expression in tissue samples (Jin and Lloyd 1997). ISH also allows to specify the
location and specific cell groups expressing microRNA of interest. This method
requires thorough preparation of samples, especially in slicing, cross-linking and
fixation steps, but allows to precise target detection. Visualization can be performed
with use of hapten markers (Nielsen 2012). A common control used in ISH approach
is a tissue with target microRNA knockout.

11.3.1.4 Northern Blot

Northern blot consists of size-based separation of RNA samples by gel electropho-
resis with a consequent transfer of RNA aggregates onto a nylon membrane. As
transfer is completed, RNA samples are fixed by heat or UV-induced covalent link-
age and hybridized with labelled nucleotide probes, which allow further imaging.
Originally used markers were **P-DNA probes (Trayhurn 1996), and current alter-
natives are represented by hapten-labelled RNA probes used in combination with
anti-hapten antibody conjugated with phosphatase. Phosphatase 