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Abstract

The protein kinase mTOR (mammalian target of rapamycin) is a critical regulator of cellular
metabolism, growth, and proliferation. These processes contribute to tumor formation, and many
cancers are characterized by aberrant activation of mTOR. Although activating mutations in mTOR
itself have not been identified, deregulation of upstream components that regulate mTOR are
prevalent in cancer. The prototypic mechanism of mTOR regulation in cells is through activation of
the PI13K/Akt pathway, but mTOR receives input from multiple signaling pathways. This review will
discuss Akt-dependent and independent mechanisms of mTOR regulation in response to mitogenic
signals, as well as its regulation in response to energy and nutrient-sensing pathways. Preclinical and
clinical studies have demonstrated that tumors bearing genetic alterations that activate mTOR are
sensitive to pharmacologic inhibition of mTOR. Elucidation of novel pathways that regulate mTOR
may help identify predictive factors for sensitivity to mTOR inhibitors and could provide new
therapeutic targets for inhibiting the mTOR pathway in cancer. This review will also highlight
pharmacologic approaches that inhibit mTOR via activation of the AMP-activated protein kinase
(AMPK), an important inhibitor of the mTOR pathway and an emerging target in cancer.
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1. Introduction

The serine-threonine kinase mTOR is a master regulator of protein synthesis, and plays
important roles in other biological processes that support cell growth and survival, such as
angiogenesis and autophagy. mTOR exists in two functionally distinct complexes in cells,
namely mTORC1 and mTORC2. mTORC1 is composed of mTOR, Raptor, mLST8, and
PRAS40, and is sensitive to inhibition by the macrolide antibiotic rapamycin. Importantly,
mMTORC1 activates S6K1 (p70 ribosomal protein S6 kinase) and inactivates 4E-BP1 (elF4E
binding protein 1), which promotes protein translation and cell growth. Conversely, mTORC2
iscomposed of MTOR, Rictor, Sinl, and mLST8. Although originally reported to be insensitive
to rapamycin, long-term treatment of mammalian cells with rapamycin indirectly inhibits
mMTORC?2 [1]. The role of mMTORC?2 in regulating cellular processes is not well understood.
However, mTORC?2 can regulate the assembly of the actin cytoskeleton in response to
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mitogenic signals through phosphorylation and activation of PKCa, a member of the AGC
family of serine-threonine kinases [2,3]. mMTORC2 also phosphorylates and activates another
member of the AGC kinase family, Akt [4]. Because Akt promotes cell proliferation and
survival and inhibits apoptosis, activation of Akt by mTORC2 could be another important
mechanism by which mTOR promotes tumorigenesis.

2. Canonical pathway of mTOR (Akt-dependent) regulation

mTOR is regulated by mitogen-responsive signaling pathways and pathways that signal the
availability of intracellular energy and nutrients such as amino acids. The prototypic
mechanism for mTOR regulation by mitogenic signals is activation by the PI3K/Akt pathway
(Figure 1). PI3K is a lipid kinase that is activated by multiple mechanisms, for example, binding
of growth factors to receptor tyrosine kinases, activation of G-protein-coupled receptors, as
well as by oncogenes such as Ras. Once activated, PI3K phosphorylates phosphoinositides at
the D3 position, generating the biologically active lipids, phosphatidylinositol-3,4-
bisphosphate (P1(3,4)P,) and phosphatidylinositol-3,4,5-triphosphate (P1(3,4,5,)P3). The
tumor suppressor and lipid phosphatase PTEN opposes the activity of PI3K by
dephosphorylating phosphoinositides at this site. PI(3,4,5,)P3 binds to the pleckstrin homology
(PH) domain of the serine-threonine kinase Akt, promoting its translocation to the cell
membrane [5,6]. Akt is then activated by sequential phosphorylation at T308 and S473,
residues that are located within the activation loop and C-terminal hydrophobic motif of Akt,
respectively. Phosphorylation at T308 is mediated by PDK-1 (3'phosphoinositide-dependent
kinase 1), which itself is activated by the binding of P1(3,4,5)P3 to its PH domain and
subsequent translocation to the cell membrane [7]. There are many kinases that are capable of
phosphorylating Akt at S473. These include PDK-1 [8], integrin-linked kinase (ILK) or an
ILK-associated kinase [9,10], DNA-dependent protein kinase (DNA-PK) [11,12], and Akt
itself [13]. However, the strongest data supports mMTORC2, which can phosphorylate Akt at
S473 invitro and in vivo, thereby indicating that mTOR can act as both a substrate and effector
of the Akt signaling pathway.

Although Akt has many substrates within the cell, phosphorylation of two substrates, TSC2
and PRASA40, leads to activation of mTOR. Akt indirectly activates mTORCL by direct
phosphorylation of the tumor suppressor TSC2 at S939 and T1462 [14,15]. TSC2 forms a
heterodimeric complex with TSC1, and phosphorylation of TSC2 at these sites inhibits the
GAP (GTPase-activating protein) activity of this complex. Because TSC2 suppresses the
activity of the Ras-related GTPase Rheb, a selective activator of mMTORCYL, inhibition of TSC2
by Akt results in activation of mMTORC1 [16]. The importance of TSC2 in regulating mTOR
is perhaps best demonstrated in patients with tuberous sclerosis (TSC). Germline mutations in
TSC2 and TSC1 occur in TSC, which causes the growth of benign tumors called hamartomas
in many organs. Additionally, somatic mutations in tuberous sclerosis genes occur in
lymphangioleiomyomatosis (LAM), a pulmonary proliferative disorder associated with renal
angiomyolipomas [17]. Lesions that develop in these diseases are characterized by constitutive
activation of the mTOR pathway [18,19]. Preclinical and clinical studies demonstrated that
mTOR inhibitors, such as rapamycin and the rapamycin analogue CCI-779, inhibit tumor
growth in mouse models of TSC as well as TSC patients [20-22]. These studies demonstrate
the importance of the tuberous sclerosis complex in regulating the mTOR pathway, and show
that inhibition of mTOR is sufficient to reverse or ameliorate many clinical manifestations of
TSC.

Akt also activates mTORC1 by a TSC2-independent mechanism. Studies performed using

mass spectrometry demonstrated that Akt directly phosphorylates PRAS40 (proline-rich Akt
substrate 40kDa), a protein that associates with mTORC1 [23]. Akt-mediated phosphorylation
of PRAS40 attenuates its inhibitory effect on mTORC1 [24,25]. Although the mechanism by

Cell Signal. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Memmott and Dennis Page 3

which PRAS40 interacts with mTORCL1 is controversial, PRAS40 inhibits nTORC1
independently of TSC2 because overexpression of PRAS40 in 293T cells transduced with
TSC2 shRNA suppresses S6K1 phosphorylation. Overexpression of PRAS40 in cancer cells
can inhibitmTORC1 and cell proliferation, but inactivation of PRAS40 has not been reported
in cancers with elevated mTOR activity. In addition to phosphorylation of TSC2 and PRAS40,
Akt can also directly phosphorylate mTOR at S2448 in response to insulin stimulation [26].
However, mutation of this residue to alanine, which prevents its phosphorylation, does not
affect downstream signaling to two substrates of nMTORC1, S6K1 and 4E-BP1 [27]. Therefore,
it seems unlikely that phosphorylation of mTOR at S2448 is required for Akt-mediated
activation of mTORCL. Collectively, these studies demonstrate that the PI3K/Akt pathway
propagates mitogenic signals to the mTOR pathway by TSC2-dependent and independent
mechanisms.

3. Akt-independent mechanisms of mTOR regulation

3.1. Akt-independent regulation of mTOR by mitogen-responsive pathways

mTOR is also activated by mitogenic signals through activation of the Ras/MEK/ERK pathway
(Figure 2). Analysis of brain lesions from TSC patients showed that constitutive activation of
ERK frequently occurs in lesions that retain wt TSC1 or TSC2 alleles [28,29]. This suggested
that Erk might post-translationally inhibit TSC function, thereby activating mTOR and
promoting tumorigenesis. Studies performed using mass spectrometry and Scansite, an
internet-based bioinformatics platform that analyzes protein phosphorylation motifs, identified
S664 and S540 as putative ERK phosphorylation sites in TSC2 [30]. A constitutively active
MEK1 mutant induced TSC2 phosphorylation, which was markedly reduced by co-transfection
with a non-phosphorylatable S664A/S540A TSC2 mutant. Phosphorylation of TSC2 by ERK
promoted dissociation of the tuberous sclerosis complex and attenuated TSC2-mediated
inhibition of mTOR in cells. Inhibition of TSC2 by Erk also promoted tumorigenesis in vitro
and in vivo. Tsc2angl sarcoma cells, a cell line derived from TSC2+/— mice, contain
constitutively active Erk and form tumors in nude mice. Retroviral infection of these cells with
the S664A/S540A TSC2 mutant significantly inhibited soft agar colony formation in vitro and
greatly reduced tumor growth in nude mice. Inhibition of tumorigenesis correlated with mTOR
pathway inhibition in these cells. Collectively, these studies demonstrate the importance of the
Ras-MAPK signaling pathway in promoting mTOR-mediated tumorigenesis through Erk-
dependent phosphorylation and inactivation of TSC2.

3.2. Akt-independent regulation of mTOR by energy-sensing pathways

In addition to mitogenic signals, the mTOR pathway is responsive to changes in the energy
status of the cell, i.e., conditions that deplete intracellular energy inhibit mTOR. One
mechanism by which this occurs is through inhibition of mMTORCL1 by the master metabolic
regulator AMP-activated protein kinase (AMPK). AMPK is a heterotrimeric protein comprised
of an alpha catalytic and beta and gamma regulatory subunits. Conditions that deplete
intracellular energy activate AMPK by direct binding of AMP to tandem repeats of
crysthionine-p synthase (CBS) domains located within the gamma (regulatory) subunit [31].
Binding of AMP to this region induces a conformational change in the holoenzyme that
prevents PP2C-mediated dephosphorylation of T172, a residue located within the activation
loop of AMPK’s catalytic subunit [32]. Phosphorylation at this site is required for activation
of AMPK. Therefore, cellular stresses such as nutrient deprivation and hypoxia that increase
the intracellular AMP:ATP ratio, activate AMPK.

AMPK is activated by at least two upstream kinases. Under conditions that increase

intracellular AMP, LKB1 phosphorylates AMPK at T172 [33-35]. LKB1 is an important tumor
suppressor. Germline mutations in LKB1 occur in the hamartomatous syndrome, Peutz-Jeghers
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Syndrome (PJS), which also predisposes to many types of malignant cancer [36]. Additionally,
somatic mutations in LKB1 occur in 30-50% of sporadically occurring lung adenocarcinomas,
as well as other histological types of NSCLC [37-39]. Interestingly, immunohistochemical
analysis of G polyps that develop in LKB1-deficient mouse models of PJS showed that mTOR
pathway activity is elevated in the epithelium of these polyps [40]. A subsequent study
demonstrated that treatment of LKB1-deficient mice with the mTOR inhibitor rapamycin
significantly decreased tumor burden [41]. Additionally, NSCLC cells containing mutant
LKBL1 are resistant to mTOR inhibition and cell death in response to glucose deprivation
[42]. Collectively, these studies underscore the importance of the LKB1/AMPK pathway in
inhibiting mTORC1.

More recently, CaMKK}p was identified as another kinase that phosphorylates AMPK at T172
[43-45]. Unlike LKBL, activation of AMPK by CaMKK} occurs by a mechanism that is AMP-
independent. CaMKK{} activates AMPK in response to conditions that increase intracellular
calcium, for example, in neurons following K*-induced depolarization [43]. Additionally,
binding of hormones and cytokines, such as leptin, thrombin, and epinephrine, to Gg-coupled
receptors activates AMPK [46-48]. Because stimulation of these receptors results in calcium
release, activation of AMPK under these conditions likely occurs by a CaMKKp-dependent
mechanism. However, these studies did not investigate if inhibition of mMTORC1 occurred
under these conditions. Also, unlike LKB1, CaMKKJ} is not ubiquitously expressed, so it may
function in a tissue-specific manner to inhibit mMTORC1 [49]. Therefore, the importance of the
CaMKKB/AMPK pathway in inhibiting mTOR in cells is unclear. However, a study performed
by our group suggested that pharmacologic activation of the CaMKKB/AMPK pathway played
an important role in inhibiting mTOR in NSCLC cells. We showed that treatment of LKB1-
mutant NSCLC cell lines with a lipid-based Akt inhibitor activated AMPK by a mechanism
that was CaMKKp-dependent but independent of LKB1 or Akt [50]. Interestingly, PIAs
inhibited the mTOR pathway in NSCLC cells even in the absence of Akt inhibition, suggesting
that activation of the CaMKKB/AMPK pathway was a major mechanism by which PI1As
inhibited mTORCL1. It is unclear if dysregulation of the CaMKKB/AMPK pathway contributes
to activation of mTOR in cancer cells.

AMPK communicates the energy status of the cell to the mTOR pathway by both indirect and
direct inhibition of MTORC1 (Figure 2). AMPK inhibits mTOR indirectly by phosphorylating
the tumor suppressor TSC2 at S1227 and S1345, which causes its activation [51,52]. You might
want to say that these sites are distinct from Akt/ERK sites. As described previously, TSC2
functions in a heterodimeric complex w/TSCL1 to suppress the Ras-related GTPase, Rheb,
which is a selective activator of mMTORC1. Additionally, AMPK-induced phosphorylation at
S1345 primes TSC2 to be phosphorylated at S1341 and S1337 by GSK3p, a component of the
canonical Wnt signaling pathway [53]. The coordinated phosphorylation of TSC2 by AMPK
and GSK3p is required for maximal activation of TSC2 and inhibition of mMTORC1. The fact
that Akt, ERK, AMPK, and GSK3p phosphorylate TSC2 on distinct sites highlights the
importance of TSC2 in integrating energy-sensing and growth signaling pathways to regulate
protein synthesis.

Although TSC2 is an important mediator of AMPK inhibition of mTOR, studies performed in
TSC2-deficient MEFS demonstrated that pharmacologic activators of AMPK (discussed in
section 4) inhibit mTORC1 even in the absence of TSC2. This suggested that AMPK regulates
the mTOR pathway by an additional mechanism that is independent of TSC2. Studies
performed using tandem-mass spectrometry identified two putative AMPK phosphorylation
sites on Raptor (S722 and S792), a component of mTORC1 [54]. Immunoblotting analysis of
AMPKoa wt and —/— MEFS confirmed that AMPK can phosphorylate these residues in cells
upon stimulation. Phosphorylation of Raptor is an important mechanism by which AMPK
regulates mTORC1 because stable transfection of cells with an AA Raptor mutant that cannot
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be phosphorylated suppressed mTORCL1 inhibition by the AMPK activators AICAR and
phenformin. The fact that AMPK can regulate mTORC1 in a TSC2 dependent and independent
manner shows that the mTOR pathway is highly responsive to changes in intracellular energy.

3.3. Akt-independent regulation of mTOR in response to hypoxia

The mTOR pathway is also inhibited in cells in response to hypoxia by a mechanism that is
independent of AMPK, but dependent on the hypoxia-inducible REDD1 gene and TSC1/2
complex (Figure 2). Hypoxia (1% O5) rapidly inhibits basal levels of mMTORCL activity in
cells, and prevents insulin and growth factor-induced mTORCL1 activation [55]. Although
hypoxia can deplete intracellular energy and activate AMPK, hypoxia inhibits mMTORC1
independently of AMPK because pretreatment of cells with the AMPK inhibitor Compound
C does not prevent hypoxia-induced mTOR inhibition [56]. Similarly, hypoxia inhibits the
mTOR pathway even in cells deficient or mutant for LKB1, a kinase that activates AMPK.
Conversely, REDDL is required for hypoxia-induced mTOR inhibition because studies that
used genetic approaches to decrease expression of REDDL in cells showed that the effects of
hypoxia on the mTOR pathway were abolished under these conditions [56-58]. REDD1 acts
upstream of the TSC1/2 complex because hypoxia does not inhibit mMTORC1 in cells deficient
for TSC1 or TSC2, even when REDD1 is overexpressed [56]. REDD1 promotes TSC1/2-
mediated inhibition of mMTORC1 by binding to the protein 14-3-3 [59], an inhibitor of the
tuberous sclerosis complex [60-62]. Collectively, these studies have identified the REDD1/
TSC1/2 pathway as an important regulator of mTOR in response to hypoxia.

REDD1-mediated inhibition of mTOR in response to hypoxia may prevent tumorigenesis. Loss
of REDD1 increased colony formation of MEFs that expressed constitutively active Akt when
grown under hypoxic conditions, and greatly increased tumor growth in nude mice injected
with these cells subcutaneously [59]. Although these studies demonstrated that mTOR was
refractory to hypoxia-induced inhibition in these cells, it is not clear if aberrant activation of
the mTOR pathway was responsible for tumor growth in this model. Interestingly, studies that
analyzed REDD1 expression in primary breast or invasive prostate carcinomas demonstrated
that REDD1 expression was decreased in ~30% of these samples compared to patient-matched
normal epithelium [59,63]. These studies suggest that mTOR inhibition by REDD1 in response
to hypoxia might prevent tumorigenesis, and could also suggest that cancers with loss of
REDD1 might be sensitive to mTOR pathway inhibition.

3.4. Akt-independent activation of mMTOR by amino acids

The mTOR pathway is also sensitive to the availability of nutrients, such as amino acids.
Increases in the intracellular levels of amino acids, in particular leucine and isoleucine, induce
phosphorylation of the mTORC1 substrates, S6K1 and 4E-BP1. There are multiple
mechanisms by which amino acids activate the mTOR pathway (Figure 2). For example, amino
acid stimulation of nutrient-deprived cells increases MAP kinase kinase kinase kinase-3
(MAP4K3) activity, which correlates with increased phosphorylation of the mTORC1
substrate, S6K1 [64]. Knockdown of MAP4K3 by siRNA abolishes amino acid-induced
phosphorylation of S6K1 in HeLa cells. Although MAP4K3 may be an important mediator of
mTORC1 activation in response to amino acids, the mechanism by which MAP4K3 regulates
mTORCL1 is unclear. The class 11 PI3K, hVps34, also mediates amino acid stimulation of
mMTOR. hVps34 activates mTOR by a mechanism that is dependent on PtdIns-3-P generation,
but independent of TSC2 or Rheb [65,66]. In fact, studies in TSC-deficient cells demonstrated
that the mTOR pathway is activated in response to amino acids even in the absence of TSC
[67]. Interestingly, hVps34 is inhibited by AMPK, so it may integrate signals from both nutrient
and energy-sensing pathways to regulate mTOR. Because neither hVps34 nor MAP4K3
directly activate mTOR, additional studies are needed to elucidate other molecular mediators
of these pathways.
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Amino acid stimulation also increases the GTP-loading and activity of the Rag-GTPases in
cells [68]. Recently, proteomic analysis of mammalian cells identified the Rag proteins as
binding partners of Raptor, a component of mMTORC1. There are four Rag proteins (A-D) in
mammalian cells, with substantial sequence similarity between Rag A and B and between Rag
C and D [69]. These proteins function as heterodimers. Interestingly, the Rag heterodimers
interacted with Raptor in an amino acid-sensitive manner. Binding of the Rag GTPases to
Raptor promoted the co-localization of mMTORC1 with Rheb, an activator of mMTORC1, but did
not affect the kinase activity of mMTORC1. Moreover, studies performed using cells transfected
with constitutively active and inactive Rag mutants demonstrated that the Rag proteins are both
necessary and sufficient for amino acid activation of mTOR. However, the Rag proteins are
not required for regulation of mMTORC1 in response to mitogenic signals or energy deprivation.
Because amino acids affect the co-localization of Rheb with mTORCL, rather than its activity,
this confirms previous studies that demonstrated that amino acids regulate mTOR
independently of the GAP activity of TSC2. Additional studies will need to be performed to
determine if the Rag proteins may interact with components of other amino-acid sensing
pathways, for example hVVps34, and whether aberrations in the Rag proteins are present in
cancer.

3.5. Akt-independent regulation of mTOR by Phospholipase D and phosphatidic acid

The Phospholipase D/phosphatidic acid (PLD/PA) lipid-signaling cascade activates mTOR in
response to mitogenic signals, as well as amino acid availability (Figure 2). PLD can be
activated in response to mitogenic signals by the ARF and Rho family of GTPases [70,71],
conventional protein kinase C isoforms (cPKC) [72], and the Ras-ERK pathway [73,74].
Adequate levels of intracellular amino acids are also required, because amino acid deprivation
inhibits serum-induced PLD activation in cells [75]. Once activated, PLD hydrolyzes
membrane phosphatidylcholine, generating choline and phosphatidic acid (PA). NMR and
mutagenesis studies demonstrated that PA interacts with the FKBP12-rapamycin binding
domain (FRB) of mTOR [76]. Although the mechanism by which PA activates mTOR is
unclear, binding of PA to FRB is required because mutation of a critical residue located within
this domain, R2109, suppresses PA-mediated mTOR activation. Because PA competes with
FKBP12-rapamycin for binding to the FBR, increases in intracellular PA or elevated PLD
activity decrease the sensitivity of cells to rapamycin [77,78]. The relative contribution of PLD
to the regulation of mTOR is unknown. However, the fact that PLD activity and expression
are elevated in multiple cancer types suggests that it might be a useful target in certain cancers
(reviewed in [79]).

Although the PLD/PA pathway was thought to regulate mTOR independently of upstream
components in the Akt/mTOR pathway, recent studies demonstrated that PLD can act
downstream of the Rheb GTPase [75]. Overexpresion of Rheb or loss of TSC2 increases basal
levels of PLD activity. Similarly, activation of PLD in response to mitogens was decreased by
knockdown of Rheb or overexpression of TSC2 in cells. Rheb activates PLD directly because
in vitro assays using purified Rheb and PLD demonstrated that Rheb binds to and activates
PLD in a GTP-dependent manner. Importantly, PLD mediates activation of mTOR by Rheb
because knockdown of PLD1 by shRNA significantly inhibited phosphorylation of the mTOR
substrate S6K in response to overexpression of Rheb in cells. Collectively, these in vitro studies
demonstrate a link between two pathways that regulate mTOR, PLD/PA and TSC2/Rheb, and
provide further insight into a mechanism by which Rheb activates mTOR.

4. Targeting Akt-independent pathways that regulate mTOR in cancer

The mTOR pathway promotes tumorigenesis and is an attractive therapeutic target in cancer.
Clinical trials indicate that rapamycin, an indirect but specific inhibitor of mTOR, and
rapamycin analogues may be effective in the treatment of multiple types of cancer [80-84].
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However, the development and application of these drugs as anti-cancer agents may be limited
because of inability to achieve sufficient levels in tumors or toxicities. Targeting upstream
signaling pathways that regulate mTOR may provide new therapeutic approaches for inhibiting
mTOR in cancer. Drugs that target many of the components of these pathways, such as h\V/ps34
and the Rag proteins, have not been identified. However, there are multiple AMPK activators
in various stages of preclinical and clinical development. Because AMPK inhibits the mTOR
pathway, drugs that activate AMPK may be effective in the treatment of cancer. The activators
of AMPK that are best described are metformin, AICAR, 2-DG, PIAs, and A-769662 (Figure
3).

4.1. Metformin

The most clinically developed AMPK activator is the biguanide metformin, which is widely
utilized for the treatment of Type Il diabetes. The mechanism by which metformin activates
AMPK was recently described [85]. Metformin inhibits complex I of the mitochondrial
respiratory chain, which results in the generation of reactive nitrogen species (ONOO™).
ONOO™ then activates AMPK by a mechanism that is PKC(- and LKB1-dependent.
Specifically, ONOO™ activates PKC(, which in turn, phosphorylates LKB1 at S428 [86].
Phosphorylation of LKB1 at this residue is required for its translocation from the nucleus to
the cytoplasm and subsequent AMPK activation in response to metformin. FDA-approved
doses of metformin activate AMPK in skeletal muscle in patients [87,88], and long-term
treatment is associated with few adverse effects [89]. Interestingly, metformin use in patients
is associated with a decrease in cancer incidence, but whether this is related to activation of
AMPK is unclear [90].

Activation of AMPK by metformin may be necessary, but not sufficient, to inhibit tumor
growth. Studies performed using a panel of breast cancer cell lines demonstrated that metformin
treatment significantly inhibited cell proliferation, which was associated with inhibition of S6K
and S6 phosphorylation by mTOR in these cells [91]. These effects of metformin were AMPK-
dependent because siRNA knockdown of AMPK in cells prevented metformin-induced
inhibition of the mTOR pathway and cell growth. Metformin also inhibits cap-dependent
translation in cancer cells by an AMPK and mTOR-dependent mechanism [92]. These results
suggest that metformin may inhibit cancer cell growth by decreasing protein synthesis. A recent
study also evaluated the efficacy of metformin as an anti-cancer agent in a Pten+/—Lkb1fl/+
mouse model [93]. These mice develop cancers of multiple tissue types, such as lymphomas,
intestinal polyps, pheochromacytomas, and prostate carcinomas. Pten and LKB1 are both
components of pathways that regulate mTOR, and tissues in these mice are characterized by
hyperactivity of the mTOR pathway. Although administration of metformin to Pten+/—LIb1fl/
+ mice activated AMPK in multiple tissues, it only modestly inhibited tumorigenesis in this
mouse model, i.e., it delayed the onset of all tumor types by one month, but did not affect tumor
incidence or morphology.

Inhibition of tumorigenesis by metformin and the cellular response to AMPK activation may
depend upon the status of tumor suppressor genes such as p53 and LKB1. AMPK directly
phosphorylates p53 at S15, which results in its stabilization [94]. Under conditions of nutrient
deprivation, stabilization of p53 induces autophagy [95]. This enables cells to survive through
degradation and metabolism of cytoplasmic components until extracellular nutrients become
available. Therefore, stabilization of p53 by AMPK activators may decrease their efficacy in
the treatment of cancer. In fact, studies performed in isogenic HCT-116 p53 wt and —/—
xenografts demonstrated that metformin preferentially inhibited the growth of p53-deficient
tumors [96]. These results suggest that AMPK activators like metformin may be most effective
in the treatment or prevention of cancers that are p53-deficient. Also, because metformin
activates AMPK by an LKB1-dependent mechanism, metformin may not be effective in the
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treatment of LKBZ1-mutant cancers. Further studies are needed to determine which types of
cancer and molecular contexts would be predictive for response to metformin.

5-aminoimidazole-4-carboxamide ribonuclease (AICAR) is an AMP-mimetic that activates
AMPK by direct allosteric activation, as well as by promoting its phosphorylation by upstream
kinases [97]. LKBL1 is an important mediator of AICAR-induced AMPK activation in cells
because studies performed using LKB1 wt and —/— MEFs demonstrated that AICAR-induced
AMPK phosphorylation was greatly attenuated in the absence of LKB1 [34]. AICAR also
inhibits the mTOR pathway by an LKB1/AMPK-dependent mechanism because inhibition of
S6K1 and S6 phosphorylation by AICAR was greatly diminished in LKB1-deficient MEFs
and LKB1-mutant HelLa cervical carcinoma cells [40]. AMPK activation by AICAR also
inhibits the mTOR pathway in vivo. Studies performed using a diabetes-induced model of renal
hypertrophy in rats demonstrated that intraperitoneal administration of AICAR activated
AMPK in renal cells [98]. This dosing schedule with AICAR also decreased phosphorylation
of 4E-BP1 and S6K1, which correlated with inhibition of diabetes-induced renal hypertrophy.
Collectively, these studies demonstrate that the AMPK activator AICAR inhibits the mTOR
pathway both in vitro and in vivo.

The ability of AICAR to inhibit tumorigenesis was also evaluated in vitro and in vivo. Studies
performed using a panel of cancer cell lines demonstrated that AICAR inhibited cell
proliferation and arrested cells in S-phase in a dose-dependent manner [99]. The ability of
AICAR to inhibit cell proliferation was AMPK-dependent because transfection of cancer cells
with a dominant-negative AMPK or pretreatment with the AMPK inhibitor iodotubericidin
abolished this effect of AICAR. Additionally, AICAR treatment of C6 glioma cell xenografts
decreased tumor weight by ~50%, which correlated with activation of AMPK in these tumors.
These studies did not investigate if inhibition of the mTOR pathway contributed to the anti-
proliferative effects of AICAR.

Conversely, AICAR may prevent the death of cancer cells that have increased dependence on
glucose for survival. For example, cancer cells that express constitutively-active Akt have a
high glycolytic rate and die in response to glucose deprivation [100]. Studies performed using
Akt-transformed glioblastoma cells demonstrated that AICAR protected these cells from death
in response to glucose withdrawal [101]. The protective effects of AICAR were AMPK-
dependent because stable expression of dominant-negative AMPK impaired the ability of
AICAR to prevent cell death in response to glucose withdrawal. However, this was not due to
inhibition of the mTOR pathway because the mTOR inhibitor rapamycin did not protect cancer
cells from death under these conditions. These studies suggest that alterations in cancer cell
glucose metabolism may affect the ability of AMPK activators such as AICAR to inhibit
tumorigenesis.

Although preclinical studies demonstrate that AICAR can inhibit tumorigenesis, the clinical
potential of AICAR is limited due to poor pharmacokinetics and toxicity in patients. Clinical
trials using intravenous or oral administration of AICAR to patients demonstrated that the
bioavailability of AICAR is less than 5% and its half-life is ~ 2 h [102]. Additionally, AICAR
use in patients is associated with significant increases in lactic and uric acid production [102—
104]. Therefore, AICAR may be a useful research tool for studying the effects of AMPK
activation and mTOR inhibition on tumorigenesis, but it is unlikely to have clinical utility.

4.3. 2-Deoxyglucose (2-DG)

2-DG is a hon-hydrolyzable glucose analog that inhibits glycolysis and subsequently activates
AMPK by increasing intracellular AMP [51]. 2-DG activates AMPK and inhibits mTOR by
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an LKB1-dependent mechanism because these effects of 2-DG are greatly attenuated in LKB1-
deficient MEFs and LKB1-mutant cancer cells [105,106]. The modest level of AMPK
activation that is observed in LKB1-mutant cells in response to 2-DG is likely mediated by
CaMKK{} because pretreatment of LKB1-mutant HeLa cancer cells with the CaMKK-specific
inhibitor, STO-609, inhibits 2-DG-induced AMPK activation [44]. 2-DG may have clinical
potential because oral administration can produce plasma concentrations of 5 mM in patients
[107]. Additionally, because 2-DG is preferentially taken up by cancer cells that have elevated
glycolytic activity, treatment with 2-DG could have a high therapeutic index in cancer patients.
Multiple Phase I/11 clinical trials with 2-DG for the treatment of solid tumors are currently
being conducted.

Although 2-DG has been shown to inhibit tumorigenesis in vitro and in vivo, it is unclear if
this is due to AMPK activation and inhibition of the mTOR pathway in cancer cells. For
example, studies performed using nude mice bearing 143b osteosarcoma or MV522 NSCLC
xenografts showed that 2-DG, in combination with adriamycin, significantly decreased tumor
growth compared to treatment with adriamycin alone [108]. However, 2-DG was ineffective
as a single agent in these studies, and it is unknown if this dosing schedule with 2-DG activated
AMPK and inhibited mTOR in vivo. Additionally, 2-DG increases cancer cell death in response
to ionizing radiation in vitro and in vivo [109,110], but this may be due to changes in thiol
metabolism [111]. 2-DG also significantly decreased mammary carcinoma incidence and
multiplicity and increased tumor latency in a 1-methyl-1-nitrosurea-induced rat model of
mammary carcinogenesis [112,113]. Although inhibition of tumorigenesis by 2-DG did
correlate with increased AMPK phosphorylation and decreased mTOR phosphorylation, it is
not clear if these effects of 2-DG were required for inhibition of tumorigenesis. Interestingly,
2-DG may be more effective in the treatment of cancers with low levels of mTOR activity.
Studies performed using a panel of NSCLC cell lines demonstrated that the cytotoxicity of 2-
DG inversely correlated with endogenous levels of phosphorylated Akt and mTOR in cells
when treated under hypoxic conditions [114]. Pretreatment of cells with the mTOR inhibitor
CCI-779 increased the cytotxoicity of 2-DG under these conditions. Therefore, 2-DG may have
clinical utility as a cancer chemotherapeutic, but the role of AMPK activation and mTOR in
mediating these effects is unclear.

4.4. Phosphatidylinositol ether lipid analogues (PIAS)

PlAs are lipid-based Akt inhibitors that were rationally designed via molecular modeling to
target the PH domain of Akt [115]. These drugs are structurally similar to the phosphoinositide
(P1(3,4,5,)P3), which normally binds to the PH domain of Akt in cells. High throughput in
vitro kinase assays demonstrated that PIAs also activate purified AMPK [50]. Studies
performed in NSCLC cell lines confirmed that PIAs activate AMPK independently of either
Aktor LKB1. However, AMPK activation by PIAs requires another upstream kinase of AMPK,
CaMKKGp, in cells.

Because PIAs activate AMPK independently of LKB1, they may be effective in the treatment
of LKB1-mutant cancers, which are characterized by aberrant activation of the mTOR pathway.
In fact, PIA treatment of nude mice bearing LKB1-mutant H157 human NSCLC xenografts
significantly inhibited tumor growth, which correlated with AMPK activation in these tumors.
AMPK activation contributes to the cytotoxicity of PIAs because transfection of H157 cells
with a dominant negative AMPK prevented Pl1A-induced AMPK activation and decreased PIA
cytotoxicity by 50%. The fact that inhibition of tumor growth by P1As in vivo correlated with
induction of AMPK phosphorylation in tumor tissue suggests that AMPK phosphorylation
could serve as a useful biomarker of PIA administration. As PIAs independently inhibit Akt
and activate AMPK, they are distinct amongst existing cancer chemotherapeutics because they
negatively regulate the mTOR pathway through two mechanisms.
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4.5. A-769662

The thienepyridone A-769662 was recently identified as an AMPK activator by screening of
a chemical library of over 700,000 compounds. In vitro kinase assays performed using a panel
of purified kinases demonstrated that A-76962 directly activated AMPK, and did not
significantly affect the activity of the other seventy-six kinases tested [116,117]. Although
A-769662 induces AMPK phosphorylation at T172 in cells independently of changes in the
intracellular AMP:ATP ratio, the role of upstream kinases in mediating cellular AMPK
activation by A-769662 is unclear [117,118]. A-769662 also activates AMPK in vivo, because
oral administration of A-769662 to Pten+/+Lkb1+/+ and Pten+/—Lkb1fl/+ mice activated
AMPK in the livers, spleens, and intestines of these mice, and did so with greater potency than
metformin [93]. A-769662 may have potential as an anti-cancer agent because it significantly
increased tumor latency and decreased tumor incidence in Pten+/—Lkb1fl/+ mice. However,
these studies did not investigate if AMPK activation contributed to the ability of A-769962 to
inhibit tumorigenesis in these mice, nor did they evaluate if A-769662 inhibited the mTOR
pathway.

5. Conclusion

mTOR pathway activation promotes tumorigenesis, and mTOR is a bona fide target in cancer.
Inhibitors of mMTOR such as rapamycin and its analogues are currently being evaluated in
clinical trials for the treatment of many types of cancer. However, the therapeutic response to
mTOR inhibitors in these trials has been variable, and prolonged administration of these drugs
could be limited due to toxicities in patients. Preclinical and clinical studies also suggest that
mTOR inhibition could result in feedback activation of Akt, which may limit the efficacy of
these drugs as anticancer agents. Although the PI3K/Akt pathway is an important activator of
mTOR, multiple signaling pathways regulate mTOR independently of Akt in response to
mitogens, nutrient availability, and conditions that deplete intracellular energy, such as
hypoxia. Targeting upstream components of these pathways may provide new therapeutic
approaches for inhibiting mTOR in cancer. Drugs that activate AMPK, such as metformin and
2-DG, could have potential as anti-cancer agents because they are well tolerated and have
favorable pharmacologic characteristics. Preclinical studies show that these AMPK activators
can inhibitthe mTOR pathway in cancer cells and inhibit tumor growth. However, these studies
also suggested that the status of tumor suppressor genes, such as LKB1 and p53, and alterations
in cancer cell glucose metabolism, might affect the clinical response to these agents. Future
preclinical and clinical studies will be needed to determine if AMPK activators are more
effective than classical inhibitors of mMTOR such as rapamycin in the prevention or treatment
of cancer.
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Figure 1. Prototypic mechanism of mTOR regulation by the PI3K/Akt pathway

The lipid kinase PI3K is activated in response to mitogenic signals and phosphorylates the
phosphoinositides P1(4)P and P1(4,5)P, at their D3 position, generating P1(3,4)P, and PI(3,4,5)
P, respectively. The tumor suppressor PTEN opposes this activity of PI3K. PI(3,4)P, and PI
(3,4,5)P3 bind to Akt and PDK1, promoting their translocation to the cell membrane. Akt is
then activated by sequential phosphorylation of T308 and S473 by PDK1 and mTORC2,
respectively. Akt, in turn, activates mTORC1 indirectly by phosphorylation and inactivation
of TSC2, which suppresses the activity of the Rheb GTPase, an activator of mTORC1. Akt
also directly activates mTORCL1 through phosphorylation of PRAS40, a component of
mTORC1.
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Figure 2. Akt-independent mechanisms of mTOR regulation

The mTOR pathway is regulated by mitogen-responsive signaling pathways (shown in green),
as well as by pathways that signal the availability of nutrients, such as amino acids (shown in
yellow), and intracellular energy (shown in blue). Mitogens activate mTOR independently of
Akt through the Ras/Mek/ERK pathway, the Wnt signaling pathway, and through activation
of phospholipase D. Amino acids also activate mTOR through multiple mechanisms: activation
of Vps34, MAP4K3, the Rag family of GTPases, and phospholipase D. However, the
mechanisms by which some of these proteins activate mTOR are not well understood, and
there may be crosstalk between these pathway components. Conversely, conditions that deplete
intracellular energy, such as hypoxia, inhibit the mTOR pathway. One mechanism by which
this occurs is through activation of AMPK. AMPK is activated by increases in intracellular
AMP, as well as by the upstream kinases, LKB1 and CaMKKf. AMPK inhibits the mTOR
pathway directly through phosphorylation of Raptor and indirectly through phosphorylation
and activation of TSC2. Although hypoxia can inhibit the mTOR pathway through activation
of AMPK, it also inhibits mTOR through increased expression of the hypoxia-inducible-
factor-1 target gene, REDDL. The tuberous sclerosis complex TSC1/TSC2 and Rheb GTPase
(shown in grey) integrate signals from mitogen-responsive and energy and nutrient-sensing
pathways to regulate mTORC1 (shown in red).
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Figure 3. Pharmaceutical approaches to inhibit the mTOR pathway via AMPK

Because AMPK inhibits mTORC1 by direct and indirect mechanisms, drugs that activate
AMPK could be effective in the treatment of cancer. The best-described AMPK activators
(shown in bold) are metformin, AICAR, 2-DG, PIAs, and A-769662. Metformin is a biguanide
widely prescribed for the treatment of type 11 diabetes, AICAR is an AMP mimetic, and 2-DG
is a glucose analogue. These three drugs activate AMPK by mechanisms that are dependent
upon the upstream kinase and tumor suppressor, LKB1. Conversely, the lipid-based Akt
inhibitors, P1As, activate AMPK independently of LKB1 (or Akt, not shown). However,
cellular activation of AMPK by PIAs is dependent upon another upstream kinase, CaMKK}.
The thienepyridone A-769662 activates purified AMPK in vitro, and might also activate
AMPK directly in cells.
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