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Abstract: The mechanistic target of rapamycin (mTOR), a serine-threonine kinase, plays a pivotal
role in regulating cell growth and proliferation. Notably, a great deal of evidence indicates that
mTOR signaling is also crucial in controlling proliferation and differentiation of several stem cell
compartments. Consequently, dysregulation of the mTOR pathway is often associated with a variety
of disease, such as cancer and metabolic and genetic disorders. For instance, hyperactivation of
mTORC1 in neural stem cells (NSCs) is associated with the insurgence of neurological manifestation
characterizing tuberous sclerosis complex (TSC). In this review, we survey the recent contributions of
TSC physiopathology studies to understand the role of mTOR signaling in both neurogenesis and
tumorigenesis and discuss how these new insights can contribute to developing new therapeutic
strategies for neurological diseases and cancer.
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1. Introduction

The mechanistic target of rapamycin (mTOR) is a serine/threonine protein kinase belonging to
the phosphoinositide 3-kinase (PI3K)-related kinase family. In mammalian cells, mTOR constitutes
the catalytic subunit of two functionally distinct protein complexes, mTOR Complex 1 (mTORC1),
which is sensitive to the allosteric inhibitor rapamycin, and mTOR Complex 2 (mTORC2) which,
instead, is resistant to acute rapamycin treatment. mTORC1 plays a pivotal role in regulating cell
growth and metabolism, while mTORC2 controls cell survival and proliferation and cytoskeletal
organization responding to growth signals [1]. In order to promote cell growth, mTORC1 regulates
protein synthesis, ribosomal biogenesis and lipogenesis positively while inhibits autophagy [1,2].
Consistent with its central role in the maintenance of cellular homeostasis, mTOR function requires
the integration and coordination of multiple intra- and extracellular signals to maintain a balance
between anabolic and catabolic processes. mTORC1 activation depends on the cell energy status
and is induced by various factors such as nutrient availability, growth factors and energy level
through the insulin receptor/phosphoinositide 3-kinase(PI3K)/Akt, the extracellular signal-regulated
kinases (ERKs)/ribosomal S6 kinase (RSK) and the AMP-dependent protein kinase (AMPK) signaling
pathways. These pathways converge leading to the inhibition by phosphorylation of the Tuberous
Sclerosis Complex (TSC), which is a key negative regulator of mTORC1. Once activated, mTORC1
promotes the metabolic processes needed to elicit cell growth [1,3]. Thus, TSC represents the final
inhibitor of the mTORC1 signaling pathway and plays a critical role as tumor suppressor. TSC is an
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heterotrimeric complex made up of hamartin (TSC1), tuberin (TSC2) and the TBC1 domain family
member 7 (TBC1D7) [4]. Loss of function mutations in Tuberous Sclerosis Complex 1 (TSC1) and TSC2
genes results in mTORC1 hyperactivation and TSC development. TSC is a monogenic autosomal
dominant disease characterized by benign tumors in multiple organs, including brain, kidney and skin,
and neurological disorders such as epilepsy, autism and learning impairment [5]. As the molecular
bases of TSC lie in the hyperactivation of mTORC1, the symptoms of the disease reflect mTORC1
functions and clearly indicate a role of this complex not only in cellular growth processes, but also in
many neurological processes [3,6,7]. During recent decades, our understanding of the role of mTORC1
in neurogenesis and its implication on TSC neurological manifestations has greatly improved thanks
to the use of TSC-deficient cell lines and animal models which represent useful tools to provide
insights into mTOR neurobiology. In this review, we focus on the current understanding of the role
played by mTORC1 in either tumorigenesis and the neurological manifestations of TSC. Moreover,
we discuss how the identification of novel component of the TSC1/2-mTORC1 signaling axis can
contribute to improve therapies for not only TSC, but also other disorders linked to the dysregulated
mTORC1 function.

2. The mTOR Complexes and Their Signaling Network

2.1. Structure and Function of mTOR Complexes

mTOR is a phosphoinositide 3-kinase related protein kinase (PIKK) with a central role in cell
growth and metabolism. The kinase activity of mTOR is closely regulated in response to environmental
cues and physiological conditions (Figure 1).

Consistent with its pivotal role on controlling cell function, mTOR deregulation is often associated
with the onset of diseases such as neurodegeneration, cancer and diabetes [8,9]. mTOR sequence
consists of several conserved structural domains. The region at N-terminal contains multiple repeats
called HEAT (for Huntington, EF3, A subunit of PP2A, TOR1), repeats which are involved in
protein-protein interactions [10]. The central region and the C-terminus of mTOR contain the FAT
(FRAP, ATM, TRAP) and FATC domains which are conserved in other PIKK family members [10].
The FATC region is necessary for mTOR activity. The kinase domain is situated at the C-terminal half,
immediately downstream of the FKBP-rapamycin binding (FRB) domain which can interact with the
FKBP12-rapamycin complex, inhibiting mTOR activity [11]. mTOR is the catalytic subunit of two
functionally and biochemically distinct multiprotein complexes called mTORC1 and mTORC2 [12–14].
While mTORC1 plays a central role in cell growth and metabolism regulation, mTORC2 controls
cell survival and proliferation as well as cytoskeletal organization responding to growth signals [1].
The significant difference between the two complexes is the diverse sensitivity to rapamycin because
mTORC2 is insensitive to acute rapamycin treatment [15]. mTORC1 is a high molecular weight protein
complex consisting of five components in which the catalytic subunit, mTOR, is associated with
regulatory proteins. The positive regulation of the complex is under the control of two proteins,
the regulatory-associated protein of mTOR (Raptor) and the mammalian lethal with Sec13 protein
8 (mLST8 or GβL). In particular, Raptor functions as a scaffold protein and its interaction with
mTOR is required for recruitment of specific substrates, [1,10] such as ribosomal S6 kinase (S6K) and
eIF4E-binding protein 1 (4E-BP1), through binding to the TOR signaling (TOS) motif [16–18]. mLST8
interacts with the catalytic domain, probably by stabilizing the kinase activation, and is essential for
mTORC1 activity [1].

In contrast, the proline-rich Akt substrate of 40 kDa (PRAS40) and DEP domain containing
mTOR-interacting protein (DEPTOR) act as negative regulators of mTORC1 activity by inhibiting the
binding of the substrates [18,19]. The active form of mTORC1 is a dimeric complex of about 1-MDa
whose assembly is regulated by the telomere maintenance 2 (TELO2) and TELO2 interacting protein
(TTI1/TTI2), that form a TTT complex and interact with mTORC1 during assembly. TTT complex
constitutes a larger complex in association with other proteins to control the energy-dependent
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assembly of functional mTORC1, its dimerization, and its association with Rag for lysosomal
localization [20,21].Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  3 of 22 

 

 
Figure 1. Regulation of mTORC1 activity. mTORC1 and mTORC2 are under the control of numerous 
upstream signaling pathways that respond to the presence of growth factors, hormones, nutrient 
availability and stress signals. DEPTOR: DEP domain containing mTOR-interacting protein; EGFR: 
epidermal growth factor receptor; GSK3β: glycogen synthase kinase 3 beta; IRS: insulin receptor 
substrate; mLST8: mammalian lethal with Sec13 protein 8; PAT1: proton-coupled amino acid 
transporter 1; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol 
3,4,5-bisphosphate; PRAS40: proline-rich Akt substrate of 40 kDa; PTEN: phosphatase and tensin 
homolog; Rag: Ras-related GTPases; Raptor: regulatory-associated protein of mTOR; Rheb: Ras 
homolog enriched in brain; Rictor: rapamycin-insensitive companion of mammalian target of 
rapamycin; SLC38A9: Solute Carrier Family 38 Member 9; v-ATPase: Vacuolar-type H+-ATPase; 
Wtn: Wingless-type MMTV integration site family. 

mTORC1 acts as a sensor in response to energy and nutritional status of the cell to promote cell 
growth. In particular, in response to nutrients, growth factors, energy and also extracellular stimuli, 
mTORC1 controls the synthesis of proteins, lipids, and nucleotides, autophagy and both ribosomal 
and lysosome biogenesis by phosphorylating specific downstream substrates [1,22]. Protein 
synthesis is promoted by recruitment of the translational machinery through the phosphorylation of 
S6K and 4E-BP1. Lipid synthesis, necessary for new cell membrane formation, is positively regulated 
by mTORC1 through the sterol regulatory element binding proteins (SREBP) and the peroxisome 
proliferator-activated receptor γ (PPARγ), two transcription factors which promote the expression 
of gene coding for proteins related to lipid and cholesterol homeostasis [19,23]. mTORC1 also plays a 

Figure 1. Regulation of mTORC1 activity. mTORC1 and mTORC2 are under the control of
numerous upstream signaling pathways that respond to the presence of growth factors, hormones,
nutrient availability and stress signals. DEPTOR: DEP domain containing mTOR-interacting protein;
EGFR: epidermal growth factor receptor; GSK3β: glycogen synthase kinase 3 beta; IRS: insulin receptor
substrate; mLST8: mammalian lethal with Sec13 protein 8; PAT1: proton-coupled amino acid transporter
1; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol 3,4,5-bisphosphate; PRAS40:
proline-rich Akt substrate of 40 kDa; PTEN: phosphatase and tensin homolog; Rag: Ras-related
GTPases; Raptor: regulatory-associated protein of mTOR; Rheb: Ras homolog enriched in brain;
Rictor: rapamycin-insensitive companion of mammalian target of rapamycin; SLC38A9: Solute Carrier
Family 38 Member 9; v-ATPase: Vacuolar-type H+-ATPase; Wtn: Wingless-type MMTV integration
site family.

mTORC1 acts as a sensor in response to energy and nutritional status of the cell to promote
cell growth. In particular, in response to nutrients, growth factors, energy and also extracellular
stimuli, mTORC1 controls the synthesis of proteins, lipids, and nucleotides, autophagy and both
ribosomal and lysosome biogenesis by phosphorylating specific downstream substrates [1,22]. Protein
synthesis is promoted by recruitment of the translational machinery through the phosphorylation of
S6K and 4E-BP1. Lipid synthesis, necessary for new cell membrane formation, is positively regulated
by mTORC1 through the sterol regulatory element binding proteins (SREBP) and the peroxisome
proliferator-activated receptor γ (PPARγ), two transcription factors which promote the expression
of gene coding for proteins related to lipid and cholesterol homeostasis [19,23]. mTORC1 also plays
a key role in the regulation of autophagy. In presence of nutrients, mTORC1 controls, in a negative
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manner, the autophagic pathway by inhibiting both the activation of Unc-51-like kinase 1 (ULK1),
which is necessary in early steps of autophagosome biogenesis, and the nuclear translocation of the
transcription factor EB (TFEB), which induces lysosomal and autophagy gene expression [24].

mTORC2 is a complex consisting of six elements including some proteins in common with
mTORC1, such as mTOR, mLST8 and DEPTOR, and other different components [19,23]. In mTORC2,
the scaffold protein, that assists the complex assembly and the catalytic activity of mTOR, is a
rapamycin-insensitive companion of mTOR (Rictor). Additional subunits necessary for the complex
activity are the mammalian stress-activated protein kinase interacting protein 1 (mSin1), which acts as
a regulatory subunit, and the protein observed with Rictor-1 and Rictor-2 (Protor 1/2) [19,23]. The TTT
complex contributes to maintaining stability, as in mTORC1 [23]. mTORC2 is sensitive primarily
to growth factors and hormones by promoting actin cytoskeleton organization, cell-cycle entry and
cell survival. Moreover, the direct phosphorylation of Akt by mTORC2 enhances cell growth via
mTORC1 [25].

2.2. mTORC1 Regulation

mTOR functions as a cellular sensor capable of detecting and modulating both intracellular and
environmental signals to maintain a homeostatic status. For these reasons, the regulation of mTORC1
activity is under the control of numerous upstream signaling pathways that respond to the presence
of growth factors, hormones, nutrient availability and stress signals (Figure 1). The main regulators
upstream of mTORC1 are the TSC complex and the Ras homolog enriched in brain (Rheb), a small
G-protein which acts as direct activator of mTORC1 [4,26]. The GTPase-activating protein (GAP)
activity of TSC2 toward Rheb is controlled by multi-site phosphorylation downstream of several
protein kinase signaling pathways among which the PI3K-Akt pathway, the Ras-ERK cascade and
AMPK activity [2]. In particular, the direct phosphorylation of TSC2 by Akt promotes the release of
Rheb from the TSC complex and activates mTORC1 [27,28]. Similarly, ERK and RSK phosphorylate
and inhibit TSC2, promoting mTORC1 activation [29,30]. On the contrary, TSC2 phosphorylation,
carried out by AMPK upon energy depletion, increases its GAP activity inactivating mTORC1 [31,32].
Therefore, in the presence of nutrients or growth factors TSC is inhibited and Rheb-GTP can accumulate
and activate mTORC1. Otherwise, TSC2 activation leads to GTP hydrolysis by Rheb and the inhibition
of mTORC1 function [33].

Importantly, TSC2 phosphorylation status does not influence its GAP activity to Rheb, but its
spatial localization. In the absence of growth factor, TSC2 is situated to the lysosomal membranes
in proximity of Rheb and mTORC1, while the presence of growth factors promotes its dissociation
from the lysosomal membranes [24,27]. In addition, mTORC1 can modulate itself and promote a
negative-feedback loop by suppressing both PI3K signaling and mTORC2 activation [19].

Moreover, TCS regulates mTORC1 from the peroxisome in response to reactive oxygen species
(ROS) [34]. In this paper, authors demonstrated that peroxisomal ROS stimulate autophagy by
activating TSC2 and repressing mTORC1 and suggested that peroxisomal TSC signaling node functions
as a cellular sensor for ROS to regulate mTORC1 and autophagy.

Amino acid availability regulates mTORC1 activity independently of growth factor signaling as
demonstrated by many studies performed on Tsc1 or Tsc2 knockout cells, in which mTORC1 remained
sensitive to amino acid deprivation, bypassing TSC complex signaling [35–37]. The major proteins
modulating mTORC1 activity, with respect to amino acid levels, are the Ras-related GTPases (Rag).
The Rag GTPase protein family consists of four members (RagA/B/C/D) in mammals, which assemble
in heterodimers (A/B with C/D) at the lysosomal surface [38,39]. Rag GTPase activity depends on
their guanine nucleotide state which is regulated by several multi-protein complexes, including the
Ragulator and GATOR complexes [40,41]. Although Rag activity does not lead to direct stimulation of
mTORC1, Rags are necessary to recruit mTORC1 to the lysosomal membrane where it can interact with
Rheb to be activated [38]. It has also been shown that TSC complex is directly involved in the amino
acid sensing pathway. In the absence of amino acids, Rags are inactive and can bind and recruit TSC2
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to lysosomes. In this manner, Rheb is inhibited causing the release of mTORC1 from the lysosome
membrane [42].

Recent studies have shown the existence of Rag GTPase-independent activation of mTORC1
controlled by the presence of glutamine [19]. For example, an in vitro study in RagA/B deficient
cells showed how glutamine stimulation caused the translocation to the lysosome of mTORC1 and
its activation through a v-ATPase and a small GTPase, adenosine diphosphate ribosylation factor 1
(Arf1) [43].

Cell growth needs nutrients and energy to support the required anabolic processes. Consistent
with this, mTORC1 enhances mitochondrial biogenesis to assure the proper energy supply during the
cell growth [44]. Moreover, the balance between anabolic and catabolic processes is finely controlled
by the energy sensor, AMPK, via multiple mechanisms. In fact, upon energy stress AMPK performs
a double negative regulation of mTORC1. Apart of the TSC2 phosphorylation, AMPK inactivates
mTORC1 by directly phosphorylating Raptor [24,25].

2.3. mTORC1 Signaling Pathway and Cell Growth and Metabolism

mTORC1, considered the hub of many signaling networks, drives cell growth through the
regulation of a wide range of anabolic processes, including synthesis of proteins, lipids, and nucleotides
(Figure 2). mTORC1 induces protein synthesis in response to cellular growth signals by acting on
different transcription and translation effectors [1]. eIF4E-binding protein 1 (4E-BP1) and ribosomal
S6 kinases (S6K), which regulate cap-dependent translation initiation and elongation respectively,
are direct substrates of mTORC1 activity [45]. Both 4E-BP1 and S6K contain the Tor Signaling
Sequence (TOS) motif, necessary to interact with Raptor [16–18]. 4E-BP1 acts as negative regulator
of cap-dependent protein translation. In the non-phosphorylated state, 4E-BP1 is associated with
and inhibits the eukaryotic translation initiation factor 4E (eIF-4E) which, as a consequence, cannot
promote the translation of mRNAs involved in cell growth [2]. The phosphorylation by mTORC1
on four Ser/Thr residues of 4E-BP1 induces the release of eIF-4E which can bind to both eIF-4G
and eIF-4A and form the active eIF-4F translation initiation complex [46,47]. Also, S6K is a direct
effector of mTORC1 and plays an important role in the regulation of mRNA translation and the
biogenesis of ribosomes. The mTORC1-dependent activation of S6K leads to the phosphorylation
of its own set of targets, many of which promote protein synthesis [48,49]. The primary target of
S6K is the ribosomal protein S6, a component of the 40S ribosome subunit which is essential for
protein synthesis and cell cycle progression. S6K is also involved in the formation of the eIF-4F
translation initiation complex by phosphorylating both eIF-4B, which can be recruited in the complex
and increase the eIF4A helicase activity, and the protein programmed cell death 4 (PDCD4), which in
its unphosphorylated state acts by inhibiting eIF4A [50]. S6K inhibits the eukaryotic elongation
factor 2 kinase (eEF2K), promoting and enhancing translation elongation by eEF2 [51]. Moreover,
S6K attends to mRNA maturation by regulating the splicing machinery [52,53]. In support of protein
synthesis, mTORC1 directly modulates ribosomal biogenesis by regulating the translation of a subset
of mRNAs possessing 5’-terminal oligopyrimidine (TOP) tracts, a class of mRNAs which encodes for
essential component of the translational machinery such as ribosomal proteins and both elongation and
initiation factors. mTORC1 also promotes rRNAs generation, enhancing the Pol I- and Pol III-dependent
transcription [2,25].

To make up for the increasing demand for nucleotides during rRNA production, mTORC1
supports the synthesis of purine and pyrimidine nucleotides. Many studies have demonstrated that
mTORC1 signaling induces de novo pyrimidine and, more recently, also purine synthesis. In particular,
S6K phosphorylates and activates carbamoyl-phosphate synthetase 2, aspartate transcarbamylase,
and dihydroorotase (CAD) enzyme which catalyses the first steps of the pyrimidine biosynthesis
pathway [54,55]. In a recent study, it was demonstrated that mTORC1 induces purine synthesis
by enhancing the translation of activating transcription factor 4 (ATF4), which regulates the
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gene-expression of methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), a metabolic enzyme
directly involved in the purine pathway [56].
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Figure 2. The mTORC1 signaling network driving cell growth. The pathways downstream of mTORC1
signaling controlling protein synthesis, ribosomal biogenesis, metabolism and autophagy. ATG-13:
Autophagy-related protein 13; 4E-BP1: eIF4E-binding protein 1; FIP200: focal adhesion kinase family
interacting protein of 200 kD; S6K: ribosomal S6 kinases.

The stimulation of cell growth is also associated with an increase in de novo lipid synthesis,
necessary for the biogenesis of plasma membrane and cell organelles. By controlling S6K, lipin1
and CREB regulated transcription coactivator 2 (CRTC2), mTORC1 stimulates lipogenesis trough
the activation of the sterol regulatory element-binding proteins (SREBPs), a family of transcription
factors that induce the gene-expression of the lipogenic enzymes involved in fatty acids and sterols
synthesis [2,57]. Although the involvement of mTORC1 has been demonstrated, the mechanism
underlying this regulation has not yet been fully clarified. Moreover, SREBPs, by activating the pentose
phosphate pathway, increase the production of NADPH, which is necessary for several biosynthetic
processes [58].

3. mTORC1 Signaling Pathway and Disease: The Tuberous Sclerosis Complex Model

3.1. Clinical Manifestation and Molecular Biology of Tuberous Sclerosis Complex

Consistent with the central role of mTORC1 in controlling a wide range of cellular functions,
the deregulation of its signaling pathways has been implicated in a variety of disorders such as
tumorigenesis, epilepsy, cognitive disability, metabolic impairments, neurodegenerative diseases and
immunity. TSC represents a good model to study the role of mTORC1 signaling in both tumorigenesis
and neurological disorders for its well-defined genetic origin and clinical manifestations.

TSC is a multisystem and autosomal dominant disorder characterized by the development of
benign tumors, called hamartomas, in multiple organs such as brain, heart, kidneys, skin and lungs.
TSC is consider as a rare disease with an estimated incidence at birth of approximately 1 in 6000 [5].
More than 90% of TSC patients show the presence of three main types of brain lesions: cortical
or subcortical tubers, subependymal nodules (SENs) and subependymal giant cell astrocytomas
(SEGAs). The brain lesions in TSC are associated with neurological symptoms, such as epilepsy,
intellectual disability and autism spectrum disorders (ASDs) [59]. In addition, some patients may
show additional neuropsychiatric problems such as anxiety, depression, attention-deficit/hyperactivity
disorder (ADHD) and aggressive/disruptive behavior [60]. TSC is caused by inactivating mutations in
either TSC1 [61], or TSC2 [62] genes. Mutations in TSC1 or TSC2 genes were found in about 80–85%
of diagnosed TSC cases. In particular, over 200 mutations have been reported in TSC1 gene and
over 700 in TSC2, but identification of additional mutations in these genes of the remaining cases
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is expected thanks to sequencing technology improvements. Although TSC2 mutations seem to
be associated with a more severe phenotype, an obvious genotype-phenotype association is made
difficult by the high number of mutations identified [7,63]. Recently, mutations in the TBC1D7 gene
have also been reported, but patients did not present clinical manifestations of TSC [64,65]. Loss of
TSC1/TSC2/TBC1D7 complex activity is related to mTORC1 hyperactivation, which characterizes
TSC patients’ tissues, inducing several abnormalities in numerous cell biochemical processes such
as the activation of transcription, translation and inhibition of autophagy. In accordance with this,
numerous studies have revealed upregulation of mTORC1 in cellular and animal models of TSC
and strongly indicated mTORC1 activation as the molecular bases of TSC pathology [66–69]. It is
worth noting that the degree of mTORC1 activation correlates well with the severity of pathological
symptom [70]. Results obtained using mTOR inhibitors further support the existence of a direct
association between hyperactivation of mTORC1 and TSC pathology [71,72]. However, evidence
revealing mTORC1-independent functions of TSC1/2, such as the role of TSC2 as transcription factor,
has been also produced [73–77]. Further investigation in this regard may be helpful to understand those
aspects of TSC that are not unequivocally attributable to mTORC1 activity. A genomic analysis of TSC
molecular neuropathology aimed at gaining more insight into the disease at the molecular level has
been recently reported [78]. The authors performed RNA sequencing and ribosome-profiling analysis,
using a human TSC2 deleted neural stem cell model, to detect the genome-wide consequences of
TSC2 loss at both the transcriptional and translational levels. Transcriptome analysis of TSC2-deficient
cells revealed increased expression of genes associated with inflammation processes, indicating an
active inflammatory response, in agreement with TSC brain tissue findings. The inflammation state
accounts for epileptogenesis and the generation of seizures typically observed in TSC patients. On the
other hand, ribosome profiling analysis of the TSC2 cell model showed elevated protein synthesis in
general and a specific increase in the production of angiogenic growth factors, consistent with the high
degree of vascularization observed on the tumor lesions of TSC patients [79]. It is worth noting that
Grabole et al.′s study demonstrated that mTOR inhibitors corrected translational dysfunction probably
implicated in brain tumor hypertrophy but neither inflammation nor angiogenesis associated with
transcriptional defects, suggesting the possibility of combining additional treatments for TSC patients
based on their specific clinical manifestation [78].

3.2. mTORC1 Signalling and Cancer

As previously discussed, mTORC1 controls cell growth and metabolism by positively regulating
many related cellular processes such as protein synthesis, ribosome biogenesis, transcription,
lipogenesis and nutrient uptake. mTORC1 function is under the control of both oncogenic signaling
cascades and cosuppressor effectors, whose mutations can lead to hyperactivation of mTORC1,
and, in turn, promote anabolic processes inducing tumor cell growth and proliferation [3]. Among
the numerous pathways controlled by mTORC1, the initiation of mRNA translation promoted by the
activation of S6K and the promotion of 5′-cap-dependent mRNA translation, induced by the inhibition
of the translational repressor 4E-BP1 are supposed to be the most critical for tumor development [80].
According to this, a ribosomal profiling study delineating the translational landscape of prostatic cancer
genome revealed a group of mTORC1 translating mRNAs involved in cell proliferation, metabolism
and invasion [81].

The constitutive activation of mTORC1 in TSC results in the development of hamartomas in
multiple organs. The benign feature of TSC-associated tumors has been, at least in part, attributed
to the loss of Akt signaling due to either a mTORC1-dependent negative feedback regulation of Akt
and the attenuation of mTORC2 signaling derived from the loss of TSC1/2 complex function [82,83].
More recently, other studies demonstrating that hyperactivated mTORC1-dependent Akt inhibition
constrains tumor growth in TSC patients by downregulation of different signaling cascades, have been
reported [84,85]. Jin et al. also reported a hyperactivated mTORC1-independent protective effect
against malignant tumor development in TSC induced by downregulation of the SOX9-OPN signaling
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cascade through the inhibition of Akt [86]. Furthermore, Zordan et al. speculated about Akt inhibition,
which might also be responsible for the failure of TSC mouse models to reproduce well-defined
SENs and full-blown SEGAs. Consistent with this, by inducible conditional transgenesis authors
have demonstrated that codeletion of Tsc1 and Pten in postnatal neural stem cells is necessary for the
development of SENs and SEGAs closely resembling human TSC lesions highlighting the relevance of
both Akt and mTORC2 pathways for the induction of these tumors [87].

The involvement of miRNA in mTORC1-induced tumorigenesis is beginning to emerge.
In particular, an increased expression of miR21, miR146a, and miR155 in TSC brain lesions has been
reported [88]. Based on these data, Hilaire et al. performed in vitro and in vivo studies to investigate
the role of miR-21 in TSC [89]. The authors found that miR-21 is increased approximately 10-fold in
Tsc2-deficient cells and its inhibition resulted in both reduced tumorigenic potential and increased
sensitivity to apoptosis of TSC cells. Interestingly, miR-21 inhibition showed even more striking
efficacy when combined with rapamycin. Overall, these insights may contribute to identifying new
potential pharmacological targets to develop more effective therapeutic strategies as discussed below.

Apart from the TSC disorder, TSC1/2 loss has also been found in different form of sporadic
cancers such as bladder cancer, hepatocellular carcinoma and pancreatic neuroendocrine tumor [90–93].
This observation suggests that for those form of cancer, characterized by TSC 1/2 loss, it may be possible
set up targeted treatment strategies based on the knowledge so far acquired on TSC molecular pathology.

More in general, genetic events, causing aberrant activation of mTORC1 pathways, may be
able to induce tumorigenesis through the stimulation of anabolic processes. Consistent with this,
gain-of-function mutations on oncogenes as well as loss-of-function mutations in tumor suppressors,
which function as up-stream effectors of mTORC1 have been found in a wide variety of human
cancers [9,94].

3.3. mTORC1 Signalling and Neurogenesis

mTOR plays key roles in brain physiology and pathology as suggested by the numerous
neurological disorders associated with mTOR pathway dysfunction, such as epilepsy, autism and
neurodegenerative diseases. In accordance with this, many studies have demonstrated that mTOR is
implicated in numerous neurological processes such as neuronal development, circuit formation,
synaptic plasticity, learning, memory and feeding [95,96]. In the past, studies on the molecular
mechanisms underlying mTOR functions during neurogenesis were hampered because mTOR null mice
die around embryonic day 6 [97]. The recent development of conditional transgenic mice, that allow
affecting mTOR activity during distinct developmental stages, has led to substantial progress in our
understanding of the molecular neurobiology of mTOR. In particular, the involvement of mTORC1 in
different steps of neurogenesis, as well as in mature neuron functions, has clearly emerged. Cloetta et al.
used conditional knockout mice carrying a floxed allele of raptor with Nestin-cre to specifically inactivate
mTORC1 in the progenitors of the developing CNS. These mice showed a microcephaly starting at
E17.5, decreased cell size and reduced cell number, increased cell death and short postnatal survival [98].
Moreover, neurospheres derived from raptor-deficient brains displayed defective differentiation of
neural progenitors into glia, whereas neuronal differentiation was not affected [98]. To elucidate
the role of mTORC1 on neonatal neural stem cell (NSC) self-renewal, Hartman et al. specifically
inactivated mTORC1 in NSCs of the subventricular zone (SVZ) of neonatal Rheb and Raptor knockdown
mice [99]. The authors found that mTORC1 inhibition resulted in decreased NSC differentiation and
reduced the number of newborn neurons as a consequence of impaired generation of intermediate
progenitors, which give rise to neuroblasts. In addition, increasing mTORC1 activity induced terminal
NSC differentiation into highly proliferative intermediate progenitors [99]. Interestingly, the inhibition
of the translational repressor 4E-BP2, an mTORC1 downstream effector, supported the effect of
mTORC1 hyperactivation. On the contrary, mTORC1-activated S6K regulated NSC soma size but
not differentiation [99]. Consistent with these findings, Magri et al. using Tsc1 or Tsc2 conditional
knockout mice showed that activation of mTORC1 in postnatal NSCs reduced their self-renewal and
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induced premature differentiation, precluding neuronal and oligodendroglial cell maturation [66].
More recently, Mahoney et al., using Tsc1 floxed transgenic mice investigated whether the effect of
hyperactive mTORC1 would be recapitulated in both slow-cycling and quiescent NSCs in the SVZ of
young adult mice [100]. Conditional mTORC1 activation resulted in increased production of transit
amplifying cells and newborn neuroblasts in the SVZ by inducing differentiation of quiescent NSCs into
proliferative daughter cells. In accordance with this, mTORC1 activation did not induce proliferation in
slow-cycling NSCs and could be responsible for the progressive loss of NSCs over time [100]. In another
study, the effects of Tsc2 knockout, in developing forebrain excitatory neurons, were evaluated in overall
brain development of mutant mice. Mutant mice exhibited distinct neuroanatomical abnormalities,
including neuronal hypertrophy and cortical astrogliosis [67]. Altogether, these finding indicate that
mTORC1 is critically involved in the regulation of both embryonic and postnatal neurogenesis and is
crucial for normal brain development and growth. Moreover, the role of mTORC1 signaling is to drive
NSCs differentiation rather than induce proliferation.

Some evidence indicates that mTORC1 also plays a critical role in proper neuron migration.
Studies using both Tsc1 conditional knockout mice and mice constitutively expressing activated
Rheb proved that mTORC1 pathway hyperactivation in NSCs of the SVZ caused failure of neural
progenitor migration to the olfactory bulb and abnormal neuron formation, as observed in TSC
neuropathology [66,101–103]. Migration defects associated with hyperactive mTORC1 were not
only observed in the SVZ. Fu et al. reported that GABAergic interneuron-specific Tsc1 conditional
knockout mice showed impaired growth, decreased survival and displayed ectopic clusters of cells,
suggesting impaired interneuron migration [104]. In addition, knockdown of RTP801, an inhibitor
of mTOR activation via the TSC complex, strongly affected migration of rat newborn neurons to the
cortical plate and resulted in the ectopic localization of mature neurons [105]. Kassai et al. established
transgenic mice lines carrying constitutively activated mTOR kinase to selectively direct activation
of the mTORC1 pathway in a spatially and temporally controlled manner [106]. The authors found
that mTORC1 activation in postmitotic neurons resulted in dysregulation of neuronal cell size and
impaired cortical neuronal migration; these abnormalities were mostly attributable to specific effects
resulting from mTORC1 signaling activation. The authors also demonstrated that mTORC1 signaling
displayed different stage-specific functions in developmental and adult neurons suggesting the
involvement of different downstream effectors driving cellular processes in embryonic and adult
neurons [106]. Although the effect of mTORC1 loss in neuron migration has been poorly investigated,
preliminary studies seem to suggest that mTOR inactivation does not affect neuron migration [107,108].
Thus, while mTORC1 pathway activation strongly perturbs neuronal migration, its inhibition seems to
have no consequences. Further investigation about the controversial effect of mTORC1 regulation are
needed to clarify the molecular mechanism underling neuronal migration.

3.4. mTORC1 Signaling and Neurological Disorders

TSC is characterized by a high occurrence of epileptic seizures (about 90% of patients) and ASDs
(about 50%). This observation has led to associating mTORC1 hyperactivation with the onset of these
clinical manifestations. Consistent with this, mice, in which Tsc1 or Tsc2 have been deleted in specific
neural populations, show hyperactivation of mTORC1, severe epileptic seizures and abnormal social
interaction [109–112]. Abs et al., by inducing acute biallelic Tsc1 deletion in adult mice, demonstrated
a direct role of mTORC1 signaling in epilepsy development in adult brain, also in the absence of a
major brain pathology [113]. Zou et al. have recently analyzed the age-dependent pathologic effects of
Tsc1 loss on astrocytes and neurons and evaluated epilepsy development by using an inducible Tsc1
knock-out mouse. The authors reported that the phenotype observed, by inactivating Tsc1 at 2 weeks
of age, was much less severe compared to prenatal Tsc1 inactivation, indicating that the severity of
neural cell abnormalities and the resulting epilepsy are dependent on the developmental timing of
TSC1 loss [114]. Conditional Pten knockout mice also exhibit seizures and abnormal social behavior
associated with changes in mTOR pathway activity [115–117]. Noteworthy, seizures caused by Tsc1,
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Tsc2 or Pten deletion are prevented by rapamycin treatment, indicating that mTOR hyperactivation
is a causal link to their occurrence. On the other hand, several studies have reported an increase of
mTORC1 activity in chemical convulsant animal models of epilepsy, further supporting the existence
of a close association between mTORC1 pathway activation and epileptogenesis [118–120].

Evidence of the involvement of mTORC1 hyperactivation in autism has also been reported.
For instance, the occurrence of an autistic-like behavior was observed using mouse models with
specific deletion of Tsc1 or Tsc2 in cerebellar Purkinje cells [121,122]. These studies clearly indicated
the involvement of mTORC1 signaling in cerebellum function and suggested that dysfunction
of Purkinje cells may represent not only a link between TSC and ASD but also a more general
neurophysiologic feature that contributes to the ASD phenotype [121]. Moreover, mice with defective
translational regulation due to the deletion of Eif4ebp2, which encodes for 4E-BP2 an eIF4E repressor
downstream of mTOR, exhibited an autistic-like phenotype. [123]. The relevance of the role of
mTORC1-dependent protein synthesis in neurophysiological function is clearly emerging and
mTORC1-mediated translational deregulation is believed to represent a major cause of mental
retardation and autism [7,124].

The strong evidence of a causal link between mTORC1 hyperactivation and both epilepsy and
ASD observed in TSC has stimulated researchers to explore mTORC1 pathway activation in other
neurological disorders characterized by these clinical manifestations. These studies have led the
identification of several syndromes showing altered mTORC1 function. In this regard, the correlation
between different forms of autism and mTORC1 signaling dysfunction have been recently discussed by
Magdalon et al., who analyzed the mTORC1 pathway in six monogenic ASD-related syndromes as well
as in nonsyndromic and idiopathic autism spectrum disorders [124]. On the other hand, it has been
recently documented that epilepsy and intellectual disability are clinical manifestations characteristic
of phenotypically different disorders associated with cortical developmental malformations secondary
to mTOR signaling dysregulation [125].

Moreover, mTORC1 also plays a key role in regulating autophagy, whose dysfunction is involved in
the pathogenesis of several neurodegenerative disorders such as Alzheimer′s disease and Parkinson’s’
disease, both characterized by the accumulation of protein aggregates. Autophagy is inhibited by
mTORC1 and it has been extensively documented the beneficial effect of autophagy induction by mTOR
inhibition in many cellular and animal models of neurodegenerative disorders [126–129]. As a matter
of fact, growing evidence indicates that up-regulated mTORC1 activity is a pathogenic feature common
to many neurological disorders, ranging from abnormal brain development to neurodegenerative
diseases [6,7]. The existence of a common mechanism underlying mTORC1 hyperactivation and
different types of neurological disorders has elicited a great interest because of the potential therapeutic
use of mTOR inhibitors and the possible identification of new pharmacological targets for treating
these debilitating pathologies [130,131]. On the other hand, inhibition of TOR activity [132,133] and
low levels of mTOR in mouse models [134] extends lifespan [135]. The intervention of the mTOR
signaling pathway by precise application of small molecular inhibitors will benefit both lifespan and
neurological disorders.

4. Therapeutic Strategies for Tuberous Sclerosis Complex

4.1. Rapalogs: The First Generation of mTOR Inhibitors

Rapamycin was discovered in 1964 by a Canadian expedition to the Island of Rapa Nui. Scientists
isolated rapamycin from a bacterial strain of Streptomyces hygroscopicus present in soil samples and
described it as an antibiotic and antifungal agent [136]. Successively, it was demonstrated that rapamycin
showed potent immunosuppressant proprieties, which led to its approval as a drug for preventing
allograf rejection [137]. Rapamycin (sirolimus) inhibits mTORC1 by forming an inhibitory complex
with the peptidyl-prolyl isomerase FKB506-binding protein (FKP12), which binds to the FRB domain
of mTORC1, partially occluding its kinase active site [11]. As consequence, mTORC1 activity is not
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fully inhibited by rapamycin, which affects mainly S6K (T389) phosphorylation, and has only a limited
effect on 4E-BP1 phosphorylation [138]. It has been reported that because 4E-BP1 is one of the critical
substrate through which mTORC1 controls cell proliferation, the inefficacy of rapamycin to inhibit its
phosphorylation likely contributes to its reduced efficiency as an anti-hyperplastic agent [139].

Due to the presence of Rictor, rapamycin-FKB12 complex does not bind to mTORC2, which remains
insensitive to acute rapamycin drug administration. However, even if the rapamycin-FKB12 complex
does not bind directly to mTORC2, it can bind to mTOR when rapamycin treatment is prolonged. In this
way, mTORC2 is inhibited due to the impossibility of the mTOR-rapamycin complex to assemble itself
to form new mTORC2 complexes [140].

Activation of the mTOR signaling pathway is the principal causes of TSC and for this reason
molecules able to reduce mTORC1 activity have been studied in TSC patients since 2006. Franz and
colleagues demonstrated that oral administration of rapamycin caused regression of SEGAs in
TSC [141]. However, because of the pharmacological properties of rapamycin, new rapamycin
analogs, called rapalogs, with different physicochemical proprieties, have been developed [142].
These are the first generation of mTOR inhibitors, which share a central macrolide structure that is
modified at the C-40 position by adding a functional group in order to improve aqueous solubility
and oral administration. Among these, everolimus, the hydroxyethyl ester of rapamycin, is a
FDA-approved drug for the treatment of different TSC-related morbidities such as SEGAs [143], kidney
angiomyolipomas and lymphangioleiomyomatosis [144,145]. Moreover, it has been demonstrated
that everolimus reduces the severity of epilepsy and ameliorates neuropsychiatric problems
in TSC patients [146,147]. The use of mTOR inhibitors can also be extended for several rare
neurodevelopmental disorders in which the activation of the mTORC1 pathway has been verified [131].

Although treatment with mTOR-inhibitors offers significant benefits, their chronic administration
is associated with adverse events such as non-infectious pneumonitis, infections, oral ulceration, acne,
amenorrhoea, disturbed wound healing, and metabolic events (e.g., hyperglycemia, dyslipidemia) [148–150].
Cessation of treatment with mTOR inhibitors is associated with the regrowth of tumors in TSC patients [149].

4.2. Novel Therapeutic Approaches for Tuberous Sclerosis Complex

Because of both their limited effects on tumor growth and the systemic effects on the immune
system linked to the chronicity of treatments performed using mTOR inhibitors, research for the
identification of new therapeutic strategies is moving forward (Figure 3).
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Figure 3. Effects of drugs on mTORC1 and mTORC2 signaling on autophagy and cell proliferation.
Pharmacological targets of first generation mTOR inhibitors (rapalogs; red), dual PI3K/mTOR
inhibitors (green), second generation mTOR inhibitors (mTORKi; blue), and third generation mTOR
inhibitors (Rapalink; blue) have been shown. Dashed/solid line T-bar: inibition; dashed/solid line
arrow: activation.
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As already noted, the residual activity of mTORC1 on 4E-BP1 protein after rapamycin
administration makes it as a cytostatic drug. To overcome this problem the “second generation”
mTOR inhibitors, called mTORKi, has been developed [80,151]. These molecules bind to the ATP
catalytic domain of mTOR, inhibiting both the mTORC1 ability to phosphorylate both S6K and 4E-BP1,
and the mTORC2 activity. This makes these molecules potent inhibitors of cell growth and proliferation,
which could be useful for the treatment of specific tumors arising in TSC. In any case, the use of the
“second generation” of mTOR inhibitors, as well as rapalogs, removes the negative feedback activity of
S6K on PI3K that leads to the re-activation of the PI3K/Akt pathway. In some cases, the administration
of an mTOR inhibitor promotes cells survival and inhibit the apoptosis process. In 2008, Tabernero
and colleagues demonstrated that everolimus administration caused the activation of Akt in patients
with advanced solid tumors [152].

The limited effects of both the first and the second generation of mTOR inhibitors on tumor growth
could be overcome by using a combined treatment. With this in mind, rapamycin and MK-2206, an Akt
inhibitor, have been tested on Tsc1- and Tsc2-null MEFs demonstrating a strong cytotoxic effect.
The benefit of the combined treatment was also demonstrated in a TSC xenograft mouse model [153].
Wang et al. showed that in both Tsc1- and Tsc2-null MEFs the hyperactivation of mTORC1 drives Akt
inhibition through the downregulation of FOXO3a/PDGFRα pathway [84]. Rapamycin treatment led
to the upregulation of PDGFRα that has been associated with the increase in tumorigenesis in Tsc1- or
Tsc2-knockout MEFs. Based on this evidence, the authors proposed to use a combination of rapamycin
and AG1295, an inhibitor of PDGFRα, which showed the ability to reduce the growth in cells lacking
the TSC complex, both in vitro and in vivo. Another paper showed a reduction in COX2 expression in
Tsc2-null MEFs mediated by STAT3 signaling. The administration of rapamycin in combination with
celecoxib, a COX2 inhibitor, strongly inhibited Tsc2-deficient cell growth [85].

Moreover, new compounds, called dual PI3K/mTOR inhibitors has been developed, showing
the ability to inactivate both Akt and 4E-BP1 activity. Among these, inhibitors such as NVP-BEZ235
(Novartis) [154], and GSK2126458 (GlaxoSmithKline) can be mentioned [155]. These drugs showed a
better anti-tumor activity with respect to the first generation of mTOR inhibitors because they were
able to inhibit PI3K and suppress the activation of both mTOR complexes.

The use of mTOR inhibitors, even in cases where they have proved to be very effective, has led
to the selection of resistant drug mutations on mTOR, which cause the generation of resistant clones.
To overcome these issues, Rodrik-Outmezguine et colleagues [156] generated the “third generation”
mTOR inhibitor, the so called Rapalink, which showed strong anti-tumor activity in breast cancer
cells expressing the wild-type allele of mTOR or its resistant forms for both rapalogs and mTORKi.
Rapalink has been designed to bind both the ATP- and the FRB-binding sites of mTOR. This bivalent
interaction allows the inhibition of the mTOR complexes and their rapamycin- and AZD8055-resistant
forms in breast cancer cell lines.

One of the most important function of mTORC1 is its control of the autophagy pathway.
In nutrient-replete conditions, mTORC1 inhibited the autophagy process by phosphorylating the
autophagosomal-driven formation protein ULK1 and TFEB. In some cases, the inhibition of mTORC1
activity, induced by mTOR inhibitors, could be related to the induction of cytoprotective autophagy.
In these cases, combination therapies with autophagy inhibitors could be used; these inhibitors
are able to potentiate the effects of rapalogs [157]. A combined strategy using rapamycin and
resveratrol, a natural autophagy regulator, showed a selective induction of apoptosis in Tsc2 knockout
cells [158,159]. However, the inhibition of autophagy in TSC treatment is controversial. For example,
Liang et colleagues [160] suggested that in cells lacking either TSC1 or TSC2 there is an accumulation
of YAP protein caused by the impairment of autophagy.

Another promising target for TSC therapy seems to be the cellular defense system against reactive
oxygen species [161]. Different papers have shown that the use of Hsp90 inhibitors and/or GSH
synthesis inhibitors induces TSC cell death [162]. In a recent paper, it has been demonstrated that
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p62/sequestosome-1, an autophagic substrate, is necessary to sustain the production of intracellular
GSH needed to limit mitochondrial damage and promote the proliferation of Tsc2 knockout cells [163].

As already reported, there is different evidence revealing mTORC1-independent functions
of TSC1/2 [73–77]. This information could be very useful to develop new therapeutic strategies
bypassing mTOR signaling pathway avoiding severe adverse events related to mTOR-inhibitor long
term treatments. For example, the Bordey group [164] showed that filamin A is overexpressed in
Tsc1-null neurons and demonstrated that this increase was mTOR independent and associated to
the MEK-ERK1/2 pathway. In another work, it has been shown that TSC2 reduction in newborn
neurons causes abnormalities in leading processes of migrating neurons. The authors demonstrated
that Reelin-Dab1 signaling is dysregulated in TSC mouse models and in cortical tubers from TSC
patients causing the increase of the E3 ubiquitin ligase Cul5 expression. Interestingly, the reduction of
Cul5 restored normal neuron migration [165]. Recently, we demonstrate that TFEB activation restores
Tsc1-deficent neural stem/progenitor cell migration. In this work, we suggested TFEB as a druggable
protein target for SEGAs therapy that can be used for an mTOR-independent approach [69].

Finally, our group has patented a method for alternative route of administration of mTOR
inhibitors directly into the brain with the aim to maintain the beneficial effects of mTOR inhibition and
to reduce the side effects of systemic treatment [166].

5. Conclusions and Future Directions

mTORC1 signaling pathways play a pivotal role in regulating cell growth through both sensing the
energetic status of the cell and coordinating most metabolic processes that underlie growth. Consistent
with this, dysregulation of mTORC1 activity is often associated with a variety of disease including
those characterized by uncontrolled cell growth such as cancer and those disorders characterized
by neurological dysfunctions such as epilepsy and ASDs. In recent decades, extensive studies have
led to elucidate new features of mTOR function and regulation and considerable progress in our
understanding of the pathological mechanisms associated to mTORC1 hyperactivation has been made.
From these findings it is clearly emerging that mTORC1 dysfunctions may be associated not only
with prototypical mTOR-opathies such as TSC, but also with some sporadic forms of cancer as well
as with different disorders characterized by neuronal development malformations. However, due to
the remarkable complexity of the mTOR signaling network and the numerous pathways involved,
further studies are needed to fully elucidate the molecular mechanisms underlying mTOR function
and the interplay with the other cell and organism functions. It is worth noting that new insights into
mTOR molecular biology may contribute to identifying other potential pharmacological targets to set
up therapeutic strategies specifically tailored for each particular disorder.

Acknowledgments: This work was supported by ‘Fondo di Ateneo per la Ricerca di Base (FRB) 2015’, Dept. of
Chemistry, Biology and Biotechnology, University of Perugia grant to Alessandro Magini (D.D.n◦126 21/12/2015).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 9, 960–976.
[CrossRef] [PubMed]

2. Ben-Sahra, I.; Manning, B.D. mTORC1 signaling and the metabolic control of cell growth. Curr. Opin. Cell Biol.
2017, 45, 72–82. [CrossRef] [PubMed]

3. Dodd, K.M.; Dunlop, E.A. Tuberous sclerosis—A model for tumour growth. Semin. Cell Dev. Biol. 2016, 52,
3–11. [CrossRef] [PubMed]

4. Dibble, C.C.; Elis, W.; Menon, S.; Qin, W.; Klekota, J.; Asara, J.M.; Finan, P.M.; Kwiatkowski, D.J.;
Murphy, L.O.; Manning, B.D. TBC1D7 is a third subunit of the TSC1-TSC2 complex upstream of mTORC1.
Mol. Cell 2012, 47, 535–546. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28283069
http://dx.doi.org/10.1016/j.ceb.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28411448
http://dx.doi.org/10.1016/j.semcdb.2016.01.025
http://www.ncbi.nlm.nih.gov/pubmed/26816112
http://dx.doi.org/10.1016/j.molcel.2012.06.009
http://www.ncbi.nlm.nih.gov/pubmed/22795129


Int. J. Mol. Sci. 2018, 19, 1474 14 of 22

5. Devlin, L.A.; Sheperd, C.H.; Crawford, H.; Morrison, P.J. Tuberous sclerosis complex: Clinical features,
diagnosis, and prevalence within Northern Ireland. Dev. Med. Child Neurol. 2006, 48, 495–499. [CrossRef]
[PubMed]

6. Lipton, J.O.; Sahin, M. The Neurology of mTOR. Neuron. 2014, 84, 275–291. [CrossRef] [PubMed]
7. Switon, K.; Kotulska, K.; Janusz-Kaminska, A.; Zmorzynska, J.; Jaworski, J. Molecular neurobiology of

mTOR. Neuroscience 2017, 341, 112–153. [CrossRef] [PubMed]
8. Dazert, E.; Hall, M.N. mTOR signaling in disease. Curr. Opin. Cell Bioi. 2011, 23, 744–755. [CrossRef]

[PubMed]
9. Menon, S.; Manning, B.D. Common corruption of the mTOR signaling network in human tumors. Oncogene

2008, 27, 43–51. [CrossRef] [PubMed]
10. Aylett, C.H.; Sauer, E.; Imseng, S.; Boehringer, D.; Hall, M.N.; Ban, N.; Maier, T. Architecture of human

mTOR complex 1. Science 2016, 351, 48–52. [CrossRef] [PubMed]
11. Yang, H.; Rudge, D.G.; Koos, J.D.; Vaidialingam, B.; Yang, H.J.; Pavletich, N.P. mTOR kinase structure,

mechanism and regulation by the rapamycin-binding domain. Nature 2013, 497, 217–223. [CrossRef]
[PubMed]

12. Wullschleger, S.; Loewith, R.; Hall, M.N. TOR signaling in growth and metabolism. Cell 2006, 124, 471–484.
[CrossRef] [PubMed]

13. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293.
[CrossRef] [PubMed]

14. Huang, K.; Fingar, D.C. Growing knowledge of the mTOR signalling network. Semin. Cell Dev. Biol. 2014, 36,
79–90. [CrossRef] [PubMed]

15. Yoon, M.S. The Role of Mammalian Target of Rapamycin (mTOR) in Insulin Signaling. Nutrients 2017, 9,
1176. [CrossRef] [PubMed]

16. Nojima, H.; Tokunaga, C.; Eguchi, S.; Oshiro, N.; Hidayat, S.; Yoshino, K.; Hara, K.; Tanaka, N.; Avruch, J.;
Yonezawa, K. The mammalian target of rapamycin (mTOR) partner, raptor, binds the mTOR substrates
p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS) motif. J. Biol. Chem. 2003, 278, 15461–15464.
[CrossRef] [PubMed]

17. Schalm, S.S.; Fingar, D.C.; Sabatini, D.M.; Blenis, J. TOS motifmediated Raptor binding regulates 4E-BP1
multisite phosphorylation and function. Curr. Biol. 2003, 13, 797–806. [CrossRef]

18. Yang, H.; Jiang, X.; Li, B.; Yang, H.J.; Miller, M.; Yang, A.; Dhar, A.; Pavletich, N.P. Mechanisms of mTORC1
activation by RHEB and inhibition by PRAS40. Nature 2017, 552, 368–373. [CrossRef] [PubMed]

19. Meng, D.; Frank, A.R.; Jewell, J.L. mTOR signaling in stem and progenitor cells. Development 2018, 145,
dev152595. [CrossRef] [PubMed]

20. Kim, S.G.; Hoffman, G.R.; Poulogiannis, G.; Buel, G.R.; Jang, Y.J.; Lee, K.W.; Kim, B.Y.; Erikson, R.L.;
Cantley, L.C.; Choo, A.Y.; et al. Metabolic stress controls mTORC1 lysosomal localization and dimerization
by regulating the TTT-RUVBL1/2 complex. Mol. Cell 2013, 49, 172–185. [CrossRef] [PubMed]

21. David-Morrison, G.; Xu, Z.; Rui, Y.N.; Charng, W.L.; Jaiswal, M.; Yamamoto, S.; Xiong, B.; Zhang, K.;
Sandoval, H.; Duraine, L.; et al. WAC Regulates mTOR Activity by Acting as an Adaptor for the TTT and
Pontin/Reptin Complexes. Dev. Cell. 2016, 36, 139–151. [CrossRef] [PubMed]

22. Jewell, J.L.; Guan, K.L. Nutrient signaling to mTOR and cell growth. Trends Biochem. Sci. 2013, 38, 233–242.
[CrossRef] [PubMed]

23. Ryskalin, L.; Lazzeri, G.; Flaibani, M.; Biagioni, F.; Gambardella, S.; Frati, A.; Fornai, F. mTOR-Dependent
Cell Proliferation in the Brain. Biomed. Res. Int. 2017, 2017, 7082696. [CrossRef] [PubMed]

24. Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers (Basel) 2018, 10,
18. [CrossRef] [PubMed]

25. Tee, A.R. The Target of Rapamycin and Mechanisms of Cell Growth. Int. J. Mol. Sci. 2018, 19, 880. [CrossRef]
[PubMed]

26. Dibble, C.C.; Manning, B.D. Signal integration by mTORC1 coordinates nutrient input with biosynthetic
output. Nat. Cell Biol. 2013, 15, 555–564. [CrossRef] [PubMed]

27. Menon, S.; Dibble, C.C.; Talbott, G.; Hoxhaj, G.; Valvezan, A.J.; Takahashi, H.; Cantley, L.C.; Manning, B.D.
Spatial control of the TSC complex integrates insulin and nutrient regulation of mTORC1 at the lysosome.
Cell 2014, 156, 771–785. [CrossRef] [PubMed]

http://dx.doi.org/10.1017/S0012162206001058
http://www.ncbi.nlm.nih.gov/pubmed/16700943
http://dx.doi.org/10.1016/j.neuron.2014.09.034
http://www.ncbi.nlm.nih.gov/pubmed/25374355
http://dx.doi.org/10.1016/j.neuroscience.2016.11.017
http://www.ncbi.nlm.nih.gov/pubmed/27889578
http://dx.doi.org/10.1016/j.ceb.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21963299
http://dx.doi.org/10.1038/onc.2009.352
http://www.ncbi.nlm.nih.gov/pubmed/19956179
http://dx.doi.org/10.1126/science.aaa3870
http://www.ncbi.nlm.nih.gov/pubmed/26678875
http://dx.doi.org/10.1038/nature12122
http://www.ncbi.nlm.nih.gov/pubmed/23636326
http://dx.doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://dx.doi.org/10.1016/j.semcdb.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25242279
http://dx.doi.org/10.3390/nu9111176
http://www.ncbi.nlm.nih.gov/pubmed/29077002
http://dx.doi.org/10.1074/jbc.C200665200
http://www.ncbi.nlm.nih.gov/pubmed/12604610
http://dx.doi.org/10.1016/S0960-9822(03)00329-4
http://dx.doi.org/10.1038/nature25023
http://www.ncbi.nlm.nih.gov/pubmed/29236692
http://dx.doi.org/10.1242/dev.152595
http://www.ncbi.nlm.nih.gov/pubmed/29311260
http://dx.doi.org/10.1016/j.molcel.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23142078
http://dx.doi.org/10.1016/j.devcel.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26812014
http://dx.doi.org/10.1016/j.tibs.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23465396
http://dx.doi.org/10.1155/2017/7082696
http://www.ncbi.nlm.nih.gov/pubmed/29259984
http://dx.doi.org/10.3390/cancers10010018
http://www.ncbi.nlm.nih.gov/pubmed/29329237
http://dx.doi.org/10.3390/ijms19030880
http://www.ncbi.nlm.nih.gov/pubmed/29547541
http://dx.doi.org/10.1038/ncb2763
http://www.ncbi.nlm.nih.gov/pubmed/23728461
http://dx.doi.org/10.1016/j.cell.2013.11.049
http://www.ncbi.nlm.nih.gov/pubmed/24529379


Int. J. Mol. Sci. 2018, 19, 1474 15 of 22

28. Cai, S.-L.; Tee, A.R.; Short, J.D.; Bergeron, J.M.; Kim, J.; Shen, J.; Guo, R.; Johnson, C.L.; Kiguchi, K.;
Walker, C.L. Activity of TSC2 is inhibited by AKT-mediated phosphorylation and membrane partitioning.
J. Cell Biol. 2006, 173, 279–289. [CrossRef] [PubMed]

29. Ma, L.; Chen, Z.; Erdjument-Bromage, H.; Tempst, P.; Pandolfi, P.P. Phosphorylation and functional
inactivation of TSC2 by Erk implications for tuberous sclerosis and cancer pathogenesis. Cell 2005, 121,
179–193. [CrossRef] [PubMed]

30. Roux, P.P.; Ballif, B.A.; Anjum, R.; Gygi, S.P.; Blenis, J. Tumorpromoting phorbol esters and activated Ras
inactivate the tuberous sclerosis tumor suppressor complex via p90 ribosomal S6 kinase. Proc. Natl. Acad.
Sci. USA 2004, 101, 13489–13494. [CrossRef] [PubMed]

31. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J.
AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef]
[PubMed]

32. Inoki, K.; Ouyang, H.; Zhu, T.; Lindvall, C.; Wang, Y.; Zhang, X.; Yang, Q.; Bennett, C.; Harada, Y.;
Stankunas, K.; et al. TSC2 integrates Wnt and energy signals via a coordinated phosphorylation by AMPK
and GSK3 to regulate cell growth. Cell 2006, 126, 955–968. [CrossRef] [PubMed]

33. Shimobayashi, M.; Hall, M.N. Making new contacts: The mTOR network in metabolism and signalling
crosstalk. Nat. Rev. Mol. Cell Biol. 2014, 15, 155–162. [CrossRef] [PubMed]

34. Zhang, J.; Kim, J.; Alexander, A.; Cai, S.; Tripathi, D.N.; Dere, R.; Tee, A.R.; Tait-Mulder, J.; Di Nardo, A.;
Han, J.M.; et al. A tuberous sclerosis complex signalling node at the peroxisome regulates mTORC1 and
autophagy in response to ROS. Nat Cell Biol. 2013, 15, 1186–1196. [CrossRef] [PubMed]

35. Byfield, M.P.; Murray, J.T.; Backer, J.M. hVps34 is a nutrientregulated lipid kinase required for activation of
p70 S6 kinase. J. Biol. Chem. 2005, 280, 33076–33082. [CrossRef] [PubMed]

36. Nobukuni, T.; Joaquin, M.; Roccio, M.; Dann, S.G.; Kim, S.Y.; Gulati, P.; Byfield, M.P.; Backer, J.M.;
Natt, F.; Bos, J.L.; et al. Amino acids mediate mTOR/Raptor signaling through activation of class 3
phosphatidylinositol 3OH-kinase. Proc. Natl. Acad. Sci. USA 2005, 102, 14238–14243. [CrossRef] [PubMed]

37. Smith, E.M.; Finn, S.G.; Tee, A.R.; Browne, G.J.; Proud, C.G. The tuberous sclerosis protein TSC2 is not
required for the regulation of the mammalian target of rapamycin by amino acids and certain cellular stresses.
J. Biol. Chem. 2005, 280, 18717–18727. [CrossRef] [PubMed]

38. Sancak, Y.; Peterson, T.R.; Shaul, Y.D.; Lindquist, R.A.; Thoreen, C.C.; Bar-Peled, L.; Sabatini, D.M. The Rag
GTPases bind raptor and mediate amino acid signaling to mTORC1. Science 2008, 320, 1496–1501. [CrossRef]
[PubMed]

39. Kim, E.; Goraksha-Hicks, P.; Li, L.; Neufeld, T.P.; Guan, K.L. Regulation of TORC1 by Rag GTPases in
nutrient response. Nat. Cell Biol. 2008, 10, 935–945. [CrossRef] [PubMed]

40. Sancak, Y.; Bar-Peled, L.; Zoncu, R.; Markhard, A.L.; Nada, S.; Sabatini, D.M. Ragulator-Rag complex targets
mTORC1 to the lysosomal surface and is necessary for its activation by amino acids. Cell 2010, 141, 290–303.
[CrossRef] [PubMed]

41. Bar-Peled, L.; Chantranupong, L.; Cherniack, A.D.; Chen, W.W.; Ottina, K.A.; Grabiner, B.C.; Spear, E.D.;
Carter, S.L.; Meyerson, M.; Sabatini, D.M. A tumor suppressor complex with GAP activity for the RagGTPases
that signal amino acid sufficiency to mTORC1. Science 2013, 340, 1100–1106. [CrossRef] [PubMed]

42. Demetriades, C.; Doumpas, N.; Teleman, A.A. Regulation of TORC1 in response to amino acid starvation via
lysosomal recruitment of TSC2. Cell 2014, 156. [CrossRef] [PubMed]

43. Jewell, J.L.; Kim, Y.C.; Russell, R.C.; Yu, F.X.; Park, H.W.; Plouffe, S.W.; Tagliabracci, V.S.; Guan, K.L.
Metabolism. Differential regulation of mTORC1 by leucine and glutamine. Science 2015, 347, 194–198.
[CrossRef] [PubMed]

44. Morita, M.; Gravel, S.P.; Chénard, V.; Sikström, K.; Zheng, L.; Alain, T.; Gandin, V.; Avizonis, D.; Arguello, M.;
Zakaria, C.; et al. mTORC1 controls mitochondrial activity and biogenesis through 4E-BP-dependent
translational regulation. Cell Metab. 2013, 18, 698–711. [CrossRef] [PubMed]

45. Ma, X.M.; Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat. Rev. Mol. Cell Biol.
2009, 10, 307–318. [CrossRef] [PubMed]

46. Gingras, A.C.; Gygi, S.P.; Raught, B.; Polakiewicz, R.D.; Abraham, R.T.; Hoekstra, M.F.; Aebersold, R.;
Sonenberg, N. Regulation of 4E-BP1 phosphorylation: A novel two-step mechanism. Genes Dev. 1999, 13,
1422–1437. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.200507119
http://www.ncbi.nlm.nih.gov/pubmed/16636147
http://dx.doi.org/10.1016/j.cell.2005.02.031
http://www.ncbi.nlm.nih.gov/pubmed/15851026
http://dx.doi.org/10.1073/pnas.0405659101
http://www.ncbi.nlm.nih.gov/pubmed/15342917
http://dx.doi.org/10.1016/j.molcel.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18439900
http://dx.doi.org/10.1016/j.cell.2006.06.055
http://www.ncbi.nlm.nih.gov/pubmed/16959574
http://dx.doi.org/10.1038/nrm3757
http://www.ncbi.nlm.nih.gov/pubmed/24556838
http://dx.doi.org/10.1038/ncb2822
http://www.ncbi.nlm.nih.gov/pubmed/23955302
http://dx.doi.org/10.1074/jbc.M507201200
http://www.ncbi.nlm.nih.gov/pubmed/16049009
http://dx.doi.org/10.1073/pnas.0506925102
http://www.ncbi.nlm.nih.gov/pubmed/16176982
http://dx.doi.org/10.1074/jbc.M414499200
http://www.ncbi.nlm.nih.gov/pubmed/15772076
http://dx.doi.org/10.1126/science.1157535
http://www.ncbi.nlm.nih.gov/pubmed/18497260
http://dx.doi.org/10.1038/ncb1753
http://www.ncbi.nlm.nih.gov/pubmed/18604198
http://dx.doi.org/10.1016/j.cell.2010.02.024
http://www.ncbi.nlm.nih.gov/pubmed/20381137
http://dx.doi.org/10.1126/science.1232044
http://www.ncbi.nlm.nih.gov/pubmed/23723238
http://dx.doi.org/10.1016/j.cell.2014.01.024
http://www.ncbi.nlm.nih.gov/pubmed/24529380
http://dx.doi.org/10.1126/science.1259472
http://www.ncbi.nlm.nih.gov/pubmed/25567907
http://dx.doi.org/10.1016/j.cmet.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24206664
http://dx.doi.org/10.1038/nrm2672
http://www.ncbi.nlm.nih.gov/pubmed/19339977
http://dx.doi.org/10.1101/gad.13.11.1422
http://www.ncbi.nlm.nih.gov/pubmed/10364159


Int. J. Mol. Sci. 2018, 19, 1474 16 of 22

47. Burnett, P.E.; Barrow, R.K.; Cohen, N.A.; Snyder, S.H.; Sabatini, D.M. RAFT1 phosphorylation of the
translational regulators p70 S6 kinase and 4E-BP1. Proc. Natl. Acad. Sci. USA. 1998, 95, 1432–1437. [CrossRef]
[PubMed]

48. Chauvin, C.; Koka, V.; Nouschi, A.; Mieulet, V.; Hoareau-Aveilla, C.; Dreazen, A.; Cagnard, N.; Carpentier, W.;
Kiss, T.; Meyuhas, O.; et al. Ribosomal protein S6 kinase activity controls the ribosome biogenesis
transcriptionalprogram. Oncogene 2014, 33, 474–483. [CrossRef] [PubMed]

49. Tavares, M.R.; Pavan, I.C.; Amaral, C.L.; Meneguello, L.; Luchessi, A.D.; Simabuco, F.M. The S6K protein
family in health and disease. Life Sci. 2015, 131, 1–10. [CrossRef] [PubMed]

50. Dennis, M.D.; Jefferson, L.S.; Kimball, S.R. Role of p70S6K1-mediated phosphorylation of eIF4B and PDCD4
proteins in the regulation of protein synthesis. J. Biol. Chem. 2012, 287, 42890–42899. [CrossRef] [PubMed]

51. Wang, X.; Li, W.; Williams, M.; Terada, N.; Alessi, D.R.; Proud, C.G. Regulation of elongation factor 2 kinase
by p90(RSK1) and p70 S6 kinase. EMBO J. 2001, 20, 4370–4379. [CrossRef] [PubMed]

52. Richardson, C.J.; Broenstrup, M.; Fingar, D.C.; Julich, K.; Ballif, B.A.; Gygi, S.; Blenis, J. SKAR is a specific
target of S6 kinase 1 in cell growth control. Curr. Biol. 2004, 14, 1540–1549. [CrossRef] [PubMed]

53. Ma, X.M.; Yoon, S.O.; Richardson, C.J.; Julich, K.; Blenis, J. SKAR links pre-mRNA splicing to
mTOR/S6K1-mediated enhanced translation efficiency of spliced mRNAs. Cell 2008, 133, 303–313. [CrossRef]
[PubMed]

54. Ben-Sahra, I.; Howell, J.J.; Asara, J.M.; Manning, B.D. Stimulation of de novo pyrimidine synthesis by growth
signaling through mTOR and S6K1. Science 2013, 339, 1323–1328. [CrossRef] [PubMed]

55. Robitaille, A.M.; Christen, S.; Shimobayashi, M.; Cornu, M.; Fava, L.L.; Moes, S.; Prescianotto-Baschong, C.;
Sauer, U.; Jenoe, P.; Hall, M.N. Quantitative phosphoproteomics reveal mTORC1 activates de novo
pyrimidine synthesis. Science 2013, 339, 1320–1323. [CrossRef] [PubMed]

56. Ben-Sahra, I.; Hoxhaj, G.; Ricoult, S.J.H.; Asara, J.M.; Manning, B.D. mTORC1 induces purine synthesis
through control of the mitochondrial tetrahydrofolate cycle. Science 2016, 351, 728–733. [CrossRef] [PubMed]

57. Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: Transcriptional mediators of lipid homeostasis. Cold Spring
Harb. Symp. Quant. Biol. 2002, 67, 491–498. [CrossRef] [PubMed]

58. Düvel, K.; Yecies, J.L.; Menon, S.; Raman, P.; Lipovsky, A.I.; Souza, A.L.; Triantafellow, E.; Ma, Q.; Gorski, R.;
Cleaver, S.; et al. Activation of a metabolic gene regulatory network downstream of mTOR complex 1.
Mol. Cell. 2010, 39, 171–183. [CrossRef] [PubMed]

59. Curatolo, P.; Moavero, R.; de Vries, P.J. Neurological and neuropsychiatric aspects of tuberous sclerosis
complex. Lancet Neurol. 2015, 14, 733–745. [CrossRef]

60. Muzykewicz, D.A.; Newberry, P.; Danforth, N.; Halpern, E.F.; Thiele, E.A. Psychiatric comorbid conditions
in a clinic population of 241 patients with tuberous sclerosis complex. Epilepsy Behav. 2007, 11, 506–513.
[CrossRef] [PubMed]

61. van Slegtenhorst, M.; de Hoogt, R.; Hermans, C.; Nellist, M.; Janssen, B.; Verhoef, S.; Lindhout, D.; van den
Ouweland, A.; Halley, D.; Young, J.; et al. Identification of the tuberous sclerosis gene TSC1 on chromosome
9q34. Science 1997, 277, 805–808. [CrossRef] [PubMed]

62. European Chromosome 16 Tuberous Sclerosis Consortium. Identification and characterization of the tuberous
sclerosis gene on chromosome 16. Cell 1993, 75, 1305–1315. [CrossRef]

63. Zeng, L.H.; Rensing, N.R.; Zhang, B.; Gutmann, D.H.; Gambello, M.J.; Wong, M. Tsc2 gene inactivation
causes a more severe epilepsy phenotype than Tsc1 inactivation in a mouse model of tuberous sclerosis
complex. Hum. Mol. Genet. 2011, 20, 445–454. [CrossRef] [PubMed]

64. Capo-Chichi, J.M.; Tcherkezian, J.; Hamdan, F.F.; Décarie, J.C.; Dobrzeniecka, S.; Patry, L.; Nadon, M.A.;
Mucha, B.E.; Major, P.; Shevell, M.; et al. Disruption of TBC1D7, a subunit of the TSC1-TSC2 protein complex,
in intellectual disability and megalencephaly. J. Med. Genet. 2013, 50, 740–744. [CrossRef] [PubMed]

65. Alfaiz, A.A.; Micale, L.; Mandriani, B.; Augello, B.; Pellico, M.T.; Chrast, J.; Xenarios, I.; Zelante, L.; Merla, G.;
Reymond, A. TBC1D7 mutations are associated with intellectual disability, macrocrania, patellar dislocation,
and celiac disease. Hum. Mutat. 2014, 35, 447–451. [CrossRef] [PubMed]

66. Magri, L.; Cominelli, M.; Cambiaghi, M.; Cursi, M.; Leocani, L.; Minicucci, F.; Poliani, P.L.; Galli, R. Timing of
mTOR activation affects tuberous sclerosis complex neuropathology in mouse models. Dis. Models Mech.
2013, 6, 1185–1197. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.95.4.1432
http://www.ncbi.nlm.nih.gov/pubmed/9465032
http://dx.doi.org/10.1038/onc.2012.606
http://www.ncbi.nlm.nih.gov/pubmed/23318442
http://dx.doi.org/10.1016/j.lfs.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25818187
http://dx.doi.org/10.1074/jbc.M112.404822
http://www.ncbi.nlm.nih.gov/pubmed/23105104
http://dx.doi.org/10.1093/emboj/20.16.4370
http://www.ncbi.nlm.nih.gov/pubmed/11500364
http://dx.doi.org/10.1016/j.cub.2004.08.061
http://www.ncbi.nlm.nih.gov/pubmed/15341740
http://dx.doi.org/10.1016/j.cell.2008.02.031
http://www.ncbi.nlm.nih.gov/pubmed/18423201
http://dx.doi.org/10.1126/science.1228792
http://www.ncbi.nlm.nih.gov/pubmed/23429703
http://dx.doi.org/10.1126/science.1228771
http://www.ncbi.nlm.nih.gov/pubmed/23429704
http://dx.doi.org/10.1126/science.aad0489
http://www.ncbi.nlm.nih.gov/pubmed/26912861
http://dx.doi.org/10.1101/sqb.2002.67.491
http://www.ncbi.nlm.nih.gov/pubmed/12858575
http://dx.doi.org/10.1016/j.molcel.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/20670887
http://dx.doi.org/10.1016/S1474-4422(15)00069-1
http://dx.doi.org/10.1016/j.yebeh.2007.07.010
http://www.ncbi.nlm.nih.gov/pubmed/17936687
http://dx.doi.org/10.1126/science.277.5327.805
http://www.ncbi.nlm.nih.gov/pubmed/9242607
http://dx.doi.org/10.1016/0092-8674(93)90618-Z
http://dx.doi.org/10.1093/hmg/ddq491
http://www.ncbi.nlm.nih.gov/pubmed/21062901
http://dx.doi.org/10.1136/jmedgenet-2013-101680
http://www.ncbi.nlm.nih.gov/pubmed/23687350
http://dx.doi.org/10.1002/humu.22529
http://www.ncbi.nlm.nih.gov/pubmed/24515783
http://dx.doi.org/10.1242/dmm.012096
http://www.ncbi.nlm.nih.gov/pubmed/23744272


Int. J. Mol. Sci. 2018, 19, 1474 17 of 22

67. Crowell, B.; Lee, G.H.; Nikolaeva, I.; Dal Pozzo, V.; D’Arcangelo, G. Complex Neurological Phenotype
in Mutant Mice Lacking Tsc2 in Excitatory Neurons of the Developing Forebrain. eNeuro. 2015, 2,
ENEURO.0046-15.2015. [CrossRef] [PubMed]

68. Magri, L.; Cambiaghi, M.; Cominelli, M.; Alfaro-Cervello, C.; Cursi, M.; Pala, M.; Bulfone, A.;
Garcìa-Verdugo, J.M.; Leocani, L.; Minicucci, F.; et al. Sustained activation of mTOR pathway in embryonic
neural stem cells leads to development of tuberous sclerosis complex-associated lesions. Cell Stem Cell
2011, 9, 447–462. [CrossRef] [PubMed]

69. Magini, A.; Polchi, A.; Di Meo, D.; Mariucci, G.; Sagini, K.; De Marco, F.; Cassano, T.; Giovagnoli, S.;
Dolcetta, D.; Emiliani, C. TFEB activation restores migration ability to Tsc1-deficient adult neural
stem/progenitor cells. Hum. Mol. Genet. 2017, 26, 3303–3312. [CrossRef] [PubMed]

70. Yuan, E.; Tsai, P.T.; Greene-Colozzi, E.; Sahin, M.; Kwiatkowski, D.J.; Malinowska, I.A. Graded loss of
tuberin in an allelic series of brain models of TSC correlates with survival, and biochemical, histological and
behavioural features. Hum. Mol. Genet. 2012, 21, 4286–4300. [CrossRef] [PubMed]

71. Palavra, F.; Robal, C.; Reis, F. Recent Advances and Challenges of mTOR Inhibitors Use in the Treatment of
Patients with Tuberous Sclerosis Complex. Oxid. Med. Cell. Longev. 2017. [CrossRef] [PubMed]

72. Curatolo, P.; Bjørnvold, M.; Dill, P.E.; Ferreira, J.C.; Feucht, M.; Hertzberg, C.; Jansen, A.; Jóźwiak, S.;
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