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Abstract

A fundamental function of autophagy conserved from yeast to mammals is mobilization of macromolecules
during times of limited nutrient availability, permitting organisms to survive under starvation conditions. In
yeast, autophagy is initiated following nitrogen or carbon deprivation, and autophagy mutants die rapidly under
these conditions. Similarly, in mammals, autophagy is upregulated in most organs following initiation of star-
vation, and is critical for survival in the perinatal period following abrupt termination of the placental nutrient
supply. The nutrient-sensing kinase, mammalian target of rapamycin, coordinates cellular proliferation and
growth with nutrient availability, at least in part by regulating protein synthesis and autophagy-mediated deg-
radation. This review focusses on the regulation of autophagy by Tor, a mammalian target of rapamycin, and
Ulkl, a mammalian homolog of Atgl, in response to changes in nutrient availability. Given the importance of
mitochondria in maintaining bioenergetic homestasis, and potentially as a source of membrane for autophago-
somes during starvation, possible roles for mitochondria in this process are also discussed. Antioxid. Redox Signal.

14, 1953-1958.

Introduction

UTOPHAGY IS A CATABOLIC PROCESS through which cel-

lular components are sequestered within vesicles and
delivered to lysosomes for degradation and recycling of basic
metabolic units, including amino acids. This process is initi-
ated by the elongation of phagophores into double-membrane
bound, neutral pH vesicles known as autophagosomes that
sequester cargo (10). The outer membranes of autophago-
somes fuse with late endosomes and lysosomes, promoting
the degradation of contents into basic bioenergetic units, such
as amino acids and fatty acids that can be reutilized by the
cell. Flux through the autophagy pathway is increased in re-
sponse to various cellular stresses and is generally thought to
promote cell survival, although there are instances where
autophagy contributes to cell death (39).

Metabolic stress induces a robust autophagy response that
is mediated by energy-sensing kinase cascades, including
those involving mammalian target of rapamycin (mTOR),
AMP regulated kinase, and cAMP-PKA (2, 11, 34, 37, 49).
Although starvation-induced autophagy is considered a form
of nonselective autophagy in budding yeast (32), the organ-
ism in which autophagy has been best characterized at the
molecular/genetic level, given the importance of mitochon-
dria in regulating cell survival and death in higher eukary-
otes, it seems unlikely that degradation of mitochondria

would be left to chance, especially during starvation. Indeed,
a recent proteomics-based study suggested that there is or-
dered degradation of proteins even during amino acid star-
vation (26). Specifically, cytosolic proteins are degraded
rapidly, while proteins annotated to various complexes and
organelles, including mitochondria, are degraded at later time
points.

In yeast, the serine-threonine kinase Atgl plays a central
role in switching between “selective” or cargo-initiated au-
tophagy and starvation-induced autophagy (35). Atgl forms
different complexes, interacting with factors such as Atgl7
that promote formation of large autophagosomes, or with
cargo co-adapters such as Atgl1 in a TOR-dependent manner
(5, 6, 20, 49, 52). Recent evidence indicates that mammalian
homologs of Atgl, Ulkl, and Ulk2 regulate autophagy in an
mTOR-dependent manner (13, 18, 19), although it remains to
be determined whether these Atgl homologs regulate the
specificity of autophagy in a manner similar to their yeast
counterpart.

Ulk1 is Required for Efficient Amino Acid
Starvation-Induced Autophagy
and Mitochondrial Clearance

RNAi-mediated knock down of Ulkl in cells results in a
defect in amino acid starvation-induced autophagy in various
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cultured cell lines (3); however, unlike animals lacking non-
redundant autophagy genes, such as Atg3, Atg5, and Atg7
(25, 28, 48), ulkl~ /= animals do not suffer perinatal lethality,
and are phenotypically unremarkable except for a defect in
clearance of mitochondria and ribosomes specifically at ter-
minal stages of erythroid maturation (29). Consistent with this
observation, erythroid maturation involves a spike in Ulkl
but not Ulk2 expression (29). Although early ultrastructural
studies demonstrated the presence of mitochondria in lyso-
somes and autophagic structures of maturing erythroid cells
(15,17, 23), the defect in the Ulkl-deficient mice provided the
first genetic evidence that autophagy is involved in the
clearance of organelles during red blood cell maturation.
Whether this process represents a form of selective autophagy
or shares features with starvation-induced autophagy
remains to be determined.

Since Atgl has a conserved essential role in autophagy
(4, 35), and autophagy-deficient mice exhibit perinatal mor-
tality that is associated with severe nutrient and energy in-
sufficiency (25, 28, 48), the ability of Ulk1-deficient animals to
survive the metabolic shock associated with birth suggests
that another Atgl homolog, such as Ulk2, plays an equally
important, if not more important, role in the induction of
autophagy at birth. Although RNAi-mediated knockdown of
Ulk2 does not significantly affect starvation-induced autop-
hagy in HEK293 cells (whereas knockdown of Ulkl does),
ectopic expression of Ulk2 (but not Ulk1) enhances the process
(3, 4), suggesting that the relative expression of Ulk1 and Ulk2
in different cells may contribute to the dependence of any
given cell on one or the other of the Atgl homologs.

mTOR Negatively Regulates Ulk1

The mTOR complex 1 (mTORC1) branch of the mTOR
signaling pathway coordinates upstream signals from growth
factors, intracellular energy levels and amino acid availabil-
ity with cell growth by modulating rates of protein synthesis
and degradation (via autophagy). The raptor component of
mTORCT interacts with mTOR substrates and facilitates effi-
cient phosphorylation by mTOR. Downstream targets of ac-
tive mTORCI1 include eukaryotic initiation factor 4E-binding
proteins 1, 2, and 3, and the p70 S6 kinases (S6K1 and S6K2),
which are involved in the regulation of protein translation, as
well as cell growth and proliferation (8). Under nutrient re-
plete conditions, mTORC1 also inhibits autophagy by phos-
phorylating and negatively regulating Ulk1 and its interacting
partner, Atgl3 (13, 18, 19).

Unlike yeast Atgl, whose interaction with Atg13 and Atgl7
depends on TOR activity (21, 22), Ulkl and UIk2 form stable
complexes with mAtg13 and FIP200 (which shares regions
of homology with yeast Atgl7), and both are required for
Ulk1 association with phagophores under starvation condi-
tions (13, 18, 19). Although the formation of the Ulk1-Atg13—
FIP200 complex occurs in an mTOR-independent manner,
association of this complex with the raptor component of
mTORCT1 occurs only in the presence of amino acids (18). This
interaction promotes phosphorylation of both Ulk1 and Atg13
by mTOR and inhibition of Ulk1 kinase activity (13, 18, 19).
Although, the functional significance of mTOR-mediated
phosphorylation has not been formally established by iden-
tifying and disrupting the mTOR phosphorylation sites on
Ulkl and Atgl3 in mammalian cells, yeast TORC1 directly
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phosphorylates Atgl3 at multiple Ser residues, and expres-
sion of an unphosphorylatable Atgl3 mutant bypasses the
TORC1-mediated inhibition of autophagy under nutrient-rich
conditions (22).

mTOR Activity is Regulated by Amino Acid Levels

Changes in growth factor availability or changes in ATP
level are signaled to mTORCI1 via tuberous sclerosis complex 1
and 2 (TSC1/2), a GTPase-activating protein complex that
regulates the GTP-loading state of Rheb. Rheb is a Ras-related
GTP-binding protein which, when bound to GTP, interacts
with mTORCI and is required for activation of mTORC1 by
all signals (30). The mitogenically regulated PtdIns3K/Akt
and Ras/MAPK cell signaling pathways activate mTOR via
impairment of TSC2 function, whereas the energy sensing
AMP-dependent protein kinase inhibits mTOR signaling by
phosphorylating and activating TSC2 (8). In cells lacking
TSC2, the mTORC1 pathway is resistant to growth factor
withdrawal, but remains sensitive to amino acid withdrawal,
suggesting that the TSC1/2 is not required for amino acid-
mediated regulation of mTORC1 activity (47). Instead, acti-
vation of mMTORC1 by amino acids involves its recruitment to
the lysosomal surface, where it has been proposed that
mTORC1 may find its co-activator, Rheb, which localizes to
late endosomes/lysosomes (42, 43).

Amino acids promote the interaction of Rag GTPases
(specifically Rag heterodimers containing GTP-bound RagB)
with the raptor component of mMTORC1 (44). The amino acid-
induced localization of Rag proteins to the lysosomal com-
partment and activation of mMTORC1 depends on a complex
(termed the “Ragulator”) encoded by MAPKSP1, ROBLD2,
and c11orf59 genes that interact with the Rag GTPases (43).
Lysosomal localization of mTORC1 does not occur in the
absence of amino acids, even with serum stimulation or
constitutive activation of Rheb by TSC2 inactivation (43).
Conversion of early to late endosomes is also required for
amino acid-stimulated mTORC1 activation; and mTORC1
localizes to hybrid early/late endosomes when the conversion
is blocked (by constitutively active Rab5 or impaired Rab 7
function) (12, 31).

Although mTOR activity is inhibited following amino
acid withdrawal, increased flux through the autophagy
pathway leads to restoration of mTOR activity, which pro-
motes lysosomal regeneration from autolysosomes (54). Since
autophagy is involved in recycling amino acids, the amino
acid-dependent lysosomal localization of mTORC1 may un-
derlie this reactivation of mTOR under starvation conditions,
and may also serve to limit the autophagy response by in-
hibiting Ulk1 kinase activity (Fig. 1).

Role of Mitochondria in Starvation-Induced Autophagy

The liver is integrally involved in regulating nutrient
availability in mammals. Therefore, it is not surprising that
the earliest evidence of starvation-induced mitophagy came
from ultrastructural examination of intact and degraded
mitochondria in lysosomes of rat hepatocytes treated with
glucagon (1). Starvation-induced autophagy is considered a
form of nonselective autophagy in budding yeast, and while it
is possible that mitochondria are randomly sequestered in
autophagosomes with other cytoplasmic components, a re-
cent proteomics-based study suggested that there is ordered
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FIG. 1. Amino acid-dependent regulation
of autophagy by mTOR and Ulkl. Amino
acid-dependent regulation of autophagy by
mTOR and Ulkl. The mTOR mediated re-
pression of the Ulkl-Atg13-FIP200 complex
is inhibited when growth factors, oxygen,
amino acids and/or intracellular ATP levels
becoming limiting. The active Ulkl-Atg13—
FIP200 complex then promotes autophagy,
which recycles cellular contents and restores
amino acid pools. Increased amino acid lev-
els are sensed by the “Ragulator” complex,
which promotes re-activation of mTOR and
limits the autophagy response. mTOR,
mammalian target of rapamycin.

/ Mitochondria
membrane source
or cargo?)

4 L L1
Autolysosome
. ’

Energy

Growth factors
Oxygen

Protein synthesis
> Cellular growth &

proliferation

Lysosome
regeneration

Protein degradation/
recycling

degradation of proteins even during amino acid starvation,
with mitochondrial proteins being among the last to be de-
graded (26).

More recent studies have highlighted an interesting rela-
tionship between starvation-induced expansion of the au-
tophagosome/lysosome compartment, mitophagy and
mitochondrial depolarization in starved rat hepatocytes (9,
41). When grown in complete media, GFP-LC3 fluorescence in
hepatocytes (derived from GFP-LC3 transgenic mice) is dis-
tributed diffusely except for small dotted structures distrib-
uted in an apparently random fashion throughout the
cytoplasm (24). Following nutrient deprivation, these LC3-
positive structures become closely associated with individual
mitochondria, some of which form crescent-shaped structures
that eventually surround entire mitochondria. Mitochondrial
depolarization follows autophagosome completion and is
accompanied by acidification of the autophagosome and loss
of GFP-LC3 fluorescence. Mitochondrial depolarization is not
the signal for degradation, but occurs following sequestration
in LC3™ vesicles. Interestingly, cyclosporine, an inhibitor of
the mitochondrial permeability transition, does not block se-
questration and formation of GFP-LC3-labeled autophago-

somes, but rather suppresses mitochondrial depolarization,
the acidification of autophagosomes and the proliferation of
autophagosomes and autolysosomes during nutrient depri-
vation (9, 24). These studies suggest that sequestration and
depolarization of mitochondria may contribute to autolyso-
some proliferation, a concept that is especially intriguing in
light of recent evidence that mitochondria contribute mem-
brane for autophagosome biogenesis during starvation (16).
While the detection of mitophagy during starvation may seem
to be at odds with the notion of ordered degradation of cel-
lular contents during starvation observed in cultured cells
(26), it may simply reflect the level of mitophagy required to
preserve mitochondrial function under conditions of meta-
bolic stress.

The observation that mitochondrial depolarization occurs
after sequestration of mitochondria within phagophores also
raises an important question regarding the signal targeting
mitochondria for degradation (Fig. 2). There are many ex-
amples in which mitochondrial depolarization triggers
clearance by autophagy. For example, when hepatocytes
are subjected to irreversible laser-induced photodamage,
GFP-LC3 fluorescence envelops and completely encircles

FIG. 2. Relationship between mitochon-
drial depolarization and clearance. The
signal(s) responsible for degradation of mi-
tochondria by autophagy may depend on
the trigger. Mitochondrial dynamics (fission
and fusion) play an important role in the
maintenance of mitochondrial integrity un-
der normal growth conditions and in re-
sponse to cellular stress. Cycles of fusion
and fission result in unequal division with
segregation of damaged components into the
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depolarized daughter unit, followed by au-
tophagy-mediated degradation of the depo-
larized mitochondria. Similarly, in response
to photodamage or the uncoupling agent,
carbonylcyanide-3-chlorophenyl hydrazone
(CCCP), mitochondrial depolarization ap-
pears to be a trigger for autophagy-mediated

} autophagosome
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degradation, at least in part through recruit-
ment of the E3 ligase, Parkin. In starved he-

patocytes and in maturing erythroid cells, mitochondrial clearance is not preceded by depolarization. Instead, mitochondrial
dysfunction may be sensed by BH3 only proteins, such as BNIP3 or BCL2/adenovirus E1B 19 kDa interacting protein (BNIP3L).
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depolarized mitochondria (24). In this case, since depolar-
ization precedes sequestration, it likely signals recruitment of
components of the autophagy machinery. Further evidence
that the elimination of depolarized mitochondria by autophagy
represents an important aspect of mitochondrial quality control
comes from studies linking mitochondrial dynamics with au-
tophagy. Specifically, mitochondria in pancreatic beta cells
undergo frequent cycles of fusion and fission that often result in
uneven daughter units: one with increased membrane poten-
tial and a high probability of subsequent fusion, and the other
with decreased membrane potential, and reduced probability
for a fusion event, which are degraded by autophagy after
several hours (51). Interestingly, mitofusin, a gene involved in
mitochondrial fusion, has recently been shown to be a target of
the E3 ubiquitin ligase, Parkin, which localizes to mitochondria
following loss of membrane potential and promotes recruit-
ment of LC3 and degradation by autophagy (14, 36, 40). The
Parkin-dependent degradation of mitofusin may provide a
mechanism, at least in Parkin-expressing cells, to prevent fu-
sion and recovery of depolarized mitochondria, promoting
their degradation by autophagy (56). Since loss of mitochon-
drial membrane potential can clearly trigger a pathway re-
sulting in degradation of depolarized mitochondria by
autophagy, the observation that mitochondria are not depo-
larized in hepatocytes prior to their degradation suggests that
additional signals remain to be identified.

The BH3-only protein, BNIP3L (Nix), is essential for mito-
chondrial clearance in erythroid cells (45, 46). Moreover, its
mitochondrial localization and ability to directly interaction
with Atg8 homologs suggest that it is involved in targeting
the organelle for degradation by autophagy (38). The obser-
vation that mitochondria retained within autophagy-deficient
(ulk1~/~ and atg7~/~) red blood cells maintain their mem-
brane potential (based on tetramethylrhodamine methyl ester
staining) (29, 55) suggests that mitochondrial depolarization
also follows sequestration within autophagosomes during
terminal differentiation of red blood cells. Thus, it would be
interesting to determine if BNIP3L is required for starvation-
induced mitophagy in hepatocytes. Intriguingly, the treat-
ment of Bnip3l- or Ulkl-deficient red blood cells with the
mitochondrial uncoupler, carbonylcyanide-3-chlorophenyl
hydrazone (CCCP), triggers clearance of mitochondria
suggesting that loss of membrane potential may provide an
alternative signal for targeting mitochondria to autophago-
somes in red cells (29, 45). An unresolved twist to the story
that needs to be further explored comes from the unexpected
observation that mitochondria in Bnip3l-deficient murine
embryonic fibroblasts show some resistance to depolarization
in response to CCCP treatment (compared to wild-type
MEFS), which is associated with impaired inhibition of mMTOR
(7). Perhaps BNIP3L, similar to BNIP3 (27), functions as a
sensor of mitochondrial dysfunction (i.e., during starvation or
differentiating red blood cells that are in the process of con-
verting to a purely glycolytic pathway for ATP production),
linking mitochondrial function with local mTOR activity and
autophagy.

Clearly, additional studies are required to further eluci-
date the role of mitochondria as autophagy cargo or mem-
brane source (or both) during starvation and other situations
associated with increased flux through the autophagy
pathway. Identification of the molecular signals responsible
for targeting mitochondria to autophagsosomes will also no
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doubt provide tools necessary to dissect the complex rela-
tionship between mitochondria and autophagy. Finally, gi-
ven the importance of Ulkl in both starvation-induced
autophagy and mitochondrial clearance, and as a down-
stream target of mTOR, understanding the mechanism by
which this serine-threonine kinase regulates autophagy may
unlock additional insights into the relationship between
mitochondria and autophagy. Interestingly, Ulkl regulates
the trafficking of Atg9 (53), a transmembrane protein that in
yeast is concentrated in a cluster of vesicle and tubules ad-
jacent to mitochondria and is involved in the de novo for-
mation of the phagophore assembly site and in phagophore
expansion (33, 50, 53, 54).
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