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Autophagy modulation as a potential
therapeutic target for diverse diseases

David C. Rubinsztein'*, Patrice Codogno?* and Beth Levine>*

Abstract | Autophagy is an essential, conserved lysosomal degradation pathway that
controls the quality of the cytoplasm by eliminating protein aggregates and damaged
organelles. It begins when double-membraned autophagosomes engulf portions of the
cytoplasm, which is followed by fusion of these vesicles with lysosomes and degradation
of the autophagic contents. In addition to its vital homeostatic role, this degradation
pathway is involved in various human disorders, including metabolic conditions,
neurodegenerative diseases, cancers and infectious diseases. This article provides an
overview of the mechanisms and regulation of autophagy, the role of this pathway in
disease and strategies for therapeutic modulation.

Autophagy occurs at a basal rate in most cells, eliminating
protein aggregates and damaged organelles in order to
maintain cytoplasmic homeostasis'. This includes the deg-
radation of dysfunctional mitochondria via mitophagy,
a cytoprotective process that limits both the production
of reactive oxygen species (ROS) and the release of toxic
intramitochondrial proteins.

Autophagy is stimulated during various pathological
and physiological states, such as starvation. Starvation-
induced autophagy, an evolutionarily conserved response
in eukaryotes? enables the degradation of proteins,
carbohydrates and lipids, which allows the cell to adapt
its metabolism and meet its energy needs. Indeed, the
induction of autophagy in newborn mice has a major
role in maintaining energy levels in various tissues after
the maternal nutrient supply via the placenta ceases’.
Moreover, starvation-induced autophagy has a cytopro-
tective effect by blocking the induction of apoptosis by
mitochondria*.

Autophagy is also essential during development and
differentiation"”. The pre-implantation period after oocyte
fertilization requires the autophagic degradation of com-
ponents of the oocyte cytoplasm®. Moreover, autophagy
is crucial for the selective elimination of paternal mito-
chondria post-fertilization”®. Autophagy remodels the
cytoplasm of erythrocytes, lymphocytes and adipocytes,
and thereby contributes to their differentiation’*.

Autophagy may be dysregulated in several disorders,
including metabolic diseases, neurodegenerative disor-
ders, infectious diseases and cancer. In some conditions,
autophagy is inhibited and this can occur at different
stages of the process to enhance disease, whereas in other

cases autophagic activity may be permissive towards
pathogenesis. In addition, the induction of autophagy
has been shown to increase longevity in a large panel of
species (reviewed in REF. 9), thus raising the possibility
that ageing and longevity may be therapeutic targets for
autophagy induction.

Given these observations, pharmacological approaches
to upregulate or inhibit this pathway are currently receiving
considerable attention. For example, autophagy upregula-
tion may be of therapeutic benefit in certain neurodegen-
erative diseases (such as Huntington’s disease), whereas
autophagy inhibition is being investigated as a strategy for
treating some cancers.

Here, we consider examples of diseases in which
autophagy is perturbed, after briefly reviewing the mecha-
nisms and regulation of mammalian autophagy. Potential
strategies and agents for therapeutic modulation are also
discussed, as well as possible safety concerns and caveats
associated with such approaches.

Mechanisms of autophagy

Overview. Autophagy is initiated by the formation of
double-membrane-bound vesicles, called autophago-
somes, which sequester cytoplasmic material in a non-
degradative compartment. Autophagosomes are formed
from cup-shaped structures known as phagophores
(reviewed in REF. 2) (FICS 1,2). Once the edges of the phago-
phores are sealed, the completed autophagosomes have
diameters of 300-900 nm and can subsequently receive
inputs from the endocytic pathway, which enables acqui-
sition of acidic and degradative capacities. Autophago-
somes are formed randomly at multiple locations in the
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Figure 1| Overview of the regulation of macroautophagy and potential drug targets. Two major signalling
pathways are depicted here: the pathway involving class | phosphoinositide 3-kinase (PI3K), protein kinase B (PKB) and
mammalian target of rapamycin complex 1 (mMTORC1), and a cyclical mTOR-independent pathway; the basic helix—
loop-helix leucine zipper transcription factor EB (TFEB)-mediated pathway is also depicted?'®. TFEB regulates the
expression of the genes involved in the different stages of autophagy between autophagosome formation and cargo
degradation (see FIG. 2). In nutrient-rich medium, TFEB is phosphorylated by mTORC1 and is retained in the cytoplasm.
In starved cells, TFEB is dephosphorylated and is translocated into the nucleus. TFEB is a potential target for drugs.
Retaining TFEB in the cytoplasm would inhibit autophagy, as illustrated in the figure. By contrast, promoting the
nuclear translocation of TFEB would stimulate autophagy. Activating the class | PI3K-PKB-mTORC1 pathway by
growth factors and amino acids blocks autophagy by inhibiting the initiation of autophagosome formation by the
UNC51-like kinase 1 (ULK1) complex. Glucose starvation increases the AMP/ATP ratio, which activates AMP-activated
protein kinase (AMPK). This enzyme induces autophagy by inhibiting mTORC1 (via directly targeting elements of the
complex) or by phosphorylating and activating tuberous sclerosis 2 (TSC2) in the TSC1-TSC2 complex. Recent data
suggest that mTOR interacts with TFEB, as the two proteins are colocalized on lysosomal membranes. Phosphorylation
of mTOR inhibits TFEB acivity, whereas ATP-competitive mTOR inhibitors enable TFEB dephosphorylation, thus
allowing its nuclear translocation and activation?'®, AMPK also phosphorylates and thus activates the ULK1 complex.
Activators of AMPK (such as metformin) stimulate autophagy, as do inhibitors of mTORC1 (for example, rapamycin or
rapalogues) and inhibitors of class | PI3Ks (for example, PI-103). Amino acids activate mTORC1 via RAG GTPases, and
also via the vacuolar V-ATPase located in the lysosomal membrane?™. Inhibitors of V-ATPases, such as bafilomycin A1,
block the maturation of autophagosomes. However, blocking V-ATPase also inhibits the amino-acid-dependent
activation of mTORC1, which would have a stimulatory effect on autophagosome formation. Elevation of the
intracellular levels of cyclic AMP (cAMP) by adenylyl cyclase downstream of G protein-coupled receptors blocks
autophagy by activating the exchange protein directly activated by cAMP (EPAC), the small G protein RAP2B and
phospholipase Ce (PLCe). Activation of PLCe results in the production of inositol-1,4,5-trisphosphate (Ins(1,4,5)P,) and,
consequently, the release of Ca?* from the endoplasmic reticulum via the Ins(1,4,5)P, receptor (Ins(1,4,5)P_R). Influx of
Ca?"into the cytoplasm is also triggered by L-type Ca?* channel agonists. Drugs acting at the various different steps

of the cAMP-EPAC-PLCe-Ins(1,4,5)P, pathway regulate autophagy. Calpains activated by Ca** block autophagy by
cleaving and constitutively activating G_ proteins (also called G ), which increases cAMP levels. Thus, inhibitors of
calpains would stimulate autophagy in this setting. The binding of B cell lymphoma 2 (BCL-2) to beclin 1 inhibits
autophagy, and this effect can be counteracted by BCL-2 homology 3 (BH3) mimetics. DAG, diacylglycerol;

IMPase, inositol monophosphatase; InsP, inositol monophosphate; Ins(1,4)P,, inositol-1,4-bisphosphate; PtdIns(4,5)P,
phosphatidylinositol-4,5-bisphosphate; RHEB, RAS homologue enriched in brain (GTP binding protein).
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Microtubule organizing
centre

A structure near the nucleus of
eukaryotic cells, from which
microtubules emerge.

Class lll phosphoinositide
3-kinases

(PI3Ks; also known as PIK3C3
or VPS34). Enzymes that
produce phosphatidylinositol-
3-phosphate (PtdIns3P).

SNAREs

Soluble NSF
(N-ethylmaleimide-sensitive
factor) attachment protein
(SNAP) receptors; these
molecules enable vesicle
fusion events.

Selective autophagy
Autophagic processes involving
the preferential recruitment of
specific substrates, in contrast
to random bulk cytoplasmic
sequestration.

Gluconeogenesis

A metabolic pathway that
generates glucose from
non-carbohydrate carbon
sources, thus preventing
blood sugar levels from
becoming too low.

Pancreatic p-cells
Insulin-producing cells in the
pancreas.

mammalian cytoplasm and need to be trafficked along
microtubules towards the microtubule organizing centre
to bring them into the proximity of lysosomes, which
are clustered at this site. This facilitates the final stage of
autophagy, the fusion of autophagosomes or amphisomes
with lysosomes, which enables degradation of autophagic
cargos and the subsequent recycling of nutrients (to meet
metabolic demands) and membranes (to permit ongoing
lysosomal functions).

Autophagosome formation and regulation. The formation
of the autophagosome is a multistep process that includes
the biogenesis of the phagophore, followed by its elonga-
tion and closure (FIG. 2). More than 15 autophagy-related
(ATG) proteins, as well as class lll phosphoinositide 3-kinases
(PI3Ks; also known as PIK3C3 or VPS34), are required to
construct the autophagosome. These ATG proteins appear
to be hierarchically recruited at the phagophore assembly
site (also known as the pre-autophagosomal structure)'.
This process also requires the shuttling of ATG9, the only
transmembrane ATG protein, between a peripheral site
and the isolation membrane'®. Autophagosomes may
acquire membrane from multiple sources, including the
endoplasmic reticulum (ER)"'"", the mitochondrial outer
membrane' (possibly at mitochondria-ER contact sites)
and the plasma membrane', as well as the Golgi appara-
tus and post-Golgi compartments'®"”. The biogenesis of
autophagosomes, including membrane expansion steps,
involves SNAREs in yeast and mammalian cells'".

The proteins ATG8 and microtubule-associated
protein 1 light-chain 3 (LC3; also known as MAP1LC3)
appear to have multiple functions in autophagy. In
addition to their proposed roles in the expansion and
fusion of phagophore edges (reviewed in REF. 1), they
can recruit adaptor proteins such as ubiquitin-binding
protein p62 (also known as sequestosome 1) and NBR1
to autophagosomes via their LC3-interacting region
(LIR) domains, and these adaptors can, in turn, mediate
selective autophagy of different cellular structures, protein
aggregates and microorganisms®-? (FIG. 2).

The activity of the autophagic machinery is regulated
by upstream signalling (FIC. 1). Many signals, including
growth factors, amino acids, glucose and energy status,
are integrated by the kinase activity of mammalian target
of rapamycin (mTOR)®. The induction of autophagy by
the inhibition of mMTOR complex 1 (mTORC1), resulting
from starvation or rapamycin (also known as sirolimus
(Rapamune; Pfizer)) treatment, is conserved from yeast
to mammals*** and acts upstream of the UNC51-like
kinase 1 (ULK1; also known as ATG1) complex. The other
mTOR complex, mTORC2, which is not directly inhibited
by rapamycin, controls the activity of the transcription
factor forkhead box protein O3 (FOXO3). Interestingly,
FOXO3 has been shown to stimulate autophagy in muscle
cells and this has been correlated with increased trans-
cription of several genes involved in autophagy?. The
activity of the class III PI3K complex is also regulated
during starvation. The anti-apoptotic protein B cell lym-
phoma 2 (BCL-2) and other anti-apoptotic members of
the BCL-2 family, such as BCL-X , inhibit autophagy**.
BCL-2 and BCL-X, bind to beclin 1(BECN1) through
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a BCL-2 homology 3 (BH3) domain that mediates the
docking of BECNI to the BH3-binding groove of BCL-2
or BCL-X . In response to starvation, JUN N-terminal
kinase 1 (JNK1) phosphorylates BCL-2 to trigger its
release from BECN1, which enables autophagy induc-
tion***!. BCL-2 proteins can also be dissociated from
BECNI by alternative mechanisms in response to other
stimuli. Some other key autophagy regulators are summa-
rized in TABLE 1, and unconventional roles for autophagic
machineries are considered in BOX 1. Below, we consider
the roles of autophagy in various key diseases and review
emerging strategies for therapeutic intervention.

Autophagy and metabolic disease

Amino acids produced by autophagy in the muscles and
liver can be used for hepatic gluconeogenesis®*? and can
contribute to ATP production by entering the tricarb-
oxylic acid cycle. Degradation of liver lipid droplets by
autophagy (called lipophagy) contributes to the genera-
tion of free fatty acids that are oxidized in the mitochon-
dria®. Hepatocyte-specific Atg7-knockout mice have
elevated levels of hepatic lipids.

In both genetic and dietary mouse models of obesity
and insulin resistance, a decrease in hepatic autophagy
has been observed*. This has an impact on ER function,
including the response to stress. Restoration of ATG7
expression limits obesity-dependent ER stress and rescues
insulin resistance and glucose tolerance®, suggesting that
pharmacological activation of liver autophagy may be ben-
eficial in patients who suffer from obesity*. By contrast,
adipose-specific deletion of autophagy genes decreases
white adipose mass and favours the oxidation of free fatty
acids by increasing the proportion of brown adipocytes,
leading to enhanced insulin sensitivity and a lean body
mass**¥. These studies have led to the suggestion that
autophagy inhibition may represent a strategy for treating
obesity and diabetes. However, the consequences of inhib-
iting autophagy in mature adipocytes in adult animals
(rather than during development) have not been studied.

Moreover, autophagy activation may be beneficial
in protecting against metabolic abnormalities in obese
animals. For example, exercise induces autophagy in
muscle, liver, pancreatic p-cells and adipose tissue, and
mice that exhibit increased autophagy in these tissues
(in response to exercise) are protected against glucose
intolerance, leptin resistance as well as increased serum
cholesterol and triglyceride levels induced by a high-fat
diet. These benefits are not seen in mice that are unable
to induce autophagy after exercise®. Thus, it may not
be a coincidence that one of the mainstays of diabetes
treatment is the use of AMP-activated protein kinase
(AMPK) activators — agents that induce autophagy
(as discussed above). Further studies are required to
determine whether additional approaches for upregu-
lating autophagy (besides AMPK activators) may also
be beneficial in the treatment of metabolic diseases.

Autophagy is involved not only in the regulation of
metabolism in peripheral tissues but also in regulating
food intake via the brain®*. These effects are complex
and depend on the hypothalamic neurons that are tar-
geted by autophagy knockout models: Atg7 knockout

NATURE REVIEWS ‘ DRUG DISCOVERY

VOLUME 11 [ SEPTEMBER 2012 [ 711

© 2012 Macmillan Publishers Limited. All rights reserved




REVIEWS

———> Elongation and closure ‘

Initiation and nucleation Mature degradation

‘ ULK1 complex ‘ ‘ ATG12-ATG5 conjugate ‘

‘ Class Ill PI3K complex ‘ ‘ LC3 conjugate ‘

T -|- * T
inhibitor mimetics inhibitor
Phagophore Autophagosome Autolysosome

Mitochondria

ATG4B i

ro-s%

Bulk OO O Ribosomes !
autophagy —
% Endoplasmic | o8 2 @
% reticulum ! @
(Q—S Bacteria i
Selective |
autophagy @ Viruses | N Chloroquine
! L Cystatin B
! ysosome
Damaged ! ;
mitochondria ! !
p62, NBR1, : : — Inhibitor
LR ...4 NDP52, : : ---4 Potential inhibitor
inhibitors optineurin ! ! =3 Activator

Figure 2 | Effects of drugs on the different steps of the autophagic pathway. The formation of the autophagosome
depends on the initiation and/or nucleation of a specific membrane structure known as the phagophore, and on

the elongation and closure of the phagophore to form a double-membrane-bound vacuole. The biogenesis of
autophagosomes requires the ordered intervention of autophagy-regulated (ATG) proteins that act on different modules.
Some of these modules are shown on the figure, including the UNC51-like kinase 1 (ULK1) and phosphoinositide 3-kinase
(PI3K) complexes, ATG12 (the ATG12-ATG5 complex) and microtubule-associated protein 1 light-chain 3 (LC3; for
example, the LC3-phosphatidylethanolamine conjugates); ATG4B is a protein that is involved in the regulation of LC3
lipidation and delipidation. The ULK1 complex is composed of ULK1 (the mammalian orthologue of yeast Atg1)

and RB1-inducible coiled-coil 1 (RB1CC1; also known as FIP200; the mammalian orthologue of yeast Atg13, Atg17 and
Atg101). The PI3K complex is composed of beclin 1 (the mammalian orthologue of yeast Atg6 and Atg14), class Ill PI3K
(PIK3C3), PIK3R4 (PI3K regulatory subunit 4) and AMBRA1 (activating molecule in BECN1-regulated autophagy protein 1).
Both complexes congregate at the phagophore assembly site to initiate autophagy in response to nutrient starvation.
The kinase activity of ULK1 is controlled by the kinase mammalian target of rapamycin (mTOR) in mTOR complex 1
(mTORC1), which is sensitive to rapamycin??’. The protein ATG14 appears to have a key role in the targeting of the PI3K
complex to the endoplasmic reticulum (ER). How the ULK1 and PI3K complexes are coordinately regulated remains to be
elucidated. The production of phosphatidylinositol-3-phosphate (PtdIns3P) by human PIK3C3 recruits the PtdIns3P-binding
proteins ATG18 (also known as WIPI1 and WIPI2) and double FYVE domain-containing protein 1 (DFPC1). Cargos can
be incorporated into autophagosomes in a non-selective manner (known as bulk autophagy) or in a selective manner
(known as selective autophagy). Maturation occurs when the autophagosome fuses with the endolysosomal compartment.
The final degradation of cargos occurs in autolysosomes. The activity of the class Ill PI3K complex can be manipulated by
both activators (such as BH3 (BCL-2 homology 3) mimetics) and inhibitors (such as spautin-1; specific and potent autophagy
inhibitor 1). PIK3C3, which is a component of the class lll PI3K complex, is a potential target for drugs. Some other potential
targets are also indicated on the figure. Autophagosome closure can be inhibited by reducing ATG4B activity. Compounds
that interfere with LC3-interacting region (LIR) motifs could potentially block the selective recruitment of cargos such as
mitochondria, viruses and bacteria. Inhibitors of lysosomal enzymes (such as cystatin B), and lysosomotropic agents that
increase the lysosomal pH (such as chloroquine and hydrochloroquine) block the degradative activity of autolysosomes.
NDP52, nuclear dot protein 52; p62, ubiquitin-binding protein p62 (also known as sequestosome 1).

in pro-opiomelanocortin-expressing neurons causes
obesity, whereas Atg7 knockout in neurons expressing
Agouti-related protein decreases body weight (reviewed
in REF. 41). Ultimately, the effects of autophagy on metab-
olism will need to be deciphered in animal models in
which autophagy is modulated within the physiological
range, as opposed to analyses in autophagy-null tissues.

Autophagy and neurodegenerative diseases

Most adult-onset neurodegenerative diseases are char-
acterized by the formation of protein inclusions inside
neurons. Frequently, these inclusions or aggregates
are intracytoplasmic, as is the case in Parkinson’s dis-
ease, Alzheimer’s disease (which also has extracellular
aggregates) and Huntington’s disease. When these types
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Table 1 | Major key players in the maturation and degradation of autophagosomes

Names Functions Refs

Small GTPase RAB7 ~ RAB7 is required for the fusion of autophagosomes and amphisomes 221,222
(compartments resulting from the fusion of autophagosomes with endosomes)
with lysosomes

Small GTPase RAB11  RAB11 is required for the fusion of autophagosomes with multivesicular bodies 223

Small GTPase RAB33B is localized in the Golgi; it regulates autophagosome maturation by 224

RAB33B controlling their fusion with lysosomes

PIK3C3 complex; UVRAG in the PI3K complex interacts with beclin 1 to upregulate the maturation 225

UVRAG of autophagosomes

Rubicon Rubicon interacts with UVRAG to downregulate the maturation of autophagosomes 226,227

SNAREs: VAMP3, VAMP3 controls the fusion of autophagosomes with multivesicular bodies; 228-230

VAMP8 and VTI1B VAMP8 and VTI1B control the fusion of autophagosomes with lysosomes

Syntaxin 5 Syntaxin 5 is required for the late stage of autophagy 231

ESCRTs ESCRT proteins mediate the biogenesis of multivesicular bodies and the endocytic 232-234
sorting of proteins; ESCRT-I, ESCRT-Il and ESCRT-IIl are most likely to be involved in
the fusion of autophagosomes with the endolysosomal system

DRAM DRAM is a direct target of p53 and is located in the lysosomal membrane; 235
it may regulate the late stage of autophagy

TFEB TFEB controls the expression of genes involved in lysosomal biogenesis and in 213,218
different steps of autophagy; its nuclear transport is controlled by mTORC1

Microtubules Microtubules are cytoskeletal elements that are used by autophagosomes to 236-241
move towards lysosomes

V-ATPase V-ATPase is located in the membrane of acidic compartments; inhibition of 219,242,
V-ATPase by bafilomycin A1 blocks the maturation of autophagosomes; V-ATPase 243
isinvolved in the amino acid signalling that activates mTORC1

ATG22 ATG22 is a permease in yeast that is required for the lysosomal efflux of amino acids 244

Spinster Spinster is a putative lysosomal permease that is required for lysosomal reformation 245

ATG22, autophagy-regulated protein 22; DRAM, damage-regulated autophagy modulator; ESCRT, endosomal sorting complex
required for transport; nTORC1, mammalian target of rapamycin complex 1; p53, cellular tumour antigen p53; PI3K, phosphoinositide
3-kinase; SNARE, soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein (SNAP) receptor; TFEB, transcription factor EB;
UVRAG, UV irradiation resistance-associated gene; VAMP3, vesicle-associated membrane protein 3; V-ATPase, vacuolar ATPase;
VTI1B, vesicle transport through interaction with t-SNARE homolog 1B.

of conditions are caused by Mendelian mutations, the
mutant protein causes disease typically via a toxic gain
of function, which is associated with its propensity to
aggregate®. Hence, strategies that can limit the toxic load
by enhancing the removal of such proteins may have
therapeutic potential.

Most neurodegenerative disease-associated proteins
that form intracytoplasmic aggregates are autophagy
substrates**~*. Inhibition of autophagosome formation
or autophagosome-lysosome fusion slows the clearance
of both full-length mutant huntingtin (the protein that
causes Huntington’s disease) and its more toxic amino-
terminal fragments, whereas the wild-type counter-
parts of these species are still efficiently cleared*. The
clearance of these proteins is delayed when autophagy
is impaired and, most importantly, their turnover is
enhanced when autophagy is upregulated. Indeed,
autophagy upregulation decreases the toxic accumula-
tion of different mutant proteins, such as mutant hun-
tingtin (causing Huntington’s disease), mutant ataxin 3
(causing spinocerebellar ataxia type 3) and mutant
a-synuclein (causing Parkinson’s disease), and has ben-
eficial effects on disease-associated phenotypes in cell
culture as well as Drosophila melanogaster, zebrafish
and mouse models**~*>**"_ In addition to facilitating

the removal of toxic proteins, autophagy upregulation
may reduce neuronal susceptibilities to caspase activa-
tion and apoptosis®.

Conversely, conditional knockouts of key autophagy
genes in mouse neurons lead to aggregate formation
and neurotoxicity®*. Furthermore, defective autophagy
results in the accumulation of mitochondria with an
abnormal membrane potential, which are more likely
to release pro-apoptotic molecules, as this population
of mitochondria is believed to be selectively targeted by
mitophagy®. Autophagy may be impaired in neurodegen-
erative diseases. For instance, autophagy may be impaired
at both the levels of autophagosome degradation® and
autophagosome formation® in Alzheimer’s disease,
although these effects may vary according to the relevant
genotype of the patients or the stage of the disease.

The accumulation of a-synuclein is a hallmark of
Parkinson’s disease, and an excess of this protein is
sufficient to cause this condition. Interestingly, excess
a-synuclein impairs autophagosome biogenesis in cell
cultures and in vivo”, whereas increased autophagy
is observed when levels of this protein are reduced’.
Mutations in PTEN-induced putative kinase 1 (PINK1)
and the E3 ubiquitin ligase parkin (also known as
PARK?2) cause recessive forms of Parkinson’s disease.
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Box 1| Plasticity of autophagosome formation and destination

The etymology of autophagy — ‘self-eating’ — indicates that the final goal of
autophagosomes is to deliver cargo to the lysosome for degradation. Recent studies
in yeast have demonstrated that autophagosomes can fuse with the plasma membrane
to release their cargo into the extracellular medium?**?**. This mechanism sheds
some light on the unconventional secretion of proteins. A mechanism of this type
in mammalian cells is also involved in exporting the pro-inflammatory cytokine
interleukin-1 (REF. 159). This process is dependent on autophagy-related protein 5
(ATG5), the inflammasome, the peripheral Golgi protein Golgi reassembly stacking
protein 2 55kDa (GRASP55; also known as GORASP2) and on the small GTPase RAB8A.
This autophagy-based secretion mechanism can probably be extended to other
proteins and small molecules that modulate the immune response’®. Interestingly,
the mechanism that leads to the formation of the secretory autophagosomes can be
modulated either via the classical biogenesis pathway or via a non-classical pathway
(such as that described in yeast) that emerges from a novel compartment
for unconventional protein secretion (CUPS)?*°. Like the conventional site for
autophagosome formation, the CUPS contains high levels of the lipid phosphatidyl-
inositol-3-phosphate (PtdIns3P) as well as ATG8 and ATG9. However, although these
two proteins are required for the formation of the phagophore assembly site (also
known as the pre-autophagosomal structure), they are not necessary for the formation
of the CUPS. It appears that the formation of autophagosomes that are engaged
in the degradative pathway is also a matter of plasticity in mammalian cells**°.
What we already know about the formation of the autophagosome relies on the
seminal discovery of Atg genes in yeast'®. Most of these genes are conserved and
act in an apparent hierarchical manner to form an autophagosome. This classical or
canonical pathway can be triggered by amino acids or by serum starvation. However,
in other settings — as reviewed in REFs 210,217 — only a subset of ATG proteins are
used to form an autophagosome. For example, autophagy may not require some of the
components of complex | of phosphoinositide 3-kinase (PI3K), such as beclin 1 and
class Il PI3K (also known as PIK3C3). However, it is possible that in this setting the lipid
PtdIns3P may still have a role. This lipid can be produced by other sources, either from
the degradation of phosphatidylinositol polyphosphates such as phosphatidylinositol-
3,4-bisphosphate (Ptdlns(3,4)P,), phosphatidylinositol-3,4,5-trisphosphate
(Ptdlns(3,4,5)P3) and phosphatidylinositol-3,5-bisphosphate (PtdIns(3,5)P,),
or via the activity of class Il PI3Ks on phosphatidylinositol phosphates.

Deviation from the canonical pathway of autophagosome biosynthesis and the final
destination of autophagosomes are emerging concepts that should be taken into
consideration in the attempts to develop drugs to target the autophagic pathway.

Recent data suggest that these proteins work together
to mediate the clearance of dysfunctional mitochondria
via mitophagy®. As disease-associated mutations have
impaired mitophagy-related activity, this supports pre-
vious assertions that mitochondrial dysfunction may con-
tribute to these forms of Parkinson’s disease. However, the
relevance of mitophagy to the common sporadic forms of
Parkinson’s disease is still unclear. Furthermore, impaired
autophagy is implicated in a rare degenerative form
of epilepsy caused by mutations in laforin, called Lafora
epilepsy®, as well as in forms of motor neuron disease
caused by mutations in dynactin® It is thus likely that
neurodegenerative diseases associated with mutations
that impair autophagy will have an increased propensity
towards aggregate formation and cellular toxicity, and
that some of the neuronal stress may be due to defective
mitophagy.

Therapeutic strategies and challenges. Autophagy defects
can occur at different stages of the pathway in different

diseases, and this may influence treatment strategies.
Defects in autophagosome formation may be amen-
able to drugs that enhance autophagosome biogenesis.

Dynactin
A component of the
dynein motor complex.

For example, laforin mutations (causing Lafora epilepsy)
impair autophagosome formation by enhancing mTOR
activity; mTOR inhibitors (for example, rapamycin) may
therefore be beneficial in this context®. Similarly, nitric
oxide induction — a frequent occurrence in neurode-
generative diseases — blocks autophagosome formation
and this effect can be reversed in Huntington’s disease
models by N-L-arginine methyl ester (L-NAME), which
inhibits nitric oxide generation®. Indeed, L-NAME
induces autophagy, enhances the degradation of mutant
huntingtin and alleviates toxicity in in vivo disease
models®. However, it may not be beneficial to induce
autophagosome formation in certain disease settings:
if the mutation or disease prevents the delivery of
autophagosomes to lysosomes (which occurs if there
are mutations in the dynein apparatus)® if the mutation
results in impaired lysosome activity, which is observed
in various lysosomal storage diseases®*“*; or in familial
Alzheimer’s disease caused by presenilin 1 mutations®.
In such cases, increasing autophagosome formation will
not necessarily enhance autophagic substrate degrada-
tion, and may result in cellular membrane build-up,
as the newly formed autophagosome would not be effi-
ciently delivered to lysosomes.

When the initial studies were performed to exam-
ine the possibility of upregulating autophagy to enable
the clearance of intracytoplasmic aggregation-prone
proteins, the only known pharmacological method of
inducing autophagy chronically was using rapamycin.
However, the side effects of rapamycin (which are unre-
lated to autophagy) may make it unattractive for use in
pre-symptomatic patients who may require long-term
therapy. Various screens have identified pathways and
compounds that regulate autophagy independently
of mTOR. For instance, imidazoline receptor agonists
such as clonidine and rilmenidine induce autophagy
and have protective effects in cell culture, D. melano-
gaster and zebrafish models of Huntington’s disease®.
Rilmenidine also has protective effects in a mouse model
of Huntington’s disease®. Rilmenidine is a safe, centrally
acting antihypertensive drug that lowers blood pressure
by activating imidazoline receptors in the brain (which
are widely distributed) — the same receptors it acts on
to induce autophagy.

To date, there have been no reports of deleterious
effects associated with specific autophagy upregulation
in vivo. Indeed, rapamycin prolongs lifespan in D. melano-
gaster and in rodents” " and, at least in D. melanogaster,
these effects are largely autophagy-dependent®. Although
it is still not known whether specific upregulation of
autophagy is beneficial in mice, deletion of the poly-
glutamine tract in the wild-type huntingtin protein
induces autophagy in mice. This zero glutamine allele
is associated with enhanced lifespan in otherwise wild-
type mice; it increases lifespan and decreases motor
symptoms in a knock-in mouse model of Huntington’s
disease™. From a therapeutic perspective, however, con-
stitutive autophagy induction may not be necessary. The
therapeutic regimes with rapamycin and rilmenidine in
mice have used dosing protocols that are likely to result
in pulsatile upregulation of autophagosome formation,
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Tumour suppressor genes
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pathway to cancer.
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Proteins that mediate
selective autophagy:

for example, ubiquitin-
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known as sequestosome 1).

with periods of normality between dosing®"%. Thus,
intermittent upregulation of autophagy may be effective
and associated with fewer side effects in patients.

One major challenge when considering clinical trials
for neurodegenerative diseases will be the feasibility of
monitoring autophagic flux (not simply autophagosome
numbers) in the correct tissue at the correct time. This will
be a major challenge in the brain, but it will also be com-
plex in tissues that are likely to be used for obtaining biopsy
samples, such as tumours. Simply assaying autophagy in
white blood cells or other easily accessible tissues may not
be informative as there may be issues associated with tissue
access for drugs (for example, the blood-brain barrier or
tumour cores) as well as different receptors on different
cells; therefore, certain compounds that act in the brain
may have no effects in white blood cells.

Autophagy and cancer

Cancer is both the first disease that was linked to a defi-
ciency in autophagy’ and, somewhat paradoxically, the
first disease for which clinical trials are being carried out
in patients to inhibit autophagy”'. This apparent paradox
can perhaps be reconciled by the differential effects of
autophagy in different stages of tumorigenesis. The pre-
vailing current view is that autophagy functions both as
a tumour suppressor pathway that prevents tumour ini-
tiation and as a pro-survival pathway that helps tumour
cells endure metabolic stress and resist death triggered by
chemotherapeutic agents’. The notion of autophagy as a
potential target in cancer has been recently discussed in
the literature (reviewed in REFS 71-74). Here, we briefly
highlight key discoveries and central controversies.

Tumour initiation. Although the role of autophagy in
tumour progression is complex, there is a general consen-
sus that autophagy suppresses tumour initiation. Genetic
deletion of the autophagy gene BECN1 is associated with
enhanced susceptibility to breast, ovarian and prostate can-
cer in humans””, and increased spontaneous malignan-
cies in mice™””. Mice deficient in ATG4C show increased
susceptibility to chemically-induced fibrosarcomas™, and
mice with deletion of Atg5 or Atg7 develop benign liver
tumours”. Besides this direct evidence that autophagy
gene mutations promote tumorigenesis, there is also a
strong overlap between oncogenic signalling activation
and suppression of autophagy (reviewed in REF. 80). Several
tumour suppressor genes, including phosphatase and tensin
homolog (PTEN), tuberous sclerosis 1 (TSCI), TSC2
and liver kinase B1 (LKBI), stimulate autophagy either
through their inhibitory effects on mTOR and/or their
activation of the ULK1 autophagy complex. Conversely,
mTOR-activating oncogenic signals — such as oncogenic
receptor tyrosine kinases, class I PI3Ks and AKT — inhibit
autophagy. Other tumour suppressors (such as death-
associated protein kinase 1 and cyclin-dependent kinase
inhibitor 2A (also known as p19**)) and oncogenes (such
as BCL-2) positively or negatively regulate autophagy,
respectively, through their effects on BECN1 (REFS 81,82).

However, the most commonly mutated tumour sup-
pressor gene in human cancer, cellular tumour antigen
P53, has both positive effects on autophagy as a nuclear
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transcription factor and negative effects through its cyto-
plasmic actions, including an interaction with the human
orthologue of yeast Atg17, RB1-inducible coiled-coil 1
(RB1CCl1; also known as FIP200)%%, Mutant forms of
p53 that accumulate in the cytoplasm in human can-
cers suppress autophagy®. The oncogene RAS also has
dual functions in autophagy regulation; it can inhibit
autophagy through class I PI3K activation®, and it stimu-
lates autophagy perhaps through its effects on RAF1-ERK
(extracellular signal-regulated kinase) signalling, RALB
signalling or through the upregulation of BCL-2/adeno-
virus E1B 19 kDa protein-interacting protein 3 (BNIP3),
PMA-induced protein 1 (PMAIP1; also known as NOXA)
or BECNI expression®” .

Three recent studies have shown that autophagy is
essential for RAS-induced malignant cell transforma-
tion®*2, By contrast, another study showed that auto-
phagy gene knockdown enhanced clonogenic survival
in cells expressing oncogenic RAS¥. It is not yet known
whether the requirement for autophagy in the RAS-
driven transformation observed in most studies is a
unique feature of cells with activated RAS or whether it
will also be observed in the context of other activated
oncogenes. It is possible that RAS alters metabolism in a
unique manner that generates a specific requirement for
autophagy in cell proliferation and/or cell survival. One
proposed hypothesis is that loss of mitochondrial func-
tion mediated by oncogenic RAS-induced mitophagy
overcomes the cellular energy deficit resulting from
glucose insufficiency®.

Even though autophagy may be required for cellular
transformation by RAS (and potentially other onco-
genes), there is little doubt that basal autophagy is a
bona fide tumour suppressor pathway. Although the pre-
cise mechanisms by which autophagy mediates tumour
suppression are not completely understood, several path-
ways are likely to have a contributing role (reviewed in
REF. 80). Many of these relate to the ability of autophagy to
remove damaged organelles — especially mitochondria
— that generate ROS, which in turn promote genotoxic
stress as well as pro-inflammatory and pro-tumorigenic
signalling. Tumours formed by autophagy-deficient cells
(with bi-allelic loss of Atg5 or monoallelic loss of Becr1)
display genomic instability and DNA damage, which is in
part mediated by ROS*%. In addition, PARK2 — which
encodes an E3 ubiquitin protein ligase that is involved
in mitophagy — is a tumour suppressor gene that is fre-
quently mutated in colon cancer, lung cancer and glio-
blastoma®*®. However, it is not yet known whether its
tumour suppressor effects are due to its role in mitophagy
or due to mitophagy-independent E3 ligase functions.

Another important mechanism by which basal auto-
phagy may prevent cancer is by controlling the levels
of selective autophagy adaptor proteins — such as p62 —
that function in pro-tumorigenic signalling: the size of
liver tumours in Atg7~ mice is reduced by simultaneous
deletion of p62 (REF. 79); gene targeting of p62 reduces
anchorage-independent growth of human hepatocell-
ular carcinoma cells?’; and p62~~ mice do not develop
RAS-induced lung carcinomas®. The accumulation of
p62 in autophagy-deficient cells promotes tumorigenesis
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through a mechanism that is postulated to involve the
role of p62 as a scaffold protein that functions in the
activation of the transcription factors nuclear factor-xB
and NFE2-related factor 2 (REFS 97,98). In addition,
p62 interacts with and activates the mitogenic signal-
ling and autophagy-suppressive molecule mTOR”.
Interestingly, SMAD ubiquitylation regulatory factor 1
(SMURF1) — a p62-interacting protein that also has a
role in mitophagy'® — is amplified in pancreatic carcino-
mas'®'® and its genetic knockdown in human pancreatic
carcinoma cells leads to reduced tumour cell invasion and
anchorage-independent growth'*'.

Tumour progression. There is increasing evidence that
autophagy may be necessary for tumour progression.
The retention of a wild-type BecnI allele in tumours
arising in mice with heterozygous deletion of Becnl
(REF. 76) provided one of the first genetic clues that
tumour cells may need to retain autophagy for malig-
nant progression'®. This concept has been further
underscored by the recent observation that hepatic dele-
tion of Atg7 or Atg5 results in benign but not malignant
hepatic tumours™. However, an alternative explanation
is that the background mouse strain may not develop
the additional mutations needed for malignant trans-
formation. For example, heterozygous BecnI-deficient
mice develop pre-neoplastic mammary lesions but not
mammary carcinomas, even though Becn1 allelic loss
is associated with breast cancer in humans and other
malignancies in mice’®”®””. Nonetheless, several other
studies also support a role for autophagy in promoting
the growth of established tumours in vivo. For example,
monoallelic loss of Becnl almost completely blocked
macroscopic renal tumour formation in Ts¢2*~ mice'”
and delayed tumour development in mice deficient in
the ataxia telangiectasia mutated (Atm) gene (Atm™"~
mice)'%. Bi-allelic deletion of Atg5 or Atg7 impaired
tumour growth of RAS-transformed immortalized
infant mouse kidney epithelial cells in nude mice®, and
Atg5 short hairpin RNA (shRNA) impaired tumour growth
of human pancreatic ductal adenocarcinoma cells in a
mouse xenograft model'”’.

The concept underlying these phenotypes is that
autophagy provides a survival advantage to tumour cells
by enabling them to overcome the metabolic stress that
is inherently present in the tumour microenvironment.
Consistent with this notion, autophagy is induced by
cellular stress — including nutrient, growth factor and
oxygen deprivation — and functions to maintain the
survival of normal cells, organisms as well as tumour
cells in such settings (reviewed in REF. 32).

The pro-oncogenic function of autophagy in estab-
lished cancer may be context-dependent; not all data
are consistent with such a role for autophagy in estab-
lished tumours. Although autophagy upregulation,
in part mediated by the effects of hypoxia-inducible
factor 1a (HIF1la) on BNIP3 (REF. 108), may promote
tumour cell survival in hypoxic regions within tumours
(reviewed in REF. 109), a recent study has shown that
autophagy may protect against hypoxia-stimulated
tumour growth by decreasing tumour angiogenesis''’.

In a mouse melanoma xenograft model, heterozygous
Becn1-deficient mice display a more aggressive tumour
phenotype with increased angiogenesis under hypoxic
conditions through a mechanism that is postulated to
involve the upregulation of HIF2a (but not HIF1a).
Furthermore, several clinicopathological studies have
shown a correlation between levels of BECN1 expression
and cancer prognosis; low levels of BECN1 expression are
associated with worse cancer prognosis in gastric can-
cer'", colorectal cancer''?, pancreatic cancer'", oesopha-
geal cancer'", chondrosarcoma'" and breast cancer",
whereas high levels of BECN1 expression are associated
with improved survival in high-grade gliomas'", hepato-
cellular carcinomas'® and B cell lymphomas'”. Although
it is not known whether low levels of BECN1 expression
directly correlate with low levels of autophagy in these
tumours, such studies point to the need for further careful
analyses of the relationship between levels of autophagy
and tumour progression in different types of tumours.
To address this question, there is an urgent need for
in vivo models in which autophagy can be selectively
regulated at defined stages of tumorigenesis. One caveat
in the use of such models is that complete inhibition of
autophagy (which results in cell death) may not accu-
rately reflect those phenotypes that are associated with
partial inhibition of autophagy.

Autophagy inhibition in cancer therapy. The evolu-
tionarily conserved role of autophagy in promoting cell
survival during metabolic stress has stimulated research
to determine whether autophagy may promote thera-
peutic resistance to cytotoxic therapy. The first in vivo
data that affirmed this concept involved the demonstra-
tion that treatment with the lysosomotropic inhibitor
chloroquine (which inhibits autophagosome degrada-
tion) enhanced the ability of p53 activation or alkylating
agents to induce tumour regression in a mouse model
of MYC-induced lymphoma'*®. However, chloroquine
has activities on lysosomal processes that are distinct
from autophagy as well as lysosome-independent pro-
cesses (such as DNA intercalation). There have now been
several studies indicating that autophagy inhibition —
with 3-methyladenine treatment, genetic knockdown
of autophagy genes or chloroquine (or hydroxychloro-
quine) treatment — sensitizes tumour cells to cell death
induced by diverse cytotoxic agents (reviewed in REFS
71,72,74,119). Although many chemotherapeutic agents
induce autophagy (at least indirectly by inducing cellular
stress), most efforts have focused on using autophagy
inhibitors in tumour cell lines with high levels of basal
autophagy (such as those with oncogenic RAS muta-
tions) or on using autophagy inhibitors in conjunction
with agents that directly stimulate autophagy signalling
pathways (such as mTOR inhibitors, dual PI3K and
mTOR inhibitors, epidermal growth factor receptor
(EGFR) inhibitors and proteasome inhibitors). Accord-
ingly, there are several Phase I/II clinical trials in progress
using the lysosome inhibitors chloroquine or hydroxy-
chloroquine in combination with chemotherapy for
the treatment of a range of haematological and solid
tumours’"”*. The poor prognosis of certain tumours
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Lysosomotropic agents
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preferentially in lysosomes;
many weak bases are
lysosomotropic agents.

(such as pancreatic carcinoma) with oncogenic RAS
mutations, coupled with the preclinical data suggesting
a role for autophagy in RAS-mediated transformation
and tumour growth® %, has led to the initiation of early-
phase trials of lysosomal inhibitors in patients with RAS-
driven tumours (reviewed in REF. 119).

In addition, more specific inhibitors of the autophagic
machinery (for example, PIK3C3 inhibitors, ATG4B
inhibitors and ATG7 inhibitors) are in preclinical
development for potential use in cancer clinical trials.
Pharmacological inhibition of autophagy adaptor pro-
teins (such as p62) that have a role in pro-tumorigenic
signalling, and perhaps of other components of the p62
autophagy adaptor complex, may represent novel strate-
gies for cancer therapy.

Although the rationale for such studies is supported
by strong preclinical data, many open questions and con-
troversies remain regarding autophagy as a target in can-
cer therapy. First, although the available data support the
concept that cancer cells exhibiting increased autophagy
die in response to lysosomal inhibitors, no study has
unequivocally demonstrated that the cytotoxic effects
of these agents in cancer cells arise specifically from
autophagy inhibition rather than from another effect on
lysosomal function or even from lysosome-independent
effects. This issue will have crucial relevance in determin-
ing whether positive results (if observed) in Phase I/1I
clinical trials with lysosomotropic agents should be used as
a rationale for initiating future clinical trials with agents
that directly inhibit the autophagic machinery. Even if
lysosomotropic agents exert their antitumour effects by
blocking autophagosomal and/or lysosomal fusion, it is
possible that this defect in autophagolysosomal fusion
is toxic to cells and that similar pro-death effects will
not be observed with drugs that block the formation of
autophagosomes.

Alternatively, lysosomal inhibitors may potentiate
cytotoxicity in cancer cells via autophagy-independent
mechanisms. Indeed, some recent studies in glioma
and breast cancer cells illustrate a mechanistic dissocia-
tion between the actions of lysosomotropic agents and
autophagy inhibition in governing sensitivity to cyto-
toxic therapy. For example, bafilomycin A1 enhanced the
cytotoxicity of temozolomide (a DNA alkylating agent)
in glioma cells'?’, whereas shRNA-mediated knockdown
of BECNI and ATGS5 protected the same cells against
temozolomide-induced death'”'. Chloroquine sensitized
breast cancer cells to death induced by a DNA-damaging
agent, a PI3K inhibitor or an mTOR inhibitor, but simi-
lar effects were not observed in these cells with Afg12 or
Becn1 knockdown or following treatment with a differ-
ent lysosomal inhibitor, bafilomycin Al (REF. 111).

Second, there is still controversy as to whether auto-
phagy may represent a mechanism of cell death during
chemotherapy. As discussed below, a recent chemical
screening study found that ATG7 knockdown was effi-
cient at inhibiting autophagy — but not cell death —
induced by 59 compounds that induced both autophagy
and cell death'?, leading the authors to conclude that “cell
death is rarely, if ever, executed by autophagy in human
cells” Yet, there are numerous studies demonstrating that
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genetic knockdown of autophagy genes blocks tumour
cell death induced by oncogenic RAS or by various
chemotherapeutic agents (reviewed in REFS 72,123,124);
one common theme is that cell death via autophagy is
more likely to occur in tumour cells that are deficient in
apoptosis or in tumour cells treated with a combination
of pan-BCL-2 inhibitors (such as gossypol or GX15-070)
and other agents. Further studies are required to delin-
eate more precisely the chemotherapeutic contexts in
which autophagy functions as a pro-survival or pro-death
mechanism.

Some other potential caveats associated with autophagy
inhibition in cancer therapy also warrant consideration.
Given the tumour suppressor effects of autophagy (dis-
cussed above) and the protective effects of autophagy in
other diseases (such as neurodegeneration and infectious
diseases, as well as in ageing), there are concerns about
whether autophagy inhibition treatment may increase
the incidence of secondary tumours or other diseases in
patients. Thus, even if short-term benefits on tumour pro-
gression are observed, a long duration of patient follow-up
may be required before increased secondary malignan-
cies (and other adverse effects with a long latency period),
if they occur, are detected. The drugs chloroquine and
hydroxychloroquine have been used extensively in the
treatment of malaria and systemic lupus erythematosus,
and are fairly well tolerated; however, it is not known
whether more proximal inhibitors of autophagy will
have similar safety profiles. Perhaps the magnitude of
autophagy inhibition and/or the duration of therapy used
in cancer trials will not be sufficient to observe the pre-
dicted adverse effects of systemic autophagy inhibition.
Nonetheless, a recent study raises the concern that acute
inhibition of autophagy may limit chemotherapy responses
by preventing autophagy-dependent anticancer immune
responses'”. Autophagy-competent (but not autophagy-
deficient) cells have been shown to release cellular ATP
and recruit immune cells into the tumour bed, leading to
effective immunogenic cell death and chemotherapeutic
responses in mice with intact immune systems.

Autophagy activation in cancer therapy. Certain agents
that are used as a preventive form of cancer therapy (such
as the use of tamoxifen in patients who are at risk of
developing familial breast cancer)'* induce autophagy'?’.
Certain epidemiological factors associated with increased
cancer incidence reduce autophagy. For example, vita-
min D is a potent inducer of autophagy'?*-'*, and patients
with low vitamin D levels exhibit an increased risk of
developing breast, colon, prostate and other cancers®'.
Conversely, certain epidemiological factors associated
with decreased cancer risk can increase autophagy. For
example, exercise induces autophagy®'*? and patients
who regularly exercise (more than 150 minutes per week
of moderate-intensity exercise) have a decreased risk of
breast, prostate, endometrial and colon cancer!'3*-'%.
Furthermore, the use of metformin (an AMPK activator
and autophagy-inducing agent; FIC. 1) in patients with
diabetes substantially lowers the risk of cancer relative
to that of other antidiabetic drugs'**. At present, the
association between interventions that reduce cancer
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incidence and those that induce autophagy is only correl-
ative. Further studies are required to determine whether
autophagy upregulation has a mechanistic role in the effi-
cacy of such cancer prevention strategies. If so, the use
of more direct activators of autophagy may be a feasible,
new and alternative cancer prevention strategy.

Future directions. Ultimately, the question of whether
autophagy represents a useful target in cancer prevention
or cancer treatment will need to be addressed by con-
ducting clinical trials in patients. Preclinical data have
been useful in formulating testable hypotheses; however,
there are several conflicting reports regarding the role
of autophagy in tumour initiation, tumour progression
and cell death decisions during chemotherapy. Some of
these may ultimately be reconciled by a better under-
standing of the diverse set of roles that autophagy has
in different oncogenic contexts and in different stages
of tumorigenesis. However, there are also limitations to
studies in tumour cell lines, mouse xenograft models and
targeted mutant mouse models, as well as problems with
respect to the specificity of approaches used to modulate
(and measure) autophagy, which may account for some
of the apparent discrepancies. Therefore, the results of
the first round of Phase I/1I clinical trials with hydroxy-
chloroquine in cancer will be important in validating
or refuting the predictions that have been made based
on preclinical data indicating that lysosomal inhibition
potentiates tumour regression. If the results of early trials
are promising, it will be important to determine the anti-
tumour mechanisms of action of lysosomal inhibitors.

Further preclinical and clinical studies are also war-
ranted to explore the role of autophagy upregulation
in cancer prevention, the feasibility of blocking p62 in
autophagy-deficient tumours and the possibility of
exploiting autophagy as a death pathway in tumour
cells. Another important area of future investigation
will be to determine whether tumour cell autophagy-
dependent survival can be selectively inhibited in tumour
cells (while bypassing the potential adverse effects of sys-
temic autophagy inhibition) by targeting tumour cell-
specific autophagy activation, such as the platelet-derived
growth factor receptor (PDGFR)-induced promotion
of HIFla-dependent hypoxia-selective autophagy®’.
Moreover, it is likely that emerging research regarding
the role of autophagy in cancer stem cells, in epithelial-to-
mesencyhmal transition, in DNA damage and cell cycle
control, in the regulation of inflammatory signalling and
in other aspects of cancer biology will further shift the
existing paradigms that dictate our current understanding
of autophagy as a target in cancer therapy.

Autophagy and infectious diseases

Autophagic machinery is used in a multipronged defence
against microorganisms, including via the selective deliv-
ery of microorganisms to degradative lysosomes (a pro-
cess referred to as xenophagy) and via the delivery of
microbial nucleic acids and antigens to endolysosomal
compartments for the activation of innate and adaptive
immunity$*, In 1998, enforced neuronal expression
of the autophagy gene Becnl was shown to protect mice

against lethal alphavirus encephalitis, providing the first
clue that autophagy upregulation may be beneficial in the
treatment of infectious diseases'*". It is now known that
numerous medically important pathogens are degraded
in vitro by xenophagy, including: bacteria such as group A
Streptococcus pyogenes, Mycobacterium tuberculosis,
Shigella flexneri, Salmonella enterica, Listeria monocyto-
genes and Francisella tularensis; viruses such as herpes
simplex virus type 1 (HSV-1) and chikungunya virus; and
parasites such as Toxoplasma gondii***'*2. There are also
in vivo data indicating that autophagy genes have a protec-
tive role against numerous pathogens, including L. mono-
cytogenes, M. tuberculosis, S. enterica, T. gondii, HSV-1,
Sindbis virus and chikungunya virus*>!'***, Moreover,
there are emerging links between host genes that regu-
late autophagy and host susceptibility to M. tuberculosis
infection'”14,

Based on these studies, there is a strong possibility that
pharmacological agents that increase autophagy may be
effective therapeutic agents for treating certain intracell-
ular bacterial infections, parasitic infections and viral
infections. In support of this concept, vitamin D treat-
ment has been shown to inhibit both HIV and M. tuber-
culosis replication in human macrophages through an
autophagy-dependent mechanism'®'*. In addition, the
antimycobacterial action of standard antituberculous
agents is associated with autophagy induction', raising
the possibility that some drugs that are already in clinical
use for the treatment of certain infections may be acting,
at least in part, via autophagy.

Innate immunity. In addition to enhancing pathogen
degradation, the upregulation of autophagy may facili-
tate optimal regulation of innate immune signalling
and enhancement of antigen presentation'*$-*2, The
interrelationship between autophagy and innate immune
signalling is complex; in some contexts, autophagy can
enhance type I interferon (IFN) production and innate
immune responses by delivering viral nucleic acids to
endosomal Toll-like receptors, whereas in other contexts
autophagy proteins prevent the innate immune response
from being excessive and detrimental, either through direct
protein—protein interactions with innate immune signal-
ling molecules or indirectly by controlling cellular levels of
ROS production. Despite this complexity, a consensus is
emerging that autophagy has a central role in titrating the
innate immune response so that it is adaptive rather than
maladaptive. Thus, upregulation of autophagy may be
useful in increasing antimicrobial innate immunity while
preventing excessive inflammatory responses that can be
destructive to the host during infection.

Adaptive immunity. With respect to adaptive immunity,
autophagy is involved in the delivery of endogenously
synthesized microbial antigens to MHC class Il antigen-
presenting molecules, leading to the activation of CD4
T lymphocytes'*®'*2. In addition, the autophagy gene
ATG5 is required for dendritic cells to process and pre-
sent extracellular microbial antigens for MHC class II
presentation'. It has been reported that autophagy also
enhances the presentation of endogenous viral antigens
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on MHC class | molecules', and that autophagy in

tumour cells is essential for antigen cross-presentation
by dendritic cells’*. The link between autophagy and
CD4 T cell responses suggests that pharmacological
induction of autophagy may be beneficial not only in the
treatment of acute infection (by enhancing xenophagy,
innate immunity and adaptive immunity) but also in
enhancing vaccine efficacy. In support of this principle,
the targeting of the influenza virus matrix protein 1
(MP1) to autophagosomes via fusion with LC3 enhanced
anti-MP1 CD4 T cell responses’, and mice immunized
with rapamycin-treated dendritic cells infected with
bacille Calmette-Guérin (BCG) or candidate myco-
bacterial vaccine strains showed enhanced CD4 T cell-
mediated protection when they were challenged with
virulent M. tuberculosis'’.

Further studies are warranted to determine whether
strategies to augment autophagy-dependent adaptive
immune responses could be beneficial in vaccine develop-
ment. In principle, this may be accomplished in various
ways: by enhancing autophagy in cells infected with live
attenuated vaccines; by targeting microbial antigens to
the autophagosome via fusion with LC3 or an autophagy
adaptor (or receptor molecule) that binds to LC3; or by
administering antigens that are processed by autophagy-
dependent dendritic cells for MHC class II presentation.

Autophagy-independent functions of autophagy proteins
in immunity. There is increasing evidence that autophagy
proteins may exhibit diverse functions in innate and
adaptive immunity, independently of the autophagy
pathway (reviewed in REFS 138,140,158). These functions
include: negative regulation of signalling between retin-
oic acid-inducible gene 1 (RIG1; also known as DDX58)
and IFNP promoter stimulator (IPS); negative regula-
tion of the inflammasome; Toll-like receptor-mediated
phagolysosomal maturation, formation and/or release
of antimicrobial peptides; secretion of interleukin-1p'*%
recruitment of immune effectors to intracellular mem-
branes; and mediation of IFNy-dependent antiviral
effects'®. Abnormalities in some of these functions, such
as aberrant regulation of the inflammasome'®' and defects
in granule cell exocytosis in Paneth cells'®?, are thought to
be relevant to the pathogenesis of subtypes of Crohn’s
disease (a type of inflammatory bowel disease) that are
associated with a polymorphism in the autophagy gene
ATGI6LI.

At present, it is not known whether general stimulation
of autophagy will increase the autophagy-independent
functions of autophagy proteins in immunity. A more
likely long-term strategy may be to devise new agents that
mimic the beneficial autophagy-independent functions
of autophagy proteins in the control of infectious diseases
and autoinflammatory diseases.

Microorganisms co-opt autophagy. In parallel with
increasing evidence that autophagy has a role in host
defence, there is a growing list of viruses and intracellu-
lar bacteria that exploit the host autophagic machinery to
enhance their own replication (reviewed in REFS 139,140).
These include medically important viruses such as HIV,
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hepatitis C virus (HCV), hepatitis B virus (HBV), picor-
naviruses and Dengue virus, as well as intracellular bac-
teria such as E tularensis, Coxiella burnetii and Brucella
abortus*14016716 Of note, for some viruses such as HIV
there is evidence for both an anti- and proviral function
of autophagy'*>15%1%, Until recently, all evidence indi-
cating a promicrobial function of autophagy stemmed
from studies in cultured mammalian cell lines. However,
recent studies have demonstrated reduced HBV DNA
replication in mice with liver-specific knockout of Atg5
(REF. 167), and reduced coxsackie virus replication in mice
with pancreatic acinar cell-specific knockout of Afg5
(REF. 168), thus providing a rationale for further studies
to explore the targeting of autophagic machinery to treat
these infections in patients.

For the list of pathogens that exploit the host autophagic
machinery for enhanced replication, the potential dangers
of autophagy upregulation or the potential benefits of
autophagy inhibition will probably depend on whether the
specific pathogen utilizes the complete autophagic path-
way or just certain components of the autophagic machin-
ery to enhance its intracellular replication or survival, as
well as whether pharmacological targeting manipulates the
whole autophagic pathway or only specific components of
the autophagic machinery required for pathogen replica-
tion. For example, intracellular Brucella abortus survives
by promoting the formation of B. abortus-containing vacu-
oles, which requires the activity of the autophagy-initiating
proteins ULK1, BECN1, ATG14L and PIK3C3, but not
the activity of the autophagy elongation proteins ATGS5,
ATGI16L1, ATG4B, ATG7 and LC3B!®, In this scenario,
one might predict that inhibitors of PIK3C3 or signals
upstream of ULK1 may exert protective functions, whereas
such effects would not be observed with inhibitors of the
autophagy protein conjugation systems or inhibitors of
autophagosome maturation. By contrast, Dengue virus repli-
cation is thought to be enhanced by autophagy-dependent
lipid metabolism, which increases cellular -oxidation and
generates ATP'®. In this scenario, blocking autophagy at
any stage in the pathway might suppress viral replication.

It is prudent to exercise caution in considering the
use of autophagy-inducing agents for the treatment of
patients with infections that may otherwise be alleviated
by autophagy upregulation (such as tuberculosis) if these
patients are also co-infected with pathogens that may
exploit the autophagy pathway (such as chronic concurrent
infections with HCV, HBV and possibly HIV). Another
potential concern is the possibility that excess levels of
autophagy may exacerbate certain infectious diseases
through alternative mechanisms that are independent
of pathogen replication. In a recent report, the H5N1
pandemic strain of influenza virus induced autophagic
alveolar epithelial cell death, and pharmacological and
genetic inhibition of autophagy ameliorated acute lung
injury and decreased mortality in H5N1-infected mice
without affecting viral replication'®.

Promising future therapeutic strategies. A promising
future direction in the treatment of infectious diseases
is the development of agents that block the activity of
specific microbial gene products that antagonize the
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functions of autophagy (or autophagy proteins) in anti-
microbial host defence. Several viral virulence gene prod-
ucts have been shown to block either autophagy initiation
or autophagolysosome maturation through their inter-
action with BECN1 (reviewed in REFS 139,140). These
include: the HSV-1 neurovirulence protein ICP34.5; the
y-herpesvirus BCL-2-like proteins encoded by Kaposi’s
sarcoma herpesvirus and murine y-herpesvirus 68
(YHV68); the cytomegalovirus-encoded protein TRS1
(REF. 170); the influenza virus matrix protein M2; and the
HIV-1 pathogenic protein Nef. The interaction of some
of these viral proteins with BECN1 has been shown to be
important in viral pathogenesis in mice; a mutant HSV-1
lacking the BECN1-binding domain of ICP34.5 is sub-
stantially attenuated in mouse models of encephalitis'”!
and of corneal disease'”?, and a murine YHV68 with a
mutant viral BCL-2 that is unable to bind to BECN1 has
an impaired ability to maintain chronic infection'”. These
studies suggest that inhibitors of the interactions between
viral proteins that antagonize autophagy and their host
autophagy protein targets may be useful for treating dis-
eases such as HSV-1 encephalitis, in which viral antagonism
of autophagy is essential for viral virulence.

A related concept emerges from the identification of
specific bacterial virulence factors — such as L. mono-
cytogenes actin assembly-inducing protein (ActA) and
Shigella flexneri IscB — that enable intracellular bac-
teria to escape recognition by the autophagic pathway
(reviewed in REF. 140). Presumably, inhibition of these
bacterial virulence factors would enhance xenophagic
degradation of intracellular bacteria and thereby pro-
tect the host against diseases caused by such pathogens.
The strategy of developing pharmacological inhibitors
of microbial antagonists of autophagy is attractive not
only because of its potential efficacy in controlling cer-
tain viral and intracellular bacterial infections but also
because of its potential safety and specificity (in com-
parison with general strategies to modulate autophagy).
By targeting specific microbial virulence factors, such
approaches might avoid the potential pitfalls associated
with manipulation of systemic autophagy.

Another approach towards harnessing the autophagic
pathway for the treatment of infectious diseases is emerg-
ing from our rapidly expanding understanding of the
machinery involved in the recognition and targeting of
viruses and intracellular bacteria to the autophagosome.
Several adaptor molecules have been identified that selec-
tively target microorganisms for autophagy by binding
to ubiquitin-associated bacteria and/or viral nucleocap-
sids, as well as to the autophagosome-associated protein
LC3, through a LIR domain; these include p62, NBR1,
nuclear dot protein 52 (NDP52) and optineurin"®'74,
In addition, SMURF1 binds to alphavirus nucleocapsid
and targets it to autophagosomes through a mechanism
that may involve its C2 phospholipid-binding domain'®.
Moreover, the function of certain microbial adaptor pro-
teins can be regulated by phosphorylation; for example,
TANK-binding kinase 1 phosphorylates optineurin, thus
enhancing its LC3-binding affinity and the autophagic
clearance of cytosolic S. enterica'. This suggests that
strategies to augment the activity of optineurin or other

autophagy adaptors may be effective in enhancing the
xenophagic degradation of intracellular pathogens.
Future research to further delineate the mechanisms of
regulating the function of autophagy adaptors should
lay the groundwork for the preclinical development of
agents that selectively enhance microbial autophagy for
the treatment of certain infectious diseases. One poten-
tial caveat of this approach is that many of the autophagy
adaptors are not specific for pathogens and they also
function in the selective autophagy of damaged mito-
chondria and other host cell components; thus, such
strategies may have additional unwanted effects on host
cell function.

Considerations for clinical trials. Given the central role
of the autophagic machinery in controlling infection
and immunity (either through the classical autophagy
pathway or through autophagy-independent functions
of autophagy proteins), it will be important for all clini-
cal trials using autophagy inhibitors to carefully moni-
tor the incidence, prevalence and severity of infectious
diseases, autoimmune diseases and inflammatory dis-
eases. Conversely, patients enrolled in clinical trials with
autophagy inducers, such as patients who are at risk of
developing neurodegenerative diseases, may experience
protection against mycobacterial infections and other
infectious diseases in which autophagy has a central role
in host defence.

Pharmacological manipulation of autophagy

For medical purposes, it may be valuable to identify drugs
that induce or inhibit autophagy (some examples from
above are summarized in TABLE 2, their sites of action
illustrated in FICS 1,2 and possible uses listed in TABLE 3).
Notably, many of the compounds being considered are
still under investigation or are tool compounds and
may not therefore be suitable for clinical use, although
they do illustrate potentially druggable points in the
autophagic pathway. Inducers may have particular value
in certain neurodegenerative diseases, some infectious
diseases and in cytoprotection. As discussed above, it has
been suggested that autophagy inhibition may be valu-
able in cancers. However, this is largely based on studies
using the lysosomotropic drug chloroquine or its deriva-
tives, which affect all acidic compartments in cells and
have many autophagy-independent effects’. Some of the
agents discussed are in clinical trials (for example, lyso-
somotropic drugs for certain cancers and rilmenidine for
Huntington’s disease); however, a deeper understanding
of the roles of autophagy and autophagy modulators is
still required for many of the conditions in which there
may be therapeutic possibilities. Furthermore, as many
of these drugs have autophagy-independent effects, one
may need to be cautious before inferring that all of their
effects are autophagy-dependent (although this may not
necessarily preclude the consideration of these drugs for
therapeutic purposes).

mTOR complex 1. Drugs (or signals) that modulate
autophagy can be considered in two categories, depending
on whether or not they act via mTOR (FIC. 1). mTORC1
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is inhibited by rapamycin and its analogues (CCI-779,
RADO001 and AP23573), which induce autophagy in yeast,
mammalian cell lines, primary cultures and in vivo'”.
Studies have revealed that rapamycin does not inhibit
mTORC1 completely, leading to the concept that certain
functions of MTORCI are rapamycin-resistant (such as
cap-dependent translation and the phosphorylation of
eukaryotic translation initiation factor 4E-binding pro-
tein 1 (EIF4EBP1; also known as 4EBP1). These studies
have identified two selective ATP-competitive small-
molecule mTOR inhibitors, PP242 and Torin 1, that
directly inhibit both mTORC1 and mTORC2 (REF. 176).
The maximal autophagy induction mediated by ATP-
competitive inhibitors appears to be higher than that
seen with rapamycin, although rapamycin can induce
autophagy at lower concentrations than ATP-competitive
inhibitors in certain cell types'””.

The activity of mTOR is regulated by the class I PI3K-
AKT pathway. PI-103 is a molecule within the new class of
dual mTOR and class I PI3K inhibitors. This combina-
torial inhibition appears to be very effective as it addresses
the negative feedback mechanism between mTORC1
and the PI3K-AKT pathway: rapamycin inhibits
mTORCI but this releases the negative feedback mecha-
nism such that PI3K-AKT signalling is enhanced'”>'?%.
As expected, PI-103 has been shown to be a strong
inducer of autophagy'”. Although PI-103 itself does not
appear to have suitable structural properties for clini-
cal development, it could stimulate the development of
this new class of dual inhibitors'”. It is important to note
that mTOR affects many processes that are distinct from
autophagy, and AKT inhibition may result in increased sus-
ceptibility to cell death. Although this may be attractive in
the context of treating cancers, AKT inhibition may prove
to be a liability if it is used for treating neurodegenerative
diseases.

Targeting AMPK activity. As discussed above, AMPK
activates autophagy via at least two mechanisms:
mTOR inhibition and direct ULK1 activation'® (FIG. 1).
Metformin, a widely used antidiabetic agent, activates
AMPK and induces autophagy'®'. As discussed above, it
is possible that some of the effects of this drug in diabetes
may be mediated via autophagy, and the use of metformin
may therefore be worth considering for conditions in
which autophagy upregulation is beneficial.

Phosphatidylinositol signalling pathway. Intracellular ino-
sitol and inositol-1,4,5-trisphosphate (Ins( 1,4,5)P3) levels
negatively regulate autophagy via an mTOR-independent
mechanism (FIC. 1). Autophagy can be induced via this
pathway using various mood-stabilizing drugs such as
lithium, carbamazepine and valproic acid'®?. Subsequent
studies have suggested that at least part of the autophagy-
inducing effects of these drugs are mediated via a reduc-
tion in mitochondrial uptake of Ca** released by the
Ins(1,4,5)P, receptor, which causes a mild defect in mito-
chondrial respiration and AMPK activation'®. However,
one should bear in mind that these drugs have additional
targets; for example, valproic acid is a histone deactylase
inhibitor. Interestingly, carbamazepine has been shown to
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have beneficial effects in a mouse model of al antitrypsin
deficiency, and these effects may be at least partly mediated
via autophagy induction'®.

cAMP-EPAC-PLCe-Ins(1,4,5)P, and Ca’**-calpain-
G, pathways. Recent screens of US Food and Drug
Administration (FDA)-approved drugs and pharmacolog-
ical probes have identified numerous mT'OR-independent
autophagy modulators acting on targets such as the imida-
zoline receptor (for example, clonidine and rilmenidine),
L-type Ca?* channels (for example, verapamil) and calpains
(for example, calpain inhibitors)*. These compounds
appear to be linked in a potential cyclic fashion via the
pathway involving cyclic AMP, exchange protein directly
activated by cAMP (EPAC), phospholipase Ce (PLCe) and
Ins(1,4,5)P, as well as the pathway involving Ca*, calpain
and the G protein G_ (REF. 49). As many of the drugs act-
ing on this pathway are used in the clinic (for example,
clonidine and rilmenidine have been used to treat hyper-
tension, and verapamil is used to treat hypertension, clus-
ter headaches, cardiac arrhythmias and angina) and have
favourable safety profiles, they may represent a tractable
set of compounds for therapeutic applications in diseases
that may benefit from autophagy induction.

Other autophagy-modulating drugs. In addition to the
compounds described above, numerous other compounds
have been described that induce autophagy, including
resveratrol'®, spermidine’®®, EGFR antagonists'®’, BH3
mimetics (which decrease the inhibitory interactions of
BCL-2 and BCL-X, with BECN1)*'® and L-NAME®
(which blocks nitric oxide formation). The precise mecha-
nisms by which some of these compounds (for example,
L-NAME) induce autophagy are still unclear, and many
of these drugs and their targets affect processes that are
distinct from autophagy.

Conversely, chloroquine is a lysosomotropic agent
that impairs autophagosome degradation as well as other
lysosomal degradation pathways. Furthermore, lysoso-
motropic agents have effects on diverse cellular com-
partments that require an acidic pH, and this may cause
complex perturbations in cells in addition to autophagy
arrest; however, the possible enhanced toxicity medi-
ated by such drugs (that have both autophagy-blocking
and other effects) may be beneficial in certain cancers.

Drugs with unforeseen autophagy-blocking effects. In addi-
tion to studies that have revealed autophagy-modulating
drugs of potential therapeutic benefit in various diseases,
similar studies have identified drugs that have unforeseen
and possibly toxic autophagy-inhibiting effects. In many
neurodegenerative diseases, such as Huntington's disease,
oxidative stress is increased, and antioxidants have therefore
been proposed as a rational therapeutic strategy. Indeed,
there are at least two major trials of antioxidants under-
way for Huntington’s disease. However, a diverse range of
antioxidant drugs inhibit autophagy in vivo but exacer-
bate mutant protein aggregation and toxicity in animal
models'. Thus, the potential benefits of ROS scavengers in
neurodegenerative diseases may be compromised by their
autophagy-blocking properties.

NATURE REVIEWS ‘ DRUG DISCOVERY

VOLUME 11 [ SEPTEMBER 2012 [ 721

© 2012 Macmillan Publishers Limited. All rights reserved




REVIEWS

Table 2 | Selected drugs and compounds that modulate autophagy

Compounds Company Structure Mechanism of action Refs
Autophagy inducers
Rapamycin Sigma-Aldrich IngL;)ces autgrp)ohlgg)ll by 44,24:96,
inhibiting m
PP242 Sigma-Aldrich HO Inﬁli)ces auto;())hagy by 247
inhibiting mTORC1
Torin 1 Tocris Bioscience 0 Directly inhibits both 176
mTORC1 and mTORC2
Metformin Sigma-Aldrich NH NH Uﬁreﬁulates AMPK, X 248,249
H,C which promotes autophagy
’ \NJ\E*NHZ by inducing ULK1
C‘H3 phosphorylation
BH3 mimetics Selleckchem NO, Q Disrupts the inhibitory 250
(ABT-737) H ; interaction between the
N S BH3 domain of beclin 1
o H and BCL-2, stimulating
TS the beclin 1-dependent
© N allosteric activation of
H;C CH; the pro-autophagic lipid
kinase PIK3C3

Xestospongin B Sigma-Aldrich Disrupts the molecular 251
complex formed by the
Ins(1,4,5)P3 receptor
and beclin 1
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Table 2 (cont.) | Selected drugs and compounds that modulate autophagy

Compounds

Autophagy inducers

L-NAME

Rilmenidine*

Clonidine

P1-103 hydrochloride

Lithium, L-690330

Carbamazepine

Resveratrol

Verapamil

EGFR antagonists,
erlotinib
hydrochloride

Sodium valproate

Spermidine

Company

Cayman Chemical

Tocris Bioscience

Sigma-Aldrich

Tocris Bioscience

Enzo Life Sciences

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Roche

Sigma-Aldrich

Sigma-Aldrich

Structure

COOCH;

| | « HO
NO, H NH,

Mechanism of action

Decreases nitric oxide
formation to induce
autophagy

Lowers cAMP levels

Lowers cAMP levels to
induce autophagy

Highly selective class | PI3K
inhibitor and ATP-competitive
mTOR inhibitor

Lower inositol and
Ins(1,4,5)P, levels

Lowers inositol and
|ns(1,4,5)P3 levels

Activates sirtuin 1 (histone
deacetylase) and inhibits
70 kDa ribosomal protein
S6 kinase

Lowers intracytosolic
Ca*" levels

Inhibits the PI3K-AKT-mTOR
signalling pathway

Lowers inositol and
Ins(1,4,5)P, levels

Postulated to affect expression
of ATG genes

Refs

63

49,66

49

179

182

49,182

252-254

49

255,256

49,182

186
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Table 2 (cont.) | Selected drugs and compounds that modulate autophagy

Compounds Company Structure
Autophagy inhibitors
Vinblastine Sigma-Aldrich

Nocodazole Sigma-Aldrich
Bafilomycin Al Merck Millipore
Chloroquine¥ Sigma-Aldrich

Hydroxychloroquine®  Sigma-Aldrich

Spautin-1 Cellagen Technology

Mechanism of action Refs
Inhibits microtubule 257
formation

Inhibits microtubule formation 258,259
and blocks autophagosome—
lysosome fusion

Specific inhibitor of V-ATPase; 44,243
inhibits autophagosome—
lysosome fusion

Inhibits autophagosome-— 4,118
lysosome fusion

Inhibits autophagosome-— 60,118
lysosome fusion

Lowers beclin 1 levels by 200
promoting its ubiquitylation

AMPK, AMP-activated protein kinase; ATG, autophagy-related; BCL-2, B cell lymphoma 2; BH3, BCL-2 homology 3; cAMP, cyclic AMP; EGFR, epidermal growth
factor receptor; Ins(1,4,5)P , inositol-1,4,5-trisphosphate; L-NAME, N-L-arginine methyl ester; mTOR, mammalian target of rapamycin; mMTORC1, mTOR
complex 1; PI3K, phosphoinositide 3-kinase; PIK3C3, class Il PI3K (also known as VPS34); spautin-1, specific and potent autophagy inhibitor 1; ULK1,
UNC51-like kinase 1; V-ATPase, vacuolar ATPase. *Phase | safety trial underway. *These drugs are undergoing Phase I/Il clinical trials as autophagy inhibitors

in patients with different types of cancers. See the ClinicalTrials.gov website for a list of US National Institutes of Health (NIH)-sponsored clinical trials.

An alternative strategy that has been considered for
neurodegenerative diseases associated with intracellular
aggregate formation is to boost the chaperone activity of
cells to decrease protein aggregation. This can be achieved
using heat shock protein 90 (HSP90) inhibitors, such as
geldanamycin, which induce HSP chaperones via the heat
shock response'®. Recent data suggest that HSP90 inhibi-
tion may impair autophagy'®', which may partly explain
the minimal efficacy of this strategy in a mouse model of
Huntington’s disease'”.

Another drug that has been identified as an autophagy
inhibitor is the macrolide antibiotic azithromycin, which
has been widely used for its anti-inflammatory proper-
ties in patients with cystic fibrosis'** and, similarly to
bafilomycin A1, can block autophagosome matura-
tion®*!*. Recent epidemiological evidence indicates
that the use of azithromycin in patients with cystic
fibrosis may be accompanied by an increasing inci-
dence of drug-resistant non-tuberculous mycobacte-
rial infection®'**'%. Moreover, azithromycin inhibited
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Table 3 | Autophagy-modulating strategies and possible therapeutic targets

Indications or targets

¢ Ageing and longevity

* Metabolic syndrome

¢ Neurodegenerative proteinopathies (such as
Huntington’s disease and Parkinson’s disease)

¢ Infections resulting from xenophagy substrates
(such as Group A Streptococcus pyogenes,
Mycobacterium tuberculosis, Salmonella enterica
and alphaviruses)

e Certain infectious diseases

e Listeria monocytogenes ActA, Shigella flexneriIscB
and HSV-11CP34.5

e Existing tumours (with lysosomotropic agents)
* Hepatitis B
* Brucella abortus

e Certain cancers

Therapeutic strategy Refs
Enhance autophagy 9,38,43-45,
4749,

138-148

Modify adaptor proteins to increase 174

substrate affinities: for example,

phosphorylation of optineurin to

enhance S. enterica clearance

Inhibit bacterial or viral virulence 140

factors that perturb autophagy

Inhibit autophagy 71,72,74, 90,
104,105,
107,165

Inhibit specific autophagy proteins 163

Downregulate p62 97,98

ActA, Listeria monocytogenes actin assembly-inducing protein; HSV-1, herpes simplex virus type 1; ICP34.5, HSV-1 neurovirulence

protein ICP34.5; p62, ubiquitin-binding protein p62.

intracellular killing of drug-resistant mycobacteria in
macrophages and enhanced pulmonary disease in drug-
resistant mycobacteria-infected mice through a mecha-
nism that is postulated to involve azithromycin-mediated
blockade of lysosomal acidification, autophagic matura-
tion and phagosomal degradation®. Although further
studies are warranted to confirm a causal relationship
among chronic azithromycin use, blockade of lysosomal
acidification and patient susceptibility to drug-resistant
mycobacterial infections, these data highlight the need
for cautious monitoring of the prevalence of infectious
diseases in patient populations that receive chronic treat-
ment with lysosomotropic agents (such as patients in
oncology trials with hydroxychloroquine).

Autophagy drug screens. In recent years there has been
a rapid increase in reports in the literature on drugs
that affect autophagy. Although this has revealed many
drugs of potential clinical utility, it is important to review
studies carefully before any conclusions are made. The
tools we use to measure autophagy are imperfect and
frequently require multiple orthogonal assays to allow
robust conclusions to be made about their effects. For
instance, many screens have relied on LC3 vesicle count
as a primary read-out, as this correlates with autophago-
some numbers. This count can increase when autophagy
is induced if autophagosome formation exceeds degra-
dation™*. Conversely, LC3 vesicle numbers also increase
if autophagosome degradation is impaired. Another
commonly used read-out for autophagy studies involves
measurements of the levels of p62, an endogenous
autophagy substrate. Analyses of p62 levels may be con-
founded by agents that regulate its transcription'”. This
caveat may be addressed by using stable inducible cell
lines overexpressing p62 and by measuring p62 clearance
after switching off transgene expression'*.

Comparisons between different reported screens
have yielded both concordant and discordant findings
(reviewed in REF. 199). In some cases, apparently dis-
crepant results can be explained by LC3-based assays
that have not accounted for the effects of flux and have
misinterpreted LC3 vesicle counts or increases in LC3-II
as being simply due to increased autophagosome forma-
tion. Other reasons for discrepant results include the fact
that drugs can have different effects on autophagy if dif-
ferent concentrations are used; for instance, a drug that
induces autophagy at a low concentration (at which it has
relatively good target specificity) could block autophagy
at a high concentration (as a result of additional targets
being engaged).

Recent compound screens have revealed important
insights into the biology of autophagy. For instance,
‘spautin-1’ (specific and potent autophagy inhibitor 1)**°
has been identified and shown to inhibit autophagy by
blocking two proteins, ubiquitin-specific peptidase 10
(USP10) and USP13, that target the BECN1-containing
PIK3C3 complex, thereby enhancing the degradation
of PIK3C3 complexes®®. BECN1 also regulates the
stability of the proteins USP10 and USP13, which might
explain the novel observation®® that BECN1 regulates
p53 levels, as USP10 mediates p53 deubiquitylation.
These data suggest that BECN1 haploinsufficiency may
contribute to tumorigenesis by reducing the levels of the
tumour suppressor gene p53.

For many compounds that have been reported to
modulate autophagy, the targets are still unclear. It is
therefore desirable to confirm whether the proposed
targets of autophagy-modifying drugs act as one would
predict when they are modulated genetically (for example,
by knockdown or overexpression); it is also desirable to
ascertain whether the drugs modulate target activity at
physiological concentrations, and whether the drugs act
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primarily via a particular target (for example, by showing
that the drugs do not modulate autophagy when the
target is knocked down or knocked out).

Future directions
The development of more specific autophagy modulators
is vital, both for therapeutic applications and for their use
as chemical probes to allow the acute modulation of this
process for cell biology and physiological studies. Such
reagents will be crucial for inferring the direct effects of
autophagy on biological and disease processes by limiting
the influences of autophagy-independent effects. Various
strategies have been proposed. The first involves inhibi-
tors of the class III PI3K (PIK3C3), the crystal structure
of which exhibits a smaller ATP-binding pocket than
that of class I PI3K isoforms®”, indicating that structure-
based design may be used to develop compounds that
have considerably higher selectivity for class III PI3Ks
than for class I PI3Ks. The two ubiquitin-like conjuga-
tion systems that are crucial for the structural formation
of autophagosomes may also be amenable to the devel-
opment of specific inhibitors. ATG7 (an El-activating
enzyme), ATG3 and ATG10 (E2-conjugating enzymes),
and the ATG12-ATG5 conjugate (an E3-like ligase) may
be suitable targets for structure-based drug design®*>*.
Such approaches may also be used to exploit related strat-
egies that have been developed for targeting ubiquitin
and ubiquitin-like E1 enzymes using semi-synthetic pro-
tein inhibitors. ATG4B, the cysteine protease that cleaves
ATGS at its carboxy-terminal to allow phosphatidyl-
ethanolamine conjugation, may also be a suitable candi-
date for structure-based drug design. Although the active
site cleft of ATG4B is masked in the free form of the pro-
tein, thus eliminating this region as a target for inhibitors,
possible targets for the design of specific inhibitors have
been identified and include the inhibitory loop of ATG4B
or the substrate ubiquitin core binding site*****.
However, even the design of specific inhibitors of ATG4
proteins may not guarantee the absence of autophagy-
independent off-target effects, as recent data suggest
that autophagic machinery may have roles in seemingly
distinct processes that do not appear to require conven-
tional autophagosomes, such as osteoclast function®®,
phagocytosis™”’, entosis*® and mitochondrial cell death*”.
Conversely, it also seems as though inhibition of certain
autophagy core proteins, including PIK3C3, BECN1 and
ULK1, does not necessarily ablate autophagy completely*'°.
In principle, one may be able to influence the clear-
ance of autophagy substrates by acting not only on the

autophagy pathway itself but also on processes influenc-
ing substrate recruitment'® as well as on lysosomal activ-
ity*'!. Substrate recruitment may be influenced by altered
activities of autophagy adaptor molecules that help to
recruit substrates to autophagosomes®'. This may allow
enhanced clearance of a repertoire of selected substrates.
Although this may be achievable, in principle, by altering
the levels of such adaptors, it is possible that post-trans-
lational modifications of these adaptors may be a more
effective means of influencing substrate recognition, and
this approach may also be more amenable to targeting
with drugs. An elegant example of this phenomenon (dis-
cussed above) is the observation that phosphorylation of
optineurin, which can act as an autophagy receptor, pro-
moted the selective autophagy of ubiquitin-coated cyto-
solic S. enterica. In a similar mode, the PINK1-PARK2
machinery is thought to regulate selective autophagic
degradation of mitochondria with disrupted membrane
potentials. A recent genome-wide screen identified many
genes involved in the selective clearance of the Sindbis
virus capsid protein; some of these genes also regulated
mitochondrial degradation after depolarization'®. This
suggests that there may be many different types of adap-
tors and regulatory mechanisms that are amenable to
perturbation, and also that this type of mechanism may
ultimately affect a range of selective autophagic substrates.

One other step that may enhance the degradation
of autophagic substrates is at the level of the lysosome.
This may be achieved by modulating the activity of
transcription factor EB (TFEB), a master transcriptional
modulator that influences both lysosomal biogenesis and
autophagy?". This may be a tractable target, as TFEB
activity is modulated by phosphorylation. Another way to
enhance autophagic substrate degradation could be via the
depletion of the endogenous lysosomal cathepsin inhibi-
tor cystatin B. Indeed, this strategy appears to enhance
autophagic substrate clearance and reduce amyloid-p
pathology in a mouse model of Alzheimer’s disease®'".

Although this article has focused on modulating
autophagy using drugs, it should be noted that there
may be other ways of inducing autophagy, some of which
could also be beneficial to health. These include dietary
restriction, exercise and possibly gene therapy routes
(potentially transducing tissues with vectors that enhance
or block autophagy in some instances). As we know that
various hormones (such as insulin) affect autophagy,
we also need to consider non-cell-autonomous modes
of autophagy regulation, particularly in the whole-body
context.
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