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ough understanding of the physiological roles of key mTOR signaling pathway components and upstream regu-
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MTORC2 lators would guide future targeted therapies. Thus, in this review, we summarize available genetic mouse models
mTORC1 for mTORC1 and mTORC2 components, as well as characterized mTOR upstream regulators and downstream tar-
mTOR pathway gets, and assign a potential oncogenic or tumor suppressive role for each evaluated molecule. Together, our work
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Tumorigenesis more importantly, provide a molecular basis for targeted therapies aiming at key oncogenic members along
the mTOR signaling pathway.
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1. Introduction

Rapamycin is an immune-suppressant drug extracted from a bacte-
rial strain isolated on the Easter Island [1]. In 1991, a genetic screen for
rapamycin-resistant mutations in budding yeast Saccharomyces
cerevisiae led to the discovery of both TOR1 and TOR2 genes [2], the
yeast homologues of mammalian mTOR. Subsequent biochemical stud-
ies in mammalian cells further led to the identification of a ~290 kDa
protein, which was termed mTOR (mechanistic target of rapamycin,
also known as the mammalian target of rapamycin) [3-5]. mTOR is an
atypical serine/threonine kinase that belongs to the PIKK
(phosphoinositide 3-kinase related protein kinase) super-family,
which includes multiple members of large-size kinase proteins that
are involved in nutrient sensing (mMTOR) and DNA repair [ATM (atax-
ia-telangiectasia mutated), ATR (ataxia-telangiectasia and Rad3-
related) and DNAPK (DNA-dependent protein kinase)] [6].

In yeast, two TOR genes have been identified and termed as TOR1
and TOR2, both of which participate in two separate protein complexes
TORC1 and TORC2, respectively [7]. Notably, both TOR1 and TOR2 are
found in the TORC1 complex that mainly regulates cell growth; whereas
only TOR2 is found in the TORC2 complex, which is important for cell
cycle-dependent polarization of the actin cytoskeleton [8]. On the
other hand, in mammalian cells, there is only one mTOR gene identified
thus far [3,4]. Furthermore, as an evolutionarily conserved kinase, mTOR
functions largely as the catalytic subunit of two distinct protein kinase
complexes, designated as mTORC1 (mTOR complex 1) and mTORC2
(mTOR complex 2), respectively [9].

Both mTORC1 and mTORC2 complexes share common subunits in-
cluding mTOR and mLST8 (mammalian lethal with sec-13 protein 8,
also known as GPL) [10-12], whereas mTORC1 contains its unique sub-
unit, Raptor (regulator-associated protein of mammalian target of
rapamycin), and the specific components including Rictor (rapamycin-
insensitive companion of mTOR) and mSin1 (mammalian stress-
activated map kinase-interacting protein 1, also termed MAPKAP1) de-
fine mTORC2 [13-16] (Fig. 1). Critically, both Raptor and Rictor serve as
scaffolding proteins to regulate the assembly, localization and substrate
binding of mMTORC1 and mTORC2, respectively [17]. However, it appears
that mLST8 is essential for the mTOR/Rictor, but not the mTOR/Raptor
interaction, while the underlying molecular mechanism is not fully un-
derstood [18]. Sin1 is also considered as a scaffolding protein regulating
the assembly and activity of mTORC2 [15,19,20], while the detailed
complex organization remains largely elusive in part due to the lack of
structural evidence for the mTORC2 holo-enzyme. Furthermore, other
additional regulatory components have also been reported to be in-
volved in mTOR complex function [17]. For example, DEPTOR (DEP do-
main containing mTOR-interacting protein) acts as an endogenous
mTOR inhibitor that expresses at low levels in most cancers [21]. Unlike
DEPTOR, which inhibits both mTORC1 and mTORC2, PRAS40 (proline-
rich Akt substrate 40 kDa) binds the mTOR kinase domain in a
phosphorylation-dependent manner and only suppresses the kinase ac-
tivity of mTORC1 [22,23]. On the other hand, Protor1/2 (protein

observed with Rictor 1 and 2) binds Rictor, and is only present in
mTORC2, to increase the mTORC2-mediated activation of SGK-1
(serum/glucocorticoid regulated kinase-1) [24,25].

The mTOR signaling pathway is pivotal in regulating major cell func-
tions including cell growth, proliferation and metabolism [17]. To this
end, mTORC1 and mTORC2 have been shown to play critical yet func-
tionally distinct roles in controlling different cellular processes. Specifi-
cally, mTORC1 largely regulates protein translation and cell metabolism
through sensing intra-cellular as well as extra-cellular stimuli, such as
stress, nutrients, energy, oxygen levels and growth factors [7,17]. In ad-
dition, it also directly phosphorylates many downstream targets includ-
ing 4E-BP1 (eukaryotic translation initiation factor 4E binding protein
1), S6K (S6 kinase), SREBP (sterol regulatory element-binding protein)
and autophagy components to promote protein and lipid synthesis, ly-
sosome biogenesis, energy metabolism and to inhibit autophagy [17].
On the other hand, mTORC2 is less sensitive to nutrients but largely re-
sponsive to extra-cellular growth factors [13,14]. However, the exact
molecular mechanism for how mTORC2 senses extra-cellular growth
factor stimulation is still largely unclear, while the only available knowl-
edge is that ribosome association of mTORC?2 is critical for its activation
[17]. Nonetheless, once mTORC2 is activated, it phosphorylates major
downstream target proteins including AGC family of kinases, such as
Akt, SGK and PKC (protein kinase C) [26] to further augment the kinase
cascade to exert their cellular functions.

Consistent with a critical role in regulating cell growth and metabo-
lism, deregulation of the mTOR signaling is commonly observed in
human cancers [27-29]. To this end, mutations or loss-of-function of
upstream regulator genes such as TSC1/2 (tuberous sclerosis complex
1/2) or LKB1 (liver kinase B1) have been closely linked to clinical
tumor syndromes including the Tuberous Sclerosis complex and the
Peutz-Jeghers syndrome, respectively [30,31]. More importantly,
hyper-activation of PI3K and Akt, or genetic loss or mutation of PTEN
(phosphatase and tensin homologue), a negative suppressor of the
PI3K signaling, have been observed in many types of human cancers
[32]. Given that hyper-activation of the mTOR pathway in cancer con-
tributes significantly to cancer initiation and development, targeting
the oncogenic mTOR pathway components could potentially be an ef-
fective cancer treatment strategy [17]. In fact, FDA (Food and Drug Ad-
ministration) has approved rapamycin and its analogs Temsirolimus
and Everolimus for the treatments of certain types of tumors including
renal cell carcinoma and mantle cell lymphoma [33]. However, consid-
ering rapamycin and its analogs have only reached modest efficacy in
current clinical trials, an in-depth further understanding of the molecu-
lar mechanisms for the mTOR signaling pathway, as well as identifying
new therapeutic targets along this signaling cascade may provide fruit-
ful targets for cancer therapy [17,34].

Thus in this review, we summarize the available genetic mouse
models for both the mTORC1 and mTORC2 complexes. Furthermore,
we also explore their upstream regulators or downstream targets to de-
fine a clear functional role for these critical molecules in their physiolog-
ical settings as well as in tumorigenesis, which will provide insights for
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Fig. 1. A schematic illustration of the mTOR signaling pathway, including major upstream regulators and downstream substrates for both the mTORC2 and mTORC1 kinase complexes. The
major mTORC1 upstream regulators include Rheb, TSC1/2, AMPK, Rag and Akt. When activated at the lysosome membrane, mTORC1 directly phosphorylates 4E-BP1, S6K, SREBP and cer-
tain autophagy components, which exert their functions to modulate protein synthesis, lipid and lysosome biosynthesis, energy metabolism and autophagy. On the other hand, relatively
little is known about the upstream regulators of mTORC2, although it is well established that mTORC2 is sensitive to growth factors. The downstream targets of mTORC2 are AGC family of
kinases, including Akt, SGK and PKC, which regulate the cytoskeleton polarization and cell survival /metabolism. The mTOR pathway components with established mouse models are
marked in bold. Oncogenic proteins in this pathway are labeled in red, while tumor suppressors are labeled in green.

further speculations regarding whether they are potential drug targets
for effective cancer treatment.

2. The roles of the mTOR signaling pathway components in
tumorigenesis: revealed by mouse models

2.1. Shared components for the mTORC1 and mTORC2 complexes

2.1.1. mTOR

In an effort to elucidate the physiological function of mTOR, two
groups independently generated the mTOR™/~ mice in 2006 and
found that loss of mTOR leads to embryonic lethality at the E5.5-6.5
stage in part due to impaired cell proliferation and gastrulation [35,36]
(Table 1). Whereas, mTOR™*/~ mice develop normally and do not show
any overt development defects [35,36]. Interestingly, the mTOR"/"
(hypomorphic mTOR) mice, which are viable and only express 25% of
total mTOR levels compared to wild-type mice, show an approximately
20% increase in lifespan, indicating that inhibiting mTOR may lead to a
prolonged lifespan [37]. In order to identify the physiological function
of mTOR in various tissues, an mTOR conditional KO (knockout)
mouse model was generated to specifically ablate the mTOR gene in
muscle (Fig. 2). These mice display severe myopathy and premature
death due to impaired oxidative metabolism and glycogen accumula-
tion [38], further indicating a critical role for mTOR in regulating the de-
velopment and metabolism processes.

2.1.2. mLST8 (GPL)
The mLST8 '~ mice die around E10.5 in part due to defects in vascu-
lar development [18]. Unexpectedly, although mLST8 participates in

both mTORC1 and mTORC2 complexes, the mLST8 '~ mice showed de-
ficiency largely in mTORC2, but not mTORCI, related functions [18].
Consistently, mLST8 ~/~ MEFs (mouse embryonic fibroblasts) showed
impaired Akt and PKCa phosphorylation, with unaffected S6K phos-
phorylation [18]. Mechanistically, biochemical studies demonstrated
that mLST8 is functionally required for the mTOR/Rictor interaction
but not the mTOR/Raptor interaction, which supports the notion that
mLST8 genetic ablation only affects mTORC2 but not mTORC1 signaling
[18]. However, additional in-depth studies are required to understand
the underlying molecular mechanism for the different roles of mLST8
in governing the activation of mTORC1 versus mTORC2 kinase complex.

2.2. mTORC1 specific components

2.2.1. Raptor

Raptor™’~ mice are embryonic lethal and die at E5.5-6.5, due to
blastocyst failure for expansion and differentiation [18]. Considering
the essential role for Raptor in maintaining mTORC1 complex organiza-
tion and function, several tissue-specific Raptor KO (knockout) mice
also showed the phenotypes similar to deficiency in mTORC1 function.
Specifically, the adipose-specific Raptor KO mice have much less adipose
tissue, and are less likely to get hyper-cholesterolemia and obesity,
which emphasizes the critical role of Raptor and mTORC1 in adipose
metabolism and whole body energy homeostasis [39] (Fig. 2). Further-
more, the skeletal muscle-specific Raptor KO mice exhibit severe muscle
dystrophy, with little or no fat underneath skin, eventually leading to
premature death [40]. Similarly, heart-specific Raptor KO mice die
from heart failure five weeks after tamoxifen-induced genetic ablation
of Raptor, likely caused by the lack of adaptive cardiomyocyte growth,
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as well as increased apoptosis and autophagy in cardiac tissue [41].
Echoing the pivotal role of mTORC1 in development, the central nervous
system specific Raptor KO mice show slow brain growth starting at
E17.5 and die shortly after birth [42]. The only viable Raptor conditional
KO mouse model is liver-specific Raptor KO mouse model, which ex-
hibits 40% smaller liver mass, smaller hepatocyte and less protein con-
tent [43], arguing for a critical physiological role of mTORC1 in
maintaining protein synthesis and cell growth.

Notably, a tamoxifen (TAM)-inducible conditional Raptor KO mouse
model (Raptor?/CreER* ™M) was generated in 2012, where depletion
of Raptor in adult mice with TAM in all tissues caused body weight loss
and death within 17 days, with impairment of granulocyte and B cell de-
velopment in bone marrow [44]. In order to investigate the critical role
of Raptor in established acute myeloid leukemia (AML), Raptor™,
Raptor™/* /CreER and Raptor™*/CreER AML mice were generated by
transplantation of the MLL-AF9 fusion gene modified hematopoietic pro-
genitor cells from Raptor™, Raptor*/*/CreER and Raptor™!/CreER mice
into lethally irradiated syngeneic recipients [44]. Notably, further analy-
ses of these AML mouse models revealed that Raptor deletion remark-
ably impaired AML progression owing to an increased induction of
cellular apoptosis [44]. Interestingly, although loss of Raptor significantly
inhibited AML stem cell initiation, the self-renewal ability for these cells
was not affected [44], indicating that mTORC1 activity is essential for
AML propagation but not AML stem cell self-renewal.

2.3. mTORC2 specific components

2.3.1. Rictor

Similar to the phenotypes of mLST8 '~ mice, the Rictor '~ mice ex-
hibit vascular development defects and die around E10.5-11.5 [18,45].
Thus, in order to examine the physiological role of Rictor in vivo, various
tissue-specific KO mouse models were established in recent years. Spe-
cifically, the muscle-specific Rictor KO mice display impaired insulin-
stimulated glucose uptake, elevated glycogen synthase activity and
mild glucose intolerance, indicating an impairment of the glucose trans-
portation process [46] (Fig. 2). Similar to muscle-specific Rictor KO mice,
the liver-specific Rictor KO mice and the fat-cell specific Rictor KO mice
also show defects in glucose metabolism [47,48]. Furthermore, com-
pared to their wild-type littermates, neuron-specific Rictor KO mice ex-
hibit a reduction in brain size, neuron cell size as well as whole-body
size [49]. These mice also displayed a schizophrenic-like behavior ac-
cording to the results from an independent behavior study [50].

Interestingly, a recent study revealed that the lifespan of male, but not
female mice, was significantly decreased in Rictor*/~, liver-specific
Rictor—'~ mice or Rictor™/Cre mice, indicating the association of Rictor
with aging in a gender-dependent manner [51]. However, the underly-
ing molecular mechanism(s) driving this difference remains elusive and
thus warrants further in-depth investigations.

Rictor has also been tightly linked with tumorignesis according to re-
sults obtained from the Sabatini group [52]. By crossing the Pten™~ mice
with mTOR™~, Rictor™~, Raptor™’~ or mLST8"™/~ mice, and monitoring
the cancerous phenotypes of their off-springs, they found that both the
Pten™’~/mTOR™"~ and Pten™'~/mLST8"/~ mice exhibit a longer lifespan
than Pten™/~ counterparts. More importantly, compared with Pten™/~
mice that develop spontaneous cancers in multiply organs, the Pten™/=/
Rictort’~ mice exhibit less prostate tumor incidences, less severe lesions
and a longer lifespan [52]. Given the fact that Rictor is a haplo-insufficient
gene, this study supports the notion that mTORC2 signaling is required for
the development of Pten heterozygous-induced prostate cancer [52].
Hence, developing specific inhibitors for mTORC2 may represent a poten-
tial novel therapeutic approach for the treatment of cancer patients, espe-
cially in the patient population with Pten loss.

2.3.2. Sin1 (MAPKAP1)

Functioning as another essential and unique mTORC2 subunit,
the critical role of Sin1 in maintaining mTORC2 complex integrity
and activity was first evaluated by three independent groups in
2006 [15,16,19]. The Sin1~/~ mice are embryonic lethal and die
between E10.5-15.5, in part due to defects in embryonic cardiovas-
cular development [53]. Furthermore, ablation of Sin1 in B cells
leads to an increase in V(D)] recombinase enzymatic activity and
enhanced pro-B cell survival, resulting from elevated IL-7R and
RAG1/2 gene expression [53] (Fig. 2). Moreover, Sinl deficiency
was found to result in an increase in the number of T-regulatory
cells in the thymus. This deficiency, however, has no affect on the
growth and proliferation of T cells [54], further supporting a critical
role for Sin1 in regulating immune response through modulating
both B and T cell respiratories. However, the physiological role of
Sin1 in contributing to tumorigenesis remains unclear. Therefore, it
will be important to develop additional Sin1 tissue-specific KO or
Transgenic (Tg) mice as well as various compound mouse models
such as crossing Sinl conditional KO mice with Pten™/~ mice to
fully understand the critical role of Sin1 in tumorigenesis.

Table 1
Mouse phenotypes upon knockout of the various core subunits of mTORC complex.

mTOR complex subunits Mouse models Major phenotypes References

mTOR mTOR™/~ Embryonic lethal around E5.5-6.5; blastocysts fail to expansion [35]
mTOR™/~ Without overt defects [36]
mTOR"H Longer lifespan [37]
Conditional mTOR™/~ (muscle) Severe myopathy [38]

mLST8 mLST8 /'~ Embryonic lethal around E10.5; [18]

vascular development defects

Raptor Raptor—/~ Embryonic death before E7, blastocysts fail to expand [18]
Conditional Raptor—'~ (skeletal muscle) Severe muscle dystrophy [40]
Conditional Raptor~'~ (heart) Dilated cardiomyopathy 6 weeks post-deletion [41]
Conditional Raptor—' (liver) 40% smaller liver mass [43]
Conditional Raptor—'~ (brain) Smaller brain beginning at E17.5; die shortly after birth [42]
Conditional Raptor~'~ (HSC) Impairments in granulocytes and B cell development [44]
Conditional Raptor—'~ (AML mouse model)  Significantly inhibited leukemia progression [44]

Rictor Rictor=/— Embryonic lethal at E10.5-11.5; vascular development defects [18,45]
Rictor*/~Pten™*/~ Less prostate tumor incidence; less severe lesions and longer lifespan than Pten™/~ mice  [52]
Conditional Rictor '~ (muscle) Local glucose metabolism disorder [46]
Conditional Rictor '~ (neuron) Smaller brain and body size; schizophrenic-like behavior [49,50]
Conditional Rictor—/= (liver) Abnormal response to insulin [47]
Conditional Rictor~'~ (fat cell) Whole body glucose and lipid metabolism disorders [48]

Sinl Sin1=/~ Embryonic lethal at E10.5-15.5; cardiovascular development defects [53]
Conditional Sin1~/~ (B cell) Increased V(D)] recombinase activity [53]
Conditional Sin1~/~ (T cell) Increased thymic T-regulatory cells [54]

Keys: +, wild type allele; —, null allele; H, hypomorphic allele.
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Fig. 2. A schematic illustration of various tissue-specific knockout mouse models for the indicated critical mTOR signaling components. Please note that certain cell type-specific knockout

mouse models are not included in this figure.

2.4. mTORC1 upstream regulators

24.1.T5C1/2

The TSC complex is generally considered as a heterodimer formed by
TSC1 (also named hamartin) and TSC2 (also termed as tuberin) [55]. Re-
cent studies also revealed TBC1D7 (tre2-bub2-cdc16 1 domain family,
member 7) as a third subunit of the TSC complex [56]. However,
TBC1D7 gene mutations are not commonly observed in TSC patients
[56], suggesting that it might not be an essential component. Under
physiological stimulation triggered by amino acids, growth factors,
stress, energy as well as oxygen, TSC2 is phosphorylated by various up-
stream kinases including Akt [57], ERK [58] or RSK [59], to release its in-
hibition as a GAP (GTPase-activating protein) for the Rheb (ras
homologue enriched in brain) GTPase, and to convert Rheb to its active
GTP-bound form for mTORC1 activation [17]. Meanwhile, Akt-mediated
phosphorylation of TSC2 also results in the dissociation of the TSC com-
plex from the lysosome and subsequent activation of mTORC1 [60]. On
the other hand, AMPK (AMP-activated protein kinase) can phosphory-
late TSC2, leading to its potent suppression of mTORC1 under energy
deprivation conditions [61]. In addition to phosphorylation-mediated
regulation of mTORC1 activation, a recent study from the Sabatini
group, also revealed an amino acid-mediated and a Rag-dependent “in-
side-out” mTORC1 activation mechanism [62]. Specifically, changes in
lysosomal amino acid levels may guide the Rag proteins to release the
TSC1/2 complex from the lysosome, as well as to recruit mTORC1 to
the lysosomal surface for activation [62,63].

Notably, Tuberous Sclerosis is an autosomal dominant genetic dis-
ease defined by mutations of either TSC1 or TSC2, and is characterized
by the formation of hamartomas in brain, skin, kidneys, lungs, eyes
and heart [30]. Pathologically, loss of heterozygosity of either TSC1 or
TSC2 gene has been found in many TSC patients and shown to be a

driving-force for the disease [64]. However, no particular hot-spot mu-
tations of TSC1 or TSC2 have been identified [30], highlighting a possible
tumor suppressor role for TSC1 or TSC2.

The phenotypes of TSC1/2 KO mice are summarized in Table 2. Nota-
bly, multiple mouse models clearly support the notion that both TSC1
and TSC2 function as tumor suppressors. Specifically, Tsc1~/~ mice die
around E10.5-11.5 due to failed closure of the neural tube, while 64%
of Tsc1*/~ mice develop renal tumors and 71% of Tsc1™*/~ mice develop
liver hemangiomas by 15-18 months [65]. In addition, Tsc2~/~ mice die
at E9.5-12.5 from hepatic hypoplasia, while Tsc2™/~ mice display a
100% incidence of multiple bilateral renal tumors, 50% incidence of
liver hemangiomas and a 32% incidence of lung adenomas by
15 months [66]. Another independent study generated Tsc1™/~ mice
in different genetic backgrounds and reported that 95% of Tsc1™/~
C3H mice develop macroscopically visible renal tumors, while 80% of
Tsc1™/~ mice exhibit renal cell carcinomas at the age of 15-18 months
[67]. Furthermore, extra-renal tumor lesions in liver, spleen and uterine
were also observed in both C3H and Balb/c mice [67]. Taken together,
these mouse models strongly support TSC2 and TSC1 as physiological
tumor suppressors.

In order to circumvent the embryonic lethality issue for Tsc1/2 ho-
mozygous mice, a series of conditional KO mouse models have been fur-
ther developed. Specifically, prostate epithelium Tsc1 KO mice develop
prostatic intraepithelial neoplasia at the age of 6 months, and progress
to carcinoma at the age of 16 to 22 months [68]. In another study,
liver-specific Tsc1 KO mice manifest spontaneous sporadic hepatocellu-
lar carcinoma accompanied with liver inflammation, necrosis and re-
generation [69]. Considering that nutrient availability directly
regulates TSC1 for mTORC1 activation, this model indicates that activa-
tion of mTORC1 might be the bridge between diet and cancer [69]. Fur-
thermore, an inducible Tsc1 deletion system has been recently
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introduced into mouse primary mammary tumor cells (Tsc"//MMTV-
PyMT), which demonstrated that deletion of Tsc1 significantly promoted
breast cancer cell growth in vivo [70]. In addition, another group further
generated and compared the cancerous phenotypes of Tsc™//Pten?/
Alb® mice with Tsc™"/AIb" mice or Pten™"/AIb<" mice. Notably, the
Tsc 1" /pten/AIbS™ mice developed tumors in liver more rapidly and
to a greater degree than any other strains, indicating that loss of Tsc1
and Pten may work synergistically in promoting tumorigenesis [71].
On the other hand, the tumor suppressor role of TSC2 is supported by
the report that almost all uterine-specific Tsc2~/~ mice exhibit uterine
leiomyomas at the age of 3 months and myometrial proliferation at
the age of 6 months [72]. However, compared with the Pten™/~ mice,
the Pten™/~/Tsc2™/~ mice do not show any advantage in neither pro-
moting prostate adenocarcinoma development nor facilitating tumor
progression [73]. This suggests that TSC2 might exert its tumor suppres-
sor function differentially from TSC1, warranting further investigation
for the underlying molecular mechanism(s).

2.4.2. Rheb

After establishing TSC1/2 as the upstream negative regulator of
mTORC1, studies to determine the molecular link between the TSC com-
plex and the mTORC1 complex subsequently led to the identification of
Rheb, a small GTPase [74-76]. Rheb is a member of the Ras superfamily
of GTP-binding proteins, with two isoforms (Rheb1 and Rheb2), local-
ized on the endomembrane system [17]. However, only lysosome
membrane-associated Rheb has been demonstrated to possess
mTORC1 activating capacity, where the Rag-Ragulator complex shuttles
the inactive mTORC1 to GTP-bound Rheb for its activation [ 17,77]. Com-
pared with Rag—Ragulator signaling, which is essential in sensing the in-
tracellular amino acid levels through an “inside-out” mechanism [62],
Rheb is mainly regulated by the TSC complex, which receives the sys-
tematic nutrient signals, such as growth factors, to trigger activation of
the Akt pathway to subsequently phosphorylate TSC2, releasing it
from the lysosomal membrane surface and its inhibition of Rheb [78].

Rheb KO mouse models have been established and mainly demon-
strate the vital role of Rheb in developmental process. The Rheb™~
mice die around mid-gestation due to defects in cardiovascular devel-
opment [79]. The developmental impairments were also confirmed by
both smaller body size and a decreased proliferation capacity of
Rheb™~ MEFs compared to wild type MEFs [79]. As to the isoform spe-
cific knockout mice, the Rheb1 ™'~ mice die between E10.5 and E11.5,
whereas the Rheb2~/~ mice develop normally and show no obvious de-
fects until adulthood, indicating that Rheb1, but not Rheb2, is essential
for embryonic survival and mTORC1 signaling [80]. To further examine
the physiological role of Rheb1 in various tissues, Rheb1 neural progen-
itor cell conditional KO mice were generated and exhibit impairment of
brain postnatal myelination, but no obvious defects in early postnatal
brain development was observed, suggesting that Rheb1 plays a role
in selective cellular adaptation [80]. Another study using liver-specific
Rheb KO mice showed increased mitochondria content in liver, and fur-
ther proved the mitochondrial localized Rheb promotes mitophagy,
contributing to the maintenance of optimal mitochondrial energy pro-
duction [81].

A series of mouse models and clinical evidences also support the no-
tion that Rheb may act as an oncogene in various cancer settings. For ex-
ample, after adoptive transferring an Ey-Myc lymphoma mouse model,
Rheb acted as an oncogene in promoting lymphoma progression as
well as drug-resistance [82]. Furthermore, another independent study
using a Rheb transgenic mouse model demonstrated that Pten haplo-
insufficiency and Rheb overexpression worked synergistically to pro-
mote prostate cancer progression [83]. Moreover, systematic examina-
tion of the clinical database revealed a positive correlation between an
increase in Rheb expression levels and a higher cancer occurrence rate
in breast, liver, lung, head and neck, and bladder [84]. Cumulatively,
these results indicate that Rheb acts as an oncogene and thus is a poten-
tial therapeutic target for certain types of cancer.

24.3. RAG

Similar to Rheb, the Rag family of proteins is also a subgroup of Ras
GTPase, including four isoforms in mammals, RagA, RagB, RagC and
RagD. Unlike other Ras family members, the Rag GTPases function by
forming heterodimers consisting RagA or RagB with RagC or RagD [85].
As mentioned previously, the Rag-Ragulator complex is essential in
sensing the intracellular amino acids levels to facilitate the subsequent
activation of mTOR1 [86,87]. Considering GTP-bound RagA/B alone can
activate the mTORC1 kinase even in the absence of amino acids, the load-
ing of RagA/B with GTP appears to be functionally predominant over GTP
or GDP-loaded RagC/D [86,87], which also explains why recent genetic
mouse models are largely focused on manipulating RagA and RagB.

In order to illustrate the physiological role of RagA, a knock-in mouse
model that expresses a constitutive active form of RagA (Q66L) has been
generated, which exhibited defects in glucose homeostasis and autoph-
agy and die on postnatal day 1 [88]. Furthermore, the RagA™'~ mice
show a loss of mTORC1 activity, profound developmental defects and
die around E10.5, whereas the RagB~'~ mice show no overt develop-
mental abnormality and no obvious reduction in mTORC1 activity, indi-
cating that RagA, but not RagB, is more important for mTORC1
activity [89]. Given that whole body and liver specific RagA™'~/
RagB~'~ mice exhibit a more robust loss of mMTORC1 activity, the pheno-
type difference between RagA~'~ and mTOR™/~ (or Raptor—/~) mice
may be in part due to the compensation effect of RagB [89]. Interesting-
ly, the heart-specific RagA~'~/RagB~'~ mice do not show an impair-
ment of mTORC1 activity, but manifest cardiac hypertrophy, defective
autophagy and lysosome function, whereas none of the heart-specific
RagA™'~ or RagB™/~ mice shows cardiac hypertrophy [90]. Thus, differ-
ent phenotypes of various tissue-specific Rag KO mice indicate that the
role of Rag GTPase in governing mTORC1 activation may be tissue-
specific or context-dependent.

Thus far, no Rag genetic mouse model has been associated with
tumor formation yet. However, several GAPs (GTPase-activation pro-
teins) have been linked to tumorigenesis. Specifically, the tumor sup-
pressor gene Flcn (folliculin), the mutation of which is considered the
driving force behind the pathologic phenotypes of the BHD (Birt-
Hogg-Dubé) syndrome, is necessary for mTORC1 activation in part by
acting as a GAP for RagC/D [91]. Moreover, it has also been demonstrat-
ed that the protein complex GATOR could serve as the GAP for RagA/B,
and inactivation mutations of GATOR1 components including DEPDC5
and NPRL2 have been associated with aberrant mTORC1 activation in
cancer cell lines [92]. However, the physiological contributions of
these two proteins to tumorigenesis in vivo still require additional stud-
ies by utilizing Gator1 or Flcn KO mice.

24.4. AMPK

AMPK is a conserved serine/threonine kinase, functioning as a fuel
sensor to maintain cellular energy homeostasis [93,94]. Once activated
under low energy state, AMPK inhibits the anabolic processes such as
protein and lipid biosynthesis, and promotes catabolic pathways includ-
ing fatty acid oxidation and glycolysis, resulting in the fostered genera-
tion of ATP. AMPK exists as a hetero-trimetric complex consisting of a
catalytic subunit « and two regulatory 3 and vy subunits [93]. Two or
three isoforms of each subunit have been identified in mammals (namely
al, a2, B1, B2, v1, v2 and y3) [95]. It has been established that AMPK
could negatively regulate the activation of mTORC1 complex indirectly
in part through phosphorylation of the mTORC1 upstream regulator
TSC2 to keep its suppression on Rheb [61] or directly via phosphorylation
of the mTORC1 regulatory but essential component, Raptor, to trigger its
interaction with 14-3-3 and subsequent dissociation from mTOR [96].

Given that AMPK acts as a key regulator of cellular metabolism,
Ampk KO mouse models have been generated to closely examine the
physiological roles of AMPK subunits on metabolism. Complete loss of
AMPK kinase activity is not tolerated at the whole-body level in vivo,
which has been supported by the observation that the Ampkal '~/
Ampko2~/~ mice are embryonic lethal at E10.5 [97]. However,
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muscle-specific Ampkal ~/~ /Ampko2 ™/~ mice are viable, but the skele-
tal muscle of these KO mice has an increased mass with larger myofibers
compared to their wild type littermates [98], indicating a physiological
role of AMPK activity in governing muscle function. On the other
hand, loss of either isoform of the AMPK catalytic a1 or a2 subunits is
permissible, as the Ampkal~/~ mice are largely normal, and the
Ampka2™/~ mice are viable but exhibit higher glucose levels in the
feeding period and therefore are more likely to develop obesity under
a high-fat diet [99]. Thus AMPKa1 and AMPKo2 may play non-
redundant roles in vivo. This notion was further supported by the obser-
vation that bone tissue-specific Ampkad ~/~ mice showed elevated rate
of bone remodeling, while the Ampka2~/~ mice only show bone ab-
sorption phenotypes [100].

Notably, deletion of various AMPK regulatory subunits appears to
have no significant effects on mouse survival. Specifically, the
Ampky3™/~ mice show impaired glycogen re-syntheses after exer-
cise [101]. Furthermore, muscle-specific AmpkB1/Ampk32 DKO mice
are physically inactive and display reduced mitochondrial content in
muscle cells [102], impinging a possible role of AMPKP in regulating en-
ergy homeostasis in muscle. More importantly, these findings paved the
way for the clinical application of metformin, an AMPK-activating drug,
in treating type 2 diabetes by increasing glucose uptake and fatty acid
oxidation in skeletal muscles [103]. Interestingly, follow-up studies in-
dicated that metformin may also reduce the incidence of cancer, espe-
cially colon and liver cancers in diabetic patients, implying a possible
tumor suppressor role of AMPK [104].

In line with these findings, as a downstream effector of the tumor
suppressor LKB1, AMPK is commonly characterized as a metabolic
tumor suppressor. This was supported by a study demonstrating that
ablation of the Ampka1 subunit, the only subunit in B cells, resulted in
accelerated B-cell lymphomagenesis in an Eu-Myc transgenic mouse
model [105]. Furthermore, loss of AMPKa signaling led to an enhance-
ment of Warburg effects and increased HIF-1a expression levels,
which subsequently promoted glycolytic pathways and lymphoma pro-
gression [105]. Additionally, Ampka2~'~, but not Ampkail ~/~ MEFs ex-
hibited increased susceptibility to H-RasV12 transformation in vivo and
tumorigenesis in vitro [ 106], indicating that AMPKo 1 and AMPK2 sub-
units may exert their tumor suppressor function in a tissue-dependent
or context-dependent manner. On the other hand, another study re-
vealed that AMPK activation during energy stress maintained the cellu-
lar NAPDH levels and facilitated cell survival and tumor growth through
redox regulation [107], revealing an oncogenic potential for AMPK in
cells. Cumulatively, these results indicate that AMPK may in large act
as a tumor suppressor in pre-tumor lesions. However, once the tumor
is established, AMPK may promote tumor cell survival under metabolic
stress [93], which warrants further detailed investigations with addi-
tional mouse modeling studies for clarification.

2.5. mTORC1 downstream substrates in tumorigenesis

The major function of mTORC1 is to control protein synthesis
through directly phosphorylating translational regulators 4E-BP1 and
S6K1 (S6 kinase 1) [120,121]. Notably, recent work from the Manning
group suggests that mTORC1 also regulates the protein turnover rate
to balance protein synthesis and degradation largely through promoting
NRF1-dependent elevation of proteasome levels [122]. Nevertheless, in
both processes, mTORC1 activity is required for targeting a subset of its
substrates for phosphorylation-mediated regulation to exert its biolog-
ical functions.

2.5.1. 4E-BP1

mTORC1-mediated phosphorylation of 4E-BP1 prevents its binding
with the cap-binding protein elF4E, resulting in the initiation of cap-
dependent translation [123]. Consequently, eI[F4E-dependent transla-
tion enhances cell growth and proliferation by increasing translation
of a subset of pro-oncogenic proteins involved in regulating cell

survival, cell-cycle progression and angiogenesis, such as c-Myc, orni-
thine decarboxylase (ODC), cyclin D1, fibroblast growth factor (FGF)
and vascular endothelial growth factor (VEGF) [17,124].

To further understand the physiological role of 4E-BP1 in vivo,
4E-bp1~/~ mice were generated in 2001, which led to markedly smaller
white fat pads than wild-type animals, and the male KO mice showed
an elevated metabolic rate. Furthermore, white adipose tissues derived
from male KO mice showed manifestation and biomarkers of brown fat
[125]. Additionally, 4E-bp1~/~/4E-bp2~/~ mice demonstrate an in-
creased insulin resistance, coupled with increased S6K activity and im-
paired Akt activity in muscle, liver, and adipose tissue [126]. Together,
these results clearly showed a protective role for 4E-BPs in the develop-
ment of obesity. Moreover, 4E-bp1~/~ mice also have an increased im-
mature granulocytic precursor number and a decreased mature
granulocytic number in bone marrow and spleen, indicating an impor-
tant role for 4E-BP1 in early granulo-monocytic differentiation [127].

Moreover, consistent with an oncogenic role for elF4E in vivo, a
lymphoma mouse model that was reconstituted with Eu-Myc HSCs
(hematopoietic stem cells) transduced with eif-4e expression dis-
plays a disseminated pathology and is highly resistant to chemo-
therapy [9,128]. Furthermore, more compound 4E-bp1 genetic
mouse models indicate that the function loss of 4E-BP1 might con-
tribute to the growth of sporadic cancers. For example, compared
with p53~/~ mice, 4E-bp1~/~/4E-bp2~/~/p53~/~ mice manifest
with an increased tumor-free survival, indicating that inactivation of
4E-BPs worked synergistically with p53 loss to promote cell prolifera-
tion and tumorigenesis [129]. Furthermore, another group showed
that inactivation of 4E-BP1 through phosphorylation was a key effector
in the oncogenic activation of the Akt and ERK signaling pathways
[130]. Specifically, a phosphorylation-deficient mutant of 4E-BP1 that
mimics a constitutively active form of 4E-BP1, showed impaired tumor
growth in vivo [130]. Hence, these studies indicate the emerging role
of 4E-BP1 as a tumor suppressor and might be a potential therapeutic
target for the cancer patients bearing p53 loss or hyper-activation of
Akt or ERK signaling.

2.5.2.S6K

Mammalian cells contain two isoforms of S6K, namely S6K1 and
S6K2, both of which can be directly phosphorylated by mTORC1 [131,
132]. In 1998, the S6k1~/~ mice were generated and 20% smaller body
mass and organ size were observed compared to their wild type litter-
mates [133]. It was also reported that the viability of S6k1~/~/S6k2~/~
mice were sharply reduced due to perinatal lethality [134]. Other than
the growth deficiency phenotypes, glucose metabolism was dysfunc-
tional in S6k1~/~ mice, whereas S6k1~/~ mice suffer from hypo-
insulinaemia and are glucose intolerant due to reduced 3-cell size in
pancreas [135]. Therefore, the mice are less likely to develop obesity
due to an increased lipolysis and metabolism rate, which is related to
enhanced B-oxidation process [136,137]. However, no cancer-related
S6K mouse models have been established so far, which warrants further
investigation of whether S6K plays distinct roles in facilitating tumor
formation in different tissues.

Mechanistically, a feedback loop has been established to indicate
that S6K1 negatively regulates the stability of insulin receptor substrate
1 (IRS1) through directly phosphorylating the S307 and S636/S639 res-
idues under nutrient deprivation conditions [136], as well as shuts
down insulin or IGF-1 (insulin-like growth factor) mediated activation
of Akt by phosphorylating Grb10 (growth factor receptor-bound pro-
tein 10) [138,139]. Similarly, our group recently demonstrated that
S6K1 could directly phosphorylate the essential component of
mTORC?2, Sin1, on both T86 and T398 residues to dissociate Sin1 from
the functional mTORC2 complex to terminate its activity towards acti-
vating the Akt oncogenic signaling [20]. These results indicate that
S6K might exert its oncogenic function through its positive regulation
on protein synthesis, and could also display certain “tumor suppressor”
role in inactivating growth factor signaling and lead to insulin resistant



Table 2
Major physiological functions of the mTORC1 upstream regulator.

mTORC1 upstream regulators Mouse models Major phenotypes Putative roles in tumorigenesis References
Knockout (KO) Transgenic (Tg)
TSC1 Tsc1~/~ Embryonic lethal at E10.5-11.5 Tumor suppressor [65,108]
Tsc1™/~ Developed renal tumors and liver hemangiomas at the age of 15-18 months [67,108]
Conditional Tsc1~/~ (prostate epithelium) Developed prostatic intraepithelial neoplasia (mPIN) at 6 months stage [68]
Conditional Tsc1~/~ (liver) Developed sporadic hepatocellular carcinoma [69]
Conditional Tsc1~/~ (mammary tissue) Significantly promoted breast cancer cell growth in vivo [70]
Conditional Tsc1~/~Pten™/~ (liver) Exhibited accelerated tumor development and greater tumor numbers [71]
Conditional Tsc1~/~ (skeletal muscle) Developed a late-onset myopathy marked with autophagic substrates accumulation [109]
Conditional Tsc1~/~ (bone marrow) Showed developmental block of iNKT differentiation [110]
Conditional Tsc1~/~ (cardiovascular system) Severe hypertrophy in both ventricles [111]
Conditional Tsc1~/~ (hypothalamus) Developed obesity [112]
Conditional Tsc1~/~ (glia) Exhibited progressive epilepsy and premature death [113]
TSC2 Tsc2~/~ Embryonic lethal at E9.5-12.5 Tumor suppressor [66,114]
Tsc2+/~ Develops spontaneous tumors in renal, liver and lung at the age of 15 months [66,114]
Tsc2™/~Pten™/~ Showed spontaneous prostate cancer [73]
Conditional Tsc2~/~ (uterine) Developed uterine tumor [72]
Conditional Tsc2~/~ (neuron) Showed reduced survival rates and enlarged brain and cortical neuron [115]
Conditional Tsc2~/~ (glia) Exhibited epilepsy, premature death [115]
Rheb Rheb=/~ Embryonic lethal around mid-gestation Emerging role as an oncogene  [79]
Rheb1~/~ Embryonic lethal at E10.5-E11.5 stage [80]
Rheb2~/~ Without obvious abnormal until adulthood [80]
Conditional Rheb1~/~ (neural progenitor cell) Impairment of brain postnatal myelination [80]
Conditional Rheb2~/~ (liver) Showed a 2-fold increase of mitochondrial proteins [81]
Rheb transgenic  Promoted lymphoma progression and drug-resistant [82]
lymphoma mice
Rheb transgenic  Exhibited accelerated prostate cancer progression compared to Pten™’~ mice [83]
(Pten™~ mice)
Rag RagA~—'~ Embryonic death at E10.5; loss of mTORC1 activity and severe growth defects To be determined [89]
RagB~/~ No overt phenotypes [89]
RagA~'~/RagB~/~ Embryonic lethal at E10.5; more robust loss of mTORC1 activity [89]
Conditional RagA~'~ (heart) No overt phenotypes [90]
Conditional RagB~'~ (heart) No overt phenotypes [90]
Conditional RagA~'~/RagB~'~ (heart) Cardiac hypertrophy; defects in autophagy; phenocopies lysosome storage diseases [90]
Conditional RagA~'~/RagB~'~ (liver) More robust loss of mTORC1 activity comparing with RagA~/~ mice [89]
RagA knock-in  Glucose homeostasis defects; autophagy defects; died before postnatal day 1 [88]
mice
AMPK Ampkal =/~ Showed increased bone remodeling; decreased fertility function Context-dependent [100,116]
Ampko2~/~ Dysfunctional glucose metabolism and more likely to development obesity under [99]
high-fat diet
Ampkp1—/~ Reduced food intake and protection against diet-induced obesity [117]
Ampkp2~—/~ Reduced exercise capacity and promote diet-induced obesity [118]
Ampky3~/~ Impaired glycogen re-synthesis after exercise [101]
Ampkad '~ /JAmpko2 =/~ Embryonic lethal at E10.5 stage [97]
Conditional Ampkal =/~ /Ampka2 =/~ (muscle) Showed larger size of myofibers and a higher mass in the biopsy muscle [98]
Conditional Ampk31~/~/AmpkB2~/~ (muscle) Physical inactive; reduced mitochandrial content in muscle cells [102,119]
Conditional Ampkad '~ (Eu-Myc induced lymphoma) Showed acceleration of Myc-induced B-cell lymphomagenesis [105]
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phenotype. Therefore, it will be important to develop additional genet-
ically engineered mouse models within various tumor backgrounds to
fully understand the physiological role of S6K in tumorigenesis.

2.5.3. SREBP

In addition to protein synthesis, mTORC1 also controls lipid synthe-
sis, which is important for cell membrane homeostasis and cell survival
[17]. SREBPs are responsive elements to sterols and are inactive when
they are oriented to membranes of ER (endoplasmic reticulum) [140].
Under insulin or sterol depletion, SREBPs are truncated through a pro-
teolytic cleavage process, thereby releasing their active forms from
membranes and migrate into nucleus to activate relevant genes for
lipid synthesis [140]. It has been reported that the activation status of
mTORC1 positively correlates with SREBP1 activity [141,142]. Mecha-
nistically, mTORC1 regulates SREBP activity through several mecha-
nisms, including S6K1-dependent and lipin-dependent regulations
[142,143]. However, whether and how mTORC1 may directly regulate
SREBP activity is still largely unknown [17].

In mammalian cells, three SREBP isoforms (SREBP-1a, SREBP-1c, and
SREBP-2) have been identified [144]. To demonstrate the function of in-
dividual SREBP isoforms, a series of SREBP isoform-specific KO mouse
models have been developed (Table 3). Specifically, 55%-90% of Srebp-
1a=/=/Srebp-1c~/~ mice die on E11. Survived mice are normal at birth,
but reduced synthesis of fatty acid and compensatory elevated expres-
sion of Srebp-2 was observed throughout their lifes [145]. Similarly,
Srebp-2—/~ embryos die around E7-8 [145]. Different from the observed
embryonic lethality of Srebp-1—/~ and Srebp-2—/~ mice, the Srebp-1c~/~
mice are viable, although a reduction in fatty acid and triglyceride syn-
thesis is observed in liver [140,146]. Consistent with the important role
of SREBP in lipid synthesis, the liver-specific Tg Srebp mice display lipid
metabolism disorders (Table 3) [145,147,148].

Given that increased de novo lipid synthesis is a hallmark of cancer
pathogenesis, as well as elevated expression of SREBP target genes
such as FAS (fatty acid synthase) is nearly ubiquitously observed in can-
cer cells [149], the SREBP pathway may possess an oncogenic property
[142]. Consistent with this possibility, it has been reported that deple-
tion of an oncogenic mutant of the tumor suppressor p53 is sufficient
to revert the breast cancer cell phenotype towards normal epithelia
phenotype, which correlates with sterol synthesis at least partially
though SREBP [150]. These findings further support the notion that

the SREBP pathway is likely to be a potential drug target for anti-
cancer therapies.

2.54. Autophagy components

Autophagy was firstly discovered more than 40 years ago, when au-
tophagic vacuoles (the smooth endoplasmic reticulum) were observed
in the hepatocytes after cessation of phenobarbital induction, indicating
that cells can digest cellular organelles [151]. Under nutrient depriva-
tion conditions, mTORCT is inhibited by AMPK and amino acid signaling
[152], causing bulk cytoplasm and organelles to form double membrane
sequestering vesicles or “autophagosomes”, which are then delivered to
the lysosome for degradation [153]. mTORC1 has been shown to play a
negative regulatory role in the autophagy process in mammals through
several mechanisms. First, under rich nutrient conditions, mTORC1 di-
rectly phosphorylates ULK1 (uncoordinated 51-like kinase 1) and
Atg13 (mammalian autophagy-related gene 13), leading to dissociation
of the ULK1/Atg13/FIP200 (FAK family-interacting protein complex of
200 kDa) complex to inhibit autophagy. Second, mTORC1-dependent
phosphorylation and inactivation of DAP1 (death-associated protein
1) acts as a braking system for the autophagic flux [154]. Third, phos-
phorylation of TFEB (transcription factor EB) by mTORC1 retains TFEB
in the cytosol, which inhibits the transcription of critical autophagy re-
lated genes [155].

Several mouse models have been developed in order to reveal the
physiological roles for individual autophagic genes. To this end, it has
been reported that the Tfeb ™'~ mice die between E9.5-10.5 due to se-
vere defects in placental vascularization [156]. Tfeb osteoclasts-specific
conditional KO mice show a decreased lysosomal gene expression and
an increased bone mass. Moreover, though with defects in reticulocyte
maturation, Ulk1~/~ mice are viable and show no overt developmental
defects [157]. Thus it seems that different autophagic genes might play
differential roles in the developmental process (Fig. 3).

However, it is more important to understand the relationship be-
tween autophagy and cancer. To this end, autophagy has been consid-
ered to protect cells from cancer through removing damaged
mitochondria, reactive oxygen species (ROS) and long-lived proteins
[158]. Consistently, loss-of-function mutations of Beclin 1, an essential
component of autophagy, have been found in several solid tumors
[153]. More importantly, Beclin1*/~ mice exhibit higher rates of sponta-
neous malignancy [158], suggesting that Beclin 1 may play a tumor

Table 3
Major physiological functions of the mTORC1 substrates.
mTORC1 downstream effectors Mouse models Major phenotypes Putative roles in References
Knockout Transgenic tumorigenesis
4E-BP1 4E-bp1~/~ Smaller white fat pads; impaired Emerging role as a [125,127]
granulocytic early differentiation tumor suppressor
4E-bp1~/~ J4E-bp2~/~ Increased insulin resistance [126]
4E-bp1~//=4E-bp2~/~ Jp53~/~ Increased tumor-free survival [129]
Transgenic 4E-BP1 Inhibited tumor growth in vivo [130]
S6K S6k1~/~ Smaller body size; obesity-like To be determined [133-136]
metabolism disorder
S6k2~/~ Slightly larger body size [134]
S6k1~/=/S6k2~/~ Sharp reduction in viability [134]
SREBP Srebpl~/~ Embryonic lethal at E11 Emerging role as [140]
Srebplc™/~ Lipid metabolism disorder in liver an oncogene [146,160]
Srebp2~/~ Embryonic lethal at E7-ES [160]
Truncated Srebp-1a Developed a massive fatty liver enriched [147]
transgenic (liver) with cholesterol and triglycerides
Truncated Srebp-1c Developed a fatty liver enriched with [148]
transgenic (liver) triglycerides
Truncated Srebp-2 Developed a fatty liver enriched with [145]
transgenic (liver) cholesterol
ULK1 Ulk1=/~ Defects in reticulocyte maturation To be determined [157]
Transcription factor EB (TFEB) Tfeb=/~ Embryonic lethal between E9.5-10.5 To be determined [156]
Conditional Tfeb~/'~ (osteoclast) Increased bone mass [161]
Beclinl Beclin1t/~ Increased spontaneous malignancy Tumor suppressor [158]

Keys: +, wild type allele; —, null allele.
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suppressor role in vivo. On the other hand, inhibiting autophagy en-
hanced the chemotherapeutic effects in part by promoting apoptosis
in a lymphoma mouse model [159], arguing for an oncogenic role for
the autophagy process. Thus, autophagy may be important to prevent
cancer initiation but necessary for cancer cells to survive in energy
and nutrient deficient conditions [17].

2.6. mTORC2 substrates in tumorigenesis

2.6.1. Akt

The serine/threonine kinase Akt, also known as protein kinase B, is
one of the most commonly activated onco-proteins in human cancers
[32,162]. Notably, cancerous hyper-activated Akt accelerates cell
growth and proliferation, facilitates resistance to apoptosis as well as
promotes angiogenesis [162,163]. Three highly homologous Akt iso-
forms have been identified in mammals, namely Akt1 (also known as
PKBa), Akt2 (PKBR) and Akt3 (PKBy) [164]. Akt1 and Akt2 are ubiqui-
tously expressed, while Akt3 is primarily expressed in the brain and tes-
tis [165]. Upon extra-cellular growth factor stimulation, activation of
PI3K (phosphoinositide 3-kinase) leads to increased levels of PIP3
(phosphatidylinositol-3,4,5-triphosphate), which serves as a lipid sec-
ond messenger to recruit Akt, through its PH (pleckstrin homology) do-
main to the plasma membrane, as well as its activating kinase, PDK1
(phosphoinositide-dependent kinase 1) [166]. The Akt-PH/PIP; interac-
tion induces a conformational change in Akt, which enables the expo-
sure and phosphorylation of two critical residues, Thr308 and Ser473
[167], by PDK1 [168] and mTORC2 [169], respectively, achieving Akt
full activation. Activated Akt will then phosphorylate a large spectrum
of proteins in the cytoplasm, mitochondria and nucleus to exert its var-
ious physiological functions [170]. More than 200 Akt substrates have
been identified so far and they all share a similar Akt recognizable con-
sensus motif (RXRxxpS/pT) [171]. Interestingly, we recently observed
that Akt activation is cell cycle-dependent. Furthermore, we identified
that in addition to mTOR, Cdk2/Cyclin A directly phosphorylates
Akt1 atits extreme C-terminus on S477 and T479 residues, which either
primes for, or compensates for Akt-S473 phosphorylation, revealing a
new regulatory mechanism for Akt activation [172].

Different cellular distributions and functions for three Akt isoforms
have emerged after generation of the Akt isoform-specific KO mice by
two independent labs [173-175]. Specifically, Akt1~/~ mice are smaller
than their wild type counterparts and Akt1~/~ MEFs are more vulnera-
ble to induced apoptosis [176], supporting a role for the Akt1 isoform in
controlling body size and cell survival. On the other hand, Akt2~/~ mice
develop an insulin resistance phenotype largely due to changes of hor-
mones in liver and skeletal muscle, which reveals a critical role for
Akt2 in maintaining glucose homeostasis [174,177]. Consistent with a
predominant expression pattern of Akt3 in brain, the brain size and
weight from Akt3~/~ mice are reduced by 25%, compared with their
wild type counterparts [178,179]. Although loss of a single Akt1 isoform
is tolerated in vivo, combined deletion of additional Akt isoform(s) with
Akt1 displays an embryonic lethality phenotype. Specifically, the
Akt1™/=/Akt2~/~ mice die shortly after birth, and are much smaller
with impaired development of skin, skeletal muscle and bone [180].
Similarly, the Akt1=/~/Akt3~/~ mice die between E11-12 due to severe
defects in development of cardiovascular and nervous systems [179)].
On the other hand, the Akt2~/~/Akt3~/~ mice are viable but smaller,
and exhibit severe glucose and insulin intolerance [181]. These results
reinforce the notion that Akt1 is the major isoform for maintaining
Akt function during development.

Aberrant activation of Akt isoforms has been frequently observed in
different organ-originated cancer patients [170]. This might be due to
Akt gene amplification and/or Akt somatic mutations, which contribute
to the pathological Akt hyper-activation. For example, the Akt1-E17K so-
matic mutation in the Akt PH domain occurring in human breast, ovar-
ian and colorectal cancer patients is tightly associated with Akt hyper-
activation, which could induce B-cell leukemia in a Ep-Myc transgenic

mouse model, while wild type Akt failed to do so [182]. Moreover,
hyper-activation of the mTOR/Akt signaling might also stem from muta-
tions of signaling components upstream of Akt, which are also com-
monly observed in a series of human cancers, including somatic
mutations of PI3KCA and loss-of-function mutations of Pten [183-187].
In addition, gene rearrangements leading to an in-frame fusion gene
of Akt3 with Magi3 (membrane-associated guanylate kinase, WW and
PDZ domain containing 3) have been found in breast cancer patients
(8/235) [188], which produced a MAGI3-Akt3 fusion protein, resulting
in the loss of the PH-domain-mediated suppression of Akt and subse-
quently constitutive activation of Akt3 [188].

To further determine the role of Akt isoforms in cancer, mouse
models have been generated with an Akt isoform combined with vari-
ous cancerous mouse models. Furthermore, application of a polyoma
middle T (PyMT) and ErbB2/Neu-driven mammary adenocarcinomas
model in the Akt1™/~, Akt2~/~ and Akt3~/~ mice make it feasible to
demonstrate the specific role of each Akt isoform in driving tumorigen-
esis under these unique conditions. Notably, in contrary to Akt2~/~
mice, the Akt1~/~ mice showed an inhibited tumor initiation with an ac-
celerated tumor invasion [189]. Consistently, transgenic expression of
Akt1 or Akt2 isoforms in transformed mammary glands also demonstrat-
ed that expression of Akt1 accelerated tumor development and inhibited
invasion, while expression of Akt2 exhibited the opposite effects [190].
Hence, these results indicate that different Akt isoforms may exert
unique roles in tumorigenesis in a context-dependent manner.

2.6.2. PKC

The mammalian PKCs comprise conventional PKCs (PKC-o, PKC-p
and PKC-v), novel PKCs (PKC-5, PKC-¢, PKC-1) and PKC-0) and atypical
PKCs (PKC-¢ and PKC-NA) [191]. As a member of the AGC kinase family,
activation of all PKC isoforms is also phosphorylation-dependent [26].
Activation of PKC not only requires hydrophobic motif phosphorylation
by mTORC2 and kinase motif phosphorylation by PDK1, but also needs
further stimulatory regulation by second messengers [26], which differs
from the activation of Akt. Specifically, the second messengers for con-
ventional PKCs is calcium and diacylglycerol; for novel PKCs is diacyl-
glycerol but not calcium, while neither is required for the activation of
atypical PKCs [192]. Most PKC isoforms are ubiquitously expressed in
all tissues, although they may exert different roles under both physio-
logical and pathological conditions [193].

To determine the exact physiological function of each PKC isoform,
different PKC isoform KO mouse models were established and different
phenotypes were observed (Table 4), indicating the essential role of PKC
in the development of the immune system and central nervous system
[194-203]. In addition, various transgenic mouse models further sup-
port the notion that different PKC isoforms may exert different roles in
tumorigenesis. For example, PKC-¢ and PKC-\/u are generally consid-
ered to be oncogenes. Pathologically, clinical studies further revealed
the incidence and malignancy of malignant glioma are tightly correlated
with PKC-¢ activation [204]. Moreover, PKC-N/u has also been reported
to promote Ras-mediated transformation and colon tumorigenesis in
transgenic mice [205], and its oncogenic role was echoed by observed
overexpression or hyper-activation in human non-small cell lung can-
cer [206] and ovarian cancer [207]. Furthermore, the PKC-3 isoform is
linked to carcinogenesis as PKC-B3~/~ mice are resistant to
azoxymethane (AOM)-induced colon carcinogenesis, while transgenic
expression of PKC- in PKC-3~/~ mice restored colon cancer develop-
ment [208]. Moreover, another study revealed that PKC-3 was essential
in VEGF-induced vasculogenesis [209]. Consistent with an oncogenic
role for PKC kinases in tumorigenesis, several PKC inhibitors have
been tested in clinical trials for treatment of cancer patients [210]. On
the other hand, it is difficult to simply define the other PKC isoforms
as either oncogene or tumor suppressor. For example, PKC-a transgenic
mice illustrate a positive role for PKC-« in promoting cell proliferation
[211]. However, clinical evidences suggest that over-expression of
PKC-a in prostate, endometrial and hepatocellular cancers, whereas
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Table 4
Major physiological functions of the mTORC2 substrates.
mTORC2 substrates Mouse models Major phenotypes Putative roles in References
. tumorigenesis
knockout Transgenic
Akt Akt1=/~ Reduced body, brain and liver size Oncogene [173,176]
Akt2=/~ Insulin resistance and diabetes [174,177]
Akt3~/~ Reduction in body size and [175,178]
brain weight
Akt1~'~/Akt2~/~ Born with reduced body size; [180]
died shortly after birth
Akt1=/=JAkt3 =/~ Embryonic lethal at E11-E12 [179]
Akt2~'~/Akt3~/~ Reduced body size; [181]
insulin resistance
Conditional Akt1~/~ Inhibited tumor initiation; [189]
(mammary gland) accelerated tumor invasion
Conditional Akt2~/~ Accelerated tumor initiation; [189]
(mammary gland) inhibited tumor invasion
Akt1 transgenic Promoted tumor development; [226]
(ErbB-2 transgenic inhibited metastasis
mammary gland mice)
Akt2 transgenic Inhibited tumor development; [226]
(ErbB-2 transgenic promoted metastasis
mammary gland mice)
PKC Pkc-a=/~ Diminished glucose induced Isoform-specific [194]
albuminuria (Pkc-€ and Pkc-u are oncogenes)
Pke-3~/~ Humoral immunodeficiency; [195,208]
resistance to carcinogen-induced
colonic tumors
Pke-y '~ Mild deficits in spatial and [196,197]
contextual learning
Pkc-6—"~ B-cell dysfunction [198,199]
Pkc-g~/~ Severely impaired innate immunity; [200,201]
decreased hyperalgesia
Pkc-¢/— B cell malfunction [202,203]
Pkc-0~/~ Impaired cell activation; protective [227,228]
from fat-induced insulin resistance
Transgenic Pkc-PIl Restored the susceptibility to [208]
(pke-p~'7) carcinogen-induced colon tumor
Transgenic Pkc-u Susceptible to carcinogen-induced [205]
colon carcinogenesis
SGK Sgk1~/~ Impaired renal sodium retention Context-dependent [216]
under low salt diet
Sgk3 =/~ Delayed hair growth [217]
Sgk1~/=/Sgk3~/~ Delayed hair growth; lower blood pressure [217]
Compound Inhibited tumorigenesis [218]

Sgk1~/=/ApcMn* mice

Keys: +, wild type allele; —, null allele; H, hypomorphic allele; AOM, azoxymethane.

the down-regulation of PKC-o was observed in basal cell carcinoma and
colon cancers, indicating that the role for PKC-a in tumorigenesis may
be context-dependent [212]. To further evaluate the specific role of
PKC isoforms in cancer, more PKC isoform-specific and tissue-specific
knockout mouse models are warranted for further in-depth investiga-
tions in the near future.

2.6.3.SGK

As a member of the AGC kinase family, SGK1 is a serine/threonine ki-
nase that under transcriptional control of various stimuli including
serum, glucocorticoids, cytokines and other growth factors [213]. In ad-
dition to SGK1, two other isoforms have also been identified, namely
SGK2 and SGK3 [214]. Similar to other members of the AGC kinase fam-
ily such as Akt and PKC, activation of SGK requires phosphorylation by
PDK1 and mTORC2 [215].

To evaluate the physiological roles of SGK isoforms in vivo, Sgk1~/~
mice were developed in 2002, and these mice show impaired renal so-
dium retention under low salt diet, due to decreased renal epithelial
Na™ channel activity, which subsequently leads to lower blood pressure
and glomerular filtration rate [216]. Moreover, Sgk3~/~ mice exhibit a
delayed hair growth phenotype without a sodium chloride excretion
abnormality [217]. Notably, Sgk1~/~/Sgk3~/~ mice exhibit both pheno-
types of Sgk1~/~ and Sgk3™/~ mice [217], suggesting that SGK1 and
SGK3 possess non-redundant developmental functions in vivo.

Although genetic ablation of SGK does not result in tumorigenesis,
after induction by chemical carcinogen, Sgk1~/~ mice develop much
less colonic tumors than their wild-type littermates, supporting a phys-
iological role for SGK1 deficiency in counteracting carcinogenesis [213].
Consistently, the ApcM™+/Sgk1~/— compound mice, generated by
crossing Sgk1~/~ mice with an APC (adenomatous polyposis coli)
tumor suppressor defective (Apc™™*) mice, develop much less intesti-
nal tumors than Apc™i™+/Sgk1*/+ mice, as well as associate with de-
creased levels of colonic 3-catenin protein [218], further supporting an
oncogenic role for SGK1 in vivo. Consistently, administration of SGK in-
hibitors promoted radiation-induced tumor cell apoptosis in vitro and
decreased the number of tumors in vivo, supporting the notion that
SGK facilitates colon cancer progression [219].

Mutations of SGK appear to be mutually exclusive with Akt muta-
tions in cancer [220]. Both SGK and Akt share common downstream
substrates, as well as are able to promote cell growth, proliferation
and migration [220]. Accordingly, SGK3 has been observed to be able
to compensate for Akt to facilitate tumorigenesis in many PIK3CA mutat-
ed cancer cells and breast tumors. Moreover, SGK3-dependent PDK1
signaling was shown to be required for tumor growth, indicating the on-
cogenic role of SGK3 [221]. Clinically, up-regulation of SGK1 has been
reported in multiple tumor types, such as prostate cancer [222] and
non-small cell lung cancer [223]. However, this phenotype is tissue-
dependent, as decreased SGK1 expression was also found in
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adenomatous polyposis coli [218], adenomatous ovarian cancer [224]
and hepatocellular cancer [225]. Given that SGK is not essential in
tumor cell survival, the physiological role of SGK in tumorigenesis may
be tissue-dependent and context-dependent, which warrants further
in-depth investigations in part by generating additional tissue-specific
SGK transgenic mouse models.

3. Discussion

Hyper-activation of the PI3K/mTOR/Akt signaling pathway is among
the most commonly observed pathological alterations in human cancers
[32]. Since the identification of the yeast TOR gene in 1990s, the mTOR/
Akt pathway has been considered a central regulator in controlling cell
growth, proliferation and survival, as well as a promising anti-cancer
drug target [229,230]. In this review, we summarized the growing list of
available genetic mouse models, pathological alteration status as well as
downstream targets for key pathway components that are closely related
to mTORC1 and mTORC2 (Tables 1-4). More importantly, based on these
physiological and pathological evidences, we assigned a possible role for
each listed member for its role in tumorigenesis. Due to space limitation,
we cannot include mouse models of some indirect regulators of mTOR
complexes, such as PI3K [231,232], PTEN [233,234], PLD (phospholipase
D) [235-237], LKB1 [238], FLCN [91,239] and REDD1 (regulated in devel-
opment and DNA damage responses 1) [240] in the current review, al-
though they are also critical for our further understanding of how
dysregulation of the mTOR signaling pathway facilitates tumorigenesis.

Extensive studies have greatly facilitated our current understanding
of the biological functions of the mTOR pathway. However, clinical ap-
plications of inhibitors targeting key oncogenic members of this path-
way, including mTOR, Akt, PKC, SGK and S6K, haven't achieved
satisfactory clinical outcomes due to many reasons [33,34,210,241].
Since rapamycin opens the mTOR research field, its application on
treating mTOR-related diseases has been extensively studied. For exam-
ple, rapamycin was the first drug examined to be able to extend the
lifespan in mice [242]. However, comprehensive and large-scale assess-
ment showed that these effects were not due to aging [243]. As
rapamycin is a potent acute inhibitor for mTORC1 [3,4] and chronic in-
hibitor for mTORC2 [244,245], it has been used to combat various
human cancers but only reached limited success [34]. For example,
rapamycin analogs everolimus improved the progression-free survival
in a clinical phase IIl study on patients with metastatic renal cell carcino-
ma that progressed on VEGFR-targeted therapy, but the objective re-
sponse rate was only 1% [246]. More importantly, cancer patients
received rapamycin typically developed an insulin resistance after
prolonged treatments [247]. In addition to rapamycin, an allosteric
mTOR inhibitor, some ATP-competitive mTOR kinase inhibitors are in
clinical trails to treat cancer patients, including INK128 [248],
AZD8055 [249] and AZD2014 [250]. Unfortunately, these compounds
demonstrated only limited success in shrinking KRAS driven tumors
[251], suggesting that targeting both mTORC1 and mTORC2 for inhibi-
tion might not be an optimal treatment option. Instead, mTORC2-
specific inhibitors might shed new lights on targeted therapeutic ave-
nues to treat cancer patients with deregulated mTOR signaling.

To this end, more thorough and in-depth understanding of how the
mTOR/Akt pathway is regulated in normal cells and dysregulated in
cancer cells would benefit the identification of new mTORC2 upstream
regulators, and more importantly might lead to the discovery of more
potential anti-cancer drug targets. Achieving this goal will rely on thor-
ough biochemical studies to examine the cellular functions, utilization
of deep sequencing technology for analyzing the genetic alteration sta-
tus of target genes in cancer patient samples, and more importantly, the
establishment of additional sophisticated and comprehensive mouse
models to examine the physiological role for each signaling component
of mTOR, as well as to recapitulate human caners in mice to facilitate the

(Tissue specific KO mice for
— | all essential mMTORC1 and
L mTORC2 components

L | all essential mMTORC1 and

Tissue specific Tg mice for
mTORC2 components

p
Future perspectives in Tissue specific KO or Tg mice

generating additional mMTOR L, | for mTOR pathway upstream
pathway mouse models L regulators and downstream effectors )

("Using CRISPER technology to
introduce cancer-derived mutations
— | in mTOR pathway components,

\_regulators or effectors y,
[Compound mouse models by h
crossing the above engineered
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Fig. 3. A summary of future perspectives to determine the physiological roles for addition-
al members of the mTOR oncogenic pathway in tumorigenesis.

drug screening and clinical trials in the future. As the whole body knock-
out of mTOR, mLST8 or Sin1 core subunits leads to embryonic lethality, to
appreciate the exact role of these critical mTOR modulators in vivo,
tissue-specific knockout or transgenic mouse models are urged to be
generated. In addition, only limited mouse models are currently avail-
able, preventing the full understanding of the physiological contribution
of many members along this signaling pathway to cancer and other
human pathological conditions. Thus establishing mouse models for
all critical mTOR pathway components including its core complex com-
ponents, upstream regulators and downstream targets, will greatly help
to pinpoint their critical roles in various cellular processes leading to tu-
morigenesis. Notably, the recently developed CRISPR technique has pro-
vided an efficient and accurate method to generate engineered mice
with cancer patient-derived hotspot mutations [252], which may not
only bypass the embryonic lethality issue caused by gene ablation, but
also evaluate how significant a certain cancer patient hot mutation con-
tributes to tumorigenesis in a mouse model and might facilitate the test
of various treatments specifically targeting this mutation. For example,
we recently identified an oncogenic Sin1-R81T mutation that leads to
sustained activation of mTORC2 in a mouse xenograft model [20], it
will be interesting to further examine whether the Sin1-R81T transgen-
ic mice are prone to develop certain types of tumors.

More importantly, as a heterogeneous disease, cancer initiation and
development are commonly driven by multiple genetic alterations or
mutations. In addition, after the initial treatment, drug resistance is a
commonly developed due to additional adaptive genetic alterations. In
this scenario, to effectively cure cancer, targeted or combined cancer
therapies emerge as more effective clinical application approaches. For
example, application of both Cdk4 and MEK inhibitors not only achieves
better treatment outcome, but also reduces drug resistance develop-
ment in cancer patients [253]. Thus, compound mouse models will
shed new lights into which combination of different oncogenic path-
ways along the PI3K/mTOR/Akt signaling cascade should be considered
in a new combination therapy.

Finally, since the traditional radio- or chemo-therapy causes DNA
damage that also alters the activation status of the mTOR pathway, it
will be critical to examine whether cancer patients benefit from the
combination therapy including radio- or chemo-therapy plus targeted
inhibition of the mTOR pathway. To examine this hypothesis, genetic
mouse models combined with radiation or chemo-drug treatments
might need further testing in the future. There is no doubt that
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biochemical analysis, coupled with comprehensive structural and ge-
netic approaches, significant improvement of our understanding of
mTOR biology will be made, which eventually will facilitate the treat-
ment of patients suffering from cancer characterized with aberrancies
in the mTOR/Akt oncogenic signaling pathway.
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