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Abstract

The AMP-activated serine/threonine protein kinase (AMPK) is a sensor of cellular energy status
found in all eukaryotes that is activated under conditions of low intracellular ATP following
stresses such as nutrient deprivation or hypoxia. In the past five years, work from a large number
of laboratories has revealed that one of the major downstream signaling pathways regulated by
AMPK is the mammalian target-of-rapamycin (mTOR pathway). Interestingly, like AMPK, the
mTOR serine/threonine kinase plays key roles not only in growth control and cell proliferation but
also in metabolism. Recent work has revealed that across eukaryotes mTOR orthologs are found in
two biochemically distinct complexes and only one of those complexes (NMTORC1 in mammals) is
acutely sensitive to rapamycin and regulated by nutrients and AMPK. Many details of the
molecular mechanism by which AMPK inhibits mMTORC1 signaling have also been decoded in the
past 5 years. AMPK directly phosphorylates at least two proteins to induce rapid suppression of
mTORC1 activity, the TSC2 tumor suppressor and the critical mTORCL1 binding subunit raptor.
Here we explore the molecular connections between AMPK and mTOR signaling pathways and
examine the physiological processes in which AMPK regulation of mTOR is critical for growth or
metabolic control. The functional conservation of AMPK and TOR in all eukaryotes, and the
sequence conservation around the AMPK phosphorylation sites in raptor across all eukaryotes
examined suggest that this represents a fundamental cell growth module connecting nutrient status
to the cell growth machinery. These findings have broad implications for the control of cell growth
by nutrients in a number of cellular and organismal contexts.
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AMPK is an energy sensor coupled to growth control

The AMP-activated protein kinase (AMPK) is a highly conserved heterotrimeric kinase
complex composed of a catalytic (o)) subunit and two regulatory (B and y) subunits. AMPK
is activated under conditions of energy stress, when intracellular ATP levels decline and
intracellular AMP increases, as occurs during nutrient deprivation or hypoxia (Kahn et al.
2005). Upon energy stress, AMP directly binds to tandem repeats of crystathionine-p-
synthase (CBS) domains in the AMPK vy subunit. Binding of AMP is thought to prevent
dephosphorylation of the critical activation loop threonine in the a subunit (Sanders et al.
2007). The phosphorylation of the activation loop threonine is absolutely required for
AMPK activation. Biochemical and genetic analyses in worms, flies, and mice have
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revealed that the serine/threonine kinase LKB1 represents the major kinase phosphorylating
the AMPK activation loop under conditions of energy stress across metazoans (Hardie et al.
2007). In Saccharomyces cerevisiae, three related upstream kinases phosphorylate SNF1, the
AMPK ortholog, and LKB1 is the human kinase sharing the greatest homology to all three
(Hong, SP et al. 2003, Sutherland et al. 2003).

A fundamental requirement of all cells is that they couple the availability of nutrients to
signals emanating from growth factors to drive proliferation only when nutrients are in
sufficient abundance to guarantee successful cell division. Upon activation under low ATP
conditions, AMPK acts a metabolic checkpoint in the cell, halting cell growth and
suppressing ATP-consuming biosynthetic processes while stimulating ATP-generating
processes to repair the initiating loss of ATP (Shaw et al. 2004a). In addition to its
widespread cell-autonomous role as an energy checkpoint, AMPK also plays key roles in
glucose and lipid metabolism in specialized metabolic tissues in mammals and higher
eukaryotes such as liver, muscle, and adipose (Kahn et al. 2005). Thus AMPK not only
governs cellular energetics, but indeed overall organismal bioenergetics by coordinating the
response between tissues to nutritional input.

Consistent with a role for AMPK in growth control, its major upstream kinase LKB1 is a
human tumor suppressor. LKB1 was originally identified as the human tumor suppressor
gene mutated in Peutz-Jeghers syndrome, an autosomal dominant inherited cancer disorder
(Hemminki et al. 1998). In addition, somatic LKB1 mutations are prevalent in a large
percentage (30-40%) of sporadic non small cell lung cancers (NSCLC) (Sanchez-Cespedes
et al. 2002, Ji et al. 2007). Reintroduction of LKB1 into some LKB1-deficient cancer cell
lines results in growth arrest and reversion of tumorigenecity (for full review see Hezel &
Bardeesy 2008). Moreover, genetically engineered mice bearing a conditionally inactivated
allele of LKB1 have been deleted in a number of tissues revealing that loss of LKB1 in
prostate, skin, uterus, gut, and pancreas is sufficient to initiate hyperplasia and tumorigenesis
in some of these tissues (Hezel & Bardeesy 2008).

However, AMPK is not the only substrate of LKB1. LKB1 similarly phosphorylates the
activation loop of a family of 12 kinases all related to AMPK, also resulting in their
activation (Lizcano et al. 2004, Jaleel et al., 2005). Importantly, of these 14 LKB1-
dependent kinases, only AMPKal and AMPKa2 are activated under low ATP conditions,
probably due to the fact that only they interact with AMPKy which contains the AMP-
binding domains (Al-Hakim et al., 2005). However, two other family members, SNARK/
Nuak2 and SIK2 have been reported to be activated under low energy conditions (Susuki et
al., 2003; Lefebvre and Rosen, 2005; Du et al., 2008). Further work is needed to examine
the regulation of the 12 AMPK-related kinases in additional cell types, and to better examine
whether they also can bind the AMP-responsive gamma subunits of AMPK under some
conditions. Little is currently known about what stimuli direct LKB1 towards any of these
AMPK-related kinases and current evidence suggests that LKB1 is constitutively active and
these other kinases may be regulated through phosphorylation at other sites outside of their
activation loops. Several of these family members have been shown to be transcriptionally
upregulated following specific stimuli, including SIK1 following isoproterenol in a CREB-
dependent manner (Berdeaux et al., 2007), and SNARK/Nuak? following FAS ligand in an
NF-kB dependent manner (Legembre et al., 2004). The reported overlap in downstream
substrates for several of these kinases suggests that their transcriptional upregulation
following specific stimuli would result in the temporally controlled production of active
kinases owing to their constitutive activation by LKB1. Whether the dephosphorylation of
the activation loop threonine is an acutely regulated step for any of the kinases other than
AMPKal and AMPKa?2 also remains to be determined. Finally, thus far there is no
substantial mutational data from human tumors to directly support any of the downstream
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kinases, including AMPK, as being the critical target for LKB1 in tumorigenesis. One
confounding issue with the lack of mutations found in these downstream kinases is that there
is a great deal of redundancy and functional overlap amongst them, suggesting that loss of
any one of them may be compensated for by other family members, unlike the case for
LKB1 where no other specific kinase has been shown to functionally compensate for its
regulation of these kinases in vivo.

Despite the lack of direct mutational evidence implicating AMPK in cancer, a number of
studies in the past 5 years have revealed key growth suppressive roles for AMPK and the
identification of a number of direct substrates for AMPK with well-established roles in
growth control is consistent with the concept of AMPK as a metabolic checkpoint. The
tumor suppressor p53 (Jones et al. 2005) and the CDK inhibitor protein p27 (Liang et al.
2007) have been reported to be direct substrates of AMPK, though neither of the reported
AMPK phosphorylation sites in these proteins exactly conform to the established optimal
substrate motif for AMPK, perhaps suggesting they may be regulated indirectly. Activation
of p53-dependent transcription has been previously been shown to occur downstream of
LKB1 and AMPK activation (Imamura et al. 2001, Karuman et al. 2001, Tiainen et al.
2002).

Notably, Peutz-Jeghers syndrome (PJS) shares a number of clinical features with Cowden’s
Disease, which is caused by inactivating mutations in the PTEN tumor suppressor. This
phenotypic overlap suggested that LKB1-dependent signaling might negatively regulate
some aspect of PI3-kinase signaling, analogous to PTEN function. However, while classic
PI3K/Akt signaling is not elevated in LKB1-deficient cells, we and others discovered that
mTOR signaling is uniquely hyperactivated in LKB1-deficient murine embryonic fibroblasts
(MEFs) and liver (Corredetti et al. 2004, Shaw et al. 2004b, 2005). Consistent with this data
from non-cancerous settings, tumors arising in LKB1-heterozygous mice and human lung
cancer lines lacking LKBL1 similarly exhibit hyperactivation of mTOR (Carretero et al.
2007). Given that mTOR is one of the key downstream targets of P13-kinase signaling, the
observation that mTOR is also elevated in many LKB1-deficient cells and tumors suggested
a common biochemical basis for the clinical overlap observed in Peutz-Jeghers syndrome
and Cowden’s disease.

MTOR is a central regulator of growth and metabolism which is found in
two complexes

mTOR (mammalian target of rapamycin), a serine/threonine kinase highly conserved in all
eukaryotes, is a central regulator of cell growth (Wullschleger et al. 2006). Whereas AMPK
is active under nutrient-poor conditions and inactive under nutrient-rich conditions, mTOR
is activated in the inverse pattern. In higher eukaryotes, mTOR activation requires positive
signals from both nutrients (glucose, amino acids) and growth factors. mTOR, like its
budding yeast orthologs, is found in two biochemically and functionally discrete signaling
complexes (Wullschleger et al. 2006). In mammals, the mTORC1 complex is composed of
four known subunits: raptor (regulatory associated protein of mMTOR), PRAS40, mLSTS8,
and mTOR. Raptor acts as a scaffold to recruit downstream substrates such as 4EBP1 and
ribosomal S6 kinase (p70S6K1), to the mTORC1 complex (Nojima et al. 2004, Schalm et al.
2004). The mTORC2 complex contains rictor (rapamycin insensitive companion of mTOR),
mSIN1, PRR5/Protor, mLST8, and mTOR (Guertin & Sabatini 2007). Signaling from
mTOR complex 1 (mTORC1) is nutrient-sensitive, acutely inhibited by the bacterial
macrolide rapamycin, and controls cell growth, angiogenesis, and metabolism. In contrast,
mTORC2 is not sensitive to nutrients, nor acutely inhibited by rapamycin, and its known
substrates include the hydrophobic motif phosphorylation (“PDK2”) sites in AGC kinases
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including Akt, SGK, and PKC family members (Guertin & Sabatini 2007, Garcia-Martinez
& Alessi 2008).

Downstream of the raptor-mTOR (mTORC1) complex are its two well-characterized
substrates: 4EBP1 and the p70 ribosomal S6 kinase. Phosphorylation of 4EBP-1 by
mMTORC1 suppresses its ability to bind and inhibit the translation initiation factor elF4E.
mTORC1 mediates phosphorylation of S6K at a Thr residue in a hydrophobic motif at the
C-terminus of the kinase domain. A specific motif (TOS motif) found in both 4EBP1 and
S6K was shown to mediate direct binding of these proteins to raptor allowing them to be
phosphorylated in the mTORC1 complex. Mechanistic details of how mTORC1 regulates
the assembly of translational initiation complexes via a number of ordered phosphorylation
events were recently discovered (Holz et al. 2005). mTORC1-dependent translation is
known to control a number of specific cell growth regulators, including cyclin D1, the
HIF-1a transcriptional factor and c-myc, which in turn promote processes including cell
cycle progression, cell growth, glycolysis, and angiogenesis, all contributing to enhanced
tumorigenesis (Guertin & Sabatini 2007). Interestingly, HIF-1a is independently negatively
regulated by the VHL tumor suppressor, providing another link between the mTOR pathway
and cancer. Furthermore, elF4E is an oncogene upregulated in a number of cancers
(Ruggero and Pandolfi 2003), and elF4E overexpression has been shown to be sufficient to
promote rapamycin-resistant growth of tumors (Wendel et al. 2006) and promote increased
cyclin D1 (Averous et al. 2008).

Upstream components of the mTORC1 complex were initially discovered through classical
cancer genetics. The TSC2 tumor suppressor tuberin and its obligate binding partner
hamartin (TSC1), are mutated in a familial tumor syndrome called Tuberous Sclerosis
Complex (TSC). TSC patients are predisposed to widespread benign tumors termed
hamartomas in kidney, lung, brain, and skin. Genetic studies in Drosophila and mammalian
cells identified the Tuberous Sclerosis Complex (TSC) tumor suppressors as critical
upstream inhibitors of the mTORC1 complex. TSC2 (also known as tuberin) contains a
GTPase activating protein (GAP) domain at its carboxyl terminus that inactivates the small
Ras-like GTPase Rheb, which has been shown to associate with and directly activate the
mTORC1 complex in vitro (Sancak et al. 2007). Loss of TSC1 or TSC2 therefore leads to
hyperactivation of mMTORC1. Phosphorylation of TSC1 and TSC2 serves as an integration
point for a wide variety of environmental signals that regulate mTORC1 (Shaw & Cantley
2006). One of the key activators of the mMTORC1 pathway is PI3-kinase, which plays a key
role in promoting cell growth and insulin-mediated effects on metabolism. PI3-kinase via
PDK1 activates the serine/threonine kinase Akt, which directly phosphorylates and
inactivates TSC2 through a poorly-understood mechanism. In addition to TSC2, Akt also
directly phosphorylates and inactivates an inhibitor of the mTORC1 complex named
PRAS40 (Sancak et al. 2007, Vander Haar et al. 2007). In addition to being directly
phosphorylated by Akt, TSC2 is reportedly phosphorylated and inactivated by Erk as well as
its downstream kinase Rsk (Shaw & Cantley 2006).

AMPK inhibits mTORC1 through phosphorylation of TSC2 and raptor

In addition to these growth stimulatory cues that activate mTORC1, the complex is rapidly
inactivated by a wide variety of cell stresses, thereby ensuring that cells do not continue to
grow under unfavorable conditions. One of the unique aspects of the mTORC1 complex is
that unlike many of the aforementioned growth factor activated kinases, it is dependent on
nutrient availability for its kinase activity. Withdrawal of glucose, amino acids, or oxygen

leads to rapid suppression of mMTORCL activity (Shaw & Cantley 2006). Upon LKB1- and
AMP-dependent activation of AMPK by nutrient loss, AMPK directly phosphorylates the

TSC2 tumor suppressor on conserved serine sites distinct from those targeted by other
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kinases, which constitutes one mechanism by which glucose and oxygen control mTORC1
activation (Inoki et al. 2003, Corredetti et al. 2004, Shaw et al., 2004b, Liu et al., 2006).
Ser1387 of human TSC2 (Ser1345 in the rat cDNA) is phosphorylated by AMPK in vivo,
though there may be multiple additional sites. Phosphorylation of Ser1387 was also shown
to serve as a priming site for additional phosphorylations by GSK-3 at Ser1383 and 1379,
which is well-established to target serines 4 residues away from a priming phosphorylation
site (Inoki et al. 2006). This phosphorylation of TSC2 by GSK-3 is inhibited by the Wnt
signaling pathway, creating a signal integration at these sites depending on both the
activation state of AMPK and of GSK-3 that dictates the amount of active TSC2 and hence
downstream mTORC1 signaling. Like TSC2, we anticipate that many substrates of AMPK
may contain phosphorylation sites for additional mitogen-stimulated kinases such as Akt and
Rsk allowing for integration of stress and mitogenic signals.

While TSC2 is clearly a central receiver of a wide variety of positive and negative inputs
that regulate mTORC1], cells lacking TSC2 still partially suppress mTORC1 following
AMPK activation (albeit less so than wild-type cells) suggesting that additional AMPK
substrates may directly or indirectly modulate mTORC1 activity (Hahn-Windgassen et al.
2005; Gwinn et al. 2008). An additional reason to suspect additional AMPK substrates that
regulate mTOR is revealed by the fact that glucose inactivation of AMPK orthologs and
stimulation of TOR orthologs is conserved across all eukaryotes, including several that lack
TSC2 orthologs such as C. elegans and S. cerevisiae. This suggests that either additional
mechanisms exist to coordinate the kinase activity of these two master regulators of cell
growth and metabolism, or AMPK must target additional conserved components of the
pathway. Using an unbiased peptide library screening methodology (Hutti et al. 2004), we
recently identified an optimal substrate motif for AMPK which matches well with previous
optimal AMPK peptide substrate analyses (Scott et al. 2002). Using the AMPK optimal
substrate motif, we performed bioinformatics searches to identify highly conserved
substrates of AMPK that may be involved in growth control. We discovered the critical
mTOR binding partner raptor as a direct substrate of AMPK, and demonstrated that
phosphorylation of raptor by AMPK at two highly conserved serines — Ser722 and Ser792 —
induces their direct binding to 14-3-3, which leads to a suppression of mMTORC1 kinase
activity towards its downstream substrates (Gwinn et al., 2008). Using a phospho-specific
antibody generated against Ser792 we demonstrated that endogenous raptor is rapidly
phosphorylated at Ser792 in wild-type cells following AMPK agonists and this event is
completely absent in AMPK-deficient murine embryonic fibroblasts. Like previous
observations in LKB1-deficient MEFs, AMPK-deficient MEFs are also unable to
downregulate mTORC1 following energy stress (Gwinn et al., 2008).

Using cells reconstituted with a non-phosphorylatable raptor cDNA or wild-type raptor
cDNA, we found that phosphorylation of these two sites in raptor is required for suppression
of mTORCI1 activity and cell cycle arrest by AMPK agonists including AICAR and
phenformin in MEFs. While the p53 tumor suppressor is required for a G1 phase cell cycle
arrest following treatment of MEFs with AMPK agonists (Jones et al. 2005), cells lacking
both p53 and TSC2 still maintain a G2/M cell cycle arrest following AICAR treatment. We
demonstrated that this G2/M arrest is ablated in cells reconstituted with raptor cDNA
mutated at the two AMPK phosphorylation sites (Gwinn et al. 2008). These data
demonstrate for the first time that downregulation of mTOR is required for efficient cell
cycle arrest following AMPK activation. These results also suggest that mTORCL regulates
some step of the G2/M cell cycle progression.

Taken together with previous studies, our findings indicate that energy stress results in
LKB-dependent activation of AMPK, which directly phosphorylates both TSC2 and raptor
to inhibit mTORC1 activity by a dual-pronged mechanism (see Fig. 1). While the data from
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murine embryonic fibroblasts suggests that the phosphorylation of TSC2 and raptor are
required for AMPK to suppress mTORC1, it remains possible that additional substrates of
AMPK also contribute to suppression of mMTORCL1. Interestingly, mTOR itself has been
reported to serve as an AMPK substrate (Cheng et al. 2004), and while the reported site does
not conform to the established AMPK substrate consensus, it remains possible there are
other bona fide sites for AMPK in mTOR.

Another stress context where AMPK suppresses mTORC1 has recently been uncovered.
p53-dependent transcription has been known to result in mTORC1 inhibition in a number of
cell types, though the mechanism remained obscure (Levine et al. 2006). Recently, the
critical transcriptional targets of p53 that mediate the suppression of mMTORC1 were
identified as Sestrinl and Sestrin2 (Budanov & Karin 2008). Overexpression of sestrinl or
sestrin 2 led to increases in AMPK activation and suppression of mTORCL signaling,
whereas mice lacking sestrin2 failed to downregulate mTORCL1 following the carcinogen
DEN. The molecular mechanism by which sestrins activate AMPK remains to be elucidated
and whether sestrins themselves behave as tumor suppressors and in what tissues they are
rate-limiting for suppression of mMTORC1 following genotoxic stress remains to be fully
explored.

Importantly, we expect that the relative contribution of TSC2 as compared to raptor in
suppressing mTORC1 downstream of AMPK will vary from tissue to tissue depending on
TSC2 and raptor expression patterns and crosstalk on these two proteins from other
signaling pathways in individual tissues. Future studies will be needed to define the relative
contribution of AMPK-mediated phosphorylation of raptor and TSC2 in various tissue
settings to define the physiological contexts in which each plays a significant role in
controlling endogenous mTORC1 activity. We explore below some of the tissue settings
where AMPK and mTOR have been shown to play specialized roles.

AMPK and mTOR have opposing roles in specialized metabolic tissues in

mammals

In addition to broad roles in controlling cell growth in all mammalian cell types, mTOR and
AMPK play key roles in a number of “professional” metabolic tissues in mammals. Here we
briefly examine a few tissue settings where AMPK and mTOR have been shown to
demonstrate opposing control of metabolic function.

In the hypothalamus, food intake is controlled by neurons in the arcuate nucleus.
Hypothalmic AMPK is activated in response to low glucose, endocannibinoids, AgRP, or
the gastric hormone ghrelin, all of which are increased during fasting. Conversely, AMPK
activity is decreased upon refeeding or adminstration of insulin or leptin. Consistent with its
suppressive effect on AMPK, leptin induces mTORC1 activity in the neurons of the arcuate
nucleus (Woods et al. 2008). Mice bearing disruptions in AMPK or core mTORC1
components exhibit a variety of defects in food intake and organismal energy metabolism
(Cota et al. 2006, Claret et al. 2007).

Skeletal and cardiac muscle are additional tissues where AMPK and mTOR play key roles
in glucose metabolism, hypertrophy, and the response to exercise. In skeletal muscle,
AMPK activation has been shown to promote mitochondrial biogenesis at least in part
through transcription effects downstream of PGC-1a and PPARS (Jager et al. 2007, Narkar
et al. 2008). Consistent with an observed loss of mitochondrial mass, mice lacking AMPK
function in muscle, either from expression of a dominant-negative AMPK or deletion of
LKB1, exhibit dramatic reduction in voluntary exercise (Mu et al. 2001, Thomson et al.
2007). Resistance exercise in humans has been shown to decrease mTORC1-dependent
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phosphorylation of 4EBP1 coincident with maximal activation of AMPK (Dreyer et al.
2006). Whether AMPK-deficient mice show elevations in mTOR within subtypes of muscle
following exercise and whether mTORC1 plays any role in the metabolic reprogramming of
muscle fiber type remains to be examined. The picture in skeletal muscle is likely to be
complex, as both AMPK and mTOR have been reported to stimulate PGC-1a-dependent
mitochondrial biogenesis in this tissue, albeit via distinct mechanisms (Jager et al. 2007;
Cunningham et al., 2007). Indeed, previous observation suggest isoform specific AMPK
activation in individual muscle types (McGee et al, 2008), suggesting a thorough analysis of
all fiber types and muscle groups in the individual AMPKal and AMPKa2 knockout mice
and ultimately a skeletal muscle tissue-specific deletion of both, will prove necessary to
define where and when AMPK is most rate-limiting for mTOR suppression and PGC-1a
regulation following specific stimuli. Notably, mTORC1 signaling following insulin or
leucine or electrical stimulation is suppressed by AICAR pretreatment in EDL,
gastrocnemius, and extensor digitorum longus muscles, respectively (Deshmukh et al. 2008;
Pruznak et al., 2008; Thomson et al., 2008). Importantly, utilizing muscle from knockout
mice lacking AMPKa2 or AMPKY3, it was recently demonstrated that each of these AMPK
isoforms are required for AICAR to suppress mTORC1 activity (Deshmukh et al. 2008).
Indeed AMPK activation by metformin or AICAR or by overexpression of activated LKB1
inhibits protein synthesis and hypertrophy in neonatal rat cardiac myocytes coincident with
suppression of mMTORC1 signaling (Chan et al. 2004, Noga et al. 2007). Consistent with
these findings, induction of hypertrophy by angiotensin Il is accompanied by inhibition of
AMPK and activation of mMTORC1 (Stuck et al. 2008). In critical genetic tests of the
involvement of AMPK in cardiac hypertrophy, two independent studies found that following
isoproterenol (Zarrinpashneh et al. 2008), or transverse aortic constriction (Zhang et al.
2008), increased hypertrophy was observed in AMPKa2-deficient mice, which correlated
with dramatic increases in mTORC1 signaling in the AMPKa2-deficient hearts (Zhang et al.
2008). Although much remains to be elucidated in these models and the molecular interplay
between AMPK and mTOR signaling in skeletal and cardiac muscle, it is clear that AMPK
modulation of mMTOR may play a central role in cardiac hypertrophy.

In liver, AMPK plays key roles in glucose and lipid metabolism. Hormones that activate
AMPK in liver including glucagon (Kimball et al. 2004) and adiponectin (Wang et al. 2007)
have been reported to suppress mTORCL1 signaling. AMPK-dependent effects on hepatic
gluconeogenesis are mediated through direct phosphorylation of transcription factors and
coactivators that control transcription of gluconeogenic enzymes (Yang et al., 2001; Hong,
YH etal., 2003; Koo et al. 2005; Inoue and Yamauchi, 2006). Hence regulation of
gluconeogenesis by AMPK is likely independent of effects on mTOR. In contrast,
lipogenesis is controlled in part by mTORC1-dependent signals. One key regulator of
lipogenesis is the SREBP1 transcription factor. SREBP-1 is a sterol-sensing transcription
factor that drives lipogenesis not only in liver, but also in a large variety of mammalian
cells. Recently, mMTORCL1 signaling was shown to be required for nuclear accumulation of
SREBP1 and the induction of SREBP1 target genes (Porstmann et al. 2008). Similar to
rapamycin, treatment with AMPK agonists including AICAR and 2DG resulted in
suppression of nuclear SREBP1 accumulation (Porstmann et al. 2008). Similarly, nuclear
SREBP1 is suppressed in the liver of mice treated with metformin (Zhou et al. 2001).
Metformin treatment or overexpression of an activated allele of AMPK was found to be
sufficient to reduce triglyceride content in insulin resistant HepG2 cells (Zang et al. 2004).
Mice lacking hepatic AMPK function due to liver-specific LKB1 deletion show elevated
SREBP1 and SREBP1 target genes resulting in lipid accumulation and hepatic steatosis
(Shaw et al. 2005). Metformin treatment of mice leads to robust phosphorylation of raptor
Ser792 in murine liver, which is ablated in the LKB1-liver specific knockout mice further
illustrating that this molecular event may be relevant in the context of AMPK-mediated
control of lipid metabolism (Gwinn et al. 2008). Beyond hepatic lipogenesis, SREBP1 has

Acta Physiol (Oxf). Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shaw

Page 8

been shown to be critical for cell growth in both Drosophila and mammalian cells
(Porstmann et al. 2008) suggesting that it may be a critical target of AMPK and mTOR
signaling not only in the context of metabolic disease, but also in tumorigenesis. Consistent
with this idea, expression the SREBP-1 transcriptional target Fatty Acid Synthase (FASN)
has been linked to breast cancer proliferation and FASN inhibitors are beginning to be
explored clinically as anti-cancer agents (Menendez and Lupu, 2007). In future studies, it
will be important to define how much of the lipid-reducing effects of AMPK are due to
direct phosphorylation of lipogenic enzymes such as Acetyl-CoA Carboxylase (ACC), and
how much are due to effects on SREBP-1 dependent transcription through effects of AMPK
on mTORC1.

One final metabolic function that AMPK downregulation of mTORC1 may help explain is
the effect of AMPK activators as an insulin sensitizer. The ability of metformin and other
AMPK-activating drugs to act as insulin sensitizers is well-documented (Towler & Hardie
2007), and one explanation for that effect is that by AMPK lowering hepatic
gluconeogenesis independently from insulin, it relieves the amount of insulin required to be
made by the pancreas to reduce circulating blood glucose. Another, cell-autonomously
molecular explanation for increased insulin resistance observed in the metabolic syndrome
has also been decoded in the past Syears. Upon activation by insulin, the insulin receptor
dimerizes and transphorylates the IRS1 and IRS2 scaffolding proteins which bind which
then serve as docking sites for the regulatory subunit of PI3-kinase, and are responsible for
insulin-dependent P13-kinase activation (Manning 2004). A large number of laboratories in
the past 5 years have discovered that one effect of hyperglycemia, hyperlipidemia, and
hyperinsulinemia in the circulation is chronic hyperactivation of the mTORC1 complex, and
that mMTORC1 and its downstream effector S6K1 both directly phosphorylate the IRS family
of scaffolds leading to their targeted degradation (Harrington et al. 2004, Shah et al., 2004).
This negative feedback loop suppressing of IRS-PI3-kinase activation can explain effects of
overnutrition in the organism as well as in cultured cells (Um et al. 2004). Since mTORC1
activity is dictating the extent of the feedback and suppression of PI13-kinase activity, AMPK
activation actually serves to attenuate the feedback and promotes cell autonomous
restoration of IRS protein levels and IRS signaling to P13-kinase. The net effect is most
clearly observed on IRS protein levels and Akt activation. When mTORC1 activity is high,
IRS proteins are low and Akt is inhibited. When AMPK is activated, it suppresses
mMTORCI, restoring IRS protein levels and Akt activation.

AMPK and TOR function in model organisms to control growth,
metabolism, autophagy, and aging

The central role of AMPK in growth and metabolic regulation is widely conserved across
eukaryotes. First studied in budding yeast, the AMPK ortholog Snfl coordinates the
response to altered carbon sources as well as diverse environmental stresses including salt
stress, nutrient deprivation, and hypoxia (Hong and Carlson 2007). In a manner parallel to
its effects on mammalian physiology, under low glucose conditions Snfl is activated and
promotes a reprogramming of glucose metabolism via regulation of a number of
transcription factors. Snfl is also activated upon nitrogen starvation, paralleling inactivation
of TOR (Orlova et al. 2006). Further emphasizing the convergence of these pathways across
evolution, Snfl- and TOR- dependent signals have been shown to converge in the
transcriptional regulation of stress-responsive transcription factors GIn3 and Msn2 (Bertram
et al. 2002, Mayordomo et al. 2002). In addition, deletions in AMPK a or y subunit
orthologs result in shortened lifespan in response to nutrient deprivation in yeast (Ashrafi et
al. 2000). Opposing the effects seen for AMPK, depletion of TOR or its effector S6K
ortholog Sch9 results in lifespan extension in budding yeast (Kaeberlein et al. 2005). The
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lifespan extension effects of TOR in yeast have been further linked to suppression of protein
translation (Steffen et al. 2008, Kaeberlein & Kennedy 2008).

Similarly to yeast, AMPK orthologs in plants (KIN10/KIN11) also play a key role in the
response to nutrient deprivation, salt, and herbicide stress (Baena-Gonzalez et al. 2007).
Depletion of AMPK results in shortened lifespan in response environmental stresses
including constant darkness in plants (Baena-Gonzalez et al. 2007, Thelander et al. 2004).
The TOR pathway is also conserved in photosynthetic eukaryotes including the model plant
Aribidopsis thaliana and the green algae Chlamydomonas reinhardtii, and studies using
genetic TOR mutants have revealed that TOR similarly controls cell growth (Diaz-Troya et
al. 2008). Many components of the TORC1 pathway are conserved in plants, and the AMPK
phosphorylation sites are found in the Arabidopsis ortholog of raptor.

The strongest support for opposing roles of AMPK and TOR in growth control, physiology,
and aging amongst lower eukaryotes come from studies in the nematode C. elegans. AMPK
(aak-2) and LKB1 (par-4) orthologs are required for the extended cell cycle arrest of germ
cells in dauer worms (Narbonnay & Roy, 2006) as well as the arrest of L1 stage V lineage
cells under starvation conditions (Baugh & Sternberg, 2006). In both lineages, AMPK or
LKB1 loss causes inappropriate proliferation under nutrient poor conditions. Furthermore,
dauer worms lacking AMPK or LKB1 expend their lipid stores resulting in premature death
(Narbonnay & Roy, 2008). In addition, AMPK activation is required in C. elegans for
lifespan extension by daf-2, heat shock, and glycolytic inhibitors (Apfeld et al. 2004, Curtis
et al. 2006, Schulz et al. 2007). Conversely, suppression of TOR promotes lifespan
extension in C. elegans (Vellai et al. 2003, Jia et al. 2004, Kapahi P et al. 2004). Lifespan
extension has also been observed with depletion of the TORC1 downstream effectors S6K
and elF4E (Hansen et al. 2007, Pan et al. 2007, Syntichaki et al. 2007), as well as with TOR-
dependent autophagy components and the Pha-4 Foxa transcription factor (Hansen et al.
2008, Sheaffer et al. 2008), which was previously found as a key lifespan extension gene
required for caloric restriction to extend lifespan in C. elegans (Panowski et al. 2007)

It is likely that conserved and opposing roles for AMPK and TOR will be uncovered in other
model organisms as well. TOR has a central role in cell growth in all eukaryotes examined
to date and recently AMPK activation has been shown to suppress cell proliferation in both
Drosophila and Dictyostelium (Mandal et al. 2005, Bokko et al. 2007).

In addition to effects on protein translation that impact cell growth, metabolism, and aging,
TOR also has an independent role in the suppression of autophagy under nutrient-rich
conditions. Autophagy is the process by which cells consume their own proteins and
organelles to maintain levels of essential building blocks and promote survival under
nutrient-poor conditions (Levine & Kroemer 2008, Mizushima et al. 2008). The conserved
roles of AMPK to promote autophagy from yeast to fly to mammals (Meijer, A.J., &
Codogno 2007; Lippai et al., 2008; Hoyer-Hansen & Jaattela 2007) and of TOR to suppress
autophagy across those species (Noda & Ohsumi 1998, Dubouloz et al. 2005, Arsham &
Neufeld 2006), suggest that these two central metabolic integrators play key roles in the
molecular regulation of this process. A conserved role for TOR in autophagy control is well
established from budding yeast studies demonstrating that TOR controls the first committed
step of autophagy through regulation of the ATG1 serine/threonine kinase (Kamada et al.
2004). mTOR is also known to control mammalian autophagy, and the ATG1 orthologs
ULK1 and ULK?2 also have reported roles in autophagy in different mammalian cell types
(Stephan & Herman 2006) though much further work is needed to dissect the molecular
details in higher eukaryotes. The ability of AMPK to promote cell survival under conditions
of environmental stress may lie in part in its ability to stimulate autophagy. This cell
survival mechanism is likely to play a significant role in tumor cells facing a variety of
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energetic and environmental stresses as well as in the control of stress resistance and
lifespan of the aforementioned species. Notably, autophagy has been tied to lifespan
extension as well (Jia & Levine, 2007, Hansen et al. 2008).

Given this plethora of conserved functions for AMPK and TOR, it will be interesting to
determine if the predicted AMPK phosphorylation sites in raptor similarly dictate nutrient
dependent responses governing cell growth, aging, and stress response in lower organisms.

Therapeutic implications

The suppression of mMTORC1 signaling by AMPK has two immediate therapeutic
implications for the treatment of human cancer using existing FDA-approved agents:

1. Tumors in Peutz-Jeghers patients or sporadic non small cell lung cancers lacking
LKB1 may be sensitive to mTORCL inhibitors including rapamycin analogs or
mTOR kinase inhibitors

2. Any tumor exhibiting hyperactivation of mMTORC1 may be sensitive to growth
suppression by AMPK agonists

Rapamycin as a therapeutic for hamartomas and other LKB1-deficient tumors

Aberrant activation of the mTORC1 pathway has been observed in spontaneously arising
tumors in mice genetically engineered for loss of the tumor suppressors Pten, Nfl, Tsc2, or
Lkb1 (Shaw and Cantley 2006). Mutations in these genes are responsible for the inherited
cancer syndromes Cowden’s disease, Neurofibromatosis Type I, Tuberous Sclerosis
Complex, and Peutz-Jeghers syndrome, collectively referred to as phakomatoses and all
sharing overlapping clinical features including the development of hamartomas and
pigmentation defects. As illustrated in Figure 1, biochemical and cell biological studies from
the past decade have revealed that these tumor suppressors all are direct components of the
mTOR signaling pathway that serve to inhibit mMTORCL1 activity.

The underlying hypothesis is that mutational inactivation of these tumor suppressors in
individual cells lead to cell-autonomous hyperactivation of mTORC1, promoting cell growth
and ultimately resulting in tumors that are subsequently reliant on mTORCL1 signaling for
tumor maintenance. Consistent with this possibility, rapamycin analogs have been examined
for their therapeutic efficacy in the suppression of tumors that arise in a number of the
aforementioned mouse models. The Pten+/—, Nfl+/—, Tsc+/—, and activated Akt transgenic
mouse models have also proven to be responsive to rapamycin analogs. These drugs have
been proven to effectively inhibit mMTORCL1 in vivo and reduce tumor burden through
mTORC1 dependent mechanisms, including suppression of cyclin D, Mcl-1, or HIF-1a and
its targets (Podsypanina et al. 2001, Majumder et al. 2004, Wendel et al. 2006, Johannessen
et al. 2008).

In recent clinical trials, rapamycin analogs were shown to have palliative success on patients
with PTEN-deficient glioblastomas and metastatic renal cell carcinoma (Hudes et al. 2007,
Cloughesy et al. 2008) Furthermore, in a pair of phase Il clinical trials involving tuberous
sclerosis (TSC) and lymphangioleiomyomatosis (LAM) patients, partial responses to the
rapamycin analogs were observed, including regression of angiomyoliomas (Bissler et al.
2008, Davies et al. 2008). Combined with data from mouse models, these clinical data
suggest that hamartoma syndromes with hyperactivation of mMTORC1 may be particularly
responsive to rapamycin analogs as a single agent. To date there are no therapies to treat
Peutz-Jeghers syndrome (PJS) and the only course of treatment is resection of arising
gastrointestinal hamartomatous polyps. We and others have recently completed a preclinical
trial using rapamycin to treat the Lkb1+/— mouse model of PJS which displayed great
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efficacy (Wei et al. 2008, Shackelford et al. submitted). While these results are encouraging
for the use of rapamycin analogs as therapeutics for PJS, like the recent Phase Il clinical trial
findings with TSC patients, removal of the drug may result in rapid return of the initial
tumor due to the largely cytostatic nature of the response (Bissler et al. 2008). Perhaps new,
targeted inhibitors directed at the kinase domain of mTOR will produce greater therapeutic
response with targeted cytotoxicity, or perhaps kinase inhibitors that dually inactivate
mTOR and PI3K would be even more effective, as PI3K provides a survival signal in most
epithelial cell types. As observed in most cancers studied to date, combinations of targeted
therapeutics, or of targeted and traditional chemo-therapeutics may find the ultimate utility
in the treatment of this disease. Importantly, it is worth noting here that rapamycin treatment
may not only be therapeutically useful for the hamartomas that arise in Peutz-Jeghers
patients, but also in preventing and reducing any secondary malignancies that arise in these
patients at additional sites (breast, pancreas, ovary).

In terms of human disease however, the number of patients with Peutz-Jeghers syndrome is
dwarfed by the number of people with sporadic lung tumors containing LKB1 mutations.
Recent studies have revealed that LKB1 mutations are among the most common in smoking-
associated lung tumors, which are still the most common form of cancer in the United States
and worldwide. LKB1 mutations are found in non-small cell lung carcinomas, which
represent 85% of lung cancer, and mutation rate estimates vary between 20% and 40%
depending on the study and the methodology employed for detecting LKBL1 alterations (Ji et
al. 2007, Hezel & Bardeesy 2008). Analysis of human NSCLC cell lines and primary tumors
have revealed loss of AMPK and hyperactivation of mMTORC1 (Carretero et al. 2005),
indicating that the AMPK/ mTOR pathway is likely a relevant target of LKB1 for the
suppression of tumorigenesis in the setting of the lung. Interestingly, the K-ras oncogene is
frequently co-mutated with LKB1 in NSCLC (Makowski & Hayes 2008). To model these
tumors, mice bearing a conditional activated allele of K-ras were crossed to those bearing a
conditional inactivating allele of LKB1 and then mice were treated with an aerosolized
adenovirus inducing deletion and hence simultaneous activation of K-ras and loss of LKB1
in isolated lung cells (Ji et al. 2007). The K-ras, LKB1 double mutant mice showed a
dramatic increase in their tumor incidence and metastasis resulting in rapid acceleration of
death (25 weeks for K-ras alone vs. 10 weeks for K-ras and LKB1 mutant).
Immunohistochemical analysis of these tumors revealed that the LKB1-deficient tumors
showed loss of AMPK signaling and even further increases in mTORC1 signaling beyond
what was observed with K-ras alone (Ji et al. 2007). Combined with the human data, these
data reinforce that the AMPK/ mTORC1 pathway may be relevant for tumorigenesis in this
setting. Whether mTORCL inhibitors as a single agent would show any utility against these
tumors is unclear, although given that the tumors are not only mutant for LKB1, but also
have all the K-ras dependent mitogenic signaling pathways stimulated, one might imagine a
combination of mMTORCL1 and Erk, or mTORCL1 and Akt inhibitors might demonstrate
greater clinical efficacy.

Beyond Peutz-Jeghers syndrome and NSCLC patients, the fact that LKB1 is rate-limiting for
tumor formation in a number of tissue settings in the mouse suggests that LKB1, and hence
AMPK, may have a wider role in human cancers than currently appreciated. In particular,
LKBL1 deficiency in prostate, keratinocytes, uterine epithelium, pancreas, and bone all give
rise to tumor-prone phenotypes (Hezel & Bardeesy 2008). Whether these tumors all possess
elevations of mMTORC1 remains to be determined. As AMPK likely has multiple substrates
involved growth control, and LKB1 regulates 12 kinases in addition to AMPK, the relative
importance of mMTORC1 hyperactivation to the tumor phenotype in each of these contexts is
an open question that remains to be answered.
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Finally, therapeutics aimed at AMPK activation also hold potential for cancer. AMPK
activation by metformin or AICAR inhibits the growth of tumor cell in culture as well as in
xenograft models (Buzzai et al. 2007). Moreover, metformin treatment suppresses naturally-
arising tumors in transgenic and carcinogen-treated rodent cancer models (Schneider et al.
2001, Anisimov et al. 2005, Huang et al. 2008). Given the known pharmacokinetics and
widespread long-term clinical use of metformin, its utility as a potential chemotherapeutic
modality deserves further attention. In addition, the biguanide phenformin which was
removed from clinical use for type 2 diabetes due to incidence of fatalities from lactic
acidosis, may find modern utility as a anti-cancer agent as the dosing and duration of its use
would be quite distinct from that used for diabetes. Recently, the first study to directly
compare the anti-tumoral efficacy of metformin, phenformin, and the small molecule
compound Abbott A769662 was reported (Huang et al. 2008). The authors examined the
ability of each of these AMPK activators to suppress tumors in Pten+/— mice, which are
prone to spontaneously-arising lymphomas. While all three compounds resulted in delayed
tumor onset, phenformin and Abbott A769662 suppressed tumors with much greater
efficacy, which correlated with their ability to activate AMPK and suppress mTORC1 in a
wide number of tissues in vivo, unlike metformin, which caused more transient and less
robust changes on the signaling pathways in most tissues examined. Perhaps key to the
success observed here is the fact that the tumors initiated from loss of Pten and hence
activation of P13-kinase, making mTORC1 hyperactivation of the biochemical initiating
events for this tumor type and increasing the odds that mTORC1 signaling is required for the
tumor. These data also suggest a possible therapeutic window for the use of AMPK agonists
to treat tumors arising in patients with Tuberous Sclerosis Complex or for tumors exhibiting
hyperactivation of mTOR by other genetic lesions. The fact that the targeted Abbott
compound also performed well suggests that AMPK is in fact the key target of the
biguanides in tumor reduction, though off-target effects of the Abbott compound have also
been reported (Moreno et al. 2008).

Importantly, compounds that activate AMPK will not only inhibit tumorigenesis via
suppression of mMTORC1 and lipogenic targets such as ACC, but perhaps also through
alterations in organismal metabolism such as reducing blood glucose and insulin resistance,
leading to lowered systemic blood insulin levels as well. Given the number of type 2
diabetics worldwide taking metformin daily (>100 million), epidemiologists have begun
examing cancer incidence of those taking metformin. Initial studies have revealed that
diabetic patients taking metformin exhibit a statistical reduction of tumor incidence (Evans
et al. 2005, Bowker et al., 2006). Many additional epidemiological studies are required to
determine whether there is indeed a clear effect of prolonged use of these compounds. Most
important will be determining if any particular tumor types and any specific tumor
genotypes best predict therapeutic efficacy of these compounds.

In fact, tumor cells lacking LKB1 are hypersensitive to apoptosis in culture following
treatment with energy stress inducing agents, presumably originating from an inability to
restore ATP levels due to AMPK deficiency (Shaw et al. 20044, Carrereto et al. 2005,
Memmott et al. 2008). However, in cells with functional AMPK signaling, the ability of
AMPK to restore ATP levels results in cell survival effects in a number of cell types, which
might result in increased tumor cell survival even if it caused a growth arrest of cells within
the tumor. However, the magnitude of ATP depletion and effective level of energy stress
different cell populations face in vivo induced by each combination of drugs, combined with
the status of apoptotic and pro-survival signals in these cells is something that can only be
modeled accurately in vivo, reinforcing the need for better mouse models of spontaneously
arising tumors in their natural tissue setting.
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Unanswered questions and future perspectives

The existence of a nutrient-regulated endogenous tumor suppressor pathway that couples
cell growth to glucose and lipid metabolism results in a number of intriguing predictions and
unanswered questions. For example, do environmental factors such as diet and exercise that
contribute to physiological AMPK activation modulate tumorigenic risk through mTORC1
suppression? It is clear from a large number of epidemiology studies that cancer risk is
elevated amongst individuals with metabolic syndrome, or obesity, or type 2 diabetes alone
(Martinez et al. 2008). While a number of metabolic factors are deregulated in these
individuals, not the least of which are increased insulin levels and commensurate changes in
the insulin/IGF-1 signaling axis, these individuals also show hyperactivation of mMTORCL1 in
many peripheral cell types which may contribute to increased cell proliferation of certain
lineages. The identity of the cell types most sensitive to growth suppression effects of
AMPK and LKB1 may reveal those lineages in which cell growth is most tightly coupled to
dietary conditions. Conversely, exercise and caloric restriction, which both activate AMPK
in some lineages, can lower overall cancer risk and improve cancer prognosis (McTiernan
2008). The mammalian cell types in which exercise and caloric restriction suppress cell
growth and cancer risk also remain to be delineated. Though much remains to be done to
examine whether AMPK mediates some of the beneficial effects of exercise and caloric
restriction on cancer risk, a recent study revealed that AMPK was activated, and mTORC1
signaling was suppressed, in some rodent tissues in a dose-dependent manner by increasing
amounts of dietary restriction (Jiang et al. 2008). Conversely, high fat diet was observed to
increase mTOR and decrease AMPK activity in some mouse tissues (Moore et al., 2008).

Future studies are needed to further delineate the full set of tissue types and physiological
conditions in which AMPK plays a prominent role in the regulation of overall mMTOR
activity. The investigation of mice deficient in AMPKal or AMPKoa2, as well as mice
bearing tissue-specific deletions of both will be critical for these studies, and will also be
useful for defining tissues where loss of AMPK is sufficient to promote tumorigenesis.
While AMPK regulation of mTOR is most likely to play a role in tissues that experience
physiological or pathological energy stress, in other tissues and conditions, the activation of
mTOR by nutrients and growth factors may play a more prominent role in dictating the level
of mTOR activity.

In addition to cell proliferation, cell survival, and autophagy, inhibition of mMTORC1 by
AMPK will likely play a physiological role in other biological processes that mMTORCL is
known to regulate including angiogenesis, mitochondrial metabolism, viral infection, and
specific transcriptional responses. The existence of diverse biological and metabolic
processes regulated by AMPK for which there are few known direct effectors suggests that
there are many critical substrates yet to be identified. It will also be interesting to determine
which of these will turn out to involve inhibition of mMTORC1 as the as-of-yet unappreciated
molecular mechanism.

In addition to clear roles in cell growth, the central role of AMPK and mTOR in autophagic
control may be key to many differentiated non-dividing adult cells throughout the body in
response to dietary and hormonal homeostasis fluctuations. The critical role that autophagy
is beginning to be appreciated to play in the pathology of cancer, neurological diseases, and
metabolic diseases, is just one more indication that this basic signaling pathway connecting
AMPK to mTORCL1 is likely to lie at the heart of many human maladies (Levine & Kroemer
2008). As the response to a shortage of environmental nutrients and resultant loss in cellular
energy represents one of the most fundamental pathological events in all organisms, we
anticipate that further investigation of the downstream targets of AMPK will provide great
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insight into the emerging nexus of cancer and metabolic disease controlled by this ancestral
signaling pathway.
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Figure 1.

Nutrients and growth factors converge to regulate the mTORC1 complex in mammalian
cells. Inherited mutations in LKB1, TSC1. TSC2, and PTEN all result in hamartoma
syndromes in humans indicating that hyperactivation of mMTORC1 is a common biochemical
mechanism underlying these genetic disorders.
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