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The human body regenerates constantly in part under the control of signaling pathways that
regulate cell growth. Among these pathways, the mechanistic target of rapamycin (mTOR) has
emerged as a major cellular crossroad that links favorable environmental conditions with cell growth.
Accordingly, mTOR is implicated in different physiological and pathological conditions, and inhibition
of mTOR has been approved for various clinical situations. This special issue “mTOR in human
diseases” covers different aspects of the implication of mTOR in physiological processes as well as in
various diseases.

The role of mTOR and the consequences of mTOR inhibition has been extensively explored
in cancer. Tian et al. review mTOR signaling in solid malignancies and discuss results of clinical
trials that have tested mTOR inhibitors in eight different tumors, including lung, colorectal, gastric,
renal, bladder, prostate and breast cancers as well as head and neck squamous cell carcinoma [1].
The rationale to target mTOR in advanced biliary tract cancers and in medulloblastoma is also presented
by Wu et al. and Aldaregia et al., respectively [2,3]. Besides solid tumors, two reviews highlight
the role of mTOR signaling in leukemia and particularly in T-cell acute lymphoblastic leukemia
and provide future perspective regarding mTOR-targeting agents [4,5]. All together, these reviews
acknowledge the participation of mTOR signaling pathway in tumorigenesis but also highlight the
lack of major anti-tumor efficacy of mTOR inhibitors in patients. Limitations include activation
of alternate proliferative signaling pathways following mTOR inhibition, tumor heterogeneity and
treatment-resistant mTOR mutations. Hence, additional studies are needed to further understand
the role of mTOR signaling pathway in cancer and to characterize resistance mechanisms developed
by cancer cells to bypass mTOR inhibition. In this context, Tavares et al. present the contribution
of mTORC1 and mTORC2 in papillary thyroid carcinoma [6]. Hsu et al. provide results on mTOR
in oral cavity squamous cell carcinoma and show the anti-cancer efficacy of the dual PI3K/mTOR
inhibitor NVP-BEZ235 [7]. Harachi et al. describe the importance of mTORC1 and mTORC2 in
cancer cell metabolism [8]. Identification of biomarkers that predict response to mTOR inhibitors
will further help improve the anti-cancer efficacy of these inhibitors. Nepstad et al. found metabolic
differences in human acute myeloid leukemia cells between responders and non-responders to mTOR
inhibition [9]. Whereas next-generation sequencing is a valuable tool to identify biomarkers, Seeboeck
et al. demonstrate, however, that commercially available ready-made gene panels show limited
applicability for mTOR pathway-related genes [10]. Besides cancer cells, mTOR signaling pathway
regulates cellular processes of non-tumorous cells present in the tumor microenvironment, such as
endothelial cells, lymphocytes and macrophages. Conciatori et al. review the role of mTOR in these cells
and highlight the anti-cancer benefits that result from mTOR inhibition in the microenvironment [11].
Finally, tumor cachexia is associated with poor prognosis in cancer patients. Emerging evidence
suggests that mTOR influences cachexia, as discussed by Duval et al. [12].

Besides cancer, the implication of mTOR signaling pathway in neurological and neuropsychiatric
disorders has been demonstrated. Ryskalin et al. present evidence that autophagy impairment
is involved in synaptic dysfunction found in some psychiatric disorders, such as schizophrenia.
Accordingly, mTOR inhibitors that induce autophagy might represent a therapeutic intervention [13].
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Similarly, accelerating autophagic flux appears to be an effective treatment strategy in Parkinson’s and
Alzheimer’s diseases and two reviews present the role of mTOR and the therapeutic opportunities for
mTOR inhibitors in these diseases [14,15]. Neurodegenerative diseases are also part of age-related
pathologies. Interestingly, recent studies have highlighted mTOR inhibitors as promising treatment for
various age-related disorders and are discussed by Walters and Cox [16]. mTOR is further involved in
Hutchinson–Gilford progeria syndrome, a rare premature ageing syndrome. Chiarini et al. provide a
complete review on the role of mTOR in this disease as well as in other laminopathies and discuss
therapeutic opportunities for mTOR inhibitors [17].

Several side effects have been observed in patients treated with mTOR inhibitors. In particular,
lung toxicity such as lung fibrosis results in frequent therapy discontinuation. Granata et al. performed
mRNA and microRNA profiling on primary bronchial epithelial cells treated or not treated with mTOR
inhibitors, which led to the identification of novel potential targets [18]. mTOR inhibitors also reduce
male fertility, and the mechanisms controlled by mTOR in the male reproductive tract are presented by
Moreira et al. [19]. Toxicities mediated by drugs might also involve mTOR activation. For instance,
general anesthetic agents harm brain development. Xu et al. suggest that anesthetic agents-mediated
neuron disruption involves upregulation of mTOR activity [20].

Over the last decade, multiple studies have unveiled the complex role played by mTOR signaling
pathway in cellular metabolism. Mao and Zhang discuss recent findings on the role of mTOR signaling
pathway in metabolic tissues and organs including liver, adipose tissue, muscle and pancreas [21].
Sangüesa et al. highlight the consequences of mTOR activation by excessive consumption of sugar [22].
In addition to cellular metabolism, mTOR regulates autophagy. Wang et al. show that mTOR
participates in dopamine receptor D3-mediated autophagy regulation [23]. Finally, Kim et al. found
mTOR pathway activation by fluid shear stress and melatonin in preosteoblast cells [24].

In summary, this special issue highlights the fascinating role played by mTOR in cellular processes.
It further addresses a non-exhaustive panel of human diseases in which mTOR is implicated, from rare
disorders to cancer.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The mammalian or mechanistic target of rapamycin (mTOR) pathway plays a crucial role
in regulation of cell survival, metabolism, growth and protein synthesis in response to upstream
signals in both normal physiological and pathological conditions, especially in cancer. Aberrant
mTOR signaling resulting from genetic alterations from different levels of the signal cascade is
commonly observed in various types of cancers. Upon hyperactivation, mTOR signaling promotes
cell proliferation and metabolism that contribute to tumor initiation and progression. In addition,
mTOR also negatively regulates autophagy via different ways. We discuss mTOR signaling and its
key upstream and downstream factors, the specific genetic changes in the mTOR pathway and the
inhibitors of mTOR applied as therapeutic strategies in eight solid tumors. Although monotherapy
and combination therapy with mTOR inhibitors have been extensively applied in preclinical and
clinical trials in various cancer types, innovative therapies with better efficacy and less drug resistance
are still in great need, and new biomarkers and deep sequencing technologies will facilitate these
mTOR targeting drugs benefit the cancer patients in personalized therapy.

Keywords: mTOR; PI3K; cancer; inhibitor; therapy

1. Introduction

The mammalian or mechanistic target of rapamycin (mTOR) is a serine/threonine kinase that acts
through two structurally and functionally distinct protein complexes, mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2), to sense and integrate multiple intracellular and environmental signals [1,2].
mTOR signaling is generally involved in regulating cell survival, cell growth, cell metabolism, protein
synthesis and autophagy, as well as homeostasis [3]. The pathological relevance of dysregulation of
mTOR signal is illustrated in many human diseases, especially the multitude of different human cancers.
As reported, mTOR is aberrantly overactivated in more than 70% of cancers [4]. Over the past few years,
it has been extensively demonstrated in animal models and clinical patients of cancer that mTOR
dysfunction contributes to tumorigenesis [5].

Since the mTOR pathway regulates many basic biological and physiological processes such as cell
proliferation, survival and autophagy, it is logical that components in the mTOR pathway are among
the most frequently mutated genes in cancers [6]. The regulation of mTOR pathway is also influenced
by its positive and negative regulators that have cross talk with mTOR, such as the phosphoinositide
3-kinase (PI3K)/Akt, mitogen activated protein kinase (MAPK), vascular endothelial growth factor
(VEGF), nuclear factor-κB (NF-κB), and p53 etc., which comprise a much more complicated signaling
cascade [7].

Several types of mTOR inhibitors such as rapamycin, its rapalogs and mTORC1/2 kinase inhibitors
have been examined in various cancer models, including breast cancer, lung cancer, gastric carcinoma,
colorectal cancer, prostate cancer, head and neck cancer, gynecologic cancer, glioblastoma, lymphoma,

Int. J. Mol. Sci. 2019, 20, 755; doi:10.3390/ijms20030755 www.mdpi.com/journal/ijms4
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urinary bladder cancer, renal cancer and medulloblastoma, etc. However, the effects of mTOR inhibitors
utilized as monotherapy in cancer are sometimes dampened by several resistance mechanisms [8].
Combined therapies with mTOR inhibitors and other pathway inhibitors or conventional therapies are
under investigation in preclinical and clinical trials in different tumor types. Hence, novel therapeutic
strategies based on mTOR inhibition still need to be developed.

2. mTOR (The mammalian or mechanistic target of rapamycin) Signaling in Cancer

2.1. mTORC1 and mTORC2

mTOR is a serine/threonine kinase, which is attributed to the phosphoinositide 3-kinase
related protein kinase (PIKK) super family, and was first discovered from a genetic screening for
rapamycin-resistant mutations in yeast Saccharomyces cerevisiase [9,10]. In mammalian cells, mTOR mainly
acts through its two evolutionarily conserved complexes, mTORC1 and mTORC2, which share some
common subunits, such as the mTOR kinase, the mammalian lethal with SEC13 protein 8 (mLST8),
dishevelled, EGL-10 and pleckstrin (DEP) domain-containing mTOR-interacting protein (DEPTOR),
telomere maintenance 2 (Tel2) and Tel2-interacting protein 1(Tti1) complex as shown in Figure 1.

Figure 1. The mammalian or mechanistic target of rapamycin (mTOR) complexes and signaling
pathway of mTORC1 and mTORC2. mTORC1 is responsive to nutrients, hormones, amino acids,
hypoxia and growth factors, while mTORC2 responds to growth factors. mTORC1 and mTORC2 share
common subunits of mTOR kinase, mLST8, DEPTOR (DEP domain-containing mTOR-interacting
protein), Tel 2 and Tti 1. mTORC1 additionally binds with RAPTOR (Regulatory-associated
protein of mTOR) and PRAS40 (Proline-rich substrate of 40 kDa), and mTORC2 combines with
RICTOR and mSIN1 (Mammalian stress-activated protein kinase interacting protein 1) as well as
Protor and PRR5 (Proline-rich protein 5). mTORC1 is regulated by PI3K/Akt (Phosphoinositide
3-kinase/serine-threonine protein kinase) and Ras-MAPK (Mitogen activated protein kinase) signaling
pathways. mTORC1 regulates protein translation and synthesis of nucleotide lipid via 4E-BP1 and
S6K1 and downstream effectors. mTORC1 also activates STAT3 (Signal transducer and activator
of transcription), HIF-1α (Hypoxia-inducible factor 1α) and PP2A (Protein phosphatase 2A) in
tumorigenesis. mTORC2 regulates SGK (Serum glucose kinase) and PKC (Protein kinase C) to promote
cell survival, cytoskeleton reorganization and cell migration. mTORC2 is negatively modulated by
mTORC1 via different feedback loops mediated by IRS (insulin receptor substrate) or Grb10. mTORC1
and mTORC2 can both contribute to turmorigenesis through different mechanisms [7,11].

5



Int. J. Mol. Sci. 2019, 20, 755

mTORC1 and mTORC2 are different in the aspects of rapamycin sensitivity, specific binding
components, subcellular localization, downstream substrates, and regulation [12]. mTORC1 is sensitive
to rapamycin whereas mTORC2 is comparatively resistant to rapamycin [13]. In addition to the
common binding subunits, mTORC1 and mTORC2 respectively harbor distinct components that
contribute to the specificity of substrates, different subcellular localization, and specific regulation.
mTORC1 also contains the regulatory-associated protein of mTOR (RAPTOR), which is a significant
scaffolding protein in the mTORC1 assembly and its stability and regulation, and proline-rich substrate
of 40 kDa (PRAS40) is a negative regulator of mTORC1 by releasing mTORC1 inhibition upon the
activation of growth factors [14,15]. mTORC2 uniquely contains rapamycin-insensitive companion of
mTOR (RICTOR) and the mammalian stress-activated protein kinase interacting protein 1 (mSIN1),
both of which can mutually affect their protein levels and stabilize each other. Previous research
has demonstrated that RICTOR is a scaffolding protein essential for the assembly, stability, substrate
recognition, and subcellular localization activation of mTORC2. In addition, mSIN1, which is essential
for plasma membrane localization of mTORC2, negatively regulates mTORC2 kinase activity [16,17].
Newly discovered interactors include Protein observed with RICTOR 1/2 (Protor-1/2), which are
required for mTORC2 assembly and catalytic process, and Proline-Rich Protein (PRR) 5, which is
necessary for mTOR activity and mTOR–RICTOR binding [18,19].

mTORC1 and mTORC2 have differing subcellular localization binding with their own respective,
specific subunits, which also determine their distinct functions and independent regulations. mTORC1
is associated with endosomal and lysosomal membranes, where it interacts with its effectors. mTORC2
is affiliated with the plasma membrane, as well as ribosomal membranes, where it binds with its key
substracts, AGC family kinases (subgroup of Ser/Thr protein kinases named after 3 representative
families, the cAMP-dependent protein kinase (PKA), the cGMP-dependent protein kinase (PKG) and
the protein kinase C (PKC) families), such as serum glucose kinase (SGK) isoforms and protein kinase
C (PKC), which are essential for mTORC2 activation [20]. Both mTORC1 and mTORC2 play significant
and differing roles in a variety of intracellular processes. They are regulated by various endogenous
and exogenous stimuli, such as nutrients, growth factors, energy, hormones and hypoxia, and they
can also affect glucose metabolism through different physiological mechanisms [1,21–23]. Generally,
mTORC1 can phosphorylate its downstream effectors, such as eukaryotic translation initiation factor
4E binding protein 1 (4EBP1), S6 kinase (S6K), and sterol regulatory element-binding protein (SREBP),
to motivate protein translation, synthesis of nucleotides and lipids, biogenesis of lysosomes, and to
suppress the process of autophagy [24]. On the other hand, mTORC2 is more sensitive to extracellular
growth factors though the molecular mechanism remains to be elucidated [25]. Upon activation,
mTORC2 phosphorylates its downstream targets SGK and PKC, as mentioned previously, to intensify
the signaling cascade [26]. mTORC2 mainly increases cytoskeletal rebuilding and cell migration,
inhibits apoptosis and affects metabolism [27] (as shown in Figure 1).

2.2. Signaling of mTORC1

The mTOR signaling pathway is crucial in cell growth, proliferation and metabolism. mTORC1 is
regulated by several signaling pathways including the PI3K/Akt pathway, the Ras-MAPK pathway,
and some other intracellular factors (see Figure 1).

Activation of mTORC1 is primarily dependent on the PI3K/AKT pathway to respond to
oncogenic growth factors or insulin [28]. Even though the second messenger phosphatidylinositol
(3,4,5)-triphosphate (PIP3) binds and activates mTORC2 directly, mTORC1 can also be indirectly
activated by PI3K through Akt. Akt is activated by phosphorylation at Ser473 by mTORC2 and
at Thr308 by another serine-threonie kinase PDK1 (Phosphoinositide-dependent Kinase 1). Then,
phosphorylation of tuberous sclerosis complex 2 (TSC2) by active Akt results in blockage of TSC2
and TSC1 combination [29–31]. The activator of mTORC1, Ras homolog enriched in brain (RHEB),
which is negatively regulated by TSC1/2, is released by TSC to allow the activation of mTORC1 in
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lysosomes [32]. In addition, AKT can activate mTORC1 by phosphorylating and dissociating the
inhibitor PRAS40 from RAPTOR independent of TSC1/2 [33].

Moreover, TSC2 can also be phosphorylated by extracellular signal-regulated kinases (ERKs) and
ribosomal protein S6 kinase (RSK) from the Ras-MAPK signaling pathway, which results in inhibiting
TSC1/2 and promoting RHEB-mediated mTORC1 activation. In addition, similar to AKT, PRAS40 can
also be phosphorylated by RSK to release RAPTOR and activate mTORC1 [34–36].

mTORC1 is also responsive to fluctuations of cellular factors such as DNA damage, intracellular
adenosine triphosphate (ATP), glucose, amino acids, and oxygen. Several signaling pathways that
are responsive to DNA damage suppress mTORC1 via p53 target genes, leading to TSC2 activation:
for example, 5′-AMP activated protein kinase β (AMPKβ) and phosphatase and tensin homolog on
chromosome 10 (PTEN) [37]. Upon energy exhaustion, AMP kinase (AMPK), which is activated
by low ATP/high AMP levels, promotes TSC1/2 complex formation and phosphorylates RAPTOR,
leading to indirect inhibition of mTORC1 [38]. This outcome also implies that in a situation of energy
shortage, AMP accumulation will cover the growth factor signals and suppress cellular replication.
Through a sensing signal cascade of amino acids, mTORC1 can be positively regulated by amino acids,
activation of which motivates the Rag complex to combine with RAPTOR. Along with this process,
mTORC1 is recruited to the lysosomal surface [39,40]. Rag-GTPase, which is associated with RAPTOR
and localizes mTORC1 to lysosomal membranes, is especially activated by arginine in lysosomes or by
leucine in the cytoplasm [41–44].

Once activated, mTORC1 will transfer the signal to downstream effectors, such as 4EBP1 and
S6K1, both of which are essential modulators of cap-dependent and cap-independent translation.
After phosphorylation of 4EBP1 and S6K1 by mTORC1, the binding partners, eukaryotic initiation
factor (eIF)-4E and eukaryotic initiation factor-3 (eIF-3), will be respectively liberated, facilitating
initiating complex formation for translation and intensifying ribosome genesis [45]. In the following
signal cascade, eIF-4E will form the eIF-4F complex and increase protein translation, which is
significant for the G1-S phase transition. Upon low mTORC1 activity, 4E-BP1 is dephosphorylated,
and protein translation is inhibited [46]. On the other side, eIF-4B and S6 ribosomal protein
(S6RP) are phosphorylated by S6K1, which initiates protein translation and continues translation
elongation [47,48]. Actually, mTORC1-related signals seem to prefer to affect the translation of
oncogenic proteins involved in protein synthesis, invasion and metastasis [49]. Moreover, mTORC1
also regulates some other proteins such as hypoxia-inducible factor 1α (HIF-1α), protein phosphatase
2A (PP2A), glycogen synthase, and signal transducer and activator of transcription (STAT) 3, through
which mTORC1 promotes biosynthesis of proteins, lipids and nucleotides in aberrant cells, tissue and
organism growth in cancer [2,50–54].

In brief, mTORC1 activation induces cap-dependent translation that leads to increases in cell size
and proliferation, which are two typical characteristics of cancer [55,56].

2.3. Signaling of mTORC2

Although the regulatory mechanism of mTORC1 is well depicted, the regulators of mTORC2 are
much less characterized. This is partly due to the difficulties in teasing apart the functional differences
between mTORC1 and mTORC2 [13]. As we mentioned previously, through mSIN1, mTORC2 localizes
at the plasma membrane where it binds with its substrates Akt, SGK and PKC. Notably, the localization
of mTORC2 is significant for its regulation [16] (see Figure 1).

First, mSIN1 regulates mTORC2 depending on different mechanisms. mTORC2-Akt signaling
can be sustained by a positive feedback loop from mSIN1 phosphorylation of Akt, whereas mSIN 1
phosphorylation by S6K1 at the same site suppresses mTORC2 activity [57–59]. On the other hand,
recent research found that mSIN1 can also combine with Rb in the cytoplasm, which results in the
inhibition of mTORC2 complex formation and Akt signaling [60].

Likewise, mTORC2 is regulated by PI3K/Akt, as well as by mTORC1 itself. PI3K activates
mTORC2 to bind to ribosomes both in normal physiological and pathological conditions, such as
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cancer [61]. Akt, which is commonly found to be hyperactive in cancers, is an important substrate of
mTORC2. Akt aggregates signals from PI3K/mTORC2 and PI3K/PDK1 to accelerate cell proliferation.
Localization of Akt to the plasma membrane is regulated by PIP3, which is similar to mTORC2. Akt also
activates mTORC1 signaling in addition to mTORC2, leading to a more complicated signal network [29].
In addition, mTORC2 is negatively modulated by mTORC1 via feedback loops. For example, the S6K1
promotes insulin receptor substrate (IRS) 1/2 degradation resulting in inhibition of mTORC2 and the
PI3K/Akt pathway. Another feedback mechanism is through growth factor receptor-bound protein 10
(Grb10), which is positively modulated by mTORC1 [62–64].

For downstream effectors, serum and glucocorticoid kinase (SGK) and protein kinase C (PKC) are
two key phosphorylation substrates of mTORC2. SGK substrates include N-myc downstream-regulated
gene 1 protein (NDRG1) and Forkhead box family transcription factors (FoxO), which promote cell
survival under oxygen or nutrient depletion conditions or in response to PI3K inhibition [65,66]. Through
phosphorylation of different PKC family members, mTORC2 is reported to regulate cytoskeleton
reorganization and cell movements involved in tumorigenesis [17,25,67,68] (See Figure 1).

2.4. mTOR Signaling in Cancer

Since mTOR signaling regulates fundamental activities including cell cycle, proliferation, growth,
and survival, as well as protein synthesis and glucose metabolism, there is no doubt that mTOR has
a close association with cancer. As reported, mTOR signaling is enhanced in various types of cancers.
Data in solid tumors demonstrated that the mTOR signal is dysregulated in almost 30% of cancers and
is one of the most frequently affected cascades in human cancers [69].

Activation of mTOR signaling in cancer mainly depends on three different levels of mechanisms:
first, mutations in the mTOR gene lead to a constitutively hyperactive mTOR signaling cascade;
second, mutations in the components of mTORC1 and mTORC2 result in activation of mTOR signaling;
and lastly but most importantly, aberrant mTOR signaling can also result from mutations in upstream
genes, that is, loss-of- function mutations in suppressor genes and gain-of-function mutations in
oncogenes [7]. We discuss these mechanisms in the following text.

Mutation of mTOR, which is the core gene of the mTOR signaling and encodes the kinase,
will directly lead to hyperactivation of mTOR signaling. A study utilizing public tumor genome
sequencing data in 2014 reported that 33 mTOR mutations were found to contribute to the
hyperactivation of mTOR signaling in various cancer types. Most of these mutations assemble in
six different regions of the c-terminal region of mTOR in several cancer types, and one is specifically
abundant in kidney cancer, all of which maintain the sensitivity to mTOR inhibition by pharmacological
therapies [70].

Moreover, genetic aberrations in components of mTOR complexes are reported to have a close
relationship with cancer. RICTOR, a component of mTORC2, was found to be amplified in beast cancer,
non-small cell lung cancer (NSCLC), and particularly in squamous cell lung carcinoma (SQCLC),
in which RICTOR amplification is significantly related to poor prognosis and short survival [71–73].
Overexpression of RICTOR was also observed in gliomas with high Akt activity in nearly 70% of
patients and HER2 (human epidermal growth factor receptor-2)-positive breast cancers, leading to Akt
hyperactivity and tumor aggravation [72,74].

Except for the above, mTOR signaling hyper-activation can commonly result from mutations of
upstream genes including oncogenes and tumor suppressor genes [75]. The PI3K signaling pathway,
which is upstream of both mTOR complexes, often has various kinds of mutations of its components
in cancer, such as mutation and amplification of Akt and of PIK3CA and amplification of growth factor
receptors, Epidermal Growth Factor Receptor (EGFR) and insulin growth factor receptor (IGFR) [76–78].
Since PI3K and RAS are two parallel pathways, amplification of growth factor receptors that are
upstream of either signal can also result in abnormal signal transduction on both mTOR complexes [6].
Furthermore, loss of functions in tumor suppressor genes, such as PTEN, p53, TSC1/TSC2 and
Serine Threonine Kinase 11 (STK11), all contribute to mTOR activation in the pathological state of
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cancer [79]. PTEN, which is the second most frequently mutated gene after p53 in human cancer, can
be downregulated through mutation, methylation, protein instability and intracellular localization [80].
Aberrations in the PTEN genes also influence cancer cells in myeloma, breast cancer and endometrium
cancer, which are sensitive to mTOR inhibitors [81–84]. Inactivation of TSC1 or TSC2, which are
negative regulators of mTORC1, is responsible for Tuberous Sclerosis and leads to benign tumor
genesis. This also demonstrates that mTORC1 serves as a potent driver of cell proliferation. Mutations
of TSC1 and TSC2 are reported in bladder cancer, urothelial carcinoma, clear cell renal carcinoma
and well-differentiated pancreatic neuroendocrine tumors [85–87]. Actually, mutations in TSC1,
TSC2 and mTOR are much less frequent than those in components that are higher upstream in the
signaling pathway.

mTOR signaling mainly regulates cell proliferation and metabolism involved in tumor initiation
and progression. As reported, at the level of 4E-BP1/eIF-4E, dysregulation of protein synthesis
downstream of mTORC1 play a central role in tumorigenesis. eIF-4E promotes the translation of
specific pro-oncogenic proteins that regulate cell survival, cell cycle progression, angiogenesis, energy
metabolism, and metastasis. Besides, mTOR activation also leads to increased ribosome biogenesis,
providing machinery to maintain high levels of cell growth [1]. In cancer cells, metabolism seems
to reprogram to sustain the demands of rapid cell growth. mTOR complex is recently depicted as
a nutrient sensor in metabolism of cancer, especially on glucose and amino acid, nucleotide, fatty acid
and lipid, growth factors and other stresses. Nutrient sensing mainly activates mTORC1 and the
metabolic changes in cancer cells sustain mTOC1 activation in turn [2,22,23,88]. In glucose metabolism,
mTORC1 can enhance the translation of two key transcription factors, hypoxia inducible factor (HIF)-1α
and Myc, which drive expression of a variety of glycolytic enzymes to regulate glycolysis [89–91].
mTORC2 can also increase glucose metabolism through its downstream effector AKT [92]. For lipid
synthesis, mTORC1 activates the critical transcription factor sterol regulatory element-binding protein
1 (SRE-BP1) driving gene transcription in lipid synthesis via Akt activation and phosphorylation
of Lipin1 and S6K1 [93,94]. The increased levels of SRE-BP mRNA and protein are associated with
mTORC1 upregulation in human breast cancer tissues [95]. In addition, purine and pyrimidine
synthesis, which is significant for cancer cell DNA replication, can also be promoted by mTORC1 via
S6K1 phosphorylation [96,97].

Moreover, mTOR is involved in the regulation of autophagy, a process that degrades and recycles
cytosolic components in response to a shortage of nutrients and energy. Autophagy is commonly
regarded as an inhibition process against tumorigenesis, and blockage of autophagy contributes to cancer
initiation [98]. However, some conflicting research results have demonstrated that autophagy may play
a dual role in cancer development under specific conditions: for example, it is dependent on different P53
status in pancreatic cancer [99–101]. mTORC1 is reported to inactivate UNC-5-like autophagy-activating
kinase 1 (ULK1) by phosphorylation resulting in failure to form ULK1-ATG13-FIP200 complex, which is
required for autophagy initiation [102–104], while mTORC2 can inhibit autophagy indirectly by activating
mTORC1. mTORC1 also regulates autophagy at the transcription level by modulating a key transcription
factor, Transcription Factor EB (TFEB), for genes in lysosomes and autophagy [105]. Moreover, mTORC1
is likely to affect autophagy through some other ways such as the death-associated protein 1 (DAP1)
which suppresses autophagy, WD repeat domain phophoinositide-interacting protein 2 (WIPI2) and
a mammalian ortholog of Atg18 [23].

3. mTOR Inhibitors in Therapies of Different Types of Cancer

As stated above, the mTOR signaling pathway plays a central role in cancer initiation and progression,
and is the second most frequently altered pathway after the p53 pathway in human cancers [106]. Therapies
utilizing mTOR inhibitors have been developed to reduce the high mTOR signaling levels in various
cancer types.

Rapamycin, which lead to mTOR discovery of mTOR in the target screening, is the original
inhibitor of mTOR. Rapamycin binds to FK506 Binding Protein 12 (FKBP12), resulting in the unbinding
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RAPTOR from mTORC1. In addition, the downstream effect is inactivation of S6K1 and 4E-BP1 by
inhibiting phosphorylation, which leads to a decrease in protein synthesis and cell cycle arrest in the
G1 phase [107]. Rapamycin also negatively regulates VEGF, platelet-derived growth factor (PDGF),
basic fibroblast growth factor (bFGF) and so on, which are transcriptional targets of hypoxia-inducible
factor 1α (HIF-1α) and contribute to vascular development and cancer progression [108]. Moreover,
rapamycin can act indirectly on mTORC2 also by binding FKBP12, leading to dissociation of RICTOR
from mTOR, thus decreasing the levels of mTORC2 and possibly in a specific cell type [13,109]. Due to
poor solubility and undeterminate kinetic and pharmacological properties of rapamycin, a series
of allosteric mTOR inhibitors (named rapalogs) have been developed to achieve better efficacy in
patients [110]. Four rapalogs of rapamycin: temsirolimus (by intravenous administration), everolimus
and ridaforolimus (by oral administration) and ABI-009 (nanoparticle albumin-bound-rapamycin)
have been applied in monotherapy or combination therapies in a variety of cancer types in different
phases of clinical trials [111]. Apart from rapalogs, ATP competitive inhibitors, such as vistusertib
(AZD2014), AZD8055, CC-223 and OSI027 that suppress mTORC1 and mTOR2 kinase simultaneously,
and PI3K/mTOR dual inhibitors might result in improved anticancer effect in preclinical and clinical
studies [112]. Several potential biomarkers, including PIK3CA and PTEN mutation status, AKT activity,
and other members of the mTOR pathway, have also been explored according to preclinical results
and clinical data.

In the following parts of our review, we focus on the alterations of mTOR signaling in eight
different types of solid tumors and applications of various mTOR inhibitors in therapeutic strategies
in these specific tumors.

3.1. Lung Cancer

In non-small cell carcinomas (NSCLC), PI3K pathway activation is found in 50–70% of patients
with AKT phosphorylation [113]. Mutations in EGFR, Kirsten rat sarcoma viral oncogene (KRAS), PI3K,
amplification of PIK3CA and loss of PTEN can lead to PI3K pathway activation [114]. As reported by The
Cancer Genome Atlas (TCGA) Research Group, alterations in the PI3K/Akt pathway, which is upstream
of mTOR signaling, were detected in 47% of squamous cancers (including PIK3CA alterations in 16%,
PTEN alterations in 15%, AKT3 alterations in 16%, AKT2 alterations in 4% and AKT1 alterations < 1% of
the total samples) [114]. Actually, genomic amplification is much more frequent than somatic mutations
in PI3KCA in lung cancers. In addition, PI3KCA was found to have copy number amplifications in
33% of squamous cell lung carcinomas, which occurred independently of the PI3KCA gene mutation,
demonstrating that each event is probably sufficient to initiate tumorigenesis. Besides, in a report
of 51 Japanese small cell lung cancinoma (SCLC) patients, 36% of the tumors had genetic mutations
related with mTOR pathway [115]. Phophorylated mTOR is demonstrated to contribute to SCLC
progression [116].

Although some reports indicated that expression of mTOR/phosphorylated-mTOR (p-mTOR)
has no significant association with prognosis in NSCLC patients [117], mTOR inhibitors including
everolimus, temsirolimus, and ridaforolimus have been extensively applied in NSCLC patients in
clinical trials. Although both everolimus and ridaforolimus demonstrated promise in phase I studies,
neither of them achieved such promising results in phase II studies in NSCLC patients due to toxicity
of these traditional mTOR inhibitors [118–120]. Everolimus either combined with chemotherapy (CT)
or radiotherapy also showed non-significant results in NSCLC patients [121,122]. A phase II study in
advanced NSCLC patients treated with chemotherapy (CT) or CT and EGFR inhibitors demonstrated
that everolimus at a dose of 10 mg/day achieved a response rate of 4.7% and a disease control rate of
47.1% [123]. Another phase II clinical trial of everolimus (5 mg/day) combined with the EGFR inhibitor
gefitinib (250 mg/day) in 62 advanced NSCLC patients did not indicate a definite result because the
partial response rate did not meet the threshold to continue further investigation [124]. Temsirolimus
is reported to suppress cell proliferation in NSCLC cell lines relying on different doses [125]. A phase I
clinical trial of temsirolimus confirmed a partial response rate in one patient with NSCLC out of 63

10



Int. J. Mol. Sci. 2019, 20, 755

patients of various types of advanced cancer [126]. In a phase II study, 35% of NSCLC patients (n = 52)
benefited from temsirolimus, among which 8% patients had confirmed PR and 27% had a stable
disease [127]. On the other hand, both everolimus and temsirolimus have some adverse events (AEs),
such as fatigue, dyspnea, stomatitis, mucositis, asthenia, nausea and mucositis, and combination
therapies with other inhibitors, radiotherapy or chemotherapy are still under investigation. Sirolimus,
which is an allosteric inhibitor of mTORC1, was demonstrated to possibly inhibit the NSCLC cell
proliferation in a preclinical study [128]. Clinical trials are still under way in phase I or II of sirolimus
combined with other therapies in patients with NSCLC harboring specific gene mutations [121].
Reports on mTOR inhibitors in SCLC are relatively rare, and temsirolimus was shown to fail to benefit
SCLC patients [129].

3.2. Gastric Cancer (GC)

Researches demonstrated that PIK3CA, PIK3CB, AKT1 and mTOR are overexpressed in GC cell lines,
and mTOR pathway is active in almost 60% of gastric cancer patients [130]. PIK3CA is reported to be
commonly mutated and amplified at frequencies of around 18% and 5%, respectively [131]. Three mutation
hotspots that exist in almost 80% of PIK3CA mutations are E545K (exon 9), E542K (exon 9) and H1047R
(exon 20) [132]. As reported, PIK3CA mutation frequency in gastric cancer is associated with cancer stage
and Epstein–Barr virus (EBV) infection [131,133]. PTEN, which is a key inhibitor of the PI3K pathway,
is a significant tumor suppressor gene. According to the TCGA database of gastric cancer, deletion,
mutation and amplification of PTEN each occur in 0.3%, 3.1% and 4% of cases, respectively. The alteration
frequency of PIK3CA and PTEN varies significantly in different populations: for example, between Asian
and Caucasian GC patients, the rate is 7% compared to 15% for PIK3CA mutations, 21% compared to
4% for PTEN deletion, and 47% compared to 78% for PTEN loss, respectively [134]. Another research
found 19% PTEN mutations in GC patients in a Chinese population, including missense, nonsense,
deletion, and mutations in intron 6 [135]. PTEN tends to be mutated more frequently in advanced
stage or less differentiated GC [136]. Despite AKT overexpression in 74% of GC patients examined by
immunochemistry, the genetic alterations in AKT are very few at approximately 1% to 3% in GC [137,138].
Although the exact genomic changes that occur in mTOR signaling downstream of PI3K/Akt are not well
clarified, it is reported that phosphorylated-mTOR overexpression is related to some clinicopathological
features and poor prognosis in GC patients alone or combined with TSC1 downregulation [139,140].
In an Eastern Chinese population, mTORC1 polymorphisms contribute to the risk of GC [141]. Moreover,
an immunohistochemical study via GC tissue microarray demonstrated that aberrant S6K1 expression
may lead to cancer initiation, invasion and metastasis of GC [142].

The mTOR inhibitors have also been utilized in preclinical studies and clinical trials of GC.
Everolimus and sirolimus showed obvious G1 cell cycle arrest effects and suppressed proliferation
in gastric cancer cell lines [143,144]. Rapamycin was responded well in cancer cells harboring
PIK3CA and/or PTEN mutations (P = 0.0123) in a preclinical study, and inhibited tumor volume and
microvasculature growth when was applied in a mouse xenograft model [145,146]. Temsirolimus
demonstrated a favorable toxicity profile, pharmacokinetics features, and cancer resistant efficacy in
a phase I trial in advanced cancer including GC and is continuing to a phase II trial [126]. Everolimus
showed a good disease control rate (DCR) (56%), median progression-free survival (PFS; 2.7 months)
and overall survival (OS; 10.1 months) in advanced GC patients (n = 53) in phase II trails [147].
And biomarkers exploration has also been executed in a phase II study of everolimus in advanced
gastric cancer patients, and pS6 (Ser240/4) was found to be a potential predictive marker [148].
Although some side effects of everolimus (stomatitis, anorexia, fatigue, rash, nausea, peripheral edema,
diarrhea and pruritus) existed and improvements of the overall survival and primary endpoint were
not obvious, the PFS for six months and safety were significant in previously treated GC patients
in phase III trials, which also made everolimus the only drug to progress to phase III tirals for
advanced GC treatments [149,150]. Ridaforolimus, also an analog of rapamycin, demonstrated good
antitumor effects during preclinical and phase Ib clinical trials combined with capecitabine [151].
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mTORC1/2 kinase inhibitors other than rapalogs, such as PP242, AZD 2014, AZD8055, and OSI-027
have also attracted interests due to their competition with ATP in mTOR kinase activity. PP242 showed
outstanding antiproliferative and antiangiogenesis capabilities in GC cell lines, while there are no
future reports of other inhibitors on GC therapies so far and most of these inhibitors are still in phase I
trials [138,152].

3.3. Colorectal Cancer (CRC)

The PI3K/Akt pathway is genetically altered in many CRC cell lines [153]. Mutations of PI3K
and PTEN are dominant among those alterations in CRC patients. As reported, approximately 15% of
metastatic CRC patients carried PI3K3CA mutations, and loss of PTEN was found in 20% to 40% of CRC
patients [154,155]. In addition, PI3K subunit p85α and AKT1/2 were overexpressed, particularly in
advanced tumor stages, and the phosphorylation level of mTOR and S6K1 was increased in CRC [156].
Mutation of the p53 gene or deletion of the 17p chromosome is significant for tumor initiation,
especially from adenoma to carcinoma in CRC [157,158]. p53 inhibits mTOR activity via AMPK-β1
and TSC2 in CRC cell lines. p53 also regulates the mTOR pathway by a target gene, DNA damage
and development 1 (REDD1), which is essential for hypoxia activation of TSC1/2 and modulated
by oxidative stress [159,160]. Previous immunohistochemical studies demonstrated that mTORC1
signaling was involved in tumorigenesis at an early stage and contributed to progression from normal
cells to a neoplastic state in human colorectal adenoma and cancers [161]. mTORC1 and mTORC2 both
overexpress and play significant roles in CRC.

As for clinical trials of mTOR inhibitors, neither everolimus nor temsirolimus showed satisfactory
effects as monotherapies in treating metastatic CRC in several clinical trials. The effects of temsirolimus
were limited, especially in metastatic CRC patients with KRAS mutations [162,163]. Partial suppression
of the mTOR signaling pathway by rapamycin and rapalogs was found to be attributed to 4E-BP1 kinase,
which led to resistance in CRC [164]. Combination treatments of rapalogs and other drugs have
exhibited potential in CRC therapies. For example, combination of the VEGF inhibitor bevacizumab
and an mTOR inhibitor achieved fewer adverse effects and prolonged stable disease in metastatic CRC
patients [165]. Sorafenib was reported to improve the efficacy of rapamycin in CRC patients harboring
K-RAS and PIK3CA mutations [166]. Everolimus together with octreotide LAR (long-acting release)
achieved an obviously prolonged PFS in advanced colorectal neuroendocrine cancers in a phase III
study, while the combination of everlimus and irinotecan was well tolerated in a phase I study in mCRC
patients [167,168]. And everolimus and tivozanib, which inhibits angiogenesis, demonstrated a 50%
disease control in a phase II trial [165]. The combined therapies with mitogen-activated protein kinase
kinase (MEK) inhibitors and mTOR inhibitors also attracted more attention because these treatments can
overcome the resistance to MEK suppression in CRC [169]. Moreover, dual PI3K/mTOR inhibitors have
a reduced possibility to induce drug resistance than rapalogs, and mTOR kinase inhibitors can suppress
mTORC1 and mTORC2 simultaneously; thus, these drugs are introduced as the second generation
of mTOR inhibitor drugs in preclinical and clinical trials [170]. For instance, NVP-BEZ235, a dual
inhibitor of PI3K and mTOR signaling, inhibited tumor growth in a genetically engineered mouse model
of sporadic CRC [171]. mTORC1/2 inhibitors OSI-027 showed obvious antitumor activity in several
human xenograft models with various histologies [172,173]. In another study of human colon cancer
cell line xenograft, both the ATP competitive mTOR inhibitor PP242 and dual inhibitor of PI3K and
mTOR NVP-BEZ235 significantly suppressed the xenograft growth, and they achieved better efficacy
combined with a MEK inhibitor, implying a prosperous future for second generation mTOR inhibitors in
combination therapies for CRC [174].

3.4. Renal Cancer (RCC)

RCC is regarded as one of the most lethal cancers because of the rare available therapies and
lack of proper diagnosis biomarkers at early stages. RCC is mainly classified as clear cell renal cell
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carcinoma (ccRCC, 85%), papillary renal cell carcinoma (PRCC, 0–15%), chromophobe renal cell
carcinoma (chRCC, 5%) and collecting duct carcinoma and medullary carcinoma (1%).

Generally, mTOR signaling regulates cell metabolism, and RCC is also a cancer of metabolism
dysregulation [175]. Data from TCGA on a ccRCC study in 2013 demonstrated genetic alterations
in components of each level of the PI3K/Akt signaling pathway cascade (PIK3CA, PIK3R1, PIK3R2,
PTEN, PDPK1, AKT1, AKT2, AKT3, FOXO1, FOXO3, MTOR, RICTOR, TSC1, TSC2, RHEB, AKT1S1,
and PRTOR), mainly including GNB2L1 amplification (6%), PI3KCA amplifications or mutations (5%),
PTEN deletions or mutations (5%) or MTOR mutations (6%). Clustered MTOR mutations, as well as
mutations in AKT1, AKT3 and RHEB, contributed to PI3K/Akt and mTOR hyperactivation in
ccRCC [70,176,177]. In addition, the cross talk between VHL/HIF and the PI3K/Akt pathway via
a positive feedback mechanism contributes to the sustaining activation of PI3K/Akt signaling in
ccRCC [178,179]. The rate of genetic alterations in PI3K/Akt pathway components in pRCC is 28%
according to the TCGA database, including mutations of PTEN and PI3K subunits and amplifications
of GNB2L1, PDK1 and RPTOR amplifications. In chRCC, PTEN was mutated most frequently which
occurred in 11% of patients, and mutations of AKT1, TSC1/TSC2 and mTOR in the mTOR signaling
pathway have also been shown [180].

For targeted therapy towards the mTOR signal pathway in ccRCC, the treatment strategies are at
the leading edge, and many drugs have been authorized by the US Food and Drug Administration
(FDA). Among these approved drugs, temsirolimus and everolimus are rapalogs that partially inhibit
mTORC1 activation, leading to modest survival benefits in advanced ccRCC patients according to the
results of the phase III Global ARCC trial [69,181,182]. For metastatic renal cell carcinoma (mRCC),
temsirolimus and everolimus are the only mTOR inhibitors authoried by the US FDA. The clinical
data demonstrated that mTOR inhibitors can treat mRCC effectively as long as the adverse events
were appropriately handled [183]. As reported, ccRCC patients harboring TSC1 mutation tended
to respond to mTOR inhibitors [184]. In a study of 79 patients with mRCC, when treated by mTOR
inhibitors, those with mTOR, TSC1, or TSC2 mutations were found to benefit more than others who
progressed [185]. Some studies found that resistance to temsirolimus was related to low levels of
phosphorylated protein kinase B (p-Akt) and p70 ribosomal S6 Kinase (p-S6K1) in RCC, suggesting
that patients with these features should be eliminated from temsirolimus treatments in the future [108].
These data also imply that predicative biomarkers are especially in great need for selecting therapies in
future personalized management of RCC [186]. Besides, combination therapy of everolimus together
with lenvatinib was regarded to be the first strategy for mRCC, and cabozantinib and nibolumab are
subsequent choices, all of which achieved a better efficacy than everolimus alone [187]. mTORC1/2
inhibitors including AZD8055, LN0128 and OSI-027, seem to have potential for greater efficacy than
rapalogs in clinical trials of ccRCC [188]. A combination of MAPK- and mTOR-targeted therapies was
reported to utilize temsirolimus and tivozanib, which achieved better efficacy in RCC patients [189].

3.5. Urinary Bladder Cancer (UBC)

Urinary bladder cancer (UBC), the malignancy that occurs in the urinary system, ranks as the
ninth most common cancer [190]. UBC is classified into non-muscle-invasive UBC (NMIUBC) and
muscle-invasive UBC (MIUBC) according to the invasion status into the urinary bladder wall and
nearby structures. Genetic alterations of the mTOR pathway occur in over 40% of UBC patients,
including deletion or mutations of PTEN, TSC1 or TSC2 and mutations or amplifications of PI3KCA
or AKT1 according to the TCGA database [191–194]. These alterations in the mTOR pathway are
reported to be associated with progression and mortality in bladder cancers (n = 887) and are valuable
for prognosis [195]. UBC patients with a higher grade often harbor mutations that hyperactivate
the mTOR pathway or KRAS genes and decrease expression of tumor suppressor genes compared
to lower grade UBC patients in whom the FGFR3 mutation dominates [195,196]. Loss of PTEN is
common in MIUBC, while is hardly found in NMIUBC [197,198]. In a research composed of both
NMIUBC and MIUBC patients, mTOR was expressed in NMIUBC and had a poor prognosis in
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MIUBC [199]. Another case study (n = 208) indicated that mTOR activation evaluated by 4E-BP1 or
S6K1 phosphorylation contributed to tumorigenesis and was an indicator of recurrence and poor
survival of UBC patients [200].

Research on UBC cell lines 5637, T24, and HT1376 indicated that everolimus and temsirolimus applied
as single agent only showed limited efficacy in these experimental trials [201,202]. In ICR mice induced by
N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN), sirolimus decreased tumor incidence and proliferation,
as implied by histopathological and immunohistochemical results, while everolimus demonstrated little
effects on bladder tumors [203,204]. In addition, sirolimus also showed benefits in a genetically engineered
mouse model of invasive UBC [205]. As reported from a phase II study, everolimus demonstrated mild
antitumor effects in metastatic UBC patients resistant to chemotherapy [206]. In another phase II study,
only a small portion of patients with advanced UBC responded to everolimus [207]. It seems that
rapalogs utilized as monotherapy are not as effctive as expected in the treatment of UBC. For combination
therapies, the results from 5637 and T24 cell lines were much more exciting because either everolimus or
temsirolimus combined with gemcitabine showed a better response, and cisplatin together with everolimus
or temsirolimus also achieved a promising results in 5637 and HT1376 cell lines [208]. A synergistic
combination of mTOR inhibitors and EGFR/HER2 inhibitors in UBC cell lines implied a potential efficacy
in NMIUBC and MIUBC treatments [209]. A study in patient-derived xenograft models with dual inhibition
of mTOR and MEK suggested potential clinical efficacy in UBC [210]. Application of mTOR inhibitors
in UBC treatments should depend on careful selection of the tumor type: NMIUBC seems to respond to
combination of rapalogs and other drugs, while only those MIUBC patients with phosphorylated mTOR
are suitable to accept mTOR inhibitors treatments.

3.6. Prostate Cancer (PCa)

The mTOR pathway is reported to be significantly active in prostate cancer [211,212]. The PI3K/Akt
pathway is found aberrant in PCa cell lines, xenograft models, and 30–50% primary PCa tissue
samples [213]. Genetic alterations of the mTOR pathway were detected in 42% of primary prostate tumors
and all metastatic tumors [211]. Aberrant PTEN/Akt expression was found in 42% of PCa tissues [214].
As PTEN loss was demonstrated to be associated with a high Gleason score, PCa pathological stages and
promoted the progression of lymph node metastasis, PTEN may serve as a potential early prognostic
marker in prostate cancers [215–219]. High levels of phosphorylated-4EBP1 and eIF-4E are significantly
related to increased mortality in PCa patients, implying that downstream effectors of the mTOR pathway
may be a potential prognostic indicator for PCa progression [220]. Studies in PCa cell lines indicated that
the PI3K/Akt/mTOR pathway contributed to PCa radioresistance (RR) through mechanisms of intrinsic
radioresistance, cancer cell proliferation and hypoxia, and in those PCa RR cell lines, the PI3K/Akt/mTOR
pathway was the most active [221,222]. Moreover, activation of the PI3K/Akt/mTOR pathway was also
reported to be involved in epithelial mesenchymal transition (EMT) and cancer stem cells (CSCs) in prostate
cancer radioresistance [223].

Despite the antitumor efficacy demonstrated by the mTOR inhibitors (rapalogs) rapamycin and
everolimus in murine models of Pca [90,224,225], the performances of rapalogs in phase I and II clinical
trials were not so satisfactory, leading to application of second generation mTOR inhibitors or further
combination therapies in Pca [226–229]. As reported, the ATP competitive mTOR inhibitor MLN0128
showed better efficacy in reducing tumor size and invasion in cell lines and Pca mouse models [49].
These ATP competitive mTOR inhibitors, such as MLN0128, AZD2014, ZAD8055, CC-223, DS-378a
and OSI-027, are in early clinical trials. In preclinical studies, the dual PI3K/mTOR inhibitors BEZ235
and GDC-0980 demonstrated effective inhibition of cell proliferation in prostate cancer cells [230,231].
BEZ235 was also reported to reduce tumor volume in a mouse model harboring PTEN loss, and the
effects were enhanced when combined with AR antagonist enzalutamide, implying a potential prospect
in synergy treatments cotargeting the AR, PI3K and mTOR signaling pathways in PCa [232]. BEZ235
and GDC-0980 are currently being tested as single agents or combination therapies with abiraterone
acetate in the process of phase I/II clinical trials in castration-resistance prostate cancer (CRPC).
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3.7. Breast Cancer

In breast cancer, most genetic alterations and mutations lie upstream of mTOR resulting in
hyperactivation of mTOR signaling. PIK3CA is frequently mutated in breast cancer in three “hotspots”:
E545K, E542K in exon 9 (helical domain) and H1047R in exon 20 (kinase domain) [233]. As reported,
PIK3CA mutations occurred in 20–50% of breast cancers, especially including 35% of hormone receptor
(HR)-positive breast cancers, 23% of human epidermal growth factor receptor 2 (HER2)-positive breast
cancers and less than 10% in triple-negative breast cancer (TNBC) [234]. PTEN mutations occur in less
than 3% of breast cancers, while PTEN loss occurs in approximately 30% of breast cancers [234,235].
Although Akt mutations in the catalytic domains have not been detected, E17K substitution occurred
in the pleckstrin homology domain of AKT1 resulting in constitutive activation in 3% of HR-positive
breast cancers [236]. Studies also found mutations in mTOR itself in various cancer types with FAT
and FATC domains frequently mutated [237,238]. Moreover, mTOR expression is correlated with poor
prognosis in breast cancer, and phosphor-mTOR was more common in TNBC [239–241].

Everolimus has been proved by the FDA in treating hormone receptor-positive, HER2-negative
breast cancer. And the mTOR inhibitors have been utilized in many clinical trials in beast cancer
treatments, such as HORIZON, BOLERO-1, BOLERO-2, BOLERO-3 and TAMRAD, which are all
Phase III or II randomized clinical practices evaluating the combination therapies with different mTOR
inhibitors in different settings. The HORIZON trial was executed in first-line patients of Hormone
Receptor (HR) positive advanced breast cancer to compare the combined therapy of temsiroliumus
with letrozole to therapy of placebo with letrozole. Analysis of the HORIZON trial demonstrated
the combination therapy failed to improve PFS and may be account for more grade 3 or 4 adverse
effects (37% vs. 24%) [242]. The BOLERO-1 trial was another randomized phase III evaluating
everolimus (10 mg) with paclitaxel and trastuzumab in patients of HER2 positive advance breast
cancer. PFS was not obviously increased in the group of everolimus (14.9 months) compared to
the group of placebo (P = 0.1167), while in the HR-negative subgroup, the PFS was prolonged 7.2
months with everolimus administration (P = 0.049) [243]. A high rate of adverse events correlated
with deaths in everolimus treatments of BOLERO-1 was also reported indicating the necessity to
monitor the adverse events in early stage. The object of BOLERO-2 trial is to evaluating combination
of mTOR inhibitor everolimus with aromatase inhibitor (AI) in HR positive advanced breast cancers.
Application of everolimus increased the PFS to 10.6 months compared to 4.1 months originally with
single exemestane administration (P < 0.0001) [244], which directly led to the permission of FDA for
everolimus with exemestane in advanced breast cancer patients with HR positive and HER2 negative
following unsuccessful therapy with letrozole or anastrozole. A recently reported study of BOLERO-2
demonstrated an improvement in overall survival in combination therapy group (31.0 months)
compared to the control group with exemestane and placebo (26.6 months) [245]. The TAMRAD
trial compared the combination of everolimus with tamoxifen to single tamosifen application in 111
HR positive/HER2 negative, AI resistant metastatic breast cancer patients, implying a significant
increase of clinical benefit rate (CBR), time to progression (TTP) and OS by everolimus addition [246].
Analysis of results from HORIZON and BOLERO-2 illuminated that endocrine-resistant patients may
gain more benefits from temsirolimus administration. So far, researches have mainly focused on
clinical efficacy in HR positive and HER2 negative breast cancer patients, in which everolimus has
been approved for combined application with exemestane. Ridaforolimus was reported to benefit
HER2 positive metastatic breast cancer patients when applied with trastuzumab in a phase II trial,
indicating ridaforolimus may improve the efficacy of trastuzumab [247].

Aside from the rapalogs, other mTOR inhibitors, such as ATP competitive inhibitors and PI3K
/mTOR dual inhibitors, have also been studied in breast cancer. ATP competitive inhibitors, AZD2014,
which showed better anti-proliferative capabilities in breast cancer cell lines, xenograft and primary
explant models, is now in process of phase II clinical trials designed to be combined with other
compounds or therapies [112,248,249]. MLN0128 inhibited cell viability in five breast cell lines (HR−/+,
HER2−/+) and acted synergistically with TSA [250]. In a phase I trial, CC223 was reported to be
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tolerated well and achieved partial response in breast cancer patients, implying its promising potential
in the future [251]. Dual inhibitors of PI3K and mTOR, BEZ235 and PF-04691502, both demonstrated
antitumor efficacy in breast cancer cells and xenograft models [252,253], but were also inclined to cause
serious side effects in clinical practices. More combination therapies with mTOR inhibitors are still
underway in different settings [254].

3.8. Head and Neck Squamous Cell Carcinoma (HNSCC)

Head and neck squamous cell carcinoma (HNSCC) accounts for almost 90% of human head and
neck cancers, including cancers in the oral cavity, oropharynx, nasopharynx, hypopharynx, and larynx.

A whole-exome sequencing research in 151 HNSCC patients demonstrated that PI3K pathway
was frequently mutated in 30.5% of HNSCC [255]. The genes with genetic alterations in HNSCC mainly
include PIK3CA, PIK3CD, PTEN, PDK1, Akt, RICTOR, RAPTOR, TSC1, TSC2 and mTOR [256–260].
Especially, PI3KCA amplifications and PTEN mutation are prevalent in human papilloma virus (HPV)
infected HNSCC [261]. Another separate study indicated that HPV positive HNSCC had a different
mutated gene cluster from HPV negative HNSCC [262]. PI3KCA amplification was observed in
early stage in the carcinogenesis as well as in the malignancies, implying PI3K pathway contributes
to the oncogenic process of HNSCC [263]. In addition, advanced HNSCC patients often harbor
multiple aberrations including mutations in PIK3CA and mTOR or PIK3CA and PTEN, suggesting
these simultaneously existing mutations are also associated with HNSCC progression [264]. A phase
II clinical trial showed that the single-nucleotide polymorphisms (SNP) in PTEN (rs12569998) and
AKT2 (rs8100018) are related with the progression risk and PFS in metastatic HNSCC treated with
combination of docetaxel and cetuximab [265]. mTOR is reported to be activated in 80–90% HNSCC,
particularly those with HPV infection [266,267]. As reported, mTOR and its downstream effectors,
eIF-4E, 4EBP1, S6K1, and S6 are all biomarkers for diagnosis and prognosis in head and neck cancer,
demonstrating the promising prospect for mTOR inhibitors in HNSCC treatments [268].

In preclinical studies of mTOR inhibitors, rapamycin and its rapalog temsirolimus, everolimus
all showed efficacy in xenograft HNSCC models [268,269]. An in vivo retroinhibition approach
applied in HNSCC cells demonstrated that rapamycin and its rapalogs can prevent angiogenesis,
and another study in xenograft model implied that rapamycin and rapalog everolimus also inhibit
lymphangiogenesis and lymph node metastasis in HNSCC [270,271]. Besides, mTOR inhibition can
also act synergistically with radiation therapy to reinforce the anti-angiogenic effects and suppress
HNSCC tumor growth in xenograft models [272,273]. Besides, several reports demonstrated the
promising results of mTOR inhibitors in HNSCC patient-derived tumorgraft (PDX) models [274–276].

Rapamycin, originally regarded as a specific inhibitor of mTORC1, was found to supress both
mTORC1 and mTORC2 in HNSCC cells [267]. And in a study of newly diagnosed HNSCC patients,
rapamycin (NCT01995922) achieved improved effectiveness, as most patients responded and one
patient got complete response [260]. Everolimus has been utilized in combination with cisplatin and
radiation therapy or with erlotinib or with cisplatin and docetaxel in HNSCC treatment, and was
tolerated well in these phase I or II clinical trials [277–279]. Another combination therapy in a phase
I study with temsirolimus, carboplatin and paclitaxel in HNSCC achieved a partial response rate
of 22%, while temsirolimus combined with erlotinib was poorly tolerated with common adverse effects
including fatigue, hyperglycemia, diarrhea and peritonitis in recurrent or metastatic HNSCC patients
in a phase II strudy [280,281]. Actually, most clinical practices of mTOR inhibitors as single agent in
HNSCC have been applied in those patients that failed in other therapies or general patients without
selection. Clinical trails focusing on mTOR inhibitors in HPV+ HNSCC patients have seldom been
conducted yet, although previous researches confirmed the potential of this strategy. Dual PI3K/mTOR
inhibitors like BEZ235 showed anti-tumor effects in HNSCC cell lines and tumorgrafts with PIK3CA
mutations, its efficacy in HNSCC patients remained unknown [255]. Besides, combination therapies of
mTOR inhibitors with other molecular-targeted therapies (EGFR, VEGFR, MEK, MAPK and MET) or
conventional therapies may shed lights in HNSCC clinical success.
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4. Discussions and Future Prospects

Among these eight solid tumor types we discussed, it seems that mTOR inhibitors achieved
better efficacy and relatively more attentions in treatments of renal cancer and breast cancer. Although
these tumors originate from different primary organs, they share similar genetic alterations in PI3K or
mTOR signal pathway (as summarized in Table 1), which imply that genetical and molecular biological
methods should be applied to classify cancer subtypes in addition to those organs affected especially
before targeted therapy application. Then we can get some related clues from clinical trials about
which specific mTOR inhibitors or combinations may benefit cancer patients with what kind of genetic
alterations in mTOR signaling [112]. We also summarize mTOR inhibitors that are under preclinical
and clinical trials in these eight solid cancer types (as shown in Table 2). Apart from those eight types
of solid tumors we mentioned, mTOR inhibitors have also been utilized in the therapies of gynecologic
cancer, osteosarcoma, leukemia, lymphoma, thyroid carcinoma, glioblastoma, neuroendocrine tumors
and medulloblastoma, and we won’t go into details here [282–289].

To summarize, mTOR inhibitors can be classified into three generations: the first generation
inhibitors, mainly include rapamycin and its rapalogs temsirolimus (CCI-779), everolimus (RAD001)
and ridaforolimus; second generation inhibitors refer to ATP-competitive inhibitor of mTOR kinase which
inhibit both mTORC1 and mTORC2 simutaneously (MLN0128, AZD2014, AZD8055, CC223, etc.) as well as
some dual PI3K/mTOR inhibitors (PP242, MLN0128, KU-0063794, BEZ235, etc.); Third generation inhibitor,
which has been seldom reported in clinical trials yet, has a bivalent structure to take advantage of the
two docking sites and avoid resistance against the original compounds. Better efficacy with less toxicity
in large individual variability is always the ultimate aim for designing targeting drugs. Rapalogs, as the
first generation mTOR inhibitors, have been tested in many clinical trials, but they achieved only modest
efficacy applied as monotherapies in cancer treatments due to multiple mechanisms: First, rapalogs
partially inhibit mTORC1 activity, and a negative feed back loop will arouse the PI3K and Akt signal via
PI3K/mTORC2/Akt cascade, leading to increased cell growth and enhanced cell survival [290,291]. mTOR
signal pathway is a complicated system which has various cross-talks with other signaling pathways that
can counteract rapalogs’ functions [292]. Second, although phosphorylation of S6K1 is totally blocked
by rapalogs, 4EBP1 phosphorylation is modestly suppressed. Thus, proteins translation regulated by
4EBP1 in tumorigenesis can still be translated to promote cancer progression. Also, rapalogs decrease the
inhibition of IRS-1 by S6K1 phosphorylation, inducing Akt signaling and downstream pathways [291].
Besides, mTORC1 inhibition can also promote cell proliferation by catabolism of extracellular proteins in
nutrient deprived conditions, and enhance cell survival via autophagy [293,294]. Therefore, new focuses
are turned to the second generation mTOR inhibitors with dual inhibition on PI3K and mTOR signaling or
mTOR kinase inhibitors, which are less possible to induce drug resistance than rapalogs alone and already
have been introduced in preclinical study or entered the clinical practices [170]. Combination therapies
with rapalogs and other signal pathway inhibitors as well as conventional therapies are more prosperous,
and many clinical trials have already confirmed the benefits of this treating strategy in various cancer types
as we discussed above. However, whether these therapy strategies will offer improved benefits need to be
verified in further clinical trials.

For future directions of mTOR targeting therapy, we should clarify the following issues: first,
we need to establish appropriate dose schedules of mTOR inhibitors that ensure the efficacy and better
toleration in patients; second, all the mTOR inhibitors related treatments no matter monotherapies or
combination therapies should continue to be carefully optimized and evaluated to achieve the best
effectiveness in clinical trials; third, we should improve the ability to predict who will respond to
a certain targeted therapy of mTOR according to the analysis of genetic variations from the patients;
fourth, molecular biomarkers for the prognosis and prediction need to be explored to help selecting
suitable therapy plans and monitoring the treatment response to mTOR inhibitors in patients.
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Table 1. The incidence of genetic variations in mTOR (The mammalian or mechanistic target of
rapamycin) signal pathway components in 8 types of solid human cancers summarized in this review.

Cancer Type Refs Type of Genetic Variation Gene (Incidence)

Lung cancer
Squamous cancer [114] genetic alterations PI3CA (16%), PTEN (15%),

AKT3 (16%), AKT2 (4%),
AKT1(<1%)

amplifications PI3CA (33%)
SCLC [115] genetic alterations PI3CA (6%), PTEN (4%), AKT3

(4%), AKT2 (9%), RICTOR
(9%), mTOR (4%)

Gastric cancer
[131,132] mutations PI3CA (18%) (E545K,

E542K-exon9, H1047R-exon20)
amplifications PI3CA (5%)

TCGA deletions, mutations,
amplifications

PTEN (0.3%, 3.1%, 4% )

[135] deletions and mutations PTEN (19%, Chinese
population

[137,138] genetic alterations AKT (1–3%)

Colorectal cancer
[154,155] mutations PI3CA (15%)

deletions PTEN (20–40%)

Renal cancer
ccRcc [70,176,177] amplifications GNB2L1 (6%)

amplifications or mutations PI3KCA (5%)
deletions or mutations PTEN (5%)
mutations mTOR (6%)

pRcc TCGA mutations PTEN, PI3K
amplifications GNB2L1, PDK1, RPTOR ( total:

28%)
chRCC [180] mutations PTEN (11%)

Urinary bladder cancer
[192] activating point mutations PI3KCA (17%)

mutations or deletions TSC1 or TSC2 (9%)
mutations AKT3 (10%)

Prostate cancer
[211] genetic alterations mTOR pathway (42% primary

PCa, 100% metastatic PCa)
mutations PTEN (4% primary PCa, 42%

metastatic PCa); PIK3CA (6%
primary PCa, 16% metastatic
PCa)

Breast cancer
[233–235] mutations PIK3CA (20–50%)

(E545K, E542K-exon9,
H1047R-exon20)

mutations, loss PTEN (<3%, 30%)
HR-positive [234] mutations PIK3CA (35%)

[236] E17K substitution AKT1 (3%)
HER2-positive [234] mutations PIK3CA (23%)
TNBC [234] mutations PIK3CA (<10%)

Head and neck squamous cell carcinoma
[255,257,258,260] mutations PIK3CA (12.6%, 11–40%)

(E545K, E542K-exon9,
H1047R-exon20)
TSC1 (11%), TSC2 (13%)

amplifications PIK3CA (24.4% )
loss PTEN (8.16%, 10–15%)
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Table 2. mTOR inhibitors that are under preclinical and clinical trials in eight solid cancer types
summerized in this review.

Cancer Type Drug Class Drugs Refs

Lung cancer
NSCLC mTORC1 inhibitors everolimus [118–124]

temsirolimus [125–127]
sirolimus [128]

Gastric cancer
mTORC1 inhibitors rapamycin [145,146]

temsirolimus [126]
everolimus [143,144,148–150]

ridaforolimus [151]
mTORC1 and mTORC2 inhibitors PP242 [138,152]

Colorectal cancer
mTORC1 inhibitor temsirolimus [162,163]

rapamycin [164,166]
everolimus [165,167,168]

PI3K and mTOR inhibitors NVP-BEZ235 [171,174]
mTORC1 and mTORC2 inhibitors OSI-027 [172,173]

PP242 [174]

Renal cancer
ccRCC mTORC1 inhibitor temsirolimus [108,181,189]

everolimus [182,187]

mTORC1 and mTORC2 inhibitors AZD8055,
IN-0128, OSI-027 [188]

mRCC rapamycin [184,185]

Urinary bladder cancer
mTORC1 inhibitor rapamycin [201,205]

everolimus [202,204,206–208]
sirolimus [203,205]

temsirolimus [208]
mTORC1 and mTORC2 inhibitors PP242 or OSI-027 [209]

Prostate cancer
mTORC1 inhibitor rapamycin [225,227]

everolimus [226,228,229]
mTORC1 and mTORC2 inhibitors MLN0128 [49]

PI3K and mTOR inhibitors NVP-BEZ235,
GDC-0980 [230,231]

Breast cancer
mTORC1 inhibitor rapamycin [242]

everolimus [243–246]
ridaforolimus [247]

mTORC1 and mTORC2 inhibitors AZD2014 [112,248,249]
MLN0128 [250]

CC-223 [251]
PI3K and mTOR inhibitors PF-04691502 [252]

NVP-BEZ235 [253]

Head and neck squamous cell carcinoma
mTORC1 inhibitor rapamycin [267–271]

temsirolimus [268,273,280,281]

everolimus [268,270,274,277–
279]

PI3K and mTOR inhibitors PF-05212384 [272]

In the present review, we discuss the mTOR components of mTORC1 and mTORC2 and the
upstream and downstream effectors of mTOR signaling pathway in physiological and pathological status.
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Genetic alterations occurred in eight solid tumors and preclinical as well as clinical trials targeting mTOR
in these tumor types. As we know, most tumors are heterogeneous and caused by multiple genetic and
environmental factors, so it is difficult to have one single drug to fit all patients with the same tumor
type. More thorough realization of genetic profile and molecular characterization of different cancer
subtypes will surely help us select the most appropriate drugs in targeting mTOR signaling in cancer
therapy. With the rapid development of biomarkers and deep sequencing technology, personalized
therapy utilizing more specific mTOR targeting drugs that have better efficacy and more safety, will be
translated into clinical cancer treatments in the near future.
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Abbreviations

4EBP1 Eukaryotic translation initiation factor 4E binding protein 1
AEs Adverse events
AMPK AMP kinase
AMPKβ AMP activated protein kinaseβ
ATP Adenosine Tri-Phosphate
BBN N-butyl-N-(4-hydroxybutyl) nitrosamine
Bgff Basic fibroblast growth factor
CBR Clinical benefit rate
ccRCC Clear cell renal cell carcinoma
chRCC Chromophobe renal cell carcinoma
CRC Colorectal cancer
CRPC Castration-resistance prostate cancer
CSC Cancer stem cells
CT Chemotherapy
DAP1 Death-associated protein 1
DCR Disease control rate
DEP EGL-10 and Pleckstrin
DEPTOR DEP domain-containing mTOR-interacting protein
EBV Epstein-Barr virus
EGFR Epidermal Growth Factor Receptor
eIF-3 Eukaryotic initiation factor-3
eIF-4E Eukaryotic translation Initiation Factor
EMT Epithelial mesenchymal transition
ERKs Extracellular signal-regulated kinases
FDA Food and Drug Administration
FKBP12 FK506 Binding Protein 12
FoxO Forkhead box family transcription factors
GC Gastric cancer
Grb10 Growth factor receptor-bound protein 10
HER2 Human epidermal growth factor receptor 2
HIF-1α Hypoxia-inducible factor 1α
HNSCC Head and neck squamous cell carcinoma
HPV Papilloma virus
HR Hormone Receptor
IGFR Insulin growth factor receptor
IRS Insulin receptor substrate
LAR Long-acting release
MAPK Mitogen activated protein kinase
MEK Mitogen-activated protein kinase kinase
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MIUBCs Muscle-invasive UBCs
mLST8 Mammalian lethal with SEC13 protein 8
mRCC Metastatic renal cell carcinoma
mSIN1 Mammalian stress-activated protein kinase interacting protein 1
mTOR The mammalian or mechanistic target of rapamycin
mTORC mTOR complex
NDRG1 N-myc Downstream-Regulated Gene 1 protein
NF-κB Nuclear factor-κB
NMIUBCs Non-muscle-invasive UBCs
NSCLC Non-small cell lung cancer
OS Overall survival
p-Akt Phosphor-protein kinase B
PCa Prostate cancer
PDGF Platelet-derived growth factor
PDK1 Phosphoinositide-dependent Kinase 1
PFS Progression free survival
PI3K Phosphoinositide 3-kinase
PIKK Phosphoinositide 3-kinase related protein kinase
PIP3 Phosphatidylinositol (3, 4, 5)-triphosphate
PKA cAMP-dependent protein kinase
PKC Protein kinase C
PKG cGMP-dependent protein kinase
p-mTOR Phosphorylated-mTOR
PP2A Protein phosphatase 2A
PRAS40 Proline-rich substrate of 40 kDa
PRCC Papillary renal cell carcinoma
Protor-1/2 Protein observed with RICTOR 1/2
PRR 5 Proline-rich protein 5
p-S6K1 p70 ribosomal S6 Kinase
PTEN Phosphatase and tensin homolog on chromosome 10
RAPTOR Regulatory-associated protein of mTOR
RCC Renal cancer
REDD1 DNA damage and development 1
RHEB Ras homolog enriched in brain
RICTOR Rapamycin-insensitive companion of mTOR
RR Radioresistance
RSK Ribosomal protein S6 kinase
S6K S6 kinase
S6RP S6 ribosomal protein
SCLC Small cell lung cancinoma
SGK Serum glucose kinase
SNP Single-nucleotide polymorphisms
SQCLC Squamous cell lung carcinoma
SREBP Sterol regulatory element-binding protein
SRE-BP1 Sterol regulatory element-binding protein 1
STAT Signal transducer and activator of transcription
STK11 Serine threonine kinase 11
TCGA The cancer genome atlas
Tel2 Telomere maintenance 2
TFEB Transcription factor transcription factor EB
TNBC Triple-negative breast cancer
TSC Tuberous sclerosis complex
Tti1 Tel2-interacting protein 1
TTP Time to progression
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UBC Urinary bladder cancer
ULK1 UNC-5 Like autophagy activating Kinase 1
VEGF Vascular endothelial growth factor
WIPI2 WD repeat domain phophoinositide-interacting protein 2
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Abstract: Patients with advanced biliary tract cancers (BTCs), including cholangiocarcinoma (CCA),
have poor prognosis so novel treatment is warranted for advanced BTC. In current review, we discuss
the limitations of current treatment in BTC, the importance of mTOR signalling in BTC, and the
possible role of mTOR inhibitors as a future treatment in BTC. Chemotherapy with gemcitabine-based
chemotherapy is still the standard of care and no targeted therapy has been established in advanced
BTC. PI3K/AKT/mTOR signaling pathway linking to several other pathways and networks regulates
cancer proliferation and progression. Emerging evidences reveal mTOR activation is associated with
tumorigenesis and drug-resistance in BTC. Rapalogs, such as sirolimus and everolimus, partially
inhibit mTOR complex 1 (mTORC1) and exhibit anti-cancer activity in vitro and in vivo in BTC.
Rapalogs in clinical trials demonstrate some activity in patients with advanced BTC. New-generation
mTOR inhibitors against ATP-binding pocket inhibit both TORC1 and TORC2 and demonstrate more
potent anti-tumor effects in vitro and in vivo, however, prospective clinical trials are warranted to
prove its efficacy in patients with advanced BTC.

Keywords: mTOR; advanced biliary tract cancers

1. Introduction of Bile Duct Cancers

Bile duct cancers (BTCs) including intrahepatic/extrahepatic cholangiocarcinoma (CCA),
gallbladder cancer (GBC), and Ampullar Vater cancer, are the malignant neoplasms arising from
epithelial cells of bile ducts [1]. CCA was considered as primary liver cancer and, currently, the term
CCA has been used for bile duct cancers arising from intrahepatic and extrahepatic bile system,
excluding the malignancies of gallbladder and Ampulla of Vater.

The estimated annual cases of primary liver cancers including intrahepatic CAA is 42,220 in
the United States [2] and around 15% of them are intrahepatic CCA according to Surveillance,
Epidemiology, and End Results (SEER) program [3,4]. Estimated 12,190 cases of gallbladder and
other biliary cancers are diagnosed annually in the United States [2]. Although they are uncommon
and relatively rare, the patients with BTC have a poor prognosis because most of them are locally
advanced at presentation and high recurrence rate for the early stage after curative surgery [5,6].
The efficacy of systemic treatment is limited, therefore, novel agents are warranted for the patients
with biliary tract cancers.
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2. Current Evidences of Systemic Treatment for Advanced Bile Duct Cancers

2.1. In the Era of Chemotherapy

Systemic chemotherapy is the standard treatment in biliary duct cancers based on a randomized
study which showed fluorouracil (FU)-based systemic chemotherapy provided longer overall survival
(6 versus 2.5 months) than best supportive care alone in 90 eligible patients with pancreatic (n = 53)
or biliary cancer (n = 37) [7]. Therefore, chemotherapy with FU-based regimens proved the efficacy
of chemotherapy and became the standard of care for patients with advanced BTC in 1996. A later
study in patients with advanced pancreatic cancer showed gemcitabine-treated patients experienced
better clinical benefit response compositing of measurements of pain, Karnofsky performance status,
and body weight (23.8% vs. 4.8%, p = 0.0022) and longer overall survival (OS, 5.65 and 4.41 months,
p = 0.0025) than 5-FU-treated patients [8], gemcitabine was also wildly used in patients with advanced
BTC. Subsequently, chemotherapy with FU, and gemcitabine, with or without platinum has been
studied, but the optimal chemotherapy regimen has been debated for more than a decade.

In 2007, pooled phase II studies by Eckel et al. showed superior response rates (RRs) and
tumor control rates (TCRs) of gemcitabine- or platinum-based regimens and highest RRs and
TCRs was found in the gemcitabine/platinum combination subgroup so this study concluded that
gemcitabine/platinum combination represented the provisional standard for chemotherapy [9] even
lack of direct comparison of gemcitabine and 5-FU in these patients. In 2010, ABC-02 trial, the first
randomized phase III study in advanced BTC, reported that gemcitabine plus cisplatin has better TCRs
(81.4% versus 71.8%, p = 0.049), median progression-free survival (PFS, 8.0 months versus 5.0 months,
p < 0.001) and median OS (11.7 months versus 8.1 months, p < 0.001) than gemcitabine alone [10] so
the combination of gemcitabine and cisplatin has been considered the standard of care as the first-line
treatment in patients with advanced BTC and widely used in clinical practice [11]. This regimen has not
been compared head to head with other gemcitabine-based combinations except gemcitabine plus TS-1
which demonstrated non-inferiority in the Japanese phase III FUGA-BT study [12]. This study enrolled
a total of 354 patients with chemotherapy-naïve advanced BTC and a preliminary report presented at
the 2018 American Society of Clinical Oncology (ASCO) Gastrointestinal Cancers Symposium showed
the combination of gemcitabine/TS-1 was non-inferior in terms of median OS (15.1 versus 13.4 months),
median PFS (6.8 versus 5.8 months), and objective RRs (30% versus 32%) so that this combination can
be considered as another standard treatment in patients with advanced BTC.

2.2. Development of Targeted Therapy in Advanced BTC

Few prospective trials have been undertaken of first-line chemotherapy and targeted therapy in
advanced BTC. Molecularly targeted agents targeting vascular endothelial growth factor (VEGF)
or epidermal growth factor receptor (EGFR) were investigated in advanced BTC. Although the
addition of bevacizumab [13] or cetuximab [14] to chemotherapy showed promising clinical results
in phase II trials, randomized study [15,16] failed to demonstrate additional activity of cetuximab
when it combined with chemotherapy. In a study of pooled trials published during January 2000
to January 2014, the authors concluded that triplet combinations of gemcitabine/FU/platinum and
gemcitabine-based chemotherapy plus targeted therapy (predominantly targeting EGFR) are most
effective concerning TCRs and survivals [17]. However, gemcitabine-based chemotherapy is still the
standard of care in advanced BTC and the use of additional targeted therapy is questionable.

2.3. Immune Checkpoints Inhibitors

The immune checkpoints inhibitors against cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
programmed cee death protein-1(PD-1), or programmed death-ligand 1 (PD-Ll) have been developed
to show efficacy in a variety of cancers. Nakamura et al. found that the poorest prognosis for BTC
patients was in those with significant enrichment of hypermutated tumors and elevated expression of
immune checkpoint molecules such as CTLA-4 and IDO but which are associated with favourable

39



Int. J. Mol. Sci. 2019, 20, 500

clinical response to anti-PD-L1 treatment [18]. In this study, 45.2% of patients showed an increase
in the expression of immune checkpoint molecules. In Keynote-026 (NCT02054806), a phase 1b
trial to evaluate the safety and efficacy of pembrolizumab in advanced pre-treated BTC patients,
Bang et al. [19] reported interim results that 8 out of 23 PD-L1-positive patients (35%) had PD and SD
and some of them had disease control lasting for 40+ weeks. A number of immunotherapy studies are
currently recruiting and ongoing [20].

In addition, based on data from the patients with microsatellite instability-high (MSI-H) or
deficient mismatch repair (dMMR) cancers enrolled across uncontrolled, multi-cohort, multi-center,
single-arm clinical trials, in May 2017, the US FDA approved pembrolizumab for treatment of a variety
of advanced MSI-H or dMMR solid tumors (including BTC) [21] so the patients with advanced BTC
harboring MSI-H or dMMR are candidates for immune checkpoint inhibitors.

3. Molecular Alterations in Cholangiocarcinoma

A variety of molecular alterations involving both oncogenes (e.g., RAS [22–24], BRAF [25],
ERBB2/HER2, EGFR [26], and PIK3CA (phosphoinositide 3-kinase, catalytic, α-polypeptide) [27]) and
tumor suppressor genes (e.g., p53 [23], SMAD4 [28], and CDKN2A [29]) have been described in invasive
BTC [30]. Most of the genetic alterations involve phosphoinositide 3-kinase (PI3K)/AKT/mammalian
target of rapamycin (mTOR) through MAPKinase activation or p53 suppression resulting in activation
of mTOR. p53 negatively regulates the PI3K/AKT/mTOR pathway via its upregulation of phosphatase
and tensin homolog (PTEN), TSC2, AMP-activated protein kinase (AMPK), and other proteins [31].

In addition, gene expression profiling of BTC compared with normal biliary epithelium has
identified upregulated ribosomal protein S6 kinase, 70kD (RPS6K encoding p70-S6K) and eukaryotic
translation initiation factor 4E (EIF4E), which are two important downstream mediators of AKT/mTOR
signaling pathway, as well as the potential drug target insulin-like growth factor 1 receptor
(IGF1-R) [32]. The collective evidences of genetic studies in BTC detailed above suggest mTOR plays
a central and critical role in invasive BTC, therefore, targeting mTOR pathway by mTOR inhibitors
could be envisioned as a novel treatment in advanced BTC (Figure 1).
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Figure 1. The signaling transduction of mTOR pathway. Extracellular signals such as growth factors
and cytokines binding to the receptors stimulate RAS/RAF/MEK/ERK and PI3K/AKT/mTOR
caspases. mTOR exists in two functionally and structurally distinct complexes, mTORC1 and mTORC2.
Both mTORC1/2 contain different core components so they phosphorylate a distinct set of substrates
and exhibit distinct function. PTEN is a negative regulator for PI3K/AKT. In addition, ERK/RSK,
AMPK, and p53 regulate mTORC1 through TSC2 regulation. Rapalogs mainly inhibit mTORC1 and
new-generation mTOR inhibitors such as MLN0128 inhibitor both mTORC1/2. Blue t-bar indicates
inhibition, blue arrow indicates stimulation/activation, red t-bar indicates inhibition by drugs, and
dashed square indicates mTOR1/2 complexes.

4. mTOR Pathway in Cancers

4.1. mTOR, Its Complexes and Downstream Regulations in Cancers

The serine/threonine kinase mTOR, a member in a family of protein kinase called
PI3K-related kinases, integrates intracellular and extracellular signal transduction leading to
regulation of in a variety of cellular functions such as cell cycle progression, cell metabolism, cell
proliferation, survival [33–36]. The mTOR pathway is dysregulated in various cancers including
cholangiocarcinoma [37,38], making mTOR an important target for the development of new anticancer
drugs [39,40].

The mTOR exists in two structurally and functionally distinct complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), which regulated by and regulate distinct signaling
pathways resulting from different complex co-factors. Both complexes contain mTOR and a protein,
called mLST8, that associates with its kinase domain. It is considered that the functional differences
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between mTORC1 and mTORC2 result from the other core components such as Raptor in mTORC1
and a complex of Rictor and mSIN1 in mTORC2.

mTORC1 is the downstream of the two proto-oncogenes kinase pathways, PI3K/AKT as well
as RAS/RAF/MEK/ERK, through inhibition of TSC2 and PRAS40, both are negative regulators of
mTORC1 [41–46]. mTORC1 is the upstream of two distinct pathways which control translation of
specific subsets of mRNA. One involves p70-S6K, and another pathway is related with eukaryotic
initiation factor 4E binding protein-1 (4E-BP1) [47]. The PI3K/AKT/mTOR signaling cascade is central
to cell survival, apoptosis, metabolism, motility, and angiogenesis [48].

In response to PI3K/AKT signaling activation, mTOR rapidly phosphorylates both downstream
substrates, p70-S6K and 4E-BP1, the latter leading to release of EIF4E, resulting in initiation of
translation. This pathway was also found to be up-regulated using tissue microarrays in CCA [27]
and is a key pathway for CCA drug development [30]. mTOR can be inhibited by using the macrolide
rapamycin. However, a subset of biliary cancers will be possibly resistant to mTOR inhibitors as the
downstream activation bypass mTOR regulation. Therefore, in a study of gene expression comparing
BTC and normal biliary epithelium identified two genes involving mTOR pathway, p70-S6K and EIF4E,
which are differentially up-regulated in BTC so this study provides alternative downstream targets for
inhibition [47].

In contrast, mTORC2 contains Rictor in place of Raptor so it phosphorylates a distinct set of
substrates [49]. AKT/mTORC2 forms a positive feedback loop that AKT phosphorylates SIN1 at
Tyrosine 86 which enhances mTORC2 kinase activity to phosphorylate and catalyse AKT(Serine 473)
leading to AKT activation to control various cellular processes [50,51]. mTORC2 is tumorigenic and
is reported to promote cancer via formation of lipids essential for growth and energy production in
hepatocellular carcinoma model [52–54].

4.2. Upstream Regulation of mTOR in Cancers

4.2.1. The Physiological Regulation of mTOR Pathway

PI3Ks are a family of intracellular signal transducers and regulate a crucial signal transduction
system linking multiple receptors and oncogenes to many essential cellular functions including
cell survival, proliferation, and differentiation [55]. Upon signals from various growth factors and
cytokines stimulating receptor tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs),
PI3Ks transduce the signals into intracellular messages via activating the serine/threonine kinase AKT
followed by downstream effector pathways.

Several classes of PI3K kinases have been identified in mammalian cells, and only class I PI3K can
function as second-messenger being implicated in oncogenesis. The class I PI3K kinase consists of two
main subunits, p85 and p110, which mediate regulatory and catalytic activity of kinase respectively [56].
Three different genes, PIK3CA, PIK3CB, and PIK3CD, encode three specific p110 isoforms, p110α, β,
and δ, respectively [57], and activating missense mutations of PIK3CA have been found as oncogenic
in a variety of cancers [58]. PIK3CB mutation is rare but has been reported to be activating and
oncogenic [59].

The PI3K kinases activated by RTKs phosphorylate the 3′-hydroxyl group of phosphatidylinositol
(4,5)-bisphosphate (PIP2) to generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [60], which is
an important second messenger that transduces signals through AKT to downstream activators of
cellular growth and survival [61]. PTEN is a phosphatase which negatively regulates PIP3 activity by
dephosphorylation [62].

AMPK activity can be regulated by the cellular energy level through the balance in ATP/AMP
ratio, so low ratio under nutrient deprivation can activate AMPK followed by mTOR inhibition via
TSC1/2 activation [63]. p53 was reported as a substrate of AMPK which activates p53 phosphorylation
on serine 15 required to initiate AMPK-dependent cell cycle arrest [64]. In addition, AMPK, TSC2, and
PTEN were also regulated by p53 [65]. Furthermore, MAPKinase pathway activates ERK/RSK which
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regulate mTOR via TSC-2 suppression [66]. Therefore, those pathways are tightly regulated to affect
mTOR activities leading to the balance of cell survival and death (Figure 1).

4.2.2. Alterations of mTOR Pathway in Cancers

IGF1-R is a receptor on the cell surface and stimulated through the binding with IGF1 resulting in
activation of PI3K/AKT/mTOR pathway. IGF1-R overexpression was reported to be associated with
more aggressive phenotypes of cancer [67]. PTEN is a negative regulator of PI3K so is considered as a
tumor suppressor in tumorigenesis [62]. Dysregulation of the above genes or proteins leads to mTOR
activation resulting in tumor progression and survival in BTC.

PIK3CA mutations are commonly found in cancers such colon, breast, gastric, and brain cancers,
but such mutations are rarely found in BTC [18,27] and are associated with poor prognosis [68].
Although not high rate of PIK3CA activating mutations, immunohistochemical evaluation of
downstream PIK3CA targets EIF4E and 4E-BP1 suggests that additional mechanisms may play
positively regulation in mTOR pathway in cancers. In addition, PTEN downregulation was reported
to be associated with mTOR activation in BTC [69]. Expression profiling of BTC compared with
normal biliary epithelium has identified upregulated AKT/mTOR signaling components, including
the potential drug target IGF1-R [47]. Expression of IGF1-R and its ligands are seen in the majority
of GBCs and metastases providing a targeted candidate for therapeutic strategies to interfering with
IGF pathway [70]. Therefore, treating BTC cell lines with a small-molecule inhibitor of the IGF1-R was
suggested and showed the efficacy of targeting this pathway [71].

5. mTOR Inhibitors

5.1. Rapalogs, First-Generation of mTOR Inhibitors

Rapalogs include rapamycin, also known as sirolimus, and its analogues such as everolimus,
temsirolimus are all highly specific allosteric inhibitors of mTOR with the same mechanism of
action [72,73]. Rapalogs binding to the intracellular protein FKBP12 forms a drug-protein complex.
This FKBP12–rapalog complex binds to the FKBP12–rapamycin binding (FRB) domain of mTOR,
which is located at just N-terminal next to the kinase domain [74,75]. Binding of FKBP12–rapalog
complex to the FRB domain interferes the association of mTOR and Raptor in mTORC1 so that inhibits
mTORC1 signaling within minutes at low doses of rapalogs. In contrast, higher doses or prolonged use
of rapalogs can sequester mTOR from mTORC2 to block mTORC2 signaling [27]. Although rapalogs
are highly specific to mTOR, it is well known that rapalogs can only partially inhibit the functions
of mTORC1 [76,77]. For example, rapamycin highly inhibits S6K activity in all settings but does not
inhibit 4E-BP1 which is also a direct substrate of mTORC1 [76]. Therefore, the sensitivity to rapalogs
cannot determine whether the cellular processes are mTORC1-dependent or mTORC1-independent.

5.2. Second-Generation mTOR Inhibitors

For the limitations of rapalogs in mTOR inhibition, a number of second-generation mTOR
inhibitors have been developed. Like most kinase inhibitors, second-generation mTOR inhibitors
were designed to directly target the ATP-binding pocket of the mTOR kinase domain so these new
generation mTOR inhibitors can inhibit both mTORC1 and mTORC2. The next important question is
whether these compounds display superior anti-cancer activity via inhibition of both mTORC1 and
mTORC2 and whether such treatments can be tolerated at the effective doses because of off-target
effects on the evolutionarily related protein kinases [78]. Currently, several compounds such as
AZD-2014, MLN0128 (INK128, TAK228), OSI-027, and GDC-0349 have been investigated in clinical
trials to prove the clinical significance in cancer treatments. Furthermore, NVP-BEZ235, LY3023414,
and PF-04691502 are dual PI3K/mTOR inhibitors and have been investigated in clinical trials.

AZD-2014, a dual mTORC1/2 inhibitor, showed superior activity than everolimus in vitro and
in vivo in renal cell carcinoma [79] but demonstrate inferior efficacy in patients with renal cell
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carcinoma [80]. Therefore, although preliminary studies showed promising efficacy of dual mTOR
inhibitors in various of cancers [81,82], the clinical significance should still be investigated in clinical
trials to prove their activities in cancer treatment [83].

6. Sustained mTORC1/2 Signaling Activation as a Driver of Resistance to Anti-Cancer Treatment

Several studies in different cancer types have already shown that sustained mTORC1 signaling
under certain targeted therapy is strongly associated with primary and acquired resistance to such
treatment so mTORC1 inhibition seems to be an effective therapeutic strategy in combination with
other targeted agents even the efficacy is limited as single-use [84,85]. mTORC1 activation has been also
reported to be resistant to various anti-cancer treatments including chemotherapy, targeted therapy,
and hormonal treatment. On the contrary, mTOR inhibition by rapalogs was shown sensitization to
anti-cancer treatments [86].

mTORC2 activation and AKT phosphorylation have also been found to escape MAPKinase
inhibition by sorafenib in CCA cells. Therefore, prevention of escape by suppressing mTORC2 activity
may lead to promising new approaches in CCA therapy [87].

7. Preclinical Studies of mTOR Inhibitors in BTC

7.1. The Rationale of mTOR Inhibitors Alone or in Combination with Chemotherapeutic Agents in
Cholangiocarcinoma

As discussed above, a number of genetic alterations directly or indirectly involving
PI3K/AKT/mTOR activation were reported in advanced BTC [30]. In addition, gene expression
profiling of invasive BTC has showed upregulation of downstream mediators in mTOR pathway,
RPS6K and EIF4E as well as IGF1-R [32]. These genetic studies in BTC suggest mTOR plays an
important role in invasive BTC, therefore, mTOR inhibitors targeting mTOR pathway could be
considered as a reasonable therapeutic strategy.

Furthermore, in a preclinical study to investigate the functional role and mechanism of
miR-199a-3p in the regulation of cisplatin sensitivities in CCA, Li et al. demonstrated that miR-199a-3p
enhances cisplatin activity in CCA cell lines (GBC-SD and RBE) via both inhibiting the mTOR signaling
pathway and decreasing the expression of MDR1. In this study, mTOR suppression by siRNA or
miR-199a-3p potentiates cisplatin sensitivity of CCA cell lines indicating mTOR pathway regulates
cisplatin activity in CCA although the exact mechanism is unclear [88].

Ling et al. found metformin increases AMPK phosphorylation and inhibits the activation
of mTORC1 complex and can sensitize sorafenib, 5-FU, and As2O3 but not gemcitabine in
cholangiocarcinoma cell lines (RBE and HCCC-9810) [89]. Wandee et al. found metformin sensitizes
cisplatin in CCA cell lines (KKU-100 and KKU-452) via AMPK activation and AKT/mTOR/p70-S6K
suppression [90]. Lyu et al. demonstrated Fyn was associated with AMPK/mTOR regulation [91] and
was overexpressed in CCA cell lines. Furthermore, Fyn knockdown in CCA cell lines induces AMPK
phosphorylation, followed by inhibiting downstream mTOR phosphorylation leading to inhibition of
migration and invasion [92].

Above studies have shown mTOR pathway is crucial for regulation of tumor growth and
sensitivities to anti-cancer drugs in CCA.

7.2. Preclinical Studies of Rapalogs in BTC

Everolimus exhibits in vitro multiple effects in a CCA cell line (RMCCA-1). Everolimus at low
concentrations reduced in vitro invasion and migration and high concentrations exhibited cytotoxic
effects such as suppression of cell proliferation and induction of apoptosis [93]. Everolimus was also
found to inhibit the secretion of proinflammatory cytokines by cancer-associated myofibroblasts (CAFs)
and inhibits proliferation of CCA cells (HuCCT1 and TFK1) at low concentrations [94]. Both studies
confirmed the previous hypothesis that mTOR plays important role in CCA and mTOR inhibitors exert
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anticancer effects via mTOR inhibition. In addition, rapamycin was found to initiate AKT activation in
CCA and inhibition of AKT by salubrinal potentiates the in vitro and in vivo efficacy of rapamycin
in CCA both [95]. In terms of combination of rapalogs and cytotoxic agents, our group reported
gemcitabine plus everolimus combination showed synergistic effect in the CCA cells in vitro and
in vivo [96].

7.3. New Generation mTOR Inhibitors in BTC

Zhang et al. established a novel mouse model of intrahepatic CCA exhibiting
activated AKT/mTOR cascade and found both mTORC1 and mTORC2 signalings are required
for AKT/YapS127A-induced cholangiocarcinogenesis [97]. MLN0128, a second generation,
ATP-competitive mTOR inhibitor, suppress cell growth and induce apoptosis in vitro and in vivo
via suppression of both mTORC1 and mTORC2 signaling. An important finding in this study was
that MLN0128 had better therapeutic efficacy than gemcitabine/oxaliplatin combination (one of the
standard chemotherapy regimen) as well as everolimus in the treatment of AKT/YapS127A intrahepatic
CCA model. In addition, the same group reported that the combination of palbociclib, a CDK4/6
inhibitor, and MLN0128 demonstrated a pronounced, synergistic growth inhibition in intrahepatic
CCA cell lines and in AKT/YapS127A mice [98].

7.4. Dual PI3K/mTOR Inhibitors in BTC

New dual inhibitors targeted to PI3K/mTOR such as NVP-BEZ235, which exerts strong
antiproliferative properties against primary cultures of intrahepatic CCA subtypes with differential
drug sensitivity, have been developed [99]. In addition, our group identified both HSP90
overexpression and loss of PTEN were poor prognostic factors in patients with intrahepatic CCA. Thus,
the combination of the HSP90 inhibitor (NVP-AUY922) and the PI3K/mTOR inhibitor (NVP-BEZ235)
in CCA were evaluated and showed synergistic effects in vitro and in vivo. This combination not only
inhibited the PI3K/AKT/mTOR pathway but also induced reactive oxygen species (ROS), which may
enhance the vicious cycle of endoplasmic reticulum (ER) stress. Our data suggest the simultaneous
targeting of the PI3K/mTOR and HSP pathways could be a novel and active therapeutic strategy for
advanced CCA [100].

7.5. Other Indirect Inhibition of mTOR Pathway

VEGF can induce phosphorylation of both VEGFR1 and VEGFR2 but only VEGFR2 played a role
in the promoting anti-apoptotic cell growth through activating a PI3K/AKT/mTOR signaling pathway.
Apatinib, a VEGFR2-specific inhibitor, was reported to inhibit the anti-apoptosis induced by VEGF
signaling, and promoted cell death in vitro and delayed tumor growth in vivo [101].

Besides direct inhibitors targeting mTOR, suppression of MAPKinase [102,103] or reactivation
p53 [104,105] alone or in combination with mTOR inhibitors could be reasonably therapeutic strategies
in advanced BTC.

8. mTOR Inhibitors in Clinical Setting

There are two settings for mTOR inhibitors used in the patients with advanced
cholangiocarcinoma. Firstly, mTOR inhibitors could be used alone or in combination with other agents
in the patients with advanced cholangiocarcinoma refractory to standard treatments. Secondly, mTOR
inhibitors could be used in combination with standard treatment in patients with treatment-naïve
advanced cholangiocarcinoma to investigate the possibly better response, progression-free survival
and overall survival than conventional standard treatment. The combination of mTOR inhibitors
with standard treatment aims to overcome resistance and potentiate the cytotoxicity of chemotherapy.
Published clinical studies of mTOR inhibitors in advanced BTC were summarized in Table 1.
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Table 1. Summary of published data regarding mTOR inhibitors in advanced BTC.

Compound(s) Phase Patients Response Survival

Everolimus, 1 L [106] Case report iCCA (n = 1) with
PIK3CA mutation PR PFS > 6 m

Everolimus [107] Phase I Advanced BTC (n = 22) DCR: 50% (11/22) NA

Everolimus (>2 L) [108] Phase II Advanced BTC (n = 39) DCR: 44.7%
RR: 5.1% (including 1 CR)

mPFS: 3.2 m (1.8–4.0)
mOS: 7.7 m (5.5–13.2)

Everolimus [109] Phase II CCA (n = 1), PTEN loss SD NA

Everolimus (1 L) [110] Phase II Advanced BTC (n = 27)
DCR at 12 weeks: 48%

PR: 12% (3/25)
SD: 60% (15/25)

mPFS: 5.5 m (2.2–10.0)
mOS: 9.5 m (5.5–16.6)

Sirolimus [111] Phase II iCCA (n = 9) SD: 33% (3/9)
PD: 67% (6/9) mOS:7 (2.6–35)

Sirolimus [112] Phase II hilar CCA (n = 1) with
PIK3CA mutation PD PFS: 0.9 m

Everolimus, gemcitabine,
cisplatin (1 L) [113] Phase I Cohort III, CCA and

GBC (n = 10)
SD: 60% (6/10)
PD: 40% (4/10) NA

1 L, first line; 2 L, second line; iCCA, intrahepatic cholangiocarcinoma; GBC, gallbladder cancer; BTC, biliary tract
cancer; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; DCR, disease
control rate; mPFS, median progression-free survival; mOS, median overall survival.

8.1. Clinical Studies of Everolimus in Advanced BTC

Bian et al. reported a 31-year-old male patient was diagnosed as stage IV intrahepatic CCA
with PIK3CA mutation (E545G), which may result in activating mTOR pathway so patient received
everolimus and achieved partial response (PR) after 2-month everolimus and at least 6-month PFS [106].
Larger series of everolimus in advanced BTC were studied. A phase I study reported that everolimus
achieved 50% disease-control-rate (DCR) in a subgroup of 22 advanced BTC patients [107]. A phase
II ITMO study in Italy enrolled 39 patients with previously chemotherapy-treated advanced BTC
and the DCR was 44.7%, and the RR was 5.1%. Among two patients who experienced response,
one patient showed a PR at 2 months and another patient showed a complete response (CR) sustained
up to 8 months. The median PFS and OS were 3.2 (CI: 1.8–4.0) and 7.7 (CI: 5.5–13.2) months
respectively [108]. In another phase II study to evaluate the activity of everolimus in 10 patients with
PIK3CA amplification/mutation or PTEN loss refractory solid cancer, one patient with CCA with PTEN
loss experienced disease control [109]. Recently, another phase II the RADiChol study published to
evaluate the efficacy of everolimus as first-line treatment in treatment naïve advanced BTC, 27 patients
enrolled showed DCR at 12 weeks was 48% and PFS and OS were 5.5 (2.2–10.0) and 9.5 (5.5–16.6)
months, respectively [110]. Three (12%) of 25 patients evaluable for response experienced PR and
15 patients had stable diseases (SD). In addition, the authors performed immunohistochemistry (IHC)
staining of PI3K/AKT/mTOR and found no association between IHC and clinical outcomes [110].

8.2. Clinical Studies of Sirolimus in Advanced BTC

In terms of other mTOR inhibitors, sirolimus, Rizell reported a cohort of sirolimus used in
patients with hepatocellular carcinoma (n = 21) and iCCA (n = 9). Three (33%) of nine patients
with intrahepatic CCA achieved SD after sirolimus treatment and others experienced progressive
disease [111]. In a pilot study enrolling patients with PIK3CA mutant/amplified refractory solid cancer,
sirolimus failed to demonstrate the clinical benefit in a patient with hilar cholangiocarcinoma (PIK3CA
E545K mutation) who experienced disease progression following the second cycle of sirolimus with
PFS of 0.9 months [112].

mTOR inhibitors alone, either sirolimus or everolimus showed some activity in advanced BTC
with acceptable toxicities in treatment-naïve or pre-treated advanced BTC. The DCR (~50%) and
survivals are compatible with the current standard of care. The use of mTOR inhibitors should be
validated by larger randomized controlled trial (RCT) studies particularly in treatment naïve patients.
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For refractory BTC patients, mTOR inhibitors provide limited disease control which might benefit
some patients whose BTCs are refractory to standard treatment.

The only published study investigating the combination of everolimus and chemotherapy was
performed to determine the maximally tolerated dose (MTD) of different combinations [113]. The MTD
for Cohort I of the two-drug combination was everolimus 5 mg on Monday/Wednesday/Friday
and gemcitabine 800 mg/m2. Cohort II was to determine the MTC when cisplatin was added in
everolimus/gemcitabine as a three-drug combination and cohort III was evaluation the activity of
everolimus 5 mg on Monday/Wednesday/Friday, gemcitabine 600 mg/m2, cisplatin 12.5 mg/m2,
60% of 10 CCA and GBC carcinoma in cohort 3 experienced SD. The hematological DLT (mainly
thrombocytopenia) limited the dosage used in three-drug combination and resulted in limited response
rate. However, everolimus/gemcitabine could be an interesting regimen which demonstrated 2 CRs in
this two-drug combination.

8.3. Clinical Studies of New Generation mTOR Inhibitors in Advanced BTC

Although new generation mTOR inhibitors and dual PI3K/mTOR inhibitors targeting both
mTORC1 and mTORC2 showed anticancer activities in BTC (discussed in Sections 8.2 and 8.3),
no clinical trials of these agents in advanced BTC were reported. All of these compounds are being
investigated under early clinical trials to evaluate the efficacy in various refractory solid or hematologic
cancers. Therefore, more and more results of new generation mTOR inhibitors will be released and
published in the near future.

9. Summary of mTOR Inhibitors in BTC

In conclusion, mTOR signaling pathway connecting with several other pathways and networks
regulates cancer proliferation and progression. Activation of mTOR is associated with drug-resistance
in BTC. Rapalogs partially inhibit mTORC1 and exhibit anti-cancer activity. Rapalogs in clinical trials
demonstrate some activity in patients with advanced BTC. New-generation mTOR inhibitors against
ATP-binding pocket inhibit both TORC1 and TORC2 and demonstrate more potent anti-tumor effects
in vitro and in vivo. Prospective clinical trials are warranted to prove its efficacy in patients with
advanced BTC.
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Abstract: Mechanistic target of rapamycin (mTOR) is a master signaling pathway that regulates
organismal growth and homeostasis, because of its implication in protein and lipid synthesis, and
in the control of the cell cycle and the cellular metabolism. Moreover, it is necessary in cerebellar
development and stem cell pluripotency maintenance. Its deregulation has been implicated in the
medulloblastoma and in medulloblastoma stem cells (MBSCs). Medulloblastoma is the most common
malignant solid tumor in childhood. The current therapies have improved the overall survival but
they carry serious side effects, such as permanent neurological sequelae and disability. Recent studies
have given rise to a new molecular classification of the subgroups of medulloblastoma, specifying
12 different subtypes containing novel potential therapeutic targets. In this review we propose the
targeting of mTOR, in combination with current therapies, as a promising novel therapeutic approach.

Keywords: mTOR; Medulloblastoma; MBSCs

1. Mechanistic Target of Rapamycin (mTOR)

The mechanistic (formerly mammalian) target of rapamycin (mTOR) is a master signaling
pathway that regulates organismal growth and homeostasis. This pathway is not only implicated in
physiological conditions but it is also central in several pathological conditions [1]. mTOR is highly
sensitive to rapamycin, a specific inhibitor of this serine/threonine kinase and an antiproliferative drug
that is used clinically in antitumor and immunosuppressive therapy [2]. As represented in Figure 1,
mTOR is activated by tyrosine kinase receptors via the phosphatidylinositol 3-kinase (PI3K)/AKT
pathway. mTOR interacts with different proteins, forming two functionally distinct multiprotein
complexes, mTOR complex 1 (mTORC1) and complex 2 (mTORC2) [3]. mTORC1 is composed of
mTOR, Raptor, GβL, and DEP domain-containing mTOR-interacting protein (DEPTOR) [4]. It is a
sensor of a wide variety of cellular signals, including growth factors, energy levels, oxygen, stress, or
amino acids. These signals promote the regulation of cell growth and metabolism through a number
of downstream effects, such as protein and lipid synthesis or autophagy inhibition [3]. Less is known
about mTORC2, which is composed of mTOR, Rictor, GβL, Sin1, Proline rich protein 5 (PRR5)/Protor-1,
and DEPTOR [5]. It responds to growth factors that control the cell proliferation, but it is insensitive to
nutrients. mTORC2 can directly phosphorylate AKT, and it controls the cytoskeletal organization and
cell survival [6] (Figure 1).
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Figure 1. Mechanistic target of rapamycin (mTOR) signaling pathway. mTOR is part of two different
complexes, mTOR complex 1 (mTORC1) and complex 2 (mTORC2). mTORC1 is activated by the
phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway, and its downstream effectors activate
cell growth, lipid synthesis, and metabolism, whereas it inhibits the autophagy. This complex can be
inhibited by rapamycin. mTORC2 activates AKT, thus activating also mTORC1. Furthermore, mTORC2
activates the metabolism, cytoskeletal organization, and cell survival.

One of the most important downstream effects of mTORC1 is the upregulation of protein synthesis.
It phosphorylates several translation regulators, including eukaryotic translation initiation factor
4E (eIF4E)-binding proteins (4E-BP1, 2, 3) [1] and the p70 ribosomal S6 kinase 1 and 2 (S6K1) [7].
The phosphorylation of 4EBP1 inactivates this protein and allows the dissociation of 4EBP1 from EIF4E,
enabling the formation of the translation initiation complex. In the case of S6K1, when phosphorylated,
it increases mRNA biogenesis, translational initiation, and elongation [1]. Furthermore, S6K1
establishes a negative-feedback mechanism between mTORC1 and mTORC2; when there is a strong
activation of mTORC1, mTORC2 is inhibited [8,9]. Since mTORC2 activates AKT, the activation of
mTORC1 indirectly inhibits AKT. AKT activation via mTORC2 is required for the phosphorylation
of some AKT substrates, such as the members of the Forkhead boxO (FoxO) family (FoxO1, 3, 4, and
6), which are involved in the regulation of cellular processes such as cell proliferation, apoptosis, and
longevity [9] (Figure 1).

It is more and more obvious that the mTOR signaling pathway has an important role in essential
cellular functions. The key role of mTOR in controlling cell proliferation has raised the interest in
rapamycin for cancer therapy. This drug disrupts mTORC1 protein complex formation, whereas
mTORC2 is quite insensitive to the drug, and long-term treatments are required in order to inhibit its
assembly [10] (Figure 1).
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2. mTOR in Central Nervous System (CNS) Development

mTOR plays an important role in the development of an organism because of its implication in the
growth, proliferation, and migration of every cell during normal brain development [11]. Accordingly,
the first mTOR knockout (KO) mouse study demonstrated that mTOR is indispensable for normal
development and viability [11,12]. Indeed, the importance of mTOR in the brain development was
evidenced when Hentges and colleagues created a loss of function mutant of mTOR and it showed a
defect in the telencephalon formation, and it died in mid-gestation [13].

Nowadays, it is known that the deregulation of mTOR signaling is associated with many
brain diseases, including neurological diseases, psychiatric diseases, or pediatric brain tumors [9,14].
The activation of the PI3K/AKT/mTOR signaling pathway enhances the proliferation of progenitors,
neuronal hypertrophy, and excessive dendritic branching, while the opposite consequences are
presented when the pathway is suppressed [15].

When forming the cerebellum, cerebellar granule neuron precursors (CGNPs) undergo a rapid
expansion in the external granule layer (EGL) on the dorsal surface of the cerebellum. Afterwards, they
exit the cell cycle, migrate internally, and differentiate into interneurons [16]. In the expansion phase,
the CGNPs require Sonic Hedgehog (SHH) signaling activation for cell proliferation and insulin-like
growth factor (IGF), which positively regulates the mTOR pathway, for cell survival capacity [16].
Furthermore, Mainwaring and Kenney demonstrated that SHH signaling modulates the individual
mTOR effectors separately, in order to maintain a proliferation-competent state. Unlike what has been
observed in cell lines, the CGNPs positively regulate eIF4E and negatively regulate S6K, promoting
cell proliferation and cell cycle progression [16].

3. Medulloblastoma

Medulloblastoma (MB) is the most frequent pediatric solid tumor, representing around 20% of
the tumors of the CNS in childhood [17]. This tumor arises in the cerebellum and it is classified as
a grade IV lesion by the World Health Organization (WHO) [18]. As mentioned above, cerebellum
development needs a well-regulated rate of proliferation and differentiation of the CGNPs in order to
form a correct cerebellum [19]. The SHH–Patched (PTCH1) [20], or WNT [21] signaling pathways are
key regulators of this process. PTCH1 is the receptor of SHH. In the absence of SHH, PTCH1 inhibits
the Smoothened (SMO)-GLI signaling pathway (Figure 2). When SHH is present, its binding to PTCH1
releases the negative regulation that PTCH1 is exerting to SMO and therefore the signaling pathway
will be active, promoting cell proliferation [20]. The mechanism of action of the WNT signaling pathway
is similar. As represented in Figure 2, in the absence of WNT, the multiprotein complex formed by
Axin, and the Glycogen Synthase Kinase 3 Beta (GSK3β) and APC will phosphorylate cytoplasmic
β-catenin that will then be degraded. When WNT is present, it will bind to its receptor Frizzled and
this binding will inhibit the GSK3β inhibiting the function of the multiprotein complex. β-catenin will
be accumulated and then it will translocate into the nucleus, promoting the cell cycle progression. If an
excessive activation of these signaling pathways occurs, the MB progression may occur because of the
incapacity of the cells to exit from a proliferative state and enter in a differentiation process [22].
Indeed, the patients with Gorlin’s syndrome (PTCH1 mutation) and the patients with Turcot’s
syndrome (APC mutation) present increased incidence of MB [20]. Further evidence demonstrating
that the hyperactivation of these signaling pathways are responsible for the loss of equilibrium in
cerebellar growth are the WNT and SHH MB mice models [23–25].
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Figure 2. The Sonic Hedgehog (SHH)/Patched (PTCH1) and WNT signaling pathways. (A) The SHH
ligand inactivates the PTCH1 receptor allowing Smoothened (SMO) to become active. Red cross
represents the release of the inhibition exerted by PTCH1 on SMO when SHH is present. The SMO
activates the GLI proteins, a family of transcription factors that turn on the expression of different
target genes, giving raise to cell proliferation and tumorigenesis (activation of the pathway represented
with black arrows). (B) The binding of WNT to the Frizzled receptor activates a cascade of downstream
events, resulting in the inactivation of the β-catenin destruction complex. The red cross represent the
release of the inhibition exerted by the β-catenin destruction complex on β-catenin. In consequence,
β-catenin activates and promotes the transcription of genes that promote cell proliferation and
tumorigenesis (represented with black arrows). Adapted from [21,23].

The progress in MB therapy has increased the survival rate of the patients, although it is very
variable depending on the tumor subtype. The strategy that is used nowadays for MB patients is
based on maximal tumor resection, followed by chemotherapy and craniospinal radiotherapy [17].
The prognostic of the patients is different depending on the type of resection (complete or not) and the
age of the patient, since patients younger than 3 years old cannot receive craniospinal radiotherapy
because of the risks that promote a second neoplasia [26]. Regarding to chemotherapy, the most used
strategy is the combination of lomustine, vincristine, and cisplatin [17]. This therapy has improved
the survival of patients, in some cases reaching a 70–90% of survival rate [27]. However, the high
doses of chemotherapy and radiotherapy that need to be used in order to achieve a therapeutic
response cause irreparable damage to the healthy tissue, causing permanent neurological sequelae
and disability [28,29]. Furthermore, despite the improvement in the prognosis for children with MB,
about 30% of the surviving patients relapse after the initial treatment [29,30].

Moreover, almost 30% of the patients present with disseminated tumor at the moment of
diagnosis [31]. MBs spread from the cerebrospinal fluid (CFS), and the most common dissemination is
leptomningeal. Metastases outside the CFS are very rare, but they can appear in the bone, lymph node,
and lung, in decreasing order of occurrence [32].
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4. Medulloblastoma Subgroups

The first classification of MBs was based on their histopathological features. Until 2007, three main
subgroups were defined (classic, desmoplastic-nodular, and large cell anaplastic [LCA] MB), when
the WHO classification defined four different histological subgroups, namely, desmoplastic-nodular,
large cell, anaplastic, and MB with extensive nodularity (MBEN), the first one being the one with the
best prognosis [33]. This classification was supplemented in 2011 with the studies of Northcott and
colleagues. Using a bioinformatic analysis of transcriptional data from two cohorts from Toronto and
Moscow, they discovered four distinct molecular variants of MB, which they denominated WNT, SHH,
Group C, and Group D [34]. These and additional studies gave rise to a consensus conference in Boston
in 2010, where the discussants came to a consensus of the existence of four MB subgroups, named WNT,
SHH, Group 3, and Group 4 [35]. In a recent study that was carried out by Cavalli and colleagues, 763
MB samples were analyzed using the similarity network fusion approach [36]. The result of this work
was the identification of new subtypes within the four MB subgroups, specifically, they identified a
total of 12 subtypes, namely: two WNT, four SHH, three Group 3, and three Group 4 subtypes [36].
The main features and the relationship among these classifications are summarized in Table 1.

4.1. WNT subgroup

This subgroup is characterized by the aberrant activation of the WNT/β-catenin signaling
pathway and the good prognosis of the patients [37]. In 2017, two subtypes were identified, WNT α

and WNT β. The main molecular difference between the two subgroups is that the WNT α type tumors
present monosomy 6, where β-catenin gene is located, whereas the WNT β type tumors are normally
diploid for chromosome 6 (Table 1). The WNT α tumors are frequent in children and adolescents,
whereas the WNT β tumors are more likely to appear in adolescents and adults [36] (Table 1).

Table representing key histological and clinical data of two different MB classifications, as well as
genetic alterations, metastasis rates, age, and survival data of the Cavalli classification. The mTOR
implication in some of the subgroups is also presented. The age groups are infant (0–3 years), children
(>3–10 years), adolescent (>10–17 years), and adult (>17 years). Ado—adolescent; amp: amplification;
child—children; dup—duplication; LCA—large cell/anaplastic; MBEN—medulloblastoma with
extensive nodularity; mut—mutations; ↑—activation.
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4.2. SHH Subgroup

This subgroup is characterized by the aberrant activation of the SHH signaling pathway that
gives rise to the disease. Different genes belonging to this signaling pathway can be mutated, such
as SHH, PTCH, SMO, SUFU, GLI1, or GLI2. The patients that are classified in the SHH subgroup
have an intermediate prognosis, except the infants who have a good prognosis. This information
has recently been complemented with the four subtypes that are defined within the SHH group:
SHH α, SHH β, SHH γ, and SHH δ [36] (Table 1). The SHH α subtype mainly affects the children
and adolescents, and, among other alterations, it is the only one presenting the TP53 mutations [36].
Furthermore, this subgroup is enriched with the expression of the genes that are involved in DNA
repair and cell cycle progression [36]. Both SHH β and SHH γ tumors affect infants, but the survival
rates are very different. As shown in Table 1, the SHH β tumors are characterized by phosphatase
and tensin homolog (PTEN) loss and they present the lowest survival rate at 5 years within the SHH
tumors. In addition to identifying specific mutations and genetic alterations, Cavalli and colleagues
identified an enrichment on the developmental signaling pathways in the SHH β and SHH γ subgroups.
In SHH δ, the main characteristic is the enrichment of mutations in TERT promoter [36] (Table 1).

4.3. Group 3

This subgroup presents the worst survival rate [38] and to date, a unique altered signaling
pathway originating the disease has not been identified. Cavalli and colleagues have described three
different subtypes within the Group 3 MB, namely: Group 3α, Group 3β, and Group 3γ. Group 3α
is characterized by chromosome 8q loss (encoding v-myc avian myelocytomatosis viral oncogene
homolog (MYC)). The Group 3β tumors are characterized by the activation of the GFI1 and GFI1B
oncogenes, amplification of OTX2, and loss of DDX31 on chromosome 9. Finally, the Group 3γ tumors
present the MYC amplification as a result of the gain of chromosome 8q [36] (Table 1).

Regarding to the implication of the signaling pathways, the Group 3α tumors are enriched in the
expression of the photoreceptor, muscle contraction, and primary cilium-related genes, while Group
3β and 3γ present the enrichment of protein translation pathways. Furthermore, Group 3γ is also
enriched in the expression of genes that are related to telomere maintenance [36].

4.4. Group 4

This is the most prevalent group; almost 40% of the MBs are included in this subgroup. As in
Group 3, the deleterious signaling pathway that causes the disease has not been identified. There are
three different subtypes that have been described within this subgroup: Group 4α, Group 4β, and
Group 4γ. The main characteristics of the Group 4α tumors are the v-myc avian myelocytomatosis
viral-related oncogene, neuroblastoma-derived (MYCN) and cyclin dependent kinase 6 (CDK6)
amplifications, 8p loss and 7q gain. The Group 4β tumors are characterized with the synuclein
alpha interacting protein (SNCAIP) duplications and ubiquitous i17q. Finally, the Group 4γ tumors
present CDK6 amplifications, 8p loss, and 7q gain, as Group 4α tumors, but with the absence of MYCN
amplifications [36] (Table 1).

The experiments that were performed by Cavalli and colleagues have identified differentially
activated pathways for each subtype, supporting the existence of the three independent subtypes.
The pathways that were identified were the activation of migration pathways in Group 4α, activation
of mitogen activated kinase-like protein (MAPK) and fibroblast growth factor receptor 1 (FGFR1)
signaling pathways in Group 4β, and activation of PI3K/AKT/mTOR and erb-b2 receptor tyrosine
kinase 4 (ERBB4)-mediated nuclear signaling pathways in Group 4γ [36].

It is of relevance to underscore that in 2010, Gibson and colleagues demonstrated that the distinct
subgroups of MB have different developmental origins, discovering that some WNT MBs were arisen
from the cells in the dorsal brainstem [23]. Later, Grammel and colleagues discovered that some of
the SHH MBs arise from the granule neuron precursors of the cochlear nuclei of the brainstem [39].
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Two independent studies also reported two different cells of origin for Group 3 MB, with stem cell
characteristics [40,41]. At last, several cell types were shown to be able to give rise the Group 4
tumors [26]. What all of these cells of origin have in common are the stem cell properties, and it is
relevant to take into account that the majority of MB cells have a stem-like appearance [26].

5. Medulloblastoma Stem Cells (MBSCs)

The cancer stem cell (CSC) hypothesis explains the existence of a small fraction of tumor cells that
have stem properties and the ability to proliferate and maintain the tumor growth [42]. These cells
are characterized by two main properties, self-renewal and differentiation capacity, the self-renewal
being the key property regulating the oncogenic potential, so that tumorigenesis is an effect that is
derived by a deregulation of this process [43]. In the last years the presence of CSC has been described
in different hematopoietic and solid-tumors, including MB [44]. These MBSCs are characterized by
high levels of expression of CD133, Sox2, Musashi1, and Bmi1, which are all neural stem cell (NSC)
genes [45]. As it occurs with CSCs, the MBSCs are considered responsible for therapeutic resistance
and tumor recurrence [26], which is common in these tumors. Therefore, it would be necessary to
develop targeted therapies against these MBSCs, in order to avoid tumor resistance and recurrence.
Different studies have been focused on targeting different signaling pathways that are implicated in
MBSCs, such as the SHH, PI3K/AKT/mTOR, Stat3, and Notch signaling pathways [26].

6. mTOR in Cancer

The activation of the mTOR pathway plays a key role in the development of several cancer types
because of its importance in controlling cell growth and metabolism [1]. Aberrant mTOR activation can
occur through oncogene stimulation or the loss of tumor suppressors [46]. Although the constitutive
activation of the mTOR gene can occur, mutations in downstream and upstream components of both
mTORC1 and mTORC2 [46] are more frequent, and these mutations are responsible for inducing
cancer cell growth, survival, and proliferation [1].

The PI3K/AKT signaling pathway is found to be deregulated through a variety of mechanisms
in many human cancers [1]. Mutations in different components produce constitutive activation of
this signaling pathway, leading to a disturbance between the cell proliferation and apoptosis [47]. For
instance, PIK3CA amplifications/mutations, AKT overexpression, and PTEN loss have been described
in breast [48] or colorectal cancer [49].

Downstream of mTORC1, the overexpression of S6K1, 4EBP1, and eIF4E has been associated
to cellular transformation [46]. eIF4E overexpression occurs in different human tumors, like breast,
head and neck, colon, prostate, bladder, cervix, and lung cancer, enabling the selectable translation of
some mRNAs that encode key proteins for cellular transformation [50]. Additionally, the loss of p53, a
common event in cancer [1], negatively regulates some of the downstream targets of mTORC1, such as
autophagy [51]. Thus, the function of the mTOR pathway in cancer development makes it interesting
for targeted therapy in different tumors.

7. mTOR in Medulloblastoma

During brain development, the mTOR-mediated signaling pathway masters the differentiation of
neurons and glia, as well as the maintenance of the stemness of NSCs [14]. In the expansion phase of
CGNPs in the cerebellum, SHH and IGF are required [16], and it has been suggested that the activation
of both pathways in CGNPs could interact and enhance tumor formation in the cerebellum [52–54].
Following this hypothesis, Rao and colleagues discovered that, in mice, the SHH induced tumor
formation increases significantly when IGF-II is co-expresed, but no tumor formation was observed in
the mice that were injected with IGF-II alone [53].

IGF positively regulates the mTOR pathway, which is frequently activated in malignant brain
tumors, including MB [55]. Such an activation promotes the upregulation of protein translation by
inhibition of 4E-BP1, through mTORC1 mediated phosphorylation [56]. Besides, a growing body of
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evidence points to the SHH signaling pathway as being the responsible for promoting the activity of
mTORC1/4E-BP1-dependent translation and enhance tumor formation [6,57]. This evidence suggests
that IGF-II, and therefore, the mTORC1/4E-BP1 pathway is a downstream transcriptional target of
SHH, being critical in the SHH-mediated MB [58].

As a result of its role in the canonical SHH signaling pathway, mTORC1 seems to be a potentially
important molecular target for treating SHH MBs [57]. However, the SHH signaling pathway also
interacts with additional signaling pathways to promote MB growth and to induce treatment resistance.
For instance, the Hippo pathway plays an important role in the control of organ development,
and cross-talks with this pathway have been described [59].

Regarding the role of the PI3K/AKT/mTOR signaling pathway, its activation occurs in subgroup
4γ, the most prevalent subtype [36]. Moreover, Frasson et al. reported that the PI3K inhibition induces
dramatic morphological changes and promotes apoptosis in DAOY human MB cells [60]. All of these
data together suggest that targeting mTOR could be a potential therapeutic strategy for SHH-driven
and Group 4 MBs. However, no relation between mTOR and the WNT or Group 3 MB subgroups has
been described yet.

8. mTOR Signaling Pathway in MBSCs

Like all CSCs, the MBSCs possess the ability of self-renewal and differentiation, increasing the
oncogenic potential of the heterogeneous tumor [61]. The transcription factors octamer-binding
transcription factor 4 (OCT4), Nanog homeobox (NANOG), and SRY-box 2 (SOX2) are essential to
maintain the pluripotency and self-renewal in embryonic stem cells and CSCs [14,62]. In addition to the
expression of these transcription factors, one of the leading pathways that are involved in the regulation
of embryonic stem cell differentiation and resistance of CSCs to therapy is the PI3K/AKT/mTOR
signaling pathway [60]. This signaling pathway plays an essential role in the maintenance and
survival of the CSCs by regulating multiple apoptosis-related proteins [61] and controlling the cell
cycle progression [55]. Therefore, mTOR-mediated intracellular signaling is tightly regulated in
the stem cells and it is considered one of the key modulators of the stemness in different stem cell
populations [62]. Besides, it has been demonstrated that when inhibiting the mTOR signaling pathway,
the CSC properties are reduced and the invasion potential is restrained in some of the cancer types [63].

The fact that PI3K inhibition has a heavy impact on the cell number of primary MB cells has already
been demonstrated [60]. Following the hypothesis that stem cells could be the preferential target of
PI3K/AKT inhibition, Frasson and colleagues showed that such inhibition indeed targets the CD133
positive cell fraction, reducing the number of the MBSC pool [60]. Furthermore, Hambardzumyan
and colleagues discovered that the PI3K⁄AKT inhibitor, perifosine, increases the sensitivity to
radiation-induced apoptosis in Nestin positive MBSCs [64]. Additionally, the PI3K/AKT axis is
able to enhance the intracellular SHH signaling in CGNPs [65]. Different studies support the idea that
the SHH signaling is also important in the regulation of CSC [66,67]. Ahlfeld and colleagues described
that the constitutive activation of SHH signaling results in a significantly augmented expression of
Sox2 that induces the cellular growth and proliferation of SHH MBs [68]. Therefore, targeting CSCs by
the inhibition of mTOR or SHH may improve the outcome of patients with MB.

9. Targeted Therapy

As mentioned above, the current therapy is not enough to cure all of the MB patients, and the
high doses of chemotherapy and radiotherapy that are needed induce severe side effects. This is the
reason that recent investigations are directed toward improving targeted therapy in MB subgroups.
There are two main objectives; on the one hand, to discover new drugs, and on the other hand,
to optimize the doses of the drugs that are usually used. One consideration to be taken into account in
MB treatment, as it occurs in all brain tumors, is that the drug must be able to cross the blood-brain
barrier, which makes the development of new therapeutic agents difficult.
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9.1. Targeting WNT Medulloblastomas

The WNT MBs present a good rate of cure compared with the other subgroups, since the WNT
activation increases the tumor’s radiosensitivity [69]. That is the reason that there are relatively few
drugs that have been developed to target this signaling pathway. The current clinical trials are focused
on the refinement of the standard treatment, with the objective of reducing the doses of chemotherapy
and radiotherapy to decrease the neurotoxic side effects that are related to the treatment [27].

Two specific therapies have been developed to target the WNT MBs. The first one, norcantharidin,
has been shown to block the WNT signaling pathway, impairing the growth of the MB [70]. The second
one, lithium chloride, inhibits the GSK3β stabilizing β-catenin and reduces the MB growth [71].

9.2. Targeting SHH Medulloblastomas

Many specific treatments for SHH MB have been developed. Almost all of these treatments are
focused on inhibiting SMO, a G protein type receptor that is implicated in the SHH signaling pathway.
These treatments are based on the structure of cyclopamine, a naturally occurring plant alkaloid,
the first SHH pathway inhibitor that was discovered with an anticancer effect. Cyclopamine inhibits
the SMO protein, binding to its transmembrane domain and avoiding its change of conformation
to the active form. However, cyclopamine has failed in clinical development, mainly because
of its pharmacokinetic characteristics [26]. Therefore, research is focused on the development of
new small molecules based on this compound, but with improved pharmacokinetic properties.
Several small molecules have been developed, like vismodegib (GDC-0449), saridegib (IPI-926),
erismodegib (LDE-225), TAK-441, XL-139 (BMS-833923), PF-04449913, and PF-5274857 [26].

The most studied of all of these analogs is vismodegib, the first food and drug administration
(FDA)-approved drug as a SHH signaling inhibitor for advanced and metastatic basal cell
carcinoma [72]. The patients with SHH-driven MB that were treated with vismodegib had a remarkable
response and tumor size regression [73]. However, as vismodegib is a SMO inhibitor, it is not an
effective treatment for the patients harboring genetic aberrations in genes downstream SMO, such as
SUFU or GLI2 [74]. Furthermore, a number of patients that were treated with vismodegib acquired
drug resistance because of a point mutation in SMO, the D473H mutation. This mutation would not
prevent the activation of the SHH signaling pathway, but it would disrupt the ability of vismodegib to
bind to the SMO [75]. Thus, a therapy targeting GLI using bromo- and extra-terminal BET domain
inhibitors may be an alternative and efficient treatment for patients with genetic aberrations in SUFU
or GLI, as well as for the patients who acquire resistance to SMO inhibitors, since they modulate GLI
expression downstream of SMO and SUFU [76]. Another method to target GLI is the use of arsenic
compounds. They have been tested in vitro and in vivo as a treatment for SHH-driven cancers and
they have showed promising results [77].

9.3. Targeting Group 3 and 4 Medulloblastomas

The lack of an altered signaling pathway responsible for initiating the tumor makes it difficult
to develop a targeted therapy for these subgroups of MBs. Among other alterations, some Group 3
MBs are characterized with MYC overexpression [36,74]. Two FDA-approved drugs targeting MYC,
pemetrexed and gemcitabine, were used in combination to treat mouse allografts and xenografts.
As a result of the treatment, the tumor growth was decreased [78]. Additionally, BET bromodomaim
proteins have also been demonstrated to inhibit MYC-regulated signaling pathways in different cancers.
Therefore, targeting these proteins could also be a promising strategy to target this subgroup of MBs.
Nevertheless, MYC overexpression is only found in 10–20% of the patients in subgroup 3 [79].
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9.4. Targeting the mTOR Pathway

As a result of the importance of the PI3K/AKT/mTOR pathway in cancer progression, targeting
this signaling pathway has become one of the most studied strategies. Rapamycin is the first mTOR
inhibitor that has been used in anti-cancer therapy. This compound is an antifungal agent that
binds to FK506 Binding Protein 12 (FKBP12), forming a complex that allosterically inhibits the
FKB12-Rapamycin Binding (FRB) domain of mTORC1, leading to the dissociation of Raptor from
mTORC1 [80]. As rapamycin inhibits the mTORC1 complex, it also inhibits the protein translation
and synthesis, and it induces cell cycle arrest in the G1 phase [10]. Even if rapamycin is not able
to inhibit mTORC2, it can affect the mTORC2 complex indirectly [10,55]. However, poor solubility
and unpredictable pharmacokinetic profiles of rapamycin have led to the development of rapamycin
derivatives (rapalogs), new compounds based on the structure of rapamycin, but with improved
pharmacological properties. These compounds have been tested and are approved for use in the
treatment of different solid tumors [81–99] (Table 2).

Table 2. Mechanistic target of rapamycin (mTOR) inhibitors used in the clinic.

Types of mTOR
Inhibitors

Name Target Disease Trial Phase

Rapalogs

Temsirolimus mTOR RCC and MCL Completed phase III

Everolimus mTOR RCC, PNET, Lung, GEP, NET, Gastric,
BC, mRCC Completed phase III

Ridaforolimus mTOR Sarcoma Completed phase III

Second-generation
mTOR inhibitors

BEZ235 PI3K/mTOR BC, RCC, Endometrial, PNET Discontinued

GSK2126458 PI3K/mTOR
Colon/Rectum, RCC, BC, Endometrial,
Melanoma, Ovary/Primary Peritoneal,

Pancreas, Prostate
Phase I

Gedatolisib
(PF-04691502; PKI-587) PI3K/mTOR SCLC, Ovarian, Endometrial, Renal,

Colorectal, Glioblastoma Phase I

Apitolisib
(GDC-0980) PI3K/mTOR MPM, Colorectal, GIST, Sarcoma, BC Phase I

Third-generation
mTOR inhibitors Rapalink-1 mTOR

(mutant forms too) Glioblastoma No clinical data

mRRC—metastatic renal cell carcinoma; MCL—mantle cell lymphoma; PNET—pancreatic neuroendocrine tumor;
GEP—gastro-entero-pancreatic; NET—neuroendocrine tumor; BC—breast cancer; SCLC—small cell lung cancer;
MPM—malignant, pleural mesothelioma; GIST—gastrointestinal stromal tumor.

Some of these rapalogs have also been tested in MB, demonstrating promising results and leading
to three clinical trials in phase I. These compounds are temsirolimus, sirolimus, and tesirolimus,
in combination with perifpsine, an AKT inhibitor [55].

The PI3K/AKT/mTOR signaling pathway is primarily involved in SHH MBs. In these types of
tumors, not only the mutations in the SMO receptor or the aberrant activation of the SHH pathway are
the cause of MB initiation; an increased activation of the PI3K signaling or the alternative activation of
the RAS-MAPK pathway could also eventually cause drug resistance [100]. Thus, combining SMO
and PI3K/AKT/mTOR inhibitors may be a strategy to overcome resistance development.

Finally, it has been shown that the PI3K/AKT/mTOR signaling pathway is implicated in CSCs,
and specifically in MBSCs, demonstrating that the inhibition of this signaling pathway reduces
the MBSC population in the primary tumor culture [60]. Therefore, inhibiting mTOR may be a
potential treatment to target the MBSCs, thus reducing the chances of tumor recurrence and therapy
resistance (Figure 3).
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Figure 3. Schematic representation of a possible new approach to target medulloblastoma stem
cells (MBSCs)s and MB. Medulloblastoma has an intracellular heterogeneity, having different cell
types, such as normal tumor cells and MBSCs. With the classic treatment, the elimination of normal
tumor cells is achieved, and the surviving MBSCs can form the tumor again. With the proposed new
approach, the MBSCs are eliminated using mTOR inhibitors and the tumor cells are eliminated using
the conventional therapy, achieving total tumor regression.

10. Concluding Remarks

MB is the most common malignant solid tumor in childhood, and even if the current therapies
have improved the overall survival, the side effects that they generate are devastating for children.
Improved knowledge of MB has given rise to a new and detailed classification of the subgroups of
MB, which may lead, in the future, to a better stratification of the patients, based on the molecular
characteristics of their tumor, moving towards a personalized therapy for each patient. To reach this
goal, a deeper molecular profiling of each tumor is needed after the biopsy or surgery. Together with
the new classification, new signaling pathways that are implicated in different subgroups of MB,
have been identified. Signaling pathways such as the SHH or WNT signaling pathways, as well as
PI3K/AKT/mTOR are therapeutic targets in MB.

mTOR is a master signaling pathway that regulates organismal growth and homeostasis, as a
result of its implication in protein and lipid synthesis, and in the control of the cell cycle and the cellular
metabolism. Different studies have shown that it is also necessary in cerebellar development and stem
cell pluripotency maintenance. Being an essential protein in the homeostasis of the cells, when it is
deregulated, it is implicated in different tumors, including MB. Furthermore, it has a decisive role in
MBSCs, which is demonstrated by the fact that when the PI3K/AKT/mTOR signaling pathway is
inhibited, the number of MBSCs decreases.

In this review we describe the targeting of mTOR as a promising therapeutic approach, mainly,
but not only, for SHH-driven MB patients. Moreover, the combination of this approach with the
current therapies could be a promising strategy, as the mTOR inhibition impairs the growth of MBSCs
and increases the sensitivity to radiation-induced apoptosis in Nestin positive MBSCs, decreasing the
possibility of tumor recurrence and therapy resistance (Figure 3).
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Abstract: The mammalian target of rapamycin (mTOR) is a central processor of intra- and extracellular
signals, regulating many fundamental cellular processes such as metabolism, growth, proliferation,
and survival. Strong evidences have indicated that mTOR dysregulation is deeply implicated in
leukemogenesis. This has led to growing interest in the development of modulators of its activity
for leukemia treatment. This review intends to provide an outline of the principal biological and
molecular functions of mTOR. We summarize the current understanding of how mTOR interacts
with microRNAs, with components of cell metabolism, and with controllers of apoptotic machinery.
Lastly, from a clinical/translational perspective, we recapitulate the therapeutic results in leukemia,
obtained by using mTOR inhibitors as single agents and in combination with other compounds.
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1. mTOR Structure and Function

mTOR (also known as the mechanistic target of rapamycin) is a 289-kDa serine/threonine kinase
belonging to the phosphatidylinositol kinase-related kinase (PIKK) family. Its COOH-terminal catalytic
domain shows a very high homology to the phosphoinositide 3-kinase (PI3K) [1]. mTOR is structurally
associated with other proteins forming two functionally distinct complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), characterized by a different response to rapamycin
and its derivatives (rapalogs) [2,3]. mTORC1 includes mTOR, the regulatory-associated protein of
mTOR (Raptor), the mammalian lethal with SEC13 protein 8 (mLST8), which stabilizes the kinase
domain, and also the following inhibitory components: DEP domain-containing mTOR-interacting
protein (Deptor), PRAS40 (proline-rich Akt substrate of 40 kDa), and FKBP38 (FK506-binding protein
38). mTORC1 is sensitive to rapamycin and its derivatives (Figure 1).

Similarly to mTORC1, mTORC2 also includes mTOR, mLST8, and Deptor, but contains the protein
Rictor (Rapamycin-insensitive companion of mTOR) as a component, rather than Raptor. mTORC2
also associates with the mammalian stress-activated protein kinase interacting protein (mSIN1) and
protein observed with Rictor-1 (Protor-1) (Figure 1).

Although rapamycin does not bind or directly inhibit mTORC2, it has been shown that prolonged
treatment with rapamycin and its derivatives is able to abrogate mTORC2 signaling, probably due to
the inability of mTOR linked to rapamycin to incorporate into new mTORC2 complexes [4,5]. mTORC1
and mTORC2 govern multiple cellular functions.

By integrating signals from the external environment with information on the metabolic status of
the cell, mTORC1 controls the anabolic processes to promote protein synthesis and cell growth and
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inhibits autophagy [6]. Signal integration occurs at the level of the TSC1-TSC2 (tuberous sclerosis
complex1-2) complex, the main inhibitor that is upstream of mTORC1. This complex acts as a
molecular switch: during stress conditions, it suppresses mTOR activity thus limiting cell growth
while it releases its inhibition under favorable conditions. TSC1 stabilizes TSC2, preventing its
ubiquitin-mediated degradation.

Figure 1. Overview of the mTOR regulation network. Arrows: positive interaction; T-bars: inhibition.

Activated mTORC1 phosphorylates "protein synthesis machine” components that include p70S6K
(protein S6 kinase beta-1) and 4E-BP1 [eukaryotic translation initiation factor 4E (eIF4E)-binding protein
1]. Following activation, p70S6K enhances messenger RNA (mRNA) translation by phosphorylating
the 40S ribosomal protein, S6. Conversely, phosphorylation of 4E-BP1 at multiple sites promotes its
dissociation from eIF4E and allows the initiation of cap-dependent translation [7].

The mechanisms related to the regulation of mTORC2 activity remain poorly understood. It has
been documented that mTORC2 controls the cell proliferation and survival, and the organization
of the actin cytoskeleton [3,8]. In particular, it has been reported that one of the main functions of
TORC2 is the rapamycin-insensitive cell cycle-dependent regulation of actin polymerization through
the activation of Rho GTPase [9]. Moreover, the reported mTORC2-ribosome association suggests
its role in protein synthesis [10] and in driving the oncogenic PI3K signaling in cancer [8]. In fact,
compelling evidence has shown that aberrant activation of mTOR is associated with the development
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and progression of several types of cancers [11]. Recently, mTORC2 has emerged as an additional
regulator of cellular and tumor metabolism, prompting further investigation.

2. mTOR Deregulation in Leukemias

There is increasing evidence that deregulation of the PI3K/Akt/mTORC1 signaling contributes to
leukemogenesis. Increased mTORC1 and mTORC2 activity has been reported to play a critical role in
leukemia initiation, propagation, and relapse [12–17]. Particularly, mTOR constitutive activation
is frequently found in leukemia patients, contributing to chemoresistance, disease progression,
and unfavorable outcomes.

In the view of mTOR functioning as a point of convergence between a nutrient-sensing pathway
(via-mTORC1) and as a regulator of Akt itself (via-mTORC2), the definition of the role of mTOR
in controlling cellular metabolism and energy homoeostasis in normal and cancer cells plays a
fundamental role in developing effective therapies for leukemia treatment (Figure 1). Over the years,
several small molecules that target the PI3K/Akt/mTOR signaling pathway have been investigated,
showing potential therapeutic efficacy in hematologic malignancies, alone or in combination with
chemotherapeutic drugs.

The efficacy of mTOR inhibition in the treatment of various types of cancer is still being evaluated,
and there are many possibilities that have yet to be explored in identifying areas where rapamycin
might prove to be an effective treatment for cancer.

3. mTOR Involvement in Leukemia Metabolism

From a metabolic perspective, mTOR has been traditionally considered as a central regulator
that is involved in the promotion of anabolic processes. Signals from bioenergetics status, oxygen
levels, DNA damage, and amino acids availability converge on mTOR, unleashing a series of metabolic
responses [18]. In fact, it has been shown that mTOR, when incorporated in mTORC1, promotes
the synthesis of proteins, lipids, and nucleotides, as well as the adoption of a glycolytic phenotype,
and an increase of carbon flux in the pentose phosphate pathway [18,19]. Indeed, research efforts in the
leukemia setting have been mainly focused on the glycolytic aspect, in an attempt to exploit this feature
as a target for therapeutic intervention. Many studies are focused on the connection between mTOR
and glycolysis, mainly using 2-deoxy-D-glucose (2DG) for the inhibition of the glycolytic process.
2DG is a long-known glucose analog, which cannot be metabolized by cells, thus competing with
glucose and accumulating in the cytosol [20]. Adenosine monophosphate (AMP)-activated protein
kinase (AMPK) acts as a key sensor of cellular energy status coordinating multiple metabolic pathways
in order to maintain the balance between ATP production and consumption [21]. Once activated by
metabolic stresses, AMPK promotes ATP production switching on catabolic pathways while inhibiting
macromolecules biosynthesis. Moreover, AMPK affects cell growth and proliferation by inhibiting
mTOR and stabilizing p53 and p27 [21,22]. Pradelli, et al. observed that the blockage of glycolysis,
either through 2DG exposure or through glucose deprivation, induces AMPK-mediated inhibition of
mTOR, with a subsequent reduction of myeloid cell leukemia-1 (Mcl-1) and a sensitization toward
the action of death receptor ligands on Jurkat acute lymphoblastic leukemia (ALL) and U937 acute
myeloid leukemia (AML) cell lines [23]. This finding has been confirmed by Coloff, et al. on lymphoid
cells, this time assessing the synergy between glycolysis inhibition and exposure to the Bcl-2
(B-cell lymphoma 2) inhibitor ABT-737 [24]. Similarly, Liu, et al. observed mTOR inactivation following
2DG exposure on myeloid cell lines that were previously treated with aurora kinase inhibitors [25].
In addition, Rosilio, et al. corroborated the observation that AMPK activation inhibits mTOR in
T-ALL cells via the use of metformin, phenformin, and AICAR (5-Aminoimidazole-4-carboxamide
ribonucleotide) [26]. Conversely, Estañ, et al. reported an opposite mechanism, where 2DG action in
acute leukemia cell lines provokes AMPK inhibition and subsequent mTOR activation, along with
a reduction in the intracellular ATP pool [27]. Interestingly, they observed a difference in the
sensitization of leukemia cells when they were treated with arsenic trioxide and either 2DG or
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glucose deprivation, the latter being weaker, suggesting that 2DG may act through additional
undetermined mechanisms [27]. However, despite the differences in the reported mechanism of
action, all authors agree that mTOR action is paramount in controlling glycolysis in leukemia cells,
allowing the conclusion that the block of this metabolic process is an effective therapeutic strategy,
which confers sensitization to various chemotherapeutic agents [23–27]. Moreover, the action of
agents targeting mTOR, such as rapamycin, appears to be enhanced when combined with glycolytic
inhibitors [28,29].

Since glycolysis is the only reliable source of ATP on the fluctuating oxygen pressure condition
that characterizes bone marrow [30], it is not unexpected that mTOR interacts with HIF1α
(hypoxia-inducible factor 1-alpha), the master regulator of hypoxic response. Indeed, Konopleva’s
group demonstrated that hypoxia conditions activate the Akt/mTOR pathway, while exposure to
everolimus—one of the first mTOR inhibitors that were approved by the FDA for clinical use in the
treatment of patients with cancer [31]—deactivates HIF1α, reverting the glycolytic phenotype of the
ALL cell line [32]. Interestingly, Konopleva, et al. also reported that the Akt/mTOR pathway is strongly
activated by co-culturing leukemia cells with mesenchymal stem cells in hypoxic conditions [32];
this observation is coherent with the idea that confers to mTOR the role of coordinating signals from
microenvironment and subsequently adapting metabolism to these conditions. Accordingly, Brown,
et al. confirmed the activation of mTOR, on AML cell lines and primary cells, caused by stromal
co-culture, which gives rise to an upregulation of glycolysis; the authors identified the triggering signal
in the chemokine CXCL12 (C-X-C motif chemokine 12), through a CXCR4 (C-X-C chemokine receptor
type 4 )/mTOR axis [33].

A recent work by Feng and Wu identified the enzyme phosphofructokinase-2/fructose-2,
6-bisphosphatase 3 (PFKFB3) among the downstream targets of mTOR [34]; it is directly involved in
the glycolytic process, mediating the conversion of fructose 6-phosphate in fructose 2,6-bisphosphate
(and vice versa). The latter in turn regulates phosphofructokinase-1, which controls the critical step of
glycolysis, the conversion of fructose 6-phosphate in fructose 1,6-bisphosphate [35]. This interaction
could explain the mechanism by which mTOR controls glycolysis.

Alternatively, it has been reported that mTOR has a deep impact on mitochondrial respiration,
activating oxidative phosphorylation through a mechanism involving its association with Raptor in
Jurkat cell lines, whereas exposure to rapamycin disrupted the association and caused a decrease in
cellular oxygen consumption [36]. The exposure to agents that impaired mitochondrial membrane
potential inactivated mTOR, thus suggesting the presence of a feedback-controlling mechanism [37].
Ramanathan and Schreiber confirmed this finding, showing a downregulation of mitochondrial
metabolism coupled with an upregulation of glycolysis when the Jurkat cell line is exposed to
rapamycin [38]. These two reports appear to be in contrast with the previously mentioned mTOR
activation of glycolysis. However, the use of the same cell model may limit these studies, as these
results have not been expanded to other cell lines and/or primary samples. On the other hand, it may
be possible that other layers of regulation exist, thus prompting further studies to better clarify the
different roles of mTOR in the choice between glycolytic and mitochondrial metabolism.

The mTOR control over the metabolic phenotype has been associated with the resistance of
leukemia cells to various agents. Beesley, et al. characterized the transcriptional profile of a panel that
was composed of glucocorticoid-resistant T-ALL cell lines, showing that these are characterized by
exceptionally high expression of genes related to both glycolysis and oxidative phosphorylation [39].
Exposure to rapamycin restored cell sensitiveness to dexamethasone, indirectly linking metabolism
upregulation and mTOR activity [39]. More compelling evidence has been presented by Sharma,
et al. who detected mTOR hyperactivation in B-cell leukemia and lymphoma cell lines, and in
primary cells that were resistant to fludarabine, which is associated with higher rates of glycolysis and
oxidative phosphorylation [40]. The role of mTOR has been verified in the acquisition of this metabolic
phenotype, since everolimus was able to revert this higher metabolism [40]. Similar data were
generated by our group: exposure to NVP-BKM120, a pan class PI3K inhibitor, on AML cells brought
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to mTOR deactivation, followed by a decrease in both glycolysis and oxidative phosphorylation [41].
Interestingly, Nepstad, et al. characterized metabolic differences between primary AML cells sensitive
and resistant to PI3K/Akt/mTOR inhibitors, including rapamycin, tracing them among glutamine and
lipid metabolism [42]. Taken together, these results seem to suggest that (i) leukemic cells display a
high degree of heterogeneity in their metabolism; (ii) those which turn out to be resistant to therapeutic
agents are generally characterized by a highly active metabolism; (iii) mTOR is the master regulator
of leukemic cell metabolism, but we are only beginning to understand the mechanisms by which it
operates in the leukemia cell setting.

4. mTOR and Apoptosis Regulation in Leukemias

Among the many functions previously listed, mTOR indirectly inhibits apoptosis [43,44] through
a mechanism that depends on the cellular context and on the control of target molecules such as p53,
Bcl-2, BAD (Bcl-2-associated death promoter), p21, p27, and c-myc [45].

4.1. mTOR and p53

Recent studies suggest a multifaceted integration of p53 and mTORC1 pathways to drive
successful cell growth and proliferation, while in the meantime preserving genome integrity
(Figure 2) [46].

Figure 2. p53 and mTORC1 interaction. Arrows: positive interaction; T-bars: inhibition.

As a key point in such an intricate cooperation, p53 acts in balancing mTORC1 pro-growth
activity. In response to cellular stresses and DNA damage, p53 inhibits mTORC1 activity through the
upregulation of mTORC negative regulators, such as the activation of AMPK [47], the induction of
PTEN (phosphatase and tensin homolog) and TSC2 transcription [47,48], and the decrease of S6K1
(ribosomal protein S6 kinase beta-1) activity or the dephosphorylation of 4E-BP1 [49]. In particular,
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glucose deprivation in normal cells causes AMPK to inhibit mTORC1 and stabilize p53, stalling cell
growth and division [50].

Together, these observations highlighted that p53 inhibits mTOR by regulating a pathway that
is used to detect nutrient/energy deprivation such as AMPK, and subsequently the TSC1/TSC2
complex [47].

More recently, it has been clarified that the products of two p53 target genes, Sestrin1 and Sestrin2,
negatively regulate mTOR signaling by activating AMPK, which in turn phosphorylates TSC2 [51].

Nonetheless, it has been reported that lymphoma lesions, such as mutant EZH2 (enhancer of
zeste homolog 2) in follicular lymphoma (FL), can override the p53-mediated induction of Sestrin1.
Specifically, using a chimeric mouse model of lymphoma, Oricchio, et al. [52] demonstrated that
Sestrin1 is epigenetically silenced by the lymphoma-specific mutant EZH2Y641X, resulting in mTORC1
activation. The reported EZH2-mediated epigenetic down-regulation of Sestrin1 increases the
dependency of lymphomas on mTORC1 and induces sensitivity to mTORC1 inhibitors in EZH2
mutant lymphomas. On the other hand, it has also been reported that in cells that are exposed to
genotoxic agents p38α/mTORC1/S6K1 down-regulate MDM2 (mouse double minute 2 homolog)
levels, thereby inhibiting p53 ubiquitination and increasing p53 function [53]. This additional genotoxic
stress-responsive pathway can contribute to regulate the p53-mediated cell response to DNA damage
by sensing the cells' nutrient and energy status.

In a chronic myeloid leukemia (CML) model using the K562 cell line, which is resistant to
imatinib, it was found that an increase of phospho-p70S6K and a decrease of phospho-p53Ser15,
Bax (Bcl-2-associated X protein), and active caspase-3 compared to the wild-type K562 cell line
occurred [54]. The authors also reported that dasatinib was able to induce p-p53Ser15 and active
caspase-3 expression, thus promoting apoptosis by the downregulation of AktSer473 and the inhibition
of mTOR/p70S6KThr389 activity [54].

Therefore, p53 and mTOR pathway activity could be integrated and combined to inhibit cell
growth in response to DNA damage. Deciphering p53 and mTOR crosstalk could be the key to
understanding their role in cancer suppression, and the potential clinical usefulness of mTORC1
inhibitors and modulators of the MDM2/p53 module.

Aberrant activation of the PI3K/Akt/mTOR pathway, as well as inactivation of wild-type p53 by
MDM2 overexpression, are frequently observed in AML [55–57]. Kojima, et al. demonstrated that the
simultaneous inhibition of PI3K/Akt/mTOR axis and of MDM2 induced the dephosphorylation of
4E-BP1, a decrease in MDM2, p21, Noxa, and Bcl-2 expression, and the conformational change of Bax,
thus affecting mitochondrial stability and enhancing p53-mediated mitochondrial apoptosis in p53
wild-type AML [58]. Moreover, the use of a dual PI3K/mTOR inhibitor is more effective in blocking
two separate inputs that promote mTOR activation: growth factors that stimulate mTOR through the
class 1 PI3K, and the nutrients that activate mTOR through a class 3 PI3K.

Independent from a direct interaction between p53 and mTOR in cell death control,
the effectiveness of their simultaneous modulation has been highlighted in leukemia. For example, Guo,
et al. [59] reported that the reactivation of p53 by Nutlin-3, and Akt/mTOR inhibition by tanshinone
IIA, exhibit a synergetic anti-leukemia effect with imatinib in Philadelphia positive (Ph +) ALL.

4.2. mTOR and Bcl-2 Family

Several research groups have shown that a high level mTOR expression is able to control apoptosis
by modulating several molecules, including Bcl-2 family members, and thus promoting tumor cell
survival (Figure 3) [44,45,60]. The activated PI3K/Akt/mTOR pathway has been shown to decrease the
BH3 (Bcl-2 homology domain) mimetic effectiveness in cancer cells by upregulating anti-apoptotic Bcl-2
family members, such as Mcl-1 [61]. Consistently, rapamycin, an inhibitor of mTOR, has been shown
to induce a decrease in Mcl-1 expression, and this mechanism is able to overcome drug resistance [62].
Moreover, it was reported that NVP-BEZ235, a PI3K/mTOR dual inhibitor, decreases Mcl-1 expression
and sensitizes ovarian carcinoma cells to Bcl-xL (B-cell lymphoma-extra large)-targeting strategies.
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Subsequently, simultaneous blockade of PI3K/mTOR and the Bcl-2 pathway was shown to have
promising antileukemic activity in leukemia cell lines, primary samples, and xenograft models.
Rahmani and colleagues [61] have demonstrated that co-exposure to the dual PI3K/mTOR inhibitor
NVP-BEZ235 and the Bcl-2/Bcl-xL inhibitor ABT-737 strongly potentiated the cytotoxicity of single
agents in AML. They found that antileukemic synergism involved multiple mechanisms, including
Mcl-1 downregulation, the release of Bim (Bcl-2-like protein 11) from Bcl-2/Bcl-xL as well as Bak
(Bcl-2 homologous antagonist/killer) and Bax from Mcl-1/Bcl-2/Bcl-xL, and GSK3α/β (glycogen
synthase kinase 3 alpha/beta), culminating in a strong apoptosis induction [61].

Figure 3. mTOR and Bcl-2 family member interactions. Arrows: positive interaction; T-bars: inhibition.

In a similar fashion, Spender, et al. suggested that the combined use of BH3 mimetics with
mTORC1/2 inhibitors could be a novel and effective therapeutic approach for the management of
Burkitt's lymphoma [63]. Authors demonstrated that exposure of Burkitt's lymphoma cells to dual
PI3K/mTOR inhibitors, such as PI 103, was associated with an increase in Bim/Mcl-1 expression ratios
and the loss of c-myc expression [63]. Remarkably, they also observed that dual PI3K/mTOR inhibitors
or mTOR active site inhibitors were effective in overcoming resistance to ABT-737, thus indicating that
inhibition of cap-dependent translation regulated by 4E-BP1/eIF4E represents a key point to overcome
BH3 mimetics resistance.
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Our group has previously explored a combined in vitro targeted approach to overcome
ABT-737-acquired resistance in ALL with the simultaneous inhibition of the mTOR pathway by
CCI-779 [64]. We observed that simultaneous inhibition strongly enhanced the cytotoxicity of single
agents sensitizing ALL cells to apoptosis, and reverting the acquired ABT-737 resistance of cell models
and primary samples, while sparing normal progenitors. Analysis of signaling modulations in newly
sensitized ABT-737 resistant cells reveals that ABT-737 plus CCI-779 combination reduces 4E-BP1
phosphorylation and Mcl-1 expression. Since the involvement of proteasomal degradation was
excluded, the inhibition of 4E-BP1-dependent protein translation may be responsible for the synergistic
interaction between ABT-737 and CCI-779. However, in some ALL models, Mcl-1 may be not the
unique determinant of ABT-737 resistance, since knockdown of protein expression by RNA interference
does not result in significant changes of cytotoxicity [64].

A similar approach was used by Rahmani, et al. [65], which demonstrated the cooperation between
the selective Bcl-2 inhibitor and PI3K inhibition (venetoclax/GDC-0980) in inducing Bax-dependent
apoptosis, which exhibiting strong anti-AML activity both in vitro and in vivo, as well as against
multiple forms of venetoclax resistance.

More recently, by the high-throughput profiling of signaling networks, Andreeff’s group
demonstrated that concomitant treatment with temsirolimus plus ABT-737 or the MDM2 inhibitor
Nutlin-3a, is effective for eliminating microenvironmental resistance in AML, and it facilitated leukemic
cell death [66].

Finally, it is interesting to mention the reported unsuspected role of mTOR as an apoptotic
inducer. Indeed, Calastretti, et al. [67,68] stated that in human FL B-cell lines, characterized by high
concentration of Bcl-2 protein, rapamycin increases the cellular concentration of p27kip1 and Bcl-2,
leading to cell arrest in the G1 phase, and to the activation of an anti-apoptotic program. Moreover,
prior treatment with rapamycin completely inhibited the taxol-induced apoptosis of human B-cell
lines by phosphorylation/inactivation of Bcl-2.

This observation highlights the role of mTOR for a coordinated regulation of the cell cycle and
apoptosis in normal and leukemia cells.

5. mTOR and MicroRNA Regulation in Leukemias

MicroRNAs (miRNAs) are ubiquitous regulators of biological processes that are involved in
cellular differentiation, development, stress response, apoptosis, and cell growth. A number of
studies have revealed differential expression of known miRNAs in different hematopoietic cell types,
demonstrating that miRNAs play an important role in the decision by hematopoietic stem cells (HSC)
and progenitor cells to self-renew or to differentiate into a specific cell type [69–71].

Most of these miRNAs have been reported to regulate the expression of key genes in
the PI3K/Akt/mTOR pathway, and they are involved in the development and pathogenesis of
hematological malignancies.

Among the miRNAs that directly target mTOR, miR-126 plays important functions in HSC,
preserving quiescence and increasing self-renewal [70,72]. It is both highly expressed and functionally
active within the murine and human HSC compartments, with progressive downregulation during
the early steps of hematopoietic commitment. Lechman, et al. [70,72] reported interesting results
that showed that miR-126 is involved in mTOR regulation by targeting mSIN1, together with several
other members of the PI3K/Akt/mTOR axis. In particular, mSIN1 repression impairs the mTORC2
complex formation and full activation of Akt. They also showed that myeloid leukemia stem cells (LSC)
express high endogenous levels of miR-126, compared with more differentiated AML populations [72].
Upregulation of miR-126 plays a critical role in promoting chemotherapy resistance of LSC.

Furthermore, mTOR and Rictor are direct targets of let-7 and miR-16. Marcais, et al. [73] showed
that these miRNAs regulate the expression of mTOR components in CD4 T-cells and contribute to
discriminate between T-cell activation and anergy.
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MiR-100 and miR-99a are involved in mTOR regulation in ALL and contributed to the poor
response to chemotherapy. Li, et al. [74] reported a downregulation of miR-100 and miR-99a in
the cases of ALL, especially in T-ALL, and in ALL harboring mixed lineage leukemia (MLL) gene
rearrangements and BCR-ABL1 fusion transcripts. Cases with lower levels of expression displayed
shorter survival and a poorer outcome when compared to cases with higher expression. These miRNAs
contribute to leukemia developments and progression by directly targeting the insulin-like growth
factor 1 receptor (IGF1R) and mTOR. In fact, the protein levels of IGF1R and mTOR were reduced
in Jurkat cells that were transfected with miR-100/99a mimics, while they were increased in cells
that were transfected with the miR-100/99a inhibitors (antisense). Functional studies also showed
that upregulation of mTOR induced the activation of Mcl-1 with consequent improvement of cell
proliferation and inhibition of apoptosis.

Besides miRNAs which directly target mTOR components, several other miRNAs have been
reported to targets that are upstream (mir-22, miR-26, miR-150, miR-193, miR-223, miR-3151) [75–79]
or downstream (miR-29, miR-181) [80–82] of mTOR signaling, highlighting the importance of the
PI3K/Akt/mTOR axis in leukemias.

6. mTOR Axis Inhibition in Leukemias

The role of the PI3K/Akt/mTOR pathway in leukemias has been widely studied, both for in vitro
and in vivo models, in order to explore the therapeutic perspective of its inhibition. In fact, the use
of the dual PI3K/mTOR inhibitor, dual Akt/tyrosine-kinase receptor (RTK) inhibitor, Akt inhibitor,
selective inhibitor of PI3K, mTOR inhibitor, and the dual PI3K/phosphoinositide-dependent protein
kinase-1 (PDK1) inhibitor in chronic and acute leukemias seem to have remarkable therapeutic effect
as compared to conventional treatments [83].

6.1. Rapamycin and Rapalogs

Literature data have reported on first- and second-generation mTOR inhibitors. Among the
first generation inhibitors, rapamycin and its analogs, called rapalogs, are the most well studied
drugs, and they are now clinically used as cancer treatments. Rapamycin (sirolimus) is a macrolide
antibiotic that is produced by the microorganism Streptomyces hygroscopicus, which has been discovered
in 1975 as a potent antifungal agent [84]. In following studies, it was also associated with
immunosuppression [85], which subsequently led to its development as a clinically useful drug
in consideration of its anticancer activity [86]. Similarly to the immunosuppressant FK506, rapamycin
binds to the intracellular receptor FKBP12 (FK506-binding protein 12), and they both share similar
chemical structures. Nevertheless, the two macrolides have different mechanisms of action in cells,
since FK506 inhibits T cell proliferation, whereas rapamycin interferes with cytokine signaling.
However, the exact mechanism of how these interactions lead to inhibition of mTOR pathway remains
to be understood.

In consideration of some pharmacological limitations of rapamycin, such as poor water
solubility and chemical stability, rapalogs, including temsirolimus (CCI-779), everolimus (RAD001),
and ridaforolimus (AP23573) have been developed, with minor immunosuppressive action [87].
Unfortunately, several studies have demonstrated that first generation inhibitors display limited
anticancer activity, and that is partially due to the fact that the inhibition of mTORC1 by these drugs
might lead to Akt upregulation and outgrowth of more aggressive lesions. Targeted strategies by
combining rapamycin plus an inhibitor of Akt or PI3K, or the use of agents that target both PI3K and
mTOR, or both mTORC1 and mTORC2, were then developed to circumvent this loop [88].

6.2. Dual Inhibitors

Selective dual mTORC1 and mTORC2 inhibitors are second-generation mTOR inhibitors. They are
ATP-competitive inhibitors of mTOR that block the phosphorylation of all downstream targets
of both mTORC complexes without inhibiting other kinases [89]. Among the second-generation
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mTOR inhibitors, AZD8055 is a compound that is able to prevent mTORC2-mediated Akt activation.
This agent has been evaluated in a multicenter phase I study including patients with advanced solid
tumors or lymphomas [90]. The most frequent adverse events (AEs) were elevated transaminases and
fatigue, and not hypercholesterolemia or hypertriglyceridemia, as is often reported in patients who are
treated with other mTOR inhibitors, including rapalogs. Another second-generation mTOR inhibitor
is CC-223, which was evaluated in pre-treated patients with advanced solid tumors or multiple
myeloma (MM) [91]. Common CC-223-related AEs were fatigue, nausea, diarrhea, and hyperglycemia.
TAK-228, another dual mTORC1/mTORC2 kinase inhibitor, has been tested in patients with MM,
non-Hodgkin lymphoma and Waldenström's macroglobulinemia (WM) [92]; reported toxicities
included thrombocytopenia, fatigue, and neutropenia. Unfortunately, the best response achieved in a
WM patient has been a partial remission (PR).

Dual PI3K/mTOR inhibitors are small molecules that are able to block the ATP binding sites
of mTOR and PI3K, thus targeting all the three key enzymes, PI3K, Akt, and mTOR [93], although
data from clinical trials are not entirely satisfying. In particular, NVP-BEZ235 has been tested in adult
patients with relapse/refractory (R/R) acute leukemia, showing an anti-leukemic efficacy; this was
more pronounced in an ALL setting, granting an encouraging overall response rate and a sustained
molecular remission [94].

6.3. mTOR Inhibitors in AML

The activation of PI3K/Akt/mTOR has been observed in up to 80% of AML cases and has been
associated with a poor prognosis [95].

Given the heterogeneity of leukemias, it is important to remark that there is variability within
leukemias, in both in vitro and in vivo sensitivities to PI3K/Akt/mTOR inhibition. In this respect,
Reikvam, et al. [96] investigated the functional effects on primary AML cells of two mTOR inhibitors
(rapamycin, temsirolimus) and two PI3K inhibitors (GDC-0941, 3-methyladenine). They demonstrated
that the antileukemic effect of PI3K/Akt/mTOR inhibition varies between patients. By unsupervised
hierarchical clustering analysis, two main clusters were identified in this study: one included patients
that exhibited remarkable antiproliferative effects to all inhibitors tested; the other patients proved
to be resistant. Notably, resistant patients were characterized by a higher expression of CDC25B,
a gene encoding a phosphatase involved in cell cycle progression [96,97]. In a recent study on AML
patients, the same group identified two clusters that were characterized by high and low constitutive
PI3K/Akt/mTOR activation [98]. Complex phenotypic differences, including genetic and molecular
processes, cellular communication, and interactions with the microenvironment are reported to be
involved in differences in pathway activation [98].

With regard to the heterogeneity of leukemias, additional crucial points that are related to the
efficacy of targeted therapies are the leukemia-microenvironment crosstalk and subsequently the stem
cell niche, a specialized microenvironment that helps to maintain stem cell characteristics [99,100].
Common pathways are potentially shared across multiple leukemias and are involved in
microenvironment/leukemia interactions. Reikvam and colleagues [101] demonstrated that PI3K
and mTOR inhibitors exerted direct and indirect antileukemic activity through the inhibition of
angioregulatory mediators released by both AML and stromal cells. These effects are however
mediated through the common targets represented by the PI3K/Akt/mTOR pathway.

The efficacy of several selective PI3K/Akt/mTOR inhibitors has been investigated on both AML
cell lines and AML primary cells using mTOR inhibitors as single agents or in association with
chemotherapy (Table 1). Recher, et al. [102] used rapamycin in monotherapy for patients with R/R de
novo or secondary AML, showing partial responses in four out of nine patients. Perl, et al. [103] used
rapamycin with the chemotherapy regimen MEC (mitoxantrone, etoposide, cytarabine) in patients
with R/R or untreated secondary AML, reaching 22% of clinical responses (complete remission (CR)
or PR), showing low synergy between rapamycin and chemotherapy. Furthermore, everolimus has
been evaluated in association with low doses of cytarabine (LDAC) in naïve elderly AML patients who

81



Int. J. Mol. Sci. 2018, 19, 2396

were not eligible for intensive chemotherapy [104]. Amadori, et al. [105] have combined temsirolimus
with low dose of clofarabine as a salvage therapy. Temsirolimus has also been used for maintenance
therapy in patients, achieving CR with or without full hematological recovery after induction (CRi).
Despite these promising findings, the combination of rapalogs and chemotherapy failed to display the
expected synergistic cytotoxicities in clinical trials.

In acute promyelocytic leukemia (APL), PI3K/Akt signaling is constitutively activated, and cells
that are exposed to all-trans retinoic acid (ATRA) seem to be very sensitive to class I PI3K,
p110beta, or p110delta inhibitors, and to rapamycin [83,106]. Therefore, PI3K and mTOR
inhibitors in association with induction treatment regimens may provide therapeutic benefits [106].
In addition, the PI3K/Akt/mTOR pathway contributes to ATRA-induced granulocytic differentiation
(Table 1) [107].

6.4. mTOR Inhibitors in ALL

The hyperactivation of the PI3K/Akt/mTOR pathway was reported also in B-ALL,
where encouraging results have been obtained with the inhibitors of PI3K/mTOR and MEK1/2 [108].
In the study of Messina, et al. [108], ALL cells with mutated NRAS or KRAS showed sensitivity
to rapamycin and to the dual PI3K/mTOR inhibitor NVP-BEZ235. Thus, the authors pointed out
PI3K/mTOR inhibitors, among others, as alternative therapeutic approaches in frail patients (Table 2).
Other selective mTORC1 inhibitors inducing apoptosis in ALL are RAD001, Torin-2, and CCI-779.
RAD001 shows also a potent synergic effect with the Akt allosteric inhibitor MK2206 [83]. Instead,
in the Ph + ALL setting, it has been shown that BCR-ABL is able to activate the survival pathway
PI3K/ Akt/mTOR [109]. The use of the mTOR inhibitor and in combination with imatinib has also
been proven to have a synergic effect even in imatinib-resistant cell lines [109].

The PI3K/Akt/mTOR pathway is also constitutively active in numerous T-ALL patients and
this affects the patient outcome, indicating it as a potential therapeutic target for T-ALL. T-ALL,
which represents 15% of pediatric ALL and 25% of adult ALL, is an aggressive disease where relapses
are not infrequent, despite the good response to chemotherapy. The very poor prognosis suggests the
need for new therapeutic strategies. The negative PI3K/mTOR pathway regulator, PTEN, is frequently
mutated in T-ALL, leading to hyperactivation of the pathway [110]. The combination of rapamycin with
the chemotherapeutic agent dexamethasone shows a synergic effect in T-ALL cells [111]. In addition,
numerous pathway inhibitors, such as GDC-0941 (a pan class I PI3K inhibitor), MK-2206 (an allosteric
Akt inhibitor), RAD001 (an mTORC1 inhibitor) and the dual PI3K/PDK1 inhibitors NVP-BAG956
and NVP-BEZ235, show a potent cytotoxic effect in T-ALL cell lines, as well as in patient-derived
cells [112].

The NOTCH pathway, altered in about 50% of T-ALL patients [110], triggers the upregulation
of the PI3K/Akt pathway through the transcription factor HES1 (hairy and enhancer of split-1),
which negatively regulates the expression of PTEN [113]. Mutations of PTEN confer resistance
to treatment with GSIs (gamma-secretase inhibitors) that blocks the NOTCH1 (Notch homolog 1,
translocation-associated) pathway [113]. This interplay between NOTCH1 and PTEN suggests the
possible efficacy of a combined inhibition of PI3K/Akt and the NOTCH1 pathway in T-ALL.

6.5. mTOR Inhibitors in Other Leukemias

The PI3k/Akt/mTOR pathway is one of the multiple signaling pathways that are activated by
BCR-ABL in CML cells, so drugs targeting key molecules such as PI3K, Akt and mTOR have been
reported to exert beneficial effects in CML progenitor and stem cell populations (Table 1). These drugs
show synergic activity with tyrosine kinase inhibitors (TKis). In particular, the dual PI3K/PDK1
inhibitor NVP-BEZ235 is able to sensitize CML stem cells and progenitors to nilotinib, enhancing its
cytotoxicity in TKi-resistant BCR-ABL mutant cells [114]. Moreover, a combination of dasatinib with
rapamycin or LY294002 decreases FOXO1/3 (forkhead box proteins O1 and O3) phosphorylation and
drives the apoptosis of CML cells [115]. Resveratrol, a phytoalexin, and a natural phenol produced by
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several plants, acts downstream of BCR-ABL, and inhibits Akt activity [116]. Conversely, in accelerated
phase/blastic phase (AP/BP) CML patients, increased ABCG2 (drug pump, ATP-binding cassette
sub-family G member 2) expression was associated with the lack of PTEN protein and subsequent
Akt activation [117]. This suggests that PI3K/Akt could be an alternative therapeutic target in CML,
since ABCG2 seems to be regulated by PTEN through the PI3K/Akt pathway [117]. TKi can also
abrogate the activation of PI3K/Akt/mTOR, and therefore in the TKi-resistant cells, simultaneous
inhibition of PI3K and Akt/mTOR is recommended to obtain a potent pro-apoptotic effect in CML cells.

Concerning chronic lymphocytic leukemia (CLL), one of the major prognostic factors is the specific
characteristic of the B-cell receptor (BCR), upstream of a signal transduction pathway that is essential
for survival and proliferation, with a major role in the context of prognosis and positive selection of
the precursor tumoral cell. In fact, antigenic stimulation and therefore the constitutive activation of
BCR signaling plays a fundamental role in the pathogenesis of CLL [118].

BCR stimulation triggers the activation of numerous intracellular pathways that regulate normal
B cells or leukemia. In fact, BCR acts on kinases, such as spleen tyrosin kinase (SYK) and SRC kinase
LYN, which phosphorylate immune receptors belonging to the complementary proteins of the BCR,
CD79a, and CD79b complexes. This phosphorylation causes the recruitment of adaptive proteins and
other kinases, such as Bruton tyrosine kinase (BTK) or PI3K to a complex formed by the accessory
proteins of BCR and then it determines the downstream stimulation of Akt/mTOR, NF-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells), and/or ERK (extracellular-signal-regulated
kinase) [119].

CC-115, a novel dual mTOR kinase and a DNA-dependent protein kinase (DNA-PK) inhibitor,
was evaluated [120]. CC-115 showed encouraging preclinical data on the ability to overcome resistance
to chemotherapy or venetoclax, as well as to idelalisib, proving to be an attractive compound for
further combination studies in clinical settings (Table 2) [120].

In conclusion, the use of rapalogs, or of second-generation mTOR inhibitors—developed with the
aim to overcome the weaknesses of rapalogs—showed a limited impact, despite the expected benefits
in clinical trials. This could be due to several mechanisms, such as an incomplete blockage of the
pathway, or the existence of feedback loops. Thus, these observations should prompt further studies
that address the clarification of the mechanisms of drug resistance, and the design of a more precise
and personalized treatment.

Table 1. mTOR inhibitors in myeloid leukemias.

Inhibitors Disease Response Reference

Rapamycin monotherapy R/R AML PR Recher, et al. [102]

Rapamycin + MEC R/R or untreated
secondary AML CR/PR Perl, et al. [103]

Everolimus + LDAC Naïve elderly AML CR/Cri/PR Wei A.H., et al. [104]
Temsirolimus + LDClof R/R AML CR/Cri Amadori, et al. [105]

ATRA + LY294002 and PD98059 APL Increase granulocyte differentiation Scholl S., et al. [106]
NVPBEZ235 + nilotinib TKI-resistant BCR-ABL Increase apoptosis Airiau K., et al. [114]
Rapamycin + dasatinib CML Increase apoptosis Pellicano F., et al. [115]

Resveratrol CML Inhibits Akt Banerjee M. S., et al. [116]

Table 2. mTOR inhibitors in lymphoid leukemias.

Inhibitors Disease RESPONSE Reference

CC-115 R/R CLL PR Thijssen, et al. [120]
Rapamycin + NVP-BEZ235 ALL Increase apoptosis Messina, et al. [108]

RAD001, Torin-2 and CCI-779 ALL Increase apoptosis Bertacchini, et al. [83]
Imatinib + mTOR inhibitor Imatinib-resistant Ph + ALL Increase apoptosis Xing H., et al. [109]

7. Summary

Over the last decade, it has been widely demonstrated that the mTOR pathway is physiologically
activated during various cellular processes and that it is deregulated in human diseases such as cancer.
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The critical role of mTOR in leukemia initiation, progression, and chemoresistance has also been
proven by scientific and clinical studies evaluating its down-modulation. To date, several classes of
pharmacological agents targeting the mTOR network have been developed. Each of them has their
own pharmacokinetic properties, inhibitory activities, and toxicity profiles. Therefore, understanding
which inhibitor is more clinically effective in each patient remains a constant challenge. The answer
depends on the recognition of specific oncogenic addiction profile of leukemia cells, thus the need of
new biomarkers for patient selection. The advances in the comprehension of the biological impact that
mTOR has in the leukemia setting, described in this review, could contribute to the potential future
development of effective mTOR-targeting based therapeutics.
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Abstract: T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive blood malignancy that
arises from the clonal expansion of transformed T-cell precursors. Although T-ALL prognosis
has significantly improved due to the development of intensive chemotherapeutic protocols,
primary drug-resistant and relapsed patients still display a dismal outcome. In addition, lifelong
irreversible late effects from conventional therapy are a growing problem for leukemia survivors.
Therefore, novel targeted therapies are required to improve the prognosis of high-risk patients.
The mechanistic target of rapamycin (mTOR) is the kinase subunit of two structurally and functionally
distinct multiprotein complexes, which are referred to as mTOR complex 1 (mTORC1) and
mTORC2. These two complexes regulate a variety of physiological cellular processes including protein,
lipid, and nucleotide synthesis, as well as autophagy in response to external cues. However,
mTOR activity is frequently deregulated in cancer, where it plays a key oncogenetic role
driving tumor cell proliferation, survival, metabolic transformation, and metastatic potential.
Promising preclinical studies using mTOR inhibitors have demonstrated efficacy in many human
cancer types, including T-ALL. Here, we highlight our current knowledge of mTOR signaling and
inhibitors in T-ALL, with an emphasis on emerging evidence of the superior efficacy of combinations
consisting of mTOR inhibitors and either traditional or targeted therapeutics.

Keywords: mTOR; T-cell acute lymphoblastic leukemia; targeted therapy; combination therapy

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive disease that represents 10–15% of
ALL cases in children and up to 25% in adults [1,2]. T-ALL is a genetically heterogeneous disorder
caused by the accumulation of molecular alterations acting in a multistep pathogenic process [3].
While ≥80% of pediatric patients with T-ALL can expect to be cured [4], among adults younger
than 60 years treated with conventional chemotherapy, the survival rates are in the range of 40–50%,
and older patients have a much worse prognosis [5]. Although the use of high-dose multiagent
chemotherapy results in a survival advantage, many patients still relapse and eventually experience
refractory leukemia, which is associated with a poor likelihood of survival [5]. For example, only
20% of relapsed pediatric patients can be cured with current salvage protocols [6]. Moreover,
especially childhood T-ALL survivors are at increased risk of developing long-term adverse health
outcomes, including secondary malignancies due to the use of genotoxic drugs [7]. Therefore, novel,
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more effective and less toxic treatments are desired to improve the outcome of T-ALL patients, as well
as their quality of life both during and after therapy.

Our increased knowledge of genetic alterations has significantly contributed to identify
oncogenetic drivers and signaling cascades regulating T-ALL pathophysiology. This has opened the
possibility of targeting pathways that are critical to prevent and/or treat relapse [8]. The mechanistic
target of rapamycin (mTOR) is a key effector of signaling networks that are aberrantly regulated in
T-ALL and negatively affect patient outcome [9]. In this context, it is also important to emphasize
that very recent evidence has demonstrated that high mTOR expression is an independent negative
prognosticator of clinical outcome to induction chemotherapy in T-ALL patients [10].

Here, we summarize and discuss recent advances in understanding and targeting mTOR in
T-ALL settings with the aim of highlighting possible less toxic therapeutic strategies for improving the
outcome of chemoresistant/refractory patients.

2. mTOR and Its Complexes: Structure, Activation, and Functions

mTOR is a 289-kDa protein encoded in humans by the MTOR gene mapping to chromosomal
band 1p36.2 [11]. mTOR is an evolutionary conserved member of the phosphatidylinositol 3-kinase
(PI3K)-related kinase (PIKK) family of protein kinases [12], and acts as the catalytic subunit of two
large multiprotein complexes, which are referred to as mTOR complex 1 (mTORC1) and mTORC2.
These complexes share some components, which include Tel2-interacting protein 1 (Tti1)/Tel2 complex,
Dishevelled, Egl-10 and Pleckstrin (DEP) domain-containing mTOR-interacting protein (Deptor),
and mammalian lethal with SEC13 protein 8 (mLST8) [13]. mTORC1 is defined by the association
of mTOR with the regulatory-associated protein of mTOR (Raptor), which is a protein that is
fundamental for mTORC1 assembly, stability, regulation, and substrate specificity [14]. Moreover,
mTORC1 comprises proline-rich Akt substrate 1 40 kDa (PRAS40), which blocks mTORC1 activity until
growth factor receptor signaling unlocks PRAS40-mediated mTORC1 inhibition [15]. The activation
of mTORC1 is achieved by growth factors, cytokines, hormones, amino acids, high energy levels,
and oxygen through multiple mechanisms. In contrast, intracellular and environmental stresses
(low ATP levels, hypoxia, DNA damage) are powerful repressors of mTORC1 activity [13] (Figure 1).
For the scope of this article, it is important to emphasize that growth factors, such as insulin-like
growth factor-1 (IGF-1) or cytokines [interleukin (IL) 7, for example] activate PI3K. PI3K generates
at the plasma membrane phosphatidylinositol 3,4,5 trisphosphate (PIP3) from phosphatidylinositol
4,5 bisphosphate (PIP2). PIP3 recruits to the plasma membrane phosphoinositide-dependent kinase
1 (PDK1) and Akt that is phosphorylated by PDK1 at Thr308 [16]. Akt phosphorylates tuberous
sclerosis complex 2 (TSC2) at Thr1462 [17]. TSC2 is a GTPase activating protein (GAP) that functions
in association with TSC1 to lock the small G-protein, RAS homolog enriched in brain (Rheb) in
a GDP-bound, inactive state. Akt-mediated TSC1/TSC2 complex inhibition consequently allows
Rheb to accumulate in a GTP-bound state, whereby Rheb-GTP binds and activates mTORC1 [18].
Moreover, Akt phosphorylates the mTORC1 inhibitor PRAS40 at Thr246. This phosphorylation
causes PRAS40 dissociation from Raptor, allowing mTORC1 activation [19]. Also, the rat sarcoma
(RAS)/rapidly accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK)/p90 ribosomal S6 kinase 1 (p90RSK1) cascade impinges on mTORC1,
as both ERK and p90RSK1 phosphorylate TSC2 (at Ser664 and Ser1798, respectively), thereby inhibiting
the TSC1/TSC2 complex and triggering Rheb-dependent mTORC1 activation [20]. Moreover, p90RSK1
can phosphorylate Raptor, causing mTORC1 activation [21]. As to the functions of mTORC1,
they include the upregulation of cap-dependent and cap-independent translation, increased glycolysis,
enhanced lipid and nucleotide synthesis, as well as positive regulation of ribosome biogenesis through
the RNA polymerase (Pol) I-dependent and Pol III-dependent transcription of the different classes of
ribosomal RNAs [13,22,23]. In contrast, mTORC1 is a repressor of autophagy [24] (Figure 1).
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Figure 1. Regulation and functions of mechanistic target of rapamycin complex 1 (mTORC1) and
mTORC2. For details, see the text. Black arrows indicate stimulatory events, while red lines indicate
inhibitory events.

mTORC2 is characterized by the interactions of mTOR with the rapamycin independent
companion of mTOR (Rictor), mammalian stress-activated protein kinase interacting protein 1 (mSin1),
and protein observed with rictor (Protor) 1 or 2 [13]. Rictor is necessary for mTORC2 assembly,
stability, and substrate interactions [25], while mSin1 is a repressor of mTORC2 kinase activity [26].
Nevertheless, it also drives mTORC2 localization to the plasma membrane, where Sin1-mediated
mTORC2 inhibition is relieved in response to the growth factor receptor-dependent activation of
PI3K [27]. Regarding Protor1, it may be involved in enabling mTORC2 to phosphorylate serum and
glucocorticoid-activated kinase 1 (SGK1) [28]. In contrast to mTORC1, our knowledge of the control
of mTORC2 activity is limited. However, recent evidence has highlighted that plasma membrane
localization is a critical aspect of mTORC2 regulation. Indeed, the pleckstrin homology (PH) domain
of mSin1 interacts with the mTOR kinase domain to restrain mTOR activity. PIP3, which is synthesized
by PI3K at the cell membrane, binds mSin1-PH to release its inhibition on mTOR, thereby triggering
mTORC2 activation [27].

As for the roles of mTORC2, this complex phosphorylates several members of the AGC
family of protein kinases [29]. These include protein kinase C (PKC) isoforms α/γ/δ/ε/ζ and
SGK1 [13] (Figure 1). However, the most important and best known function of mTORC2 is
the phosphorylation of Akt at Ser473, which fully activates the kinase activity of Akt [30].
Ser473 phosphorylation is required for Akt-mediated phosphorylation of Forkhead box O1/3a
(FoxO1/3a) trascription factors, but not for that of other Akt targets, such as TSC2 and glycogen
synthase kinase3β (GSK3β) [26]. In light of its substrates, mTORC2 is mainly involved in the control
of cytoskeletal remodeling, cell migration, proliferation, and survival [13]. Nevertheless, it has
been recently demonstrated that mTORC2 is a repressor of chaperone-mediated autophagy [31].
Furthermore, mTORC2 increases lipid synthesis, whereby promoting carcinogenesis [32].

3. Activation of mTORC1 and mTORC2 in T-ALL Cells

We will now review the multiple mechanisms that explain why the activities of both mTORC1
and mTORC2 are aberrantly regulated in T-ALL.
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3.1. Phosphatase and Tensin Deleted on Chromsome 10

Compelling evidence indicates that phosphatase and tensin deleted on chromosome 10 (PTEN),
which is the main negative regulator of the PI3K/Akt/mTOR cascade [33–35], plays a key role in
the activation of this pathway in T-ALL cells [36]. PTEN dephosphorylates PIP3, thus yielding
PIP2 and blunting PI3K activity (Figure 1). However, the gene encoding for PTEN is frequently
either deleted or mutated in human T-ALL cell lines and primary samples [37], resulting in
PI3K/Akt/mTOR upregulation. Interestingly, a very recent retrospective study has demonstrated that
PTEN mutations, when combined with additional genetic anomalies (NOTCH1, FBXW7, and RAS
mutations) and a high white blood cell count, were associated with a higher risk of relapse in childhood
T-ALL [38].

Moreover, even when expressed in its wild-type form, PTEN is phosphorylated at a cluster of
residues (Ser380/Thr382/Ser385) in the C-terminal, resulting in the downregulation of PTEN lipid
phosphatase activity and high PIP3 levels [39]. Casein kinase 2 (CK2), which is overexpressed in
T-ALL [40], has been identified as the kinase responsible for PTEN phosphorylation and inactivation in
leukemic cells [41]. Furthermore, CK2 phosphorylates Akt at Ser129 (Figure 1). This phosphorylation
positively contributes to Akt activity and increases Akt association with the chaperone protein
heat shock protein 90 (HSP90), thus protecting Akt from protein phosphatase 2A (PP2A) activity
at Thr308 [42]. However, PTEN is also a target of neurogenic locus notch homolog protein 1 (NOTCH1)
signaling, as we will see later on in this article.

Apart from controlling PIP3 levels, PTEN induces miR-26b expression by regulating the
differential expression of the Ikaros transcription factor isoforms that are upstream of miR-26b [43].
Accordingly, the levels of miR-26b were lower in PTEN-deficient mouse and human T-ALL cells.
Intriguingly, it was shown that miR-26b negatively controls the expression of PI3K p110δ, which is a
PI3K catalytic subunit important for PIP3 generation in T-ALL [43–45]. The overexpression of miR-26b
decreased Ser473 p-Akt levels (which is indicative of mTORC2 inhibition), while either shRNA to
PI3K p110δ or a PI3K p110δ-selective inhibitor (CAL-101) reduced the viability of T-ALL cell lines [43].
Overall, these findings highlighted a novel mechanism through which PTEN deficiency could result in
a further increase in PI3K/Akt/mTOR signaling independently from PTEN lipid phosphatase activity.

3.2. NOTCH1 Signaling

NOTCH1 is a key oncogenetic driver of T-ALL, and NOTCH1 activating mutations occur in ≥50%
of T-ALL patients [46]. Hairy and enhancer of split-1 (HES1) transcription factor, which is downstream
of NOTCH1, represses PTEN expression and contributes to enhancing PI3K/AKT/mTOR signaling
in NOTCH1-dependent T-ALL [47]. Furthermore, the NOTCH1/HES1 axis is somehow responsible
for decreased PP2A activity on Thr308 and Ser473 p-Akt, resulting in the activation of downstream
effectors, including mTORC1 [48].

Additional NOTCH1-dependent mechanisms that contribute to decreased PTEN levels have
been identified. PTEN can be targeted and downregulated by miR-19 [49] or c-Myelocytomatosis
oncogene protein (c-Myc) [50]. Moreover, NOTCH1 could control mTORC1 signaling through yet
another mechanism, as documented by a study in which the treatment of T-ALL cell lines with
a γ-secretase inhibitor (GSI) targeting NOTCH1 resulted in the dephosphorylation of mTORC1
downstream targets, including eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1),
p70 S6 ribosomal protein kinase 1 (p70S6K1), and S6 ribosomal protein (S6RP), independently of
PI3K/Akt activity. These effects on mTORC1 could be rescued by expression of the intracellular domain
of NOTCH1 (ICN1) and mimicked by dominant negative mastermind-like transcriptional coactivator
1 (MAML1), which is a NOTCH1 regulator [51]. Furthermore, the expression of c-Myc opposed
GSI-induced mTORC1 inhibition, thus implicating c-Myc as an intermediary between NOTCH1
and mTORC1 [51]. This observation could be related to c-Myc being a transcriptional repressor
of TSC2; hence, high levels of c-Myc could result in upregulated mTORC1 activity, independently from
PI3K/Akt [52].
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Besides mTORC1, NOTCH1 has been proposed to somehow regulate mTORC2 activity as well,
at least in a murine model of T-ALL, where hematopoietic bone marrow precursors were transduced
to express ICN1 and transplanted into recipient mice [53]. Animals that received cells with Rictor
conditional knockout showed at most a modest decrease in bone marrow and circulating leukemic cells.
However, the median survival of these animals almost doubled when donor marrow was programmed
to delete Rictor; moreover, the mice displayed decreased organ (lung, kidney, liver) invasion by
ICN1-driven leukemic cells. Intriguingly, the expression of Nuclear factor κ-light-chain-enhancer
of activated B cells (NF-κB) target genes (Bcl2a1, Nfkb2, and CCR7) was significantly decreased
in the Rictor-depleted circulating T-ALL cells, whereas selected FoxO1/3 target genes (Il7ra, Sell,
and S1p1) were not [53]. In this context, it is important to emphasize that C-C chemokine receptor
type 7 (CCR7) has been shown to act as an important determinant of NOTCH1-driven T-ALL
pathogenesis and death because of its critical role in regulating the trafficking of the leukemic cells
into tissues [54]. Therefore, this study provided evidence that mTORC2 is an important determinant of
the capacity of active NOTCH1 to induce NF-κB activity and CCR7 expression (most likely through
Akt phosphorylation at Ser473 [55]), as well as accelerated tissue invasion and death in a murine
T-ALL model. Nevertheless, a different group demonstrated that, in a NOTCH1-driven murine model
of T-ALL, Rictor deletion—hence, mTORC2 inactivation—affected the activity of FoxO transcription
factors as well. Indeed, in mice where Rictor expression was genetically suppressed, leukemia
progression was hampered by a slower cell proliferation and decreased infiltration of organs such as
the lung, liver, and kidney. This was accompanied by decreased phosphorylation of Ser473 p-Akt and
Ser253 p-FoxO3a, as well as by increased expression of FoxO3a target genes (Figure 1), including those
encoding for negative regulators of cell cycle progression, such as p21Cip1 and p27Kip1. In contrast,
the expression levels of positive regulators of cell cycle, cyclin-dependent kinase (CDK) 1 and 4, were
decreased in Rictor-deleted T-ALL cells [56]. Moreover, this study documented that the absence of
Rictor led to the overexpression of chemotaxis-related proteins, such as CCR2, CCR4, and C-X-C
chemokine receptor (CXCR) 4, which most likely contributed to increased migration and the homing of
Rictor-deficient T-ALL cells to the spleen, whereas migration to bone marrow was negatively affected.
However, FoxO3a downregulation by shRNA did not affect the migration of T-ALL cells, suggesting
a different type of control [56], although previous studies had documented that FoxO transcription
factors are somehow involved in CXCR4 expression [57].

Overall, the results by Lee et al. [53] and Hua et al. [56] support the concept that in murine
NOTCH1-mutated T-ALL models, mTORC2 is a critical regulator of leukemia progression that impacts
a variety of genes targeted by both NFκB and FoxO3a.

Deptor has been identified as an mTORC1/mTORC2 component that is under the control
of NOTCH1, as NOTCH1 directly binds to and activates Deptor promoter in T-ALL cells [58].
Deptor depletion by shRNA abolished cell proliferation, attenuated glycolytic metabolism,
and enhanced cell death, whereas ectopically expressed Deptor significantly promoted cell growth
and glycolysis. Furthermore, Deptor ablation delayed T-ALL onset in a xenograft model. These effects
were mostly related to the control of Akt phosphorylation at both Thr308 and Ser473, as Deptor
depletion inhibited Akt activation, while its overexpression enhanced it [56]. These findings may
appear surprising at a first glance, as Deptor inhibits both mTORC1 and mTORC2 [59]. However,
it was found that while Deptor depletion increased p70S6K1 phosphorylation, its overexpression
inhibited p70S6K1 phosphorylation [56]. This suggested that Deptor activates Akt at least in part
through the inhibition of mTORC1 activity, as reported in several studies (e.g., [60]).

3.3. RAS Signaling

RAS proteins include Harvey-RAS (H-RAS), neuroblastoma-RAS (N-RAS), and Kirsten-RAS
(K-RAS) [61]. They are a family of small GTPases acting as molecular switches that oscillate between
an inactive GDP-bound and an active GTP-bound status. RAS genes are the most frequently
mutated genes in human cancer [62]. RAS proteins transduce signals from a variety of cell receptors,
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including receptor tyrosine kinases (RTKs) and cytokine receptors, to downstream effectors such
as PI3K/Akt and MEK/ERK (Figure 1). By doing so, they regulate a plethora of functions that are
fundamental for both healthy and tumor cells [63]. Activating RAS mutations have the potential for
inducing T-ALL in murine models when combined with other genetic anomalies, including enhancer
of Zeste 2 (EZH2) inactivation [64] as well as NOTCH1 [65,66] or IL7 receptor (IL7R) α chain
mutations [67]. RAS signaling is overactive in about ≥50% of childhood T-ALL patients [68].
N-RAS and K-RAS activating mutations seem to occur more frequently in early T-cell progenitor
(ETP)-ALL [69] than in other subtypes [70–72]. Of note, ETP-ALL is a T-ALL subtype characterized
by a poor outcome [73]. In this context, it is important to highlight that in a murine model of T-ALL
evoked by K-RAS activation, Raptor deficiency dramatically inhibited the cell cycle progression of
T-cell progenitors and prevented leukemia development, thus emphasizing the key role played by
mTORC1 in this setting [74].

However, RAS signaling cascade upregulation could also arise from mutations or alterations
in the activity/expression of key regulatory components of the RAS pathway, including RAS
guanine nucleotide-releasing protein 1 (RASGRP1, that is frequently overexpressed in human T-ALL
cell lines and primary samples) [75,76], or RAS GTPase-activating proteins (RAS-GAPs), such as
neurofibromin 1 or p120 RAS-GAP [77,78]. In murine T-ALL cells with increased RASGRP1 expression,
RASGRP1 contributed to cytokine receptor-activated RAS pathway that stimulated the proliferation
of T-ALL cells in vivo [75]. Remarkably, RASGRP1 overexpression in T-ALL cells seems to impinge
primarily on PI3K/Akt rather than on MEK/ERK signaling [79,80].

3.4. RTK Signaling

Aberrant signals originating from RTKs have been implicated in PI3K/Akt/mTOR upregulation
in T-ALL. A well-documented example is increased IGF1/IGF1 receptor (IGF1R) activity [81]. Indeed,
IGF1R levels are increased both transcriptionally [82,83] and post-transcriptionally [84] by NOTCH1
in T-ALL cells [46]. As to the source of IGF1, a recent study has revealed how, in the thymic
microenvironment of murine T-ALL models and T-ALL primary patient samples, leukemic cells
overexpressed IGF1R while tumor-associated dendritic cells (DCs) synthesized and released IGF1,
which drove T-ALL growth ex-vivo [85]. Importantly, it has been shown that IGF1/IGF1R signaling
contributes to proliferation and survival not only of the bulk T-ALL cells, but also of cells endowed
with leukemia-initiating activity [82].

Another RTK that is overexpressed and cooperates with PTEN deficiency to activate
PI3K/Akt/mTOR in T-ALL cell lines and primary samples is neurotrophic tyrosine receptor kinase
type 2 (NTRK2, also known as TrkB) [44]. Interestingly, the NTRK2 transcript levels were consistently
higher in PTEN-deficient T-ALL cell lines and primary samples compared with PTEN wild-type cells.
However, the significance of such an inverse correlation is still unclear.

3.5. IL7 Signaling

IL7/IL7R signaling has been documented to play a critical role in mTOR activation in T-ALL. IL7
and IL7R are essential for normal T-cell development and homeostasis, whereas disregulated IL7/IL7R
activity promotes T-ALL [8]. In T-ALL, gain of function mutations of IL7Rα, which could be detected
in about 10% of pediatric patients, resulted in the activation of PI3K/Akt/mTOR signaling [86,87].
Interestingly, both IGF1/IGF1R and IL7/IL7R activate not only PI3K/Akt but also the MEK/ERK
module [81,88] (Figure 1). However, at least in human T-ALL cell lines, PI3K/Akt signaling was
dominant over MEK/ERK in mediating cell proliferation and/or survival [81], although in the article
by Triplett et al. [85], MEK/ERK activation by IGF1/IGF1R was detected in T-ALL cells co-cultured
with thymic DCs. Moreover, IGF1/IGF1R and IL7/IL7R displayed non-overlapping roles in the control
of T-ALL cell line growth [81]. However, further studies will be required to determine to which extent
these findings apply to primary patient samples. In any case, it should be emphasized that NOTCH1
is a transcriptional activator also of the gene encoding IL7Rα [89].
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3.6. Integrins and Chemokines

Integrin and chemokine signals are known for activating both PI3K/Akt and MEK/ERK [90,91];
hence, they have the potential for positively impacting mTORC1 and mTORC2. Accordingly,
integrins and chemokines are important for regulating several aspects of T-ALL cell biology,
including proliferation, survival, drug-resistance, migration, and infiltration of the central nervous
system [2,8,92,93].

3.7. PI3K Activating Mutations

Although genetic anomalies of the PI3K p110α catalytic subunit are frequently detected in some
types of solid cancers [94,95], they seem to be exceedingly rare in T-ALL [96].

3.8. mTOR Mutations

An emerging theme in mTOR biology is the identification of activating mutations that could
confer increased sensitivity to mTOR inhibitors. Several such mutations have been identified
in solid cancer cell lines and patients [97]. However, at present, the only activating mutation
described in T-ALL cells is C1483Y, which has been identified in the MOLT-16 human cell line [98].
This mutation occurs in the FRAP, ATM, TRRAP (FAT) domain of mTOR, and leads to lower
levels of Raptor bound to mTORC1/mTORC2 and higher levels of Rictor interacting with mTORC2.
Therefore, the final effect is an increase in the activity of both mTORC1 and mTORC2 [99]. However,
MOLT-16 cells are PTEN-deleted [100]. Therefore, their PTEN status also most likely contributes to
mTORC1/mTORC2 activation.

4. Roles of mTORC1 and mTORC2 in T-ALL

The roles of the individual mTOR complexes were recently explored by shRNA knockdown
strategy in a mouse model where T-ALL had been induced by ΔTrkA, which is a mutant of TrkA
isolated from a patient with acute myeloid leukemia [101]. Some of the T-ALL clones also displayed
PTEN mutations, abrogating the lipid phosphatase activity, and NOTCH1-activating mutations.
While ΔTrkA was sufficient for upregulating mTORC1 (most likely through MEK/ERK signaling,
as Akt was barely active in this model), increased mTORC2 activity required both inactivating
PTEN and activating NOTCH1 mutations. Separate depletion of either Raptor (mTORC1) or Rictor
(mTORC2) reduced the proliferation rate and the size of T-ALL cells, but was not sufficient to induce
apoptosis [102]. In contrast, knockdown of eukaryotic translation initiation factor 4E (eIF4E, the rate
limiting factor of mTORC1-dependent mRNA-translation [103]) had a dramatic impact, leading to
significantly reduced cell size and proliferation, as well as remarkable apoptosis. Similar results
were obtained using 4EGI-1, which is a small molecule that abrogates cap-dependent translation
through direct binding to eIF4E [104]. As expected, either eIF4E knockdown or treatment with
4EGI-1 reduced the expression of key oncogenetic proteins and shifted the mitochondrial outer
membrane toward an apoptosis-facilitating state [102]. At first glance, these findings are difficult to
reconcile with Raptor knockdown by shRNA in T-ALL cells being ≥96%; therefore, cap-dependent
translation should have been almost completely switched off. However, it should be considered that
MEK/ERK/p90RSK1 signaling directly converges on eIF4E through mitogen-activated protein kinase
interacting kinases (MNKs), partially bypassing mTORC1 [105]. Since MER/ERK was constitutively
active in the murine T-ALL model used by Schwarzer et al. [102], it might be that Raptor knockdown
did not attain a level of cap-dependent translation inhibition that was sufficient for inducing apoptosis,
whereas eIF4E downregulation was more effective in this respect.

5. Therapeutic Targeting of mTORC1 and mTORC2 in T-ALL Cells: Preclinical Studies

mTOR was originally discovered as the target of rapamycin, which is a macrolide antibiotic
isolated in 1972 from the bacterium Streptomyces hygroscopicus in the soil collected on Easter
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Island (Rapa Nui in the local language) [97,106]. Three classes of mTOR inhibitors are at present
available: allosteric inhibitors (rapamycin and its derivatives or rapalogs, i.e., RAD001/everolimus,
CCI-779/temsirolimus) that mainly target mTORC1 [107]; ATP-competitive dual PI3K/mTOR
inhibitors that target PI3K, mTORC1 and mTORC2 [108]; and ATP-competitive mTOR kinase inhibitors
(TORKIs) that target mTORC1 and mTORC2, but not PI3K [109].

5.1. Allosteric mTOR Inhibitors

Allosteric mTOR inhibitors have proven their efficacy against T-ALL cells in several
preclinical studies. This class of drugs mainly exerts cytostatic effects [109]. Accordingly, rapamycin or
temsirolimus blocked IL7-dependent T-ALL proliferation and cell cycle progression. mTOR inhibition
was accompanied by an increased expression of the CDK inhibitor, p27Kip1 [110,111]. Rapamycin or
temsirolimus also induced apoptosis of T-ALL cells cultured in the presence of IL7. Apoptotic cell death
was characterized by the activation of p53, as documented by upregulated levels of Ser46 p-p53 [111],
which is in agreement with previous findings [112]. Moreover, it has been demonstrated that rapamycin
restored the expression of other cell cycle negative regulators, p14 and p15, in the MOLT-4 human
T-ALL cell line [113]. Interestingly, these effects were related to the demethylation of the promoters of
the genes encoding for p14 and p15, as rapamycin decreased total DNA methyltransferase (DNMT)
activity in MOLT-4 cells. Although other groups have reported that mTORC1 controls the expression
of DNMT1 [114], the molecular mechanism underlying this regulation remains unexplained.

The proapoptotic effects of rapamycin and rapalogs could be significantly increased by
co-treatment with drugs that are currently employed in T-ALL patients, including doxorubicin [111,115],
idarubicin [116], cyclophosphamide [117], and methotrexate [118]. Moreover, mTOR allosteric
inhibitors synergize with glucocorticoids (GCs), that are widely used in current protocols for
treating T-ALL [111,119,120]. It should be emphasized here that pediatric T-ALL patients often
display GC resistance [121]. These patients, who are classified as prednisone poor responders (PPP),
have worse outcome than other T-ALL patients receiving a high-risk adapted therapy [122]. Therefore,
GC-resistance represents an important challenge for improving the prognosis of PPP.

In particular, it has been shown that rapamycin downregulated the expression of myeloid
leukemia cell differentiation 1 (MCL-1), which is a critical regulator of GC-induced apoptosis, as it
sequesters the BH3-only proapoptotic protein B-cell lymphoma-2 (Bcl-2) -like protein 11 (BIM) in
GC-resistant CEM T-ALL cells [123]. Wei et al. [123] could not detect an increase in the expression
levels of either BIM or p53-upregulated modulator of apoptosis (PUMA), which is another BH3-only
proapoptotic protein. However, in a subsequent study that also took advantage of GC-resistant
CEM cells, it was reported that rapamycin, when combined with GCs, upregulated GC receptor α
isoform as well as BIM [124].

Allosteric mTOR inhibitors also have proven their efficacy in T-ALL cells when combined with
other targeted therapeutics, which included inhibitors of NOTCH1 [125], MEK [111], Janus kinase 3
(Jak3) [111], Bcl-2 [126], and glycolysis [127].

More recently, it has been shown that a combination consisting of LEE011 (ribociclib), which is
an investigator-grade CDK 4/6 inhibitor, and everolimus, was synergistic in vitro in reducing cell
proliferation and increasing the apoptosis of human T-ALL cell lines [128]. The rationale for using this
drug combination is that both CDK6 and its upstream regulator, cyclin D3, are frequently upregulated
in T-ALL [129–132]. Cyclin D3 is a downstream target of NOTCH1 signaling in T-ALL [133]. However,
CDK4/6 inhibition in cancer cells is usually cytostatic; therefore, monotherapy is unlikely to be
optimal [134]. Moreover, CDK4/6 inhibitor could unleash adaptive responses that lead to an acquired
resistance to this class of drugs. Some of these responses are orchestrated by mTORC1 or mTORC2 [135].
Indeed, previous studies that have been carried out in solid cancers have demonstrated the efficay of
combining a CDK4/6 inhibitor with everolimus [136]. Pikman et al. [128] also investigated the effects
of the LEE011 and everolimus combination in an orthotopic mouse model of T-ALL, where MOLT-16
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cells were injected into NOD-SCID IL2Rγnull (NSG) mice. They found that the drug combination
resulted in a significantly prolonged mice survival compared with either drug alone.

5.2. Dual PI3K/mTOR Inhibitors

This class of drugs was originally developed to overcome some of the drawbacks of allosteric
mTOR inhibitors, such as the only partial inhibition of mTORC1-dependent translation and the
feedback activation of oncogenetic pathways, including PI3K/Akt [97,108,137]. When used in T-ALL
cell models, some of these drugs (PI-103, NVP-BEZ235) displayed a more potent proapoptotic
activity than rapamycin, and inhibited one of the rapamycin-resistant outputs of mTORC1, i.e.,
4E-BP1 phosphorylation [138–140]. However, it has been demonstrated that PI-103 upregulated
NOTCH1/c-Myc signaling in NOTCH1-mutated T-ALL cell lines, thus leading to an impaired
cytotoxic response [141]. Drug combinations consisting of PI-103 and either a GSI or a small molecule
c-Myc inhibitor (10058-F4) overcame resistance to the dual PI3K/mTOR targeting agent. Also, dual
PI3K/mTOR inhibitors synergized with chemotherapeutic drugs used for T-ALL treatment [139,142].
In particular, NVP-BEZ235 enhanced GC-induced anti-leukemic activity in vitro (cell lines and primary
samples) and systemic in vivo models of T-ALL, including a patient-derived xenograft [86,143].
Through the inhibition of Akt, NVP-BEZ235 alleviated the Akt-mediated suppression of GC-induced
apoptotic pathways, thus leading to the increased expression of proapoptotic BIM. Furthermore,
downregulation of MCL-1 protein by NVP-BEZ235 further contributed to the modulation of
GC-resistance by increasing the amount of BIM available to induce apoptosis, especially in PTEN-null
T-ALL cells, where the inhibition of Akt only partially overcame Akt-induced BIM suppression [143].
A recently described, highly synergistic drug combination comprises NVP-BEZ235 and calcineurin (Cn)
inhibitors, and was effective both in vitro and in vivo in xenograft models [144]. Cn is a Ca2+-activated
protein phosphatase that plays several key roles in healthy T-cell physiology [145]. However, Cn is also
somehow involved in some critical aspects of T-ALL pathophysiology, including GC resistance [121],
migration [146], and adhesion [147].

5.3. TORKIs

This class of ATP-competitive molecules, which block only the mTOR catalytic domain,
was developed to reduce toxicity due to the use of dual PI3K/mTOR inhibitors [97]. TORKIs,
when compared with rapamycin, completely blocked in vitro and in vivo the phosphorylation
of Ser473 p-Akt and Thr37/46 p-4E-BP1, markedly inhibited cell proliferation, and negatively
affected cap-dependent translation under conditions where rapamycin had no effects [148,149].
We investigated the efficacy of two TORKIs, PP-242 and OSI-027, in T-ALL primary samples and
cell lines. At variance with rapamycin, we found that the TORKIs induced a marked inhibition of
mRNA translation, which led to lower levels of oncogenetic proteins, including MCL-1, survivin,
and CDK-2. The inhibitors strongly synergized with both vincristine and the Bcl-2 inhibitor,
ABT-263 [150]. Similar results were reported by another group that used the TORKI Torin-2 in
human T-ALL cell lines and ICN1-transduced mouse T-ALL cells [151]. Interestingly, Torin-2 increased
the expression levels of proapototic genes such as Bcl2l11 (which encodes for BIM) and Bbc3 (encoding
for PUMA [152]) as well as of the p53 target gene, Cdkn1b (which encodes for the cell cycle progression,
inhibitor p27Kip1 [153]). However, it should not be forgotten that p27Kip1 expression could be also under
the control of FoxO3a [56], which is a target of mTORC2 through Akt (Figure 1). These mechanisms
have been confirmed in human NOTCH1 mutated T-ALL Jurkat cells, where treatment with OSI-027,
by inhibiting mTORC1-mediated 4E-BP1 phosphorylation, led to the decreased expression of c-Myc
and subsequent upregulation of PUMA [154]. In contrast, the inhibition of mTORC2 activity resulted
in NFκB–mediated expression of the early growth response 1 (EGR1) gene (Figure 1), which encodes
a transcription factor that binds and transactivates the BCL2L11 locus, encoding BIM. Importantly,
both of these pathways contributed to T-ALL cell death, which was observed in reponse to OSI-027
treatment [154].

100



Int. J. Mol. Sci. 2018, 19, 1878

6. Clinical Trials

At present, we know the results of three clinical trials where either everolimus or temsirolimus
was combined with chemotherapy for treating relapsed/refractory T-ALL patients. The first trial was a
Phase I/II study where everolimus was combined with Hyper-CVAD (cyclophosphamide, vincristine,
adriamycin, dexamethasone) high-intensity chemotherapy [155] in adult patients with either B-lineage
or T-lineage acute leukemia [156]. A partial or complete response was noted in five of 10 heavily
pretreated T-ALL patients (median of four prior salvage regimens). Everolimus significantly inhibited
the phosphorylation of S6RP, but this did not correlate with clinical response. However, no significant
decrease in p-4E-BP1 and p-Akt levels was noted. Interestingly, the combined Hyper-CVAD and
everolimus regimen did not result in significantly increased toxicity compared with Hyper-CVAD
alone. Therefore, it was concluded that this drug combination was well tolerated and moderately
effective in relapsed T-ALL patients [156].

The second study was a Phase I trial of temsirolimus in combination with UKALL R3 re-induction
chemotherapy, which was conducted in children and adolescents with second or greater relapse of
ALL [157]. Unfortunately, in this study, only one of 16 enrolled patients had T-ALL, while the others
had B-ALL. Although the regimen induced remission in seven of 15 evaluable patients, the addition of
temsirolimus to reinduction chemotherapy resulted in excessive toxicity and was not tolerable. In any
case, the single T-ALL patient did not respond to treatment [157].

The third study was a Phase I trial of everolimus in combination with multiagent chemotherapy
(vincristine, prednisone, pegylated asparaginase and doxorubicin) in pediatric ALL patients
experiencing a first bone marrow relapse [158]. A total of 22 patients were enrolled, and 19 of
them (86%) achieved a second complete remission. Remarkably, everolimus combined with four-drug
reinduction chemotherapy was generally well tolerated. However, also in this study, there was only
one T-ALL patient who did not respond at all to therapy.

Therefore, given the extremely limited number of T-ALL cases that were enrolled in the
aforementioned studies, it is impossible to draw at present any firm conclusions, although it would
seem that rapalogs have some potential in combination therapy in adult patients.

Further trials are being performed with rapalogs or the TORKI TAK-228 (Sapanisertib@)
in combination with a variety of chemotherapeutics (see for example www.clinicaltrials.gov:
NCT01614197, NCT03328104, NCT02484430). A very important aspect for development of the field
will be the identification of chemotherapeutics that best combine with targeted inhibitors, and whether
changes to the schedule and/or dose may alleviate adverse effects.

7. Conclusions

The evidence reviewed here demonstrates that mTORC1/mTORC2-generated signals play
key roles in the control of T-ALL cell proliferation, survival, metabolism, and drug-resistance,
making these complexes critical targets for novel anti-leukemic therapies. Although the use of
mTOR inhibitors is continuously yielding a flood of promising preclinical data, initial clinical
trials based on these drugs have not resulted in widespread and durable patient responses. As a
consequence of these trials, only everolimus and temsirolimus have been approved as anticancer
agents in the United States and Europe. They are used for treating advanced renal cell carcinoma,
hormone receptor-positive/HER2-negative breast cancer in postmenopausal women, pancreatic and
other selected neuroendocrine tumors, adult renal angiomyolipoma associated with TSC disease,
pediatric or adult subependymal giant cell astrocytoma with TSC, and relapsed/refractory mantle cell
lymphoma [97].

The limited effectiveness of mTOR targeting was initially explained on the basis of the activation
of compensatory signaling pathways unleashed by mTOR inhibitors in cancer cells [97]. However,
more recently, it became apparent that the low efficacy of these drugs could also depend on
other reasons; these include, but are not limited to, the emergence of inhibitor treatment-resistant
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mTOR mutations [159], intratumor signaling network heterogeneity [80,160] due to the uneven clonal
evolution of cancer [137,161] or an acidic tumor microenvironment [162].

Preclinical data strongly indicate that identifying combinations, either with targeted agents
or with chemotherapy, might be the key to unleashing the full potential of mTOR inhibitors in
T-ALL patients, as we have highlighted in this review. Early clinical data support this claim in other
cancer types [163–165], although it will have to be conclusively documented that better responses are
not accompanied by unacceptable toxicities [166]. Allosteric mTOR inhibitors have been tested in a
limited number of clinical trials for treating relapsed/refractory ALL patients in combination with
polychemotherapy. These trials have revealed that this class of drugs was also quite well tolerated
in childhood patients in general, except for one study. Nevertheless, well-known adverse effects
of everolimus and temsirolimus include hyperglycemia, dyslipidemia, mouth ulceration, stomatitis,
increased susceptibility to infections, interstitial pneumonitis, vomiting, and diarrhea [97,167–169].

The depth and duration of target inhibition as well as the safety profiles of these inhibitors might
be improved through the use of intermittent dosing schedules, which could lead to a better drug
exposure with more effective target inhibition and fewer adverse effects, as seen in other cancer
types [170–172].

A key issue in the field of targeted therapy is the identification of biomarkers that could
predict accurately inhibitor efficacy. Regarding the field of mTOR inhibitors, our knowledge is
virtually non-existent, as potential biomarkers that were identified in preclinical studies unfortunately
have not been subsequently validated in clinical trials [173]. Techniques such as kinase activity
profiling [174,175], computational analysis [176], and next-generation sequencing [177] should provide
a deeper insight into active signal transduction networks and point out critical signaling hubs,
new potential druggable targets, as well as drug-sensitive and drug-resistant T-ALL patients. However,
it is likely that an integrated approach comprising drug sensitivity, proteomic, phosphoproteomic,
and genotypic analyses of primary leukemic cells could be the key for identifying the determinants of
sensitivity to targeted compounds [178].

A better understanding of the effects of targeted inhibitors on the immunosuppressive leukemic
microenvironment could improve therapeutic approaches [179]. Indeed, recent evidence pointed out
that B-ALL cells induced the inhibition of Akt/mTORC1 signaling and glucose metabolism that drove
T-cell functional impairment, while an enforced Akt/mTORC1 signaling rescued T-cell metabolism and
partially improved anti-leukemia immunity [180]. Therefore, the use of mTOR inhibitors could further
blunt immunological responses against leukemic cells. However, another recent report demonstrated
that an Akt inhibitor counteracted Th17 cell-induced resistance to daunorubicin in a preclinical model
of B-ALL [181].

Targeted therapy is one of the mainstays of personalized cancer medicine, which also includes
companion diagnostic [182–184]. However, the implementation of targeted agents in T-ALL therapy
remains a difficult challenge due to a wide variety of disease-specific and patient-specific factors,
such as the co-existence of multiple driver mutations, interconnected signal transduction pathways, age,
comorbidities, psychosocial health, and socio-economic status [182]. For example, aberrant NOTCH1
signaling is considered a very promising target for the innovative treatment of T-ALL patients [185].
However, there is a paucity of published studies regarding the clinical use of NOTCH1 inhibitors in
T-ALL [186,187], and the same holds true for mTOR inhibitors.

Nevertheless, the field of anti-tumor mTORC1/mTORC2-targeted therapies has progressed
rapidly over the past 10 years. We are confident that, as our knowledge of mTOR biology
continuously evolves, so too will our capacity to refine these novel treatments for ameliorating
T-ALL patient outcomes.
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Abbreviations

4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1
Bcl-2 B-cell lymphoma-2
BIM Bcl-2-like protein 11
CCR C-C chemokine receptor
CDK Cyclin dependent kinase
CK2 Casein kinase 2
c-Myc c-Myelocytomatosis oncogene protein
Cn Calcineurin
CVAD Cyclophosphamide, vincristine, adriamycin, dexamethasone
CXCR C-X-C chemokine receptor
DCs Dendritic cells
DEP Dishevelled, Egl-10 and Pleckstrin
Deptor DEP domain-containing mTOR-interacting protein
DNMT DNA methyltransferase
EGR1 Early Growth Response 1
eIF4E Eukaryotic translation initiation factor 4E
ERK Extracellular signal-regulated kinase
ETP Early T-cell-progenitor
EZH2 Enhancer of Zeste 2
FAT FRAP, ATM, TRRAP
FoxO1/3a Forkhead box O1/3a
GAP GTP-ase activing protein
GCs Glucocorticoids
GSI γ-secretase inhibitor
Grb2 Growth factor receptor-bound protein 2
GSK3β Glycogen synthase kinase 3β
H-RAS Harvey-RAS
HER2 human epidermal growth factor receptor 2
HES1 Hairy and enhancer of split-1
HSP90 Heat shock protein 90
JAK3 Janus kinase 3
ICN1 Intracellular polypeptide of NOTCH1
IGF-1 Insulin-like growth factor-1
IGF1R Insulin-like growth factor-1 receptor
IL Interleukin
IL7R Interleukin 7 receptor
IRS1/2 Insulin receptor substrate 1/2
K-RAS Kirsten-RAS
MAML1 Mastermind like transcriptional coactivator 1
MCL-1 Myeloid leukemia cell differentiation
MEK Mitogen-activated protein kinase kinase
mLST8 Mammalian lethal with SEC13 protein 8
MNKs Mitogen-activated protein kinase interacting kinases
mSin1 Mammalian Stress-activated protein kinase interacting protein 1
mTOR Mechanistic target of rapamycin
mTORC1 mTOR complex 1
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N-RAS Neuroblastoma-RAS
NF-κb Nuclear factor κ-light-chain-enhancer of activated B cells
NOTCH1 Neurogenic locus notch homolog protein 1
NSG NOD-SCID IL2Rγnull

NTRK2 Neurotrophic tyrosine receptor kinase
p70S6K1 p70 Ribosomal protein S6 kinase 1
p90RSK1 p90 ribosomal S6 kinase 1
PDK1 Phosphoinositide-dependent kinase 1
PH Pleckstrin homology
PI3K Phosphatidylinositol 3-kinase
PIKK PI3K-related kinase
PIP2 Phosphatidylinositol 4,5 bisphosphate
PIP3 Phosphatidylinositol 3,4,5 trisphosphate
PKC Protein kinase C
Pol RNA polymerase
PP2A Protein phosphatase 2A
PPP Prednisone poor responders
PRAS40 Proline-rich Akt substrate 1 40
Protor Protein observed with Rictor
PTEN Phosphatase and tensin deleted on chromosome 10
PUMA p53 upregulated modulator of apoptosis
Raf Rapidly accelerated fibrosarcoma
Raptor Regulatory associated protein of mTOR
RAS Rat sarcoma
RAS-GAP RAS GTPase activating protein
RASGRP1 RAS guanine nucleotide-releasing protein 1
Rb Retinoblastoma protein
Rheb RAS homolog enriched in brain
Rictor Rapamycin independent companion of tor
RTK Receptor tyrosine kinase
S6RP S6 ribosomal protein
SGK1 Serum and glucocorticoid-activated kinase 1
SOS Son of sevenless homolog
T-ALL T-cell acute lymphoblastic leukemia
TORKIs ATP-competitive mTOR kinase inhibitors
TSC1 Tuberous scelerosis complex 1
TSC2 Tuberous sclerosis complex 2
Tti1 Tel2-interacting protein 1
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Abstract: The mammalian target of rapamycin (mTOR) pathway is overactivated in thyroid
cancer (TC). We previously demonstrated that phospho-mTOR expression is associated with
tumor aggressiveness, therapy resistance, and lower mRNA expression of SLC5A5 in papillary
thyroid carcinoma (PTC), while phospho-S6 (mTORC1 effector) expression was associated with
less aggressive clinicopathological features. The distinct behavior of the two markers led us to
hypothesize that mTOR activation may be contributing to a preferential activation of the mTORC2
complex. To approach this question, we performed immunohistochemistry for phospho-AKT
Ser473 (mTORC2 effector) in a series of 182 PTCs previously characterized for phospho-mTOR
and phospho-S6 expression. We evaluated the impact of each mTOR complex on SLC5A5 mRNA
expression by treating cell lines with RAD001 (mTORC1 blocker) and Torin2 (mTORC1 and mTORC2
blocker). Phospho-AKT Ser473 expression was positively correlated with phospho-mTOR expression.
Nuclear expression of phospho-AKT Ser473 was significantly associated with the presence of distant
metastases. Treatment of cell lines with RAD001 did not increase SLC5A5 mRNA levels, whereas
Torin2 caused a ~6 fold increase in SLC5A5 mRNA expression in the TPC1 cell line. In PTC,
phospho-mTOR activation may lead to the activation of the mTORC2 complex. Its downstream
effector, phospho-AKT Ser473, may be implicated in distant metastization, therapy resistance, and
downregulation of SLC5A5 mRNA expression.

Keywords: mTOR; thyroid cancer; sodium iodide symporter (NIS)/SLC5A5
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1. Introduction

Thyroid cancer (TC) is the most common endocrine neoplasia. Differentiated thyroid carcinoma
(DTC) arises from thyroid follicular cells and represents more than 90% of all cases of TC. DTC
comprises papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma (FTC), PTC being the
most prevalent type [1,2]. PTC can be further subdivided into the so-called classic PTC (cPTC) and the
follicular variant of PTC (fvPTC) [1].

PTC carries an overall good, or even very good, prognosis (overall survival rates of >95% at
25 years) [3] after being treated with surgery followed by radioactive iodine (RAI) therapy at adequate
levels [4]. Due to poorly understood reasons, a subgroup of TC patients (10–15%) become resistant to
RAI treatment [4], leading to recurrence and/or metastization and a significant reduction of 10-year
survival rate [5,6]. The molecular mechanism behind this resistance relies, at least in part, on the loss
of sodium iodide symporter (NIS) expression and/or function. NIS is codified by the SLC5A5 (Solute
Carrier Family 5 Member 5) gene, being normally expressed in the basolateral membrane of thyroid
follicular cells. It is the gateway of iodine into the interior of the follicular cells as it becomes further
incorporated in thyroid hormones. Usually, PTCs maintain NIS expression and function allowing the
incorporation of 131I causing tumor cell death, a very efficient targeted radiotherapy [7].

The mTOR pathway can be activated by diverse stimuli, such as growth factors, nutrients,
energy, stress signals, and other essential signaling pathways, such as phosphoinositide 3-kinase
(PI3K) and mitogen-activated protein kinase (MAPK) [8–10]. It is overactivated in a variety of human
neoplasms [10], including TC [9,11,12]. mTOR can associate with distinct proteins and form two
distinct complexes: mTORC1 and mTORC2. The complexes have different downstream effectors and
physiological functions: mTORC1 effectors are S6K1 and 4EBP1, which participate in cellular growth,
proliferation, and survival, whereas mTORC2 can phosphorylate protein kinase C-α (PKC-α) and AKT
(Ser 473) and regulates the actin cytoskeleton and cell migration [8,10].

A recent study by our group demonstrated that phospho-mTOR is a marker of aggressiveness
in PTC; its expression was associated with aggressive clinicopathological features, including distant
metastases, resistance to 131I therapy and, consequently, worse prognosis [13]. In the same study,
we observed that phospho-S6 expression was associated with clinicopathological features of low
aggressiveness and we did not find a significant correlation between phospho-mTOR and phospho-S6
expression in the tumors [13]. The absence of correlation between the two proteins and their divergent
behavior led us to hypothesize that, in PTC, the activation of phospho-mTOR might be contributing
preferentially to the activation of the mTORC2 complex, and consequently to AKT phosphorylation
(phospho-AKT Ser473) [13], as it has been observed in other tumor models [14–17]. Phospho-AKT is
upregulated in PTC [9,11,12,18], but its role in PTC clinical behavior and resistance to therapy needs to
be further explored.

Previous studies showed that NIS expression increases when the mTOR pathway is inhibited [6],
however, such studies only explored the role of mTORC1 complex [19,20]. As far as we are aware,
the role of mTORC2 on SLC5A5 mRNA expression has not been previously analyzed. So far, it is only
known that dual inhibition of mTORC1 and mTORC2 complexes by Torin2 in TC models causes a
decrease in cell growth [21,22] and inhibits metastization [22]. In this study, we intended to understand
the relevance of mTORC2 complex activation in PTC, by exploring the role of phospho-AKT Ser473 in
PTC clinical behavior and the response of TC derived cell lines to Torin2 dual inhibition of mTORC1
and mTORC2 complexes.

2. Results

2.1. Immunoexpression of Phospho-AKT Ser473 in PTC

The expression of phospho-AKT Ser473 was negative in 49.5% of cases. 50.5% of positive cases
were distributed throughout the score values (Table 1). In the group of positive cases, immunostaining
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was detected only in the cytoplasm in 40/92 of cases, and concurrently in the cytoplasm and nucleus
in 52/92 of cases.

Among the positive cases, phospho-AKT Ser473 was more intense and preferentially located
at the invasive front in 44% of the tumors (Figure 1). Once in the tumor’s periphery, phospho-AKT
Ser473 was more frequently located in the nucleus (67.6% of the cases with phospho-AKT Ser473 in
the invasive areas of the tumor displayed nuclear staining) (Figure 1).

Table 1. Distribution of phospho-AKT score throughout the series.

Phospho-AKT Score Frequency %

0 90 49.5
1 18 9.9
2 15 8.2
3 6 3.3
4 8 4.4
6 14 7.7
8 11 6.0
9 6 3.3

12 14 7.7
Total 182 100

Figure 1. (A–C) Intensification of the immunostaining and phospho-AKT Ser473 nuclear expression
in the invasive front of a classic papillary thyroid carcinoma (cPTC); (A) 0.44×, (B) 10×, and (C) 40×
magnification; (D–F) Preferential phospho-AKT Ser473 expression in the tumor periphery, another
example in a cPTC. Notice that, in this case, the nuclear translocation was not so intense compared
to the previous one; (D) 0.44×, (E) 4×, and (F) 40× magnification; (G–I) Strong and disseminated
phospho-AKT Ser473 nuclear expression in a hobnail variant of papillary thyroid carcinoma (PTC);
(G) 0.44×, (H) 10×, and (I) 40× magnification. The drawn lines, at 0.44× magnification (Figure 1A,D,G),
circumscribe the tumor.
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2.2. Relationship between the Phospho-AKT Ser473 Expression and Clinicopathological and Molecular Features

Phospho-AKT Ser473 total expression (cytoplasm plus nuclear) was positively correlated with
phospho-mTOR expression (r(168) = 0.2, p = 0.02) but not with phospho-S6 expression (r(139) = 0.02,
p = 0.8).

Phospho-AKT Ser473 was significantly more expressed in PTCs harboring the BRAFV600E
mutation than in BRAF wild type (WT) PTC (p = 0.04) (Table 2); when divided by histological variant
this significant association was maintained in the cPTC group but was lost in the fvPTC group. There
were no significant associations between phospho-AKT Ser473 total expression and the following
features: age, tumor size, tumor capsule, multifocality, lymphocytic infiltrate, vascular invasion, lymph
node metastases, tumor margins (well circumscribed vs. infiltrative), distant metastases, staging,
NRAS and TERTp status, number of 131I therapies or cumulative dose of radioactive iodine, additional
treatments, disease-free status at one year, and disease-free status at the end of follow-up.

Table 2. Association between phospho-AKT score and BRAF status.

BRAF Phospho-AKT Score p Value

WT (n = 106) 2.2 ± 3.3 0.04
V600E (n = 74) 3.4 ± 4.4

WT: wild type

The nuclear expression of phospho-AKT Ser473 was more often detected in cases with distant
metastases compared with cases without distant metastases (p = 0.04) (Table 3). We did not find any
significant association between phospho-AKT Ser473 nuclear expression and other clinicopathological
or molecular features (all PTCs, and cPTC or fvPTC subgroups).

Table 3. Association between phospho-AKT nuclear expression and distant metastases.

Nuclear Expression
Distant Metastases p Value
Yes No

Yes 9 (81.82%) 19 (47.5%)
No 2 (18.18%) 21 (52.5%) 0.04
Total 11 40 51

2.3. Contribution of mTORC1 and mTORC2 Complexes in the Regulation of SLC5A5 mRNA Expression

To study the role of both mTORC1 and mTORC2 complexes on SLC5A5 mRNA expression, we
performed treatments of the TPC1 and K1 cell lines with RAD001 (mTORC1 inhibitor) and Torin 2
(mTORC1 and mTORC2 dual inhibitor) for 60 and 72 h.

We confirmed the efficacy of the drugs in the activity of mTOR complexes through the evaluation
of phospho-S6 Ser235/236 expression as a read-out of mTORC1 activity and phospho-AKT Ser473 as
read-out of mTORC2 activity. After 72 h of treatment, RAD001 caused a significant downregulation of
the mTORC1 complex and did not affect the activity of the mTORC2 complex (significant decrease of
phospho-S6 expression and no differences in phospho-AKT Ser473 expression) (Figure 2A,B). Torin2
treatment led to a significant and concurrent downregulation of mTORC1 and mTORC2 complex
activity (significant decrease of phospho-S6 and phospho-AKT Ser473 expression) (Figure 2A,B). These
effects were also observed after 60 h of treatment in both cell lines.

At 72h, RAD001 treatment did not affect SLC5A5 mRNA expression in the TPC1 cell line and
caused a slight decrease in the K1 cell line. Torin2 treatment caused a significant increase in SLC5A5
mRNA expression (~6 fold, p = 0.02) in the TPC-1 cell line but had no effect on the K1 cell line (Figure 3).
SLC5A5 mRNA expression was not altered in either cell line after 60 h of treatment with both drugs
(except for a slight decrease of SLC5A5 mRNA expression in the K1cell line after 60 h of treatment with
RAD001).
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Figure 2. RAD001 and Torin2 effect on TPC1 and K1 cell lines. (A) Cells were treated with 20 nM of
RAD001 and 450 nM of Torin2 for 72 h. Western blot analysis of RAD001 and Torin2 effect on the
activation status of mTORC1 and mTORC2 complexes was evaluated by phospho-S6 Ser235/236 and
phospho-AKT Ser473 expression, respectively. Representative actin expression is shown. Protein level
in treated cells was evaluated in duplicate. (B) Mean fold change of protein expression observed in
TPC1 cell line treated with 20 nM of RAD001 and 450 nM of Torin2 in comparison to cells treated with
DMSO. Phosphorylated proteins were normalized by the levels of their correspondent total proteins.
Results are shown as mean expression value of three independent experiments ±SEM. * p < 0.05
(unpaired Student’s t test).

Figure 3. SLC5A5 expression in TPC1 and K1 cell lines after treatment with RAD001 (20 nM) and
Torin2 (450 nM) for 72 h. Mean fold change of SLC5A5 mRNA expression observed in TPC1 and K1 cell
lines after treatment in comparison to cells treated with DMSO. Treatment with RAD001 did not affect
SLC5A5 expression in the TPC1 cell line and caused a slight decrease in the K1 cell line. Treatment with
Torin2 caused a significant increase (~6 fold) in SLC5A5 expression in the TPC1 cell line but not in the
K1 cell line. Bars represent mean expression ± SEM. * p < 0.05. Results are shown as mean expression
values of three independent experiments.
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2.4. BRAF Regulation of SLC5A5 mRNA Expression and of mTORC1 and mTORC2 Status in K1 Cell Line

Given the lack of effect of Torin2 to increase SLC5A5 mRNA expression in the K1 cell line, we
hypothesized that it may be related to the fact that the K1 cell line presents the BRAFV600E mutation
(known to decrease SLC5A5 mRNA expression [23]). In order explore this hypothesis we performed
BRAF down-regulation by siRNA (24 h and 72 h). As observed in Figure 4, BRAF-C2 siRNA led
to a significant downregulation of BRAF and pERKs, confirming the downregulation of the MAPK
pathway. BRAF silencing in the K1 cell line caused a significant increase in SLC5A5 mRNA expression
(~3 fold increase) (Figure 5).

Figure 4. BRAF, pERKS, ERKS, phospho-AKT Ser473, AKT, phospho-S6 Ser235/236, and S6 expression
in the K1 cell line after BRAF silencing. Western blot for BRAF, pERKS, ERKS, phospho-AKT Ser473, AKT,
phospho-S6 Ser235/236, S6 expression and actin in K1 cell line treated with BRAF-C2 siRNA (50 nM)
after 24 and 72 h. The levels of BRAF were analyzed for control of silencing efficiency and the levels
of pERKS as a readout of MAPK pathway activity. Representative actin expression pattern is shown.
Protein level, in scramble siRNA treated cells, was evaluated in duplicate (Scr), whereas in BRAF
siRNA treated cells, it was analyzed in triplicate. The graphics depicts the mean fold change of protein
expression observed in K1 cell line treated with BRAF-C2 siRNA in comparison to cells treated with
scramble siRNA. Phosphorylated proteins were normalized by the levels of their correspondent total
proteins, all others were normalized by the levels of control protein (actin). Results are shown as mean
expression value of two independent experiments ±SEM. * p < 0.05 (unpaired Student’s t test).
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Figure 5. SLC5A5 mRNA expression in K1 cell line after BRAF silencing (50 nM, 24 and 72 h). BRAF
silencing caused a significant (~3 fold) increase in SLC5A5 mRNA expression at both time points. Bars
represent mean expression ± SEM. * p < 0.05. Results are shown as mean expression values of two
independent experiments, each one with three replicates.

Since we observed, in our tumor samples, that PTCs harboring the BRAFV600E mutation
presented higher levels of phospho-AKT Ser473, we were also interested in the effect of the BRAFV600E
mutation in the activation status of each mTOR complex. To address this issue, we also evaluated
phospho-AKT Ser473 and phospho-S6 expression (mTORC1 and mTORC2 readout, respectively)
after BRAF silencing. After 24 h of BRAF silencing, both phospho-S6 Ser235/236 and phospho-AKT
Ser473 expression were significantly decreased, however after 72 h of silencing, phospho-AKT Ser473
expression remained significantly lower while phospho-S6 Ser235/236 expression increased and
became higher in silenced cells compared to scramble cells.

3. Discussion

In a recent study by our group we demonstrated that phospho-mTOR is a marker of aggressiveness
in PTC, as its expression is associated with aggressive clinicopathological features, including distant
metastases, resistance to 131I therapy, and, consequently, worse prognosis [13]. Paradoxically, in the
same study, we did not find a significant correlation between phospho-mTOR and phospho-S6
expression [13]. This led us to hypothesize that, in PTC, the activation of phospho-mTOR might
be contributing preferentially to the activation of the mTORC2 complex, and consequently, to AKT
phosphorylation (phospho-AKT Ser473) [13]. In the present study, we observed a positive and
significant correlation between phospho-mTOR and phospho-AKT Ser473 expression, indicating that
PTCs that expressed higher levels of phospho-mTOR also expressed higher levels of phospho-AKT
Ser473. We also demonstrated that phospho-AKT Ser473 nuclear expression is associated with
the presence of distant metastases. These results support our hypothesis that, in PTC, mTOR
phosphorylation may lead to the preferential activation of the mTORC2 complex and its downstream
effector phospho-AKT Ser473, which seems to play a role in distant metastization.

Preferential formation of the mTORC2 complex was previously observed in other human
malignancies and is usually associated with increased cell motility [14–17]. In TC, both mTORC1
and mTORC2 complexes are overexpressed compared to normal tissues [9,21], but the contribution
of each complex to tumor behavior and prognosis still needs further investigation. Previous studies
showed that phospho-AKT Ser473 is overexpressed in TC [9,11,12,24], and its expression has been
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associated with metastization in animal models of TC [25,26]. Recently, a study by Matson et al. [18]
demonstrated that the depletion of AKT1 expression in TC cell lines was able to decrease invasion.

Our results indicate that the activation of phospho-AKT Ser473 plays a role in TC distant
metastization. We observed that phospho-AKT Ser473 expression was associated with distant
metastasis only when nuclear expression was considered. It seems that phospho-AKT Ser473 nuclear
translocation is of major importance to migration and distant metastization of TC. Vasko et al. [12]
demonstrated that phospho-AKT Ser473 was expressed in the cytoplasm of PTC throughout the tumor,
but the immunostaining was more intense and localized in the nucleus of cells located in the invasive
regions. We also observed that when phospho-AKT Ser473 staining was more concentrated in the
invasive front of the tumor, it was preferentially located in the nucleus. Moreover, in an animal model
of TC, phospho-AKT Ser473 expression was localized primarily in the nucleus of cells from metastatic
lesions, while in the respective primary tumors it was located in the cytoplasm and nucleus of cells.
These results suggest that phospho-AKT Ser473 nuclear distribution may be relevant for promoting
metastization [26].

As previously mentioned, these results contrast with the lack of correlation between
phospho-mTOR and phospho-S6 expression, as well as the distinct behavior associated with the
expression of each marker observed in our previous study [13]. One possible interpretation is the
fact that phospho-S6 can be phosphorylated (at Ser235/236) in an mTORC1 independent manner.
For instance, S6K1-/-/2-/- knock-out mice were found to display no phosphorylation of phospho-S6
Ser240/244 but present persistent phosphorylation at phospho-S6 Ser235/236, revealing the presence
of another in vivo phospho-S6 kinase, p90 ribosomal S6 kinase (RSK) [27], which can phosphorylate
S6 in response to the RAS/ERK pathway, serum, and growth factors independently of mTORC1 [28].
Furthermore, in some situations, the equal activation of both mTOR complexes may not coexist, since
it has already been shown that mTORC1 inhibition can increase mTORC2 activation. Inhibition
of mTOR/S6K1 can induce phospho-AKT S473 phosphorylation (by a negative feedback loop)
through the activation of insulin receptor substrate-1 (IRS1) function, a mediator of the insulin
receptor-dependent activation of PI3K [29].

We also found that phospho-AKT Ser473 expression (cytoplasmic and nuclear) was significantly
higher in PTCs harboring the BRAFV600E mutation compared to BRAFWT PTCs (Table 2). In our
previous study we observed that BRAFV600E mutated PTCs expressed similar high levels of
phospho-mTOR but significantly lower levels of phospho-S6 compared to BRAFWT PTCs [13].
Altogether, the results of both studies suggest that PTCs harboring a BRAFV600E mutation display a
preferential activation of the mTORC2 complex in comparison to mTORC1 (Figure 6). Our in vitro
results reinforce this assumption: After 24 h of BRAF silencing we observed a significant decrease of
phospho-S6 Ser235/236 and phospho-AKT Ser473 expression, nevertheless after 72 h, even though
BRAF was still silenced and pERKS diminished, phospho-S6 Ser235/236 expression increased while
phospho-AKT Ser 473 protein levels remained significantly decreased. These results suggest that
BRAFV600E might have a long-lasting effect in the regulation of phospho-AKT Ser 473 expression
(mTORC2) compared to phospho-S6 Ser235/236 expression (mTORC1).

Recent studies explored the role of the mTOR pathway in NIS expression/function in rat thyroid
cells [19] and in human TC cell lines (8505C, TPC1, and BCPAP) [20], demonstrating that treatments
with rapamycin, a mTORC1 inhibitor, were able to restore NIS expression and function in some cell
lines, but not in TPC-1 [19,20]. Loss of NIS expression and function has been indicated as the molecular
mechanism responsible for radioactive iodine therapy resistance and metastatic progression in TC [7].
Since our results indicated preferential mTORC2 activation in PTCs, we have also become interested
in exploring the role of mTORC2 in the NIS protein and SLC5A5 mRNA expression. We performed
our study in TPC1 and K1 cell lines. RAD001 caused a decrease in phospho-S6 expression, but it did
not alter phospho-AKT Ser473 nor SLC5A5 expression in both cell lines (as it was already observed
for the TPC1 cell line) [20]. On the other hand, Torin2 treatment caused a decrease of phospho-S6
and phospho-AKT Ser473 expression in both cell lines, and a significant increase in SLC5A5 mRNA
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expression, but only in the TPC1 cell line (Figures 2 and 3). These results demonstrate that the inhibition
of the mTORC2 complex may be of major importance in the restoration of SLC5A5 mRNA expression,
highlighting its role as a potential therapeutic target. To the best of our knowledge, the impact of
Torin2 in SLC5A5 mRNA expression or NIS protein function has not been previously addressed. Of
note, patients with PTC that developed recurrences and/or distant metastases presented lower levels
of SLC5A5 mRNA expression compared to patients without tumor progression [30]. This information
is in line with our present results indicating that mTORC2 (phospho-AKT Ser 473) can be implicated
in distant metastization as well as in the regulation of SLC5A5 mRNA expression.

Figure 6. mTOR can be found in two distinct complexes: mTORC1 and mTORC2, each one with
different downstream effectors, pS6 and pAKT, respectively. In PTCs, MTOR activation (high
phosphor-mTOR expression) and the mTORC2 downstream effector (nuclear phospho-AKT Ser473) are
associated with aggressive features (distant metastization). PTCs harboring BRAFV600E also present
higher levels of pAKT. The impact of BRAF V600E on SLC5A5 mRNA expression can be direct or
mediated by activation of pAKT. The red dotted arrows refers to different possibilities.

The different responses to Torin2 treatment, in terms of SLC5A5 mRNA expression, of the two cell
lines, led us to focus on the differences between them. One major difference is the genetic background:
the TPC1 cell line harbors rearranged during transfection proto-oncogene RET/PTC1 rearrangement,
while the K1 cell line harbors the BRAFV600E point mutation [31]. It is well established that, at
variance to RET/PTC rearrangement, BRAFV600E mutation impairs SLC5A5 mRNA expression, as
well as NIS trafficking to the basolateral membrane in patients and cell lines [23,32]. The molecular
mechanism behind this impairment is not fully understood yet, and even though the BRAFV600E
mutation activates the MAPK pathway, its effect on NIS impairment does not seem to be mediated by
the MAPK pathway [23]. Taking this information into consideration, we performed BRAF silencing in
the K1 cell line to evaluate if BRAF was interfering with SLC5A5 mRNA expression. In fact, after BRAF
silencing, we observed a significant increase in SLC5A5 mRNA expression, as well as a decrease in
phosphor AKT Ser 473 expression. Gathering the literature [23,32] together with our present results,
we hypothesize that in a BRAFV600E context, the concurrent mTORC1 and mTORC2 downregulation
may not be sufficient to induce SLC5A5 mRNA expression, thus explaining the absence of an increase
in SLC5A5 mRNA expression in the K1cell line after Torin2 treatment.

Summing up, we have demonstrated that the mTORC2 pathway is activated in PTC, especially in
those PTC harboring the BRAFV600E mutation. We have also shown that in the mTORC2 downstream
effector phospho-AKT Ser473, nuclear translocation may play a role in distant metastization, and,
possibly, in SLC5A5 mRNA downregulation. We propose that, in PTC, the mTORC2 complex may be
preferentially activated (phospho-AKT473), and that this specific complex may be implicated in the
distant metastization, decrease in SLC5A5 mRNA expression, and therapy resistance.
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4. Materials and Methods

4.1. Patient Tissue Samples

One hundred and eighty-two formalin-fixed, paraffin-embedded representative tissue samples
of PTCs were collected from files of the Institute of Molecular Pathology and Immunology of the
University of Porto (IPATIMUP, Porto, Portugal), corresponding to 182 patients followed in two
university hospitals in Portugal. In 115 cases we had access to follow-up data. The histology of all
tumors samples was revised (CE, ER, MSS) according to the World Health Organization criteria [33].
Epidemiological, clinical, and molecular data of the 182 cases are summarized in Table 4. This work was
approved by the Ethic Committee for Health (CES) of the Hospital Center of São João (CHSJ)/Faculty of
Medicine of the University of Porto (FMUP) (CES 137 284-13, 2014) and by the Ethics Committee of the
Faculty of Medicine of the University of Coimbra (n º1309, 2010). All procedures described in this study
were in accordance with National Ethical Standards (Law nº 12/2005) and the Helsinki Declaration.

Table 4. Epidemiologic, histologic, and clinical data of the patients.

Patients
Total and %

cPTC fvPTC Other PTC Variants

Gender
F n = 150 94 (82.5) 41 (87.2) 15 (71.4)
M n = 32 20 (17.5) 6 (12.8) 6 (28.6)

Age
<45 years n = 94 62 (54.9) 21 (45.7) 11 (55.0)
≥45 years n = 85 51 (45.1) 25 (54.3) 9 (45.0)

Tumor size
<2cm n = 64 39 (36.8) 17 (37.0) 8 (40.0)
≥2cm n = 108 67 (63.2) 29 (63.0) 12 (60.0)

Tumor capsule
Present n = 83 42 (39.6) 32 (71.1) 9 (42.9)
Absent n = 89 64 (60.4) 13 (28.9) 12 (57.1)

Tumor capsule Invasion
Yes n = 64 35 (89.7) 22 (68.8) 7 (100)
No n = 14 4 (10.3) 10 (31.3) 0 (0)

Extra thyroid invasion
Yes n = 73 50 (48.1) 12 (27.3) 11 (55.0)
No n = 95 54 (51.9) 32 (72.7) 9 (45.0)

Multifocality
Single n = 104 58 (54.7) 32 (68.1) 14 (70.0)

Multiple n = 69 48 (45.3) 15 (31.9) 6 (30.0)

Lymphocytic infiltrate
Present n = 108 77 (70.6) 19 (41.3) 12 (60.0)
Absent n = 67 32 (29.4) 27 (58.7) 8 (40.0)

Vascular invasion
Present n = 59 42 (40.4) 10 (22.2) 7 (35.0)
Absent n = 110 62 (59.6) 35 (77.8) 13 (65.0)

Lymph node metastases
Present n = 57 40 (43.0) 12 (34.3) 5 (29.4)
Absent n = 88 53 (57.0) 23 (65.7) 12 (70.6)

Tumor margins
Infiltrative n = 78 57 (79.2) 13 (46.4) 8 (72.7)

Well defined n = 33 15 (20.8) 15 (53.6) 3 (27.3)

Distant metastases
Yes n = 17 9 (11.8) 5 (17.9) 3 (30.0)
No n = 97 67 (88.2) 23 (82.1) 7 (70.0)

One year disease free survival
Yes n = 64 41 (56.2) 19 (67.9) 4 (40.0)
No n = 47 32 (43.8) 9 (32.1) 6 (60.0)

Disease free (at the end of follow up)
Yes n = 70 44 (59.5) 19 (67.9) 7 (70.0)
No n = 42 30 (40.5) 9 (32.1) 3 (30.0)

Deaths
Yes n = 5 2 (2.6) 2 (7.1) 1 (9.1)

No n = 110 74 (97.4) 26 (92.9) 10 (90.9)

BRAF
WT n = 106 56 (49.1) 37 (82.2) 13 (61.9)

V600E n = 74 58 (50.9) 8 (17.8) 8 (38.1)

NRAS
WT n = 162 108 (99.1) 38 (90.5) 16 (80.0)
Mut n = 9 1 (0.9) 4 (9.5) 4 (20.0)

TERTp WT n = 152 95 (96.0) 40 (95.2) 17 (100.0)
Mut n = 6 4 (4.0) 2 (4.8) 0 (0.0)

RET/PTC
WT n = 56 29 (78.4) 18 (94.7) 9 (90.0)

Rearrangment n = 10 8 (21.6) 1 (5.3) 1 (10.0)

Staging

I n = 64 45 (64.3) 15 (60.0) 4 (50.0)
II n = 6 3 (4.3) 3 (12.0) 0 (0.0)

III n = 24 19 (27.1) 3 (12.0) 2 (25.0)
IV n = 9 3 (4.3) 4 (16.0) 2 (25.0)
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4.2. Patient’s Follow Up

Patients were treated and followed in accordance with the international protocols available at the
time. Data regarding the number of radioiodine treatments and cumulative activity were retrieved
from hospital records. Patients were considered as being disease free at the end of follow-up if
they had undetectable stimulated thyroglobulin (in the absence of thyroglobulin antibodies) and no
imagiological evidence of the disease. The mean time of follow up was 8.0 ± 6.8 years. The number
of 131I treatments varied between 1 and 5 (mean 1.8) and cumulative dose of RAI totalized values
were between 30 and 1146 mCi (mean 245.2 mCi). For statistical analysis, we defined the category
“additional treatments”, in which we included other treatment modalities in addition to radioiodine,
including extra surgery, external beam irradiation, and treatment with tyrosine kinase inhibitors.

4.3. Immunohistochemistry

Immunohistochemistry was performed as previously described [9]. Briefly, sections were
subjected to heat-induced antigen retrieval in 10 mM sodium citrate buffer (pH 6.0). Endogenous
peroxidase activity was blocked with 3% of H2O2 and nonspecific binding with Large Volume
Ultra V Block reagent (Thermo Scientific/Lab Vision, Waltham, MA, USA). Sections were then
incubated overnight at 4 ◦C with anti-phospho-AKT Ser473 antibody (clone 736E11) (Cell Signaling
Technology, Danvers, MA, USA) (1:50). The detection was performed with a labeled streptavidin-biotin
immunoperoxidase detection system (Thermo Scientific/Lab Vision, Waltham, MA, USA) followed by
3,3′-diaminobenzidine (Dako, Glostrup, Denmark) reaction and counterstained with hematoxylin.

The immunostaining evaluation was done according to our previous work [9]. Slides were
evaluated by two independent observers and semiquantitatively scored in terms of percentage
of tumor stained cells (0: <5%; 1: 5–25%; 2: 25–50%; 3: 50–75%; 4: >75%) and staining intensity
(0—negative; 1—weak; 2—intermediate; 3—strong). An immunohistochemical score was calculated
by multiplying the proportion of positive cells by the intensity of the staining, 12 being the maximum
score. The distribution of cases within the scores is summarized in Table 4. The cellular localization was
also evaluated as membrane and/or cytoplasmic and/or nuclear. To be considered positive for nuclear
expression, tumors must display phospho-AKT Ser473 immunostaining in at least 5% of tumor cells.
As a positive control, we used a breast carcinoma known to be positive for phospho-AKT Ser473, for a
negative control, we used the same carcinoma and omitted the primary antibody (Figure S1). Slides
were observed using a Axioskop 2 Zeiss microscope. Representative slides were scanned using a DSight
Viewer (Menarini, Florence, Italy) and photographs were obtained through snapshots from DSight
Viewer Software (Menarini). From the 182 cases characterized for phospho-AKT Ser473, 170 have been
previously characterized for phospho-mTOR Ser2448 and 141 for phospho-S6 Ser235/236 [13].

4.4. DNA Extraction, PCR and Sanger Sequencing

The genetic characterization (PCR and sequencing) of the tumors regarding BRAF, NRAS,
RET/PTC, and TERT promoter (TERTp) mutations were screened as previously described [34–38],
and in part as had been previously reported [13].

4.5. Cell Lines, Treatments with RAD001 and Torin2 and Transfection Assays

The TPC1 cell line was kindly provided by Doctor Dumont JE and Doctor Marell M, and the K1 cell
line was provided by Dr. Wynford-Thomas D [31]. Both cell lines were derived from papillary thyroid
carcinoma. They have already been characterized at the molecular and genotypic level, TPC1 cell line
harbors the RET/PTC1 rearrangement and TERTp mutation (−124 G>A). The K1 cell line harbors the
BRAFV600E and PI3KE542K mutations and also the TERTp mutation (−124 G>A) [31,38]. Cell lines
were maintained in RPMI supplemented with antibiotics; 1% (v/v) Pen Strep and 0.5% fungizone (v/v)
(Biowest, Nuaillé, France) and 10% (v/v) of fetal bovine serum (FBS) (GIBCO, Thermo Fisher Scientific
Waltham, MA, USA). Cells were grown in a humidified incubator with 5% CO2 at 37 ◦C.
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For treatment purposes, cell were plated in six well plates, TPC1 (1 × 105 cells per well) and
K1 (2 × 105 cells per well), 24 h later cells were treated with RAD001 (20 nM) or Torin2 (450 nM)
(Selleckchem, Houston, TX, USA). Treatments lasted for 60 h and 72 h. Treatments were performed in
triplicate, each experiment had two replicates of the treatment.

Small interfering RNAS (siRNA) assays were performed as previously reported [39], using 50 nM
of oligo BRAF (BRAF-C2), cell lysates were obtained after 24 h and 72 h. Silencing was performed in
duplicate (two independent experiments), each experiment had two replicates of the scramble and tree
replicates of the silencing.

4.6. RNA Extraction, Reverse Transcription and Real Time PCR

Total RNA was extracted from TPC1 and K1 cell lines using a Trizol commercial kit (Thermo
Scientific/GIBCO, Waltham, MA, USA) according to the manufacturer’s protocol. RNA was quantified
by spectrophotometry, and its quality was checked by analysis of 260/280 nm and 260/230 nm ratios.
For cDNA preparation, 1 μg of total RNA was reverse transcribed using the RevertAid first strand
cDNA synthesis kit (Thermo Scientific/Fermentas, Waltham, MA, USA).

Reverse transcription products were amplified for SLC5A5 by qPCR (IDT:Integrated DNA
Technologies, Leuven, Belgium; no. HS.PT.56a.40789288) using a TaqMan PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) with the TBP gene (TATA-binding protein) as an endogenous control
(Applied Biosystems; no. 4326322E-0705006). The ABI PRISM 7500 Fast Sequence Detection System
(Applied Biosystems, Foster City, CA, USA) was used and was programmed to an initial step of 20 s at
50 ◦C, 10 min at 95◦ C, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. For each sample,
TBP and SLC5A5 amplifications were done in triplicate using 1 μL of cDNA (~25 ng).

The relative quantification of target genes was determined using the 2−ΔΔCT method. Similar
efficiencies of both assays were confirmed using Livak’s Linear Regression Method [40] (slope −0.4).

4.7. Western Blot Analysis

Cells were lysed in RIPA buffer supplemented with phosphatase and protease inhibitors. Proteins
were quantified using DC™ Protein Assay (Bio-RAD, CA, USA), then were resolved by SDS-PAGE
and transferred onto nitrocellulose membranes (GE Healthcare, Little Chalfont, UK). The primary
antibodies were: phospho-S6 Ser235/236, S6, phospho-AKTSer473, AKT, pERKS, ERKS (1:1000), and
BRAF (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), all antibodies were acquired from Cell
Signaling Technology (Danvers, MA, USA).

Protein was detected using a horseradish peroxidase-conjugated antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and a luminescence system (Perkin-Elmer, Waltham, MA,
USA). For the protein loading control, membranes were incubated with an antiactin Santa Cruz
Biotechnology (Santa Cruz, CA, USA) antibody. Protein expression was quantified using the Bio-Rad
Quantity One 1-D Analysis software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The levels of
phosphorylated proteins: phospho-S6 Ser235/236, phospho-AKT Ser 473, and pERKS were normalized
by the levels of their corresponding total protein (total, S6, and AKT), all others were normalized by
loading control (actin). The levels of expression of phosphorylated proteins and their corresponding
total protein were evaluated in the same gel, furthermore, the antibodies used for the total proteins
recognize all forms of the phosphorylated proteins.

4.8. Statistical Analysis

Statistical analysis was conducted with SPSS version 21.00 (SPSS Inc). The expression of
phospho-AKT Ser473 is expressed as mean ± standard deviation. An independent sample Student’s
t test was used to evaluate possible associations between phospho-AKT Ser 473 expression and
clinicopathological and molecular features to compare protein expression (analyzed by western blot)
between groups. A Pearson Correlation was used to evaluate the correlation between phospho-AKT
Ser473, phospho-mTOR Ser2448, and phospho-S6 Ser235/236 expression. A Chi-square test was
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used to evaluate possible associations between phospho-AKT Ser 473 nuclear expression and
clinicopathological and molecular features. Results were considered statistically significant at p ≤ 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/5/1448/
s1.
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Abstract: NVP-BEZ235 or BEZ235 is a dual inhibitor of adenosine triphosphate (ATP)-competitive
phosphoinositide 3-kinase (PI3K)/mammalian-target-of-rapamycin (mTOR) and is promising for
cancer treatment. Because it targets more than one downstream effector, a dual approach is promising
for cancer treatment. The aim of this study was to evaluate the efficacy of NVP-BEZ235 in treating oral
cavity squamous cell carcinoma (OSCC). Two human OSCC cell lines, SCC-4 and SCC-25, were used
in this study. PI3K-AKT signaling, proliferation, and cell migratory and invasion capabilities of
OSCC cells were examined. In NVP-BEZ235-treated SCC-4 and SCC-25 cells, the phosphorylation
of 70-kDa ribosomal S6 kinase (p70S6K), but not mTOR, decreased within 24 h. NVP-BEZ235
inhibited OSCC-cell proliferation, migration, and invasion possibly by directly deregulating the
phosphorylation of p70S6K. The phospho-p70S6K inhibitor mimicked the effects of NVP-BEZ235
for preventing proliferation and weakening the migratory and invasion abilities of SCC-4 and
SCC-25 cells. This study further confirmed the effect of NVP-BEZ235 on OSCC cells and provided
a new strategy for controlling the proliferation, migration, and invasion of OSCC cells using the
phopho-p70S6K inhibitor.

Keywords: oral cavity squamous cell carcinoma (OSCC); NVP-BEZ235; mTOR; p70S6K

1. Introduction

Squamous cell carcinoma of the head and neck (SCCHN) is the sixth most common malignancy
worldwide. With a mortality rate of approximately 50%, it affects 600,000 new patients every year.
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Oral cavity squamous cell carcinoma (OSCC) accounts for the vast majority of all SCCHN cases [1].
OSCC has the sixth highest cancer incidence in Taiwan and is the most common malignancy diagnosis
for Taiwanese men aged 30 to 50 years [2,3]. Most treatment modalities are based on tumor (T) staging,
and they include surgery and adjuvant therapy, such as chemotherapy and radiotherapy [4].

Even though progress has been made in cancer treatment, oral cancer has high rates of local
recurrence, secondary primary malignancy, and morbidity [5]. Once patients with inoperable and
recurrent OSCC, or distant metastasis, platinum-combination therapy is the standard first-line
treatment [6,7]. However, if cis-diamminedichloridoplatinum (CDDP)-based chemotherapy fails
and a patient’s cancer is still inoperable, the therapeutic options are limited; moreover, most patients
are only eligible to receive palliative radiation or supportive care [8–10].

With the advances of cancer research, target therapy has become the major trend for
various malignant diseases as the first- or second-line treatment option, including OSCC [11].
Synergistic antitumor effects exerted by combination of targeted therapy with CDDP have been
demonstrated in many preclinical studies [12,13]. The PI3K/AKT/mTOR intracellular signaling
pathway plays a vital role in various physiological processes, such as cellular survival, migration,
proliferation, and differentiation, as well as angiogenesis, protein synthesis, and glucose metabolism.
Additionally, the PI3K/AKT/mTOR pathway is associated with various oncogenic processes, and is
one of the signaling pathways most frequently dysregulated in cancer, including OSCC [14].
The PI3K/AKT/mTOR pathway and its downstream 70-kDa ribosomal S6 kinase (p70S6K) are
constitutively activated in human tumor cells, providing unique opportunities for therapeutic
intervention. Therefore, targeting PI3K/AKT/mTOR signaling could be a rational strategy for
the treatment of OSCC, a disease—particularly when advanced—in which systemic therapy plays
a crucial role. The ability of NVP-BEZ235 (dactolisib), a dual PI3K/mTOR inhibitor, to treat
some cancer types is being evaluated in phase I/II clinical trials. NVP-BEZ235 is an imidazo [4]
quinoline derivative. It binds to the ATP-binding cleft of enzymes and thus inhibits PI3K and mTOR
kinase activity [5]. A dual approach that targets more than one downstream effector is promising
because it may delay or even prevent therapy resistance [15]. NVP-BEZ235 has exhibited antitumor
effects on lung cancer [16,17], human glioma cells [18,19], breast cancer [20,21], melanoma [22],
pancreatic cancer [23,24], sarcoma [15,25], nasopharyngeal cancer [26,27], and hepatoma [28–30].
Additionally, NVP-BEZ235 demonstrated great promise for controlling solid tumors in a preclinical
mouse model [15].

The p70S6K is a member of the protein kinase A, G, and C families (AGC) serine/threonine kinase
family which contains more than 60 human proteins including Akt, protein kinase C, and 90-kDa
ribosomal S6 kinase [31]. By increasing ribosomal production and mRNA translation, p70S6K can
promote cell growth through global protein synthesis [31]. p70S6K is a downstream target of the
mTOR signaling pathway, specifically mTOR complex 1 (mTORC1). p70S6K is also a downstream
signal of mitogen activated protein kinase (MAPK)/extracellular-signal-regulated kinase (ERK)
pathway. p70S6K involves in the cross-talk between mTOR and MAPK/ERK signaling pathways at
various regulatory levels. Activation of p70S6K occurs via phosphorylation at serine-411 (Ser411),
threonine-421 (Thr421), and Ser424 by endogenous mitogens such as epidermal growth factor,
thrombin, and lysophosphatidic acid. The p70S6K pathway is also essential for signaling two
filamentous actin (F-actin) microdomains in cells and regulating cell migration [32].

In the present study, we investigated the effect of NVP-BEZ235 on PI3K/AKT/mTOR signaling in
OSCC cells in vitro. We first discovered that NVP-BEZ235 inhibited proliferation and attenuated cell
migration in a subset of SCC-4 and SCC-25 cells and thus enhanced reduction of p70S6K expression.
We also used a p70S6K inhibitor to investigate the possibility of substituting NVP-BEZ235, which has
undesirable side effects.
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2. Results

2.1. Analysis of mTOR Expression in OSCC Tissue Using Real-Time Quantitative Reverse
Transcriptase—Polymerase Chain Reaction (qRT-PCR)

To clarify whether the expression levels of mTOR and p70S6K were different in cancerous tissue
compared with noncancerous tissue, cancerous and noncancerous tissue samples taken from the
28 OSCC patients were examined using qRT-PCR to determine the expression of mTOR and p70S6K.
Our data demonstrated that the expression levels of mTOR (p < 0.05) and p70S6K (p < 0.01) were
significantly upregulated in OSCC (Figure 1A).

A B 
Figure 1. Expression of mTOR and p70S6K of squamous cell carcinoma (OSCC). Expression of mTOR
(A) and p70S6K (B) was upregulated in the cancerous tissue of OSCC (p < 0.05 and 0.01, respectively).
The y-axis represents the fold change in the mTOR or p70S6K expression level of cancerous relative
to noncancerous tissues. The mean mTOR or p70S6K expression level in noncancerous tissues was
assigned a value of 1 to obtain the fold change in expression in cancerous tissues. The mean ΔCt
values for mTOR are 5.98 ± 0.26 (cancer parts) and 6.84 ± 0.22 (noncancer parts), and for p70S6K are
6.03 ± 0.31 (cancer parts) and 7.01 ± 0.19 (noncancer parts).The red * p < 0.05 and blue ** p < 0.01
indicate the statistical significance of differences between the cancer parts and noncancer parts.

2.2. NVP-BEZ235 Inhibited Cell Proliferation and Downregulated the PI3K/AKT/mTOR-Signaling Pathway of
OSCC Cells, Resulting in the Suppression of Phospho-p70S6K

The antiproliferative potential of NVP-BEZ235 was assessed using 3-(4.5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay on SCC-4 and SCC-25 cells. After 72 h of treatment,
NVP-BEZ235 had significantly inhibited the growth of SCC-4 (Figure 2A) and SCC-25 (Figure 2C)
when it was used at concentrations of 7.5 nM and greater. The phosphorylation of p70S6K decreased
within 24 h, and the phosphor-p70S6K was completely absent for at least 3 days when the 30 nM dose
was administered (Figure 2B,D). However, the phosphorylation of mTOR did not reduce significantly
up to 3 days.
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Figure 2. NVP-BEZ235 suppressed cell proliferation and reduced the expression of phospho-mTOR
and phospho-p70S6K in SCC-4 and SCC-25 cells. The inhibitory effects of various doses (7.5, 15, 30,
and 100 nM) of NVP-BEZ235 on SCC-4 (A) and SCC-25 (C) cells were assessed using MTT assay after
72 h of treatment. Data presented are the mean and standard error of the mean of three independent
experiments. The ** p < 0.01 and *** p < 0.001 indicate the statistical significance of differences between
the results for cells with and without treatment (red ** and *** for SCC-4 and blue ** and *** for SCC-25).
As determined through Western blotting, NVP-BEZ235 reduced the expression of phospho-mTOR
(p-mTOR) and phospho-p70S6K (p-p70S6K) in SCC-4 (B) and SCC-25 (D) cells. SCC-4 and SCC-25
cells were treated with 15 or 30 nM NVP-BEZ235 for 30 min (30 min), 1 h (1 h), 2 h (2 h), 1 day (1 d),
2 days (2 d), and 3 days (3 d) in six-well plates. Western blot analysis was performed to examine the
expression levels of p-mTOR, mTOR, p-p70S6K, p70S6K, and β-actin.

2.3. NVP-BEZ235 Inhibited the Migratory and Invasion Abilities of SCC-4 and SCC-25 Cells

Weaker migratory ability was observed in SCC-4 and SCC-25 cells that had been treated with
NVP-BEZ235 through the detection of the wound-healing assay (Figure 3A). In SCC-4 cells, migration
was significantly slower in the cells that had been treated with NVP-BEZ235 for 4 to 24 h than in
untreated cells. In SCC-25 cells, migration was significantly slower from 8 to 36 h after NVP-BEZ235
treatment. Weaker invasion ability was also observed in SCC-4 and SCC-25 cells that had been treated
with NVP-BEZ235, as detected using the transwell cell migration assay (Figure 3B). After incubation for
24 h in transwell chambers, the number of cells that had migrated or invaded was markedly decreased
in NVP-BEZ235-treated SCC-4 (p < 0.01) and SCC-25 (p < 0.01) cells.
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Figure 3. NVP-BEZ235 inhibited the migratory and invasion capabilities of SCC-4 and SCC-25 cells.
(A) Wound-healing assay determined that SCC-4 and SCC-25 cells had shorter migration distances after
NVP-BEZ235 treatment. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate the statistical significance of
differences at one point in time between the results for cells with and without treatment. Hollow dots
are for negative controls and solid dots are for NVP-BEZ235 treatments. (B) After incubating for 24 h
(SCC-4) or 48 h (SCC-25) with transwell chambers, the area of migratory or invasive cells was markedly
decreased in NVP-BEZ235-treated cells in comparison with cells without treatment. ** p < 0.01 indicates
the statistical significance of the differences between cells with and without treatment (red ** for SCC-4
and blue ** for SCC-25).

2.4. Phospho-p70S6K Inhibitor 2-((4-(5-Ethylpyrimidin-4-yl)piperazin-1-yl)methyl)-5-(trifluoromethyl)-1H-
benzo[d]imidazole (PF-4708671) Suppressed Proliferation and Inhibited the Expression of Phospho-mTOR and
Phospho-p70S6K in SCC-4 and SCC-25 Cells

Because NVP-BEZ235 did not demonstrate proliferative abilities through phospho-p70S6K
inhibition, we wondered if the direct suppression of phospho-p70S6K would achieve the same
effect. PF-4708671, a phospho-p70S6K inhibitor, was used to evaluate its antiproliferative potential
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in SCC-4 and SCC-25 cells. As displayed in Figure 4A, the expression of phospho-p70S6K was
completely abolished in SCC-4 (2 days) and SCC-25 (18 h) after PF-4708671 treatment. The expression of
phosphor-mTOR was also downregulated by PF-4708671 treatment. MTT assays were also performed
to determine the effects of PF-4708671 on cell growth. After 72 h of PF-4708671 treatment, the growth
of SCC-4 and SCC-25 cells was significantly inhibited (Figure 4B). SCC-4 cells were more sensitive to
PF-4708671 than SCC-25 cells were.

(A) 

 
(B) (C) 

 
Figure 4. Phospho-p70S6K inhibitor (PF-4708671) suppressed phospho-p70S6K expression and cell
proliferation in SCC-4 and SCC-25 cells. (A) As determined using Western blotting, the phospho-p70S6K
(p-p70S6K) inhibitor (PF-4708671) reduced the expression of phospho-mTOR (p-mTOR) and p-p70S6K
in SCC-4 and SCC-25 cells. SCC-4 and SCC-25 cells were not treated as negative control (NC) or treated
with 20 μM PF-4708671 for 6 h (6 h), 12 h (12 h), 18 h (18 h), 1 day (1 d), 2 days (2 d), and 3 days (3 d).
Western blot analysis was performed to examine the expression levels of p-mTOR, mTOR, p-p70S6K,
p70S6K, and β-actin. (B) Inhibitory effects of various doses (0.5, 1, 2, 5, 10, 20, and 40 μM) of PF-4708671
on SCC-4 (B) and SCC-25 (C) cells were assessed using MTT assay after 72 h of treatment. Data
presented are the mean and standard error of the mean of three independent experiments. * p < 0.05,
** p < 0.01, and *** p < 0.001 indicate the statistical significance of differences between cells with and
without treatment. t (red ** and *** for SCC-4 and blue *, ** and *** for SCC-25).

2.5. Phospho-p70S6K Inhibitor (PF-4708671) also Suppressed Migration and Invasion as an NVP-BEZ235 in
SCC-4 and SCC-25 Cells

The migratory and invasion abilities of SCC-4 and SCC-25 cells were also weakened by the
phospho-p70S6K inhibitor (PF-4708671). In SCC-4 cells, migration was significantly slower in cells
treated with PF-4708671 for 4 to 36 h than in untreated cells. In SCC-25 cells, migration was significantly
slower at 24 and 36 h after PF-4708671 treatment (Figure 5A). After incubating for 24 h in transwell
chambers, the number of migrated and invaded cells was markedly decreased in PF-4708671-treated
SCC-4 (p < 0.05) and SCC-25 (p < 0.05) cells (Figure 5B).
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Figure 5. Phospho-p70S6K inhibitor (PF-4708671) inhibited the migratory and invasion activities of
SCC-4 and SCC-25 cells. (A) Wound-healing assay revealed that SCC-4 and SCC-25 cells had shorter
migration distances after PF-4708671 treatment. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate the
statistical significance of the differences at one point in time between cells with and without treatment.
(B) After incubating for 24 h (SCC-4) or 48 h (SCC-25) in transwell chambers, the area of migratory
or invasive cells was markedly decreased in PF-4708671-treated cells compared with cells without
treatment. * p < 0.05 indicates the statistical significance of differences between cells with and without
treatment (red * for SCC-4 and blue * for SCC-25).
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3. Discussion

This is the first study to investigate the effect of NVP-BEZ235 therapy in OSCC. NVP-BEZ235 is a
novel, orally consumable dual PI3K/mTOR inhibitor that is currently being used in clinical trials [33].
The PI3K/AKT/mTOR signaling pathway and abnormal activation of this pathway reportedly play
an essential role in the progression, metastasis, and chemoresistance of numerous tumor types [34].
Currently, NVP-BEZ235 is in phase I/II clinical trials and was demonstrated to control solid tumors in
a preclinical mouse model [33].

In our patients with OSCC, the expression of mTOR and p70S6K was significantly upregulated
(Figure 1). It has been reported that p70S6K plays an important role in metastasis within the
mTOR signaling networks, including mTORC1 and mTORC2 [35]. Our in vitro results demonstrated
that NVP-BEZ235 significantly reduced SCC-4 and SCC-25 proliferation. They also revealed
that NVP-BEZ235 suppressed phospho-mTOR and phospho-p70S6K levels. S6 kinase proteins
(S6K) has also been reported to influence apoptosis through different mechanisms [36,37]. In the
PI3K/AKT/mTOR pathway, activation of mTOR results in the phosphorylation of numerous
substrates, including the phosphorylation of S6K by mTORC1. The effect of NVP-BEZ235 on the
apoptosis of OSCC cells may be associated with the phosphorylation of S6K. The antitumor effects of
NVP-BEZ235 result not only from inhibiting the Akt survival pathway but also from promoting cell
apoptosis. These effects raise the possibility that a combination treatment, once developed, would be
a promising therapeutic strategy for enhancing the effects of chemotherapy and improving clinical
outcomes for patients with OSCC. NVP-BEZ235 completely reduces phosphor-p70S6K activation and
can inhibit phospho-mTOR activation. p70S6K has been reported to regulate cytoskeletal organization
and cell motility induced by members of the Ras homologous (Rho) GTPase family, such as Ras
homolog gene family, member A (Rho A), Ras-related C3 botulinum toxin substrate 1 (Rac1), and cell
division control protein 42 homolog (cdc42) [38]. Therefore, NVP-BEZ235 affects not only cell
proliferation but also cell migration (Figure 3). The rate of distant metastasis or regional lymph
node metastasis of OSCC is possibly reduced by NVP-BEZ235.

The function of PI3K/Akt pathway is to promote cell survival and to inhibit apoptosis. When the
intracellular signaling of PI3K/Akt pathway is altered, the cellular proliferation will be promoted and
the upregulated glycolysis caused by the Warburg effect will be used to sustain the higher metabolic
demand of transformed cells [39]. Carlo et al. reported grade 3–4 adverse effects of NVP-BEZ235 in
50% of patients (5 of 10) [40], without objective responses from subjects in the study group. The fatigue,
diarrhea, nausea, and mucositis that has been reported with NVP-BEZ235 has limited the doses in
which it is commonly prescribed, and it is unsurprising that combined PI3K and mTOR blockades
resulted in frequent adverse effects [41]. Hence, caution is advised when taking NVP-BEZ235 orally.

According to our results, the p70S6K inhibitor could mimic the effects of NVP-BEZ235 and other
mTOR inhibitors. The phospho-p70S6K inhibitor significantly inhibited the growth of SCC-4 and
SCC-25 cells (Figure 4). Therefore, the phosphor-p70S6K inhibitor could weaken the Warburg effect
and replace the mTOR inhibitor in the future. Indeed, the phospho-p70S6K inhibitor (PF-4708671)
could suppress not only phospho-p70S6K but also phospho-mTOR, which is a result superior even to
that obtained with NVP-BEZ235 (Figure 4).

In conclusion, proliferation and migration of OSCC cells could be effectively inhibited by
NVP-BEZ235 through direct deregulation of phosphorylation of p70S6K. Even p70S6K is the
downstream of PI3K/AKT/mTOR pathway, inhibition of phospho-p70S6K could still reduce the
phosphorylation of mTOR. This study further confirmed the effect of NVP-BEZ235 on OSCC cells and
provided a new strategy for controlling the migration and proliferation of OSCC cells by using the
phopho-p70S6K inhibitor.
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4. Materials and Methods

4.1. Patients and Samples

This study enrolled 28 patients (27 men and one female aged 31–75 years; mean ± standard
deviation [SD]: 53.23 ± 10.98 years) diagnosed with OSCC who underwent surgery in the Department
of Otolaryngology at Kaohsiung Chang Gung Memorial Hospital between 2009 and 2012. The clinical
pathological characteristics—such as age; sex; tumor, neck lymph node, and metastasis staging;
tumor size; and survival—of the patients are listed in Table 1. Tissues of tumor and adjacent nontumor
parts were obtained from surgery and tissue samples were snap-frozen in liquid nitrogen immediately
after resection. Prior to tissue acquisition, all the patients agreed and signed the informed consent.
The Institutional Review Board of the Kaohsiung Chang Gung Memorial Hospital approved this study
on August 01, 2012 (IRB No. 100-4455A3).

Table 1. Characteristics of patients with OSCC.

Characteristic Number of Patients

Sex
Male 27
Female 1
Median age year (range) 53.23 (31–75)

Staging 1

I 6
II 6
III 7
IV 9

Site
Bucca 7
Gum 6
Palate 1
Tongue 12
Trigone 2

N stage 1

N0 20
N1 7
N2a 0
N2b 1
N2c 0
N3 0

Survival
Expired 10 2

Survived 18
1 The stage of OSCC is defined by the National Comprehensive Cancer Network
(NCCN) clinical practice guideline 7th edition; 2 The patients died from disease
after 5 years of follow-up.

4.2. Real-time Quantitative Reverse-transcriptase Polymerase Chain Reaction (qRT-PCR) Analysis

The total RNA of SCC-4 cells, SCC-25 cells, and cancerous and noncancerous tissues obtained
from the patients with OSCC was extracted using a TRIzol reagent (Invitrogen; Life Technologies,
Carlsbad, CA, USA), and the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) was used to synthesize complementary DNA (cDNA). The PCR reaction mixture
contained 25 ng of cDNA; 0.5 μL of mTOR gene-expression assay (Hs00234508_m1, Applied Biosystems,
Foster City, CA, USA) or β-actin (ACTB) gene-expression assay (Hs01060665_g1, Applied Biosystems,
Foster City, CA, USA); and 5 μL of 2× TaqMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). qPCR analysis was run in an ABI 7500 Fast Real-Time System (Applied
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Biosystems, Foster City, CA, USA), and the thermal parameters were 1 cycle of 95 ◦C for 10 min and
40 cycles of 95 ◦C for 20 s and 60 ◦C for 1 min. The threshold cycle (Ct) of the mTOR gene or p70S6K
gene was first normalized to the ACTB internal control to obtain the relative threshold cycle (ΔCt),
and then the 2−ΔΔCt method was used to calculate the relative expression of target gene.

4.3. Cell Culture

The two human SCCHN cell lines, SCC-4 and SCC-25, used in this study were purchased from the
Food Industry Research and Development Institute in Taiwan. Both SCC-4 and SCC-25 cells are tongue
squamous cell carcinoma. Cells were preserved and grown in a minimum essential medium (MEM)-F12
medium (Invitrogen, Life Technologies, Carlsbad, CA, USA) containing 0.4 μg/mL hydrocortisone
(Sigma Aldrich, St. Louis, MO, USA) and 10% fetal bovine serum at 37 ◦C with 5% CO2.

4.4. MTT Assay

The mitochondrial conversion of MTT to formazine was used to determine the percentage of
metabolically active cells. Various concentrations of NVP-BEZ235 were used to treat SCC-4 and
SCC-25 cells. Cells treated with phosphate-buffered saline (PBS) were used as negative control.
The culture media were replaced with Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F-12) (without phenol) containing 0.02% MTT (Sigma Aldrich, St. Louis, MO, USA) after
different incubation times. After incubation for 4 h, the media containing MTT were then replaced
with dimethyl sulfoxide (200 μL per well). The absorbance at a wavelength of 595 nm were measured
using a DTX880 Multimode Detector (Beckman Coulter, Brea, CA, USA).

4.5. Western Blotting

Radioimmunoprecipitation assay buffer (20 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM
Na2EDTA, 1 mM ethylene glycol tetraacetic acid (EGTA), 1% Nonidet P-40 (NP-40), 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4,
and 1 μg/mL leupeptin) was added to samples for protein extraction. For Western blotting,
30 μg of the total lysates was separated using 6% to 15% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to a polyvinylidene fluoride membrane (Millipore, Darmstadt,
Germany). After blocking with dried nonfat milk for 1 h, the membrane was incubated overnight
with primary antibodies at 1:3000 dilution. The primary antibodies and antibodies against
phosphorylated epitopes used in this study were mTOR, phospho-mTOR (Ser2448), p70S6K,
and phospho-p70S6K (all purchased from Cell Signaling Technologies, Danvers, MA, USA).
β-actin (1:5000 dilution; Sigma Aldrich, St. Louis, MO, USA) was used as the internal control.
Horseradish-peroxidase-conjugated goat anti-mouse IgG (Sigma Aldrich, St. Louis, MO, USA) and
goat anti-rabbit Immunoglobulin G (IgG) (Sigma Aldrich, St. Louis, MO, USA) were used as secondary
antibodies. Western Lightning® Plus-Enhanced Chemiluminescence (ECL) Substrates (PerkinElmer,
Inc., Boston, MA, USA) were used to visualize the proteins.

4.6. Wound-Healing Assay

The migration activity of cells was analyzed using wound-healing assay. Cultures of SCC-4 and
SCC-25 cells were optimized to ensure a homogeneous and viable cell monolayer prior to application
of the wound-healing assay. One day before the assay, 2 × 105 cells were seeded in 6-well plates,
and when cell confluence reached approximately 90%, a homogeneous wound was artificially created
on the monolayer using a sterile, plastic, 200-μL-micropipette tip. After creating the wound, cells were
washed with PBS to remove debris. Cells that had migrated into the wounded area were photographed
using a Zeiss microscope (Zeiss, Gottingen, Germany) at 40× magnification, and the migration area
was calculated using ImageJ free software, version 1.41o (NIH, Bethesda, MD, USA).
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4.7. Transwell Assays

The migration ability of SCC-4 and SCC-25 cells was measured using a 24-pore transwell
chamber (Corning Inc., Corning, NY, USA) with a polycarbonate membrane filter covered by a
gelatin package. The bottom membranes (8-μm aperture) of the transwell chambers were coated with
Matrigel (Sigma, St. Louis, MO, USA) for the determination of invasive ability. Cells (5 × 105 in 200 μL)
were inoculated onto the upper chamber, and the lower chamber was filled with 600 μL of DMEM
nutrient solution containing 10% fetal bovine serum (FBS). After a 24- to 48-h incubation at 37 ◦C with
5% CO2, the wells were removed, fixed with methanol and glacial acetic acid (3:1), stained with 0.1%
crystal violet, and finally mounted [33]. The areas of migratory or invasive cells were discerned by
calculating five randomly selected fields of stained cells using ImageJ free software, version 1.41o
(NIH, Bethesda, MD, USA) [42].

4.8. Statistical Analysis

The data sets for MTT assay, wound-healing assay, and transwell migration assay consisted of at
least three biological replicates, and the data are expressed as a mean ± SD. For statistical analysis of the
gene expression of qRT-PCR, ΔCt values were used. The statistical significance was determined using
a two-sample t-test, and p-values < 0.05 mean if null hypotheses of no difference were rejected. All the
statistical analyses in this study were performed using SPSS version 15.0 software (SPSS, Chicago,
IL, USA).
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Abbreviations

CDDP Cis-diamminedichloridoplatinum
cDNA Complementary DNA
mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin complex 1
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
OSCC Oral cavity squamous cell carcinoma
p70S6K 70-kDa ribosomal S6 kinase
PBS Phosphate-buffered saline
PI3K Phosphoinositide 3-kinase
qRT-PCR Real-time quantitative reverse transcriptase–polymerase chain reaction
S6K S6 kinase proteins
SCCHN Squamous cell carcinoma of the head and neck
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Abstract: Recent advancement in the field of molecular cancer research has clearly revealed that
abnormality of oncogenes or tumor suppressor genes causes tumor progression thorough the
promotion of intracellular metabolism. Metabolic reprogramming is one of the strategies for cancer
cells to ensure their survival by enabling cancer cells to obtain the macromolecular precursors and
energy needed for the rapid growth. However, an orchestration of appropriate metabolic reactions
for the cancer cell survival requires the precise mechanism to sense and harness the nutrient in the
microenvironment. Mammalian/mechanistic target of rapamycin (mTOR) complexes are known
downstream effectors of many cancer-causing mutations, which are thought to regulate cancer
cell survival and growth. Recent studies demonstrate the intriguing role of mTOR to achieve the
feat through metabolic reprogramming in cancer. Importantly, not only mTORC1, a well-known
regulator of metabolism both in normal and cancer cell, but mTORC2, an essential partner of
mTORC1 downstream of growth factor receptor signaling, controls cooperatively specific metabolism,
which nominates them as an essential regulator of cancer metabolism as well as a promising candidate
to garner and convey the nutrient information from the surrounding environment. In this article,
we depict the recent findings on the role of mTOR complexes in cancer as a master regulator of cancer
metabolism and a potential sensor of nutrients, especially focusing on glucose and amino acid sensing
in cancer. Novel and detailed molecular mechanisms that amino acids activate mTOR complexes
signaling have been identified. We would also like to mention the intricate crosstalk between glucose
and amino acid metabolism that ensures the survival of cancer cells, but at the same time it could be
exploitable for the novel intervention to target the metabolic vulnerabilities of cancer cells.

Keywords: mTOR complex; metabolic reprogramming; cancer; microenvironment; nutrient sensor

1. Introduction

Proliferating cells require not only adenosine triphosphate (ATP) as an essential energy source,
but also intracellular building blocks including nucleotides, fatty acids, and proteins, and a
reprogrammed metabolism could serve to support the synthesis of macromolecules [1,2]. The Warburg
effect is a hallmark phenomenon of cancer metabolism and relies on aerobic glycolysis to generate
the energy needed for an array of cellular processes in contrast to normal differentiated cells on
mitochondrial oxidative phosphorylation [3,4]. In other words, cancer cells are heavily dependent
and addicted to glucose metabolism for their survival. Amino acids are another major determinant to
support cancer cell proliferation. For example, cancer cells take up glutamine to survive or proliferate
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by promoting the production of nucleotides, fatty acids, and proteins [5–7], an anaplerotic process that
replenishes a metabolic cycle.

Cancer cells take up a large amount of amino acids and glucose from the extracellular environment
as a carbon and nitrogen source for protein and nucleotide synthesis [1,8]. In the process of tumor
initiation and progression, cancer cells are exposed to harsh conditions such as hypoxia or nutrient
depletion in the tumor microenvironment. To survive in this severe environment, cancer cells must
sense and respond to the status of nutrient availability in the extracellular environment to coordinately
regulate the gene expression for sustaining the cell proliferation as well as everting the various stress
that halts the cell proliferation and induce cell death [9–11]. Thus, unveiling the mechanisms how
cancer cells gather the information on environmental nutrient and facilitate their survival would shed
new light on the molecular pathogenesis of cancer progression, which could be harnessed to identify
the unrecognized addiction and vulnerability.

Here, we focus on mammalian/mechanistic target of rapamycin (mTOR) complexes, essential
regulator of cell proliferation and metabolism, as a potential key player to play a role in
sensing nutrients to drive the intracellular tumor-promoting signaling cascade through metabolic
reprogramming and epigenetic shift, and a key node which should be therapeutically targeted as a
new mode of treatment to interfere with cancer cell metabolism.

2. Metabolic Reprogramming as an Essential Hallmark in Cancer

The hallmarks of cancer are composed of six biological capabilities, which are acquired during
the multistep evolution of human neoplasms [12]. The complexities of neoplastic disease are well
explained by fundamental principles of the cancer hallmarks. Metabolic reprogramming is an emerging
core hallmark of cancer [12], and similar alterations are also observed in rapidly proliferating cells such
as immune cells under patho-physiological conditions [13]. Various intrinsic and extrinsic molecular
signaling shifts the intracellular metabolism to support the demands of rapidly proliferating cells,
including ATP generation to maintain energy, biosynthesis of macromolecules, and maintenance
of reduction-oxidation (redox) reaction. The central hallmark of this reprogramming lies in the
phenomenon that cancer cells undergo glycolysis even in the presence of sufficient oxygen, termed “the
Warburg effect,” and there has been much interest in examining and comprehending the pathways that
regulate the survival advantages conferred by this aerobic glycolysis [3]. Over the past decade, however,
far more complex aspects of cancer metabolism have emerged, and the Warburg effect alone cannot
well explain all the metabolic changes required for rapid cell growth, including aerobic glycolysis,
glutaminolysis, altered lipid metabolism, de novo nucleic acid synthesis, and reactive oxygen species
(ROS) management. For instance, as for ROS metabolism, nutrient deficiency, glucose deprivation
and hypoxia induce ATP reduction and ROS overproduction, which could promote metabolic
reprogramming in cancer cells [14]. Of interest, activated mTORC1 increased the level of ROS [15],
suggesting that mTOR complex induces metabolic reprogramming via ROS production in response to
unpreferable environments for cancer cells. On the contrary, mTORC1 regulates superoxide dismutase
1 (SOD1) activity through reversible phosphorylation in response to nutrients, which moderates ROS
level and prevents oxidative DNA damage [16], and mTORC2 regulates the production of reduced
form of nicotinamide adenine dinucleotide phosphate (NADPH) and glutathione (GSH), which could
counteract the overproduction of ROS [17]. Further, epigenetic landscape including a shift in DNA and
histone modifications are shaped and modulated by intermediary metabolites produced via metabolic
reprogramming [13]. Therefore, the dynamic plasticity of metabolic reprogramming and epigenetic
shift can converge to confer the survival advantage to cancer cells, but these alterations also render
cancer cells vulnerable to interference with the metabolic and epigenetic network. Deciphering the
molecular mechanism of the metabolic and epigenetic regulations in cancer could pave the way for
therapeutic intervention, and the recent emerging evidences have revealed the essential regulatory
role of mTOR complexes in metabolic reprogramming, the responsibility to microenvironments, and
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the subsequent epigenetic changes, which can result in cell survival in harsh metabolic conditions and
provide therapeutic opportunities in cancer.

3. mTORC1 and mTORC2-Irreplaceable Partners in Cancer Metabolic Reprogramming

Genetic mutations to constitutively activate phosphoinositide 3-kinase (PI3K)-Akt-mTOR
signaling are reported to reprogram cellular metabolism and tumorigenesis, including receptor
tyrosine kinase (RTK) amplification and mutations, phosphatidylinositol 4,5-bisphosphate 3-kinase
catalytic subunit alpha isoform (PIK3CA) mutation and phosphatase and tensin homolog deleted
from chromosome 10 (PTEN) loss [18]. Among them, as a serine/threonine protein kinase essential
for the cellular function, two distinct multi-protein complexes of mTOR associate the signaling from
growth factor receptor with cell growth, proliferation, and survival. mTOR complex 1 (mTORC1),
an established druggable target against cancer, phosphorylates and controls its substrates p70
ribosomal protein S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) to promote protein translation as well as anabolic metabolism downstream of growth factor
receptor-activated PI3K-Akt signaling [19,20]. The important role of mTOR complex 2 (mTORC2)
has been gradually unraveled, especially in the field of metabolic homeostasis and cancer biology.
mTORC2 has been considered to be responsive to growth factor signaling and the interaction of
ribosome, and to function mainly through activating Akt by phosphorylating it on serine 473
(Ser473) [21,22]. It can also phosphorylate other AGC subfamily kinases including serum and
glucocorticoid-inducible kinase 1 (SGK1) and protein kinase C (PKC). Recent studies demonstrated
that mTORC2 regulates tumor progression, chemotherapy resistance, and genome DNA stability in
cancer cells, playing an unrecognized, essential role in cancer biology [23,24]. Of note, these effects
appear to be independent from canonical Akt-mediated signaling [25], indicating the importance of
mTORC2 itself in cancer biology.

The structures of mTORC1 and mTORC2 are characterized by sharing some components: they
share the catalytic mTOR subunit, as well as mammalian lethal with sec-13 (mLST8, also known
as GβL) [26,27], the DEP domain containing mTOR-interacting protein (DEPTOR) [28], and the
Tti1/Tel2 complex [29]. In contrast, regulatory-associated protein of mammalian target of rapamycin
(raptor) [30,31] and proline-rich Akt substrate 40kDa (PRAS40) [32–35] are specific to mTORC1,
while rapamycin-insensitive companion of mTOR (rictor) [26,36], mammalian stress-activated map
kinase-interacting protein 1 (mSin1) [37,38], and protein observed with rictor 1 and 2 (protor1/2) [33,
39,40] are specific components of mTORC2.

Oncogenes and tumor suppressors are a key determinant in controlling cancer metabolism [41–43].
In various types of cancers, growth factor receptor signaling converges to an oncogenic transcription
factor c-Myc, which promotes cell proliferation via metabolic reprogramming to connect nutrient
uptake with intracellular biomass accumulation [44–46]. We recently identified that cancer cell
metabolism was promoted through c-Myc which could be activated cooperatively by both mTORC1
and mTORC2 [47]. In glioblastoma (GBM, a malignant glial/astrocytic tumor) cells with activating
epidermal growth factor receptor (EGFR) mutations, mTORC1 upregulates the heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) splicing factor, promoting the alternative splicing of Myc-associated
factor X (Max) to generate Delta Max, thereby functionally augmenting Myc-dependent glycolytic
metabolism and tumor cell proliferation [48]. mTORC2, on the other hand, increases the transcription
of c-Myc through inhibitory phosphorylation of class IIa histone deacetylases (HDACs), resulting in
inactivation of forkhead box O (FoxO) transcription factors through post-translational acetylation [47].
Therefore, growth factor receptor-PI3K signaling requires the synergistic action of mTORC1 and
mTORC2 for c-Myc-dependent metabolic reprogramming by controlling both c-Myc transcription
and its functional activity (Figure 1). Considering the essential and coupling roles of two mTOR
complexes in reprogramming cancer cell metabolism, the next critical questions would be raised how
mTOR complexes could sense the information on the source of metabolic reactions (i.e., nutrients) and
subsequently respond to the microenvironmental condition to favor their survival.
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Figure 1. EGFRvIII controls c-Myc through two interlacing and synergistic mechanisms.
EGFRvIII-mTORC1 signaling promotes glycolytic metabolism by activating hnRNPA1-dependent
alternative splicing of a Myc-binding partner Delta Max, thereby functionally augmenting the oncogenic
activity of c-Myc. Alternatively, EGFR-mTORC2 signaling controls c-Myc transcription, translation and
protein level through FoxO acetylation, resulting in the enhancement of metabolic reprogramming.
These findings point to the central role of c-Myc in regulating EGFRvIII-activated glycolytic metabolism.
EGFRvIII: epidermal growth factor receptor variant III; PI3K: phosphoinositide 3-kinase; mTORC1/2:
mammalian/mechanistic target of rapamycin complex 1/2; HDAC: histone deacetylase; hnRNPA1:
heterogeneous nuclear ribonucleoprotein A1; Max: myc-associated factor X; FoxO: forkhead box O;
Ac: acetyl-group.

4. mTORC1 as a Sensor of Amino Acids in Cancer Cells

mTORC1 is an evolutionarily conserved multi-protein complex that coordinates a network of
signaling cascades and functions as a key mediator of protein translation, gene transcription, and
autophagy [49–51]. mTORC1 is activated by growth factors such as insulin, and nutrients such as
amino acids, which eventually promote cell growth and proliferation by regulating anabolic and
catabolic processes and by driving cell cycle progression through phosphorylating its substrates [52,53].
However, when amino acid supplies become restricted, the activity of mTORC1 is significantly
suppressed, and mammalian cells employ homeostatic mechanisms to rapidly inhibit processes such
as protein synthesis, which demands high levels of amino acids. Additionally, mTORC1 supplies amino
acid resource through releasing the suppression of autophagy under a starved state [54]. Of interest,
the amino acid sensing mechanism that non-cancer cells use via mTORC1 could be exploited by
cancer cells as described in the following sections, and the future endeavor should be directed to
examine if there is actually a difference between cancer and non-cancer cells for amino acid sensing
through mTORC1.

Leucine, one of the essential amino acids in human cells, mainly induces the recruitment of
mTORC1 to the lysosomal membrane and its subsequent activation; that is, mTORC1 is activated
in response to the level of leucine [55]. Leucine is also a signaling molecule that directly regulates
animal physiology, including satiety [56], insulin secretion [57], and skeletal muscle anabolism [58,59].
Signal transduction through mTORC1, which is involved in cell growth through enhanced protein
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translation, is activated by extracellular leucine through Sestrin1/2, a GATOR2-interacting protein
that inhibits mTORC1 signaling [55,60] (Figure 2). In addition to sensing leucine for its activation,
CASTOR proteins were identified as a putative arginine sensor for the mTORC1 pathway, which is
activated by extracellular arginine and interacts with GATOR2 and activate mTORC1 via promotion of
the hetero-dimerization of GTP-RagA and GDP-RagC [61] (Figure 2).

Figure 2. Mechanism of mTORC1 activation via Rag proteins by amino acids. mTORC1 is transferred
to lysosome from cytosol by promoting heterodimerization of GTP-binding Rag proteins, which work
as mediators of amino acid signaling to mTORC1. It is then activated by binding to GTP-bound
Rheb on lysosome. Extracellular arginine and leucine activate RagA-RagC heterodimer, GTP-binding
RagA, and GDP-binding RagC via amino acid transporter CASTOR1/2 and Sestrin1/2 to transfer
mTORC1 to lysosome. Lysosomal arginine also activates Rag heterodimer via lysosomal amino acid
transporter SLC38A9.

Recent studies also demonstrate the intriguing interaction of amino acid metabolism and mTORC1
signaling through the ubiquitin signaling systems, displaying that, in response to amino acids,
the KLHL22 E3 ubiquitin ligase promotes K48-linked polyubiquitination, enabling mTORC1 signaling
to promote tumorigenesis and aging [62]. Another interesting example is SAMTOR, which was
reported to inhibit mTORC1 signaling by interacting with GATOR1, the GTPase activating protein
(GAP) for RagA/B [63]. Notably, the methyl donor S-adenosylmethionine (SAM) disrupts the
SAMTOR-GATOR1 complex, and methionine-induced activation of mTORC1 requires the SAM
binding capacity of SAMTOR, indicating that mTORC1 is involved in methionine and one-carbon
metabolism, which potentially control the epigenetic (methylation) shift in cancer. mTORC1 could
thus respond to a range of amino acids and relevant metabolites, the mechanism of which could be
involved in multiple human disease conditions including cancer. Importantly, the insufficiency for new
protein synthesis is actively monitored by both prokaryotic and eukaryotic cells, and these amino acid
sensing mechanisms described here might be an Achilles heel in cancer, which could be exploitable for
the novel therapeutic strategies against cancer [64].

5. mTORC2 at the Intersection of Glucose and Amino Acid Metabolism

Cancer cells convert the majority of glucose into lactate even under ample oxygen (the
Warburg effect), the products of which could be used as carbon-containing precursors for the
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macromolecule production by rapidly proliferating cells. This intriguing phenomenon necessitates
the presence of “glucose sensor” in cancer cells to precisely catch the information on the glucose in
the microenvironment for appropriately responding to the environment and ensuring their survival.
In recent years, several fascinating reports have been published, referring to the relationship between
mTORC2, metabolic reprogramming, and nutrient sensing in cancer cells. mTORC2 is activated on
the high-glucose extracellular condition via acetylation of Rictor, the main component of mTORC2
in human GBM cells [65] (Figure 3). This is metabolically mediated by the increased production
of acetyl-coenzyme A (acetyl-CoA), a well-known donor of the acetyl group to the protein [66].
The findings suggest the possibility that mTORC2 could work as a potential glucose sensor in
cancer cells.

Figure 3. The function of mTORC2 as a sensor of glucose and amino acid. mTORC2 is activated
by glucose through acetylation of Rictor, playing a role as a sensor of glucose. Phosphorylation of
Ser26 of xCT by mTORC2 represses its function as glutamate-cystine anti-transporter. Under nutrient
(glucose) poor conditions, lower mTORC2 signaling could tilt the balance from proliferation to survival
by favoring glutamate efflux, cystine uptake, and glutathione synthesis to protect tumor cells from
cellular stress.

Unlike mTORC1, which works as an amino acid sensor, the role of mTORC2 as a sensor of
amino acid has yet to be clarified. However, using an unbiased proteomic screen, our recent work
unraveled that mTORC2 could suppress the activity of the cystine-glutamate antiporter, system Xc
transporter-related protein (xCT) via inhibitory phosphorylation of serine 26 of xCT’s N terminus
cytosolic domain [67] (Figure 3). These results identify an unanticipated mechanism regulating amino
acid metabolism in cancer, indicating that genetic mutations and aberrant signal transduction in cancer
cells could reprogram amino acid metabolism. Additionally, this novel system would implicate the
new role of mTORC2 as a potential amino acid sensor. Glutamine uptake, promoted by aberrant
growth factor receptor and c-Myc signaling, is important for tumor cell proliferation, since it is
subsequently converted to glutamate essential for tricarboxylic acid (TCA) cycle anaplerosis to provide
a carbon source for proliferating cancer cells [65,68]. Thus, when the levels of exogenous nutrient are
sufficiently high to support cancer cell proliferation, it would be of disadvantage for cancer cells to
secrete glutamate, which is necessary for their anaplerotic reactions. Recently identified mechanisms
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here enable glutamine-derived glutamate to be utilized primarily for tumor cell proliferation when
nutrients are rich in the tumor microenvironment. On the other hand, it would be an advantage
for cancer cells to increase xCT-dependent cystine uptake in exchange for glutamate efflux, enabling
tumor cells to neutralize the cellular oxidative stresses by synthesizing glutathione from xCT-derived
cysteine, when extracellular nutrients are lacking. Therefore, the mechanism on amino acid metabolism
described here makes it possible for cancer cells to respond and adapt to a dynamic shift in nutrient
levels in the tumor microenvironment.

An unexpected implication for cancer cell metabolism comes from these recent studies regarding
the sensing mechanism of glucose and amino acid by mTORC2. Exogenous nutrients including
glucose and acetate have been reported to activate mTORC2 to phosphorylate its downstream
substrates as aforementioned [69], and this mTORC2-dependent glucose sensing mechanism would
raise the possibility that, when extracellular nutrients become scarce, lower mTORC2 signaling
could tilt the balance of tumor cell status from cell proliferation to cell survival, at least partly by
preferring glutamate efflux, cystine uptake, and glutathione synthesis in order to protect tumor cells
from the oxidative cellular stresses, the mechanism of which is based on the mTORC2-dependent
regulation of xCT systems (Figure 3). The findings provide the challenging and promising ideas on the
previously unrecognized interaction between glucose and amino acid metabolism through mTORC2
signaling, which enables cancer cells to promote their survival according to the level of nutrients in
the microenvironment.

6. Epigenetic Modulation by mTOR-Dependent Metabolism in Cancer

Many enzymes that play important roles in epigenetic gene regulation utilize intermediary
metabolites as co-substrates yielded by cellular metabolic reprogramming [70]. Indeed, epigenetic
modifiers are sensitive to alterations in the levels of multiple intermediary metabolites, which can be
regulated by PI3K/Akt/mTOR signaling.

Acetylation on the N-terminal lysine tail of histones leads to the neutralization of positively
charged lysine with an open chromatin configuration facilitating transcription. On the other side of the
coin, deacetylation of histones is associated with condensed chromatin and reduction of transcriptional
activity. Acetyl-CoA is the substrate used to modify histone tails, and can be produced through a
variety of metabolic pathways. Its primary generation sources are through the conversion of pyruvate
from glycolysis and citrate from the TCA cycle. Intriguingly, some of the processes seem to be
governed by the RTK/PI3K/Akt/mTOR pathway, thus possibly linking their metabolic processes to
epigenetic status. Recent studies demonstrated that dynamic translocation of mitochondrial pyruvate
dehydrogenase complex (PDC) to the nucleus provides a pathway for nuclear acetyl-CoA synthesis
required for histone acetylation and epigenetic regulation [71]. Interestingly, the nuclear translocation
of PDC seems to be facilitated by the stimulation of growth factor receptor signaling, and it may be
mediated by mTOR pathway signaling. ATP citrate lyase (ACLY) is a key enzyme responsible for
generating cytosolic acetyl-CoA and oxaloacetate. Akt enhances the phosphorylation and activation of
ACLY, and ACLY inhibition results in tumor growth arrest [72]. ACLY is also regulated by growth factor
stimulation, which is required for histone acetylation and gene expression [73]. Thus, recent discoveries
that class IIa HDACs (HDAC4, 5, 7, and 9) are involved in glucogenic metabolic processes [74] and
are regulated by mTORC2 [47] suggest that mTORC2 may affect histone acetylation directly or
indirectly through the regulation of acetyl-CoA producing as well as histone modifying enzymes.
Intracellular acetyl-CoA also derives from β-oxidation of fatty acids. Recent work has highlighted
the importance of fatty acid catabolism in cellular energy homeostasis, and it may also affect the
epigenetics through the production of acetyl-CoA. In cancer cells, a gene expressed only in the brain,
carnitine palmitoyltransferase 1C, was reported to promote fatty acid oxidation and cell survival,
and confer rapamycin resistance, indicating that this gene may act in parallel to mTOR-enhanced
glycolysis [75].
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In addition to histone acetylation, histone methylation is also important in defining the epigenetic
state of chromatin as well as the methylation of DNA itself. A methyl-donor SAM derived from
methionine is utilized by methyltransferases; thus, its metabolism can profoundly affect the DNA and
histone methylation status. Methionine adenosyltransferase (MAT) is an essential enzyme responsible
for SAM biosynthesis, and the function and subclass switch of MAT can be associated with PI3K/Akt
signaling, affecting global DNA methylation and cell survival in cancer [76]. Recently, HDAC4 (class
IIa HDAC) is reported to play a central role for histone methylation in response to cardiac load,
revealing a new relationship between HDACs and histone methylation [77], so mTORC2 might be
involved in the regulation of global histone methylation through the inhibition of class IIa HDACs [47].

Somatic mutation of the NADP(+)-dependent enzyme isocitrate dehydrogenase (IDH) is
frequently found in cancer, and is shown to acquire a neomorphic enzymatic activity that converts
α-ketoglutarate (α-KG) to 2-hydroxyglutarate (2-HG) [78]. Oncometabolite 2-HG was shown to affect
the epigenetic status through the inhibition of α-KG-dependent dioxygenase/DNA demethylase
(TET2) for DNA methylation and the Jumonji-domain-containing protein 2A (JMJD2A/KDM4A) for
histone methylation, eventually contributing to the genome-wide methylator phenotype (CIMP: CpG
island methylator phenotype). 2-HG also activates the EGLN1 prolyl hydroxylase and increases the
degradation of HIF. The PI3K/Akt/mTOR pathway is relevant to HIF regulation [13], which might
further connect metabolism to epigenetics through the control of epigenetic enzymes by HIF and
counter-balance the IDH-mediated epigenetic changes. Intriguingly, recent reports demonstrated
that DNA methylation landscape of cancer progression shows extensive heterogeneity in time and
space [79,80], and further comprehension of these relationships will help our understanding of the
mechanics of a variety of metabolic diseases including cancer.

7. Molecular Therapies Targeting mTOR-Dependent Signaling and Metabolism

Understanding the complex role of mTOR in regulating signal transduction is critical to
developing more effective therapies to target metabolic reprogramming in cancer. Distinctly, rapamycin
treatment (a macrolide antibiotic and immunosuppressive compound that inhibits mTORC1 signaling)
leads to the release of Akt suppression (hence activation of mTORC2), due to the loss of negative
feedback for attenuating PI3K signaling [81]. The PI3K pathway reactivation after rapamycin treatment
indicates that dual PI3K/mTOR inhibitors function by preventing PI3K signaling reactivation and more
effectively target mTORC2 (and mTORC1) signaling [82]. Our study further sheds light on the resistant
mechanisms of GBM to targeted therapies, providing compelling rationale for the combined inhibition
of PI3K/Akt and mTORC2 as a promising “combinatorial targeted therapy” for targeting cancer
cell metabolism [83] (Figure 4). We recently demonstrated that EGFRvIII and loss of PTEN potently
activate mTORC2, resulting in GBM cell growth and survival by activating NF-κB through SGK1.
This study also identified a previously unsuspected role for mTORC2 in mediating chemotherapy
resistance, and EGFRvIII-expressing GBMs are exquisitely resistant to cisplatin, temozolomide, and
etoposide [24]. These results strongly suggest a critical role for drugs that target both mTORC1 and
mTORC2, including in combination with chemotherapy.

mTOR also plays a critical role in integrating cellular metabolism with signal transduction.
mTORC1 has emerged as a critical effector downstream of the tumor suppressor liver kinase
B1 (LKB1). LKB1 is thought to suppress tumor formation by negatively regulating mTORC1
signaling through adenosine monophosphate (AMP)-activated protein kinase (AMPK). A study by our
group demonstrated that the AMPK activator, 5-aminoimidazole-4-carboxamide-1-β-D-ribonucleoside
(AICAR) effectively blocks the growth of EGFR-activated GBM primarily by inhibiting lipogenesis [84]
(Figure 4). We also demonstrated that EGFR signaling promotes activation of the transcriptional
regulator of fatty acid synthesis, sterol regulatory element-binding protein-1 (SREBP-1) [85].
Further investigation uncovered an EGFRvIII-activated, PI3K/SREBP-1-dependent tumor survival
pathway through the low-density lipoprotein receptor (LDLR) [86]. Targeting LDLR with the liver X
receptor (LXR) agonist caused an inducible degrader of LDLR (IDOL)-mediated LDLR degradation and
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increased expression of the ATP-binding cassette protein A1 (ABCA1) cholesterol efflux transporter,
potently promoting tumor cell death in a GBM model (Figure 4). Further, GBM is remarkably
dependent on cholesterol for survival, rendering these tumors sensitive to LXR agonist-dependent
cell death, based on identifying and targeting tumor co-dependencies shaped both by aberrant
EGFR-mTOR signaling and the brain’s unique biochemical environment [87]. Recent reports also
demonstrate a novel link between mTOR complexes and lipid metabolism. mTORC2 stimulated
sphingolipid and glycerophospholipid synthesis, and inhibition of fatty acid or sphingolipid synthesis
prevented tumor development, indicating a causal effect in tumorigenesis as well as a novel therapeutic
opportunity [88]. Further, in addition to the role of mTOR a sensor of amino acids and glucose, a recent
study reveals that mTOR also senses the presence of lipids through production of phosphatidic acid,
expanding its role as a metabolic sensor in the cell [89]. Additionally, the combination of an xCT
inhibitor erastin with Torin1 (mTOR kinase inhibitor, which blocks both mTORC1 and mTORC2
activity) resulted in significant GBM cell death, while cell survival was not affected by either drug
alone, indicating that increased xCT activity has a major contribution to glutathione synthesis and
GBM cell survival upon pharmacological mTOR kinase inhibition [67] (Figure 4). Thus, understanding
the regulation of cellular metabolism with mTOR signaling may pave the way for the development of
more effective treatment strategies.

Figure 4. Potential molecular therapies targeting mTOR-dependent metabolic reprogramming in cancer
cells. xCT: amino acid transport system Xc-; NF-κB: nuclear factor-kappa B; RTK: receptor tyrosine
kinase; JAK: Janus kinase; STAT: signal transducers and activators of transcription; ERK: extracellular
signal-regulated kinase; S6K1: ribosomal protein S6 kinase 1; 4EBP1: eukaryotic translation initiation
factor 4E-binding protein 1; LKB1: liver kinase B1; AMPK: adenosine monophosphate-activated protein
kinase; SREBP-1: sterol regulatory element-binding protein 1; LDLR: low density lipoprotein receptor;
IDOL: inducible degrader of LDLR; ABCA1: ATP-binding cassette protein A1; LXR: liver X receptor.

8. Unanswered Questions on mTOR-Dependent Metabolism in Cancer

There have traditionally been plenty of the epidemiological studies endeavoring to reveal the
statistic link between cancer incidence and metabolic factors including obesity, diabetes mellitus, and
Western-type life style and diet. However, the relationship was not usually solid, partly because most
of the studies did not touch on the tumor genotype. Future studies will be necessary to plan the
mechanistic types of studies that will untangle the interaction between nutrients, metabolism, and
cancer biology on a genetic and molecular basis, which will eventually reveal the impact of nutrient
and metabolism on tumor pathogenesis, aggressiveness, and response/resistance to treatment. Thus,
mTOR-dependent metabolism should be evaluated in the specific context of genotype-defined and
nutrient/environment-restricted conditions.
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We have proposed the questions on mTOR-dependent metabolism in cancer, which should
be tackled in the future for achieving the goal of developing novel therapeutic and preventive
strategies against cancer with facilitated metabolism. In order to determine whether accelerated cellular
metabolism is not only a consequence reprogrammed by oncogenic signaling but also potentially
affected by a specific tumor microenvironment, it will be necessary to regulate diet and nutrient levels
in genotyped human and mouse tumor models to assess the impact of metabolism on signal activation,
tumor progression, and response/resistance to treatment. The critical point here is to recognize that
the status of specific nutrients in the tumor microenvironment are not merely a consequence of the
diet but rather established by the intricate interaction between diet uptake, de novo/salvage synthesis,
and cellular utilization [90]. Thus, directly measuring the levels of specific nutrient and tracing their
uptake and utilization in tumor tissue in human and genetically engineered mouse models will be
needed. Importantly, mTOR complexes are one of the critical hubs and nodes integrating nutrient
status and altered growth factor receptor signaling, but understanding how they interact with other
nutrient sensing pathways will also be important.

In addition, to test a hypothesis that mTOR complexes are a key node to integrate growth factor
receptor signaling with nutrient availability, influencing tumor growth and response to treatment,
it will be necessary to study the role of mTOR and its modulation by nutrients in various cancer
types. Furthermore, to test the hypothesis that glucose or amino acid-derived intermediates including
acetyl-CoA and SAM directly contribute to tumor growth and drug resistance, genetic studies will be
needed particularly to confirm the hypothesized importance of histone acetylation, histone methylation,
and DNA methylation and to determine if persistent mTOR signaling is sufficient to maintain tumor
growth and cause drug resistance through metabolic reprogramming and subsequent epigenetic shifts,
for example, by examining the impact of elevated acetyl-CoA and SAM levels on enhancer activation
and transcriptional reprogramming.

9. Conclusions and Future Perspectives

The intricate orchestration of responses that enable cancer cells to meet their demands in a
completely cell-autonomous fashion defines the specificity of metabolic reprogramming in cancer.
A promising and less toxic therapeutic strategy for patients with cancer will be achieved by the
development of inhibitors that target cancer-specific signal transduction and metabolism. However,
that goal is unlikely to be achieved until the impact of cancer-causing driver mutations on metabolic
reprogramming and epigenetic regulation are deeply comprehended, including the flexible ways in
which tumor cells appropriately sense the nutrient status in microenvironment and adapt to changing
conditions, so as to coordinately sustain the constitutive activation of downstream effectors necessary
for tumor cell proliferation and survival. We have herein summarized the recent literature, clearly
pointing out an unanticipated important role for both mTOR complexes in sensing essential nutrients
including glucose and amino acids via cancer metabolic reprogramming, where they integrate aberrant
signaling activities into biochemical reactions and potential transcriptional regulations that drive
tumor progression. We have also highlighted an emerging role for mTORC2 in linking aerobic
glycolytic metabolism with amino acid metabolism, which could potentially be a key mechanism
to exquisitely tilt the balance between dichotomic cellular events essential for tumor cell survival
including cell proliferation and cell protection from oxidative stress. Future endeavors should
be directed to understand how driver mutations in cancer rewire intracellular signaling cascades
to translate biochemical metabolic reactions into global epigenetic ensembles [17]. Cooperative,
multidisciplinary, and translational approaches would be necessary to yield critical insights into the
etiology and pathogenesis of cancer, shed new light on how tumor cells resist molecularly targeted
therapies, and possibly pave the way for the development of more effective signaling-dependent
metabolism-targeted treatments against cancer to achieve the goal of “precision medicine.”
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Abstract: Constitutive signaling through the phosphatidylinositol-3-kinase-Akt-mechanistic target of
rapamycin (PI3K-Akt-mTOR) pathway is present in acute myeloid leukemia (AML) cells. However,
AML is a heterogeneous disease, and we therefore investigated possible associations between cellular
metabolism and sensitivity to PI3K-Akt-mTOR pathway inhibitors. We performed non-targeted
metabolite profiling to compare the metabolome differences of primary human AML cells derived
from patients susceptible or resistant to the in vitro antiproliferative effects of mTOR and PI3K
inhibitors. In addition, the phosphorylation status of 18 proteins involved in PI3K-Akt-mTOR
signaling and the effect of the cyclooxygenase inhibitor indomethacin on their phosphorylation
status was investigated by flow cytometry. Strong antiproliferative effects by inhibitors were
observed only for a subset of patients. We compared the metabolite profiles for responders and
non-responders towards PI3K-mTOR inhibitors, and 627 metabolites could be detected. Of these
metabolites, 128 were annotated and 15 of the annotated metabolites differed significantly between
responders and non-responders, including metabolites involved in energy, amino acid, and lipid
metabolism. To conclude, leukemia cells that are susceptible or resistant to PI3K-Akt-mTOR inhibitors
differ in energy, amino acid, and arachidonic acid metabolism, and modulation of arachidonic acid
metabolism alters the activation of mTOR and its downstream mediators.

Keywords: acute myeloid leukemia; metabolism; mTOR; PI3K; phosphorylation

1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous malignancy characterized by proliferating
myeloblasts in the bone marrow [1,2]. Abnormal constitutive signaling through intracellular pathways
is often observed in AML, including the phosphatidylinositol-3-kinase-Akt-mechanistic/mammalian
target of rapamycin (PI3K-Akt-mTOR) pathway that seems to be important both in normal and
leukemic hematopoiesis [3–5]. This pathway is important for regulation of proliferation, apoptosis,
differentiation, and metabolism [6,7].

Constitutive signaling through the PI3K-Akt-mTOR pathway is found in 50–80% of AML
patients and correlates with poor prognosis [4,8]. This abnormal signaling may be initiated by
various mechanisms, e.g., oncogenes or mutated receptor tyrosine kinases, cell adhesion molecules,
G-protein-coupled receptors, or other cytokine or hormonal receptors.
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When signaling is initiated in response to extracellular stimuli, scaffolding proteins are recruited
and bind to the regulatory subunit of PI3K. Sequentially, PI3K phosphorylates phosphatidylinositol
(4,5)-bisphosphate (PIP2) to generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which facilitates
recruitment and binding of proteins containing pleckstrin–homology domains, including Akt and
its upstream activator 3’phosphoinositide-dependent kinase 1 (PDK1) [9]. PDK1 phosphorylates
Akt at T308, leading to its partial activation. However, a subsequent phosphorylation at S473 is
required for full enzymatic activation of Akt [9,10], and this can be achieved by mTOR complex 2
(mTORC2) or DNA-dependent protein kinase (DNA-PK) [10,11]. The mTOR kinase is part of two
complexes, mTORC1 and mTORC2 with different biochemical structures and substrate specificity.
The interactions between Akt and mTORC1/2 are complex. Akt phosphorylates the inhibitor
of mTORC1 and proline-rich Akt-substrate-40 (PRAS40), preventing the suppression of mTORC1
signaling. Additionally, an Akt-driven inactivation of tuberous sclerosis complex (TSC) 1/2, leads
to activation of mTORC1 through Ras homolog enriched in brain (RHEB). mTORC1 is an important
regulator of cellular metabolism and protein synthesis through phosphorylation and activation of
both the S6 ribosomal protein kinase (S6PK) and the repressor of messenger RNA (mRNA) translation
initiation factor 4E-binding protein 1 (4EBP1) [6].

The PI3K-Akt-mTOR signaling pathway is one of the most frequently dysregulated pathways
in human malignancies, including AML [12,13]. Though PI3K-Akt-mTOR is rarely mutated in AML,
these patients harbor several mutations that may activate the pathway [12,14] and, hence, contribute
to chemoresistance [4,15]. Based on extensive experimental studies, this pathway has been regarded as
a possible therapeutic target in human AML [3,16]. However, despite this evidence, the initial clinical
studies suggest that the tested mTOR inhibitors have only a modest antileukemic effect [16]. However,
it should be emphasized that previous experimental studies also suggest that therapeutic targeting of
the PI3K-Akt-mTOR pathway will be effective only for a subset of patients [17], and pathway inhibition
may be more effective when using combined treatment strategies [18].

As discussed in a recent review, previous studies of resistance towards PI3K-Akt-mTOR inhibitors
have focused on the possible hyperactivation of upstream mediators through feedback loops (e.g., PI3K
and Akt) and compensatory activation of other pathways [16]. However, this cannot be the only
explanation because chemoresistance is also seen for inhibitors upstream to Akt [17]. Our present
study is to the best of our knowledge the first to suggest that metabolic alterations are a part of the
therapy-resistant AML cell phenotype, and the metabolic differences seem to involve pathways that
are involved in cellular energy and amino acid metabolism.

2. Results

2.1. Selection of Patients for the Metabolomics Comparison of Primary Human Acute Myeloid
Leukemia (AML) Cells

We investigated the antiproliferative effect of four PI3K-Akt-mTOR inhibitors on primary human
AML cell proliferation in the presence of exogenous cytokines [17]. The antiproliferative effects of
the inhibitors differed considerably between the 56 patient cell samples studied, and for a subset of
patients, even increased proliferation was seen in the presence of pathway inhibitors. In contrast,
these previous studies showed that pathway inhibitors had only minor effects on the spontaneous
stress-induced in vitro apoptosis that occurs during culture of primary human AML cells [19], and only
minor differences could then be detected between different patients [17]. Patient subsets could thus
be identified based solely on differences in our proliferation assay, i.e., these cells survived for 6 days
in the presence of the pathway inhibitors and could still proliferate and incorporate 3H-thymidine
during the period from day 6 to day 7 of the in vitro culture. This means that our subclassification was
based on the pharmacological effects on a cell subset within the hierarchically organized AML cell
population that were able to both survive and still be able to proliferate.

We also investigated the effects of pathway inhibitors on the in vitro proliferation of primary
human AML cells for a second and larger cohort including 76 additional consecutive patients; in these
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experiments, we only examined the effects of rapamycin and GDC-0941. The overall results are
presented in Figure 1. The studies of this second cohort confirmed that the antiproliferative effects
of PI3K-Akt-mTOR pathway inhibition varied among individual patients, and a variation of the
effect between the two drugs was observed. We also investigated the susceptibility to stress-induced
or spontaneous in vitro apoptosis for these 76 patients, but we could not observe any correlation
between this susceptibility to apoptosis and the antiproliferative effects of the two pathway inhibitors.
Taken together, our results from the two patient cohorts showed that neither the general regulation of
apoptosis, as reflected in the degree of spontaneous in vitro apoptosis, nor the viability of the AML cell
population after in vitro exposure to pathway inhibitors showed any significant association with the
variation in antiproliferative effects of pathway inhibitors that was detected in our proliferation assay.

Figure 1. The effect of phosphatidylinositol-3-kinase-mechanistic target of rapamycin (PI3K-mTOR)
inhibitors on cytokine-dependent in vitro acute myeloid leukemia (AML) cell proliferation. Leukemic
cell proliferation was assayed as 3H-thymidine incorporation after six days of culture. We compared
the proliferation of primary human AML cells cultured in the presence of the PI3K-inhibitor GDC-0941
and the mTOR-inhibitor rapamycin. The results are presented as the ratio of proliferation, i.e., nuclear
incorporation of 3H-thymidine in drug-exposed cells relative to the incorporation in corresponding
drug-free control cultures. The patient cohort included 76 patients, but detectable proliferation was
only seen for the 68 AML patients whose results are presented in the figure. Each line represents the
results for one patient. The dashed line indicates a ratio of 1.0, i.e., no change in proliferation.

The data presented in Figure 1 clearly illustrate that pathway inhibitors can increase AML cell
proliferation for a subset of patients, whereas for other patients, a strong inhibition corresponding to
more than 50% inhibition could be detected for different mediators. For further analysis of the possible
association between metabolic characteristics and the antiproliferative effects of pathway inhibitors on
primary human AML cells, we compared two contrasting groups of selected patients based on the
studies of the two patient cohorts. We then selected 15 patient samples with significantly decreased
proliferation after inhibition with both rapamycin and GDC-0941; these samples are referred to as
responders to the treatment. The other group included 15 patient samples showing no significant
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alteration of proliferation (corresponding to <10% inhibition) or even growth enhancement in the
presence of pathway inhibitors. These are referred to as non-responders to treatment.

2.2. Patient Samples with Different Drug Sensitivity towards PI3K-mTOR Inhibitors Also Differ in Energy,
Amino Acid and Arachidonic Acid Metabolism

Previous studies suggest that metabolic regulation of chronic myeloid leukemia cells is important
for their susceptibility towards targeted therapy with kinase inhibitors [20]. We compared the metabolic
profiles of the two contrasting patient groups that were sensitive and insensitive to PI3K-Akt-mTOR
inhibition in vitro. As described above, these groups were selected based on their susceptibility to the
antiproliferative effect of PI3K and mTOR inhibitors [17]. The metabolic analysis of the AML cells
detected a total of 627 metabolites, and 128 of these metabolites were annotated. A principal component
analysis was performed to illustrate the variance between the different sample groups. The responders
and non-responders showed a great overlap in the plot, though four of the non-responders clustered
separately from the rest (Figure 2). Thus, responders and non-responders could not be separated by an
analysis of the overall metabolic profile, and non-responder patients seem to be heterogeneous with
regard to their global metabolite profiles even though they show a similar resistance to PI3K-Akt-mTOR
pathway inhibition.

 

Figure 2. Principal component analysis (PCA) comparing the metabolic profiles of responders and
non-responders to PI3K-mTOR inhibitors. The analysis was performed to generate an overview of the
metabolic variance among the entire set of samples. Prior to this analysis, primary AML cells from
30 patients were separated into two contrasting groups based on their susceptibility to the in vitro
antiproliferative effect of pathway inhibitors. The metabolic profiles for the primary AML cells derived
from patients being susceptible (15 responders; grey circle) or resistant (15 non-responders; black circle)
to PI3K-mTOR inhibitors were compared. The PCA depicts 71.2% (58.4 + 12.8% as indicated at the
X and Y axis) of all variances in the data set. A separation of four non-responders (indicated by the
asterisks *) from the rest of the sample was seen. Each circle represents the results for one patient.

Of the 627 detected metabolites, 23 metabolites differed significantly between the two contrasting
groups of responders and non-responders, and among these, 15 were annotated (Table 1). These
significantly altered metabolites are involved in energy (citric acid, isocitric acid, glutamine), amino acid
(proline, glutamine, taurine), and lipid metabolism (two phosphatidylinositols (PI), the arachidonic
acid metabolites 4,7,10,13-eicosatetraenoic acid, and 4,7,10,13,16-docosapentaenoic acid).

We did a metabolic pathway mapping based on the identified metabolites for further
characterization of differences between responders and non-responders based on the 80 top-ranked
metabolites. Purine metabolism (including the annotated metabolites glutamine, glutamic acid, glycine,
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and hypoxanthine) and Warburg effect (i.e., energy metabolism; including the annotated metabolites
NAD, glutamic acid, glutamine citric acid, and isocitric acid) were then the two highest-ranked
terms. This metabolic pathway mapping analysis further supports our conclusion that responders and
non-responders to PI3K-mTOR inhibitors show metabolic differences.

2.3. Responders and Non-Responders to PI3K-Akt-mTOR Inhibition Could Be Identified Based on
Metabolic Differences

No single metabolite could be used to identify responders and non-responders. However, a decision
tree analysis was performed showing that samples can be differentiated based on the levels of cysteinyl-
cysteine and threonic acid (Table 1). The patient subset sensitive to PI3K/mTOR inhibitors in vitro was then
characterized by low levels of both these metabolites (Figure 3). Cysteinyl-cysteine is a dipeptide composed
of two cysteine residues and an incomplete breakdown product of protein catabolism, whereas threonic
acid is probably derived from glycated proteins or degradation of ascorbic acid (Human Metabolome
Database). This additional and alternative analysis of our metabolomic data further illustrates that our
contrasting groups of responder and non-responder AML cells show metabolic differences.

 

Figure 3. A decision tree analysis of the metabolic differences between 15 responders and 15 non-
responders to PI3K-Akt-mTOR inhibition. The levels of two metabolites, cysteinyl-cysteine and
threonic acid, allowed for discrimination between responders and non-responders. The 30 patients
(see the upper box) were first classified into two subsets based on their cysteinyl-cysteine levels (≤ or
>0.045). In the box with high cysteinyl-cysteine (>0.045; right box), there were 10 non-responders and
1 responder. The 19 patients (14 responders and 5 non-responders) with low levels of cysteinyl-cysteine
(≤0.045; left box) were further subclassified into two subsets based on the level of threonic acid (≤ or
>0.0145). Thirteen of the 14 responders with low levels of cysteinyl-cysteine also showed low levels of
threonic acid (≤0.0145; left box). Whereas four of five non-responders among the 19 patients with low
levels of cysteinyl-cysteine showed high levels of threonic acid (>0.0145; right box). Approximately
ninety percent of patients were then correctly classified as responders or non-responders.
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2.4. Modulation of Arachidonic Acid Metabolism Alters PI3K-Akt-mTOR Signaling

In a previous study, we used Western blot to analyze phosphorylation mediators downstream
of mTOR in a small group of patients treated with PI3K-mTOR inhibitors [17]. Even though these
results have to be interpreted with great care as few patients were studied, the observations suggested
that (i) patients differed considerably with respect to the degree of constitutive signaling through the
PI3K-Akt-mTOR pathway; and (ii) the heterogeneous antiproliferative effects of PI3K-mTOR inhibitors
seen among patients could not be explained by differences in constitutive pathway activation.

Arachidonic acid metabolism seems to be important for survival and proliferation of various
cells, including myeloid cells [21,22]. Arachidonic acid can be metabolized by cyclooxygenase,
lipoxygenase, or the cytochrome P450 pathways into a number of metabolites, referred to as eicosanoids.
These arachidonic acid derived eicosanoids belong to a complex family of lipid signaling mediators
that control many important cellular processes, including cell proliferation, apoptosis, and cell
metabolism [21,23]. Therefore, we wanted to investigate whether modulation of the balance between
the various pathways of arachidonic acid metabolism would influence PI3K-Akt-mTOR signaling in
primary human AML cells.

In these experiments, we modulated the balance of arachidonic acid metabolism by incubating
the cells with indomethacin (a nonselective cyclooxygenase 1/2 inhibitor), and we investigated the
effects of this inhibitor on PI3K-Akt-mTOR signaling in primary AML cells derived from five patients
showing constitutive signaling throughout this pathway. These five patients showed a wide variation
in constitutive pathway activation; this activation was also observed in previous Western blot analyses
of the downstream mTOR mediators P70SK6 and p4E-BP1 (see above) [17]. Thus, a variation in the
degree of constitutive pathway activation can be detected by both Western blot and phospho-flow,
and, therefore, we selected five patient samples with a constitutive, though wide variation of signaling.
The variation between these five patients was, in addition, reproduced/documented in independent
analysis of cells derived from separate freezing ampullas.

Using a flow cytometry technique, we explored the effects of indomethacin of the PI3K-Akt-mTOR
pathway (10 μg/mL, 15-min incubation) for cells incubated in medium alone (i.e., constitutive signaling)
and medium supplemented with insulin 10 μg/mL (Figures 4 and 5). Insulin was studied because
PI3K-Akt-mTOR is an important pathway downstream of the insulin receptor [24,25], and in vitro
studies have shown that insulin is an important growth factor for primary AML cells for a major
subset of patients [26]. When performing an unsupervised hierarchical clustering of the overall results,
we observed that the four combinations tested (medium alone ± indomethacin, insulin ± indomethacin)
for each individual patient sample generally clustered together; showing that differences in pathway
signaling between patients were maintained even in the presence of cyclooxygenase inhibition.
An indomethacin-induced decrease of mTOR pS2448, S6 pS235 pS236, and S6 pS244 was seen for
all patients in insulin-free and/or insulin-supplemented cultures, and for four of the five patients
a decrease was seen for Akt pS473 and S6 pS240 (Figure 4).
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Figure 4. In vitro phospho-signaling analysis of primary AML cells derived from five patients to
explore the effects of indomethacin on the PI3K-Akt-mTOR pathway. AML cells were incubated in
medium alone, in medium supplemented with 10 μg/mL of either indomethacin or insulin, and in
medium supplemented with the combination of insulin and indomethacin. Phosphorylation status of
nine mediators were examined. An indomethacin-induced decrease of mTOR pS2448, S6 pS235 pS236,
and S6 pS244 was seen for all patients in insulin-free and/or insulin-supplemented cultures, and a
decrease of S6 pS240 and Akt pS473 was seen for four of the five patients. The X-axis is a log-scale for
fluorescence intensity; the Y-axis indicates the number of cells.

Based on our current observations, we conclude that modulation of arachidonic acid metabolism
by exposure to indomethacin has only minor effects on the phosphorylation of certain mediators
in the PI3K-Akt-mTOR pathway; a similar conclusion can be made also for insulin. Only minor
effects were observed on the overall pathway activation profile compared with the observed wide
variation in constitutive pathway activation between different patients. Accordingly, our results in
Figure 5 illustrate that the wide variation between patients in constitutive pathway activation seems
to be maintained also after exposure of the leukemic cells to insulin, as well as after drug-induced
modulation of arachidonic acid metabolism, i.e., samples from an individual patient cluster together
whereas samples from insulin/indomethacin exposed cells do not cluster together.
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Figure 5. The effect of indomethacin on the activation of PI3K-Akt-mTOR signaling. We investigated
the effects of indomethacin on PI3K-Akt-mTOR signaling in primary AML cells derived from five
patients. For each sample, we tested AML cells incubated in medium alone, with only indomethacin
10 μg/mL, in medium supplemented with 10 μg/mL insulin, and with the combination of insulin
and indomethacin. Phosphorylation status of nine mediators were examined. Red indicates high and
blue indicates low phosphorylation/expression of the mediators. All combinations tested for each
patient sample also clustered together in the same subclusters for all patients. All values from the flow
cytometric analyses were calculated using fold change on the Inverse hyperbolic sine (Arcsinh) scale.

3. Discussion

The PI3K-Akt-mTOR signaling network shows constitutive activation in human AML [12].
However, previous experimental studies [17] suggest that the antileukemic effects of pathway inhibitors
differ between patients, and the aim of the present study was to further characterize this patient
heterogeneity with regard to constitutive PI3K-Akt-mTOR activation/signaling, pathway inhibition,
and metabolic regulation.

For younger patients receiving the most intensive chemotherapy, the overall long-term AML-free
survival is only 40–50%. However, the large group of patients above 70–75 years of age are not able to
receive this intensive therapy, and are therefore, treated with AML-stabilizing treatment [27]. Many of
these elderly patients, as well as younger unfit patients, have an expected survival of only 1–3 months.
Thus, new therapeutic strategies are needed both for younger as well as for elderly and unfit patients
who can only receive AML-stabilizing treatment; combination therapy including PI3K-Akt-mTOR
inhibitors may then be an alternative therapeutic strategy [3,16,18]. However, due to the short survival
of many elderly and unfit patients [28,29], they may get only one chance of antileukemic therapy

168



Int. J. Mol. Sci. 2018, 19, 382

because of the rapid disease progression if this first treatment fails. For this reason, pretreatment
identification of patients with high risk of resistant disease will be important. Our present study
suggests that metabolic characterization should be further explored as a possible strategy to identify
patients with a high risk of resistance to PI3K-Akt-mTOR inhibition, and such patients should then try
an alternative strategy as their initial treatment.

In vitro cultured hierarchically organized AML cell populations show spontaneous apoptosis during
the first 4–5 days of culture; for most patients, this is an extensive process [19]. Our previous study
showed that PI3K-mTOR inhibitors only have weak influence on this spontaneous or stress-induced
in vitro apoptosis, and the variation between patients is limited so that it cannot be used for subset
classification [17]. However, a wide variation between patients can be detected when using our
3H-thymidine incorporation assay after six days of in vitro culture, i.e., an analysis of the AML cell
minority that has been able to survive the initial six days of in vitro culture and still are able to
proliferate. Inhibitors of the PI3K-Akt-mTOR pathway were added at the start of the cultures. Our patient
classification reflects a combined effect of pathway inhibitors on both survival and proliferation, i.e., the
presence of the drug during the initial six days characterized by spontaneous in vitro apoptosis and the
ability of the remaining viable cells to still show cytokine-dependent proliferation in the presence of the
pathway inhibitors when 3H-thymidine incorporation is assayed from day six to seven of in vitro culture.

We investigated the effect of insulin on phosphorylation of the PI3K-Akt-mTOR-pathway as this
pathway is important for insulin signaling [24,25], and insulin is also an important growth factor for
in vitro cultured primary human AML cells for a large subset of patients [26]. Our present studies
showed that insulin altered the activation/phosphorylation of several mediators; however, the effects
were minor and differed between patients. Also, the wide variation in PI3K-Akt-mTOR pathway
activation between patients was maintained in the presence of insulin (i.e., the samples exposed to
insulin did not cluster together with each other but rather together with the corresponding insulin-free
control (Figures 4 and 5)).

Even though constitutive activation of PI3K-Akt-mTOR signaling in the enriched leukemic cells is
seen for most AML patients, resistance to the antiproliferative effect of pathway inhibitors is relatively
common. In our present study, we show that resistant patient-derived leukemia cells differ with
regard to their metabolomic profile, including the metabolites involved in amino acid and arachidonic
acid metabolism. Similar abnormalities are also associated with chemoresistance in other myeloid
malignancies [30].

Arachidonic acid metabolism is important for survival and proliferation of hematopoietic
cells [21,23,31–33] and several of its metabolites can influence activation/signaling through
the PI3K-Akt-mTOR pathway, e.g., pathway-activating prostaglandins and eicosatetraenoic acid
derivatives [31–35]. Our comparison of the metabolite profiles of cell samples representing either
responders or non-responders to PI3K-Akt-mTOR inhibition supports the hypothesis that arachidonic
acid metabolism is important with regard to susceptibility to these inhibitors. This hypothesis was
also supported by our observed effects of modulated arachidonic acid metabolism by indomethacin
on mediator phosphorylation, and previous studies in both human chronic myeloid leukemia and in
animal models of leukemic stem cells indicating that arachidonic acid metabolism is important for
both leukemogenesis and chemosensitivity [20,36].

For other cell types, there are functional links between redox balance, purine metabolism,
NADH, proline, and glutamine metabolism, and the citric acid cycle [37–41]. Even though few
studies of myeloid cells are available, observations in other cell types suggest links between such
metabolic steps and PI3K-Akt-mTOR signaling. Firstly, arachidonic acid metabolites can function
as regulators of the PI3K-Akt-mTOR pathway [21,23,42,43], and our present results suggest that
this may also be true in human AML. Secondly, there are links between PI3K-Akt-mTOR signaling
via free oxygen radicals/redox homeostasis to the NAD/NADH/proline/glutamine/glutamate
system [44,45]. Thirdly, proline and glutamine are interconvertible, and glutamine is an important
substrate for the energy metabolism in many malignant cells; a link between arachidonic acid and
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energy metabolism/the citric acid cycle is therefore possible [37,39]. Finally, both arachidonic acid
metabolism and PI3K-Akt-mTOR signaling are important for regulation of the peroxisome proliferator
activated receptors, a group of transcription factors [21,40]. However, additional studies are needed to
clarify the possible contributions of these various steps in human AML.

Previous experimental studies suggest that altered proline metabolism can be important for the
development of cancer chemoresistance, and proline oxidase has been suggested as a possible target
in cancer treatment [37,39,41,46]. Our present study suggests that proline/glutamine metabolism
may also contribute to resistance of PI3K-mTOR inhibitors in human AML. Our observation of
increased levels of eicosatetraenoic acid and docosapentaenoic acid indicates that arachidonic acid
may be one of these interacting factors. However, an alternative explanation could be that effects on
proline/glutamine only reflect differences in energy metabolisms, and differences in arachidonic acid
metabolites may reflect the altered energy/lipid metabolism. This is further supported by previous
studies showing that arachidonic acid metabolism is important in murine leukemogenesis and for
chemoresistance in human chronic myeloid leukemia [20,36]. The PI3K-Akt-mTOR pathway may
represent a link between these two systems through the effect of arachidonic acid metabolites on this
pathway and the regulatory effect of mTOR on proline oxidase.

The role of arachidonic acid and its metabolites in normal and malignant hematopoiesis has
been reviewed previously [21]. Increased expression of lipoxygenase enzymes has been detected in
malignant myeloid cells, and products from this pathway of arachidonic acid metabolism often seem
to mediate growth-enhancing and antiapoptotic effects. Our present observations of increased levels
of eicosanoids in cells that are resistant to PI3K-Akt-mTOR inhibitors suggest that these metabolites
may have such a role in human AML. Furthermore, the effect of arachidonic acid itself seems to differ
between cell lines, but proapoptotic effects have been described. Finally, a previous study of primary
human AML cells showed that even low levels of indomethacin could reduce the AML cell levels of
prostaglandin E2, and in their model PGE2, could enhance both the spontaneous proliferation as well
as Toll like receptor mediated growth enhancement of primary human AML cells [47].

4. Materials and Methods

4.1. AML Patients

The study was approved by the Regional Ethics Committee (REK) (REK III 060.02, 10 June 2002;
REK Vest 215.03, 12 March 04; REK III 231.06, 15 March 2007; REK Vest 2013/634, 19 March 2013; REK
Vest 2015/1410, 19 June 2015), The Norwegian Data Protection Authority 02/1118-5, 22 October 2002,
and The Norwegian Ministry of Health 03/05340 HRA/ASD, 16 February 2004. All AML cell samples
were collected after written informed consent.

The clinical and biological characteristics of those 30 patients included in the metabolic studies
are summarized in Table 2. All patients had a high number and/or percentage of peripheral blood
blasts; leukemic peripheral blood mononuclear cells could, therefore, be isolated by density gradient
separation alone (Lymphoprep, Axis-Shield, Oslo, Norway) and generally contained at least 95%
leukemic blasts. The contaminating cells were small lymphocytes. These enriched AML cells were
stored in liquid nitrogen until used in the experiments [48]. All the 15 responder patients selected
for metabolic profiling had a strong inhibition (i.e., >50% inhibition) of cytokine-dependent AML
cell proliferation by both PI3K and mTOR inhibitors, whereas PI3K and mTOR inhibition either
increased the proliferation or had a weak antiproliferative effect corresponding to <10% inhibition for
the 15 non-responders.
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4.2. Drugs

Drugs used in this study included the mTOR inhibitor rapamycin (LC Laboratories, Woburn, MA,
USA), the PI3K class I specific inhibitor GDC-0941 (Axon Medchem BV, Groningen, The Netherlands),
human insulin (Sigma-Aldrich, St. Louis, MO, USA), and the nonselective cyclooxygenase 1/2 inhibitor
indomethacin (Sigma-Aldrich; dissolved in dimethyl sulfoxide (DMSO)). Stock solutions were sterile
filtered and stored at −20 ◦C until used in experiments, thawed only once, and diluted with their
respective solvents to obtain the desired final concentrations.

Indomethacin (Sigma-Aldrich) was tested at a final concentration of 10 μg/mL (corresponding to
28 μM). Previous studies in human as well as murine AML cells often used indomethacin concentrations
in the range of 10–50 μM (3.6–18 μg/mL) [49–51], and the conventional cyclooxygenase-blocking
concentration of indomethacin is considered to be 10–20 μM (for original reference see [50]). However,
even indomethacin concentrations as low as 1 μM (0.4 μg/mL) will decrease the in vitro prostaglandin
production by primary human acute leukemia cells [47]. Our use of indomethacin 10 μg/mL was
based on these previous studies. Finally, in pilot experiments we investigated pharmacological effects
after incubation for 7, 10, 15, 30, and 45 min before analyzing the PI3K-Akt-mTOR pathway activation.
We decided to incubate cells with the drugs for 15 min because additional effects could not be detected
when using longer incubations.

4.3. Analysis of PI3K-Akt-mTOR Activation

Flow cytometry was used to examine the basal expression of 18 mediators in the PI3K-Akt-mTOR
pathway/network in the AML cells. Cryopreserved and thawed primary leukemic cells were incubated
for 20 min in RPMI-1640 (Sigma-Aldrich) before being directly fixed in 1.5% paraformaldehyde (PFA)
and permeabilized with 100% methanol. The cells were subsequently rehydrated by adding 2 mL
phosphate-buffered saline (PBS), gently re-suspended, and then centrifuged. The cell pellet was washed
twice with 2 mL PBS and resuspended in 150 μL PBS supplemented with 0.1% bovine serum albumin
(BSA) (Sigma-Aldrich). Washed cells were blocked with immunoglobulin (Octagam; Octapharma,
Jessheim, Norway) and 1% BSA, and then split evenly into nineteen new tubes (1 × 105 cells per sample)
before staining. All staining panels included the same live/dead discriminator, either FITC or Alexa
Fluor® 647 Mouse anti-Cleaved PARP (Asp214); an unstained sample was also included. Three directly
conjugated dyes were used: (i) Alexa Fluor® 647 was used for PTEN, PDPK1 pS241, PKCα, PKCα

pT497, Akt pS473, 4EBP1 pT36 pT45, elF4E pS209, S6 pS244, and mTOR; (ii) phycoerythrin (PE) for
Akt total, Akt pT308, mTOR pS2448, and S6 pS240; and (iii) V450 for S6 pS235 pS236. Antibodies were
purchased from BD Pharmingen (Franklin Lakes, NJ, USA), except for anti-mTOR that was purchased
from Cell Signal Technology (Danvers, MA, USA). Four of the antibodies were unconjugated (anti
Raptor, Tuberin, FKBP38, and RHEB; all from Abcam; Cambridge, UK) and required secondary
antibody-conjugated Alexa Fluor® 647 (BD Pharmingen). Together these mediators represent the main
steps in the PI3K-Akt-mTOR pathway and they were selected to provide an extended phosphorylation
profile of this pathway. Finally, in our pharmacological studies, AML cells were incubated with human
insulin 10 μg/mL (Sigma-Aldrich) and/or indomethacin 10 μg/mL (Sigma-Aldrich; dissolved in
DMSO); final concentration in the medium 0.5%) or a DMSO control solution for 15 min before flow
cytometric analysis as described above. Flow cytometry analysis was acquired on a BD FACS Verse
8-color flow cytometer (BD Biosciences, San Jose, CA, USA) and data analysis performed using FlowJo
10.0.7 software (Tree Star, Inc., Ashland, OR, USA).

4.4. Analysis of Cytokine-Dependent Proliferation in Presence of PI3K-mTOR Inhibitors

As described in detail previously [52,53]; AML cells (5 × 104 cells/well) were cultured in
flat-bottomed microtiter plates (150 μL/well) in Stem Span SFEMTM serum-free medium (Stem Cell
Technologies; Vancouver, BC, Canada) alone or in medium supplemented with granulocyte-macrophage
colony-stimulation factor (GM-CSF), stem cell factor (SCF) and Fms like tyrosine kinase 3 ligand
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(Flt3L) [54]. All cytokines were purchased from Peprotech (Rocky Hill, NJ, USA) and used at 20 ng/mL.
All drugs were added on the first day of culture, whereas 37 kBq/well of 3H-thymidine (Perkin Elmer;
Waltham, MA, USA) was added after 6 days, and nuclear incorporation was assayed after seven days
of culture. The mTOR inhibitor rapamycin and the PI3K inhibitor GDC-0941 were added at a final
concentration of 100 nM on the first day of culture [55].

4.5. Metabolomic Analysis

The metabolomic analyses and sample preparations were performed by Metabolomic Discoveries
GmbH (Potsdam, Germany) [56]. Briefly, non-targeted metabolite profiling of cells included analyses by
gas chromatography/mass spectrometry (GC-MS) and Liquid Chromatography Quadrupole-Time of
Flight (LC-QTOF)/MS; metabolites could then be analyzed in the range of 50–1700 Da with an accuracy
up to 1–2 ppm and a resolution of mass/Δmass = 40,000. Metabolites measured in the LC were
annotated according to their accurate mass and subsequent sum formula prediction. Metabolite profiles
were explored by the platforms of Metabolomic Discoveries and Small Molecule Pathway Database
(BioVariance, Munich, Germany). The lists of the 627 detected and the 128 annotated metabolites
are presented in the Supplementary Materials presenting the identity/accurate mass@retention time,
the p-value, and responder/non-responder ratio.

4.6. Bioinformatical and Statistical Analyses

Bioinformatic analyses were performed using the J-Express 2012 software (MolMine AS, Bergen,
Norway). For hierarchical clustering analysis, all values from cytometric analyses were calculated using
fold change on the Inverse hyperbolic sine (Arcsinh) scale. The median signal for each phospho-protein
was used as reference value for the calculation of basal phosphorylation. Complete linkage and Squared
Euclidean correlation were used as linkage method and distance measurement, respectively. Statistical
analyses were performed using the IBM Statistical Package for the Social Sciences (SPSS) version 23
(Chicago, IL, USA), and p-values < 0.05 were regarded as statistically significant.

5. Conclusions

Despite the metabolic heterogeneity of the non-responders to PI3K-Akt-mTOR inhibitors, there
are distinct metabolic differences between responders and non-responders. Our present results are
consistent with the hypothesis that differences in arachidonic acid metabolism together with differences
in proline and/or energy metabolism are associated with differences in susceptibility to pathway
inhibitors. The possible importance of such differences should be considered when planning or
analyzing future clinical studies with PI3K-Akt-mTOR inhibitors and when designing combination
therapy for various AML patient subsets [57].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/2/
382/s1.
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Abbreviations

4EBP1 Translation initiation factor 4E-binding protein 1
AML Acute myeloid leukemia
DMSO Dimethyl sulfoxide
DNA-PK DNA-dependent protein kinase
FAB The French-American-British () classification system
Flt3 Fms like tyrosine kinase 3
Flt3L Flt3 ligand
GC-MS Gas chromatography-mass spectrometry
GM-CSF Granulocyte-macrophage colony-stimulation factor
ins Insertions
ITD Internal tandem duplications
LC-QTOF/MS Liquid Chromatography Quadrupole-Time of Flight MS
mRNA Messenger RNA
mTOR Mechanistic/mammalian target of rapamycin
mTORC mTOR complex
NPM Nucleophosmin
PBS Phosphate-buffered saline
PCA Principal component analysis
PDK1 3’phosphoinositide-dependent kinase 1
PFA Paraformaldehyde
PI3K Phosphatidylinositol-3-kinase
PIP2 Phosphatidylinositol (4,5)-bisphosphate
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PRAS40 Proline-rich Akt-substrate-40
RHEB Ras homolog enriched in brain
S6PK S6 ribosomal protein kinase
SCF Stem cell factor
SPSS Statistical Package for the Social Sciences
TSC Tuberous sclerosis complex
elF4E pS209 eukaryotic translation Initiation Factor 4E
PKCα Protein kinase C α

PTEN Phosphatase and tensin homolog
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Abstract: The mTOR pathway is in the process of establishing itself as a key access-point of novel
oncological drugs and targeted therapies. This is also reflected by the growing number of mTOR
pathway genes included in commercially available next-generation sequencing (NGS) oncology
panels. This review summarizes the portfolio of medium sized diagnostic, as well as research
destined NGS panels and their coverage of the mTOR pathway, including 16 DNA-based panels
and the current gene list of Foundation One as a major reference entity. In addition, we give an
overview of interesting, mTOR-associated somatic mutations that are not yet incorporated. Especially
eukaryotic translation initiation factors (eIFs), a group of mTOR downstream proteins, are on the rise
as far as diagnostics and drug targeting in precision medicine are concerned. This review aims to
raise awareness for the true coverage of NGS panels, which should be valuable in selecting the ideal
platform for diagnostics and research.

Keywords: mTOR; NGS; illumina; IonTorrent; eIFs

1. Introduction

1.1. mTOR Pathway

The mTOR protein, a serine-threonine kinase of the phosphoinositide 3-kinase (PI3K)-related
family, is part of two distinct complexes, mTORC1 and mTORC2. It regulates the cells in all catabolic
and anabolic processes dependent on nutrients. Major components of the signaling network are
summarized in Table 1 and introduced in the following chapters. Being an anchor point of cell growth,
mTOR signaling is a critical target of genetic variation in cancer, and when affected it is frequently
associated with carcinogenesis and tumor progression. As its term “mechanistic target of rapamycin”
implies, mTOR is the target of the rapamycin-FKB12 complex [1]. mTOR is the catalytic subunit of two
protein complexes, known as mTORC1 and mTORC2, acquiring different substrate specificities [2].
mTORC1 consists of a total of five components, apart from mTOR, regulatory-associated protein
of mTOR (Raptor), mammalian lethal with Sec13 protein eight (mLST8, also referred to as GβL),
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proline-rich AKT substrate 40 kDa (PRAS40) and DEP-domain-containing mTOR-interacting protein
(Deptor) [2].

Raptor is required for the correct subcellular localization of mTOR and facilitates substrate
recruitment to mTOR by binding to the TOR signaling (TOS) motif on mTORC1 substrates [1–3].
mLST8 has been proposed to associate with the catalytic domain of the complex and to stabilize the
kinase loop [4]. Despite these findings, it was also reported that mLST8 is not essential for mTORC1
signaling [5].

The remaining two subunits, PRAS40 and Deptor, have been characterized as negative
regulators [6,7]. In this manner, when mTORC1 activity is reduced, the two subunits are recruited to
the complex and promote the inhibition of mTORC1. Furthermore, it has been proposed that PRAS40
functions as a regulator of mTORC1 kinase activity by direct inhibition of substrate binding [8]. When
mTORC1 is activated, it phosphorylates PRAS40 and Deptor, thereby reducing the physical interaction
with mTORC1 and further activating the complex [7,8].

The second complex, mTORC2, shares some of the same subunits: mTOR, mLST8, and Deptor.
Additionally, it consists of the rapamycin-insensitive companion of mTOR (Rictor), mammalian
stress-activated protein kinase interacting protein (mSIN1), and protein observed with Rictor-1
(Protor-1). Deptor, again, has been shown to negatively regulate the activity of the complex [7].
In contrast, mLST8 seems to play a crucial role in maintaining mTORC2 function [5]. Rictor and
mSIN1 have been reported to stabilize each other, thereby providing the structural foundation of
mTORC2 [9,10]. mSIN1 additionally contains a phosphoinositide-binding PH domain that is critical
for the insulin-dependent regulation of mTORC2 activity [1]. Rictor has also been shown to interact
with Protor-1, but the physiological function of this interaction is not yet clear [11,12].

When considering the upstream signaling of these two complexes, it is important to mention, even
though not relevant in physiological conditions, that mTORC1 is considered to be rapamycin-sensitive,
whereas TOCR2 is not [13]. When rapamycin enters the cell, it binds to FK506-binding protein 12 kDa
(FKBP12) and interacts with the FKBP12 binding domain (FBD) of mTOR. This interaction inhibits
the function of mTORC1. On the contrary, rapamycin-FKBP12 cannot acutely inhibit mTORC2 [13].
However, it has been shown that, in some cases, chronic rapamycin treatment can inhibit mTORC2
activity after all [14]. Furthermore, it has been reported that rapamycin does not inhibit all functions of
mTORC1 [15].

mTORC1 can be regulated by a variety of signals, such as growth factors (GFs), energy status,
oxygen, DNA damage, and amino acids [16]. Multiple different GF pathways converge on one
of the most important factors regulating mTORC1, the tuberous sclerosis complex (TSC). TSC is a
heterotrimer that consists of TSC1, TSC2, and TBC1D7 [17]. This complex functions as a GTPase
activation protein (GAP) for the Ras homolog enriched in brain (Rheb), converting it to its inactive,
GDP-bound state. Active, GTP-bound Rheb directly interacts with mTORC1 and stimulates its activity.
Hence, TSC1/2 negatively regulates mTORC1 [6,16,18]. GF pathways regulating mTORC1 include
the insulin/insulin-like growth factor-1 (IGF-1) pathway, receptor-tyrosine kinase-dependent Ras
signaling pathway, as well as Wnt and TNFα signaling. IGF-1 causes AKT-dependent phosphorylation
of TSC2 [1,19]. Ras signaling also activates mTORC1 via TSC2 phosphorylation, which is achieved
through the MAP kinase ERK and its effector p90RSK [1,16,20]. Additionally, AKT activation can
activate mTORC1 in a TSC1/2-independent manner, by the promotion of the dissociation of PRAS40
from mTORC1 [6,8,21]. Wnt and TNFα, on the other hand, exert their influence on mTORC1 via the
inhibition of TSC1 [22,23].

Intracellular and extracellular stress signals can also regulate mTORC1. In this manner, a reduction
in cellular energy activates AMPK, which inhibits mTORC1 through the phosphorylation of Raptor
and the activation of TSC2 [1,22]. Hypoxia also activates AMPK, but affects mTORC1 additionally
through the induction of REDD1, which activates TSC [24]. DNA damage inhibits the mTORC1
complex via the induction of p53 target genes which, in turn, increase TSC activity [25]. Amino acid
sensing by mTORC1 is mediated by Rags, which are heterodimers consisting of RagA or RagB with

179



Int. J. Mol. Sci. 2019, 20, 690

RagC or RagD [26]. These dimers are tethered to the lysosomal membrane [27,28]. Upon amino
acid stimulation, Rags are activated and bind Raptor, leading to the recruitment of mTORC1 to the
lysosomal membrane where Rheb is located as well [28]. mTORC1 signaling only takes place when
both Rheb and Rags are activated [1].

Compared to the mTORC1 upstream network, mTORC2 seems to be less complex. The complex
primarily functions as an effector of insulin/PI3K signaling [1]. The PH domain of mSIN1 inhibits the
catalytic function of mTORC2 in the absence of insulin. Upon binding to PI3K-generated PIP3, this
inhibition is relieved [29]. Furthermore, AKT can phosphorylate mSIN1, suggesting the presence of
a positive feedback loop in which partial AKT activation promotes mTORC2 activation, which then
fully activates AKT [30]. Another regulator of mTORC2 is mTORC1, mediated by a negative feedback
loop between mTORC1 and insulin/PI3K signaling [1,31]. The upstream network, as described here,
is illustrated in Figure 1A.

The downstream signaling of mTORC1 is as diverse as its upstream paths. It plays a crucial role in
the balance between anabolism and catabolism by promoting lipid, protein, and nucleotide production
while simultaneously suppressing autophagy [1].

Lipid synthesis is promoted by mTORC1 through the sterol responsive element binding protein
(SREBP) transcription factors. These control the expression of metabolic genes [1,32]. Usually SREPB is
activated due to low sterol levels. However, mTORC1 can activate SREPB independent of sterol levels
in a p70S6 Kinase 1 (S6K1)-dependent manner or via the phosphorylation of another substrate, Lipin1.
In the absence of mTORC1, Lipin1 inhibits SERBP [33,34].

mTORC1 mostly promotes protein synthesis via S6K1 phosphorylation and eukaryotic initiation
factor 4E (eIF4E) Binding Protein-1 (4EBP-1). By phosphorylating S6K1, mTORC1 enables its
subsequent activation by PDK1. The active S6K1 then activates factors in favor of mRNA translation
initiation, including eIF4B, which is a positive regulator of the 5’ cap binding eIF4F complex [35].
S6K1 is known to phosphorylate, thereby promoting the degradation of PDCD4, an inhibitor of
eIF4B [36]. 4EBP inhibits translation by binding eIF4E, which prevents the assembly of the eIF4F
complex. However, mTORC1 phosphorylates 4EBP and thereby causes its dissociation from eIF4E.
This allows eIF4E to promote cap-dependent translation [37–39]. This tremendous regulatory power
of translation initiation links these two molecular processes and requires a consideration of further eIF
subunits, when looking at the overall impact of mTOR signaling. Taking all subunits into consideration,
this protein family comprises more than 30 members [40].

The synthesis of nucleotides is also promoted by mTORC1 signaling. Thus, mTORC1 induces
purine synthesis through the increased expression of MTHFD2, which controls the mitochondrial
tetrahydrofolate cycle [41]. In a similar vein, S6K1 phosphorylates carbamoyl-phosphate synthetase
(CAD), which catalyzes the initial steps of de-novo pyrimidine synthesis [42]. mTORC1 has also been
shown to increase the translation of HIF1α, which leads to the expression of glycolytic enzymes such
as PFK [33]. The activation of SREBP by mTORC1 additionally leads to an increase in the pentose
phosphate pathway (PPP). These mechanisms lead to a shift in glucose metabolism towards glycolysis,
which facilitates growth [1]. All these anabolic processes support cell growth, however, mTORC1
also supports growth by the suppression of catabolic processes, the most notable process being
autophagy [1]. An important transcription factor that drives the expression of genes for autophagy
and lysosomal biogenesis is the transcription factor EB (TFEB). This transcription factor can be
phosphorylated by mTORC1, which subsequently inhibits its nuclear translocation [43]. Furthermore,
another important step in autophagy can be inhibited by mTORC1, which is the autophagosome
formation. ULK1, a kinase that normally forms a complex with a number of other components, drives
the autophagosome formation. However, under nutrient-rich conditions, mTORC1 phosphorylates
ULK1 and thereby disrupts the interaction between ULK1 and AMPK, which is an activator of
autophagy [44].

Similar to the upstream processes, the downstream processes of mTORC2 are considered to be
less complex. Most probably, mTORC2 plays a key role in the phosphorylation of AKT [1]. AKT is
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a key effector protein of the insulin/PI3K signaling pathway and can be activated by mTORC2 [45].
When active, AKT promotes cell proliferation, survival and growth through the inhibition of various
substrates, including but not limited to the FoxO1/3a TFs; GSK3ß, a metabolic regulator; and TSC2 [45].
Nevertheless, studies have shown that mTORC2 is not crucial to the phosphorylation of all substrates
of Akt, for example, TSC can be phosphorylated by Akt without mTORC2 [5]. However, it has
been reported to be essential for the phosphorylation of other substrates, such as FoxO1/3a [10].
mTORC2 phosphorylates several members of the AGC (PKA/PKG/PKC) family and thereby controls
proliferation and survival [46,47]. One major cellular process influenced by mTORC2 is the actin
cytoskeleton. Several PKC family members have been reported to be phosphorylated by mTORC2,
all of which are involved in the regulation of cytoskeletal remodeling and cell migration [46–49].
Furthermore, mTORC2 can also activate SGK1, which is an AGC-kinase that regulates ion transport
and cell survival [50].

The downstream processes of mTOR signaling are shown in Figure 1B. All proteins involved in
mTOR signaling are summarized in Table 1.

Table 1. mTOR pathway-associated proteins, divided into mTOR complex components and
upstream/downstream modules. Where applicable, protein activity is denoted as anabolic or catabolic.

Abbreviation Full Name Function ↑↓
mTORC 1 Stimulating/Inhibiting Signal

mTOR mechanistic target of rapamycin Serine-threonine kinase -
Raptor regulatory-associated protein of mTOR Localization of mTOR, substrate recruitment to mTOR [1,3,4] ↑
mLST8 mammalian lethal with Sec13 protein 8 Stabilizing kinase loop [5]; not essential to TORC1 function [6] -

PRAS40 proline rich AKT substrate 40 kDa Inhibitory [7]; inhibits substrate binding, phosphorylated by
active mTORC1 [9] ↓

Deptor DEP-domain-containing mTOR-interacting
protein Inhibitory [8], phosphorylated by active mTORC1 ↓

mTORC 2 Stimulating/Inhibiting Signal

mTOR mechanistic target of rapamycin serine-threonine kinase of the phosphoinositide 3-kinase
(PI3K)-related family

mLST8 mammalian lethal with Sec13 protein 8 Essential for stability and function of mTORC2 [6] ↑
Deptor DEP-domain-containing mTOR-interacting

protein Inhibitory [8] ↓
Rictor rapamycin-insensitive companion of mTOR Stabilization [10,11]; shown to interact with Protor-1 [12,13] ↑

mSIN1 mammalian stress-activated protein kinase
interacting protein

Stabilization [10,11], phosphoinositide-binding PH domain:
critical for insulin dependent mTORC2 function, inhibits
mTORC2 function in absence of insulin [1]

↑/↓

Protor-1 protein observed with Rictor-1 shown to interact with Rictor [12,13]

mTORC 1 Upstream Stimulating/Inhibiting Signal

- rapamycin Enters cell and binds FKBP12 [2]; when bound inhibits mTORC
1, but not all functions [15] ↓

FKBP12 FK506-binding protein 12 kDa
Is bound by rapamycin, interacts with FBD on mTOR [2]; when
bound inhibits mTORC 1, but not all functions [15]; cannot
acutely inhibit mTORC2 [2]

-

TSC tuberous sclerosis complex
Consists of TC1, TC2, TBC1D7, negatively regulates mTORC1
via inactivation of Rheb [17], phosphorylated by AKT (mTORC2
independent) [6]

↓

Rheb Ras homolog enriched in brain Stimulates mTOCR1 activity when active [7,16,18] ↑
IGF-1 pathway insulin/insulin like growth factor 1 pathway Causes AKT dependent phosphorylation of TSC2 [1,19] ↑
Ras pathway Rat Sarcoma Pathway Causes TSC2 phosphorylation via ERK and p90rsk [1,16,20] ↑

AKT AKT serine/threonine kinase

Phosphorylates TSC2 [1,19]; key effector protein of the
insulin/PI3K signaling pathway, and can be activated by
mTORC2 [45]; promotes dissociation of PRAS40 from mTORC1.
[7,9,21]

↑

- Wnt Inhibits TSC1 [22] ↑
TNFα tumor necrosis factor α Inhibits TSC1 [23] ↑

AMPK 5’-AMP-activated protein kinase
Inhibits mTORC1 (in response to reduced cellular energy or
hypoxia) by phosphorylating Raptor and activation of TSC2
[1,22,24]; activator of autophagy, activates ULK1 [44]

↓

REDD1 regulated in development and DNA damage
responses 1 Activates TSC in response to hypoxia [24] ↓

- p53 target genes Increase TSC activity upon DNA damage [25] ↓
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Table 1. Cont.

Abbreviation Full Name Function ↑↓
mTORC 2 Upstream Stimulating/Inhibiting Signal

Rapamycin Enters cell and binds FKBP12 [2]; ↓

FKBP12 FKBP prolyl isomerase
Is bound by rapamycin, interacts with FBD on mTOR cannot
acutely inhibit mTORC2 [2]; chronic treatment can inhibit
mTORC2 [14]

-

PIP3 Phosphatidylinositol (3,4,5)-trisphosphate PI3K generated PIP3 binds to PH domain o mSIN1 and relieves
inhibition of mTORC2 [29] ↑

AKT AKT serine/threonine kinase Phosphorylates mSIN1, positive feedback loop [30] ↑
mTORC1 mammalian target of rapamycin complex 1 Negative feedback loop between mTORC1 and insulin/PI3K

signaling [1,31] ↓

mTORC1 downstream Stimulating/Inhibiting Signal

SREBP sterol responsive element binding protein

Activated by low sterol levels, in control of expression of
metabolic genes, can be activated by mTORC1 independently
via S6K1 or Lipin1 [1,32]; expression by mTORC1 increases PPP
[1]

↑

S6K1 p70S6 Kinase 1

Can activate SREBP [33,34], when phosphorylated by mTORC1
can be activated by PDK1, promotes mRNA translation
intitation [35]; promotes degradation of PDCD4 [36];
phosphorylates CAD (catalyzes first steps in de-novo
pyrimidine synthesis) [42]

↑

- Lipin1 Inhibits SREBP in absence of mTORC1, activates when mTORC1
is present [33,34] ↑

4EBP eukaryotic initiation factor 4E binding protein
Inhibits translation by binding eIF4E → prevents assembly of
eIF4F complex; when phosphorylated by mTORC1 →
dissociates from eIF4e → allows assembly [37–39]

↑

eIF4B eukaryotic translation initiation factor 4B
Positive regulator of the 5’-cap binding eIF4F complex, activated
by S6K1 [35], inhibitor: PDCD4 [36] ↑

eIF4F complex eukaryotic translation initiation factor 4F Positively regulated by eIF4B, 5’-cap binding complex, ↑
MTHFD2 methylenetetrahydrofolate dehydrogenase Controls the mitochondrial tetrahydrofolate cycle, expression

increased bymTORC1 induction of purine synthesis [41] ↑

HIF1α hypoxia inducible factor 1 Translation increased by mTORC1 → expression of glycolytic
enzymes [33] ↑

TFEB Transcription factor EB
expression of genes for autophagy and lysosomal biogenesis,
when phosphorylated by mTORC1 →cannot translocate to
nucleus [43]

↓

ULK1 unc-51 like autophagy activating kinase 1 Drives autophagosome formation, when phosphorylated by
mTORC1 → no interaction with AMPK → no activation [44] ↓

AMPK AMP-activated protein kinase
Inhibits mTORC1 (in response to reduced cellular energy or
hypoxia) by phosphorylating Raptor and activation of TSC2
[1,22]; activator of autophagy, activates ULK1 [44]

↓

mTORC2 downstream Stimulating/Inhibiting Signal

AKT AKT serine/threonine kinase

Phosphorylated by mTORC2 [1]; phosphorylates TSC2; key
effector protein of the insulin/PI3K signaling pathway [45];
activation by mTORC2 not crucial for the phosphorylation of all,
but some of its substrates [6,11]

-

FoxO1/3a Forkhead box protein O1 TFs, phosphorylated by AKT (mTORC2 dependent) [11] -
GSK3ß Glycogen synthase kinase 3β Metabolic regulator, phosphorylated by AKT [6] -

- AGC (PKA/PKB/PKC) Family Several members phosphorylated by mTORC2 for regulation of
proliferation, survival and cytoskeleton [1,46–49] -
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Figure 1. Schematic depiction of the mTOR signaling network. (A) The most important upstream
signals of mTOR signaling are cellular stress, growth factors, and amino acids for the mTORC1 complex,
and the insulin/PI3K pathway for mTORC2. Genes of special interest for NGS, due to their mutation
frequency, are shown with a red border. No prominent pattern of a section specifically affected by these
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mutations is obvious. To the best of our best knowledge, no companion diagnostic between a specific
mutation and treatment is currently applicable. However, a variety of inhibitors (green) affecting
the network at different points are known: Inhibitors affecting AKT, mTORC1/mTORC2, PI3K,
PI3K/mTOR, and mTORC1 inhibitors like rapamycin and rapalogs [51,52]; and (B) the widespread
downstream network of mTORC1 and mTORC2 is shown. mTORC1 is involved both in supporting
anabolic processes via influencing nucleotide, lipid and protein synthesis, as well as suppressing
catabolic processes, mainly autophagy. mTORC2, under the coregulation of AKT, is known to mainly
affect cell survival, proliferation and growth, and the specifically the regulation of the cytoskeleton.

1.2. mTOR Signaling in Cancer

Considering how involved the mTOR signaling pathway is, it comes as no surprise that it also
plays a crucial role in human disease, particularly cancer. The complex most commonly associated
with cell proliferation and cancer progression when deregulated is the mTORC1 complex [53,54]. A
number of signaling components both upstream and downstream of mTOR are frequently deregulated
or altered in human cancer [53]. Through alterations in one or multiple of these elements, mTOR
signaling is activated in many cancer types, suggesting mTOR as a potent target for cancer therapy.
Due to this fact, mTOR pathway inhibitors have been of prime interest in recent years. These inhibitors
include rapamycin and its analogs (rapalogs) and, more recently, mTOR kinase domain inhibitors [55].
Despite showing promise, rapalog monotherapy has been proven mostly insufficient in causing tumor
regression, with notable exceptions of tumors showing mutations in mTOR itself, LOF mutations in
TSC1 or TSC2 [55–59]. Broadrange reports correlating mTOR pathway mutations to drug response
are yet missing, but there are studies towards that aim that are very promising. Specifically, a study
identified 33 MTOR mutations that lead to pathway hyperactivity in cancer [58]. A heightened
rapamycin sensitivity in cells harboring these hyperactivating mTOR mutations suggests that they
convey mTOR pathway dependency. These results are supported by the report of an extraordinary
responder with two activating mTOR mutations in urothelial carcinoma and an exceptional response
to rapalog treatment in combination with a TKI [58,59].

Furthermore, patients with the genetic disorder tuberous sclerosis complex (TSC) (mutations in
the TSC1 or TSC2 gene), commonly develop tumors like astrocytomas or angiomyolipomas as well
as the related lung disorder Lymphangioleiomyomatosis (LAM). Treatment with rapalogs has been
shown to improve clinical outcomes and cause tumor regression in TSC patients with astrocytomas
or sporadic LAM, again suggesting a dependence on mTOR signaling for tumor growth [60–62]. A
phase II clinical trial found a 50% response rate in TSC patients with angiomyolipomas or sporadic
LAM [63]. Furthermore, heightened treatment sensitivity was associated with TSC1 or TSC2 LOF
mutations, as reported in bladder and thyroid cancer [56,57]. Other responders have been reported in
one pancreatic cancer with loss of suppression of mTOR signaling and three patients with perivascular
epithelioid cell tumors with the loss of TSC2 [64,65]. However, in the thyroid cancer extraordinary
responder case study, the tumor gained resistance to rapalog treatment as it acquired a mutation in
mTOR, which prevented the binding of the rapalog, as well as a nonsense mutation in TSC2 [57].
Further literature regarding rapamycin and rapalogs as monotherapy includes References [66] and [67].
These specific cases show the importance of rapamycin and rapalogs, as well as the development of
reliable biomarkers, for precision medicine. Apart from these cases, it has been shown that, while not
very potent on its own, mTORC1 inhibition might be necessary to achieve a proper response to drugs
that target the primary oncogenic pathway in the given cancer. On top of that, sustained mTORC1
activation is proposed to be a major mechanism of resistance to targeted therapies [55–59,68].

Furthermore, mTORC1 is, as mentioned above, not only involved in stimulating growth but also
in regulating autophagy. Autophagy has been described as double-edged sword in the modulation
of cancer, since both inhibition and induction of autophagy have been shown to be both pro
and anti-tumorigenic [54–59,68,69]. Even though a better understanding of the individual factors
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contributing to the effect autophagy has on cancer is needed, mTORC1 and its associated regulators of
autophagy, ULK1 and AMPK, represent attractive targets for cancer therapy [54].

1.3. Next-Generation-Sequencing

DNA sequence analysis has come a long way since the establishment of the Sanger chain
termination method in 1977 [70]. From then on, scientists have developed reliable and reproducible
ways of DNA sequencing, steadily decreasing the costs and increasing output. Output, which was
formerly one read of one gene at a time, is now more adequately given in gigabases per run, reflecting
the parallel analysis of multiple genes with read depths (i.e., the number of reads covering a genetic
locus) of 20 up to 1000 or more, depending on the application [71]. Next Generation Sequencing
(NGS) is the most common name of the second-generation, deep-sequencing techniques. All platforms
are following a three-step procedure: (1) Library-preparation, (2) Cluster/Bridge Amplification, and
(3) sequencing, i.e., strands of fragmented DNA are amplified and immobilized on a surface or bead,
then nucleotide bases are added sequentially using DNA polymerase; excess reagent is washed out to
enable correct imaging according to the base incorporated; this process repeats for each base. The actual
sequence analysis is for, e.g., Illumina based on fluorescent signaling, while Ion Torrent technology
relies on pH changes detected by semiconductors [72–74].

2. Summary and Comparison of Oncological NGS Panels and Their Coverage of the mTOR
Pathway

In the following, we summarize commercially available NGS gene panels that cover a number
of genes reasonable for research and clinical applications, i.e., covering a medium number of gene
loci, excluding large scale screening panels. We included the gold standard genetic analysis panel
Foundation One as a reference. In a next step, we look at the coverage of the mTOR pathway by
the various panels. Therefore, we submerged a 78-item list of mTOR signaling-relevant genes. This
list is based on the publicly available “mTOR Pathway—Gene List”, generated with the help of
David Sabatini, a leading expert in the field [75]. We extended the list by a number of genes, among
them the complete eIF3 and eIF4 protein families, representing a more general field of mTOR impact
(Supplementary Table S1).

Oncological NGS Gene Panels

The growing capacity of NGS devices, with an increasing number of genes and read depth has
initiated a trend towards whole exome and whole genome sequencing. These techniques will be state
of the art in the near future. Today, bioinformatic and data storage issues also limit the application
of global analyses and make panels comprising 10–150 genes to the standards in the field. Most of
these panels run on Illumina MiniSeq, MiSeq, and iSeq devices or on the Ion Torrent S5 Series devices
by Applied Biosystems [76]. Supplementary Table S1 shows a collection of 16 different gene panels
for oncological application and the full gene lists together with the gene list of Foundation One. The
gene panels and number of genes are summarized in Table 2. As already mentioned, we consider
only ready-made gene panles with a low-medium number of genes analyzed. All these panels are
based on DNA only, as DNA material is sufficient to detect genetic mutations. RNA sequencing would
add a surplus on information on e.g. gene fusions or gene expression, but RNA is more difficult
to isolate from especially FFPE tissue in an adequate quality [77] and besides that hardly any gene
panels covering RNA targets are available to date. One of the available gene panels with DNA and
RNA pools is the Ion AmpliSeq/AmpliSeq for Illumina Focus Panel, which is also considered in this
review. This Focus Panel targets 40 DNA sites and additional 23 RNA sites, among the latter is also the
mTOR-relevant AKT3 [78].
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Table 2. Oncologically relevant, predesigned NGS gene panels, with number of genes covered and the
names of covered genes relevant to mTOR signaling.

Panel Name Number of Genes Covered mTOR Relevant Genes Covered

Foundation One 305

AKT1/2/3; CCND1; GSK3B; MDM2; MTOR;
NF1; PDK1; PIK3C2; PIK3CA/B; PIK3R1; PTEN;

RICTOR, RPTOR; SGK1; TNFAIP3; TP53;
TSC1/2; VHL

Agilent ClearSeq Comprehensive
Cancer Panel 150 AKT1/2/3; NF1; MTOR; PIK3R1; PIK3CA; PTEN;

TP53; VHL
Qiagen Human Cancer Predisposition
GeneRead DNAseq Targeted Panel V2 143 AKT1; NF1; PIK3CA; PTEN; TP53; TSC1/2; VHL

Integrated DNA Technologies (IDT)
xGen Pan-Cancer Panel 127 AKT1; CCND1; EIF4A2; MTOR; NF1; PIK3CA;

PIK3CG; PIK3R1; PTEN; TP53; VHL

Archer VariantPlex Solid Tumor 67 AKT1; CCND1; MDM2; PIK3CA; PIK3R1; PTEN;
TP53; VHL

Swift Biosciences Accel-Amplicon 56G
Oncology Panel v2 56 AKT1; PIK3CA; PTEN; TP53; TSC1; VHL

NEBNExt Direct Cancer HotSpot Panel 50 AKT1; PIK3CA; PTEN; TP53; VHL
AmpliSeq Cancer Hotspot Panel v2 49 AKT1; PIK3CA; PTEN; TP53; VHL

TruSeq Amplicon Cancer Panel 48 AKT1; PIK3CA; PTEN; TP53; VHL
AmpliSeq for Illumina Focus Panel 40 AKT1; CCND1; MTOR; PIK3CA
Archer VariantPlex Comprehensive

Thyroid and Lung Kit 31 AKT1; CCND1; MDM2; PIK3CA; PTEN; TP53

TruSight Tumor 26 26 AKT1; PIK3CA; PTEN; TP53
Agilent SureMASTR Tumor Hotspot 25 AKT; PIK3CA; PTEN
Qiagen Human Clinically Relevant

Tumor GeneRead DNAseq Targeted
Panel V2

24 AKT1; PIK3CA; PTEN; TP53

Asuragen QuantideX NGS DNA
Hotspot 21 Kit 21 AKT1/2; PIK3CA

TruSight Tumor 15 15 AKT1; PIK3CA; TP53
Qiagen Human Tumor Actionable

Mutations GeneRead DNAseq Targeted
Panel v2

8 -

The mTOR-relevant genes covered by the oncological NGS panels primarily consist of mTOR
upstream AKT and PIK3CA. To elucidate the relevance for the signaling pathway, we collected data
from the catalog of somatic mutations in cancer (COSMIC; cancer.sanger.ac.uk/cosmic) on mutational
frequency and associated drug sensitivity/resistances (Table 3).

Table 3. COSMIC data for mTOR pathway-associated genes. The mutational frequencies are
highlighted in grey, if >1%. If a gene mutation alters the sensitivity to drug treatment, the gene
name is written in bold letters.

Gene Frequency of Mutation in Cancer

4E-BP <0.1%
AKT1 1.1%
AKT2 0.4%
AKT3 0.5%

CCND1 0.3%
Deptor 0.3%
eIF3a 0.8%
eIF3b 0.4%
eIF3c <0.1%
eIF3d 0.3%
eIF3e 0.3%
eIF3f 0.2%
eIF3g 0.2%
eIF3h 0.2%
eIF3i 0.2%
eIF3j 0.1%
eIF3k 0.1%
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Table 3. Cont.

Gene Frequency of Mutation in Cancer

eIF3l 0.3%
eIF3m 0.2%
eIF4a 0.3%
eIF4b 0.3%
eIF4E 0.2%
eIF4g 1.0%
eIF4h 0.2%
FOXO 0.4%

GBL/mLST8 0.2%
GSK3A 0.2%
GSK3B 0.4%
HIF1α 0.5%
LKB1 0.5%

MDM2 0.4%
mSin1 = MAPKAP1 0.2%

MTHFD2 0.1%
mTOR 2.1%

NF1 3.8%
PDK1 0.2%

PIK3CA 9.7%
PIK3CB 0.7%
PIK3CD 0.7%
PIK3CG 1.6%
PIK3R1 1.4%
PIK3R2 0.5%
PIK3R3 0.3%
PIK3R4 0.7%
PIK3R5 0.7%
PIK3R6 0.6%

PIP3 0.4%
PKC alpha 0.4%
PKC beta 1.0%
PKC delta 0.4%

PKC epsilon 0.5%
PKC eta 0.5%

PKC gamma 0.7%
PKC iota 0.4%

PKC theta 0.7%
PKC zeta 0.4%

PRAS40 = AKT1S1 0.2%
Protor = PRR5 0.3%

PTEN 5.0%
Raptor 1.0%

REDD1 = DDIT4 0.1%
Rheb 0.1%
Rictor 1.0%

RRAGA 0.1%
RRAGB 0.2%
RRAGC 0.2%
RRAGD 0.2%

S6K 0.2%
SGK 0.4%

SREBP 0.5%
TFEB 0.3%
TNFα 0.3%
TP53 25.2%
TSC1 1.2%
TSC2 1.7%
ULK1 0.7%
VHL 4.5%
Wnt 0.3%
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Of the genes analyzed here, TP53 was identified by this catalog as the by far most commonly
mutated gene in cancer (25.2%), followed by PIK3CA (9.7%) and PTEN (5%). According to the catalog,
none of the genes harbor drug-associated resistance mutations, but indeed, mutations were associated
with altered sensitivity. In this manner, mutations of NF1 alter the sensitivity to the drug Nutlin-3a,
which is targeting MDM2. Mutations in PIK3CA are associated with altered sensitivity to Pictilisib
and GSK690693, targeting PI3K and AKT1/2/3, respectively. Mutations in PIK3R1 are associated with
altered sensitivity to Dacinostat, targeting HDAC1. Mutations in PTEN are associated with altered
sensitivity to GSK690693. Mutations in TP53 are associated with altered sensitivity to the following
seven drugs: 5-Fluorouracil (5-FU, antimetabolite), Rucaparib (targeting PARP1/2), CX-5461 (acts on
RNA polymerase 1), (5Z)-7-Oxozeaenol (targeting TAK1), Bleomycin (acts by induction of dsDNA
breaks and DNA damage repair), Dabrafenib (targeting BRAF), and Nutlin-3a [79].

The most frequently mutated genes, together with affected tissues and actual occurring mutations,
are listed in Table 4.

Table 4. Summary of most frequently mutated mTOR related genes and affected tissues. The mutational
frequencies are highlighted in grey, if >1%.

Gene
Frequency of

Mutation in Cancer
Most Common Genetic

Mutations
Tissue Reference

AKT1 1.1% E17K, Q79K, L52R breast, skin, urinary tract [80,81]

eIF4g 1.0% T436fs * 86; K643R colon, lung (overexpression
w/o genetic mutation) [80,82,83]

mTOR 2.1% S2215Y, S2215F, E1799K,
T1977K, L1460P

colon, endometrium, skin,
kidney [80,84]

NF1 3.8% R2450 *, R440 *, R1534 * skin, soft tissue, urinary
tract, lung, colon [80,85,86]

PIK3CA 9.7%
H1047R, E545K, E542K,
H1047L, Q546K, R88Q,

N345K, C420L

breast, endometrium,
urinary tract, colon [80,87–89]

PIK3CG 1.6% V759I, V165I, R472C, E267K,
A84V skin, colon, lung [80,90,91]

PIK3R1 1.4% N564D, R348 *, K567E, G376R breast, endometrium,
prostate, leukemia [80,92]

PKC beta 1.0% D427N, D630N, E533K lung, skin, colon [80,93]

PTEN 5.0% R130G, R130Q, R233 *, R130 * breast, endometrium,
prostate, leukemia [80,94,95]

Raptor 1.0% R718C, R139H, Q1264fs * 4,
T1121M various [80]

Rictor 1.0% S1101L, R401C lung, breast [80,96]

TP53 25.2%
R175H, R248Q, R273H,

R282W, R213 *, G245S, R249S,
Y220C, R196 *, R342 *

solid cancer, leukemia,
lymphoma, melanoma [80,97,98]

TSC1 1.2% M322T, P1143L skin, urinary tract, liver [80,99–101]

TSC2 1.7% F690fs * 8, R1417fs * 59,
S1364fs * 50, K1638 * liver, breast [80,101]

VHL 4.5% kidney, neuroendocrine
tumors R161 *, L89H, S65 * [80,102,103]

3. Discussion and Conclusions

We have shown that mTOR-associated genes generally show low mutational frequencies in cancer.
Only TP53, with 25.2% is a frequent target of mutations, and is known to interact with numerous
signaling cascades besides the mTOR pathway. PIK3CA with 9.7% and PTEN with 5% mutational
frequency are especially interesting, as they are also associated with drug sensitivities. In fact, a
ranking of genes according to their associated drug sensitivity also shows a better representation of
the mTOR pathway than with actual number of mutated samples. When looking at all described
genes, it becomes evident that very little awareness is drawn to mTOR downstream, e.g., eIFs, with
low mutational frequencies throughout and no reported drug sensitivity alterations. This results in
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a ambivalent situation; on the one hand the high importance of mTOR pathway and translational
control for carcinogenesis and growth control of tumor cells, is emphasized by a growing number
of research as well as clinical reports, on the other hand, NGS and following the information of
tumor mutational burden, generated by NGS analyses show only limited applicability in terms of
mTOR pathway associated readouts. For the here featured pathway, it will be critical to employ
RNA-sequencing and nanopore sequencing techniques, which will allow for an evaluation of gene
expression next to mutational status, thereby multiplying the information on mTOR signaling in cancer.
By those means well described predictive as well as prognostic tumor markers can be evaluated by
their expression levels. This is changing the view on our gene panel, which holds numerous marker
genes that are known to have great impact on disease progression and prognosis, even though they
are poorly covered by NGS and are rarely mutated. Important examples of these markers are the eIF
subunits [104–106].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/3/
690/s1.
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Abstract: The mammalian target of rapamycin (mTOR) pathway regulates major processes by
integrating a variety of exogenous cues, including diverse environmental inputs in the tumor
microenvironment (TME). In recent years, it has been well recognized that cancer cells co-exist
and co-evolve with their TME, which is often involved in drug resistance. The mTOR pathway
modulates the interactions between the stroma and the tumor, thereby affecting both the tumor
immunity and angiogenesis. The activation of mTOR signaling is associated with these pro-oncogenic
cellular processes, making mTOR a promising target for new combination therapies. This review
highlights the role of mTOR signaling in the characterization and the activity of the TME’s elements
and their implications in cancer immunotherapy.

Keywords: mTOR; tumor microenvironment; angiogenesis; immunotherapy

1. Introduction

The mammalian target of rapamycin (mTOR) forms two functionally and structurally distinct
multi-component complexes, named mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2).
These two complexes regulate several physiological processes, such as protein synthesis, biosynthesis
of macromolecules, cytoskeleton remodeling, angiogenesis, homeostasis, survival, metabolism,
autophagy, and response to stress [1]. Because of its key role in cell growth and differentiation,
its deregulation is implicated in pathological conditions including neoplastic transformation and
progression, such as in breast, gastrointestinal, liver, and prostate cancers [2].

Moreover, the mTOR pathway is involved in the differentiation, function, and metabolic
regulation of adaptive/innate immune cells, as demonstrated by the use of rapamycin in clinical
practice as an immune suppressant in organ transplant patients. Indeed, mTOR may regulate the
activity of immune cells, such as macrophages and T cells, by regulating the expression of the
inflammatory factors, such as cytokines/chemokines (i.e., interleukin (IL)-10, transforming growth
factor (TGF)-β) and/or membrane receptors (i.e., Cytotoxic T-Lymphocyte protein 4 (CTLA-4) and
Programmed Death 1 (PD-1)) [3]. The immune cells, recruited in the tumor microenvironment (TME)
by the cytokines/chemokines-cytokines/chemokines receptor interactions, could exert the anti-tumor
functions or promote cancer cells’ growth. Thus, inflammation plays a central role in the tumor
dynamic and represents one of the hallmarks of cancer [4].
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Along with the immune system, tumor vasculature is a key component of TME and can influence
the tumor behavior and drug treatment; mTOR is involved in the regulation of tumor-related vascular
formation, through the promotion of angiogenesis [5]. One of the most prominent effects of mTOR
under a hypoxic condition is the translation of hypoxia-inducible factor (HIF) 1-2. The HIF transcription
factors lead to the expression of the hypoxic stress response genes, including angiogenic growth factors
such as vascular endothelial growth factor (VEGF), TGF-α, and platelet-derived growth factor β

(PDGF-β) [6].
The mTOR-mediated cellular metabolism is implicated in the cancer cells’–TME interactions

during the tumor progression and drug resistance, suggesting that phosphoinositide 3-kinase
(PI3K)-/protein kinase B (AKT)-/mTOR-blockade may have the dual benefit of reducing the cells’
proliferation, migration, and survival, and enhancing the tumor immunosurveillance through
both the downregulation of the immunosuppressive pathways and the activation of anti-tumor
immune activities.

In this review, we describe the role of mTOR in tumor and non-tumor cells in order to better
analyze the mechanisms of cancer progression and metastasis as well as drug resistance development.

2. mTOR Signaling

mTOR is an evolutionarily conserved serine/threonine kinase belonging to the PI3K-related
kinase family, which integrates a variety of exogenous cues to coordinate several cellular processes,
including cell growth and metabolism (Figure 1) [2,7,8].

mTOR forms two functional multiprotein complexes, mTORC1 and mTORC2, which are
characterized by the different binding partners that confer distinguishing functions upon them.
mTORC1 includes mTOR, raptor, proline-rich AKT substrate 40 (PRAS40), DEP domain-containing
mTOR interacting protein (DEPTOR), mammalian lethal with sec13 protein 8 (mLST8), Rac1, GRp58,
Tel2-interacting protein 1 (Tti1) and Telomere maintenance 2 (Tel2), while mTORC2 includes rictor,
mammalian stress-activated protein kinase interacting protein 1 (mSIN1), protein observed with rictor
(Protor) 1/2, proline-rich protein 5 (PRR5), and heat shock protein 70 (Hsp70), in addition to mTOR,
DEPTOR, mLST8, Rac1, GRp58, and Tti1 and Tel2 [1]. In both complexes, the mTOR kinase acts as the
central catalytic component, whereas the scaffolding protein mLST8, the regulatory subunit DEPTOR,
and Tti1/Tel2 act as important regulators of assembly and stability. Furthermore, each complex is
composed of specific components that contribute to complex regulation, substrate specificity, and
subcellular localization [1].

mTORC1 is rapamycin-sensitive and its main targets are the proteins involved in mRNA
translation, including the p70S6K1 and 4EBP-1. Conversely, mTORC2 is insensitive to rapamycin
and the promotes phosphorylation of the hydrophobic motif of protein kinase B (AKT), serum
and glucocorticoid kinase (SGK), and protein kinase C (PKC) [9]. The mTORC1 activity depends
on diverse positive signals, such as energy levels, oxygen, amino acids, or growth factors, and
regulates several processes required for cell growth and metabolism, including ribosomal biogenesis,
protein translation, and autophagy. mTORC2 has been characterized as a downstream effector of
the insulin/insulin growth factor (IGF)-1 signaling pathway and it is involved in the regulation of
proliferation, survival, cytoskeletal remodeling, and cell migration [9–11]. In response to the insulin
or growth factors, mTORC1 is mainly activated by PI3K/AKT signaling [12]; similarly, PI3K is also a
key modulator of mTORC2, by promoting the binding of mTORC2 to ribosome [13]. PI3K is activated
by receptor tyrosine kinases, G protein-coupled receptors, and RAS, and it acts as a kinase on the
lipid second messenger phosphatidylinositol 4,5-bisphosphate (PIP2) to produce phosphatidylinositol
3,4,5-trisphosphate (PIP3), which recruits the phosphoinositide-dependent kinase-1 (PDK1) and AKT
to the plasma membrane and thus activating the mTOR signaling [14]. Phosphatase and tensin
homolog on chromosome 10 (PTEN) is a classical tumor suppressor and it acts as a phosphatase,
by dephosphorylating PIP3 to PIP2 and thus reversing the action of PI3K and its downstream
functions [15,16].
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Figure 1. The mammalian target of rapamycin (mTOR) pathway. mTOR signaling is activated
by extracellular signals like growth factors, nutrient, and oxygen levels via the phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) pathways. Extracellular signals may both inhibit the tuberous
sclerosis complexes 1–2 (TSC1–2) to promote the accumulation of RAS homolog enriched in brain
(Rheb)-GTP and the subsequent activation of mTOR complex 1 (mTORC1), and activate TSC1–2
complex to block mTORC1 by Rheb. Activation of 5′-AMP activated protein kinase β (AMPK-β) by
low levels of energy results in direct phosphorylation and activation of the TSC1–2 complex. mTOR
complex 1 (mTORC1) activation leads to the phosphorylation and activation of mTORC1 effector
proteins ribosomal protein S6 kinase (p70S6K1) and 4E-Binding Protein 1 (4EBP-1), thus resulting in
initiation of specific cap-dependent translation events. Then, mTORC1 regulates cell growth and
protein translation through p70S6K1 and 4EBP-1, as well as lipid synthesis through SREBP1, while
angiogenesis through hypoxia-inducible factor (HIF)-1. The function and activation of mTORC2 is
less well understood. It is thought to be activated by growth factors through the PI3K pathway and
mTORC1. mTORC2 influences the cytoskeletal organization survival and migration.

Because of the key role of mTOR signaling in regulating these fundamental biological processes,
the deregulation of the PI3K-AKT-mTOR pathway is tightly connected to cancer initiation and
progression, and several biological investigations have focused on targeting this pathway in cancer
cells, also within therapeutic combinations [1]. Interestingly, recent evidence shows that treatment
with PI3K-AKT-mTOR signaling inhibitors not only affects the tumor progression, but also tumor
immunosurveillance within the TME [17].
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3. Tumor Microenvironment

TME is composed of the stroma and its components, different cells types, and paracrine factors
(Figure 2) [18]. Mounting evidence suggests the involvement of TME in cancer progression and drug
resistance; indeed, in physiological conditions, the stroma acts as a physical barrier, whereas, during
carcinogenesis, the presence of tumor cells induce changes that convert the adjacent TME into a
pathological entity [18,19].

Figure 2. mTOR in characterization and the activity of the tumor microenvironment (TME) elements.
mTOR signaling is involved in the modulation of several environmental inputs in TME, mainly
composed by regulatory T cells (Treg), CD8+ and CD4+ lympohocytes, myeloid-derived suppressor
cells (MDSCs), tumor-associated macrophages (TAMs), endothelial cells, and fibroblasts.

Several cell types contribute to the characterization of TME, including cancer and non-cancer
cells [20]. Non-malignant components consist of cancer-associated fibroblasts (CAF), myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages (TAM), and regulatory T cells (Treg); they all
have a dynamic and tumor-promoting function during the carcinogenesis process [21,22]. CAFs are the
major components of cancer stroma and promote tumorigenesis by both remodeling the extracellular
matrix (ECM) and secreting cytokines [20]. The MDSCs are myeloid cells, involved in the inhibition
of immune cells by releasing IL-10 and in the polarization of TAM towards a tumor-promoting
phenotype [20]. Indeed, the TAMs usually display pro-tumorigenic properties and they are the
major contributor to tumor angiogenesis [23]. The TAMs represent the prominent leukocytic infiltrate
component in cancers and can comprise up to 50% of the cell tumor mass [24]. The cytokines in the
TME directly regulate the phenotype switching of macrophages into M1 and M2 polarization, thus
leading to the acquisition of distinct functional features; the M1 macrophages predominantly secrete
pro-inflammatory mediators, whereas the M2 secrete the anti-inflammatory ones [25]. Numerous
evidence suggest that infiltrating the macrophages switches their phenotype from the anti-tumoral M1
to pro-tumoral M2 during cancer progression, even if the TAMs are the unique polarized macrophages
that express both M1 and M2 marker genes [25]. Tregs exert their suppressive activity via cell-to-cell
contact (i.e., PD-1 and CTLA-4) or via the expression of soluble factors, such as TGF-β and IL-10 [26].
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The ECM consists not only of a physical scaffold for TAM cells (fibrous and matricellular proteins
and glycosaminoglycans), but also of the growth factors, cytokines, and hormones secreted by the
stromal and tumor cells. ECM is characterized by biochemical properties specific for each tissue, and
may be involved in overcoming the host’s immune surveillance [18,27–29].

In TME, the complex and dynamic network of cytokines, chemokines, and growth factors drive
the inter- and intra-cellular communication that may modulate tumor/stroma interaction, including
immune responses; indeed, the chemokines–chemokine receptors interactions recruit different immune
cells into the TME and they regulate the tumor immune responses in a spatiotemporal regulated
manner [30].

The cytokines are low-molecular-weight proteins, released by cancer, immune cells, and stromal
cells, such as fibroblasts and endothelial cells, in order to regulate the cell proliferation, survival,
migration, and death [31]. The chemokines are a type of cytokine with chemo-attractant properties
and are divided in four subfamilies (C, CC, CXC, and CX3C), based on their primary structure and
function; all have the main cysteine residues in their N-terminal regions [32]. The data obtained
in our laboratories have suggested that the hyperactivation of the PI3K-AKT-mTOR pathway is
involved in the up-regulation of specific cyto- and chemo-kines expression (i.e., IL-8 and VEGF),
thus directly affecting the TME components [33,34]. De la Iglesia, et al. demonstrated that in
PTEN-loss glioblastoma, the unphosphorylated signal transducer and activator of Signal transducer
and activator of transcription 3 (STAT3), which transcriptionally represses IL-8, does not bind the IL-8
promoter, thus leading to an increased transcription and expression of IL-8 gene; in this way, IL-8
promotes the glioblastoma cell proliferation and invasiveness only in a genetic PTEN-loss context [35].
This relationship between PTEN-loss and a selective upregulation of IL-8 signaling has also been
demonstrated in prostate carcinoma [36].

4. Immunoregulatory Functions of mTOR

Recent studies have established an important role for mTOR in the modulation of both innate
and adaptive immunity, integrating different environmental inputs within the TME. Indeed, mTOR is
involved in the regulation of many immune cellular functions promoting differentiation, activation
of T cells, TAMs, and antigen-presenting cells (Figure 2) [37,38]. The effects of the mTOR complexes’
activation in the TME elements are summarized in Table 1.

Table 1. Role of mammalian target of rapamycin (mTOR) complexes in tumor microenvironment
(TME) elements. TAM—tumor-associated macrophages (TAM); MDSC—myeloid-derived suppressor
cells; CAF—cancer-associated fibroblasts; IL—interleukin; mTORC1—mTOR complex 1; ↓ indicates a
decrease of activity; ↑ indicates an increase of activity.

Element of TME. mTORC1/2 Modulation Effects of Modulation References

CD8+ ↓ mTORC1 ↓ Effector
↑ Memory [39,40]

↓ mTORC2 ↓ Memory [39]

CD4+ ↑ mTORC1/2 ↑ Th1, 2, 17
differentiation [41–43]

Treg ↑ mTORC1 ↑ Differentiation in
effector-like T cells [44]

↑ mTORC2 ↓ Differentiation [45,46]

TAM ↑ mTORC1/2 ↑ M2 polarization [47,48]

MDSC ↓↑ mTORC1 Variable effects [49–51]

Endothelial cells ↑ mTORC1 ↑ Proliferation [52,53]

CAF ↓ mTORC1 ↓ IL-6 secretion [54]

199



Int. J. Mol. Sci. 2018, 19, 2453

It is actually known that the PI3K/mTOR inhibitors have an important immunomodulatory
impact on the tumor microenvironment and angiogenesis. The modulation in the number and/or
function of the specific TME cells involved in tumor progression is often associated with a better
outcome in cancer therapy, and for this reason, the selective inhibition of the PI3K/mTOR axis
correlates not only with the efficacy in leukemias, but also improves the immunotherapy in different
solid cancer [27,55]. Recent studies showed that the inhibition of different hub of PI3K/mTOR
pathways impacts the different TME components (Table 2).

Table 2. mTOR-axis inhibitors and potential therapeutic benefit. PI3K—phosphoinositide 3-kinase;
Treg—regulatory T cells.

Drug(s)
Target Cell
Population

Functional
Implication

Potential
Therapeutic

Benefit
References

mTOR/p110β/pan-PI3K
inhibitors CD8+ ↑ CD8+ infiltration

in tumor
↑ Significant

survival benefit [39,56,57]

mTORC1 inhibitor CD4+ ↓ number of CD4+ ↑ Significant
survival benefit [58]

mTOR/pan-AKT
inhibitors Treg ↓ Tregs selectively ↑ Significant

survival benefit [58,59]

PI3K inhibitors TAM ↓ TAM recruitment Variable effects [60]

mTOR inhibitors MDSC Variable effects Variable effects [49,51]

mTOR inhibitors Endothelial cells

↓ proliferation,
migration and

tubular structures
formation
↑ apoptosis

↓Angiogenesis [33,61–63]

mTORC1 inhibitor CAF ↓ CAF-secreted
cytokines

↓ Of cell migration,
invasion, and

metastasis
[64]

4.1. T Lymphocytes

Emerging evidence highlights a central role for mTOR in bridging the immune signals and
metabolic cues to direct lymphocyte proliferation, differentiation, and survival [65].

The lymphocyte activation increases protein, nucleotide, and lipid biosynthesis and utilizes
aerobic glycolysis to generate ATP during the rapid proliferation [40,66]. The metabolic programs
regulated by mTORC1 make it an important link between metabolism and immune function [40,49].

4.1.1. CD8+

CD8+ cytotoxic T cells, derived from naïve CD8+ T cells, are the major antitumor mechanism of the
immune system because of their ability to target and kill cancer cells and maintain a memory response.
Recently, mTOR has been identified as a regulator of memory CD8+ T cells differentiation [67]. It has
been demonstrated that rapamycin modulates the CD8+ T cells induced by viral infection, showing
that mTOR regulates the memory CD8+ T cells differentiation [68]. Indeed, it has been reported that
mTORC1 negatively modulates the memory T cells formation [40].

Moreover, Pollizzi et al. [39] have demonstrated that mTORC1 and mTORC2 may play a different
role in the regulation of CD8+ cells; mTORC1 positively influences the CD8+ T cells effector responses
and glycolytic phenotype, while the mTORC2 activity is involved in the CD8+ T cells memory
up-regulation. Moreover, the direct modulation of the mTOR-mediated lipid metabolism by the
inactivation of the sterol regulatory element binding proteins (SREBP) pathway inhibits CD8+ T-cell
proliferation in vitro [69].
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4.1.2. CD4+

The activation of naïve T cells can result in the simultaneous expression of the tumor specific
antigens, Th (T helper) 1, 17, and 2, and it is now clear that mTORC1 and mTORC2 promote T
cells commitment [42]. Indeed, Delgoffe and collaborators demonstrated that the mTOR-deficient
CD4+ T cells failed to differentiate into Th1, Th17, or Th2 effector cells in vitro or in vivo; the loss
of Rheb, an upstream activator of mTORC1, inhibits the differentiation of both the Th1 and Th17
cells, whereas the Th2 cells differentiation requires mTORC1 activation but not Rheb [41,42]. The
loss of Raptor induces Th17 cells differentiation [70]. According to the key role of mTOR in Th
differentiation, Templeton and collaborators have demonstrated that treatment with everolimus
induces a statistically significant reduction in the numbers of CD4+ and an increase in the Treg
population, in a dose dependent manner in metastatic prostate cancer patients, with an increase in
progression free survival [58].

Recent studies have shown that antigen stimulation causes T cells to transit from catabolism
to anabolism, and mTOR regulates this process by enhancing the T cells metabolic activity [71].
In antigen-stimulated T cells, the mTOR activates the glycolytic program inducing the expression of
MYC and HIF-1α, which in turn mediates the expression of glycolytic enzymes and transporters [72,73].

4.1.3. Treg

The forkhead box 3+ (FOXO3+) Tregs suppress inflammation and have an important role in
tumor immunity through their role as a suppressor of the effector T cells. High numbers of Treg and
a reduction of the CD8+ numbers in the tumor infiltrate are associated with a poor prognosis [40].
The reduction of mTOR signaling induces Treg expansion through the FOXO3 expression; in fact, as
opposed to the CD4+ T cells, the mTOR axis regulates the lineage commitment between effector and
regulatory T cells through the STAT transcription factor activation [41,74]. Despite the well-known
role of the PI3K-AKTpathway in T-cell proliferation, the AKT and PI3K blockade selectively inhibits
the Tregs’ proliferation with minimal effect on the other T cells’ population (CD4+ and CD8+). Indeed,
the in vitro and in vivo studies display that the Tregs have an increased dependence on the PI3K-AKT
signaling pathway, as compared to the other T cells [59].

Interestingly, mTOR may mediate different Treg functions, as demonstrated by the
pharmacological and genetic modulation of the mTOR network. Indeed, the reduction of mTORC1
activity, by the deletion of Raptor, reduces the Treg function, and conversely, the over-activation of
mTORC1 reduces the FOXO3 expression and converts Treg into effettor-like T cells, in TSC1-deficient
models [44]. Moreover, the activation of mTORC2 in the PTEN-loss Tregs induces a reduction in their
stability and their ability to differentiate [45,46]. It has been also demonstrated that the programming
of the Treg suppressive functions is dependent on mTORC1; indeed, Zeng et al. have demonstrated
that mTORC1 acts as a link between the immunological signals via the T cell receptor (TCR) and IL-2
to lipogenic pathways [75].

Recently, it has been reported that mTOR also modulates the role of PD-L1 as a regulator of
the development, maintenance, and function of the induced regulatory T cells [76]. PD-1 is highly
expressed on Treg cells and PD-L1 is widely expressed in several stroma non-hematopoietic cells and
in various tumors; Lastwika and collaborators have shown that the activation of the mTOR pathway
regulates the PD-L1 expression in vitro and in vivo in lung carcinoma [77,78].

4.2. TAMs

TAMs are a class of immune cells that are present in high numbers in the TME and are recruited
by soluble factors (cytokines and/or chemokines) or derived from tissue-resident macrophages. TAMs
are generally classified into M1 and M2, depending on their polarization; M1 TAMs are involved
in phagocyte-dependent inflammation and in antitumor response, whereas M2 TAMs inhibit the
phagocytic function thereby being more tolerant towards tumor growth. However, it has been
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demonstrated that this is a simplification of the TAM’s classification; Qian et al. showed that TAMs
can share both M1 and M2 phenotype and functions, thus resulting in a difficult interpretation of their
role in TME [40,79,80].

Early evidence highlights the role of mTOR signaling in macrophage activation and differentiation.
Indeed, Byles et al. showed that the loss of TSC1 activity in the macrophage leads to constitutive
mTORC1 activation, and the consequent decrease in IL-4 production induces M2 polarization [47].
Consistent with these results, different studies demonstrated that the mTORC1 downregulation
by different pharmacological and genetic approaches results in both decreased proinflammatory
cytokine production by macrophages, with a consequent reduction of inflammation, and unbalances in
macrophages M1 polarization [48,81]. Moreover, the role of the mTOR pathway in macrophage activity
is involved not only in M1/M2 polarization, but also in processes, such as autophagy, which could
indirectly influence the outcome of tumor progression. Indeed, Shan and collaborators demonstrated
that rapamycin both reduces the M2 macrophage polarization by down-regulating pSTAT3 on the
Tyr705 expression, and increases the autophagy [82].

Polarized macrophages also differ in terms of the cyto-/chemo-kines production, and M2
macrophages also exert their pro-tumoral activities by releasing specific cyto-/chemo-kines, which are
involved in the key mechanisms in the tumor progression, such as angiogenesis [80]. Indeed, the M2
macrophages release IL-10, which in turn promotes VEGF production, and it has been demonstrated
that rapamycin reduces angiogenesis by down-regulating the IL-10 and VEGF secretion [83].

mTORC2 also plays a critical role in M2 macrophages polarization; indeed, the inhibition of
mTORC2 signaling in macrophages, by the deletion of rictor, reduces the differentiations of the M2
macrophages [84]. More recently, Shrivastava and colleagues demonstrated that mTORC2 up-regulates
the M2 surface markers, CD206 and CD163, through the AKT axis, thus leading to an increase of the
invasion and metastasis in mammary tumor models, both in in vitro and in mice [85].

4.3. MDSCs

MDSCs are a heterogeneous group of immature myeloid cells at various stages of differentiation,
including precursors of macrophages, granulocytes, and dendritic cells (DC). Even if understanding
the phenotypic and functional characteristics of the MDSCs is controversial, MDSCs can be classified
in granulocyte or monocyte, based on the expression of Ly6C and Ly6G molecules, and play critical
roles in primary and metastatic cancer progression. mTOR signaling is involved in the modulation of
the MDSCs recruitment in TME, both in cancer cells and MDSCs; indeed, in cancer cells, the mTOR
axis regulates the release of the soluble factors involved in the MDSCs recruitment, whereas in MDSCs,
mTOR signaling affects the expression of specific antigen on their surface.

Welte et al. demonstrated that mTOR signaling promotes MDSCs accumulation by up-regulating
granulocyte colony-stimulating factor (G-CSF) in breast cancer cells. Indeed, both the rapamycin
treatment and the deletion of Raptor reduce the G-CSF levels [86]. Another soluble factor involved
in the recruitment of MDSCs in TME is TGF-β, a cytokine that directly promotes the expression of
CD39+/CD73+ on the surface of myeloid cells, thereby exerting tumor-promoting roles [87]. Several
studies in mouse models have demonstrated that the expression of these two ectonucleotidases leads
to tumor cells’ evasion from cytotoxic T cells responses, and that mTOR plays a critical role in the
regulation of the CD39/CD73 expression. Indeed, it has been reported that rapamycin abrogates the
TGF-β-mediated induction of CD39/CD73 expression, by HIF-1α [50].

Despite the role of mTOR, described above, in enhancing pro-tumoral MDSCs accumulation,
other groups demonstrate an opposite aspect of the MDSCs recruitment mTOR-mediated, highlighting
the controversial function of the MDSCs in TME. Indeed, it has been demonstrated that the rapamycin
treatment upregulates the recruitment and the induction of MDSCs’ immunosuppressive ability, by
enhancing the production of IL-1 and IL-2, and by upregulating the expression of their effectors,
arginase-1 and inducible nitric oxide synthase, which prevents T-cell proliferation [51].
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Moreover, MDSCs can also affect tumor progression by modulating the commitment of the
TME’ components. Indeed, preliminary in vitro studies indicate a potential role of MDSCs in
mTOR-mediated CD8+ T cells differentiation into effector populations [88].

5. mTOR and Angiogenesis

TME is composed not only of the cells of the immune system, but also of tumor vasculature,
and angiogenesis has long been recognized as a hallmark of cancer [89]. Angiogenesis represents the
mechanism by which new blood vessels develop, and it is a dynamic and tightly regulated process,
mainly induced by hypoxia [27]. During the tumor progression, pathological angiogenesis is driven
by the presence of pro-angiogenic factors in TME, such as VEGF-A and IL-8. Several cells, including
tumor and tumor-associated stromal cells (such as endothelial cell and macrophages), are involved in
this process, in part, by secreting growth factors and cytokines [27].

The VEGF/VEGF receptor (VEGFR) axis is one of the key regulators of angiogenesis, as
demonstrated by the use of anti-VEGF/VEGFR drugs, to inhibit angiogenesis in cancer therapy, and
it is regulated, among others, by the PI3K-AKT-mTOR signaling pathway [33,90]. Indeed, mTORC1
regulates the HIF-1/HIF-2, which are the transcription factors for the hypoxic stress response genes,
including VEGF and TGF-α [6,91]. HIF-1, the predominant form, is a heterodimer consisting of HIF-1α
and HIF-1β subunits; although HIF-1β is constitutively expressed, the stability of HIF-1α is dependent
on oxygen levels [92]. In the presence of O2, the ubiquitination of HIF-1α induces its degradation by
the 26S proteasome, whereas under hypoxic conditions, the accumulation of the HIF-1α subunit is
because of a decrease in the rate of proteolytic degradation [92].

In addition to the HIF protein stability regulation, other mechanisms of the HIF-1α expression have
been proposed at different levels, such as mRNA transcription and translation [93]. Recently, Dodd
and colleagues demonstrated that mTORC1 enhances the transcription of HIF-1α mRNA, by directly
phosphorylating STAT3 at Ser727 [94]. The same group also showed that mTORC1 regulates the HIF-1α
translation, through the activity of both p70S6K1 and elongation initiation factor (EIF)-4E binding
protein 1 (4E-BP1) [94]. Conversely, several studies reported that long-lasting hypoxic conditions
downregulate mTORC1 activity, by activating the negative mTORC1 regulators tuberous sclerosis
complex TSC1–2 or 5′-AMP activated protein Kinase β (AMPK-β), which in turn phosphorylates
Raptor on Ser722/792 [95,96].

This tight connection between the mTOR pathway and angiogenesis regulation is also maintained
in endothelial cells, as demonstrated by the effects of the mTOR inhibitors. Indeed, several groups
showed that rapamycin displays anti-angiogenic properties in terms of a reduction of the proliferation,
migration, tubular structures formation and an increase of apoptosis [61–63]. Our previous data also
demonstrated that the mTOR inhibitor temsirolimus inhibits serum- and/or VEGF-driven endothelial
cell proliferation and vessel formation in vitro and in vivo [33]. Specific knock-down experiments
of mTORC1/2 interactors in endothelial cells confirmed the role of mTOR in angiogenesis; indeed,
knocking-down TSC1, a negative regulator of mTORC1, increases the proliferation of endothelial cells,
whereas the deletion of rictor, a positive regulator of mTORC1, reduces cell proliferation [52,53].

As reviewed by De Palma and others, hematopoietic-derived tumor-infiltrating cells also regulate
angiogenesis, by releasing growth factors and inflammatory cytokines in the TME [27]. Among them,
TAMs play a critical role in tumor angiogenesis, because they exert a dual role, in both the inhibition
and activation of angiogenesis [97]. Interestingly, even in TAMs, the mTOR activity displays a key
role in promoting angiogenesis and polarization into the M1 phenotype [81]. Moreover, macrophages
secrete pro-angiogenic factors such as VEGF-A, IL-1β, IL-8, and metalloproteases (MMP) 2 and 9,
which are released also by other tumor infiltrating cells, such as neutrophils, eosinophils, natural
killers, and CAFs [27]. O2 deprivation in specific tumor areas is a critical cue for the accumulation
of TAMs, which are recruited by a hypoxia-induced chemoattractant gradient, such as VEGF, and
endothelins [24].
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Even if mTOR is a key regulator of HIF-1, the activation of other signaling pathways, which
converge on the targets shared with the PI3K network, can also promote tumor angiogenesis. For
example, the epidermal growth factor receptor (EGFR) activation increases the transcription of VEGF
via the PI3K pathway, but not dependently on HIF-1, in glioblastoma cells; moreover, the EGFR
amplification has an additive effect with a PTEN loss of function in increasing the VEGF levels,
by enhancing the VEGF promoter activity [98,99]. Zundel and colleagues have demonstrated that
in glioblastoma cell lines, a loss of PTEN results in HIF-1 stabilization which in turn causes the
up-regulation of VEGF expression [100]. The loss of PTEN is a common mechanism of PI3K activation
in several cancers, and its association with higher levels of secreted VEGF was observed also in
other cancer cell lines with a different histological origin, such as pancreatic and prostate cancer cells,
suggesting that PTEN plays a critical role in angiogenesis and tumorigenesis [101,102].

6. mTOR in CAFs Regulation

CAFs are cellular components of the stroma derived from the activated quiescent fibroblasts
surrounding cancer cells, that directly promote tumor initiation, progression and metastasis by
secreting growth factors, cytokines, and a large number of metabolites [103–105]. Moreover, the CAFs
regulate normal epithelial differentiation and homeostasis, and cancer progression, particularly in
stroma-rich tumors, like pancreatic cancers [106]. Indeed, in pancreatic ductal adenocarcinoma (PDAC),
the stroma forms more than 80% of the tumor mass, and the CAFs express α-SMA (alpha-smooth
muscle actin) and are also called activated pancreatic stellate cells [106]. Several studies demonstrated
that CAFs display pro-tumorigenic properties by promoting invasion and metastasis in a non-vascular
manner [107,108].

Similarly, recent evidence has showed that pancreatic CAFs may be involved in resistance
to anticancer drugs [109,110]. Indeed, Duluc et al. demonstrated that, in pancreatic CAFs,
the PI3K/mTOR pathway is activated by the autocrine secretion of PDGF and Janus kinase
(JAK)2-dependent cytokines [54]. The CAFs also express the sst1 somatostatin receptor, whose
activation inhibits the mTOR/4E-BP1 pathway, which in turn modulates the synthesis of the secreted
proteins involved in the resistance to cancer drug therapies, including IL-6 and STAT3, and could
be a possible upstream regulator of the IL-6 expression. These results suggest that counteracting
the mTOR/IL-6 driven resistance might increase the effectiveness of the anticancer therapy [54,111].
Moreover, the specific inhibition of mTORC1 can also reverse the CAF-induced resistance through
JAK/STAT3-, ERK- and AKT-signaling. Everolimus treatment, indeed, induces a significant reduction
of the secretion of cytokines, such as IL-8, IL-13, and MCP-1, which are involved in the promotion of
tumor cells’ proliferation and migration [64].

Wang et al. demonstrated that CAFs promoted irradiated cancer cell recovery through the increase
of autophagy, thus causing a tumor relapse after radiation therapy. Indeed, they ensured that CAFs,
through the production of IGF1/2, IL-12, and β-hydroxybutyrate, were capable of inducing autophagy
in cancer cells post-radiation, thus increasing the level of reactive oxygen species (ROS), which in turn
enhances protein phosphatase 2 (PP2)A activity, blocks mTORC1 activation, and induces autophagy in
cancer cells [112].

7. Implications in Cancer Immunotherapy

In addition to the central role of the PI3K/AKT/mTOR signaling network dysregulation in cancer
cells, recent evidence highlights that targeting this pathway can also impact on the host immunity [17].
In the past years, the host’s immune system has become a target for the development of new therapeutic
strategies, such as immunomodulatory drugs or monoclonal antibodies, and cancer immunotherapy
has achieved remarkable clinical efficacy in the treatment of many cancer patients, by promoting the
antitumor activity of the immune system [4]. More specifically, two immune checkpoints have achieved
the most attention so far, as follows: the cell surface protein PD-1 is expressed by activated T cells and
the binding with its two ligands, PD-L1 and PD-L2, attenuates the activity of the T cells and the effector
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responses; CTLA-4 is a negative regulator of T cells, by competing with the co-stimulatory molecule
CD28 for the binding to the ligands CD80 and CD86 [113]. The recruitment of regulatory immune
cells can also mediate immune suppression; indeed, the modulation of T cell-mediated antitumor
responses represents another therapeutic strategy [114]. Although blocking these checkpoints and the
T cell-mediated immunotherapy exhibit clinical success, the majority of patients still fail to respond to
immunotherapy, thus understanding the molecular mechanisms of resistance remains crucial to select
a specific subset of patients and improve the overall survival [115].

As highlighted above, mTOR plays a central role in coordinating the environmental stimuli and
cell metabolic responses, also because of its function in immune cell homeostasis and activation,
and thus represents a potential target for cancer immunotherapy [116]. The first evidence of
the tight connection between mTOR and immune regulatory targets was demonstrated by the
immunosuppressive properties of the mTOR inhibitor rapamycin, because of its ability to block
T cells proliferation [117]. In the last years, PD-L1 regulation has become the focus of many studies and
several groups demonstrated that the PI3K/AKT/mTOR pathway regulates PD-L1 in different tumors,
such as in non-small cell lung cancer [78]. As PI3K activation may occur via the loss of PTEN, it has
been further reported that the loss of this tumor suppressor may induce the overexpression of PD-L1
and immunoresistance in several tumors of different histological origin (i.e., glioma, leiomyosarcoma,
colorectal, breast cancer, and PDAC [118–122]. Mittendorf and her group also demonstrated that
treatments with either the AKT inhibitor, MK-2206, or the mTOR inhibitor, rapamycin, significantly
decreases the PD-L1 mRNA transcripts in the PTEN-mutant triple-negative breast cancer cell lines [121].
More recently, it has been also demonstrated that a loss of the PTEN expression correlates with a
decrease of CD8+ T cells’ infiltration in melanoma and poor outcomes to immunotherapies, regardless
of BRAF and NRAS status [56]. As opposed to PTEN, mTORC1 displays a controversial role in CD8+ T
cells; indeed, the mTORC1 activity is required for their effector functions, and the inhibiting mTORC1
activity displays paradoxical immune stimulating effects by promoting memory CD8+ generation in a
dose- and duration-dependent manner, as well [40].

CD8+ T cells are not the only regulators of the adaptive immune response involved in cancer
immunotherapy; the dysregulation of CD4+ Treg cells are also involved in several pathological immune
diseases and drug resistance. The mTOR and dual PI3K/mTOR inhibitors have been shown to induce
Tregs’ expansion and their immunosuppressive activity, thus correlating with a poor prognosis in
cancer patients [123]. Encouragingly, Huijts and her group showed that the PI3K inhibition alone
allows for the expansion of Tregs, but without affecting their overall suppressive activity [124].

In addition to the upregulation of Treg into tumor tissues, mTOR signaling stimulates also the
infiltration of MDSCs, thus allowing for it to combine immunotherapy with PI3K-AKT-mTOR pathway
inhibitors. The activation of toll-like receptors (TLR) on DCs leads to their maturation, and the TLR
signaling activates PI3K; this evidence highlights the synergistic effects of the combined PI3K inhibitors
with TLR agonists in mouse models [125].

8. Conclusions

The PI3K/AKT/mTOR network plays a significant role in the regulation of several processes
in tumor initiation and progression, by controlling the protein synthesis, proliferation, growth, and
survival in cancer cells on the one hand, and by affecting the characterization and the activity of the
TME’s elements on the other hand. The involvement of TME in cancer progression and drug resistance
is well recognized, thus leading to a necessity to better investigate the molecular mechanisms of
tumor-stroma interactions (TSI). Thus, targeting the molecular mediators of TSIs, such the elements of
the mTOR network, may provide an excellent strategy for therapeutic opportunities.
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Abbreviations

AMPK-β 5′-AMP activated protein kinase β

CAF cancer-associated fibroblasts
CTLA-4 cytotoxic t-lymphocyte protein 4
DC dendridic cell
DEPTOR DEP domain-containing mTOR interacting protein
ECM extracellular matrix
EGFR epidermal growth factor receptor
FOXO forkhead box
G-CSF granulocyte colony-stimulating factor
HIF hypoxia-inducible factor
Hsp70 heat shock protein 70
IGF insulin growth factor
IL interleukin
JAK Janus kinase
MDSC myeloid-derived suppressor cells
mLST8 mammalian lethal with sec13 protein 8
MMP metalloproteases
mSIN1 mammalian stress-activated protein kinase interacting protein 1
mTOR mammalian target of rapamycin
mTORC mTOR complex
PD-1 programmed death 1
PDAC pancreatic ductal adenocarcinoma
PDGF plated-derived growth factor
PDK1 phosphoinositide-dependent kinase-1
PIP2 phosphatidylinositol 4,5-bisphosphate
PIP3 phosphatidylinositol 3,4,5-trisphosphate
PI3K phosphoinositide 3-kinase
PKC protein kinase C
PP2 protein phosphatase 2
PRAS40 proline-rich AKT substrate 40
PRR proline-rich protein
Protor protein observed with rictor
PTEN phosphatase and tensin homolog on chromosome 10
p70S6K1 p70 ribosomal protein S6 kinase 1
ROS reactive oxygen species
SGK serum and glucocorticoid kinase
SREBP sterol regulatory element binding proteins
STAT signal transducer and activator of transcription
TAM tumor-associated macrophages
TCR T cell receptor
Tel2 telomere maintenance 2
TGF trasforming growth factor
Th T helper
TLR tool-like receptor
TME tumor microenvironment
Treg regulatory T cells
TSC tuberous sclerosis complexes
TSI tumor-stroma interactions
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Tti1 tel2-interacting protein 1
VEGF vascular endothelial growth factor
VEGFR VEGF receptor
4EBP-1 4E binding protein-1
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Abstract: Cancer cachexia affects most patients with advanced forms of cancers. It is mainly
characterized by weight loss, due to muscle and adipose mass depletion. As cachexia is
associated with increased morbidity and mortality in cancer patients, identifying the underlying
mechanisms leading to cachexia is essential in order to design novel therapeutic strategies.
The mechanistic target of rapamycin (mTOR) is a major intracellular signalling intermediary that
participates in cell growth by upregulating anabolic processes such as protein and lipid synthesis.
Accordingly, emerging evidence suggests that mTOR and mTOR inhibitors influence cancer cachexia.
Here, we review the role of mTOR in cellular processes involved in cancer cachexia and highlight the
studies supporting the contribution of mTOR in cancer cachexia.
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1. Introduction

Cancer is a leading cause of death worldwide with nearly 600,000 cancer related deaths
projected to occur in 2018 in the United States [1]. Most cancer related deaths are observed
in patients with metastasized tumours. Indeed, at least two factors contribute to lethality
from metastasis. Firstly, tumour-secreted factors profoundly modify cancer patients’ homeostasis,
increasing their susceptibility to infections and thrombo-embolic events, with major morbid and
mortal consequences [2,3]. Secondly, organ invasion by neoplastic cells can lead to organ failure.

Tumour secreted factors promote tumour cachexia, a multifactorial condition characterized by
decreased body weight due to losses of skeletal muscle and adipose tissue mass [4]. Nearly 80% of
all cancer patients are affected by tumour cachexia, which significantly contributes to cancer-related
morbidity and mortality. In particular, cachexia is associated with poor performance status, reduced
tolerance to therapies and a high mortality rate [5,6]. The incidence of cachexia varies according
to tumour type and is highly associated with cancers of the oesophagus, stomach, liver and lung.
Cachexia may precede clinical diagnosis of cancer and may be present with small primary tumours.
Since treatment options against tumour cachexia are so far very limited, a greater understanding of the
underlying mechanisms is necessary.

The mechanistic target of rapamycin (mTOR) is an ubiquitously expressed serine-threonine kinase
that is part of two different protein complexes named mTORC1 and mTORC2 [7]. Both complexes
participate in cell proliferation and survival and, accordingly, represent a target in cancer therapy.
Indeed, drugs which inhibit mTOR, named rapalogs, have proven clinical benefits in cancer patients
and were approved for the treatment of different advanced neoplasias. Of note, mTORC1 is a major
signalling intermediary, which stimulates anabolic processes, including protein, lipid and nucleotide
synthesis and represses catabolic pathways such as autophagy. Emerging evidence demonstrated
the importance of mTORC1 in stimulating skeletal muscle growth and in facilitating adipogenesis
and lipogenesis [8]. This suggests that mTOR might be involved in tumour-related cachexia and,
conversely, that mTOR inhibitors during cancer treatments might contribute to tumour cachexia.
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Here, we review the putative roles played by mTOR in cellular processes relevant to tumour
cachexia and highlight the experimental evidence of mTOR signalling importance in these processes.
We further speculate on the consequences of mTOR inhibition in the development of cancer cachexia.

2. Cancer Cachexia

Patients with advanced forms of cancer are frequently affected by a multifactorial syndrome
named cachexia. It results from a negative balance of energy caused by reduced caloric intake and
altered metabolism including inflammation, elevated catabolism and excess energy expenditure [9,10].
Consequently, patients affected by cachexia present body weight loss, with predominant decrease of
skeletal muscle and adipose tissue mass, eliciting reduced response to treatment, reduced quality of
life and decreased survival. Altered energy balance is a major feature of tumour cachexia with reduced
energy intake and increased resting energy expenditure [11]. Whereas the central nervous system is
mainly responsible for reduced caloric intake, the increased energy expenditure relies on different
causes, including tumour metabolism, inflammation and metabolic cycling [9].

Cachexia is driven by multiple mediators produced by cancer cells and cells within the tumour
microenvironment [12]. Among these mediators are pro-inflammatory cytokines such as prostaglandin
E2, IL-6, TNF, IFNγ, TRAF6, IL-1α, IL-1β and other tumour-derived catabolic factors such as activin
and myostatin [12]. These molecules directly promote catabolism in target tissues including skeletal
and cardiac muscles as well as adipose tissue (Figure 1). In addition, they produce central nervous
system alterations leading to reduced caloric intake and increased catabolic neural outputs [9].

Figure 1. Mechanisms involved in cancer cachexia. Tumour-derived catabolic factors such as
pro-inflammatory cytokines act on target tissues to elicit excess catabolism. Alteration of the central
nervous system results in reduced food intake and increased catabolic neural outputs. Proteolysis is
induced in skeletal and cardiac muscles through up-regulation of the ubiquitin-proteasome system
and autophagy. Reduced protein synthesis has also been reported. Loss of adipose tissue results from
increased lipolysis, decreased lipogenesis and adipogenesis and white adipose tissue browning.
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In skeletal muscle, the majority of these factors activate intracellular signals that lead to
transcription of genes encoding components of the autophagy and ubiquitin-proteasome systems
(UPS) [13]. Once activated, these systems selectively destroy myofibrillar proteins resulting in
muscle atrophy [9]. Several studies highlighted the importance of UPS in degradation of muscular
proteins [14–17]. Furthermore, more recent studies demonstrated increased proteasome activity in
numerous murine models of cancer cachexia and showed that proteasome inhibitors improve cachexia
in tumour bearing mice [18]. In contrast to pre-clinical studies, the role of UPS during loss of skeletal
muscle in cancer patients is not clear. Whereas some studies showed increased expression of UPS
components [19–21], others failed to detect any changes [22,23]. Besides UPS, autophagic processes
contribute to protein degradation in tumour cachexia [24]. In C26 tumour bearing mice, autophagy is
induced in muscular cells at initial and advanced stages of cachexia. Similar observations were made
in mice transplanted with Lewis lung carcinoma and in rats bearing hepatomas [24], showing that this
phenomenon was not specific of C26 tumours.

In addition to catabolic processes, reduced protein synthesis also participates in muscle
atrophy in cancer cachexia [25–27]. Under physiological conditions, insulin-like growth factor 1
(IGF1)/PI3K/AKT/mTOR signalling pathway embodies the main anabolic pathway [28]. In the
context of tumour cachexia however, contrasting results were reported as both increased and decreased
AKT activity was observed in different models [29–31]. Hence, additional studies are needed to assess
the role of reduced protein synthesis in cancer cachexia.

Besides loss of skeletal muscle, cardiac muscle atrophy is also associated with cancer cachexia [32].
The pathogenesis of cardiac atrophy remains poorly explored but seems to share similar mechanisms
with skeletal muscle atrophy. Indeed, reduced protein synthesis and increased protein degradation
in hearts of cachectic rodents were detected [33,34]. In addition, cardiomyocytes apoptosis was also
observed in AH-130 tumour-bearing rats and C26 tumour bearing mice cachectic models [35,36].

Finally, as mentioned previously, tumour cachexia is also characterized by loss of adipose
tissue [37]. In contrast to skeletal muscle loss, little is known about the role of fat shrinkage in
cancer. Nevertheless, an association between fat loss and poor outcomes was identified in advanced
cancer patients [38,39]. Several mechanisms are responsible for the loss of adipose tissue including
reduced food intake, increased lipolysis, decreased lipogenesis, impaired adipogenesis and decreased
lipid deposition [37,40]. In particular, lipolysis represents a major cause of adipose tissue loss in cancer,
as cachectic cancer patients present increased expression of hormone sensitive lipases compared to
weight stable cancer patients [41,42]. In addition, cachectic patients exhibit increased expression of
receptors of lipolytic hormones on adipocytes [42]. Furthermore, besides hormone-sensitive lipases,
adipose triglyceride lipase (ATGL) contributes to lipolysis in cancer patients, as ATGL-deficient tumour
bearing mice did not show increased lipolysis [43].

Enhanced lipolysis generates excess fatty acids that are subsequently oxidized by mitochondria.
Accordingly, up-regulation of genes regulating mitochondrial lipid oxidation was observed in animal
models and in patients with cachexia [40,44]. Additionally, recent studies also found that white adipose
tissue browning contributes to fatty acid catabolism [45,46]. This process uncouples mitochondrial
respiration toward thermogenesis instead of ATP synthesis, resulting in increased lipid mobilization
and energy expenditure [47].

Finally, in addition to augmented lipolysis and fat oxidation, loss of fat mass in cancer patients
relies on reduced lipid deposition and lipogenesis. Decreased activity of fatty acid synthase and
lipoprotein lipase was shown in adipose tissue of cancer patients [48] and adipogenesis, a process
essential to form mature adipocytes, is impaired in experimental models of cancer cachexia with
reduced expression of adipogenic transcription factors [44,49,50].

3. mTOR Signalling Pathway

The mechanistic target of rapamycin (mTOR) is an ubiquitously expressed and well conserved
serine/threonine kinase belonging to the PI3K-related kinases family [7]. mTOR is one of the main
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component of two protein complexes named mTOR complex 1 and mTOR complex 2 (respectively
mTORC1 and mTORC2), which are involved in cell growth regulation (Figure 2) [7].

 

Figure 2. Components of mTORC1 and mTORC2. Specific components of mTORC1 are Raptor and
PRAS40 and specific components of mTORC2 are Rictor, mSin1 and Protor1/2.

mTORC1 is composed of mTOR, raptor (Regulatory-associated protein of mTOR) [51],
mLST8 (mammalian lethal with Sec13 protein 8) [52] and two inhibitory proteins PRAS40
(proline-rich AKT substrate 40 kDa) [53] and Deptor (Dishevelled, Egl-10 and Pleckstrin
domain-containing mTOR-interacting protein) [54]. In presence of favourable extracellular conditions,
mTORC1 coordinates cell growth by stimulating protein, lipid and nucleotide synthesis and repressing
autophagy [7]. Several factors regulate mTORC1 activity including growth factors, hormones,
amino acids, energy level, oxygen and stress. The intracellular signalling pathways leading to
mTORC1 activation by growth factors and hormones were identified and can be summarized as
follows (Figure 3). Ensuing binding and activation of their specific receptors, two major signalling
pathways are stimulated; the Ras/Raf/Mek/Erk as well as the PI3K/AKT signalling pathways. In turn,
activated AKT or Erk and its downstream effector p90RSK phosphorylate tuberous sclerosis complex
2 (TSC2) resulting in its dissociation from TSC1 and TBC1D7. This results in the inactivation of
the TSC complex by dissociation from the lysosomal membrane where it exerts its inhibition on
the GTPase Rheb [55–59]. Since the TSC complex converts the GTPase Rheb to its inactive form,
TSC complex inhibition elicits Rheb activation, which strongly enhances mTORC1 activity. In addition
to its effect on TSC2, AKT enhances mTORC1 activity by phosphorylating and inactivating PRAS40 [53].
Besides growth factors, energetic modulations also regulate mTORC1 activity via the TSC axis [60].
Indeed, reduced levels of ATP following energy deprivation lead to the activation of the AMP-activated
protein kinase (AMPK), which in turn activates TSC2 by phosphorylation, resulting in enhanced
inhibition of Rheb and consequently of mTORC1. Moreover, AMPK reduces mTORC1 activity by
phosphorylating raptor [61]. Hypoxia also downregulates mTORC1 activity either by activating AMPK
or by inducing the expression of REDD1 which inactivates mTORC1 by activating the TSC complex [62].
Finally, mTORC1 activity is regulated by amino acid levels. In this context, amino acids signalling to
mTORC1 involve recruitment of mTORC1 at the surface of the lysosomes. In turn, mTORC1 associates
with Rag GTPases which promote its interaction with the lysosomal pool of Rheb [63,64].

Once activated mTORC1 regulates diverse cellular functions needed for cell growth and
proliferation. In particular, mTORC1 promotes protein synthesis directly by phosphorylating S6K1
and 4EBP. S6K1 phosphorylates several substrates to promote mRNA translation initiation [65].
Phosphorylation of 4EBP by mTORC1 leads to its dissociation from elF4E and results in 5′

cap-dependent mRNA translation [66]. Besides protein, mTORC1 also promotes nucleotide synthesis
required for DNA replication and up-regulates glycolysis, leading to newly generated biomass [67–69].
Finally, and as discussed in more detail later, mTORC1 stimulates lipid synthesis [70].
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Figure 3. Activation of mTOR signalling pathway by growth factors. Upon stimulation of growth
factor receptors, mTORC1 is activated via the PI3K/AKT and Ras/Raf/Mek/Erk signalling pathways
and stimulates anabolic processes and represses autophagy. mTORC2 activation requires PI3K.
Once activated mTORC2 regulates cytoskeletal organization, cell proliferation and survival by
phosphorylating members of the AGC kinases family.

Interestingly, activated mTORC1 is able to signal back to the plasma membrane to inhibit
growth factor signalling, protecting from pathway over activation [71]. Two different mechanisms
were identified in this process. Firstly, mTORC1 and S6K1 promote insulin receptor substrate-1
degradation [72]. Secondly, mTORC1 stabilizes Grb10, which acts as an endogenous inhibitor of
receptor tyrosine kinases [73,74].

mTORC2 comprises mTOR, Rictor (rapamycin insensitive companion of mTOR) [75], mLST8,
DEPTOR, mSin1 (mammalian stress-activated protein kinase-interacting protein) [76,77] and Protor1/2
(protein observed with rictor 1 and 2) (Figure 2) [78]. Upstream regulators of mTORC2 are mainly
growth factors and PI3K [79]. Upon binding of the PH domain of mSin1 to phosphoinositides
generated by PI3K, the inhibitory effect of mSin1 PH domain on mTORC2 is relieved, leading to
mTORC2 activation [80]. Additionally, PI3K stimulates mTORC2 activity by inducing its association
to ribosomes, which probably represent another cellular pool of mTORC2 [81]. Following activation,
mTORC2 functions as a kinase of several members of the AGC family of protein kinases, including
PKC, AKT and SGK1 [79]. By activating members of the PKC family including PKCα, PKCδ, PKCγ and
PKCζ, mTORC2 regulates cytoskeletal remodelling and cell migration [75,82–84]. More importantly,
mTORC2 also phosphorylates AKT, which regulates cell proliferation and survival and appears to
provide substrate specificity to AKT [85].
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Several genetic mutations have been reported that lead to PI3K/AKT/mTOR pathway activation
in cancer. Activating mutations of PI3K, AKT, mTOR as well as inactivating mutations of TSC1, TSC2 or
PTEN are commonly observed in several types of cancers [86,87]. More recently, an extensive study of
more than 11,000 human cancers confirmed the high prevalence of genetic mutations of components
of mTOR signalling pathway [87]. In addition, activation of the pathway without genetic mutations
was also found suggesting alternate mechanisms for pathway activation [87].

Since mTOR signalling controls both cell growth and proliferation and since activating mutations
of components of this pathway are frequently found in cancer, many studies addressed the effects of
mTOR inhibitors in cancer therapy [88–90]. Initially, mTOR inhibition was achieved with rapamycin
or its derivatives named rapalogs. Rapamycin associates to FKBP12, which bind together to the FRB
domain of mTOR, partially occluding the access of substrates to its kinase domain [91]. Inhibition of
mTORC1 by rapalogs is however incomplete as some protein residues phosphorylated by mTORC1 are
rapamycin resistant [92]. Furthermore, rapalogs do not provide an immediate inhibition of mTORC2.
Indeed, mTORC2 is classically rapalog-insensitive in most cancer cell types [93]. Only a limited
number of cell types with prolonged exposure to rapalogs show mTORC2 inhibition, presumably from
the inability to generate novel mTORC2 complexes from rapalog-bound mTOR [94]. To overcome
these limitations, a second generation of mTOR inhibitors was developed to directly target the kinase
domain of mTOR. Accordingly, compared to rapalogs, kinase inhibitors of mTOR inhibit mTORC2
and provide a complete inhibition of mTORC1 [95].

To date only rapalogs are approved for the treatment of various advanced cancers including
renal cell carcinoma [96,97], advanced pancreatic neuroendocrine tumours [98], postmenopausal
hormone receptor-positive advanced breast cancer in combination with exemestane [99],
advanced non-functional neuroendocrine tumours of the lung or gastrointestinal tract [100] and
refractory mantle cell lymphoma [101]. The anti-cancer efficacy of rapalogs is however limited failing
to provide long lasting benefits.

4. mTOR in Muscle and Lipid Metabolism

mTOR signalling is an important anabolic pathway in skeletal muscle growth [102].
Indeed, genetic and pharmacologic experiments support a major role of mTOR in this process.
Muscle-specific deletion of mTOR causes weight loss with a strong decrease of fast-twitch glycolytic
muscles leading to premature death [103]. mTOR deficient muscles further display metabolic
alterations including decreased oxidative capacity, altered mitochondrial regulation and glycogen
accumulation. A similar phenotype is observed in raptor but not in rictor deficient muscles,
indicating that mTORC1 disruption likely accounts for these changes [104]. Consistent with
these findings, muscle depletion of S6K1, a direct downstream target of mTORC1, causes muscle
atrophy [105]. Interestingly, chronic activation of mTORC1 also results in muscle atrophy and low
body mass [106]. In this case, loss of muscle mass is primarily due to inhibition of autophagy by
mTORC1 activity. Besides genetic gain and loss of function experiments, the role of mTOR signalling
in skeletal muscle was demonstrated with chemical inhibition of mTOR. For instance, skeletal muscle
hypertrophy induced by muscle overload was inhibited by rapamycin [107]. Of note, rapamycin does
not induce muscle atrophy in control muscles. Rapamycin also inhibits muscle growth induced by the
expression of a constitutive active mutant of AKT [108]. Early studies identified IGF-I and leucine as a
major stimulator of mTORC1 in skeletal muscle [28,109]. In addition, mechanical stimulus promotes
mTORC1 activity in part independently of IGF-I [110,111]. In particular, mechanical stimulation
induced multisite phosphorylation of raptor resulting in up-regulated mTORC1 activity, promoting
the lysosomal association of mTOR and abolishing the lysosomal association of TSC2 [112].

mTOR also influences various aspects of lipid metabolism including lipogenesis, adipogenesis,
lipolysis and lipid oxidation [70]. mTORC1 is a particularly important mediator of lipid biogenesis
by controlling the expression of many lipogenic genes. Sterol regulatory element-binding proteins
(SREBPs) are components of a family of transcription factors that induce lipid synthesis and that are
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positively regulated by mTORC1 [113,114]. Several studies demonstrated that rapamycin decreases the
expression of lipogenic genes by affecting SREBPs processing and activation [115–117]. Depletion of
raptor but not rictor downregulates the expression of lipogenic genes confirming that mTORC1 and
not mTORC2 is mainly involved in this process [116]. In contrast to these observations, recent studies
highlighted the critical role of mTORC2 in lipid synthesis. Liver depletion of rictor results in
reduced SREBP activity and expression of lipogenic genes [118,119]. On top of lipogenesis, mTOR is
also involved in adipogenesis regulation. Indeed, rapamycin inhibits adipocyte differentiation
in vitro [120,121] and adipogenesis was also abrogated in 3T3-L1 preadipocytes following raptor
deletion [122]. Likewise, the potential of raptor null mouse embryonic fibroblasts to differentiate
into adipocytes is impaired [122]. The role of mTORC1 in adipogenesis was also addressed in vivo;
specific knock-down of raptor in adipocytes limits lipid accumulation in adipocytes and protects
mice from obesity induced by diet [122]. Similarly, rapamycin treated mice accumulate less adipose
tissue [123,124]. However, although AKT plays an important role in adipogenesis, deletion of rictor in
adipose tissue does not affect adipose tissue accumulation [125–128]. Hence, mTORC2-mediated AKT
phosphorylation on Ser473 is not necessary for AKT to transmit pro-adipogenic signals. Nevertheless,
deletion of rictor in white adipocyte progenitors is associated with less adipose tissue suggesting that
mTORC2 is required for early adipogenesis [129].

mTOR further participates in adipose mass accumulation by inhibiting catabolic processes such
as lipolysis. Indeed, circulating free fatty acids are elevated in humans treated with rapamycin [130]
and higher lipolysis intensity was recorded in isolated adipocytes treated with rapamycin [131,132].
Finally, increasing mTORC1 activation via overexpression of Rheb inhibits lipolysis in 3T3-L1
adipocytes [131]. Regarding mTORC2, its activity also affects lipolysis, but contrasting results were
found regarding the role of rictor in this process [127,128].

5. mTOR and Tumour Cachexia

mTORC1 involvement in tumour cachexia was evidenced in ApcMin/+ mice, a model of colorectal
cancer that develops cachexia that is dependent on interleukin-6 [133]. Analysis of the gastrocnemius
muscle of ApcMin/+ mice revealed a progressive decrease of mTORC1 activity from the initiation of
cachexia to extreme body weight loss [134]. mTORC1 inhibition was mediated via the activation of
AMPK by IL-6, which was further confirmed in C2C12 myoblasts [135]. This study suggests that
reduction of anabolic mTORC1 signalling in skeletal muscle contributes to loss of muscle mass during
cachexia. Accordingly, treadmill exercise restoring mTORC1 activity in skeletal muscle prevents
cachexia in ApcMin/+ mice [136]. The anti-cachectic role of mTORC1 was further substantiated
in mice bearing Lewis cell carcinoma. In this model, cachexia was also associated with reduced
mTORC1 signalling in the gastrocnemius muscle [137]. Furthermore, in vitro in C2C12 myoblasts,
studies showed that stretch-induced mTORC1 activation was inhibited by media containing cachectic
factors derived from Lewis cell carcinoma [138]. Finally, salidroside, a major phenylpropanoid
glycosides found in Rhodiola rosea L., prevented tumour cachexia in CT-26 colon cancer and Lewis lung
carcinoma and restored levels of muscle phospho-mTOR, used as a read-out of mTORC1 activity [139].
Hence, in these models, prevention of tumour cachexia is associated with restored mTORC1 activity.
Finally, as mentioned earlier, activation of UPS is a major process that leads to skeletal muscle loss in
cancer cachexia [10]. Recently, two studies demonstrated that mTOR inhibition leads to proteolysis
via the UPS, suggesting that mTOR prevents protein loss by repressing anabolic processes [140,141].
Nevertheless, additional studies are needed to investigate it in the context of tumour cachexia.

In contrast to these results, mTORC1 inhibition was also reported to prevent loss of muscle mass
in tumour cachexia [142]. In fact, colon cancer tumour-bearing mice and tumour patients display
altered autophagic markers, suggesting that autophagy flux proceed at a slower rate. Pharmaceutical
intervention with rapamycin in these mice restored autophagy in skeletal muscles and prevented
tumour cachexia [142]. Similarly, treatment with an AMPK activator or aerobic exercise counteracted
tumour cachexia-induced weight loss which was associated with increased autophagy. In addition,
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rapamycin prevented C2C12 myoblasts atrophy induced by colon carcinoma preconditioned
media. This effect was abrogated following inhibition of autophagy, further suggesting that
rapamycin-induced autophagy prevents loss of muscle during tumour cachexia [142]. Consistent with
these observations, it was demonstrated that muscle-specific deletion of a crucial autophagy gene,
Atg7, resulted in profound muscle atrophy and exacerbated muscle loss during denervation and
fasting [143]. Taken together, these results suggest that autophagy can prevent muscle loss during
tumour cachexia and that targeting mTORC1 to induce autophagy represent a treatment strategy to
prevent cachexia.

Besides inducing autophagy, another mechanism was proposed to explain the anti-cachectic
properties of mTOR inhibitors. In a transgenic murine lymphoma model, mice developed a cachectic
syndrome characterized by reduced appetite, severe body weight loss, complete depletion of adipose
tissue mass and significant loss of muscle mass [144]. This phenotype was associated with increased
levels of cachexia mediators in particular interleukin-10. Administration of rapamycin in these mice
prevented the development of cachexia and decreased IL-10 levels, suggesting that the production
of pro-cachectic factors are regulated by mTOR. In particular, rapamycin improved appetite and
reduced the severity of fat loss. Similarly, everolimus, a specific mTOR inhibitor, reduced IL-6 levels
and alleviated the cachectic phenotype of CT-26 colon cancer bearing mice in which IL-6 is the main
cachectic driver [144,145]. CT-26 tumours induced a significant decrease in the weight of tibialis
anterior, gastrocnemius-soleus-plantaris complex and quadriceps muscles, which was prevented by
everolimus treatment. Of note, everoliums did not induce muscle loss in non-tumour bearing control
mice [145]. Therefore, suppression of cytokine production by targeting mTOR represents a treatment
strategy to ameliorate tumour cachexia.

The effect of mTOR inhibition on tumour cachexia in cancer patients remains poorly investigated.
Nevertheless, a retrospective study analysed the consequences of long-term treatment with rapalogs
on cancer patients’ muscle mass. Twenty patients, treated with rapalogs as monotherapy for at least
6 months, were investigated by CT-scan [146]. A significant decrease of skeletal muscle area without
affecting body weight nor adipose tissue was observed in these patients. However, as this study did
not involve an untreated control group of patients, the presence of other regulating factors cannot
be excluded. This study suggests at least that cancer patients treated with mTOR inhibitors do not
experience adipose tissue loss.

Pivotal phase III studies that tested rapalogs in cancer patients did not address specifically cancer
cachexia. Nevertheless, parameters that are associated with cancer cachexia were reported. In a
multicentre double-blind study patients with advanced pancreatic neuroendocrine tumours were
randomly assigned to the rapalog everolimus, 10 mg daily, or placebo. Two hundred and four patients
received everolimus versus 203 placebos. Sixteen percent of patients receiving everolimus experienced
weight loss compared to 4% in the placebo group [98]. Decreased appetite was also more frequently
reported in the everolimus group (20% vs. 7%). Similar findings were found in a phase III randomized
trial comparing everolimus with exemestane to placebo with exemestane in patients with hormone
receptor positive advanced breast cancer [99]. Of the 485 patients in the everolimus group, 19% had
decreased weight versus 5% in the placebo group. In addition, 29% displayed decreased appetite under
everolimus treatment compared to 10% of patients receiving placebo. Reduced appetite in patients
treated with rapalog was observed in three additional phase III studies [100,101,147]. Taken together,
these results show that patients treated with mTOR inhibitors present more frequently signs and
symptoms that are either part of tumour cachexia or specific to mTOR inhibitors and in this case,
that may worsen cachexia. In addition, they further show that some patients are more sensitive to the
side effects generated by mTOR inhibitors. Hence, in the context of cachexia, it will be important to be
able to detect these patients early in the course of treatment.
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6. Conclusions

Tumour cachexia, characterized by weight loss due to decreased skeletal muscle and lipid mass,
is a severe condition in cancer patients with limited therapeutic options. Initial studies demonstrate
the complex and contrasting role played by mTOR in this process. On one hand, mTORC1 activity
is significantly reduced in skeletal muscles and lipid tissue of cachectic mice suggesting that loss of
mTORC1 activity results in reduced protein and lipid synthesis. On the other hand, inhibition of
mTORC1 protects from tumour cachexia by up-regulating autophagy and by inhibiting production
of pro-cachectic factors. Hence mTORC1 plays a dual role in tumour cachexia that needs to be fully
characterized. In addition, clinical trials that specifically address the effects of mTOR inhibitors on
tumour cachexia are needed.
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4EBP
Eukaryotic translation initiation factor 4E-binding
protein

AMPK AMP activated protein kinase
Erk Extracellular signal-regulated kinase
Grb10 Growth factor receptor-bound protein 10
IL Interleukin
IGF-1 Insulin-like growth factor-1
mTOR Mechanistic target of rapamycin
PI3K Phosphatidylinositol 3-kinase
Raptor Regulatory associated protein of mTOR
Rheb RAS homolog enriched in brain
Rictor Rapamycin insensitive companion of mTOR
TSC Tuberous sclerosis complex
UPS Ubiquitin proteasome system
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Abstract: The mammalian target of rapamycin (mTOR) is an ubiquitously expressed serine-threonine
kinase, which senses and integrates several intracellular and environmental cues to orchestrate major
processes such as cell growth and metabolism. Altered mTOR signalling is associated with brain
malformation and neurological disorders. Emerging evidence indicates that even subtle defects in
the mTOR pathway may produce severe effects, which are evident as neurological and psychiatric
disorders. On the other hand, administration of mTOR inhibitors may be beneficial for a variety of
neuropsychiatric alterations encompassing neurodegeneration, brain tumors, brain ischemia, epilepsy,
autism, mood disorders, drugs of abuse, and schizophrenia. mTOR has been widely implicated in
synaptic plasticity and autophagy activation. This review addresses the role of mTOR-dependent
autophagy dysfunction in a variety of neuropsychiatric disorders, to focus mainly on psychiatric
syndromes including schizophrenia and drug addiction. For instance, amphetamines-induced
addiction fairly overlaps with some neuropsychiatric disorders including neurodegeneration and
schizophrenia. For this reason, in the present review, a special emphasis is placed on the role of
mTOR on methamphetamine-induced brain alterations.

Keywords: mTOR; rapamycin; autophagy; protein aggregation; methamphetamine; schizophrenia

1. Introduction

The discovery of the mammalian target of rapamycin (mTOR) dates back to early 1970s with
the collection of a soil sample of Easter Island (Rapa Nui) and the serendipitous identification of a
lipophilic macrolide produced by the soil bacterium Streptomyces hygroscopicus [1]. This natural
compound called rapamycin was initially developed as an antifungal drug, but it soon raised
considerable interest because of its unexpected and, at that time, undesired immunosuppressive
side effects. The discovery of rapamycin-mediated anti-proliferative effects on immune cells was
a milestone in organ transplantation [2–6]. However, the finding of anti-proliferative activities,
way beyond the immunosuppressive properties, disclosed novel potential therapeutic uses that
fueled research on its mechanisms of action [7–10]. Nowadays, it is well established that rapamycin
exerts its effects by forming a complex with FK506-binding protein 12 (FKBP12), which in turn
inhibits the target of rapamycin (TOR). TOR is a large (289 kDa), evolutionarily highly conserved,
serine/threonine kinase, which represents the catalytic domain of a multiprotein complex named
TORC (target of rapamycin complex) [5,11–13]. The need of FKBP-12 to mediate the effects
of rapamycin on TORC is demonstrated by a lack of effects induced by rapamycin when the
binding between FKBP12 and rapamycin is occluded by a missense point mutations within the
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FRB domain of TOR [14,15]. In mammals, TOR kinase, also known as mTOR (i.e., mammalian TOR),
is ubiquitously expressed in all cell types and it assembles with several scaffolds and regulatory
subunits to form two distinct multiprotein complexes, hereinafter referred as mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2) [16–19]. These mTOR complexes share four components
that are identical; they possess (i) a catalytic subunit, along with (ii) a small protein known as
mLSt8, which represent the core of both complexes. These in turn are composed of two more
components, namely (iii) the Tti1/Tel2 associated regulatory proteins, which create a scaffold for
recruitment of substrates; and (iv) the negative regulator Deptor, which inhibits the substrate
binding [20–22]. In addition, there are specific subunits depending on which mTOR complex is
considered. In detail, mTORC1 contains the scaffold protein Raptor and the inhibitory subunit PRAS40
as key components, while mTORC2 specifically associates with the regulatory subunit Protor 1/2 and
scaffold proteins Rictor and mSIN1, which help the complex assembly [20,23–28]. The mTOR complex
represents a downstream substrate of the PI3K/PTEN/Akt pathway, which controls cell growth,
proliferation, metabolism, and motility in response to bioenergetics and nutritional requests [29,30].
Extracellular and environmental stimuli are conveyed through mTOR via the PI3K/PTEN/Akt
pathway. The binding of insulin and growth factors to tyrosine kinase receptors (RTKs) activates
the lipid kinase PI3K, which phosphorylates phosphatidylinositol-4,5-phosphate (PIP2) to generate
phosphatidylinositol-3,4,5-phosphate (PIP3). This second messenger recruits Akt, which promotes
mTOR activity. This occurs via the phosphorylation of the tuberous sclerosis complex (TSC),
which impairs its inhibitory activity on mTOR. TSC is a heterodimer that is composed of hamartin
(TSC1) and tuberin (TSC2). In this way, the activation of PI3K/Akt signaling leads to the activation of
mTOR through TSC inhibition. Once activated, mTOR promotes various activities including protein
synthesis, ribosome, and lipid biogenesis [21,31] (Figure 1). Among these activities, mTOR inhibits
autophagy [32]. In mammalian cells, three main autophagy pathways are described, all providing
the lysosomal degradation of intracellular components: (i) micro-autophagy; (ii) macro-autophagy;
and (iii) chaperone-mediated autophagy (CMA). In detail, micro-autophagy enwraps small portions
of cytosol and proteins into lysosomes [33], while macro-autophagy sequesters “in bulk” cytosolic
cargoes, including organelles, within autophagosomes to merge with lysosomes [34]. Finally, CMA
is a rather selective process where proteins are bound to cytosolic chaperones (e.g., LAMP-2) to be
recognized and translocated across the lysosomal membrane for degradation [35]. In the present review,
we focus on macro-autophagy (hereinafter referred to as autophagy), which is mostly related to mTOR
activity. In detail, mTOR inhibits autophagy by suppressing the ULK1 complex, which consists
of several autophagy-related proteins (ULK1, Atg13, FIP200). In fact, by phosphorylating the
ULK1 complex, mTOR inhibits early steps in the biogenesis of autophagosomes [36–39] (Figure 1).
Conversely, rapamycin-induced mTOR inhibition strongly activates autophagy. In eukaryotic cells,
autophagy represents the main cell clearing system. The autophagy pathway is initiated through a
nascent double-layered membrane vacuole, which, at early stages, is not yet complete and is named
phagophore. The maturation of the phagophore leads to seal the vacuole, which is then named
autophagosome. At this stage, the vacuole stains for beclin-1 (the ortholog of yeast Atg6) and LC3
(Atg8), which are thus considered gold standard autophagy markers [40]. The autophagosome carries a
variety of substrates to the lysosomal compartment, which possesses a rich enzymatic activity. In detail,
when the autophagosome merges with the lysosome, the catalytic organelle autophagolysosome is
generated, where degradation and recycling of sequestered cytosolic cargoes occurs. Autophagy
can be tuned very finely to obtain either slight or robust effects based upon specific cell needs.
For instance, autophagy is strongly induced by nutrient depletion, which occurs during cell starvation.
In these conditions, enhanced protein degradation within lysosomes results in the generation of single
amino acids. This is the prototype for extreme cell conditions when cell survival is jeopardized;
however, a slight autophagy activation is needed in baseline conditions to keep steady the level of
misfolded proteins that naturally occur within a living cell. An appropriate tuning of autophagy
avoids the burden of aged structures within the cell. Along with degrading misfolded proteins,
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autophagy degrades altered subcellular organelles (mitochondria, endoplasmic reticulum, ribosomes,
and even synaptic vesicles). Thus, when a mild failure in the autophagy pathway occurs, the cell still
survives, though such a decreased protein turnover during prolonged time intervals is detrimental.
In fact, this may alter a variety of cell activities and may even produce toxicity. This is why it
takes time to appreciate the effects of a slight relenting of protein and organelle turnover due to
a mild autophagy deficiency. In fact, in these conditions, the cell may easily cope with moderate
energy demands. In contrast, when the production of altered structures exceeds a reduced autophagy
activity, these accumulate and become visible over the years through intracellular deposits that contain
altered protein aggregates. This is probably why an autophagy defect eventually leads to slowly
developing neuronal inclusions. This is facilitated by the inner nature of specific proteins such as
alpha synuclein, which is prone to aggregate because 30% of its native form undergoes spontaneous
oligomerization independently of the metabolic conditions [41]. Thus, autophagy defects are expected
to generate protein aggregates, which in turn promote toxicity and cell death [42]. This is kind of an
oversimplification, but it helps to schematize the concept of autophagy as a cell clearing system beyond
its powerful energetic effects. Unlike most cell types, neurons are extremely vulnerable to autophagy
impairment. This is not surprising when considering that adult neuronal cells are post-mitotic.
Therefore, neurons cannot profit from mitosis to dilute potential toxic waste within daughter cells.
In fact, mice deficient for autophagy-related proteins, such as Atg5 or Atg7, show inclusion bodies
and marked neuronal loss [43,44]. In line with this, mTOR-dependent impairment of autophagy is
implicated in various neuropsychiatric disorders such as dementia, movement disorders, motor neuron
disease, seizures, brain ischemia, autism, affective disorders, addiction, and schizophrenia [45–57].
While the involvement of autophagy in neurological disorders is intensely investigated, the evidence
about an involvement of autophagy in psychiatric disorders is less clear. Therefore, the aim of the
present manuscript is to mention the role of mTOR-dependent autophagy in neurodegeneration
while emphasizing its role in methamphetamine (METH) addiction and psychiatric disorders, namely
schizophrenia. Remarkably, a growing evidence shows that mTOR dysfunction may underlie a
variety of psychiatric syndromes, including mood disorders, drug addiction, and schizophrenia.
In fact, many psychotropic drugs including mood stabilizers and neuroleptics are powerful autophagy
inducers [58–67]. In such an attempt, we hint to the role of mTOR-dependent autophagy as a hub in
etiologically distinct brain disorders from neurodegeneration to METH abuse and schizophrenia.

Figure 1. The mammalian target of rapamycin (mTOR) pathway. The cartoon summarizes the main
up- and down-stream components of the mTOR pathway. Growth factors, glucose, and amino acids
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activate mTOR, which in turn promotes protein synthesis, lipid metabolism, and mitochondrial
biogenesis, while autophagy is under the negative control mTOR. GPCRs—G-protein coupled receptors.
TSC—tuberous sclerosis complex; TSC1—hamartin; TSC2—tuberin; RTKs—receptor tyrosine kinase
receptors; Akt—protein kinase B; PTEN—Phosphatase and Tensin Homolog; BDNF—Brain-derived
neurotrophic factor; IGF—insulin-like growth factor; NGF—nerve growth factor.

2. A Short Overview on Autophagy Impairment in Neurodegenerative Disorders

Dysfunctional autophagy appears as a recurring feature in neurodegenerative disorders (NDDs),
such as Parkinson’s disease (PD) and Alzheimer’s disease (AD), where a defect along the autophagy
pathway occurs at different stages [68–76]. The accumulation of aggregate-prone proteins triggers
the formation of cytoplasmic and/or extracellular neuronal inclusions within specific brain areas.
This occurs in PD, where aggregate-prone alpha synuclein accumulates in the so-called Lewy bodies,
which are mostly found within spared dopaminergic (DA) neurons of the substantia nigra pars
compacta (SNpc) [77,78], as well as within extra-nigral neuronal populations [79]. Remarkably, genetic
ablation of Atg7 specifically within dopamine (DA) neurons fully reproduces PD pathology, including
the formation of Lewy bodies, which stain for alpha synuclein, pointing at a key role for autophagy
in DA-related disorders [80]. Likewise, AD cortical pathology features abnormal intracellular
hyperphosporylated tau protein, which forms fibrils known as neurofibrillary tangles (NFT) along
with extracellular amyloid-β (Aβ) plaques [81]. Pathological TAR DNA-binding protein 43 (TDP-43) is
a major component of inclusions that are found in most cases of amyotrophic lateral sclerosis (ALS)
and in frontotemporal lobar degeneration (FTLD) [82,83]. Remarkably, further investigation on the
autophagy pathway revealed that all these misfolded proteins are autophagy substrates depending
on mTOR activity [84–88]. In an attempt to attribute a specific protein accumulation to the onset of
a specific disorder within the aim of describing a sort of “precision medicine”, investigators faced
the hurdle that these protein aggregates may indeed be shared by different disorders and different
proteins may aggregate in the same disease. In fact, TDP-43 positive inclusions are found within
the very same neurons containing tau-positive NFTs and alpha synuclein-positive Lewy bodies of
post-mortem brains from patients with AD and dementia with Lewy bodies (DLB), respectively [89].
In addition, most DLB patients show most features of AD (i.e., hyperphosphorylated tau deposits
and Aβ) to various extents [90]. Moreover, alpha synuclein immunoreactivity often co-localizes
within huntingtin polyglutamine-positive aggregates in brain sections from patients with late-stage
Huntington’s disease (HD) patients [91], or even within SOD1-positive inclusions, as revealed by
immunohistochemical analysis performed in post-mortem brain and spinal cord from cases of familial
ALS [92]. All this evidence challenges the concept of a protein-specific vulnerability to characterize
each disease leading to clinically distinct neurological phenotypes. Such a contamination even
overcomes the clear cut between neurodegenerative disorders and acute cerebral ischemia/chronic
hypoperfusion [93]. A failure in autophagy-dependent handling of misfolded proteins impedes the
clearance of these substrates that are likely to accumulate within the cell. Therefore, a common
pathogenesis underlying all these NDDs disorders has been linked to autophagy inhibition due
to mTOR hyperactivation [52,54,94–97]. For instance, an increased mTOR activity correlates with
accumulation of Aβ and hyperphosphorylated tau in AD brains [98,99]. On the other hand, some
evidence indicates that suppressing mTOR activity ameliorates AD cognitive defects by decreasing
Aβ and tau pathology [100]. Again, rapamycin and rapalogs protect against toxicity produced by
a number of misfolded proteins encompassing alpha synuclein, TDP43, and hyperphosphorylated
tau [101–104]. Therefore, mTOR inhibitors, as such autophagy inducers, may be useful to boost relented
cell clearing mechanisms by decreasing abnormal aggregate-prone proteins, which is supposed to
ameliorate neurodegeneration.
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3. Beyond Classic Neurodegeneration

The beneficial effects of mTOR inhibitors have been demonstrated in patients affected by
neurodevelopmental disorders [105–108]. In fact, compounds belonging to the macrolides family,
such as rapamycin and rapalogs, and ameliorate cognitive, affective, and overall psychiatric symptoms,
which is in line with an Akt–mTOR-dependent antidepressant and mood stabilizing effect [105,109,110].
This is further supported by mounting evidence obtained in rodent models, which demonstrate that
rapamycin normalizes impaired social interactions and reverses behavioral defects [61,109,111–114].
This appears indeed as a continuum rather than a concomitance of different effects, as patients affected
by neurodegenerative disorders frequently develop psychiatric symptoms like mood alterations,
depression, and schizophrenia, which may appear early during disease development and then may
persist throughout the disease course [115–120]. As briefly reported, despite a high number of studies
correlating mTOR and autophagy with neurological disorders [45–57], only a few studies addressed
such an issue in psychiatric disorders such as schizophrenia [121,122]. This is likely to depend on the
lower amount of biological and pathological investigations that are carried out in these patients and
the scarce knowledge about the molecular neurobiology of disease-concerning psychiatric disorders.
In schizophrenia, a progressive synaptic disorder is likely to promote neurodegeneration [123].
In support of this view, autoptic studies on schizophrenic brains have revealed the presence of
neuronal inclusions (see Section 5), which may depend on dysfunctional mTOR-related cell clearing
systems. Similarly, neuronal inclusions occur in METH abusers [124], confirming what was previously
demonstrated in animal models [125,126]. As detailed in the following paragraph, METH exerts
disruptive effects on DA neurotransmission, which translate into abnormal stimulation of post-synaptic
DA receptors, mainly D1-type DA receptors (D1R), thus leading to non-canonical signaling cascades
sustaining behavioral alterations that overlap with schizophrenia-like symptoms (i.e., visual and
auditory hallucinations and delusions) [127–130]. Increased activity of D1R is considered as a
major determinant of neuropsychiatric alterations occurring in both METH models/abusers and
in schizophrenia [130–132]. This is key, because abnormal stimulation of D1R and subsequent
signaling cascades were recently shown to produce an over-activation of mTOR and inhibition of the
autophagy machinery [133]. In addition, several susceptibility genes for schizophrenia (e.g., DISC1,
NRG1/ErbB4, and CRMP2), which are involved in either pre-synaptic DA release or post-synaptic
D1R-related cascades, are similarly dysregulated by METH. Interestingly, they all converge on mTOR
signaling (see Section 6, Table 1). In fact, mTOR-induced autophagy inhibition exacerbates the
ultrastructural effects of METH [126,134–136], while rapamycin administration reverts both behavioral
and morphological alterations induced by METH [137]. Such an issue will be further dealt with in
the next paragraph. Here, we wish to point out that the detrimental effects of METH on both DA
neurotransmission and mTOR-dependent cell clearing systems produce behavioral alterations that
are reminiscent of schizophrenia. Thus, METH addicted brains may represent a bridge that connects
neurodegenerative and psychiatric disorders. Understanding the molecular and cellular mechanisms
that operate during METH toxicity is expected to increase our insight into the neurobiology of
schizophrenia. Thus, in the next paragraph we discuss evidence on how altered mTOR and an impaired
autophagy pathway may indeed represent a common hub between drug addiction and schizophrenia.

4. Bridging Neurodegeneration and Psychiatric Disorders: The Paradigm of
Methamphetamine-Addicted Brains

METH is a widely abused drug that rapidly enters and persists within the central nervous
system (CNS), thereby exerting powerful addictive effects [138–140]. In humans, the sensitizing
effects of prolonged chronic METH intake are considered a major determinant to the occurrence and
relapse of psychoses, which mirror those occurring in schizophrenic patients. In fact, METH-addicted
patients commonly develop psychoses with positive symptoms similar to those of schizophrenia,
which led to the use of METH as an experimental model of schizophrenia (Figure 2). In fact, psychotic
patients are oversensitive to amphetamines [141,142]. Accordingly, clinical evidence points towards

235



Int. J. Mol. Sci. 2018, 19, 2226

an elevation of pre-synaptic DA synthesis and release as a key event for schizophrenia [141,143,144].
Likewise, the psychostimulant effects experienced by METH-addicted patients rely on increased
DA synthesis and massive DA release from nerve terminals within limbic areas as occurring in
the schizophrenic brain [145–149]. Such an abnormal DA release produces peaks of extracellular
DA, which cannot be taken up within nerve terminals, because METH inhibits and reverts the
direction of the dopamine transporter (DAT). In line with this, recent studies suggest that DAT
expression is significantly reduced in the midbrain of postmortem schizophrenic samples [150],
which is reminiscent of the METH-addicted brain [151,152]. Upon METH administration, the massive
amount of extracellular DA is followed by DA depletion, which translates into a pulsatile
stimulation of post-synaptic DA receptors. This triggers non-canonical transduction pathways
driving phenotypic changes at the level of post-synaptic neurons. The abnormal activity of DA
receptors is an additional commonality between METH and schizophrenia, which is likely to
represent the molecular mechanism underlying behavioral alterations [130–132]. Remarkably, mTOR
over-activation was recently linked to METH-induced behavioral sensitization, while rapamycin
prevents such an effect [137]. Likewise, rapamycin was found to be beneficial for ameliorating psychotic
symptoms [109,112,114,153,154]. The relevance of autophagy for sustaining these mTOR-induced
effects is confirmed by drugs inducing autophagy independently of mTOR activation. In fact, lithium
is able to delay METH-induced sensitization, while being a powerful treatment in schizophrenia [155].
Behavioral alterations driven by abnormal DA receptor activity are widely dependent on the amount
of DA released from pre-synaptic terminals. Noteworthy, genetic ablation of autophagy was shown
to produce an extremely powerful DA release upon electrical stimuli, suggesting that autophagy is
key to restrain DA release both upon basal neural activity and mostly after rapamycin-induced
autophagy [156]. These findings strongly suggest that an autophagy dysfunction acts both at
pre- and post-synaptic level to alter DA neurotransmission during both METH administration
and schizophrenia (Figure 2). This confirms our previous studies showing that both genetic and
pharmacological autophagy inhibition worsen the effects of METH administration [126]. Given
the paucity of studies showing such a role in schizophrenia, dissecting the molecular mechanisms
underlying autophagy dysfunction in METH may provide insights in the pathophysiology of
schizophrenia. In line with this, METH produces ultrastructural alterations reflecting dysfunctional
autophagy flux, which are DA-dependent. In fact, METH produces a massive increase of endogenous
intra-cytosolic DA levels by inhibiting and reverting the direction of the vesicular monoamine
transporter type 2 (VMAT-2), thus disrupting the physiological storage of DA. A reduction in
VMAT-2 gene expression and protein levels in DA neurons occurs in both METH models and
schizophrenic patients, marking quite impressively the overlap between these disorders [150,157,158].
It is worth mentioning that freely diffusible intra-cytosolic DA can readily undergo auto-oxidation
and produce a cascade of oxidative-related damage, which is bound to the neurotoxic effects of
high doses of METH [125,159–161]. In fact, DA auto-oxidation generates several toxic and highly
reactive species such as DA-quinones, hydrogen peroxide, and superoxide radicals. Beyond METH,
redox-related changes that result from an imbalance between reactive oxygen species (ROS)
production and ROS clearance are implicated in schizophrenia [122]. As a result of an altered
intracellular redox environment, proteins lose their native conformational fold and assume an
aberrant, misfolded conformation with an abnormal tendency to aggregate into larger, often insoluble,
inclusions [148,159,162]. This excessive amount of aggregate-prone proteins within DA axon
terminals leads to an autophagy engulfment, which fuels a vicious cycle of oxidative stress, protein
misfolding, and aggregation [125,126,148,162] (Figure 2). In fact, when administered both in vitro
and in vivo, METH generates multi-lamellar whorls corresponding to stagnant autophagy vacuoles,
which further develop into eosinophilic cytoplasmic inclusions within both nigral DA neurons and
striatal cells [125,162,163]. These inclusions are reminiscent of PD-like Lewy bodies because they stain
for typical PD markers such alpha synuclein [125,126,162,164,165]. The occurrence of analogous nigral
inclusions was confirmed in human chronic METH abusers [124]. In addition, the occurrence of alpha
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synuclein gene (SNCA) polymorphisms is associated with human METH psychosis [166]. This is in
line with genetic studies associating psychotic symptoms with SNCA multiplications [167]. As both
DA neurotransmission and handling of misfolded proteins are directly bound to autophagy, it is likely
that autophagy alterations represent a causative mechanism underling ongoing synaptic pathology,
which could predispose to neurodegeneration. In the light of these findings, in the next paragraph, we
provide evidence that ultrastructural changes related to autophagy alterations occur in schizophrenia
as well.

Figure 2. Overlap of dopamine-dependent molecular mechanisms underlying methamphetamine
(METH) and schizophrenia. In normal conditions (A), the amount of intra-cytosolic dopamine is
determined by the rate limiting enzyme tyrosine hydroxylase (TH), which converts tyrosine into
L-dihydroxyphenylalanine (L-DOPA) and eventually dopamine (DA). DA is selectively taken-up into
synaptic vesicles by the vesicular monoamine transporter type-2 (VMAT-2), which is key to surveil the
physiological storage of vesicular DA. DA-containing synaptic vesicles are coated with soluble NSF
(N-ethylmaleimide-sensitive factor) attachment protein receptor (SNARE) proteins co-chaperoned by
alpha-synuclein, which mediate docking, priming, and release of DA-synaptic vesicles via exocytosis.
Once exocytosis has occurred, synaptic vesicles and their associated proteins are endocytosed and
sorted for autophagy (ATG) degradation. In this way, ATG monitors the amount of releasable DA
synaptic vesicles, thus playing a key role in restraining DA release and in the turnover of synaptic
proteins. In the synaptic cleft, the dopamine transporter (DAT) is key to take-up extracellular DA
in order to guarantee a physiological stimulation of post-synaptic DA receptors. On the other hand,
METH addicted and schizophrenic brains (B) feature alterations of DA metabolism and handling,
which consist of the following: (i) increased levels of TH, which produces high levels of intra-cytosolic
DA; (ii) a decrease in VMAT-2, which leads to a loss of DA vesicular storage and increases the amount
freely diffusible intra-cytosolic DA; (iii) free cytosolic DA is highly prone to auto-oxidation into reactive
DA-quinones, which produce structural modifications of presynaptic proteins such as alpha synuclein;
(iv) a rapid and massive release of DA occurs via either exocytosis or efflux from the axoplasm;
(v) extracellular DA rapidly accumulates as DAT is inhibited or downregulated, thus leading to
abnormal stimulation of post-synaptic DA receptors, mainly D1-like receptors; (vi) dysfunctions in the
ATG machinery, which cannot restrain DA release, are likely to play a key role in such a mechanism.
In addition, impaired ATG cannot handle the oxidatively modified alpha-synuclein, thus leading to a
progressive accumulation of alpha-synuclein aggregates fueling synaptic pathology.
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5. Cytoskeletal Abnormalities and Neuronal Inclusions in Schizophrenia

Neuropathological evidence showing cytoarchitectural abnormalities and neuronal inclusions
in schizophrenic patients date back to the late 1990s from post-mortem studies. In detail,
ultrastructural alterations encompassing reduction and swelling of DA terminals, mitochondrial
alterations, and multi-lamellar structures were reported within DA terminals of the SNpc [168].
Interestingly, these ultrastructural abnormalities are highly reminiscent of those induced by METH.
In addition, cytoskeletal derangement appears as a prominent feature of the ultrastructural pathology
of schizophrenia [169]. Cytoskeleton organization and dynamics depend on the fine control of
microtubule assembly, which relies on the interaction of microtubules with a specific class of proteins
known as microtubule-associated protein (MAP). These proteins represent a sort of cytoskeletal
regulatory elements that bind microtubules to ensure their stability and integrity. Among various
identified MAPs, microtubule-associated protein 2 (MAP2), which belongs to the MAP2/Tau family,
is enriched in the brain and especially in dendrites, where it contributes to microtubule stabilization
and overall dendritic architecture. Alterations in MAP2 immunoreactivity within the subiculum,
entorhinal cortex, hippocampus, and prefrontal cortex have been suggested as the primary array
of cytoskeletal abnormalities, which in turn result in impaired neurotransmission observed in
schizophrenia [170–173]. Notably, a marked reduction in MAP2 immunoreactivity, along with a
decrease in dendritic arbor, is reported in the primary auditory cortex (BA41) of schizophrenic
subjects compared with healthy controls [174]. These structural abnormalities observed in the
post-mortem auditory cortex of schizophrenic individuals may underlie altered auditory information
processing, which in turn may manifest as auditory hallucinations. Moreover, pathological deposition
of hyperphosphorylated MAP-tau (MAPT), which is the hallmark of several neurodegenerative
disorders such as AD and frontotemporal dementia (FTD), has been described in elderly subjects with
schizophrenia [175–177]. However, this issue is still under debate, because some autopsy studies do
not report any significant difference in the prevalence of AD pathology between elderly schizophrenic
patients and age-matched healthy controls [178–181]. Momeni and colleagues (2010) recently reported
two relatives with an early age at onset (27 and 29 years) of schizophrenic symptoms showing a marked
neuronal tau deposition, as confirmed at pathological examination [182]. Remarkably, this familial
behavioral variant of frontotemporal lobar degeneration (FTLD) was associated with a novel exon 12
mutation in the conserved microtubule binding region of microtubule-associated protein tau (MAPT)
gene, thus suggesting that disturbances in proteins involved in regulation of microtubule stability
and overall cytoskeletal dynamics may accelerate tau deposition, leading to early disease onset.
Notably, post-mortem analysis performed in the prefrontal cortex of schizophrenic patients revealed
oligodendrocyte ultrastructural abnormalities [183]. Similarly, cytoskeletal derangements within
nigro-striatal DA neurons and axons were recently evidenced in another cohort of schizophrenic
brains [184]. Remarkably, a very recent neuropathological examination provided evidence for
TDP-43-positive cytosolic inclusions and dystrophic neurites in the brain of a patient diagnosed
with FTLD presenting brief psychotic episodes and catatonia, which is a syndrome related to
schizophrenia [120]. Preliminary in vitro studies demonstrated that two proteins, namely DISC1
and dysbindin-1, which are encoded by two susceptibility genes for schizophrenia, can form insoluble
protein aggregates that are reminiscent of those occurring in neurodegenerative disorders [185–188].
Intriguingly, the interactome analysis of both DISC1, dysbindin-1, and CRMP2, which is another
susceptibility gene for schizophrenia, revealed common protein interactions with microtubules, actin
cytoskeleton, and proteins involved in intracellular transport [189,190]. In particular, CRMP2 is
a cytosolic protein enriched in the CNS, which has been implicated in microtubule stabilization,
and thus in the regulation of cytoskeletal dynamics and vesicle trafficking. Remarkably, multiple
proteomic studies of postmortem brains show altered CRMP2 protein levels in schizophrenic patients
compared with healthy subjects [191–194]. These findings suggest that all these schizophrenia risk
genes may encompass cytoskeletal stability and organization. It is worth mentioning that the reciprocal
modulation between cytoskeleton dynamics and autophagy is emerging as a crucial point for neuronal
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homeostasis. Inhibition of the physiological microtubule transport is known to associate with an
impaired shuttling of protein aggregates towards autophagy vacuoles, as well as impaired intracellular
vesicle trafficking. Such an effect contributes to dysfunction in both the autophagy and secretory
pathway leading to altered transmission of axonal information to and from the somato-dendritic
domain [195]. The biological implication behind an impairment of microtubule dynamics is confirmed
in post-mortem schizophrenic brain samples, as well as in mouse models of schizophrenia, where
mTOR-dependent autophagy dysfunction is accompanied by an altered gene expression and protein
levels of the microtubule-associated protein 6 (MAP6) [196,197]. These findings suggest that a close
interplay between cytoskeletal dynamics and mTOR signaling is key in early axonal transport defects
and altered synaptic transmission, a common pathological hallmark in schizophrenia [144,198–201].

6. mTOR Modulation of Dopamine Transmission in Methamphetamine and Schizophrenia

Despite some epidemiological evidence concerning risk factors for schizophrenia, which represents
a chronic debilitating condition, the identification of the molecular mechanisms underlying its
pathogenesis is still challenging. Interestingly, as has emerged from review of the literature published
in the last few years, a novel scenario begins to delineate in which a dysfunctional mTOR pathway
may be a key mechanism in the chain of events for the development of schizophrenia (Figure 3).
In line with this, a number of genetic studies linked mTOR-related genetic alterations to schizophrenia.
This is the case of the disrupted in schizophrenia 1 (DISC1) gene, a schizophrenia-related gene,
originally discovered in a large Scottish family with a high incidence of psychiatric symptoms [202].
This gene encodes for the DISC1 ubiquitous protein, which is implicated in neurogenesis, neuronal
migration, axon/dendrite, and synapse formation [203–206]. Remarkably, DISC1 plays a key role
in DA neurotransmission [207]. In line with this, experimental models of DISC1 deficiency treated
with METH show a significant potentiation of DA release, along with increased expression of D1R
in the ventral striatum when compared with controls [208]. Mutations of DISC1 in the striatum
associate with increased METH-induced behavioral sensitization suggesting that DISC1 represents
a hub underlying alterations in those DA-dependent molecular mechanisms that modulate reward
and sensitization in both drug abuse and mental disorders [209]. In addition, these findings strongly
suggest that DISC1 alterations may increase the risk of schizophrenia by dysregulating DA release.
In support of this view, DISC1 alterations are associated with pathological stress and converge in
producing early alterations in DA neurotransmission during adolescence. This is a critical life-time for
the development of schizophrenia [210,211]. Noteworthy, both DISC1 deficiency and over-stimulated
D1Rs up-regulate the Akt–mTOR pathway [133,153,212], which highlights the impressive overlap
between pathways that modulate DA neurotransmission and cell clearing systems. In particular, DISC1
acts by blocking KIAA1212, an Akt-binding partner, which directly interacts with Akt and strengthens
the activation of this kinase, which represents a major mediator of the mTOR pathway. Therefore,
the binding between DISC1 and KIAA1212 prevents KIAA1212-dependent Akt activation (Figure 3).
This decreases Akt activity, which in turn dampens mTOR signaling [212]. Therefore, disruption of
DISC1 activity, due to genetic rearrangements (i.e., balanced (1;11) (q42;q14) chromosomal translocation)
or missense mutations, produces schizophrenic-like behavior, which is bound to enhanced Akt activity,
over-activation of mTOR signaling, and depressed autophagy [213–215]. Likewise, administration of
either D1R agonists or METH enhances Akt activity and over-activates mTOR signaling [133,137,216].
Remarkably, inhibition of mTOR with rapamycin reverses the effects occurring in both DISC1-shRNA
and METH-treated mice, while ameliorating behavioral alterations [137,153,212]. Again, an impaired
Akt signaling, achieved by neuronal deletion of rictor, a key regulatory subunit of mTORC2, contributes
to schizophrenia-like phenotypes in rictor-null (KO) mice [217]. Dysregulation in Akt signaling
and altered Akt protein levels were found in the frontal cortex and hippocampus of post-mortem
brain samples from individuals affected by schizophrenia [218]. Since the first report by Emamian
et al. (2004) [218], numerous subsequent studies further confirmed the genetic association of AKT1
gene variants with schizophrenia, supporting the key role of impaired Akt–mTOR signaling in the
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pathogenesis of this psychiatric disorder [219–224]. In line with this, increased AKT1 gene expression,
due to increased hypomethylation of AKT1 gene promoter, was detected in human METH abusers [225].

Furthermore, genetic linkage and association studies led to the identification of two additional
susceptibility factors related to schizophrenia, such as neuregulin-1 (NRG1) and its receptor
ErbB4 [226,227]. NRG1 is a family of trophic factors that is synthesized as trans-membrane proteins
displaying an extracellular epidermal growth factor (EGF)-like domain that is essential for ErbB4
receptor binding. Upon proteolytic processing, the soluble N-terminal moieties that contain the
EGF-like domain is released and it acts by stimulating the ErbB4 receptor. Alterations in the
NRG1/ErbB4 signaling are reported in schizophrenic brains [228]. In particular, NRG1, which is mostly
involved in regulating neurodevelopment and neurotransmission, acts by binding ErbB4, a type I
transmembrane receptor tyrosine kinase belonging to the family of ErbB proteins, which contain a
binding site for PI3K kinase, an AKT upstream effector, in the C-terminal cytoplasmic tail (CYT) [229].
The binding between ErbB4 and PI3K activates this latter kinase, which in turn can phosphorylate
and activate its downstream target Akt. Thus, changes in NRG1/ErbB4 signaling leads to a cascade
of events that culminate in a dysregulation of the Akt–mTOR pathway (Figure 3). Moreover, it has
been demonstrated that NRG1 also regulates DISC1 expression [230], thus further worsening the
aberrancy of the Akt–mTOR pathway and the pathogenesis of schizophrenia and related behaviors.
Noteworthy, NRG1/ErbB4 signaling plays a key role in DA-related behaviors by increasing DA release
within the hippocampus, striatum, and prefrontal cortex [231]. In mice harboring mutated ErbB4, D1R’s
levels and binding activity are significantly increased [232], suggesting that ErbB4 may be another
putative protein linking increased DA activity to increased mTOR activity and depressed autophagy.

Another identified susceptibility gene for schizophrenia is the dihydropyrimidinase-like
2 (DPYSL2) gene. This gene is located on chromosome 8p21 and it encodes the cytosolic
microtubule-associated protein CRMP2 (collapsin response mediator protein-2), which is highly
expressed in the CNS and plays a role in axonal growth [233]. Several DPYSL2 single-nucleotide
polymorphisms (SNPs) have been associated with the development to schizophrenia [234,235].
Although in mammals there are three DPYSL2 transcripts (i.e., DPYSL2A, DPYSL2B, and DPYSL2C),
which differ in their first exon sequence, most of the studies have focused on the DPYSL2B
transcript, also known as “short” transcript [236]. Multiple functional sequence variants were
identified both in and around DPYSL2B, including three single-nucleotide polymorphisms (SNPs)
in the proximal promoter and two SNPs in intron 1, which were significantly associated with
schizophrenia [236]. In vitro functional luciferase assays in both neuronal (mouse primary cortical
neurons) and non-neuronal (HEK293) cell types demonstrated that in the presence of increasing
concentrations of rapamycin, a polymorphic di-nucleotide repeat (DNR) in the 5′-UTR of the DPYSL2B
gene dose-dependently decreases allele expression at translation level, suggesting a functional link
between this schizophrenia high-risk allele (13 DNRs) and mTOR signaling [236]. The relationship
between the DPYSL2 gene and susceptibility to schizophrenia was recently confirmed in vivo in
rats exposed to prenatal stress (PNS), which indeed is frequently reported as an environmental risk
factor for developing schizophrenia in adults [237]. Remarkably, immunohistochemical and Western
blot analyses performed in the prefrontal cortex and hippocampus revealed a decreased DPYSL2
expression in the PNS group compared with non-stressed control offspring [238]. CRMP2 protein
levels are significantly altered by METH administration [239]. In turn, CRMP2-KO mice show altered
levels of proteins and genes involved in GABA-, glutamate-, and neurotrophin-signaling pathways,
which are related to both schizophrenia and METH-induced sensitization [240]. Once again, such an
overlap between altered molecular mechanisms occurring in both schizophrenia and METH may be
key to decipher those early events linking CRMP2 and DA activity. In line with this, the dendritic
spine-regulating activity of CRMP2 is under the control of the cyclin-dependent kinase 5 (CDK5) [241].
CDK5 is a key second messenger participating in METH-induced behavioral sensitization [130,242,243].
Both administration of amphetamines and stimulation of D1R induce a significant increase of CDK5
gene expression and protein levels, which, at molecular level, associates with increased dendritic spine
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density and hyper-phosphorylation of the cytoskeletal tau protein [244–246]. In detail, the activation
of CDK5 by D1R occurs via proteolysis of p35, the binding partner of CDK5. Remarkably, the marked
reduction of p35 levels in schizophrenic brains, which mirrors enhanced CDK5 activity [247], suggests
a role for CDK5-CRMP2-dependent alterations of cytoskeleton architecture and psychiatric behavior.

Figure 3. The Akt/mTOR pathway in schizophrenia. The cartoon summarizes key proteins involved
in schizophrenia (lightning bolts), which converge on the overactivation of the Akt/mTOR pathway.
These include disrupted in schizophrenia 1 (DISC1), neuregulin-1 (NRG1)/avian erythroblastosis
oncogene B4-like protein (ErbB4), and collapsin response mediator protein 2 (CRMP2), as well as
dopamine D1 receptors (D1R), which in turn are modulated by DISC1 and NRG1/ErbB4.
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Table 1. Altered proteins converging on the mammalian target of rapamycin (mTOR) pathway
during schizophrenia and methamphetamine addiction. DISC1—disrupted in schizophrenia 1;
Akt—protein kinase B; NGR1—neuregulin-1; ErbB4—avian erythroblastosis oncogene B4-like protein;
CRMP2—collapsin response mediator protein 2; CDK5—cyclin-dependent kinase 5.

Protein Schizophrenia Methamphetamine

DISC1 [153,212–215] [208,209]
Akt [218–224] [225]

NRG1/ErbB4 [228,230,232] [231]
CRMP2 [236,238] [239,240]

CDK5/p35 [247] [130,242,243]

7. A Step Forward about a Role of Autophagy in the Pathophysiology of Schizophrenia

While recent advances in molecular psychiatry have identified several mTOR-related
schizophrenia risk genes, the role of autophagy in schizophrenia has been recently investigated.
Remarkably, the identification of rare genetic variants of ULK1 in a cohort of schizophrenic patients by
means of exome sequence analysis strengthens the idea of a key role of both disrupted mTOR signaling
and autophagy in the pathophysiology and susceptibility to schizophrenia [248] (Figure 3). The first
evidence of a dysregulation of autophagy in schizophrenia was provided in 2011 by the Horesh group,
who performed gene expression profile analysis in different brain areas of post-mortem schizophrenic
patients compared with healthy controls, with no evidence of concomitant dementia [249]. The study
revealed profound differences between the two groups, especially when looking at Broadman area
22 (BA 22), which is associated with positive symptoms, mainly auditory-verbal hallucinations or
“hearing voices” [250,251]. In particular, at BA 22, the vast majority of abnormally expressed genes
referred to key autophagy genes (i.e., BECN1, ULK2, ATG3), which were significantly down-regulated
compared with controls [249]. A few months later, another transcriptomic study reported a BA
22-specific down-regulation in several autophagy-related genes, thus strengthening the link between
impaired autophagy and schizophrenia positive symptoms [252]. Furthermore, the transcriptional
analysis performed on the very same post-mortem samples demonstrated no substantial changes in the
mRNA levels of the above-mentioned autophagy-related genes within the anterior prefrontal cortex
(BA 10), which is mainly involved in schizophrenic negative symptoms and cognitive dysfunction,
thus reinforcing the involvement of an impaired autophagy in mediating positive symptoms. Later on,
further analysis reported a disruption of the autophagy pathway also in the hippocampus of
post-mortem schizophrenic patients [197]. In detail, the analysis of mRNA expression of a key
protein for autophagy initiation, namely beclin1, revealed a significant region-specific reduction in
hippocampal samples from 12 schizophrenic patients compared with 12 age-matched healthy controls.
The deficiency in hippocampal beclin1 transcript levels matches those observed in haploinsufficient
mice for the activity-dependent neuroprotective protein (ADNP) (ADNP+/− mice), a transgenic
model of schizophrenia [197]. ADNP is an essential protein for brain development and it has
been shown to physically interact with a key protein in autophagosome biogenesis and maturation,
namely LC3 [253]. Remarkably, a co-immunoprecipitation assay performed in a hippocampal protein
fraction from ADNP+/− mice showed a dramatic reduction in the ADNP–LC3 protein interaction,
which correlates with decreased ADNP expression [197]. A reduction of ADNP and its homologous
protein, ADNP2, is observed in schizophrenic patients [254], and it is recapitulated in Map6-deficient
(Map6+/−) mice, another transgenic model of schizophrenia [196]. Immuno-histochemical analysis
showed a three-fold decrease in the number of beclin1-positive cells in Map6+/− mice. These results
were confirmed at transcriptional level by demonstrating a reduced expression of BECN1 mRNA.
On the other hand, chronic treatment with an eight-amino-acid peptide snippet from ADNP (NAP),
also known as davunetide, restored both Beclin1 and ADNP mRNA levels along with ADNP-LC3
interaction, thus providing neuroprotection while ameliorating schizophrenic-like behavioral and
cognitive deficits in Map6+/− mice [196]. A recent phase II, multicenter, double-blind, randomized
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clinical trial has shown an improvement in cognitive performance of schizophrenic patients treated
with NAP (AL-108; 5 and 30 mg/day, intranasally) versus placebo-treated patients [255]. These pieces
of evidence corroborate findings showing that several autophagy inducers, such as lithium, rapamycin,
and Food and Drug Administration (FDA) approved antipsychotic drugs are effective to treat
psychosis including schizophrenia [59–62,109,256–260]. Notably, high-throughput image-based
screens performed by Zhang et al. (2007) [60] on a human glioblastoma H4 cell line expressing
human LC3 coupled with green fluorescent protein (GFP) led us to disclose that three typical
antipsychotic drugs (fluspirilene, trifluoperazine, and pimozide) are effective autophagy inducers.
In particular, pimozide provides an mTOR-independent autophagy induction, because it directly
activates AMPK1, which in turn promotes autophagy through the phosphorylation of ULK1 [260].
In contrast, chlorpromazine, which is a typical antipsychotic agent, induces autophagy by inhibiting
the Akt/mTOR pathway [59]. Recently, in vitro studies on the effects of second-generation, atypical
antipsychotics demonstrated that sertindole and clozapine are potent autophagy inducers in both
neuronal and non-neuronal cell lines [257,261]. Similar to pimozide, clozapine activates the autophagy
process via the AMPK–ULK1–Beclin1 pathway, as evidenced by increased levels of autophagy markers
(i.e., LC3-II and Atg5–Atg12 conjugate); increased phosphorylation of AMPK and its downstream
substrates, namely ULK1 and beclin1; and an increased number of autophagosomes in the frontal cortex
in clozapine-treated rats [259]. Most reports evidenced autophagy induction by neuroleptics indirectly,
only by measuring the degradation of autophagy-dependent substrates. For instance, the increase
in autophagy flux induced by pimozide occurs along with a depression of phosphorylated tau in a
transgenic mouse model of AD [260]. Again, the effects of two typical antipsychotics, trifluoperazine
and haloperidol, on autophagy have been demonstrated indirectly [262,263]. For instance, haloperidol
occludes huntingtin aggregation [262]. Chronic clozapine treatment (20 mg/kg/day) reduces Aβ

deposition [264]. Although typical and atypical antipsychotics may alleviate diseases featuring aberrant
protein misfolding and accumulation, in vivo systematic investigations regarding the efficacy and the
molecular mechanisms of these drugs on autophagy have been questioned [265]. This issue is biased
by the routine intake of neuroleptics by most schizophrenic patients for long time intervals, sometimes
lasting decades.

8. Conclusions and Future Perspectives

The exponential development in the past few years of genome-wide linkage studies and
high-throughput genotyping technologies has led to the identification of many other susceptibility
genes for schizophrenia, and this list is expected to grow further. However, the molecular mechanisms
underlying schizophrenia are far from being deciphered. Up-to-date neuropathological studies
performed on post-mortem schizophrenic brains appear to be scattered and they have not yielded
to the identification of a distinct neuropathological hallmark. This is due to the limited sample
availability and confounding interpretation of pathological data when comparing antipsychotic-treated
and non-treated patients. This contrasts with classic neurodegenerative disorders where the
accumulation of misfolded or aggregated proteins within neurons may imply a dysregulation of
autophagy. Again, most experimental models available so far fail at large to reproduce most features
of schizophrenia. Thus, methamphetamine remains an appropriate model compared with genetic
manipulation to decipher the molecular progression underlying the pathophysiology of schizophrenia.
In fact, METH bridges autophagy alterations with altered DA transmission and degeneration that is
reminiscent of schizophrenia.

The present manuscript reviewed genetic and biochemical evidence that suggests that autophagy
impairment may be involved in early DA neurotransmission, leading to synaptic dysfunction,
which underlies some psychiatric disorders. An ongoing and persistent autophagy dysfunction
that occludes handling of misfolded proteins while fueling synaptic alterations predisposes to the
onset of degeneration. This scenario, depicting schizophrenia as an autophagy-dependent progressive
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synaptic pathology, may be a ground for planning the use of mTOR inhibitors and autophagy inducers
as early treatment intervention.
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Abbreviations

AD Alzheimer’s disease
ADNP activity-dependent neuroprotective protein
Akt protein kinase B
ALS Amyotrophic lateral sclerosis
Aβ amyloid-β
BA 22 Broadman area 22
BA41 Broadman area 41
CDK5 cyclin-dependent kinase 5
CMA chaperone-mediated autophagy
CNS central nervous system
CRMP2 collapsin response mediator protein 2
D1R dopamine receptor type 1
DA dopamine/dopaminergic
DAT dopamine transporter
DISC1 disrupted in schizophrenia 1
DLB Dementia with Lewy bodies
DNR di-nucleotide repeat
DPYSL2 dihydropyrimidinase-like 2
ErbB4 avian erythroblastosis oncogene B4-like protein
FRKBP12 FK506-binding protein 12
FTD Frontotemporal dementia
FTLD Frontotemporal lobar degeneration
GFP green fluorescent protein
GPCRs G-protein coupled receptors
HD Huntington’s disease
MAP microtubule-associated protein
MAPT microtubule-associated protein tau
METH methamphetamine
mTOR mammalian Target Of Rapamycin
mTORC1 mammalian Target Of Rapamycin complex 1
mTORC2 mammalian Target Of Rapamycin complex 2
NDDs neurodegenerative disorders
NFT neurofibrillary tangles
NRG1 neuregulin-1
PD Parkinson’s disease
PI3k phosphatidylinositol-3-Kinase
PIP2 phosphatidylinositol-4,5-phosphate
PIP3 phosphatidylinositol-3,4,5-phosphate
PNS prenatal stress
ROS reactive oxygen species
RTKs receptor tyrosine kinase receptors
SNARE Soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein receptor
SNCA alpha synuclein gene
SNpc substantia nigra pars compacta
SNPs single-nucleotide polymorphisms
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SOD1 superoxide dismutase 1
TDP-43 TAR DNA-binding protein 43
TEM transmission electron microscopy
TORC target of rapamycin complex
TSC tuberous sclerosis complex
TSC1 hamartin
TSC2 tuberin
VMAT-2 vesicular monoamine transporter type 2
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Abstract: The mammalian target of rapamycin (mTOR) signaling pathway plays a critical role in
regulating cell growth, proliferation, and life span. mTOR signaling is a central regulator of autophagy
by modulating multiple aspects of the autophagy process, such as initiation, process, and termination
through controlling the activity of the unc51-like kinase 1 (ULK1) complex and vacuolar protein
sorting 34 (VPS34) complex, and the intracellular distribution of TFEB/TFE3 and proto-lysosome
tubule reformation. Parkinson’s disease (PD) is a serious, common neurodegenerative disease
characterized by dopaminergic neuron loss in the substantia nigra pars compacta (SNpc) and the
accumulation of Lewy bodies. An increasing amount of evidence indicates that mTOR and autophagy
are critical for the pathogenesis of PD. In this review, we will summarize recent advances regarding
the roles of mTOR and autophagy in PD pathogenesis and treatment. Further characterizing the
dysregulation of mTOR pathway and the clinical translation of mTOR modulators in PD may offer
exciting new avenues for future drug development.

Keywords: mTOR; autophagy; Parkinson’s disease

1. Introduction of mTOR

The target of rapamycin (TOR) was first identified as a target protein of rapamycin, encoded by
TOR1 and TOR2 alleles, through screening of rapamycin-resistant mutant yeast [1]. This study showed
rapamycin could form a complex with FK506-binding protein (FKBP), leading to cell cycle arrest in the
G1 phase, which is mediated by TOR1 and TOR2 [1]. Subsequent studies of mammalian cells found
homologous proteins, termed mammalian targets of rapamycin (mTOR), which shared more than 40%
consistency in amino acid sequence with yeast TOR1 and TOR2 [2]. In addition, the function of mTOR
was also related to the rapamycin-FKBP12 induced cell cycle arrest [2,3].

mTOR, which is also termed as FKBP12-rapamycin complex-associated protein (FRAP), is a
conserved serine/threonine protein kinase, and mTOR belongs to the phosphoinositide-3-kinase
(PI3K)-related kinase family of protein kinases [4]. mTOR constitutes the catalytic component of
two distinct multiprotein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2)
(Figure 1) [5].
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mTORC1 contains mTOR, mammalian lethal with SEC13 protein 8 (mLST8), DEP (DVL, Egl-10,
pleckstrin)-domain containing mTOR-interacting protein (DEPTOR), proline-rich Akt substrate of
40 kD (PRAS40), and regulatory associated protein of mammalian target of rapamycin (Raptor)
(Figure 1) [6–10]. In this complex, mTOR-combined DEPTOR and PRAS40 can negatively
regulate mTORC1 activity [6,10]. mTORC1 plays a key role in regulating cell growth, cell size,
and proliferation [8,11,12]. mTORC1 is a core component in a series of signaling networks.
Additionally, it senses different stimuli such as insulin level, energy level, and amino acid level,
and is involved in protein synthesis, lipid metabolism, glycolytic metabolism, and autophagy [13,14].

mTORC2 consists of mTOR, mLST8, DEPTOR, rapamycin-insensitive companion of mTOR
(Rictor), mammalian stress-activated map kinase-interacting protein 1 (mSIN1), and protein observed
with Rictor (Protor) (Figure 1) [6,15–19]. mTORC2 also regulates many cellular processes, such
as cell growth, proliferation, metabolism, and cell motility via the AGC kinase family member
Akt, serum/glucocorticoid regulated kinase (SGK), protein kinase C (PKC), and filamin A [20–23].
The well-known substrate of mTORC2 is Akt. Akt can be fully activated when it is phosphorylated
by 3-phosphoinositide dependent protein kinase-1 (PDK1) at Thr308 site, and subsequently
phosphorylated by mTORC2 at Ser473 site [24,25]. Actually, Yang et al. found that mSIN1, a component
of mTORC2, mediates a positive feedback loop between mTORC2 and Akt [26]. The phosphorylation
of mSIN1 at Thr86 site, which is induced by phospho-Akt, enhances mTORC2 activity in response to
growth factors [26,27].

The PI3K/Akt/mTOR signaling pathway has been extensively studied because it plays a crucial
role in controlling cell growth, in maintaining cell viability, and in determining a cell’s life span [28,29].
Insulin receptor substrate (IRS) activates phosphatidylinositol 3-kinase (PI3K) upon presence of
growth factors, recruiting PIP2 to the plasma membrane, and enhancing transformation of PIP2 to PIP3.
PIP3 promotes the phosphorylation of Akt on the Thr308 and Ser473 sites by PDK1 and mTORC2,
respectively. Once being fully activated, Akt phosphorylates and inhibits tuberous sclerosis complex
(TSC), which is the negative regulator of Ras homolog enriched in brain (Rheb) and finally leads to the
activation of mTORC1 [30]. There are two well-established downstream effectors being phosphorylated
by mTORC1, p70 ribosomal S6 kinase (P70S6K) and eukaryotic initiation factor 4E (eIF4E) binding
protein 1 (4EBP1); both of them are main regulators of cap-dependent protein synthesis [31,32].

Figure 1. Protein components of mTORC1 and mTORC2. Both mTORC1 and mTORC2 include the same
macromolecules such as mTOR, mLST8, and DEPTOR. Apart from these components, mTORC1 also
contains PRAS40 and Raptor. Correspondingly, mTORC2 contains mSIN1, Rictor, and Protor.
Abbreviation: mTORC1, mTOR complex 1; mTORC2, mTOR complex 2; mTOR, Mammalian targets
of rapamycin; mLST8, Mammalian lethal with sec-13 protein 8; DEPTOR, DEP-domain containing
mTOR-interacting protein; PRAS40, Proline-rich Akt substrate of 40 kDa; Raptor, Regulatory associated
protein of mammalian target of rapamycin; mSIN1, Mammalian stress-activated map kinase-interacting
protein 1, Rictor, Rapamycin-insensitive companion of mTOR; Protor, Protein observed with Rictor.
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2. Role of mTOR in Autophagy

Autophagy is an evolutionarily conserved turnover process that exerts great importance on
the clearance of long-lived proteins, aggregated protein, or dysfunctional organelles, and provides
energy and macromolecular precursors in return [33]. Autophagy has been widely divided into three
sorts: macro-autophagy, micro-autophagy, and chaperone-mediated autophagy [34,35]. The term
“autophagy” in this review refers to macro-autophagy. The process of autophagy includes initiation,
nucleation, elongation, and formation of a double-membrane autophagosome, followed by the
fusion of the autophagosome with a lysosome to form autolysosomes to degrade and recycle
autophagosome-sequestered substrates [33]. It has been reported that mTOR plays a complex role in
the induction, process, and termination of autophagy. Here, we will briefly summarize several key
mTOR-related pathways that regulate autophagy activity.

2.1. mTOR/AMPK/ULK1 Signaling

Unc51-like kinase 1 (ULK1) interacts with ATG13, ATG101 and focal adhesion kinase family
interacting protein of 200 kD (FIP200), making up ULK1 complex (Figure 2) [36–38]. This complex
is a critical initiator of autophagy, and its activity is mainly regulated by being phosphorylated at
different sites by the combination of mTORC1 and AMP-activated protein kinase (AMPK) [39,40].
Normally, mTORC1 phosphorylates ULK1 on the P757 site and disrupts the interaction of AMPK
and ULK1, inhibiting the initiation of autophagy [39]. Upon nutrient deprivation or other cellular
stresses, ULK1 is released from mTORC1, which has been inhibited, and is activated through being
phosphorylated by AMPK at multiple sites [39]. This phosphorylation by AMPK has been shown
to induce autophagy in most cases [39,41]. ATG13, one component of ULK1 complex, also can be
phosphorylated by activated mTOR, leading to the decreased activity of ULK1 complex and autophagy
inhibition [42]. Thus, inhibition of mTORC1 induces ULK1 complex-mediated autophagy, which can
be suppressed by inhibition or deficiency of ULK1 [43].

Figure 2. Role of mTOR in autophagy. mTOR plays a crucial role in the regulation of autophagy
flux, including the formation of phagophore and autophagosome, the degradation of autolysosomes,
and the reformation of autophagic lysosomes.

2.2. mTOR/VPS34-ATG14 Complex Signaling

Vacuolar protein sorting 34 (VPS34), also known as PIK3C3, is the catalytic subunit of type III
PI3K. VPS34 plays an important role in endosome trafficking and pre-autophagosome formation with
the function of converting phosphatidylinositol (PI) to phosphatidylinositol 3-phosphate (PI3P) [44].
VPS34, VPS15, and beclin 1 constitute core subunits of two VPS34 complexes, complex I and complex
II, with ATG14 and UVRAG separately [38]. Among them, Atg14-containing VPS34 complex is
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involved in autophagy induction, facilitating the formation of isolation membrane on the endoplasmic
reticulum (ER) membrane (Figure 2) [45–47]. Although it has been reported that VPS34 activates
P70S6K phosphorylation in mammalian cells in the presence of nutrients, it remains unclear
whether VPS34 influences mTOR activation directly [48,49]. Meanwhile, it has been reported that
mTORC1 inhibits the activity of the VPS34 complex by directly phosphorylating ATG14 on a series of
sites [50]. Mutation of these sites, which is resistant to inhibition by mTOR, could enhance autophagy
flux [50]. In recent years, nuclear receptor binding factor 2 (NRBF2) has been reported to act as
the fifth subunit of the Atg14-containing VPS34 complex [51]. NRBF2 is indispensable for the
integrity of this complex [51–54] and has been implicated in neurodegenerative diseases such as
Alzheimer’s disease [55]. In addition, NRBF2 can be phosphorylated by mTORC1 at S113 and S120 and
its dephosphorylated form enhances VPS34 complex assembly and activity, promoting autophagy
flux [52].

2.3. mTOR/TFEB/TFE3

Both TFEB and TFE3 are members of the MiT-TFE family, belonging to helix-loop-helix
leucine-zipper transcription factors [56,57]. TFEB is a master regulator of genes related to lysosomal
biogenesis and autophagy, and recently TFE3 has also been found to regulate the transcription of genes
that largely overlap with the ones regulated by TFEB [57,58]. The common mechanism underlying
shuttling of transcription factors between nucleus and cytoplasm mainly depends on whether
transcription factors are phosphorylated or not [57,58]. When nutrients are present, TFEB and TFE3 are
recruited to the membranes of lysosomes and undergo mTOR-dependent phosphorylation, at S211 of
TFEB and S321 of TFE3, creating a binding site for the chaperone 14-3-3 and thus sequestrating them
in the cytosol [59]. Upon nutrient deprivation, together with mTOR inactivation, dephosphorylated
TFEB and TFE3 translocate to the nucleus and induce lysosomal biogenesis and autophagy [59].
Additionally, TFEB nuclear export is induced by hierarchical phosphorylation of Ser142 and Ser138 by
activated mTOR [60]. Thus, mTOR plays a critical role in both autophagic and lysosomal biogenesis
through regulating TFEB and TFE3 nuclear-cytoplasmic shuttling.

2.4. mTOR in Autophagic Lysosome Reformation (ALR)

At the termination of autophagy, lysosomes are recycled from autolysosomes through a process
termed ALR, which includes proto-lysosome tubules generation, elongation, and scission [61].
This process exerts great importance throughout autophagy. Inhibition of ALR increases cells’
sensitivity to starvation and, over the long term, leads to death. [62]. During short-term food
deprivation, mTOR is inhibited; while during long-term starvation, it is reactivated. This reactivation
is essential for proto-lyosome tubule reformation [63]. What is more, mTOR is also initially inactivated
and then reactivated in H2O2-induced autophagy, mediating the process ALR to regenerate functional
lysosomes [64]. It has been found that mTOR inhibits VPS34 complex activity through phosphorylating
UVRAG on Ser550 and Ser571 sites. It thereby reduces PI3P production, resulting in an increase in
number and length of proto-lysosome tubules, due to impairment of tubule scission, and indicating
the indispensable function of mTOR in the scission of proto-lysosome tubules [62].

3. Role of mTOR in Parkinson’s Disease

Parkinson’s disease (PD) is one of the most common neurodegenerative diseases in the world,
characterized mainly by dopaminergic neuron loss in the substantia nigra pars compacta (SNpc) and the
accumulation of α-synuclein-containing inclusions, named Lewy bodies. Genetic mutations are the leading
cause of the disease, but it can also be caused by aging or dopaminergic neuron-specific toxins, such as
6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP), and rotenone [65].
Among these toxins, MPTP has been widely used for developing the PD animal model [66]. Actually, MPTP
itself is nontoxic and can penetrate the blood–brain barrier. While in the brain, it can be oxidized to MPP+,
which is toxic to dopaminergic neurons [67]. Thus, MPTP is usually used for animal models of PD,
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and MPP+ is used for cell models of PD. As mTOR signaling is a central hub of signaling networks in cells,
it has been widely explored and has been found to have a complex relationship with PD. Both activation
and inactivation of mTOR signaling are involved in the different stages of PD.

α-synuclein accumulation is a hallmark of PD, which has been implicated in the pathogenesis
of sporadic and familial PD [68,69]. mTOR protein expression levels were increased in the temporal
cortex of patients displaying α-synuclein accumulation [70]. Additionally, upon overexpression of
α-synuclein, it can inhibit autophagy possibly through inducing mTOR activity and mimic the symptoms
of PD [71]. Conversely, rapamycin, an inhibitor of mTOR, can restore the increased mTOR activity caused
by α-synuclein overexpression [71]. What is more, A53T α-synuclein, a common mutation of α-synuclein
in PD, upregulates mTOR/P70S6K signaling and impairs autophagy, contributing to the aggregation of
toxic A53T α-synuclein [72]. On the other hand, depletion of mTOR results in the induction of autophagy,
leading to clearance of A53T α-synuclein [72]. These findings indicate that mTOR activities are increased
in PD and α-synuclein accumulation may contribute to this process.

RTP801/REDD1 is a stress-related protein, whose expression is markedly elevated in neurons
of the SNpc in PD patients compared to control patients [73]. RTP801 interacts with TSC2, inhibiting
activation of mTOR and thus leading to neuron cell death; this process may account for the neuron
loss in the SNpc of PD patients [74,75]. An increase in RTP801 expression is also observed in cellular
models of PD (6-OHDA, MPP+ or rotenone) and in animal models of PD. In both cases, the increased
RTP801 expression is accompanied by decreased mTOR activity [73].

It is well known that mTOR signaling is of great importance in cell proliferation and survival.
The phosphorylation of Akt, the upstream kinase of mTOR, is decreased in the MPP+-induced cellular
model of PD, attenuating the activation of mTOR [76]. In addition, AMPK is a negative regulator of
mTOR, which is activated in different cellular models of PD [77]. Thus, in PD models induced by
toxins, both increased Akt and AMPK could negatively regulate the activity of mTOR, leading to the
impairment of downstream 4EBP1 and P70S6K-related protein synthesis. This protein synthesis is
essential for cell long-term survival. Furthermore, neuronal cell death induced by PD toxins can be
partially restored via overexpression of functional mTOR [77].

4. Potential PD Treatment by Targeting mTOR

Since an increase in toxic protein aggregation and a loss of dopaminergic neurons are the
symptoms of PD, symptomatic treatment and prevention of neuron death are the primary strategies in
the therapy to manage features and progress of PD.

4.1. Treatment of PD by Combining L-DOPA with mTOR Inhibitors

The dopamine precursor drug, L-DOPA has been clinically used for the initial treatment of
PD for more than 50 years [78]. L-DOPA compensates for reduced dopamine levels caused by the
loss of dopaminergic neurons. However, with long-term L-DOPA treatment, most patients start to
experience motor response fluctuations or dyskinesia [79,80]. By using a genetic association approach,
Martin-Flores et al. have detected genetic variability in the mTOR pathway and found it involved
in the development of L-DOPA-induced dyskinesia [81]. Persistent activation of mTOR signaling
in the striatum has been found in L-DOPA-induced dyskinesia [82]. L-DOPA induces increased
dopamine D1 receptor-mediated phosphorylation of mTOR downstream substrates, P70S6K and
4EBP1, indicating enhanced activity of mTOR signaling in medium spiny neurons; this increased mTOR
signaling activity correlates positively with L-DOPA-induced dyskinesia [82]. Thus, inhibition of mTOR
activity may function in the reduction of dyskinesia caused by L-DOPA. mTOR inhibitor rapamycin has
been used on animal model of PD in combination with L-DOPA when it successfully prevents increased
activity of mTOR and reduces dyskinesia produced by L-DOPA [82]. Similarly, depletion of Ras
homolog enriched in striatum (Rhes) also reduces mTOR signaling and diminishes L-DOPA-induced
dyskinesia [83]. Rhes is a highly enriched striatal-specific protein, which binds to and activates mTOR
in the striatum [83]. Thus, reducing or depleting Rhes is another way to limit the activation of mTOR
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in the development of L-DOPA-induced dyskinesia. Taken together, as shown in Figure 3, inhibition
of mTOR signaling, through pharmacological blockade of mTOR or reduction of Rhes, provides a
beneficial effect on the L-DOPA therapy of PD [84].

 

Figure 3. Potential for using mTOR in PD treatment. (a) Inhibition of mTOR signaling, through
pharmacological blockade of mTOR or reduction of Rhes, provides a better stage for the L-DOPA
therapy of PD. (b) The induction of autophagy by either mTOR-dependent or -independent pathway,
enhances the degradation of toxic α-synuclein to alleviate the symptoms of PD. (c) Activation of Akt
or Rheb, specific ablation of PTEN or overexpression of miR-7 and miR-153 could increase mTOR
signaling to prevent neuron cell death. Furthermore, a balance between activation of mTOR signaling
and enhancement of autophagy needs to be accurately managed in the treatment of PD. Abbreviations:
PD, Parkinson's disease; Rhes, Ras homolog enriched in striatum; Rheb, Ras homolog enriched in brain;
miR, MicroRNA.

4.2. Induction of Autophagy

Autophagy dysfunction has been reported to be associated with the pathogenesis of many
neurodegenerative diseases including PD [85]. Genetic studies have identified mutations in genes
which encode for components of the autophagy–lysosome pathway, including α-synuclein, leucine-rich
repeat kinase 2 (LRRK2), glucosidase beta acid 1 (GBA1), scavenger receptor class B member 2
(SCARB2), Parkin, PTEN-induced putative kinase (PINK1), DJ-1, Fbxo7, and vacuolar protein sorting
35 (VPS35), and these mutations are associated with increasing risks for developing PD [86–88].
Pathological studies have observed decreased expression of autophagy–lysosome pathway-related
proteins levels and lysosomal enzyme activity in PD patients [87]. For instance, lysosome depletion
was indicated by decreased levels of LAMP1 in the SNpc of PD patients. Meanwhile, negative
regulation of lysosomal enzymes, like GCase, have been demonstrated in different brain regions and
cerebrospinal fluid of PD patients [89]. Importantly, TFEB expression in the nuclear compartment of
dopaminergic neurons was significantly decreased in the postmortem SNpc of PD patients compared
to controls, indicating that the subcellular localization of TFEB was changed [90]. Moreover, TFEB
co-localized with Lewy bodies in the same region [90]. Given the fact that autophagy impairment
is implicated in the pathogenesis of PD, autophagy is a key to the degradation of α-synuclein. It is
proposed that autophagy-enhancing strategies have great potential as disease-modifying therapies
for PD [91]. Indeed, genetic manipulations (such as TFEB or Beclin 1 overexpression) could enhance
autophagy, thereby protecting nigral neurons from α-synuclein toxicity in PD animal models [90].
Similarly, rapamycin has been well studied for the treatment of PD in animal models; it has been
found to enhance autophagy flux and degrade neurotoxic proteins partially by inhibiting mTOR,
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thereby boosting lysosome biogenesis and autophagosome formation [92]. In addition to enhancing
degradation of aggregate-prone proteins in PD models with activated autophagy, rapamycin blocks
the translation of RTP801 by selectively inhibiting actions of mTOR, restoring the mTORC2-dependent
phosphorylation of Akt, and maintaining cellular metabolism [93,94]. By inhibiting RTP801 activity
and stimulating autophagy, rapamycin exerts neuroprotective influence on animal models of PD
induced by 6-OHDA and MPTP [93,94]. In addition, several small molecules have been reported to
induce mTOR-dependent autophagy and enhance the degradation of A53T α-synuclein in neuron
cells; the latter is toxic and known to accelerate the development of PD symptoms [72]. For example,
curcumin, culinary spice, plays a neuroprotective role in an A53T α-synuclein cell model of PD by
enhancing autophagic degradation of A53T α-synuclein via inhibiting mTOR/P70S6K signaling [72].
Piperine, an alkaloid that gives black pepper its pungency, inhibits mTOR via activation of PP2A and
then induces autophagy, thereby rescuing neurons (whether in cell culture or in mice) from rotenone
neurotoxicity [95].

However, mTOR-dependent autophagy enhancers may compromise cell growth because mTOR
signaling is such a significant signaling hub, modulating both cell proliferation and survival.
Moreover, mTOR is essential for cellular functions including synaptic plasticity, memory formation and
retention [96,97]. Thus, in order to avoid the negative effects of mTOR inactivation, small molecules
that enhance the activity of autophagy independent of mTOR inhibition may be advantageous for PD
treatment. In vitro studies, including our studies, have demonstrated that several compounds, such as
lithium [98], trehalose [99], Corynoxine B [100], and a synthesized curcumin derivative termed C1 [101],
can activate autophagy independent of mTOR, still leading to enhanced degradation of α-synuclein
associated with PD. It has been reported that autophagy can be boosted by lowering intracellular
inositol 1,4,5-trisphosphate (IP3) level independent of mTOR signaling [98]. Sarkar et al. have found
that lithium induces autophagy through inhibiting activity of inositol monophosphatase (IMPase),
which is essential in the regulation of intracellular free inositol and IP3 levels [98]. This induction of
autophagy by lithium contributes to the clearance of mutant α-synuclein in stable inducible PC12 cells
via decreasing IP3 levels, but rapamycin does not affect IP3 levels. They also reported that induction
of autophagy by combination of mTOR-dependent and -independent pathways has an additive effect
on the clearance of mutant α-synuclein in PC12 cells by using both rapamycin and lithium [98,102].
Overall, induction of autophagy in a mTOR-dependent or -independent manner may serve as a
promising therapeutic target to degrade α-synuclein in PD treatment.

4.3. Activation of mTOR Signaling

The hallmark of PD is the loss of dopaminergic neurons in the SNpc, accompanied by decreased
levels of dopamine, making it important to prevent dopaminergic neuron death [103]. Since mTOR
signaling is a key regulator of protein synthesis, cell proliferation and survival, and mTOR inhibition
leads to progressive neuron degeneration and a PD-like phenotype, it is necessary to retain the
activity of mTOR signaling for its protective role in neurons [104]. Activation of mTOR requires a
GTP-charged form of Rheb [105]. And TSC1/2 is an upstream negative regulator of mTOR, which
has GTPase-activating protein (GAP) activity for Rheb [106,107]. TSC1/2 is a downstream target
negatively regulated by Akt-mediated phosphorylation [30,108]. The connection between these
proteins establishes a wide stage for stimulation of mTOR signaling. For example, viral vector
transduction of dopaminergic neurons with Akt or Rheb activates mTOR signaling and restores
the neurons’ ability to regenerate axons; this regenerative ability has valuable implications for the
treatment of PD [109]. Moreover, the specific ablation of PTEN, an upstream negative regulator of Akt,
contributes to activation of mTOR signaling and is neuroprotective in mouse models of PD [104].

MicroRNAs (miRs) are a class of small RNA molecules that play an essential role in
the post-transcriptional regulation of gene expression via translational repression and mRNA
degradation [110,111]. Recent studies have found that two miRs, miR-7, and miR-153, mainly
expressed in neurons, negatively regulate α-synuclein expression [112]. In primary cortical
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neurons, overexpression of miR-7 and miR-153 promotes the mTOR/p70S6K signaling cascade and
attenuates MPP+-induced neurotoxicity, although the underlying mechanism remains elusive [113].
Thus, overexpression of miRs by viral transduction, thereby inhibiting neuron cell death, may provide
another potential approach in the therapy of PD patients. Taken together, activation of mTOR to restore
neuronal survival may serve as a promising therapeutic strategy for PD treatment.

5. Conclusions

mTOR plays an important role in regulating neuronal functions and autophagy. Given the
importance of mTOR, targeting mTOR is a potentially effective therapeutic target for PD (Figure 3).
In terms of therapy of PD, it is crucial to accelerate the clearance of aggregated toxic proteins in neurons.
Autophagy is a key pathway for promoting degradation of α-synuclein; thus, enhancing autophagy
flux seems to be an effective way for PD treatment. As the central role of mTOR in autophagy
regulation, mTOR-dependent autophagy enhancers hold great promise for PD treatment. As such,
on the one hand, inhibiting mTOR signaling appears to be a viable treatment strategy. On the other
hand, maintaining a certain level of mTOR activity is necessary because mTOR signaling is essential
for cellular survival and growth. Importantly, mTOR regulates multiple essential cellular functions
including synaptic plasticity, memory formation, and retention in neuronal cells [96,97]. Too much or
too little mTOR activity could be fatal to neurons. A balance between activation of mTOR signaling and
enhancement of autophagy needs to be accurately managed, which may offer exciting new avenues for
the development of therapeutic strategies for PD. Though targeting of the mTOR pathway has shown
neuroprotective actions in a variety of in vivo and in vitro PD models, the therapeutic potential of
mTOR inhibitors (such as to enhance autophagy by inhibiting mTOR) may be limited because mTOR
regulates multiple cellular functions. Additionally, mTOR inhibitors, such as rapamycin, may have
some side effects in clinical trials [114,115]. For example, rapamycin has been applied in treating
patients with lymphangioleiomyomatosis, leading to some rapamycin levels-associated side effects,
like apthous ulcers, nausea, and diarrhea [114]. Thus, the dosage of mTOR inhibitors in clinical trials
should be continuously modified during the treatment period [114]. Although several fundamental
questions need to be further addressed before these novel mTOR-targeting reagents could be applied
in clinical trials, the research field of mTOR is developing quickly and clinically relevant updates on
mTOR modulators may arise soon.
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Abbreviations

ALR Autophagic lysosome reformation
AMPK AMP-activated protein kinase
CLEAR Coordinated lysosomal expression and regulation
DEPTOR DEP-domain containing mTOR-interacting protein
ER Endoplasmic reticulum
FIP200 Focal adhesion kinase family interacting protein of 200 kD
FKBP FK506-binding protein
FRAP FKBP12-rapamycin complex-associated protein
GAP GTPase-activating protein
GBA1 Glucosidase beta acid 1
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IMPase Inositol monophosphatase
IP3 Inositol 1,4,5-trisphosphate
IRS Insulin receptor substrate
LRRK2 Leucine-rich repeat kinase 2
miR MicroRNA
mLST8 Mammalian lethal with sec-13 protein 8
MPTP 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine
mSIN1 Mammalian stress-activated map kinase-interacting protein 1
mTOR Mammalian targets of rapamycin
mTORC1 mTOR complex 1
mTORC2 mTOR complex 2
NRBF2 Nuclear receptor binding factor 2
PD Parkinson’s disease
PDK1 3-Phosphoinositide dependent protein kinase-1
PI Phosphatidylinositol
PINK1 PTEN-induced putative kinase 1
PI3K Phosphatidylinositol 3-kinase
PI3P Phosphatidylinositol 3-phosphate
PKC Protein kinase C
PRAS40 Proline-rich Akt substrate of 40 kDa
Protor Protein observed with Rictor
P70S6K P70 ribosomal S6 kinase
Raptor Regulatory associated protein of mammalian target of rapamycin
Rheb Ras homolog enriched in brain
Rhes Ras homolog enriched in striatum
Rictor Rapamycin-insensitive companion of mTOR
SCARB2 Scavenger receptor class B member 2
SGK Serum/glucocorticoid regulated kinase
SNpc Substantia nigra pars compacta
TOR Target of rapamycin
TSC Tuberous sclerosis complex
ULK1 Unc51-like kinase 1
VPS34 Vacuolar protein sorting 34
VPS35 Vacuolar protein sorting 35
4EBP1 Eukaryotic initiation factor 4E (eIF4E) binding protein 1
6-OHDA 6-hydroxydopamine
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Abstract: Alzheimer’s disease (AD) is one of the most common aging-related progressive
neurodegenerative disorders, and can result in great suffering for a large portion of the aged
population. Although the pathogenesis of AD is being elucidated, the exact mechanisms are still
unclear, thereby impeding the development of effective drugs, supplements, and other interventional
strategies for AD. In recent years, impaired autophagy associated with microRNA (miRNA)
dysfunction has been reported to be involved in aging and aging-related neurodegenerative diseases.
Therefore, miRNA-mediated regulation for the functional status of autophagy may become one
of the potent interventional strategies for AD. Mounting evidence from in vivo AD models has
demonstrated that physical activity can exert a neuroprotective role in AD. In addition, autophagy
is strictly regulated by the mTOR signaling pathway. In this article, the regulation of the functional
status of autophagy through the mTOR signaling pathway during physical activity is systematically
discussed for the prevention and treatment of AD. This concept will be beneficial to developing novel
and effective targets that can create a direct link between pharmacological intervention and AD in
the future.

Keywords: Alzheimer’s disease; autophagy; mTOR signal pathway; physical activity; microRNA

1. Introduction

Alzheimer’s disease (AD) is an insidious, age-dependent progressive neurodegenerative disorder
characterized by deficits in cognitive function. The pathological changes of AD are diffuse atrophy of
the cerebral cortex, deepening of cortical sulci, and narrowing of cerebral gyri, in which the loss of
neurons, the extracellular deposition of amyloid-beta (Aβ) peptide as senile plaques (SPs), and the
formation of neurofibrillary tangles (NFTs) are characteristic [1,2]. Up to now, a series of studies on the
pathogenesis of AD have been conducted, and several hypotheses including Aβ cascade [3], abnormal
tau phosphorylation [4], increased apolipoprotein E (APOE) [5], and neuroinflammation [6] have
been widely recognized. However, no hypothesis has been completely elucidated on the complex
pathological changes of AD.

Autophagy as an evolutionary-conserved process can maintain normal physiological events
or regulate the progression of a series of diseases through sequestering mis-folded/toxic proteins
in autophagosomes, thus executing its cytoprotective role [7,8]. Growing evidence demonstrates
that autophagic capacity to degrade harmful proteins in cells declines with increasing age [9,10].
Moreover, dysfunctional autophagy has also been linked to several aging-related neurodegenerative
diseases including AD [11–19]. Previous studies have documented the critical role of autophagy in the
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pathogenesis of AD, including Aβ production or deposition, Aβ precursor protein (APP) metabolism,
and neuronal death [20,21]. Furthermore, insufficient or reduced autophagic activity can lead to the
formation of harmful protein aggregates, which results in increased reactive oxygen species (ROS),
cell death, and neurodegeneration [22]. As a result, autophagy has a crucial role in the regulation
of longevity.

Mammalian target of rapamycin (mTOR) regulates a series of physiological processes. On the one
hand, mTOR plays an important role in different cellular processes including cell survival, protein
synthesis, mitochondrial biogenesis, proliferation, and cell death [23,24]. On the other hand, the mTOR
signaling pathway can execute an important role in memory reconsolidation and maintaining synaptic
plasticity for memory formation, due to its regulatory function for protein synthesis in neurons [25].
Moreover, mTOR also can interact with upstream signal components, such as growth factors, insulin,
PI3K/Akt, 5′-adenosine monophosphate-activated protein kinase (AMPK), and glycogen synthase
kinase 3 (GSK-3) [26,27]. Currently, although the molecular mechanisms responsible for AD remain
unclear, more and more studies have confirmed the involvement of dys-regulated mTOR signaling in
AD [28,29]. Activated mTOR signaling is a contributor to the progression of AD and is coordinated with
both the pathological and clinical manifestations of AD [30]. Furthermore, there is a close relationship
between mTOR signaling and the presence of Aβ plaques, NFTs, and cognitive impairment in clinical
presentation [31–33]. Therefore, the development of mTOR inhibitors may be useful for the prevention
and treatment of AD.

It has been reported that regular physical activity can improve brain health and provide cognitive
and psychological benefits [34]. Mechanically, regular exercise training is related to the inhibition of
oxidative stress and apoptotic signaling, thus effectively executing neuroprotection [35]. Previous
studies have demonstrated that treadmill or voluntary wheel running is beneficial for the improvement
of behavioral capacity, and can promote the dynamic recycling of mitochondria, thereby improving
the health status of mitochondria in brain tissues [36]. Moreover, other studies have demonstrated
that regular exercise has a beneficial effect on the structure, metabolism, and function of human and
rodent brains [37,38]. Interestingly, our recent study has also documented that the brain aging of
D-gal-induced aging rats can be noticeably attenuated by eight-week swimming training, due to the
rescuing of impaired autophagy and abnormal mitochondrial dynamics in the presence of miR-34a
mediation [39]. Therefore, physical activity is regarded as an effective approach against AD. The aim
of this article is to overview the potential of physical activity as a preventive or therapeutic strategy
for AD through regulating the mTOR signaling pathway. In this article, we summarize the main
features of AD pathogenesis, the regulatory roles of mTOR in AD, and the preventive or therapeutic
implications of targeting the mTOR signaling pathway with physical activity or exercise intervention.

2. The mTOR Signaling Pathway

2.1. The mTOR Signaling Pathway and Autophagy

mTOR can be divided into two different functional complexes: mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2). These mTOR complexes are localized in the center of complex
signaling pathways that are activated by growth factor signals or intracellular stress. mTOR can
undergo self-phosphorylation via its own serine/threonine kinases, and can regulate the synthesis
of other proteins by activating p70-S6K phosphorylation [40]. Similarly, as the first downstream
substrate of mTOR, 4E-BP1 is a translational repressor that inhibits the translation initiation associated
with eukaryotic translation initiation factor 4E (eIF4E). Under normal conditions, 4E-BP1 presents
in a de-phosphorylation state in combination with eIF4E to form a complex. Under the stimulation
of growth signals, 4E-BP1 can be inactivated due to the phosphorylation of mTOR, and p-4E-BP1
can be detached from eIF4E, thereby losing the inhibition of eIF4E [41]. When mTOR is activated,
it can phosphorylate its key downstream molecules such as 4EBP1 and S6K1 to promote protein
synthesis [42]. Furthermore, mTOR is also involved in the regulation of autophagy. Previous studies
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have demonstrated that the hyperactivation of mTOR can reduce autophagy and directly contribute to
hyperphosphorylation and aggregation of tau protein [43,44].

Two mTOR complexes have different sensitivity to rapamycin. The mTORC1 is a rapamycin-
sensitive complex and the mTORC2 is a rapamycin-independent complex. The mTORC1 can inhibit
autophagy under the condition of sufficient nutrients and energy through phosphorylating Unc51-like
kinase 1 (ULK1) and autophagy-related gene 13 (Atg13), which is essential for the formation of
pre-autophagosomal structures [45]. Usually, mTOR regulates autophagy [46]. The inhibition of
mTORC1 induces autophagy while its activation suppresses autophagy. Consistent with a previous
study, the treatment with rapamycin in Alzheimer’s transgenic mice (P301S mice) activates autophagy
and suppresses tau hyperphosphorylation to prevent the aggregation of tau protein [47]. Therefore,
mTOR inhibitors may have a protective role against AD. In addition, prolonged rapamycin treatment
can inhibit Akt activity in many types of cells by suppressing mTORC2 assembly [48]. Since Akt
positively regulates mTORC1, the phosphorylation of Akt by mTORC2 can stimulate the function of
mTORC1, thereby inhibiting autophagy. In addition, mTOR also regulates protein synthesis in neurons
at the translational level by phosphorylating several intracellular targets. One finding in invertebrates
indicates that mTOR-dependent translational control is critical for synaptic plasticity and learning
and memory reconsolidation [25]. The studies using various models have also confirmed mTOR as a
critical signaling pathway for synaptic plasticity [49]. Considering its regulatory roles, mTOR could be
a promising target for suppressing the neurodegenerative process and rescuing the adult brain from
pathological changes.

A series of studies have demonstrated that the activation of autophagy can exert a neuroprotective
function; in contrast, deficient autophagy or impaired autophagic flux can result in neurological
damage in most neurological disorders [21,50,51]. For example, the deficiency of autophagy-related
gene Beclin1 in cultured neurons and transgenic mice provokes the deposition of Aβ, whereas its
overexpression attenuates accumulation of Aβ [18]. Growing evidence has shown that lysosomal
system defects are the key pathogenic factors in AD; thus, selectively restoring lysosomal function
in mouse AD models can alleviate deficient cognitive capacity and synaptic function [52,53]. It has
been reported that autophagic flux is altered in patients with AD, and the administration of autophagy
enhancer rapamycin may alleviate cognitive impairment and Aβ neuropathology in APP/PS1
mouse models [54]. Consistent with these opinions, one recent report [55] has demonstrated that
autophagic sequestration is stimulated in patients at the early stage of AD, while lysosomal clearance
is progressively declining and autophagic flux is gradually hindered due to the lack of the substrate
clearance. Previous studies have shown that rapamycin, a selective inhibitor of TORC1, can attenuate
Aβ accumulation and inhibit tau phosphorylation in AD mouse models [56]. On the contrary,
mTORC2 seems to indirectly suppress autophagy through phosphorylating Akt, thereby resulting in
the activation of Akt/mTORC1 signaling [57]. Recent studies have also demonstrated that chronic
intervention using rapamycin can retard the progression of AD-like deficits and decrease Aβ level by
inducing autophagy in the mouse model with overexpression of human APP [58].

2.2. Activated mTOR Signaling Triggers Aβ Generation and Induces the Failure of Aβ Clearance

AD is a progressive neurodegenerative disease caused by the accumulation of toxic proteins that
leads to neural damage and cell death [51]. A large number of studies have shown that the activation
of mTOR is an enhancer of Aβ generation and deposition [31,59]. Under normal conditions, Aβ is
degraded by the autophagic-lysosomal pathway, thus participating in protein quality control and the
removal of aberrant forms of protein. mTOR also modulates the metabolism of APP by regulating
β- and γ-secretases. Different animal and cell models have also provided evidence that excessive
mTOR activity increases the activity of β- and γ-secretases, thus leading to the generation of Aβ

plaques and the activation of mTOR related to the malfunction of Aβ elimination from the brain,
since mTOR-mediated inhibition of autophagy could lead to the accumulation of Aβ [33,54,60]. The role
of mTOR-dependent autophagy dysfunction has been previously reported in a variety of neurological
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and neuropsychiatric disorders [61–65]. Increasing studies have proven that mTOR activation leads
to the failure of Aβ removal from the brain, since the dysfunction of autophagy triggered by mTOR
facilitates the process of Aβ generation and weakens its clearance [33,54,60]. In the 3xTg mouse
model with AD, autophagy induced by rapamycin has been reported to ameliorate cognitive deficits
through inhibiting mTOR signaling [66]. Chronic treatment with rapamycin reduces the progression
of AD by inducing autophagy, which, in turn, reduces Aβ level in the mouse model with human
APP [58]. Apart from this, the relationship between the immaturity of autophagolysosomes and the
accumulation of autophagic vacuoles (AVs) that can contribute to the generation of Aβ has also been
confirmed. In this case, the activation of mTOR signaling alters the autophagic process, thus leading to
the accumulation of immature forms of AVs [67].

2.3. mTOR Activation Induces Hyperphosphorylation of Tau Protein

Tau is a microtubule-binding protein that promotes microtubule assembly and stabilization
to form a stable cytoskeletal system. In contrast, the ability of hyperphosphorylated tau protein
(pathological tau protein) to bind to microtubules is significantly reduced, thereby losing the ability to
promote microtubule assembly and maintain microtubule stability, disrupting the cytoskeletal system,
and impairing the normal function of neurons [4]. Wild-type tau in vivo can result in synaptic loss,
whereas the deletion of tau can rescue Aβ-induced neurotoxicity at the synapse [68–70]. The chronic
stress and mTOR-dependent inhibition of autophagy can lead to the accumulation of tau aggregates in
P301L-tau-expressing mice and cells, which is validated by molecular, pharmacological, and behavioral
analysis [71], suggesting that dys-regulated generation, phosphorylation, and aggregation of tau might
be the key events for triggering neuronal degeneration in AD. Currently, little is known about the
upstream intracellular effectors accounting for these molecular events in the process of tau deposition,
but mTOR has been proposed. The signaling pathway mediated by mTOR kinase regulates protein
homeostasis via facilitating protein translation [47]. The abnormal mTOR signaling can be observed
in an AD brain [72]. Recent evidence indicates that tau can mediate learning and memory deficits in
animal models with AD [68], suggesting that reducing tau level may represent a valid therapeutic
approach. mTOR and its downstream p70S6K have been reported to be higher in human AD brains [73].

Growing evidence has shown that mTOR links to aging from lower organisms to mammals.
For example, genetically increasing mTOR signaling can upregulate tau level and promote tau
phosphorylation, but reducing mTOR signaling with rapamycin can ameliorate tau pathology and
rescue motor deficits in a mouse model of tauopathy [74,75]. Consistent with in vivo experiment,
in vitro results suggest that mTOR signaling regulates tau phosphorylation [43] and the activation
of mTOR enhances tau-induced neurodegeneration in a Drosophila model of tauopathy [76].
Tau phosphorylation is dynamically regulated by mTOR. Numerous scientific data support the key role
of mTOR in the tau-related pathological progress, thus implying that the activity of mTOR determines
the abnormal hyperphosphorylation of tau and the formation of NFTs [47,56]. mTOR signaling
activation increases abnormal phosphorylation of tau, while inhibiting mTOR attenuates abnormal
phosphorylation of tau. Consistent with the above reports, a transgenic mouse model subjected to
treatment with rapamycin revealed alleviated cognitive impairment and reduced accumulation of Aβ

plaques and NFTs due to the induction of autophagy [77,78]. Therefore, mTOR is an effective preventive
or therapeutic target for AD by regulating tau phosphorylation and controlling the autophagic
signal pathway.

3. The Alteration of miRNAs in AD and Aging-Related Diseases

MicroRNAs (miRNAs), small non-coding RNAs with a length of 18–25 nucleotides, usually
downregulate the expression of mRNA and protein upon targeting specific mRNAs, and are
involved in complex post-transcriptional regulatory networks and the maintenance of healthy cellular
functions [79–82]. Approximately 70% of known miRNAs enriched in the brain are involved in critical
roles, including neuronal development and differentiation, synaptic plasticity, and the pathogenesis of
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neurodegenerative disorders [83]. The expression of some miRNAs is dynamically regulated during
brain development, neurogenesis, and neuronal maturation [84]. In recent years, growing evidence
has demonstrated that abnormal patterns of miRNAs are linked with most aging or aging-related
neurodegenerative diseases [83,85]. In APP/PS1 mice, miR-99b-5p and miR-100-5p are reported to
be decreased and increased at early and late disease stages compared with age-matched wild-type
mice, respectively [86]. In addition, miR-99b-5p and miR-100-5p are reported to affect neuron survival
by targeting mTOR, which is consistent with previous studies in cancer [87–89]. The defensive effect
of miR-200b or miR-200c on Aβ-induced toxicity in AD models are observed, which is evidenced by
the relieving of impaired spatial learning and memory induced by intracerebroventricular injection
of oligomeric Aβ after the treatment of miR-200b or miR-200c [90]. Mechanically, the miR-200b/c
could suppress the downstream effector of mTOR, S6K1. Chronic cerebral hypoperfusion (CCH) is
a high-risk factor for vascular dementia and AD. Similar to a previous study, some miRNAs have
also been validated to regulate autophagy-related signal pathways [39]. It is reported that the level of
miR-96 is significantly increased in a CCH rat model established by two-vessel occlusion (2VO), and the
inhibition of miR-96 can attenuate the cognitive impairment. Furthermore, miR-96 antagomir injection
can attenuate the number of LC3 and Beclin1-positive autophagosomes in 2VO rats. In contrast,
the overexpressed miR-96 can downregulate mTOR protein levels in 2VO rats and primary culture
cells [91]. These findings suggest that miR-96 may play a key role in autophagy under CCH by
regulating mTOR signaling. Since pathological changes occurring in AD and Parkinson’s diseases (PD)
brains are reflected in cerebrospinal fluid (CSF) composition, CSF represents an optimal biomarker
source of neurodegenerative diseases. One study [92] related to CSF miRNAs has reported that
74 miRNAs are downregulated and 74 miRNAs are upregulated in AD patients when compared with
controls based on a 1.5-fold change threshold. The study identified a set of genes involved in the
regulation of tau and Aβ signal pathways in AD, with mTOR and BACE1 being targeted by the CSF
miRNAs. Another study [93] has demonstrated that miR-153, miR-409-3p, miR-10a-5p, and let-7g-3p
are significantly overexpressed in CSF exosomes from PD and AD patients. Bioinformatic analysis
has demonstrated that mTOR signaling, ubiquitin-mediated proteolysis, dopaminergic synapses,
and glutamatergic synapses are the most prominent pathways, with differential exosomal miRNA
patterns associated with the development of PD and AD. These results have demonstrated that CSF
miRNA molecules are reliable biomarkers with fair robustness in regard to specificity and sensitivity in
differentiating PD and AD patients from healthy controls. Among these processes, the mTOR signaling
pathway is an important target.

The roles of miRNAs in APP and Aβ production, synaptic remodeling, neuron survival, and glia
cell activation have also been identified [94,95]. miRNAs, including miR-130a, miR-20a, miR-29a,
miR-106b, miR-128a, miR-125b, and miR-let-7c, have been reported to be downregulated in aged
individuals and in different human and animal cell aging models [85,96,97]. In the brain, miR-29 is
reported to target BACE1, and the deregulation of miR-29b results in an increase of apoptosis in AD.
The overexpression of miR-29 in humans and transgenic mice could decrease endogenous BACE1
levels and increase Aβ production [79]. MiR-107 also targets BACE1, and can induce cell cycle arrest,
because cell cycle re-entry is an early event in AD pathogenesis [98]. Of course, there are some
brain-specific miRNAs that participate in tau hyperphosphorylation, the physiological regulation of
APP expression, and the generation and deposit of Aβ. The expression of extracellular signal-regulated
kinase 1 (ERK1) is a direct tau kinase. Some miR-15 family members can target ERK1 to be involved in
tau hyperphosphorylation [79]. For example, as a neuron-specific miRNA, the expression of mature
miR-124 is reduced in a subset of AD patients [99]. Downregulation of miR-124 can result in the altered
splicing of APP and promote the conversion of APP to Aβ. Similarly, the downregulation of miR-17,
miR-101, and miR-16a also promotes accumulation of APP [33,37]. Previous studies have documented
that the abnormally low expression of miR-16 could potentially lead to the accumulation of APP
protein in the embryo of SAMP8 mice and BALb/c mice, suggesting APP as a target of miR-16 [100].
The miR-101 and miR-106 can also target APP, in turn, resulting in an elevated generation and
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accumulation of Aβ [101]. miR-455-3p is found to be significantly upregulated in serum samples,
postmortem brains, mouse models, and cell lines of AD [102]. Recent evidence has shown that
circulating miR-455-3p is upregulated in AD postmortem brains when compared with healthy control
samples [81], suggesting that miR-455-3p may be a potential biomarker for AD. The miR-206 regulating
brain-derived neurotrophic factor (BDNF) is markedly increased in AD model mice [103]. Because
changes in gene expression and splicing of APP are associated with the generation and deposition of
Aβ, specific neuronal miRNAs can regulate APP splicing. Therefore, the scanning and identification of
miRNAs in the future could provide an important new insight and elucidation in the initiation and
progression of AD. Nevertheless, the roles of far more miRNAs still remain enigmatic in AD etiology.

4. The Role of Physical Activity in AD

Physical activity not only affects skeletal muscle, but also has an important effect on the phenotype
of the brain. The brain has high sensitivity to exercise, so that exercise in rodent models is easy to drive
the neurogenesis within hippocampal and dentate gyrus (DG) areas, thus leading to enhanced learning
and memory capabilities. Defining the optimal preventive strategy according to type, duration,
and intensity of physical activity is a key practical question. In this article, the roles of physical activity
as a potential preventive intervention against AD are summarized, which will be beneficial to exploring
optimal exercise prescriptions for the prevention and treatment of AD, and providing references for
developing novel and effective targets for the prevention and treatments of AD in the future.

4.1. Physical Activity is Beneficial for the Improvement of Learning and Memory Capacity

Cognitive decline has increasingly been reported in correlation with human aging [104].
This age-related decline of cognitive capacity also occurs in mice [105]. Some animal studies [106–108]
demonstrate that cognitive impairment can occur in the absence of Aβ deposition and NFTs. However,
several researchers have shown that a physically active lifestyle can modify cognitive decline in both
humans and mice [109,110]. Moreover, regular physical activity can improve brain health and provide
cognitive and psychological benefits. Physical activity has been shown to improve mental health and
cognition, including in patients with AD [34]. Regular exercise may also improve different cognitive
domains, such as memory and executive function, in older-age individuals with dementia and AD [111].
Different animal models with AD have displayed encouraging results from voluntary exercise training.
It has been found that voluntary wheel running for 16 weeks could result in an improved capacity
for exploring novel objects in a recognition memory paradigm when compared with forced exercise
and sedentary controls in a Tg2576 mouse model [112]. In a transgenic APOE4 animal model aged
10–12 months, voluntary wheel running for six weeks promotes the more-noticeable recovery of
cognitive impairment when compared to sedentary counterparts [113]. In addition, five-month
voluntary wheel running has been demonstrated to decrease Aβ plaques in hippocampal tissue and
improve learning capacity [114]. Tg2576 mice at the age of 17–19 months used as a mouse model of
AD reveal a significant cognitive impairment and neuropathology consistent with AD; Kathryn [115]
has found that wheel running intervention for three consecutive weeks effectively improved memory,
thereby making the mouse models indistinguishable from wild-type mice on all tasks. A previous
study using a TgCRND8 mouse model with AD also demonstrated that five-month voluntary wheel
running begun at the age of one month improved cognitive performance when compared to the
sedentary control group, which supports the hypothesis that an exercise-induced improvement in
cognitive capacity if exercise is begun at the young age, prior to the AD pathogenesis. Furthermore,
voluntary wheel running for 10 weeks can significantly delay cognitive decline in APPswe/PS1ΔE9
mouse models when compared with the sedentary controls [116]. Similarly, physical activity has been
shown to produce positive effects on brain plasticity and regional gray matter volume [117].
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4.2. Physical Activity Increases Neurogenesis

Reduced neurogenesis has been reported in different transgenic or knock-in mice with Swedish
mutation of the APP or PS1 gene, or in double-transgenic mice with APP and PS1 genes. Exercise is
beneficial for multiple pathways and can increase neurogenesis. Clinical exercise trials in normal aging
populations have shown increased brain volume [118] following exercise. A previous study reported
that voluntary wheel running for 10 weeks presented an enhanced level of hippocampal neurogenesis
in APPswe-PS1ΔE9 mice [116]. Interestingly, an age-dependent promoting effect from voluntary
wheel running on neurogenesis in hippocampal tissues of 18-month-old APP23 AD mouse model
has been confirmed, but no promoting effect on neurogenesis in six-month-old control mice [119],
suggesting that voluntary physical activity has the ability to upregulate cell proliferation and neuronal
differentiation in AD brain.

4.3. Physical Activity Enhances Structural and Synaptic Plasticity in Hippocampus

Synaptic plasticity is the biological process of neurons with specific characteristics of changing
their synaptic strength to communicate with others for the purpose of learning and memory capacity.
Usually, two forms of synaptic plasticity can be measured in the hippocampus. Long-term potentiation
(LTP) [120] is in charge of memory formation, depending on protein synthesis and kinase activation,
which can be regarded as the major biological mechanisms for understanding the learning and memory
processes. In contrast, long-term depression (LTD) is associated with memory clearance or forgetting.
At a cellular level, the impairment of learning and memory in AD is associated with a decrease in LTP
and an increase in LTD.

Currently, LTP is recognized as a valuable tool for evaluating therapeutic interventions for
disorders of the central nervous system due to its close correlation with learning and memory.
Previous findings have shown that Aβ oligomers can inhibit LTP in various hippocampal areas
involved in learning and memory processes [114,121,122]. It is well documented that regular exercise
can produce a positive effect on cognition and synaptic plasticity. Treadmill exercise can increase
expression of LTP as the field excitatory postsynaptic potential (fEPSP) slope increases; it can also spike
amplitude in DG both in vivo and in vitro, and enhance synaptic plasticity through lowering the LTP
threshold [123,124]. In agreement with previous findings, long-term voluntary wheel running for two
to four months has been confirmed to significantly increase the process of neuronal survival in female
adult C57BL/6 mice, while concurrently enhancing synaptic plasticity and learning and memory
performance, as demonstrated through a Morris water maze (MWM) test [125]. However, LTP could
not be produced by a six-month voluntary wheel running treatment in 3xTg-AD animals, and regular
exercise only reveals the weak protection from the impairment of LTP induction at the CA1-medial
prefrontal cortex synapse [126]. More recently, studies on the effects of exercise on bidirectional
plasticity have emerged, and it is reported that forced exercise has an evident effect on LTP in the CA1
region of hippocampus in the rats with sleep deprivation and aging and neurodegenerative diseases,
but not in healthy rats [127,128].

4.4. Physical Activity Regulates Abnormal miRNAs

Currently, it is still difficult to predict whether the observed abnormal miRNA levels in humans
are the cause or consequence of AD progression. Studies of miRNA-expression profiles in AD mouse
models may be helpful to address these questions. Previous studies have shown that regular exercise
can regulate the expression of miRNAs; however, the underlying mechanisms are still unclear [129].
Our recent findings have demonstrated that miR-34a is significantly increased in AD models when
compared with the control; however, eight-week swimming training alleviates the abnormal expression
of miR-34a in an AD rat model [39]. Neuroinflammation is a high risk of AD, and Toll-like receptor 4
(TLR4) participates in inflammatory responses. Aerobic exercise can significantly alter the expression
of inflammatory cytokines and reduce vascular TLR4 levels in APOE-null mice through upregulating
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miR-146a and miR-126 and downregulating miR-155 [130]. Similarly, aerobic exercise can downregulate
miR-143 level in cardiac tissue [131]. In addition, miRNAs such as miR-22, miR-101a, miR-720,
and miR-721 have also been identified in murine brains during the aging process [132]. These findings
suggest that miRNAs regulated by aerobic exercise may play an important role in AD. Therefore,
aerobic exercise may regulate the expression of the above miRNAs, which should be helpful to prevent
the progression of AD. Although studies on exercise to improve AD by regulating miRNAs are still
at the stage of infancy, and numerous questions remain unanswered, whether or not miRNAs can
be used for the diagnosis of AD depends on an elucidation of the precise characterization, specific
distribution, and accurate regulation of miRNAs during the progression of AD. Therefore, further
exploration of targets, regulatory networks, and functions is highly desired. Moreover, the scanning
and identification of miRNAs during exercise intervention of AD will open a novel avenue for the
diagnosis, prevention, and therapy of AD.

5. Clinical Studies of Physical Activity in AD

In addition to animal studies, a large prospective study has concluded that regular exercise in
AD patients delays the onset of dementia and AD [133]. Human APOE maintains synaptic integrity
in the CNS, and its allele APOE4 is associated with an early age of onset and increased risk of
AD. Several human studies have shown the interactive effects of exercise and the APOE genotype
on cognitive decline. Most studies have confirmed that the protective effects of exercise are more
robust in carriers of the ε4 allele [134–137]. In particular, the impact of low activity is stronger in
individuals carrying the APOE4 allele. For example, individuals participating at least twice a week
in a leisure-time physical activity have 50% lower odds of dementia when compared with sedentary
persons. However, there are inconsistent results about the effects of physical activity in patients with
AD, and some studies claim that there is a negative correlation between physical activity and cognitive
decline [136,138], while other studies report no relationship [139]. According to previous reports,
leisure-time physical activity at midlife twice a week can delay the occurrence of AD for two decades
in APOE4 carriers [136], whereas physical activity at the late stage of aging has shorter-term beneficial
effects in APOE4 non-carriers [140]. Consistent with the above findings, previous studies on patients
with mild cognitive impairment or neurological symptoms suggest that physical activity may still
have some benefits in the prodromal or early stage of AD. Moreover, physical activity has a greater
protective effect against AD and dementia in women than in men [138].

6. mTOR as a New Target for the Prevention and Treatment of AD During Physical Activity?

As reported above, mTOR seems to be an interesting candidate target for the regulation of AD,
and the role of physical activity as a neuroprotective agent is well recognized. Some literature has also
reported that mTOR is a regulatory target of AD during physical activity.

mTOR signaling is dynamically regulated by upstream components including PI3K/Akt, AMPK,
mitogen-activated protein kinase (MAPK), p53, liver kinase B1 (LKB1), erb-b2 receptor tyrosine
kinase 2 (ERBB2), insulin receptor substrate 1 (IRS-1), phosphatase and tensin homolog (PTEN),
GSK-3, and insulin/insulin-like growth factor 1 (IGF-1). PI3K/Akt, AMPK, GSK-3, insulin/IGF-1,
and AMPK play a critical role in regulating the generation of Aβ and the aberrant phosphorylation
of tau [27,50,141,142]. PI3K-Akt can activate mTOR-mediated biosynthetic processes, whereas it also
can also simultaneously repress autophagic degradation. Previous findings have demonstrated that
aberrant activation of neuronal PI3K/Akt/mTOR signaling is an early pathogenesis in the brain of AD
individuals and a major candidate for pathophysiological change of Aβ. In addition, the abnormal
PI3K/Akt/mTOR signaling pathway has been shown to contribute to the development of AD [27].
Based on the relationship between upstream components of mTOR signaling and autophagy, physical
activity should be beneficial to the prevention and alleviation of AD through regulating PI3K/Akt and
AMPK signaling.
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According to previous reports, the hyperactivation of mTOR can suppress autophagy, which
directly contributes to hyperphosphorylation and the aggregation of tau protein [43,44]. Thus,
the inhibition of mTOR represents one of the major mechanisms benefitting the pathogenesis of
AD in the presence of physical activity. Of course, the effect of exercise on mTOR activity depends on
the type and intensity of exercise. Jeong et al. [143] have reported abnormal mTOR phosphorylation
and impaired autophagy, such as decreased Beclin1 and LC3B, and increased p62 in the cerebral cortex
of NSE/htau23 transgenic mice. Interestingly, 12-week treadmill exercise intervention significantly
improves learning and cognitive capacity of NSE/htau23 transgenic mice. Mechanically, abnormal
mTOR, impaired autophagy, and the hyperphosphorylation and aggregation (Ser199/202, Ser404,
Thr231, PHF-1) of tau protein are improved upon exercise intervention. Meanwhile, Antonella
has observed a strong activation of the mTOR signaling pathway, and an increase in two mTOR
downstream targets, p70S6K and 4EBP1, in both amnestic mild cognitive impairment (MCI) and
AD patients when compared with that of the controls [144]. Interestingly, p70S6K and 4EBP1 are
dramatically increased in AD, and are also positively correlated with tau phosphorylation [145,146],
thus the activation of p70S6K and 4EBP1 has been identified as a contributor to hyperphosphorylated
tau. In contrast, the significant autophagy impairment has also been found. These findings suggest
that the alteration of mTOR signaling and autophagy occurs at the early stage of AD. Consistent
with previous findings, one study has established a relationship between mTOR signal activation
and AD, and a possible correlation of mTOR activation with the degree of cognitive impairment
in AD [147]. Besides regulating autophagy and mTOR, 12-week treadmill exercise from the age of
24 months has been reported to markedly suppress Aβ-dependent neuronal cell death and upregulate
the expression of NGF, BDNF, and phosphor-CREB in the hippocampal tissue of Tg mice [148].
Furthermore, treadmill exercise may specifically repress GSK-3α/β activity via elevated PI3K and
Akt phosphorylation in hippocampal tissue. In a 20-week high-fat diet (HFD) rat model, eight-week
treadmill exercise significantly decreased tau hyperphosphorylation and aggregation, while increasing
insulin signaling-related protein activity [149]. The above findings suggest that treadmill exercise can
provide a therapeutic potential to inhibit tau, Aβ-42, and neuronal-death signal pathways. Therefore,
treadmill exercise may be beneficial in prevention or treatment of AD.

AMPK, as a key enzyme for energy metabolism, regulates cellular metabolism to maintain energy
homeostasis in response to the reduction of intracellular ATP levels. AMPK is activated when cellular
ADP level is increased with the accompanying changes in cellular energy status [150]. AMPK has been
implicated in aging and neurodegenerative diseases [151,152]. In addition, AMPK also participates in
the regulation of Aβ level and limits the generation of Aβ by inducing autophagy [141,153]. Increasing
data have demonstrated the close relationship between AMPK signaling and major hallmarks of
AD [154–157]. T2MD is a risk factor for AD, and diabetic populations at the midlife stage carry a
1.5-times higher risk for developing AD than those diagnosed with T2DM at a late stage in life [158].
Impaired insulin sensing in the brain, diabetes, and metabolic syndrome (MetS) are associated with the
pathogenesis of AD, MCI, and other neurological disorders [159]. One recent study [160] demonstrated
that mixed intervention, such as nutritional ketosis combined with high-intensity interval training
(HIIT) (in order to inhibit mTOR signaling) for 10 weeks, can significantly reduce HgA1c, fasting insulin,
and insulin resistance, as well as restore memory function, improve neuroplasticity, and normalize
MetS biomarkers of patients via activating the AMPK signaling pathway. This finding suggests that
mTOR suppression and AMPK induction may functionally halt neurological disease progression
and restore early-stage memory loss. In addition, previous studies have reported mTOR as a target
of physical activity in triple-negative breast cancer (TNBC), and physical activity at moderate to
vigorous intensity induces the inhibition of PI3K-Akt-mTOR signaling and slows the growth of TNBC
cells [161–163].

Up to now, the underlying mechanisms of physical activity for mediating these benefits have
remained unclear. The neurophysiological effects of physical activity and regular exercise are thought to
be mediated by various molecular mechanisms, including the upregulation of BDNF, IGF-1, and related
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molecules such as Ca2+/calmodulin-dependent protein kinase II (CaMKII) and calcineurin, which are
associated with learning and memory functions and can, in turn, enhance brain plasticity and improve
performance of memory tasks. Forced treadmill running for five days can induce an increase of
BDNF protein level within the brain tissues of animals by 70%, which is associated with the increased
activation of BDNF receptors and subsequent mTORC1 signaling in hippocampal tissue [144]. Another
study has also explored the effect of regular exercise on the upregulation of BDNF, the phosphorylation
of BDNF receptors such as tropomyosin-related-kinase (Trk), and the activation of PI3K/Akt [145].
Reelin is an extracellular, secreted glycoprotein that is essential for neuronal migration, synaptic
plasticity, and brain development. During the development of the brain, regular exercise increases the
production of reelin [146]. In addition, regular exercise can shift the redox state of the brain. Previous
studies have also confirmed the minimal change of lipid peroxidation in hippocampal tissue after
regular exercise training [37]. Interestingly, BDNF also possesses metabotropic properties besides its
neurotrophic effect. BDNF can upregulate expression of AMPK, ubiquitous mitochondrial creatine
kinase (uMtCK), and uncoupling protein 2 (UCP2) [164]. Thus, it is reasonable to suggest that low
expression or activity of BDNF can significantly lead to the alteration of these metabolic factors,
thus eventually disrupting learning and memory functions. Meanwhile, AMPK, as an activator of
autophagy, can slow down the progression of AD [153]. According to the data that the Aβ level
in an AD brain is determined by the overall functional status of autophagy, AMPK activation can
facilitate the triggering of autophagy and promote lysosomal degradation of Aβ through suppressing
mTOR signaling.

In this review, we have reported that physical activity not only can attenuate cognitive impairment,
but also inhibit the generation of Aβ in different AD models. What is more important, physical activity
can induce autophagy in AD rats and mice. Furthermore, physical activity can significantly decrease
expression of PI3K, p-Akt, and mTOR at the protein level, respectively. Taken together, AMPK/mTOR
signaling may improve insufficient energy metabolism and execute the clearance of Aβ and NFTs via
the autophagy signal pathway. Physical activity can inhibit Aβ generation and induce autophagy by
downregulating the PI3K/Akt/mTOR signaling pathway, and further can reveal a neuroprotective
effect. It seems that physical activity might be a candidate as a neuroprotective agent for AD treatment
by inducing autophagy.

7. Conclusions and Future Perspectives

AD is one of the leading aging-related diseases worldwide due to its high rate of mortality
and disability. Taking into account the scarcity of effective therapy for AD, developing novel and
effective preventive or therapeutic exercise-based strategies based on these novel biological targets
is highly desirable. Not all of these studies on regular exercise or physical activity have clearly
elucidated a beneficial effect on AD, but regular exercise or physical activity should still be a potent
preventive or treatment strategy of AD. Physical activity can alleviate cognitive dysfunction of AD
through suppressing mTOR signaling pathways and rescuing abnormal expression of miRNAs, thereby
regulating the dysfunctional status of autophagy, tau hyperphosphorylation, and the accumulation
of Aβ and NFTs, and ultimately mitigating AD. However, the relationship among regular exercise or
physical activity, mTOR suppression, neurogenesis and synaptic plasticity, and rescuing abnormal
microRNAs still needs to be further explored in brain tissues, as summarized in Figure 1. Meanwhile,
mTOR could be considered as the preventive and therapeutic target to develop novel and effective
intervention strategies for AD and other neurodegenerative diseases.

How does regular exercise or physical activity initiate these neuroprotective effects in the CNS? Up
to date, this is an intriguing question with no definitive answers. Now, the challenge is to address the
cause-consequence relationship between miRNA dys-regulation and AD pathogenesis, and whether
the changes in miRNA expression can contribute to AD pathogenesis. Therefore, future works for
establishing the link with certainty are highly desired. Meanwhile, the following aspects should
be conducted: (1) optimal exercise intervention should be screened according to behavioral results;
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(2) target miRNAs in serum and hippocampal tissue during exercise intervention of AD should be
screened and identified; (3) the manner in which physical activity regulates target miRNAs and
autophagy for regulating AD should be further explored and elucidated.

Figure 1. Physical activity as an mTOR suppressor can alleviate cognitive dysfunction and rescue
abnormal miRNAs in AD for regulating functional status of autophagy, tau hyperphosphorylation, and
the accumulation of Aβ and NFTs, thus accomplishing the mitigation of AD. Meanwhile, mTOR could
be considered as the preventive and therapeutic target to develop novel and effective intervention
strategies for AD and other neurodegenerative diseases. The solid arrows present the activation and
the dotted arrows present the suppression, as well as question symbols presents the uncertainty.

Author Contributions: N.C. designed the outline of the manuscript. X.K., D.C. and N.C. collected the literatures.
N.C. and X.K. wrote the manuscript, and N.C. reviewed and polished the manuscript, as well as X.K., D.C. and
N.C. finally reviewed and approved the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(No. 81601228), National Science and Technology Program (2018YFF0300601-1), and Donghu Scholar Program
from Wuhan Sports University to X.K., as well as the National Natural Science Foundation of China (No. 81571228),
Hubei Superior Discipline Group of Physical Education and Health Promotion, and Outstanding Youth Scientific
and Research Team (No. T201624) from Hubei Provincial Department of Education and Chutian Scholar Program
and Innovative Start-Up Foundation from Wuhan Sports University to N.C.

Conflicts of Interest: These authors have declared no conflict of interest.

References

1. Hyman, B.T.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Carrillo, M.C.; Dickson, D.W.; Duyckaerts, C.;
Frosch, M.P.; Masliah, E.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement. 2012, 8, 1–13. [CrossRef]

2. Montine, T.J.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Dickson, D.W.; Duyckaerts, C.; Frosch, M.P.;
Masliah, E.; Mirra, S.S.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease: A practical approach. Acta Neuropathol. 2012, 123, 1–11.
[CrossRef]

3. Karran, E.; De Strooper, B. The amyloid cascade hypothesis: Are we poised for success or failure? J. Neurochem.
2016, 139, 237–252. [CrossRef]

4. Krishnamurthy, P.K.; Johnson, G.V. Mutant (R406W) human tau is hyperphosphorylated and does not
efficiently bind microtubules in a neuronal cortical cell model. J. Biol. Chem. 2004, 279, 7893–7900. [CrossRef]

285



Int. J. Mol. Sci. 2019, 20, 1591

5. Leoni, V. The effect of apolipoprotein E (ApoE) genotype on biomarkers of amyloidogenesis, tau pathology
and neurodegeneration in Alzheimer’s disease. Clin. Chem. Lab. Med. 2011, 49, 375–383. [CrossRef]
[PubMed]

6. Ferretti, M.T.; Bruno, M.A.; Ducatenzeiler, A.; Klein, W.L.; Cuello, A.C. Intracellular Abeta-oligomers and
early inflammation in a model of Alzheimer’s disease. Neurobiol. Aging 2012, 33, 1329–1342. [CrossRef]

7. Chen, N.; Karantza-Wadsworth, V. Role and regulation of autophagy in cancer. Biochim. Biophys. Acta 2009,
1793, 1516–1523. [CrossRef]

8. Cuervo, A.M.; Bergamini, E.; Brunk, U.T.; Droge, W.; Ffrench, M.; Terman, A. Autophagy and aging:
The importance of maintaining “clean” cells. Autophagy 2005, 1, 131–140. [CrossRef]

9. Salminen, A.; Kaarniranta, K. Regulation of the aging process by autophagy. Trends Mol. Med. 2009, 15,
217–224. [CrossRef] [PubMed]

10. Rubinsztein, D.C.; Marino, G.; Kroemer, G. Autophagy and aging. Cell 2011, 146, 682–695. [CrossRef]
[PubMed]

11. Li, L.; Zhang, X.; Le, W. Autophagy dysfunction in Alzheimer’s disease. Neurodegener. Dis. 2010, 7, 265–271.
[CrossRef] [PubMed]

12. Wong, E.; Cuervo, A.M. Autophagy gone awry in neurodegenerative diseases. Nat. Neurosci. 2010, 13,
805–811. [CrossRef]

13. Kumar, A.; Dhawan, A.; Kadam, A.; Shinde, A. Autophagy and Mitochondria: Targets in Neurodegenerative
Disorders. CNS Neurol. Disord. Drug Targets 2018, 17, 696–705. [CrossRef] [PubMed]

14. Limanaqi, F.; Biagioni, F.; Gambardella, S.; Ryskalin, L.; Fornai, F. Interdependency Between Autophagy
and Synaptic Vesicle Trafficking: Implications for Dopamine Release. Front. Mol. Neurosci. 2018, 11, 299.
[CrossRef] [PubMed]

15. Ferrucci, M.; Biagioni, F.; Ryskalin, L.; Limanaqi, F.; Gambardella, S.; Frati, A.; Fornai, F. Ambiguous Effects
of Autophagy Activation Following Hypoperfusion/Ischemia. Int. J. Mol. Sci. 2018, 19, 2765. [CrossRef]

16. Martin, D.D.; Ladha, S.; Ehrnhoefer, D.E.; Hayden, M.R. Autophagy in Huntington disease and huntingtin
in autophagy. Trends Neurosci. 2015, 38, 26–35. [CrossRef] [PubMed]

17. Natale, G.; Lenzi, P.; Lazzeri, G.; Falleni, A.; Biagioni, F.; Ryskalin, L.; Fornai, F. Compartment-dependent
mitochondrial alterations in experimental ALS, the effects of mitophagy and mitochondriogenesis. Front. Cell
Neurosci. 2015, 9, 434. [CrossRef] [PubMed]

18. Salminen, A.; Kaarniranta, K.; Kauppinen, A.; Ojala, J.; Haapasalo, A.; Soininen, H.; Hiltunen, M. Impaired
autophagy and APP processing in Alzheimer’s disease: The potential role of Beclin 1 interactome.
Prog. Neurobiol. 2013, 106–107, 33–54. [CrossRef] [PubMed]

19. Pan, T.; Kondo, S.; Le, W.; Jankovic, J. The role of autophagy-lysosome pathway in neurodegeneration
associated with Parkinson’s disease. Brain 2008, 131, 1969–1978. [CrossRef]

20. Kou, X.; Chen, N. Resveratrol as a natural autophagy regulator for prevention and treatment of Alzheimer’s
disease. Nutrients 2017, 9, 927.

21. Yu, W.H.; Cuervo, A.M.; Kumar, A.; Peterhoff, C.M.; Schmidt, S.D.; Lee, J.H.; Mohan, P.S.; Mercken, M.;
Farmery, M.R.; Tjernberg, L.O.; et al. Macroautophagy–a novel Beta-amyloid peptide-generating pathway
activated in Alzheimer’s disease. J. Cell Biol. 2005, 171, 87–98. [CrossRef] [PubMed]

22. Chen, N.; Karantza, V. Autophagy as a therapeutic target in cancer. Cancer Biol. Ther. 2011, 11, 157–168.
[CrossRef]

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

24. Hung, C.M.; Garcia-Haro, L.; Sparks, C.A.; Guertin, D.A. mTOR-dependent cell survival mechanisms.
Cold Spring Harb. Perspect. Biol. 2012, 4, a008771. [CrossRef]

25. Parsons, R.G.; Gafford, G.M.; Helmstetter, F.J. Translational control via the mammalian target of rapamycin
pathway is critical for the formation and stability of long-term fear memory in amygdala neurons. J. Neurosci.
2006, 26, 12977–12983. [CrossRef]

26. Gouras, G.K. mTOR: At the crossroads of aging, chaperones, and Alzheimer’s disease. J. Neurochem. 2013,
124, 747–748. [CrossRef] [PubMed]

27. O’neill, C. PI3-kinase/Akt/mTOR signaling: Impaired on/off switches in aging, cognitive decline and
Alzheimer’s disease. Exp. Gerontol. 2013, 48, 647–653. [CrossRef]

286



Int. J. Mol. Sci. 2019, 20, 1591

28. Gharibi, B.; Farzadi, S.; Ghuman, M.; Hughes, F.J. Inhibition of Akt/mTOR attenuates age-related changes in
mesenchymal stem cells. Stem Cells 2014, 32, 2256–2266. [CrossRef] [PubMed]

29. Yang, F.; Chu, X.; Yin, M.; Liu, X.; Yuan, H.; Niu, Y.; Fu, L. mTOR and autophagy in normal brain aging and
caloric restriction ameliorating age-related cognition deficits. Behav. Brain Res. 2014, 264, 82–90. [CrossRef]
[PubMed]

30. Paccalin, M.; Pain-Barc, S.; Pluchon, C.; Paul, C.; Besson, M.N.; Carret-Rebillat, A.S.; Rioux-Bilan, A.; Gil, R.;
Hugon, J. Activated mTOR and PKR kinases in lymphocytes correlate with memory and cognitive decline in
Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 2006, 22, 320–326. [CrossRef]

31. Cai, Z.; Zhao, B.; Li, K.; Zhang, L.; Li, C.; Quazi, S.H.; Tan, Y. Mammalian target of rapamycin: A valid
therapeutic target through the autophagy pathway for Alzheimer’s disease? J. Neurosci. Res. 2012, 90,
1105–1118. [CrossRef]

32. Pozueta, J.; Lefort, R.; Shelanski, M.L. Synaptic changes in Alzheimer’s disease and its models. Neuroscience
2013, 251, 51–65. [CrossRef]

33. Lafay-Chebassier, C.; Paccalin, M.; Page, G.; Barc-Pain, S.; Perault-Pochat, M.C.; Gil, R.; Pradier, L.; Hugon, J.
mTOR/p70S6k signalling alteration by Abeta exposure as well as in APP-PS1 transgenic models and in
patients with Alzheimer’s disease. J. Neurochem. 2005, 94, 215–225. [CrossRef]

34. Kaliman, P.; Parrizas, M.; Lalanza, J.F.; Camins, A.; Escorihuela, R.M.; Pallas, M. Neurophysiological and
epigenetic effects of physical exercise on the aging process. Ageing Res. Rev. 2011, 10, 475–486. [CrossRef]

35. Marques-Aleixo, I.; Santos-Alves, E.; Balca, M.M.; Moreira, P.I.; Oliveira, P.J.; Magalhaes, J.; Ascensao, A.
Physical exercise mitigates doxorubicin-induced brain cortex and cerebellum mitochondrial alterations and
cellular quality control signaling. Mitochondrion 2016, 26, 43–57. [CrossRef] [PubMed]

36. Rees, P.S.; Davidson, S.M.; Harding, S.E.; McGregor, C.; Elliot, P.M.; Yellon, D.M.; Hausenloy, D.J.
The mitochondrial permeability transition pore as a target for cardioprotection in hypertrophic
cardiomyopathy. Cardiovasc. Drugs Ther. 2013, 27, 235–237. [CrossRef] [PubMed]

37. Radak, Z.; Ihasz, F.; Koltai, E.; Goto, S.; Taylor, A.W.; Boldogh, I. The redox-associated adaptive response of
brain to physical exercise. Free Radic. Res. 2014, 48, 84–92. [CrossRef] [PubMed]

38. van Praag, H.; Fleshner, M.; Schwartz, M.W.; Mattson, M.P. Exercise, energy intake, glucose homeostasis,
and the brain. J. Neurosci. 2014, 34, 15139–15149. [CrossRef] [PubMed]

39. Kou, X.; Li, J.; Liu, X.; Chang, J.; Zhao, Q.; Jia, S.; Fan, J.; Chen, N. Swimming attenuates d-galactose-induced
brain aging via suppressing miR-34a-mediated autophagy impairment and abnormal mitochondrial
dynamics. J. Appl. Physiol. 2017, 122, 1462–1469. [CrossRef]

40. 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]

41. Hay, N.; Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 2004, 18, 1926–1945. [CrossRef]
42. Connolly, E.; Braunstein, S.; Formenti, S.; Schneider, R.J. Hypoxia inhibits protein synthesis through a

4E-BP1 and elongation factor 2 kinase pathway controlled by mTOR and uncoupled in breast cancer cells.
Mol. Cell. Biol. 2006, 26, 3955–3965. [CrossRef] [PubMed]

43. Meske, V.; Albert, F.; Ohm, T.G. Coupling of mammalian target of rapamycin with phosphoinositide
3-kinase signaling pathway regulates protein phosphatase 2A- and glycogen synthase kinase-3 -dependent
phosphorylation of tau. J. Biol. Chem. 2008, 283, 100–109. [CrossRef] [PubMed]

44. Caccamo, A.; Maldonado, M.A.; Majumder, S.; Medina, D.X.; Holbein, W.; Magri, A.; Oddo, S. Naturally
secreted amyloid-beta increases mammalian target of rapamycin (mTOR) activity via a PRAS40-mediated
mechanism. J. Biol. Chem. 2011, 286, 8924–8932. [CrossRef]

45. Mizushima, N. The role of the Atg1/ULK1 complex in autophagy regulation. Curr. Opin. Cell Biol. 2010, 22,
132–139. [CrossRef]

46. Shirooie, S.; Nabavi, S.F.; Dehpour, A.R.; Belwal, T.; Habtemariam, S.; Arguelles, S.; Sureda, A.; Daglia, M.;
Tomczyk, M.; Sobarzo-Sanchez, E.; et al. Targeting mTORs by omega-3 fatty acids: A possible novel
therapeutic strategy for neurodegeneration? Pharmacol. Res. 2018, 135, 37–48. [CrossRef]

47. Caccamo, A.; Magri, A.; Medina, D.X.; Wisely, E.V.; Lopez-Aranda, M.F.; Silva, A.J.; Oddo, S. mTOR regulates
tau phosphorylation and degradation: Implications for Alzheimer’s disease and other tauopathies. Aging Cell
2013, 12, 370–380. [CrossRef]

287



Int. J. Mol. Sci. 2019, 20, 1591

48. Sarbassov, D.D.; Ali, S.M.; Sengupta, S.; Sheen, J.H.; Hsu, P.P.; Bagley, A.F.; Markhard, A.L.; Sabatini, D.M.
Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB. Mol. Cell 2006, 22, 159–168.
[CrossRef] [PubMed]

49. Cammalleri, M.; Lutjens, R.; Berton, F.; King, A.R.; Simpson, C.; Francesconi, W.; Sanna, P.P. Time-restricted
role for dendritic activation of the mTOR-p70S6K pathway in the induction of late-phase long-term
potentiation in the CA1. Proc. Natl. Acad. Sci. USA 2003, 100, 14368–14373. [CrossRef] [PubMed]

50. Maiese, K.; Chong, Z.Z.; Shang, Y.C.; Wang, S. mTOR: On target for novel therapeutic strategies in the
nervous system. Trends Mol. Med. 2013, 19, 51–60. [CrossRef] [PubMed]

51. Zemke, D.; Azhar, S.; Majid, A. The mTOR pathway as a potential target for the development of therapies
against neurological disease. Drug News Perspect. 2007, 20, 495–499. [CrossRef]

52. Lee, J.H.; McBrayer, M.K.; Wolfe, D.M.; Haslett, L.J.; Kumar, A.; Sato, Y.; Lie, P.P.; Mohan, P.; Coffey, E.E.;
Kompella, U.; Mitchell, C.H.; et al. Presenilin 1 Maintains Lysosomal Ca(2+) Homeostasis via TRPML1 by
Regulating vATPase-Mediated Lysosome Acidification. Cell Rep. 2015, 12, 1430–1444. [CrossRef] [PubMed]

53. Yang, D.S.; Stavrides, P.; Mohan, P.S.; Kaushik, S.; Kumar, A.; Ohno, M.; Schmidt, S.D.; Wesson, D.W.;
Bandyopadhyay, U.; Jiang, Y.; et al. Therapeutic effects of remediating autophagy failure in a mouse model
of Alzheimer disease by enhancing lysosomal proteolysis. Autophagy 2011, 7, 788–789. [CrossRef] [PubMed]

54. Li, L.; Zhang, S.; Zhang, X.; Li, T.; Tang, Y.; Liu, H.; Yang, W.; Le, W. Autophagy enhancer carbamazepine
alleviates memory deficits and cerebral amyloid-beta pathology in a mouse model of Alzheimer’s disease.
Curr. Alzheimer Res. 2013, 10, 433–441. [CrossRef] [PubMed]

55. Bordi, M.; Berg, M.J.; Mohan, P.S.; Peterhoff, C.M.; Alldred, M.J.; Che, S.; Ginsberg, S.D.; Nixon, R.A.
Autophagy flux in CA1 neurons of Alzheimer hippocampus: Increased induction overburdens failing
lysosomes to propel neuritic dystrophy. Autophagy 2016, 12, 2467–2483. [CrossRef]

56. Caccamo, A.; Majumder, S.; Richardson, A.; Strong, R.; Oddo, S. Molecular interplay between mammalian
target of rapamycin (mTOR), amyloid-beta, and tau: Effects on cognitive impairments. J. Biol. Chem. 2010,
285, 13107–13120. [CrossRef] [PubMed]

57. Oh, W.J.; Jacinto, E. mTOR complex 2 signaling and functions. Cell Cycle 2011, 10, 2305–2316. [CrossRef]
58. Pierce, A.; Podlutskaya, N.; Halloran, J.J.; Hussong, S.A.; Lin, P.Y.; Burbank, R.; Hart, M.J.; Galvan, V.

Over-expression of heat shock factor 1 phenocopies the effect of chronic inhibition of TOR by rapamycin and
is sufficient to ameliorate Alzheimer’s-like deficits in mice modeling the disease. J. Neurochem. 2013, 124,
880–893. [CrossRef] [PubMed]

59. Chen, T.J.; Wang, D.C.; Chen, S.S. Amyloid-beta interrupts the PI3K-Akt-mTOR signaling pathway that could
be involved in brain-derived neurotrophic factor-induced Arc expression in rat cortical neurons. J. Neurosci.
Res. 2009, 87, 2297–2307. [CrossRef] [PubMed]

60. Son, S.M.; Song, H.; Byun, J.; Park, K.S.; Jang, H.C.; Park, Y.J.; Mook-Jung, I. Altered APP processing in
insulin-resistant conditions is mediated by autophagosome accumulation via the inhibition of mammalian
target of rapamycin pathway. Diabetes 2012, 61, 3126–3138. [CrossRef] [PubMed]

61. Ryskalin, L.; Limanaqi, F.; Frati, A.; Busceti, C.L.; Fornai, F. mTOR-Related Brain Dysfunctions in
Neuropsychiatric Disorders. Int. J. Mol. Sci. 2018, 19, 2226. [CrossRef]

62. Costa-Mattioli, M.; Monteggia, L.M. mTOR complexes in neurodevelopmental and neuropsychiatric
disorders. Nat. Neurosci. 2013, 16, 1537–1543. [CrossRef]

63. Fan, Q.W.; Weiss, W.A. Inhibition of PI3K-Akt-mTOR signaling in glioblastoma by mTORC1/2 inhibitors.
Methods Mol. Biol. 2012, 821, 349–359. [PubMed]

64. 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]

65. Wong, M. Mammalian target of rapamycin (mTOR) pathways in neurological diseases. Biomed. J. 2013, 36,
40–50. [CrossRef] [PubMed]

66. Majumder, S.; Richardson, A.; Strong, R.; Oddo, S. Inducing autophagy by rapamycin before, but not after,
the formation of plaques and tangles ameliorates cognitive deficits. PLoS ONE 2011, 6, e25416. [CrossRef]
[PubMed]

67. Boland, B.; Kumar, A.; Lee, S.; Platt, F.M.; Wegiel, J.; Yu, W.H.; Nixon, R.A. Autophagy induction and
autophagosome clearance in neurons: Relationship to autophagic pathology in Alzheimer’s disease.
J. Neurosci. 2008, 28, 6926–6937. [CrossRef]

288



Int. J. Mol. Sci. 2019, 20, 1591

68. Roberson, E.D.; Scearce-Levie, K.; Palop, J.J.; Yan, F.; Cheng, I.H.; Wu, T.; Gerstein, H.; Yu, G.Q.; Mucke, L.
Reducing endogenous tau ameliorates amyloid beta-induced deficits in an Alzheimer’s disease mouse
model. Science 2007, 316, 750–754. [CrossRef]

69. Rapoport, M.; Dawson, H.N.; Binder, L.I.; Vitek, M.P.; Ferreira, A. tau is essential to beta -amyloid-induced
neurotoxicity. Proc. Natl. Acad. Sci. USA 2002, 99, 6364–6369. [CrossRef] [PubMed]

70. Ittner, L.M.; Gotz, J. Amyloid-beta and tau–a toxic pas de deux in Alzheimer’s disease. Nat. Rev. Neurosci.
2011, 12, 65–72. [CrossRef] [PubMed]

71. Silva, J.M.; Rodrigues, S.; Sampaio-Marques, B.; Gomes, P.; Neves-Carvalho, A.; Dioli, C.; Soares-Cunha, C.;
Mazuik, B.F.; Takashima, A.; Ludovico, P.; et al. Dysregulation of autophagy and stress granule-related
proteins in stress-driven tau pathology. Cell Death Differ. 2018. [CrossRef] [PubMed]

72. Griffin, R.J.; Moloney, A.; Kelliher, M.; Johnston, J.A.; Ravid, R.; Dockery, P.; O’Connor, R.; O’Neill, C.
Activation of Akt/PKB, increased phosphorylation of Akt substrates and loss and altered distribution of
Akt and PTEN are features of Alzheimer’s disease pathology. J. Neurochem. 2005, 93, 105–117. [CrossRef]
[PubMed]

73. Pei, J.J.; Bjorkdahl, C.; Zhang, H.; Zhou, X.; Winblad, B. p70 S6 kinase and tau in Alzheimer’s disease.
J. Alzheimers Dis. 2008, 14, 385–392. [CrossRef]

74. Harrison, D.E.; Strong, R.; Sharp, Z.D.; Nelson, J.F.; Astle, C.M.; Flurkey, K.; Nadon, N.L.; Wilkinson, J.E.;
Frenkel, K.; Carter, C.S.; et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice.
Nature 2009, 460, 392–395. [CrossRef]

75. Selman, C.; Tullet, J.M.; Wieser, D.; Irvine, E.; Lingard, S.J.; Choudhury, A.I.; Claret, M.; Al-Qassab, H.;
Carmignac, D.; Ramadani, F.; et al. Ribosomal protein S6 kinase 1 signaling regulates mammalian life span.
Science 2009, 326, 140–144. [CrossRef]

76. Khurana, V.; Lu, Y.; Steinhilb, M.L.; Oldham, S.; Shulman, J.M.; Feany, M.B. TOR-mediated cell-cycle
activation causes neurodegeneration in a Drosophila tauopathy model. Curr. Biol. 2006, 16, 230–241.
[CrossRef] [PubMed]

77. Cai, Z.; Chen, G.; He, W.; Xiao, M.; Yan, L.J. Activation of mTOR: A culprit of Alzheimer’s disease?
Neuropsychiatr. Dis. Treat. 2015, 11, 1015–1030. [CrossRef]

78. Spilman, P.; Podlutskaya, N.; Hart, M.J.; Debnath, J.; Gorostiza, O.; Bredesen, D.; Richardson, A.; Strong, R.;
Galvan, V. Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces amyloid-beta levels in
a mouse model of Alzheimer’s disease. PLoS ONE 2010, 5, e9979. [CrossRef]

79. Delay, C.; Mandemakers, W.; Hebert, S.S. MicroRNAs in Alzheimer’s disease. Neurobiol. Dis. 2012, 46,
285–290. [CrossRef]

80. Fan, J.; Kou, X.; Yang, Y.; Chen, N. MicroRNA-regulated proinflammatory cytokines in sarcopenia.
Med. Inflamm. 2016, 2016, 1438686. [CrossRef]

81. Kumar, S.; Reddy, P.H. MicroRNA-455-3p as a Potential Biomarker for Alzheimer’s Disease: An Update.
Front. Aging Neurosci. 2018, 11, 41. [CrossRef]

82. Zhang, S.; Chen, N. Regulatory role of microRNAs in muscle atrophy during exercise intervention. Int. J.
Mol. Sci. 2018, 19, 405. [CrossRef]

83. Müller, M.; Perrone, G.; Kuiperij, H.B.; Verbeek, M.M. Expression of five miRNA targets in hippocampus and
cerebrospinal fluid in Alzheimer’s disease. Alzheimers Dement. J. Alzheimers Assoc. 2012, 8, P273. [CrossRef]

84. Kapsimali, M.; Kloosterman, W.P.; de Bruijn, E.; Rosa, F.; Plasterk, R.H.; Wilson, S.W. MicroRNAs show a
wide diversity of expression profiles in the developing and mature central nervous system. Genome Biol.
2007, 8, R173. [CrossRef] [PubMed]

85. Hackl, M.; Brunner, S.; Fortschegger, K.; Schreiner, C.; Micutkova, L.; Muck, C.; Laschober, G.T.;
Lepperdinger, G.; Sampson, N.; Berger, P.; et al. miR-17, miR-19b, miR-20a, and miR-106a are downregulated
in human aging. Aging Cell 2010, 9, 291–296. [CrossRef] [PubMed]

86. Ye, X.; Luo, H.; Chen, Y.; Wu, Q.; Xiong, Y.; Zhu, J.; Diao, Y.; Wu, Z.; Miao, J.; Wan, J. MicroRNAs
99b-5p/100-5p Regulated by Endoplasmic Reticulum Stress are Involved in Abeta-Induced Pathologies.
Front. Aging Neurosci. 2015, 7, 210. [CrossRef] [PubMed]

87. Sun, D.; Lee, Y.S.; Malhotra, A.; Kim, H.K.; Matecic, M.; Evans, C.; Jensen, R.V.; Moskaluk, C.A.; Dutta, A.
miR-99 family of MicroRNAs suppresses the expression of prostate-specific antigen and prostate cancer cell
proliferation. Cancer Res. 2011, 71, 1313–1324. [CrossRef] [PubMed]

289



Int. J. Mol. Sci. 2019, 20, 1591

88. Li, X.J.; Luo, X.Q.; Han, B.W.; Duan, F.T.; Wei, P.P.; Chen, Y.Q. MicroRNA-100/99a, deregulated in acute
lymphoblastic leukaemia, suppress proliferation and promote apoptosis by regulating the FKBP51 and
IGF1R/mTOR signalling pathways. Br. J. Cancer 2013, 109, 2189–2198. [CrossRef] [PubMed]

89. Xu, C.; Zeng, Q.; Xu, W.; Jiao, L.; Chen, Y.; Zhang, Z.; Wu, C.; Jin, T.; Pan, A.; Wei, R.; et al. miRNA-100
inhibits human bladder urothelial carcinogenesis by directly targeting mTOR. Mol. Cancer Ther. 2013, 12,
207–219. [CrossRef]

90. Higaki, S.; Muramatsu, M.; Matsuda, A.; Matsumoto, K.; Satoh, J.I.; Michikawa, M.; Niida, S. Defensive
effect of microRNA-200b/c against amyloid-beta peptide-induced toxicity in Alzheimer’s disease models.
PLoS ONE 2018, 13, e0196929. [CrossRef] [PubMed]

91. Liu, P.; Liu, P.; Wang, Z.; Fang, S.; Liu, Y.; Wang, J.; Liu, W.; Wang, N.; Chen, L.; Wang, J.; Zhang, H.; Wang, L.
Inhibition of MicroRNA-96 Ameliorates Cognitive Impairment and Inactivation Autophagy Following
Chronic Cerebral Hypoperfusion in the Rat. Cell Physiol. Biochem. 2018, 49, 78–86. [CrossRef] [PubMed]

92. Denk, J.; Boelmans, K.; Siegismund, C.; Lassner, D.; Arlt, S.; Jahn, H. MicroRNA Profiling of CSF Reveals
Potential Biomarkers to Detect Alzheimer’s Disease. PLoS ONE 2015, 10, e0126423. [CrossRef] [PubMed]

93. Gui, Y.; Liu, H.; Zhang, L.; Lv, W.; Hu, X. Altered microRNA profiles in cerebrospinal fluid exosome in
Parkinson disease and Alzheimer disease. Oncotarget 2015, 6, 37043–37053. [CrossRef] [PubMed]

94. Kocerha, J.; Kauppinen, S.; Wahlestedt, C. microRNAs in CNS disorders. Neuromol. Med. 2009, 11, 162–172.
[CrossRef] [PubMed]

95. Schratt, G. microRNAs at the synapse. Nat. Rev. Neurosci. 2009, 10, 842–849. [CrossRef] [PubMed]
96. Noren Hooten, N.; Abdelmohsen, K.; Gorospe, M.; Ejiogu, N.; Zonderman, A.B.; Evans, M.K. microRNA

expression patterns reveal differential expression of target genes with age. PLoS ONE 2010, 5, e10724.
[CrossRef]

97. Zhang, H.; Yang, H.; Zhang, C.; Jing, Y.; Wang, C.; Liu, C.; Zhang, R.; Wang, J.; Zhang, J.; Zen, K.; et al.
Investigation of microRNA expression in human serum during the aging process. J. Gerontol. A Biol. Sci.
Med. Sci. 2015, 70, 102–109. [CrossRef]

98. Wang, W.X.; Rajeev, B.W.; Stromberg, A.J.; Ren, N.; Tang, G.; Huang, Q.; Rigoutsos, I.; Nelson, P.T.
The expression of microRNA miR-107 decreases early in Alzheimer’s disease and may accelerate disease
progression through regulation of beta-site amyloid precursor protein-cleaving enzyme 1. J. Neurosci. 2008,
28, 1213–1223. [CrossRef] [PubMed]

99. Smith, P.; Al Hashimi, A.; Girard, J.; Delay, C.; Hebert, S.S. In vivo regulation of amyloid precursor protein
neuronal splicing by microRNAs. J. Neurochem. 2011, 116, 240–247. [CrossRef]

100. Liu, W.; Liu, C.; Zhu, J.; Shu, P.; Yin, B.; Gong, Y.; Qiang, B.; Yuan, J.; Peng, X. MicroRNA-16 targets
amyloid precursor protein to potentially modulate Alzheimer’s-associated pathogenesis in SAMP8 mice.
Neurobiol. Aging 2012, 33, 522–534. [CrossRef]

101. Hebert, S.S.; Horre, K.; Nicolai, L.; Bergmans, B.; Papadopoulou, A.S.; Delacourte, A.; De Strooper, B.
MicroRNA regulation of Alzheimer’s Amyloid precursor protein expression. Neurobiol. Dis. 2009, 33,
422–428. [CrossRef]

102. Kumar, S.; Vijayan, M.; Reddy, P.H. MicroRNA-455-3p as a potential peripheral biomarker for Alzheimer’s
disease. Hum. Mol. Genet. 2017, 26, 3808–3822. [CrossRef]

103. Lee, S.T.; Chu, K.; Jung, K.H.; Kim, J.H.; Huh, J.Y.; Yoon, H.; Park, D.K.; Lim, J.Y.; Kim, J.M.; Jeon, D.; et al.
miR-206 regulates brain-derived neurotrophic factor in Alzheimer disease model. Ann. Neurol. 2012, 72,
269–277. [CrossRef]

104. Schafer, D. No old man ever forgot where he buried his treasure: Concepts of cognitive impairment in old
age circa 1700. J. Am. Geriatr. Soc. 2005, 53, 2023–2027. [CrossRef]

105. Williams, A.F.; Gagnon, J. Neuronal cell Thy-1 glycoprotein: Homology with immunoglobulin. Science 1982,
216, 696–703. [CrossRef]

106. Mucke, L.; Masliah, E.; Yu, G.Q.; Mallory, M.; Rockenstein, E.M.; Tatsuno, G.; Hu, K.; Kholodenko, D.;
Johnson-Wood, K.; McConlogue, L. High-level neuronal expression of abeta 1-42 in wild-type human
amyloid protein precursor transgenic mice: Synaptotoxicity without plaque formation. J. Neurosci. 2000, 20,
4050–4058. [CrossRef] [PubMed]

290



Int. J. Mol. Sci. 2019, 20, 1591

107. Buttini, M.; Yu, G.Q.; Shockley, K.; Huang, Y.; Jones, B.; Masliah, E.; Mallory, M.; Yeo, T.; Longo, F.M.;
Mucke, L. Modulation of Alzheimer-like synaptic and cholinergic deficits in transgenic mice by human
apolipoprotein E depends on isoform, aging, and overexpression of amyloid beta peptides but not on plaque
formation. J. Neurosci. 2002, 22, 10539–10548. [CrossRef] [PubMed]

108. Raber, J.; Wong, D.; Yu, G.Q.; Buttini, M.; Mahley, R.W.; Pitas, R.E.; Mucke, L. Apolipoprotein E and cognitive
performance. Nature 2000, 404, 352–354. [CrossRef] [PubMed]

109. Churchill, J.D.; Galvez, R.; Colcombe, S.; Swain, R.A.; Kramer, A.F.; Greenough, W.T. Exercise, experience
and the aging brain. Neurobiol. Aging 2002, 23, 941–955. [CrossRef]

110. Heyn, P.; Abreu, B.C.; Ottenbacher, K.J. The effects of exercise training on elderly persons with cognitive
impairment and dementia: A meta-analysis. Arch. Phys. Med. Rehabil. 2004, 85, 1694–1704. [CrossRef]

111. Groot, C.; Hooghiemstra, A.M.; Raijmakers, P.G.; van Berckel, B.N.; Scheltens, P.; Scherder, E.J.;
van der Flier, W.M.; Ossenkoppele, R. The effect of physical activity on cognitive function in patients
with dementia: A meta-analysis of randomized control trials. Ageing Res. Rev. 2016, 25, 13–23. [CrossRef]

112. Yuede, C.M.; Zimmerman, S.D.; Dong, H.; Kling, M.J.; Bero, A.W.; Holtzman, D.M.; Timson, B.F.;
Csernansky, J.G. Effects of voluntary and forced exercise on plaque deposition, hippocampal volume,
and behavior in the Tg2576 mouse model of Alzheimer’s disease. Neurobiol. Dis. 2009, 35, 426–432.
[CrossRef] [PubMed]

113. Nichol, K.; Deeny, S.P.; Seif, J.; Camaclang, K.; Cotman, C.W. Exercise improves cognition and hippocampal
plasticity in APOE epsilon4 mice. Alzheimers Dement. 2009, 5, 287–294. [CrossRef]

114. Adlard, P.A.; Perreau, V.M.; Pop, V.; Cotman, C.W. Voluntary exercise decreases amyloid load in a transgenic
model of Alzheimer’s disease. J. Neurosci. 2005, 25, 4217–4221. [CrossRef]

115. Nichol, K.E.; Parachikova, A.I.; Cotman, C.W. Three weeks of running wheel exposure improves cognitive
performance in the aged Tg2576 mouse. Behav. Brain Res. 2007, 184, 124–132. [CrossRef]

116. Tapia-Rojas, C.; Aranguiz, F.; Varela-Nallar, L.; Inestrosa, N.C. Voluntary Running Attenuates Memory Loss,
Decreases Neuropathological Changes and Induces Neurogenesis in a Mouse Model of Alzheimer’s Disease.
Brain Pathol. 2016, 26, 62–74. [CrossRef]

117. Erickson, K.I.; Gildengers, A.G.; Butters, M.A. Physical activity and brain plasticity in late adulthood.
Dialogues Clin. Neurosci. 2013, 15, 99–108.

118. Colcombe, S.; Kramer, A.F. Fitness effects on the cognitive function of older adults: A meta-analytic study.
Psychol. Sci. 2003, 14, 125–130. [CrossRef] [PubMed]

119. Mirochnic, S.; Wolf, S.; Staufenbiel, M.; Kempermann, G. Age effects on the regulation of adult hippocampal
neurogenesis by physical activity and environmental enrichment in the APP23 mouse model of Alzheimer
disease. Hippocampus 2009, 19, 1008–1018. [CrossRef] [PubMed]

120. Patten, A.R.; Yau, S.Y.; Fontaine, C.J.; Meconi, A.; Wortman, R.C.; Christie, B.R. The Benefits of Exercise on
Structural and Functional Plasticity in the Rodent Hippocampus of Different Disease Models. Brain Plast.
2015, 1, 97–127. [CrossRef] [PubMed]

121. Barry, A.E.; Klyubin, I.; Mc Donald, J.M.; Mably, A.J.; Farrell, M.A.; Scott, M.; Walsh, D.M.; Rowan, M.J.
Alzheimer’s disease brain-derived amyloid-beta-mediated inhibition of LTP in vivo is prevented by
immunotargeting cellular prion protein. J. Neurosci. 2011, 31, 7259–7263. [CrossRef] [PubMed]

122. Jo, J.; Whitcomb, D.J.; Olsen, K.M.; Kerrigan, T.L.; Lo, S.C.; Bru-Mercier, G.; Dickinson, B.; Scullion, S.;
Sheng, M.; Collingridge, G.; et al. Abeta(1-42) inhibition of LTP is mediated by a signaling pathway
involving caspase-3, Akt1 and GSK-3beta. Nat. Neurosci. 2011, 14, 545–547. [CrossRef] [PubMed]

123. O’Callaghan, R.M.; Ohle, R.; Kelly, A.M. The effects of forced exercise on hippocampal plasticity in the rat:
A comparison of LTP, spatial- and non-spatial learning. Behav. Brain Res. 2007, 176, 362–366. [CrossRef]

124. Farmer, J.; Zhao, X.; van Praag, H.; Wodtke, K.; Gage, F.H.; Christie, B.R. Effects of voluntary exercise on
synaptic plasticity and gene expression in the dentate gyrus of adult male Sprague-Dawley rats in vivo.
Neuroscience 2004, 124, 71–79. [CrossRef] [PubMed]

125. van Praag, H.; Christie, B.R.; Sejnowski, T.J.; Gage, F.H. Running enhances neurogenesis, learning,
and long-term potentiation in mice. Proc. Natl. Acad. Sci. USA 1999, 96, 13427–13431. [CrossRef]

126. Garcia-Mesa, Y.; Lopez-Ramos, J.C.; Gimenez-Llort, L.; Revilla, S.; Guerra, R.; Gruart, A.; Laferla, F.M.;
Cristofol, R.; Delgado-Garcia, J.M.; Sanfeliu, C. Physical exercise protects against Alzheimer’s disease in
3xTg-AD mice. J. Alzheimers Dis. 2011, 24, 421–454. [CrossRef]

291



Int. J. Mol. Sci. 2019, 20, 1591

127. Kumar, A.; Rani, A.; Tchigranova, O.; Lee, W.H.; Foster, T.C. Influence of late-life exposure to environmental
enrichment or exercise on hippocampal function and CA1 senescent physiology. Neurobiol. Aging 2012, 33,
828.e1–828.e17. [CrossRef]

128. Dao, A.T.; Zagaar, M.A.; Levine, A.T.; Salim, S.; Eriksen, J.L.; Alkadhi, K.A. Treadmill exercise prevents
learning and memory impairment in Alzheimer’s disease-like pathology. Curr. Alzheimer Res. 2013, 10,
507–515. [CrossRef]

129. Nielsen, S.; Akerstrom, T.; Rinnov, A.; Yfanti, C.; Scheele, C.; Pedersen, B.K.; Laye, M.J. The miRNA plasma
signature in response to acute aerobic exercise and endurance training. PLoS ONE 2014, 9, e87308. [CrossRef]
[PubMed]

130. Wu, X.D.; Zeng, K.; Liu, W.L.; Gao, Y.G.; Gong, C.S.; Zhang, C.X.; Chen, Y.Q. Effect of aerobic exercise on
miRNA-TLR4 signaling in atherosclerosis. Int. J. Sports Med. 2014, 35, 344–350. [CrossRef]

131. Fernandes, T.; Hashimoto, N.Y.; Magalhaes, F.C.; Fernandes, F.B.; Casarini, D.E.; Carmona, A.K.; Krieger, J.E.;
Phillips, M.I.; Oliveira, E.M. Aerobic exercise training-induced left ventricular hypertrophy involves
regulatory MicroRNAs, decreased angiotensin-converting enzyme-angiotensin ii, and synergistic regulation
of angiotensin-converting enzyme 2-angiotensin (1-7). Hypertension 2011, 58, 182–189. [CrossRef] [PubMed]

132. Li, N.; Bates, D.J.; An, J.; Terry, D.A.; Wang, E. Upregulation of key microRNAs, and inverse downregulation
of their predicted oxidative phosphorylation target genes, during aging in mouse brain. Neurobiol. Aging
2011, 32, 944–955. [CrossRef]

133. Larson, E.B.; Wang, L.; Bowen, J.D.; McCormick, W.C.; Teri, L.; Crane, P.; Kukull, W. Exercise is associated
with reduced risk for incident dementia among persons 65 years of age and older. Ann. Intern. Med. 2006,
144, 73–81. [CrossRef] [PubMed]

134. Deeny, S.P.; Poeppel, D.; Zimmerman, J.B.; Roth, S.M.; Brandauer, J.; Witkowski, S.; Hearn, J.W.; Ludlow, A.T.;
Contreras-Vidal, J.L.; Brandt, J.; et al. Exercise, APOE, and working memory: MEG and behavioral evidence
for benefit of exercise in epsilon4 carriers. Biol. Psychol. 2008, 78, 179–187. [CrossRef]

135. Etnier, J.L.; Caselli, R.J.; Reiman, E.M.; Alexander, G.E.; Sibley, B.A.; Tessier, D.; McLemore, E.C. Cognitive
performance in older women relative to ApoE-epsilon4 genotype and aerobic fitness. Med. Sci. Sports Exerc.
2007, 39, 199–207. [CrossRef]

136. Rovio, S.; Kareholt, I.; Helkala, E.L.; Viitanen, M.; Winblad, B.; Tuomilehto, J.; Soininen, H.; Nissinen, A.;
Kivipelto, M. Leisure-time physical activity at midlife and the risk of dementia and Alzheimer’s disease.
Lancet Neurol. 2005, 4, 705–711. [CrossRef]

137. Schuit, A.J.; Feskens, E.J.; Launer, L.J.; Kromhout, D. Physical activity and cognitive decline, the role of the
apolipoprotein e4 allele. Med. Sci. Sports Exerc. 2001, 33, 772–777. [CrossRef] [PubMed]

138. Laurin, D.; Verreault, R.; Lindsay, J.; MacPherson, K.; Rockwood, K. Physical activity and risk of cognitive
impairment and dementia in elderly persons. Arch. Neurol. 2001, 58, 498–504. [CrossRef] [PubMed]

139. Verghese, J.; Lipton, R.B.; Katz, M.J.; Hall, C.B.; Derby, C.A.; Kuslansky, G.; Ambrose, A.F.; Sliwinski, M.;
Buschke, H. Leisure activities and the risk of dementia in the elderly. N. Engl. J. Med. 2003, 348, 2508–2516.
[CrossRef]

140. Akbaraly, T.N.; Portet, F.; Fustinoni, S.; Dartigues, J.F.; Artero, S.; Rouaud, O.; Touchon, J.; Ritchie, K.; Berr, C.
Leisure activities and the risk of dementia in the elderly: Results from the Three-City Study. Neurology 2009,
73, 854–861. [CrossRef]

141. Cai, Z.; Yan, L.J.; Li, K.; Quazi, S.H.; Zhao, B. Roles of AMP-activated protein kinase in Alzheimer’s disease.
Neuromol. Med. 2012, 14, 1–14. [CrossRef] [PubMed]

142. O’Neill, C.; Kiely, A.P.; Coakley, M.F.; Manning, S.; Long-Smith, C.M. Insulin and IGF-1 signalling: Longevity,
protein homoeostasis and Alzheimer’s disease. Biochem. Soc. Trans. 2012, 40, 721–727. [CrossRef] [PubMed]

143. Kang, E.B.; Cho, J.Y. Effect of treadmill exercise on PI3K/AKT/mTOR, autophagy, and tau hyperphosphorylation
in the cerebral cortex of NSE/htau23 transgenic mice. J. Exerc. Nutr. Biochem. 2015, 19, 199–209. [CrossRef]

144. Tramutola, A.; Triplett, J.C.; Di Domenico, F.; Niedowicz, D.M.; Murphy, M.P.; Coccia, R.; Perluigi, M.;
Butterfield, D.A. Alteration of mTOR signaling occurs early in the progression of Alzheimer disease (AD):
Analysis of brain from subjects with pre-clinical AD, amnestic mild cognitive impairment and late-stage AD.
J. Neurochem. 2015, 133, 739–749. [CrossRef] [PubMed]

145. Li, S.Y.; Fang, C.X.; Aberle, N.S.; Ren, B.H.; Ceylan-Isik, A.F.; Ren, J. Inhibition of PI-3 kinase/Akt/mTOR,
but not calcineurin signaling, reverses insulin-like growth factor I-induced protection against glucose toxicity
in cardiomyocyte contractile function. J. Endocrinol. 2005, 186, 491–503. [CrossRef] [PubMed]

292



Int. J. Mol. Sci. 2019, 20, 1591

146. Li, X.; Alafuzoff, I.; Soininen, H.; Winblad, B.; Pei, J.J. Levels of mTOR and its downstream targets 4E-BP1,
eEF2, and eEF2 kinase in relationships with tau in Alzheimer’s disease brain. FEBS J. 2005, 272, 4211–4220.
[CrossRef] [PubMed]

147. Yates, S.C.; Zafar, A.; Hubbard, P.; Nagy, S.; Durant, S.; Bicknell, R.; Wilcock, G.; Christie, S.; Esiri, M.M.;
Smith, A.D.; Nagy, Z. Dysfunction of the mTOR pathway is a risk factor for Alzheimer’s disease.
Acta Neuropathol. Commun. 2013, 1, 3. [CrossRef] [PubMed]

148. Um, H.S.; Kang, E.B.; Koo, J.H.; Kim, H.T.; Jin, L.; Kim, E.J.; Yang, C.H.; An, G.Y.; Cho, I.H.; Cho, J.Y.
Treadmill exercise represses neuronal cell death in an aged transgenic mouse model of Alzheimer’s disease.
Neurosci. Res. 2011, 69, 161–173. [CrossRef]

149. Jeong, J.H.; Kang, E.B. Effects of treadmill exercise on PI3K/AKT/GSK-3beta pathway and tau protein in
high-fat diet-fed rats. J. Exerc. Nutr. Biochem. 2018, 22, 9–14. [CrossRef]

150. Jin, X.; Townley, R.; Shapiro, L. Structural insight into AMPK regulation: ADP comes into play. Structure
2007, 15, 1285–1295. [CrossRef]

151. Vingtdeux, V.; Davies, P.; Dickson, D.W.; Marambaud, P. AMPK is abnormally activated in tangle- and
pre-tangle-bearing neurons in Alzheimer’s disease and other tauopathies. Acta Neuropathol. 2011, 121,
337–349. [CrossRef]

152. Ju, T.C.; Chen, H.M.; Lin, J.T.; Chang, C.P.; Chang, W.C.; Kang, J.J.; Sun, C.P.; Tao, M.H.; Tu, P.H.;
Chang, C.; et al. Nuclear translocation of AMPK-alpha1 potentiates striatal neurodegeneration in
Huntington’s disease. J. Cell Biol. 2011, 194, 209–227. [CrossRef] [PubMed]

153. Vingtdeux, V.; Chandakkar, P.; Zhao, H.; d’Abramo, C.; Davies, P.; Marambaud, P. Novel synthetic
small-molecule activators of AMPK as enhancers of autophagy and amyloid-beta peptide degradation.
FASEB J. 2011, 25, 219–231. [CrossRef] [PubMed]

154. Greco, S.J.; Sarkar, S.; Johnston, J.M.; Tezapsidis, N. Leptin regulates tau phosphorylation and amyloid
through AMPK in neuronal cells. Biochem. Biophys. Res. Commun. 2009, 380, 98–104. [CrossRef]

155. Won, J.S.; Im, Y.B.; Kim, J.; Singh, A.K.; Singh, I. Involvement of AMP-activated-protein-kinase (AMPK) in
neuronal amyloidogenesis. Biochem. Biophys. Res. Commun. 2010, 399, 487–491. [CrossRef] [PubMed]

156. Thornton, C.; Bright, N.J.; Sastre, M.; Muckett, P.J.; Carling, D. AMP-activated protein kinase (AMPK) is a tau
kinase, activated in response to amyloid beta-peptide exposure. Biochem. J. 2011, 434, 503–512. [CrossRef]
[PubMed]

157. Yoshida, H.; Goedert, M. Phosphorylation of microtubule-associated protein tau by AMPK-related kinases.
J. Neurochem. 2012, 120, 165–176. [CrossRef] [PubMed]

158. Rönnemaa, E.; Zethelius, B.; Sundelöf, J.; Sundström, J.; Degerman-Gunnarsson, M.; Berne, C.; Lannfelt, L.;
Kilander, L. Impaired insulin secretion increases the risk of Alzheimer disease. Neurology 2008, 71, 1065–1071.
[CrossRef] [PubMed]

159. Gibas, M.K.; Gibas, K.J. Induced and controlled dietary ketosis as a regulator of obesity and metabolic
syndrome pathologies. Diabetes Metab. Syndr. 2017, 11, S385–S390. [CrossRef]

160. Halikas, A.; Gibas, K.J. AMPK induced memory improvements in the diabetic population: A Case Study.
Diabetes Metab. Syndr. 2018, 12, 1141–1146. [CrossRef]

161. Thompson, H.J.; Jiang, W.; Zhu, Z. Candidate mechanisms accounting for effects of physical activity on
breast carcinogenesis. IUBMB Life 2009, 61, 895–901. [CrossRef] [PubMed]

162. Petersen, A.M.; Pedersen, B.K. The anti-inflammatory effect of exercise. J. Appl. Physiol. 2005, 98, 1154–1162.
[CrossRef]

163. Dethlefsen, C.; Lillelund, C.; Midtgaard, J.; Andersen, C.; Pedersen, B.K.; Christensen, J.F.; Hojman, P.
Exercise regulates breast cancer cell viability: Systemic training adaptations versus acute exercise responses.
Breast Cancer Res. Treat. 2016, 159, 469–479. [CrossRef] [PubMed]

164. Gomez-Pinilla, F.; Vaynman, S.; Ying, Z. Brain-derived neurotrophic factor functions as a metabotrophin to
mediate the effects of exercise on cognition. Eur. J. Neurosci. 2008, 28, 2278–2287. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

293



 International Journal of 

Molecular Sciences

Review

mTORC Inhibitors as Broad-Spectrum Therapeutics
for Age-Related Diseases

Hannah E. Walters and Lynne S. Cox *

Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, UK;
hannah.walters@trinity.ox.ac.uk
* Correspondence: lynne.cox@bioch.ox.ac.uk

Received: 4 June 2018; Accepted: 30 July 2018; Published: 8 August 2018

Abstract: Chronological age represents the greatest risk factor for many life-threatening diseases,
including neurodegeneration, cancer, and cardiovascular disease; ageing also increases susceptibility
to infectious disease. Current efforts to tackle individual diseases may have little impact on
the overall healthspan of older individuals, who would still be vulnerable to other age-related
pathologies. However, recent progress in ageing research has highlighted the accumulation of
senescent cells with chronological age as a probable underlying cause of pathological ageing. Cellular
senescence is an essentially irreversible proliferation arrest mechanism that has important roles in
development, wound healing, and preventing cancer, but it may limit tissue function and cause
widespread inflammation with age. The serine/threonine kinase mTOR (mechanistic target of
rapamycin) is a regulatory nexus that is heavily implicated in both ageing and senescence. Excitingly,
a growing body of research has highlighted rapamycin and other mTOR inhibitors as promising
treatments for a broad spectrum of age-related pathologies, including neurodegeneration, cancer,
immunosenescence, osteoporosis, rheumatoid arthritis, age-related blindness, diabetic nephropathy,
muscular dystrophy, and cardiovascular disease. In this review, we assess the use of mTOR inhibitors
to treat age-related pathologies, discuss possible molecular mechanisms of action where evidence is
available, and consider strategies to minimize undesirable side effects. We also emphasize the urgent
need for reliable, non-invasive biomarkers of senescence and biological ageing to better monitor the
efficacy of any healthy ageing therapy.

Keywords: mTOR; mTORC1; mTORC2; rapamycin; rapalogues; rapalogs; mTOR inhibitors;
senescence; ageing; aging; cancer; neurodegeneration; immunosenescence; senolytics; biomarkers

1. Introduction

The greatest risk factor for all major life-threatening diseases, including cancer, neurodegeneration,
and cardiovascular disease is age. Current therapies that target each of these age-related diseases (ARD)
individually have had limited success, and a cure for one specific ARD may not greatly extend healthy
lifespan, as elderly patients would still be vulnerable to other ARDs. However, mounting evidence
suggests that it may be possible to develop broad-spectrum treatments for the diseases of old age by
targeting the underlying biological mechanisms driving ageing and its associated pathologies. Indeed,
several consistent hallmarks of ageing have been identified, including telomere attrition, epigenetic
dysregulation, altered proteostasis, decreased autophagy, mitochondrial dysfunction, and increased
DNA damage [1]. All of these processes contribute to the onset of cell senescence, a core driver
of ageing, as demonstrated by improved health and extended lifespan of middle-aged mice upon
the removal of senescent cells [2]. Furthermore, it is also possible that other hallmarks of ageing,
including stem cell depletion and remodelling of the extracellular matrix [1], are in fact consequences
of cell senescence.
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1.1. Senescence

Cellular senescence is a programme of essentially permanent proliferative arrest, induced by
stresses including replicative exhaustion, DNA damage, oncogene signalling, ER stress, and imbalances
in ribosome biogenesis [3]. At least in vitro, senescent cells show greatly enlarged cell size,
altered morphology, accumulation of lipid droplets and lipofuscin-type pigments [4], and prominent
actin stress fibres. Mitochondrial load increases in senescence, possibly to compensate for chronically
damaged mitochondria, and lysosomal stress is evident with dyes such as senescence-associated
β-galactosidase (SA-β-gal) [5]. Senescent cells exhibit chronically elevated levels of DNA damage
response proteins including 53BP1 and γH2AX indicating poor DNA repair capacity, while there
is also marked restructuring of the epigenome, such that CpG methylation patterns can be used as
an epigenetic clock to determine biological age [6]. At the biochemical level, activation of tumour
suppressor proteins p53 and/or p16CDKN2, together with cyclin-dependent kinase inhibitor p21CDKN1,
leads to cell cycle arrest and the cessation of proliferation that is characteristic of senescent cells,
together with resistance to apoptosis.

While the original evolutionary role of senescence may lie in development [7], wound healing [8],
or as a barrier to viral infection [9], it also provides a failsafe mechanism against proliferation of
tumorigenic or aged cells [10]. However, this can be detrimental to tissue integrity, as such cells
can no longer contribute to wound healing or the cell turnover necessary for tissue maintenance.
Moreover, senescent cells do not simply exist as passive but ineffective components of a tissue:
instead, they actively alter their microenvironment through a secretory programme termed the SASP
(senescence-associated secretory phenotype) [11]. This pro-inflammatory programme comprising
cytokines, chemokines, growth factors, and matrix-remodelling enzymes alerts immune cells to the
presence of senescent cells, which in younger organisms is thought to promote immune clearance [12].
However, with increasing age comes both an increasingly unbalanced and dysfunctional immune
system, and an increased rate of senescence onset via chronic exposure to extrinsic and intrinsic
damaging agents, gradual loss of homeostasis, and progressive telomere erosion. Together, these cause
the accumulation of senescent cells, observed in various tissues with chronological age [5,13,14].
Pleiotropic SASP signalling also induces paracrine senescence in neighbouring cells, amplifying
the senescent cell burden, and possibly driving the chronic and sterile inflammation observed in
old age—a contributing factor to the development of many ARDs. Components of the SASP also
participate in paracrine pro-tumorigenic signalling (e.g., IL-6, IL-8, MMP-3), promoting tumour
formation and progression [11]. Several notable experiments have provided evidence for the causative
role of cellular senescence in organismal ageing and age-related pathology; most convincingly,
the clearance of p16-expressing senescent cells in vivo rejuvenates naturally aged mice, improving
health, and extending lifespan [2].

1.2. mTOR Signalling in Senescence and Ageing

The serine/threonine kinase mTOR is a major regulatory nexus that integrates signals, including
levels of glucose, amino acids, oxygen, growth factors, and hormones to direct cell growth and
proliferation under suitable conditions. mTOR is the functional enzyme within two distinct
complexes—mTORC1 and mTORC2—where it associates with several other proteins that are either
distinct to each complex (e.g., Raptor/Rictor) or present in both (e.g., Deptor, mLST8 (mammalian lethal
with SEC13 protein 8), see Table 1). A novel mTOR complex containing GIT1 (GPCR kinase-interacting
protein 1), but lacking Raptor and Rictor, has been identified by proteomic analysis of neural stem
cells and astrocytes [15], highlighting the possible variation in mTOR complex composition between
somatic tissues.

mTORC1 regulates pathways central to cell growth, proliferation, survival, motility, autophagy,
and protein synthesis, whilst mTORC2 has a role in regulating actin organization as well as
metabolic control [16]. mTORC1 is activated by recruitment to the lysosome through the action
of Rag GTPases and regulators, such as the late endosomal/lysosomal adaptor and MAPK and
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mTOR activator (LAMTOR/Ragulator), whereas mTORC2 is ribosomally-associated on activation
by insulin-signalling, mediated through IGFR (insulin-like growth factor receptor) and IRS1/2
(insulin receptor substrate) [16], though localisation at mitochondria, the plasma membrane, ER,
and lysosomes has also been reported [17] (Table 2). There is significant cross-talk between the two
complexes through various positive and negative feedback loops (particularly through the kinase
Akt/PKB (protein kinase B)) [16], and possibly also through competition for FKBP (FK506 binding
protein) subunits [18]. Recent research using unbiased phosphoproteomics has expanded the list
of known direct mTOR substrates [19–21] and the mTOR signalling network has been reviewed
extensively elsewhere [16,22,23]. Examples of key regulators, phosphorylation targets, and biochemical
and biological outcomes for each complex are summarized in Table 2.

Table 1. mTOR complex subunits.

Contribution to Complex mTORC1 mTORC2

core

mTOR mTOR
mLST8/Gβ3 mLST8/Gβ3

Deptor Deptor
Tti1/Tel2 Tti1/Tel2

complex-specific

Raptor Rictor
PRAS40

mSIN1
Protor1/2

Table 2. Activities and localization of mTORC1 and mTORC2. Note that only a small subset of targets
and modulators is shown. Proteins are named using standard nomenclature; for full gene names,
please refer to the list of abbreviations.

mTORC1 mTORC2

localization when active lysosome
ribosome, plasma membrane,
mitochondria, endoplasmic
reticulum, lysosome

targets activated S6KT389, HIF 1α, GSK3, SOD1, Grb10,
eIF4G, Acinus L, eEF2, IMP2

SGK1, PKC, paxillin, Rho GTPases,
AktS473, IGFR, PDK1

targets inhibited 4EBP1/2, Maf1, Lipin-1, ULK1,
ATG13, TFEB, DAP1, LARP1 FBW8

activated by
insulin, growth factors, Rheb, Rag,
Akt, amino acids, high O2, cytokines,
TNFα, IkkB

PI3K, growth factors including
IGFR, Akt (on mSIN1), membrane
tension, ROS, ATM/ATR

inhibited by
AMPK, TSC1/2 (via Rheb
inactivation), low O2, low ATP,
low amino acids

S6K on both Rictor and mSIN1
TSC1/2 (via Rheb inactivation)

biochemical outcomes
of activation

protein, nucleotide, lipid and
mitochondrial biosynthesis; inhibition
of autophagy

actin reorganization,
lipid biosynthesis

overall outcomes of activation

cell growth (increase in volume and
biomass)
cell proliferation
suppression of oxidative damage

cell size (surface area increase)
cell shape (cytoskeletal changes)
survival under oxidative stresscell
cycle progression
metabolic control

The involvement of mTORC signalling in ageing is supported by a large body of experimental
evidence. Mutations in TOR have been shown to increase the lifespan of yeast [24], C. elegans [25–27],
and Drosophila [28]. Furthermore, deletion of S6K1 (ribosomal S6 protein kinase 1), which is a
downstream target of mTOR, increases lifespan in female mice. Further, reduced mTOR signalling
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increases lifespan and reduces age-related pathologies, including motor dysfunction and loss of insulin
sensitivity [29]. Notably, such findings contrast with other reports that chronic mTORC inhibition
induces diabetes [30]. This finding has been attributed to differential effects on mTORC1 versus
mTORC2, though in some instances loss of mTORC2 signalling also increases lifespan and improves
health. For instance, in the nematode worm, reduction in mTORC2 signalling by RNAi depletion of
Rictor can increase the lifespan under conditions of stress (high temperature) or high-quality food,
whereas the opposite is seen at lower temperatures and on a less rich food source [31].

mTOR signalling is highly significant in senescence as well as in ageing. Notably, the proliferative
arrest that characterizes cellular senescence is not accompanied by a down-regulation of growth
signalling. In fact, mTOR signalling is constitutively active in senescence, resulting from
replicative exhaustion, oncogene activation, and other stresses [32], and it may drive the process of
geroconversion [33] i.e., the shift from proliferation to senescence without inhibition of growth. Inhibition
of mTOR in cells approaching senescence reverses many of the characteristic senescence phenotypes [34]
supporting a role for mTOR in driving senescence. Rather than being dramatically increased, however,
mTOR signalling may instead be dysregulated in senescence; mTORC1 activity persists despite the
removal of serum and amino acids in senescent but not proliferating fibroblasts, indicating constitutive
activation that may be attributable to depolarization of the senescent cell plasma membrane [32].

Both the molecular mechanisms behind healthspan and lifespan extension afforded by mTOR
inhibition, and the roles of mTOR signalling in senescence are likely to be multi-factorial, as mTOR
regulates a multitude of downstream signalling events (Table 2 and Figure 1). Below, we consider
major biochemical pathways that are important in ageing and cell senescence that are regulated by
mTORC signalling, and that may therefore be amenable to modulation by mTORC inhibitors.

Figure 1. Summary of pathways targeted by mTOR signalling which are implicated in modulation
of senescence and ageing. Arrows indicate that mTORC activity positively regulates the process,
while bars indicate inhibition.

1.3. mTOR-Associated Pathways That Contribute to Senescence and Ageing

1.3.1. Transcription

mTOR signalling from both complexes can influence gene expression through interaction
with a variety of transcription factors, including many involved in stress responses. For example,
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mTORC1 can modulate both the translational and the transcriptional activity of the hypoxia response
factor HIF-1α during normoxia and hypoxia, respectively [35,36]. Furthermore, mTORC1 regulates
the ROS-responsive transcription factor Nrf2 [37], as well as the heat-shock transcription factor
HSF1 [38] and the osmotic stress transcription factor NFAT5 [39]. The effects of mTOR in modulating
p53-dependent transcription are described in Section 1.3.7 (DNA damage response), below.

1.3.2. Protein Translation

Protein translation occurs within the ribosome, a large molecular factory that is composed of
functional RNAs and proteins. Ribosomal biogenesis (and hence subsequent protein synthesis) requires
the coordination of transcription of ribosomal RNAs (rRNA) within the nucleolus by RNA polymerase I,
protein-encoding messenger RNAs (mRNA) by RNA polymerase II and transfer RNAs (tRNA) and a
further 5S ribosomal RNA by RNA polymerase III, and is positively regulated by mTORC1 signalling at
multiple stages [40]. Assembly of the ribosome from ribosomal RNAs and proteins also occurs within
the nucleolus. Interestingly, nucleoli are enlarged in premature ageing [41], while small nucleoli are
associated with longevity [42], suggesting that enhanced ribosomal production may be associated with
ageing, either as a response to imbalances in ribosomal components or as a driver through increased
protein synthesis.

Protein synthesis requires not only functional ribosomes but also coordinated activity of a
number of translation initiation and elongation factors. Two well-established phosphorylation
targets of mTORC1 signalling are 4EBP1 and S6K, which act as regulators of translation initiation.
Unphosphorylated 4EBP1 binds to and inhibits eIF4E, which is a DEAD-box helicase necessary for
unwinding secondary structures at the 5′ ends of transcripts, and that serves as a critical factor in
recruiting 40S ribosomal subunits to mRNAs for cap-dependent translation initiation (thought to
be the rate-limiting step in protein synthesis); this inhibition is relieved by mTORC1-mediated
phosphorylation of 4EBP1 [43]. S6K is activated by phosphorylation by mTORC1 [16], and S6K
then phosphorylates the S6 protein, a structural component of the 40S ribosomal subunit. S6K is also
involved in ribosome biogenesis and in regulating the translation of 5′TOP (terminal oligopyrimidine
tract) mRNAs; rapamycin and similar rapalogues attenuate translation of mRNAs with complex 5′

UTRs especially those encoding HIF1α and VEGF [44]. The impact of mTOR signalling on 4EBP1
and S6K does vary according to cell type [45], presumably allowing for the tailoring of translational
responses to a cell’s needs. Furthermore, mTOR also regulates translation elongation through activation
of eEF2, which promotes the translocation of the ribosome along the mRNA. While regulation of protein
synthesis has largely been attributed to mTORC1, recent evidence suggests a role for mTORC2 in
co-translational processing of nascent polypeptides [46,47]. Direct activation of mTORC2 by association
with the ribosome also suggests a strong link between translation and mTORC2, possibly ensuring
that mTORC2 is only active in growing cells [46].

Mutations in 4EBP1, S6K, and several other components of the translational machinery can
confer increased longevity, and mild restriction of protein synthesis by low dose cycloheximide
can prevent induction of senescence [48]. It is possible that attenuating protein translation may
prevent the production of damaged proteins by enhancing quality control to prevent translational
errors, co-translational misfolding, or ER-stress, and that mTORC inhibitors, by reducing rates of
protein synthesis, may prevent the formation of potentially toxic aggregates in the cell. mTOR is
regulated by chaperone availability to link translation with quality control [49], suggesting that
constitutively active mTOR signalling with elevated levels of translation may be detrimental to cell
health. Notably, the dysregulation of protein synthesis and accumulation of protein aggregates are
implicated in many age-related diseases, including diabetes and neurodegenerative Alzheimer’s,
Parkinson’s and Huntington’s diseases; such dysregulation is likely to occur through a combination of
high levels of translation, poor post-translational quality control, and a failure of protein breakdown
through autophagy.
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1.3.3. Autophagy

Autophagy is a selective homoeostatic degradation pathway for cellular components, which are
directed via double-membrane vesicles (autophagosomes) to lysosomes for degradation. Autophagy is
activated in response to nutrient limitation and is suppressed by mTOR activity, through the inhibitory
phosphorylation of the autophagy-initiating kinase ULK1 (ATG1) [50], ATG13, and lysosomally-located
TFEB (reviewed in [51]).

The published literature contains some discrepancies about the association between autophagy
and ageing. In acutely triggered oncogene-induced senescence, autophagy activation has been
observed [52], possibly to rebalance the proteome for transition into a senescent state. However,
in almost every other model described, decreased autophagy is linked to ageing. For instance,
several proteins that are required for autophagy (Atg5, Atg7 and Beclin 1) are downregulated in
normal human brain ageing [53] and in osteoarthritis (ULK1, Beclin 1 and LC3) [54], while knock-in
of an activated form of Beclin 1 delays the onset of cardiac and renal fibrosis in normally ageing
C57/BL6 mice, and even rescues the short lifespan of Klotho mutant mice [55]. Reduced autophagy
has also been observed alongside mTOR activation in senescence resulting from treatment with
the genotoxin adriamycin, and co-treatment with the autophagy inhibitor Bafilomycin A1 further
increased the proportion of cells that are positively stained for SA-β-gal, a marker of senescence [56].
Increased autophagy has been suggested to mediate the pro-longevity effects of caloric restriction (CR),
as inhibition of autophagy prevents CR-mediated anti-ageing effects [57]. Activation of autophagy
by spermidine decreases immunosenescence and improves the response to influenza vaccination in
mice [58]. Decreased autophagy in ageing may limit the removal of dysfunctional organelles, such as
mitochondria, and lead to the accumulation of protein aggregates in neurodegenerative disorders.
Autophagy has also been implicated as a mechanism for the antagonistic effects of SIRT6 expression
on senescence in rat nucleus pulposus (NP) cells in a model of invertebral disc degeneration (IDD);
SIRT6 expression declines in senescent NP cells, but when overexpressed, it attenuates senescence,
with this effect being dependent on activation of autophagy and mTOR inhibition [59]. Furthermore,
an acetylcholine esterase inhibitor designed as a potential Alzheimer’s treatment was shown to induce
senescence in MCF-7 breast cancer cells, while simultaneously inducing the onset of autophagy
but blocking autophagic flux, leading to the production of single-membrane autolysosomes with
non-degraded cargo [60]. Hence, initiation of autophagy with failure of autophagosome fusion with
lysosomes for complete protein and organelle recycling may contribute to cell stress and senescence.
These results taken in combination underline the complex role of mTOR signalling in regulating
autophagy in senescence, and additionally highlight the inadequacy of usual markers of autophagy
(autophagosome number or LC3-II/LC3-I ratio) as readouts for activation of such a complex pathway
that is subject to further downstream regulation. On balance, we suggest that reactivation of autophagy
through mTORC1 inhibition is likely to be beneficial in many different diseases that are associated
with ageing, as discussed in Section 2 below.

1.3.4. Mitochondrial Function and Biogenesis

The progressive decline of mitochondrial efficiency in senescence represents a key hallmark of
ageing [1]. Senescent cells accumulate dysfunctional mitochondria, with both reduced oxidative
phosphorylation efficiency and increased ROS production [61,62]. Mitochondrial dysfunction is itself a
driver of cell senescence, with senescent cells exhibiting an increased mitochondrial load and increased
oxygen consumption [63]. The relationship between mitochondrial dysfunction and senescence may be
inter-dependent, as the chronic DNA damage response of senescent cells also promotes mitochondrial
dysfunction [64]. Furthermore, mitochondrial fission and fusion events are altered in senescence,
resulting in increased connectivity of the mitochondrial network [65]. As well as the oxidative stress
that is caused by dysfunctional mitochondria, mitochondrial nitrosative stress (excess S-nitrosylation)
is implicated in senescence, through enhanced S-nitrosylation of proteins regulating mitophagy and
mitochondrial dynamics [66].
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mTOR provides a critical link between the energy balance of the cell and mitochondrial load,
regulating both mitochondrial biogenesis and mitophagy. Biogenesis is controlled through several
mechanisms, including PGC-1-β-dependent mitochondrial biogenesis and preferential translation of
nuclear-encoded mitochondrial-related mRNAs via the relief of 4EBP inhibition [67], with mitochondrial
oxidative function controlled through the YY1-PGC-1α transcriptional complex [68].

1.3.5. Hypoxia

The transcription factor HIF-1, active under hypoxic conditions, has been linked to ageing in
C. elegans, with increased and reduced activity both causing lifespan extension, dependent on context.
mTORC1 signalling is inhibited on HIF-1 activation, through transcription of REDD1, which activates
the TSC1/TSC2 complex, resulting in mTORC1 inhibition. Conversely, high oxygen tensions lead to
mTORC1 activation, while reactive oxygen species (ROS) may specifically activate mTORC2 [69,70]
to promote survival under oxidative stress. However, high Rheb activity in many cancers leads to
hyperactive mTOR signalling and increased HIF1 activity, resulting in the upregulation of VEGF
and high vascularisation of the tumour [71]. Hence inhibition of mTORC through rapalogues or
second-generation mTOR inhibitor ATP mimetics may have a beneficial impact on cancer through
blocking this pathway. Whether this has direct relevance to ageing remains to be determined, though it
has been suggested that ageing induces an mTOR-dependent pseudo-hypoxic state with high HIF1
and lactate production under normoxic conditions [72,73], which may be amenable to modulation by
mTORC inhibition.

1.3.6. Immunomodulatory Signalling

A common feature of age-related pathologies is chronic sterile inflammation. The secretory
phenotype (SASP) of senescent cells, through which pro-inflammatory mediators are released to
stimulate clearance by immune cells, may be the source of such inflammation. The SASP has pleiotropic
signalling effects, exhibiting not only paracrine immunomodulatory signalling, but also autocrine
and paracrine pro-senescence, and paracrine pro-tumorigenic signalling. Therefore, the SASP may
amplify the senescent cell burden of an elderly individual, exacerbate tissue dysfunction, and stimulate
age-related tumorigenesis. The SASP is at least partially regulated by mTOR, possibly through feedback
loops of IL1A translation or MAPKAPK2 signalling, and it can be suppressed while using rapamycin
or Torin [74,75], or MAP kinase inhibitors [76]. These findings conflict with earlier studies showing the
central importance of mTOR in innate immunity, specifically in the production of anti-inflammatory
IL-10 and the suppression of pro-inflammatory cytokines IL-21 and IL1β. Rapamycin and Torin are
also reported to suppress the anti-inflammatory effects of circulating glucocorticoids [77]. Furthermore,
transplant patients receiving mTORC inhibitors showed more than double the expected rate of
non-infectious fever [78], suggesting excess inflammation. It is possible that these important and
marked discrepancies relate to dosage, with pro-inflammatory effects of mTORC inhibition being
caused by high dosage, while anti-inflammatory suppression of the SASP may be achievable at much
lower doses.

1.3.7. DNA Damage Response

Following DNA damage, cell cycle progression is halted through the activation of multiple
checkpoints and cyclin-dependent kinase inhibitors. The damage-responsive ATM/ATR kinases
phosphorylate and activate mTORC, which can then phosphorylate Chk1, leading to proliferative
arrest at either S phase or G2/M; mTORC2 is specifically implicated in this arrest, at least in breast
cancer cells [79]. In addition to Chk1, components of the mTOR/S6K axis are also phosphorylated by
p38α MAPK following DNA damage. While mTOR activity can itself be modulated by the tumour
suppressor protein p53 (e.g., through p53 transcriptional targets such as TSC2, AMPK, and REDD1 [80]),
p53 activity is sensitive to mTOR signalling; mTORC1 can enhance the translation rate of p53 [81,82]
or activate p53 through S6K1-dependent phosphorylation of and binding to MDM2, which releases
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p53 from inhibition [83] so that it can act as a transcription factor for repair factors, such as Gadd45
or pro-apoptotic factors Bax and PUMA (reviewed in [84,85]). Moreover, mTOR activity enhances
p53-dependent transcription of p21CDKN1 and induction of senescence [86], a possible molecular
explanation for the importance of mTOR in geroconversion.

The importance of mTORC in DNA damage responses suggests that mTORC inhibitors may be
beneficial in cancer by sensitizing cells to genotoxic agents, though conflicting results have also been
reported [21]. Very recent work suggests that the DNA damage response is defective in cells with
hyper-activated mTORC1 signalling that lack the LKB1 tumour suppressor [87]. Chronic persistent
DNA damage—and constitutively active mTOR—are also features of senescent cells. Hence,
mTOR inhibitors may alleviate the burden of DNA damage on ageing, though their impact on cell
cycle control should be closely monitored.

1.3.8. Lipid Metabolism

As a central regulator of cellular growth, mTOR also regulates lipid metabolism, through affecting
lipogenesis as well as lipolysis and lipophagy. mTORC1 signalling activates SREBP transcription
factors that drive fatty acid (FA) biosynthesis for lipogenesis [88] through an indirect mechanism,
whereby mTORC1-phosphorylated Lipin-1 is no longer translocated to the nucleus [89,90]. (Lipin-1 is
itself a phosphatidic acid phosphatase that is involved in triacylglycerol synthesis). Furthermore,
PPARγ is a SREBP transcriptional target and mTORC1 may also regulate PPARγ activity [91], as well
as inhibiting PPARα and PGC1α, which further regulate fatty acid oxidation [92]. PPARα activity
is reduced in aged mice (alongside increased mTORC1 activity), but the inhibition of mTORC1 is
sufficient to prevent the loss of PPARα activity [93]. The autophagic recycling of lipid droplets for
degradation (lipophagy) is suppressed by mTORC1 signalling. Furthermore, decreased lipolysis and
triacylglycerol accumulation are observed following the knockdown of 4EBP1 and 4EBP2, suggesting
a role for mTORC1 signalling in lipolysis [94].

Senescent cells exhibit dysregulated lipid metabolism, characterized by increased uptake and
accumulation of lipids, with coincident increase in oxidative damage to lipids. Notably, the addition of
specific lipids such as triglycerides and cholesterol to delipidized media can induce senescence in vitro.
This finding suggests altered lipid metabolism as a possible driver of senescence [95], potentially
through adding to the ROS burden via β-oxidation of fats, and through lipid peroxidation producing
aldehyde end-products, which can cause DNA and protein adducts [95]. Treatment with mTOR
inhibitors in vitro has been shown to reduce lipid droplet accumulation in senescent cells [33].

1.4. Rapamycin and Other mTOR Inhibitors

Rapamycin is the natural macrolide antibiotic lactone that is produced by Streptomyces hygroscopius,
discovered in soil samples from Easter Island, and initially noted for inhibiting the proliferation of
yeast [96]. At high doses (e.g., 5 mg/day), rapamycin has immunosuppressive effects and it is
FDA-approved for prevention of transplant rejection [97]. It is also in clinical use or in trials for a large
number of cancers where mTORC signalling appears to be a key factor in promoting and/or sustaining
oncogenic transformation (see Section 2.8 below). Reported side-effects of chronic administration
include ulceration of mucosal tissues, haematological abnormalities, induction of insulin insensitivity,
obesity, and diabetes, though these adverse effects may be largely dose-dependent.

As discovered through S. cerevisiae genetic screens [98], rapamycin mechanistically acts by binding
the protein FKBP12, producing a complex that can bind the FRB region of mTOR and partially
occlude the active site of mTOR kinase in the mTORC1 complex [99]. This induces cellular effects,
including a decrease in protein synthesis, increase in autophagy, and inhibition of cellular growth [100].
Rapamycin does not inhibit the phosphorylation of all mTORC1 substrates equally—it completely
inhibits S6K1 phosphorylation, while only partially blocking 4EBP1 phosphorylation [45]. A crystal
structure of mTOR, rapamycin, and FKBP12 [101] suggests that this may be due to differential substrate
access to the kinase active site, controlled by the mTOR FRB domain, though differential substrate
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quality (i.e., degree of divergence from the consensus sequence of the phosphorylation site) could also
be important.

Structural and functional analogues of rapamycin (known as rapalogues) that also act
by allosterically modulating the enzyme have been developed to improve bioavailability and
pharmacokinetics, including drugs such as everolimus (RAD001). These agents also act by recruiting
the immunophilin/prolyly isomerase FKBP12 to mTORC1.

By contrast to mTORC1, mTORC2 is not particularly sensitive to inhibition by rapamycin or
rapalogues, though chronic administration does impact mTORC2 signalling [102], either through
feedback via the insulin signalling pathway, and/or through competition for key subunits FKBP12,
51 and 52, which may set different thresholds for rapamycin sensitivity between the two complexes [18].
In human cells in culture, the ‘chronic’ effect on mTORC2 is observed as little as 24 h after
drug treatment, though metabolic effects in animals and human patients require more prolonged
treatment (over weeks or months). mTORC2 inhibition is implicated in impaired glucose homeostasis,
insulin insensitivity, and diabetes, though studies on worms with tissue-specific RNAi have suggested
that it is loss of mTORC2 activity, specifically in the intestine that results in the dysregulation of
glucose metabolism [31]. It is important to note that such studies often rely on phosphorylation
of mTORC2 target Akt on S473 as a readout of mTORC2 activity, but this site on Akt may also be
targeted by kinases IKKε, TBK1 [103], and DNA-PK [104], potentially skewing the interpretation of
mTORC2-specific effects.

Second-generation mTOR inhibitors have been developed, primarily as anti-cancer agents to target
the hyperactive mTOR observed in many cancers [105]. These drugs compete with ATP for the active site
of the mTOR kinase, and hence are effective in inhibiting both mTORC1 and mTORC2. Some agents have
extremely high specificity and selectivity for the mTORC kinase. For example, AZD8055 has 1000-fold
greater inhibitory effect on mTORC than on other PI3 kinases [106], whereas others (e.g., BEZ235) have
dual inhibitory effects on both mTORC and PI3K [107], with a 3–5 fold higher Kd for damage response
kinase ATR [108]. While these ATP-competitive inhibitors exhibit more potent apoptotic effects in vitro
compared with rapalogues, and a number of such agents have been tested in clinical trials for safety,
larger scale trials have not yet demonstrated greater efficacy than current best treatment regimens [105].
Therefore, drugs such as AZD8055, AZD2014, and WYE354 have not yet received FDA approval.
The differential specificities of rapalogues and second generation mTORC inhibitors have proven
useful in primary research to dissect the effect in senescence of mTORC1 inhibition (rapalogues) versus
dual mTORC1/2 inhibition (competitive ATP mimetics) [34]. The major classes of mTOR inhibitors
and other pathway modulators are listed in Table 3.

Table 3. Classes of mTOR pathway modulators with examples of each class.

Drug Class Mode of Action Drug Name Ki or IC50 Status

mTORC1 inhibitor

Binds FKBP12 which
then associates with
mTORC1 and partially
occludes kinase active
site; mTORC2 inhibited
on chronic treatment
(possibly through
feedback loops)

Rapamycin (sirolimus) mTORC1 IC50 0.1 nM
(in HEK293 cells)

FDA-approved for cancer and as
immunosuppressant to prevent
rejection in renal transplant; eluting
stents in cardiovascular disease
Delays senescence in cell culture [109];
extends lifespan and health in lab
animals and improves cardiovascular
health in companion dogs (see text)

Everolimus (RAD001)
mTORC1 IC50
1.6–2.4 nM
(cell-free assay)

FDA-approved for cancer (e.g.,
monotherapy against advanced renal
cell carcinoma, neuroendocrine
tumours of pancreatic, gastrointestinal
or lung origin, and SEGA associated
with TSC, and as combination therapy
with exemestane for HER2-negative
breast cancer).
Clinical trials show immune system
rejuvenation [110,111]

Temsirolimus;
(CCI-779, NSC 683864)

IC50 0.3–0.5 nM in
cell culture

FDA approved, used at 10 mg/kg/day
in acute lymphocytic leukaemia
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Table 3. Cont.

Drug Class Mode of Action Drug Name Ki or IC50 Status

Pan-mTOR
inhibitor (inhibits
both mTORC1
and mTORC2)

ATP-competitive
mTORC1/2 inhibitor

AZD8055

mTOR IC50 0.8 nM
(MDA-MB-468 cells);
1000-fold selectivity
against PI3K isoforms
and ATM/DNA-PK

Acceptable safety profile for treatment
of advanced solid tumours and
lymphoma in phase I trial [112];
reverses phenotypes of senescence in
cell culture [34]

Sapanisertib
(AK-228, INK 128,
MLN0128)

mTORC1 and mTORC2
1 nM (PI3K isoforms
~200 nM)

Phase 1 trials (cancer)

OSI-027
22 nM mTORC1, 65 nM
mTORC2 (>100×
selectivity over PI3K)

Phase 1 trials; in experimental
colorectal xenograft, OSI-027 (65
mg/kg) more effective than rapamycin
[113], reviewed [114]

mTORC2-specific
inhibitor

Prevents interaction of
Rictor with mTOR hence
blocking mTORC2

JR-AB2 Experimental, xenograft tumour
models [115]

Dual PI3K and
mTOR inhibitor

ATP-competitive
dual PI3K and
mTORC1/2 inhibitor

Apitolisib
(GDC-0980, RG7422)

Dual PI3K/mTOR
5–14 nM Ki, 17 nM
mTOR

Phase 2 trials (cancer)

Dactolisib
(NVP-BEZ235, BEZ235)

mTOR IC50 6 nM,
PI3K p110α/γ/δ IC50
4/5/7 nM respectively;
IC50 ATR 21 nM
(cell-free assays)

Passed phase I initial dose discovery
trial [116]; modest efficacy in advanced
or metastatic carcinoma in phase II
[117] but poorly tolerated in advanced
pancreatic neuroendocrine tumour
patient phase II study [118]; beneficial
outcomes in trial with everolimus for
reversal of immune senescence [110]

PF-04691502

PI3K(α/β/δ/γ)/mTOR
dual inhibitor with Ki of
1.8/2.1/1.6/1.9 and
16 nM (respectively)

Phase 1 clinical trials

PI3K, DNAPK and
mTOR

ATP binding site
competitor PI-103 PI3K 2–15 nM, mTOR

and DNAPK 30 nM Experimental [119]

Other components of
signalling pathway

PI3K and BRD
bromodomain proteins SF2523

DNAPK 9, 34–158 nM;
BRD4 241 nM, mTOR
280 nM

Blocks Brd4; blocks Brd2 to overcome
insulin resistance—may be useful as
adjunct to prevent diabetic
complications of mTOR inhibitors [120]

Highly selective
GSK3 inhibitor;
ATP binding competitor

CHIR-98014 GSK3α 0.65 nM
GSK3β 0.58 nM Experimental [121,122]

mTOR activator FKBP1A 3BDO N/A

Experimental; inhibits autophagy;
provides vascular protection [123];
improves neuronal function in App and
Psen1 transgenic mice [124]

IC50 and Ki data derived from [125].

2. Ageing and Age-Related Pathologies Amenable to Treatment by mTOR Inhibition

2.1. Ageing

A landmark study from 2009 in which rapamycin was fed to middle aged mice provided the
first evidence that any small molecule drug, taken orally, could significantly extend both the mean
and maximum lifespan in mammals [126]. In this multi-centre, large cohort study of genetically
heterogeneous (UM-HET3) mice, rapamycin delayed the ageing of 20-month old male and female
mice. Further studies have not only validated these results, but have demonstrated that rapamycin
improves health, in terms of lower incidence or decreased severity of age-related disease, as well as
prolonging life [127]. Below, we assess the impact of mTOR inhibition on a number of age-associated
diseases and pathologies, collating findings from model systems and human clinical trials.

2.2. Immunosenescence

The immune system undergoes a functional decline with age that both contributes to organismal
ageing through decreased senescent cell clearance, and also compromises its ability to fight infection.
The term immunosenescence is specifically associated with a decline in the haematopoietic stem
cell proliferation compartment, a higher proportion of exhausted, PD-1+ lymphocytes, an inverted
CD4/CD8 ratio (<1), a low number of B cells, and seropositivity for cytomegalovirus (CMV) [128].
Age is associated with a high mortality rate from infectious disease, thought to be a direct consequence
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of loss of immune function. Activation of autophagy has been shown to rejuvenate the immune system
in mice [58]; since mTOR activity inhibits autophagy, it follows that mild inhibition of mTOR could be
beneficial for immune function with increasing age. Deriving an appropriate dose is critical, as at high
doses rapamycin is immunosuppressive, blocking both the protein synthesis and cell division that are
required to mount an adaptive immune response.

In mouse models, increased immune activity against both viral and bacterial pathogens has been
observed on mild mTOR inhibition [129], suggesting that it is possible to improve at least some aspects
of the ageing immune system with low dose mTOR inhibitors. Furthermore, a placebo-controlled,
randomized, double-blind human clinical trial of over 200 elderly volunteers has shown similar
results [110]. Volunteers were assigned to one of three regimes of the mTORC1 inhibitor RAD001
(everolimus—low: 0.5 mg daily or 5 mg weekly; high: 20 mg weekly) for a six-week period, followed
by a two-week drug-free interval. These volunteers were then challenged with the seasonal influenza
vaccine. Though the relatively small size of the study impeded powerful statistical analysis, the two
low-dose RAD001 regimens improved immune function without causing serious side effects. Patients
produced a broader and more powerful immune response, with improved HSC function and a
decreased proportion of PD-1+ lymphocytes. The increased breadth of the immune response was
particularly promising; older individuals are more likely to die from influenza than younger people,
but they generally produce a narrow, weak response to vaccination. Despite the lack of a young
control population in the study, the improved response is thought to correspond to a rejuvenated
immune system. In a subsequent follow-up study using combined BEZ235 and RAD001 treatment,
again for just six weeks, better infection control was reported in older adults for a year after treatment
ended [111]. Given the important role of the immune system in cancer surveillance and senescent cell
clearance, it would be very interesting to test whether such a rejuvenated immune system is better
equipped to clear senescent or tumorigenic cells in vivo.

2.3. Age-Related Neurodegeneration

mTOR hyperactivation is associated with cognitive deficit and brain dysfunction, as seen in
Tuberous Sclerosis (TS), where the loss of TSC1/2 prevents negative regulation of mTOR. Hence,
mTOR inhibition is being trialled for TS treatment, with beneficial results being reported (reviewed
in [130]). Lifelong rapamycin administration to mice prevents the usual age-related decline in cognitive
function, thought to be through suppression of IL1β [131]. Neurodegenerative diseases that are
characterized by accumulation of abnormal protein aggregates (Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease) are further candidates for treatment with mTOR inhibitors.
Not only does mTORC1 exert tight control over protein synthesis and degradation (autophagy)
through 4EBP1/S6K, ULK1, and SCF/FBW8, but the mTOR pathway is involved in regulating the
inflammatory responses that are known to be involved in the progression of neurodegeneration;
it may also contribute to an energetic deficiency observed in such diseases. Conversely, however,
the mTOR pathway has been proposed to regulate synaptic plasticity and memory consolidation,
through the control of actin reorganization by mTORC2 [132], and neuronal Rictor knock-out mice
do indeed show cognitive effects due to alterations in actin reorganisation needed for dendritic spine
growth and formation of memories [133]. However, human trial data suggest that pharmacological
inhibition, which is not equivalent to total loss of mTORC2, is if anything supportive of brain function
since patients taking everolimus for immunosuppression after heart transplantation actually showed
improvements in memory and concentration in comparison to those on calcineurin inhibitors [134].

2.3.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease, which is characterized
by accumulation of aggregated extracellular amyloid β (Aβ) plaques and intracellular neurofibrillary
tangles composed of tau protein. Neuronal loss and brain atrophy worsen with disease progression.
mTOR signalling has been implicated in AD pathogenesis: evidence from human post-mortem exams
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suggests that mTOR activity is upregulated in AD brains compared to age-matched controls, as levels
of phosphorylated mTOR, p70S6K and eIF4E are all increased in AD [135]. This upregulation of mTOR
signalling could be mediated via Aβ accumulation, which may activate the PI3K/AKT pathway,
and in turn, increased mTOR signalling has been linked to the development of tau pathology [136].
Aβ upregulates mTOR and mTOR is thought to increase levels of Aβ (reviewed in [137]), potentially
generating a positive feedback loop in disease progression.

Rapamycin has been shown to prevent cognitive decline in the AD-Tg mouse model of
Alzheimer’s disease [138–140], and even to reverse already established memory deficits [141],
though these effects were limited to mild cognitive decline before widespread plaques and tangles
were observable. Improvements in memory and cognition with rapamycin or tersolimus treatment
correlated with improvements in the three major hallmarks of AD (Aβ plaques, tau tangles,
and microglia activation) [139–141]. A genetic mouse model lacking one mTOR gene copy in the
brain exhibited reduced Aβ deposits and rescued memory deficits [142], hence reduced mTOR
activity associates with cognitive improvement. It is likely that treatment must happen prior to
major amyloid or tau deposition, as cognitive improvements are seen in mice on whole-life but not
late-life administration of rapamycin—i.e., a therapeutic window exists, though it is not yet known
what constitutes the point of no return.

Though the mechanism of improvement is still unclear, it is possible that decreased protein
synthesis may avoid the build-up of toxic Aβ, or that the induction of autophagy through mTORC1
inhibition may result in the removal of protein aggregates. Healthy neurons have highly efficient
and active autophagy, but this decreases with age (reviewed in [143]). In the mouse models where
rapamycin was shown to decrease levels of Aβ, autophagy induction was necessary [138]. Further,
in rapamycin-treated AD-Tg mice brains, increased localization of Aβ into lysosomes was detected,
suggesting a more active degradation of these peptides [138], and the decrease in Aβ levels induced by
rapamycin could be prevented by blocking autophagy. Hence, mTOR inhibition leading to increased
autophagy may be beneficial in treating neuropathies that are associated with protein aggregation.
Other components of the mTOR signalling cascade are also implicated in neurodegeneration, including
GSK3, overactivity of which results in decreased lysosomal acidification. Hence, GSK3 inhibitors
(such as peptide L803-mts) present a novel alternative to mTORC inhibition in AD, and appear to be
active in the 5xFAD mouse model of AD [144].

2.3.2. Huntington’s Disease

Huntington’s disease (HD) is a neurodegenerative disorder where a genetic mutation causes
an expansion of the polyglutamine tract within the Huntingtin protein (HTT), resulting in protein
aggregation. As mTORC1 signalling suppresses autophagy, which is responsible for recycling protein
aggregates, it has been implicated in HD pathology. Counter-intuitively, however, mTORC1 activation
may actually be beneficial: in HD mouse models with increased mTOR activity, motor performance
was improved relative to controls, coincident with improved mitochondrial function, cholesterol
synthesis, and decreased HTT abundance. Further, phosphorylation of S6 was actually decreased in
human HD patients as compared to controls, further suggesting a complicated association between
mTOR signalling and HD [145].

2.3.3. Parkinson’s Disease

Parkinson’s disease (PD) is a progressive age-associated neurodegenerative disorder associated
with the death of neurons in the substatia nigra. It manifests as loss of motor coordination,
often associated with mood disturbance and in many cases followed by dementia. Current treatment
is symptomatic, using L-DOPA to reinforce failing dopaminergic signalling. Though a number of
genes are associated with PD, there is little overall understanding of the etiology, but lysosomal
dysfunction (allowing for a build-up of intracellular α-synuclein as Lewy bodies) is implicated.
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Failure of mitophagy, through defects in PINK1/Parkin, may also be important, and defective
mitochondria are observed in PD [146].

mTORC1 has been suggested to be neuroprotective in PD, and consistent with this, suppression
of mTORC1 signalling by several routes (AMPK, PTEN, or REDD1 activation, or rotenone treatment)
results in neuronal cell death in models of PD [147,148]. Moreover, L-DOPA, the current symptomatic
treatment of PD, activates mTORC1, supporting the idea that mTORC1 activity is beneficial. However,
the opposite has also been reported: elevated mTORC signalling (by deletion of the gene Engrailed,
or exposure to paraquat) leads to neuronal apoptosis, suggesting that a balance of mTORC activity is
required for neuronal health.

To achieve this balance, mTORC inhibition is being explored as a possible treatment route for PD.
Rapamycin has been shown to overcome dyskinesia in mice, which is a major side effect of treatment
with L-DOPA, without interfering with the therapeutic effects of L-DOPA [149], while a number of
other studies have also demonstrated benefits of rapamycin use in PD (reviewed in [150]). As in
AD, other mTOR pathway factors, such as GSK3, might present therapeutic targets, particularly as
lysosomal function appears important. It will be interesting to determine if mTORC inhibition promotes
autophagic clearance of aggregated α-synuclein and/or dysfunctional mitochondria, and whether this
is enhanced by co-treatment with GSK3-inhibiting peptides. However, it has been argued that specific
pro-autophagic interventions may provide an even better therapeutic outcomes than global autophagy
stimulation [151].

2.4. Age-Related Blindness: AMD

Age-related macular degeneration (AMD) is the most common cause of blindness in the Western
world, whereby retinal damage leads to loss of vision in the centre of the visual field (macula).
In senescence-accelerated OXYS rats, rapamycin administration in food decreased the incidence
and severity of AMD-like retinopathy and prevented the destruction of ganglionar neurons in the
retina [152]. These promising results accelerated rapamycin as an AMD therapeutic through to clinical
trials, however conflicting results have since been produced, potentially because of dosing issues.
For example, one small phase II clinical trial administered 440 μg rapamycin to one eye every three
months for 24 months to eleven patients with an advanced form of dry AMD, but it was terminated
early after finding that treatment may be detrimental to visual acuity [153]. High dose rapamycin
is known to elicit unwanted side effects, so it is unfortunate that such high dosage trials have been
designed and conducted, with negative outcomes, as they are likely to reinforce clinical prejudice
against use of mTOR inhibitors for non-life-threatening illness. Full dose-response trials to obtain
maximal benefit with minimal side effects are still needed, particularly as AMD treatment options are
limited and pharmacological therapies should provide a cheaper and more accessible option to the
successful stem cell treatments recently reported [154].

2.5. Musculoskeletal Disorders

2.5.1. Sarcopenia and Muscle Wasting

Structural and functional remodelling of skeletal muscle throughout ageing causes sarcopenia,
a muscle-wasting syndrome that results in frailty. Muscle loss is consistently observed in
premature ageing syndromes and associated with mTOR signalling. For example, muscle-derived
stem/progenitor cells (MDSPCs) from the premature ageing Ercc1−/Δ mouse show upregulated
mTOR signalling and are defective in differentiation. Treatment with rapamycin improved myogenic
differentiation, with increased levels of autophagy being detected in the isolated cells [155].
Hutchinson-Gilford progeria syndrome (HGPS), which is a human early onset premature ageing
syndrome, is also associated with musculoskeletal abnormalities. HGPS results from a splice site
mutation in the lamin A (LMNA) gene, leading to the production of an aberrant lamin protein termed
progerin, though even in normal individuals, progerin accumulates during ageing, and is associated
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with vascular pathology. Rapamycin treatment can induce autophagy and reduce phenotypes of
senescence induced by progerin in cell culture models of HGPS [156]. Based on such studies,
everolimus has now been included in a clinical trial for 17 children with HGPS [157].

The muscle loss in premature ageing HGPS is highly similar to that seen in various other
laminopathies, including Emery-Dreifuss muscular dystrophy, Limb-girdle muscular dystrophy, and
dilated cardiomyopathy. mTORC1 is implicated in these LMNA-related dystrophies: both LmnaH222P/H222P

and Lmna−/− mice show aberrant mTORC1 signalling [158]; Lmna−/− mice specifically showed increased
mTORC1 signalling in cardiac and skeletal muscle, with impaired cardiac autophagy, while rapamycin
treatment enhanced cardiac and skeletal muscle function and survival in the mutant mice [159].

Targeting mTORC1 signalling is the only therapeutic avenue yet explored for laminopathies that
has promise against both dystrophic and progeroid laminopathies [160], but it has yet to be tested in
sarcopenia. However, as a note of caution, patients taking rapamycin for more than six months for
the treatment of renal cell carcinoma or paracrine neuroendocrine tumours demonstrated an increase
in sarcopenia [161], a worrying finding as sarcopenia is predictive of outcomes in cancer patients.
Longitudinal rapamycin studies in healthy subjects, such as those that are ongoing in companion
dogs [162], are needed to inform on whether low dose mTOR inhibition may be able to delay or even
prevent the onset of sarcopenia.

2.5.2. Osteoporosis

Osteoporosis is a common ARD that is characterized by loss of bone density, causing fragility.
Falls, as a consequence of co-morbid sarcopenia and age-associated changes to vision and balance
perception, often result in hip fractures, and a high number of elderly fracture patients die within six
months of pneumonia (exacerbated by co-morbid immunosenescence) [163,164]. Increased activity of
osteoclasts, which mediate bone resorption, together with decreased osteoblast activity, is frequently
seen in multiple forms of bone loss (osteoporosis, rheumatoid arthritis, and cancer-induced bone
loss). mTOR signalling regulates osteoclast differentiation by altering ratios of the LIP/LAP isoforms
of transcription factor C/EBPβ [165], which enhances osteoclastogenesis. In mouse models and
human cells, inhibition of mTORC1 signalling lowers the activity of the translation initiation factor
eIF4E, in turn diminishing expression of the LIP isoform by inhibiting translation re-initiation.
This increases the LAP to LIP ratio and inhibits osteoclastogenesis, hence rapamycin treatment limits
bone resorption [166,167]. Furthermore, the mTORC1 inhibitor everolimus inhibits bone loss in an
experimental rat model of osteoporosis induced by ovariectomy [168].

2.5.3. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by inflammation in
joints. Highly effective treatments for RA include methotrexate and infliximab, but these have limited
utility in elderly patients because of underlying renal insufficiency; factors such as transport/mobility
difficulties also limit attendance at treatment centres for regular antibody infusion. Hence, a safer
therapy is required in this patient cohort, which may be provided by mTOR inhibitors. Active mTOR
signalling has been detected in synovial tissue from RA patients, and is crucial for joint destruction
in experimental arthritis [169]. Such results appear to be relevant to human joints: in a recent
proof-of-concept study (a multi-centre, randomized, double-blind study of 121 patients with RA), 6 mg
everolimus daily for six months, in combination with methotrexate, showed improved clinical efficacy
when compared with methotrexate alone, as well as causing few side effects [170].

Osteoarthritis (OA) is another ARD also characterized by joint inflammation but is thought to
be caused by mechanical stress. Senescent cells have been detected in OA joints (Clinicaltrials.gov
identifier NCT03100799), and SASP secretion of collagenase and other metalloproteases is likely
to impact significantly on joint integrity. Hence, mTOR inhibition could also be beneficial in OA,
by targeting constitutively active mTOR in senescent cells. Intraperitoneal administration of rapamycin
reduced cartilage destruction and synovitis in experimentally-induced osteoarthritis in mice [171];
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this may occur at least in part through increased ULK1-mediated autophagy and through the
suppression of MMP secretion by chondrocytes (reviewed in [172]). OA presents an ideal opportunity
for intervention as intra-articular drug administration should avoid potential side-effects associated
with systemic mTORC inhibitor treatment.

2.5.4. Diabetic Bone Fragility

Increased bone fragility is also seen in Type 1 and Type 2 diabetes mellitus (T1DM and T2DM),
with increased cortical porosity and decreased cortical area in T2DM. Unlike other age-related bone
pathologies, such as osteoporosis, diabetic bone fragility is not associated with decreased bone mineral
density, nor does it impact on the balance between bone formation and bone resorption, but instead
both bone remodelling and turnover are compromised (reviewed in [173]). This appears to arise
from a combination of factors, including alterations in stem cell differentiation, glycation of collagen
leading to decreased bone toughness [174], calcification of vascular smooth muscle cells though a
RAGE-mediated MAPK-TGFβ-NFκB axis that increases fracture risk (at least in T1DM) through
defective bone microvasculature [175], and deficits in muscle-dependent production of IL-6 on exercise
that usually allow for bone to adapt to mechanical loading [176]. The decrease in bone turnover is
likely to diminish capacity for microfracture repair, leading to a higher incidence of overt fractures.
Notably, it has been suggested that the anti-diabetic drug metformin is protective of bone in diabetes
by inhibiting adipogenesis that would otherwise be driven by mTOR/S6K signalling [177] and by
lowering RAGE signalling [178]. Hence, metformin may support bone strength by acting as an mTOR
pathway inhibitor, albeit indirectly.

2.6. Cardiovascular Disease

Cardiovascular disease is the leading cause of death in developed nations and its incidence
increases with age. A number of studies have shown beneficial effects of rapamycin on cardiovascular
disease in mice: for example, rapamycin has been shown to attenuate pressure overload-induced
cardiac hypertrophy [179], to regress established cardiac hypertrophy and improve cardiac
function [180], and to suppress experimental aortic aneurysm growth [181]. Recent studies have
elaborated on this research. In female 24 month-old C57BL/6J mice fed rapamycin for three months,
the greatest benefit measured was in cardiac health, with reversal or attenuation of age-related
cardiac decline. Specifically, rapamycin appeared to slow or reverse the progression of age-related
hypertrophy, and ventricular function of the ageing heart was also improved [182]. Through
RNA-seq analysis, validated at the protein level and with bioinformatics analysis, it appeared that
rapamycin reduced age-related sterile inflammation in the heart, while promoting the expression
of RAD (Ras associated with diabetes), which mediates anti-hypertrophic signalling and enhances
cardiomyocyte excitation-contraction coupling [183]. Caloric restriction and rapamycin treatment
(both for 10 weeks) were also shown to rejuvenate the ageing mouse heart [184], with quantitative
comparative proteomics revealing an age-dependent decrease in proteins that are involved in
mitochondrial function, together with an increase in glycolytic enzymes, which could be reversed
by either CR or rapamycin treatment. Improvements in mitochondrial function were implicated
in the mechanism, as the mitochondrial proteome was rejuvenated [184], which is consistent with
the known action of mTORC1 in mitochondrial biogenesis, and the contribution of mitochondrial
accumulation to senescence. Hence, rapamycin could act both to suppress excessive mitochondrial
biogenesis and to activate mitophagy. The authors did not observe any increase in autophagy by
rapamycin or CR; instead, they observed a reduction in protein oxidative damage, alongside reduced
protein turnover. Better preserved protein quality and slower turnover following CR or rapamycin
treatment may therefore re-balance the oxidative phosphorylation to glycolysis shift usually seen in
aged mice, though the impact of either treatment on cardiomyocyte senescence has not been analysed.
It is of note that improved cardiovascular function was also the most marked outcome of the first year
of a trial feeding rapamycin to companion dogs [162], thus reinforcing the potential for rapamycin to
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treat cardiovascular disease. It is possible that the mechanism here is through induction of autophagy
by ULK1 upregulation on mTORC inhibition, as cardiac fibrosis is also decreased in older mice on the
activation of autophagy by disrupting the Beclin 1-Bcl2 interaction [55]—alternatively or in addition,
decreased inflammation by suppression of the SASP is also a potential mechanism.

mTOR inhibitors are also promising treatments for myocardial ischaemia/reperfusion (I/R) injury,
for which diabetic patients are at especially severe risk. While the dosage and timing of administration
may be critical for beneficial effects, rapamycin treatment has been shown to reduce infarct size after
I/R injury in diabetic mice, through facilitating opening of mitochondrial ATP-sensitive potassium
channels [185] with the effect also being dependent on STAT3 (signal transducer and activator of
transcription 3) [186,187]. Improvements in oxidative stress, cytoskeleton organization, and glucose
metabolism on rapamycin treatment have also been implicated in the mechanism [188].

Furthermore, rapamycin-eluting stents are now in widespread clinical use in coronary angioplasty
to treat cardiovascular disease, after being approved in Europe in 2002 on the basis of very promising
clinical trial results [189]. In this context, rapamycin may benefit coronary function by restricting cell
proliferation and thus preventing fibrosis that could block the artery; everolimus is now also in clinical
trials for this use. To date, therefore, mTOR inhibition appears to be a safe and effective intervention to
improve cardiovascular function during ageing.

2.7. Kidney Disease

2.7.1. Adult Polycystic Kidney Disease

Age-related incontinence is a common cause of depression and isolation in the elderly. A possible
heritable disease model for this condition, adult polycystic kidney disease, which is also known
as autosomal-dominant polycystic kidney disease (ADPKD), is the most common heritable kidney
disorder, with a prevalence of between 1/400 and 1/1000. Mutations in two genes are responsible
for the condition: PKD1 (85% of cases—severe, early onset) and PKD2. PKD1 codes for polycystin-1,
a membrane receptor protein, while PKD2 codes for polycystin-2, a Ca2+-permeable channel that binds
PKD1. Polycystins are involved in maintaining a differentiated epithelium in the kidney, liver and
pancreas, but when mutated, excessive epithelial proliferation results in renal cysts. Mechanistically,
they play a role in signalling—there are direct physical interactions between the cytoplasmic tail of
polycystin-1 and tuberin, the product of the TSC2 gene, which regulates mTOR [190]. As mTOR
signalling is therefore regulated by polycystin-1, and mTOR signalling is increased in murine models
and in human ADPKD, mTOR activation may contribute to renal cyst expansion through excessive
tubular epithelial cell proliferation. Hence, mTOR inhibition may be beneficial, and rapamycin has
been shown to decrease proliferation in cystic and non-cystic tubules, to inhibit renal enlargement and
to prevent the loss of kidney function in the Han:SPRD rat model of ADPKD [191–193]. While this
model results from mutations in genes other than PKD1 and PKD2, rapamycin treatment was also
effective in a more human-orthologous mouse model of conditional inactivation of PKD1 [194]. Still,
both models exhibit early-onset, rapidly progressive disease, whereas human ADPKD is characterized
by complex, slow, and heterogeneous progression. Therefore, retrospective analyses of human ADPKD
patients after renal transplantations have been very informative. Using MRI-determined increases in
kidney volume as a marker of disease progression, rapamycin-based regimens showed significantly
reduced cystic kidney volumes when compared to alternative treatments [190,195,196]. Clinical trials
using rapamycin to treat ADPKD have however produced varied results [197–199], though they may
have been impeded by small sample size, reliance on poor markers of clinical progression, short follow
up time for such a slow-progressing disease, and insufficient rapamycin doses [200].

2.7.2. Diabetic Nephropathy

High doses of rapamycin used for immunosuppression in renal transplantation and cancer are
associated with type II diabetes [30]. However, there is some evidence that low doses of rapamycin
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may have therapeutic benefit in the treatment of diabetic nephropathy (DN), which is one of the major
complications of both type I and II diabetes [201] that currently has very limited treatment options.

In diabetes, hyperglycaemia increases mTOR activity through activation of Akt and inhibition
of AMPK, which has consequences for the development of podocytes, critical in production of the
renal filtration barrier. Experimentally increasing mTORC1 activity in mouse podocytes induces DN
phenotypes, podocyte loss, and mis-localization of Nephrin, a cell surface protein that is important
in production of the renal filtration barrier [202], while reduced mTORC1 activity prevents DN
progression [202]. Rapamycin and everolimus treatment has also shown therapeutic benefit for DN in
other models, including rats with STZ-induced diabetes [203–207]. Some caution is required, however,
as mTORC1 activity appears to protect diabetic livers from steatosis [208], though active mTORC2
promotes steatosis through induction of fatty acid and lipid synthesis [209], hence any treatment with
mTORC inhibitors in diabetic patients must include close monitoring of a number of biomarkers for
liver and kidney function as well as glucose homeostasis.

2.8. Age-Related Cancer

Consistent with its role as a central regulator of cell growth, proliferation, and angiogenesis,
many oncogenic mutations activate mTOR signalling [210], meaning that the pathway is a key target
in anti-cancer therapy. Elderly patients are particularly vulnerable to tumorigenesis; their inflamed
tissue microenvironment and the paracrine pro-tumorigenic signalling in the SASP of accumulating
senescent cells can drive progression of age-related cancer. In parallel, DNA-damaging chemotherapies
given to cancer patients of any age can induce senescence (and the resulting SASP) in both cancerous
and healthy collateral cells. This is thought to underlie the increased occurrence of secondary tumours
as a side effect of chemotherapy [11,211,212]. Since the SASP is under the control of the mTOR
pathway, treating senescent cells with mTOR inhibitors can suppress the secretion of inflammatory
cytokines [74,75]. Notably, rapamycin treatment can prevent the stimulation of prostate tumour
growth by senescent fibroblasts in mice [74]. Thus, rapamycin may be useful not only as an anti-cancer
treatment but also as a preventative therapeutic against age-related cancers or those arising after
genotoxic chemo- or radio-therapy.

Despite promising early findings, mTOR inhibitors have not fulfilled their potential as
monotherapies against cancer. Combination regimens of mTOR inhibitors together with current
best-in class chemotherapeutics do however show efficacy against a range of cancers. For example,
combination treatment with rapamycin and resveratrol may be effective in inducing cell death in
bladder cancer cells [213], with resveratrol blocking the Akt activation as induced by rapamycin.
Similarly, rapamycin has been shown to enhance mitomycin C-induced apoptosis in peritoneal
carcinomatosis [214]. In combination with anti-cancer agents, such as trastuzumab or exemestane,
mTOR inhibitors exhibit promising anti-tumour activity, even against aromatase inhibitor-resistant
breast tumours [215]. Rapamycin may also be beneficial in combination with radiotherapy treatment,
for example inducing a significant decrease in tumour metabolic activity of rectal cancers before
surgical resection, as assessed by positron emission tomography (PET)-scanning [216].

Currently (June 2018), 461 clinical trials are listed on Clinicaltrials.gov involving the use of mTOR
inhibitors in cancer, in a range of tissue types, including breast, cervix, prostate, ovary, pancreas, lung and
colon carcinomas, various sarcomas, and lymphomas, while PubMed lists 601 publications for the search
terms “mTOR inhibitor cancer clinical trial”. The reported outcomes are highly variable, with some
suggesting markedly better outcomes (e.g., Hodgkin’s lymphoma on mTOR inhibition [217,218]),
while others showed no improvement or even faster disease progression. It is likely that the variability
represents both the stage and grade of cancer, and mTOR status, which should be assessed by
‘personalised medicine’ prior to the use of mTOR inhibitors in cancer treatment, as not all will be
driven by hyperactive mTOR, and even those that are may not be sensitive to rapalogue inhibition
(e.g., if mutated in the FKBP12 binding site). For those tumours with activated drug-sensitive mTOR,
however, mTOR inhibition can give remarkably good outcomes; with the complete response to therapy
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being reported in one patient during a Phase I trial of everolimus in combination with pazopanib [219].
Use of specific mTORC2 inhibitors has been suggested as route to overcoming the pro-survival effect
of PI3K/PDK1/Akt feedback loops [220], though pan-mTOR inhibitors may be equally valuable in
this context. The choice to test any drug in aggressive and treatment-refractory or relapsing tumours
would present significant challenges, as the cancers by this stage will be genetically heterogeneous
and hard to treat; the use of mTOR inhibitors in many such late-stage/refractory cancer trials may
therefore not reveal their true potential. It is possible that earlier intervention with mTOR inhibitors,
and in combination therapies, may provide more reliable anti-cancer activity. However, a major goal
would instead be prevention. In this context, mTOR inhibitors used to intervene in other age-related
disease may, in fact, serve a preventative role in cancer, possibly by blocking the deleterious SASP.

3. Perspectives

3.1. Balancing Efficacy Against Side Effects

Treating otherwise healthy ageing individuals with mTOR inhibitors to treat or prevent
progression of age-related disease is only viable if the treatment does not induce unacceptable or
undesirable side effects. The studies of immunosenescence from Mannick et al. [110,111] may provide
critical insights into side effect profiles of low-dose mTOR inhibition in ageing humans. These studies
showed that everolimus and BEZ235 were generally well tolerated, although with an increased
incidence of mouth ulceration. Particularly promising is the finding that the two lowest dose regimens
of everolimus (0.5 mg daily or 5 mg weekly [111]) proved both the most effective and the best tolerated,
with the fewest overall adverse events per cohort. Hence, using as low dose as possible whilst retaining
efficacy is critical in minimising side effects.

High dose rapamycin (~20 ng/mL blood) that is used for immunosuppression after transplant
or cancer treatment is associated with deleterious side effects, such as the development of type II
diabetes [30], though evidence from experimental models produces conflicting results. For example,
two short-term studies in mice found that chronic rapamycin treatment induced deleterious metabolic
side effects such as weight gain, glucose intolerance [221], and progression of type II diabetes [222],
while a longer study showed that these effects could be transient [182]. The dose of rapamycin used
may be of critical importance in determining the side effect profile; far lower doses are required for
anti-ageing effects than for cancer treatment or immunosuppression and as doses decrease, so do
serious adverse events. Disruption of mTORC2 may be behind the metabolic side effects of rapamycin
treatment, since it is widely considered that mTORC2 primarily drives the response to insulin signalling
and causes lipid biosynthesis (though note the caveats above concerning AktS473 phosphorylation
as a sole readout of mTORC2 activity). Carefully considered intermittent treatment regimens may
minimize the undesirable effects of rapamycin treatment, such as impaired glucose tolerance [223].
A further alternative strategy to circumvent high dose rapalogue-induced glucose intolerance is to use
mTOR inhibitors in combination with anti-diabetes medicines, such as metformin—another promising
longevity therapeutic in its own right. Indeed, this strategy has been shown to be highly effective in
HET3 female mice treated with both rapamycin and metformin, where glucose tolerance readings
were indistinguishable from control mice, though the protective effect was not seen in males [224].
Hence complex-specific mTORC inhibitors, with additional agents to counteract adverse side effects,
could retain treatment efficacy over the long-term, a necessary requirement for anti-ageing medicines.

An alternative approach to minimising side effects would be to use a topical application of mTOR
inhibitors. This is possible in age-related diseases that occur in discrete compartments, such as OA
and AMD, where injection into the affected site is possible. However, as ageing affects the entire body,
systemic therapies should be more effective at treating aging per se, and hence in minimising the onset
of multiple age-related diseases. mTOR inhibitors currently provide a promising avenue for further
research and development, and may promote healthy ageing by modulating the harmful aspects of
senescent cells, but they should be considered in combination with other treatment approaches.
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In this context, alternative anti-ageing therapies are also being developed—notably the growing
field of senolytic drugs that are designed to selectively target and kill senescent cells. These agents
exploit the reliance of senescent cells on survival pathways, and they can induce apoptosis specifically
in senescent cells, for example, by inducing p53 or disrupting Bcl2. Treatment of aged mice with
senolytic agents has been shown to rejuvenate tissues and reverse several age-related pathologies
(e.g., [225,226]) and a human clinical trial for senolytic treatment of OA is currently recruiting
(Clinicaltrials.gov identifier NCT03513016). However, while senolytics are indisputably exciting,
it is well established that senescent cells are beneficial in various instances, such as in wound healing
and regeneration. Furthermore, a recent study investigating the senescent cell burden of several tissues
of old mice found that up to 14% of cells were senescent [13], with estimates of 20–60% senescent
cells in aged primate skin [14,227]. It is therefore important to investigate whether killing a significant
proportion of cells in the tissues of elderly patients is safe, whether stem cells are able to refill this empty
niche to restore structural and functional tissue integrity, and to assess whether wound healing and
regeneration are compromised by senolytic agents. Furthermore, senescent cells from different tissues
and in different contexts rely on different survival pathways to avoid apoptosis and are therefore only
vulnerable to specific senolytic agents, meaning that a range of senolytics will be required to treat
different ARDs. Modulation of the antagonistically pleiotropic and highly heterogeneous state that is
cell senescence undoubtedly requires careful and context-dependent consideration.

3.2. Monitoring Therapeutic Outcomes: The Need for Ageing Biomarkers

There is an urgent need for reliable, non-invasive, and quantitative biomarkers of senescence and
ageing to both measure disease susceptibility or progression, and promptly monitor the outcome of
any intervention. It is highly likely that single factors will not be able to adequately reflect the panoply
of changes that is associated with ageing and that instead a panel of biomarkers will be required to
account for the multi-factorial and complex nature of pathological ageing. Molecular markers that are
currently in use include telomere length analysis, DNA methylation patterns, and SAβGAL staining,
while functional and morphological markers are also available. The choice of marker may depend on
the trial to be conducted—for example, PET scanning for amyloid deposition may be necessary in AD
trials, though a recently described blood test for amyloid could substitute [228]. Notably, a number
of simple biochemical biomarkers (e.g., glycated haemoglobin) that are selected for inclusion in UK
Biobank appear to be valid for assessment of age-related changes, while functional readouts including
hand grip strength produce reliable measures of frailty. Clinical trials and any licensed treatments
may thus require the development and validation of a panel of biomarkers that could be analysed in a
low cost, straightforward, and quick in-house procedure from readily available patient material e.g.,
urine or blood.

In conclusion, ageing and age-related diseases that arise from hyperactive mTORC signalling
may benefit from the use of mTORC inhibitors. However, any such treatment strategy must consider
both of the beneficial effects, such as those that are afforded by activation of autophagy and improved
quality control of protein synthesis, as well as potential detrimental effects from modifying cellular
or organismal metabolism. We believe that mTORC inhibitors hold much promise in the field of
anti-ageing medicine, and that clinical prejudice against their use needs to be overcome by careful
dosage trials. To obtain maximal therapeutic benefit, whilst minimising side-effects, combinatorial
therapies may prove useful. Overall outcomes on ageing and age-related diseases require the use of a
panel of robust biomarkers that should provide rapid readouts of age-associated factors in a minimally
invasive and cost-effective format. Biochemical pathways that intersect with mTORC signalling may
also provide fruitful avenues for anti-ageing drug discovery.
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Abbreviations

4EBP1 eIF4E binding protein
53BP1 p53 binding protein 1
Aβ amyloid beta
AD Alzheimer’s disease
ADPKD adult polycystic kidney disease
Akt/PKB protein kinase B
AMD age-related macular degeneration
AMPK AMP-activated protein kinase
ARD age-related disease
ATG13 autophagy related protein 13
ATM ataxia telangiectasia mutated
ATR ATM-related
ATP adenosine triphosphate
CMV cytomegalovirus
CpG 5’-C-p-G-3’
CR caloric restriction
DAP1 death associated protein 1
DN diabetic neuropathy
eEF2 eukaryotic elongation factor 2
eIF eukaryotic translation initiation factor
ER endoplasmic reticulum
FA fatty acid
FBW8 F-Box And WD Repeat Domain Containing 8
FDA Food and Drug Administration
FKBP FK506 binding protein
FK506 Tacrolimus
FRB FKBP12-Rapamycin Binding (FRB) domain of mTOR
GIT1 GPCR-kinase interacting protein 1
GSK3 glycogen synthase kinase 3
HD Huntington’s disease
HGPS Hutchinson Gilford progeroid syndrome
HIF1 hypoxia inducible factor 1
HTT huntingtin protein
IC50 half maximal inhibitory concentration
IKK IkB kinase
IL Interleukin
IGFR insulin-like growth factor receptor
IMP2 insulin-like growth factor 2 mRNA binding protein 2
IRS insulin receptor substrate
Ki inhibitory constant
LAMTOR late endosomal/lysosomal adaptor and MAPK and MTOR activator
LAP liver-enriched activator protein
LARP1 La-related protein
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LIP liver-enriched inhibitory protein
LKB1 liver kinase B1
LMNA lamin A
L-DOPA L-dopamine
MAPKAPK2 mitogen-activated protein kinase-activated protein kinase 2
MCF-7 Michigan Cancer Foundation-7 (breast cancer cell line)
mLST8 mammalian lethal with SEC13 protein 8
MMP matrix metalloproteinase
mTOR mammalian/mechanistic target of rapamycin
mTORC1/2 mTOR complex 1 or 2
NFAT5 nuclear factor of activated T cells 5
OA osteoarthritis
PD Parkinson’s disease
PD-1 programmed death 1
PDK1/2 pyruvate dehydrogenase kinase 1/2
PGC-1-β peroxisome proliferator-activated receptor gamma coactivator 1-β
PKC protein kinase C
PPAR Peroxisome Proliferator Activated Receptor
RA rheumatoid arthritis
RAD Ras associated with diabetes
RAGE receptor for advanced glycation end products
REDD1 regulated in development and DNA damage 1
RNAi RNA interference
ROS reactive oxygen species
S6K protein kinase that phosphorylates S6 ribosomal protein
SAβGAL senescence associated beta galactosidase
SASP senescence-associated secretory phenotype
SGK1 serine/threonine protein kinase
SIRT sirtuin
SOD1 superoxide dismutase 1
SREBP sterol regulatory element-binding protein
STAT3 signal transducer and activator of transcription 3
T1DM
T2DM

type 1 diabetes mellitus
type 2 diabetes mellitus

TFEB transcription factor EB
TNFα tumour necrosis factor α
TSC1/2 tuberous sclerosis complex 1 or 2
ULK1 Unc-51 like autophagy activating kinase
UTR untranslated region
VEGF vascular endothelial growth factor
γH2AX Ser-139 phosphorylated histone 2A variant X
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Abstract: The mechanistic target of rapamycin (mTOR) is a ubiquitous serine/threonine kinase that
regulates anabolic and catabolic processes, in response to environmental inputs. The existence
of mTOR in numerous cell compartments explains its specific ability to sense stress, execute
growth signals, and regulate autophagy. mTOR signaling deregulation is closely related to
aging and age-related disorders, among which progeroid laminopathies represent genetically
characterized clinical entities with well-defined phenotypes. These diseases are caused by LMNA
mutations and feature altered bone turnover, metabolic dysregulation, and mild to severe segmental
progeria. Different LMNA mutations cause muscular, adipose tissue and nerve pathologies in
the absence of major systemic involvement. This review explores recent advances on mTOR
involvement in progeroid and tissue-specific laminopathies. Indeed, hyper-activation of protein
kinase B (AKT)/mTOR signaling has been demonstrated in muscular laminopathies, and rescue
of mTOR-regulated pathways increases lifespan in animal models of Emery-Dreifuss muscular
dystrophy. Further, rapamycin, the best known mTOR inhibitor, has been used to elicit autophagy
and degradation of mutated lamin A or progerin in progeroid cells. This review focuses
on mTOR-dependent pathogenetic events identified in Emery-Dreifuss muscular dystrophy,
LMNA-related cardiomyopathies, Hutchinson-Gilford Progeria, mandibuloacral dysplasia, and type 2
familial partial lipodystrophy. Pharmacological application of mTOR inhibitors in view of therapeutic
strategies is also discussed.

Keywords: mTOR; laminopathies; lamin A/C; Emery-Dreifuss muscular dystrophy (EDMD);
Hutchinson-Gilford progeria syndrome (HGPS); autophagy; cellular signaling; metabolism; bone
remodeling; ageing

1. Introduction

1.1. Lamin A and Lamin C

Lamin A and lamin C are the two major splicing products of the LMNA gene, which also encodes
lamin A delta 10 and lamin C2 [1]. Lamin A/C forms polymers of around 3.5 nm in diameter [2],
which are interconnected in a meshwork underneath the nuclear envelope. Further, lamin A and
C are also found in the nucleoplasm, bound to chromatin-related proteins as LAP2 alpha [3] and
BAF (barrier to autointegration factor) [4]. Lamin A is transcribed and translated as a precursor
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protein known as prelamin A, which is subjected to a complex post-translational processing yielding
mature lamin A [1,5]. Prelamin A C-terminal CaaX box, which is typical of farnesylated proteins,
undergoes farnesylation by farnesyl transferase, cleavage of the last three aminoacids by the zinc
metallopeptidase STE24 (ZMPSTE24) and carboxymethylation by the isoprenylcysteine carboxyl
methyltransferase (ICMT). Thereafter, further cleavage by ZMPSTE24 eliminates the last 15 aminoacids,
thus producing a short peptide and mature lamin A [5]. Prelamin A and its processing pathway have
been implicated in both physiological and pathogenetic mechanisms [6,7]. Thus, prelamin A plays
a physiological role during myogenic differentiation in recruiting inner nuclear membrane proteins
SUN1, SUN2 (Sad1 and UNC-84) [8], and Samp1 [9], required for proper myonuclear positioning.
Moreover, prelamin A modulation during stress response is a physiological mechanism related to
import of DNA repair factors [10] or activation of chromatin remodeling enzymes (Mattioli et al.,
in preparation). On the other hand, prelamin A accumulation in cells causes toxicity leading to cellular
senescence [11] as well as organism ageing [1]. Mature lamin A and lamin C are usually considered
as participating in the same cellular mechanisms, although some lamin C-specific pathways have
recently emerged [12,13] and lamin C has been shown to form homodimers [14]. Lamin A/C has been
implicated in nuclear structure, mechanosignaling, chromatin and genome organization, and cellular
response to stress and cellular differentiation [1,5]. All these mechanisms are related to the occurrence
of a high number of lamin post-translational modifications, such as phosphorylation, sumoylation, and
acetylation, which influence lamin polymerization and lamin interactions with partner proteins [15].
Among the most relevant lamin partners are nuclear envelope proteins emerin, SUN1, SUN2, and
nesprins, which form the so-called LINC complex, connecting the nucleus to the cytoskeleton [8,16].
Moreover, lamins bind and regulate translocation of some transcription factors, including SREBP1 [7],
Oct-1 [17], Sp-1 [18], NRF2 [19], and mechanoresponsive myocardin-related transcription factor A
(MRTFA) [20], and bind and stabilize pRb [21,22] in an Erk1/2-dependent mechanism [23]. Lamin
A/C also influences chromatin organization through binding to chromatin-associated proteins such as
BAF [4] and histone deacetylases [24]. Further, association of lamins with specific chromatin domains
called lamina-associated domains (LADs) has been widely studied in recent years and shown to affect
the transcriptional landscape in a cell-type-specific way [25,26].

A role for lamins in cellular signaling has been mostly described in models of muscle
differentiation and in muscular laminopathies [15]. In particular, the phosphoinositide 3-kinase (PI3K)/
AKT and Erk 1/2 pathway has been extensively investigated in mouse models of EDMD [27–29].
In the same context, a major player appears to be TGFβ 2 signaling. TGFβ 2 levels are increased
both in EDMD patient serum [30] and in mouse models of muscular laminopathies [31] and in both
cases TGFβ 2 elicits upregulation of fibrogenic molecules. TGFβ 2 signals through the mechanistic
target of the rapamycin (mTOR) pathway, although different involvement of AKT, mTOR itself, or p70
ribosomal S6 kinase 1 (S6K1) occur depending on cell types [30]. Of note, it has been demonstrated
that lamin A mutations causing MADA or other progeroid laminopathies are also able to trigger TGFβ
2 signaling with downstream effects on mTOR pathway and osteoclastogenic activity [32]. On the
other hand, AKT is a lamin A and prelamin A kinase, which phosphorylates Serine 404 in the protein
rod domain [33] and targets prelamin A to lysosomal degradation [34]. It is tempting to speculate that
feedback mechanisms aimed at the maintenance of proper lamin A levels [34] could involve activation
of mTOR under both normal and pathological conditions. This review is aimed at providing an
overview of available data to stimulate a new interpretation and suggest new experimental approaches
to the issue of an mTOR-lamin A relationship.

1.2. Laminopathies

Laminopathies are rare diseases caused by mutations in LMNA or other nuclear envelope genes
or in genes structurally or functionally related to the nuclear envelope (Figure 1).
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Figure 1. Diagram of prelamin A, lamin A, and lamin C structures with domains mutated in
laminopathies. Laminopathies are grouped in the upper boxes referring to muscular laminopathies,
lipodystrophy, Hutchinson-Gilford progeria syndrome (HGPS), and other progeroid laminopathies.
Under physiological conditions and in muscular laminopathies, prelamin A is hardly detectable
due to rapid maturation to lamin A. Most cases of laminopathies carry LMNA missense mutations.
In progeroid laminopathies, prelamin A levels increase. In HGPS, truncated prelamin A (progerin) is
accumulated due to a splicing defect. The pink bar spans the prelamin A domain missing in progerin.
For bar colors, refer to the disease boxes.

Most laminopathies are rare to very rare diseases and feature an autosomal dominant
inheritance, although recessive inheritance can also occur, as in mandibuloacral dysplasia
(MADA), Charcot–Marie tooth neuropathy (CMT2B1), and restrictive dermopathy (RD). Muscular
laminopathies include muscular dystrophies characterized by joint contractures, muscle weakness and
wasting, and cardiomyopathy—LMNA-linked congenital muscular dystrophy (L-CMD) and isolated
cardiomyopathies with conduction defects [30,35]. Among muscular dystrophies, EDMD1 is linked to
emerin mutations (EMD gene), EDMD2 and limb -girdle muscular dystrophy type 1B are caused by
dominant lamin A/C mutations (LMNA gene), other forms of EDMD are caused by nesprin (SYNE1
and SYNE2 genes), FHL1, SUN1, or SUN2 mutations (Table 1) [1,30]. Cardiomyopathies occurring in
the absence of muscular dystrophy have been so far mostly linked to LMNA mutations, although cases
related to nesprin gene defects have also been reported, and an association of LMNA with modifier
gene variants has been suggested [36–38].

Table 1. The most representative laminopathies are listed. * nomenclature for these forms is provisional;
** potential hotspot; *** cardiomyopathy with conduction defect type 1A (DCM1A).

Disease Gene Protein Hotspot Inheritance Phenotype Ref.

Muscular Laminopathies

EDMD2 LMNA Lamin A/C R453 AD Joint contractures, muscle weakness and
wasting, cardiomyopathy [39,40]

EDMD1 EMD Emerin X-linked Joint contractures, muscle weakness and
wasting, cardiomyopathy [39,40]

EDMD3 LMNA Lamin A/C AR Joint contractures, muscle weakness and
wasting, cardiomyopathy [39,40]

EDMD4 SYNE1 Nesprin 1 AD Joint contractures, muscle weakness and
wasting, cardiomyopathy [39,41]

EDMD5 SYNE2 Nesprin 2 AD Joint contractures, muscle weakness and
wasting, cardiomyopathy [39,41]
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Table 1. Cont.

Disease Gene Protein Hotspot Inheritance Phenotype Ref.

Muscular Laminopathies

EDMD6 FHL1 FHL1 X-linked
Joint contractures, muscle weakness and

wasting, cardiomyopathy, vocal cord
involvement

[40,42]

EDMD7 TMEM43 LUMA AD Muscle weakness, cardiomyopathy with
cardiac conduction defects [40,43]

LGMD1B LMNA Lamin A/C AD Joint contractures, muscle weakness and
wasting, cardiomyopathy [39,40]

L-CMD LMNA Lamin A/C AD

Severe and early onset muscle weakness
and wasting, contractures,

delayed/absent motor milestones,
dropped head, cardiomyopathy

[39,40]

MD* SUN1,
SUN2 SUN1, SUN2 AD Cardiomyopathy, skeletal muscle

weakness and wasting [37,44]

Cardiomyopathies

DCM1A*** LMNA Lamin A/C AD Dilated cardiomyopathy and conduction
defects [35,45]

DCM SYNE1 Nesprin 1 AD Dilated cardiomyopathy [46,47]

DCM-CD TMPO Lap2 α
Dilated cardiomyopathy joint

contractures [48,49]

Lipodystrophies

FPLD2 LMNA Lamin A/C R482 AD
Loss of subcutaneous fat, accumulation
of fat in the neck, diabetes, polycystic

ovary syndrome
[50,51]

APL LMNB2 Lamin B2 AR

Symmetrical loss of subcutaneous fat
from the face, neck, upper extremities,

thorax, and abdomen, sparing the lower
extremities

[52,53]

Progeroid Laminopathies

HGPS LMNA Lamin A/C G608

Premature and accelerated aging,
growth arrest, lipodystrophy mandible,

clavicle, phalanges osteolysis,
osteoporosis, atherosclerosis

[54,55]

APS LMNA Lamin A/C
Premature aging, lipodystrophy,

cardiovascular disease, short stature,
diabetes and alopecia

[24,56]

A-WS LMNA Lamin A/C AD Late onset premature aging,
atherosclerosis, lipodystrophy, diabetes [1,57]

MADA LMNA Lamin A/C R527 AR
AD

Mandible, clavicle, phalanges osteolysis,
osteoporosis, partial lipodystrophy,

short stature, metabolic abnormalities,
mildly accelerated aging

[1,58]

MADB ZMPSTE24 ZMPSTE24 1085dupT
**

AR
AD

Accelerated aging, mandible, clavicle,
phalanges osteolysis, osteoporosis,

generalized lipodystrophy, short stature,
metabolic abnormalities

[1,59]

Laminopathies featuring a lipodystrophy phenotype acquire partial lipodystrophy due to LMNB2
gene mutations, type 2 familial partial lipodystrophy (FPLD2), type A and B mandiboloacral dysplasia
(MADA and MADB) associated with mutations in LMNA, or the prelamin A endoprotease ZMPSTE24
gene, respectively. Lipodystrophy can be partial, causing loss of specific fat depots and fat accumulation
in other districts, or generalized, as in MADB. MADA and MADB are also considered progeroid
laminopathies since patient experience mildly accelerated ageing and bone and skin defects typical of
aged individuals [1,58]. The latter symptoms are present with increased severity in HGPS, a premature
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aging syndrome with very early onset also causing cardiovascular disorders and premature death [58]
(Table 1).

2. mTOR Complexes and Signaling Regulation

2.1. mTOR Complexes

mTOR is a Ser/Thr kinase in the phosphoinositide kinase-related family of protein kinases
(PIKK) [60]. Other members of the PIKK family include ataxia telangiectasia mutated (ATM),
ataxia telangiectasia gene product- and RAD3-related (ATR), human suppressor of morphogenesis
in genitalia-1 (hSMG-1), and the catalytic subunit of DNA-dependent protein kinase (DNA-PK)
(Figure 2) [61].

Figure 2. mTORC1 and mTORC2 domains and interactors. (a) Deptor, DEP domain-containing
mTOR-interacting protein; FAT, FKBP/ATM/TRRAP; FATC, FRAP/ATM/TRRAP/Carboxy terminal;
FKBP-12, FK506-binding protein-12; FRB, FKBP, rapamycin-binding; HEAT, Huntingtin/Elongation
factor 3/A subunit of protein phosphatase-2A/ TOR1; mLST8, mammalian lethal with SEC13 protein
8; mSin1, mammalian stress-activated protein kinase interacting protein 1; mTOR, mechanistic target
of rapamycin; mTORC1, mTOR complex 1; mTORC2: mTOR complex 2; PRAS40, proline-rich AKT
substrate 1 40 kDa; Protor 1/2, protein observed with Rictor; Raptor, regulatory-associated protein of
TOR; Rictor, rapamycin-insensitive companion of TOR. (b) mTORC1 and mTORC2 complexes and
their role in cell growth and proliferation.

mTOR works as a crucial integrator of growth factor-activated and nutrient sensing pathways
to coordinate several cellular functions, and linking nutrient availability with metabolic control [62].
mTOR is the catalytic subunit of two functionally and structurally distinct protein complexes known
as mTORC1 and mTORC2 (Figure 2a,b) [60].

2.1.1. mTORC1

mTORC1 is composed of mTOR, RAPTOR (regulatory-associated protein of mTOR), which is
important for the subcellular localization of mTORC1, mLST8 (mammalian lethal with Sec13 protein 8),
PRAS40 (proline rich AKT substrate 40 kDa), and DEPTOR (DEP-domain containing mTOR interacting
protein), the latter two having an inhibitory function on mTORC1 (Figure 2).
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Multiple inputs converge on mTORC1: growth factors, chemokines, nutrients (glucose, amino
acids), and the cell energy status (i.e., a high ATP/AMP ratio) [63]. Growth factors and cytokines
stimulate mTORC1 mostly through the PI3K/AKT signaling pathway. However, growth factors and
chemokines signal to mTORC1 also occur through the Ras/Raf/MEK/ Erk 1/2 network. Moreover,
recent studies have shown that mTORC1 and mTORC2 also respond to inputs via the Wnt and liver
kinase 1 (LKB1)/AMP-activated protein kinase (AMPK) signaling pathways (Figure 3) [62].

Figure 3. mTOR signaling network. The serine/threonine kinase mTOR is found in two multiprotein
complexes: mTORC1 is composed of RAPTOR, PRAS40, mLST8, and DEPTOR, which has an inhibitory
function on mTORC1. The mTORC1 is activated by growth factors, chemokines, nutrients (glucose,
amino acids), and the cell energy status (i.e., a high ATP/AMP ratio). mTORC1 stimulation is
activated by growth factors through the phosphoinositide 3-kinase (PI3K)-AKT signaling pathway.
AKT phosphorylates tuberous sclerosis complex 2 (TSC2 or hamartin) at multiple sites. TSC2 is
a GTPase-activating protein (GAP) that associates with tuberous sclerosis 1 (TSC1 or tuberin) for
inactivating the small G protein Rheb (Ras homolog enriched in brain). Once AKT phosphorylates
TSC2, the GAP activity of the TSC1/TSC2 complex is repressed, allowing Rheb to accumulate in
a GTP-bound state. Therefore, Rheb-GTP upregulates mTORC1 protein kinase activity. AKT also
phosphorylates PRAS40 (at Thr246), which dissociates from mTORC1 in response to growth factors,
or glucose and nutrients, thereby releasing the inhibitory function of PRAS40 on mTORC1. mTORC1
activates S6K1 through phosphorylation, and S6K1 in turn phosphorylates or binds proteins such as
eukaryotic elongation factor 2 kinase (eEF2K), which targets eEF2 and regulates the elongation step of
protein translation, ribosomal protein S6 (S6RP), and eukaryotic initiation factor 4B (eIF4B), ultimately
promoting translation initiation and elongation. mTORC1 also phosphorylayes and inactivates the
translation inhibitor 4E-BP1, which has a role in inhibiting cap-dependent translation through the
binding of the translation initiation factor eIF4E. mTORC1 is a repressor of autophagy, through
phosphorylation of Unc-51 like autophagy activating kinase 1 (ULK1), and positively controls lipid
synthesis and glycolytic metabolism.
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Upon activation, mTORC1 regulates ribosomal and lysosomal biogenesis, cap-dependent
translation, autophagy, mitochondrial biogenesis, lipid synthesis, and thermogenesis, acting through
direct phosphorylation of many substrates. mTORC1 can also sustain nucleotide biogenesis promoting
the expression of genes involved in the pentose phosphate pathway and pirimidine biosynthesis
(Figure 3) [64].

It has been demonstrated that reducing mTOR activity increases autophagic flux, reducing
reactive oxygen species within the cell and increasing replicative lifespan. At the same time, it has
been established that impaired mitochondrial function is associated with aging and age-related
diseases, in which decreased mitochondrial function can have a significant impact on ATP production,
maintenance of NAD/NADH ratios, and reactive oxygen species (ROS) production [65]. In the case
of laminopathies, defective mitochondrial activity has been documented in FPLD2 [66], models of
DCM [67], and HGPS cells [68].

Activation of mTORC1 relieves the inhibitory effect of 4E-BP1 on eIF4E and stimulates the
translation of nuclear-encoded mRNAs of mitochondrial proteins, including the mitochondrial
transcription factor A (TFAM) and mitochondrial ribosomal proteins and components of complex I and
V. In addition, mTORC1 regulates mitochondrial function by modulating transcription of mitochondrial
nuclear-encoded genes via Yin Yang 1 (YY1) and peroxisome proliferator-activated receptor-gamma
coactivator 1 α (PGC-1α) [69]. Hence, it is likely that mTORC1 stimulates mitochondrial function by
orchestrating translation and transcription of distinct mitochondria-related genes [70].

It has been demonstrated in models of senescence and Hutchinson–Gilford progeria that
senescence is accompanied by elevated glycolysis and increased oxidative phosphorylation, which are
both reduced by rapamycin or rapalogs [68].

Concerning protein synthesis, mTOR is able to control the balance between anabolism and
catabolism in response to environmental cues [71] and to act through phosphorylation of the effectors
of the protein synthesis machinery, including S6K1 and the translation inhibitor, eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) [72,73]. S6K1 is phosphorylated by mTORC1 in Th389,
enabling its complete phosphorylation and activation by PDK1. S6K1 phosphorylates ribosomal
protein S6 (RPS6), leading to active translation of mRNAs involved in ribosome biogenesis. S6K1 has
also several substrates, including insulin receptor substrate-1 (IRS1), which is upstream of mTORC1.
Importantly, IRS1 phosphorylation by S6K1 is fundamental for its proteasomal degradation and impairs
growth factors (insulin, insulin-like growth factor-1) signaling downstream of receptor tyrosine kinases
(RTKs) [60]. The consequence is a negative feedback loop, in which PI3K/AKT axis is inhibited
and mTORC1 activity is regulated. In addition, also Grb10 acts as a negative regulator of mTORC1
through phosphorylation-dependent feedback mechanisms. Regarding 4E-BP1, its phosphorylation by
mTORC1 triggers its dissociation to the cap-binding protein eukaryotic initiation factor 4E (eIF4E),
enabling it to constitute the eIF4F complex, necessary for the initiation of cap-dependent mRNA
translation (Figure 3) [60,72].

Further, mTORC1 acts increasing the glycolytic flux, promoting a shift in glucose metabolism,
by activating the transcription and the translation of hypoxia inducible factor 1α (HIF1α), a positive
regulator of many glycolytic genes, and facilitating cell growth [60].

mTORC1 also controls de novo lipid synthesis, necessary for proliferating cells to generate
membranes, acting mainly through the sterol regulatory element-binding proteins 1 (SREBP1), which
are transcription factors of lipogenic genes, as well as through peroxisome proliferator-activated
receptor gamma (PPARγ), the master regulator of adipogenesis [60].

In addition to various anabolic roles, mTORC1 is a negative regulator of autophagic processes,
required to eliminate damaged organelles and recycle molecules as well as for cellular adaptation
to nutrient starvation [74]. When mTORC1 is inhibited, autophagosomes sequester cytoplasmic
components and then fuse with lysosomes, leading to degradation of cell components and recycling of
cellular building blocks.
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mTORC1 directly phosphorylates and suppresses ULK1/Atg13/FIP200 (unc-51-like kinase
1/mammalian autophagy-related gene 13/focal adhesion kinase family-interacting protein of 200 kDa),
a kinase complex which is required to drive autophagosome formation [75]. mTORC2 is composed
of RICTOR, SIN1, mLST8, PROTOR, and DEPTOR. It regulates cell survival through serum and
glucocorticoid activated kinase 1 (SGK1) and AKT. mTORC2 phosphorylates AKT on Ser473, priming
AKT for further phosphorylation by PDK1 at the Thr308 residue. Loss of phosphorylation at
Ser 473 site, however, only affects some of AKT substrates, such as FOXO transcription factors,
but not TSC2, in response to growth factor signaling. mTORC2 associates with actively translating
ribosome to co-translationally phosphorylate AKT (at Thr450), which prevents ubiquitinylation and
degradation of AKT. mTORC2 is involved in the spatial control of cell growth via cytoskeleton
regulation. Arrows indicate activating events, while perpendicular lines indicate inhibitory events.
GPCR: G protein-coupled receptor; IGF-R, insulin-like growth factor receptor; IR: insulin receptor.

On the contrary, during nutrient deprivation, lysosomal mTORC1 is inactivated, partially due
to lack of amino acids. Under energy starvation conditions, an increase in AMP levels stimulates the
activity of AMPK, and inhibits mTORC1. It is observed that the relative activity of mTORC1 and AMPK
in different contexts may determinate the level of autophagy induction. AMPK, which is activated by
LKB1 under metabolic stress conditions, phosphorylates ULK1 at multiple sites, thus upregulating
ULK1 activity, and activates tuberous sclerosis complex 2 (TSC2), which is an indirect inhibitor
of mTORC1 activity. Following mTORC1 inhibition, derepressed ULK1, by binding to ATG14L
(ATG—autophagy related-14 Like), is recruited to a molecular platform composed of vacuolar protein
sorting 34 (Vps34) and beclin-1. This leads to the phosphorylation of beclin-1 on Ser 14, and activation
of Vps34, which has an important role in regulating membrane trafficking and autophagy, releasing
PI3-phosphate at the nascent autophagosome [76]. In this condition, microtubule-associated protein
1 light chain 3 (LC3), a structural protein found in the cytoplasm in its precursor form (LC3I),
is cleaved, coupled to phosphatidylethanolamine and converted into its active autophagosomal,
membrane-bound form, LC3II [76].

Protein turnover is controlled by the ubiquitin proteasome system (UPS), through which
proteins are targeted for degradation by the proteasome after ubiquitination. mTORC1 was recently
found involved in the control of proteasome-dependent proteolysis. Acute mTORC1 inhibition
seems to increase proteasome-dependent proteolysis likely to restore aminoacid pools. Prolonged
hyperactivation of mTORC1 signaling increases proteasome activity through elevated expression of
proteasome subunits downstream of Nrf1, as a compensatory mechanism to balance the increase in
protein turnover and protein synthesis [77].

2.1.2. mTORC2

mTORC2 is composed of RICTOR (rapamycin-insensible companion of mTOR), SIN1 (stress
activated protein kinase-interacting 1), PROTOR1/2 (protein observed with Rictor), mLST8, and
DEPTOR (Figure 2b) [60]. Unlike mTORC1, mTORC2 is not sensitive to nutrients, but it responds
to growth factors via the PI3K signaling pathway. In fact, the most relevant role of mTORC2 is AKT
phosphorylation in Ser473 and its activation, which is required for the phosphorylation of Forkhead box
O 1/3a (FoxO1/3a) transcription factors. This phosphorylation allows AKT to promote cell growth and
survival via PI3K/AKT signaling. AKT also phosphorylates and inhibits GSK3beta and the mTORC1
inhibitor TSC2. Thus, mTORC2 acts as an effector of insulin/PI3K signaling. The mTORC2 protein
mSin1 contains a PH domain, essential for the insulin-dependent regulation of mTORC2 activity.
mSin1 inhibits the catalytic activity of mTORC2 in the absence of insulin, and this autoinhibition is
relieved upon binding to PIP3 generated by the PI3K at the plasma membrane (Figure 3). Localization
at the plasma membrane is a key aspect of mTORC2 regulation. mSin1 can also be phosphorylated by
AKT, with a positive feedback loop, while the partial activation of AKT promotes mTORC2 activation,
which causes in turn AKT phosphorylation (and activation) at Ser473 [78].
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mTORC2 controls cell survival/metabolism also through serum and glucocorticoid activated
kinase 1 (SGK1), and it is involved in the spatial control of cell growth via cytoskeleton remodeling,
through actin fibers, paxilin, RhoA, Rac1, and protein kinase C (PKC) family phosphorylation, all of
which regulate several aspects of cytoskeleton remodeling and cell migration [60].

mTORC2 signaling is also regulated by mTORC1, due to the negative feedback loop between
insulin/PI3K and mTORC1. In fact, mTORC1 can phosphorylate and activate Grb10, a negative
regulator of insulin/IGF1receptor signaling, upstream of AKT and mTORC2, while S6K1 also
suppresses mTORC2 activation through the phosphorylation dependent degradation of IRS1, as has
been mentioned [78].

3. mTOR Signaling in Physiological Conditions

3.1. mTOR Signaling in Muscular Tissue

As in all the other tissues of the organism, in normal skeletal and cardiac muscle, the mTOR
pathway plays a pivotal role in cell growth, proliferation, and survival. In particular, in skeletal
muscle cells, mTOR controls both the anabolic and catabolic signaling resulting in the modulation
of muscle hypertrophy and muscle wasting [79]. mTOR functions as a positive regulator of muscle
hypertrophy, being downregulated by muscle atrophy-inducing signals, such as myostatin [80] and
glucocorticoids [81] as well as by sarcopenia, an age-related decline in muscle mass due to a reduction
of circulatory IGF1 levels. On the other hand, mTOR is strongly activated by anabolic stimuli such as
muscle contraction, insulin, IGF1, and nutrients, and triggers an increase of protein synthesis and as
such of muscle hypertrophy. In the cardiovascular system, mTOR activity is involved in the regulation
of embryonic cardiovascular development and in the control of vital cellular processes necessary for
postnatal growth and maintenance of cardiac function. Ablation of cardiac mTOR in murine models
is in fact associated with a high rate of embryonic lethality [82], and cardiac disruption of mTORC1
activity is associated with cardiac dilation, dysfunction, apoptosis, mitochondrial and metabolic
derangements, heart failure, and ultimately mortality in the postnatal stage [83]. In addition, complete
genetic disruption of mTORC1 impairs the ability of the heart to respond to pressure overload and to
undergo compensatory hypertrophy, resulting in the development of dilated cardiomyopathy [83].
On the other hand, mTOR inhibition triggers autophagy, protects cardiomyocytes during energy
deprivation [84], extends lifespan, and reduces cardiac hyperthrophy in aged mouse models [85].
All these data suggest a complex and multifaceted role of mTOR signaling in the heart [86].

3.2. mTOR Signaling in Adipose Tissue

mTOR signaling plays a critical role in the regulation of adipogenesis, lipid metabolism,
thermogenesis, and adipokine synthesis/secretion. However, a complex picture emerges from
literature data, which suggests a condition highly dependent on environmental stimuli, adipose
tissue depot, developmental stage, and the type of adipocyte precursors involved. White and brown
adipose tissue have diverse morphology and functions [87]. Whereas white adipocytes are formed by
large lipid droplets deputed to store energy in the form of triglycerides, brown adipocytes present
small droplets and convert lipid-derived chemical energy into heat for thermogenesis [87]. mTORC1 is
indispensable for adipose tissue homeostasis, as indicated by the occurrence of lipodystrophy, defects
in dietary lipid intake and metabolic disorders in mice lacking mTORC1 in all mature adipocytes [88].
However, knocking out all adipocyte AKT activity by simultaneously deleting AKT1 and AKT2 in
adipocytes, elicits an even more severe lipodystrophy phenotype, showing that AKT also regulates
mTOR-independent adipocyte activities and that mTORC1-AKT interplay contributes to adipose
tissue maintenance [88]. On the other hand, mTOR inhibition leading to the activation of autophagy
contributes to white adipose tissue formation. Consistently, partial knockdown of mTOR increases
adipogenesis, although complete inhibition of activity as well as inactivation of pS6K1 impairs
adipocyte differentiation [89]. Several genes including PPARγ, a master regulator of adipogenesis, are
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upregulated by mTOR inhibition [89]. However, the best-known effect of mTOR downregulation, i.e.,
autophagy induction, plays a major role. In fact, autophagy is required for white adipogenesis [90],
while inhibition of autophagy has been shown to convert white adipocytes into brown-like cells called
brite or beige adipocytes [91]. Autophagy triggers degradation of PPARγ 2 proteases, thus contributing
to PPARγ 2 increase. Further, autophagy promotes vesicle fusion, thus triggering a formation of large
lipid droplets in white adipocytes [92]. Nevertheless, a recent paper shows that the thyroid hormone
triiodothyronine (T3) stimulates autophagy in brown adipose tissue by reducing mTOR activity, and
this elicits mitophagy and a more efficient mitochondrial respiratory chain [93].

3.3. mTOR in Bone Turnover

Mammalian bones are formed through two different mechanisms, endochondral or intramembranous
ossification. During intramembranous ossification, mesenchymal progenitors directly differentiate
into osteoblasts, while, in endochondral bone formation, a first stage of cartilage production is
followed by remodeling of hypertrophic cartilage by osteoclasts and the production of bone matrix
by osteoblasts [94]. mTORC1 has been studied in models of cartilage formation and chondrocyte
differentiation, and diverse mechanisms have been proposed and partially validated by experimental
evidence [95]. Further, mTORC1 and mTORC2 have been implicated in regulating osteoblast
differentiation and function. Bone marrow stromal cells lacking Rictor gene exhibited reduced
osteogenic potential and an increased tendency to undergo adipogenic differentiation, suggesting
that mTOR signaling may regulate cellular fate, thus affecting bone homeostasis [95]. mTORC1 is
required for the transition of preosteoblasts to mature osteoblasts and both mTORC1 and mTORC2
dysregulation have been linked to osteoarthritis and osteoporosis [95]. Moreover, mTOR activity
affects osteoclasts and bone resorption, although effectors are not fully elucidated [95].

4. EDMD, DCM and Other Muscular Laminopathies

4.1. Muscular Laminopathies

LMNA-associated muscular laminopathies include EDMD2 and EDMD3 [96], DCM [97,98],
LGMD1B [99], LMNA-related congenital muscular dystrophy (L-CMD) [100], and “heart-hand”
syndrome (HHS) [101].

To date, there are multiple hypotheses regarding the onset of muscular dystrophies due to genetic
mutations on LMNA or genes encoding for lamin A/C-associated proteins. The first one is the
“structural hypothesis,” which suggests that a loss of structural integrity of the nuclear lamina leads
to nuclear structural weakness, which ultimately results in a decrease in the ability of the nucleus to
resist to the high mechanical strain typical of skeletal muscles [102]. This theory is validated by the fact
that lamin A/C interacts with structural proteins including emerin SUN1 [8], nesprins, LAP2α [103],
and Ankrd2 [104]. The interaction of lamin A/C with SUN proteins and nesprins is particularly
relevant for nuclear positioning in muscle [8], and mutations in lamins affect LINC complex-lamin
A/C interplay, thus leading to myonuclear clustering, a further determinant of LMNA pathogenetic
mechanisms [8,9]. The “gene-expression” hypothesis suggests that some lamin A/C mutations may
alter gene expression during muscle differentiation. Supporting this hypothesis, A-type lamins and
some of their binding partners (e.g., LAP2 or emerin) interact with muscle specific transcription factors
such as MyoD [105]. Moreover, myoblasts with altered lamin A/C or emerin are characterized by
low levels of proteins involved in cell cycle regulation and muscle differentiation, such as MyoD,
desmin, pRb, and M-cadherin [106]. Furthermore, the microRNA profile in skeletal muscles of patients
affected by muscular laminopathies has revealed a significant alteration of proteins involved in muscle
repair pathways, such as MAPK, TGF-β, and Wnt, as well as in differentiation and regenerative
processes [107]. These pathogenetic hypotheses are not mutually exclusive and most likely concur to
the onset of the pathology.
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mTOR Signaling in Muscular Laminopathies

Several studies indicate that the molecular pathway ruled by mTOR is deeply affected in
muscular laminopathies. As a consequence of the sustained mechanical strain to which they are
constantly subjected, cardiac and skeletal muscle cells feature a particularly high amount of waste
material, including mitochondrial-derived ROS (reactive oxygen species) and toxic molecules [108].
In normal conditions, ROSs block mTORC1 activity through the already described AMPK/mTOR
pathway, triggering the activation of autophagy, that results in a prompt degradation of toxic
molecules and dysfunctional organelles (for a review of autophagy regulation by ROSs, please read
Filomeni et al. [109].

In muscle cells from laminopathic patients, there is an overall increase in the amount of ROS,
due to both the reduction of nuclear plasticity [104] and the loss of the properties of “ROS acceptor” of
the altered nuclear lamina unable to neutralize cellular ROSs [110]. In spite of this, the significant drop
of autophagic activity has been described in models of muscular laminopathies. In 2012, the group of
B. Kennedy demonstrated that, in the heart of Lmna−/− mice suffering of muscular dystrophy and
cardiomyopathy, the increased levels of LC3-BII, Atg7, and beclin 1 proteins, generally indicating
an ongoing autophagic pathway, were not followed by a decrease in p62/SQSTM1 [111], which is a
marker of an active autophagic flux. Almost simultaneously, the group of H. Worman demonstrated
that cardiac cells from a mouse model carrying the p.H222P lamin A/C mutation causing EDMD2
in humans exhibited defective autophagy in response to starvation [97,112]. Interestingly, in this
study the authors also found a clear correlation between the expression level of mutated lamin
A/C and the hyperactivation of both AKT and Erk 1/2 [97,112], which results in the activation
of mTORC1. Finally, the confirmation that the mTORC1/autophagy axis plays a central role in
the pathophysiology of cardio-muscular laminopathies, came from the evidences that rapamycin
or its analog temsirolimus improve cardiac and muscle functions, and extend the lifespan in both
laminopathic mouse models [97,111]. In serum from patients affected by muscular laminopathies,
a wide study conducted by the Italian Network for Laminopathies demonstrated a significant increase
in TGFβ 2 levels [30]. This was associated with hyperactivation of mTOR in cultured myoblasts and
AKT and pS6K1 in fibroblasts [30]. Intriguingly, in both cell types, neutralization by a TGFβ 2 antibody
rescued mTOR or AKT hyperactivation, thus showing a major role of TGFβ 2 in the signaling pathway
in EDMD2 [30]. Downstream events in that experimental context reduced myoblast differentiation and
fibrogenic conversion of myoblasts ad tenocytes [30], the latter being a poorly investigated cell type
with potential involvement in joint contractures typical of EDMD. The relevance of TGFβ 2 signaling
in pathogenetic events, mostly leading to fibrogenic conversion of myoblasts, has also shown in the
H222P/H222P Lmna mouse model of EDMD2 [31].

The group of B. Kennedy also wondered if mTOR was involved in the activation of pathways
promoting metabolic response via phosphorylation of S6K1 and 4E-BP1 [113]. The authors reported
that heterozygosity for S6K1 (S6K1+/−) extended lifespan of Lmna−/− mice exactly as rapamycin
treatment did. Intriguingly, life extension of Lmna−/− S6K1+/− mice was not due to improvement
in cardiac function (as seen for rapamycin treatment) or to the rescue of metabolic alterations, but to
the amelioration of skeletal muscle deficits. In contrast, whole-body overexpression of 4E-BP1
shortened the survival of Lmna−/− mice, likely by accelerating lipolysis, pointing to the conclusion
that rapamycin possibly extends survival of Lmna−/− mice through the mTORC1-S6K1 branch, but not
the mTORC1/4E-BP1 one of the mTOR signaling pathway [113].

Altered autophagic activity has been also observed in hearts of transgenic Drosophila expressing
mutated LamC (the genetic counterpart of human LMNA) and affected by cardiomyopathy [114].
In this model, mutant Lamin C accumulated in the cytosol, resulting in upregulation and accumulation
of p62/SQSTM1. These events caused inactivation of AMPK, activation of mTOR, and ultimately
inhibition of autophagy [114]. Interestingly, similar evidence had been previously obtained in heart
and muscle from other transgenic Drosophila models carrying other EDMD2-causative mutations in
LamC [115]. In support to mTOR signaling pathway alteration in laminopathic muscle cells, cardiac
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cells from transgenic flies also featured metabolic alterations, including an age-dependent increase in
size of fat bodies and enhanced triglyceride amount [114]. Overexpression of Atg1 (a kinase promoting
autophagy) suppressed cardiac defects associated with mutant LamC and restored cardiac function
and lifespan. At the molecular level, the reactivation of autophagy induced by Atg1 overexpression
elicited clearance of cytoplasmic LamC aggregates, reduction of p62 accumulation, reactivation of
AMPK pathway, and ultimately restoration of mTOR activity [114].

Finally, in support of the involvement of mTORC1 signaling in the pathophysiology of muscular
laminopathies, it is important to emphasize some results obtained from muscular models with a
phenotype very similar to the dystrophic one, that is aged non-pathological muscle. Aged muscle
cells have in fact several traits in common with dystrophic cells, such as reduced regenerative and
differentiative potential and high levels of basal ROSs. In 2015, the group of E. Volpi reported
that, despite a basal level of hyperphosphorylated mTORC1, aged muscle cells presented a poor
protein synthesis, suggesting that, in these model, mTORC1 phosphorylation was not sufficient per
se to activate protein synthesis pathway as usually did [116]. In another study, performed in aged
muscles of a TSC1 KO mice, it was observed that chronic mTORC1 activation, obtained by the lack of
TSC1, did not lead to muscle hypertrophy, mainly because of the inability to induce autophagy [117].
Similar to that reported regarding cardio-laminopathic mice [97,111], in aged and stressed heart,
mTORC1 inhibition, obtained by the use of selective mTOR inhibitors, resulted in cardioprotection and
extended lifespan [118], reducing cardiac hypertrophy and improving cardiac function in the presence
of pressure overload [119].

These findings independently obtained from different models of laminopathic and aged muscles
perfectly support each other, and corroborate the relevance of altered autophagic processes in muscular
laminopathies (Figure 4).

Figure 4. mTOR studies in laminopathies. Schematic representation of mTOR studies in EDMD, HGPS,
MADA, and FPLD2. For EDMD see refs: [97,112]; for HGPS see refs: [120]; for MADA see refs: [5];
for FPLD2 see refs: [121] (Pellegrini et al., in preparation).

5. FPLD2

5.1. Laminopathic Lipodystrophies

Monogenic causes of lipodystrophies mostly converge in primary alterations of the adipose tissue,
such as impaired defects in the formation, maintenance, and regulation of the adipocyte lipid droplets,
leading to a loss of fat in specific district or in the whole body and secondary metabolic dysfunction [53].
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As said above, mutations in lamin A/C, lamin B2, or ZMPSTE24 gene or alterations of prelamin A
maturation are the cause of laminopathies featuring lipodystrophy.

From a clinical point of view, FPLD2 and MADA feature type A lipodystrophy, i.e., a loss of fat
from the limbs and trunk and accumulation in the neck, while MADB presents with a generalized loss
of adipose tissue (type B lipodystrophy) [122]. Metabolic alterations such as insulin resistance, diabetes,
dyslipidemia, and nonalcoholic fatty liver diseases are found in laminopathic lipodystrophies with
some variability among individuals [51]. The onset of lipodystrophy is at puberty, while up to that age
most mutation carriers appear unaffected [122]. Of note, fat loss is much more evident in females and
some male patients remain asymptomatic for several years [122]. A main clinical phenotype in MADA
and MADB is accelerated ageing with onset in the second decade [1].

FPLD2

FPLD2 is typical partial lipodystrophy caused by mutations in the LMNA gene. More than 85%
of FPLD2 mutations affect arginine 482 (p.Arg482Trp, p.Arg482Gln, p.Arg482Leu), located in exon 8,
which encodes the globular portion of the protein. Different LMNA missense mutations have been
reported in patients with FPLD2, most of them occurring in lamin A/C C-terminal domains [123,124].

FPLD2 is characterized by a loss of fat from the limbs, buttocks, and trunk, with cushingoid
appearance, due to fat accumulation in the neck, face, and axillary regions [51,53,122]. In addition,
patients may present muscular hypertrophy. FPLD2 patients also show early-onset atherosclerosis
leading in some cases to cardiovascular pathologies and premature coronary heart disease, peripheral
arteritis, and stroke [125].

Adipose tissue endocrine functions are also affected, with decrease in adiponectin- and
leptin-circulating levels, leading to a worse prognosis in female patients, thus indicating that steroids
could be involved in lipodystrophic phenotypes, resulting from LMNA mutations [124].

At the molecular level, FPLD2, MADA, and MADB are also characterized by accumulation of
prelamin A at the nuclear periphery [66,126]. In FPLD2 and MADA, prelamin A accumulation is
associated with recruitment of BAF to the nuclear periphery [127] and interferes with import and
transactivation activity of the adipocyte transcription factor SREBP1 [7]. With a similar mechanism,
accumulation of prelamin A by treatment of cells with anti-retroviral protease inhibitors, drugs that
caused a lipodystrophy phenotype in patients subjected to therapy, has been shown to affect Sp1
import in nuclei of mesenchymal stem cells and Sp1-dependent regulation of genes related to lipid
metabolism [18].

In FPLD2, it was observed that lamin A connection with chromatin at the nuclear periphery
and in the nuclear interior could be affected and associated with tridimensional rearrangements of
chromatin [128]. 3D genome models of fibroblasts from FPLD2 patients have shown a repositioning in
the nuclear center of the T/Brachyury gene, a key regulator of mesodermal differentiation, an event
favoring gene transcription [129].

To address FPLD2 pathogenesis, the particular clinical condition must be considered. Patients
lose subcutaneous fat, while they accumulate adipose tissue in the neck and in some instances in
visceral depots [122]. In a study aimed at evaluating different fat districts, it was shown that prelamin
A accumulation in lipoatrophic fat is associated with altered expression of cyclin D3, pRB, and PPARγ
genes, involved in adipocyte differentiation and proliferation [130]. On the other hand, fibrosis,
altered expression of adipogenic factors, a mitochondrion number increase, and enhanced levels
of uncoupling protein 1 (UCP1, a marker of brown adipocytes) have been reported in the neck
adipose tissue from FPLD2 patients, suggesting that the hypertrophic adipose tissue found in that
particular district is of brown origin [126,130]. It is plausible that LMNA defects might affect a group
of adipogenic genes or differentiation mechanisms depending on the type of adipogenic precursors [5].
Our recent work has demonstrated that impaired autophagy due to hyperphosphorylation of pS6K1
contributes to downregulation of white adipose tissue genes in cells from FPLD2 patients, while
aberrant activation of autophagy in brown preadipocytes from the neck of FPLD2 patients contributes
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to direct cell differentiation towards a white adipocyte phenotype (Pellegrini et al., in preparation).
As a consequence of impaired autophagic signaling, lipid droplet formation is impaired in FPLD2,
as observed in an in vitro model of LMNA-lipodystrophy (Pellegrini et al., in preparation).

Aberrant differentiation or even determination of adipocyte precursors might play a major role
in FPLD2 pathogenesis. Along this line, the Collas group showed that altered lamin A association
with the RNA-binding protein Fragile X syndrome-related protein 1 (FXR1P) and upregulation of
FXR1P in FPLD2 adipogenic precursors leads to conversion to the myogenic lineage [131]. However,
a complex pathogenetic picture is emerging from FPLD2 studies, also involving the anti-adipogenic
factors. For instance, the p.R482W mutation impairs differentiation-dependent lamin A binding to
the MIR335 locus and overexpression of the MIR355 gene after adipogenic induction [25]. Moreover,
tissue and depot specific effects might be related to lamin A tissue-specific interactions, such as the
one with the adipocyte nuclear envelope protein TMEM120 [132].

Involvement of mTOR signaling in laminopathic adipose tissue defects has been also explored
in Lmna−/− mice [111] used to study cardiomyopathy and muscle dystrophy. In that mouse model,
mTORC2 inactivation specifically in adipose tissue elicited weight gain and improved the whole body
metabolism [111]. Importantly, high energy expenditure was observed in this mouse model, while
rapamycin reversed this condition, indicating that mTOR-dependent signaling affected the rate of
energy expenditure [121]. The reduction in adiposity in Lmna−/− mice seems to be linked to lipolysis,
which is decreased after rapamycin treatment. Very interestingly, mTOR was found to be aberrantly
activated in adipose tissue, while rapamycin suppressed hyperactivated mTOR signaling, rescuing
the phenotype. These results suggest a link between A-type lamin functions and mTOR signaling
in adipose tissue and imply that not only adipose tissue homeostasis and differentiation, but also
metabolic regulation may be related to altered mTOR regulation in the absence of a functional lamina
(Figure 4) [121].

6. Progeroid Laminopathies

6.1. HGPS

Progeroid laminopathies include several forms linked to LMNA mutations and a few forms
associated with ZMPSTE24 gene variants or the POLD1 gene [1]. Among LMNA-linked progeroid
syndromes are HGPS, MADA, atypical-Werner syndrome, and atypical progeria syndrome [1]. MADB
is linked to ZMPSTE24 mutations, while a form of mandibuloacral dysplasia also featuring hearing
loss is associated with POLD1 mutations [1].

HGPS is a rare genetic disorder characterized by very early onset accelerated ageing with hair
loss, short stature, skin tightness, joint contractures, progressive cardiovascular disease resembling
atherosclerosis, osteolysis of clavicles, mandible and terminal phalanges, osteoporosis, and death due
to cardiovascular problems at an average age of 14.6 years [133]. Children with HGPS are healthy
at birth but rapidly develop a progeroid phenotype [133]. HGPS is due to a sporadic mutation in
the LMNA gene (c.1824C<T) [134,135], resulting in a silent polymorphism at codon 608 (G608G)
that activates a cryptic splice site. This leads to a deletion of 50 amino acids near the C-terminus of
prelamin A. The abnormal protein produced, called progerin, lacks the second site for endoproteolytic
cleavage, and thus remains permanently farnesylated. Accumulation of progerin exerts toxic effects
disrupting the integrity of nuclear envelope and leading to nuclear architecture abnormalities [136].
Even though G608G is the most frequent mutation in HGPS patients (at least 90% of all progeria cases),
other mutations in the gene cause progeroid phenotypes classified as atypical progeria syndrome,
with onset in the first decade, variable bone phenotype and lipodystrophy, or atypical-Werner
syndrome, with onset of accelerated ageing in the second decade [137–139].
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6.2. mTOR Signaling in HGPS

AKT-mTOR signaling has been analyzed in HGPS fibroblasts. AKT phosphorylation was
reduced in HGPS cells [140], and mTOR phosphorylation, possibly leading to autophagy activation,
was reduced in HGPS fibroblasts [141]. Moreover, in a mouse model of progeria, the Zmpste24
null mouse, which accumulates toxic levels of prelamin A, AKT, and S6 kinase phosphorylation
were significantly reduced in liver and skeletal muscle, [140], suggesting activation of the
autophagic signaling. Unexpectedly, in the same mouse model, genetic ablation of the prelamin
A methyltransferase Icmt caused a significant activation of AKT and its downstream effectors
in the mTOR pathway, leading to phosphorylation and degradation of p21 and reduced cellular
senescence [140]. Thus, mTOR inactivation seems to play a dual role in progeroid cells, modulating
both the autophagic signaling and p21-dependent cellular senescence [140]. Although autophagy is
considered an anti-aging mechanism, increased levels of p21 are associated with senescence. Moreover,
we did not observe any degradation of progerin in HGPS cells unless rapamycin was used to further
inhibit the mTOR activity [141,142]. More recently, autophagy has been proposed as a mechanism
to recycle nutrients in Lmna G609G progeroid mice [143], which were affected by severe weight
loss and cachexia. In these mice subjected to high fat diet, LC3 II levels were reduced compared
to individual under normal diet regimen [143]. The authors did not explore mTOR signaling but
suggest that elevated energy intake by high fat diet could downregulate autophagy in progeroid mice.
This complex picture needs further investigation, mostly to understand to which extent the HGPS
phenotype could be improved by treatment with rapamycin or other rapalogs.

6.3. mTOR in Ageing Models

Several mouse models have been developed to better understand the effects of mTOR signaling in
promoting aging and age-related phenotypes. Mice lacking S6K1 [144] and mice bearing heterozygous
deletions of mTOR and mLST8 [145] show extended longevity. Moreover, mTOR hypomorphic
mice display increased median lifespan, and they are healthier and seem to be protected from many
age-related diseases [118].

Interestingly, many other studies support the effects of the mTOR signaling pathway on aging
through a pharmacological approach [146–150]. Several evidences suggest that rapamycin could
modulate a number of aging-related mechanisms and could be a potential anti-aging therapy, extending
average and maximum lifespan in mice and delaying several age-related pathologies [148,151–153].
Rapamycin may also reverse features of ageing in mice, such as cardiac hypertrophy, liver degeneration,
adrenal glands and endometrium decline, and tendon elasticity [137].

Besides to limit the set of problems caused by prolonged exposure to rapalogs, different
approaches have been carried out, reporting that an intermittent rapamycin treatment schedule
is associated with fewer side effects on the immune system and on glucose metabolism, and with
a lifespan extension in mouse models [154–156]. Another possible dosing regimen for delaying the
aging phenotype and minimizing the side effects has been suggested by Mannick and colleagues,
proposing low-dose and short-time everolimus administration [157]. Finally, a very recent paper
has demonstrated that a methionine restriction diet extended lifespan in LmnaG609G/G609G
and Zmpste24−/− HGPS mouse models, rescuing the pathologic phenotype, by reversing the
transcriptome alterations in inflammation and DNA-damage response genes, improving the lipid
profile and changing bile acid levels and conjugation. Methionine restriction also induced
downregulation of the mTOR pathway, suggesting the existence of a metabolic signaling involved in
the longevity extension achieved by the methionine restriction diet [158].

6.4. mTOR Inhibitors in HGPS

Rapamycin reduces progerin levels in HGPS cells, avoids farnesylated prelamin A accumulation,
and rescues physiological chromatin dynamics [142]. Temsirolimus, another rapalog, has been tested in
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HGPS cells [68]. Nevertheless, mitochondrial dysfunction [159] and elevated DNA damage observed
in HGPS cells are not rescued by the drug [68]. Combination of drugs is currently considered the most
promising approach to HGPS therapy, not only because of the complex clinical condition but also to
take advantage of the synergistic effects of drugs that allow for the use of a low dosage, thus limiting
toxicity. In a study we performed in HGPS cells, all-trans retinoid acid (ATRA) and rapamycin were
shown to synergistically improve the lamin A to progerin ratio. The beneficial effect leading to
reduction of DNA damage and improvement of BAF and chromatin dynamics was elicited through a
transcriptional effect, possibly due to ATRA, and through rapamycin-dependent activation of progerin
autophagic degradation (Figure 4) [160]. The combined treatment is currently being tested in animal
models. The administration of rapalogs with the anti-diabetes drug metformin, able to minimize
adverse effects, may represent a further strategy for the use of mTOR inhibitors [160]. Metformin is a
regulator of the mTORC1-dependent translation process, activating the AMP-activated protein kinase
(AMPK) axis [161] and directly inhibiting mTOR [162]. This drug shows anti-aging effects in many
models [163], and an observational and retrospective study in diabetic patients revealed that metformin
treatment leads to a strong decrease in all-cause death and in the onset of age-related diseases [164].
Recently, it has reported in a mouse model that a combination of rapamycin and metformin reduces the
strong metabolic deficits caused by rapamycin treatment [120]. Interestingly, in HGPS fibroblasts and
Lmna G609G/G609G mouse fibroblasts, metformin diminishes progerin expression [165], suggesting a
possible therapeutic potential of metformin for HGPS.

A recent approach to HGPS treatment involves lonafarnib (a prelamin A and progerin
farnesylation inhibitor [166] combined with everolimus (an analogue of rapamycin that has a more
favorable pharmacokinetic profile) and an ongoing phase I/II trial has been launched by the Progeria
Research Foundation [NCT02579044].

Another strategy to modulate autophagy and decrease the progerin levels in HGPS patients’
cells employed proteasome inhibitor MG132 as an activator of lysosomal degradation in response to
proteasome inhibition. Moreover, progerin degradation, following MG132 treatment, was observed in
HGPS IPSC-derived cell lines as well as in vivo in an Lmna G609G/G609G mouse model, showing
an amelioration of cellular HGPS phenotype (Figure 4) [167]. Finally, various nanoparticles (NPs)
have demonstrated an ability to modulate mTOR activity and proliferation. This approach to mTOR
modulation warrants further investigation [168,169].

6.5. MADA and MADB

MAD is a rare laminopathy characterized by progeroid features, including growth retardation,
fat distribution, and metabolic abnormalities (diabetes, glucose intolerance, and insulin resistance)
and severe osteolysis and osteoporosis [1,141]. MADA fibroblasts show nuclear blebbing and reduced
proliferation. Patients with MADA have a less severe phenotype as compared to MADB harboring
ZMPSTE24 mutations, consistent with the accumulation of a higher amount of prelamin A in MADB.
Several therapeutic approaches have been reported to rescue the cellular abnormalities, such as farnesyl
transferase inhibitors, statins, and bisphosphonate [16].

Interestingly, some activation of autophagy in MADA has been suggested by studies performed
with chloroquine. In MADA fibroblasts subjected to chloroquine treatment, prelamin A level is
increased, while, as expected, the autophagic process is impaired (Figure 3) [170]. Thus, it appears that
an autophagic mechanism of removal of mutated prelamin A (MADA cells carry homozygous LMNA
mutations and are devoid of wild-type lamin A/C) is activated in those cells [170]. Consistent with
this observation, inhibition of mTOR by rapamycin triggers lysosomal degradation of farnesylated
prelamin A in MADA fibroblasts and rescues markers of cellular senescence as well as chromatin
epigenetic mechanisms [5,170]. In contrast to what observed in MADA fibroblasts, osteoblast-like cells
overexpressing lamin A R527H showed activation of the mTOR pathway, although mTOR itself was
not phosphorylated. Inhibition of this pathway by everolimus treatment significantly improved the
mutant phenotype and its pathogenetic pathways, including the ability of R527H LMNA osteoblasts to
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stimulate osteoclastogenesis, suggesting that everolimus can be explored as a therapeutic approach for
MADA [32].

Rapamycin treatment may be a therapeutic strategy for MADB as well. Indeed, it has been
demonstrated that inhibition of the mTOR signaling pathway induces improvement of nuclear
aberrations and ameliorates the overall phenotype of fibroblasts from MADB patients, even if changes
in the phosphorylation status of mTOR have not been determined (Figure 4) [171].

7. Perspectives

From a basic point of view, the main finding of mTOR studies conducted in models of
laminopathies is that functional lamin A/C is required for mTOR-dependent pathways that regulate
autophagy and fibrogenic processes. The link between a functional lamina and autophagy is consistent
with the observed involvement of autophagy in lamina homeostasis through degradation of defective
or excess A or B type lamins [142,160,170,172]. Thus, a feedback mechanism could be hypothesized,
whereby proteins of the nuclear lamina inhibit mTOR activity and trigger autophagy to maintain their
physiological levels. This hypothesis has been widely proven for lamin B [172]. Mutated lamins,
including the R527H-mutated lamin A/C and prelamin A found in many cases of MADA and
progerin, likely fail to trigger efficient mTOR-dependent autophagic signaling, thus causing protein
accumulation. However, while EDMD2 and FPLD2 appear to be characterized by activation of the
AKT/mTOR pathway either through mTOR itself or through direct phosphorylation of p70S6 kinase,
ultimately impairing the autophagic activity [30,32,111,121,173], HGPS and MADA cells show some
activation of the autophagic pathway. Nevertheless, despite this relevant difference in mTOR signaling,
in experimental models of all these laminopathies, rapamycin, everolimus, and temsirolimus have
been demonstrated to efficiently degrade toxic molecules and/or rescue the phenotype. Despite the
known side effects of rapamycin and rapalogs, those results suggest that therapeutic approaches based
on mTOR inhibition and activation of autophagy be explored. However, recent findings showing
that other mTOR dependent mechanisms such as nutrient intake and energy expenditure are affected
in laminopathies suggest a more complex therapeutic strategy aimed at rescuing good metabolic
conditions while reducing levels of mutated lamins.
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Abbreviations

4E-BP1 Eukariotic translation initiation factor 4E-binding protein 1
AMPK AMP-activated protein kinase
ATG14L ATG autophagy related-14 like
ATM Atacsia telangectasia-mutated
ATR Atacsia telangectasia- and RAD3-related
ATRA All-trans retinoid acid
BAF Barrier to autointegration factor
CMT2B1 Charcot–Marie tooth neuropathy
DEPTOR DEP domain-containing mTOR-interacting protein
DNA-PK DNA-dependent protein kinase
EDMD Emery-Dreifuss muscular dystrophy
eEF2K Eukaryotic elongation factor 2 kinase
eIF-4E Eukaryotic initiation factor-4E
FAT FKBP/ATM/TRRAP
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FATC FRAP/ATM/TRRAP/carboxy terminal
FKBP-12 FK506-binding protein-12
FoxO Forkhead box O
FPLD2 Familial partial lipodistrphy 2
FRB FKBP, rapamycin-binding
FXR1P Fragile X syndrome-related protein 1
GAP PTPase activating protein
HEAT Huntingtin/elongation factor 3/A subunit of protein phosphatase-2A/TOR1
HGPS Hutchinson–Gilford progeria syndrome
HHS “Heart hand” syndrome
HIF1 alpha Hypoxia inducible factor 1
hSMG-1 Human suppressor of morphogenesis in genitalia-1
IGFR Insulin-like growth factor receptor
IR Insulin receptor
IRS1 Insulin receptor substrate 1
LAD Lamina-associated domain
LC3 Microtubule-associated protein 1 light chain 3
L-CMD Cardiomyopathy-lmna-linked congenital muscular distrophy
LKB1 Liver kinase 1
MADA Mandibuloacral dysplasia
mLST8 Mammalian sethal with SEC13 protein 8
MRTFA Mechanoresponsive myocardin-related transcription factor A
mSin Mammalian stress-activated protein kinase Interacting protein 1
mTOR Mechanistic target of rapamycin
PI3K Phosphoinositide 3-kinase
PIKK Phosphoinositide kinase-related family of protein kinases
PKC Protein kinase C
PPARgamma Peroxisome proliferatior-activated receptor gamma
PRAS40 Proline-rich AKT substrate 1 40 kDa
PROTOR 1/2 Protein observed with Rictor
RAPTOR Regulatory-associated protein of TOR
RD Restrictive dermopathy
RHEB Ras homolog enriched in brain
RICTOR Rapamycin-insensitive companion of TOR
RPS6 Ribosomal protein S6
RTK Receptor tyrosine kinase
S6K1 P70 ribosomal S6 kinase 1
SGK1 Serum and glucocorticoid-activated kinase 1
SREBP1 Sterol regulatory element-binding protein 1
TSC2 Tuberous sclerosis complex 2
UCP1 Uncoupling protein 1
UPS Ubiquitin proteasome system
Vps34 Vacuolar protein sorting 34
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Abstract: The administration of Everolimus (EVE), a mTOR inhibitor used in transplantation and
cancer, is often associated with adverse effects including pulmonary fibrosis. Although the underlying
mechanism is not fully clarified, this condition could be in part caused by epithelial to mesenchymal
transition (EMT) of airway cells. To improve our knowledge, primary bronchial epithelial cells
(BE63/3) were treated with EVE (5 and 100 nM) for 24 h. EMT markers (α-SMA, vimentin, fibronectin)
were measured by RT-PCR. Transepithelial resistance was measured by Millicell-ERS ohmmeter.
mRNA and microRNA profiling were performed by Illumina and Agilent kit, respectively. Only high
dose EVE increased EMT markers and reduced the transepithelial resistance of BE63/3. Bioinformatics
showed 125 de-regulated genes that, according to enrichment analysis, were implicated in collagen
synthesis/metabolism. Connective tissue growth factor (CTGF) was one of the higher up-regulated
mRNA. Five nM EVE was ineffective on the pro-fibrotic machinery. Additionally, 3 miRNAs resulted
hyper-expressed after 100 nM EVE and able to regulate 31 of the genes selected by the transcriptomic
analysis (including CTGF). RT-PCR and western blot for MMP12 and CTGF validated high-throughput
results. Our results revealed a complex biological network implicated in EVE-related pulmonary
fibrosis and underlined new potential disease biomarkers and therapeutic targets.

Keywords: epithelial to mesenchymal transition; mTOR inhibitor; pulmonary fibrosis; transcriptomics;
miRNome; everolimus

1. Introduction

Everolimus (EVE), marketed as Certican, is a pharmacological agent widely used in the
anti-rejection therapy of solid organ transplantation and in the treatment of certain tumors (e.g.,
in advanced renal cell carcinoma, subependymal giant cell astrocytoma associated with tuberous
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sclerosis, pancreatic neuroendocrine tumors, breast cancer) [1]. Similar to Sirolimus and Tamsilorimus,
it exerts its immunosuppressive activity by inhibiting mammalian target of rapamycin (mTOR),
a phosphoinositide 3-kinase-related protein that controls cell cycle, protein synthesis, angiogenesis
and autophagy [2]. These important multi-factorial biological/cellular effects allow this drug to
avoid/minimize the onset of acute rejection episodes and to slow down the progression of chronic
allograft lesions [3,4].

However, some authors have reported a high rate of discontinuation secondary to side effects
after the introduction of this drug [5–7]. Among them, pneumonitis or interstitial lung disease with
a range of pulmonary histopathologic changes (including alveolar hemorrhage, pulmonary alveolar
proteinosis, focal fibrosis, bronchiolitis obliterans organizing pneumonia) have been largely reported
in clinical records and they have been associated with worsened patients’ clinical outcomes and drug
discontinuation [8–16]. The incidence of this complications is 2–11%, frequently reported between 1
and 51 months after the beginning of mTOR inhibitor therapy [17–19].

The pathogenic mechanism underlying lung toxicity is multi-factorial and epithelial to
mesenchymal transition (EMT) of airway cells seems to have a pivotal role [20–23]. Our group
has recently demonstrated that high doses of EVE are associated with a reprogramming of gene
expression in several epithelial cell lines (airway, renal epithelial proximal tubular and hepatic cells)
with a consequent loss of their phenotype (junctions and apical-basal polarity) and the acquisition
of mesenchymal traits increasing the motility and enabling the development of an invasive and
pro-fibrotic phenotype [24–26].

High dosage of EVE eliminating negative crosstalk from mTORC1/S6K, leads to activation of
mTORC2 that enhances AKT phosphorylation at Ser473 and stimulates PI3K-AKT signaling that
induces renal fibrosis [26–30].

The pro-fibrotic attitude of EVE has also been confirmed in vivo in renal transplant patients
through the estimation of an arbitrary pulmonary fibrosis index score in renal transplant patients
chronically treated with this drug. In this patients’ subset, high blood trough level of EVE was
associated with a high rate of pulmonary signs of fibrosis [24].

However, although the aforementioned studies and the large clinical evidences, the complete
biological machinery involved in this condition has not been completely clarified.

Therefore, we employed, for the first time, a highthroughput approach combining a transcriptomic
with a miRNome analysis to study the capability of EVE to induce pro-fibrotic changes in primary
bronchial epithelial cells.

All together our results could represent a step forward in the comprehension of the mTOR-I
associated biological machinery and in the identification of new targets for therapeutic interventions.

2. Results

2.1. High Dosage Everolimus (EVE) Induced Epithelial to Mesenchymal Transition (EMT) of BE63/3
(Primary Bronchial Epithelial Cells)

To confirm our previous results obtained in immortalized bronchial and pulmonary cell lines [24],
we decided to measure by Real Time-PCR the expression level of alpha smooth muscle actin (α-SMA),
vimentin (VIM), and fibronectin (FN) in BE63/3 treated for 24 h with 2 different dosages of EVE (5 and
100 nM) chosen according to literature evidences [31–34] and previous experiments performed by our
research group in different cell lines [24–26].

Only high dose of EVE (100 nM), similarly to TGF-β (20 ng/mL), increased the mRNA level of the
EMT-related markers (Figure 1A–C). Moreover E-cadherin resulted downregulated although it did not
reach a statistically significant level (Figure S1). Contrarily, 5 nM EVE was ineffective (Figure 1A–C).

Additionally, high dosage of EVE was also able to reduce the transepithelial resistance (TER)
evaluated by a Millicell-ERS ohmmeter indicating dysfunctional tight junctions (Figure 1D).
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Figure 1. Gene expression of epithelial to mesenchymal transition (EMT) related markers. Relative
(A) alpha smooth muscle actin (α-SMA), (B) fibronectin (FN) and (C) vimentin (VIM) expression
evaluated by Real-time PCR in BE 63/3 cells treated or untreated with Everolimus (EVE) (5 and
100 nM) or TGF-β (20 ng/mL); expression values were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Mean ± S.D. (error bars) of three separate experiments performed in
triplicate. * p < 0.05, ** p < 0.01 vs. control (CTR). (D) Histogram represents transepithelial resistance as
percentage change with respect to control cells. * p < 0.05 vs. CTR.

2.2. Transcriptomic Analysis Revealed That High Dosage of EVE Up-Regulated Genes Involved in Collagen
Synthesis and Metabolism

Gene expression profiling evaluated by transcriptomic analysis revealed that in vitro treatment
of BE63/3 cells with 100 nM EVE for 24 h deregulated 147 probe sets (corresponding to 125 genes):
60/147 probe sets (47 genes) resulted up-regulated while 87/147 probe sets (corresponding to 78 genes)
were down-regulated (≥1.5-fold change) in EVE-treated cells compared with control (CTR) (Table 1).
According to enrichment analysis, selected genes belonged to 44 pathways (Table 2) and 5 of them
were involved in collagen synthesis/metabolism and regulation of stress fiber assembly. Interestingly,
connective tissue growth factor (CTGF) was a representative gene in all these pro-fibrotic pathways.

Instead, low dosage EVE (5 nM) was able to change the expression level of only 33 probe sets
(24 genes): 25/33 probe sets (20 genes) were hyper-expressed and 4 probe sets (4 genes) down-regulated
after treatment (Table 3). None of the selected pathways was associated with the pro-fibrotic cellular
machinery (Table 4).

Principal component analysis (PCA) and volcano plot showed the degree of separation of
untreated versus treated cells at both EVE dosages (Figure 2).
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Table 1. List of the differentially expressed probe sets after treatment with 100 nM EVE.

Probe ID
Fold

Change
Regulation Symbol

Entrez
Gene ID

Definition

4760626 2.275 Up MMP12 4321 matrix metallopeptidase 12 (macrophage elastase), mRNA.

4780209 2.218 Up MMP12 4321 matrix metallopeptidase 12 (macrophage elastase) mRNA.

670041 1.925 Up AKAP12 9590 A kinase (PRKA) anchor protein (gravin) 12, transcript
variant 2, mRNA.

6770746 1.903 Up LOC728715 728715 similar to hCG38149 (LOC728715), mRNA.

4640086 1.814 Up FOXQ1 94234 forkhead box Q1, mRNA.

2810246 1.808 Up LBH 81606 limb bud and heart development homolog (mouse)
(LBH), mRNA.

6330270 1.804 Up GPC4 2239 glypican 4, mRNA.

6620201 1.789 Up KLHL24 54800 kelch-like 24 (Drosophila), mRNA.

5690687 1.783 Up CTGF 1490 connective tissue growth factor, mRNA.

5420577 1.775 Up CLCA4 22802 chloride channel, calcium activated,
family member 4, mRNA.

2640292 1.769 Up CTGF 1490 connective tissue growth factor, mRNA.

1070477 1.753 Up ALDH1A1 216 aldehyde dehydrogenase 1 family, member A1, mRNA.

3130301 1.729 Up PIM1 5292 pim-1 oncogene, mRNA.

6620008 1.705 up KAL1 3730 Kallmann syndrome 1 sequence, mRNA.

4040576 1.704 up IL6 3569 interleukin 6 (interferon, beta 2), mRNA.

1820315 1.677 up C4orf26 152816 chromosome 4 open reading frame 26 (C4orf26), mRNA.

1990142 1.671 up C20orf114 92747 chromosome 20 open reading frame 114
(C20orf114), mRNA.

1940647 1.668 up HBP1 26959 HMG-box transcription factor 1, mRNA.

2640324 1.665 up SLC46A3 283537 solute carrier family 46, member 3, mRNA.

3800241 1.651 up CDH6 1004 cadherin 6, type 2, K-cadherin (fetal kidney), mRNA.

6110736 1.646 up IRS2 8660 insulin receptor substrate 2, mRNA.

4610056 1.641 up FLRT2 23768 fibronectin leucine rich transmembrane protein 2, mRNA.

6420687 1.638 up PLUNC 51297 palate, lung and nasal epithelium carcinoma associated,
transcript variant 2, mRNA.

6420465 1.625 up GABARAPL1 23710 GABA(A) receptor-associated protein like 1, mRNA.

4780128 1.625 up ATF3 467 activating transcription factor 3, transcript variant 4, mRNA.

160242 1.622 up C13orf15 28984 chromosome 13 open reading frame 15 (C13orf15), mRNA.

2650709 1.620 up CDH11 1009 cadherin 11, type 2, OB-cadherin (osteoblast), mRNA.

2230767 1.615 up LOC387825 387825 misc_RNA (LOC387825), miscRNA.

6860228 1.610 up C5orf41 153222 chromosome 5 open reading frame 41 (C5orf41), mRNA.

6510754 1.609 up ALDH1A1 216 aldehyde dehydrogenase 1 family, member A1, mRNA.

1980255 1.605 up RNF39 80352 ring finger protein 39, transcript variant 2, mRNA.

6840491 1.604 up C5orf41 153222 chromosome 5 open reading frame 41 (C5orf41), mRNA.

4280228 1.595 up IVNS1ABP 10625 influenza virus NS1A binding protein, mRNA.

5080021 1.593 up BIRC3 330 baculoviral IAP repeat-containing 3,
transcript variant 1, mRNA.

6400131 1.589 up CYP24A1 1591 cytochrome P450, family 24, subfamily A, polypeptide 1,
nuclear gene encoding mitochondrial protein, mRNA.

7160239 1.580 up FOSB 2354 FBJ murine osteosarcoma viral oncogene
homolog B, mRNA.

380689 1.578 up TSC22D1 8848 TSC22 domain family, member 1,
transcript variant 1, mRNA.

3060095 1.574 up COL12A1 1303 collagen, type XII, alpha 1, transcript variant short, mRNA.

1410209 1.571 up SGK1 6446 serum/glucocorticoid regulated kinase 1,
transcript variant 1, mRNA.

2190553 1.556 up FZD6 8323 frizzled homolog 6 (Drosophila), mRNA.

4570075 1.544 up KIAA1641 57730 KIAA1641, transcript variant 7, mRNA.

5090626 1.540 up FAP 2191 fibroblast activation protein, alpha, mRNA.

6620538 1.540 up UBL3 5412 ubiquitin-like 3, mRNA.
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Table 1. Cont.

Probe ID
Fold

Change
Regulation Symbol

Entrez
Gene ID

Definition

5960398 1.537 up NT5E 4907 5′-nucleotidase, ecto (CD73), mRNA.

5570731 1.533 up C8orf4 56892 chromosome 8 open reading frame 4 (C8orf4), mRNA.

830639 1.531 up LOC653778 653778 similar to solute carrier family 25, member 37
(LOC653778), mRNA.

3290187 1.529 up PCMTD1 115294 protein-L-isoaspartate (D-aspartate) O-methyltransferase
domain containing 1 (PCMTD1), mRNA.

3440670 1.517 up LOC402251 402251 similar to eukaryotic translation elongation factor 1 alpha 2
(LOC402251), mRNA.

630315 1.514 up DHRS9 10170 dehydrogenase/reductase (SDR family) member 9,
transcript variant 1, mRNA.

1410161 1.513 up KLHL5 51088 kelch-like 5 (Drosophila), transcript variant 3, mRNA.

4150575 1.513 up LETMD1 25875 LETM1 domain containing 1, transcript variant 2, mRNA.

7210497 1.513 up NUAK1 9891 NUAK family, SNF1-like kinase, 1, mRNA.

1240440 1.511 up TXNIP 10628 thioredoxin interacting protein, mRNA.

4760747 1.509 up TPST1 8460 tyrosylprotein sulfotransferase 1, mRNA.

2360220 1.508 up MATR3 9782 matrin 3, transcript variant 1, mRNA.

3800431 1.508 up RCOR3 55758 REST corepressor 3, mRNA.

4390450 1.504 up SGK 6446 serum/glucocorticoid regulated kinase, mRNA.

2450465 1.503 up CYBRD1 79901 cytochrome b reductase 1, mRNA.

6110053 1.501 up ZNF32 7580 zinc finger protein 32, transcript variant 2, mRNA.

4570398 1.501 up F2R 2149 coagulation factor II (thrombin) receptor, mRNA.

3800050 −1.503 down ADCY3 109 adenylate cyclase 3, mRNA.

5900008 −1.504 down KLK11 11012 kallikrein-related peptidase 11, transcript variant 2, mRNA.

5080605 −1.504 down SNRPA1 6627 small nuclear ribonucleoprotein polypeptide A′, mRNA.

4560541 −1.521 down MLKL 197259 mixed lineage kinase domain-like, mRNA.

520682 −1.523 down CPA4 51200 carboxypeptidase A4, mRNA.

4010296 −1.527 down RNASE1 6035 ribonuclease, RNase A family, 1 (pancreatic), transcript
variant 1, mRNA.

6350161 −1.530 down LCP1 3936 lymphocyte cytosolic protein 1 (L-plastin), mRNA.

4730605 −1.532 down AURKA 6790 aurora kinase A, transcript variant 5, mRNA.

6840075 −1.532 down NP 4860 nucleoside phosphorylase, mRNA.

6770187 −1.533 down SPRR2A 6700 small proline-rich protein 2A, mRNA.

870131 −1.533 down HSPA5 3309 heat shock 70 kDa protein 5 (glucose-regulated protein,
78 kDa), mRNA.

1570193 −1.535 down ARHGDIB 397 Rho GDP dissociation inhibitor (GDI) beta, mRNA.

2450167 −1.537 down RPL29 6159 ribosomal protein L29, mRNA.

7510709 −1.540 down CEP55 55165 centrosomal protein 55 kDa, mRNA.

2350465 −1.544 down RPL29 6159 ribosomal protein L29, mRNA.

160097 −1.546 down MELK 9833 maternal embryonic leucine zipper kinase, mRNA.

3930703 −1.547 down WDR4 10785 WD repeat domain 4, transcript variant 2, mRNA.

1170066 −1.554 down SULT2B1 6820 sulfotransferase family, cytosolic, 2B, member 1, transcript
variant 1, mRNA.

2070520 −1.556 down CDCA7 83879 cell division cycle associated 7, transcript variant 1, mRNA.

6550048 −1.559 down DHCR7 1717 7-dehydrocholesterol reductase, mRNA.

5310634 −1.566 down FASN 2194 fatty acid synthase, mRNA.

6560494 −1.566 down ARTN 9048 artemin, transcript variant 2, mRNA.

5860348 −1.568 down SC4MOL 6307 sterol-C4-methyl oxidase-like, transcript variant 2, mRNA.

5270112 −1.570 down HMGCS1 3157 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
(soluble), transcript variant 2, mRNA.

5690274 −1.571 down MCM6 4175 minichromosome maintenance complex
component 6, mRNA.
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Probe ID
Fold

Change
Regulation Symbol

Entrez
Gene ID

Definition

940487 −1.573 down FUT3 2525 fucosyltransferase 3 (galactoside 3(4)-L-fucosyltransferase,
Lewis blood group), transcript variant 4, mRNA.

5810154 −1.580 down ALOX15B 247 arachidonate 15-lipoxygenase, type B, transcript
variant b, mRNA.

870546 −1.581 down MAD2L1 4085 MAD2 mitotic arrest deficient-like 1 (yeast), mRNA.

6020139 −1.588 down KLK7 5650 kallikrein-related peptidase 7, transcript variant 1, mRNA.

4250156 −1.589 down EBP 10682 emopamil binding protein (sterol isomerase), mRNA.

10341 −1.599 down SHMT2 6472 serine hydroxymethyltransferase 2 (mitochondrial), nuclear
gene encoding mitochondrial protein, mRNA.

5360678 −1.602 down DHCR7 1717 7-dehydrocholesterol reductase, transcript variant 1, mRNA.

6580059 −1.610 down UCP2 7351 uncoupling protein 2 (mitochondrial, proton carrier),
nuclear gene encoding mitochondrial protein, mRNA.

5090278 −1.610 down GPX2 2877 glutathione peroxidase 2 (gastrointestinal), mRNA.

3940673 −1.617 down LOC728285 728285 similar to keratin associated protein 2-4
(LOC728285), mRNA.

2650564 −1.623 down RARRES3 5920 retinoic acid receptor responder
(tazarotene induced) 3, mRNA.

360367 −1.625 down PCDH7 5099 protocadherin 7, transcript variant a, mRNA.

7560364 −1.635 down LOC729779 729779 misc_RNA (LOC729779), miscRNA.

780528 −1.635 down CKS2 1164 CDC28 protein kinase regulatory subunit 2, mRNA.

5960224 −1.636 down PTTG3P 26255 pituitary tumor-transforming 3 (pseudogene),
non-coding RNA.

4730196 −1.653 down TK1 7083 thymidine kinase 1, soluble, mRNA.

1510296 −1.656 down ASNS 440 asparagine synthetase, transcript variant 1, mRNA.

1190142 −1.657 down EMILIN2 84034 elastin microfibril interfacer 2, mRNA.

1170170 −1.662 down STC2 8614 stanniocalcin 2, mRNA.

2140128 −1.670 down SCD 6319 stearoyl-CoA desaturase (delta-9-desaturase), mRNA.

5360070 −1.674 down CCNB2 9133 cyclin B2, mRNA.

3990619 −1.675 down TOP2A 7153 topoisomerase (DNA) II alpha 170 kDa, mRNA.

3780047 −1.679 down GBP6 163351 guanylate binding protein family, member 6, mRNA.

2000148 −1.683 down IFIT1 3434 interferon-induced protein with tetratricopeptide repeats 1,
transcript variant 2, mRNA.

2070494 −1.700 down PRC1 9055 protein regulator of cytokinesis 1,
transcript variant 2, mRNA.

10414 −1.704 down PTTG1 9232 pituitary tumor-transforming 1, mRNA.

2940110 −1.720 down UHRF1 29128 ubiquitin-like with PHD and ring finger domains 1,
transcript variant 1, mRNA.

1510291 −1.733 down PTTG1 9232 pituitary tumor-transforming 1, mRNA.

1780446 −1.739 down PCK2 5106
phosphoenolpyruvate carboxykinase 2 (mitochondrial),
nuclear gene encoding mitochondrial protein, transcript
variant 1, mRNA.

1660521 −1.745 down SPRR2D 6703 small proline-rich protein 2D, mRNA.

730689 −1.763 down LOC652595 652595 similar to U2 small nuclear ribonucleoprotein A (U2
snRNP-A) (LOC652595), mRNA.

5090754 −1.766 down KIAA0101 9768 KIAA0101, transcript variant 1, mRNA.

5080139 −1.789 down PRSS3 5646 protease, serine, 3 (mesotrypsin), mRNA.

3800452 −1.805 down EMP3 2014 epithelial membrane protein 3, mRNA.

1230047 −1.810 down CBS 875 cystathionine-beta-synthase, mRNA.

6370615 −1.858 down TGM1 7051 transglutaminase 1 (K polypeptide epidermal type I,
protein-glutamine-gamma-glutamyltransferase), mRNA.

5310471 −1.894 down UBE2C 11065 ubiquitin-conjugating enzyme E2C,
transcript variant 6, mRNA.

7380719 −1.897 down IGFBP6 3489 insulin-like growth factor binding protein 6, mRNA.
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940327 −1.907 down KLK13 26085 kallikrein-related peptidase 13, mRNA.

520195 −1.914 down TMEM79 84283 transmembrane protein 79, mRNA.

4040398 −1.954 down MAL 4118 mal, T-cell differentiation protein,
transcript variant d, mRNA.

1990630 −1.979 down TRIB3 57761 tribbles homolog 3 (Drosophila), mRNA.

430446 −1.996 down KRT81 3887 keratin 81, mRNA.

4260368 −2.022 down UBE2C 11065 ubiquitin-conjugating enzyme E2C,
transcript variant 3, mRNA.

290767 −2.038 down KRTDAP 388533 keratinocyte differentiation-associated protein, mRNA.

6520139 −2.046 down FGFR3 2261 fibroblast growth factor receptor 3 (achondroplasia,
thanatophoric dwarfism), transcript variant 2, mRNA.

620102 −2.046 down MALL 7851 mal, T-cell differentiation protein-like, mRNA.

5870653 −2.050 down LOC651397 651397 misc_RNA (LOC651397), miscRNA.

4050398 −2.071 down KLK12 43849 kallikrein-related peptidase 12, transcript variant 1, mRNA.

7330753 −2.102 down ACAT2 39 acetyl-Coenzyme A acetyltransferase 2, mRNA.

4900458 −2.147 down KRT14 3861 keratin 14 (epidermolysis bullosa simplex, Dowling-Meara,
Koebner), mRNA.

540546 −2.283 down KRT4 3851 keratin 4, mRNA.

1500010 −2.322 down CDC20 991 cell division cycle 20 homolog (S. cerevisiae), mRNA.

6550356 −2.430 down SPRR2C 6702 small proline-rich protein 2C (pseudogene),
non-coding RNA.

4850674 −2.452 down PSAT1 29968 phosphoserine aminotransferase 1,
transcript variant 2, mRNA.

5890400 −2.577 down SPRR2E 6704 small proline-rich protein 2E, mRNA.

240086 −2.608 down PHGDH 26227 phosphoglycerate dehydrogenase, mRNA.

7650441 −2.696 down FGFBP1 9982 fibroblast growth factor binding protein 1, mRNA.

5810546 −2.894 down SPRR2E 6704 small proline-rich protein 2E, mRNA.

7330184 −2.933 down SPRR1A 6698 small proline-rich protein 1A, mRNA.

2230035 −2.936 down KRT13 3860 keratin 13, transcript variant 2, mRNA.

4610131 −3.284 down SPRR3 6707 small proline-rich protein 3, transcript variant 1, mRNA.

In red up-regulated and in green down-regulated genes in BE63/3 cells treated with 100 nM EVE compared to CTR.

Table 2. List of pathways differentially regulated after 100 nM EVE.

Pathways Adj. p Value Associated Genes

Epidermis development 1.24 × 10−6
ALOX15B, CTGF, FOXQ1, FZD6, KLK7, KRT14, RNASE1,
SPRR1A, SPRR2A, SPRR2D, SPRR2E, SPRR3, TGM1,
TMEM79, TXNIP

Keratinization 5.22 × 10−6 SPRR1A, SPRR2A, SPRR2D, SPRR2E, SPRR3,
TGM1, TMEM79

Negative regulation of cell division 2.58 × 10−5 CDC20, FGFR3, MAD2L1, PTTG1, PTTG3P, RGCC,
TXNIP, UBE2C

Negative regulation of mitotic nuclear division 2.81 × 10−5 CDC20, FGFR3, MAD2L1, PTTG1, PTTG3P,
RGCC, UBE2C

Keratinocyte differentiation 3.05 × 10−5 ALOX15B, SPRR1A, SPRR2A, SPRR2D, SPRR2E, SPRR3,
TGM1, TMEM79, TXNIP

L-serine metabolic process 3.54 × 10−5 CBS, PHGDH, PSAT1, SHMT2

Epidermal cell differentiation 9.21 × 10−5 ALOX15B, RNASE1, SPRR1A, SPRR2A, SPRR2D,
SPRR2E, SPRR3, TGM1, TMEM79, TXNIP

L-serine biosynthetic process 9.75 × 10−5 PHGDH, PSAT1, SHMT2
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Pathways Adj. p Value Associated Genes

Negative regulation of nuclear division 1.10 × 10−4 CDC20, FGFR3, MAD2L1, PTTG1, PTTG3P,
RGCC, UBE2C

Skin development 1.82 × 10−4 ALOX15B, FOXQ1, FZD6, SPRR1A, SPRR2A, SPRR2D,
SPRR2E, SPRR3, TGM1, TMEM79, TXNIP

Peptide cross-linking 2.05 × 10−4 SPRR1A, SPRR2A, SPRR2D, SPRR2E, SPRR3, TGM1

Serine family amino acid biosynthetic process 3.55 × 10−4 CBS, PHGDH, PSAT1, SHMT2

Regulation of collagen metabolic process 5.84 × 10−4 CTGF, F2R, FAP, IL6, RGCC

Regulation of multicellular organismal
metabolic process 6.51 × 10−4 CTGF, F2R, FAP, IL6, RGCC

Steroid biosynthesis 6.77 × 10−4 CYP24A1, DHCR7, EBP, MSMO1

Chromosome separation 0.00192 CDC20, MAD2L1, PTTG1, PTTG3P, TOP2A, UBE2C

Negative regulation of mitotic sister
chromatid separation 0.00199 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Collagen metabolic process 0.00200 COL12A1, CTGF, F2R, FAP, IL6, MMP12, RGCC

Negative regulation of mitotic sister
chromatid segregation 0.00231 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Multicellular organismal macromolecule
metabolic process 0.00248 COL12A1, CTGF, F2R, FAP, IL6, MMP12, RGCC

Negative regulation of sister chromatid segregation 0.00267 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Negative regulation of chromosome segregation 0.00267 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Regulation of nuclear division 0.00302 AURKA, CDC20, FGFR3, MAD2L1, PTTG1, PTTG3P,
RGCC, UBE2C

Multicellular organismal metabolic process 0.00456 COL12A1, CTGF, F2R, FAP, IL6, MMP12, RGCC

Regulation of collagen biosynthetic process 0.00457 CTGF, F2R, IL6, RGCC

Mitotic sister chromatid separation 0.00664 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Regulation of mitotic sister chromatid segregation 0.00834 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Sister chromatid segregation 0.00851 CDC20, CEP55, MAD2L1, PTTG1, PTTG3P,
TOP2A, UBE2C

Glycine, serine and threonine metabolism 0.00873 CBS, PHGDH, PSAT1, SHMT2

Collagen biosynthetic process 0.00873 CTGF, F2R, IL6, RGCC

Oocyte meiosis 0.01153 ADCY3, AURKA, CCNB2, CDC20, MAD2L1, PTTG1

Regulation of sister chromatid segregation 0.01277 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Negative regulation of chromosome organization 0.01396 ARTN, CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

PERK-mediated unfolded protein response 0.01404 ASNS, ATF3, HSPA5

Regulation of stress fiber assembly 0.01630 CTGF, RGCC, RNASE1

FoxO signaling pathway 0.01634 CCNB2, GABARAPL1, IL6, IRS2, PCK2, SGK1

Anaphase-promoting complex-dependent
proteasomal ubiquitin-dependent protein
catabolic process

0.01664 AURKA, CDC20, MAD2L1, PTTG1, UBE2C

Alpha-amino acid biosynthetic process 0.01664 ASNS, CBS, PHGDH, PSAT1, SHMT2

Positive regulation of collagen biosynthetic process 0.02234 CTGF, F2R, RGCC

Regulation of systemic arterial blood pressure by
circulatory renin-angiotensin 0.02412 CPA4, F2R, MMP12

Positive regulation of multicellular organismal
metabolic process 0.02412 CTGF, F2R, RGCC

Secondary alcohol biosynthetic process 0.02578 DHCR7, EBP, HMGCS1, MSMO1

Regulation of chromosome segregation 0.02590 CDC20, MAD2L1, PTTG1, PTTG3P, UBE2C

Negative regulation of proteasomal
ubiquitin-dependent protein catabolic process 0.03145 CDC20, MAD2L1, UBE2C

In red up-regulated and in green down-regulated genes in BE63/3 cells treated with 100 nM EVE compared to CTR.
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Table 3. List of probe sets differentially expressed after treatment with 5 nM EVE.

Probe ID
Fold

Change
Regulation Symbol

Entrez
Gene ID

Definition

2230035 7.508 up KRT13 3860 keratin 13, transcript variant 2, mRNA.

6510754 3.841 up ALDH1A1 216 aldehyde dehydrogenase 1 family, member A1, mRNA.

1070477 3.395 up ALDH1A1 216 aldehyde dehydrogenase 1 family, member A1, mRNA.

540546 2.749 up KRT4 3851 keratin 4, mRNA.

1990142 2.644 up C20orf114 92747 chromosome 20 open reading frame 114, mRNA.

5900368 2.385 up MSMB 4477 microseminoprotein, beta-, transcript variant PSP94, mRNA.

4610131 2.358 up SPRR3 6707 small proline-rich protein 3, transcript variant 1, mRNA.

3190110 2.194 up MSMB 4477 microseminoprotein, beta-, transcript variant PSP94, mRNA.

630315 2.151 up DHRS9 10170 dehydrogenase/reductase (SDR family) member 9, transcript
variant 1, mRNA.

5420577 2.149 up CLCA4 22802 chloride channel, calcium activated, family member 4, mRNA.

5560369 2.107 up ALDH3A1 218 aldehyde dehydrogenase 3 family, memberA1, mRNA.

4150598 1.990 up MSMB 4477 microseminoprotein, beta-, transcript variant PSP57, mRNA.

1820414 1.897 up ATP12A 479 ATPase, H+/K+ transporting, nongastric,
alpha polypeptide, mRNA.

3520709 1.888 up ADH7 131 alcohol dehydrogenase 7 (class IV), mu or
sigma polypeptide, mRNA.

7160468 1.807 up DHRS9 10170 dehydrogenase/reductase (SDR family) member 9, transcript
variant 1, mRNA.

5310646 1.795 up AKR1B10 57016 aldo-keto reductase family 1, member B10
(aldose reductase), mRNA.

4250092 1.749 up C10orf99 387695 chromosome 10 open reading frame 99, mRNA.

110372 1.748 up CSTA 1475 cystatin A (stefin A), mRNA.

3710671 1.712 up KRT15 3866 keratin 15, mRNA.

1770603 1.705 up TCN1 6947 transcobalamin I (vitamin B12 binding protein,
R binder family), mRNA.

6100537 1.655 up FAM3D 131177 family with sequence similarity 3, member D, mRNA.

4540400 1.623 up CYP4B1 1580 cytochrome P450, family 4, subfamily B, polypeptide 1,
transcript variant 2, mRNA.

2900050 1.611 up GSTA1 2938 glutathione S-transferase alpha 1, mRNA.

1510170 1.565 up NLRP2 55655 NLR family, pyrin domain containing 2, mRNA.

5820400 1.526 up CYP4B1 1580 cytochrome P450, family 4, subfamily B, polypeptide 1, mRNA.

130561 1.525 up GSTA4 2941 glutathione S-transferase A4, mRNA.

3850246 1.513 up HOPX 84525 HOP homeobox, transcript variant 3, mRNA.

7200612 −1.522 down LOC730417 730417 hypothetical protein LOC730417, mRNA.

1510296 −1.556 down ASNS 440 asparagine synthetase, transcript variant 1, mRNA.

3290390 −1.563 down LOC729841 729841 misc_RNA, miscRNA.

7380193 −1.574 down ARPC3 10094 actin related protein 2/3 complex, subunit 3, 21 kDa, mRNA.

130717 −1.610 down ARPC1B 10095 actin related protein 2/3 complex, subunit 1B, 41 kDa, mRNA.

430446 −1.689 down KRT81 3887 keratin 81, mRNA.

In red up-regulated and in green down-regulated genes in BE63/3 cells treated with 5 nM EVE compared to CTR.

Table 4. List of pathways differentially regulated after treatment with 5 nM EVE.

PATHWAYS Adj. p Value Associated Genes Found

Retinol metabolism 8.58 × 10−5 ADH7, ALDH1A1, DHRS9
Metabolism of xenobiotics by cytochrome P450 1.48 × 10−5 ADH7, ALDH3A1, GSTA1, GSTA4

Drug metabolism 1.37 × 10−5 ADH7, ALDH3A1, GSTA1, GSTA4
Retinoid metabolic process 1.41 × 10−5 ADH7, AKR1B10, ALDH1A1, DHRS9

Chemical carcinogenesis 1.96 × 10−5 ADH7, ALDH3A1, GSTA1, GSTA4
Cellular aldehyde metabolic process 2.60 × 10−5 ADH7, AKR1B10, ALDH1A1, ALDH3A1
Primary alcohol metabolic process 3.30 × 10−6 ADH7, AKR1B10, ALDH1A1, DHRS9

Retinol metabolic process 1.99 × 10−5 ADH7, ALDH1A1, DHRS9

In red up-regulated genes in BE63/3 cells treated with 5 nM EVE compared to CTR.
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Figure 2. Principal Component Analysis (PCA) and Volcano Plot discriminating BE63/3 CTR from
EVE treated cells. PCA plots were built using the expression level of all differentially expressed
genes obtained from mRNA expression profiling after treatment with (A) 5 nM and (C) 100 nM EVE.
Volcano Plot based on fold change (Log2) and p value (−Log10) of all genes identified in BE63/3 after
treatment with (B) 5 nM and (D) 100 nM EVE. In both graphs red circles indicate the genes that showed
statistically significant change.

2.3. MiRNome Analysis Identified Specific MicroRNAs Deregulated by EVE

To gain insights into the mechanism leading to EMT induced by EVE and to discover possible
regulatory miRNAs of this effect, we performed a miRNome analysis by miRNA Complete Labeling
and Hybridization kit. Statistical analysis identified three miRNAs up-regulated after high dosage
(100 nM) (Table 5) and four after treatment with EVE at low dosage (5 nM) (Table 6). Among these,
miR-8485 was the most up-regulated miRNA (more than 4-fold changes in both treatments).

Table 5. List of microRNAs differentially regulated after treatment with 100 nM EVE.

Systematic Name Regulation Fold Change

hsa-miR-8485 up 5.372
hsa-miR-937-5p up 1.787
hsa-miR-5194 up 1.694
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Table 6. List of microRNAs differentially regulated after treatment with 5 nM EVE.

Systematic Name Regulation Fold Change

hsa-miR-8485 up 9.183
hsa-miR-4730 up 2.900
hsa-miR-5194 up 2.732

hsa-miR-6716-3p up 2.561

By matching mRNA and miRNA expression data, we found that 31 genes were specific target of
the three identified miRNAs (Table 7).

Table 7. miRNA/mRNA pairs matched on the basis of mRNA and miRNA profiling results.

Cell
Treatments

miRNA
Fold

Change
mRNA
Target

Gene Name

EVE 5 nM
miR-8485 9.183 CYP4B1 cytochrome P450, family 4, subfamily B, polypeptide 1

miR-5194 2.732 ARPC3 actin related protein 2/3 complex, subunit 3, 21 kDa

EVE 100 nM

miR-8485 5.372

CYP24A1 cytochrome P450, family 24, subfamily A, polypeptide 1
KAL1 Kallmann syndrome 1 sequence
UBL3 ubiquitin-like 3
IRS2 insulin receptor substrate 2

CTGF connective tissue growth factor
LBH limb bud and heart development

FLRT2 fibronectin leucine rich transmembrane protein 2
CDH6 cadherin 6, type 2, K-cadherin (fetal kidney)

CYBRD1 cytochrome b reductase 1
LETMD1 LETM1 domain containing 1
FGFR3 fibroblast growth factor receptor 3
CPA4 carboxypeptidase A4

AURKA aurora kinase A
CBS cystathionine-beta-synthase

MAD2L1 MAD2 mitotic arrest deficient-like 1 (yeast)
ADCY3 adenylate cyclase 3

TMEM79 transmembrane protein 79
IFIT1 interferon-induced protein with tetratricopeptide repeats 1

PTTG1 pituitary tumor-transforming 1
PCDH7 protocadherin 7

miR-937-5p 1.787
CDH6 cadherin 6, type 2, K-cadherin (fetal kidney)

KIAA0101 KIAA0101
EMILIN2 elastin microfibril interfacer 2

miR-5194 1.694

KLHL24 kelch-like family member 24
FAP fibroblast activation protein, alpha
LBH limb bud and heart development
PIM1 pim-1 oncogene
FLRT2 fibronectin leucine rich transmembrane protein 2

LETMD1 LETM1 domain containing 1
FGFR3 fibroblast growth factor receptor 3

KIAA0101 KIAA0101
RARRES3 retinoic acid receptor responder (tazarotene induced) 3

ARTN artemin
IGFBP6 insulin-like growth factor binding protein 6
LCP1 lymphocyte cytosolic protein 1 (L-plastin)
MALL small integral membrane protein 5
SCD LSM14B, SCD6 homolog B (S. cerevisiae)
IFIT1 interferon-induced protein with tetratricopeptide repeats 1

In red up-regulated and in green down-regulated genes in BE63/3 cells treated with EVE (5 or 100 nM) compared
to CTR.

2.4. Gene Expression and Protein Analysis for Matrix Metalloproteinase 12 (MMP12) and Connective Tissue
Growth Factor (CTGF) Validated High-Throughput Results

In order to validate microarray results, we measured by Real-Time PCR the level of mRNA
expression of MMP12 and CTGF. Both transcripts were up-regulated after treatment with 100 nM EVE.
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Contrarily 5 nM EVE had no effect (Figure 3A,B). In addition, western blot analysis of CTGF confirmed
gene expression results at protein level (Figure 3C,D).
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Figure 3. Gene expression of MMP12 and connective tissue growth factor (CTGF). mRNA level of
(A) MMP12 and (B) CTGF evaluated by real-time PCR in BE63/3 cells treated or not with EVE (5 and
100 nM). Data were normalized to GAPDH expression. Mean ± SD (error bars) of two separate
experiments performed in triplicate. ** p < 0.001, * p < 0.05 vs. CTR. (C) Representative western blotting
experiments for CTGF. (D) Histogram represents the mean ± SD of CTGF protein level. GAPDH was
included as loading control. ** p < 0.001 vs. CTR.

2.5. Validation of Transcriptomic Results in an Additional Primary Cell Line (BE121/3)

To confirm transcriptomic results, we decided to measure the expression level of 8 selected genes
(involved in EMT) up-regulated after high dosage EVE in a new primary bronchial epithelial cell line.
As showed in Figure 4, results were in line with those obtained in BE63/3 (Figure 4).
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Figure 4. Gene expression in BE121/3. mRNA level of (A) CDH6, (B) COL12A1, (C) CTGF, (D) FAP,
(E) KAL1, (F) LBH, (G) MMP12, (H) PIM1 evaluated by real-time PCR in BE121/3 cells treated or not
with EVE (5 and 100 nM). Data were normalized to GAPDH expression. Mean ± SD (error bars) of two
separate experiments performed in triplicate. ** p < 0.001, * p < 0.05 vs. CTR.

2.6. High Dosage EVE Up-Regulated CTGF and Collagen1 in Fibroblasts and Hepatic Stellate Cells

To validate the pro-fibrotic effect of high dosage EVE we measured the expression level of
collagen1 and CTGF in NIH/3T3 (mouse embryo fibroblast cell line) treated with EVE.

Interestingly, also in fibroblasts high dosage EVE up-regulated the protein levels of collagen1 and
CTGF (Figure 5).

Also, in hepatic stellate cells high dosage EVE induced the up-regulation of CTGF and collagen1
(Figure S2).
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Figure 5. Protein levels of collagen1 and CTGF in NIH/3T3 cells. (A) Representative western blotting
experiments for collagen1 and CTGF. Histograms represent the mean ± SD of (B) collagen1 and
(C) CTGF protein levels. GAPDH was included as loading control. ** p < 0.001, * p < 0.05 vs. CTR.

3. Discussion

Pulmonary fibrosis is a potential serious adverse effect following administration of mTOR-I in
patients undergoing solid organ transplantation or receiving anti-cancer therapies. It is generally
accepted that pulmonary disease is related to mTOR-I therapy, whether the following conditions
are present: (1). The symptoms of pulmonary disease occur after initiation of mTOR-I therapy;
(2). Infection, other pulmonary diseases or toxicity associated with other drugs are excluded;
(3). mTOR-I minimization or discontinuation lead to resolution of the symptoms. In fact, the
dose-dependent effect was proved by the observation of this disease particularly in patients receiving
high doses of mTOR-I.

Pulmonary manifestations in these patients are numerous and include several clinical/histological
phenotypes (e.g., focal pulmonary fibrosis, bronchiolitis obliterans with organizing pneumonia) [8,9,35,36].

This multi-factorial and heterogeneous clinical condition is often responsible for drug
discontinuation and it requires long and expensive clinical evaluations and treatments (e.g., antibiotics,
corticosteroids, immunosuppressive drugs) [14] with the involvement of a multidisciplinary team of
experts (e.g., pulmonologists, infectivologists, nephrologists).

The etiopathogenic mechanism of pulmonary toxicity associated with mTOR-I therapy is not
known and several in vivo and in vitro studies have tried to define the underlying mechanisms. It has
been proposed a T cell-mediated autoimmune response induced when pulmonary cryptic antigens are
exposed, leading to lymphocytic alveolitis and interstitial pneumonitis [15]. Other possible pathogenic
mechanisms could be a delayed-type hypersensitivity reaction [9] or pulmonary inflammation as a
direct effect of mTOR-I to stimulate cells of the innate immune system to produce proinflammatory
cytokines [37,38].

Additionally, Ussavarungsi et al. have reported that sirolimus may induce granulomatous
interstitial inflammation and proposed a mechanism of T-cell mediated hypersensitivity reaction
triggered by circulating antigens or immune complexes in the lungs [39].
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Moreover, several authors have emphasized the pathogenetic role of the EMT of bronchial
epithelial cells in these important Everolimus (EVE)-related adverse events [20–23].

To obtain more insights, we decided to employ, for the first time, innovative high throughput
technologies, to identify new elements involved in the biological/cellular reprogramming induced by
high dose of mTOR-I and leading to fibrosis.

In vitro experiments using classical bio-molecular strategies, confirmed, in primary bronchial
epithelial cell lines, our previous results demonstrating the ability of high dosages EVE to induce
EMT. In particular, 100 nM EVE caused the up-regulation of EMT-related genes (α-SMA, VIM, FN) and
reduced the trans-epithelial resistance to the same levels induced by TGF-β. Then, high doses of this
drug significantly changed the expression level of 125 genes (47 up- and 78 down-regulated).

Several of the selected genes were target of miR-8485, the top significant and up-regulated
microRNA (miRNA) by EVE 100 nM. Other 2 miRNAs were identified after the same treatment:
miR-937-5p and miR-5194. Except for miR-8485, at our knowledge, none of them has been previously
associated with fibrosis or supposed to be regulatory of genes implicated in this process. It’s
unquestionable that further studies are warranted to confirm the involvement of these miRNAs
in EVE induced EMT since all identified miRNAs were up-regulated demonstrating their possible
role as enhancer of fibrotic machinery. This could be in line with recent findings suggesting that
miRNA-mediated down-regulation is not a one-way process and some miRNAs could up-regulate
gene expression in specific cell types and conditions with distinct transcripts and proteins [40,41]. It is
noteworthy that these miRNAs are up-regulated also after treatment with 5 nM EVE. Many reasons
could be responsible of this effect. In particular, the expression of these miRNAs could be regulated by
several factors and networks (some of them also unrelated to mTOR-I treatment). Additional studies
are needed to clarify the role of miRNA in EVE-mediated pro-fibrotic effect.

Moreover, analyzing the results of the transcriptomic analysis and the hypothetic targets
of miR-8485, we found that connective tissue growth factor (CTGF), a protein secreted into the
extracellular environment where it interacts with distinct cell surface receptors, growth factors and
extra-cellular matrix [42,43] was one of the top scored genes. Gene expression by RT-PCR and protein
analysis by western blotting confirmed the result obtained by microarray.

It is well known that CTGF modulates the activities of TGF-β or vascular endothelial growth factor
(VEGF), with consequent pro-fibrotic and angiogenetic effects [44–47]. However, the overexpression of
CTGF in fibroblast of mice caused tissue fibrosis in vivo [48] without involving the canonical TGF-β
pathway. This is in line with several reports that demonstrated a mTOR-I dose-related induction of
CTGF at gene and protein levels in vitro and in vivo [49–52].

Moreover, Xu et al. have demonstrated that rapamycin, an analogue of EVE, exerted a profibrotic
effect in lung epithelial cells as well as in lung fibroblasts via up-regulation of CTGF expression
and PI3K/AKT pathway [50,51]. Similarly, Mikaelian et al. using a combination of RNAi and
pharmacological approaches showed that inhibition of mTOR triggers EMT in mammalian epithelial
cells by a mechanism TGF-β independent [53]. In the transplant context it has been described a
synergistic fibrotic effect of sirolimus with cyclosporine in kidney also mediated by the up-regulation
of CTGF [54,55].

Another interested gene up-regulated by EVE, selected by microarray and validated by RT-PCR,
was metalloproteinase 12 (MMP12), a member of the zinc-dependent endopeptidases family able to
proteolyze all components of the extracellular matrix [56,57] by degrading collagen, other extracellular
filaments, cytokines, growth factors and their receptors. MMP12 has a pivotal role in TGF-β mediated
pulmonary fibrosis [58,59].

Interestingly, other identified genes by transcriptomic analysis and target of miR-8485 (Table 7)
were Kallmann syndrome-1 gene (KAL1, fold change: 1.705), Limb-bud and heart (LBH, fold change:
1.808) and insulin receptor substrates 2 (IRS2, fold change: 1.646) that resulted up-regulated after
100 nM EVE treatment and Protocadherin 7 (PCDH7, fold change: −1.625) down-regulated by similar
treatment. All of them have been described in literature as directly or indirectly involved in the EMT.
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KAL1, codes for anosmin-1, a cell adhesion protein in extracellular matrix induced by TGF-β [60,61].
IRS2 expression appears to repress the expression of E-cadherin [62], marker of epithelial cells
deregulated during EMT.

LBH is a transcription cofactor with both transcriptional activator and corepressor functions.
LBH is a direct Wnt/β-catenin target gene and is induced by TGF-β [63,64]. Wnt/β-catenin signaling
activation occurs in cells during EMT [65] and treated with mTOR-I.

Protocadherin 7 is an integral membrane protein having a role in cell–cell recognition and
adhesion. Down-regulation of PCDH7 gene was correlated with E-cadherin inhibition [66].

All these findings, although speculatively interesting, need to be validated in vivo. Our study
is an hypothesis generating study that should be considered a starting point for bio-molecular study
involving transplanted patients or animal models.

Nevertheless, after 21 days in culture, most of the cells were not ciliated and we cannot exclude
that differentiation state may have affected the response to EVE (Figure S3).

However, our results suggested that high concentrations of EVE, through the activation of a
multi-factorial biological/cellular machinery, may lead to pulmonary fibrosis and underlined potential
pathogenetic, diagnostic biomarkers and targets for future pharmacological interventions to introduce
in the “day by day” clinical practice. Finally, at a clinical point of view, we confirm that, whenever
possible, the dose of EVE should be the minimized in patients with early signs of lung toxicity.

4. Materials and Methods

4.1. Cell Culture Treatment

Primary wild-type bronchial epithelial cells (BE63/3 and BE121/3) were obtained from “Servizio
Colture Primarie” of the Italian Cystic Fibrosis Research Foundation (ICFRF) and cultured following
the supplier instructions [67]. The protocols to isolate, culture, store, and study bronchial epithelial
cells from patients undergoing lung transplant was approved by the Ethical Committee of Gaslini
Institute (ethical approval number IGG:192 date of approval: 9/24/2010) under the supervision of
the Italian Ministry of Health. Cells were grown on rat tail collagen-coated tissue culture plates in
serum-free LHC9/RPMI 1640 medium at 37 ◦C and 5% CO2.

After 4–5 passages, cells were seeded on Transwell porous inserts. After 24 h from seeding,
the medium was switched to DMEM/F12 supplemented with 2% Ultroser G, 2 mM L-glutammine,
100 U/mL penicillin, 100 μg/mL streptomycin.

Exchange of culture medium is repeated every day on both sides of permeable supports up
to 5 days. Then the apical culture medium was removed, and the medium was added only in the
basolateral side (air-liquid interface) favoring a differentiation of the epithelium (Figure S3). After 11
days the epithelium was treated with EVE (5 nM and 100 nM) and TGF-β (20 ng/mL), an EMT inducer,
for 24 h. “The timing of cell culture for gene expression and western blot experiments (17 days) was
based on clear instructions supplied by the “Servizio Colture Primarie” of the ICFRF in order to reach
the differentiation of epithelium”. Although the in vitro model cannot completely represent the in vivo
pharmacokinetic/effect of this drug, we can postulate that 5 nM EVE corresponds to a trough level
of approximately 5 ng/mL (drug level frequently reached in the immunosuppressive maintenance
therapy of solid organ transplantation), while 100 nM may correspond to very high dosages (trough
level more than 50 ng/mL) that patients could reach in anticancer therapy.

NIH/3T3 fibroblasts, purchased from American Type Culture Collection (Manassas, VA, USA)
were maintained at 37 ◦C in DMEM supplemented with 10% FCS, 100 U/mL penicillin, 100 μg/mL
streptomycin, and 2 mM L-glutamine. Cells were treated with or without 5 and 100 nM Everolimus for
24 h.
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4.2. RNA Extraction and Gene Expression Profiling

Trizol reagent (Invitrogen) was used to extract total RNA and then, yield and purity were checked
using a Nanodrop spectrophotometer.

Gene expression data were produced using the HumanHT-12 v3 Expression BeadChip
(Release 38, Illumina, San Diego, CA, USA). Five hundred ng total RNA from BE63/3 was used
to synthesize biotin-labeled cRNA using the Illumina®TotalPrep™ RNA amplification kit (Applied
Biosystems, Foster City, CA, USA). Quality of labelled cRNA was assessed by NanoDrop® ND-100
spectrophotometer and the Agilent 2100 Bioanalyzer. Then, 750 ng biotinylated cRNA was used for
hybridization to illumina microarrays that were then scanned with the HiScanSQ.

4.3. Pathway Analysis

The Ingenuity Pathway Analysis software (IPA, Ingenuity System, Redwood City, CA, USA)
was used to assess biological relationships among differentially regulated genes. The reference gene
selection was performed by own software written in Java program language. The canonical pathways
generated by IPA are the most significant for the uploaded data set. Fischer’s exact test with false
discovery rate (FDR) option was used to calculate the significance of the canonical pathway.

4.4. MicroRNA Expression Profiling

Fluorescently-labeled miRNAs were generated using the miRNA Complete Labeling and
Hybridization kit (Agilent Technologies, Santa Clara, CA, USA), with a sample input of 100 ng of total
RNA from BE63/3 and hybridized for 20 h at 55 ◦C on the Agilent 8 × 60 K Human miRNA Microarray
slide (Agilent Technologies), based on miRBase database (Release 21.0). Following hybridization,
the slides were washed and scanned using the High-Resolution Microarray C Scanner (Agilent
Technologies). The image files were processed using the Agilent Feature Extraction software (v10.7.3):
the microarray grid was correctly placed; inlier pixels were identified, and outlier pixels were rejected.

4.5. Real-Time PCR

Five hundred ng total RNA from each sample was reverse transcribed into cDNA using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCR amplification
reactions were performed in duplicate via SYBR Green chemistry on CFX-connect (Bio-Rad, Hercules,
CA, USA) and SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad). Primers for α-SMA,
VIM, FN, MMP12, CTGF, CDH6, COL12A1, FAP, KAL1, LBH, PIM1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were obtained from Qiagen (QuantiTect Primer Assay, Hilden, Germany).

The comparative Ct method (ΔΔCt) was used to quantify gene expression and the relative
quantification was calculated as 2−ΔΔCt. Melting curve analysis was employed to exclude non-specific
amplification products.

4.6. Western Blot

Equal amounts of proteins were resolved in 10% SDS-PAGE and electrotransferred to nitrocellulose
membranes. Non-specific binding was blocked for 1 h at room temperature with non-fat milk
(5%) in TBST buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20). Membranes were
exposed to primary antibodies directed against GAPDH (Santa Cruz sc-25778), CTGF (NovusBio,
Littleton, CO, USA) and collagen1 (ORIGENE TA309096) (overnight at 4 ◦C) and incubated
with a secondary peroxidase-conjugated antibody for 1 h at room temperature. The signal was
detected with SuperSignals West Pico Chemiluminescent substrate solution (Pierce) according to the
manufacturer’s instructions.
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4.7. Transepithelial Resistance (TER)

Millicell-ERS ohmmeter with electrodes (Millipore) was used to measure TER (alternating current
applied between the electrodes: ±20 μA and frequency: 12.5 Hz). The resistance of the monolayer
multiplied by the effective surface area was used to obtain the electrical resistance of the monolayer
(Ω cm2). Once stable resistances were obtained, different culture media (control, EVE 5 nM, EVE
100 nM, TGF-β 20 ng/mL) were tested. After the addition of test solutions, measurements were taken
at 24 h.

4.8. Statistical Analysis

For transcriptomics statistical analyses were carried out by Genespring GX 11.0 software (Agilent
Technologies). Gene probe sets were filtered based on the FDR method of Benjamini–Hochberg
and fold-change. Only genes that were significantly (adjusted-p value < 0.05 and fold-change > 1.5)
modulated were considered for further analysis.

In the miRNome analysis, after normalization (Quantile method), unpaired t-test (p-value cut-off:
0.05 and fold-change cut-off: 2.0, after Benjamini–Hochberg multiple testing correction) was employed
to identify most differentially expressed probes.

For the statistical analysis of RT-PCR and western-blot, differences between control and treated
cell were compared using Student’s t-test. A p-value < 0.05 was set as statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/4/
1250/s1.
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Abstract: In recent years, the mammalian target of rapamycin (mTOR) has emerged as a master
integrator of upstream inputs, such as amino acids, growth factors and insulin availability,
energy status and many others. The integration of these signals promotes a response through
several downstream effectors that regulate protein synthesis, glucose metabolism and cytoskeleton
organization, among others. All these biological processes are essential for male fertility, thus it is
not surprising that novel molecular mechanisms controlled by mTOR in the male reproductive tract
have been described. Indeed, since the first clinical evidence showed that men taking rapamycin
were infertile, several studies have evidenced distinct roles for mTOR in spermatogenesis. However,
there is a lack of consensus whether mTOR inhibition, which remains the experimental approach
that originates the majority of available data, has a negative or positive impact on male reproductive
health. Herein we discuss the latest findings concerning mTOR activity in testes, particularly its role
on spermatogonial stem cell (SSC) maintenance and differentiation, as well as in the physiology of
Sertoli cells (SCs), responsible for blood–testis barrier maintenance/restructuring and the nutritional
support of spermatogenesis. Taken together, these recent advances highlight a crucial role for mTOR
in determining the male reproductive potential.

Keywords: mTOR; spermatogenesis; male fertility; Sertoli cells

1. Introduction

Homeostasis, a term coined by Walter Bradford Cannon [1], represents the state of internal
conditions of an organism where the equilibrium for optimal functioning is achieved. This equilibrium
is constantly being threatened by internal and external stimuli which can compromise key processes
including cell growth, proliferation and apoptosis, therefore compromising biological homeostasis.
These processes are regulated by several factors including nutrients and hormones, which trigger
complex signaling pathways. One of these pathways, involving the mammalian target of rapamycin
(mTOR), has emerged in the last decade as a central regulator of biological homeostasis, being
associated with protein synthesis, glucose metabolism and cytoskeleton organization among other
functions [2,3]. mTOR is a well conserved Ser/Thr protein kinase of approximately 290 kDa, which
was originally identified in yeast but is present in all mammalian and non-mammalian cells integrating
cellular energy status, thus regulating cellular metabolism [3]. This kinase exists in two functionally
and structurally distinct forms depending on the proteins that associate with the core component:
The mTOR complex 1 (mTORC1) and the mTOR complex 2 (mTORC2) [4–6]. Interestingly, both
complexes present different sensitivities to mTOR inhibitors [7,8]. As a consequence of being so
versatile, the study of mTOR has a high degree of complexity.
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In recent years, mTOR has been associated with spermatogenesis. Studies have demonstrated
that mTOR controls glucose consumption and redox balance in Sertoli cells (SCs), highlighting a direct
involvement for this pathway in the nutritional support of spermatogenesis [9]. Furthermore, mTOR
is also involved in the maintenance and restructuring of the blood–testis barrier (BTB), a key event in
the seminiferous epithelium cycle [10–12].

Notably, mTOR is intimately linked with eukaryotic cell growth and metabolism, regulating
these processes according to several environmental inputs [3]. Metabolism is known to be pivotal to
spermatogenesis [13] as it is responsible for the formation of spermatozoa and thus is directly associated
with the fertility potential of an individual. This is highlighted in the seminiferous tubule epithelium
across the different stages that are classified according to the development stage of germ cells and
their association with SCs [14]. The somatic SCs have key roles for the success of spermatogenesis as
they are responsible for the physical and nutritional support of germ cells. The metabolic cooperation
established between Sertoli and germ cells is essential, since germ cells cannot use glucose and rely
on SCs production of lactate to satisfy their metabolic needs [15,16]. Adjacent SCs establish the BTB,
an immune-privileged environment, where germ cells safely develop from the attack of immune
system cells [17]. During spermatogenesis, BTB is reorganized to allow the transport of germ cells to
the lumen of the seminiferous tubules, where one of the last steps of spermatogenesis occurs. This
complex network of steps and checkpoints is tightly coordinated to ensure that no disruption occurs,
which could lead to infertility. In the last decade, several studies were focused on these two steps and
how mTOR regulates them, which revealed new clues into the molecular and biochemical mechanisms
behind mTOR pathway and male fertility [9–12,18,19]. Herein, we do a follow up concerning the most
recent studies focused on mTOR and male reproduction, which revealed new clues in the everlasting
puzzle of mTOR as a central regulator of spermatogenesis, and hence male fertility.

2. mTOR Signaling and Cell Physiology: Brief Overview

Life began billions of years ago with the appearance of unicellular organisms [20]. These simple
life forms satisfy their metabolic needs according to the availability of nutrients [21]. Fast-forwarding
in time, these organisms evolved into pluricellular organisms, which are composed of millions of cells,
each one with a specific purpose [22]. These organisms react accordingly to external stimuli, that is,
they have the ability to adapt their metabolic needs to the situation [21]. This is only possibly due to
the existence of metabolic pathways that can integrate the information and react accordingly. mTOR
plays a central role in the signaling network that balances the metabolic signals of growth factors,
energy status, oxygen, stress and amino acids, and outputs the correct cascade of events resulting in
protein and lipids synthesis or autophagy, accordingly to the stimuli [3].

mTOR can form two functionally and structurally distinct forms, depending on the associated
proteins. mTORC1 is formed by mTOR, regulatory associated protein of mTOR (raptor), proline-rich
Akt substrate 40 kDa (pras40), DEP (Dishevelled, Egl-10 and Pleckstrin) domain-containing
mTOR-interacting protein (deptor), mammalian lethal with sec-13 protein 8 (mLST8) and the Tti1/Tel2
complex (Figure 1) [5,23–27]. Although mTORC2 shares several protein components with mTORC1
including mTOR, deptor, mLST8 and the Tti1/Tel2 complex; it is composed by rapamycin insensitive
companion of mTOR (rictor), mammalian stress-activated protein kinase interacting protein (mSIN1)
and protein observed with rictor 1 and 2 (protor1/2) (Figure 1) [6,28,29]. Thus, mTORC1 or mTORC2
are formed depending on whether raptor or rictor associate with the core component. Nonetheless,
there is still much to be discovered concerning mTOR complex proteins and how they interact with
mTOR structure and signaling.
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Figure 1. Schematic illustration of rapamycin (mTOR) signaling pathway. mTOR forms two functional
complexes, mTORC1 and mTORC2 which are involved in different physiological processes. mTORC1
is regulated by growth factors/hormones, DNA damage, energy status and oxygen levels. mTORC2 is
also regulated by growth factors and is involved in AKT phosphorylation. Abbreviations: AKT:
protein kinase B; AMPK: AMP-activated protein kinase; deptor: DEP (Dishevelled, Egl-10 and
Pleckstrin) domain-containing mTOR-interacting protein; ERK: Extracellular signal regulated kinase;
Grb2: Growth factor receptor bound protein 2; mLST8: Mammalian lethal with sec-13 protein 8;
mSIN1: Mammalian stress-activated protein kinase interacting protein; p53: Cellular tumor antigen
p53; PDK1: 3-phosphoinositide-dependent protein kinase-1; PI3K: Phosphoinositide 3-kinase; pras40:
Proline-rich Akt substrate 40 kDa; protor1/2: Protein observed with rictor 1 and 2; PTEN: Phosphatase
and tensin homolog; raptor: Regulatory associated protein of mTOR; Redd1: Protein regulated in
development and DNA damage response 1; Rheb: Ras homolog enriched in brain GTPase; rictor:
rapamycin insensitive companion of mTOR; RSK1: p90 ribosomal S6 kinase 1; SOS: Ras-guanine
exchange factor; TSC1/2: Tuberous sclerosis 1/2. stimulation. inhibition.

mTORC1 is considered the rapamycin-sensitive complex [8] while mTORC2 was usually known
as the rapamycin-insensitive complex [7]. This concept has changed since mTORC2 assembly was
shown to be inhibited by long term rapamycin treatment in some cell types [30]. This probably occurs
due to the inability of mTOR bounded to rapamycin to associate with rictor, therefore impairing the
formation of new mTORC2 complexes. Thus, as the name easily suggests, mTOR is referred as the
mammalian target of rapamycin, a 31-membered macrocyclic natural product produced by several
actinomycetes. Interestingly, rapamycin was found in a screening for anti-fungal agents [31]. Besides
antifungal properties, rapamycin also has immunosuppressive, antitumoral and lifespan extension
properties, which turned this molecule into a desired tool to study cell growth, and lately to be used as
a potential tool to fight metabolic diseases [32–34]. Rapamycin inhibits mTORC1 by associating with
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its intracellular receptor FK506-binding protein 12 (FKBP12) forming a gain of function complex which
interacts with the corresponding FKBP12–rapamycin binding domain located in mTOR, inhibiting
mTOR activity by occluding substrates from the active site [8].

Tuberous sclerosis complex (TSC1/2), formed by TSC1 and TSC2, a GTPase-activating protein,
functions as an upstream regulator of mTORC1, converting the Ras homolog enriched in brain
GTPase (Rheb) into its inactive GDP bound state (Figure 1) [35,36]. This conversion blocks Rheb from
stimulating mTORC1 kinase activity. mTORC1 kinase activity can be triggered by several stimuli
such as: Growth factors via the IRS-PI3K and MAPK/ERK pathways; the energy status of the cell
(ATP/AMP ratio) and DNA damage via AMP-activated protein kinase (AMPK) pathway; certain
stresses including oxygen levels; and nutrient status via amino acids that function as sensors (Figure 1).
Nutrient level detection by mTOR is the least described mechanism, although progress has been made
in recent years [37,38]. These inputs, excluding nutrient level detection, exert their action on mTOR
through modulation of TSC1/2 activity (Figure 1) [39]. As their name suggests, mutations on TSC1/2
originate tuberous sclerosis, a disease characterized by the development of hamartomas (mostly benign
malformations) in multiple organ systems [40]. Stimulation by growth factors (e.g., insulin and IGF-1)
activates PI3K and MAPK pathways, which results in the phosphorylation of TSC1/2 by protein
kinase B (Akt), by p90 ribosomal S6 kinase 1 (RSK1) and by extracellular signal regulated kinase (ERK)
(Figure 1) [41–45]. This phosphorylation inactivates TSC1/2, which results in mTORC1 activation.

mTORC1 is also involved in the response to stress signals such as low energy levels. AMPK,
a vital enzyme that functions as an intracellular energy sensor, phosphorylates TSC1/2 in these cases
increasing TSC1/2 activity culminating in the reduction of mTORC1 kinase activity (Figure 1) [46].
DNA damage signals are also regulated by mTORC1 activity. In these cases, p53 dependent
transcription activates AMPK resulting in mTOR inhibition (Figure 1) [47,48]. Another mechanism
involved in the response to stress signals is phosphatase and tensin homolog (PTEN) activation
mediated by p53, which downregulates the entire PI3K-Akt-mTORC1 axis culminating in autophagy
(Figure 1) [47,49]. TSC1/2 can also be directly activated by protein regulated in development and DNA
damage response 1 (Redd1) in hypoxia situations which inhibits mTOR (Figure 1) [50,51].

Concerning mTORC2, less information is known about this complex signaling pathways and
its upstream and downstream regulators. Nonetheless, studies have shown mSIN1 is required for
mTORC2 assembly and kinase activity [52], which in turn activates Akt (Figure 1), and serum and
glucocorticoid-regulated kinase 1 [53,54]. Moreover, under non-stimulated conditions, pleckstrin
homology (PH) domain of mSIN1 interacts with mTOR kinase domain to suppress mTORC2
activity. However, upon stimulation by insulin, activated PI3K forms PtdIns(3,4,5)P3, which interacts
with PH-mSIN1 to release its inhibition on mTOR kinase domain, leading to mTORC2 activation
(Figure 1) [55]. This activation results in phosphorylation of Akt at the hydrophobic motif of Ser473

setting in motion a cascade of phosphorylation by other proteins until Akt is fully activated creating
a positive feedback loop between Akt and mTORC2 [56]. Interestingly, while TSC1/2 inhibits
mTORC1, it can activate and associate with mTORC2 [57]. Another mechanism suggests that mTORC2
associates with ribosomes in a growth factor sensitive manner and these ribosomes are necessary for
mTORC2 kinase activity [58]. Furthermore, the rapamycin insensitive complex also modulates the
phosphorylation of several members of the protein kinase C (PKC) involved in the regulation of the
actin cytoskeleton and cell migration [6,7].

As referred above, mTOR complexes are different per se. Besides structural differences, they also
have different sensitivities to rapamycin and different upstream and downstream outputs. mTORC1
integrates signals from several sources, including growth factors, stress signals and amino acids status,
and responds accordingly, regulating cell growth by promoting protein and lipids synthesis, ribosomes
biogenesis, cell metabolism and ATP production. mTORC1 also has a key role in inhibiting autophagy.
Concerning mTORC2, it is involved in cell proliferation, surveillance, metabolism and cytoskeleton
organization, mainly through Akt, which phosphorylates downstream targets positively regulating
these processes.
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3. mTOR and Male Fertility: Evidence from Testis Signaling

mTOR is regarded as the central integrator of several signals, as listed above, regulating
metabolism, cellular growth and proliferation. However, little information concerning mTOR and its
functions was known just a couple of decades ago. This paradigm has shifted and mTOR has been
a target of great scientific interest in recent years. This outburst of information occurred due to the
use of mTOR inhibitors in several works with clinical intentions [59–62]. Currently, mTOR inhibitors
are still a target of several studies with the aim to be used as pharmacological agents in the treatment
of diseases, including cancer and diabetes [63–65]. These studies paved the way to outline mTOR
signaling pathway and functions, although there is still much to be done. Thus, most of the information
gathered concerning mTOR is due to the use of rapamycin. As mentioned before, rapamycin, also
known as sirolimus, is an allosteric inhibitor of mTOR, approved in 1999 by the Food and Drug
Administration under the commercial name of ®Rapamune to be used as an immunosuppressant
preventing organ rejection in transplants [66]. Although rapamycin fulfilled its purpose, several side
effects emerged from its use. Male infertility was one of the most striking side effects described in
patients after few years of rapamycin use [67]. Specifically, the most relevant reported effects were low
sperm count, decreased motility and decreased sperm vitality as well as negative impact on sexual
hormone levels and lower rate of fathered pregnancies when compared with individuals treated with
other immunosuppressants (Figure 2) [68–70]. These were the first studies that provided evidence
for a negative effect of prolonged rapamycin use on male fertility. Subsequent studies were more
focused on the root responsible for the impaired fertility parameters reported and, using mice models,
revealed that mTOR inhibitors, particularly rapamycin, induced major histological changes in testicular
structure followed by impairment of testicular development and of spermatogenesis (Figure 2) [71,72].
Overall, rapamycin was clearly demonstrated to be capable of inducing testicular toxicity. However,
those effects mediated by rapamycin were shown to be reversible. Switching from a rapamycin-based
therapy to another immunosuppressant recovered normal fertility parameters and sexual hormone
levels, thus restoring the fertility of men previously treated with rapamycin [72,73]. Nevertheless, the
mechanisms through which mTOR inhibitors induce infertility remain largely unknown.

 
Figure 2. Effects of mTORC1 inhibitor (rapamycin) administration on the testicular function and sperm
production. The figure depicts the outcomes of several clinical studies where rapamycin was used as an
immunosuppressant which resulted in male infertility. Posterior studies using mice models exposed to
rapamycin revealed the deleterious effects of this compound to testicular morphology, gonadotropins
and testosterone levels, and overall for spermatogenesis.
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In 2010, Hobbs et al., showed that mTOR plays an important role in spermatogonial stem cell (SSC)
maintenance [74]. For clarification, in this review, SSCs will be used to define undifferentiated germline
cells that can self-renewal. It was shown that mice lacking promyelocytic leukaemia zinc finger
(Plzf) (Plzf−/−), a transcription factor essential for SSCs maintenance (Figure 3) [75,76], presented
aberrant mTORC1 activity which inhibited SSC response to glial cell-derived neurotrophic factor
(GNDF), a known growth factor required for SSC self-renewal, through negative feedback. Plzf −/−

mice mTORC1 hyperactivity was due to lack of Plzf-mediated Redd1 transcriptional activity which
inhibits mTORC1 (Figure 3) [74]. Interestingly, a recent study by Daguia Zambe et al., suggested
that Plzf inhibition of mTOR was regulated by micro-RNAs, specifically miR-19b-3p, opening new
exciting possibilities to further understand mTOR’s role in SSC maintenance [77]. Other study has
suggested that conditional knockout of FOXO (forkhead box protein O) 1, FOXO3 and FOXO4,
Akt-regulated factors involved in stem-cell renewal [78], within the germ line-specific Vasa-Cre
blocks SSCs self-renewal and differentiation [79]. Conditional knockout of PTEN also phenocopied
FOXOs conditional inactivation phenotype suggesting that PI3K-Akt signaling and Akt inhibition
of FOXOs are involved in the homeostasis of SSCs proliferation and differentiation (Figure 3) [79].
Interestingly, similar results were obtained with conditional knockout of PTEN in hematopoietic
stem cells, a phenotype that could be partially rescued by rapamycin [80]. PTEN conditional
inactivation should result in mTOR activation which would explain why rapamycin treatment restored
hematopoietic stem cells self-renewal ability. Logically, conditional inactivation of PTEN in germ cells
should result in Akt-stimulated mTOR activation further corroborating the results described by Hobbs
et al., evidencing the role of mTOR in SSCs maintenance and differentiation. Nevertheless, this remains
to be confirmed.

p53, the well-recognized tumor suppressor agent, seems to be another agent involved in
suppressing mTOR activity to allow for SSC self-renewal. Under genotoxic conditions, p53 induces
cell-cycle arrest through inhibition of mTOR [81]. Although many studies were focused on p53
functions under these conditions, mounting evidence has suggested the involvement of p53 in
the regulation of stem cell processes under normal physiological conditions [82]. Recently, p53
knockout mice testes were shown to augment mTORC1 activity during early spermatogonial
differentiation which induced exhaustion of the SSC pool, driving them out of the undifferentiated
state, indicating that the p53-mTORC1 pathway is also involved in regulating the SSC differentiation
process (Figure 3) [83]. Furthermore, recent studies in mice, where germ cell conditional knockouts
were created for TSC1 and TSC2, resulted in mTOR aberrant activity which induced spermatogonial
differentiation depleting the SSC pool (Figure 3) [84,85]. Both studies reported lower testis weight and
a higher percentage of degenerated seminiferous tubules when compared with controls which clearly
highlights a role for mTOR in spermatogenesis. Interestingly, in those studies, mTOR activation was
shown to be stage-dependent concerning spermatogonial development. Self-renewing stem cells had
mTORC1 activity suppressed while progenitors committed to differentiation had mTORC1 activity
induced, in both conditional knockout mice models [84,85]. Those findings clearly suggest a role for
mTORC1 supervising and deciding stem cells fate.

Glucocorticoid-induced leucine zipper (GILZ), an essential factor for spermatogenesis [86,87],
was also demonstrated to be an essential modulator of growth factor signaling in SCCs. Indeed, adult
mice knockout for GILZ are characterized by SCCs exhaustion and germline degeneration [88]. GILZ
knockout mice present aberrant mTORC1 activation, which was a downstream effect of aberrant
activation of ERK/MAPK pathways (Figure 3) [88]. Treatment of these mice with Torin1, an mTOR
inhibitor, rescued SSC depletion. Interestingly, expression of the spermatogonial deubiquitinase
probable ubiquitin carboxyl-terminal hydrolase FAF-X (USP9X), an essential factor for a proper
spermatogenesis [89], was also downregulated in GILZ knockout mice (Figure 3) [88]. Altogether, these
data pinpoint exact mechanisms that help to explain how the decisions for the fate of SSCs are chosen.
mTORC1 seems to be inhibited by GILZ through USP9X expression. GILZ also modulates mTORC1
through inhibition of upstream signals, including MAPK/ERK pathways which indicates that GILZ
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operates as an essential rheostat for growth factor signaling. In fact, Wang et al., demonstrated that
mTORC1 balance between phosphorylated and inhibited states seems to be a key factor modulating
SSCs fate. In that study, Wang and colleagues used an interesting approach to detect phosphorylated
protein and phosphorylated sites after stimulation by GDNF, a growth factor required for SSC
self-renewal [90,91]. This revealed that SSC proliferation is dependent on the GDNF/ERK modulation
since the inhibition of this pathway impaired proliferation [92]. Interestingly, this process was
dependent on mTORC1 phosphorylation, specifically in the Ser863 of mTORC1 component, raptor [92].
In vitro overexpression of this component resulted in an accelerated growth of SSCs while inhibition
of raptor by deletion in mouse germline cells resulted in SSC depletion and impaired spermatogenesis.
Taken together, these data validated previous studies and further expanded the knowledge on mTORC1
relevance in deciding the fate of SSCs. It seems that a specific raptor phosphorylation is required to
decide the future of SSCs, and ERK pathway is involved. Indeed, two recent studies from Serra et al.
focused on these issues and gave new insights on mTOR’s involvement in the fate of SSCs. Using
two different germ cell knockout mice models of mTOR and raptor component respectively, these
studies produced very interesting and surprising results. In the first study, germ cell knockout of
mTOR core component (not the mTORC1 complex as a whole) resulted in no sperm production due to
impairment of spermatogonial differentiation [93]. Interestingly, a small subset of SSCs remained in
adult testes, indicating that mTOR is not required for the survival and maintenance of SSCs but rather
for their proliferation and differentiation [93]. This phenotype clearly resembles the one reported
by Busada et al., where inhibition of mTORC1 by rapamycin lead to impairment of spermatogonial
differentiation [94]. This similarity suggests that mTOR effects on spermatogonial differentiation
and proliferation are primarily mediated by mTORC1 and not mTORC2. In the second study, germ
cell knockout of raptor, mTORC1’s core component, also resulted in no sperm production. However,
interesting differences were observed comparatively to the first study. Spermatogonia from germ cell
raptor knockout mice entered meiosis but were unable to complete it [95]. Interestingly, adult testes
seminiferous tubules only had SCs due to SSC depletion [95]. These results clearly suggest that raptor
is essential in the completion of meiosis and for the formation and maintenance of a fully functional
pool of SSCs (Figure 3). Furthermore, unlike other studies where mTORC1 hyperactivation resulted
in SSC differentiation but not a total depletion, the reported total depletion of the SSC pool could
be attributed to inhibition of FOXOs, important factors in self-renewal of SSCs [79]. This could be
due to a higher number of mTORC2 complexes being formed in response to the knockout of raptor.
One of the well-known functions of mTORC2 is activation of Akt [54] which, as referred to above,
is involved in the inhibition of FOXOs [79]. Nevertheless, this hypothesis remains to be fully tested
and demonstrated.

Several other studies also showed that mTOR is heavily involved in spermatogenesis [96–98]. For
instance, conditional knockout of Rheb in male germline resulted in oligoasthenoteratozoospermia and
male infertility [96]. The authors could observe multiple defects in meiotic and post-meiotic stages
of spermatogenesis, which resulted in an increase of sperm defects and overall severe reduction on
epididymal sperm numbers (Figure 3) [96]. In addition, spermatid and spermatocytes production
decreased with age while undifferentiated spermatogonia maintained the normal numbers, reflecting
a delay in meiotic progression. Interestingly, Hobbs et al. previously observed that Rheb was not
required for SSC self-renewal [74], but it seems that Rheb is crucial for meiotic progression. This
is also a subject that deserves attention in years to come regarding mTOR and SSCs self-renewal
and progression.
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Figure 3. Involvement of mTOR in several processes linked with male fertility. mTORC1 is required
for a correct meiotic sex chromosome inactivation. Furthermore, mTOR inhibition of mTORC1 or
knockdown of Rheb results in germ cell loss, reduced epididymal sperm numbers, defects in testicular
morphology and impairment of meiosis. mTOR is also directly involved in BTB dynamics, with
mTORC1 promoting BTB restructuring and mTORC2 promoting BTB maintenance. mTOR inhibition
is also required for spermatogonial stem cell (SSC) self-renewal. However, knockdown of raptor
impairs spermatogenesis which shows that mTORC1 presence is required for SSCs self-renewal and
a balance must occur between mTOR inhibition and mTOR activation for a correct SSCs proliferation
and differentiation. Abbreviations: BTB: Blood–testis barrier; AKT: Protein kinase B; ERK: Extracellular
signal regulated kinase; FOXOs: Forkhead box proteins; GILZ: Glucocorticoid-induced leucine zipper;
MMP-9: Matrix metallopeptidase 9; MSCI: Meiotic sex chromosome inactivation; mTOR: Mammalian
target of rapamycin; N-WASP: Neuronal Wiskott–Aldrich syndrome protein; p53: Cellular tumor
antigen p53; p70s6k: p70S6 kinase; PI3K: Phosphoinositide 3-kinase; Plzf: Promyelocytic leukaemia
zinc finger; PTEN: Phosphatase and tensin homolog; raptor: Regulatory associated protein of mTOR;
Redd1: Protein regulated in development and DNA damage response 1; Rheb: Ras homolog enriched
in brain GTPase; rictor: Rapamycin insensitive companion of mTOR; rps6: Ribosomal protein S6;
TSC1/2: Tuberous sclerosis complex; USP9X: Spermatogonial deubiquitinase probable ubiquitin

carboxyl-terminal hydrolase FAF-X. stimulation. inhibition.  downregulation/knockout.

 upregulation.

Retinoic acid is a key regulator of spermatogenesis, regulating spermatogonial differentiation
via retinoic acid stimulated gene 8 (STRA8), a gene expressed in SSCs and preleptotene
spermatocytes [99,100]. STRA8 was shown to be necessary for differentiating spermatogonia to
undergo morphological changes that define meiotic prophase and for these cells to exhibit the molecular
hallmarks of meiotic chromosome cohesion, synapsis and recombination. In fact, male mice lacking
STRA8 gene function fail to enter meiotic prophase [101]. Sahin et al. confirmed that SSCs and
preleptotene spermatocytes express several downstream effectors of the mTOR pathway including
mTOR, p-mTOR, p70s6k, phosphorylated p70S6 kinase (p-p70s6k) and phosphorylated eukaryotic
initiation factor 4E binding protein 1 (p-4E-BP1) [102]. Interestingly, inhibition of mTOR by rapamycin
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using cultured seminiferous tubules decreased the levels of p-p70s6k and p-4E-BP1, and also decreased
the levels of proliferating cell nuclear antigen (PCNA) and STRA8, markers for proliferation and
differentiation, respectively [102]. This clearly indicates that mTOR signaling is involved in the
differentiation and stimulation of meiotic initiation of undifferentiated spermatogonia. A further study
by this team aimed to unveil mTOR’s role in meiotic initiation and progression during post-natal
development, specifically in the first wave of spermatogenesis, and in the adult mice. Administration of
rapamycin in post-natal testes decreased p-p70s6k and STRA8 levels while STRA8 levels were increased
after administration of retinoic acid, as expected [97]. Interestingly, administration of rapamycin
during four weeks in adult testes induced germ cell loss, disorganization of testicular morphology
and vacuolization (Figure 3). Furthermore, the levels of STRA8 and DNA meiotic recombinase 1
(Dmc1), a meiotic marker, were decreased [97]. Overall, mTOR signaling seems to be involved in the
meiotic progression of spermatogenesis during not only the first wave of spermatogenesis but also in
adult testes. Recently, Xu et al. demonstrated that mTOR and its downstream effectors are positively
correlated with spermatogenesis at different development stages [98]. Interestingly, phosphorylated
levels of p70s6k, ribosomal protein S6 (rps6) and 4E-BP1 were also gradually downregulated with
age which could explain the decrease in male fertility potential that occurs as a consequence of aging.
Inhibition of mTOR signaling by rapamycin decreased sperm number and downregulated protein
levels of the phosphorylated effectors of mTOR referred above, except 4E-BP1 [98]. Interestingly,
treatment with a PI3K inhibitor downregulated phosphorylated levels of 4E-BP1 suggesting that
PI3K regulates this protein [98]. Overall, we can conclude that mTOR plays an important role in
spermatogenesis by regulating this process through p70s6k activation.

In recent years, mTOR is also being closely related with meiotic sex chromosome inactivation
(MSCI). MSCI is a process that, as the name suggests, occurs during the meiotic phase of
spermatogenesis. In short, at the pachytene stage, transcriptional silencing of the male X and
Y chromosomes occurs after autosomal chromosomes have completed pairing [103]. X and Y
chromosomes are compartmentalized into a peripheral nuclear subdomain known as the XY body.
Following meiosis II, when haploid daughter cells are formed, X and Y chromosomes are thought to
be repressed until the end of spermatogenesis, although this is still a matter of debate [103]. Thus,
MSCI is crucial for male fertility, as mutant mice with defects in MSCI are infertile due to meiotic
arrest in prophase I [104,105]. A study by Xiong et al. revealed that raptor is an essential mTORC1
component for a correct MSCI and consequently, a correct meiosis. Mice with conditional knockout
of raptor were sterile and had increased numbers of SSCs [106]. Furthermore, these mice exhibited
meiotic arrest at the pachytene stage and XY chromosome were not repressed which suggests that
mTORC1 is crucial for MSCI (Figure 3). MSCI failure was due to lower accumulation of ATR, a key
mediator of meiotic silencing which is required to induce repressive epigenetic modifications on
sex chromatin in pachytene spermatocytes [106]. On the contrary, another study has shown that
meiotic progression and recruitment of silencing factors to sex chromosomes was normal in testes
with conditional knockout of mTORC2 component rictor [107]. Overall, these reports suggest that
rapamycin-mediated defects in meiosis and MSCI are mTORC1-dependent. In another study, inhibition
of mTORC1 by chronic rapamycin treatment also caused defects in MSCI resulting in spermatogenic
arrest. Recruitment of the essential silencing factor ATR to the chromatin was attenuated in the
pachytene stage [108]. Interestingly, the rapamycin inhibitory effect was reversible following treatment
withdrawal. Furthermore, rapamycin treated mice had a reduction in pachytene piRNA populations,
suggesting that mTOR is involved in the homeostasis of noncoding RNA [108].

4. mTOR Pathway in Sertoli Cells and Male Fertility

SCs are unique polarized mesoepithelial cells responsible for the seminiferous tubules
structure [109]. Extending from the basement membrane to the lumen of the seminiferous tubule,
these cells are responsible for a panoply of functions, ranging from nourishment and structural
support of developing germ cells, integration of upstream signals and secretion of factors and
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hormones accordingly, phagocytic activity of defective spermatogenic cells and the control of the
microenvironment responsible for the correct development of germ cells [13,110]. SCs are known
as “nurse cells” as they babysit germ cells through the different stages of spermatogenesis. In fact,
SC extensions are in direct and permanent contact with germ cells to ensure their correct development.
During spermatogenesis, germ cells must cross the seminiferous tubule to reach the border where
spermiation is completed [111]. SC extensions and their microtubular network guide germ cells during
this process. Finally, adjacent SCs establish the BTB, an immunoprivileged environment, restricting
access by the immune system to these cells which could be identified as foreign agents by the immune
system [17]. Structurally, BTB is composed by tight junctions, basal ectoplasmic specializations,
desmosomes and gap junctions [17]. Those junctions are connected to the actin cytoskeleton and
possess packed actin filament bundles that lie perpendicularly, connecting each adjacent SC through
the plasma membrane [112]. These actin filament bundles are also enclosed by the endoplasmic
reticulum cisternae giving BTB a remarkable strength and adaptability. In addition, BTB divides
the seminiferous epithelium into two functionally and anatomically distinct compartments: 1) The
basal compartment where SSCs and preleptotene spermatocytes reside not protected by the BTB;
2) the adluminal compartment where both meiosis and post-meiotic development occurs under the
protection of the BTB [113]. Logically, this division suggests that developing spermatocytes must cross
the BTB barrier to reach the lumen in order to fulfill the last steps of spermatogenesis. Preleptotene
spermatocytes are the only germ cells transported across the BTB in different seminiferous epithelium
stages according to the species (rat, mouse or human) [14,114]. Interestingly, this transport takes place
quite rapidly, which suggests the existence of a tight and complex network regulating BTB modulation.
The existence of a BTB, designated as old, which then gives origin to another BTB, designated as new,
was initially pointed as the main mechanism. This was named as the intermediate compartment, in an
attempt to explain this phenomenon [115]. This view has changed, and several important studies have
shed new light on this topic.

Several studies have suggested that BTB remodeling is regulated, at least in part, by mTORC1
and mTORC2 (specifically by their particular subunits, raptor and rictor, respectively) [10–12,18]. This
pathway targets several actin-regulating proteins which causes the cyclic reorganization of the F-actin
network, remodeling the BTB. Several studies have shown a stage-specific expression of mTORC1
and mTORC2 subunits and downstream effectors (raptor/p-rps6 and rictor, respectively) during
the epithelial cycle with the first being predominantly expressed at later stages of the seminiferous
epithelium cycle and virtually undetectable in other stages while rictor expression is predominant
in earlier stages of the epithelial cycle [10–12]. This expression pattern suggests that mTORC1 and
mTORC2 have opposing effects in BTB dynamics and remodeling. In fact, it was reported that mTORC1
pathway promotes BTB remodeling, which causes this barrier to be “leaky”. Several studies using
in vitro and in vivo approaches reported that inhibiting mTORC1 signaling, either by knockdown of
rps6 using RNAi or by rapamycin administration, promoted SCs tight junction permeability barrier
effectively turning BTB “tighter” (Figure 3) [19]. In those studies, stage-specific p-rps6 expression in the
BTB was colocalized with several putative BTB proteins including zonula occludens-1 (ZO-1) (adaptor
protein connecting tight junctions to actin cytoskeleton), N-cadherin (a basal endoplasmic specialization
protein), Arp3 (a component of the Arp2/3 complex at the BTB involved in changing the conformation
of the actin network) and F-actin suggesting an involvement of p-rps6 in BTB remodeling in order
to facilitate preleptotene spermatocytes transit to the adluminal compartment [19]. Other studies in
mice with a constitutively active quadruple phosphomimetic mutant p-rps6 reported that this turns
the BTB “leaky”, due to changes in F-actin bundle organization [10,11]. These studies also identified
two pathways through which mTORC1 regulates BTB dynamics, the prpS6/Akt/Arp3/N-WASP
and the p-rps6/Akt/MMP-9 pathways (Figure 3). In the first, alterations in the organization of
actin microfilaments and in actin bundling activity destabilized BTB dynamics and SC tight junction
barrier function [10]. These changes were caused by the rps6 mutant which through upregulation
of p-rps6 downregulated p-Akt causing an increase in the association of Arp3 and its upstream
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activator N-WASP (neuronal Wiskott–Aldrich syndrome protein) [10]. This was further confirmed
using a knockdown of p-Akt by RNAi in SCs which also led to reorganization of actin filaments and
BTB restructuring [10]. In the second pathway, the constitutively active quadruple phosphomimetic
mutant p-rps6 disrupted insulin/IGF-1 signaling, which inhibited Akt phosphorylation leading to
expression of matrix metallopeptidase 9 (MMP-9), a proprotein involved in the proteolysis of tight
junction proteins of the BTB contributing for a “leaky” barrier [11]. This was also confirmed using
a MMP-9 inhibitor, which effectively blocked the SCs tight junction disruption induced by the active
p-rps6 mutant [11]. Importantly, a knockdown of p-Akt using RNAi in SCs resulted in a phenotype
identical to the induced by the active p-rps6 mutant causing the SCs tight junction disruption [11].
These findings were recently confirmed by an in vivo study. Using a constitutively active quadruple
phosphomimetic mutant to overexpress p-rps6 in vivo, the authors observed a similar phenotype
to the previously reported in vitro findings where p-rps6 caused disruption of the BTB, resulting
in impaired spermatogenesis due to loss of spermatid polarity and failure in the transport of germ
cells [116]. This was a result of p-rps6 induced changes in the spatiotemporal expression of actin and
microtubule-based binding and regulatory proteins [116]. In sum, mTORC1 and rps6 signaling control
BTB remodeling through changes in actin and microtubule-based binding regulating the transition of
preleptotene spermatocytes to the adluminal compartment, and overall spermatogenesis itself.

Interestingly, a recent study by Xiong et al., has suggested a Rheb–mTORC1-independent pathway
controlling cell polarity and cytoskeleton organization [117]. Using the Cre–LoxP system to generate
two SC-specific mutants (raptor and Rheb knockout mice), the authors observed that adult raptor
KO mice displayed azoospermia and disrupted cytoskeletal organization and cell polarity while
adult Rheb KO mice had intact seminiferous tubules, sperm present in the epididymis and normal
fertility [117]. Furthermore, activity of mTORC1 downstream molecules was similar in both models,
which suggests that these phenotypic changes were caused by raptor and not by canonical mTOR
signaling. In fact, raptor but not Rheb KO mice had reduced Rac1 activity [118], a GTPase which is part
of the Rho family of GTPases, suggesting that this GTPase is involved in raptor-mediated cytoskeletal
organization. Whole-transcriptome sequencing revealed that cingulin, a gene coding a protein involved
in the mediation of interactions between actin and tight junction proteins, was downregulated and
even disappeared in some tubules in adult raptor but not Rheb KO mice [117]. As Rac1 is a GTPase,
downregulation could be caused by an increase in GTPase-activating protein (GAP) or a decrease in
guanine-nucleotide exchange factors (GEFs). In this case, lower expression of rho guanine nucleotide
exchange factor 4 (ARHGEF4), a GEF, was detected [117]. Taken together, these results indicate novel
raptor/non-canonical mTORC1 signaling roles for cytoskeleton and cell polarity regulation through
the modulation of Rac1 activity by cingulin.

Nonetheless, mTORC1 involvement in BTB remodeling is only half of the puzzle. Mounting
evidence has shown that rictor, a key component of mTORC2, is also involved in BTB dynamics.
Rictor expression is also stage dependent and it is downregulated in late stages, coinciding with
BTB restructuring [12]. Studies have shown that rictor knockdown by RNAi turns the BTB “leaky”
(Figure 3) [12]. In vivo, similar results were observed, as knockdown of rictor perturbed BTB integrity
due to changes in F-actin organization and a loss of interaction between actin and proteins involved
in BTB constitution (α-catenin and ZO-1) [12]. Furthermore, SC-specific amh–Cre-mediated ablation
of rictor in mice caused infertility [18]. Loss of rictor also caused microtubule disarrangement and
impaired actin organization, which disrupted SC polarity and overall BTB integrity (Figure 3) [18].
These mice had spermatogenic arrest, which supports that mTORC2 is required for BTB integrity.
Interestingly, a recent study by Bai et al. explored the possibilities of a conditional germ-cell specific
knockout of rictor using Ngn3–Cre technology. In this study, rictorcko mice were also infertile
due to impairment of spermatogonial differentiation, which reduced the number of germ cells
entering meiosis [107]. Interestingly, loss of rictor also caused apoptosis of early spermatocytes,
which further exacerbated this effect. BTB integrity of rictorcko mice was also compromised due
to abnormal localization of BTB components, including basal ectoplasmic specialization and gap
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junction proteins [107]. Microtubular interactions with actin were also abnormal which disrupted
cell–cell junctions and Sertoli–germ cell adhesion [107]. Overall, this study further confirmed
mTORC2 involvement in BTB maintenance and suggested new roles for mTORC2 in spermatogonial
differentiation, indicating that mTORC1 and mTORC2 overlap, at least partially, in some functions but
also have fundamental differences in others. Furthermore, mTORC2 signaling in germ cells seems to
orchestrate with SCs to form the correct architecture for a successful spermatogenesis.

Another recent topic of study linking SCs with mTOR has been focused on the metabolic control
of these cells by this serine/threonine protein kinase complex. As discussed, SCs are known as “nurse
cells” due to their role in providing structural and nutritional support to germ cells [119]. Indeed, these
cells also have unique metabolic features, exhibiting a ‘Warburg-like’ metabolism [120] since germ cell
metabolism is entirely dependent on SCs that produce the lactate needed as substrate for germ cell
development [13]. Thus, the control of SC metabolism is a key event for a correct spermatogenesis.
Interestingly, a recent report demonstrated that human SCs exposed to rapamycin had several
metabolic parameters altered, including glucose consumption and mitochondrial complex III protein
levels [9]. Increased lipid peroxidation and a partial inhibition of mTOR phosphorylation at Ser2448
was also observed in SCs exposed to rapamycin [9]. Finally, phosphorylated 4E-BP1 levels remained
unchanged after the treatment which led the authors to speculate regarding a rephosphorylation of
this mTOR downstream effector during the treatment [9]. A recent study also reported no alterations
in phosphorylated 4E-BP1 levels after rapamycin treatment. However, after exposure to a specific PI3K
inhibitor, 4E-BP1 levels were downregulated [98]. These results suggest that rapamycin inhibition
of mTOR is not sufficient to inhibit p-4E-BP1, which seems to be directly or indirectly regulated by
PI3K. Nevertheless, the mechanisms through which mTOR modulates the SC metabolic state affecting
the nutritional support of spermatogenesis remain undisclosed. mTOR dysregulation has also been
associated with the establishment of metabolic diseases, including obesity [2]. Several studies have
shown the importance of the metabolic state of the individual for a correct spermatogenesis [120–123].
In fact, subfertility or infertility associated with metabolic diseases has been linked with SC metabolic
dysregulation. A recent study reported that treatment of human SCs with glucagon-like peptide-1
(GLP-1) increased p-mTOR levels at Ser244 [124]. GLP-1 analogues are used for the treatment of
diabetes and obesity [125] promoting weight loss. Thus, that work suggests novel roles for mTOR in
the restoration of fertility in individuals with subfertility or infertility induced by metabolic diseases.
However, further studies are required to determine how mTOR signaling is involved and if mTOR is
dysregulated in subfertility or infertility cases associated with metabolic diseases.

5. Concluding Remarks

Knowledge concerning mTOR indicates that it functions as a master integrator of several upstream
signals (amino acids, growth factors, insulin and energy status, among others), which responds
accordingly through several downstream effectors. This multiprotein complex is composed by two
complexes that share components, mTORC1 and mTORC2, that carry and respond to upstream signals
accordingly. Several advancements have been made trying to understand the assembly of mTOR
complexes and protein–protein interactions resulting from that process. However, there is still much to
be done, particularly in an in vivo environment, which could closely resemble physiological conditions.
This subject is of particular importance as only with an exact view of each complex functions and the
role of each component in the assembly of mTOR complexes can we fully understand mTOR functions.
In fact, there are still components of mTOR complexes whose functions and role are yet to be defined.

mTOR inhibition by rapamycin has been extensively used to better understand mTOR functions.
Furthermore, this inhibition has been pursued as a linchpin to better manage several metabolic
diseases (including cancer) and the associated co-morbidities. Interestingly, male infertility derived
from rapamycin treatment was the first sign of mTOR involvement in male reproduction. Nowadays,
several studies have shown different ways of involvement for mTOR in spermatogenesis. However,
there is a lack of consensus whether mTOR’s role is positive or negative concerning male reproductive
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health. As discussed above, several studies in upstream and downstream mTOR effectors present both
positive and negative effects concerning SSC maintenance, BTB maintenance/restructuring and overall
male fertility. Several studies have also shown that mTOR inhibition is crucial for SSC maintenance.
However, mounting evidence in models using knockout of upstream mTOR inhibitors shows that
mTOR activation leads to exhaustion of the SSC pool. Different modulators of this mTOR inhibition
are also starting to be discovered and some of these modulators are even suggested to be regulated
by micro-RNAs. Interestingly, studies have started to show that mTOR activation is stage-dependent,
being active in progenitors committed to differentiation. In fact, mTOR transition between active
and inactive states also seems to be essential to decide the fate of an SSC. Retinoic acid treatment,
a key regulator of spermatogenesis which is involved in spermatogonia differentiation, also resulted
in mTOR phosphorylation, and thus also suggests an involvement of mTOR in this process. Taken
together, these studies reinforce the deciding role of mTOR in controlling the fate of SSCs.

Another topic of interest is mTOR’s involvement in BTB dynamics. Studies using in vitro and
in vivo approaches have shown different actions of mTORC1 and mTORC2 in this barrier. The first
is involved in BTB remodeling while the latter is involved in making the BTB “tighter”. As before,
mTOR complexes expression is also stage-dependent, which explains the transition of preleptotene
spermatocytes to the adluminal compartment due to a timely upregulation of mTORC1 at later
stages while mTORC2 is upregulated at earlier stages of the seminiferous epithelial cycle. The
attention of the scientific community is now focused on identifying possible signaling pathways
regulating this complex interaction and this focus already produced interesting results, identifying the
prpS6/Akt/Arp3/N-WASP and the p-rps6/Akt/MMP-9 pathways as mediators of mTORC1 effects
in BTB dynamics.

It seems that a small part of the puzzle is starting to be deciphered and that the answer is not
what we expected. mTOR seems to be much more than a simple positive or negative trigger in male
reproduction. In physiological conditions, it acts as a master integrator of several signals, which is also
regulated by different factors in a joint effort to decide the outcome for several processes, including
SSC differentiation or self-renewal and BTB restructuring. Nevertheless, these apparently conflicting
roles of mTOR in male reproduction underline the complex web of interactions that these multiprotein
complexes regulate, which makes the attempt to study them an uphill battle. Trying to translate
in vitro results to physiological conditions is also difficult, highlighting the need for more integrative
studies that can mimic physiological conditions in order to fully disclose mTOR’s function in male
reproductive health. There is no doubt that mTOR’s involvement in male reproduction deserves
special merit and attention in the years to come.
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Abbreviations

mTOR Mammalian target of rapamycin
SSCs Spermatogonial stem cells
SCs Sertoli cells
mTORC1 Mammalian target of rapamycin 1
mTORC2 Mammalian target of rapamycin 2
BTB Blood-testis barrier
raptor Regulatory associated protein of mTOR
pras40 Proline-rich Akt substrate 40 kDa
deptor DEP (Dishevelled, Egl-10 and Pleckstrin) domain-containing mTOR-interacting protein
mLST8 Mammalian lethal with sec-13 protein 8
rictor Rapamycin insensitive companion of mTOR
mSIN1 Mammalian stress-activated protein kinase interacting protein
protor1/2 Protein observed with rictor 1 and 2
FKBP12 FK506-binding protein 12
TSC1/2 Tuberous sclerosis complex
Rheb Ras homolog enriched in brain GTPase
Akt Protein kinase B
RSK1 p90 ribosomal S6 kinase 1
ERK Extracellular signal regulated kinase
PTEN Phosphatase and tensin homolog
Redd1 Protein regulated in development and DNA damage response 1
PKC Protein kinase C
Plzf Promyelocytic leukaemia zinc finger
GNDF Glial cell-derived neurotrophic factor
FOXOs Forkhead box proteins
GILZ Glucocorticoid-induced leucine zipper
USP9X Spermatogonial deubiquitinase probable ubiquitin carboxyl-terminal hydrolase FAF-X
STRA8 Retinoic acid stimulated gene 8
p-p70s6k Phosphorylated p70S6 kinase
p-4E-BP1 Phosphorylated eukaryotic initiation factor 4E binding protein 1
PCNA Proliferating cell nuclear antigen
Dmc1 DNA meiotic recombinase 1
Rps6 Ribosomal protein S6
MSCI Meiotic sex chromosome inactivation
ZO-1 Zonula occludens-1
N-WASP Neuronal Wiskott-Aldrich syndrome protein
MMP-9 Matrix metallopeptidase 9
ARHGEF4 Rho guanine nucleotide exchange factor 4
GLP-1 Glucagon-like peptide-1
AMPK AMP-activated protein kinase
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Abstract: Human epidemiologic studies and laboratory investigations in animal models suggest
that exposure to general anesthetic agents (GAs) have harmful effects on brain development.
The mechanism underlying this putative iatrogenic condition is not clear and there are currently
no accepted strategies for prophylaxis or treatment. Recent evidence suggests that anesthetics
might cause persistent deficits in synaptogenesis by disrupting key events in neurodevelopment.
Using an in vitro model consisting of dissociated primary cultured mouse neurons, we demonstrate
abnormal pre- and post-synaptic marker expression after a clinically-relevant isoflurane anesthesia
exposure is conducted during neuron development. We find that pharmacologic inhibition
of the mechanistic target of rapamycin (mTOR) pathway can reverse the observed changes.
Isoflurane exposure increases expression of phospho-S6, a marker of mTOR pathway activity,
in a concentration-dependent fashion and this effect occurs throughout neuronal development.
The mTOR 1 complex (mTORC1) and the mTOR 2 complex (mTORC2) branches of the pathway
are both activated by isoflurane exposure and this is reversible with branch-specific inhibitors.
Upregulation of mTOR is also seen with sevoflurane and propofol exposure, suggesting that this
mechanism of developmental anesthetic neurotoxicity may occur with all the commonly used GAs in
pediatric practice. We conclude that GAs disrupt the development of neurons during development
by activating a well-defined neurodevelopmental disease pathway and that this phenotype can be
reversed by pharmacologic inhibition.

Keywords: anesthesia; neurotoxicity; synapse; mTOR; neurodevelopment

1. Introduction

The United States Food and Drug Administration has recently required that 12 commonly used
anesthetic and sedative agents with mechanisms of action on NMDA and GABA receptors carry
labels warning that repeated or lengthy exposure to these drugs between the third trimester and
the first three years of life may result in adverse consequences for brain development (FDA Drug
Safety Communication). An estimated 115,000 children each year are anesthetized for surgery and
other procedures in the U.S. alone, suggesting that millions of children are exposed to anesthesia each
year worldwide [1]. It is not yet clear which patients are potentially at risk of cognitive dysfunction
related to this exposure, but early results from the only two clinical trials that have reached endpoints
give reassurance that short, single exposures in healthy children do not have deleterious effects [2,3].
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This finding is consistent with data from large epidemiologic studies showing no effect of short, single
early life exposures to surgery and anesthesia, but a correlation between long or multiple exposures
and reduced scores on cognitive testing, worsened scores in educational testing assessments, and
increased billing codes indicates developmental or behavioral disorders [4–6]. Numerous studies
have found that early postnatal exposure to GA in rodents results in deficits in performance on tests
of learning and memory [7–15], but rodent anesthesia models introduce a confound of physiologic
perturbation that is difficult to measure and also the short timeline of rodent brain development might
exaggerate the consequences of a toxic developmental exposure. However, recent data in non-human
primates have provided definitive evidence that early postnatal GA exposure can have lasting effects
on cognition, including deficits in socioemotional and learning function [16–19].

The mechanism by which a transient exposure to GA could have lasting consequences on brain
development has been the subject of considerable investigation, but no clear conclusion has been
reached [20,21]. We have found evidences in an in vivo mouse model that early postnatal exposure to
isoflurane causes a lasting increase in activity in the mTOR pathway in the hippocampal dentate gyrus.
Inhibition of mTOR upregulation with rapamycin reversed a loss of neuronal spines in dentate gyrus
granule neurons and also restored performance on hippocampal-dependent learning tests that are
impaired by isoflurane exposure [8]. The mTOR pathway is a complex and heterogeneous signaling
system that integrates intra- and extracellular cue sensing and links to numerous other signaling
pathways in order to regulate metabolism, growth, and homeostasis [22]. A lasting anesthetic action
on mTOR function is an intriguing potential mechanism of developmental anesthetic neurotoxicity.
The mTOR system is critical for neuronal development [23] and a causative role of mTOR system
dysfunction has been proposed for better understood neurodevelopmental disorders, such as Fragile
X, autism, schizophrenia, and drug addiction [24]. However, mTOR has not been extensively studied
in this context, and the evidence linking it to anesthetic toxicity is mixed [25].

Here we use an in vitro primary rat neuron culture system to further explore the hypothesis that
GAs disrupt neuron development via an upregulation of mTOR signaling. To this end we employ
quantitative immunohistochemistry to examine the effects of anesthetic-induced mTOR changes
on synapse development. We also test for contributions of the mTOR1 and mTOR2 complexes,
which represent a divergence in the pathway. Finally, we ask whether the effects on the mTOR
pathway generalize to multiple anesthetic agents.

2. Results and Discussion

2.1. Effects of Isoflurane Exposure for 6 h on Apoptosis

In order to exclude the possible effects of isoflurane on the health of the primary neurons, we first
tested the difference in apoptosis in the 1.8% and 2.4% isoflurane exposure group compared to the
control group. A small number of cells stained positive in the TUNEL assay following a 6 h exposure
both when the cells were harvested immediately after exposure and when they were harvested 24 h
after exposure (Figure 1B). There was no significant difference between the control group (7.95 ± 7.86%)
and the isoflurane 1.8% (13.85 ± 7.69%) and 2.4% (14.14 ± 7.67%) groups when harvested directly after
exposure using one-way ANOVA with Dunnett’s multiple comparisons (Figure 1C). The same results
were found when the cells were harvested 24 h following exposure ((control group (3.83 ± 5.47%),
isoflurane 1.8% (6.81 ± 5.77%), and 2.4% (10.91 ± 6.25%) groups)) (Figure 1D). These results indicate
that 1.8% and 2.4% isoflurane exposure on seven days in vitro (DIV) for 6 h does not affect normal
baseline levels of cell apoptosis.
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Figure 1. Isoflurane exposure at different doses did not show any significant apoptosis in our exposure
paradigms. (A) The TUNEL experiment timeline in vitro. The neurons were exposed to either carrier
gas or 1.8%/2.4% isoflurane for 6 h on their 7 DIV, and the cells were harvested immediately after
exposure or 24 h after the exposure; (B). Representative images of DAPI (blue) and TUNEL (green)
immunofluorescence in the dissociated neurons at 8 DIV; (C,D) 6 h of isoflurane treatment on 7 DIV
did not show a significant apoptosis difference among all the DAPI/TUNEL neurons compared to the
control groups immediately after the exposure (C) or 24 h after the exposure (D) (n = 15 fields that
were measured per group, n.s. indicates no significant difference, one-way ANOVA with Dunnett’s
multiple comparisons test).

2.2. Effects of 1.8% Isoflurane Exposure for 6 h on Synaptogenesis

Our previous work in newborn dentate gyrus granule neurons in the intact mouse showed
that isoflurane could act via an mTOR-mediated mechanism to cause a lasting reduction in the
numbers of dendritic spines, which represent a morphological marker for excitatory post-synaptic
elements. To determine whether this effect is an acute one that occurs during neuron synapse
development and to test whether it generalizes to multiple neuronal types, we explored the effects
of isoflurane administered during the period of ongoing synaptogenesis in cultured neocortical
neurons, a population that is both heterogeneous and distinctly different from dentate gyrus neurons.
Exposures consisting of 1.8% isoflurane for 6 h were performed at 7 DIV when synaptogenesis is
ongoing, and results were assayed at 10 DIV when it is largely complete [26] (Figure 2). Double
immunofluorescence staining was performed using MAP-2 as a dendritic marker to define the area
over which synaptic markers were measured, and either Synapsin-1 to identify pre-synaptic elements
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or Homer-1 to identify excitatory post-synaptic elements. The locations of the images taken for analysis
were 50 μm from the nucleus, representative images are shown in Figure 3A (scale bar: 50 μm) and
Figure 3B (scale bar: 2 μm).

Figure 2. Schematic representation of the experimental timeline and exposure induction diagram
in vitro. (A) The general experiment timeline in vitro. The neurons were exposed to 1.8% isoflurane
for 6 h on their 7 DIV, and 100 nM rapamycin was added into the media 1 h before the exposure
according to the experiment design. The fresh media change was done regularly. The cells were fixed
for immunohistochemistry on 10 DIV; (B) Coverslips in 12-well plates were placed in identical air-tight,
humidified chambers. Isoflurane was delivered using an agent-specific, calibrated inline and was
diluted in 5% CO2/95% O2 carrier gas. Controls for these experiments received 5% CO2/95% O2

carrier gas only. After a 15-min equilibration period, the sealed chambers were placed in an incubator
to maintain a temperature at 37 ◦C for the duration of the anesthesia exposure.

We found that 6 h of isoflurane treatment at a concentration of 1.8% resulted in a significant
decrease in the intensity of Synapsin-1 immunoreactivity (20.46 ± 7.33%) compared to the control group
(48.95 ± 19.02%, p < 0.001) (Figure 3C). Rapamycin treatment results in Synapsin-1 intensity levels
(32.11 ± 9.10%) that are not significantly different from the control plus rapamycin treatment group
(36.13 ± 11.70%), while there was a significant interaction of isoflurane treatment and rapamycin
using two-way ANOVA with Bonferroni’s multiple comparisons test, suggesting a rescue effect
of rapamycin (Figure 3D). Carrier gas and isoflurane treatment were also used in the presence of
the rapamycin diluent, dimethyl sulfoxide (DMSO), and the results did not differ from the same
experiment performed without DMSO, indicating that the diluent has no independent effect. Isoflurane
treatment at 1.8% for 6 h resulted in a significant reduction in intensity of Homer-1 immunoreactivity
(30.47 ± 5.22%) compared to the control group (68.46 ± 11.18%, p < 0.0001) (Figure 3E). As was
found with Synapsin-1, rapamycin treatment after isoflurane exposure prevented the effects of
isoflurane. Homer-1 immunoreactivity after rapamycin treatment did not differ significantly between
the isoflurane (49.33 ± 7.32%) and carrier gas groups (56.14 ± 8.91%) (Figure 3F). Taken together,
these data indicate that isoflurane interferes with the formation of excitatory synapses in developing
cultured neocortical neurons and that this effect may be due to actions on the mTOR pathway.

400



Int. J. Mol. Sci. 2018, 19, 2183

Figure 3. A 1.8% isoflurane exposure for 6 h decreases pre- and post-synaptic marker intensity
in vitro. (A,B) Representative images of Synapsin-1/Homer-1 (green), MAP-2 (red), DAPI (blue)
immunofluorescence in neurons in dissociated culture at 10 DIV are shown. The segment for the
dendrite was picked according to MAP-2 staining from each neuron and the locations for images
taken were defined as 20–30 μm from the nucleus according to DAPI (shown as the yellow arrow
pointing in (A); (C–F) 6 h of isoflurane exposure on 7 DIV caused a significant difference in the
intensity decrease of Synapsin-1 compared to the control group (C), while rapamycin treatment before
the isoflurane exposure reversed the Synapsin-1 intensity to normal compared to the control with
rapamycin treatment group (D). The intensity of Homer-1 also decreased compared to the control
group (E), while rapamycin treatment before the isoflurane exposure reversed the Homer-1 intensity to
normal compared to the control with rapamycin treatment group (F). (n = 30 neurons measured per
group, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. indicates no significant difference, t-test for (C,E),
two-way ANOVA with Bonferroni’s multiple comparisons test for (D,F).

Our own work in vivo shows that newborn dentate gyrus neurons in mice exposed to GA with
isoflurane are found to have reduced numbers of spines overall, and profoundly-reduced numbers
of mushroom morphology spines over a month later [8]. As in our culture model, we found that
this effect was reversible by treatment with rapamycin not acutely, but for a week after the exposure.
While dendritic spines are generally the sites of excitatory post-synaptic elements, the correlation
is imperfect, and our finding of reduced Homer-1 immunoreactivity in culture lends weight to our
previous findings in vivo, particularly as we also found a decrease in expression of a pre-synaptic
marker as well. However, our results in this manuscript differ in some important ways. Our anesthesia
exposure occurred during synaptogenesis, rather than at the point of generation, and also the neurons
observed in a cortical culture differ morphologically and functionally from dentate gyrus granule
cells, which have many unusual features compared to other neurons. Thus, we predict, based on our
findings, that mTOR-mediated effects on synapse formation are likely to generalize across a broad
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range of contexts. The current literature does not have any other studies of mTOR and anesthetic
effects on synapses, but the preponderance of evidence suggests at least that GA exposure during
development can disrupt synapse formation or maintenance. Two in vivo rodent studies using electron
microscopy to identify synapses found decreased synaptic density in the hippocampus of young adult
mice that had been exposed to GAs during the early postnatal phase [27,28]. Interestingly, when this
phenomenon was studied in the rodent pre-frontal cortex using light microscopy to quantify spine
numbers, it was found that a P5 exposure reduced spine number but a P15 exposure actually increased
the spine number [29], suggesting that the state of the neuron at the time of exposure is critically
important to determine the effect of GAs. Our findings in this manuscript support the conclusion that
GA exposure prior to stabilization of synapses leads to a failure of synapse formation.

2.3. Parameters of Activation of mTOR by Isoflurane in Cultured Neurons

We have previously shown that isoflurane exposure causes a lasting increase in expression of
phospho-S6 (pS6), a commonly used marker of activity in the mTOR pathway [8,25]. However,
the constraints of in vivo experimentation are such that we were unable to determine at what stage of
development neurons are subject to this phenomenon, and we were also unable to test the minimum
time of exposure and exposure dose required. To address these questions, we stained for DAPI (grey)
to define cell bodies and immunolabeled for βIII-tubulin (blue) to verify neuronal cell type. To measure
the activity in the mTOR pathway, we co-labeled for unphosphorylated-S6 (red) and phosphorylated-S6
(green) to assess mTOR activation. A representative example of control and isoflurane 1.8% for 6 h
treatment on 7 DIV with harvest on 10 DIV is shown (Figure 4A, scale bar: 50 μm).

We first tested the effects of varying the time of exposure to isoflurane on pS6 expression. We found
that 6 h of 1.8% isoflurane treatment on 3 DIV caused a significant increase in the percentage of pS6
positive neurons (as the yellow arrows pointed out in Figure 4A) compared to the control group
with harvest at 5 DIV (64.25 ± 15.95% vs. 17.22 ± 10.15%, p < 0.0001), 7 DIV (54.33 ± 37.69% vs.
23.98 ± 11.54%, p < 0.0001), 10 DIV (65.53 ± 15.26% vs. 23.73 ± 9.60%, p < 0.0001), and 14 DIV
(64.17 ± 21.40% vs. 28.01 ± 11.92%, p < 0.0001) (Figure 4B). Isoflurane treatment at 5 DIV caused
a significant increase in the percentage of pS6+ neurons compared to the control group at 7 DIV
(48.00 ± 11.43% vs. 23.60 ± 11.33%, p < 0.05), 10 DIV (36.65 ± 14.74% vs. 25.13 ± 9.63%, p < 0.05),
and 14 DIV (44.36 ± 15.36% vs. 26.65 ± 9.57%, p < 0.05) (Figure 4C). Exposure at 7 DIV caused
a significant increase in pS6 positive neurons compared to the control group on 10 DIV (79.21 ± 16.54%
vs. 23.86 ± 18.39%, p < 0.0001), but no difference was detected at the 14 DIV (42.51 ± 12.51% vs.
32.74 ± 7.70%) harvest time point (Figure 4D). These findings suggest that isoflurane exposure causes
pS6 to increase at any early developmental time point, but that the effect is reduced as the neuron
approaches maturity.

Next, we tested the effects of different concentrations of isoflurane delivered at 7 DIV and assayed
for pS6 on 10 DIV. There was a significant difference between the 1.2% isoflurane group (67.33 ± 22.31%,
ANOVA, p < 0.01), 1.8% isoflurane group (79.20 ± 16.53%, ANOVA, p < 0.01), and 2.4% isoflurane
group (71 ± 32.31%, ANOVA, p < 0.05), compared to the control group (23.86 ± 18.39%), while there
was no significant difference between the 0.6% isoflurane group (37.80 ± 11.13%), 0.9% isoflurane
group (29.65 ± 13.18%), and the control group using one-way ANOVA with Dunnett’s multiple
comparisons (Figure 4E). This represents a clear inflection point at a value corresponding to one adult
minimum alveolar concentration (MAC), which is a clinically-reasonable dose in pediatric settings.

We then sought to determine the minimum duration of exposure to isoflurane that is required to
cause an increase in mTOR signaling. We exposed P7 neurons to 1.8% isoflurane with varying durations
and measured pS6 levels on 10 DIV. There was a significant difference between the 0.5 h isoflurane
group (67.28 ± 26.06%) compared to the control group (21.40 ± 10.43%, p < 0.0001), 1 h isoflurane group
(58.00 ± 10.62%) compared to the control group (35.07 ± 19.39%, p < 0.0001), and 6 h isoflurane group
(79.20 ± 16.53%) compared to the control group (23.86 ± 18.39%, p < 0.0001) (Figure 4F). Half an hour
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exposure is the shortest practical duration to measure in our model, and we conclude that even brief
exposures have the potential to act on the mTOR pathway.

Figure 4. Isoflurane exposure at different time points showed effects on the downstream marker of
mTOR pathway. (A) Representative images of DAPI (grey), pS6 (green), S6 (red), βIII Tubulin (blue)
immunofluorescence in the dissociated neurons at 10 DIV. (B–G) 6 h of 1.8% isoflurane treatment on
different early time points caused significant increases in the percentage of pS6 positive cells among all
the DAPI/Tubulin neurons compared to the control group at late time points except the ones exposed
on 7 DIV and tested on 14 DIV (B–D). The effect on pS6 levels at 10 DIV varied depending on the doses
of isoflurane. There was a significant increase in immunoactivity starting from the 1.2% isoflurane
group to the 2.4% isoflurane group, while lower doses (0.6% and 0.9%) remained at control levels of pS6
immunoactivity (E). Different exposure durations (0.5 h, 1 h and 6 h) of 1.8% isoflurane also resulted
in increased pS6 immunoactivity at all exposure times compared to control (F). Adding rapamycin,
an mTOR pathway inhibitor, reversed the increase of pS6 after isoflurane exposure on 7 DIV (G). (n = 15
fields that were measured per group, * p < 0.05, ** p < 0.01, **** p < 0.0001, n.s. indicates no significant
difference, t-test for (B–F). one-way ANOVA with Dunnett’s multiple comparisons test for (E), two-way
ANOVA with Bonferroni’s multiple comparisons test for (G).

In order to further confirm that the increase in pS6 labeling that we observe is, in fact, evidence of
mTOR pathway activation, we treated the cultures with rapamycin as in Figure 1. With the significant
interaction between isoflurane and rapamycin treatment using two-way ANOVA with Bonferroni’s
multiple comparisons test, we found that there was a significant increase in the percentage of pS6
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positive cells among all the DAPI/Tubulin neurons between the isoflurane + vehicle (DMSO) group
(44.49 ± 9.73%) compared to the control + vehicle (DMSO) group (19.44 ± 16.86%, p < 0.01). Rapamycin
treatment prevented the increase of pS6 immunoactivity in the isoflurane group (21.00 ± 23.25%)
compared to the isoflurane group without rapamycin (44.49 ± 9.73%, p < 0.05), and there was no
significant difference between isoflurane + rapamycin group compared to the control+ rapamycin
group (27.52 ± 23.06%) (Figure 4G).

The use of a dissociated culture model presents a substantial advantage for studying the
pharmacology of anesthetic toxicity as compared to in vivo models, as the short timeline of experiments
and the lesser requirements for resources allow for the study of a broad range of doses and exposure
paradigms. The general consensus in the literature is that the period of synaptogenesis represents the
peak window of vulnerability to developmental anesthetic neurotoxicity in vivo [30,31], but in vivo
synaptogenesis is a heterogeneous process that occurs over long periods of time as different cohorts of
neurons mature over widely variable timelines. Using the culture model, in which synaptogenesis
is synchronous starting from 5 DIV and ending about 14 DIV [32], we asked which stages of
synaptogenesis are vulnerable to a potentially harmful increase in the mTOR pathway in response to
isoflurane exposure to gain a clearer understanding of the potential window of vulnerability. The only
time point we studied at which pS6 up-regulation due to isoflurane exposure was at all abated was
the P7 exposure with measurement of pS6 at 14 DIV. Synapses are highly dependent on filamentous
actin for stability during the first week in culture, but during the second week there is a marked shift
towards persistence of synapses even when actin is perturbed [33]. Several previous studies have
suggested that isoflurane toxicity during development may be mediated in part via effects on the
actin cytoskeleton [34,35], and our results are consistent with the period of actin-dependent synapse
formation as the window of vulnerability to the mTOR-mediated effects on synaptogenesis. One of the
principal concerns in the study of developmental anesthetic toxicity is that many reported phenomena
may lack clinical relevance as they are reported by studies that use only supra-therapeutic doses,
sometimes in excess of 2 adult MAC, or unrealistically long exposure times, which in some cases are
as much as 24 h [36]. Our findings in cultured neurons show that the vulnerability of neurons to
isoflurane-induced mTOR activation appears to have a threshold between 0.9% and 1.2% isoflurane,
which is a dose that is clinically realistic as it represents less than 1 MAC for pediatric patients [37].
Furthermore, the duration of exposure required to generate a significant effect is strikingly short at 30
min, the briefest exposure that is practical in our system. This finding does call into question the clinical
relevance of mTOR activation as the evidence from clinical trials suggests that anesthetic exposures
under an hour do not have measurable effects on children [38,39]. However, it is reasonable to
suppose that, in vivo, particularly in the setting of a complex brain with a long developmental timeline,
there may be a high threshold for phenotypically detectable events, which exceeds the threshold
for detectable change at the cellular and molecular levels. Nevertheless, the discrepancy between
thresholds of toxicity in rodent models, humans, and non-human primates remains an unsolved
problem in the field of anesthetic toxicity in neuro-development [40].

2.4. Effects of Isoflurane Exposure on the mTORC1 and mTORC2 Pathway

The mTOR pathway has two principal branches, which arise from mTORC1 and mTORC2.
These pathways perform biologically distinct functions in some settings, but there is substantial
communication between them [41]. We next sought to determine whether the effects of isoflurane
are mediated through one branch of the pathway. This was accomplished via a series of experiments
using mTOR pathway inhibitors with differential effects between mTORC1 and mTORC2, and by
measuring levels of immunoreactivity of downstream phospho-proteins that are activated differentially
between the pathway branches. Inhibitors were added into the media one hour before the 1.8%
isoflurane/carrier gas exposure at 7 DIV for a harvest at 10 DIV (Figure 5A). The concentrations of the
inhibitor were maintained after the exposure by media change with fresh inhibitor on 8 DIV and 9 DIV.
The branch specific inhibitor and readout strategy (shown in Figure 4B) is as follows: PP242 was used
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as an inhibitor to block both mTORC1 and mTORC2 pathways simultaneously. Rapamycin was used
as an mTORC1-specific pathway inhibitor. Ser473 phosphorylated Akt (pAkt, Ser473) was used as
an mTORC2 downstream activity marker, while Thr389 phosphorylated 70S6 (p70S6, Thr389) was
used as an activity marker downstream from mTORC1 (Figure 5B). The combination of these inhibitors
and markers has been shown to be effective in differentiating activity in between the mTORC1 and
mTORC2 branches [42].

 

Figure 5. Effects of 1.8% isoflurane exposure for 6 h on the downstream marker of mTORC1 and
mTORC2 pathway. (A) The timeline for adding mTORC1/mTORC2 inhibitors. The inhibitors were
added to the media 1 h before the 1.8% isoflurane/carrier gas exposure on 7 DIV. The cells were fixed for
immunohistochemistry on 10 DIV; (B). Visual diagram showing the inhibition of PP242 and rapamycin
on mTORC1 and mTORC2 pathways, (C,D) For the mTORC2 downstream marker Ser473-Akt, there is
a significant increase after 1.8% isoflurane exposure for 6 h on 7 DIV compared to the control group.
Adding rapamycin did not fully reverse it back to normal, but adding PP242 made a significant
difference between the isoflurane + PP242 and isoflurane + DMSO groups, while the positive Ser-473
cells returned back to normal compared to the control + PP242 group. This indicates that the mTORC2
pathway is involved in the isoflurane neurotoxicity changes (C). For the mTORC1 downstream marker
Thr389, isoflurane exposure increased its immunoactivity significantly, while adding either rapamycin
or PP242 reversed its immunoactivity back to normal. This indicates that mTORC1 pathway is also
involved in the deficiency of neuron growth caused by isoflurane as well (D). (n = 15 fields that were
measured per group, * p < 0.05, ** p < 0.01, **** p < 0.0001, n.s. indicates no significant difference,
two-way ANOVA with Bonferroni’s multiple comparisons test for (C,D).

We found a significant difference in the percentage of pAkt positive neurons between the
isoflurane + vehicle (DMSO) group (30.19 ± 6.12%) and the control + vehicle (DMSO) group
(11.45 ± 11.71%, p < 0.0001). As expected, with the significant interaction between isoflurane and
inhibitor treatments using two-way ANOVA with Bonferroni’s multiple comparisons test, rapamycin
treatment did not change the pAkt levels which were shown in the isoflurane + rapamycin group
(26.09 ± 7.04%) compared to the isoflurane + DMSO group, but there was a significant difference
between the isoflurane + PP242 group (14.60± 14.50%) compared to the isoflurane + DMSO group
(p < 0.01). A comparison between the isoflurane + PP242 group and the control + PP242 group
(4.16 ± 5.27%) showed no significant difference (Figure 5C). Taken together, this data suggests that
the mTORC2 pathway is involved in the toxic effect of isoflurane on neurons. There was a significant
increase in the percentage of Thr-389 positive cells among all the DAPI/Tubulin neurons between the
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isoflurane + vehicle (DMSO) group (54.88 ± 10.56%) compared to those of the control + vehicle (DMSO)
group (24.67 ± 10.19%, p < 0.0001) while there was a significant interaction between isoflurane and
inhibitor treatments using two-way ANOVA with Bonferroni’s multiple comparisons test (Figure 4D).
Adding rapamycin before the exposure prevented the changes in Thr-389 levels (45.37 ± 6.09%) seen
with the isoflurane + DMSO group (p < 0.05), and there was a significant difference between the
isoflurane + PP242 group (24.22 ± 13.66%) compared to the isoflurane + DMSO group (p < 0.0001).
Comparison between the isoflurane + PP242 group and the control + PP242 group (34.15 ± 16.55%)
showed no significant difference (Figure 5D). Taken together, these data indicate that isoflurane acts
on both the mTORC1 and mTORC2 branches. This is principally significant because it shows that
therapeutic strategies cannot be designed around only one pathway branch or the other, unless it can
be determined that the deleterious effects occur downstream of only one of the two branches.

2.5. Effects of Sevoflurane and Propofol on the Downstream Marker of the mTOR Pathway

A key question in developmental anesthesia toxicity is whether unwanted effects of anesthetic
agents could be avoided through different choices of the primary anesthetic drug used. Thus, we asked
what the effects of sevoflurane, the most commonly used volatile agent in pediatric anesthesia practice,
and propofol, which is an intravenous agent that serves as the next likely alternative to isoflurane or
sevoflurane, are on the mTOR pathway. Sevoflurane exposure in cultured neurons was accomplished
using the same methods used for isoflurane exposure. Propofol exposure was accomplished by adding
propofol in a carrier to the culture media, followed by media replacement at the appropriate time to
terminate the exposure.

We measured the effect of a range of clinically relevant concentrations of sevoflurane and propofol
delivered at 7 DIV on pS6 levels measures at 10 DIV. Using one-way ANOVA with Dunnett’s multiple
comparisons test, we found no significant difference in the percentage of neurons positive for pS6
between the 0.9% sevoflurane group (22.29 ± 14.86%) or the 1.8% sevoflurane group (26.03 ± 10.52%)
and the control group (23.85 ± 18.39%) (Figure 6A). However, at 2.7% sevoflurane (59.00 ± 12.11%,
p < 0.0001), 3.6% sevoflurane (71.35 ± 21.27%, p < 0.0001), and 4.5% sevoflurane group (42.39 ± 20.91%,
p < 0.05), there was a significant increase in the percentage of pS6+ neurons over control (Figure 5A).
With the significant interaction between isoflurane and rapamycin treatment using two-way ANOVA
with Bonferroni’s multiple comparisons test, rapamycin prevented the increase in pS6 labeling with
3.6% sevoflurane exposure (45.13 ± 8.77% for sevoflurane plus rapamycin compared to 39.42 ± 10.10%
for rapamycin plus carrier gas, no significant difference) (Figure 6B). One adult MAC of sevoflurane is
approximately 1.8% and, thus, compared to isoflurane, a higher dose of sevoflurane, which is at the
high end of a clinically-reasonable concentration, is required to show an increase in pS6 expression.

Next, we tested the effects of propofol on pS6 expression. There was a significant increase in
the percentage of pS6 positive cells measured in the 1nM propofol group (22.71 ± 5.46%, p < 0.0001),
the 2 nM propofol group (23.96 ± 6.78%, p < 0.0001), and the 4 nM propofol group (29.02 ± 5.30%,
p < 0.0001), compared to the control group (11.00 ± 6.52%) using one-way ANOVA with Dunnett’s
multiple comparisons test (Figure 6C). Adding rapamycin 1 h before the 2nM propofol exposure
decreased the pS6 immunoactivity (15.02 ± 2.63%) compared to the ones without rapamycin
treatment (28.96 ± 3.78%, p < 0.01), and there was no significant difference between the 2 nM
propofol + rapamycin group and the control + rapamycin group (13.29 ± 4.50%) using two-way
ANOVA with Bonferroni’s multiple comparisons test, and there was a significant interaction between
isoflurane and rapamycin treatment (Figure 6D). These data indicate that propofol may also mediate
its effects though the mTOR pathway, although there is no clear way to draw equivalence in dosing
between isoflurane or sevoflurane and propofol. One of the most practical strategies to potentially
avoid anesthetic toxicity would be to choose drugs that do not activate pathways that result in toxic
effects related to neural development. While numerous studies have identified mechanisms specific to
either the potent volatile agents or to propofol [20], relatively few studies have conducted head-to-head
comparisons between these two principal approaches to general anesthesia. Our data suggest to the
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extent that mTOR is a key mechanism in developmental anesthetic neurotoxicity, the choice of the
agent may not be protective.

Figure 6. Effects of sevoflurane and propofol on the downstream marker of the mTOR pathway.
(A,B) The effect on pS6 levels at 10 DIV varied depending on the doses of sevoflurane at 7 DIV.
There was a significant increase in immunoactivity starting from the 2.7% sevoflurane group to the 4.5%
sevoflurane group, while lower doses (0.9% and 1.8%) remained at control levels of pS6 (A). Rapamycin
treatment prevented the increase in pS6 labeling with 3.6% sevoflurane exposure (B). (C,D) Different
doses of propofol at 7 DIV had similar effects on pS6 levels at 10 DIV. There was a significant increase in
pS6 immunoactivity starting from the 1 nM propofol group to the 4 nM propofol group (C). Rapamycin
treatment prevented the increase in pS6 labeling with 2 nM propofol exposure (D). (n = 15 fields
that were measured per group, * p < 0.05, ** p < 0.01, **** p < 0.0001, n.s. indicates no significant
difference, one-way ANOVA with Dunnett’s multiple comparisons test for (A,C), two-way ANOVA
with Bonferroni’s multiple comparisons test for (B,D).

3. Materials and Methods

3.1. Neuronal Cultures

Primary neuron cultures were obtained from BrainBits, LLC (Springfield, IL, USA). Cultures
consisted of dissociated neurons obtained from neocortex dissected from E18 Sprague Dawley rat
embryos according to the company protocols. Neurons were plated on 12 mm glass coverslips at
16,000 cells/cm2 and maintained in NbActiv4 medium (BrainBits, Springfield, IL, USA) with half
media changes conducted three times per week. Pilot experiments showed over 95% of cells from these
cultures were immunopositive for β-tubulin, suggesting a high degree of purity. Experiments were
performed on neurons between 3 and 14 DIV, and all experiments incorporated coverslips cultured
from a minimum of three individual litters of pups.
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3.2. Anesthetic Agent Exposure

Coverslips in 12-well plates were placed in identical air-tight, humidified chambers
(Billups-Rothenberg, Del Mar, CA, USA) as previously described [43]. Isoflurane (Baxter Healthcare
Cooperation, Deerfield, IL, USA) or sevoflurane (AbbVie Inc., North Chicago, IL, USA) were delivered
using an agent-specific, calibrated inline vaporizer (SuperaVet, Vaporizer Sales and Services Inc.,
Rockmart, GA, USA), and were diluted in 5% CO2/95% O2 carrier gas. Controls for these experiments
received 5% CO2/95% O2 carrier gas only. There was a 15-min equilibration period, which was required
to achieve the correct concentration of isoflurane or sevoflurane as measured by a 5250 RGM gas
analyzer (Datex-Ohmeda, Madison, WI, USA). Then the sealed chambers were placed in an incubator
to maintain temperature at 37 ◦C for the duration of anesthesia exposure. Isoflurane/sevoflurane
concentration was periodically measured at the end of the experimental period to verify that it was
appropriately maintained throughout the exposure.

The propofol exposure was done by adding pure 2,6-diisopropylphenol (Sigma Aldrich,
Saint Louis, MO, USA) (1 nM, 2 nM, 4 nM) into experiment wells, and incubated at 37 ◦C for the
duration of anesthesia exposure. The exposure was terminated by removing all the media and by
adding a combination of previously-removed media without propofol and fresh media.

3.3. The mTOR Pathway Inhibition

The mTOR inhibitors used in this study were as follows: PP242 at 1 μM (EMD Millipore, Billerica,
MA, USA), and rapamycin at 100 nM (Sigma Aldrich, Saint Louis, MO, USA). They were used to
inhibit mTORC1 or mTORC2, which are distinct functional pathways of the mTOR pathway. The same
volume of the vehicle (DMSO) was added to the control groups. The neurons were pretreated with
inhibitors 1 h before isoflurane or carrier gas exposure. The inhibitor concentration was maintained
until the time of fixation by incorporating inhibitor in media changes.

3.4. TUNEL Assay

After isoflurane exposure, cells were harvested either immediately after the exposure or 24 h later.
Neurons on coverslips were briefly fixed with 4% paraformaldehyde at room temperature for 10 min,
then permeabilized and blocked for 1 h at room temperature in 5% donkey serum with 0.1% Triton
X-100. Apoptosis was detected using an in situ cell death detection kit (Roche, Mannheim, Germany)
and neurons were mounted on coverslips using 2.5% PVA/DABCO Mounting Media. An apoptotic
index (AI) was defined as the number of TUNEL positive cells per field (400×) under a Leica SP8
confocal microscope (Leica, Wetzlar, Germany).

3.5. Immunocytochemistry

Fluorescent immunocytochemistry and labeling with fluorescently tagged F-actin was conducted
as previously described [44]. Neurons on coverslips were briefly fixed with 4% paraformaldehyde
at room temperature for 10 min, then permeabilized and blocked for 1 h at room temperature in 5%
donkey serum with 0.1% Triton X-100. Neurons were incubated overnight at 4 ◦C in using the following
antibodies: rabbit-anti-Synapsin-1 (1:200, EMD Millipore, Burlington, MA, USA), chicken-anti-Homer-1
(1:400, Synaptic Systems, Goettingen, Germany), mouse-anti-MAP-2 (1:200, Abcam, Cambridge, MA,
USA), rabbit anti-human phospho-p70S6K (Thr-389, 1:1000, EMD Millipore, Billrecia, MA, USA),
rabbit anti-human phospho-AKT (Ser-473,1:500, Cell Signaling Technologies, Danvers, MA, USA),
rabbit anti-human S6 (1:100, Cell Signaling Technologies, Danvers, MA, USA), rabbit anti-human
phospho-S6 (Ser-235/236, Cell Signaling Technologies, Danvers, MA, USA), and chicken-anti-human
anti-β-III Tubulin (Tuj 1, 1:1000, EMD Millipore, Billrecia, MA, USA). All the antibodies were diluted in
phosphate-buffered saline solution containing 0.1% Triton X-100. After rinsing, neurons were incubated
for 2 h with a fluorescent secondary antibody and 4′,6-diamidino-2-phenylindole (DAPI) at the
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manufacturer’s recommended concentration (Jackson Immuno Research Labs, West Grove, PA, USA).
Subsequently, neurons were mounted on coverslips using 2.5% PVA/DABCO mounting medium.

3.6. Imaging and Microscopic Analysis

A Leica SP8 confocal microscope was used to capture all microscopic images. Cell counting
analyses were conducted manually. Excluding the coverslips for TUNEL assay, the counting field
for each coverslip was conducted by capturing five 63× fields that were selected to represent all four
quadrants and the center of the coverslip. Neuronal cell bodies were identified as those positive for
both β-III Tubulin and DAPI, and representative images were taken using a 63× 1.0 N.A. objective
with an additional 1.0× magnification lens in line. For the synaptic marker analysis, five neurons from
each sample were evenly distributed throughout the coverslip to represent all four quadrants and the
center was randomly selected for analysis. Images were taken using a 63× 1.0 N.A. objective with
an additional 5× magnification lens in line. One dendrite was picked according to MAP-2 staining
from each neuron and the locations for image taken were defined as 20–30 μm from the nucleus
according to DAPI. Synaptic puncta were quantified using ImageJ software (NIH, Bethesda, MD, USA).
The dendrite segment outline was traced and the area quantification was done according to the MAP-2
channel, and the threshold was maintained the same for the synaptic marker channel. The intensity
of Synapsin-1/Homer-1 puncta inside the dendrite outline was measured and recorded. For TUNEL
assay, neuronal cell bodies were identified as those positive for DAPI, and representative images were
taken using a 40× 1.0 N.A. objective with an additional 1.0× magnification lens in line. The counting
field for each coverslip was conducted by capturing five 40× fields that were selected to represent
all four quadrants and the center of the coverslip. Both imaging and analysis were conducted by
an investigator blind to the conditions.

3.7. Statistical Analysis

Results are expressed as mean ± SEM. All statistical analysis was conducted using Prism 6.0
(GraphPad, San Diego, CA, USA). Student’s t-test was used to determining statistical differences
between each experiment group and the control-group data. One-way ANOVA with Dunnett’s
multiple comparisons was used for the data with group number over two. Two-way ANOVA with
Bonferroni’s multiple comparisons were used between groups that have the same exposure condition
but different inhibitor treatments. All data examined with parametric tests were determined to
be normally distributed and were conducted by an investigator blind to the conditions. Statistical
significance for all tests were set a priori at p < 0.05.

4. Conclusions

In summary, we conclude that the potent volatile anesthetics and propofol, which are the
mainstays of nearly all pediatric anesthetics, all have the capacity to up-regulate signaling in both
branches of the mTOR pathway, mTOR1 and mTOR2, in neurons during synaptogenesis. Anesthetic
exposure in this setting inhibits synaptogenesis, and this effect is reversible with the mTOR inhibitor,
rapamycin. Our study has several limitations, principally related to the study of neural development
in culture, where there is no patterned activity. In addition, because manipulation of mTOR via genetic
means is problematic, only pharmacologic inhibition was used. Nevertheless, we believe that future
studies of mTOR as a putative mechanism for developmental anesthetic neurotoxicity in dissociated
culture will prove informative, and that questions about which types of neurons and synapses are at
risk and what the effects on neural function are could be successfully addressed in this model system.
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Abbreviations

GA General anesthetics
mTOR Mechanistic target of rapamycin
mTORC1 mTOR 1 complex
mTORC2 mTOR 2 complex
DIV Days in vitro
DAPI 4′,6-diamidino-2-phenylindole
DMSO Dimethyl sulfoxide
pS6 Phosphorylated S6
MAC Minimum alveolar concentration
Ser473 Ser473 phosphorylated Akt
Thr389 Thr389 phosphorylated 70S6
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Abstract: The mammalian target of rapamycin, mTOR is the master regulator of a cell’s growth and
metabolic state in response to nutrients, growth factors and many extracellular cues. Its dysregulation
leads to a number of metabolic pathological conditions, including obesity and type 2 diabetes. Here,
we review recent findings on the role of mTOR in major metabolic organs, such as adipose tissues,
liver, muscle, pancreas and brain. And their potentials as the mTOR related pharmacological targets
will be also discussed.
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Multicellular organisms evolve essential mechanisms to sense and accommodate the ever-changing
extracellular environments for their survival and growth. The mechanistic target of rapamycin (mTOR)
signaling is the most important intracellular pathway that coordinates local nutrients and systemic
energy status at the organismal and cellular level. Dysregulation in mTOR signaling is associated with
various diseases such as obesity, type 2 diabetes, cancer, and neurological diseases [1]. Obesity and
over-nutrition induce a chronic hyper-activation of mTOR activity in multiple tissues [2–4]. In turn,
mTOR signaling dysregulation may facilitate the development of type 2 diabetes mellitus (T2DM) or
insulin resistance. In this review, we provide a comprehensive summary on the mTOR signaling in
the regulation of glucose and lipid metabolism. We will focus on the recent findings about the role
of mTOR complex (mTORC) pathways in the regulation of energy balance and metabolism in key
metabolic tissues, including adipose tissue, liver, skeletal muscle, pancreas and the brain. We will also
briefly discuss the therapeutic potential of mTOR signaling for the metabolic disorders.

1. mTOR Signaling

mTOR is the conserved serine/threonine kinase which exists in two distinct multi-complexes with
different protein components and downstream substrates: mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) (Figure 1). Both two complexes shared some common protein components:
mTOR (a serine/threonine protein kinase), mLST8 (mammalian lethal with sec-13 protein 8) and
DEPTOR (DEP-domain containing mTOR-interacting protein). The additional mTORC1 complex
proteins include scaffold protein Raptor (regulatory-associated protein of TOR) and Akt substrate
protein PRAS40 (proline-rich Akt substrate 40 kDa). The mTORC2 core components include
scaffold protein Rictor (rapamycin insensitive companion of mTOR), mSIN1 (stress-activated protein
kinase-interacting protein 1), and protein observed with rictor 1 and 2 (PROTOR1/2) [1,3].

mTORC1 mainly maintains a cellular balance between anabolism and catabolism in response
to the environmental cues such as growth factors, amino acids, and stress. Growth factors
such as insulin and insulin-like growth factor (IGF) regulate mTORC1 through phosphoinositide
3-kinase (PI3K)-AKT-Tuberous sclerosis (TSC)-RHEB signaling. PI3K-AKT signaling phosphorylates,
and inhibits TSC1 which is the GTPase-activating protein (GAP) for the RHEB (the small GTPase
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Ras homologue enriched in brain), thus activating RHEB. mTORC1 activity is strongly enhanced
by active RHEB. Amino acids activate mTORC signaling by stimulating the Rag family of GTPases,
which promotes mTORC1 translocation to the lysosome and is activated by RHEB [5,6]. Stress such as
hypoxia, DNA damage also signals to mTORC with multiple mechanisms while in general through
TSC1/2 [3,7].

Activation of mTORC1 induces protein synthesis by promoting ribosome biogenesis and mRNA
translation. The major downstream effectors of mTORC1 are the ribosomal S6 kinase (S6K) and
the inhibitory eIF4E-binding proteins (4E-BPs). Activation of S6K by mTORC1 phosphorylates its
downstream substrates such as ribosomal protein S6, protein synthesis initiation factor 4B (eIF4B),
and elongation factor 2 kinase (eEF2K), which subsequently promote translation initiation and
elongation. Phosphorylation of 4E-BP by mTORC1 dissociates its binding with the eukaryotic
translation initiation factor 4F (eIF4F), promoting 5′ cap-dependent translation [1,8].

In addition to protein synthesis, activation of mTORC1 is sufficient to stimulate other metabolic
pathways. For example, mTORC1 enhances nucleotide synthesis by increasing ATF-dependent
expression of MTHFD2, the key enzyme in mitochondrial tetrahydrofolate (mTHF) cycle, increasing
the production of purine nucleotides [9]. mTORC1 promotes de novo lipogenesis in SREBP1 dependent
pathway either through S6K1 phosphorylation [10] or by modulating the Lipin 1 localization and
SREBP1 expression [11]. mTORC1 also stimulates glycolysis and glucose uptake through modulating
the transcription factor hypoxia-inducible factor (HIF1α) [10].

The autophagy-lysosome and ubiquitin-proteasome are two major pathways for protein and
organelle turnover. mTORC1 is implicated in these two routes to affect protein degradation. ULK1 is
the mammalian autophagy-initiating kinase which drives autophagosome formation. Under nutrient
sufficient condition, mTORC1 phosphorylates ULK1 and prevents its activation by adenosine
5′-monophosphate (AMP)-activated protein kinase (AMPK), blocking autophagy induction [12].
mTORC1 activation suppresses lysosome pathway through inhibiting the activity of the master
regulator of lysosomal biogenesis, transcription factor EB (TFEB). Nutrient deprivation or inhibition
of mTORC1 activates TFEB by promoting its nuclear translocation, thus initiating the expression of
lysosomal and autophagic genes [13]. Recently, two reports have demonstrated that the ubiquitin
proteasome system (UPS) in mammalian cells is increased when mTORC1 signaling pathway is
inactivated [14,15]. Therefore, mTORC1 activation induces a coordinated response between lysosomal
and proteasomal degradation in order to meet the rising needs of cells.

Figure 1. The protein components and the major downstream signaling pathway of mTORC1
and mTORC2. Simplified illustration of the protein components of mTORC1 and mTORC2
complex. Activation of mTORC1 promotes protein synthesis, nucleotide synthesis, lipogenesis,
glycolysis, and inhibits autophagy and lysosome biogenesis. Alternatively, mTORC2 regulates cell
survival/glucose metabolism and cytoskeletal remodeling.
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Relative to mTORC1, the upstream signals and downstream substrates of mTORC2 are less
known. mTORC2 can be activated by the growth factors such as insulin and IGF, but insensitive to the
nutrients. Activated mTORC2 phosphorylates AGC kinase family, including AKT, SGK, and PKCα,
to regulate cellular survival and metabolism, as well as cytoskeletal remodeling. The most well
characterized substrate of mTORC2 is AKT which is phosphorylated at the serine 473. AKT could
further phosphorylate TSC2, the upstream inhibitor of mTORC1. Therefore, activation of mTORC2
inactivates mTORC1. Vice versa, mTORC1-S6K axis could also directly phosphorylate mSIN1, the core
component of mTORC2 and inactivate it. Therefore, mTORC1 and mTORC2 form a feedback loop
regulating the complex activity.

2. mTOR Signaling in Adipose Tissue

Fat or adipose tissue is a critical organ in the development of obesity and insulin resistance.
mTORC signaling has been involved in adipose tissue biology in multiple aspects. mTOR is critical for
adipogenesis and maintenance of fat tissues. Adipocyte-specific mTOR knockout mice have reduced
adipose tissue mass, insulin resistance and fatty liver, suggesting its critical role in adipogenesis and
systemic energy metabolism [16]. The role of mTORC1 complex in adipose tissue has been examined
using different transgenic mouse models, including genetic depletion of S6K, S6K1, and Raptor in
systemic or adipose tissue specific manner. These models consistently showed that ablation of mTORC1
signaling induces reduced adipose tissue mass and resistance to diet-induced obesity. Recent finding
has identified glutamylprolyl-tRNA synthetase (EPRS) as the downstream effector of mTORC1-S6K1
axis for adiposity. Activation of mTORC1-S6K1 phosphorylates EPRS at Ser999 and induces its release
from the amino acyl tRNA multisynthetase complex. Phosphorylated EPRS interacts with fatty acid
transport protein 1 (FATP1), promoting its translocation to the plasma membrane and importing fatty
acid to the cells [17].

There are two major adipose tissues, white adipose tissue (WAT) and brown adipose tissue
(BAT). WAT stores energy in the form of triglyceride droplets and BAT dissipates energy through
uncoupled respiration and heat production. WAT is able to acquire brown fat characteristics,
a process named browning or beigeing, which is an important physiological response to cold or
stress. mTORC1 is involved in the conversion of these two adipose tissues. In 2015, Xiang et al.
found that activation of mTORC1 in adipose tissue increases lipid accumulation in BAT which is
associated with down-regulation of brown adipocyte markers and concurrent up-regulation of WAT
markers. These observations indicate a phenotypic switch of BAT to WAT. Rapamycin treatment
reverses this process in vivo and in cultured brown adipocytes [18]. Later, another study found that
WAT browning stimulated by catecholamine also requires mTORC1 and Raptor. Catecholamine
stimulates β3 adrenergic receptor mediated cAMP-PKA signaling. PKA phosphorylates mTOR and
Raptor, thus initializes browning of WAT via mTORC1-S6K1 axis. Mice with genetic deletion of Raptor
or treated with rapamycin are cold intolerant with decreased browning/beigeing ability [19,20].

The role of mTORC2 in adipose tissue has also been examined using adipose-specific deletion of
mTORC2 core component Rictor in mice. These transgenic mice have increased body size and enlarged
organs, such as pancreas and heart, indicating a role of adipose mTORC2 in controlling whole body
growth [21]. In addition, Rictor-null adipose cells are unable to suppress lipolysis in response to insulin,
leading to elevated circulating fatty acids and glycerol [22]. mTORC2 promotes the phosphorylation
of the BSD domain containing signal transducer and Akt interactor (BSTA) and its interaction with
Akt1. BSTA-Akt1 interaction suppresses the expression of FoxC2, the transcription factor critical for
adipocyte differentiation [23]. Moreover, mTORC2 in adipose tissue promotes de novo lipogenesis
and hepatic glucose metabolism through increasing the expression of the lipogenic transcription
factor ChREBPβ [24]. The role of mTORC2 in BAT growth was examined using Myf5-Cre expressed
BAT precursor cells. Rictor deficiency blocks the BAT differentiation and shifts BAT metabolism to
a more oxidative and less lipogenic state and protects mice from obesity and metabolic disorders [25].
mTORC2 is also implicated in WAT browning process. β-adrenergic stimulation activates mTORC2
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and stimulates Akt-mediated glucose uptake and glycolysis. Loss of mTORC2 in BAT leads to cold
intolerance due to defective insulin stimulated glucose uptake [26].

In conclusion, mTORC1 participates in normal adipose tissue growth and BAT-WAT phenotypic
switch. mTORC2 regulates fat cell and whole body organ size, systemic glucose and lipid metabolism
and BAT differentiation.

3. mTOR Signaling in Liver

The liver is a critical organ for systemic metabolism. In the fasted state, the liver increases ketone
body production (ketogenesis), providing energy sources for peripheral tissues. mTORC1 controls
ketogenesis in mice in response to fasting. Hyperactivation of mTORC1 in liver leads to
a pronounced defect in ketone body production and a fasting-resistant increase in liver size.
PPARα (peroxisome proliferator activated receptor α) is the master transcriptional activator of
ketongenic genes which is induced by fasting. Inhibition of mTOR is required for this process.
Activation of mTORC1 suppresses PPARα activity and thus the ketone production [27].

In addition, activation of mTORC1 signaling stimulates de novo lipogenesis in hepatocytes [28].
mTORC1 regulates hepatic lipid metabolism mainly through SREBP1, the master regulator of lipid
synthesis. It is initially synthesized as an inactive precursor and localized in the ER. In response to the
insulin signaling, SREBP1 is cleaved and transported to the nucleus to induce lipogenic gene expression.
Liver-specific inhibition of mTORC1 abrogates SREBP1 function and renders mice resistant to hepatic
steatosis and hypercholesterolemia induced by the Western diet. In 2011, Peterson et al. found that
mTORC1 regulates SREBP1 through controlling the nuclear entry of a phosphatidic acid phosphatase,
Lipin 1. Normally, dephosphorylated Lipin1 traffics to the nucleus and inhibits SREBP transcriptional
activity and SREBP protein abundance. mTORC1 could phosphorylate Lipin 1, preventing its
translocation to nucleus and hence promoting SREBP1-mediated lipogenesis [11]. Later, Han et al.
demonstrated that mTORC1 also regulates SREBP1’s trafficking and maturation through CREB
regulated transcription coactivator 2 (CRTC2). CRTC2 disrupts COPII dependent SREBP1 trafficking
by competing with Sec23A for the interaction with Sec31A, and thus inhibits SREBP1’s maturation
and function. In the feeding state or under the insulin signaling, mTOR activation phosphorylates and
attenuates its inhibitory effect on SREBP1 maturation, thus enhancing lipogenesis [29].

Raptor is the important component of mTORC1 signaling pathway. Raptor deficient mice or
cellular models have been used to study the biological functions of mTORC1 inactivation. Recently,
Kim et al. have found that there are two forms of Raptor in cells, the mTORC1-bound and the free state.
Although mTORC1-Raptor promotes lipogenesis through SREBP1 as previously discussed, free Raptor
could increase the Akt phosphatase PHLPP2 level and decrease hepatic Akt activity, thus suppressing
lipogenesis. It is proposed that the balance between free and mTORC1-bound Raptor is an important
modulation mechanism for hepatic lipid accumulation [30].

In addition, activation of mTORC1 regulates whole-body behavior and metabolism. Liver-specific
Tsc1 knockout mice have reduced level of hepatic and plasma glutamine, leading to peroxisome
proliferator—activated receptor γ coactivator-1α (PGC-1α)—dependent fibroblast growth factor
21 (FGF21) expression in the liver. FGF21 significantly impacts the locomotor activity, body
temperature, and hepatic lipid content [31].

The Sestrins are a family of stress-inducible proteins which suppress mTORC1 signaling activity
through activation of AMPK. There are three Sestrins, named Sestrin 1, Sestrin 2, and Sestrin 3 in
mammals. Hepatic mTORC1 signaling is regulated by Sestrin2. Over-nutrition and obesity induces
hepatic Sestrin 2 expression primarily through activation of ER stress signaling. Increased Sestrin 2
potentiates AMPK activation and suppresses mTORC1-S6K activity in the liver, alleviating insulin
resistance and obesity associated nonalcoholic fatty liver disease (NAFLD) pathologies including
steatohepatitis and hepatic fibrosis. Loss of Sestrin 2 in mice displayed hyperactivation of mTORC1-S6K
signaling in the liver and leads to insulin resistance and glucose intolerance when fed with high fat
diet [32,33]. In addition to Sestrin 2, metformin, the most widely used drug for T2DM patients,
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also regulates mTORC1 activity. Recently it is found that metformin robustly inhibits mTORC1 activity
and protein synthesis in liver. This inhibition is dependent on AMPK and TSC complex [34].

Hepatic mTORC2 regulates glucose and lipid metabolism via AKT signaling. The role of hepatic
mTORC2 has been examined in vivo using the mice lacking Rictor in liver. Deficient expression
of mTORC2 in liver leads to defective insulin-stimulated AKT phosphorylation, resulting in
constitutive gluconeogenesis, impaired glycolysis and lipogenesis by altering hepatic glucokinase
and SREBP1c activity [35,36]. In addition, mTORC2 has been known to regulate gluconeogenesis
and lipogenesis through a number of transcription factors including FOXO1, FOXA2, and PPARγ.
Genomic and phosphoproteomic analyses have shown that hepatic mTORC2 regulates a complex
genetic expression which affects intermediary metabolism, ribosomal biogenesis, and proteasomal
biogenesis. These findings suggest that hepatic mTORC2 exerts broad biological effects under
physiological conditions [37]. Similar to Sestrin 2, Sestrin 3 is an upstream regulator of mTORC2
activity. Sestrin 3 interacts with Rictor to activate mTORC2 and AKT. Therefore, deletion of Sestrin
3 in the liver results in insulin resistance and glucose intolerance and Sestrin 3 transgenic mice are
protected against insulin resistance induced by a high-fat diet [38].

mTORC1 and mTORC2 can be regulated by an upstream regulator Reptin, an AAA + ATPase
that is overexpressed in hepatocellular carcinoma. In normal adult liver, Reptin exerts opposite
regulation on mTORC1 and mTORC2. It activates mTORC1 activity while inactivates mTORC2
activity, thus regulating global glucido-lipidic homeostasis. Liver-specific ablation of Reptin strongly
inhibits hepatic mTORC1 activity, leading to significant decrease in de novo lipogenesis and cholesterol
production. Meanwhile, mTORC2 activity is greatly enhanced and hepatic glucose production is
inhibited [39].

4. mTOR Signaling in Muscle

Skeletal muscle tissues comprise 40% of the total body lean mass and contributes to the regulation
of whole-body metabolism in various ways. It is the main organ responsible for insulin-induced
glucose uptake. Insulin resistance in skeletal muscle is the primary defect during the development of
type 2 diabetes. The complex role of mTOR activity in skeletal muscle has been examined, as in other
organs, using genetic deletion mouse models.

Skeletal muscle specific deletion of Raptor causes a number of symptoms, including shorter life
expectancy, progressively dystrophic muscle with impaired oxidative capacity and increased glycogen
stores [40,41]. Activation of mTORC1 signaling in muscle has been examined using mice model with
TSC1 deletion specifically in muscle (TSCmKO mice). Although these mice are lean, they develop
glucose intolerance and insulin resistance characterized by reduced glucose uptake in the muscle and
reduced glycogen and lipid deposition in the liver under high fat diet condition [42,43]. The mechanism
of mTORC1 activation induced insulin sensitivity has been examined elaborately. When mTORC1 is
activated, S6K1 could directly phosphorylate IRS1 (S307 and S636/S639) and promote its degradation,
which subsequently blunts PI3K-AKT activation and its downstream effects such as glucose uptake,
glycogen accumulation, etc. [2,3].

Interestingly, the other mTORC1 substrate 4E-BP1 in skeletal muscle has a more general effect on
systemic metabolism. Overexpression of the mTORC1-nonresponsive form 4E-BP1 in skeletal muscle
results in increased energy expenditure, with enhanced respiratory activity both in skeletal muscle and
brown fat. Increased PGC-1α activity and the myokine FGF21 expression may partially responsible for
the altered metabolic effects in these two tissues [44].

Regulated in development and DNA damage response 1 (REDD1) is an upstream inhibitor of
mTORC1 pathway. REDD1 suppresses mTORC1 signaling pathway through de-phosphorylation
of AKT and activation of TSC1/TSC2 complex [45]. In turn, mTORC1 activation could stabilize
NEDD1 protein as a mTORC1-REDD1 feedback loop [46]. Under the obese or T2DM condition,
both mTORC1 signaling and REDD1 protein level are elevated in the skeletal muscle [47,48]. It is
proposed that hyper-activation of mTORC1 stabilizes REDD1 protein, which inhibits insulin-induced
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AKT phosphorylation, attenuating glucose uptake in the skeletal muscle. This may also contribute to
hyperglycemia and insulin resistance in T2DM and obese patients [48].

It should be noted that mTORC1 activity exerts a significant effect on muscle mass by affecting
autophagy process. Sustained activation of mTORC1 in skeletal muscle reduces muscle mass and
muscle fiber size in old mice, leading to a late-onset myopathy which is tightly associated with other
metabolic pathways [49]. Furthermore, skeletal muscle mass and function are also regulated by motor
innervation. mTORC1 is substantially increased in denervated muscle. Mice with mTORC1 activation
exhibited increased sensitivity to denervation-induced atrophy. These data reveal that mTORC1 is
central to the muscle catabolism and atrophy [50]. The cause and effect relation between glucose
metabolism and muscle mass upon mTORC1 activation in skeletal muscle remains to be explored.

The role of mTORC2 in muscle has been evaluated using muscle specific Rictor knockout mice.
Similar to mTORC1, mTORC2 regulates insulin-mediated glucose uptake and glucose tolerance.
The insulin stimulated phosphorylatin of AKT at Ser473 is significantly reduced in Rictor knockout
mice. This alteration is associated with a defect in insulin signaling and the defective glucose
transport [51]. Recently Klieinert et al. also found that muscle mTORC2 activity negatively modulates
whole body lipid metabolism and intramyocellular triglyceride content through regulating the lipid
droplet binding protein Perilipin 3 via FoxO1 [52,53].

5. mTOR Signaling in Pancreas

mTORC1 has been regarded as a positive regulator of beta cell mass, due to enhancement of
beta cell growth and proliferation. The loss-of-function studies of mTOR signaling in vivo have
been examined in mice deficient for mTOR or Raptor specifically in beta cells or pancreatic endocrine
progenitor cells (mating with PDX1- or Neurog3-cre mice). These mice consistently exhibit reduced beta
cells mass, defective postnatal islet development, hypoinsulinemia, and glucose intolerance [54–58].
Conversely, activation of mTORC1 signaling by deletion of TSC1 leads to beta cell hypertrophy and
hyperinsulinemia [59]. These observations suggest that mTORC1 is critical for the islet development
and function, and consequent glucose homeostasis. mTOR also protects islets from apoptosis by
inhibiting the expression of thioredoxin-interacting protein (TXNIP), a potent inducer of β cell
death and oxidative stress. TXNIP can be transcriptionally activated by the carbohydrate-response
element–binding protein (ChREBP). mTOR physically interacts with ChREBP–Max-like protein
complex, consequently suppressing its transcriptional activity on TXNIP [55].

However, study of constitutive activation of mTOR reveals a biphasic role of mTOR in the glucose
homeostasis. Young mice with beta cell-specific deletion of TSC2 display beta cell hypertrophy,
hyperinsulinemia, and improved glucose tolerance. On the other hand, beta cell mass in aging
mice is gradually lost due to increased apoptosis, which triggers hyperglycemia [60,61]. Moreover,
mTORC1 is aberrantly activated in islets from T2DM patients and diabetic mouse islets, suggesting
that sustained hyperactivation of mTORC1 contributes to impaired beta cell function and survival
upon the metabolic stress [4]. Chronic hyper-activation of mTORC1 signaling also results in
impaired autophagy/mitophagy process and ER stress, evidenced by an accumulation of p62 protein
(an indication of impaired autophagic response) and ER stress markers in the older TSC2 knockout
beta cells [60]. Consistently, mTOR inhibition protects lipid accumulation, ER stress and beta cell
dysfunction under nutrient overload conditions [4,62]. Therefore, mTORC1 activation increases beta
cell mass and improves glucose metabolism in the short term, while sustained mTORC1 activation
ultimately deteriorates beta cell mass and function, which is reminiscent in type 2 diabetic beta cells.

The molecular mechanisms underlying the detrimental effects of hyper-activation of mTOR
signaling in beta cells has been elaborately reviewed recently [63]. Several mechanisms have been
proposed: (1) mTORC1 directly phosphorylates IRS1/2 and promotes its degradation, impairs
insulin signaling pathway and induces insulin resistance. (2) mTORC1 can phosphorylate and
activate Growth-Factor-Bound Protein 10 (Grb10), which disrupts the interaction between IR and
IRS1/2, induces IRS2 proteasomal degradation, and ultimately leads to defective insulin signaling
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pathway [64,65]. (3) mTORC1 can also phosphorylate mTORC2 components, such as Rictor and Sin1,
abrogate mTORC2 activity and AKT signaling [66,67].

In addition to beta cells, mTORC1 also regulates α cell mass and glucagon secretion. Mice lacking
Raptor specifically in α cell have normal α cell mass, but defective α cell maturation and glucagon
secretion. FoxA2 is the downstream transcription factor regulating the critical genes responsible for
α cell function [68]. Type 2 diabetes patients have elevated glucagon. Glucagon stimulates hepatic
digestion of proteins to amino acids. Increased amino acids induce alpha cell hyperplasia by an
mTORC1-dependent mechanism [69–71].

Similar to mTORC1, mTORC2 is also critical for maintaining beta cell mass and glucose
homeostasis. Rictor null mice exhibits glucose intolerance caused by a reduction in β-cell mass, beta-cell
proliferation, pancreatic insulin content, and glucose-stimulated insulin secretion [72]. In contrast to
mTORC1, mTORC2 activity is declined in beta cells under diabetogenic conditions and in human
diabetic islets [4].

6. mTOR Signaling in Brain

mTOR pathway has been implicated in neural development and neurodegenerative disorders [73].
Hypothalamus is the main structure in the central nervous system (CNS) involved in the control of
glucose homeostasis and systemic energy balance. The hypothalamic region comprises several nuclei
with distinct functions and serves as a hub which integrates nutrient and hormones signals, regulating
the systemic energy balance. Within hypothalamus, mTOR functions as a cellular signaling hub which
integrates internal and external cues to control the central or peripheral tissue functions [74].

In the hypothalamus, there are two groups of neurons, orexigenic neuropeptide Y (NPY),
and agouti-related protein (AgRP) co-expressing neurons, and anorexigenic proopiomelanocortin
(POMC) and cocaine and amphetamine related transcript (CART) co-expressing neurons. mTORC1
activity in the hypothalamus is complex and varies by cell and stimulus type. S6K is expressed
in orexigenic NPY and AgRP neurons, as well as POMC neurons, both of which are critically
involved in the regulation of energy homeostasis. Increased S6K activity by adenoviral injection
of constitutive active form of S6K in the mediobasal hypothalamus (MBH) decreases body weight,
food intake, and hypothalamic leptin sensitivity, while increasing thermogenesis during cold
challenge. Overexpression of S6K protects high fat feeding induced hyperphagia, fat accumulation
and insulin resistance suggesting a critical role of MBH S6K activity in energy homeostasis [75].
Constitutive activation of mTORC1 signaling in the AgRP neurons modulates sympathetic tone to
increase BAT thermogenesis and energy expenditure and protects against diet-induced obesity [76].
However, a recent study has shown that specific ablation of S6K1 in POMC or AgRP neurons causes
no significant change in food intake and body weight. This discrepancy has been proposed to
be possibly caused by high level of adenovirus-mediated gene expression, the local inflammation,
the post-operative stress, and/or another group of neurons other than AgRP and POMC neurons
involved. In their study, although S6K1 is not required for the hypothalamic regulation of food intake
and body weight, it alters the hepatic glucose output (HGP), peripheral lipid metabolism and skeletal
muscle insulin sensitivity, suggesting an important role of hypothalamic S6K1 in glucose and energy
homeostasis [77]. However, studies using genetic or pharmcological manipulation of mTOR activation
in mice demonstrated that mTORC1 hyperactivation in POMC neurons leads to increased body mass
and defective neuron activation [78,79]. Therefore, the role of mTORC1 in hypothalamus is elusive
and needs further investigation.

DEPTOR is the inhibitor protein of mTOR which is shared by mTORC1 and mTORC2. It is widely
expressed in the brain and highly expressed in MBH neurons. Overexpression of DEPTOR specifically
in the MBH neurons protects mice from HFD-induced obesity and improves systemic glucose
homeostasis due to decreased food intake and elevated oxygen consumption [80]. Since DEPTOR
co-localizes with POMC neurons, it is possible that the POMC neurons mediate the effects of
hypothalamic DEPTOR overexpression. Unexpectedly, none of these phenotypes is reproduced in the
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mice with POMC–specific overexpression of mTORC1, suggesting that other neuronal populations
in the MBH are responsible for the energy and glucose metabolism control [81]. It should be noted
that the mTORC1 signaling is implicated in the neuronal growth/migration and synaptic plasticity.
Brain somatic activating mutations in components of the PI3K-AKT-TSC1/2-mTOR pathway have
also been identified in the epileptogenic neurodevelopmental disease, focal cortical dysplasia (FCD)
type II [82–84]. The critical developmental defects may profoundly impact the systemic metabolism.

The implication of mTORC2 in central regulation of energy balance is much less well defined.
Kocalis et al. found that mice lacking Rictor in nestin-positive neural cells exhibits increased fat mass
and adiposity, as well as glucose intolerance. Moreover, they examined mice with Rictor deletion
in POMC and AgRP neurons. Loss of Rictor in POMC neurons reproduces most of phenotypes
such as hyperphagia, obesity, and glucose intolerance, while loss of Rictor in AgRP neurons has no
significant effects on energy homeostasis [85]. Since mTORC2 signaling is also implicated in the
neural development [86], it is possible that the energy dys-homeostasis is caused by defective neuron
morphology and function.

7. Therapeutic Potential of Targeting mTOR Signaling Pathway

Since mTORC1 has been aberrantly increased in the diabetes or metabolic stressed conditions,
targeting mTORC1 signaling pathway represents a potential treatment for metabolic dys-regulation.
Rapamycin is the well-known, classical mTORC1 inhibitor. It forms a protein complex with FKBP12
or FKBP51 and inhibits mTORC1 function. Rapamycin treatment exerts significant effects on systemic
metabolism affecting multiple organs [87]. Acute treatment of rapamycin enhances insulin secretion and
prevents nutrient-induced insulin resistance. However, a number of studies have demonstrated that
chronic rapamycin treatment induces detrimental effects on metabolic profiling, including reduced beta
cell mass and function, increased hepatic gluconeogenesis, and impaired insulin sensitivity [37,88–91].

Recently, one interesting study has compared the effects of rapamycin treatment on different
diabetic mouse models and unexpectedly demonstrated that rapamycin improves insulin sensitivity
and reduces hyperinsulinemia better in mice with lower pancreatic insulin content. It has thus been
proposed that the beneficial or detrimental effects of rapamycin treatment are determined by the
pancreatic insulin contents and pancreas biology [92].

Another explanation for the detrimental effects of rapamycin is the “off-target” effect on
mTORC2 disruption. Chronic administration of rapamycin also disrupts mTORC2 complex and
impairs mTORC2 signaling, which is required for the insulin-mediated suppression of hepatic
gluconeogenesis [37]. Rapamycin also causes mTORC2-dependent insulin resistance in C2C12
myotubes [93]. These findings prompt the development of specific inhibitors of mTORC1 which
might provide beneficial effects on health and longevity avoiding of the detrimental effects on
systemic metabolism.

In order to inhibit mTORC1 signaling pathway more specifically, an inhibitor of S6K1,
PF-4708671 has been generated and used for delineating S6K1-specific roles downstream of mTOR [94].
Shum et al. have compared the effects of glucose metabolism using rapamycin and PF-4708671
in vitro and in vivo. In contrast to the adverse effects associated with chronic rapamycin treatment,
S6K1 inhibition with PF-4708671 improves glucose tolerance with increased AKT phosphorylation
in both cellular and high fat diet induced obese mouse models [95]. Therefore, specific S6K1
blockade is a promising pharmacological approach to improve metabolic homeostasis in obese or
diabetic individuals.

8. Concluding Remarks

During the past few decades, our knowledge on mTOR regulatory mechanism in these
key metabolic organs at the molecular, cellular, and organismal level has been emerging
(Table 1). Rapamycin and several other mTOR targeting drugs have been used for cancers and
immuno-suppressive therapies. However, their side effects leading to dys-regulated metabolic profiling
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limit their clinical use. More basic and clinical studies are required to better understand the beneficial
and side effects of mTOR inhibiting strategy against metabolic disorders. In addition, a comprehensive
understanding of mTORC2 pathway, identification of new mTOR signaling substrates and molecular
mechanisms would pave the way for developing more specific treatment in the future.

Table 1. The effects of altered mTOR signaling on glucose and lipid metabolism in metabolic tissues.

mTORC1 mTORC2

Adipose tissue Normal adipose tissue growth [16];
BAT-WAT phenotypic switch [18–20]

Regulate fat and whole body organ size [21]; systemic
glucose and lipid metabolism [22]; BAT differentiation [25]

Liver Suppress ketogenesis in response to fasting [27]; promote
lipogenesis [28,29]

Regulate constitutive gluconeogenesis, increase glycolysis
and lipogenesis [35,36]

Muscle Glucose intolerance and insulin resistance,
hypertrophy [42,43]

Promote glucose uptake and improve insulin signaling [51];
negatively modualtes systemic lipid metabolism and
intramyocellular triglycerid content [52,53]

Pancreas

Promote beta cell growth and proliferation [54–58];
improved glucose tolerance in short term, deteriorates beta
cell mass and function in long term [60,61];
maintain α cell maturation and glucagon secretion [68]

Maintaining beta cell mass and glucose homeostasis [72]

Brain Regulate the hepatic glucose output, peripheral lipid
metabolism and skeletal muscle insulin sensitivity [75–77] Regulate fat mass and adiposity, and glucose tolerance [85]
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Abstract: One of the most important threats to global human health is the increasing incidences
of metabolic pathologies (including obesity, type 2 diabetes and non-alcoholic fatty liver disease),
which is paralleled by increasing consumptions of hypercaloric diets enriched in simple sugars.
The challenge is to identify the metabolic pathways affected by the excessive consumption of these
dietary components when they are consumed in excess, to unravel the molecular mechanisms
leading to metabolic pathologies and identify novel therapeutic targets to manage them. Mechanistic
(mammalian) target of rapamycin (mTOR) has emerged as one of the key molecular nodes that
integrate extracellular signals, such as energy status and nutrient availability, to trigger cell responses
that could lead to the above-mentioned diseases through the regulation of lipid and glucose
metabolism. By activating mTOR signalling, excessive consumption of simple sugars (such as
fructose and glucose), could modulate hepatic gluconeogenesis, lipogenesis and fatty acid uptake
and catabolism and thus lipid deposition in the liver. In the present review we will discuss some of
the most recent studies showing the central role of mTOR in the metabolic effects of excessive simple
sugar consumption.

Keywords: mTOR; fructose; glucose; liver; lipid metabolism; gluconeogenesis

1. Introduction

Mechanistic (formerly mammalian) target of rapamycin (mTOR) is a serine/threonine protein
kinase that forms the catalytic centre of two multi-protein complexes termed mTORC1 and mTORC2,
which have different compositions and responses to upstream signals [1,2]. As it is shown in Figure 1,
both complexes share the core proteins mTOR and mammalian lethal with SEC13 protein 8 (mLST8),
the Tti1/Tel2 complex and the inhibitory protein DEP domain-containing mTOR-interacting protein
(DEPTOR). The mTORC1 complex contains regulatory-associated protein of mTOR (Raptor) and
the inhibitory subunit proline-rich Akt substrate of 40 kDa (PRAS40), whereas mTORC2 contains
rapamycin-insensitive companion of mTOR (Rictor) and the regulatory proteins Protor1/2 and mSin1.
Both complexes are activated by insulin and related growth factors, such as insulin-like growth factors,
while mTORC1 can also be activated by nutrients (amino acids, cholesterol and simple sugars), oxygen
and the cellular energy status (sensed via ATP levels) [1,3].
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Figure 1. Components of mTORC1 and mTORC2 complexes. mTORC1 and mTORC2 share the core
proteins mTOR and mammalian lethal with SEC13 protein 8 (mLST8), the Tti1/Tel2 complex and the
inhibitory protein DEP domain-containing mTOR-interacting protein (DEPTOR). In addition, mTORC1
contains regulatory-associated protein of mTOR (Raptor) and the inhibitory subunit proline-rich Akt
substrate of 40 kDa (PRAS40), whereas mTORC2 contains rapamycin-insensitive companion of mTOR
(Rictor) and the regulatory proteins Protor1/2 and mSin1.

The downstream effects of mTORC1 and mTORC2 activity (reviewed in Reference [4]) are also
different. Briefly, mTORC1 activation induces cellular growth through: (i) activation of mRNA
translation, driven by the phosphorylation of the ribosomal protein S6 kinases (S6K1/2), which activate
several substrates associated with the initiation of mRNA translation and the phosphorylation of
eIF4E binding proteins (4EBP), which release factor eIF4E to enable the formation of the translation
initiation complex; (ii) promotion of metabolic effects including increased de novo lipid synthesis via
the activation of sterol response element-binding protein (SREBP) and a shift to glycolysis instead of
oxidative phosphorylation; and (iii) inhibition of catabolic pathways such as autophagy, mainly by
the phosphorylation of UNC-51-like kinase 1 (ULK-1). By contrast, mTORC2 activation promotes cell
survival and proliferation through the phosphorylation of several kinases including Akt, which is one
of the main transducers of insulin signalling.

In summary, the role of mTOR complexes is to coordinate cell responses to energy availability by
promoting or repressing anabolic and catabolic molecular pathways in response to different stimuli,
including nutrients and growth factors. This review focuses on mTOR regulation by a specific type of
nutrients (simple sugars) and its consequences on lipid and carbohydrate metabolism, aiming to gain
insight into the mechanisms by which an excessive intake of simple sugars causes metabolic diseases
such as dyslipidaemia, diabetes and non-alcoholic fatty liver disease (NAFLD).

2. Regulation of mTORC1 Activity by Simple Sugars

Of the two mTOR complexes, only mTORC1 seems to be regulated by simple sugars (Figure 2).
Direct regulation of mTORC1 activity by carbohydrates is less well known than that by amino acids.
Activation of mTORC1 by amino acids is initiated by the stimulation of the Rag family of GTPases,
which recruits mTORC1 to the outer lysosomal membrane [2]. Using mice that constitutively express an
active form of RagA, Efeyan et al. showed that mTORC1 activation by carbohydrates also involves the
Rag-GTPases [5,6]. This shared mechanism between amino acids and carbohydrates does not directly
activate mTORC1 but causes its lysosomal localization, where the Ras-homolog enriched in brain (Rheb)
GTPase resides and activates mTORC1 by promoting mTOR kinase activity. mTOR phosphorylates
several substrates, including its autophosphorylation at Ser-2481, which indicates mTOR-specific
catalytic activity [7].
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Figure 2. Proposed mechanisms of mTORC1 activity regulation by simple sugars. mTORC1 activation
by simple sugars might be mediated by several mechanisms, including (i) Rag-GTPases activation,
which cause mTORC1 lysosomal localization, (ii) increased glycolytic flux, which might increase Rheb
availability and inhibit AMPK activity, (iii) increased plasma insulin levels and (iv) increased ER stress.

In studies conducted by our group in female rats supplemented with 10% (w/v) liquid
fructose for different periods of time (two weeks, two months and seven months), we consistently
showed a marked increase in hepatic mTOR phosphorylation at Ser-2481 [8–10]. As Rheb
overexpression has been reported to promote the phosphorylation of mTOR at this position [11],
we explored whether fructose induced mTOR phosphorylation by increasing Rheb expression.
We did not detect a significant increase in the hepatic levels of Rheb protein in female rats
supplemented with liquid fructose for two months [8]. A cell-based model of mTORC1 regulation
by glucose proposed that high glucose levels increased glycolytic flux and reduced the interaction
of Rheb with GAPDH, thus increasing the availability of Rheb to interact with and activate
mTORC1 [12]. Our co-immunoprecipitation experiments showed that this was not the mechanism
for fructose-induced mTORC1 activation, since Rheb-GAPDH and Rheb-mTOR interactions were not
affected in the livers of fructose-supplemented rats [8].

Carbohydrates also regulate mTORC1 indirectly via adenosine monophosphate-activated protein
kinase (AMPK), which senses the fluctuations in energy levels due to glucose availability. AMPK is
another cellular energy sensor that is activated by increased AMP/ATP ratio caused by either reduced
ATP production or excessive ATP consumption [13]. AMPK has the opposite role to that of the
mTOR system. While mTOR is activated by high energy availability and promotes anabolic routes to
use this energy in cell growth and proliferation, AMPK senses low energy statuses, for example
glucose deprivation and promotes catabolic processes to obtain energy. Glucose deprivation
activates AMPK not only by increasing the AMP/ATP ratio but also by depletion of the glucose
metabolite fructose-1,6-biphosphate. Reduced levels of this metabolite facilitate the formation of
an AMPK-containing protein complex in the lysosomal membrane, which stimulates the kinase
LKB1 to phosphorylate and activate AMPK [14]. AMPK activation can inhibit the mTORC1 pathway
through two main mechanisms: phosphorylation of tuberous sclerosis complex (TSC) 2 at Ser-1387,
which activates the upstream mTOR inhibitor TSC1/TSC2 complex [15,16] or direct inhibition by
phosphorylating Raptor [17]. It is not yet known which of these mechanisms predominate but it
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has been proposed that TSC2 phosphorylation may counteract growth factor-activated mTORC1,
whereas Raptor phosphorylation has been reported to inhibit basal mTORC1 activity [18].

When glucose enters the glycolytic pathway to form pyruvate for the tricarboxylic acid
(TCA) cycle, ATP is generated and AMPK is inhibited, which leads to mTORC1 activation.
However, before entering the glycolytic pathway, carbohydrates are phosphorylated by hexokinases
in an irreversible reaction that consumes ATP. Although this process is similar for all carbohydrates,
there are some differences. For example, glucose is phosphorylated first by glucokinase and after
isomerization the resulting molecule is phosphorylated by phosphofructokinase, whose activity
is tightly controlled by end-product inhibition (ATP and citrate) [19]. By contrast, fructose is
phosphorylated by fructokinase and enters the glycolytic pathway by skipping the negative
feedback control system. Moreover, fructose up-regulates fructokinase expression, thus inducing
its own metabolism. Therefore, despite both fructose and glucose phosphorylation consuming ATP,
this consumption is more rapid and intense for fructose, which may deplete ATP [20]. Paradoxically,
this mechanism could lead to AMPK activation and, consequently, mTORC1 inhibition. Results from
our own studies in female rats supplemented with simple sugars in liquid form for seven months
indicated that fructose does not activate hepatic AMPK [21], suggesting that if ATP depletion does
occur it may be transient and not associated with chronic fructose intake. In a recent study, Hu et al.
confirmed this transient inhibitory effect of fructose: in mice sacrificed 30 min after receiving a 10%
fructose or glucose solution by gavage, mTORC1 activity was inhibited by fructose but this inhibitory
effect was lost in mice receiving a diet containing 60% fructose for one week [22]. In contrast to
fructose, our results in female rats showed that chronic consumption of an equicaloric glucose solution
activated AMPK, as demonstrated by a modest but significant 30% increase in phospho-AMPK α

(Thr172) levels [21]. We attributed this effect to the increased plasma adiponectin levels observed
only in rats consuming glucose [9], as the liver has been described to be one of the main targets of
circulating adiponectin, which activates hepatic AMPK by phosphorylation [23].

Carbohydrates can also regulate mTORC1 activity through endoplasmic reticulum (ER) stress.
The ER has a key role in cellular homeostasis by controlling the synthesis, folding and posttranslational
modification of proteins. Perturbations in the ER folding capacity cause ER stress and trigger the
unfolded protein response (UPR), which involves the activation of specific transmembrane proteins
acting as stress sensors (activating transcription factor 6 [ATF6], inositol-requiring enzyme 1 [IRE1] and
protein kinase RNA-like ER kinase [PERK]) to restore cell homeostasis by proper protein folding and
reduction of the ER protein load [24]. The UPR is activated not only by the accumulation of unfolded
proteins but also by other stimuli, including nutrient availability. Both deprivation and excessive levels
of carbohydrates can induce ER stress, which may influence mTORC activity. Thus, glucose starvation
causes energy stress by reducing ATP levels, which at least in some cell types can induce calcium efflux
from the ER and activate the PERK branch of the UPR [25]. In addition, protein glycosylation occurs in
the ER and, therefore, alterations in this process due to glucose depletion could perturb ER homeostasis
and elicit also ER stress [18]. On the other hand, high levels of glucose stimulate ER stress in hepatic
cells, as shown by higher levels of PERK phosphorylation [26]. Interestingly, the glucose-induced ER
stress response in these cells is mediated by mTORC1, as specific mTORC1 inhibition by rapamycin
prevents the phosphorylation of PERK and its downstream effector eIF2α [26]. ER stress can also elicit
mTORC1 activation through ATF6 and the induction of the phosphoinositide 3-kinase (PI3K)-Akt axis;
however, Akt and mTORC1 are inhibited under conditions of chronic ER stress [27].

Results from our own studies in female rats showed that fructose consumption activated mTORC1
independently of ER stress [8,9]. As mentioned before, we observed that fructose induced hepatic
mTOR phosphorylation at Ser-2481 but the only UPR marker that was increased was phosphorylated
IRE1, whereas the PERK branch of the UPR remained unaffected [8,9]. In fact, mTOR activation in renal
cells has been shown to selectively induce IRE1 without affecting PERK and ATF6 [28]. In contrast
to PERK activation, which leads to CHOP induction and JNK-mediated apoptosis, selective IRE1
activation might protect cells by promoting the elimination of misfolded proteins without inducing cell
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death. Moreover, as it was shown in hepatocyte-specific IRE1-null mice, IRE1 is required to prevent
hepatic steatosis [29] and when it is chronically activated it may cause the regression of pre-existing
steatosis. Accordingly, the lack of hepatic steatosis observed in rats supplemented with fructose or
glucose for seven months could be attributed to the selective and chronic activation of IRE1 in their
livers [9].

Interestingly, when we compared the effects of glucose and fructose supplementation in female
rats, we found that fructose induced hepatic mTOR Ser-2481 phosphorylation to a greater extent than
glucose and that only fructose activated downstream effectors of mTORC1 such as phosphorylated
4EBP1 [9]. The fact that fructose had a greater effect on mTORC1 than glucose could not be
attributed to the amount of energy provided by the sugar supplementation, as rats consumed
equicaloric amounts of glucose and fructose. Instead, this could be due to an indirect mechanism
involving changes in plasma insulin levels. Insulin, after binding to its receptor, activates the
PI3K-phosphoinositide-dependent kinase 1 (PDK1)-Akt pathway, leading to the phosphorylation of
TSC2 at multiple sites, which inactivates the TSC2/TSC1 complex and activates Rheb and mTORC1 [2].
Our results showed that only fructose-supplemented rats displayed significant hyperinsulinemia after
seven months of treatment and therefore, the lower level of mTORC1 activation observed with the
equicaloric glucose supplementation could be attributed, at least in part, to a lack of effect on plasma
insulin levels [9]. Another factor contributing to this differential effect is that, as commented before,
only glucose supplementation activates AMPK [9], which has an inhibitory effect on mTORC1.

3. The Effects of mTOR on Lipid Metabolism and Modulation by Carbohydrates

The mTOR system plays a key role in the response to nutrient abundance, in part by activating
anabolic processes such as lipid synthesis. Both mTORC1 and mTORC2 can modulate lipogenesis but
much more attention has been paid to mTORC1. Lipogenesis is activated by mTOR mainly through
the master regulator of this process, the transcription factor SREBP1c, which belongs to the basic-helix
loop-helix-leucine zipper family. SREBP1c is synthesized as a precursor that remains anchored
to the ER membrane through its interaction with SREBP cleavage-activating protein (SCAP) [30].
Through a mechanism that remains unclear [31], the SCAP-SREBP1c heterodimer is transferred to
the Golgi apparatus, where SREBP1c is processed by proteolytic enzymes into its mature form, that
then translocates to the nucleus to induce the transcription of target genes, including those encoding
the main lipogenic enzymes. The mTOR system can regulate SREBP1c activity at different levels,
including transcription of its encoding gene Srebf1, processing of the precursor protein and nuclear
transport of the mature protein (Figure 3) [2,31].

mTORC1 activates SREBP1c partly through S6K1 by mechanisms that have not been completely
elucidated [2]. For example, a study in rat hepatocytes in which the transcriptional effects of insulin on
the SREBP1c gene were eliminated showed that S6K1 is essential for SREBP1c processing but not for
its transcription [32]. However, other studies have shown that S6K1 depletion in the liver of obese
mice reduces the abundance of hepatic SREBP1c mRNA [33]. Moreover, a recent report showed that
mTORC1-S6K1 activation may induce lipogenesis independently of SREBP1c by promoting the splicing
of lipogenic mRNAs, that increases their stability [34]. In addition, mTORC1 may activate SREBP1c
via S6K1-independent pathways such as by: (i) the phosphorylation of CREB-regulated transcription
coactivator 2 (CRTC2), which increases the trafficking of SREBP1c to the Golgi apparatus where it is
processed [35]; (ii) the phosphorylation and nuclear exclusion of lipin-1, which prevents its blocking
effect on SREBP1c transcriptional activity [36]; and (iii) inducing ER stress, which may activate hepatic
SREBP1c [2]. Furthermore, mTORC2 might also regulate SREBP1c, as mice with specific hepatic
deletion of Rictor have been reported to show reduced SREBP1c activity and lipogenesis [37].

Thus, it could be hypothesized that simple sugars promote lipogenesis by activating the
mTORC1-SREBP pathway. Our studies in rats supplemented with 10% liquid fructose (w/v) for
two weeks or two months did not show increases in the nuclear active form of SREBP1c, despite
higher levels of mTOR phosphorylation [8,10]. By contrast, nuclear SREBP1c levels were significantly
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increased in rats fed a 63% fructose in solid form for two weeks [38]. Similarly, in our chronic study in
which 10% liquid sugars were supplemented for seven months, fructose but not glucose caused an
increase in nuclear SREBP1c [9]. Therefore, it seems that the ability of fructose to activate SREBP1c
depends on the burden of fructose to the organism, taking into account both the amount of fructose
consumed and the duration of the supplementation. Moreover, the different effects of fructose and
glucose on SREBP1c activity could be due to the greater effect of fructose on mTOR phosphorylation,
combined with the hyperinsulinemia caused by fructose but not glucose supplementation.

Figure 3. Effects of mTORC1 on lipid metabolism. mTORC1 activates lipogenesis via SREBP1c,
partly through S6K1 and also by S6K1-independent mechanisms, such as the phosphorylation of
CRTC2 and lipin, which causes its nuclear exclusion, and ER stress induction. In addition, mTORC1
inhibits neutral lipolysis and repress autophagy/lipophagy by phosphorylating ULK-1, which could
inhibit fatty acid β-oxidation by lowering substrate availability. mTORC1 may also inhibit PPARα
activity by recruiting NCoR1 to the nucleus and by inducing lipin-1 phosphorylation.

mTOR affects lipid metabolism not only by inducing lipogenesis but also by inhibiting lipolysis
and lipophagy (Figure 3). Both mTORC1 and mTORC2 can inhibit neutral lipolysis, a process in which
cytoplasmic lipases hydrolyse cytoplasmic lipid droplets at a neutral pH [39]. The term lipophagy
was coined in 2009 when it was demonstrated that the intracellular lipid content is also regulated
by the lysosomal degradation of lipids through autophagy [40]. Since then, lipophagy has been
reported to occur in different cell types and be essential for regulating cellular energy metabolism,
as it may be activated or inhibited in response to energy requirements [41]. Lipophagy is, in fact,
a specialized subtype of autophagy, using the same intracellular machinery and being regulated by
the same mechanisms as those associated with autophagy, including mTORC1 [39]. Repression of
autophagy by mTORC1 involves the phosphorylation of ULK-1 at Ser-757 [42]. Our studies in female
rats revealed that increased phosphorylation of hepatic mTOR after fructose supplementation for
two months increased phosphorylated levels of ULK-1 and led to a decrease of autophagic markers,
including the LC3B-II/LC3B-I protein ratio [8]. As the inhibition of autophagy promotes hepatic
triglyceride accumulation, we hypothesized that this mechanism could be responsible, at least in part,
for the hepatic steatosis observed in rats sub-chronically supplemented with liquid fructose.
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Finally, the mTOR system may also modulate lipid catabolism by inhibiting fatty acid β-oxidation.
This could be a consequence of the inhibition of autophagy by mTORC1, as autophagy causes the
breakdown of triglycerides and provides fatty acid substrates for β-oxidation. Activation of mTORC1
and inhibition of autophagy could explain why β-oxidation is inhibited in the livers of female rats after
sugar supplementation for two and seven-month, without altering peroxisome proliferator-activated
receptor (PPAR)α gene or protein expression [8,9]. Despite a lack of effect on PPARα expression,
our results showed that the reduction of β-oxidation by fructose involved lower PPARα activity,
as indicated by the reduced nuclear PPARα levels in the livers of fructose-supplemented rats [9].
This could also be related to mTORC1 activation, as mTORC1 has been reported to inhibit PPARα at
least by two possible mechanisms, via nuclear receptor corepressor 1 (NCoR1) or lipin-1 [2]. NCoR1 is a
transcriptional regulator that binds to several nuclear receptors. The mTORC1 substrate S6K2 has been
observed to associate with NCoR1, recruiting it to the nucleus where it represses PPARα transcriptional
activity [43]. In hepatic cells lipin-1 acts as a transcriptional activator of β-oxidation genes through
PPARα activation. As it was previously mentioned, mTORC1 can induce the phosphorylation and
nuclear exclusion of lipin-1, which could lead to the reduction of PPARα activity. There are few studies
examining the effects of carbohydrates on lipin-1 in vivo. Vasiljević et al. reported that male rats
supplemented with 10% liquid fructose for nine weeks showed increased microsomal levels of lipin-1
in the liver, although the extent of lipin-1 phosphorylation or its concentration in hepatic nuclear
fractions were not determined [44]. Furthermore, despite the same treatment increased the nuclear
contents of lipin-1 in the hearts of female (but not male) rats, this was not accompanied by increased
levels of nuclear PPARα [45]. Moreover, it remains to be established whether this is a specific effect in
cardiac cells and whether it is related to mTOR activity.

4. The Effects of mTOR on Carbohydrate Metabolism

mTOR can affect carbohydrate metabolism directly, by controlling hepatic gluconeogenesis, and
also indirectly, by regulating pancreatic β-cell mass and activity (Figure 4). Moreover, both mTORC1
and mTORC2 can induce insulin resistance and, thus, dysregulate glucose metabolism.

Figure 4. Effects of mTORC1 on carbohydrate metabolism. mTORC1 activation inhibits gluconeogenesis
by promoting the phosphorylation and nuclear exclusion of FoxO1 via S6K1, which blocks its
transcriptional effect on the main gluconeogenic genes PEPCK and G6Pase. Carbohydrate metabolism
may be also indirectly altered by mTORC1 effects on the survival and proliferation of insulin-secreting
pancreatic β-cells.
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The ability of mTORC1 to control gluconeogesis was demonstrated by experiments in
rapamycin-treated rats, which showed that chronic inhibition of the mTORC1-S6K1 pathway increased
the hepatic expression of the key gluconeogenic genes encoding phosphoenolpyruvate carboxykinase
(PEPCK) and glucose 6-phosphatase (G6Pase) in the liver [46]. The regulation of gluconeogenic
gene expression is mediated partly by the transcription factor forkhead box protein O1 (FoxO1).
In response to insulin, FoxO1 is phosphorylated by Akt causing its nuclear exclusion and a reduction
in PEPCK and G6Pase expression. Interestingly, it has been reported that in rapamycin-treated rats,
in which mTORC1 was inhibited, nuclear FoxO1 levels were increased despite hyperinsulinemia,
which could account for the increased expression of PEPCK and G6Pase [46]. Although that study
did not determine the extent of FoxO1 phosphorylation, Yue et al. [47] showed that the stimulation
of mTOR-S6K1 signalling in the mouse hypothalamus increased FoxO1 phosphorylation, whereas
treatment with rapamycin (which blocks only mTORC1 when it is administered acutely) reduced
FoxO1 phosphorylation. In addition, experiments in liver-specific Rictor knockout mice demonstrated
that mTORC2 also controls hepatic gluconeogenesis. Upon refeeding, these mice showed hepatic
FoxO1 hypophosphorylation and nuclear localization, together with higher levels of PEPCK and
G6Pase mRNA, compared to wild type mice [37]. mTORC2 phosphorylates Akt at Ser-473 and it
has been shown that in mTORC2-deficient cells phosphorylation at this position is absent and FoxO1
phosphorylation is specifically reduced [48].

Thus, it seems plausible that both mTORC1 and mTORC2 activation may inhibit gluconeogenesis
by promoting FoxO1 phosphorylation via S6K1 and Akt, respectively. Our results in female rats
supplemented with simple sugars support this hypothesis. In rats drinking a 10% w/v fructose
solution for two weeks, mTORC1 activation led to a decrease in PEPCK expression, probably
via IRE1 phosphorylation that promoted the splicing of X-box-binding protein (XBP)-1, which is
involved in the maintenance of glucose homeostasis [49]. Moreover, chronic glucose and fructose
supplementation in rats has been reported to activate mTORC1 (shown by the phosphorylation of
peroxisome proliferator-activated receptor gamma coactivator 1-alpha [PGC-1α], a direct target of
S6K1 and the absence of Ser-473 Akt phosphorylation), increase FoxO1 phosphorylation and reduce
the expression of PEPCK and G6Pase [9]. However, the crosstalk between mTORC1 and mTORC2
is quite complex, as cell culture experiments show that mTORC1-S6K1 signalling induce Rictor
phosphorylation, with Akt and FoxO1 phosphorylation increasing when the phosphorylation position
of Rictor is mutated [50]. This suggests that mTORC1 signalling could inhibit the mTORC2-Akt
pathway, leading to reduced FoxO1 phosphorylation and increased gluconeogenesis.

In addition, mTOR signalling regulates the growth and proliferation of pancreatic β-cells and
their ability to secrete insulin, which may also affect glucose homeostasis. Similar to the regulation
of gluconeogenesis, both mTOR complexes control β-cell mass and activity, as mice deficient in
S6K1 [51] or Rictor [52] exhibit reduced β-cell mass and hypoinsulinemia. The molecular mechanism
underlying these effects was recently unravelled [53]. In pancreatic β-cells, mTOR interacts with a
complex containing ChREBP and Max-like protein (Mlx), inhibiting its translocation to the nucleus.
The ChREBP-Mlx complex regulates the transcription of thioredoxin-interacting protein (TXNIP),
which is involved in the apoptosis of β-cells. Thus, the reduced nuclear translocation of ChREBP-Mlx
results in reduced TXNIP expression and protects β-cells from apoptosis. Moreover, mTOR not
only regulates the number of β-cells but also their specific activity, as mTOR inactivation by the
overexpression of a kinase-dead mTOR mutant (which therefore affects both mTORC1 and mTORC2)
leads to defective β-cell function without affecting its mass [54].

Carbohydrates, as well as other nutrients, can regulate β-cell proliferation as an adaptive response
to the changes in the metabolic environment. It has been recognized for a long time that glucose
regulates not only insulin secretion but also the proliferation of β-cells. However, the role of mTOR as
a key player in this process has been demonstrated only recently. The proliferative effect of glucose on
β-cells involves the activation of an atypical protein kinase C (PKCζ), which activates mTORC1 and
subsequently induces cyclin D2 activation [55,56]. Fructose might also have a proliferative effect of

434



Int. J. Mol. Sci. 2019, 20, 1117

on pancreatic β-cells, given the ability of fructose to activate mTORC1. However, excessive fructose
consumption might be detrimental, as a high fructose diet (65% fructose in solid form) has been
reported to induce pancreatic ER stress and β-cell apoptosis, which are increased when fructose is
combined with a high fat diet [57].

5. Concluding Remarks

It is well recognized that overnutrition, together with a sedentary lifestyle, is one of the main
drivers of metabolic pathologies such as fatty liver, dyslipidaemia and hyperglycaemia. However, the
role of individual nutrients and the mechanisms involved have not been fully elucidated. From our
studies in rats supplemented with simple sugars in liquid form (10% w/v) for different periods of time
(from two weeks to seven months), we have identified hepatic mTOR, specifically mTORC1, as a key
hub that transduces the signals elicited by carbohydrates to activate or inhibit molecular pathways
and modulate the metabolism of lipids and carbohydrates. Thus, we have consistently observed that
glucose and fructose intake increases mTOR phosphorylation and activates mTORC1. Although the
specific underlying mechanism is not fully understood, we have ruled out the involvement of Rheb
availability or expression and we have also demonstrated that mTORC1 activation is independent
of ER stress. mTORC1 activation by glucose and fructose explains most of the metabolic effects
observed in our studies in female rats, including enhanced lipogenesis and reduced gluconeogenesis
(Figure 5). Moreover, mTORC1 activation might also inhibit PPARα activity and autophagy which,
together with enhanced lipogenesis, contribute to hepatic fat deposition. By these mechanisms
sub-chronic administration of fructose (for two months) induced hepatic steatosis in female rats.
However, sustained activation of the mTORC1-IRE1 pathway by chronic fructose supplementation
could prevent fat deposition in the liver. Moreover, the different extent of mTORC1 activation seems
to be responsible for the different effects of fructose and glucose supplementation in rats, as only
fructose-supplemented rats displayed significant hyperinsulinemia, which also activates mTORC1.
On the other hand, only glucose increases plasma adiponectin levels leading to AMPK activation,
which in turn inhibits mTORC1 and therefore has a weaker effect on mTORC1 activation than fructose.
The mechanism by which glucose increases adiponectin levels and whether this effect is specific to
rodents or may also apply to humans are yet to be established.

Figure 5. mTORC1 as a key hub transducing the metabolic effects of glucose and fructose in the liver.
Fructose activates mTORC1 leading to reduced gluconeogenesis and enhanced lipogenesis which,
together with PPARα/β-oxidation activity and autophagy inhibition contribute to hepatic fat deposition
observed in our studies after sub-chronic administration of fructose (for two months) in female rats.
By contrast, sustained activation of the mTORC1-IRE1 pathway by chronic fructose supplementation
could prevent fat deposition in the liver. Fructose-induced hyperinsulinemia, which activates mTORC1
and the increase in plasma adiponectin levels caused by glucose administration, which inhibits
mTORC1 via AMPK activation, lead to a different extent of mTORC1 activation by these simple sugars,
which seems to be responsible for the different metabolic effects of fructose and glucose supplementation
observed in our studies performed in female rats.
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Abbreviations

4EBP eIF4E binding protein
AMPK activating transcription factor 6
ATF6 adenosine monophosphate-activated protein kinase
CRTC2 CREB-regulated transcription coactivator 2
DEPTOR DEP domain-containing mTOR-interacting protein
ER endoplasmic reticulum
FoxO1 forkhead box protein O1
G6Pase glucose 6-phosphatase
IRE1 inositol-requiring enzyme 1
mLST8 mammalian lethal with SEC13 protein 8
Mlx Max-like protein
mTOR mechanistic (mammalian) target of rapamycin
mTORC mTOR complex
NAFLD non-alcoholic fatty liver disease
NCoR1 nuclear receptor corepressor 1
PDK1 peroxisome proliferator-activated receptor
PEPCK phosphoenolpyruvate carboxykinase
PERK phosphoinositide 3-kinase
PGC-1α phosphoinositide-dependent kinase 1
PI3K proline-rich Akt substrate of 40 kDa
PPAR protein kinase RNA-like ER kinase
PRAS40 protein S6 kinases
Raptor rapamycin-insensitive companion of mTOR
Rheb Ras-homolog enriched in brain
Rictor receptor gamma coactivator 1-alpha
S6K1/2 regulatory-associated protein of mTOR
SCAP SREBP cleavage-activating protein
SREBP sterol response element-binding protein
TCA thioredoxin-interacting protein
TSC tricarboxylic acid
TXNIP tuberous sclerosis complex
ULK-1 UNC-51-like kinase 1
UPR unfolded protein response
XBP-1 X-box-binding protein
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Abstract: Some dopamine receptor subtypes were reported to participate in autophagy regulation,
but their exact functions and mechanisms are still unclear. Here we found that dopamine receptors
D2 and D3 (D2-like family) are positive regulators of autophagy, while dopamine receptors D1 and
D5 (D1-like family) are negative regulators. Furthermore, dopamine and ammonia, the two reported
endogenous ligands of dopamine receptors, both can induce dopamine receptor internalization
and degradation. In addition, we found that AKT (protein kinase B)-mTOR (mechanistic target of
rapamycin) and AMPK (AMP-activated protein kinase) pathways are involved in DRD3 (dopamine
receptor D3) regulated autophagy. Moreover, autophagy machinery perturbation inhibited DRD3
degradation and increased DRD3 oligomer. Therefore, our study investigated the functions and
mechanisms of dopamine receptors in autophagy regulation, which not only provides insights into
better understanding of some dopamine receptor-related neurodegeneration diseases, but also sheds
light on their potential treatment in combination with autophagy or mTOR pathway modulations.

Keywords: dopamine receptor; autophagy; AKT; mTOR; AMPK

1. Introduction

Autophagy is an evolutionarily conserved process that degrades unwanted proteins, cytosol and
organelles to maintain cellular and organism homeostasis [1]. Autophagy is executed by autophagy
related proteins (ATGs) that are responsible for phagophore formation, nucleation, autophagosome
elongation and closure. Among those, ATG8/LC3, the widely used autophagy marker, transforms
from cytosolic LC3-I to membrane bound LC3-II when autophagy is induced [2]. Autophagy inhibitors
such chloroquine (CQ) and bafilomycin A1 (Baf A1) are frequently used to evaluate the autophagic
flux via LC3 turnover assay [3]. Besides ATGs, there are several proteins that can regulate autophagy.
For example, AMPK and mTOR, which are essential players of cellular energy balance and organismal
growth and homeostasis, could regulate autophagy in response to energy and nutrient availability [4,5].
AMPK consists of α, β, γ subunits and the α-T172 and β-S108 are the main phosphorylation sites for
AMPK activity [6,7]. mTOR signaling pathway involves the upstream PI3K-AKT and downstream
p70 S6K and 4E-BP1 substrates [8,9], and its dysregulation is associated with numerous human
diseases [10–13].

Dopamine receptors (DR), including D1-5 (also called DRD1-5), are originally identified to be the
receptors for dopamine, an endogenous neurotransmitter that controls a variety of brain functions,
including emotion, cognition and movement [14–16]. As a GPCR (G protein-coupled receptor) member,
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DR is classified into D1-like (including DRD1 and DRD5) and D2-like (including DRD2, DRD3 and
DRD4) families according to their coupled G proteins, Gαs or Gαi [17,18]. Many neurogenic diseases
such as Parkinson and Alzheimer’s disease were associated with DR dysfunction and relevant agonists
or antagonists are used to target DR for therapy or modified to generate effective probes for live
imaging [19–23]. Since Zhang et al. reported that compounds with affinity for DRs could modulate
autophagy in a screen [24], functions of different DRs agonists and antagonists in autophagy have
been examined in cells and animals [25–31]. However, the DR subtype functions in autophagy by
themselves were not studied directly.

We previously found that ammonia is an endogenous ligand for DRD3. In addition to its role of
inhibiting autophagic flux by modulating intra-vesicular pH, ammonia could also induce autophagy
through DRD3 and mTOR [32]. In this paper, we systematically studied the roles of different DR
subtypes in autophagy and further investigated the intertwined regulation between DRD3 and
autophagy, which seems to be related to AKT-mTOR and AMPK pathways.

2. Results

2.1. Dopamine Receptors D2 and D3 (D2-Like Family) Are Positive Regulators of Autophagy

We previously dissected the mechanism of ammonia-induced autophagy through dopamine
receptors D3 (DRD3) and mTOR [32]. To investigate the exact role of DRD3 itself in autophagy, DRD3
knockdown and autophagy inhibitors were combined to examine autophagic flux level changes. When
DRD3 was knocked down by DRD3 RNAi, the relative LC3B-II, the autophagosome-bound LC3,
was slightly increased (Figure 1A). However, the increased LC3B-II may be the result of increased
autophagy induction or decreased autophagic degradation [2]. It has been well accepted that the
autophagic flux could be more accurately shown by differences in the relative level of LC3-II between
samples in the presence and absence of autophagy inhibitors [2]. In order to examine the autophagic
flux in DRD3 knockdown cells, LC3 turnover assay using autophagy inhibitors CQ or Baf A1 was
performed [3]. Our results show that the autophagic flux was obviously decreased in the DRD3 RNAi
group compared with the negative control group (Figure 1B). Furthermore, the differences were more
significant when higher concentration of Baf A1 and prolonged treatment time were used (Figure 1C).
These evidences show that DRD3 is a positive regulator of autophagy.

Given that both DRD2 and DRD3 belong to D2-like family of DR, we next examined the role
of DRD2 in autophagy regulation. Similarly, LC3 turnover assay also was performed between the
negative control and DRD2 RNAi groups as DRD3 RNAi, which indicated that DRD2 knockdown also
inhibited autophagic flux shown by the relative differences of LC3B-II (Figure 1D), which implies that
DRD2 is a positive regulator of autophagy as well.
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Figure 1. DRD3 and DRD2 knockdown inhibit autophagic flux. (A) Dopamine receptor D3 (DRD3)
RNAi in HeLa cells was used to test the relative level of LC3B-II. (B) DRD3 RNAi was combined with
autophagy inhibitors Chloroquine (CQ) (40 μM) or Baf A1 (20 nM) for 2 h to detect the autophagic
flux in HeLa cells stably expressing GFP-DRD3-3FLAG. (C) DRD3 RNAi was combined with high
concentration of Baf A1 (50 nM) for 24 h to examine the autophagic flux in HeLa cells stably expressing
GFP-DRD3-3FLAG. (D) DRD2 RNAi in HeLa cells was combined with autophagy inhibitors CQ
(40 μM) or Baf A1 (20 nM) for 2 h to detect the autophagic flux. Experiments were repeated at least
three times and representative Western blots are shown. Densitometric analysis was performed and
quantification results were labeled below the corresponding blots. * p < 0.05, ** p < 0.01.

2.2. Dopamine Receptors D1 and D5 (D1-Like Family) Are Negative Regulators of Autophagy

DRD1 and DRD5 belong to D1-like family, and they are functionally different from the D2-like
family members. To investigate the roles of DRD1 and DRD5 in autophagy regulation, HeLa cells
stably expressing DRD1 and DRD5 were established using MSCV infection (Figure S1). Furthermore,
in order to examine the effect of DRD1 knockdown on autophagic flux, Baf A1 combined with DRD1
RNAi induced higher LC3-II level than the negative control, indicating increased autophagic flux after
DRD1 knockdown (Figure 2A). Next we overexpressed DRD1 in HeLa cells and found the DRD1
expression levels were associated with LC3B-II levels (Figure 2B). Moreover, GFP-3FLAG tagged DRD1
was also transiently expressed in 293T cells (Figure 2C), and it was obvious that DRD1 expression
decreased LC3B-II in 293T cells as well (Figure 2C), which was consistent with the results in HeLa cells
(Figure 2B). Therefore, DRD1 knockdown and overexpression experiments in HeLa and 293T cells all
show that DRD1 is a negative regulator of autophagy.

As for the role of DRD5 in autophagy, we also combined overexpression and knockdown
experiments. GFP-3FLAG tagged DRD5 was transiently transfected into 293T cells and the LC3-II
level was obviously decreased compared to vector control (Figure 2C). We also performed LC3
turnover assay in DRD5 knockdown cells using autophagy inhibitor CQ. It was interesting that DRD5
knockdown could increase the LC3-II level in CQ treated cells, indicating increased autophagic flux.
Therefore, DRD5 overexpression and knockdown experiments both show that DRD5 is a negative
regulator of autophagy, which is similar to the other D1-like member, DRD1 (Figure 2C,D).
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Figure 2. DRD1 and DRD5 knockdown promote autophagic flux. (A) DRD1 RNAi was combined
with autophagy inhibitor Baf A1 (20 nM) for 2 h to detect the autophagic flux in HeLa cells stably
expressing DRD1-GFP-3FLAG. (B) Total of 1 μg of MSCV-DRD1-GFP-3FLAG and MSCV-GFP-3FLAG
plasmids were transfected into HeLa cells using lipofectamine 2000 for 48 h. (C) 0.2 or 0.5 μg
MSCV-DRD1/DRD5-GFP-3FLAG or MSCV-GFP-3FLAG plasmid was transfected into 293T cells using
lipofectamine 2000 for 48 h. (D) DRD5 RNAi was combined with autophagy inhibitors CQ (40 μM)
for 2 h to detect the autophagic flux in HeLa cells stably expressing DRD5-GFP-3FLAG. The asterisk
(*) indicates the nonspecific band. Experiments were repeated at least three times and representative
Western blots are shown. Densitometric analysis was performed and quantification results were labeled
below the corresponding blots or in separate panels. * p < 0.05, ** p < 0.01.

2.3. Both Dopamine and Ammonia Induce Dopamine Receptor Degradation

Dopamine is the well-known endogenous ligand for dopamine receptors. Due to the fact that
some ligands could induce the degradation of their receptors [33,34], we therefore studied the effects
of dopamine on dopamine receptor degradation. Notably, dopamine induced the D2-like family
DRD2 and DRD3 degradation and the GFP fragment accumulation from GFP tagged DRD2 or DRD3
(Figure 3A,B). However, the D1-like family DRD1 and DRD5 were much less affected compared with
the D2-like family (Figure 3C,D).

Ammonia, a recently discovered endogenous ligand for DRD3, was shown to induce significant
DRD3 degradation and GFP fragment accumulation from GFP tagged DRD3 [32]. Here we examined
its effects on the degradation of other dopamine receptors. It is interesting that ammonia induced
significant GFP fragment accumulation from GFP tagged DRD2 (Figure 3E), which is similar to DRD3.
However, its effect on the D1-like family DRD1 and DRD5 were not as significant as the D2-like
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family (Figure 3F), which was consistent with the effects of dopamine. Hence, both dopamine and
ammonia could induce significant degradation of D2-like family DRs but only moderately affect the
D1-like family. In another word, the D2-like family DRs seem to be more sensitive to their endogenous
ligand-induced degradation than the D1-like family DRs.

Figure 3. Dopamine and ammonia induce the degradation of D1-like and D2-like dopamine receptors
differentially. (A–D) HeLa cells stably expressing GFP-3FLAG tagged DRD1, 2, 3 and 5 were
treated with different concentrations of dopamine for 24 h. (E,F) HeLa cells stably expressing
GFP-3FLAG tagged DRD1, 2 and 5 were treated with different concentrations of ammonia for 24 h.
The asterisk (*) indicates the nonspecific band. Experiments were repeated at least three times and
representative Western blots are shown. Blue dashed frames show the GFP fragment with shorter
exposure. Densitometric analysis was performed and quantification results were labeled below the
corresponding blots.

2.4. Dopamine and Monoamines Are DRD3 Ligands and Induce DRD3 Internalization and LC3B Increase

Previously, we found that DRD3 is a receptor for ammonia-induced autophagy [32]. Then we
pursued structure-activity analysis of DRD3 ligands, where we quantified the induction of autophagy
by candidate DRD3 ligands. DRD3’s endogenous ligand dopamine contains amine and catechol
functional groups, suggesting that DRD3 might bind and sense these moieties. We first tested the
effect of dopamine, catechol and ammonium chloride on cells and found that although dopamine and
ammonium chloride increased cleaved GFP fragment, catechol did not (Figure 3A and Figure 4A).
This indicates that the ligand-receptor recognition may act through the amine or ammonia functionality
rather than the hydroxyl. Next, we examined several amine derivatives to find out whether other
primary amines can also cause the same effect. Urea was used as a negative control because it is a
carbamide, which does not have a free amino group. We found that ethylamine and propylamine
both increased the cleaved GFP fragment while urea did not (Figure 4A). To compare their ability to
induce GFP-DRD3-3FLAG internalization and modulate autophagy, we examined the localization
of GFP-DRD3-3FLAG (Figure 4B). However, since the methanol fix procedure can not differentiate
internal antigens from external ones because the methanol permeabilizes the cell membrane, we fixed
the cells using formaldehyde and also permeabilized them using 0.1% Triton X-100 to perform
immuno-staining. In this way, the membrane part can be better preserved than methanol fix and
internalized antigens could be detected simultaneously. As shown in Figure 4C, the signals from
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cell surface were reduced in dopamine and monoamines treated groups compared with control
group, which suggested the internalization of surface GFP-DRD3-3FLAG (Figure 4C). It also indicates
similar internalization induced by dopamine and monoamines as in methanol fix (Figure 4B,C).
Also, we analyzed LC3B puncta (Figure 4D) in cells that were treated as in Figure 4B. Our results
show that propylamine and phenethylamine have the strongest phenotype, while catechol and urea
do not increase GFP-DRD3-3FLAG internalization (Figure 4B) or LC3B puncta in cells (Figure 4D).
To measure the downstream G protein mediated traditional GPCR signaling pathway, we used cAMP
assays to measure the effects of these potential ligands. Consistent with the autophagy results, urea
does not affect the cAMP level in CHO-GFP-DRD3-FLAG cells (Figure 4E). However, cAMP assay
results of the other ligands do not completely correlate with autophagy induction. For example,
catechol also induces cAMP changes similar to dopamine and the ethylamine, while propylamine and
phenethylamine-induced cAMP change is much weaker than NH4Cl (Figure 4E). These indicate that
dopamine and monoamines are all DRD3 ligands and they could induce DRD3 internalization and
degradation, as well as LC3B increase, which confirms the role of DRD3 in autophagy.

 

Figure 4. The free amino group is responsible for dopamine and monoamine-induced autophagy and
DRD3 internalization. (A) Representative Western blots show GFP fragment and autophagy levels
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upon addition of different chemicals. The blue dashed lines are helpful to distinguish different
lanes in each group. HeLa cells stably expressing GFP-DRD3-3FLAG were treated with different
concentrations of catechol, NH4Cl, ethylamine, propylamine or urea for 24 h. Densitometric analysis
was performed and quantification results were labeled below the corresponding blots. (B) GFP-
DRD3-3FLAG localizations in cells treated with different chemicals. Immunofluorescence used
anti-FLAG antibody to analyze the localization of GFP-DRD3-3FLAG. HeLa cells stably expressing
GFP-DRD3-3FLAG were treated with dopamine, catechol, NH4Cl, ethylamine, propylamine,
phenethylamine or urea for 24 h. Cells were fixed with methanol, blocked by AbDil-Tx (containing
0.1% Triton X-100) and then subjected to anti-FLAG antibody staining. Experiments were repeated
at least three times and representative results are shown. Scale bar, 10 μm. (C) GFP-DRD3-3FLAG
localizations in cells treated with dopamine and monoamines. Cells treated as Figure 4B were fixed
with 3.7% formaldehyde, blocked by AbDil-Tx (containing 0.1% Triton X-100) and then subjected to
anti-GFP antibody staining. Experiments were repeated at least three times and representative results
are shown. Scale bar, 10 μm. (D) LC3B puncta in cells treated with different chemicals. Quantification
results of the LC3B puncta in HeLa cells stably expressing GFP-DRD3-3FLAG treated with different
concentrations of ammonia, dopamine, urea, catechol and some monoamines. (E) cAMP responses in
cells treated with different chemicals. cAMP-Glo experiment was used to measure cAMP level in CHO
cells that stably express GFP-DRD3-FLAG upon adding NH4Cl, dopamine, catechol, urea, ethylamine,
propylamine or phenethylamine. Data show mean ± SD from three independent experiments.

2.5. AKT-mTOR and AMPK Are Involved in DRD3-Regulated Autophagy

To find out the downstream signaling pathways for dopamine receptor regulated autophagy,
we chose DRD3 and DRD5 as representative D1-/D2-like family receptors for further investigation.
Although dopamine agonist such as quinelorane activates PI3K-AKT-mTOR pathway [35,36], little is
known for the roles of DR themselves in AKT-mTOR pathway. It was interesting that DRD3 knockdown
increased AKT phosphorylation at both Ser-473 and Thr-308 while DRD5 knockdown showed opposite
effects (Figure 5A). Furthermore, DRD3 knockdown increased the mTOR substrate phospho-p70-S6K
(T389) level while DRD5 knockdown showed opposite effect as well (Figure 5A). These results indicate
that the D1 and D2-like family dopamine receptors both can modulate the AKT-mTOR signaling
pathway, but in an opposite way.

To further dissect the underlying mechanism for the autophagy regulation function of dopamine
receptors, we chose DRD3 for further studies. Although dopamine was reported to regulate
AKT-mTOR signaling in human SH-SY5Y neuroblastoma cells [37], the exact role of dopamine on
DRD3 is unclear due to the fact that other DRs are also highly expressed in the neuroblastoma
cells. Therefore, for their low expression of DRs, HeLa cells were selected for dopamine effects on
downstream signaling. HeLa cells stably expressing GFP-DRD3-3FLAG were treated with dopamine or
ammonia, the two reported DRD3 ligands, for different time points. Even as short as for 1 h treatment
of dopamine could obviously inhibit the mTOR substrate phospho-p70-S6K (T389) phosphorylation.
At 8 h, dopamine also induced AKT activation, which is likely due to the negative feedback loop
of mTOR signaling excessive inactivation (Figure 5B). Consistently, ammonia also increased AKT
phosphorylation (Figure S2) and decreased mTOR substrate phospho-p70-S6K (T389) level [32]. These
results confirmed the involvement of AKT-mTOR pathway in dopamine receptor-regulated autophagy.

To further study the relationship between mTOR and dopamine receptors, we established a
HeLa cell line stably expressing GFP-3FLAG tagged GIPC1 (GAIP interacting protein, C terminus),
the downstream scaffold protein for DRD2 and DRD3. Considering that the basal levels of
autophagosome protein LC3B is usually low in untreated cells, we used Baf A1 and ammonia to enrich
autophagosomes. Using co-immunoprecipitation (co-IP) experiments, we added extra 0.1% Triton
X-100 to the MPER buffer that already contained mild detergent to reduce nonspecific binding. It is
obvious that LC3B and mTOR could be pulled out by both GFP-DRD3-FLAG and GIPC1-GFP-3FLAG
(Figure 5C). The interaction between mTOR and DRD3 seem to be much weaker than mTOR and
GIPC1, which implies that DRD3 may rely on GIPC1 to regulate mTOR.
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In addition, we found that AMPK was also affected by DRD3. Specifically, AMPK activity
was inhibited by DRD3 knockdown, which is shown by decreased phosphorylation level of AMPK
α-T172 and β-S108 (Figure 5D). Interestingly, ammonia-induced AMPK signaling inhibition (Figure 5E)
was partially antagonized by DRD3 knockdown, which avoided ammonia-induced excessive AMPK
inhibition in DRD3 knockdown cells (Figure 5E, lane 4 and 8). Therefore, our results show that DRD3
knockdown could increase AKT-mTOR activity and decrease AMPK activity. Given that autophagy
was regulated by the balance between mTOR and AMPK activity and AKT as the upstream kinase
for mTOR [4,5,10], the AKT-mTOR and AMPK pathways might both contribute to the autophagy
regulation by DRD3.

 

Figure 5. AKT (protein kinase B)-mTOR (mechanistic target of rapamycin) and AMPK (AMP-activated
protein kinase) pathways are involved in DRD3-regulated autophagy. (A) DRD3 or DRD5 RNAi
in HeLa wild type or HeLa cells stably expressing DRD5-GFP-3FLAG. (B) HeLa cells stably
expressing GFP-DRD3-3FLAG were treated with increasing concentrations of dopamine for 1 h or
8 h. (C) Co- Immunoprecipitation using anti-FLAG in HeLa cells stably expressing GFP-DRD3-3FLAG
or GIPC1-GFP-3FLAG treated with Baf A1 and/or NH4Cl, in the presence of additional 0.1% Triton
X-100 in IP and washing buffers. (D) DRD3 RNAi in HeLa cells stably expressing GFP-DRD3-3FLAG
decreases AMPK activity shown by AMPKα-T172 and β-S108. (E) DRD3 RNAi in HeLa cells stably
expressing GFP-DRD3-3FLAG partially antagonizes the effect of ammonia-induced AMPKα-T172
and β-S108 inhibition. The blue dashed lines are used to distinguish different parts of the results for
better visualization. Experiments were repeated at least three times and representative Western blots
are shown. Densitometric analysis was performed and quantification results were labeled below the
corresponding blots.
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2.6. Perturbation of Autophagy Machinery Induced DRD3 Degradation Inhibition and Oligomer Increase

The GFP fragment is an intermediate degradation byproduct from GFP-DRD3 because GFP can
be degraded in the lysosomes but not the intermediate autophagosomes [38]. At lower concentrations
of ammonia, GFP fragment could not be easily detected due to lower GFP-DRD3 degradation rate and
robust lysosomal degradation capacity. To further examine the role of autophagy in DRD3 degradation,
the autophagy machinery was perturbed to test the DRD3 protein level changes. Knockdown of
Beclin-1 or ATG7, two core autophagy components, significantly increased the GFP fragment in lower
concentration of ammonia (1 mM, which is not sufficient to induce GFP-DRD3 degradation in control
condition), which indicated the role of autophagy in DRD3 degradation (Supplementary Materials
Figure S3A,B and Figure 6A). These results indicate that autophagy perturbation could sensitize
GFP fragment accumulation, which may be due to the compromised autolysosomal degradation for
intermediate GFP induced by lower concentration of ammonia.

Figure 6. Autophagy inhibition decreases dopamine receptor degradation and increases oligomer
formation. (A) ATG7 RNAi in HeLa cells stably expressing GFP-DRD3-3FLAG were treated with 1 mM
ammonia for 24 h. (B) ATG7 RNAi in HeLa cells stably expressing GFP-DRD3-3FLAG were treated
with different concentrations of dopamine for 24 h. Experiments were repeated at least three times
and representative Western blots are shown. Densitometric analysis was performed and quantification
results were labeled below the corresponding blots.

In the meantime, we noticed that the full length of GFP-DRD3 protein level did not increase
when autophagy machinery was perturbed (Figure 6A, Figure S3A,B). Given that DRD3 might
form oligomers [39], we next examined the oligomer level before and after autophagy machinery
perturbance. In fact, the DRD3 oligomer significantly increased after ATG7 knockdown, indicating the
conditioned accumulation of DRD3 oligomer by autophagy perturbation (Figure 6A). Therefore,
the oligomer-form of DRD3 should also be considered to quantify the total protein amount of
DRD3. In addition, since dopamine could induce DRD3 degradation, we further examined the
role of autophagy in dopamine-induced DRD3 degradation. The LC3B-I to LC3B-II conversion was
also inhibited after ATG7 knockdown, indicating compromised autophagy flux (Figure 6A,B). In the
meantime, after 1 mM of dopamine treatment, almost all GFP-DRD3-3FLAG proteins, including
the full-length monomer form as well as the oligomer form, were degraded (Figure 6B). However,
in ATG7 knockdown cells, there are still some GFP-DRD3-3FLAG monomer and oligomer left,
which indicates that the ammonia-induced DRD3 degradation was inhibited by ATG7 knockdown.
It was also interesting that ATG7 knockdown could alleviated the cytotoxicity of higher concentrations
of dopamine [40], which is likely due to autophagic cell death.
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3. Discussion

The different roles of D1-like and D2-like DR subtypes in autophagy regulation may be due to
their differentially associated G protein and downstream scaffold proteins. D1-like DR subtypes DRD1
and DRD5 are coupled to Gαs G protein while D2-like DR subtypes DRD2 and DRD3 are coupled to
Gαi G protein [17]. Interference of the Gαi with PTX (Pertussis toxin), locking Gαi in the GDP-bound
inactive state, could induce autophagy [41]. In addition, D2-like DRD2 and DRD3 are associated
with the scaffold protein GIPC and it has been evidenced that GIPC induced autophagy in pancreatic
cancer cells [42–44]. We also attempted to clone DRD4 but did not succeed, which is probably due to
the high GC content in DRD4 sequence. Moreover, as DRD4 belongs to D2-like family and its gene
polymorphism [45] encodes different isoforms, here the complex role of DRD4 variants in autophagy
was not discussed. In sum, the differential roles of D1-like and D2-like DRs in autophagy might be
due to the different downstream signaling partners.

Some studies show that dopamine receptor agonists or antagonists are involved in autophagy
regulation. For example, DRD4 antagonists such as L-741, 742 and PNU 96415E disrupted the
autophagy-lysosomal pathway [30]; DRD5 agonists induced autophagy and autophagic cell death [29];
DRD2 antagonists such as raclopride and sertindole induced autophagy [26,31]. Although dopamine
receptors agonists or antagonists participated in autophagy regulation, little was known about the
exact roles of dopamine receptors themselves in autophagy. Hence, based on our previous report,
our study here further confirms that DRs participate in autophagy regulation.

Most GPCRs are internalized by endocytic sorting and degraded by the general lysosome
pathway [46,47]. Moreover, brain cannabinoid 1 receptor has been shown to be degraded by
autophagy [48]. However, whether DRs are degraded through autophagy pathway is still unknown.
Our findings here provide evidences for the autophagic degradation of DRs, which will further
strengthen the link between autophagy and GPCRs degradation.

The main finding of our study concerns that expression of DRD2 and DRD3, by itself, without
interaction with ligands, induces autophagy, and that the opposite situation occurs in the case
of DRD1 and DRD5. Considering the role of autophagy in neurodegenerative diseases [49–51],
constitutive expressing DRs in some neurons might be responsible for the formation of misfolded
proteins and neuro-degeneration. However, since there are many factors affecting autophagy, other
proteins and environmental factors should also be considered for autophagy contribution in some
neurodegenerative diseases, such as Parkinson’s disease and Huntington’s disease when using
autophagy as a therapeutic strategy.

There are some evidences showing that DR could form oligomers, such D1-D2, D1-D3 and
D2-adenosine A2A receptor [39,52–56]. Here we found that DRD3 preferentially existed as oligomers
when autophagy was compromised, which may be a potential indicator for autophagy inhibition in
DRD3 associated diseases. However, whether the accumulated DRD3 oligomers have specific function
or just aggregate due to degradation inhibition is unknown. In addition, whether and how DRs form
oligomers to regulate autophagy also needs to be investigated.

DRs were found as the receptors for dopamine and many neuro-degeneration diseases are
associated with their dysfunction. In this paper, we systematically studied the roles of D1-like and
D2-like family receptors in autophagy regulation. Our results show that D1-like family receptors DRD1
and DRD5 negatively regulate autophagy, while D2-like family receptors DRD2 and DRD3 positively
regulate autophagy. DRD3 generally functions through the downstream cAMP associated signaling
cascade to control intracellular events [57]. Here we found that the AKT-mTOR and AMPK pathways
might participate in DRD3 regulated autophagy, which will provide some clues for the connection
between DR and the intracellular signaling hub. Our findings not only revealed the role of DRD3 in
autophagy but also connected DRD3 signaling with the cellular energy and nutrient sensor, mTOR
and AMPK, which will broaden the scope of DRD3 study and guide combined therapeutics for DR
associated diseases in the future.
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4. Materials and Methods

4.1. Cell Culture and Stable Cell Lines Establishment

HeLa and 293T cells were cultured in DMEM (Corning Cellgro, 15-017-CVR, Manassas, VA,
USA) supplemented with 10% Fetal Bovine Serum (CLARK Bioscience, Richmond, VA, USA),
2 mM GlutaMAX (Gibco, Carlsbad, CA, USA), 100 units/mL of Penicillin-100 μg/mL of
Streptomycin (HyClone, Logan, UT, USA). HeLa-DRD1-GFP-3FLAG, HeLa-DRD2-GFP-3FLAG,
HeLa-GFP-DRD3-3FLAG, HeLa-DRD5-GFP-3FLAG, HeLa-GIPC1-GFP-3FLAG cells were maintained
in DMEM complete medium with 1 μg/mL puromycin (Selleck, Washington, DC, USA).
HeLa-GFP-DRD3-3FLAG cells were established as previously described [32,58]. In addition, HeLa-
DRD1/DRD2/DRD5/GIPC1-GFP-3FLAG cells were established similarly. The cDNA for DRD1/
DRD2/DRD5/GIPC1 were amplified from HeLa cells and cloned into MSCV vector with GFP-3FLAG
in their C-terminus.

4.2. Transient Transfection

HeLa or 293T cells were plated at 30% confluence in 12-well-plate 24 h before experiment. Then
cells were transfected for the plasmids of MSCV-GFP-3FLAG, MSCV-DRD1/DRD5-GFP-3FLAG using
lipofectamine 2000 (Invitrogen, Waltham, MA, USA) and cultured for another 48 h for Western blots.

4.3. RNAi for Dopamine Receptors, ATG7 and Beclin-1

The RNAi assay was conducted as described before [32]. Briefly, for one well in 12-well-plate,
HeLa wild type or the dopamine receptors overexpression cell lines were trypsinized, plated and
transfected with 6 μL Hiperfect (Qiagen, Dusseldorf , Germany) and 2.4 μL siRNAs (20 μM) in
100 μL opti-MEM (Gibco, Carlsbad, CA, USA) according to the manufacture’s protocol. After
72 h incubation, cells were lysed for Western blots. The sequences of siRNA oligos targeted
to human mRNA were as below (5′-3′): Negative or NC: UUCUCCGAACGUGUCACGUTT;
DRD1: GGACCUUGUCUGUACUCAUTT; DRD2: GAAGAAUGGGCAUGCCAAA;
DRD3: GUACAGCCAGCAUCCUUAA; DRD5: GCAGUUCGCUCUAUACCAGTT; ATG7:
CAACAUCCCUGGUUACAAG; Beclin-1: UAAGAUGGGUCUGAAAUUU.

4.4. Western Blots and Co-Immunoprecipitation

Cells were lysed on ice by the M-PER (Thermo Scientific, Waltham, MA, USA) supplemented
with protease and phosphatase inhibitors cocktail (Roche, Basel, Switzerland) for 30 min. The whole
cell lysate was denatured in the final 1× SDS loading buffer at 95 ◦C for 5 min. Then the denatured
samples were subjected to the SDS-PAGE and subsequent Western blots such as PVDF membrane
(Merck, Whitehouse Station, NJ, USA) transfer, primary and HRP-conjugated secondary antibodies
incubation. For co-immunoprecipitation, cells were cultured in 10-cm-dish to 95–100% confluence and
lysed the same as above. The anti-FLAG M2 monoclonal antibody was incubated with Dynabeads
protein G (Invitrogen, Waltham, MA, USA) at room temperature for 45 min on a rotator. The whole
cell lysate were centrifuged at 10,000× g for 1 min to get rid of cell debris and the supernatant was
mixed with antibody-conjugated Dynabeads protein G at 4 ◦C for 45 min on a rotator. After washing
with ice-cold PBST (PBS with 0.04% Tween-20) three times every 5 min at 4 ◦C (using the magnet to
separate the Dynabeads mixture and the supernatant), the Dynabeads were supplemented with lysis
buffer and SDS sample buffer followed by boiling at 95 ◦C for 5 min. And the supernatant was used
as input control. The immunoprecipitates and input were subjected to subsequent SDS-PAGE and
Western blots. The chemiluminesence results were obtained using Tanon Fine-do X6 (Shanghai, China)
catalyzed by Thermo Scientific (Waltham, MA, USA) or Millipore ECL (Billerica, NJ, USA). Results
shown in figures are all representative.
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4.5. Immunofluorescence

HeLa cells expressing GFP-DRD3-3FLAG were grown on coverslips and treated with ammonia,
dopamine, urea, catechol and some monoamines for 24 h. Cells were washed once with PBS and
fixed by −20 ◦C methanol for 5 min or fixed with 3.7% formaldehyde at room temperature for 15 min
and then blocked by AbDil-Tx (TBS-Tx supplemented with 0.1% Triton X-100, 2% BSA and 0.05%
sodium azide) at room temperature for 30 min, followed by primary antibodies (FLAG, GFP or LC3B)
incubation at 4 ◦C overnight. The secondary fluorescently conjugated antibodies were incubated at
room temperature for 1 h and washed by TBS-Tx (TBS added with 0.1% Triton x-100) and mounted
by anti-fade prolong Gold with DAPI (4′,6-Diamidino-2-Phenylindole, Dihydrochloride) (Invitrogen,
Waltham, MA, USA). Images were taken using a Leica DMI4000B fluorescent microscope (Leica Camera,
Wetzlar, Germany) or Zeiss LSM 710 confocal microscope (Carl Zeiss AG, Oberkochen, Germany).
Images shown in figures are all representative results from multiple independent experiments.

4.6. Reagents

The autophagy antibody sampler kit, the antibodies for phospho-S6K (T389/412), S6K, AKT pan,
phospho-AKT (Thr-308), phospho-AKT (Ser-473), mTOR, AMPK Antibody sampler kit, the HRP-linked
anti-rabbit and anti-mouse IgG antibody were all from Cell signaling technology. The anti-GFP
(sc-9996) antibodies were acquired from Santa Cruz. The anti-GAPDH, anti-β-Tubulin and anti-β-Actin
antibodies were from Beijing TransGen Biotech (Beijing, China). Dynabeads Protein G was from
NOVEX. The secondary antibodies and anti-fade prolong Gold with DAPI were from Molecular
Probes. The anti-FLAG M2 monoclonal antibody (F3165), dopamine, chloroquine, NH4Cl were from
Sigma. Ethylamine was from J&K Chemical (Shanghai, China), catechol from Energy Chemical
(Shanghai, China), propylamine and phenethylamine from Tokyo Chemical Industry. GlutaMAX
supplement was from Gibco. Puromycin dehydrochloride was from Selleck. Bafilomycin A1 was from
Cayman. The siRNAs were ordered from GenePharma (Shanghai, China).

4.7. cAMP-Glo Assay

The intracellular cAMP level was monitored by the cAMP-Glo assay (Promega) based on
the reciprocal relationship between the cAMP concentration and the bioluminescence value.
The decreased luminescence reading reflects higher cAMP level in cells. Briefly, 5000 cells (CHO and
CHO-GFP-DRD3-FLAG cells) were plated in white 384-well plate (Corning, Manassas, VA, USA,
3570) 24 h prior to the assay. Cells were washed once with PBS and then were pre-treated with 20 μL
compounds of interest in PBS for 25 min before treated with 7.5 μL compounds in the presence of
1 mM IBMX, 200 μM Ro 20-1724 and 10 μM forskolin for 15 min at room temperature. The subsequent
steps were performed as the manufacture’s protocol indicated. The data were acquired with the
Multimode Plate Reader (EnVision, PerkinElmer, Waltham, MA, USA) and analyzed by GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA).

4.8. Statistical Analysis

ImageJ software (NIH, Bethesda, Maryland, USA) was used for densitometric analysis of
Western blots to quantify the relative protein levels. GraphPad Prism 5 was used for Student’s t-test.
p values < 0.05 were considered as statistically significant.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/19/5/
1540/s1.
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4E-BP1 Translation initiation factor 4E-binding protein 1
AKT Protein kinase B
AMPK AMP-activated protein kinase
ATG7 Autophagy related protein 7
LC3 Microtubule-associated protein 1 light chain 3
mTOR Mechanistic/mammalian target of rapamycin
p70-S6K Ribosomal protein S6 kinase beta-1

References

1. Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;
Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for
monitoring autophagy. Autophagy 2016, 12, 1–222. [CrossRef] [PubMed]

2. Mizushima, N.; Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 2007, 3, 542–545. [CrossRef]
[PubMed]

3. Mizushima, N.; Yoshimori, T.; Levine, B. Methods in mammalian autophagy research. Cell 2010, 140, 313–326.
[CrossRef] [PubMed]

4. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]

5. Egan, D.F.; Shackelford, D.B.; Mihaylova, M.M.; Gelino, S.; Kohnz, R.A.; Mair, W.; Vasquez, D.S.; Joshi, A.;
Gwinn, D.M.; Taylor, R. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects
energy sensing to mitophagy. Science 2011, 331, 456–461. [CrossRef] [PubMed]

6. Sanders, M.J.; Ali, Z.S.; Hegarty, B.D.; Heath, R.; Snowden, M.A.; Carling, D. Defining the mechanism
of activation of AMP-activated protein kinase by the small molecule A-769662, a member of the
thienopyridone family. J. Biol. Chem. 2007, 282, 32539–32548. [CrossRef] [PubMed]

7. Woods, A.; Vertommen, D.; Neumann, D.; Türk, R.; Bayliss, J.; Schlattner, U.; Wallimann, T.; Carling, D.;
Rider, M.H. Identification of phosphorylation sites in AMP-activated protein kinase (AMPK) for upstream
AMPK kinases and study of their roles by site-directed mutagenesis. J. Biol. Chem. 2003, 278, 28434–28442.
[CrossRef] [PubMed]

8. Nojima, H.; Tokunaga, C.; Eguchi, S.; Oshiro, N.; Hidayat, S.; Yoshino, K.-I.; 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]

9. Freudlsperger, C.; Burnett, J.R.; Friedman, J.A.; Kannabiran, V.R.; Chen, Z.; Van Waes, C. EGFR–PI3K–
AKT–mTOR signaling in head and neck squamous cell carcinomas: Attractive targets for molecular-oriented
therapy. Expert Opin. Ther. Targets 2011, 15, 63–74. [CrossRef] [PubMed]

10. Laplante, M.; Sabatini, D.M. mTOR signaling at a glance. J. Cell Sci. 2009, 122, 3589–3594. [CrossRef]
[PubMed]

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

12. Inoki, K.; Corradetti, M.N.; Guan, K.-L. Dysregulation of the TSC-mTOR pathway in human disease.
Nat. Genet. 2005, 37, 19–24. [CrossRef] [PubMed]

13. Johnson, S.C.; Rabinovitch, P.S.; Kaeberlein, M. mTOR is a key modulator of ageing and age-related disease.
Nature 2013, 493, 338–345. [CrossRef] [PubMed]

14. Missale, C.; Nash, S.R.; Robinson, S.W.; Jaber, M.; Caron, M.G. Dopamine receptors: From structure
to function. Physiol. Rev. 1998, 78, 189–225. [CrossRef] [PubMed]

452



Int. J. Mol. Sci. 2018, 19, 1540

15. Vallone, D.; Picetti, R.; Borrelli, E. Structure and function of dopamine receptors. Neurosci. Biobehav. Rev.
2000, 24, 125–132. [CrossRef]

16. Liu, C.; Kershberg, L.; Wang, J.; Schneeberger, S.; Kaeser, P.S. Dopamine Secretion Is Mediated by Sparse
Active Zone-like Release Sites. Cell 2018, 172, 706–718. [CrossRef] [PubMed]

17. Beaulieu, J.-M.; Gainetdinov, R.R. The physiology, signaling, and pharmacology of dopamine receptors.
Pharmacol. Rev. 2011, 63, 182–217. [CrossRef] [PubMed]

18. Gainetdinov, R.R.; Premont, R.T.; Bohn, L.M.; Lefkowitz, R.J.; Caron, M.G. Desensitization of G protein–
coupled receptors and neuronal functions. Annu. Rev. Neurosci. 2004, 27, 107–144. [CrossRef] [PubMed]

19. Pavese, N.; Andrews, T.C.; Brooks, D.J.; Ho, A.K.; Rosser, A.E.; Barker, R.A.; Robbins, T.W.; Sahakian, B.J.;
Dunnett, S.B.; Piccini, P. Progressive striatal and cortical dopamine receptor dysfunction in Huntington’s
disease: A PET study. Brain J. Neurol. 2003, 126, 1127–1135. [CrossRef]

20. Goldman-Rakic, P.S.; Castner, S.A.; Svensson, T.H.; Siever, L.J.; Williams, G.V. Targeting the dopamine D 1
receptor in schizophrenia: Insights for cognitive dysfunction. Psychopharmacology 2004, 174, 3–16. [CrossRef]
[PubMed]

21. Johnson, P.M.; Kenny, P.J. Dopamine D2 receptors in addiction-like reward dysfunction and compulsive
eating in obese rats. Nat. Neurosci. 2010, 13, 635–641. [CrossRef] [PubMed]

22. Gerlach, M.; Double, K.; Arzberger, T.; Leblhuber, F.; Tatschner, T.; Riederer, P. Dopamine receptor agonists
in current clinical use: Comparative dopamine receptor binding profiles defined in the human striatum.
J. Neural Transm. 2003, 110, 1119–1127. [CrossRef] [PubMed]

23. Vellaisamy, K.; Li, G.; Ko, C.-N.; Zhong, H.-J.; Fatima, S.; Kwan, H.-Y.; Wong, C.-Y.; Kwong, W.-J.; Tan, W.;
Leung, C.-H.; et al. Cell imaging of dopamine receptor using agonist labeling iridium(iii) complex. Chem. Sci.
2018, 9, 1119–1125. [CrossRef] [PubMed]

24. Zhang, L.; Yu, J.; Pan, H.; Hu, P.; Hao, Y.; Cai, W.; Zhu, H.; Yu, A.D.; Xie, X.; Ma, D.; et al. Small molecule
regulators of autophagy identified by an image-based high-throughput screen. Proc. Natl. Acad. Sci. USA
2007, 104, 19023–19028. [CrossRef] [PubMed]

25. Li, C.; Guo, Y.; Xie, W.; Li, X.; Janokovic, J.; Le, W. Neuroprotection of pramipexole in UPS impairment
induced animal model of Parkinson's disease. Neurochem. Res. 2010, 35, 1546–1556. [CrossRef] [PubMed]

26. Yan, H.; Li, W.L.; Xu, J.J.; Zhu, S.Q.; Long, X.; Che, J.P. D2 dopamine receptor antagonist raclopride induces
non-canonical autophagy in cardiac myocytes. J. Cell. Biochem. 2013, 114, 103–110. [CrossRef] [PubMed]

27. Wei, C.; Gao, J.; Li, M.; Li, H.; Wang, Y.; Li, H.; Xu, C. Dopamine D2 receptors contribute to cardioprotection
of ischemic post-conditioning via activating autophagy in isolated rat hearts. Int. J. Cardiol. 2016, 203,
837–839. [CrossRef] [PubMed]

28. Wang, J.D.; Cao, Y.L.; Li, Q.; Yang, Y.P.; Jin, M.; Chen, D.; Wang, F.; Wang, G.H.; Qin, Z.H.; Hu, L.F.; et al.
A pivotal role of FOS-mediated BECN1/Beclin 1 upregulation in dopamine D2 and D3 receptor
agonist-induced autophagy activation. Autophagy 2015, 11, 2057–2073. [CrossRef] [PubMed]

29. Leng, Z.G.; Lin, S.J.; Wu, Z.R.; Guo, Y.H.; Cai, L.; Shang, H.B.; Tang, H.; Xue, Y.J.; Lou, M.Q.; Zhao, W.
Activation of DRD5 (dopamine receptor D5) inhibits tumor growth by autophagic cell death. Autophagy
2017, 13, 1404–1419. [CrossRef] [PubMed]

30. Dolma, S.; Selvadurai, H.J.; Lan, X.; Lee, L.; Kushida, M.; Voisin, V.; Whetstone, H.; So, M.; Aviv, T.; Park, N.
Inhibition of dopamine receptor D4 impedes autophagic flux, proliferation, and survival of glioblastoma
stem cells. Cancer Cell 2016, 29, 859–873. [CrossRef] [PubMed]

31. Shin, J.H.; Park, S.J.; Kim, E.S.; Jo, Y.K.; Hong, J.; Cho, D.-H. Sertindole, a potent antagonist at dopamine
D2 receptors, induces autophagy by increasing reactive oxygen species in SH-SY5Y neuroblastoma cells.
Biol. Pharm. Bull. 2012, 35, 1069–1075. [CrossRef] [PubMed]

32. Li, Z.; Ji, X.; Wang, W.; Liu, J.; Liang, X.; Wu, H.; Liu, J.; Eggert, U.S.; Liu, Q.; Zhang, X. Ammonia induces
autophagy through dopamine receptor D3 and MTOR. PLoS ONE 2016, 11, e0153526. [CrossRef] [PubMed]

33. Strous, G.; Kerkhof, P.V.; Govers, R.; Ciechanover, A.; Schwartz, A. The ubiquitin conjugation system is
required for ligand-induced endocytosis and degradation of the growth hormone receptor. EMBO J. 1996,
15, 3806–3812. [PubMed]

34. Alwan, H.A.; van Zoelen, E.J.; van Leeuwen, J.E. Ligand-induced lysosomal epidermal growth factor receptor
(EGFR) degradation is preceded by proteasome-dependent EGFR de-ubiquitination. J. Biol. Chem. 2003, 278,
35781–35790. [CrossRef] [PubMed]

453



Int. J. Mol. Sci. 2018, 19, 1540

35. Salles, M.J.; Herve, D.; Rivet, J.M.; Longueville, S.; Millan, M.J.; Girault, J.A.; la Cour, C.M. Transient and
rapid activation of Akt/GSK-3beta and mTORC1 signaling by D3 dopamine receptor stimulation in dorsal
striatum and nucleus accumbens. J. Neurochem. 2013, 125, 532–544. [CrossRef] [PubMed]

36. La Cour, C.M.; Salles, M.J.; Pasteau, V.; Millan, M.J. Signaling pathways leading to phosphorylation of Akt
and GSK-3beta by activation of cloned human and rat cerebral D(2)and D(3) receptors. Mol. Pharmacol. 2011,
79, 91–105. [CrossRef] [PubMed]

37. Giménez-Xavier, P.; Francisco, R.; Santidrián, A.F.; Gil, J.; Ambrosio, S. Effects of dopamine on LC3-II
activation as a marker of autophagy in a neuroblastoma cell model. Neurotoxicology 2009, 30, 658–665.
[CrossRef] [PubMed]

38. Ni, H.-M.; Bockus, A.; Wozniak, A.L.; Jones, K.; Weinman, S.; Yin, X.-M.; Ding, W.-X. Dissecting the dynamic
turnover of GFP-LC3 in the autolysosome. Autophagy 2011, 7, 188–204. [CrossRef] [PubMed]

39. Nimchinsky, E.A.; Hof, P.R.; Janssen, W.G.; Morrison, J.H.; Schmauss, C. Expression of dopamine D3 receptor
dimers and tetramers in brain and in transfected cells. J. Biol. Chem. 1997, 272, 29229–29237. [CrossRef]
[PubMed]

40. Li, Z.; Zhang, X. Autophagic cell death induced by dopamine and monoamines. Unpublished work.
41. Zhang, T.; Dong, K.; Liang, W.; Xu, D.; Xia, H.; Geng, J.; Najafov, A.; Liu, M.; Li, Y.; Han, X. G-protein-coupled

receptors regulate autophagy by ZBTB16-mediated ubiquitination and proteasomal degradation of Atg14L.
Elife 2015, 4, e06734. [CrossRef] [PubMed]

42. Bhattacharya, S.; Pal, K.; Sharma, A.K.; Dutta, S.K.; Lau, J.S.; Yan, I.K.; Wang, E.; Elkhanany, A.;
Alkharfy, K.M.; Sanyal, A. GAIP interacting protein C-terminus regulates autophagy and exosome biogenesis
of pancreatic cancer through metabolic pathways. PLoS ONE 2014, 9, e114409. [CrossRef] [PubMed]

43. Jeanneteau, F.; Diaz, J.; Sokoloff, P.; Griffon, N. Interactions of GIPC with dopamine D2, D3 but not D4
receptors define a novel mode of regulation of G protein-coupled receptors. Mol. Biol. Cell 2004, 15, 696–705.
[CrossRef] [PubMed]

44. Jeanneteau, F.; Guillin, O.; Diaz, J.; Griffon, N.; Sokoloff, P. GIPC recruits GAIP (RGS19) to attenuate
dopamine D2 receptor signaling. Mol. Biol. Cell 2004, 15, 4926–4937. [CrossRef] [PubMed]

45. Lakatos, K.; Toth, I.; Nemoda, Z.; Ney, K.; Sasvari-Szekely, M.; Gervai, J. Dopamine D4 receptor (DRD4) gene
polymorphism is associated with attachment disorganization in infants. Mol. Psychiatry 2000, 5, 633–637.
[CrossRef] [PubMed]

46. Marchese, A.; Paing, M.M.; Temple, B.R.; Trejo, J. G protein-coupled receptor sorting to endosomes and
lysosomes. Annu. Rev. Pharmacol. Toxicol. 2008, 48, 601–629. [CrossRef] [PubMed]

47. Cho, D.; Zheng, M.; Min, C.; Ma, L.; Kurose, H.; Park, J.H.; Kim, K.M. Agonist-induced endocytosis and
receptor phosphorylation mediate resensitization of dopamine D(2) receptors. Mol. Endocrinol. 2010, 24,
574–586. [CrossRef] [PubMed]

48. He, C.; Wei, Y.; Sun, K.; Li, B.; Dong, X.; Zou, Z.; Liu, Y.; Kinch, L.N.; Khan, S.; Sinha, S. Beclin 2 functions
in autophagy, degradation of G protein-coupled receptors, and metabolism. Cell 2013, 154, 1085–1099.
[CrossRef] [PubMed]

49. Nah, J.; Yuan, J.; Jung, Y.-K. Autophagy in Neurodegenerative Diseases: From Mechanism to Therapeutic Approach.
Mol. Cells 2015, 38, 381–389. [CrossRef] [PubMed]

50. Nixon, R.A. The role of autophagy in neurodegenerative disease. Nat. Med. 2013, 19, 983–997. [CrossRef]
[PubMed]

51. Menzies, F.M.; Fleming, A.; Caricasole, A.; Bento, C.F.; Andrews, S.P.; Ashkenazi, A.; Füllgrabe, J.; Jackson, A.;
Jimenez Sanchez, M.; Karabiyik, C.; et al. Autophagy and Neurodegeneration: Pathogenic Mechanisms and
Therapeutic Opportunities. Neuron 2017, 93, 1015–1034. [CrossRef] [PubMed]

52. Perreault, M.L.; Hasbi, A.; Alijaniaram, M.; Fan, T.; Varghese, G.; Fletcher, P.J.; Seeman, P.; O’Dowd, B.F.;
George, S.R. The dopamine D1-D2 receptor heteromer localizes in dynorphin/enkephalin neurons increased
high affinity state following amphetamine and in schizophrenia. J. Biol. Chem. 2010, 285, 36625–36634.
[CrossRef] [PubMed]

53. Marcellino, D.; Ferré, S.; Casadó, V.; Cortés, A.; Le Foll, B.; Mazzola, C.; Drago, F.; Saur, O.; Stark, H.;
Soriano, A. Identification of dopamine D1–D3 receptor heteromers indications for a role of synergistic D1–D3
receptor interactions in the striatum. J. Biol. Chem. 2008, 283, 26016–26025. [CrossRef] [PubMed]

454



Int. J. Mol. Sci. 2018, 19, 1540

54. Fuxe, K.; Ferré, S.; Canals, M.; Torvinen, M.; Terasmaa, A.; Marcellino, D.; Goldberg, S.R.; Staines, W.;
Jacobsen, K.X.; Lluis, C. Adenosine A2A and dopamine D2 heteromeric receptor complexes and their function.
J. Mol. Neurosci. 2005, 26, 209–220. [CrossRef]

55. Fuxe, K.; Ferré, S.; Genedani, S.; Franco, R.; Agnati, L.F. Adenosine receptor–dopamine receptor interactions
in the basal ganglia and their relevance for brain function. Physiol. Behav. 2007, 92, 210–217. [CrossRef]
[PubMed]

56. Guo, W.; Urizar, E.; Kralikova, M.; Mobarec, J.C.; Shi, L.; Filizola, M.; Javitch, J.A. Dopamine D2 receptors
form higher order oligomers at physiological expression levels. EMBO J. 2008, 27, 2293–2304. [CrossRef]
[PubMed]

57. Hall, D.A.; Strange, P.G. Comparison of the ability of dopamine receptor agonists to inhibit
forskolin-stimulated adenosine 3′ 5′-cyclic monophosphate (cAMP) accumulation via D2L (long isoform)
and D3 receptors expressed in Chinese hamster ovary (CHO) cells. Biochem. Pharmacol. 1999, 58, 285–289.
[CrossRef]

58. Zhang, X.; Wang, W.; Bedigian, A.V.; Coughlin, M.L.; Mitchison, T.J.; Eggert, U.S. Dopamine receptor D3
regulates endocytic sorting by a Prazosin-sensitive interaction with the coatomer COPI. Proc. Natl. Acad.
Sci. USA 2012, 109, 12485–12490. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

455



 International Journal of 

Molecular Sciences

Article

Combined Fluid Shear Stress and Melatonin
Enhances the ERK/Akt/mTOR Signal in Cilia-Less
MC3T3-E1 Preosteoblast Cells

Chi Hyun Kim 1, Eui-Bae Jeung 2 and Yeong-Min Yoo 2,*

1 Department of Biomedical Engineering, College of Health Science, Yonsei University, Wonju,
Gangwon 26493, Korea; chihyun@yonsei.ac.kr

2 Laboratory of Veterinary Biochemistry and Molecular Biology, College of Veterinary Medicine,
Chungbuk National University, Cheongju, Chungbuk 28644, Korea; ebjeung@chungbuk.ac.kr

* Correspondence: yyeongm@hanmail.net; Tel.: +82-10-2454-5309

Received: 30 August 2018; Accepted: 23 September 2018; Published: 26 September 2018

Abstract: We investigated whether combined fluid shear stress (FSS) and melatonin stimulated
signal transduction in cilia-less MC3T3-E1 preosteoblast cells. MC3T3-E1 cells were treated with
chloral hydrate or nocodazole, and mechanotransduction sensor primary cilia were removed.
p-extracellular signal–regulated kinase (ERK) and p-Akt with/without melatonin increased with
nocodazole treatment and decreased with chloral hydrate treatment, whereas p-ERK and p-Akt in
FSS with/without melatonin increased in cilia-less groups compared to cilia groups. Furthermore,
p-mammalian target of rapamycin (mTOR) with FSS-plus melatonin increased in cilia-less groups
compared to only melatonin treatments in cilia groups. Expressions of Bcl-2, Cu/Zn-superoxide
dismutase (SOD), and catalase proteins were higher in FSS with/without melatonin with cilia-less
groups than only melatonin treatments in cilia groups. Bax protein expression was high in FSS-plus
melatonin with chloral hydrate treatment. In chloral hydrate treatment with/without FSS, expressions
of Cu/Zn-SOD, Mn-SOD, and catalase proteins were high compared to only-melatonin treatments.
In nocodazole treatment, Mn-SOD protein expression without FSS was high, and catalase protein level
with FSS was low, compared to only melatonin treatments. These data show that the combination
with FSS and melatonin enhances ERK/Akt/mTOR signal in cilia-less MC3T3-E1, and the enhanced
signaling in cilia-less MC3T3-E1 osteoblast cells may activate the anabolic effect for the preservation
of cell structure and function.

Keywords: fluid shear stress; melatonin; chloral hydrate; nocodazole; MC3T3-E1 cells; primary cilia

1. Introduction

Primary cilium serves as a cellular sensory organelle and mediates mechanosensing or
mechanotransduction in tissues including bone, cartilage, endothelium, and kidney [1–5]. The primary
cilium has recently been highlighted as an organelle in vertebrate development and human genetic
diseases associated with ciliary dysfunction or defects in cilia formation [1]. In bone cells including
osteoblasts and osteocytes, the cilia that project from the cell surface and deflect from fluid
flow are required for osteogenic and bone-resorptive responses to dynamic fluid flow or fluid
shear stress (FSS) [2,6,7]. FSS-induced osteoblasts play an important role in both osteogenesis
and osteoclastogenesis. However, its molecular mechanotransduction mechanism is still to be
understood [2,6,7]. Malone et al. [2] reported that primary cilia mediate mechanosensing in bone cells
by a calcium-independent mechanism, and Kwon et al. [7] showed that primary cilium-dependent
mechanosensing is mediated by adenylyl cyclase 6 and cyclic adenosine monophosphate (AMP)
without intracellular Ca2+ release in bone cells. In a further study, Delaine-Smith et al. [6] investigated
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how primary cilia respond to FSS and mediate flow-induced calcium deposition in osteoblasts.
Saunders et al. described how MC3T3-E1 cells respond to oscillatory fluid flow with an increase
in prostaglandin E2 release [8]. Wadhwa et al. demonstrated that FSS induces the transcription of
cyclooxygenase-2 through the protein kinase A and protein kinase C signaling pathways [9].

Melatonin functions as a broad-spectrum antioxidant [10–12] and has anti-apoptotic and
anti-autophagic effects [13–17]. Moreover, melatonin modulates osteogenic and adipogenic
differentiation, in different kinds of mesenchymal stem cells, including dental pulp-derived stem
cells and adipose-derived stem cells [18,19]. Recently, Kim and Yoo [20] reported that a combination
of FSS and melatonin activates anabolic proteins through the p-ERK in MC3T3-E1 osteoblast cells.
Moreover, melatonin has a significant effect on bone formation through the regulation of differentiation
in osteoblasts and osteoclasts [21,22], indicating that melatonin may have the potential to regulate
anabolic and catabolic responses in bone remodeling. However, the influence of melatonin combined
with FSS in cilia-less osteoblasts has not been elucidated. In this study, we investigated whether
combined FSS and melatonin stimulated signal transduction in cilia-less MC3T3-E1 osteoblast cells.

2. Results

We investigated whether the combination of FSS and melatonin stimulated signal transduction in
cilia-less MC3T3-E1 preosteoblast cells. MC3T3-E1 cells were treated with chloral hydrate (4 mM) for
3 days or nocodazole (10 μg/mL) for 4 h, and then its primary cilia, as sensors of mechanotransduction,
were removed (Figure 1). p-ERK and p-Akt with/without melatonin treatment (0.1, 1 mM) were
increased with nocodazole treatment and decreased with chloral hydrate treatment (Figure 2), whereas
p-ERK and p-Akt in FSS with/without melatonin were increased with cilia-less groups compared to
cilia groups (Figure 3).

 
Figure 1. Removal of primary cilia in MC3T3-E1 cells as a sensor of mechanotransduction. MC3T3-E1
cells were treated with chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h at 37 ◦C
and 5% CO2. The cilia in MC3T3-E1 cells were incubated using an anti-vinculin antibody. Scale bar
represents 20 μm.
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Figure 2. p-ERK and p-Akt expressions in MC3T3-E1 cells with/without melatonin treatment.
MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2.
MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral hydrate
(4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. p-ERK and p-Akt expressions were identified by
Western blots (A). p-ERK (B) and p-Akt (C) expressions were quantified with ImageJ analysis software.
* p < 0.05, *** p < 0.001 vs. FBS alone; ## p < 0.01, ### p < 0.001 vs. FBS + chloral hydrate; % p < 0.05,
%%% p < 0.001 vs. FBS + nocodazole.

p-mTOR (Ser2481) with/without melatonin treatment was decreased in chloral hydrate treatment,
and p-mTORs (Ser2448, Ser2481) were increased in nocodazole treatment (Figure 4). In FSS-plus
melatonin treatments, p-mTORs (Ser2448, Ser2481) were significantly increased in cilia-less groups
compared to only melatonin treatments in cilia groups (Figure 5). These data indicate that combination
with FSS and melatonin enhance ERK/Akt/mTOR signal in cilia-less MC3T3-E1.

Expression of Bcl-2 protein with/without melatonin treatment in chloral hydrate treatment was
increased, and Bax protein expression was decreased (Figure 6). In FSS-plus melatonin treatments,
expressions of Bcl-2 and Bax proteins in chloral hydrate treatment were significantly increased
compared to only melatonin treatments in cilia groups, whereas expression of Bcl-2 protein in
nocodazole treatment was significantly increased (Figure 7).

In chloral hydrate treatment with/without FSS, the expressions of Cu/Zn-SOD, Mn-SOD,
and catalase proteins were high compared to only melatonin treatments (Figures 8 and 9).
In nocodazole treatment, the expression of Mn-SOD protein without FSS was high (Figure 8), and the
expression of catalase protein with FSS was low, compared to only melatonin treatment (Figure 9).
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Figure 3. p-ERK and p-Akt expressions in MC3T3-E1 cells with/without fluid shear stress and/or
melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C
with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa maximum
shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with
chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. p-ERK and p-Akt expressions
were identified by Western blots (A). p-ERK (B) and p-Akt (C) were quantified with ImageJ analysis
software. *** p < 0.001 vs. FBS alone; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. FBS + chloral hydrate;
%%% p < 0.001 vs. FBS + nocodazole; &&& p < 0.001, no FSS vs. FSS + chloral hydrate; +++ p < 0.001, FSS
vs. FSS + chloral hydrate.

 

Figure 4. p-mTOR (Ser2448, Ser2481) expressions in MC3T3-E1 cells with/without melatonin treatment.
MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2.
MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral hydrate
(4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. p-mTOR (Ser2448, Ser2481) expressions were
identified by Western blots (A). p-mTOR (Ser2448) (B) and p-mTOR (Ser2481) (C) were quantified with
ImageJ analysis software. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. FBS alone; ### p < 0.001 vs. FBS +
chloral hydrate; %% p < 0.01, %%% p < 0.001 vs. FBS + nocodazole.
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Figure 5. p-mTOR (Ser2448, Ser2481) expressions in MC3T3-E1 cells with/without fluid shear stress
(FSS) and/or melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10%
FBS at 37 ◦C with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa
maximum shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) treated
with chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. p-mTOR (Ser2448, Ser2481)
expressions were identified by Western blots (A). p-mTOR (Ser2448) (B) and p-mTOR (Ser2481) (C)
were quantified with ImageJ analysis software. ** p < 0.01, *** p < 0.001 vs. FBS alone; ### p < 0.001 vs.
FBS + chloral hydrate; %%% p < 0.001 vs. FBS + nocodazole; &&& p < 0.001, no FSS vs. FSS + chloral
hydrate; +++ p < 0.001, FSS vs. FSS + chloral hydrate.

Figure 6. Cont.
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Figure 6. The expressions of Bcl-2 and Bax proteins in MC3T3-E1 cells with/without melatonin
treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS at 37 ◦C with 5%
CO2. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) were treated with chloral
hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. Bcl-2 and Bax expressions were identified
by Western blots (A). Bcl-2 (B) and Bax (C) were quantified with ImageJ analysis software. *** p < 0.001
vs. FBS alone; ### p < 0.001 vs. FBS + chloral hydrate; %%% p < 0.001 vs. FBS + nocodazole.

 
Figure 7. The expressions of Bcl-2 and Bax proteins in MC3T3-E1 cells with/without fluid shear stress
and/or melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10% FBS
at 37 ◦C with 5% CO2. Fluid flow stress experiments were performed at 1 Hz frequency and ±1 Pa
maximum shear stress. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) treated with
chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. Bcl-2 and Bax expressions were
identified by Western blots (A). Bcl-2 (B) and Bax (C) were quantified with ImageJ analysis software.
*** p < 0.001 vs. FBS alone; ### p < 0.001 vs. FBS + chloral hydrate; %%% p < 0.001 vs. FBS + nocodazole;
&&& p < 0.001, no FSS vs. FSS + chloral hydrate; +++ p < 0.001, FSS vs. FSS + chloral hydrate.
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Figure 8. The expressions of Cu/Zn-SOD, Mn-SOD, and catalase proteins in MC3T3-E1 cells
with/without melatonin treatment. MC3T3-E1 cells were incubated in α-MEM supplemented with 10%
FBS at 37 ◦C with 5% CO2. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) treated
with chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h. Cu/Zn-SOD, Mn-SOD,
and catalase proteins were identified by Western blots (A). Cu/Zn-SOD (B), Mn-SOD (C), and catalase
proteins (D) were quantified with ImageJ analysis software. ** p < 0.01, *** p < 0.001 vs. FBS alone;
## p < 0.01, ### p < 0.001 vs. FBS +chloral hydrate; %% p < 0.01, %%% p < 0.001 vs. FBS + nocodazole.
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Figure 9. The expressions of Cu/Zn-SOD, Mn-SOD, and catalase proteins in MC3T3-E1 cells
with/without fluid shear stress (FSS) and/or melatonin treatment. MC3T3-E1 cells were incubated
in α-MEM supplemented with 10% FBS at 37 ◦C with 5% CO2. Fluid flow stress experiments were
performed at 1 Hz frequency and ±1 Pa maximum shear stress. MC3T3-E1 cells in the presence
or absence of melatonin (0.1, 1 mM) treated with chloral hydrate (4 mM) for 3 days or nocodazole
(10 μg/mL) for 4 h. Cu/Zn-SOD, Mn-SOD, and catalase proteins were identified by Western blots
(A). Cu/Zn-SOD (B), Mn-SOD (C), and catalase proteins (D) were quantified with ImageJ analysis
software. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. FBS alone; # p < 0.05, ### p < 0.001 vs. FBS + chloral
hydrate; %% p < 0.01, %%% p < 0.001 vs. FBS + nocodazole; & p < 0.05, &&& p < 0.001, no FSS vs. FSS +
chloral hydrate; ++ p < 0.01, FSS vs. FSS + chloral hydrate.

3. Discussion

Our recent study reported that melatonin combined with FSS activates anabolic proteins through
p-ERK in MC3T3-E1 preosteoblast cells [20]. This investigation, carried out in MC3T3-E1 osteoblast
cells with primary cilia under FSS and melatonin, showed that p-ERK, p-Akt, and p-mTOR (Ser 2481)
expressions increased with the addition of 1 mM melatonin compared to 0.1 mM melatonin treatment.
The results of the current study show that p-ERK, p-Akt, and p-mTOR in FSS with/without melatonin
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increased in cilia-less groups compared to cilia groups, suggesting that the enhanced signaling in
cilia-less MC3T3-E1 preosteoblast cells may be activated when combined with FSS and melatonin.

In this study, primary cilia were removed with chloral hydrate or nocodazole in MC3T3-E1
cells, demonstrating that the increase of phosphorylation of ERK/Akt/mTOR in cilia-less MC3T3-E1
osteoblast cells under FSS may be activated for the preservation of cell structure and function.
Delaine-Smith et al. proved that damage or removal of primary cilia with chloral hydrate inhibited
fluid flow-induced mineral/calcium deposition, suggesting that primary cilia were a mechanosensor
in bone cells, and highlighting their relevance in clinical treatments of bone disorders caused by
dysfunctional responses to loading [6]. Jeon et al. [23] showed that osteoblastic cells with primary cilia
by fluid flow stress induced an increase of COX-2 level and PGE2 release via focal adhesions and Akt
phosphorylation. Malone et al. [2] suggested that primary cilia, in response to dynamic fluid flow,
regulate osteopontin gene expression and MAPK phosphorylation in bone cells via tissue-specific
pathways. Praetorius and Spring [24] demonstrated that chloral hydrate did not impair the Ca2+

mobilization machinery in MDCK cells, indicating that the primary cilium in MDCK cells functions
as a Ca2+ sensor. Alenghat et al. [25] reported that nocodazole-treated kidney epithelial cells remove
the fluid flow-induced intracellular calcium response, suggesting that disrupting the cytoskeleton in
the cytoplasm may influence the function of the primary cilium to maintain its mechanotransduction
response. Furthermore, nocodazole impairs tubulin polymerization in human HT-29 colon carcinoma
cells, indicating that cellular interactions with the cell cytoskeleton are strongly influenced by fluid
flow shear stress [26].

MAPK signaling is activated in osteoblasts that are stimulated with FSS [27–32], and Ca2+

change from extracellular Ca2+ entry or intracellular Ca2+ release is important for ERK activation
in osteoblasts [30,33]. However, primary cilium-dependent mechanotransduction in bone cells is
mediated by adenylyl cyclase 6 and cyclic AMP without intracellular Ca2+ release in bone cells [2,7],
whereas another study showed that primary cilia under FSS mediate flow-induced calcium deposition
in osteoblasts [6]. Thus, the mechanotransduction pathway on primary cilium dependence and
independence may not be unique to bone cells but activates the anabolic effect under FSS [20,34].
For example, bending the primary cilium by suction with a micropipette or by increasing the flow rate
of perfusate has been shown to increase extracellular Ca2+ in kidney cells, whereas manipulation of the
apical membrane does not [35]. Praetorius and Spring also demonstrated that the flow-induced Ca2+

response is not inhibited by removal of the primary cilium with 4 mM chloral hydrate treatment [35].
FSS-induced activation of the phosphoinositide-3 kinase (PI3K)/Akt pathway may promote

anabolic responses in osteoblasts [20,36,37]. Rangaswami et al. [38] reported that FSS-induced
osteoblasts activate Akt/ERK signaling with the anabolic response of bone. Triplett et al. [39] found that
FSS may regulate IGF-I-activated p-Akt and p-ERK signaling in osteoblasts. These studies demonstrate
that Akt phosphorylation is required for primary, cilia-mediated, FSS-induced upregulation of
osteogenic responses. In the present study, p-Akt in FSS with/without melatonin were increased
with cilia-less groups compared with cilia groups in MC3T3-E1 cells (Figure 3). Similar to p-ERK
increase, FSS in osteoblast activates p-Akt as an important stimulator in the cilium-dependent and
cilium-independent mechanotransduction pathways.

Kim and Yoo [20] demonstrated that FSS and melatonin in combination increase the expression of
anabolic proteins through the Akt/mTOR in MC3T3-E1 osteoblast cells. Lee et al. [40] provided insights
into the mechanisms by which oscillatory shear stress induces osteoblast-like MG63 cells proliferation
through the upregulation of PI3K/Akt/mTOR/p70S6K pathways. However, the relevance between
the osteoblast-signaling pathway and anabolic proteins expression in response to mechanical stimuli is
not currently known. Our present study demonstrated that FSS induces phosphorylation of mTOR in
osteoblast cells with/without cilium.

In chloral hydrate treatment with/without FSS, expressions of Bcl-2, Bax, Cu/Zn-SOD, Mn-SOD,
and catalase proteins were high compared to only melatonin treatments (Figures 7–9). In nocodazole
treatment, expression of Mn-SOD protein without FSS was high (Figure 8), and expression of catalase
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protein with FSS was low, compared to only melatonin treatments (Figure 9). The effects of FSS
increasing antioxidant proteins including Bcl-2, Cu/Zn-SOD, Mn-SOD, and catalase in osteoblast or
osteocyte cells are not well known [20,41]. Therefore, it is necessary to study antioxidant proteins
under FSS.

In conclusion, we found that combined FSS and melatonin enhance ERK/Akt/mTOR signal in
cilia-less MC3T3-E1. The increase of p-ERK/p-Akt/p-mTOR may have resulted from the total influence
of combined FSS and melatonin in MC3T3-E1 osteoblast cells with and without cilia, and, especially,
the enhanced signaling in cilia-less MC3T3-E1 osteoblast cells may activate the anabolic effect required
for the preservation of cell structure and function.

4. Materials and Methods

4.1. Cell Culture

MC3TC-E1 osteoblast cells were purchased from ATCC (Manassas, MD, USA) and cultured
in α-minimum essential medium (α-MEM; Gibco BRL, Gaithersburg, MD, USA) with 10%
heat-inactivated fetal bovine serum (FBS; Gibco BRL, Gaithersburg, MD, USA) at 37 ◦C with 5% CO2.

4.2. Treatment of Chloral Hydrate or Nocodazole and Fluid Flow-Induced Shear Stress

Cells at a density of 1 × 106 cells were placed in glass slides under sterile conditions. Fluid flow
stress was produced by a syringe that was driven by an actuator at a frequency of 1 Hz and a maximum
shear stress of ±1 Pa. MC3T3-E1 cells in the presence or absence of melatonin (0.1, 1 mM) with the
treatment of chloral hydrate (4 mM) for 3 days or nocodazole (10 μg/mL) for 4 h were incubated at
37 ◦C and 5% CO2 for 1 h. Control cells were placed in flow chambers for 1 h with no fluid flow.

4.3. Immunofluorescence

Fixed cells were incubated overnight at 4 ◦C with a vinculin monoclonal antibody (clone 7F9,
1:330, Millipore, San Diego, CA, USA) and incubated with FITC-conjugated goat anti-mouse antibody
(1:200, Millipore, San Diego, CA, USA). Fluorescence-labeled cells were visualized by fluorescence
microscopy (Carl Zeiss, San Diego, CA, USA).

4.4. Western Blot Analysis

Cells were harvested, washed two times with ice-cold PBS and then resuspended in 20 mM
Tris-HCl buffer (pH 7.4) containing 1% NP-40, 0.1 mM phenylmethylsulfonyl fluoride, 5 μg/mL
aprotinin, 5 μg/mL pepstatin A, 1 μg/mL chymostatin, 5 mM Na3VO4 and 5 mM NaF. The cell lysate
was centrifuged at 13,000× g for 20 min at 4 ◦C. Protein concentration was determined using the
BCA assay (Sigma, St Louis, MO, USA). Proteins were separated by Tris-Glycine SDS-PAGE and
then transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was incubated
with antibodies, indicated as follows: p-Akt and Akt (1:1000, Cell Signaling Technology, Beverly,
MA, USA); p-ERK and ERK (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA); mTOR (1:500,
Santa Cruz Biotechnology); Bax and Bcl-2 (1:500, Santa Cruz Biotechnology); catalase, Cu/Zn-SOD,
Mn-SOD (1:1000, Cell Signaling Technology), and GAPDH (1:1000, Assay Designs, Ann Arbor, MI,
USA). The membrane was exposed to X-ray film; protein bands were scanned and measured using
ImageJ analysis software (version 1.37; Wayne Rasband, NIH, Bethesda, MD, USA), and normalized
by GAPDH, an internal control.

4.5. Statistical Analysis

Data analysis was performed with Prism software (GraphPad Software Inc., San Diego, CA, USA).
Values are presented as means ± SD and considered statistically significant when p < 0.05.

465



Int. J. Mol. Sci. 2018, 19, 2929

Author Contributions: Conceptualization, C.H.K. and Y.-M.Y.; Data curation, E.-B.J.; Formal analysis, C.H.K. and
Y.-M.Y.; Funding acquisition, C.H.K.; Supervision, Y.-M.Y.; Validation, Y.-M.Y.; Writing original draft, Y.-M.Y.;
Review & editing, C.H.K., E.-B.J. and Y.-M.Y.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2015R1D1A1A01060699).

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

References

1. Goetz, S.C.; Anderson, K.V. The primary cilium: A signalling centre during vertebrate development.
Nat. Rev. Genet. 2010, 11, 331–344. [CrossRef] [PubMed]

2. Malone, A.M.; Anderson, C.T.; Tummala, P.; Kwon, R.Y.; Johnston, T.R.; Stearns, T.; Jacobs, C.R. Primary cilia
mediate mechanosensing in bone cells by a calcium-independent mechanism. Proc. Natl. Acad. Sci. USA
2007, 104, 13325–13330. [CrossRef] [PubMed]

3. Satir, P.; Pedersen, L.B.; Christensen, S.T. The primary cilium at a glance. J. Cell Sci. 2010, 123, 499–503.
[CrossRef] [PubMed]

4. Egorova, A.D.; Khedoe, P.P.; Goumans, M.J.; Yoder, B.K.; Nauli, S.M.; ten Dijke, P.; Poelmann, R.E.; Hierck, B.P.
Lack of primary cilia primes shear-induced endothelial-to-mesenchymal transition. Circ. Res. 2011, 108,
1093–1101. [CrossRef] [PubMed]

5. Raghavan, V.; Rbaibi, Y.; Pastor-Soler, N.M.; Carattino, M.D.; Weisz, O.A. Shear stress-dependent regulation
of apical endocytosis in renal proximal tubule cells mediated by primary cilia. Proc. Natl. Acad. Sci. USA
2014, 111, 8506–8511. [CrossRef] [PubMed]

6. Delaine-Smith, R.M.; Sittichokechaiwut, A.; Reilly, G.C. Primary cilia respond to fluid shear stress and
mediate flow-induced calcium deposition in osteoblasts. FASEB J. 2014, 28, 430–439. [CrossRef] [PubMed]

7. Kwon, R.Y.; Temiyasathit, S.; Tummala, P.; Quah, C.C.; Jacobs, C.R. Primary cilium-dependent
mechanosensing is mediated by adenylyl cyclase 6 and cyclic AMP in bone cells. FASEB J. 2010, 24,
2859–2868. [CrossRef] [PubMed]

8. Saunders, M.M.; You, J.; Trosko, J.E.; Yamasaki, H.; Li, Z.; Donahue, H.J.; Jacobs, C.R. Gap junctions and fluid
flow response in MC3T3-E1 cells. Am. J. Physiol. Cell Physiol. 2001, 281, C1917–C1925. [CrossRef] [PubMed]

9. Wadhwa, S.; Choudhary, S.; Voznesensky, M.; Epstein, M.; Raisz, L.; Pilbeam, C. Fluid flow induces COX-2
expression in MC3T3-E1 osteoblasts via a PKA signaling pathway. Biochem. Biophys. Res. Commun. 2002, 297,
46–51. [CrossRef]

10. Jung-Hynes, B.; Reiter, R.J.; Ahmad, N. Sirtuins, melatonin and circadian rhythms: Building a bridge between
aging and cancer. J. Pineal Res. 2010, 48, 9–19. [PubMed]

11. Blask, D.E.; Hill, S.M.; Dauchy, R.T.; Xiang, S.; Yuan, L.; Duplessis, T.; Mao, L.; Dauchy, E.; Sauer, L.A.
Circadian regulation of molecular, dietary, and metabolic signaling mechanisms of human breast cancer
growth by the nocturnal melatonin signal and the consequences of its disruption by light at night.
J. Pineal Res. 2011, 51, 259–269. [CrossRef] [PubMed]

12. Rodriguez, C.; Mayo, J.C.; Sainz, R.M.; Antolín, I.; Herrera, F.; Martín, V.; Reiter, R.J. Regulation of antioxidant
enzymes: A significant role for melatonin. J. Pineal Res. 2004, 36, 1–9. [CrossRef] [PubMed]

13. Yoo, Y.M.; Yim, S.V.; Kim, S.S.; Jang, H.Y.; Lea, H.Z.; Hwang, G.C.; Kim, J.W.; Kim, S.A.; Lee, H.J.; Kim, C.J.;
et al. Melatonin suppresses NO-induced apoptosis via induction of Bcl-2 expression in PGT-β immortalized
pineal cells. J. Pineal Res. 2002, 33, 146–150. [CrossRef] [PubMed]

14. Choi, S.I.; Joo, S.S.; Yoo, Y.M. Melatonin prevents nitric oxide-induced apoptosis by increasing the interaction
between 14-3-3beta and p-Bad in SK-N-MC cells. J. Pineal Res. 2008, 44, 95–100. [PubMed]

15. Joo, S.S.; Yoo, Y.M. Melatonin induces apoptotic death in LNCaP cells via p38 and JNK pathways: Therapeutic
implications for prostate cancer. J. Pineal Res. 2009, 47, 8–14. [CrossRef] [PubMed]

16. Yoo, Y.M.; Jeung, E.B. Melatonin suppresses cyclosporine A-induced autophagy in rat pituitary GH3 cells.
J. Pineal Res. 2010, 48, 204–211. [CrossRef] [PubMed]

17. Kim, C.H.; Kim, K.H.; Yoo, Y.M. Melatonin protects against apoptotic and autophagic cell death in C2C12
murine myoblast cells. J. Pineal Res. 2011, 50, 241–249. [CrossRef] [PubMed]

466



Int. J. Mol. Sci. 2018, 19, 2929

18. Basoli, V.; Santaniello, S.; Cruciani, S.; Ginesu, G.C.; Cossu, M.L.; Delitala, A.P.; Serra, P.A.; Ventura, C.;
Maioli, M. Melatonin and Vitamin D Interfere with the Adipogenic Fate of Adipose-Derived Stem Cells.
Int. J. Mol. Sci. 2017, 18, 981. [CrossRef] [PubMed]

19. Maioli, M.; Basoli, V.; Santaniello, S.; Cruciani, S.; Delitala, A.P.; Pinna, R.; Milia, E.; Grillari-Voglauer, R.;
Fontani, V.; Rinaldi, S.; et al. Osteogenesis from Dental Pulp Derived Stem Cells: A Novel Conditioned
Medium Including Melatonin within a Mixture of Hyaluronic, Butyric, and Retinoic Acids. Stem Cells Int.
2016, 2016, 2056416. [CrossRef] [PubMed]

20. Kim, C.H.; Yoo, Y.M. Fluid shear stress and melatonin in combination activate anabolic proteins in MC3T3-E1
osteoblast cells. J. Pineal Res. 2013, 54, 453–461. [CrossRef] [PubMed]

21. Sánchez-Barceló, E.J.; Mediavilla, M.D.; Tan, D.X.; Reiter, R.J. Scientific basis for the potential use of melatonin
in bone diseases: Osteoporosis and adolescent idiopathic scoliosis. J. Osteoporos. 2010, 2010, 830231.
[CrossRef] [PubMed]

22. Roth, J.A.; Kim, B.G.; Lin, W.L.; Cho, M.I. Melatonin promotes osteoblast differentiation and bone formation.
J. Biol. Chem. 1999, 274, 22041–22047. [CrossRef] [PubMed]

23. Jeon, O.H.; Yoo, Y.M.; Kim, K.H.; Jacobs, C.R.; Kim, C.H. Primary Cilia-Mediated Osteogenic Response to
Fluid Flow Occurs via Increases in Focal Adhesion and Akt Signaling Pathway in MC3T3-E1 Osteoblastic
Cells. Cell Mol. Bioeng. 2011, 4, 379–388. [CrossRef]

24. Praetorius, H.A.; Spring, K.R. Bending the MDCK cell primary cilium increases intracellular calcium.
J. Membr. Biol. 2001, 184, 71–79. [CrossRef] [PubMed]

25. Alenghat, F.J.; Nauli, S.M.; Kolb, R.; Zhou, J.; Ingber, D.E. Global cytoskeletal control of mechanotransduction
in kidney epithelial cells. Exp. Cell Res. 2004, 301, 23–30. [CrossRef] [PubMed]

26. Haier, J.; Nicolson, G.L. Role of the cytoskeleton in adhesion stabilization of human colorectal carcinoma
cells to extracellular matrix components under dynamic conditions of laminar flow. Clin. Exp. Metast. 1999,
17, 713–721. [CrossRef]

27. Liu, D.; Genetos, D.C.; Shao, Y.; Geist, D.J.; Li, J.; Ke, H.Z.; Turner, C.H.; Duncan, R.L. Activation of
extracellular-signal regulated kinase (ERK1/2) by fluid shear is Ca2+- and ATP-dependent in MC3T3-E1
osteoblasts. Bone 2008, 42, 644–652. [CrossRef] [PubMed]

28. Jackson, R.A.; Kumarasuriyar, A.; Nurcombe, V.; Cool, S.M. Long-term loading inhibits ERK1/2
phosphorylation and increases FGFR3 expression in MC3T3-E1 osteoblast cells. J. Cell Physiol. 2006, 209,
894–904. [CrossRef] [PubMed]

29. Gabarin, N.; Gavish, H.; Muhlrad, A.; Chen, Y.C.; Namdar-Attar, M.; Nissenson, R.A.; Chorev, M.;
Bab, I. Mitogenic G(i) protein-MAP kinase signaling cascade in MC3T3-E1 osteogenic cells: Activation
by C-terminal pentapeptide of osteogenic growth peptide [OGP(10–14)] and attenuation of activation by
cAMP. J. Cell Biochem. 2001, 81, 594–603. [CrossRef] [PubMed]

30. Jessop, H.L.; Rawlinson, S.C.; Pitsillides, A.A.; Lanyon, L.E. Mechanical strain and fluid movement both
activate extracellular regulated kinase (ERK) in osteoblast-like cells but via different signaling pathways.
Bone 2002, 31, 186–194. [CrossRef]

31. Alford, A.I.; Jacobs, C.R.; Donahue, H.J. Oscillating fluid flow regulates gap junction communication in
osteocytic MLO-Y4 cells by an ERK1/2 MAP kinase-dependent mechanism. Bone 2003, 33, 64–70. [CrossRef]

32. Jiang, G.L.; White, C.R.; Stevens, H.Y.; Frangos, J.A. Temporal gradients in shear stimulate osteoblastic
proliferation via ERK1/2 and retinoblastoma protein. Am. J. Physiol. Endocrinol. Metab. 2002, 283, E383–E389.
[CrossRef] [PubMed]

33. Choudhary, S.; Wadhwa, S.; Raisz, L.G.; Alander, C.; Pilbeam, C.C. Extracellular calcium is a potent inducer
of cyclo-oxygenase-2 in murine osteoblasts through an ERK signaling pathway. J. Bone Miner. Res. 2003, 18,
1813–1824. [CrossRef] [PubMed]

34. You, J.; Reilly, G.C.; Zhen, X.; Yellowley, C.E.; Chen, Q.; Donahue, H.J.; Jacobs, C.R. Osteopontin gene
regulation by oscillatory fluid flow via intracellular calcium mobilization and activation of mitogen-activated
protein kinase in MC3T3–E1 osteoblasts. J. Biol. Chem. 2001, 276, 13365–13371. [CrossRef] [PubMed]

35. Praetorius, H.A.; Spring, K.R. Removal of the MDCK cell primary cilium abolishes flow sensing.
J. Membr. Biol. 2003, 191, 69–76. [CrossRef] [PubMed]

36. Norvell, S.M.; Alvarez, M.; Bidwell, J.P.; Pavalko, F.M. Fluid shear stress induces beta-catenin signaling in
osteoblasts. Calcif. Tissue Int. 2004, 75, 396–404. [CrossRef] [PubMed]

467



Int. J. Mol. Sci. 2018, 19, 2929

37. Pavalko, F.M.; Gerard, R.L.; Ponik, S.M.; Gallagher, P.J.; Jin, Y.; Norvell, S.M. Fluid shear stress inhibits
TNF-alpha-induced apoptosis in osteoblasts: A role for fluid shear stress-induced activation of PI3-kinase
and inhibition of caspase-3. J. Cell Physiol. 2003, 194, 194–205. [CrossRef] [PubMed]

38. Rangaswami, H.; Schwappacher, R.; Tran, T.; Chan, G.C.; Zhuang, S.; Boss, G.R.; Pilz, R.B. Protein
kinase G and focal adhesion kinase converge on Src/Akt/β-catenin signaling module in osteoblast
mechanotransduction. J. Biol. Chem. 2012, 287, 21509–21519. [CrossRef] [PubMed]

39. Triplett, J.W.; O’Riley, R.; Tekulve, K.; Norvell, S.M.; Pavalko, F.M. Mechanical loading by fluid shear stress
enhances IGF-1 receptor signaling in osteoblasts in a PKCzeta-dependent manner. Mol. Cell Biomech. 2007, 4,
13–25. [PubMed]

40. Lee, D.Y.; Li, Y.S.; Chang, S.F.; Zhou, J.; Ho, H.M.; Chiu, J.J.; Chien, S. Oscillatory flow-induced proliferation
of osteoblast-like cells is mediated by alphavbeta3 and beta1 integrins through synergistic interactions of
focal adhesion kinase and Shc with phosphatidylinositol 3-kinase and the Akt/mTOR/p70S6K pathway.
J. Biol. Chem. 2010, 285, 30–42. [CrossRef] [PubMed]

41. Bakker, A.; Klein-Nulend, J.; Burger, E. Shear stress inhibits while disuse promotes osteocyte apoptosis.
Biochem. Biophys. Res. Commun. 2004, 320, 1163–1168. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

468



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03921-061-9


	Blank Page



