1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Curr Opin Céll Biol. 2010 April ; 22(2): 157-168. doi:10.1016/j.ceb.2009.11.005.

TOR-dependent control of autophagy: biting the hand that feeds

Thomas P. Neufeld
Department of Genetics, Cell Biology and Development, University of Minnesota, 6-160 Jackson
Hall, 321 Church St. SE, Minneapolis, MN 55455 USA, Tel: 612-625-5158, Fax: 612-626-5652

Thomas P. Neufeld: neufe003@umn.edu

Abstract

Induction of autophagy in response to starvation is a highly conserved ability of eukaryotic cells,
indicating a critical and ancient role of this process in adapting to nutrient conditions. The target of
rapamycin (TOR) pathway is major conduit for such signals, and in most cell types TOR activity is
necessary and sufficient to suppress autophagy under favorable growth conditions. Recent studies
have begun to reveal how TOR activity is regulated in response to nutritional cues, and are shedding
new light on the mechanisms by which TOR controls the autophagic machinery. In addition, a variety
of signals, stressors and pharmacological agents that induce autophagy independent of nutrient
conditions have been identified. In some cases these signals appear to have been spliced into the core
TOR pathway, whereas others are able to bypass the control mechanisms regulated by TOR.
Increasing evidence is pointing to an important role for both positive and negative feedback loops
in controlling this pathway, leading to an emerging view that TOR signaling not only regulates
autophagy but is also highly sensitive to cellular rates of autophagy and other TOR-dependent
processes.

Introduction

Eukaryotic cells have evolved a number of defense mechanisms that allow survival in the face
of environmental insults such as nutrient depletion, oxidative damage and conditions that
disrupt protein folding. Chief amongst these responses is autophagy, a process whereby
cytoplasmic constituents are engulfed within specialized double-membrane vesicles known as
autophagosomes, for subsequent delivery to and degradation within the lysosome. Autophagy
normally proceeds at a low, basal rate, playing a key role in the homeostatic clearance of old
or damaged organelles and proteins. In response to starvation and other stresses, activation of
autophagy can generate an internal source of nutrients that promotes survival in the absence
of externally supplied nutrition. Both insufficient and excessive levels of autophagy have been
shown to impact human health at multiple levels, and therefore understanding the cellular
mechanisms that regulate this process is an important goal (reviewed in [1,2]).

TOR kinases are central regulators of multiple cellular responses to nutrient and growth factor
signaling, including autophagy. The drug rapamycin induces autophagy in a wide variety of
cell types and species by inhibiting the activity of TOR as part of the multi-component TOR
Complex 1 (TORC1). This signaling complex includes TOR, the scaffolding protein Raptor,
and additional proteins that also function with TOR in a second, rapamycin-insensitive
complex not involved in autophagy (reviewed in [3]). Control of autophagy by TORC1
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signaling is largely responsible for the potent effect of starvation as an autophagy inducer. The
purpose of this review is to provide a summary of recent insights into the events upstream of
TOR that regulate its function, and to discuss new developments in our understanding of how
TOR interacts with the core set of proteins that directly control autophagosome formation and
maturation. Signals that influence autophagy independently of TOR are also considered, with
the goal of considering how specific steps of autophagy induction can be influenced by distinct
molecular cues.

Regulation of TOR

Following the pioneering studies in the early 1990s that identified the TOR kinases as targets
of rapamycin in yeast, experiments in mammalian cells and other model systems have defined
several important regulatory steps and components that link TOR activity to upstream signals.
Key amongst these regulatory factors are the small GTPase Rheb, which directly associates
with TOR to stimulate its signaling activity, and the TSC1 and TSC2 proteins, which together
inhibit Rheb through the GAP activity of TSC2. This TSC-Rheb-TOR trio has emerged as a
core element of the pathway in metazoans, with the TSC1-TSC2 complex in particular acting
as a convergence point for multiple signals that govern TOR. For example, factors that respond
to cellular energy level (AMP-activated protein kinase, AMPK), growth factor signaling (Akt)
or oxygen status (Redd1) have been shown to regulate TOR signaling through distinct, direct
effects on TSC2 activity (reviewed in [4]).

Although this model is consistent with many experimental findings, it is now clear that some
signals regulate TOR by other means. Perhaps most significantly, disruption of TSC genes
does not prevent regulation of TOR activity by nutrient status [5], indicating that this conserved
input must occur through an alternate mechanism. In addition, replacement of wild type Tscl
and Tsc2 genes with mutant copies that lack Akt-dependent phosphorylation sites does not
affect growth or viability in Drosophila [6,7]. These and other results have motivated efforts
to identify additional regulatory mechanisms and factors acting upstream of TOR.

The hunt for nutrient-dependent signaling mechanisms has turned up a number of new potential
regulators of this pathway. As TOR activity is highly sensitive to amino acid levels, particularly
those of branched chain amino acids such as leucine, amino acid transporters have been
considered as candidate factors involved in nutrient sensing. A number of proteins in the amino
acid transporter family appear to act as amino acid sensors and signal transducers; often such
factors have low transport activity, and are collectively referred to as transceptors (reviewed
in [8]). In Drosophila, the proton-assisted transporter Path has the characteristics of a
transceptor acting upstream of TOR [9]. path mutants are defective for cell growth and display
genetic interactions with TOR. Expression of Path in a heterologous system leads to TOR
activation, yet has only minimal transport capacity. In yeast, the general amino acid permease
GAP1, which is regulated by TOR at the level of sorting to the plasma membrane, also has an
amino acid sensor activity that is separable from its transport function, and is important for
nutrient-dependent activation of cAMP-dependent protein kinase (PKA) [10].

The Rag family of GTPases has recently been identified as a new link between amino acids
and TOR. These proteins function as novel heterodimeric GTPases, with the active dimer
containing RagA or B (Gtrl in yeast) and RagC or D (Gtr2) bound to GTP and GDP,
respectively. In yeast, these proteins were previously shown to control exit from rapamycin-
induced arrest as part of the EGO complex [11]. Three studies in mammalian cells, Drosophila
and yeast now provide evidence that these GTPases are specific mediators of amino acid
signaling to TOR [12*-14*]. Active Rag and Gtr heterodimers are able to bind and activate
TORC1, through direct interactions with raptor, and this association is regulated by amino acid
levels but not other inputs into TOR. Amino acids also specifically control the GTP loading
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of these proteins, and work in yeast identified Vame6 as the major guanine nucleotide exchange
factor for Gtrl. In contrast to Rheb, Rag heterodimers do not appear to activate TOR directly;
rather, Sabatini and coworkers demonstrated that amino acids and Rag proteins facilitate TOR-
Rheb interaction, by mediating the intracellular trafficking of TOR to a Rheb-containing late
endocytic compartment. This aspect of Rag/Gtr function may differ between yeast and
mammalian cells, as GFP fusions to Gtrl, Vamé and TOR1 co-localize to the vacuolar
membrane and endocytic vesicles under both growth and starvation conditions [14*]. In
addition, a metazoan-specific factor, the exocyst regulator RalA (yet another small GTPase),
has been implicated in nutrient signaling to TOR downstream of Rheb in HeLa cells [15].
Nonetheless, together these findings indicate an unexpectedly high degree of conservation in
nutrient signaling mechanisms, and underscore the importance of understanding how amino
acid levels influence the activity of the Rag GTPases.

A number of other signaling molecules have also been shown to play a role in amino acid-
dependent TOR activation. Gulati and colleagues found that amino acids induce an inward flux
of Ca2* in HeLa cells, leading to a calmodulin-dependent activation of the class 111 PI(3)K
hVps34 [16]. This molecule has previously been reported to promote amino acid signaling to
TOR, and has well established functions in the endocytic pathway, consistent with a potential
involvement of Vps34 in the endocytic localization of Rheb or TOR. Interestingly, this function
does not appear to be conserved in lower eukaryotes [17]. In other settings, increased cytosolic
Ca?* has been shown instead to suppress TOR signaling and induce autophagy, in a pathway
involving Ca2*/calmodulin-dependent protein kinase-kinase and AMPK [18]. Finally, the
Ste20 kinase ortholog MAP4K3 was recently shown to be required for activation of TOR in
response to amino acids in Drosophila S2 cells [19]. Activity of this protein kinase is also
sensitive to amino acid levels.

In addition to these new mechanisms of nutrient signaling, it has become clear that factors such
AMPK and Akt can regulate TORC1 more directly than previously appreciated, through
additional TSC-independent mechanisms (Figure 1). For example, AMPK can directly
phosphorylate the TORC1 component Raptor, generating a docking site for the inhibitory
14-3-3 protein [20*]. In a parallel fashion, Akt can phosphorylate PRAS40, a Raptor binding
protein that also acts as an inhibitor of TORC1. Akt-mediated phosphorylation of PRAS40
again promotes 14-3-3 binding, in this case leading to relief from PRAS40-mediated inhibition
[21-24]. Thus Raptor is emerging as an important integration site for TORC1 regulation, in
addition to its roles in substrate binding. Indeed, Raptor itself has been shown to act as a
substrate for TOR in response to growth factors and amino acids, and phosphorylation of Raptor
at S863 was found to be critical for full TORC1 activity [25,26]. Finally, inhibition of TOR
signaling by hypoxia also signals through TSC-dependent and -independent routes, the latter
through the hypoxia-inducible BH3 protein Bnip3, which can directly bind and inhibit GTP
loading of Rheb [27].

Rheb has also recently been shown to have both direct and indirect effects on TORC1 signaling.
Sato and colleagues found that the direct, binding-dependent effect of Rheb on TOR does not
acton TOR’sintrinsic kinase activity; instead, Rheb stimulates TORC1 signaling by promoting
interaction with its substrates [28]. An indirect effect of Rheb on TORC1 signaling involves
Rheb-mediated, TOR-independent activation of phospholipase-D1 (PLD1). PLD1 and its
product phosphatidic acid were shown to be necessary and sufficient for TOR activation
downstream of Rheb [29]. Altogether, these findings indicate that TOR’s upstream regulators
have evolved multiple, redundant and integrated mechanisms of control over TORC1 activity.
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In yeast, autophagosomes generally arise from a single locus in the cell, known as the
preautophagosomal structure or phagophore assembly site (PAS). This structure also serves as
anucleation point for the cytoplasm-to-vacuole (CVT) pathway, a selective form of autophagy
that serves a biosynthetic role under vegetative conditions to deliver select hydrolases to the
vacuole. The observation that most Atg proteins localize to this structure has facilitated order-
of-action experiments, in which mutations in Atg genes are tested for effects on PAS
localization of each Atg protein. Such studies have led to the elucidation of a hierarchical
framework of Atg interactions [30].

One of the earliest and most important steps leading to autophagy induction downstream of
TOR is mediated by a protein complex containing the Ser/Thr kinase Atgl and two scaffolding
proteins, Atgl3 and Atg17 [31-33]. This complex is required for the PAS localization of nearly
all other Atg proteins, placing it atop the Atg/PAS hierarchy. Moreover, assembly and activity
of the yeast Atg1/13/17 complex is intimately connected to TOR signaling. Under growth
conditions, TOR-dependent phosphorylation of Atg13 prevents complex assembly. Nutrient
depletion or rapamycin treatment results in rapid dephosphorylation of Atg13, assembly of the
complex, increase in Atgl kinase activity and induction of autophagy [33]. As Atgl associates
both with proteins such as Atg17 that are specifically required for non-selective autophagy, as
well as with CVT-specific proteins such as Atgl1l, it is thought that Atgl may act as a switch
between these different types of autophagy.

How does Atgl regulate the recruitment of downstream Atg components to the PAS?
Surprisingly, the kinase activity of Atgl is not required for the PAS recruitment of most Atg
proteins. Rather, the Atgl protein itself appears to play a structural role in this process
[34**-36]. In yeast cells carrying kinase-defective Atgl mutations, other Atg proteins actually
show a higher level of PAS association, implicating a role for Atgl kinase activity in release
or disassembly of these components from the PAS. In addition, although some autophagosomes
are able to form in these mutants, they are significantly smaller than in wild type, suggesting
that Atgl kinase activity affects the rate at which the autophagosomal membrane expands
[35**]. It is notable that recruitment of Atg proteins to the PAS by kinase-defective Atgl is
stimulated by starvation [34**], suggesting that TOR signaling regulates aspects of Atgl
function in addition to its kinase activity.

Further insight into Atgl function may be found in the observation that PAS localization of
the peripheral membrane protein Atg2 does require Atgl kinase activity [34**]. Atg2 forms a
complex with two other Atg proteins: the PI(3)P-binding protein Atg18, which has been
identified as an in vitro substrate of Atgl [37], and the integral membrane protein Atg9, which
may track the source of autophagic membrane. PAS localization of Atg2 and Atg18 is required
for Atg9 to dissociate efficiently from the PAS [36]. Atgl18 is recruited to growing autophagic
membranes through its interaction with PI(3)P, which accumulates on the inner surface and
growing edges of autophagosomes [38] through the activity of Atg6/Vps34 PI(3)-kinase
complexes. Thus, the kinase activities of Atgl and VVps34 appear to converge on an Atg2/18/9
complex, potentially playing an important role in delivering membrane to autophagosomes as
they grow from their sites of nucleation.

Our understanding of the role and regulation of Atgl complexes in mammalian cells has not
yet reached a level of precision comparable to that of the yeast system. Nonetheless, orthologs
of Atgl (UIk1/2), Atgl3 and Atgl7 (FIP200) have recently been described in a variety of
multicellular organisms including mouse, Drosophila, and C. elegans ([39**—44**]. These
factors have been shown to form a multi-protein complex required for autophagy induction
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downstream of TOR, analogous to the yeast Atgl complex. Despite this functional
conservation across a wide evolutionary timescale, these proteins display some intriguing
regulatory differences from the yeast system. For example, the metazoan Atg1/Ulk1 complex
is generally stable under both fed and starved conditions, and hyperphosphorylation of Atgl13
does not lead to complex disassembly. Also in contrast to yeast, metazoan Atg13
phosphorylation is not dramatically higher under non-autophagic conditions, and in some
systems is actually induced by starvation, in an Atg1/Ulk1-dependent manner. TOR signaling
and phosphorylation also has a significant effect on the stability of Atg1/Ulk1 and Atg13
protein in these systems [44** 45]. In addition, metazoan Atg1l/UIk1 complexes have been
found to include factors with no obvious yeast counterparts, such as Atg101, which binds to
and stabilizes Atg13 [46], [47]. Finally, direct physical interaction has been demonstrated
between TORCL1 and Atg1l/Ulk1 complexes in mammalian and Drosophila cells. Proteomic-
based studies have begun to identify sites of phosphorylation on these components [45], and
further such analyses of TOR-dependent sites and identification of Atg1/Ulk1 substrates will
be important to define mechanisms by which phosphorylation regulates signaling through this
complex.

Overexpression of wild type Atgl leads to high levels of autophagy in fed Drosophila cells,
indicating that Atgl activity promotes not only the initial steps of autophagy induction, but
can be sufficient to drive a full autophagic response in this system [48*]. One or more
components of a Vps34/Atg14L/Beclinl complex may represent an additional target of Atgl-
dependent regulation, as activation of Vps34 at sites of autophagosome formation fails to occur
in Drosophila cells mutant for Atgl [48*]. In Dictyostelium, loss of Atgl does not cause a
block in autophagy induction, but instead leads to an accumulation of defective
autophagosomes [49], indicating that in this system the role of Atgl in autophagosome
maturation predominates over its role in induction. This function of Atgl in later steps of
autophagy may include effects on the endocytic pathway, which is required for autophagosome
maturation in metazoan cells. Atg1/UIk1 has been shown to associate with and regulate a
number of factors involved in endocytic and vesicular trafficking including Syntenin, SynGAP,
Unc-76 and Synaptotagmin [50,51]. Whether these or related factors have a role in autophagy
remains to be explored. Finally, Atg1/UIk1 was recently shown to be required for a novel,
alternative form of autophagy that is independent of Atg5 and Atg7 (and, by inference,
independent of the group of autophagy genes that act downstream of these regulators) [52],
pointing to the likely relevance of additional Atg1 functions beyond recruitment of these factors
to the autophagosome.

Other pathways downstream of TOR

In yeast, two major signaling branches downstream of TOR have been identified, one regulated
by the AGC kinase Sch9, which functions analogously to the mammalian TORCL1 substrate
S6K, and a second branch mediated by Tap42, a regulator of protein phosphatases of the PP2A
family. Recent studies have shown that both of these factors play important roles in autophagy
regulation, but that whereas Sch9-mediated autophagy is independent of TOR, the Tap42
branch mediates TOR signaling to Atg1/13.

A clear understanding of the role of Tap42 in autophagy, and in TOR signaling generally, has
been hindered by disparate results amongst the different studies characterizing this protein,
due perhaps to the nature of the tap4?2 alleles analyzed. Originally identified through a
temperature-sensitive mutation that confers rapamycin resistance to yeast cells, Tap42 was
shown to bind PP2A and the PP2A-related phosphatase Sit4 in a TOR-dependent manner, and
genetic data indicated that Tap42 promotes the growth-related function of these phosphatases
[53]. In contrast, later studies found that Sit4 antagonizes TOR-and Tap42-dependent
functions, such as phosphorylation of the GATA transcription factor GIn3 and the kinase Nprl
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[54,55]. Although mutation of Tap42 was initially reported to have no effect on autophagy
induction [33], a subsequent study showed that disruption of Sit4 blunts the induction of
autophagy in response to rapamycin [56]. Recently, the role of these factors in autophagy has
been comprehensively reexamined using multiple Tap42 alleles and more quantitative
autophagy measurements. Yorimitsu and co-workers found that Tap42 and PP2A play an
essential role in suppressing autophagy under growth conditions [57]. Autophagy was shown
to be induced by loss of PP2A or Tap42 and suppressed by PP2A overexpression; these effects
were Atgl-dependent and were not observed with Sit4. These results are consistent with a
recent large-scale proteomic analysis of TOR-dependent protein phosphorylation, which
identified rapamycin-sensitive phosphorylation sites on Atg13 as being dependent on Tap42
[58].

Atpresent, evidence of arole for Tap42 in autophagy regulation is lacking in higher eukaryotes,
and the potential role of this factor in mTOR signaling in general is poorly characterized.
Disruption of Tap42 in Drosophila does not result in defects in cell growth or S6K
phosphorylation characteristic of TOR inactivation, and does not cause induction of autophagy
[59]. The mammalian Tap42 ortholog, known as alpha4, interacts with PP2A and related
phosphatases, but this interaction is not sensitive to rapamycin or nutrient status [60,61].
However, a complex containing mTOR, alph4, PP2A and the STAT1 transcription factor was
recently described in human cells, and it was demonstrated that depletion of mTOR, alpha4 or
PP2A led to nuclear accumulation of STAT1 and induction of STAT1-responsive genes [62].
This is the first evidence indicating that these proteins can function together to regulate at least
a subset of TOR’s effects in mammalian cells.

Other known outputs of TOR signaling are also likely to contribute to autophagy regulation.
Induction of autophagy in response to starvation is associated with increased expression of
number of autophagy-related genes, most strikingly Atg8, whose product may otherwise
become limiting due to its degradation in the autolysosome. TOR signaling contributes to these
transcriptional effects, as a similar upregulation of Atg genes is observed in cells treated with
rapamycin ([63-65]. The transcription factors that mediate these effects have been identified
in only a few cases; for example, the TOR-responsive transcriptional activator GIn3 has been
shown to directly induce Atgl14 expression in response to rapamycin [66]. In mammalian cells,
the P53 family member P73 appears to play a role in autophagy related gene activation
downstream of TOR [67]. It is unclear whether these TOR-dependent effects on Atg gene
expression are a limiting step in autophagy induction, or whether these transcriptional effects
of TOR play more of a supporting role.

Finally, TOR signaling has a variety of well-established effects on endocytic uptake and
trafficking [68,69], and through these functions is likely to influence the efficiency of
autophagosome maturation and fusion with the endo-lysosomal compartment. Recent studies
in mammalian and yeast cells suggest these effects of TOR may be more direct than previously
appreciated. Biochemical fractionation and in vivo localization approaches have shown that
TOR is closely associated with several distinct membrane compartments, including a novel
vesicular fraction consisting of a distinct form of detergent-resistant membrane [12*,70*,
71*]. Proteomic analyses of these membrane fractions identified a number of endocytic
regulators, several of which were shown by genetic analysis to function with TOR. As
described above, Rheb is also closely associated with endocytic membranes and may influence
endocytic trafficking through TOR-dependent and -independent mechanisms [72]. Thus, in
addition to providing a platform for TOR regulation, localization of TOR and associated factors
to vesicular compartments likely reflect an intimate involvement of this pathway in endocytic
functions.
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FEEDBACK IN TOR-MEDIATED AUTOPHAGY REGULATION

Levels of autophagy either above or below a normal range have been found to be detrimental
at both a cell autonomous and organismal level [73,74]. Moreover, the rate of autophagy most
beneficial to the cell or organism can vary with environmental conditions in a dynamic way.
Thus, nutrient withdrawal will often induce a burst of autophagy initially, followed by a lower
sustained rate during longer periods of starvation. Several mechanisms contribute to these
kinetics of autophagy induction and maintenance, and are critical to keeping the levels of
autophagy within a viable range.

Like many biochemical reactions, autophagy is suppressed by its end products: the rise in
intracellular amino acids due to autophagic proteolysis and efflux of amino acids from the
lysosome results in up-regulation of TOR signaling, and thus down-regulation of autophagy
(Figure 2a). For example, cell types such as hepatocytes with high autophagic capacity are able
to partially maintain TOR activity under starvation conditions, in an autophagy-dependent
manner [75]. In other cell types, TOR activity can be sustained in the absence of external amino
acids by protein synthesis inhibitors, which cause an increase in intracellular amino acid levels;
this effect, too, is dependent on autophagy [76]. Importantly, perturbation of this negative
feedback loop can result in an overcompensation response that ultimately harms the cell.
Ramachandran and coworkers recently showed that defective assembly of the V-ATPase
proton pump is the underlying cause of XMEA, an autophagy-associated myopathic disease
[77*]. Mutations in the V-ATPase assembly chaperone VMAZ21 caused increased lysosomal
pH and defective autophagic degradation. The ensuing reduction in free intracellular amino
acids caused diminished TOR activity, leading to increased but ultimately ineffective induction
of autophagy; autophagosomes were able to form, but were unable to properly mature and
instead caused extensive cell vacuolation.

Additional homeostatic effects on TOR signaling result from a number of negative feedback
signaling loops intrinsic to the wiring of the TOR pathway. In yeast, TOR promotes expression
of ribosomal biogenesis genes through phosphorylation and activation of the transcription
factor Sfp1; disruption of this factor leads to increased TOR activity as measured by
phosphorylation of Sch9 [78*]. The best-characterized negative loop in the mammalian TOR
pathway involves downregulation of PI3K/AKT signaling in response to activation of TOR.
This is mediated in part by S6K-dependent reduction in the levels and activity of IRS-1, an
essential bridge between the insulin receptor and PI3K [79,80]. S6K is also involved in negative
feedback in FGF-and PDGF-mediated signaling, as it is both activated by these factors and can
inhibit their signaling effects [81,82]. Similarly, activation of targets downstream of S6K such
as PP1gamma has recently been shown to decrease TOR-dependent phosphorylation and
activity of S6K through a negative feedback loop [83]. Thus, numerous independent
mechanisms collaborate to ensure that activity of this pathway remains within a prescribed
range.

S6K also plays a more direct role in limiting autophagy responses. Disruption of S6K through
null mutation of dS6K in Drosophila or RNA-mediated interference of S6K1 and S6K2 in
human cells has been shown to reduce starvation-induced autophagy, indicating that the
function of S6K in autophagy runs counter to the rest of the TOR pathway [84]. Inhibition of
TOR signaling thus leads to both activation of autophagy and inactivation of S6K, a positive
regulator of autophagy. Differences in the dynamics of autophagy induction vs. S6K
suppression in response to nutrient withdrawal may play a role in limiting high levels of
autophagy to an initial induction phase, followed by a lower, sustained response under chronic
starvation conditions. Indeed, dS6K activity becomes limiting for autophagy under conditions
of long term TOR inactivation but not acute starvation [84].
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In contrast to these examples of self-limiting feedback in the TOR pathway, a number of self-
amplifying feed-forward mechanisms have recently been identified that may be important to
promote rapid and discrete changes in TOR activation state (Figure 2b). In yeast, the activity
of Tap42 is inhibited by a Tap42 associated factor, Tip41; suppression of TOR activity by
rapamycin results in increased Tip41-Tap42 binding and a further decrease in signaling [54].
Similarly, the ability of PRAS40 to bind and inhibit mTOR is antagonized by TOR-mediated
phosphorylation of PRAS40 [85*], again leading to an amplification of small changes in TOR
activity. TOR signaling is also inhibited by another recently identified mTOR-associated factor
known as DEPTOR, and this effect is amplified by TOR-dependent negative regulation of
DEPTOR expression [86]. Interestingly, loss of this DEPTOR loop in multiple myeloma cells
contributes to their survival by relieving S6K-dependent negative feedback inhibition of
PI3KALKt, indicating that these amplifying and restraining effects can interact in complex ways.

Finally, components of the autophagic machinery itself have been shown to have a strong
impact on TOR activity. Genetic disruption of Atg1l/UIk1 or Atgl3 causes increased
phosphorylation of TOR substrates in Drosophila and human cells, suggesting that this target
of TOR activity can in turn inhibit TOR [41**,87]. Consistent with this idea, overexpression
of Atgl in Drosophila leads to decreased TOR activity and reduced cell growth, effects that
are stimulated by co-expression of Atg13 [44**,48*]. Atgl was shown to cause a redistribution
of TOR to a punctate perinuclear localization, consistent a trafficking-mediated mechanism.
Alternatively, the UIk1 interacting protein FIP200 has previously been shown to bind and
inhibitthe TSC1/TSC2 complex [88]; changes in Atg1/UIk1 levels or activity may affect levels
of FIP200 available for this interaction. The interaction between UIk1 and raptor noted above
is also consistent with a direct effect of Atgl/Ulk1 on TORCL1 activity. Regardless of
mechanism, initially small increases in the activity or abundance of Atgl complexes would be
expected to promote their further activation by antagonizing TOR-mediated inhibition.
Altogether, these self-amplifying effects may allow cells to switch between relatively stable
states of autophagic activity, and may provide a counter force to the inertial effects of negative
feedback.

AUTOPHAGY REGULATION: TOR AND BEYOND

Numerous studies over the past few years have found that autophagy can be influenced by a
remarkable number of genes, pathways, cellular perturbations and chemical compounds. Given
the central role of TOR signaling in autophagy control, many of these studies have examined
whether changes in TOR activity can account for the effects of these factors. Two general
themes are emerging from such investigations. First, studies of autophagy from a broad array
of perspectives is leading to the discovery a number of new and sometimes unexpected inputs
to TOR. Second, studies of factors that regulate autophagy independent of TOR are helping to
distinguish between molecular events that are critical for this process, versus steps that can be
substituted for or bypassed altogether.

A number of new TOR regulators have been identified through cell-based screens for small
molecules that induce autophagy. Balgi and colleagues [89] identified four such compounds,
each of which cause specific, reversible inhibition of TORC1. These drugs act with distinct
kinetics and appear to intersect with the TOR pathway at different points upstream. Several
natural products also appear to induce autophagy through inhibition of TOR signaling,
including caffeine [90], resveratrol [91], cannabinoids [92], and curcumin [93]. The
sphingolipids ceramide and sphingosine 1-phosphate (S1P) have also been shown to induce
autophagy, and both cause a reduction in TOR activity, apparently through distinct mechanisms
[94,95]. The effects of TOR on autophagy may also impact the survival of oncogene-
transformed tumor cells, as the SV40 small T antigen leads to autophagy induction through
PP2A-dependent activation of AMPK upstream of TOR [96]. Autophagy promotes survival
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of these cells under conditions of glucose deprivation, mimicking the starvation state of pre-
angiogenic tumors; thus TOR may have tumor-suppressive effects at this stage of
tumorigenesis. The tumor suppressor p53 has also been found to control cell survival in part
through effects on autophagy. Interestingly, p53 can act both as an inducer of autophagy
through transcriptional effects in the nucleus [97], and as an inhibitor of autophagy through a
novel cytosolic function of p53 [98**]. Thus, both activation and loss of p53 lead to autophagy
induction, and both cases are associated with activation of AMPK and inhibition of TOR.
Altogether, these studies are showing that TOR activity is responsive to a wider range of signals
than previously appreciated. Several of these factors seem to play an important role in the
normal physiological regulation of autophagy by TOR. For example, starvation leads to
activation of sphingosine kinase and proteosomemediated degradation of p53, and both of these
events are required for starvation-induced autophagy [94,98**]. Finally, a number of these
factors have been shown to have a strong influence on lifespan, and recent evidence suggests
that this is mediated in part through effects on TOR signaling and autophagy [99,100].

TOR activity is both necessary and sufficient to suppress autophagy in a wide range of cell
types and contexts. Signals that induce autophagy without inactivating TOR therefore pose a
challenge and opportunity to understanding the key steps required to initiate autophagosome
formation, and different mechanisms by which those steps can be regulated. In yeast, PKA has
been identified as an important regulator of autophagy in response to glucose levels: activation
of PKA blocks induction of autophagy in starved cells, and loss of PKA activity can cause
autophagy induction under growth conditions. The effects of TOR and PKA on autophagy
appear to be independent, as inhibition of one pathway does not affect activity of the other
[101*-103]. Interestingly, however, these pathways converge on similar targets: as in the TOR
pathway, PKA signaling has significant effects on the phosphorylation and activity of the Atg1/
Atg13 complex. PKA and TOR appear to regulate distinct sites of phosphorylation on Atgl
and Atg13, and to affect these proteins in different ways. Whereas TOR controls interaction
between Atgl and Atgl13, PKA was found to affect localization of these proteins to the PAS
[102**,104]. These results suggest that autophagy can be induced by promoting either
interaction or localization of Atgl and Atg13, but that both may not be necessary. Consistent
with this interpretation, inactivation of both TOR and PKA signaling leads to a more efficient
induction of autophagy than inhibition of either pathway alone [101,102**].

In human cells, it is unclear whether additional pathways similarly impinge on Atg1/Ulk1,
although the roles of this kinase in non-autophagic processes such as axon outgrowth and
cytoskeletal regulation are consistent with regulation by alternative signals. However, several
examples of TOR-independent autophagy have been described. In separate screens carried out
by the Rubinsztein and Yuan groups for small molecule regulators of autophagy, a large number
of compounds that activate autophagy independent of TOR were identified [105*,106*].
Williams and coworkers showed that several of these molecules affect a cAMP-, IP3-and
Ca?*-mediated cycle [106*], analogous to the feed-forward mechanisms affecting TOR
signaling. Although how these factors regulate the core autophagy machinery has not yet been
determined, the IP3 receptor was recently shown to directly bind and regulate Beclin 1 [107].
As in yeast, the effects of these TOR-independent and TOR-dependent pathways are additive
(reviewed in [108]).

Another TOR-independent pathway of autophagy control is regulated by the FOXO3
transcription factor, which acts in parallel to TOR downstream of Akt [109,110]. In skeletal
muscle, activation of FOXO leads to induction of autophagy through increased expression of
a number of autophagy related genes. A key autophagic target of FOXO3 is Bnip3, a member
of the BH3-only family of proteins which have been shown to promote autophagy by relieving
the inhibition of Beclin 1 by Bcl-2 [111]. The transcriptional pathway mediated by FOXO3
appearsto play an especially important role in skeletal muscle, as inactivation of TOR signaling
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by rapamycin or mTOR shRNA does not induce autophagy in these cells [110]. Interestingly,
it was previously reported that TOR-independent autophagy is induced in cultured myotubes
starved for leucine, normally an essential activator of TOR [112]. These results suggest that
non-canonical functions and regulation of TOR may have evolved in skeletal muscle to meet
the unique metabolic demands of this tissue, although it should be noted that similar TOR-
independent effects of amino acids on autophagy have also been described in other cell types
[113].

Together these findings point to Beclin 1/Vps34 complexes as potential common targets of
multiple TOR-independent autophagy signals. As discussed above, TOR-and Atgl-mediated
signals also appear to act upstream of this complex. Co-overexpression of components of this
complex can be sufficient to induce autophagy [17], and both nutrient and ER-stress signals
appear to regulate the activity of Beclin 1/VVps34 in part through a Jun-kinase dependent
pathway [114]. Activation of VVps34 at discrete regions of the endoplasmic reticulum has
recently been suggested to dictate the location of assembly sites for autophagosome formation
[115].

CONCLUSIONS

One set of questions that emerges from these recent studies concerns why cells have evolved
multiple pathways to control autophagy. Part of the answer may lie in the pleiotropic nature
of TOR’s many functions. Under some conditions, it may be critical to maintain biosynthesis
or other TOR-dependent activities even as a cell activates autophagy. A range of different
signals may also allow induction of qualitatively different types of autophagy, with different
classes of substrates or cellular regions becoming targeted depending on the inducing signal.
Identification of the pathways targeted by different inducing compounds, and analysis of the
physiological conditions under which these pathways are utilized, will help to clarify this issue.

For autophagy to become a more useful therapeutic tool, it will be critical to better understand
the specific steps affected by different components of both TOR-dependent and -independent
autophagy pathways, as conditions that may benefit from increased autophagy may actually
worsen if autophagy is induced unsuccessfully [77*]. Looking ahead, there are still significant
gaps in our understanding of how the recently identified nutrient-dependent inputs to TOR —
Vps34, Rags, MAP4K3, RalA, and likely others — are integrated and coordinated with one
another, and how these factors themselves are regulated by nutrients. Downstream of TOR,
further studies are required to determine how the Atg1/Atg13 complex is regulated by TOR,
the mechanistic role this complex plays in autophagosome formation, and how TOR and Atgl/
Atg13 interact with Beclin 1/Vps34 complexes. Together, this information will provide a
comprehensive picture of the steps leading from changes in nutrient levels to the activation of
autophagosome formation, and should lead toward new therapies based on precise control and
targeting of autophagy.
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Figure 1. Mechanisms of signaling redundancy in the TOR pathway

Multiple inputs regulate activity of the TOR/Raptor/Lst8 complex (TORCL1) through redundant
upstream signaling pathways. Interactions leading to activation of a downstream component
are indicated by arrows; those that inhibit are indicated by a bar. The canonical Tsc1/Tsc2-
dependent TOR pathway is indicated by the blue lines. Recently described Tsc1/Tsc2-
independent signals are shown in red. Decreases in cellular energy level (ATP/AMP ratio)
cause phosphorylation of Raptor by the AMP-dependent protein kinase, leading to 14-3-3
mediated inhibition of TORC1 [20]. In response to insulin and other growth factors, Akt
phosphorylates and inactivates PRAS40 (not shown), an inhibitor of TORC1 [21-24].
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Decreases in cellular oxygen levels lead to increased expression of hypoxia-induced genes,
including Bnip3, which binds and inhibits the small GTPase Rheb [27].
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Figure 2. Mechanisms of feedback signaling in the TOR pathway

(a) Negative feedback mechanisms that limit activation of autophagy are shown in red. Protein
degradation within the autolysosome raises the intracellular levels of amino acids, leading to
activation of TOR through the RagA/RagC small GTPases and other nutrient signaling
pathways. TOR activity is self-limited through an S6K-mediated inhibition of IRS1 (not
shown), an essential component in the insulin/PI3K/AKkt pathway upstream of Rheb. S6K is
also involved in a self-limiting pathway in autophagy induction downstream of TOR, probably
through its function in protein synthesis. Inhibition of TOR leads to both activation of Atgl
and inactivation of S6K; both of these kinases play positive roles in starvation-induced
autophagy. (b) Feed-forward mechanisms in TOR signaling, indicated by green lines, may lead
to amplification and stabilization of initially modest changes in TOR activity. DEPTOR,
PRAS40 and Atgl are each inhibited by TOR mediated phosphorylation and in turn inhibit
TOR activity. In yeast, TOR mediates activation of Tap42, which leads to downregulation of
the phosphatase Sit4 and decreased activity of the Tap42 inhibitor Tip41, resulting in further
activation of Tap42.
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