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Abstract: The mechanistic/mammalian target of rapamycin (mTOR), a serine/threonine kinase, is a
central regulator for human physiological activity. Deregulated mTOR signaling is implicated in a
variety of disorders, such as cancer, obesity, diabetes, and neurodegenerative diseases. The papers
published in this special issue summarize the current understanding of the mTOR pathway and its
role in the regulation of tissue regeneration, regulatory T cell differentiation and function, and different
types of cancer including hematologic malignancies, skin, prostate, breast, and head and neck cancer.
The findings highlight that targeting the mTOR pathway is a promising strategy to fight against
certain human diseases.

Keywords: mTOR; PI3K; Akt; tissue regeneration; regulatory T cells; tumor; photodynamic therapy

The mechanistic/mammalian target of rapamycin (mTOR), a serine/threonine kinase, integrates
environmental cues such as hormones, growth factors, nutrients, oxygen, and energy, regulating
cell growth, proliferation, survival, motility and differentiation as well as metabolism (reviewed
in [1,2]). Evidence has demonstrated that deregulated mTOR signaling is implicated in a variety of
disorders, such as cancer, obesity, diabetes, and neurodegenerative diseases (reviewed in [1,2]). Current
knowledge indicates that mTOR functions at least as two distinct complexes (mTORC1 and mTORC2)
in mammalian cells. mTORC1 consists of mTOR, mLST8 (also termed G-protein β-subunit-like
protein, GβL, a yeast homolog of LST8), raptor (regulatory-associated protein of mTOR), PRAS40
(proline-rich Akt substrate 40 kDa) and DEPTOR (DEP domain containing mTOR interacting protein),
whereas mTORC2 is composed of mTOR, mLST8, rictor (rapamycin insensitive companion of mTOR),
mSin1 (mammalian stress-activated protein kinase-interacting protein 1), protor (protein observed
with rictor, also named PRR5, proline-rich protein 5), and DEPTOR [1,2]. mTORC1 regulates the
phosphorylation or expression of p70 S6 kinase (S6K1), eukaryotic initiation factor 4E (eIF4E) binding
protein 1 (4E-BP1), lipin1, ULK1 (Unc-51 like autophagy activating kinase 1), TFEB (transcription
factor EB), ATF4 (activating transcription factor 4), HIF1α (hypoxia-inducible factor 1 alpha), etc.,
and mediates the protein synthesis/turnover, lipid synthesis and nucleotide synthesis, thus controlling
cell growth, proliferation, autophagy, and metabolism (reviewed in [1,2]). mTORC2 regulates the
phosphorylation/activity of Akt, serum/glucocorticoid regulated kinase (SGK), protein kinase C (PKC),
etc., thereby controlling cell migration, apoptosis and metabolism (reviewed in [1,2]). These findings
not only reveal the crucial role of mTOR in physiology and pathology, but also reflect the complexity
of the mTOR signaling network.

The papers published in this special issue summarize the current understanding of the mTOR
pathway and its role in the regulation of tissue regeneration, regulatory T cell differentiation and
function, and diverse types of cancer including hematologic malignancies, skin, prostate, breast,
and head and neck cancer.

Cells 2020, 9, 2278; doi:10.3390/cells9102278 www.mdpi.com/journal/cells1
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Wei et al. (2019) discussed the role of mTOR signaling in the regeneration of tissues in the optic
nerve, spinal cord, muscles, the liver and the intestine [3]. Activated mTOR enhances the regeneration
of adult retinal ganglion cells after optic nerve injury. However, hyperactivation of mTOR in astrocytes
promotes glial scar formation, leading to inhibition of spinal cord regeneration after spinal cord
injury. These findings suggest that mTOR signaling exhibits opposite functions in the optic nerve
and spinal cord regeneration. In mice, conditional knockout of MTOR or RAPTOR in muscle stem
cells effectively inhibits activation, proliferation, and differentiation of satellite cells, impairing skeletal
muscle regeneration, whereas RICTOR knockout in embryonic and adult satellite cells has no effect on
skeletal muscle regeneration. Inhibition of mTORC1 with rapamycin inhibits the formation of nascent
myofibers and the growth of regenerating myofibers during skeletal muscle regeneration. Furthermore,
inhibition of mTORC1 not only suppresses the growth and proliferation of hepatocytes, but also
blocks the proliferation of cholangiocytes and the formation of bipotential progenitor cells, which are
essential for liver regeneration. These findings suggest that mTORC1, but not mTORC2, regulates
skeletal muscle and liver regeneration. Similarly, mTORC1 is required for intestinal regeneration by
controlling the proliferation and maintenance of intestinal stem cells. The development of novel drugs
for tissue-specific activation or inhibition of mTOR may be beneficial to patients needing specific
tissue regeneration.

Regulatory T cells (Tregs), a subset of T cells, suppress activation of the immune system and
prevent autoimmune disease [4]. Chen et al. (2019) summarized the role of mTOR signaling in
regulating the differentiation and function of Tregs [5]. Inhibition of mTOR with rapamycin decreases
the production of effector T cells, but increases the generation and expansion of Tregs. Loss of mTORC1
signaling prevents naïve CD4+ T cells from differentiation to Th17 cells. However, disruption of
either mTORC1 or mTORC2 has no effect on the differentiation of naïve CD4+ T cells into Foxp3+
Tregs. In addition, inhibition of mTORC1 attenuates the function of Tregs, while inhibition of mTORC2
increases Tregs function via promoting the activity of mTORC1, suggesting that mTORC1 and mTORC2
play opposite roles in mediating the function of Tregs. Furthermore, mTORC2 promotes the migration
of Tregs to inflammatory sites. It is unclear if mTORC2 and mTORC1 are important for the expansion
and migration of Tregs, respectively.

Acute lymphoblastic leukemia (ALL) is one of the aggressive hematologic malignancies that occurs
in both children and adults [6]. Simioni et al. (2019) reviewed the advances in targeted therapy for ALL
using mTOR inhibitors [7]. Constitutive activation of mTOR pathway is associated with deregulated
production of malignant lymphoid cells and chemotherapeutic resistance in ALL. Overall, rapalogs
(rapamycin, everolimus, temsirolimus) alone are primarily cytostatic, but they are synergistic with
either conventional chemotherapeutic agents (doxorubicin, cyclophosphamide, dexamethasone) or
other targeted therapies for ALL treatment. Treatment with dual PI3K/mTOR inhibitors (e.g., PKI-587
and BEZ235) or mTOR kinase inhibitors (e.g., AZD8055 and OSI-027) alone or in combination with
chemotherapeutic agents not only inhibits cell proliferation but also induces apoptosis of ALL cells.
The authors also briefly summarized clinical trials of some of these mTOR inhibitors for treatment of
both T- and B-ALL.

The Warburg effect is associated with increased glycolysis, and has been implicated in chemoresistance
in cancer therapy [8]. Mirabilii et al. (2020) discussed how hyperactivated mTOR, in concert with other
metabolic modulators (AMPK and HIF1α) and microenvironmental stimuli, results in the acquisition of
new glycolytic phenotype by directly and indirectly regulating the activity of certain key glycolytic enzymes
in various hematologic malignancies [9]. For instance, in acute myeloid leukemia (AML) cells, mTOR
upregulates the expression of PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3), increasing
aerobic glycolysis. In chronic myeloid leukemia (CML) cells, mTOR, along with Bcr-Abl, upregulates the
expression of pyruvate kinase isozymes M1/M2 (PKM1/2), enhancing aerobic glycolysis and reducing
oxidative phosphorylation (OXPHOS). In acute lymphoblastic leukemia (ALL) cells, mTOR positively
regulates the expression of hexokinase II, thus increasing lactate generation. The authors also discussed
how these features could be targeted for therapeutic purposes.
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Tan et al. (2019) reviewed genetic and epigenetic alterations of multiple genes related to
the dysregulation of mTOR signaling, and discussed certain potential targets for therapeutic
intervention in head and neck cancer, especially head and neck squamous cell carcinoma (HNSCC) [10].
Gain-of-function alterations (overexpression or mutations) of oncogenes (e.g., EGFR, PIK3CA,
and HRAS) and loss-of-function mutations of tumor suppressor genes (e.g., TP53 and PTEN) occur
frequently in HNSCC, resulting in hyperactivation of mTOR signaling. The Cancer Genome Atlas
(TCGA) database shows that mutations of EIF4G1, RAC1, SZT2, and PLD1 in HNSCC also lead
to aberrant mTOR signaling. Some of these mutated genes may be used as biomarkers to predict
drug response. In addition, human papillomavirus (HPV) infection can activate mTOR pathway and
inactivate p53 and Rb, promoting HNSCC development and progression. Accordingly, a number of
clinical trials have been and are currently being conducted to evaluate the anticancer efficacy of mTOR
inhibitors alone or in combination with chemotherapeutics or other kinase inhibitors.

Ayuk and Abrahamse (2019) discussed the mTOR signaling in cancer and the advances in
photodynamic therapy (PDT) for cancer [11]. Mechanistically, PDT involves the application of a
non-toxic photosensitizer to a specific tissue/organ, where the photosensitizer can be activated by a
laser light at specific wavelengths in the presence of oxygen to generate reactive oxygen species (ROS),
resulting in cell death. The effectiveness of PDT depends on the oxygen concentration, wavelength,
types of photosensitizer and the genotype of tumor cells. Photosensitizers currently used include
naturally occurring macrocycles (e.g., hemoglobin, vitamin B12, and chlorophyll) and tetrapyrroles
(e.g., bacteriochlorins, chlorins, porphyrins, and phthalocyanines) as well as synthetic dyes. Induction
of ROS by PDT inhibits the mTOR pathway. Also, PDT is synergistic with PI3K/mTOR inhibitors in
cancer therapy.

Chamcheu et al. (2019) summarized the recent advances in the role of PI3K/Akt/mTOR signaling
in the development and progression of skin cancers [12]. The skin comprises epidermis, dermis,
and hypodermis, infiltrated by sweat glands, sensory cells, fibroblasts, macrophages, and lymphocytes.
Genetic alterations or ultraviolet (UV) exposure results in the dysregulation of PI3K/Akt/mTOR
pathway in melanocytes, basal cells, squamous cells, or Merkel cells, leading to melanoma, basal cell
carcinoma, cutaneous squamous cell carcinoma, or Merkel cell carcinoma. The authors also discussed
the current progress in preclinical and clinical studies for the development of PI3K/Akt/mTOR targeted
therapies with natural phytochemicals (e.g., curcumin, epigallocatechin gallate, fisetin, resveratrol,
and honokiol) and synthetic small molecule inhibitors including rapalogs and PI3K/mTOR kinase
inhibitors. Some of these inhibitors are being tested in early-stage clinical trials, but their applications
in the treatment of skin cancers need further testing.

Makarević et al. (2018) studied whether the inhibition of histone deacetylase (HDAC) counteracts
the resistance to the mTOR inhibitor temsirolimus in a prostate cancer cell model [13]. For this, parental
and temsirolimus-resistant PC3 prostate cancer cells were treated with the HDAC inhibitor valproic
acid (VPA), followed by assays for tumor cell adhesion, migration, and invasion. The results indicate
that treatment with temsirolimus (10 nM) inhibits the binding to human umbilical vein endothelial
cells (HUVECs) or cell matrix (collagen, fibronectin, and laminin), cell migration and invasion in the
parental cells, but not in the temsirolimus-resistant cells. However, treatment with VPA is able to
suppress the cell adhesion, migration and invasion in both parental cells and temsirolimus-resistant
cells. This is at least partly associated with a significant downregulation of integrin α5 in the resistant
tumor cells. The findings suggest that inhibition of HDAC is able to block the metastatic activity in
temsirolimus-resistant prostate cancer cells.

Hyperactive PI3K/AKT/mTOR signaling has been implicated in triple negative breast cancer
(TNBC), which contributes to resistance to chemotherapeutic agents, including microtubule-targeting
agents [14]. Eribulin mesylate, a microtubule depolymerizing agent, has been approved by the US
Food and Drug Administration (FDA) to treat taxane and anthracycline refractory breast cancer.
Wen et al. (2019) investigated whether eribulin enhances the anticancer activity of the mTOR
inhibitor everolimus in TNBC [15]. The results indicate that treatment with eribulin, like vinblastine
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(a microtubule depolymerizing agent), inhibits the phosphorylation of Akt, while treatment with
paclitaxel (a microtubule stabilizing agent) or cisplatin (a DNA damaging agent) has the opposite
effect. Inhibition of mTORC1 with everolimus induces phosphorylation of Akt, which is blocked
by eribulin. Importantly, eribulin synergizes with everolimus in reducing cell viability in vitro and
inhibiting tumor growth in two orthotopic xenograft mouse models of breast cancer (MDA-MB-468
and 4T1). The findings demonstrate that combination therapy with eribulin and everolimus has a great
potential to combat refractory TNBC.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The mammalian target of rapamycin (mTOR), is a serine/threonine protein kinase and
belongs to the phosphatidylinositol 3-kinase (PI3K)-related kinase (PIKK) family. mTOR interacts
with other subunits to form two distinct complexes, mTORC1 and mTORC2. mTORC1 coordinates
cell growth and metabolism in response to environmental input, including growth factors, amino acid,
energy and stress. mTORC2 mainly controls cell survival and migration through phosphorylating
glucocorticoid-regulated kinase (SGK), protein kinase B (Akt), and protein kinase C (PKC) kinase
families. The dysregulation of mTOR is involved in human diseases including cancer, cardiovascular
diseases, neurodegenerative diseases, and epilepsy. Tissue damage caused by trauma, diseases or
aging disrupt the tissue functions. Tissue regeneration after injuries is of significance for recovering
the tissue homeostasis and functions. Mammals have very limited regenerative capacity in multiple
tissues and organs, such as the heart and central nervous system (CNS). Thereby, understanding the
mechanisms underlying tissue regeneration is crucial for tissue repair and regenerative medicine.
mTOR is activated in multiple tissue injuries. In this review, we summarize the roles of mTOR
signaling in tissue regeneration such as neurons, muscles, the liver and the intestine.

Keywords: mTOR signaling; metabolism; tissue regeneration; neuron; muscle; liver; intestine

1. Introduction

In the 1970s, a new antifungal, was discovered in soil samples on the Polynesian island of Rapa
Nui, which was isolated from Streptomyces hygroscopicus and called rapamycin [1,2]. Afterwards,
FK506-binding protein 12 (FKBP12) was found to repress cell growth and proliferation [3]. During the
1990s, the target of rapamycin (TOR) and the mammalian target of rapamycin (mTOR) were
discovered in yeast and mammals respectively [2]. Brown et al. reported that mTOR is a target
of the FKBP12-rapamycin complex [4]. mTOR is a serine/threonine protein kinase, which recruits
other proteins to form two different complexes, named mTOR complex 1 (mTORC1) and complex
2 (mTORC2). mTOR is conserved in the evolution from yeast to mammal [1]. mTORC1 and
mTORC2 contain the same subunits: mTOR, mammalian lethal with Sec13 protein 8 (mLST8)
and DEP domain-containing mTOR-interacting protein (DEPTOR). However, regulatory-associated
protein of mTOR (Raptor) and 40 kDa proline-rich Akt substrate (PRAS40) are specific to mTORC1,
while rapamycin-insensitive companion of mTOR (Rictor), Protor1/2 and mammalian stress-activated
protein kinase(SAPK)-interacting protein 1 (mSin1) are specific to mTORC2 [1,5]. mTOR signaling plays
crucial roles in the regulation of cell growth, metabolism, cell survival and migration. In response to
growth factors, energy, amino acid, and oxygen, mTORC1 controls cell growth and metabolism through
mRNA translation, synthesis of protein, lipid and nucleotide, and repression of catabolic processes
such as autophagy [6]. The ribosomal S6 kinase (S6K) and eIF4E-binding protein 1 (4EBP1) are the main
effectors of mTORC1. Unlike mTORC1, studies on mTORC2 are limited. mTORC2 mainly controls cell

Cells 2019, 8, 1075; doi:10.3390/cells8091075 www.mdpi.com/journal/cells5
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survival and migration through phosphorylation and activation of the downstream-effectors SGK1, Akt,
and the PKC kinase families [5]. The mTORC2 is an effector of the insulin/PI3K pathway and is a key
regulator of Akt [5,7]. mTOR signaling is the central pathway in response to the environment, and the
disruption of mTOR signaling is associated with developmental defects, cancer, neurodegenerative
diseases, type 2 diabetes, autoimmune diseases, and aging-related diseases [8–12]. Thus, mTOR is
therefore a therapeutic target of these diseases [13].

Tissue damage caused by trauma, diseases, and aging, etc. can result in organ dysfunction.
Afterward, tissue regeneration is critical for the restoration of organ functions and maintenance of
homeostasis [14]. In adult humans, although the regenerative capacity of some organs, like the central
nervous system (CNS) and heart, is weak, other organs, including the liver, intestines, muscles, and skin,
do maintain the intrinsic ability to regenerate [15]. The key reasons why different organs obtain distinct
regenerative capacities and different species obtain distinct regenerative capacities in the same organ
remain to be elucidated. So, mechanistic insights into tissue regeneration are essential for tissue repair
and regenerative medicine [14]. mTOR is one of the central regulatory signaling pathways between
injuries and physiological reactions such as tissue regeneration. For example, in the CNS with very
weak regenerative capacity, activated mTOR through the inactivation of PTEN (phosphatase and
tensin homolog) or TSC1 (tuberous sclerosis complex 1) can robustly promote axonal regeneration [16].
mTOR is also vital in the regeneration of the intestines, liver and muscles.

In this review, we first briefly describe the structures, regulatory mechanisms, and physiological
functions of mTORC1 and mTORC2. Then, we put our efforts toward summarizing the roles of mTOR
signaling in the regeneration of neurons, muscles, the liver, and intestine. At the end, the development
strategy of tissue-specific agonist or inhibitor of mTORC1 in regenerative medicine is discussed.

2. The Structure and Regulation of mTORC1

mTOR is a serine/threonine protein kinase and a member of the PI3K-related kinase (PIKK)
family, which forms the mTORC1 and mTORC2 complexes with other proteins [17,18]. The mTORC1,
a heterotrimeric protein kinase, is mainly composed of three core components including mTOR,
Raptor, and mLST8 [19–22]. mTORC1 also contains two inhibitory subunits, PRAS40 and
DEPTOR [23–25]. After acute rapamycin treatment, the FKBP12-rapamycin complex binds to the
FKBP12-rapamycin-binding (FRB) domain of mTOR and blocks mTORC1 activation [26] (Figure 1A).
The mTORC1 plays important roles in metabolism and cell growth in response to nutrients and
is regulated by many factors including growth factors, amino acids, energy, oxygen, and DNA
damage [1,27]. Insulin/insulin-like growth factors (IGFs) inhibit the TSC complex, an inhibitory
heterotrimeric complex of mTOR containing TSC1, TSC2, and Tre2-Bub2-Cdc16 (TBC) 1 domain family,
member 7 (TBC1D7) [28], thus activating mTORC1. This mTORC1 activation is dependent on the
Akt-mediated phosphorylation of TSC, which dissociates TSC from the lysosomal membrane [29].
The Ras signaling activates mTORC1 through extracellular signal-regulated kinase (Erk) and p90RSK,
both of which phosphorylate and inhibit TSC2 [30] (Figure 1A). It is worth mentioning that Ras
homolog enriched in brain (Rheb) is indispensable for mTORC1 activation. Some papers reported that
Rheb activates mTORC1 through interruption of the FKBP38-mTOR interaction or directly binding to
mTOR [31,32], however, the detailed mechanisms underlying activation of mTORC1 by Rheb remain
to be fully elucidated.
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Figure 1. The regulatory mechanism and function of the mammalian target of rapamycin complex 1
(mTORC1). (A) The structures and regulatory mechanism of mTORC1. (B) The downstream functions
of mTORC1.

The mTORC1 activation is closely related to the variation of amino acid concentrations.
Different types of amino acid stimulate mTORC1 through different sensors. For example, cytosolic
leucine, cytosolic arginine, and the lysosomal arginine are sensed by Sestrin2, CASTOR1 (Cellular
Arginine Sensor for mTORC1) complex, and a candidate lysosomal amino acid sensor SLC38A9,
respectively [1,33–36]. Amino acids activate mTORC1 through an amino acid sensing cascade involving
the vacuolar H+-ATPase (v-ATPase), RAG GTPases (small guanosine triphosphatases) and Ragulator.
Unlike other stimulators, mTORC1 activation by amino acids is independent of the TSC-Rheb signaling
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axis [37] (Figure 1A). In contrast to leucine and arginine, glutamine also promotes mTORC1 activation,
which is dependent on the related Arf family GTPases rather than Rag GTPase [38]. Folliculin-FNIP2
(folliculin interacting protein 2) complex, a Rag-interacting protein with GAP (GTPase-activating
protein) activity for RagC/D, was recently reported to activate mTORC1 in the existence of amino
acids [36,39]. Except cytosolic arginine, leucine and lysosomal arginine, whether other amino acids
activate mTORC1, and the identity of their sensors remains unknown. Furthermore, energy, oxygen, and
DNA damage negatively regulate mTORC1 through AMPK (5’ AMP-activated kinase), which indirectly
inhibits mTORC1 activation via phosphorylation of TSC2 or direct phosphorylation of Raptor [40–42].
Moreover, both wingless-type MMTV integration site family (Wnt) signaling and tumor necrosis factor
α (TNFα) activate mTORC1 through inhibition of TSC1 [43,44].

The activated mTORC1 enhances protein synthesis through direct phosphorylation of the
ribosomal S6 kinase (S6K) and 4E-BP1 [45]. Then, the phosphorylated S6K (pS6K) promotes mRNA
translation initiation through phosphorylation and activation of eIF4B, a positive regulator of the 5′
cap-binding eIF4F complex, and promotion of the degradation of PDCD4 (programmed cell death
protein 4), an inhibitor of elF4B [46,47]. pS6K also regulates glucose homeostasis and cell size through
phosphorylation of ribosomal protein s6 (rps6) [48]. Moreover, the interaction of pS6K and SKAR (S6K1
Aly/REF-like substrate) improves the translation efficiency of spliced mRNAs [49]. The phosphorylated
4E-BP1 dissociates its binding to eIF4E, which allows eIF4E to join in the eIF4F complex together
with eIF4G, thus permitting the cap-dependent translation [50]. All the regulations above finally
promote protein synthesis. The mTORC1-dependent anabolism is mediated by phosphorylation of S6K,
inhibition of lipin1, an inhibitor of lipid synthesis, [51] and activation of ATF4 (activating transcription
factor 4), a promoter of nucleotide synthesis [52]. mTORC1 also augments the glycolytic pathway
through increasing the translation of hypoxia inducible factor 1α (HIFα), which drives the expression of
phospho-fructo kinase (PFK) [53]. Furthermore, mTORC1 suppresses the catabolism such as autophagy
and lysosome biogenesis through phosphorylation of ULK1 (unc-51 like autophagy activating kinase 1)
and the transcription factor EB (TFEB) [54,55] (Figure 1B). In conclusion, mTORC1 regulates cell growth
and metabolism in response to environmental inputs such as growth factors, nutrients, and DNA
damage. It plays significant roles in development, physiological processes, and diseases.

3. The Structure and Regulation of mTORC2

Like mTORC1, mTORC2 also contains mTOR and mLST8 subunits. But Raptor in mTORC1
is replaced by Rictor in mTORC2 [56]. mTORC2 also includes DEPTOR, the regulatory subunits
mSin1 and Protor1/2 [25,57,58]. mTORC2 can be impeded by prolonged rapamycin treatment [59].
Unlike mTORC1, the upstream and downstream activity of mTORC2 are not well-defined. mTORC2,
as an effector of insulin/PI3K signaling, is inhibited by the pleckstrin homology domain of mSin1
when there is a lack of insulin. This autoinhibition by mSin1 is relieved upon its binding to
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) on the plasma membrane [7]. Akt activates mTORC2
through phosphorylation of mSin1 at T86, in turn the activated mTORC2 stimulates Akt through
phosphorylation of Akt at S473, which forms a positive feedback regulatory loop [5,60]. In contrast to
Akt, S6K suppresses mTORC2 via promoting the degradation of insulin receptor substrate 1 (IRS1) [61].

The mTORC2 mainly controls cell migration through phosphorylation of the AGC (protein
kinase A/G/C) protein kinase family members such as PKCα [56], PKCδ [62], PKCξ [63], PKCγ and
PKCε [64], all of which regulate cell migration through modulations of various aspects of cytoskeletal
remodeling. Furthermore, another important function of mTORC2 is phosphorylation and activation of
Akt, which in turn phosphorylates and inhibits forkhead box O1/3a (FoxO1/3a), TSC2 and the metabolic
regulator glycogen synthase kinase 3β (GSK3β) [65,66], thus promoting cell survival and proliferation.
In addition, mTORC2 can phosphorylate and activate SGK1, which regulates ion transport for cell
survival [67] (Figure 2). mTORC2 is also involved in cancer, Alzheimer’s disease (AD) [10,68].
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Figure 2. The structures, regulatory mechanism and functions of mTORC2.

4. Roles of mTOR in Neuronal Regeneration

The blood-brain barrier (BBB) is formed by endothelial cells, pericytes and astrocytes. These cells
together form the neurovascular unit (NVU), which serves as an interface between the blood and
the neural tissue. Impairment of BBB function is associated with neurodegenerative diseases [69].
The brain endothelial cells are vital for the function of BBB [70]. Brain vascular damage or occlusion
can cause cerebrovascular diseases such as microbleeding, hemorrhagic stroke, and ischemic stroke.
Macrophages and lymphatic vessels are important for the repair of brain blood vessels and the
restoration of BBB functions [71,72]. The nervous system is comprised of the central nervous system
(CNS) and peripheral nervous system (PNS) [73]. The PNS has a unique ability to regenerate [74–76].
However, the CNS of adult mammals including the brain and spinal cord obtains very limited
regenerative capacity, which might partially result from abundant inhibitory growth factors in
the CNS [77–80]. Effective therapeutic approaches are still missing for a wide variety of human
neurodegenerative diseases including Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS),
Huntington's disease (HD), and Alzheimer's disease (AD) [81–86]. Therefore, the neuronal regeneration
of the CNS of adult mammals constantly remains an important research topic, being of great significance
for clinical treatment.

In general, axons after injury do not spontaneously regenerate in adult mammalian CNS because
of a diminished intrinsic regenerative capacity and extrinsic growth-inhibitory factors [77,87,88].
Inhibitory factors from myelin including Nogo protein families, Oligodendrocyte myelin glycoprotein
(OMgp), myelin-associated glycoprotein (Mag), ephrin B3, and transmembrane semaphorin 4D
(Sema4D/CD100) block CNS axonal regrowth [79,89,90]. Chondroitin sulphate proteoglycans (CSPGs)
produced by the reactive astrocytes in the glial scar become main inhibitory extracellular matrix
(ECM) molecules at the lesion site of a mature CNS [90,91]. Therefore, both promotion of the intrinsic
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regenerative capacity and suppression of the inhibitory environment are required for efficient axon
regeneration [77,92]. Either overexpression of osteopontin, IGF1 and ciliary neurotrophic factor
(CNTF), or genetic inactivation of PTEN, a negative regulator of mTOR signaling, TSC1/2 and
suppressor of cytokine signaling 3 (SOCS3), can promote axon regeneration. Signaling pathways
like Janus kinase/signal transducers and activators of transcription (JAK/STAT3), canonical bone
morphogenetic protein/drosophila mothers against decapentaplegic (BMP/Smad), non-canonical BMP
pathway, Jun N-terminal kinase/p38 MAP kinase (JNK/MAPK), and mTOR signaling, have been
reported to promote axonal regrowth during neuronal regeneration [16,93–95]. Here, we summarize
the roles of mTOR in axonal regeneration of the CNS and PNS.

Injuries to the optic nerves and spinal cord have been widely used to study axonal regeneration of
the CNS. mTOR signaling exhibits distinct functions in the optic nerve and spinal cord regeneration [76].
mTOR signaling is highly activated at the embryonic stage and diminished in the adult retinal ganglion
cells (RGCs), suggesting the different functions at various developmental stages of RGCs. Activation
of mTOR via genetic deletion of TSC1 or PTEN enhances axonal regeneration of RGCs after optic
nerve injury [16]. Similarly, axon regeneration robustly occurs when PTEN is deficient in mouse
cortical motor neurons [96], Drosophila sensory neurons [97], and Caenorhabditis elegans motor
neurons [98]. The melanopsin/GPCR (cell-type-specific G protein-coupled receptor) signaling enhances
axonal regeneration of RGCs through promotion of mTORC1 signaling. Interestingly, the regenerative
activation is in a light-dependent manner [99]. Class I histone deacetylation enzyme HDACs that allow
histones to wrap DNA more tightly, has been shown to repress the RGCs survival and regeneration after
optic nerve injury. Dual deletions of HDAC1 and HDAC2 or HDAC3 deficiency robustly promotes
RGCs regeneration [100,101]. Recently, dual functions of HDAC5 have been shown in the regeneration
of dorsal root ganglions (DRGs) of the PNS [102,103]. Increases in the HDAC5 cytoplasmic localization
by overexpressing the mutant HDAC5AA can stimulate RGCs regenerative ability after optic nerve
injury. This enhanced RGC regeneration is dependent on mTORC1 [104]. Another study revealed
that Wnt10b from fibroblast-derived exosomes (FD exosomes) enhances neurite regrowth through
regulation of GSK3β and TSC2 to boost mTOR activation [105]. After optic nerve injury, the mTOR is
unnecessary for the initial step of RGCs to enter into the regenerative status but required for long axon
regeneration under inflammatory stimulation [106]. Furthermore, the elevation of mTOR either by the
overexpression of Rheb, or by double deletion of Pten and Socs3, or by Pten deletion combined with
the injection of cAMP (cyclic adenosine monophosphate) analogue 4-(chlorophenylthio) adenosine
(CPT)-cAMP or inflammatory molecules (oncomodulin or zymosan) can enhance RGCs growth into
the brain [107–110]. The combinatory treatments after optic nerve injury are able to achieve visual
functional recovery.

Although studies above suggest that mTOR signaling promotes RGC regeneration, Li et al. showed
that mTOR is a negative regulator of RGCs survival and activates astrocytes after optic nerve injury.
In the rat retinal ischemia-reperfusion (I/R) injury model, neuroprotective effects of rapamycin can
reduce the loss of RGCs after optic nerve injury. Thus, the neuroprotective effects of rapamycin supply
a therapeutic method for optic neurodegeneration [111]. Overall, activated mTOR robustly enhances
RGCs regeneration after optic nerve injury and also promotes astrocyte activation to form a physical
and biochemical barrier glial scar for inhibiting axonal regeneration (Figure 3A). Specific activation
of mTOR in RGCs or inhibition in astrocytes after injury promotes RGC regrowth and regeneration,
suggesting mTOR as a potential therapeutic target for optic nerve injury and neurodegenerative
disease. In summary, activated mTOR enhances RGCs regeneration after optic nerve injury and also
promotes astrocytes activation to form physical and biochemical barrier glial scar that could inhibit
axonal regeneration (Figure 3A).
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Figure 3. The roles of mTOR in the regeneration of neurons, muscles and the liver. (A) The optic
nerve injury model. Activation of mTOR by deleting phosphatase and tensin homolog (PTEN) or
tuberous sclerosis complex 1/2 (TSC1/2), the upstream cytosolic HDAC5 (histone deacetylase 5), Wnt10b
(wingless-type MMTV integration site family, member 10b), and melanopsin/GPCR (cell-type-specific
G protein-coupled receptor) robustly enhances the regeneration of retinal ganglion cells (RGCs).
Combinational therapies augment the RGCs long-distance regeneration for visual function recovery
through overexpression of Ras homolog enriched in brain (Rheb); the dual deletion of PTEN and
suppressor of cytokine signaling 3 (SOCS3); deficiency of PTEN combined with injecting of cyclic
adenosine monophosphate (cAMP) or inflammatory molecules (oncomodulin or zymosan). However,
the excessive mTOR activation of astrocytes contributes to forming glial scar to inhibit axonal
regeneration. (B) The spinal cord injury (SCI) model. In spinal cord crush model, the activated
mTOR of astrocytes facilitates glial scar formation resulting in impeding the spinal cord regeneration
after SCI. In the hemisection model, the stimulation of mTOR promotes the corticospinal tract (CST)
regeneration post-SCI. (C) A schematic representation of skeletal muscle regeneration. mTORC1
stimulates satellite cells activation and proliferation, and their progenies differentiate into myoblasts
under mTORC1 regulation. mTORC1 also promotes the fusion of myoblasts to form myofibers.
(D) Partial hepatectomy (PH) model. Liver regeneration after PH is via the self-replication of existing
hepatocytes, and mTORC1 regulates hepatocyte proliferation. (E) The severe liver injury model. Liver
regeneration is via the trans-differentiation of cholangiocytes. In the process, mTORC1 regulates the
proliferation of cholangiocytes and the formation of Bi-potential Progenitor Cells.

The spinal cord connects the brain with the PNS. Spinal cord injuries (SCI) are divided into
traumatic and non-traumatic aetiologies [112]. Mechanisms of spinal cord regeneration are of great
significance for post-SCI clinic therapy. In the animal model of SCI, the epidermal growth factor (EGF)
receptor promotes transformation of inactivated astrocytes into a reactive status, which forms a glial
scar to restrict neuronal recovery. The activation of astrocytes by EGF is dependent on the Rheb/mTOR
pathway [113,114]. Chen et al. also showed that the PI3K/Akt/mTOR pathway contributes to the
formation of glial scars by reactive astrocytes. Moreover, the overexpression of PTEN can attenuate
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gliosis at three days after SCI and enhances motor functional recovery [115]. In conclusion, hyperactive
mTOR in astrocytes is a negative regulator for the functional recovery following SCI [114,116]. However,
in different injury models like spinal cord hemisection, mTOR activation, stimulated by the deficiency of
PTEN or contactin-6 (NB-3) as well as by injection with interleukin (IL-6) or small molecule PF-4708671
(an inhibitor of downstream substrate S6 kinase 1) efficiently promotes regrowth and regeneration
of the corticospinal tract [117–121] (Figure 3B). mTOR also increases DRGs regrowth and functional
recovery following PNS injury [122–126]. In summary, functions of mTOR in different neuronal injury
models can be different or even opposing, which might be caused by mTOR activities in different cell
types. Promotion of axonal regeneration can be achieved either by the inhibition of mTOR in astrocytes
to attenuate glial scar formation, or by the activation of mTOR in neurons.

5. Roles of mTOR in Skeletal Muscle Regeneration

Muscle can quickly regenerate to recover its function after nearly complete myofiber destruction.
It is important to maintain the physiological homeostasis of muscle throughout life [127]. Many studies
have demonstrated that the quiescent satellite cells, which are believed to be resident muscle stem
cells (MuSCs) and localized between the plasmalemma of myofibers and the basement membrane,
mainly contribute to the skeletal muscle regeneration in response to muscle injury [128–132].
After muscle injury, satellite cells are activated to proliferate. Their progenies either maintain
the satellite cells pool through self-renewal or differentiate into myoblasts expressing myogenic
markers Myf5 (myogenic factor 5), MyoD (myogenic differentiation 1), myogenin and MRF4 (myogenic
regulatory factor 4) [130,133] (Figure 3C). Ultimately, nascent myoblasts fuse together or fuse to existing
myofibers to form new myofibers to accomplish skeletal muscle regeneration [130]. In different
models of muscle injury, this process is regulated by multiple pathways such as AMPK, IGF-1/Akt,
TGFβ/Smad and mTOR [127,130,133–137]. Here we focus on the roles of mTOR in the regulation of
skeletal muscle regeneration.

In mice, conditional knockout (cKO) of mtor or raptor in MuSCs effectively inhibits activation,
proliferation, and differentiation of satellite cells, which impairs skeletal muscle regeneration [133–137]
(Figure 3C). Rapamycin treatment also confirms that mTOR inhibition indeed blocks the formation of
nascent myofibers and the growth of regenerating myofibers during skeletal muscle regeneration [134,136].
Rapamycin-resistant (RR) and RR/kinase-inactive (RR/KI) experiments demonstrate that mTORC1
signaling regulates muscle regeneration through both kinase-independent and kinase-dependent
mechanisms [134]. S6K1 is dispensable for the initial formation of nascent myofiber during regeneration,
but its ablation impairs later muscle growth [134]. Ablation of 4EBP1 facilitates myofiber growth,
but does not affect the activation of satellite cells [137]. After injury, activation of Per-Arnt-Sim
domain kinase (PASK), a downstream phosphorylation target of mTORC1, phosphorylates Wdr5
to induce the expression of myogenin and stimulates MuSCs differentiation into myoblasts [138]
(Figure 3C). The mTORC1-S6K pathway is also required for myoblasts fusion to accomplish myofiber
formation during muscle regeneration [138]. micro-RNAs (miRNAs) have been reported as important
modulators of myoblasts formation and fusion during muscle regeneration [139–142]. micro-RNA-1
(miR-1) stimulated by mTORC1 increases myoblast differentiation and enhances muscle regeneration
through the HDAC4-follistatin axis [141]. Similar to miRNAs, long non-coding RNAs (lncRNAs)
also regulate skeletal muscle regeneration. The lncRNA LINC00961 encodes a polypeptide small
regulatory polypeptide of amino acid response (SPAR), which negatively regulates mTORC1 activation
by interacting with lysosomal v-ATPase. The downregulation of SPAR after skeletal muscle injury
activates mTORC1 to enhance muscle regeneration [143]. In contrast to mTORC1, rictor knockout in
embryonic and adult satellite cells is ineffective in skeletal muscle regeneration [136,144]. After trauma,
the presence of bone-derived and cardiac muscle-derived tissue ECM scaffolds in damaged muscle
recruits more immune cells and form immune microenvironment, which facilitates muscle regeneration.
Transplanted WT CD4+ T cells rather than rictor−/− CD4+ T cells promote muscle regeneration in the
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Rag1−/− mice [145]. Taken together, these studies illustrate that mTORC1, but not mTORC2, acts as a
key regulator of skeletal muscle regeneration.

In muscle injury-regeneration models induced by cardiotoxin (CTX) [146], BaCl2 [142] and
ischemia/reperfusion (I/R) [147], some pathways regulate muscle regeneration through mTOR signaling.
In I/R-induced muscle injury, skeletal muscle protection by activated Sonic hedgehog (Shh) is blocked
by the inhibition of AKT/mTOR/p70S6K [147]. This result implies that Shh stimulates skeletal muscle
regeneration through the AKT/mTOR/p70S6K pathway. In CTX-induced muscle injury, Ca2+ influx
flows into cells through T-type Ca2+ and Trpc1 channels, which enhances the activation of PI3K
to activate the Akt/mTOR/p70S6K pathway and ultimately improves muscle regeneration [146].
The IGF pathway is essential for skeletal muscle regeneration [148,149]. mTORC1 inhibits miR-125b,
which is a negative regulator of IGF2, thus promoting muscle regeneration after BaCl2 treatment [142].
Furthermore, nutmeg extract stimulates soleus muscle regeneration through IGF1-AKT-mTOR and
inhibits autophagy in aged rats [150].

Muscle-mass weakness and wasting are often caused by various pathological conditions, such as
sarcopenia, diabetes and chronic obstructive pulmonary disease (COPD). On average, geriatric patients
with sarcopenia lose 30% of their muscle mass and 35% of myofibers [151], and have decreased muscle
protein synthesis [152]. Studies on aged rodents clarify that aging decreases the muscle regenerative
capacity after injury [152–154]. Comparing to the aged rodents, young rodents with leucine supplements
strongly improve skeletal muscle regeneration. During muscle injury, both aged and young rodents
activate Akt/mTOR pathway, p70S6K and 4EBP1, but the young rodents have stronger activation
than aged ones. Leucine supplementation increases the activation of the PI3K/Akt/mTOR pathway,
then improves muscle regeneration in aged rodents [155–159]. However, homeostatic maintenance of
MuSCs pool is also critical to ensure muscle regeneration upon re-injury in aged muscles [160,161].
Upon repeated injuries, differentiation of MuSCs at the expense of MuSCs is promoted by mTORC1 in
aged mice, which can be inhibited by rapamycin [162]. In mice, skeletal muscle atrophy can be induced
by diabetes. Acupuncture with low-frequency-electric-stimulation (Acu-LFES) promotes muscle
regeneration through the IGF-1-Akt-mTOR pathway [163]. The muscle regeneration stimulated by the
Acu-LFES induced miR-1 may also act through the mTORC1-miR-1-HDAC4-follistatin axis [141,163].
In mice with hypoxic treatment, mTOR is inhibited by the activated AMPK or REDD1 (regulated in
development and DNA response 1), both of which impair muscle regeneration [164]. Muscle injury
and the decreased mTOR activity are observed in COPD patients with hypoxemia [165]. At present,
there are drugs/targets to be used in clinical trials to treat muscle wasting. However, drugs targeting
mTOR signaling have not been trialed yet [166], which may be of future clinical interest to inhibit
muscle atrophy and promote muscle regeneration.

6. Roles of mTOR in Liver Regeneration

The liver possesses extraordinary regenerative capacity comparing to other internal organs [167–169].
Partial hepatectomy (PH) of rats and mice is one of the most widely used models to study liver
regeneration [170,171]. In 1931, Higgins et al. first proposed a rat model with 2/3 hepatectomy, in which
the remaining liver restores its original weight after 5–7 days of surgical resection [168] (Figure 3D).
Other acute injury models include tetrachloride (CCl4)- and thioacetamide (TAA)-induced chemical
liver injury. Remaining hepatocytes after PH or chemical liver injury accomplish liver regeneration via
self-replication without the participation of progenitor cells [168,172]. However, chronic liver diseases
in humans cause severe liver injury and impair hepatocyte proliferation [173]. After extreme liver
damage, regeneration is achieved via cholangiocytes transdifferentiation rather than self-replication,
in zebrafish [174,175] and mice [176,177] (Figure 3E). The mTOR signaling pathway mediates liver
regeneration after PH and initiates the transdifferentiation of biliary epithelial cells (BECs) after extreme
liver injury [178,179].

A 2/3 hepatectomy in rodents promotes the release of cytokines and growth factors [171],
which simulate hepatocyte proliferation via transducing activation of PI3K/Akt signaling pathway [180].
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The “pif-pocket” mutant of PDK1 showed that the PI3K-dependent PDK1 kinase specially
phosphorylates Akt during regeneration after PH [181]. In mice, deletion of vitamin D3 up-regulated
protein 1 (VDUP1) enhances regeneration after PH via the HGF and TGF-α responsive activation of
ERK1/2 and Akt [182,183]. In VDUP1 KO mice, 70% hepatectomy significantly increases the hepatic
proliferative response, in accordance with CCl4 treatment [183]. mTOR activated by Akt activation
is well-conserved in the regulation of cell cycle and cell proliferation during liver regeneration [184]
(Figure 3D). Hepatocyte proliferation in liver regeneration is regulated by cell cycle-related proteins,
such as cyclin dependent kinase (CDK), cyclin D, cyclin E [185]. However, phosphorylation and
activation of S6K1 by mTOR is vital to regulate the expression of cell cycle-related proteins, particularly
cyclin D1, during liver regeneration [186]. After PH, rapamycin significantly reduces the rate of hepatic
proliferation through inhibition of p70S6K activation, but not inhibition of p4EBP1 [187]. Meanwhile,
it increases the rate of hepatic apoptosis [188] and significantly eliminates bleeding-induced hepatocyte
hypertrophy [189]. After 2/3 hepatectomy, Cyclin D1 translation promoted by microRNA-21 (miR-21)
enhances liver regeneration via eliminating the inhibition of Ras homolog gene family member B (Rhob)
on Akt1/mTORC1 [190]. Cyclin D1 and CDK4 form an activation complex to promote liver regeneration
via stimulation of G1 to S transition in hepatocytes [185]. Deletion of sirtuin6 (sirt6), one of the sirtuin
family of class III NAD+-dependent histone deacetylase, delays G1 to S phase transition and impairs
activation of the Akt/mTOR pathway during liver regeneration [191]. However, SIRT1 overexpression
in mice impairs liver regeneration, which can be reversed by the leucine-activated mTORC1 [192].
Genetic manipulation or chemical drugs treatment, such as inactivation of apoptosis-stimulating protein
two of p53 (ASPP2) [193], let-7 deletion [194], rosmarinic acid [195], carbamazepine [196], and panax
notoginseng saponins [197], stimulate liver regeneration by activation of mTOR after PH, which is
blocked by the mTOR inhibition [194–196]. Severe injury in PH such as a 90% hepatectomy suppresses
the capacity of liver regeneration, which is accompanied by the inactive mTOR signaling [198].
In addition to hepatocyte proliferation, increases in the hepatocyte size could account for liver
regeneration [181,184,199]. In liver-specific STAT3-knockout (LS3-KO) mice, although hepatocyte
proliferation after injury is impaired by the decreased cyclin D1 expression, increases in hepatocyte size
during early liver regeneration may occur via the activation of the PI3K/Akt/mTOR pathway [181,199].

Contributions of non-parenchymal cells (NPCs) can also be important for liver
regeneration [174,176,177,179,200]. Expansion of BECs during ductular reaction (DR) is promoted by
mTORC1 signaling after extreme liver injury in zebrafish and mice [179,200] (Figure 3E). Inhibition of
mTORC1 remarkably suppresses the dedifferentiation of BECs and the proliferation of bi-potential
progenitor cells (BP-PCs), thus leading to a reduced number of BP-PCs for re-differentiation and
impairing liver regeneration after extreme injury [179,200]. Estrogen promotes liver regeneration
through the activation of mTORC1 signaling in zebrafish [201]. In contrast, the rictor mutant only
loses 20% of regenerating liver mass compared to the wild-type [179]. These studies suggest that liver
regeneration is mainly mediated by mTORC1 rather than mTORC2 signaling [179].

In addition to endogenous liver regeneration, liver transplantation is also an effective way to restore
liver mass and functions after liver failure or cirrhosis [202,203]. In patients, associating liver partition
with portal vein ligation during staged hepatectomy (ALPPS) activates mTORC1 signaling [204].
Small-for-size mouse liver transplantation (30% grafts) significantly downregulate mTORC1 signaling
and suppress liver regeneration [205,206]. However, half-size transplantation (50% grafts) increases
the mTORC1 activity. 30% grafts treated with amphiregulin restore mTORC1 activation and p70S6K
phosphorylation to the level of 50% grafts [206]. These studies imply that activation of mTORC1 may
be a promising therapeutic approach to stimulate liver regeneration during liver transplantation.

7. Roles of mTOR in Intestinal Regeneration

The small intestinal epithelium is a single cell layer with rapid self-renewing and strong
regenerative capabilities. The mammalian intestinal epithelium mainly includes enterocytes,
Goblet cells, enteroendocrine cells, and Paneth cells [207]. In flies, esg+ (escargot) intestinal stem cells
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(ISCs) and enteroblasts (EBs) are responsible for gut homeostasis and drive the regeneration following
injury [208,209]. The TSC/TOR signaling pathway regulates proliferation and maintenance of ISCs in
response to nutritional conditions [162,210]. Also, mTORC1 is the main component of mTOR pathway
that is decisive for the intestinal development in zebrafish [211]. Similarly, Lgr5 marks the ISCs at
the base of intestinal crypt which maintain the intestinal homeostasis and intestinal regeneration
in mouse [212]. Furthermore, Dll1+ secretory progenitor cells, Alpi+ enterocyte progenitor cells,
and Lyz+ Paneth cells can be induced to ISC after specific ablation of Lgr5+ ISC [213–215]. mTORC1
takes an pivotal part in increasing the maintenance of ISCs activity and proliferation of intestinal
epithelium [216]. In addition, the cooperation of mTORC1 and SIRT1 promotes the expansion of ISCs
during the calorie restriction (CR) [217]. Taken together, mTORC1 regulates the intestinal development
and maintains intestinal hemostasis and ISC, in which mTOR is conserved in drosophila, zebrafish
and mouse.

The intestinal epithelium, which has a powerful regenerative capacity after injury, provides
a model to study ISCs, cancer, and intestinal regeneration [218]. A few studies demonstrate that
mTORC1 signaling is required for intestinal regeneration and conserved in Drosophila and mammals.
In inflammatory bowel disease (IBD) mouse models induced by 2,4,6-trinitrobenzene sulfonic acid
(TNBS) or dextran sodium sulfate (DSS), mTORC1 is required for intestinal regeneration against IBD.
The deficiency of Regnase-1 promotes the intestinal regeneration in the acute IBD via controlling the
mTOR and purine metabolism [219]. Akt/mTOR activated by the focal adhesion kinase (FAK) is required
for the Wnt/myc-mediated intestinal regeneration and tumorigenesis [218,220]. mTORC1-S6k1/2 axis,
but not eiF4ebp1/2, enhances crypt regeneration after DNA damage [221]. These studies imply that
activation of mTORC1 may become a therapeutic approach for IBD and other intestinal injuries [222].
Besides, the mTOR-dependent autophagy is impaired in patients with ulcerative colitis (UC), implicating
mTOR also as a therapeutic target for autoimmune diseases [223].

8. Perspectives

In this review, we summarize the roles of mTOR in the regeneration of neurons, muscles, the liver,
and the intestine, which are mainly mediated by mTORC1 rather than mTORC2 signaling. The mTORC1
signaling network may be disrupted in various diseases, such as ALS, AD, PD, COPD, sarcopenia,
liver failure, and IBD, which is harmful to tissue regeneration [151,165,203,222,224–226]. Although
regeneration and recovery of injured tissues in human may be improved by drugs promoting mTOR such
as carbamazepine and nutmeg [150,196,224,225], mechanisms underlying these drugs remain largely
unknown. And the curative effects of these drugs still need improvements. Additionally, the agonist
and inhibitor of mTOR lack tissue specificities, like leucine and rapamycin [2,225]. For example,
in addition to the inhibition of mTORC1, rapamycin can also inhibit mTORC2 during a long-term
treatment [225]. A large number of studies have reported that drug delivery systems can increase
tissue specificity. For example, a bone-targeted nanoparticle (NP) delivery system can carry a β-catenin
agonist or GSK3β inhibitor to fractured bone with concentrated accumulation, which enhances bone
regeneration [227]. A tissue-specific agonist or antagonist of mTORC1 might also be achieved with
this strategy. Tissue-specific mTORC1-antagonist may effectively treat neurodegenerative diseases
resulting in nerve injury, and tissue-specific mTORC1-agonist may effectively promote muscle recovery
in muscle injury. Recently, sirolimus in phase 1/2 trial has been shown to effectively treat patients with
systemic lupus erythematosus (SLE) against tissue injury, improving the expansion of naïve T-cell
populations and decreasing CD8+ memory T cells. But in this process, sirolimus causes reversible
oral ulcers, headaches, and cytopenia [228]. The tissue-specific inhibitor of mTORC1 may prevent
these side-effects in the clinic. Except organs depicted in this review, roles of mTOR signaling in
the regeneration of other organs like the pancreas, heart, and kidney are rarely reported. Ultimately,
a comprehensive understanding of the mTOR signaling network during different tissue regeneration
processes, and the development of new drugs for tissue-specific mTOR activation or inhibition are of
great scientific and clinical interest.
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Abstract: Regulatory T cells (Tregs) are essential for maintaining immune tolerance and preventing
autoimmune and inflammatory diseases. The activity and function of Tregs are in large part
determined by various intracellular metabolic processes. Recent findings have focused on how
intracellular metabolism can shape the development, trafficking, and function of Tregs. In this review,
we summarize and discuss current research that reveals how distinct metabolic pathways modulate
Tregs differentiation, phenotype stabilization, and function. These advances highlight numerous
opportunities to alter Tregs frequency and function in physiopathologic conditions via metabolic
manipulation and have important translational implications.
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1. Overview of the Effects of Cellular Metabolism on Tregs

Regulatory T cells (Tregs) are crucial for immune homeostasis and the control of inflammatory
disorders [1–4]. We mainly focus the discussion on CD4+CD25+Foxp3+ Tregs in this review. Tregs
subsets include: thymus derived Tregs (tTregs), peripheral derived Tregs (pTregs) which are generated
extrathymically at peripheral sites, and iTregs that are induced ex vivo following TCR stimulation
in the presence of transforming growth factor β [5]. Tregs-mediated protection has been applied in
numerous preclinical models of autoimmune diseases and transplantation, which informs on their
therapeutic potential for human diseases [6–9].

Like conventional CD4+ T cells, Tregs also have a high degree of plasticity related to different
transcriptional programs [10–13], which are in turn impacted by cellular metabolism [14]. Recent
findings show that Tregs use glycolysis and fatty acid oxidation differently than effector conventional
T cells and naïve T cells [15]. Compared to effector conventional T cells, mouse Tregs oxidize lipids
at higher rates and exhibit low glycolytic flux in vitro. On the other hand, the modest energy and
biosynthesis demands of naïve T cells are typically met by the tricarboxylic acid cycle, lipid oxidation,
and glycolysis (Figure 1) [16]. Moreover, glycolysis inhibits Tregs differentiation and promotes Tregs
expansion, whereas fatty-acid oxidation (FAO) promotes Tregs differentiation [15,17]. In addition, the
expression of Foxp3 in Tregs inhibits Myc expression and reduces glycolysis, which can be suitable for
Tregs in low glucose condition [17]. Foxp3, in turn, induces oxidate phosphorylation and increases
the ratio of oxidized nicotinamide adenine dinucleotide (NAD) over the reduced form (NADH),
allowing Tregs to survive in elevated lactate environments [17]. Furthermore, autophagy is one of
the first responses when cells experience nutrient limitation and is critical for Tregs fitness. Deficient
autophagy leads to the upregulation of the mechanistic target of rapamycin (mTOR) and c-Myc
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(Myc proto-oncogene) expression as well as an increase in glycolysis, resulting in impaired Tregs
function [18,19].

 

Figure 1. Model of energy usage by naïve T, effector T, and Regulatory T cells (Tregs). Naïve T cells
use glucose, fatty acids, and amino acids as their energy source. Effector T cells have higher energy
efficiency and use glucose as their primary energy source. In contrast, the glucose transporter 1 is
absent in Tregs and Tregs use fatty-acid oxidation (FAO) as their main energy source.

Different chain lengths of fatty acids have dissimilar effects on Tregs differentiation. Adding a
short chain fatty acid to mouse or human naïve CD4+ T cells enhances Tregs differentiation, while a
long chain fatty acid (LC-FA) decreases Tregs differentiation [20]. Our previous work demonstrated
that sodium butyrate, which belongs to the short-chain fatty acid family, promotes Tregs induction and
displays therapeutic potential in several inflammatory disorders [21]. However, Raud et al. recently
reported that Carnitine palmitoyltransferase 1a (Cpt1a), a critical regulator of LC-FA oxidation, is
largely dispensable for Tregs generation [22].

mTOR is a 289 kDa serine/threonine protein kinase that is highly evolutionarily conserved and has
two complexes mTORC1 and mTORC2 [23]. It can directly affect T cell proliferation and differentiation
through the integration of environmental cues such as energy stores, nutrients, and growth factors;
and can be selectively inhibited by rapamycin [24]. Generally, mTORC1 is more sensitive to rapamycin
than mTORC2 [25], however, in naïve CD4+ T cells, mTORC1 and mTORC2 have essentially the same
sensitivity to rapamycin [26]. This review describes the effects of mTOR signaling dependent cellular
metabolic regulation on Tregs phenotype and differentiation/suppressive function. Moreover, we
discuss the role of mTOR in its modulation of T cell metabolism, which could provide targets for
metabolic manipulation.

2. mTOR

As a member of phosphatidylinositol-3 kinases (PI3K) family, mTOR contains two N-terminal
HEAT domains (binding domain), which are important for protein–protein interactions. It also includes
an FRB region (rapamycin binding domain of mTOR), a FAT domain (a domain in PI3K-related kinases),
a structurally supportive C-terminal FATC domain (a domain in PI3K-related kinases), and a kinase
domain [27]. During T cell activation, T cell receptor (TCR) stimulates the mTORC1 and mTORC2 via
triggering the recruitment of PI3K to the TCR receptor [28]. The activation of PI3K leads to activation
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of the serine–threonine kinase AKT (also known as protein kinase B) by pyruvate dehydrogenase
kinase 1 (PDK1), following the activation of mTOR signaling [29]. Additionally, PI3K can directly
induce the activation of mTORC2 [30]. Diverse environmental inputs can be integrated into the mTOR
pathway. For example, through mTOR, metabolic cues and immune signals have an ability to direct T
cell fate decisions [31]. Moreover, co-stimulatory signals, TCR and cytokine can activate mTOR via
PI3K-AKT signaling to meet energy demands and activate T cells.

2.1. mTOR and Tregs Differentiation

The most profound function of mTOR in Tregs generation was first revealed using the selective
inhibitor of mTOR, rapamycin, which decreased the production of effector T cells and increased
the generation of Tregs [32]. Furthermore, a lack of mTORC1 signaling may lead to a failure of
differentiation from naïve CD4+ T cells to Th17 lineage. When mTORC2 and mTORC1 were both
mutually absent, however, naïve CD4+ T cells were differentiated into Foxp3+ Tregs [33]. This research
underscores the significant role of mTOR as a fundamental regulatory factor in the differentiation of
Tregs and Th17 cells (Figure 2).

 

Figure 2. The roles of mTORC1 and mTORC2 on Tregs generation, expansion, function, and migration.
The absence of mTOR signaling dramatically increase Tregs generation, while deleting either mTORC1
or mTORC2 signaling does not lead to the upregulation of Foxp3+ Tregs. mTORC1 and mTORC2
play opposite roles in Tregs function, the absence of main component Raptor of mTORC1 limits
Tregs function, and lack of mTORC2 increases Tregs function via promoting the activity of mTORC1.
mTORC2 promotes the migration of Tregs to inflammatory sites. However, the effects of mTORC1 on
the Tregs migration remain unclear. mTOR signaling is essential for Tregs expansion. Consequently,
Slc3a2-deficient Tregs have an impaired mTORC1 pathway and show lower proliferation ability.
However, the role of mTORC2 on Tregs expansion remains unclear.

2.2. mTOR and Tregs Function

Tregs generation is enhanced during an immune response by inhibition of mTOR. Such activity
is considered a required step in maintaining Tregs suppressive capabilities. Recent evidence has
revealed a critical role of mTORC1 complex in the development of Tregs suppressive activity [34]
(Figure 2). If Raptor is specifically deleted from Tregs, mTORC1 is disrupted. This leads not
only to a profound loss of Tregs suppressive activity, but also causes the development of a fatal
early-onset inflammatory disorder. Mechanistically, cholesterol/lipid metabolism is enhanced through
Raptor/mTORC1 signaling in Tregs [34]. In order to establish Tregs functional competency, the
mevalonate pathway can up-regulate the Tregs suppressive molecules CTLA-4 and ICOS, as well as
coordinate Tregs proliferation. Inhibition of the mTORC2 pathway is partly involved in maintaining
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Tregs function by mTORC1 [34]. Nevertheless, mTOR signaling is critical for properly programming
activated Tregs function in order to protect tissue homeostasis and preserve immune tolerance.
Tregs-specific deletion of mTOR impairs Tregs function and homeostasis, resulting in the spontaneous
effector T cell activation and in the development of inflammation in barrier tissues, which is correlated
with the reduction in the local tissues of both peripheral Tregs (pTregs) and thymic-derived Tregs
(tTregs) [35]. In contrast, Toll-like receptor (TLR) signals enhance Tregs proliferation through mTORC1
signaling pathway, glucose transporter 1 (Glut1) upregulation, and glycolysis. However, these signals
decrease the suppressive ability of Tregs [36]. It is likely that the TLR signal results in high levels of
pro-inflammatory cytokines such as IL-6, IL-1, TNFα, and these pro-inflammatory cytokines decrease
Tregs functionality even as Tregs maintain mTORC1 expression.

2.3. mTOR and Tregs Expansion

Although rapamycin is commonly used to block tumor cell growth, it is interesting that
proliferation of CD4+ T cell and activation-induced cell death cannot be blocked by rapamycin
in vitro and in kidney transplant rejection [37]. On the contrary, expanded Tregs may suppress the
proliferation of effector T cells in vitro as well as prevent allograft rejection in vivo [37,38]. A new
study has revealed that branched-chain amino acids (BCAAs) could be essential for the maintenance
of Tregs profiling state, through metabolic reprogramming of the amino acid transporter solute carrier
family 3 member 1 (Slc3a2) dependent pathway. Slc3a2-deficient Tregs impair the mTORC1 pathway
and show lower proliferation ability [39] (Figure 2). The expansion of Tregs by rapamycin usually
requires the addition of IL-2. Thus, even when mTORC1 is inhibited by rapamycin [40], IL-2 maintains
the ability to expand Treg cells.

2.4. mTOR and Tregs Migration

As one of the complexes of mTOR, mTORC2 has been proven to have control of spatial aspects of
cell growth via actin reorganization [41,42]. The immune-modulatory function is critically interrelated
with the migration of activated Tregs to inflammatory tissue [43]. A recent study demonstrated
that glycolysis was beneficial for their relocation. Migration of Tregs to inflamed tissue was
initiated by pro-migratory stimuli through a PI3K-mTORC2-mediated signaling pathway, which
culminated in stimulation of the enzyme glucokinase (GCK). Subsequently, GCK increases cytoskeletal
rearrangements by interacting with actin. If Tregs lack this pathway, they will still be functionally
suppressive but will fail to migrate to skin allografts as well as inhibit rejection [44] (Figure 2).

3. Promising Metabolic Targets to Manipulate Tregs Frequency and Function

mTOR is a very important regulator of cell survival and plays bidirectional roles in Tregs induction
and function. The absence of mTOR signaling dramatically increases Tregs generation and inhibits
the function of Tregs. To advance therapeutics and promote homeostasis of the immune system, it is
necessary to identify more specific targets that modify Tregs function or induction. Next, we discuss
the effects of some mTOR interrelated metabolic regulators on Tregs phenotype.

3.1. Hypoxia-Inducible Factor 1α (HIF1α)

The transcription factor hypoxia-inducible factor (HIF1α) is a necessary protein for sensing
oxygen saturation and subsequently initiating the cellular response to hypoxia [45,46]. It also is
closely associated with Tregs and the mTOR pathway. Furthermore, impeding glycolysis up-regulates
production of Tregs that occurs through inhibition of mTOR-mediated induction of HIF1α [45].
Interestingly, HIF1α inhibits Tregs differentiation in a transcription-independent manner [47], while
not affecting Foxp3 mRNA levels. HIF1α exerts this inhibition through promoting the degradation of
Foxp3 protein by ubiquitination (Figure 3). Moreover, lack of HIF1α promotes Tregs induction and
protects mice from autoimmune neuro-inflammation [45].
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Figure 3. Metabolic and mTOR signaling control of Regulatory T cells’ differentiation. Different
ligand binding with aryl hydrocarbon receptor (AHR) leads to dissimilar outcome in Tregs
induction. For example, 6-formylindolo [3,2-b] carbazole (FICZ) binding with AHR inhibits Tregs
generation while 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) promotes Tregs generation. Peroxisome
proliferator-activated receptor-γ (PPAR-γ) increase Tregs differentiation via regulating the balance
between fatty-acid oxidation (FAO) and glycometabolism. AMP-activated protein kinase (AMPK) is an
important metabolic checkpoint in Tregs differentiation, and there is controversy regarding the role of
the AMPK in Tregs differentiation. mTOR signaling is the most important metabolic regulator of Tregs.
If mTOR is absent in naïve CD4+ T cells, it can dramatically increase Tregs differentiation even under
normal activating conditions. HIF1α does not directly regulate the expression of Foxp3. However, it
promotes the degradation of Foxp3 protein by ubiquitination.

Inflammation and hypoxia are two independent factors regulating the balance between Th17
and Tregs. Our group reported that tTregs are unstable in the inflammatory environment and fail to
suppress collagen-induced arthritis [48]. Mechanistically, the presence of the inflammatory cytokine
IL-6 converts tTregs to Th17-like cells in vitro [2,11,12,49], and IL-6 also increases HIF1α expression
in a stat3-dependent manner [47]. Up to this date, it is unclear whether IL-6 regulates Tregs stability
via metabolic alteration through HIF1α. A number of published articles reported that HIF1α is a
key regulator in inflammation and autoimmune diseases, such as systemic lupus erythematosus
(SLE) [50], rheumatoid arthritis (RA) [51,52], type 1 diabetes (T1DM) [53], multiple sclerosis (MS) [54],
psoriasis [55], and inflammatory bowel disease (IBD) [56]. These findings indicate that HIF1α is a
potential target to manipulate Tregs phenotype in autoimmune diseases.

3.2. AMP-Activated Protein Kinase (AMPK)

AMPK senses the cellular AMP/ATP ratio and is activated by low energy balance (high
AMP/ATP ratio) [57–59]. Activated AMPK promotes FAO via upregulating a series of lipid oxidation
related genes, such as Acetyl-CoA carboxylase 1 (ACC1), Acetyl-CoA carboxylase 2 (ACC2), Cpt1a,
and sterol regulatory element binding transcription factor 1 (SREVP-1c) [60]. In addition, AMPK
also regulates glycolysis via adjusting the expression of Glut1 [61]. AMPK is responsible for Tregs
differentiation via regulating the balance of FAO and glycolysis. Activation of AMPK by metformin
increases Tregs induction; and in murine models inhibits the progression of experimental autoimmune
encephalomyelitis (EAE), and inflammatory bowel disease [15,62,63]. TCR activates both AMPK
and mTOR, the latter active kinase is a negative regulator for the former one under limited nutrient
condition [64]. Interestingly, the absence of AMPK has no effect on Tregs differentiation even though it
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enhances mTORC1 activity. Liver kinase B1 (LKB1) is a best-studied upstream kinase of AMPK and is
an important metabolic sensor of Tregs. The absence of LKB1 in Foxp3+ Tregs limits the number and
function of Tregs, and the effects of LKB1 on Tregs generation and function are independent of AMPK
and mTOR [65,66]. Moreover, a recent paper demonstrated that Tregs differentiation was independent
of the AMPK-Driven LC-FAO [22].

3.3. Leptin

Leptin is a cytokine-like hormone and is structurally similar to IL-6. Leptin mediates metabolism
and T cell function [67,68]. Chronic leptin- and leptin-receptor deficiency is correlated with resistance
to autoimmunity and high susceptibility to infection [69,70]. For example, leptin levels in SLE patients
are correlated with regulatory T cell frequency [71]. De Rosa et al. reported that both leptin and its
receptor are constitutively expressed in freshly isolated human Tregs. Increased leptin signaling acts
as an antagonist during Tregs proliferation (Figure 3) [72].

3.4. Peroxisome Proliferator-Activated Receptors (PPARs)

Peroxisome proliferator-activated receptors (PPARs) are nuclear hormone receptors that function
to regulate cell growth, homeostasis, and differentiation. PPARα, β/δ, and γ are three primary
isoforms, each with distinct functions and tissue distribution [73]. PPARs play an important role
in peroxisomal mediated β-oxidation of FAO. When PPARs are activated with specific ligands,
conformational changes occur, resulting in heterodimerization with retinoid X receptor (RXRα), which
then binds to promoter regions of target genes involved in FAO [74,75]. PPARs also regulate glucose
metabolism. Recent studies have demonstrated that agonists of PPARs inhibit inflammatory and
immune responses in non-alcoholic fatty liver disease, at least in part, through increased expression
of Foxp3 and induction of Tregs (Figure 3) [76,77]. Although studies have revealed a clear picture of
anti-inflammatory function by PPAR-γ, the action of other PPARs on the Tregs population remains
uncertain. Recent studies have focused on the relationship between PPARs and visceral adipose tissue
(VAT) Tregs. VAT Tregs are a unique subset of Tregs that uniquely express PPARγ and are specifically
recruited to adipose tissue to suppress the inflammatory process [78]. In mice that specifically lack
PPARγ in Tregs, VAT Treg cell population is reduced. These mice display enhanced insulin resistance
and increased susceptibility to diabetic pathology [79,80]. These findings suggest that PPARγ may
be a promising target for obesity-associated insulin resistance (IR). However, the absence of PPARγ
in VAT Tregs does not perturb their frequency in aged mice, and VAT Tregs show a gene expression
profile more similar to fat effector conventional T cells than splenic Tregs [81]. One possible reason is
that long term inflammation in aged mice may change the characteristics of Tregs and promote the
transdifferentiation. These results highlight the importance of PPARγ in Treg differentiation, migration,
and function although aging and chronic inflammation may affect the role of PPARγ in Treg biology.

3.5. The Aryl Hydrocarbon Receptor (AHR)

AHR exists as a receptor and transcription factor, which is essential for xenobiotic metabolism
and shows a cital function in immunity [82]. AHR has a high-affinity ligand, TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin) and when activated in vivo, AHR–TCDD complex leads to the
induction of CD4+CD25+Foxp3+ Tregs. Alternatively, 6-formylindolo [3,2-b] carbazole (FICZ) may
activate AHR to interfere with Tregs differentiation, boosting Th17 cell differentiation and worsening
experimental autoimmune encephalomyelitis (EAE). Therefore, AHR regulates the balance of Tregs
and Th17 cell differentiation in a ligand-specific manner (Figure 3) [83] and can be a unique target for
immunosuppression therapy.

3.6. Interleukin 2 (IL-2)

IL-2 was first found as a T cell growth factor and plays an important role in T cell proliferation and
differentiation [84]. We confirmed, along with several groups, that IL-2 is still necessary to induce and
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expand Tregs [10,85]. Zeng et al. demonstrated that IL-2 enhancement of Tregs function was dependent
on the activation of mTORC1 [34]. Interestingly, IL-2 may partner with rapamycin (mTOR inhibitor) in
Tregs expansion in vitro (Box 1, Figure 3). Low dose IL-2 is a promising method for the treatment of
autoimmune diseases like lupus [86,87], T1DM [88], and graft-versus-host (GVHD) [89,90].

4. Concluding Remarks and Perspectives

Recently, research has highlighted the complex roles of intrinsic metabolic pathways in the
development and function of Tregs, which may have significant implications on immune diseases and
responses. In this review, we briefly summarize the roles of metabolic sensors in the biological features
of Tregs as well as their potential to be targets of clinical immune-modifying therapies (Figure 3).
Immunometabolism is a promising new field, and profound questions remain to be answered (Box 1).

Box 1. Some unsolved questions in the metabolic regulation of Tregs.

• The different roles of mTORC1 and mTORC2 in Treg induction, migration, expansion, and function;
• The different metabolic profiles of Tregs during steady states and inflammatory conditions;
• Identification of metabolic factors that correlate Tregs development, function, and expansion with

environment cues;
• The basis of the requirement of high doses of IL-2 (mTOR activator) along with rapamycin (inhibit mTOR)

to expand Tregs in vitro.
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Abstract: Acute Lymphoblastic Leukemia (ALL) is an aggressive hematologic disorder and constitutes
approximately 25% of cancer diagnoses among children and teenagers. Pediatric patients have
a favourable prognosis, with 5-years overall survival rates near 90%, while adult ALL still correlates
with poorer survival. However, during the past few decades, the therapeutic outcome of adult ALL
was significantly ameliorated, mainly due to intensive pediatric-based protocols of chemotherapy.
Mammalian (or mechanistic) target of rapamycin (mTOR) is a conserved serine/threonine kinase
belonging to the phosphatidylinositol 3-kinase (PI3K)-related kinase family (PIKK) and resides in two
distinct signalling complexes named mTORC1, involved in mRNA translation and protein synthesis
and mTORC2 that controls cell survival and migration. Moreover, both complexes are remarkably
involved in metabolism regulation. Growing evidence reports that mTOR dysregulation is related to
metastatic potential, cell proliferation and angiogenesis and given that PI3K/Akt/mTOR network
activation is often associated with poor prognosis and chemoresistance in ALL, there is a constant
need to discover novel inhibitors for ALL treatment. Here, the current knowledge of mTOR signalling
and the development of anti-mTOR compounds are documented, reporting the most relevant results
from both preclinical and clinical studies in ALL that have contributed significantly into their efficacy
or failure.

Keywords: Acute Lymphoblastic leukemia; targeted therapy; mTOR; metabolism; cell signalling

1. Introduction

Aberrant intracellular signalling pathways and inadequate continuous activation of cellular
networks commonly result in abnormal growth and survival of malignant cells. The PI3K/protein
kinase B (Akt)/mTOR network initiates and controls multiple cellular activities, including mRNA
translation, cell cycle progression, gene transcription, inhibition of apoptosis and autophagy, as well
as metabolism [1–5]. Constitutive activation of this pathway not only promotes uncontrolled
production of malignant cells but also induces chemotherapy resistance mechanisms, also in leukemias.
ALL is an aggressive malignancy of lymphoid progenitor cells in both pediatric and adult patients.
In adults, 75% of cases develop from precursors of the B-cell lineage, the others consisting of
malignant T-cell precursors [5–10]. T-ALL is also found in a range of 15% to 20% in children,
affecting boys more than girls. Modern genomic approaches have identified a number of recurrent
mutations that can be grouped into several different signalling pathways, including Notch, Jak/Stat,
MAPK and PI3K/Akt/mTOR. Phosphatase and tensin homolog (PTEN), which acts as a tumour
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suppressor gene, represents one of the main negative regulator of PI3K/Akt/mTOR network.
PTEN is the key regulator of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) dephosphorylation into
phosphatidylinositol (4,5)-bisphosphate (PIP2), thus blunting PI3K activity. In human T-ALL, PTEN is
often mutated or deleted, leading to the upregulation of PI3K/Akt/mTOR, in combination with
additional genetic anomalies [11,12]. Therefore, targeting the PI3K/Akt/mTOR signalling network
has been investigated extensively in preclinical models of ALL, with initial studies focused on mTOR
inhibition, demonstrating significant efficacy for mTOR drugs used as single inhibitors and synergistic
effects in association with conventional chemotherapy [13].

It should be highlighted that, in addition to the standard chemotherapy, other treatment options
such as immunotherapy represent today a new pharmacological approach, by targeting ALL surface
markers expressed on B lymphoblasts, that are, CD19, CD20 or CD22 [14]. One immunotherapy
strategy is represented by the bispecific T-cell engager (BiTE) antibodies, that bind the surface
antigens on two different target cells, generating a physical link of a tumour cell to a T cell: from
one side they can recognize the malignant B-cells through the CD19 and from the other side they
activate T-cell receptor (TCR) through the interaction with the CD3 receptor on T-lymphocytes [15,16].
Blinatumomab is a first-in-class BiTE antibody and it is a bispecific CD19-directed CD3 T-cell mAb
that has induced durable responses in patients with B-cell malignancies [17]. Blinatumomab has
demonstrated important response rates in minimal residual disease (MRD) positive and relapsed
or refractory B-ALL, both in adults and in children [16]. Another immunotherapeutic strategy in
relapsed/refractory CD22+ ALL is represented by Inotuzumab ozogamicin, a novel mAb against
CD22 conjugated to the toxin calicheamicin [18]. Another promising new therapy is the adoptive
immunotherapy using chimeric antigen receptors (CARs) modified T cells, developed in recent years.
CARs are artificial engineered receptors that can target specific cancer cell surface antigens, activates T
cells and, moreover, enhances T-cell immune function [19,20]. The first constructs consisted of CAR
T cells targeting CD19 marker and today different other antigens are under development. It has to
be underlined that a CD19-directed genetically modified autologous T-cell immunotherapy, Kymriah
(Tisagenlecleucel), has already been approved by FDA for patients up to 25 years of age with relapsed
or refractory B-cell ALL [21]. In pediatric patients and young adults, treatment consisting of fludarabine
and cyclophosphamide followed by a single infusion of Kymriah induced a significant (63%) Complete
Remission (CR), negative for MRD with an acceptable benefit–risk profile for this patient population
(see also www.clinicaltrials.gov: NCT02435849).

However these immunotherapies are not considered completely curative and this is due to the
fact that deadly relapses are common (median overall survival is <8 months with Blinatumomab and
Inotuzumab ozogamicin and ~50% of CAR-T relapse within a year). Thus, novel approaches and
further studies are needed.

Concerning mTOR inhibition, Rapamycin (Sirolimus) was first discovered as a new antifungal
agent in soil samples from Rapa Nui, from which it received its name. In 1999 it was approved by FDA
to prevent immune rejection of transplanted organs and studies in the budding yeast Saccharomyces
cerevisiae revealed that a serine/threonine (Ser/Thr) protein kinase was the mediator of rapamycin
toxic effects in yeast (Target of Rapamycin, TOR) [22]. mTOR is a 289 kDa serine/threonine kinase that
works as a regulator of cellular progression and metabolic mechanisms in response to nutrients and
hormonal signals [23]. mTOR forms with other components two distinct complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), that differ from each other according to their different
functionality [24]. These complexes have in common the catalytic mTOR subunit and other three
known complex components, mLST8, DEP domain-containing mTOR-interacting protein (DEPTOR)
and Tti1/Tel2 [22,25–27]. mTORC1 is Rapamycin-sensitive and has unique components including
regulatory-associated protein of mammalian target of rapamycin (raptor) and the 40 kDa proline-rich
Akt substrate (PRAS40); mTORC2 comprises rapamycin insensitive companion of mTOR (rictor),
mSIN1 and Proctor 1/2 as its specific components [28–30].
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In this review we will summarize the current knowledge of mTOR signalling, the roles of its
complexes, the mTOR involvement in the metabolism process, its relevance in ALL diseases and the
status of mTOR inhibitors, reporting the most consistent results obtained from both preclinical and
clinical analysis in ALL.

2. Activity of mTOR Complex 1

mTORC1 represents a nutrient/energy/redox sensor and is a controller of protein translation,
cell metabolism and growth. For protein synthesis cells must have enough energy resources, nutrient
support, oxygen abundance and proper growth factors to begin mRNA translation [31,32].

The binding of different growth factors and various cytokines to cell surface tyrosine kinase
receptors leads to the PI3K/Akt/mTOR network activation. In particular, a key negative regulator
of mTORC1 is TSC1/TSC2, a heterodimer with GTPase activity consisting of tuberous sclerosis
1 (TSC1) and tuberous sclerosis 2 (TSC2). This complex acts as a molecular switch for mTORC1
activity: during high stress situations, mTOR activity is blocked by this heterodimer, while it is again
reactivated under favourable circumstances, that are, with growth factor stimulation and high cell
growth conditions. The GTP-bound form of Ras homolog enriched in brain (Rheb) directly cooperates
with mTORC1, strengthening its kinase activity and inducing proliferation and cell survival. As a Rheb
GTPase-activating protein (GAP), TSC1/TSC2 negatively regulates mTORC1 by converting Rheb into
its inactive form [33].

Among the upstream signalling networks, Akt and extracellular-signal-regulated kinase (ERK1/2)
inactivate TSC1/2 and thus activate mTORC1.

Activated mTORC1 directly phosphorylates eIF4E-binding protein 1 (4E-BP1) and ribosomal
S6 kinase (S6K), inducing protein synthesis [34–36]. The phosphorylation of 4E-BP1 impedes its
binding to cap-binding protein eIF4E complex and leads to the initiation of cap-dependent translation.
S6K controls the translation of several mRNAs that encode for ribosomal proteins and other
constituents of the translational machinery such as elongation factors (i.e., the eukaryotic elongation
factor 2 or eEF2). mTORC1-dependent anabolic induction is achieved through the phosphorylation of
the downstream kinase S6K, as well as 4E-BP1, Lipin1 (lipid synthesis) and ATF4 (nucleotide synthesis).
mTORC1 also up-regulates the glycolytic pathway by stimulating the transcriptional activation
capability of Hypoxia Inducible Factor 1α (HIFα), a positive regulator of many glycolytic genes [37,38].
Furthermore, mTORC1 regulates the lysosomal function through transcription factor EB (TFEB),
which controls the expression of many genes with key roles in lysosomal biogenesis and autophagy
mechanism [39]. TFEB-mediated endocytosis induces the assembly of the mTORC1-containing nutrient
sensing complex through the formation of endosomes, with further activation of Akt (Akt p-T308) [40].

mTORC1 promotes cell growth by blocking catabolic pathways such as autophagy, that represents
the major degradation pathway in eukaryotic cells [41–43]. The inhibition of mTORC1 stimulates
autophagy and this is correlated, for example during amino acid starvation condition, with the
activation of the mTORC1 direct substrate Unc-51 like autophagy activating kinase (ULK1,
including ULK2 isoform) [44]. The phosphorylation of ULK1 is a key signalling mechanism
through which starvation-induced autophagy is regulated. Therefore, under starvation, activated
phosphatases such as PP2A lead to a rapid dephosphorylation of ULK1, phosphorylated by mTORC1.
ULK1 dephosphorylation correlates with an increment of the autophagic process [43]. Alterations in
autophagy processes are correlated to different disorders including diabetes, cardiovascular disease,
neurodegenerative diseases and cancer [45–47].

3. Activity of mTOR Complex 2

Differently to the role of mTORC1, little is known about the regulatory mechanism of mTORC2.
mTORC2 specifically senses growth factors and controls cell survival, metabolism and actin
rearrangement [48]. The nutrient-sensing role of mTOR is mainly dependent on mTORC1 [49].
mTORC2 is abnormally overexpressed in several cancer types and this characteristic leads to poor
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survival [50]. Although initial studies reported mTORC2 as a rapamycin-insensitive complex, there are
actually several reports showing that rapamycin is capable of inhibiting mTORC2 upon longer
exposure, most likely by negatively affecting the assembly of new mTORC2 complexes and therefore
reducing mTORC2 levels that are usually required to maintain Akt/PKB signalling [51]. The different
sensitivity to rapamycin may be explained by the fact that, in various cell types, a fraction of
mTORC2 assembles with the FKBP12-rapamycin binding site not accessible to the drug. PTEN and
FKBP12 expression represent possible modulators of rapamycin-mediated inhibition of Akt/PKB
phosphorylation [51].

Liu and co-workers identified a correlation between PI3K growth factor stimulation and mTORC2
activity. SIN1 pleckstrin homology (PH) domain suppresses mTOR kinase domain function, as PIP3
interacts with the PH domain of mSIN1 to repress its inhibitory activity on mTOR, thus leading to
mTORC2 activation [52].

mTORC2 substrates include the Ser/Thr cytosolic protein kinase Akt and protein kinase C (PKC),
which share the hydrophobic motif at their phosphorylation site [53]. mTORC2 directly phosphorylates
Akt at S473 residue and fully activates it [54,55]. Akt phosphorylation inhibits mTORC2 activity and
thereby reduces the function of some Akt targets such as FoxO1/2 [56]. mTORC2 also stimulates
serum and glucocorticoid-regulated kinase 1 (SGK1), a kinase that contributes to the regulation
of glucose and creatine transporters, hormone release, inflammation, growth and apoptosis [57],
belongs to the AGC family of protein kinases [54] and is involved in aberrant cell growth, survival and
invasiveness. Nevertheless, recent findings have highlighted how mTORC2 could also act as a repressor
of chaperone-mediated autophagy [58,59], which is frequently deregulated in numerous age-related
disorders [60,61]. Moreover, mTORC2 increases Na+ transport and regulates cell migration [62,63].

The major functions and downstream targets of mTORC1 and 2 are highlighted in Figure 1.

Figure 1. Signalling mechanisms and major functions of mTORC1 and mTORC2.

mTOR, activated by specific growth factors and cytokines, nutrients, cellular stress and oxygen
levels, forms two distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2),
that differ from each other according to their different activities. A key negative regulator of
mTORC1 is TSC1/TSC2, consisting of tuberous sclerosis 1 (TSC1) and tuberous sclerosis 2 (TSC2).
Among the upstream signalling networks, Akt and extracellular-signal-regulated kinase (ERK1/2)
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inactivate TSC1/2 and activate mTORC1. mTORC2 directly phosphorylates Akt at S473 residue
leading to its complete activation. In B-cell development, PI3K/Akt/mTOR can also be activated
by pre-BCR network, which involves constitutive activity of different kinases such as SYK, Fyn and
Lyn. Wnt network, involved in embryonic development, can inhibit mTORC1 by blocking GSK3β
expression. GSK3β is a positive modulator of the TSC complex. For other details, see the text.

4. mTOR Involvement in Metabolism

Metabolic modifications represent a hallmark of oncogenesis and tumour progression [64] and
there is a growing interest in understanding these alterations associated with cancer cells resistant
to therapy. Relapsed cancer cells, that have an aggressive phenotype, display an overexpression of
the ATP-binding cassette transporter ABCB1 gene product and a high expression of the efflux pump
P-glycoprotein (P-gp) [65]. The metabolic program often used by cancer cells is the aerobic glycolysis,
which is characterized by increased glucose flux and production of lactate. Because of aerobic glycolysis
tumour cells generate new lipids or amino acids necessary for cell proliferation [66]. Therefore, the
metabolic alterations that characterize drug-resistance in cancer cells could represent an attractive
therapeutic target. PI3K/Akt/mTOR network is a key regulator of glycometabolic homeostasis [67,68].
The active PI3K/Akt pathway is involved in glucose uptake by upregulating several cell surface
glucose transporters (GLUT) expression and by stimulating several glycolytic enzymes, such as
hexokinase [68]. mTORC1 activation is induced by different amino acids, particularly leucine and
glutamine and also activates feedback mechanisms that further increase nutrient uptake to fuel anabolic
reactions [69]. This complex is also involved in the upregulation of the expression of HIF1α, which has
a key function in cell energy regulation, lipid and glutamine metabolic flux and promotes glycolysis
with the conversion of glucose to pyruvate [70]. Moreover, mTORC1 positively regulates mitochondrial
function and metabolism by selectively inducing translation of nucleus-encoded mitochondria-related
mRNAs [71]. Upon starvation, mTORC1 activity is inhibited, alleviating the repression of ULK1/2.
Active ULK1/2 phosphorylates key enzymes involved in the glycolytic pathway and promotes
autophagy ensuring a good level of cellular energy and redox homeostasis [72]. Less is known
about mTORC2 in growth factor signalling and metabolism. Recent data indicate that mTORC2
direct association with ribosomes ensures that this complex is active in cells that are growing and
undergoing protein synthesis [63,68,73]. The metabolic profile of ALL is yet not well understood.
However, it has been reported that in primary human peripheral T-ALL blood samples Glut1 and
Hexokinase 1 and 2 (HK1 and HK2) were significantly elevated in comparison to T cells from healthy
donors. In T-ALL, oncogenic Notch induced metabolic stress that stimulated 5′ AMP-activated kinase
(AMPK). AMPK has growth suppressive functions and may act to block growth also in T-ALL [74].
Kishton et al demonstrated that unlike stimulated T cells, AMPK restrained aerobic glycolysis in
T-ALL, also maintaining mitochondrial function to mitigate stress. The reduction of energy demand
was modulated through mTORC1 inhibition-regulated anabolic growth, resulting in decreased aerobic
glycolysis. The metabolic stress and apoptosis modulation by AMPK may thus provide new, potential
approaches to treat T-ALL. To date, few studies have analysed the adaptations of the cellular cancer
metabolism in a drug-resistance context. The transcriptional profile of several glucocorticoid-resistant
T-ALL cells with high expression of genes related to the metabolic pathway was recently analysed.
Treatment with rapamycin augmented cell sensibility to the glucocorticoid dexamethasone, indirectly
correlating metabolism upregulation and mTOR function [75]. Compared with sensitive ALL cells,
a recent study reported the metabolic profile of daunorubicin-resistant T-ALL cells and transcriptomic
and metabolomic analysis revealed a higher dependence on glucose and a lower dependence on
glutamine and fatty acids. The reduction of glutamate-ammonia ligase (GLUL) expression, the low
levels of glutamine metabolism genes ASNS, ASS1, of the transporter SLC1A5 and the reduced
level of pantothenic acid may reflect a more general adaptation based on metabolic rewiring that
characterizes drug resistance in tumour cells [64]. Moreover, transforming oncogenes, such as RAS
or BCR-ABL can impose significant metabolic requirements on glucose and energy supply [76,77].
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Given the high presence of genetic lesions of B-lymphoid transcription factors in pre-B ALL cells,
some studies analysed whether these transcription factors could restrict glucose and energy supply,
thus getting in the way against malignant transformation. By combining ChIP-seq and RNA-seq
studies, it was shown that two transcription factors, PAX5 and IKZF1, that are reported to have a key
role in normal B-cell development, enforce a state of chronic energy deprivation and a constitutive
activation of AMPK. In pre-B ALL patients, inducible wildtype reconstitution of PAX5 and IKZF1
decreased Akt activation, glucose-metabolism effectors and glucose transporters. On the other hand,
a strong induced expression of glucose transport inhibitors was shown. NR3C1 (glucocorticoid
receptor), TXNIP (glucose feedback sensor) and CNR2 (cannabinoid receptor) were identified as central
effectors of B-lymphoid glucose restriction and energy supply. Indeed, the genetic loss-of-function
of NR3C1, TXNIP and CNR2 significantly improved glucose uptake and increased ATP-levels [78].
Therefore, B-lymphoid transcription factors can represent metabolic gatekeepers limiting the amount
of cellular ATP to levels insufficient to achieve malignant transformation. Moreover, the effectors
NR3C1, TXNIP and CNR2 could represent valuable therapeutic targets for the treatment of pre-B ALL.

5. Targeted Therapy: Inhibition of mTOR in ALL

The crucial function of mTOR as a regulator of Akt, its involvement in modulation of other
signalling cascades such as NOTCH-1 (principally via-mTORC2) and its ability in monitoring metabolic
functions and energy homeostasis in healthy and tumoral cells led to a growing interest in developing
targeted and personalized ALL therapies. There is a marked interest in targeting mTOR protein
kinase, for cancer therapy, also based on genetic studies showing selective effects on tumour cells
following mTOR inactivation [79]. Indeed, some recognized molecular lesions related to adverse
clinical prognosis in ALL are involved in mTOR-mediated signalling. Based on these observations,
three classes of mTOR inhibitors are included in the scenario of ALL treatment: allosteric inhibitors
[(rapamycin and rapalogs, that are, RAD001 (everolimus), CCI-779 (temsirolimus)] mainly targeting
mTORC1 [80–82], ATP-competitive dual PI3K/mTOR inhibitors [6,83,84] and mTOR kinase inhibitors
(TORKIs) that specifically have as a target mTORC1 and mTORC2 but not PI3K [79,83,85]. Rapamycin
and rapalogs belong to the mTOR first generation inhibitors, are the most well documented drugs and
have shown antitumor activity in clinical trials, not only for ALL cases but also in non-haematological
neoplasms. Rapamycin interacts with the intracellular receptor, FK506-binding protein 12 (FKBP12) and
interferes with growth-stimulating cytokine signalling [86]. Together with the immunophilin FKBP12,
rapamycin/rapalogs associate with the FKBP12-rapamycin-binding (FRB) domain of mTORC1 [87].
This association results in decreased interactions between mTOR and Raptor with a consequent
downregulation of mTORC1 activity [88]. This was reported to occur by steric hindrance through
reduction in the size of the mTOR active-site [87]. Rapamycin has been tested alone and in combination
with Janus Kinase (JAK), ABL protein inhibitors [84], focal adhesion kinase (FAK) or also with cyclin
D3 (CCND3) and CDK4/6 inhibitors [89,90] in xenografts model and in in vitro cancer cell lines,
showing relevant synergistic effects and induction of cellular mechanisms as autophagy. Nevertheless,
rapamycin has also been reported to have pharmacological limitations. For this reason rapamycin
derivatives (so called “rapalogs”) for the treatment of ALL have been developed, with minor
immunosuppressive activity [86] and greater antitumoral action. Among these rapalogs, RAD001 has
been widely investigated in in vivo and in vitro models for its antiproliferative activities. It is more
selective for the mTORC1 protein complex, with lower impact on mTORC2 and different trials are
underway also in solid tumours like gastric cancer and hepatocellular carcinoma. Numerous studies
reported the efficacy of RAD001 in inducing caspase-independent cell death and cell cycle regulation
changes [91] or in overcoming resistance in ALL versus several inhibitors like Tirosine Kinase Inhibitors
(TKI) [92]. However, limited apoptosis was reported by rapalogs, despite the delayed progression of
tumour growth. Therefore, second-generation anti mTOR drugs were developed, to compete with
the catalytic site of mTOR blocking the feedback activation of PI3K/Akt network (mTOR kinase
inhibitors) and to repress both mTOR complexes, overcoming some of the limitations of rapalogs.
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BEZ235 and BGT226, in addition to others that will be described in the next sections, belong to the
PI3K/mTOR inhibition class and for both are reported significant apoptotic and anti-leukemic activity
in vitro and in vivo [8,93–95]. AZD8055, AZD2014, TAK-228, CC-223 and OSI-027 are examples of
TORKIs and entered phase 1/2 clinical trials for the treatment of different solid tumours but not yet for
ALL. mTOR inhibition also appears to be effective when combined with conventional chemotherapy
in ALL [85,96] and with drugs targeting the epigenetic machinery, inducing apoptosis, as well as
increased mitochondria sensitivity to initiate cell death [97] and inhibiting BCL2 protein family leading
to increased cytotoxicity [98].

mTOR inhibition either alone or in association with conventional ALL therapies or with targeted
drugs for different cellular cascades is able to block distinct mechanisms of cell survival in ALL,
providing a strong rationale for the investigation of mTOR inhibition particularly in the setting of
resistance to chemotherapeutic drugs. In the next sections the most recent advances in mTOR inhibition
in B- and T-ALL are discussed, pointing out the therapeutic importance of this protein kinase in this
hematologic malignancy treatment.

5.1. mTOR Inhibition in T-ALL

T-ALL is a neoplasm caused by numerous and relevant genomic lesions that affect the
development of T cells [99–101]. In T-ALL, high expression of mTOR was reported to be more frequent
in adults than in children [102]. Literature data documented, in several preclinical studies, a good
efficacy of allosteric mTOR inhibitors in T-ALL cells, with cytostatic effects [103,104]. Rapamycin and
CCI-779 are able to block Interleukin-7 (IL-7)-dependent T-ALL growth [105]. Indeed, the two inhibitors
induced T-ALL cell death when cultured in the presence of this interleukin. Moreover, in T-ALL cell
lines, rapamycin re-establishes the expression of p14, p15 and p57 genes, that normally act as cell
cycle regulators and are reported to be inactivated in adult ALL through promoter methylation [90].
Demethylation of the promoter of the G1/S transition genes mediated these effects, accompanied by
a marked decrease of mTOR and p70S6K expression. However, the molecular mechanism concerning
this regulation still has to be clarified. Rapamycin and derivatives could be significantly combined
with drugs currently employed in the treatment of T-ALL, that is, Doxorubicin (Doxo) [89,105],
cyclophosphamide [106] and methotrexate [107]. Pikman et al. documented also a good synergism
in the combinations of the CDK4/6 inhibitor LEE-01 (ribociclib) with the rapalog RAD001 and with
glucocorticoids (GCs), currently used in the therapeutic protocols in the treatment of T- and B-ALL.
The efficacy of the combination rather than the single agent was shown both in vitro and in T-ALL
mouse models [89]. Other relevant allosteric mTOR inhibitors combinations to be cited are those
with inhibitors of NOTCH1 signalling network. This evolutionally conserved signalling network,
with key roles in modulation of haematopoiesis, cell growth, apoptosis and angiogenesis, is commonly
dysregulated in T-ALL representing the most common abnormality in this subtype. NOTCH1 can
activate PI3K/AKT/mTOR network at multiple levels, regulating cell size, glucose accumulation
and glycolysis during T-cell development [108]. Consequently, inhibition of NOTCH1 correlates with
suppression of mTOR, highlighting the close interconnection between the two signalling cascades.
Different PI3K upstream signalling receptors, such as the interleukin 7 receptor α chain (IL7RA),
are upregulated by NOTCH1 signalling in T-cell progenitors. The oncogene MYC, prominent target
gene in T-cell transformation, is able to revert the inhibitory effects of blocking NOTCH1 on the
mTOR network [108–110]. The dual inhibitor PI3K/mTOR inhibitor PKI-587 (Gedatolisib) exhibited
a significant inhibitory effect on T-ALL leukemia cells and in T-ALL patients with poor prognosis.
In T-ALL cells PKI-587 blocked proliferation and colony formation and, in immune-deficient mouse
models, delayed tumour progression, enhancing the survival rate. PKI-587 was also particularly
effective in CRLF2/JAK-mutant models with a 92.2% leukemia proliferation reduction versus
vehicle controls and with significantly prolonged mice survival [83]. Preclinical studies of the
dual PI3K/mTOR inhibitor BEZ235 showed anti-proliferative activity in ALL cell lines [111,112].
In particular, this drug induced anti-leukemic activity when associated with glucocorticoids in vitro
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and in vivo models [112,113]. In PTEN null cells, BEZ235 controlled GC-resistance by increasing the
level of the proapoptotic BIM protein, inducing a marked apoptosis [112,114]. The pronounced
antiproliferative effects of BEZ235 have also been observed in Jurkat and MOLT4 T-ALL cells,
when administered with cytarabine (AraC), Doxo or glucocorticoids [111]. TORKIs interfere only
with the mTOR catalytic domain [54]. The levels and activation status of regulators of mTORC1 were
recently examined in γ secretase inhibitors (GSI)-resistant T-ALL cells. These inhibitors are reported
to suppress Aβ peptide and to suppress the Notch signalling pathway [115]. The combination of the
mTOR inhibitor AZD8055 with the BH3-mimetic, ABT-263, induced a decreased phosphorylation
of 4EBP1 and S6, also lowering MCL-1 expression and inducing tumour regression in vivo [116].
In T-ALL Jurkat cells, the mTOR kinase inhibitor OSI-027 induced c-Myc reduction and activation
of the PUMA BCL2 family member. At the same time, the mTORC2 activity inhibition, with 4EBP1
phosphorylation, resulted in NF κB–mediated expression of the early growth response 1 (EGR1) gene,
which encodes for the proapoptotic protein BIM. Therefore, different signalling networks are involved
in T-ALL apoptosis, after OSI-027 treatment [117]. Table 1 reports a summary of the main mTOR
inhibitors in T-ALL models. However, there are still few data concerning the efficacy of this class of
inhibitors for T-ALL, while some Phase I clinical studies conducted mostly on solid tumours have been
released [118]. Therefore, further studies are needed to predict valuable therapeutic protocols with
TORKIs in T-ALL models.

5.2. mTOR Inhibition in B-ALL

B-ALL is characterized by the uncontrolled proliferation of B-cell precursors [119] and is further
classified by the differentiation status as pro-B, common, precursor B (pre-B) and mature B-cell
ALL. Pro-B ALL is an ALL unfavourable subset in childhood and adults and lacks the B cell
marker of therapeutic resistance CD10 [120]. Pre-B ALL represents the most common type in adults,
with cells that characteristically co-express CD10 and CD19 surface markers [121], while mature
B cell ALL is sometimes called Burkitt type ALL because it shares similar characteristics to the
Burkitt lymphoma [122]. Despite considerable progress in treatment protocols, B-ALL displays a poor
prognosis in about 15–20% of pediatric cases and about 60% of adult patients. Factors for higher risk
of relapse in adults include the Philadelphia chromosome alteration (Ph) formed upon the t(9;22)
reciprocal chromosomal translocation, with consequent formation of a Bcr-Abl chimera gene [107].
The incidence of Ph+ B-ALL increases with age and occurs up to 50% of B-ALL diagnosed in subjects
over 50 years old [85]. Philadelphia (Ph)-like ALL is a recently characterized subtype. This subgroup
has been reported to have a high expression of cytokine receptors and signalling tyrosine kinases,
resulting in kinase activation through stimulation of ABL and JAK/STAT pathways. This subtype is
very aggressive and the gene expression profile is reported similar to that of Ph+ B-ALL, although
the Bcr-Abl fusion protein is lacking. For this aspect, the development of sensitive, cost-effective
and commercially available diagnostic approaches are needed in order to better identify this type of
patients [123]. Many Small Molecule Inhibitors (SMI) have been or are in clinical development for both
T- and B-ALL subtype [10,124–127]. Indeed, hyperactivation of PI3K/Akt/mTOR network is usually
detected also in B-ALL subtype [128] and correlates with poor prognosis and drug resistance both
in adults and in pediatric B-ALL patients [129,130]. In pre-B ALL the combination of RAD001 with
the Akt inhibitor MK-2206 significantly exerts anti-leukemic activity, with increased apoptosis and
autophagy induction [5]. For this ALL subtype and in particular for Ph+ B-ALL, mTOR inhibitors are
usually given in combination with other signalling cascade drugs or in association with TKI, since the
antiproliferative activity of a single mTOR inhibitor is not often effective in overcoming drug-resistance.

5.3. mTOR Activity in B-ALL

High basal levels of Akt and mTOR activation in B cell leukemias and lymphomas have been
reported in different works [10,131,132]. Recent studies in immune cells highlighted that mTOR
not only couples nutrient availability with cell proliferation but also controls cell differentiation and
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activation-induced responses in B and T lymphocytes, natural killer cells, neutrophils, macrophages
and other cellular types [132]. By assessing the total expression of mTORC1 signalling proteins
Raptor and mTOR, as well as the phosphorylation of mTORC1 downstream S6 ribosomal (S6R)
and 4EBP1 proteins, it has been found that mTORC1 pathway is predominantly activated during
the pro-B, large and small pre-B cells stages and to a lesser extent in resting immature and mature
B cells in the bone marrow. These results are consistent with the expression of the IL-7 receptor
(IL-7R) during the pro-B and pre-B cell processes and the activation of mTORC1 downstream of IL7R.
The importance of mTOR in cell maturation and differentiation has been documented in a study
involving an hypomorphic mouse, characterized by a neomycin cassette insertion in an intron that
partially disrupted mTOR transcription. A partial block in B-cell development in the bone marrow
was detected with a reduction of pro-B, pre-B and immature B cell populations, simultaneously with
a reduced mature B cell populations in the spleen. mTORC1 signalling is therefore specifically required
in early B cell development [133,134]. mTORC2 signalling is also important in B cell development and
function. Indeed, Rictor knockout mice reported a decrease in the quantity of mature B cells in the
peripheral blood and in the spleen and impaired early B cell development in the bone marrow. Rictor
deficient B cells exhibited an aberrant increase in FoxO1 and recombination-activating gene 1 (Rag-1)
and rapamycin aggravated the Rictor deletion-induced defect in B cells via the inhibition of mTORC1
activity [135]. The mTOR hyperactivation in B-ALL is strictly dependent on oncogenic drivers, such as
BCR-ABL1 fusion gene, on kinases commonly found aberrant in B-ALL such as cytokine receptor-like
factor 2 (CRLF2) or JAKs, on hyperactivated growth receptors as colony-stimulating factor 1 receptor
(CSF1R) and on overexpressed fms-related tyrosine kinase 3 (FLT3) and IL7R. Besides BCR-ABL1
fusion gene, the ETV6/RUNX1 (E/R) mutation is frequently found in childhood B-ALL and literature
reported the importance of using dual PI3K/mTOR drugs for a marked inhibition of cells harbouring
E/R mutation and a decreased cell resistance to glucocorticoids [136]. Activating mutations in upstream
kinases such as protein kinase C delta (PKCδ) or the cytoplasmic protein spleen tyrosine kinase (SYC),
are the most common causes of mTOR hyperactivity. SYK, which is downstream of pre-BCR signalling,
promotes the activation of PI3K/Akt pathway [137,138]. Concerning Ph− B-ALL cases, literature
reported that the upregulation of the PI3K/Akt/mTOR network could be dependent on constitutively
active pre-BCR signalling that characterizes approximately 13% of Ph− B-ALL cases [139]. Rapamycin,
RAD001 and CCI-779 have all been tested in various clinical trials for ALL in combination with
multi-agent chemotherapy, with promising results including CR of relapsed childhood ALL [140].
However, a disadvantage of rapalog therapy is the upregulation of the pro-survival/proliferation PI3K
pathway, which occurs through loss of mTORC1 negative feedback on PI3K and on mTORC2 and the
incomplete suppression of the mTORC1 substrate 4E-BP1 [140]. Moreover, rapamycin and rapalogs
suppress p70S6K1 phosphorylation and switch off the Insulin receptor substrate (IRS)-dependent
negative feedback mechanism that prevents aberrant activation of PI3K/Akt network in response to
insulin/IGF-1, leading to Akt/mTORC1 activity up-regulation [54]. Treatments with TORKIs more
effectively block mTORC1 substrate phosphorylation relative to rapalogs and also inhibit mTORC2
activity, thus attenuating the Akt pathway and reducing the unwanted upregulation of PI3K pathway.
Different pharmacological combinations involving mTOR inhibitors, dual PI3K/mTOR inhibitors
and other drugs are used to overcome possible other resistance mechanisms such as the upregulation
of the Ras/MAPK/ERK pathway or Receptor Tyrosine Kinase (RTK) overexpression. Targeting
BCL-2 proteins represents a direct approach for apoptosis subsequently to mTOR inhibition, therefore
modulating the anti-apoptotic components (BCL-2 or BCL-XL) and proapoptotic sensors (BAD or
PUMA), activators (BIM) or effectors (BAX) [140]. Analysis of structurally distinct TORKIs in B-ALL
reported that mTOR inhibition was capable to induce apoptosis when compared to rapamycin [141,142].
The main challenge will be to achieve the most advantageous drug combinations targeting multiple
key survival pathways, at the same time selective for cancer cells but with little or no side toxicity that
at present constitutes a major concern.
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5.3.1. Targeting mTOR in Ph+ B-ALL and in Ph-like B-ALL

The discovery of TKIs has led to significant improvement in the treatment of Chronic Myeloid
Leukemia (CML) and Ph+ ALL [143–146]. However, despite the implementation of TKI for the
treatment of Ph+ B-ALL, survival outcomes still remain poor compared to Ph−B-ALL [124].
The combination of Imatinib (IM, first-generation TKI) with standard chemotherapy or with allogeneic
hematopoietic stem cell transplantation (HSCT) has significantly ameliorated the survival of Ph+
ALL [147–149]. More recently, second- or third-generation TKI (dasatinib, nilotinib, bosutinib and
ponatinib) have been used as first-line treatment in Ph+ B-ALL with positive outcomes [150,151].
In Ph+ B-ALL, the BCR-ABL fusion gene directly activates the mTOR network, that could represent
a mechanism of disease resistance to TKI therapy [152]. More than 50 types of mutations in the
BCR–ABL fusion gene have been identified including Y253H, E255K, M351T, G250E and T315I [146].
Targeting the signalling pathway downstream from BCR-ABL, rapamycin could circumvent imatinib
resistance in cells carrying the T315I mutation. This mutation usually confers resistance to all first-and
second-generation TKIs, except to the third-generation TKI Ponatinib (AP24534), that represents the
treatment of choice for CML [146,153] and Ph+ ALL [154,155]. Ponatinib has also potent activity
against FLT3, that confers resistance to imatinib, nilotinib and dasatinib [156]. The efficacy of
ponatinib versus imatinib is actually in clinical studies for Ph+ ALL, besides another study focused
on the effects of ponatinib with the monoclonal antibody Blinatumomab in Ph+ and Ph− ALL (see
www.clinicaltrials.gov: NCT03263572). Martinelli et al. published a study revealing a promising
activity of ponatinib in patients affected by CML and positive for T315I [157]. Its efficacy is better
documented in association with other molecules, such as blinatumomab and the WEE1 inhibitor
AZD-1775, in patients with relapsed/refractory Ph+ disease and in T-ALL cell lines [158–160]. Imatinib
could cause an abnormal activation of the mTOR pathway, leading to treatment resistance. The addition
of rapamycin to imatinib mesylate overcame this effect in Ph+ B-ALL and induced apoptosis [161].
Moreover, rapamycin could potentiate the proliferation inhibition induced by daunorubicin in Ph+

B-ALL cells and primary samples and at the same time eliminated the abnormal effect of daunorubicin
to aberrantly upregulate mTORC1 signalling [162]. Therefore, there is a rationale also in using mTOR
inhibitors for this ALL subtype and this may be a mechanism of improving outcomes in Ph+ B-ALL.
The importance and efficacy of the co-treatment of allosteric mTOR inhibitors with conventional
chemotherapy or with TKI therapy has also been highlighted by Kuwatsuka et al., whose study
demonstrated that RAD001 overcame resistance to imatinib by targeting in vitro and in vivo a mostly
quiescent Ph+ B-ALL cell subset (CD34+/CD38−) [75]. RAD001/imatinib co-treatment induced
in vitro apoptosis of CD34+/CD38− cells more selectively than RAD001 alone and the treatment
was more effective in reducing Mcl-1 expression than either drug alone. Co-treatment with RAD001
can therefore overcome resistance to imatinib in Ph+ B-ALL leukemic stem cells (LSCs), introducing
more effective therapeutic treatments aimed to lower the number of patients who relapse after TKI
treatment. PI-103, BEZ235 and PKI-587 (Gedatolisib) have also been employed in pre-clinical models
of B-ALL subtypes [10]. PI-103 was more effective than rapamycin in suppressing proliferation of
Ph+ B-ALL leukemia cells treated with imatinib [148], both in mouse pre-B ALL and human CD19+

CD34+ Ph+ ALL cells. BEZ235 was reported to induce apoptosis in Ph+ B-ALL nilotinib-resistant
cells, leading to a marked downregulation of the anti-apoptotic MDM2 protein (or human homolog
of the murine double minute-2) [163]. As for the dual PI3K/mTOR inhibitor PKI-587 (Gedatolisib),
it displayed antitumoral activity in childhood B-ALL patient-derived xenograft models having various
Ph-like genomic alterations [84]. Regarding TORKIs, actually only PP-242 and MLN0128 (known
also as INK128) have been tested in Ph+ ALL models. PP242 displayed more significant cytotoxic
effects and a more complete inhibition of mTORC1 in combination with Imatinib in Ph+ SUP-B15 cells,
with a marked up-regulation of the apoptosis associated proteins (Bax and cleaved caspase-3) [150].
In preclinical models of paediatric and adult Ph+ B-ALL but also in Ph− B-ALL, MLN0128 suppressed
proliferation and increased the efficacy of the second generation TKI Dasatinib, supporting the
hypothesis for potential clinical analysis of this TORKI. Moreover, in in vivo models, this inhibitor
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displayed a low toxicity [164]. Further studies are needed to highlight the importance of TORKIs for
a more precise and personalized treatment in Ph+ B-ALL models, with protocols that also involve more
than one inhibitor targeting different signalling cascades. Beagle et al. demonstrated, for example,
the benefit of using histone deacetylases inhibitors (HDACi) in combination with TORKIs. Indeed,
in Ph+ and Ph− B-ALL and in primary pediatric B-ALL, the cytotoxic role of TORKIs can be augmented
by the HDACi vorinostat or panobinostat, with a resulting increased expression of pro-death genes and
transcription factors [97]. The high risk pediatric Ph-like B-ALL cohort, that suffers high rates of relapse
and mortality, frequently displays a panel of genetic rearrangements in the cytokine receptor like factor
2 (CLRF2), JAK 1/2/3, IL-7R, FLT3 or platelet-derived growth factor receptor-β (PDGFRB) [165]. All of
these aberrations have the potential to modulate the PI3K/Akt/mTOR network leading to its aberrant
activation. It has been shown that, in xenograft models with and without CRLF2 and JAK genetic
lesions, rapamycin reduced leukemia blasts, prolonging also survival [166]. Gotesman et al. further
gave relevance to mTORC1 inhibition combining TORKIs with dasatinib in ABL-rearranged Ph-like
B-ALL. The combination was more effective than TKI alone against patient-derived Ph-like B-ALL
cells, suggesting a rationale for clinical testing of TKI associations with TORKIs in pediatric and adults
Ph-like B-ALL patients and new therapeutic strategies in this poor prognosis subtype of B-ALL [143].

5.3.2. Targeting mTOR in Ph− B-ALL

Evidence suggests that B-cell receptor (BCR) plays an important role not only in Ph+ B-ALL
but also in Ph− B-ALL, where several molecules, such as IL-7, modulate survival and cell death
mechanisms [167]. Indeed, the precursor-B-cell receptor (pre-BCR) activation depends on different
signals that are required to initiate several aberrant cellular processes in pre-B cells, such as abnormal
proliferation. Prior to become a functional mature B cell, B cell progenitors must successfully proceed
through several checkpoints that ensure in mature B cells the expression of functional immunoglobulin
receptors capable of recognizing a wide-array of antigens [132]. Pre-BCR receptor ensures pre-B cells
differentiation into mature B-cells. Therefore, pre-BCR acts as a checkpoint in B-cell development and
is involved in the recombination of light chain gene IgL through the termination of surrogate light
chains (SLC) expression [168]. Together with BCR, mature B cells development is strictly correlated to
the activation of the receptor for the tumour necrosis factor (TNF) family cytokine, BAFF, that signals
mainly through NF-κB pathway [169]. In Ph+ALL, the oncogenic fusion BCR-ABL stimulates some
pre-BCR downstream effectors, such as Bruton’s tyrosine kinase (BTK), the transcription regulator
protein BACH2 and B Cell CLL/Lymphoma 6 (BCL6) [138,170]. In Ph-B-ALL the number of cases
displaying high expression of BCL6 protein and a constitutively active BCR signalling is around
13% [171]. Several studies reported the efficacy of different pharmacological combinations in inducing
downregulation of PI3K/Akt signalling, as an arm of BCR pathway. In Pre-BCR+ ALL cells the BTK
inhibitor ibrutinib induced the suppression of some pre-BCR signalling negative regulators, inhibited
the phosphorylation of PI3K/Akt network and its substrates, reduced BCL6 levels and synergized
with glucocorticoids. Moreover, it induced apoptosis and prolonged survival in Pre-BCR+ ALL mouse
models [172]. On a panel of B-ALL, the Akt inhibition and the reduction of phosphorylation of its
downstream target glycogen synthase kinase 3β (GSK3β) have been detected after treatment for 48h
with the PKCβ selective inhibitor enzastaurin (ENZ). PKCβ represents a key mediator of BCR and
pre-BCR signalling. The reduction of activated GSK3β correlated with an abnormal accumulation
of β-catenin [173]. β-catenin, that belongs to the Wnt/β-catenin signalling, is involved in stem
cell abilities to self-renew and is implicated in growth and drug resistance of B-ALL cells. Wnt was
reported to inhibit mTORC1 by inhibiting GSK3β, positive regulator of the TSC complex [132]. In B-cell
precursor (BCP) ALL with the TCF3-PBX1 (E2A-PBX1) gene fusion, the PI3K delta (p110δ) inhibitor
idelalisib represents a promising pharmacological approach for this subtype, among a panel of 302
investigational and approved anti-neoplastic drugs. The idelalisib insensitive 697 BCP-ALL cell
line harbours an activating NRAS mutation, which may cause resistance to p110δ inhibition [174].
Also an aberrant expression of C-X-C chemokine receptor type 4 (CXCR4), may influence additional
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drug sensitivity of this cell subtype. Concerning mTOR inhibition, Rapamycin, CCI-779 and RAD001
have been used also in pre-clinical models of Ph− B-ALL. Rapamycin induced apoptosis and exerted
anti leukemic effects in the pre-B ALL cell line T309 and the treatment, in vivo, with the mTOR inhibitor
in transgenic mice displayed a reduction in nodal masses and a prolonged survival. Interestingly,
the inhibitory effects of rapamycin could be reversed by IL-7. This suggests an important role
of this cytokine in the control of mTOR activity in B-ALL cells [175]. Moreover, rapamycin has
been reported to be synergistic with focal adhesion kinase (FAK) down-regulation in REH cells
with significant down-regulation of cell growth, cell cycle and apoptosis [7]. CCI-779 significantly
decreased survival and induced apoptosis of lymphoblasts from Ph− B-ALL adult patients co-cultured
with bone marrow stromal cells. This drug was also effective in vivo in a NOD/SCID xenograft
model, where inhibition of mTORC1 showed a significant reduction in peripheral-blood blasts and
splenomegaly [81]. Also RAD001 has proven its efficacy, especially in models of Ph− pediatric
B-ALL. RAD001 is able to synergize with conventional chemotherapy (i.e., vincristine) or novel agents
(i.e., bortezomib) both in vitro and in vivo, with increased caspase-dependent but p53-independent
cell killing [176,177]. In further several studies it has also been shown that this inhibitor induces
autophagy [178] and caspase-independent programmed cell death [179]. Our group recently reported
the synergistic effect of RAD001, in both Ph− B-ALL cell lines and patient samples, with MK-2206,
a specific, potent and orally bioavailable allosteric Akt inhibitor that targets both its catalytic and PH
domains [180]. BEZ235 has also shown to exert anti-proliferative activity in Ph− B-ALL cells [95],
as well as the PI3K/mTOR inhibitor BTG226, that showed a more powerful effect than BEZ235 [95].
Both drugs, however, inhibited the proliferation of Ph− B-ALL cell lines with a three log greater potency
than RAD001 alone. It has also been recently reported that BEZ235 synergizes with the Bcl-2 inhibitor,
GX15-070 (Obatoclax), in Ph+ and Ph− primary B-ALL cells [181], representing a potent approach to
counteract growth and survival of ALL cells. Regarding TORKIs, our group has recently documented
that Torin-2, displayed cytotoxicity to a panel of Ph− B-ALL cell lines and it was found that the drug
as a single agent was able to suppress feedback activation of PI3K/Akt, whereas RAD001 needed the
addition of MK-2206 to show the same effect [142]. Table 2 reports a summary of the main mTOR
inhibitors in B-ALL models. An effective target inhibition coupled with safety characterization of the
targeted drugs could help to better identify therapeutic responses with limited adverse side effects.
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6. Clinical Trials

Actually some clinical trials are performed in both T- and B-ALL, some of them in completed
status with results, others in recruiting phase. Among the different clinical trials, a Phase I/II study
reported the results of RAD001 or CCI-779 in combination with chemotherapy for treatment of ALL
patients with relapse episodes. The combination of RAD001 with Hyper-CVAD (Hyperfractionated
Cyclophosphamide, Vincristine, Doxo and Dexamethasone) high-intensity chemotherapy in B-lineage
or T-lineage acute leukemia patients significantly inhibited the phosphorylation of S6RP. Of note,
the combination of Hyper-CVAD and RAD001 did not induce a relevant increased toxicity, compared
with Hyper-CVAD alone (see www.clinicaltrials.gov: NCT00968253) [96]. In an early Phase I pilot study
also rapamycin was given in combination with Hyper-CVAD in adults with B- and T-ALL and other
aggressive lymphoid malignancies, with the aim to assess the feasibility, safety and toxicity of the drug
combination (see www.clinicaltrials.gov: NCT01614197). Rapamycin efficacy is also under evaluation
in combination chemotherapy with or without Donor Stem Cell Transplant in adult patients affected
by Ph+ B-ALL (see www.clinicaltrials.gov: NCT00792948). The toxicity of CCI-779 in combination
with dexamethasone, cyclophosphamide and etoposide is also under evaluation in children with
relapsed ALL and in patients affected by lymphoma. In this clinical trial (see www.clinicaltrials.gov:
NCT01614197) different analytical tests aimed on dose limiting toxicity (DLT) measurement or on rate
of remission assessment will be performed. MRD and in general CCI-779 effect on glucocorticoid
resistance and on the mTOR inhibition will be also evaluated. In Another Phase I trial CCI-779
was tested in combination with UKALL R3 re-induction protocol. Sixteen T- or B-ALL patients
participated in the study. Unfortunately, the addition of CCI-779 to reinduction chemotherapy resulted
in consistent toxicity, without disease reduction. (see www.clinicaltrials.gov: NCT01403415) [182].
In a third Phase I trial study, the activity of RAD001 was evaluated in combination with different
drugs and conventional chemotherapy in childhood ALL having a first relapse at bone marrow
level (see www.clinicaltrials.gov: NCT01523977) [183]. More than 20 patients were involved in the
study. The drug combination was well tolerated and correlated with low level of MRD re-induction,
thus enhancing further evaluations in the clinic for this combination efficacy. Further trials are ongoing
for the evaluation of rapalogs efficacy (see for example www.clinicaltrials.gov: NCT03328104). BEZ235
is also under clinical evaluation, especially in patients with relapsed ALL. This study is currently in
active status and the main objective is the identification of the patient MTD and BEZ235 DLT when
administered twice daily. Moreover, changes in PI3K/Akt/mTOR network molecules in bone marrow
are being analysed (see for example www.clinicaltrials.gov: NCT01756118). The selection of effective
chemotherapy drugs that, in combination with targeted mTOR SMI, could be quite well tolerated
with minimal toxicity is a priority for ALL treatment, with the aim to define accurate pharmacological
protocols and to optimize the drug doses to alleviate adverse effects.

7. Conclusions

The mTOR signalling pathway is physiologically upregulated in different cellular mechanisms
and can be aberrantly activated in human pathologies and in particular in tumours. The key role of
mTOR in the early stages of leukemia and cell drug resistance has been documented in many scientific
works [6,24,184].

The field of mTOR targeted therapies has reported a rapid progression over the past few decades
and several mTOR network inhibitors have been analysed, with their own inhibitory activities
and profiles on their levels of toxicity. However, the advances in knowledge on mTOR drugs is
unfortunately still quite limited. Therefore, the challenge ahead is to understand the most suitable
inhibitor that could exert a considerable efficacy with minor toxicity in each patient affected by cancer,
in this case by ALL. Modern techniques such as kinase activity profiling [185] or next-generation
sequencing analysis [186] will help to enter more specifically in the molecular aspects of signal
transduction, pointing out the most appropriate druggable molecules or gene mutations and therefore
to define the percentage of ALL patients that can benefit from drug-sensitiveness or drug-resistance.
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A better overview of the inhibitory and anti-proliferative effects of targeted inhibitors and their role on
the complexity and diversity of the immune context of the tumour microenvironment could further
improve therapy response [187].

The advances in the comprehension of the biological activities and of the impact that mTOR
performs in ALL could give a significant contribution to the advancement of new therapeutic strategies,
aimed to inhibit mTOR, for ameliorating ALL patient outcomes.
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Abstract: Neoplastic cells rewire their metabolism, acquiring a selective advantage over normal
cells and a protection from therapeutic agents. The mammalian Target of Rapamycin (mTOR)
is a serine/threonine kinase involved in a variety of cellular activities, including the control of
metabolic processes. mTOR is hyperactivated in a large number of tumor types, and among
them, in many hematologic malignancies. In this article, we summarized the evidence from the
literature that describes a central role for mTOR in the acquisition of new metabolic phenotypes for
different hematologic malignancies, in concert with other metabolic modulators (AMPK, HIF1α) and
microenvironmental stimuli, and shows how these features can be targeted for therapeutic purposes.

Keywords: mTOR; hematologic malignancies; cell metabolism

1. mTOR Structure and Function

The mammalian Target of Rapamycin (mTOR) is a kinase involved in the PI3k/PTEN/Akt axis,
which plays a key role in the control of many biological processes, including cell growth and survival,
protein translation, ribosomal biogenesis, autophagy, and metabolism [1–3].

Originally identified in the yeast Saccharomyces cerevisiae, mTOR is a pleiotropic serine/threonine
kinase of 289kDa, which shows a terminal COOH catalytic domain with a high sequence homology
with PI3K [4].

mTOR is composed of 2549 amino acids and contains up to 20 tandem repeated HEAT motifs,
a repeated structural motif composed of two tandem anti-parallel α-helices linked by a short loop,
which work as a scaffold for a protein-protein interaction [5].

It operates within two multiprotein complexes, mTORC1 and mTORC2, which phosphorylate a
different set of substrates coordinating different physiological cell functions. mTORC1 includes mTOR
(the catalytic subunit of the complex), the regulatory-associated protein of mTOR (Raptor), the DEP
domain-containing mTOR-interacting protein (Deptor), the mammalian lethal with SEC13 protein 8
(mLST8), the raptor binding protein PRAS40 and the FK506-binding protein 38 (FKBP38). mTORC2 is
conversely composed of mTOR itself, the rapamycin-insensitive companion of mTOR (Rictor), mLST8,
the mammalian stress-activated map kinase-interacting protein 1 (mSIN1), a protein observed with
Rictor (Protor-1) and Deptor [3,6].

The two complexes display different response to rapamycin and its derivatives (rapalogs),
being mTORC1 sensitive to the inhibitory effects of these immunosuppressant, while mTORC2 proved
insensitive. However, in some cell types, it has been shown that prolonged treatment with rapamycin
and rapalogs can indirectly inhibit the formation and activity of the TORC2 complex [7].

Various upstream events can lead to the activation of mTORC1, mostly convergent on Akt. For
instance, Akt can inactivate through phosphorylation either TSC2 (tuberous sclerosis protein 2) in the
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TSC1–TSC2 complex, which negatively regulates mTORC1, or PRAS40, antagonizing its activation by
Rheb, respectively [8,9].

In response to nutrient availability and growth factors, activated mTORC1 regulates protein
translation by phosphorylating p70S6 (p70S6K) and 4E-BP1 kinases, which in turn phosphorylate
the S6 protein kinases (p70S6K1/2) and the eukaryotic initiation factor 4E (eIF4E)-binding proteins
(4E-BP1/2), which are involved in the translation process [6,10]. In particular, the phosphorylated S6K
enhances the translation of mRNAs that have 5′ polypyrimidine rich sequences [11,12]. Conversely,
phosphorylation of 4E-BP1 causes it to release eIF4E, which binds the mRNA 5′-cap, thus allowing the
translation to begin [13].

In addition, the mTORC1 complex regulates the expression of key proteins such as cyclin D1,
STAT3, Bcl-2, Bcl-xL, Mcl-1, thus promoting cell proliferation and survival [14–16]. As for the metabolic
function, mTORC1 is a central signaling node in coordinating the metabolic cell response (Figure 1).
mTORC1 is involved in metabolic reprogramming by increasing glycolysis and macromolecules
biosynthesis through transcriptional, translational, and post-translational mechanisms mediated by its
substrates, p70S6K and 4E-BP [17–19]. Among these mechanisms, mTOR enhances the translation of
critical metabolic mediators such as c-Myc and hypoxia-inducible factor 1 alpha (HIF1α) [20]. c-Myc
upregulates many genes involved in the glycolytic process such as glucose transporters, hexokinase 2
(HK2), phosphofructokinase (PFKM), and enolase 1 (ENO1) [21]. HIF1α is an oxygen-sensing molecule
that is stabilized in hypoxic condition, and translocates to the nucleus initiating the transcription
of hypoxic response genes [22]. Its action on cell metabolism includes an increased glucose uptake,
a higher glycolytic flux and a lower oxidative phosphorylation (OXPHOS) [23]. On the other hand,
AMP-activated protein kinase (AMPK) acts as an mTOR inhibitor; it is a serine/threonine kinase that is
able to respond to the fluctuating intracellular AMP levels, shutting down energy-depleting processes
in favor of catabolic pathways, such as fatty acid oxidation and autophagy, when the AMP level
rises [24]. Once activated, AMPK inhibits mTOR through the activation of TSC2 [24].

 

Figure 1. mammalian Target of Rapamycin (mTOR) signaling and cellular metabolism.
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However, it was also reported that mTORC1 could promote anabolic metabolism independently
from p70S6K and 4E-BP1 [25]. The authors demonstrated that mTOR regulates oxygen consumption
and oxidative capacity independently from these effectors. Energy/nutrition depletion and stress
signals seem indeed indirectly sensed by mTORC1 via the LKB1-AMPK cascade [26].

mTORC activity and, above all, its regulation mechanisms are less well known. While mTORC1 is
mostly involved in sustaining cell growth, proliferation, and survival by controlling the translation
machinery, autophagy or mitochondrial biogenesis, the main function attributed to mTORC2 represents
the regulation of the actin cytoskeleton polarity mediated by the Rho1/Pkc1/MAPK cell cascade [27,28].

The assembly of the actin cytoskeleton in response to mitogenic signals is promoted by mTORC2
through the activation of several cytoskeletal regulators, such as TCP-1, ROM2 and Ypk [29–32]. It was
observed that the deregulation of mTORC2 activity causes the alteration of cytoskeletal actin [27] and
impacts cell motility in some types of tumor cells [33].

It has been widely reported that nutrient availability and cellular energy status do not seem to be
necessary for the activation of mTORC2 [34–36]. In contrast, in proliferating cells, the activation of
mTORC2 requires the close interaction between the protein multicomplex and the ribosome, underlining
a reciprocal interaction between the two complexes [34]. Indeed, since mTORC1 regulates ribosome
biogenesis, which is crucial to determine cell growth capacity, it indirectly controls mTORC2 activity [34].
In turn, mTORC2 promotes the Akt-TSC1/TSC2-mediated mTORC1 activity [37]. Connected to the
PI3K/AKT signaling pathway, it is described that mTORC2 phosphorylates Akt on Ser473. However, a
crosstalk between mTORC1 and mTORC2 and with other metabolic pathways has been reported [38].

2. Cancer Metabolism and Cell Signaling

We have learned from the literature that alterations in cellular metabolism pathways are manifest
in cancer cells as compared to normal tissue cells [39–41].

Nuclear and mitochondrial alterations in the genome of cancer cells, pressing for an increased
import of bioenergetic substrates and/or an increased generation of biosynthetic intermediates needed
for cell growth and proliferation, are tightly linked to the altered cancer metabolism. On the other
hand, the products of metabolism, especially ROS, damaging cells can promote oncogenic DNA
mutations [42,43].

Among the altered metabolic pathways of cancer cells, the increased glycolytic flux, the exploitation of
alternative carbon source like glutamine, and the increase in fatty acid metabolism are recognized [39,44].
The alteration of the metabolic processes, however, differs from tumor to tumor, because of the
close interaction between the cells and the tumor microenvironment, where the concentrations
of nutrients such as glucose and glutamine, or gas such as oxygen, are spatially and temporally
heterogeneous [45,46].

Moreover, there are differences, in terms of energy requirements and biomass production,
between the differentiated and undifferentiated cells, as well as in the metabolic needs and the related
regulatory mechanisms between the proliferating and quiescent cells [40,44,47]. This concept needs to
be taken into account when approaching metabolic analysis in different leukemia settings.

Recently, several authors have shown that many of the Signal Transduction Pathways (STPs)
aberrantly activated in cancer cells actually converge on the deregulation of common metabolic
mechanisms responsible for cell growth and survival [40,48,49]. The instructional metabolic
reprogramming from signaling is critical for cellular homeostasis and cell fate. However, the
relationship between altered cellular signaling and reprogrammed metabolism is not unidirectional
and several feedback mechanisms, in which metabolites can control signal fluxes through specific
sensor kinases that monitor the cell bioenergetic status are found to be active in cancer cells [50,51].

In this scenario, mTOR, as an orchestrator of nutrient sensor, signaling processor, and cell growth
regulator, represents one of the main actors in coordinating cell growth, division, and survival with
cell metabolic activity [3].
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3. mTOR and the Metabolism of Hematologic Malignancies

3.1. Acute Myeloid Leukemia

Different studies ascribe an overall glycolytic metabolism to acute myeloid leukemia (AML)
cells, with a conspicuous lactate production and an active tricarboxylic acid (TCA) cycle, in order
to fulfil biosynthetic purposes. In a metabolomic study on over 400 patients, Chen et al. detected a
higher glycolytic flux in AML samples when compared to healthy controls, along with a compensatory
pyruvate generation from amino acids in order to feed the TCA cycle [52]. Increased glycolytic rates
were already reported by Herst et al., although with a variable extent, dividing patients into two
subgroups based on the glycolysis rate [53]. Interestingly, both groups confer to glycolysis a prognostic
meaning, encouraging further studies to explore this feature. To confirm the importance of glycolysis
in AML cells, a thorough work by Wang et al. demonstrated, through the use of murine models and
a serial transplantation approach, that the conditional deletion of the two last enzymes of aerobic
glycolysis, pyruvate kinase and lactate dehydrogenase, profoundly affect the viability of leukemic-like
cells [54]. As mentioned, AML cells can utilize carbon sources other than glucose. One such sources
is glutamine, as it has been long known that this amino acid is essential to AML cells [55]. Recently,
fatty acid utilization has come into attention: our group, along with others, has demonstrated that the
utilization of these compounds plays a major role in AML bioenergetics balance [56–58].

In this bioenergetic picture, the glycolytic phenotype is at least partially caused by mTOR
hyperactivation, as it is described as a controller of the glycolytic process in several studies that were
carried out on AML cells. Liu et al. observed that mTOR inhibition through rapamycin caused a
decrease in glucose uptake on AML cell lines [59]. A similar experience has been reported by our group,
as the inhibition of the PI3K/mTOR axis signaling caused a drop in the glycolytic fluxes, along with a
reduction in OXPHOS [60]. Additionally, Poulain et al. directly correlated the extent of glycolytic flux
with the activation status of mTORC1: analysis by gene expression profile of AML cell lines treated
with rapamycin revealed a downregulation of genes involved in the glycolytic pathway, while from
the metabolic perspective rapamycin caused a reduction of glycolytic flux with a concomitant shift on
OXPHOS, as testified by the increase of TCA cycle enzymes [61]. Coherently, rapamycin protected AML
cell lines from apoptosis induced by either glucose deprivation or 2-deoxy-glucose (2DG) glycolysis
inhibition [61]. Much uncertainty remains on the reverse mechanism, i.e., what happens to mTOR when
glycolysis is inhibited. Pradelli et al. reported the mTOR inactivation in AML cells exposed to 2DG,
due to the action of AMPK [62]. To further complicate the picture, Estañ et al. observed instead that
2DG caused AMPK inhibition and a concomitant activation of the Akt/mTOR axis [63]. This opposite
mechanism of action might be partially explained by the different cell models used by these studies
(U937 in the first; HL60, NB4, and THP-1 in the second) that can reflect the heterogeneity in genetic
and clinical features of the AML. Indeed, Pereira et al. confirmed this heterogeneity by measuring
glycolysis of AML cell lines in correlation with Akt/mTOR and AMPK activation status, finding a
fluctuation in the glycolytic flux across the different cell lines, correlated with a different intracellular
signaling [64]. Of interest, in the KG1 cell line they found a simultaneous activation of AMPK and
mTOR, subverting the canonical view that dictates an antithetic role for these two kinases [64].

Recent evidence has identified PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3)
as a probable target of the mTOR signaling directly involved in the glycolytic process: Feng and Wu, in
fact, observed in their work that mTOR interacts with this enzyme upregulating aerobic glycolysis [65].
Exposure to rapamycin reverts this glycolytic metabolism, downregulating PFKFB3 protein levels [65].

Previous data demonstrated that this glycolytic phenotype, mediated by mTOR, is somehow
exacerbated by extracellular stimuli originating from the microenvironment. In fact, the contact with
the stromal compartment appears to increase the glycolytic flux of AML cells, through a mechanism
involving a chemokine, CXCL12, recognized by its receptor CXCR4, which in turn activates mTOR [66].
This observation may constitute one of the factors involved in the chemoresistance, as it is widely
accepted that the microenvironment protects leukemic cells from therapeutic agents [67]. Since

70



Cells 2020, 9, 404

glycolysis is another factor associated with resistance [68], the emergence of refractoriness may be also
explained by the stroma-mediated upregulation of glycolysis.

In addition to the glycolytic process, mTOR has been considered as central in the regulation of
amino acid homeostasis and usually becomes inactive in case of amino acid deficiency, leading to
autophagy and decreased protein biosynthesis [69]. This mechanism seems to be confirmed also in
AML cells, as mTOR inactivation in case of either glutamine depletion or L-asparaginases-mediated
degradation leads to the autophagic process activation in an attempt by the cells to scavenge the
building blocks for survival [70].

Of interest, a peculiar metabolism seems to be associated with the resistance to PI3K/mTOR axis
inhibitors: a metabolomic study carried out on 30 primary samples exposed to 4 molecular inhibitors
(rapamycin, GDC-0941, human insulin, indomethacin), targeting this pathway with different selectivity,
identified the proline/glutamine and the arachidonic acid metabolism as markers of AML cell resistance
to these agents [71]. Table 1 summarizes the effect of mTOR and metabolic enzyme inhibitors in AML.

Table 1. Metabolic modulators in AML.

Compound Target Effect (Ref)

rapamycin mTORC1
Decreased Glucose uptake (59);
Shift from Glycolysis to OXPHOS (61);
Decreased glycolysis through PFKB3
downregulation (65)

BKM-120 PI3K Decreased Glycolysis and OXPHOS

2DG Hexokinase
mTOR inactivation (62);
mTOR activation (63)

L-asparaginases Asparagine and glutamine
degradation mTOR inactivation (70)

3.2. Chronic Myeloid Leukemia

Earlier reports observed an upregulation of glycolysis in chronic myeloid leukemia (CML) cells,
promoting the idea that the metabolism of these cells can be characterized by the Warburg effect,
the glucose fermentation to lactate even in the presence of oxygen. Two independent studies detected
a glycolytic phenotype in CML cells, with a reduction of the glycolytic flux following the exposure to
the Bcr-Abl inhibitor Imatinib in those cells that proved sensible to its action [72,73]. This reduction
has been recently confirmed by De Rosa et al., who observed the downregulation of hexokinase II
and lactate dehydrogenase (two enzymes involved in the aerobic glycolysis) in CML cell models [74].
In parallel, Baldwin’s group detected an upregulation of the glucose transporter GLUT-1 and a
consequent increase in glucose import in hematopoietic cell lines transfected with Bcr-Abl [75]. More
recently, Sontakke et al. confirmed the aerobic glycolysis and the upregulation of glucose transporters
as SLC2A1/3 in normal cord blood progenitors engineered for Bcr-Abl expression [76]. Interestingly,
they found a concomitant upregulation of glutaminolysis, probably to keep the TCA cycle active
despite the pyruvate subtraction [76]. More generally, the increased glycolytic flux has been associated
with the resistance to tyrosine kinase inhibitors [77,78]. A different picture is emerging regarding the
metabolism of CML stem cells, as multiple works stated the relevance of an oxidative phenotype in
this cell population. From a transcriptomic perspective, these cells seem to upregulate genes involved
in the OXPHOS when compared to CD34+ cells from healthy donors. Authors found a peculiar
pattern of expression, with an upregulation of mitochondrial respiratory chain complex 1 and 2, and a
downregulation of complex 3, giving rise to a defective OXPHOS and a consequent production of
ROS [79]. Accordingly, two recent reports focusing on CML stem cell metabolism confirmed this
oxidative phenotype, fueled by fatty acid oxidation [80], and driven by a SIRT1/PGC1-α signaling
axis [81]. Importantly, targeting this metabolism, either with a specific agent (tigecycline) or a SIRT1
knockout led to the impairment of CML stem cell functions, showing synergistic interaction with
tyrosine kinase inhibitors [80,81].
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These observations seem to suggest a reprogramming of CML cell metabolism, starting from an
oxidative phenotype in CML stem cells, then shifting toward a more glycolytic one in later stages of
the disease.

Relatively few reports have focused on mTOR activity on metabolism in the CML setting.
High levels of ROS, caused by a sustained mitochondrial activity, have been linked to the

PI3K/Akt/mTOR axis activation by Bcr-Abl signaling. This mitochondrial activity was fueled mainly
by glucose, as the exposure of CML cells to 2DG lowered the ROS levels [82]. Similarly, the inhibition
of this axis with a PI3K (wortmannin) or an mTOR (rapamycin) inhibitor caused a reduction of ROS,
thus reaffirming the action of this signaling module on the glycolytic metabolism [82]. The control
over glucose fate by Bcr-Abl/mTOR seems to rely on the activation of S6K1 [83]. Interestingly, the
inactivation of S6K1 and the consequent impairment of glycolysis did not induce apoptosis, but caused
a metabolic shift to fatty acid oxidation [83]. Shinohara et al. reported that mTOR mediates the
expression regulation by Bcr-Abl of the balance between the two pyruvate kinase (PKM) isoforms 1
and 2 [84]; this glycolytic kinase is crucial in the control of glucose fate, between aerobic glycolysis and
OXPHOS [85]. Finally, a sustained activity of the PI3K/Akt/mTOR signaling module has been reported
to participate in the glycolytic phenotype of adriamycin-resistant CML cells [86].

3.3. Acute Lymphoblastic Leukemia

Similar to AML and CML, acute lymphoblastic leukemia (ALL) cell metabolism seems to be
driven by the aerobic glycolysis, at least in the B lineage: when compared to normal cells, ALL cells
show higher expression levels of glucose transporters (GLUT-1), an increased lactate production and a
vulnerability to glycolysis inhibition [87]. The presence of fusion genes, like BCR-ABL, seems to further
enhance this kind of metabolism [88]. Moreover, higher glycolytic rates are involved in resistance to
chemotherapeutic agents, like daunorubicin [89]. The mitochondrial energy machinery seems however
to be intact, as these cells are able to shift from glycolysis to OXPHOS fueled by autophagy under stress
condition like exposure to glucocorticoids [90]. T cell ALL, conversely, appear to be less glycolytic
and more oxidative [91]. NOTCH-1, a transmembrane receptor commonly activated in this leukemia
subtype [92], appears to be implicated in this metabolic phenotype, driving these cells towards the use
of glutamine to feed the TCA cycle [93].

In B-ALL, this glycolytic phenotype emerges from the interplay between mTOR, HIF1α and
the hypoxic microenvironment, as showed by Frolova et al. [94]. They demonstrated, through ALL
blasts and stromal cell co-culture, that the contact with microenvironment stimulates, under hypoxic
condition, a signaling through the PI3K/Akt/mTOR axis, along with MAPK activation, stabilizing HIF1α
and inducing the glycolytic phenotype [94]. The inhibition of mTOR with everolimus reverted this
glycolytic phenotype, downregulating hexokinase II expression and reducing lactate generation [94].
Additionally, it has been reported that mTOR reacts during metabolic stress, such as 2DG exposure,
cooperating with AMPK to lower Mcl-1 expression, especially in Bcr-Abl positive ALL, a mechanism
that can potentiate the effect of TKI inhibitors in this setting [95]. Beside glycolysis, mTOR seems to
participate in the metabolism control of important cofactors, such as thiamine, which is required for a
large number of enzymes to be functionally active. Targeting this molecule with specific thiaminases
causes a series of metabolic repercussions, such as a decrease of mitochondrial respiration and an
increase of glycolysis, which can be reverted by the effect of rapamycin [96]. This constitutes an
indirect proof of the role of mTOR in thiamine metabolism, which prompts further investigation in the
leukemic setting.

In T-ALL, Kishton et al. depicted a complex picture in which mTOR is under the strict control
of AMPK: microenvironmental stimuli activates Notch, which signals through mTOR for the aerobic
glycolysis [91]. This metabolism, however, cannot be sustained by those cells, causing a shortage of
ATP, which activates AMPK [90]. The latter then inactivates mTOR, causing a shift to a more oxidative
metabolism [91]. In this context, mTOR seems therefore to drive cells toward a more sustained
metabolism, with higher fluxes of glycolysis followed by an OXPHOS upregulation. An indirect
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evidence has in fact been reported by Fernández-Ramos et al., who observed that 6-mercaptopurine
inhibits mTOR through AMPK activation, consequently reducing glucose and glutamine consumption
by T leukemia cells [97]. In Table 2, the metabolic effects of mTOR inhibition in B- and T-ALL
are reported.

Table 2. Targeting mTOR and metabolism in B- and T-ALL.

Type Compound Target Effect (Ref)

B-ALL
everolimus mTORC1 Decreased glycolysis and lactate

generation (94)

rapamycin mTORC1
Decrease of glycolysis and
increase of OXPHOS, reversion
of thiaminase effects (96)

T-ALL 6-mercaptopurine mTOR through AMPK
activation

Decreased glucose and
glutamine consumption (97)

3.4. Chronic Lymphocytic Leukemia

The metabolic features of chronic lymphocytic leukemia (CLL) are perhaps the best characterized
among the hematological malignancies, as there is a general consensus to place these cells in the
oxidative metabolic phenotype, without a clear manifestation of the Warbug effect [98]. Additionally,
both glutamine and fatty acids concur to fuel the TCA cycle activity [99], conferring to CLL cells a
metabolic plasticity that allows them to survive in the different body districts [100]. The rate of OXPHOS
has been correlated with the degree of the disease aggressiveness: Gandhi’s group observed that CLL
cells show variable respiration rates, and cells with higher rates were from patients characterized by
unfavorable prognostic markers, such as a higher Rai score, beta 2 microglobulin (β2M), Zap70, and
unmutated immunoglobulin heavy chain (IGHV) encoding genes [101]. Interestingly, they used a
CRISPR/Cas approach to dissect the B cell receptor (BCR) signaling and its role in metabolism: although
they did not directly focus on mTOR, interfering with PI3K signaling led to lower metabolic rates,
both in term of glycolysis and OXPHOS [101]. This demonstrated how central the BCR/PI3K/Akt/mTOR
axis is in regulating the bioenergetics status of these cells [101].

Despite the general agreement on their metabolism, there is however an unclear relationship
between CLL cells and the stromal microenvironment: while there is evidence that the interaction with
stromal cells induces a switch to glycolysis through a mechanism involving Notch and c-Myc [102],
others observed an exacerbation of the respiratory rates, indicating an increase in OXPHOS after
stromal contact [103].

mTOR role in the regulation of CLL cell metabolism has been studied especially in relation
to the different response to therapeutic agents. Investigating the resistance to dasatinib, a second
generation TKI, Marignac Martinez et al. reported a different regulation of the PI3K/Akt/mTOR
pathway between sensitive and resistant primary cells: the first ones were characterized by a higher
dependence on OXPHOS, a downregulation of PTEN and an upregulation of TCL1 [104]. In addition,
both metformin, a respiratory chain complex I inhibitor, and rapamycin similarly synergized with
dasatinib in inducing apoptosis in the sensitive subset [104]. Sharma et al. focused on the metabolic
response to chemotherapeutic agent fludarabine: CLL cells, namely MEC-1 and 2 cell lines and primary
samples showed an entirely similar profile to fludarabine resistant cells, a profound mTOR activation
that caused an overall increase in glycolysis and OXPHOS rates, combined with an upregulation of
purine biosynthesis [105]. An interesting observation was made by Siska et al.: chronic and acute B
leukemia cells can induce metabolic changes in T lymphocytes by reducing their signaling through
mTOR, thus slowing down their GLUT1-mediated glucose import and glycolytic rates, ultimately
impairing their anti-leukemic action [106].
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3.5. Multiple Myeloma

Multiple Myeloma (MM) plasma cells display a dependence on aerobic glycolysis for survival:
they are characterized by an upregulation of GLUT family glucose transporter (namely GLUT4, 8 and
11) [107], a high expression of lactate dehydrogenase [108,109], and a carbon flux from glucose to
lactate, with glutamine to replenish the TCA cycle [110]. The overexpression of GLUT transporter can
be targeted by ritonavir, an antiretroviral protease inhibitor active against HIV [111]. The exposure
to this agent can induce a downregulation of glycolysis and the concomitant dephosphorylation of
mTOR, potentiated by the action of metformin [112]. Interestingly, metformin alone has been reported
to deactivate mTOR signaling in MM cells, through the stimulation of AMPK [113].

Accordingly, interfering with the PI3K/Akt/mTOR pathway have a direct impact on glycolytic
rates, as the exposure to BEZ235 (PI3K/mTOR dual inhibitor) impairs glycolysis, thus counteracting its
upregulation by low concentration of topoisomerase inhibitors, such as doxorubicin, etoposide, and
topotecan [114]. The mechanism of action of BEZ235 on glycolysis involves the downregulation of
hexokinase II, the already mentioned glycolytic enzyme that is deeply involved in the acquisition of
the Warburg effect metabolic rearrangement [115], which results overexpressed in myeloma cells [116].
As it occurs in AML and CLL, the microenvironment participates in the acquisition of metabolic
changes, through the action of specific adhesion proteins. In MM, Reelin, a glycoprotein found on
extracellular matrix, whose action is linked to cell proliferation and migration during development
and in cancer [117], has been shown to stimulate mTOR signaling, which in turn increases glycolysis
through the HIF1α upregulation [118]. mTOR signaling can also be inactivated in MM by targeting
metabolic pathways that have been less studied, even though they are crucial in the energetic cellular
balance, such as nicotinamide adenine dinucleotide (NAD) biosynthesis. NAD is in fact a cofactor that
participates in a great variety of chemical reaction, acting as an electron shuttle [119]. Cea et al. reported
that, inhibiting this rate-limiting enzyme involved in its formation, a reduction in the PI3K/Akt/mTOR
activity can be observed, probably due to a deficit in cellular nutrient availability induced by the lack
of accessible NAD [120].

3.6. Lymphomas

Lymphomas are subdivided in Hodgkin (HD) and non-Hodgkin (NHL). From the bioenergetic
perspective, this categorization reflects a difference in their metabolism, as HD are associated with
OXPHOS [121], while the NHL subtype are more prone to glycolysis [122], with some relevant
exceptions. In Diffuse Large B Cell Lymphoma (DLBCL), belonging to the NHL class, a subset of
patients’ cells shows in fact a transcriptional profile enriched in mRNAs participating in mitochondrial
energy production, such as OXPHOS and electron transport chain machinery [123]. This observation
has been confirmed at both proteomic and metabolic levels, with glucose- and fatty acid-derived
carbon converging in the TCA cycle to generate the great proportion of cellular energy [124]. In general,
evidences state that mTOR directly impacts on lymphoma glycolysis, as multiple works show that
its targeted inhibition reduces the glycolytic phenotype. For example, primary effusion lymphoma
(PEL), follicular and Burkitt Lymphomas have all been associated to high aerobic glycolysis and fatty
acid synthesis, when compared to normal B cells [125]. This phenotype appears to be driven by the
PI3K/Akt/mTOR module, since PI3K inhibition with LY294002 potently reduces both glycolysis and
fatty acid synthesis (FAS) [125]. Interestingly, in normal B cells this inhibition causes the decrease
of glycolysis, but not that of FAS, suggesting a different FAS regulation by the PI3K/Akt/mTOR
axis between normal and pathologic cells [125]. Mediani et al. extended this study, confirming the
highly glycolytic phenotype of PEL cells and its inhibition using the PI3K/Akt/mTOR inhibitors [126].
Moreover, they observed a switch in cell metabolism towards an oxidative phenotype when those
cells are simultaneously exposed to a glycolysis inhibitor (2DG) and a dual PI3K/mTOR inhibitor
(PF-04691502) [126]. This shift is, however, not sufficient to protect cells from the apoptosis
synergistically induced by the two targeted agents [126]. Glycolysis inhibition through mTOR
targeting has also been observed in mantle cell lymphoma (MCL). In fact, everolimus downregulated
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glucose transporters, glycolytic enzymes, and lactate dehydrogenase, thus inducing a decrease in
lactate production [127], while the dual mTORC1/2 inhibitor AZD-2014 caused the activation of AMPK
and the downregulation of glycolysis-related proteins [128]. Despite the already mentioned metabolic
difference with the other NHL, in DBLCL interfering with the glucose catabolism has been reported
to generate the same results, the mTOR inactivation, that in turn causes the downregulation of the
pro-survival factor Mcl-1 [129]. However, a recent work by Chiche et al. subverted this picture,
showing that mTORC1 is instead involved in the acquisition of the oxidative metabolism [130]. They
observed that DLBCL can be subdivided into two categories, according to the expression levels of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), an enzyme directly involved in the glycolytic
pathway [130]. The high-expressing GAPDH cells were accordingly characterized by a glycolytic
phenotype, while those cells that expressed GAPDH at low levels showed an OXPHOS preference,
coupled with mTORC1 hyperactivation, fueled by glutamine [130]. Exposure to rapamycin impaired
mitochondrial respiration while increasing glycolysis-derived ATP [130]. Interestingly, GAPDH
overexpression inactivated mTORC1, thus, suggesting that this enzyme is implicated in the regulation
of mTOR, at least in the DLBCL setting [118]. Table 3 summarizes the metabolic changes induced by
different inhibitors.

Table 3. Targeting mTOR and metabolism in Lymphomas.

Type Compound Target Effect (Ref)

PEL
LY294002 PI3K Decreased glycolysis and FAS (125)

PF04691502 PI3K/mTOR Reduction of lactate production (126)

Akti 1/2 Akt Reduction of lactate production (126)

MCL
Everolimus mTORC1 Reduction of lactate production (127)

AZD-2014 mTORC1/2 Downregulation of glycolytic enzymes (128)

DBLCL
2DG hexokinase Inactivation of Akt/mTOR and decreased

expression of Mcl-1 (129)

rapamycin mTORC1
Reduction of OXPHOS and increase of
glycolytic ATP in the oxidative DBLCL

subset (130)

4. Summary and Concluding Remarks

As shown above, in hematologic malignancies the mTOR activation, working in opposition with
AMPK but in concert with other oncogenes such as Bcr-Abl, or metabolic modulators like HIF1α,
contributes to confer the glycolytic phenotype by directly and indirectly regulating key glycolytic
enzyme activity (Figure 2). This metabolic activity has been linked to the acquisition of resistance
to therapeutic agents. In our opinion, it would be important to predict and investigate the use of
compounds active in reprogramming aberrant metabolic pathways, adopted in combination with
standard treatments, for reducing the onset and impairing the resistance mechanisms developed by
resistant cells. However, we are only beginning to understand the intricacy of the multiple regulation
layers that contribute to the mTOR-mediated metabolic reprogramming. Additional studies are surely
needed to shed light upon a mechanism that might constitute a major target to improve the current
therapeutic arsenal of this group of hematologic malignancies.
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Figure 2. mTOR integrates multiple signals to confer a glycolytic phenotype on cells from
hematologic malignancies.
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Abstract: The mammalian target of rapamycin (mTOR) signalling pathway is a central regulator
of metabolism in all cells. It senses intracellular and extracellular signals and nutrient levels,
and coordinates the metabolic requirements for cell growth, survival, and proliferation. Genetic
alterations that deregulate mTOR signalling lead to metabolic reprogramming, resulting in the
development of several cancers including those of the head and neck. Gain-of-function mutations
in EGFR, PIK3CA, and HRAS, or loss-of-function in p53 and PTEN are often associated with mTOR
hyperactivation, whereas mutations identified from The Cancer Genome Atlas (TCGA) dataset that
potentially lead to aberrant mTOR signalling are found in the EIF4G1, PLD1, RAC1, and SZT2 genes.
In this review, we discuss how these mutant genes could affect mTOR signalling and highlight their
impact on metabolic processes, as well as suggest potential targets for therapeutic intervention,
primarily in head and neck cancer.

Keywords: mTOR signalling; metabolism; head and neck cancer; mutant genes; biomarkers; targeted
therapies; clinical trials

1. Background

Head and neck squamous cell carcinoma (HNSCC) is currently the sixth most frequently diagnosed
malignancy worldwide [1]. It is the most common cancer of the head and neck, with anatomic
subsites spanning the oral cavity, nasopharynx, larynx, oropharynx, and hypopharynx. HNSCC
is a heterogeneous disease that harbours complex genetic defects. While the specific multiple
risk factors for the development of HNSCC differ depending on the cancer site, chronic tobacco
use and alcohol abuse are historically recognised as the main promoting factors associated with
the overall occurrence of HNSCC [2–4]. Infection with high-risk human papillomaviruses (HPV)
has also emerged as a risk factor for a subset of HNSCC (~25% of cases) but has more of a
profound role in the development of oropharyngeal cancer [5–7]. Nonetheless, HPV positive
HNSCCs are shown to have better prognosis compared to HPV negative patients (70–80% versus
25–40%) [8–10]. The standard of care for HNSCC patients involves surgery, radiation therapy,
chemotherapy and most recently, targeted therapy and immunotherapy. However, these therapies
are usually administered in the absence of accurate biomarkers of response, which often leads to
treatment resistance, higher systemic toxicities and, in some cases, results in morbidity and mortality.
Currently, the only Food and Drug Administration (FDA)-approved targeted therapy for recurrent or
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metastatic HNSCC patients is cetuximab, a monoclonal antibody that specifically binds and inhibits
the epidermal growth factor receptor (EGFR). However, only ~10% of patients demonstrated a
beneficial response to cetuximab therapy, while the remainder were at higher risk of relapse [11,12].
Pembrolizumab, an immune checkpoint inhibitor that targets tumour cells expressing high levels of
PD-L1 has also been FDA-approved for the treatment of patients with recurrent or metastatic HNSCC.
Unfortunately, the rate of pembrolizumab responders is also quite low (~20%) in the absence of patient
stratification [13–15], and a significant proportion of patients may experience increased tumour growth
kinetics (hyperprogressive disease) [16,17]. While significant advances in optimising therapeutic
responses have been made, the five-year survival rate has remained between 25 and 60% [18]. Genetic
alterations and complex signalling pathways have been shown to drive treatment resistance, allowing
for continuous cancer cell survival and proliferation. These mechanisms render most HNSCC patients
hard to cure, and therefore there is a need to identify biomarkers of treatment response that will serve
to tailor treatment regimens in specific subsets of HNSCC patients.

2. Genomic Alterations in Head and Neck Cancer

The recent application of next generation sequencing to study patient cancer genomes has
revolutionized medical oncology. In silico analyses provide great insights into the diverse genomic
alterations within each cancer sample, allowing for a functional understanding of the drivers
behind deregulated oncogenic pathways and biological mechanisms involved in cancer progression.
Importantly, these approaches are being exploited to potentially personalise suitable treatment
regimens, tailored towards targeting key oncogenic drivers based on the individual’s mutational
profile. On this basis, The Cancer Genome Atlas (TCGA) has been extensively interrogated for a
comprehensive genomic characterization of HNSCC, whereby several reports have identified hundreds
of mutations in each cancer subtype [19–22]. This has resulted in common dysregulated pathways
being identified across most HNSCC patients. Multiple genetic and epigenetic alterations, including
point mutations, deletions, promoter methylation, and oncogene amplification, are strongly triggered
by chronic exposure to the major risk factors associated with HNSCC development. Some of the
mutated genes frequently associated with HNSCC are TP53, CDKN2A, FAT1, NOTCH1, EGFR, HRAS,
and PI3KCA [23–27], and the mutations in these genes are recognised as drivers of tumour development
and progression. In HPV+ subtype patients, high-risk HPV infection has been associated with
the abnormal expression of proteins associated with cell cycle regulation, including p53 and p16
(CDKN2A) [21,28,29]. Functional TP53 inhibits the mammalian target of rapamycin (mTOR) pathway
through AMPK in response to cellular stresses and DNA damage [21]. On the other hand, aberrant
TP53 allows for persistent mTOR activity and has been associated with poor survival in HNSCC
patients [30].

Furthermore, FAT1 is involved in the migration and invasion of HNSCC cells through the
activation of the β-catenin pathway [31]. In addition, Notch1 has been reported to play a bimodal
role as a tumour promoter and tumour suppressor [22,32,33]. Overall, genetic alterations in the
above-mentioned genes and in EGFR and HRAS often lead to aberrant signalling and deregulation
of important proto-oncogenic networks, such as the PI3K–mTOR pathway. For instance, PIK3CA
mutations that directly activate the PI3K–mTOR signalling pathway have been reported in HNSCC at
rates ranging from 2.6% to 19% [21]. Overall, genetic amplifications and overexpression of key proteins
responsible for driving mTOR activation underlie the tumour progression that is often observed in
cancers, including HNSCC. This review provides a comprehensive analysis of the driver mutations
that lead to aberrant mTOR signalling in HNSCC and assesses a number of contemporary inhibitors.

3. The mTOR Complex and the Cellular Metabolism

The mammalian target of rapamycin (mTOR) is a serine-threonine kinase that senses growth
factor cues, nutrient and oxygen status, and directs appropriate changes to maintain cellular and tissue
homeostasis (Figure 1). The mTOR signalling pathway is recognised as a key driver and regulator
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of cell growth and proliferation, cell survival, metabolism, and protein synthesis. mTOR belongs to
the phospho-inositide 3-kinase (PI3K)-related kinase family, and consists of two distinct complexes;
mTOR complex 1 (mTORC1) and complex 2 (mTORC2). Whilst both complexes are tightly regulated in
a normal context, they are often deregulated in multiple disease-associated metabolic alterations and in
cancer development [34–36]. In normal conditions, activation of mTOR signalling occurs in response
to the binding of specific growth factors to their cognate receptor tyrosine kinases (RTKs), including
insulin-like growth factor (IGF), vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and epidermal growth factor (EGF) [37]. The ligand-activated receptors recruit PI3K,
which converts phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol triphosphate (PIP3),
and provides binding sites for phosphoinositide-dependent protein kinase 1 (PDK1). PDK1 then
phosphorylates and activates AKT, which in turn phosphorylates several downstream substrates
that engage multiple pathways, including mTORC1. On the other hand, mTORC2 has been known
to phosphorylate and activate members of the AGC kinase family, including AKT, serum and
glucocorticoid-induced kinase (SGK1), and protein kinase C (PKC), whereby inhibition of these kinases
results in tumour suppression [38–40].

(A) 

 

Figure 1. Cont.
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(B) 

Figure 1. Biological functions of the mammalian target of rapamycin (mTOR): (A) mTOR complex 1
(mTORC1) and (B) mTOR complex 2 (mTORC2).

Constitutive mTOR activation is known to promote metabolic changes, including dysregulation in
glucose, fatty acid, amino acid, and lipid metabolism. For instance, cancer cells largely rely on glucose
as the major source of cellular energy to sustain proliferation and survival. In the context of aberrant
mTOR signalling, glucose metabolism is dysregulated as a result of increased synthesis of glucose
transporter proteins and glycolytic enzyme activation, followed by lactic acid fermentation even when
oxygen is available—a phenomenon known as the “Warburg effect” [41,42]. The Warburg effect links
the rewiring of metabolism to sustained cancer cell survival and growth, in which increased glucose
uptake and fermentation of glucose to lactate are key processes [43]. In several cancers, including
HNSCC, the expression of glucose transporter 1 (GLUT1) is often elevated, and in conjunction with
enhanced mTOR signalling (mTORC1 and C2), the pair activates key oncogenic drivers, including
c-MYC and HIF-1α [44–47]. GLUT1 is a protein of the GLUT family, responsible for glucose uptake
into the cytoplasm [48]. GLUT1 is negatively regulated by glycogen synthase kinase-3 (GSK-3) that,
in turn, exerts its inhibitory effects through a tuberous sclerosis complex (TSC)- and mTOR-dependent
pathway [44]. Glycolysis is also upregulated through mTOR signalling via elevated Hexokinase 2
(HK2) expression, which further promotes the activation of c-MYC and HIF-1α [49]. Furthermore,
the mTOR signalling stimulates fatty acid synthesis in cancer, via the persistent activation of sterol
regulatory element-binding protein-1c (SREBP1c) [50,51]. Although not widely described in HNSCC,
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Guri et al. observed that elevated lipogenesis correlated with enhanced mTOR activity in hepatocellular
carcinoma patients, which in turn facilitated energy production and cancer growth [52]. Overall,
deregulated or reprogrammed mTOR signalling is a key signature of cancer cellular metabolism,
while the molecular manipulation of the internal and surrounding tumour environment both initiates
and sustains cancer cell survival, growth, and proliferation.

4. Deregulated mTOR Signalling in HNSCC

The mTOR pathway is known to be hyperactivated in several cancers, including HNSCC, and both
mTOR complexes play essential roles in HNSCC tumorigenesis. Interestingly, mTOR deregulation in
HNSCC is the most commonly seen genomic alteration (~80–90% HNSCC) involved in aberrant
mitogenic signalling, compared to other known pathways such as the JAK/STAT and MAPK,
which harbour mutations in less than 10% of lesions [53,54].

In vivo analyses of mTOR signalling in HNSCC are commonly studied, and chemically-induced
HNSCC mouse models have long been established. These include the widely used carcinogens
DMBA-TPA and 4-nitroquinoline-1-oxide (4NQO), which have both been reported to result in persistent
mTOR activation, leading to tumour development, and regression is observed after the administration
of the mTOR inhibitor rapamycin [55–57]. Furthermore, several studies have analysed the effect
of rapamycin and mTOR activity in other mouse models, including anal squamous cell carcinoma
(SCC) and skin and breast cancers [58–60]. Aside from chemically-induced models, genetic mouse
models have also been established for mTOR hyper activation. For instance, Sun et al. observed
that conditional deletion of Tgfbr1 and Pten in an HNSCC mouse model was associated with the
development of sporadic tongue tumours that were driven by mTOR activation [61]. Furthermore,
tumour burden was significantly reduced following rapamycin treatment, confirming the role of
mTOR in driving HNSCC [61]. Bozec et al. analysed the effect of temsirolimus, a potent mTOR
inhibitor, in combination with cetuximab and conventional chemotherapeutic agents (cisplatin and
5-fluorouracil) on orthotopic CAL33 xenografts harbouring PIK3CA mutations [62]. The combination
therapy was synergistic and resulted in almost complete tumour growth arrest, further associating a
profound role between tumorigenesis and mTOR activity [62]. Furthermore, it has been reported that
co-targeting mTOR and PD-L1 enhances tumour growth inhibition in a syngeneic oral cancer mouse
model [63].

mTORC1 interacts with the Rag GTPases, which promote its translocation and activation at the
lysosomal surface in response to amino acids [64,65]. Inhibition of mTOR reduced the lysosomal efflux
of essential amino acids and converted the lysosome into a cellular depot for them [66]. This process
can also be deregulated in cancers where inactivating mutations of the Rag GTPases regulators can lead
to hyperactivation of mTORC1, even in the absence of amino acids [67]. mTOR not only has a major
role in tumour progression but also plays a role as the central regulator of autophagy. Autophagy
is an intracellular process mediated by lysosomes for the breakdown and recycling of damaged
cellular components (e.g., organelles, proteins) [68]. In HNSCC, the oral cavity has been known to
acquire mutations that are associated with impaired autophagy and correlate with reduced overall
survival [69,70]. Whilst a number of inhibitors against the PI3K/AKT/mTOR signalling pathway have
undergone extensive preclinical evaluation, the specific mechanism of the action remains elusive and
successfully reversing defective autophagy has been variable [71,72].

5. HPV Status, mTOR Activation and Metabolism in HNSCC

HPV infection is known to activate mTOR signalling in HNSCC and is further sustained
through deregulation of metabolic pathways. For instance, HPV-positive cells utilise mitochondrial
respiration, as evidenced by increased oxygen consumption in comparison to HPV-negative HNSCC
cells, which exhibit increased glucose metabolism, as evidenced by the over production of lactate [73].
HPV-negative cells express HIF-1α, which is responsible for upregulating downstream mediators
involved in glucose metabolism, including hexokinase II (HKII) and carbonic anhydrase IX (CAIX),
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while HPV-negative cells show greater expression of cytochrome c oxidase (COX) [74,75]. Moreover, as a
result of increased lactate and pyruvate production, Jung et al. found that HPV-negative HNSCC cells
exhibit advantageous growth, survival and radioresistance [73]. Inhibition of pyruvate dehydrogenase
kinase (PDK) sensitises HPV-negative HNSCC to irradiation, which could potentially explain why
those tumours are more inclined to have an unfavourable prognosis compared to HPV-positive
tumours [9,10]. Therefore, both HPV-positive and HPV-negative HNSCC cells are characterised by
deregulated mTOR signalling, which impairs their metabolism and thus sustains the survival and
growth of cancer cells in a vicious cycle.

mTOR inhibitors have shown promising anti-cancer effects in HPV-positive HNSCC mouse
models. The mTOR inhibitors Rapamycin and RAD001 reduced tumour burden in HPV-positive
HNSCC xenografts through the inhibition of mTOR activity [76]. Moreover, HPV E6/E7 mouse models
develop SCC lesions with high mTOR activation, and, unsurprisingly, tumour development was
abolished using the mTOR inhibitor Rapamycin [56]. Despite the link between HPV infection and
mTOR signalling activation with altered metabolic processes, the potential inhibition of both mTOR
and HPV-deregulated pathways in HNSCC is still not well explored.

Furthermore, the E6 and E7 HPV oncoproteins are known to correlate with PIK3CA mutations or
amplifications in over half of HPV-positive HNSCC, leading to drug resistance. Brand et al. showed
that PI3K inhibition resulted in increased expression of the HER3 receptor and, in turn, elevated the
abundance of E6 and E7 oncoproteins to promote resistance to PI3K inhibition [77]. This study also
assessed the targeting of HER3 with the monoclonal antibody CDX-3379, which resulted in reduced E6
and E7 expression and enhanced the treatment efficacy of PI3K-targeted inhibition. As concluded by the
authors, this suggests that co-targeting HER3 and PI3K may be an effective treatment strategy for HPV+
tumours where HER3 and HPV oncoproteins promote resistance to PI3K inhibitors. In addition, Madera
et al. inhibited mTOR signalling using metformin, a ubiquitous anti-diabetic drug. This resulted in
reduced tumour growth that was driven by the PIK3CA and HPV oncogenes in oral SCC (OSCC) [78].

6. Validated Mutant Genes Known to Drive Activation of mTOR Signalling in HNSCC

Mutations in EGFR, PIK3CA, and HRAS, as well as others found in potential genes such as
EIF4G1, RAC1, SZT2, and PLD1, can result in aberrant mTOR signalling (Figure 2). Deregulation
of mTOR signalling can equally be induced by a loss of tumour suppressors such as PTEN, APC,
and NF1 [79–81]. A hyperactive mTORC1 engages downstream effectors through phosphorylation of
the eukaryotic translation initiation factor 4E-binding proteins (4EBP-1), p70 and ribosomal protein
S6 kinase (S6K1), promoting tumour development and progression [82–84]. In a similar manner,
hyperactivation of mTORC2 drives cancer cell survival, proliferation and migration mainly through
the oncogenic activation of AKT [34,85,86]. We next discuss the role of these validated and proposed
genes (those that have not been well studied in HNSCC) that directly or indirectly activate mTOR
signalling in HNSCC.
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Figure 2. Validated and proposed mutant genes found to deregulate mTOR signaling in head and neck
squamous cell carcinoma (HNSCC). Percentages represent frequency of mutations per gene based on
The Cancer Genome Atlas (TCGA) dataset (n = 297).

6.1. EGFR-PI3K-AKT-mTOR Pathway

The hyperactivation of EGFR through various epigenetic and genetic mechanisms is known to
activate the PI3K-AKT-mTOR pathway. This is evident in HNSCC patient samples that show high
EGFR-mTOR signalling, often associated with poor clinical outcomes [87]. A study conducted by
Li et al. demonstrated that a positive feedback loop involving EGFR-mTOR and the inhibitor of nuclear
factor kappa-B kinase (IKK)-NF-κB signalling regulates HNSCC cell growth [88]. One regulator of the
EGFR-mTOR pathway is the AXL protein, which was shown to dimerize with and phosphorylate EGFR,
and to activate phospholipase Cy (PLCy)-protein kinase C (PKC), resulting in the hyper activation of
mTOR [89]. Furthermore, genetic alterations of the EGFR gene result in a common cancer-associated
variant III (EGFRvIII), in several cancers. Widely studied in gliomas, the EGFRvIII is characterized
by the absence of exons 2–7, leading to disruption of the ligand-binding region and is therefore
constitutively active in a ligand-independent manner [90]. However, in HNSCC cases the role of
EGFRvIII has remained controversial. For instance, although the sample number analysed was low,
Sok et al. reported EGFRvIII to be hyperactive in >42% of HNSCC samples (14/33) [91]. However, in a
recent study conducted by Khattri et al., it was established that EGFRvIII is rarely seen in HNSCC
samples (2/540, 0.37%) and the clinical significance remains unclear [92]. Moreover, EGFR amplification
(chromosome 7) has been reported in 11% of HNSCC cases [93,94]. Hashmi et al. observed that EGFR
copy number gain occurs in oral leukoplakia and is tightly linked with an increased risk of oral cancer
development [94].

Aberrant EGFR signalling was also shown to mediate aerobic glycolysis and to upregulate GLUT1
expression. In EGFR mutated lung adenocarcinoma, Makinoshima et al. found that mTOR signalling
plays a crucial role in regulating glycolysis and in upregulating GLUT1 localisation [95]. In a panel
of EGFR-mutated lung cancer cell lines, mTOR inhibitors significantly suppressed glycolysis and
down regulation of GLUT1 by RNAi reduced cell proliferation [95]. Conversely, Chiang et al. found
that mTOR signalling contributes to metabolic reprogramming in erlotinib (EGFR inhibitor) resistant
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lung cancer cells and strongly correlates with poor clinical outcomes of EGFR-mutated lung cancer
patients [96].

The frequent activation of the EGFR pathway led to the development of EGFR inhibitors targeting
receptor function to prevent downstream signalling, including mTOR activation. To date, cetuximab is
the only FDA-approved EGFR inhibitor in combination with chemotherapy or with radiation therapy.
Tyrosine kinase inhibitors with reversible-binding activity, such as erlotinib and gefitinib, have been
disappointing in the head and neck setting, while irreversible-binding Tyrosine Kinase Inhibitors (TKI),
including afatinib, appear clinically promising [97–99]. The combination of inhibitors targeting both
mTOR and EGFR has also emerged as beneficial. For instance, combinatorial treatment targeting
mTOR and EGFR has been successful in other cancers, including small cell lung cancers [100,101].
Furthermore, Bozec et al. investigated combined mTOR (temsirolimus) and EGFR (cetuximab) targeting
in an orthotopic xenograft model of HNSCC, which culminated in synergistic effects against tumour
growth [62]. In agreement, Lattanzio et al. observed a similar result in HNSCC cell lines [100] and
Wang et al. also demonstrated reduced tumour burden in both PIK3CA- and RAS-expressing HNSCC
xenografts, particularly in cetuximab resistant HNSCC cell lines [53]. Overall, targeting both EGFR
and mTOR related pathways could be a promising personalised targeted therapy for HNSCC patients.

6.2. PIK3CA Mutation and PTEN Loss

Mutations that activate the catalytic unit of phosphoinositide-3-kinase (PI3K) have been implicated
in several cancers, including HNSCC. Gain of function mutations of PIK3CA, the most common
activator of the PI3K pathway, is detected in approximately 6–20% of HNSCC cases [21,22]. Lui et al.
analysed whole-exome sequencing data from 151 tumours and revealed frequent oncogenic mutations
in 30.5% (46/151) of the cases affecting the PI3K-mTOR pathway, whereas only 9.3% (14/151) and 8%
(46/151) of tumours harboured mutations in the JAK/STAT or the MAPK pathways, respectively [21].
Furthermore, all tumours exhibiting PI3K pathway mutations were advanced (stage IV) cancers,
implying a strong role in cancer progression.

Aberrant PI3K-mTOR signalling was shown to also regulate the properties of key cancer stem cell
(CSC) factors, including the sex determining region Y box 2 (SOX2) [102,103]. SOX2 is involved in cancer
stem cell (CSC) maintenance and is also associated with increased levels of CSC markers, including
aldehyde dehydrogenase (ALDH1) [104]. Keysar et al. characterised the CSC from patient-derived
xenografts and defined the molecular features of tumours caused by tobacco smoking and HPV
infection [103]. This work unraveled the consequences of deregulated PI3K signalling, such as
increased SOX2 translation and expression of ALDH, resulting in enhanced spheroid and tumour
formation. This study also observed reduced SOX2 levels after silencing AKT1 (downstream of
PI3K) or EIF4E (downstream of mTORC1), suggesting a direct link between SOX2 regulation and
PI3K. Additionally, SOX2 knocks down suppressed ALDH transcripts and protein levels. Moreover,
Suda et al. revealed that copy-number amplification of PIK3CA, within 3q (found in up to 30% of
HNSCC) is associated with a poor prognosis of HNSCC patients [105] and partially overlaps with
PIK3CA driving mutations. In addition, it has been shown that PIK3CA mutations are associated
with an elevated uptake of glucose and glutamine in colorectal cancer [106], and a similar effect is
observed in PIK3CA mutant breast cancer cells [107]. The elevated glucose and glutamine uptakes fuel
the growth and progression of tumourigenicity.

Conversely, inactivation of phosphatase and tensin homologue (PTEN), a potent tumour suppressor
and negative regulator of PI3K, also leads to hyperactivation of PI3K-driven mTOR signalling [108].
Although the penetrance of PTEN mutations in HNSCC ranges between 5 and 16%, loss of PTEN
expression is observed in 29% of tongue cancers, and loss of heterozygosity of the PTEN locus occurs
in 40% of HNSCC tumours [109,110]. Genetic alterations were even lower in SCC of the skin, in which
loss of PTEN was mainly due to loss of gene transcription [111,112]. Deletion of the developmental
transcription factor Grainyhead-like 3 (Grhl3) induces HNSCC in both humans and mice [111,113–115],
and GRHL3 functions as a tumour suppressor against SCC of the skin through the direct transcriptional
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regulation of Pten [111,116,117]. Loss of Grhl3 leads to PTEN downregulation and the development of
aggressive cutaneous SCC via the activation of the PI3K–mTOR signalling pathway [111]. Inhibition of
PI3K/mTOR using BEZ235 was able to prevent the initiation as well as the promotion to malignancy
of carcinogen-induced SCC, but was not efficient against the established cancer [118]. Interestingly,
mutations in the PTEN gene are rare in human skin SCC and common in HNSCC, which could be a
prognostic marker for patients with tongue cancer [111,114,119,120]. Moreover, suppression of PTEN
in concert with other tumour suppressors, like transforming growth factor beta-receptor 1 (TGFBR1),
can also contribute to deregulated PI3K-mTOR signalling. Bian et al. unraveled the relationship
between TGF-β signalling and the PI3K-mTOR pathway by conditionally deleting both TGFBR1 and
PTEN in HNSCC mouse models using the Cre-LoxP system. Enhanced cell proliferation and decreased
apoptosis occurred, which promoted HNSCC tumour development [121].

PTEN loss also promotes cancer progression by enhancing glucose metabolism and reducing
DNA repair and checkpoint pathways. Martin et al. observed PTEN loss in prostate cancer cell lines
and increased pAKT expression and enhanced glucose metabolism, resulting in the survival of tumour
cells [122]. Mathur et al. also observed enhanced glutamine metabolism in PTEN mutant breast
cancer cells [123]. Conversely, Garcia-Cao et al. showed that transgenic overexpression of PTEN in
mice decreased the levels of PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3) and
glutaminase, key rate-limiting enzymes responsible for glycolysis and glutaminolysis respectively,
and two important metabolic features of tumour cell growth [124]. Together, these data predict that
tumours with loss of PTEN function will respond to treatment with inhibitors of glycolysis and
glutaminolysis, therefore providing a potential targeted therapy for these tumours.

6.3. HRAS

HRAS belongs to the Ras oncogene family, and HRAS mutants are known to aberrantly activate
mTOR signalling in HNSCC tumours [125]. The Cancer Genome Atlas analysed 279 HNSCC
samples and reported that a subgroup of oral cavity tumours had favourable clinical outcomes
displaying infrequent copy number alterations in conjunction with activating mutations of HRAS [20].
Nakagaki et al. utilised next-generation sequencing on a cohort of 80 Japanese OSCC patients,
and identified HRAS mutations in 5% of samples [126]. Su et al. analysed whole-exome sequencing
of 120 Taiwanese OSCC patients and identified 11.7% of the samples were positive for HRAS
mutations [127]. Furthermore, Koumaki et al. identified HRAS mutations in 86 OSCC patients (8.6%)
of Greek descent, and defined a role for HRAS in driving PI3K-mTOR signalling in OSCC [128].
Adding to the evaluations of several ethnicities, Murugan et al. identified mutant HRAS in 10 out of 56
Vietnamese OSCC patients (18%) and associated these events with an advanced tumour stage [129].
In addition to promoting mTOR activation, HRAS mutations have been shown to play a role in altering
metabolic processes. Zheng et al. suggest that the HRAS transformed breast cancer cell line MCF10a,
derived from an early stage cancer, exhibits a profound alteration in glucose metabolism and is strongly
regulated by the oncogenic proteins HIF-1α and c-Myc [130].

Additional investigations have implicated the HRAS protein in driving resistance to therapies in
HNSCC. In a recent study conducted by Ruicci et al., HRAS mutant HNSCC cell lines did not respond
to PI3K inhibition (BYL719). This inhibitor induced constitutive MAPK signalling suggests feedbacks
between MAPK and PI3K, resulting in persistent mTOR activity [131]. Hah et al. also outlined an
association between HRAS mutations and resistance to the EGFR tyrosine kinase inhibitor erlotinib in
a panel of HNSCC cell lines [132]. Likewise, Rampias et al. demonstrated that oncogenic HRAS leads
to the activation of MAPK signalling, which results in resistance to cetuximab in HNSCC cells [133].
Furthermore, the authors evaluated a cohort of 55 HNSCC patients, and identified HRAS mutations in
7 out of 55 samples (12.7%) that were associated with a poorer response to Cetuximab treatment.
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7. Potential Mutant Genes Activating the mTOR Signalling Pathway

7.1. EIF4G1

Eukaryotic translation initiation factor (EIF) 4 gamma 1 (EIF4G1) plays a crucial role downstream
of mTOR signalling. EIF4G1 functions as a modular scaffold in the translational initiation complex,
interacting with EIF3, EIF4A, EIF4E, poly (A)-binding proteins, and MNK1 [134,135]. When mTOR
phosphorylates EIF4E-binding proteins (4E-BPs), it releases 4E (EIF4E) to bind to 4G1 and initiate
cap-dependent translation [136]. Moreover, the downstream target of mTOR, programmed cell death 4
(PDCD4), disrupts the interaction between 4A and 4G1, leading to translational inhibition [137]. In this
study, PDCD4 was shown to be downregulated by miR-21 in HNSCC, suggesting the initiation of
mTOR-regulated translation by 4G1.

Aberrant over-expression of EIF4G1 is tightly linked with the prognosis of several cancers, such as
lung squamous cell carcinoma, inflammatory breast cancer, cervical cancers, and nasopharyngeal
carcinoma [138–141]. Although not well studied in HNSCC, the 2015 TCGA analysis of 279 HNSCC
patients has provided evidence that EIF4G1 has a high alteration frequency in HNSCC, with 19% of
patients harbouring EIF4G1 amplifications and 3.9% somatic mutations [20]. This is supported by
studies in breast and nasopharyngeal cancers, indicating that the overexpression of 4G1 facilitates
tumourigenesis, malignant transformation, and invasion, while the depletion of 4G1 remarkably leads to
the inhibition of cell cycle progression, invasion, and colony formation in vitro and in vivo [139,140,142].
Although there are limited studies testing EIF4G1 inhibitors in HNSCC, small molecule inhibitors have
been investigated in other cancer types. For instance, 4EGI1 has been designed to block the interaction
of EIF4G1/EIF4E, resulting in decreased translation of oncogenic proteins and abrogating lung tumour
growth in vivo [143–146]. Moreover, SBI-0640756 and RNA aptamers have been designed to directly
target 4G1 in melanoma models [147,148]. Overall, despite limited available evidence, inhibitors of
EIF4G or EIF4G1/EIF4E interactions could be emerging as novel strategies to indirectly target mTOR
signalling in HNSCC.

7.2. RAC1

The Rac family of small GTPase 1 (RAC1) functions downstream of the mTOR signalling to regulate
the reorganization of F-actin, lamellipodia formation, and cell motility [149]. mTORC1-mediated
activation is essential to increase RAC1 expression, while mTORC2 directly facilitates RAC1 activation
via the inhibition of Rho GDP dissociation inhibitor beta ARHGDIB. This results in the initiation
of phosphatidylinositol-3,4,5-trisphosphate dependent rac exchange factor 1/2 (PREX1 and PREX2)
and T cell lymphoma invasion and metastasis 1 (TIAM-1) expression, which all contribute to tumour
growth [150,151]. Increasing evidence suggests that RAC1 modulates mTOR activity, whereby the
binding of RAC1 to mTOR regulates the plasma membrane localization of the mTORC1/2 complex.
This in turn promotes the phosphorylation of mTOR downstream substrates [152,153]. Collectively,
RAC1 is therefore considered to be both an upstream and downstream effector of mTOR activity.

Overexpression of RAC1 is frequently observed in oral, breast, gastric, testicular, and prostate
cancers and increased RAC1 expression is positively associated with cancer progression [154–157].
Aberrant RAC1 activity was shown to facilitate metastasis of colorectal and lung cancer cells by multiple
mechanisms, including epithelial-mesenchymal transition (EMT), migration, and invasion [158,159].
Although not well studied in HNSCC, the TCGA database reports that 3.2% of HNSCC patients
harbour RAC1 somatic mutation [20]. Moreover, persistent RAC1 overexpression has been shown to
drive resistance to radio/chemotherapy [20,160,161]. In recent years, limited inhibitors targeting RAC1
have been developed. These have included EHop-016 [162] and EHT 1864, which was designed to
prevent RAC1-GTP interactions and the RAC1 downstream effectors in order to block RAC1-mediated
metastasis [163]. Alongside monotherapy, recent reports suggest that the combined inhibition of
RAC1 and mTOR could dramatically increase treatment efficacy against renal cell carcinoma by
dephosphorylating the retinoblastoma transcriptional corepressor 1 (RB1) [164]. Although the exact
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mechanism of the action of RAC1 inhibitors has not been thoroughly explored, their use as single or
combination agents seems to have a synergistic effect with mTOR inhibition that could be considered
for the treatment of HNSCC.

7.3. SZT2

Deficiency of seizure threshold 2 protein homolog (SZT2) is commonly detected in patients with
intellectual disability, epilepsy, and autism [165–168]. Only recently however, SZT2 was identified
as a component of KICSTOR, which negatively regulates the mTOR signalling pathway [168,169].
Interestingly, the SZT2 gene shows a relatively high somatic mutation frequency (3.6%) in HNSCC in
the TCGA database. In addition, low expression of SZT2 is correlated with a low five-year survival rate
of HNSCC patients [20]. Future investigation of the SZT2 function is therefore warranted to determine
whether it could act as a prognostic factor for HNSCC patients and/or a possible biomarker of response
to mTOR inhibitors.

7.4. PLD1

Phospholipase D1 (PLD1) is an established upstream regulator of mTOR signalling [140].
Once activated, PLD1 leads to the accumulation of phosphatidic acid (PA), resulting in mTOR
activation via the ERK signaling pathway, an acquired resistance to mTORC1 inhibitors, and a
feed-forward loop, resulting in constitutive PLD1 activity [170–172]. High PLD1 expression is
frequently detected in various cancers, including glioma, pancreatic ductal adenocarcinoma, colorectal
cancer, hepatocellular carcinoma, breast cancer, and melanoma [173–178]. Although PLD1 has not
been extensively investigated in HNSCC, data from the TCGA show that 20% of HNSCC patients
harbour copy number amplification, while 2.9% of patients harbour mutant PLD1. Based on the high
percentage of its genetic alteration, we anticipate that PLD1 could function as a driver or a prognostic
marker for HNSCC [20].

Multiple inhibitors targeting PLD1 have been developed, such as VU-0155069 and VU-0359595,
which directly bind to the N-terminus, allosterically suppressing the catalytic activity of PLD1 [179].
In addition, inhibitors such as Fifi, ML-299, VU-0155056, and VU-0285655-1 show less selectivity
by targeting both PLD1 and PLD2 [180]. Kang et al. found that inhibition of PLD1 suppresses the
PI3K–mTOR pathway and results in reduced cell proliferation, migration, and invasion in vitro, as well
as reduced tumour growth and EMT of patient-derived xenografts in colorectal and hepatocellular
carcinoma [175,178]. Since the published literature is establishing a clear relationship between PLD1
and mTOR, further investigations are required to explore the inhibition of PLD1 for mTOR-driven
malignancies, as well as the inclusion of PLD1 inhibitors in HNSCC clinical trials.

8. Current Clinical Trials Targeting mTOR in HNSCC

Because multiple mutant genes are directly associated with the oncogenic activation of the mTOR
pathway, it is not surprising that multiple clinical trials are currently targeting aberrant mTOR signalling
in cancer (Table 1). For instance, the multicentre Phase II trial recruited platinum/cetuximab-refractory
HNSCC patients for treatment with the mTOR inhibitor temsirolimus (NCT01172769). Results from
this trial indicate that in a total of 40 patients, the treatment was well tolerated, and tumour shrinkage
was observed in 13/40 (39.4%) patients [181]. This study indicated that mTOR inhibition alleviates
tumour burden, although further molecular analysis is required to identify predictive parameters for
temsirolimus guided treatment response. Patients included in this study showed no mutations of KRAS
or BRAF. Following from this trial, a Phase II study of temsirolimus in combination with carboplatin
and paclitaxel has been conducted on recurrent and/or metastatic HNSCC patients. This resulted
in an objective response in 15/36 (41.7%) patients and stable disease progression in 19/36 (52.3%)
patients (NCT01016769) [182]. This trial confirmed that a relatively high response can be observed with
combination treatment and suggests that genetic alterations associated with aberrant mTOR signalling
necessitate further exploration.
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Table 1. Summary of clinical trials targeting mTOR in HNSCC tumours.

Inhibitor Phase Status Targeted Pathway Targeted Tumour Reference

Palbociclib + Gedatolisib I Recruiting CDK4/6 +mTOR Advanced HNSCC NCT03065062

BYL719 II Recruiting PI3K Recurrent or
Metastatic HNSCC NCT02145312

Everolimus + Palbociclib +
Trametinib I Recruiting mTOR + CDK4/6 +MEK Malignant neoplasms

of Oral cavity NCT03065387

CC-115 I Active, not
recruiting

Dual DNA-PK and TOR
kinase Advanced HNSCC NCT01353625

PQR 309 I Active, not
recruiting PI3K/mTOR/AKT Advanced HNSCC NCT02483858

Temsirolimus II Completed mTOR HNSCSC NCT01172769
Sirolimus I/II Completed mTOR Advanced HNSCC NCT01195922

Temsirolimus + Paclitaxel
+ Carboplatin I/II Completed mTOR Recurrent or

Metastatic HNSCC NCT01016769

Several clinical trials are currently recruiting HNSCC patients for the assessment of other
mTOR pathway inhibitors. Following promising results obtained in vitro and in vivo with BYL719,
a potent PI3Kα inhibitor, this drug has progressed to Phase II trials for the treatment of recurrent
or metastatic HNSCC patients who have previously failed to respond to platinum-based therapy
(NCT02145312) [183]. Moreover, in a large multi-centre clinical trial, the Phase II molecular analysis for
therapy choice (MATCH) trial tailors personalised inhibitors to each patient’s individual mutational
status (NCT02465060). This study includes HNSCC patients with mutations that activate mTOR
signalling, who received the inhibitor sapanisertib, which binds to and inhibits both mTOR complexes.
Of the targeted therapies related to the mTOR pathway, patients with PIK3CA mutations received the
PI3K inhibitor taselisib, patients harbouring EGFR mutations received the EGFR inhibitor afatinib,
while patients with loss or mutated PTEN received the PI3K-beta inhibitor GSK2636771. In addition to
monotherapies, combination treatments are scheduled with the PI3K/mTOR inhibitor gedatolisib and
the cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor palbociclib, and HNSCC patients are currently
being recruited for this Phase I trial (NCT03065062).

Despite mTOR signalling driving aberrant metabolic processes, there is currently no clinical
trial investigating combinational treatment against both mTOR and dysregulated metabolism in
HNSCC patients. Nonetheless, there are several studies targeting key transporters involved in
metabolism and HNSCC progression. In a recent study conducted by Mehibel et al., the authors
investigated the use of simvastatin (which specifically inhibits lipid and cholesterol biosynthesis)
and AZD3965 (which inhibits monocarboxylate transporter 1 and results in enhanced glycolysis) in
HNSCC cell lines [184]. They found that prophylactic simvastatin lead to the upregulation of xenograft
tumour MCT1 expression that effectively primed these cells for MCT1 inhibition using AZD3965.
The combination of these inhibitors led to a delay in tumour growth in HNSCC xenograft models
and showed no signs of toxicity. Moreover, AZD3965 has been independently assessed in pre-clinical
xenograft studies for other cancer types, such as small cell lung cancer, where it was shown to reduce
tumour growth via the inhibition of lactate release and glycolysis [185,186].

9. Conclusions and Perspectives

The mTOR pathway integrates multiple intrinsic genetic alterations and extrinsic cues, leading
to aberrant signalling and metabolic alterations. Since the validated and potential mutant genes,
as identified from the TCGA dataset, directly affect mTOR activation status in cancer, they could be
used as biomarkers for response and mTOR targeted inhibition in a tissue-specific manner. In fact,
multiple biomarkers for predicting drug sensitivity have been proposed, including those related to
PTEN loss, PTEN mutations, NOTCH1 mutation, and EGFR expression in other cancers, but could be
further established in HNSCC. Furthermore, the functional characterisation of these mutant genes and
the molecular dissection of their associated oncogenic networks could provide targets for combinatorial
therapies to alleviate resistance to mTOR inhibition.
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Abstract: The Mechanistic or Mammalian Target of Rapamycin (mTOR) is a major signaling pathway
in eukaryotic cells belonging to the P13K-related kinase family of the serine/threonine protein kinase.
It has been established that mTOR plays a central role in cellular processes and implicated in various
cancers, diabetes, and in the aging process with very poor prognosis. Inhibition of the mTOR pathway
in the cells may improve the therapeutic index in cancer treatment. Photodynamic therapy (PDT)
has been established to selectively eradicate neoplasia at clearly delineated malignant lesions. This
review highlights recent advances in understanding the role or regulation of mTOR in cancer therapy.
It also discusses how mTOR currently contributes to cancer as well as future perspectives on targeting
mTOR therapeutically in cancer in vitro.
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1. Introduction

The Mechanistic or Mammalian Target of Rapamycin (mTOR) pathway incorporates both intra
and extracellular signals, and functions as a key regulator of physiological processes including in
the growth, metabolism, proliferation, metastasis and malignant transformation of various human
tumors [1]. Based on statistics from the Cancer Genome Atlas Pan-Cancer effort, the mTOR signaling
pathway was found to be one of the highest mutated genes in 12 cancers analyzed from 3281 tumors.
Examples of these cancers include breast, colon, lung, uterine corpus endometrioid, head and neck
as well as ovarian [2,3]. mTOR receives signals from its effectors to control the cell function and
homeostasis in normal cells. However, in cancer cells, this function is lost. Somatic mutation and
gene amplification encode key components leading to the activation of the pathway that enhances cell
proliferation and tumor growth [4–8]. mTOR serves as the major growth and survival pathway for cancer
pathogenesis and has been an attractive target development of anticancer therapies. mTOR functions
in controlling the downstream processes of ribosomes, mRNA, protein synthesis as well as translation.
To achieve these functions, they interfere with various signaling pathways including nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), phosphatidylinositol-3-kinase (PI3K)/AKT,
reticular activating system (RAS), and tuberous sclerosis complex (TSC). When deregulated, they may
induce uncontrolled cell growth and proliferation [9]. Furthermore, growth factors such as tyrosine
kinase receptors play an important role in the downstream processes within the pathway to enhance
biological processes such as angiogenesis, proliferation, metabolism, survival and differentiation [4].
The pathway may therefore be very useful in cancer pathogenesis and disease progression if it is
altered and further lead to the development of molecularly targeted treatments that could advance
into successful clinical trials [10].

Various inhibitors and signaling components for downstream processes have shown promising
results in clinical trials. Clinically, relevant inhibitors target different pathways that present high
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sensitivity and needs to be studied [11–13]. Second-generation mTOR inhibitors have shown improved
antitumor activity both in animal models and in vitro. Some previously studied 1st generation inhibitors
have shown very little sensitivity including 1st generation rapamycin derivatives (Rapalogs) which
have not proven to be very efficient due to their pharmacodynamics. There is still ongoing preclinical
and clinical trials to evaluate various targets [14]. Several cancers become resistant to conventional
therapies leading to poor prognostics [2,3] and in the effort to enhance therapy and curb resistance,
several combination therapies are been investigated [6,15,16].

Photodynamic therapy (PDT) was originally developed about a hundred years ago for the
treatment of various tumors and other non-malignant diseases [17]. The treatment mechanism involves
the injection of a non-toxic photosensitizer (PS) locally, systemically or topically to a specific lesion
accompanied by the absorption of visible light of a particular wavelength in the presence of oxygen
from the singlet state to the triplet state as a means of generating cytotoxic reactions [18]. These reactions
form reactive oxygen species (ROS) which result in tissue destruction, pathogenic microbes and cell
death [19,20] (Figure 1). Photo activation may destroy cancer cells through apoptosis, necrosis or
autophagy based on the organelle which the PS has accumulated [21]. PDT specifically targets malignant
tumors and destroys the cell with minimal side effects [7]. Photoreactions release oxidant species which
may alter the cell, its microenvironment, or even the whole organism. The process involves two types
of reaction pathways namely type I (radicals and ROS) and type II (Singlet oxygen) [18] (Figure 1).
More oxygen molecules are produced in the singlet state which makes type II more predominant [18].
The action of an ideal PS is based on various factors including PS concentration and localization,
amount of energy released, the genetic profile, the dosage administered and wavelength [20]. mTOR
has also been demonstrated as a target for PDT in vivo using the lysosomal-based phthalocyanine
derivative. This was proven effective in treating 4-Nitroquinoline-1-Oxide (4-NQO) induced murine
oral cancer. Velloso, et al. [22] found that the PI3K/Akt/mTOR pathway was inhibited in Human
Oral Squamous Cell Carcinoma (OSCC) cells using Aluminum Phthalocyanine (AlPc)-based PDT.
Furthermore, Fateye, et al. [23,24] found PI3K pathway inhibitors to significantly enhance the response
of PDT [23,24]. Interactions between the mTOR signaling pathway and PDT is under research. This
review focuses on targeting mTOR inhibitors in PDT of cancer cells.

Figure 1. Schematic model of the Mechanism of Photodynamic Therapy (PDT), excitation and relaxation
of a photosensitizer, and type I and type II photoreactions. Photosensitizers (PS) after an application as
cream or injected become activated by light at specific wavelengths in the presence of oxygen (O2).
When activated they become excited and move from the singlet state to the triple state generating
cytotoxic reactions. Some of the phytophysical reactions include electron transfer, fluorescence, internal
conversion, intersystem crossing, and phosphorescence. These reactions directly generate singlet
oxygen (1O2) or indirectly, reactive oxygen species (ROS) resulting in tissue damage and cell death [18].
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2. The mTOR Pathway

The mTOR pathway comprises a 289 kDa serine/threonine kinase situated downstream of the
PI3K-AKT signaling pathway [25]. mTOR has been revealed to be a major regulator of cell growth,
proliferation, migration, differentiation, and survival [25]. Studies have also shown that mTOR is
deregulated in most human cancers both upstream via the PI3K-AKT pathway and downstream via
the 4E-binding protein 1 (4E-BP1) and Ribosomal protein S6 kinase beta-1 (S6 kinase) pathway, all of
which make it a target for tumor suppression [26]. Being the most distorted pathway in human cancers,
thePI3K signaling pathway plays a very important role in tumor cell survival and progression. AKT and
mTOR are further activated downstream mechanism through the conversion of phosphatidylinositol-4,
5-biphosphate (PIP2) to phosphatidylinositol-3, 4, 5-triphosphate (PIP3) in the cell membrane to induce
a cascade of protein phosphorylation (Figure 2). Abnormal activation can enhance tumorigenesis
making the pathway a highly attractive target for cancer therapy [27]. mTOR consists of various
domains involved in the physiological process, namely the binding or HEAT domain composed of two
N-terminals and involved in protein-protein interactions, the FRB (FKPB12-rapamycin binding domain)
domain of mTOR which is the binding domain for rapamycin, the FAT and c-terminal FATC (FAT
Carboxyterminal) domain present in P13K-related kinases as well as the catalytic kinase domain [28].

Figure 2. mTOR Signaling pathway. Activation of P13K phosphorylates phosphatidylinositol
4,5-biphosphate (PIP2) to form phosphatidylinositol-3,4,5-triphosphate (PIP3). Phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) regulates the function of PIP3. PIP3 prompts the activation
of downstream processes such AKT, which transmits signals to effectors including mTOR complexes
to enhance cellular processes. The mTORC1 is stimulated during cell activation whereby the T-cell
receptor (TCR) stimulates the activation of P13K. mTORC1 comprises of three mTOR catalytic subunits,
namely the regulatory associated protein of mTOR (RAPTOR), mammalian lethal with SEC13 protein 8
(MLST8), as well as the noncore components PRAS40 and DEP domain-containing mTOR-interacting
protein (DEPTOR). mTORC2 comprises also of three proteins – the namely rapamycin-insensitive
companion of mTOR (RICTOR), MLST8, and the mammalian stress-activated protein kinase interacting
protein 1 (SIN1). Activation of mTORC2 occurs through the phosphorylation of AKT at serine-473
while that of mTORC1 when activated, phosphorylates the effectors which are major regulators of
protein translation including translation-regulating factors ribosomal S6 kinase-1 (S6K-1) and eukaryote
translation initiation factor 4E binding protein-1 (4EBP-1) to enhance protein synthesis.
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Through interactions with nutrients, growth factors and energy stores, mTOR can directly affect
cell proliferation and differentiation [29]. Furthermore, mTOR comprises a catalytic subunit of two
unique protein complexes, namely mTOR complex 1 (mTORC1) and 2 (mTORC2) [30]. These complexes
are unique in their function. mTORC1 is stimulated during cell activation whereby T-cell receptor (TCR)
stimulates activation of P13K [31]. This activation is catalyzed by the pyruvate dehydrogenase kinase 1
enzyme (PDK1) [32]. mTORC1 comprises of three mTOR catalytic subunits, namely the regulatory
associated protein of mTOR (RAPTOR), mammalian lethal with SEC13 protein 8 (MLST8), and the
noncore components PRAS40 and DEP domain-containing mTOR-interacting protein (DEPTOR). When
mTORC1 is activated, it phosphorylates the effectors which are major regulators of protein translation
including translation-regulating factors ribosomal S6 kinase-1 (S6K-1) and eukaryote translation
initiation factor 4E binding protein-1 (4EBP-1) to enhance protein synthesis [31,33,34] (Figure 2).

mTORC2, on the other hand, can be directly activated by P13K [35]. It phosphorylates and activates
AKT and other related kinases [36]. Furthermore, through the PI3K-AKT signaling, co-stimulatory
signals from cytokines and TCR can also activate the mTOR signaling pathway to further activate the T
cells and attain energy supplies [37]. It comprises three proteins, namely the rapamycin-insensitive
companion of mTOR (RICTOR), MLST8 and the mammalian stress-activated protein kinase interacting
protein 1 (SIN1). Activation occurs through the phosphorylation of AKT at serine-473 [36,38]. Some
cells have the same sensitivity to rapamycin [39] but rapamycin selectively inhibits mTOR with more
sensitivity to mTORC1 compared to mTORC2 [40]. Studies have shown that mTORC2, as opposed to
mTORC1, lacks sensitivity to rapamycin inhibition. Most cancer cells are resistant to the 1st generation
mTOR inhibitors (Rapalogs) which particularly target mTORC1 which makes the insensitivity of
mTORC2 a possible opening for drug discovery [41].

3. The Role of mTOR Inhibitors in Cancer

mTOR inhibitors can be classified into first and second generations depending on their mechanisms
and targets. The first generation uses allosteric mechanisms to block the mTOR pathway while the
second generation prevents kinase activity in both mTORC1 and 2 using their target ATP binding site.
Examples of the 1st generation include the rapamycin and its analogs while the second generation
includes AZD8055, Torin1, PP242 and PP30 [42]. Based on some clinical trials mTOR inhibitors are
implicated in tumor cells with p53 and PTEN mutations [43]. Three generations of inhibitors has
been developed namely Rapalogs (Rapamycin and derivatives), ATP-competitive inhibitors and the
Rapalink [44].

Rapamycin also referred to as sirolimus was discovered as an antifungal, immunosuppressive
and antitumor compound isolated from Streptomyces hygroscopicus a soil bacterium [45,46]. This
drug was initially approved as an anti-host rejecter in 1997 by the food and drug administration (FDA)
for kidney transplants [47]. It also functions in many human cancers mainly for the inhibition of
signal transduction pathways by forming complexes with peptidyl-prolyl-isomerase FKBP12. These
pathways are necessary for cell growth and proliferation [9]. According to Shafer, et al. [48], its
anti-angiogenic and proliferative property can be seen in phase II preclinical studies on endometrial
cancer cell lines whereby it has a synergistic effect on the paclitaxel. mTOR has been revealed to
be the homolog of yeast TOR/DRR genes previously identified in genetic screens their resistance to
rapamycin [49]. It has also been identified as a direct target of the complex of FKBP12-rapamycin (FRB
domain) [50]. The mechanism of action for rapamycin is based on the binding of mTOR and rapamycin
complex FKBP-12 with phosphatidic acid to block the function of mTOR kinase. It attaches to the FRB
domain of the mTOR and finally destabilizes the mTOR–raptor–4EBP1/S6K-1 scaffold complex through
the binding of mTOR and the complex FKBP-12–rapamycin. These result in dephosphorylation of
4EBP1 and S6K-1 [51,52]. The FRB domain is adjacent to the kinase domain and limits access to
substrates to the kinase site [53,54]. However, rapamycin lacks sensitivity in some binding sites making
them less sensitive [55].
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The therapeutic development of mTOR inhibitors has improved due to their importance in cancer
progression and development [56]. Several inhibitors have been approved by the FDA and are already
being implemented in the treatment of various human cancers such as breast cancer (everolimus),
metastatic renal cell cancer carcinoma (everolimus and temsirolimus), pancreatic neuroendocrine tumors
(everolimus) and mantle cell lymphoma (temsirolimus) [57]. Temsirolimus (CCI-779), everolimus
(RAD001), and ridaforolimus (MK-8669/AP23573) [6,58,59] have been improved due to their poor
aqueous solubility and bioavailability. Studies have shown that rapamycin and its Rapalogs inhibit
mTORC2 complex in a way that is independent on time, cell type and dose and based on interaction
with newly synthesized molecules of complexes of rapamycin/Rapalogs-FKBP12 and mTOR molecules.
This results in further interaction with RICTOR. Studies have shown that the inhibition of components
such as RICTOR, RAPTOR, or mTOR significantly reduces the proliferation of cancer cells and offsets
progression in the cell cycle [60–62]. Overexposure of cancer cells to rapamycin may encourage mTOR
binding and inhibit AKT mediated signaling even before the mTORC2 complex is formed [63].

Rapalogs present antiproliferative characteristics in cells that have not been transformed and can
efficiently inhibit T-cell proliferation in patients who have undergone transplants [64,65]. They have also
shown antitumor responses in benign tumors of TSC [66,67] including lymphangiomyomatosis, renal
angiomyolipoma, cardiac rhabdomyoma, facial angiofibroma and retinal astrocytic hamartoma [66].
Reduced efficacy was seen in sporadic cancers and when treatment was stopped [68,69].
Recently they have been approved for the treatment of various tumors including renal cell
carcinoma [70,71], postmenopausal hormone receptor-positive advanced breast cancer in combination
with exemestane [72], advanced pancreatic neuroendocrine tumors [73], advanced non-functional
neuroendocrine tumors of the gastrointestinal tract or lung [74] and relapsed or refractory mantle cell
lymphoma [75].

Gulhati, et al. [60] found that the knockdown of mTORC1and 2 mediated in colorectal cancer
xenografts in vivo slows down the development of rapamycin sensitive and insensitive cell lines.
In addition, the knockdown of mTORC2 increased apoptosis in colorectal cancer cells resistant to
rapamycin. Guertin, et al. [76] also found that prostate cancer was mTORC2 dependent when induced
in the prostate epithelium by phosphatase and tensin homolog deletion. mTOR is also vital in advanced
cancer development and metastatic cancers. It alters the tumor environment to promote metastasis. The
hyperactivation of mTOR by RICTOR enhanced cell proliferation in gliomas [77]. Inhibition of mTOR
may also improve the way chemotherapeutic agents respond in advanced diseases. Patel, et al. [78]
found that the inhibition of mTOR prevented the distribution of cancer cells to lymph nodes slowing
down angiogenesis in head and neck cancer.

Everolimus was approved as an oral mTOR inhibitor for advanced renal cell cancer. It is also
known for its anti-proliferative and angiogenic activity in human cancers [79,80]. This includes
metastatic pancreatic neuroendocrine tumors, metastatic renal cell carcinoma, advanced estrogen
receptor (ER)-positive [79] and human epidermal growth factor receptor-2 (HER2)-negative breast
cancer [80]. Studies have recorded an improvement in cancer when rapamycin and its Rapalogs
were used in combination with either standard chemotherapy, hormonal therapy, or alone. A current
study found significant progression-free survival (PFS) when patients with HER-2 advanced stage of
breast cancer, pre-treated with taxane and trastuzumab were administered both everolimus together
with trastuzumab and vinorelbine [81]. Another breast cancer study by Hurvitz, et al. [82] found the
combination of everolimus and paclitaxel and trastuzumab promising. Temsirolimus (Torisel®), was
approved by the FDA as the 1st rapamycin analog to be used for the treatment of cancer cells. It is
an intravenous injection which when injected in vivo becomes converted into rapamycin. Studies
have shown an increase in progesterone mRNA and the inhibition of endoplasmic reticulum mRNA
expressions when administered with bevacizumab or in combination with other chemotherapeutic
agents for treating endometrial cancer cell lines [48,83]. In addition, Tinker, et al. [84] found positive
results after using temsirolius for a preliminary phase II study in patients with metastatic cervical
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cancer. The drugs were effective when administered together with paclitaxel/carboplatin for treating
stage II/IV patients with clear cell adenocarcinoma on a clinical phase II trial [85].

Not all studies have however proven positive outcomes with the drug. Behbakht, et al. [86]
found decreased activity of temsirolimus with the drug efficacy failing in patients with primary
peritoneal cancer or persistent/recurrent epithelial ovarian cancer. These results still need to be
investigated by a phase III trial. Another inhibitor, Ridaforolimus (MK-8669/AP23573), a non-rapamycin
pro-drug available in both intravenous and oral formulations has been evaluated in combination or
as monotherapy on various cancers including breast, prostate, endometrial, sarcomas and non-small
cell lung cancer [16]. It has had a 33% response rate when administered to patients with advanced
endometrial cancer [87]. A phase two II study showed a partial response rate of 7.7% in advanced
or recurrent [88]. Side effects of this drug include low toxicity with dose dependent skin rashes and
mucositis [89] as well as hypertriglyceridemia, hypercholesterolemia, nausea, fatigue, anemia, and
neutropenia [90]. In addition, sirolimus and temsirolimus present intense pulmonary toxicity. Other
side effects include the risk of secondary lymphoma, interstitial lung disease, and the reactivation of
latent infections. However, these are rare [91].

Even though Rapalogs are still been used in clinics as opposed to ATP-competitive inhibitors which
have not yet been approved, and Rapalink still being developed and subject to experimentation. Several
shortcomings of Rapalogs [55] have made the 2nd generation inhibitors better [92,93]. ATP-competitive
inhibitors are the second-generation inhibitors. They inhibit both mTORC1 and 2 by blocking the
kinase domain [94,95]. As opposed to the Rapalogs, inhibition is intense with blocking of the P13K
from their kinase similarity [94]. Rapalink is the third-generation inhibitors designed to curb resistance
mutations in both the rapalog and ATP-competitive inhibitors. These inhibitor crosslinks with kinase
in the same molecule [96].

4. The Role of mTOR Pathway in Cancer Therapy

A major development has taken place in the last few years to understand the role of mTOR
in cancer development and progression. mTOR and/or its components have been implicated in
various genetic mutations of human malignant diseases [97–99]. Mutations of closely related pathways
have enhanced mTOR signaling in cancers [59,95,100]. Currently, human cancer genome databases
are being mined to aid identification of activated mTOR mutations [101]. Transmitted extracellular
signals go through various pathways but P13K/AKT/RAS/RAF/MEK/MAPK are the most common
and highly characterized. Using the same mechanism to activate PI3K/AKT/mTOR pathway has
presented enhanced tumor progression and poor survival response to patients with different types
of tumors [60,102]. Due to its vital function in cell growth and proliferation, its components have
been increasingly used as potentials for therapeutic targets. Molecular approaches have been used to
establish the role of the components of the mTOR pathway in cancer development. Components of
the mTOR pathway have also been activated in various neuroendocrine tumors with a tendency of
releasing bioactive products [103,104].

mTORC1 induces nucleotide and protein synthesis to regulate cellular growth via ribosome
biogenesis, inhibits autophagy, protein, and nucleotide synthesis. When conditions are favorable, they
sense environmental signals such as nutrients and growth factors to initiate cell growth but if conditions
become unfavorable in cases of acidity and hypoxia, mTOR activity is inhibited [105,106]. When these
pathways are activated, they inhibit mTORC1 through phosphorylation and inhibition of the protein
complex, TSC 1 and 2. Mutation of the TSC genes causes TSC disease with benign tumors found in
the brain, kidneys, heart, lungs and liver [107]. Activation could lead to the loss of phosphatase and
tensin homolog (PTEN). This uncouples mTORC1 activation from growth factor signaling such as
mutations of liver kinase B1/serine/threonine kinase 11 (LKB1/STK11) in nutrient-deprived vascular
tumors but allows activation of mTORC1. The mutation of P53 inhibits bioenergetics processes and
cell cycle arrest uncoupling DNA damage [95]. In addition, it could lead to hyperactivation of S6K-1,
4EBP1 and eukaryotic translation initiation factor 4E (eIF4E), as well as cancer growth through the
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activation of lipid and protein biosynthesis. Upon activation of S6K-1, 4EBP1 and other substrates are
phosphorylated enhancing cell proliferation and growth from an anabolic cellular response [31,35,108].
Through the stimulation of the activity and expressions in small GTPases such as Rac1, cdc42 and
Rho to control the activities of the actin cytoskeleton and motility [58,109]. Furthermore, S6K-1 and
4EBP1 mediated by mTORC1 extend vital roles in focal adhesion proteins phosphorylation including
paxillion, p130 Cas and focal adhesion kinase as well as reorganization of F-actin [110].

Hyperactivation of mTORC1 results from mutations of mTOR or upstream effectors. This
occurs in sporadic cancers [111–113]. Furthermore, in hamartoma syndromes, they are characterized
by the growth of benign tumors and mutations in tumor suppressor genes [114]. The association
of phosphorylated mTOR with AKT signaling and acquired cisplatin resistance affects primary
platinum resistance and sensitivity to ovarian cancer cells [115]. Furthermore, these inhibitors restore
chemosensitivity to platinum derivate both in vitro and in xenograft models [16,116]. Gulhati, Bowen,
Liu, Stevens, Rychahou, Chen, Lee, Weiss, O’Connor and Gao [109] found that mTORC1 was associated
with motility, metastasis, and epithelial-mesenchymal transition in colorectal cancer. mTORC1 activity
has also been studied in breast cancer and gliomas [77,117]. Despite all these discoveries, more research
needs to be conducted to understand how these components are regulated. Gulhati, Bowen, Liu,
Stevens, Rychahou, Chen, Lee, Weiss, O’Connor and Gao [109] found that using oxaliplatin in colorectal
cancer cells induced apoptosis as a result of the knockdown of mTORC1 and 2. mTORC1 is found to be
associated with the transport hormone and, peptide-containing vesicles. They also regulate intestinal
hormones which play a vital role in the gastrointestinal tract as well as other secreted neuroendocrine
tumors to regulate neurotensin [104].

mTORC2, on the other hand, is activated via growth factors [118]. It phosphorylates and activates
the AGC protein kinases including SGK1 (Ser422) and AKT (Ser473). Inhibiting mTORC2 activities
will enhance the antitumor effect in several preclinical trials [61,69,76,119,120]. Varied molecular
adjustments occur with this pathway which may suggest strategic therapy against cancer cells if
targeted. The onset of cancer is provoked by enhanced cell growth and immune escape due to a
build-up of genetic and epigenetic changes. Therefore an approach to cancer therapy would be to
prevent these changes [121]. Tumor heterogeneity, as well as cellular resistance, are some of the
hindrances to targeted cancer therapies. Activation of bypass mechanisms as well as making secondary
reforms in the target are resistance mechanisms which have been identified [122]. Nonetheless, most
of the targeted treatments have not been beneficial in the long run despite all the preclinical trials.

mTOR Signaling Pathway and PDT

The PS are composed of natural occurring macrocycles including hemoglobin, vitamin B12 and
chlorophyll. These compounds consist of nitrogen, oxygen, or sulfur atoms locked in a hollow ring
containing metals such as iron or magnesium. Currently, PDT makes use of plant extracts to complex
synthetic macrocycles. These different agents can selectively target and accumulate in the tumor.
The widely investigated PS includes tetrapyrroles such as bacteriochlorins, chlorins, porphyrins, and
phthalocyanines [123]. To improve efficacy, clinical considerations have been given to other compounds
such as synthetic dyes and targeted therapies which use various drug delivery systems to improve the
penetration of light. The fate and effectiveness of PDT on tumors are based on the oxygen concentration,
wavelength, types of photosensitizer and the genotype of the cell. This can affect certain organelles and
specific target tissue [20]. Dual-specificity of the PS would depend on accumulation and localization of
the PS in diseased tissue. The PS if hydrophobic accumulates in the mitochondria and endoplasmic
reticulum, other polar compounds may Golgi apparatus, lysosomes and plasma membrane [124].

PDT down-regulates AKT-mTOR pathway because of ROS production (Figure 3). In modern
oncology, a combination of different therapeutic modalities with non-overlapping toxic effects are
strategies used to improve the therapeutic index of treatment. Combination therapies target different
disease pathways, which represents an alternative approach that might offer potential advantages over
a single therapy.
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Figure 3. Proposed mechanism between mTOR Signaling Pathway, Inhibitors and Photodynamic
Therapy (PDT). PDT down-regulates AKT-mTOR pathway because of reactive oxygen species (ROS)
production. 1. Photosensitizer is injected into a targeted tumor. 2. Laser light is emitted at a particular
wavelength. 3. Cells become activated and release reactive oxygen species, which results to tissue
destruction and cell death. Interaction with inhibitors phosphoinositide 3-kinase (I1), rapamycin (I2)
and mTOR kinase (I3) to enhance cell death through the P13K/AKT-mTOR pathway.

Few studies have shown these combining effects on PDT. Kraus, et al. [125] found that combining
P13K/mTOR inhibitors (BYL719, BKM120, and BEZ235) with verteporfin-PDT to synergistically enhance
PDT response with BEZ235 presenting the strongest. Antiapoptotic inhibition of the Bcl-2 family protein
Mcl-1 and P13K pathway was critical. Fateye, et al. [24] assessed the effect of combination of P13K/mTOR
inhibitor (BEZ 235 (BEZ)) on PDT efficacy using prostate tumor (PC3) and SV40-transformed mouse
endothelial cell lines (SVEC-40) and found that the sub-lethal PDT was enhanced in both cell lines.
Combination of PDT with pan-PI3/mTOR kinase inhibitor LY294002 (LY) also enhanced PDT effect
with PC3. However, it produced a synergistic effect in SVEC-40. In contrast, Sasore and Kennedy [126]
found that there are some combinations of PI3K/AKT/mTOR pathway inhibitors, which actually
interrupt developmental angiogenesis due to their additive or synergistic effect. Tuo, et al. [127] used
human SZ95 sebocytes to find out the potential pharmaceutical effect of combining ALA-PDT and
rapamycin through the mTOR pathway and found that cell growth was suppressed, protein levels of
P-mTOR, and P-Raptor were reduced as well as lipogenesis. Their study concluded that rapamycin
enhanced aminolevulinic acid hydrochloride (ALA)-PDT in SZ95 cells. mTOR inhibition can induce
autophagy in various ways: direct induction, pre-condition cells, or by stressor induction. A study by
Weyergang, et al. [26] using colon adenocarcinoma cell line and amphiphilic endolysosome-localizing
photosensitizer Al(II) phthalocyanine chloride disulfonic acid (AlPcS(2a)) showed that targeting
mTOR signaling pathway in PDT caused partial loss of both total and phosphorylated mTOR in
both tumor xenografts and cultured cells in vitro and in vivo. According to Weyergang, et al. [26]
combining rapamycin potentiates cytotoxicity in vitro post-PDT. The interest in the combination
of PDT and other therapeutic modulates in cancer treatment is to provide a platform for potential
treatment options and limited adverse effects of chemotherapy since PDT does not have the inherent
dose-limiting toxicity [128]. Combination therapies are aimed at increasing responses, improving
patient tolerability, decreasing drug dosages and the emergence of drug resistance [129]. Combined
effects of PI3K/AKT/mTOR and PDT as a treatment regimen for cancers still needs further investigation.

5. Perspective

Despite its promising minimal and non-toxic side effects, it is still unlikely that administering
conventional chemotherapies and/or inhibitors alone will completely cure cancer. There are still
challenges in cancer therapy including the activation of other proliferation signaling pathways,
treatment-resistant mutations as well as the intramural heterogeneity of mTOR activities. Inhibitors
alone have failed to induce tumor regression but are seen as cytostatic causing disease stability rather
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than death [130]. Another limitation might provide negative feedback loops in the mTOR pathway
which have limited the efficiency of these Rapalogs. Taking into high consideration the level of
toxicity, combined therapies would be the way forward. New generation inhibitors are being produced
which can prevent the catalytic activity of both mTORC1 and mTORC2 complexes and enhance
therapeutic indexes.
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maintenance of cell asymmetry following division in activated T lymphocytes. Nature 2016, 532, 389.
[CrossRef]

41. Vadlakonda, L.; Dash, A.; Pasupuleti, M.; Kotha, A.K.; Reddanna, P. The paradox of Akt-mTOR interactions.
Front. Oncol. 2013, 3, 165. [CrossRef]

42. Guertin, D.A.; Sabatini, D.M. The pharmacology of mTOR inhibition. Sci. Signal. 2009, 2, pe24. [CrossRef]
43. Feng, Z.; Zhang, H.; Levine, A.J.; Jin, S. The coordinate regulation of the p53 and mTOR pathways in cells.

Proc. Natl. Acad. Sci. USA 2005, 102, 8204–8209. [CrossRef]
44. Xie, J.; Wang, X.; Proud, C.G. mTOR inhibitors in cancer therapy. F1000Research 2016, 5, F1000. [CrossRef]
45. Vezina, C.; Kudelski, A.; Sehgal, S.N. Rapamycin (AY-22, 989), a new antifungal antibiotic. J. Antibiot. 1975,

28, 721–726. [CrossRef]
46. Singh, K.; Sun, S.; Vezina, C. Rapamycin (AY-22, 989), A New Antifungal Antibiotic. J. Antibiot. 1979, 32,

630–645. [CrossRef]
47. Tsang, C.K.; Qi, H.; Liu, L.F.; Zheng, X.F.S. Targeting mammalian target of rapamycin (mTOR) for health and

diseases. Drug Discov. Today 2007, 12, 112–124. [CrossRef]
48. Shafer, A.; Zhou, C.; Gehrig, P.A.; Boggess, J.F.; Bae-Jump, V.L. Rapamycin potentiates the effects of paclitaxel

in endometrial cancer cells through inhibition of cell proliferation and induction of apoptosis. Int. J. Cancer
2010, 126, 1144–1154. [CrossRef]

49. Kunz, J.; Henriquez, R.; Schneider, U.; Deuter-Reinhard, M.; Movva, N.R.; Hall, M.N. Target of rapamycin in
yeast, TOR2, is an essential phosphatidylinositol kinase homolog required for G1 progression. Cell 1993, 73,
585–596. [CrossRef]

50. Sabers, C.J.; Martin, M.M.; Brunn, G.J.; Williams, J.M.; Dumont, F.J.; Wiederrecht, G.; Abraham, R.T. Isolation
of a protein target of the FKBP12-rapamycin complex in mammalian cells. J. Biol. Chem. 1995, 270, 815–822.
[CrossRef]

51. Hara, K.; Maruki, Y.; Long, X.; Yoshino, K.-i.; Oshiro, N.; Hidayat, S.; Tokunaga, C.; Avruch, J.; Yonezawa, K.
Raptor, a binding partner of target of rapamycin (TOR), mediates TOR action. Cell 2002, 110, 177–189.
[CrossRef]

52. Kim, D.-H.; Sarbassov, D.D.; Ali, S.M.; King, J.E.; Latek, R.R.; Erdjument-Bromage, H.; Tempst, P.; Sabatini, D.M.
mTOR interacts with raptor to form a nutrient-sensitive complex that signals to the cell growth machinery.
Cell 2002, 110, 163–175. [CrossRef]

53. Aylett, C.H.S.; Sauer, E.; Imseng, S.; Boehringer, D.; Hall, M.N.; Ban, N.; Maier, T. Architecture of human
mTOR complex 1. Science 2016, 351, 48–52. [CrossRef]

54. Yuan, H.-X.; Guan, K.-L. Structural insights of mTOR complex 1. Cell Res. 2016, 26, 267. [CrossRef]
55. Thoreen, C.C.; Sabatini, D.M. Rapamycin inhibits mTORC1, but not completely. Autophagy 2009, 5, 725–726.

[CrossRef]
56. Calimeri, T.; Ferreri, A.J.M. m-TOR inhibitors and their potential role in haematological malignancies. Br. J.

Haematol. 2017, 177, 684–702. [CrossRef]
57. Pinto-Leite, R.; Arantes-Rodrigues, R.; Sousa, N.; Oliveira, P.A.; Santos, L. mTOR inhibitors in urinary

bladder cancer. Tumour Biol. 2016, 37, 11541–11551. [CrossRef]
58. Liu, L.; Luo, Y.; Chen, L.; Shen, T.; Xu, B.; Chen, W.; Zhou, H.; Han, X.; Huang, S. Rapamycin inhibits

cytoskeleton reorganization and cell motility by suppressing RhoA expression and activity. J. Biol. Chem.
2010, 285, 38362–38373. [CrossRef]

59. Alvarado, Y.; Mita, M.M.; Vemulapalli, S.; Mahalingam, D.; Mita, A.C. Clinical activity of mammalian target
of rapamycin inhibitors in solid tumors. Target. Oncol. 2011, 6, 69–94. [CrossRef]

60. Gulhati, P.; Cai, Q.; Li, J.; Liu, J.; Rychahou, P.G.; Qiu, S.; Lee, E.Y.; Silva, S.R.; Bowen, K.A.; Gao, T. Targeted
inhibition of mammalian target of rapamycin signaling inhibits tumorigenesis of colorectal cancer. Clin.
Cancer Res. 2009, 15, 7207–7216. [CrossRef]

61. Roulin, D.; Cerantola, Y.; Dormond-Meuwly, A.; Demartines, N.; Dormond, O. Targeting mTORC2 inhibits
colon cancer cell proliferation in vitro and tumor formation in vivo. Mol. Cancer 2010, 9, 57. [CrossRef]

62. Wu, W.K.K.; Lee, C.W.; Cho, C.H.; Chan, F.K.L.; Yu, J.; Sung, J.J.Y. RNA interference targeting raptor inhibits
proliferation of gastric cancer cells. Exp. Cell Res. 2011, 317, 1353–1358. [CrossRef]

119



Cells 2019, 8, 431

63. 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]

64. Thomson, A.W.; Turnquist, H.R.; Raimondi, G. Immunoregulatory functions of mTOR inhibition. Nature
Reviews Immunology 2009, 9, 324. [CrossRef] [PubMed]

65. Waldner, M.; Fantus, D.; Solari, M.; Thomson, A.W. New perspectives on mTOR inhibitors (rapamycin,
rapalogs and TORKinibs) in transplantation. Br. J. Clin. Pharmacol. 2016, 82, 1158–1170. [CrossRef]

66. Habib, S.L.; Al-Obaidi, N.Y.; Nowacki, M.; Pietkun, K.; Zegarska, B.; Kloskowski, T.; Zegarski, W.; Drewa, T.;
Medina, E.A.; Zhao, Z. Is mTOR inhibitor good enough for treatment all tumors in TSC patients? J. Cancer
2016, 7, 1621. [CrossRef]

67. Sasongko, T.H.; Ismail, N.F.D.; Zabidi-Hussin, Z. Rapamycin and rapalogs for tuberous sclerosis complex.
Cochrane Database Syst. Rev. 2016. [CrossRef]

68. Chiarini, F.; Evangelisti, C.; McCubrey, J.A.; Martelli, A.M. Current treatment strategies for inhibiting mTOR
in cancer. Trends Pharmacol. Sci. 2015, 36, 124–135. [CrossRef]

69. Kim, L.C.; Cook, R.S.; Chen, J. mTORC1 and mTORC2 in cancer and the tumor microenvironment. Oncogene
2017, 36, 2191. [CrossRef] [PubMed]

70. Hudes, G.; Carducci, M.; Tomczak, P.; Dutcher, J.; Figlin, R.; Kapoor, A.; Staroslawska, E.; Sosman, J.;
McDermott, D.; Bodrogi, I. Temsirolimus, interferon alfa, or both for advanced renal-cell carcinoma. N. Engl.
J. Med. 2007, 356, 2271–2281. [CrossRef]

71. Motzer, R.J.; Escudier, B.; Oudard, S.; Hutson, T.E.; Porta, C.; Bracarda, S.; Grünwald, V.; Thompson, J.A.;
Figlin, R.A.; Hollaender, N. Efficacy of everolimus in advanced renal cell carcinoma: A double-blind,
randomised, placebo-controlled phase III trial. Lancet 2008, 372, 449–456. [CrossRef]

72. Baselga, J.; Campone, M.; Piccart, M.; Burris Iii, H.A.; Rugo, H.S.; Sahmoud, T.; Noguchi, S.; Gnant, M.;
Pritchard, K.I.; Lebrun, F. Everolimus in postmenopausal hormone-receptor–positive advanced breast cancer.
N. Engl. J. Med. 2012, 366, 520–529. [CrossRef]

73. Yao, J.C.; Shah, M.H.; Ito, T.; Bohas, C.L.; Wolin, E.M.; Van Cutsem, E.; Hobday, T.J.; Okusaka, T.; Capdevila, J.;
De Vries, E.G.E. Everolimus for advanced pancreatic neuroendocrine tumors. N. Engl. J. Med. 2011, 364,
514–523. [CrossRef]

74. Yao, J.C.; Fazio, N.; Singh, S.; Buzzoni, R.; Carnaghi, C.; Wolin, E.; Tomasek, J.; Raderer, M.; Lahner, H.;
Voi, M. Everolimus for the treatment of advanced, non-functional neuroendocrine tumours of the lung or
gastrointestinal tract (RADIANT-4): A randomised, placebo-controlled, phase 3 study. Lancet 2016, 387,
968–977. [CrossRef]

75. Hess, G.; Herbrecht, R.; Romaguera, J.; Verhoef, G.; Crump, M.; Gisselbrecht, C.; Laurell, A.; Offner, F.;
Strahs, A.; Berkenblit, A. Phase III study to evaluate temsirolimus compared with investigator’s choice
therapy for the treatment of relapsed or refractory mantle cell lymphoma. J. Clin. Oncol. 2009, 27, 3822–3829.
[CrossRef] [PubMed]

76. Guertin, D.A.; Stevens, D.M.; Saitoh, M.; Kinkel, S.; Crosby, K.; Sheen, J.-H.; Mullholland, D.J.;
Magnuson, M.A.; Wu, H.; Sabatini, D.M. mTOR complex 2 is required for the development of prostate cancer
induced by Pten loss in mice. Cancer Cell 2009, 15, 148–159. [CrossRef]

77. Masri, J.; Bernath, A.; Martin, J.; Jo, O.D.; Vartanian, R.; Funk, A.; Gera, J. mTORC2 activity is elevated in
gliomas and promotes growth and cell motility via overexpression of rictor. Cancer Res. 2007, 67, 11712–11720.
[CrossRef] [PubMed]

78. Patel, V.; Marsh, C.A.; Dorsam, R.T.; Mikelis, C.M.; Masedunskas, A.; Amornphimoltham, P.; Nathan, C.A.;
Singh, B.; Weigert, R.; Molinolo, A.A. Decreased lymphangiogenesis and lymph node metastasis by mTOR
inhibition in head and neck cancer. Cancer Res. 2011, 71, 7103–7112. [CrossRef]

79. Pavel, M.E.; Hainsworth, J.D.; Baudin, E.; Peeters, M.; Hörsch, D.; Winkler, R.E.; Klimovsky, J.;
Lebwohl, D.; Jehl, V.; Wolin, E.M. Everolimus plus octreotide long-acting repeatable for the treatment
of advanced neuroendocrine tumours associated with carcinoid syndrome (RADIANT-2): A randomised,
placebo-controlled, phase 3 study. Lancet 2011, 378, 2005–2012. [CrossRef]

80. Burris Iii, H.A.; Lebrun, F.; Rugo, H.S.; Beck, J.T.; Piccart, M.; Neven, P.; Baselga, J.; Petrakova, K.;
Hortobagyi, G.N.; Komorowski, A. Health-related quality of life of patients with advanced breast cancer
treated with everolimus plus exemestane versus placebo plus exemestane in the phase 3, randomized,
controlled, BOLERO-2 trial. Cancer 2013, 119, 1908–1915. [CrossRef]

120



Cells 2019, 8, 431

81. André, F.; O’Regan, R.; Ozguroglu, M.; Toi, M.; Xu, B.; Jerusalem, G.; Masuda, N.; Wilks, S.; Arena, F.; Isaacs, C.
Everolimus for women with trastuzumab-resistant, HER2-positive, advanced breast cancer (BOLERO-3): A
randomised, double-blind, placebo-controlled phase 3 trial. The lancet oncology 2014, 15, 580–591. [CrossRef]

82. Hurvitz, S.A.; Dalenc, F.; Campone, M.; O’Regan, R.M.; Tjan-Heijnen, V.C.; Gligorov, J.; Llombart, A.;
Jhangiani, H.; Mirshahidi, H.R.; Tan-Chiu, E. A phase 2 study of everolimus combined with trastuzumab
and paclitaxel in patients with HER2-overexpressing advanced breast cancer that progressed during prior
trastuzumab and taxane therapy. Breast Cancer Res. Treat. 2013, 141, 437–446. [CrossRef]

83. Temkin, S.M.; Fleming, G. Current treatment of metastatic endometrial cancer. Cancer Control. 2009, 16,
38–45. [CrossRef]

84. Tinker, A.V.; Ellard, S.; Welch, S.; Moens, F.; Allo, G.; Tsao, M.S.; Squire, J.; Tu, D.; Eisenhauer, E.A.; MacKay, H.
Phase II study of temsirolimus (CCI-779) in women with recurrent, unresectable, locally advanced or
metastatic carcinoma of the cervix. A trial of the NCIC Clinical Trials Group (NCIC CTG IND 199). Gynecol.
Oncol. 2013, 130, 269–274. [CrossRef] [PubMed]

85. Takatori, E.; Shoji, T.; Miura, Y.; Takada, A.; Takeuchi, S.; Sugiyama, T. Effective use of everolimus as salvage
chemotherapy for ovarian clear cell carcinoma: A case report. Onco Targets Ther. 2014, 7, 165.

86. Behbakht, K.; Sill, M.W.; Darcy, K.M.; Rubin, S.C.; Mannel, R.S.; Waggoner, S.; Schilder, R.J.; Cai, K.Q.;
Godwin, A.K.; Alpaugh, R.K. Phase II trial of the mTOR inhibitor, temsirolimus and evaluation of circulating
tumor cells and tumor biomarkers in persistent and recurrent epithelial ovarian and primary peritoneal
malignancies: A Gynecologic Oncology Group study. Gynecol. Oncol. 2011, 123, 19–26. [CrossRef] [PubMed]

87. Colombo, N.; McMeekin, S.; Schwartz, P.; Kostka, J.; Sessa, C.; Gehrig, P.; Holloway, R.; Braly, P.; Matei, D.;
Einstein, M. A phase II trial of the mTOR inhibitor AP23573 as a single agent in advanced endometrial cancer.
J. Clin. Oncol. 2007, 25, 5516.

88. Mackay, H.; Welch, S.; Tsao, M.S.; Biagi, J.J.; Elit, L.; Ghatage, P.; Martin, L.A.; Tonkin, K.S.; Ellard, S.; Lau, S.K.
Phase II study of oral ridaforolimus in patients with metastatic and/or locally advanced recurrent endometrial
cancer: NCIC CTG IND 192. J. Clin. Oncol. 2011, 29, 5013. [CrossRef]

89. Vignot, S.; Faivre, S.; Aguirre, D.; Raymond, E. mTOR-targeted therapy of cancer with rapamycin derivatives.
Ann. Oncol. 2005, 16, 525–537. [CrossRef] [PubMed]

90. Duran, I.; Siu, L.L.; Oza, A.M.; Chung, T.B.; Sturgeon, J.; Townsley, C.A.; Pond, G.R.; Seymour, L.;
Niroumand, M. Characterisation of the lung toxicity of the cell cycle inhibitor temsirolimus. Eur. J. Cancer
2006, 42, 1875–1880. [CrossRef]

91. Leary, A.; Auclin, E.; Pautier, P.; Lhommé, C. The PI3K/Akt/mTOR pathway in ovarian cancer: Biological
rationale and therapeutic opportunities. In Ovarian Cancer-A Clinical and Translational Update; Díaz-Padilla, I.,
Ed.; IntechOpen: London, UK, 2013. [CrossRef]

92. Cho, D.C.; Cohen, M.B.; Panka, D.J.; Collins, M.; Ghebremichael, M.; Atkins, M.B.; Signoretti, S.; Mier, J.W.
The efficacy of the novel dual PI3-kinase/mTOR inhibitor NVP-BEZ235 compared with rapamycin in renal
cell carcinoma. Clin. Cancer Res. 2010, 16, 3628–3638. [CrossRef]

93. Blaser, B.; Waselle, L.; Dormond-Meuwly, A.; Dufour, M.; Roulin, D.; Demartines, N.; Dormond, O. Antitumor
activities of ATP-competitive inhibitors of mTOR in colon cancer cells. BMC Cancer 2012, 12, 86. [CrossRef]

94. Benjamin, D.; Colombi, M.; Moroni, C.; Hall, M.N. Rapamycin passes the torch: A new generation of mTOR
inhibitors. Nat. Rev. Drug Discov. 2011, 10, 868. [CrossRef] [PubMed]

95. Wander, S.A.; Hennessy, B.T.; Slingerland, J.M. Next-generation mTOR inhibitors in clinical oncology:
How pathway complexity informs therapeutic strategy. J. Clin. Investig. 2011, 121, 1231–1241. [CrossRef]
[PubMed]

96. Rodrik-Outmezguine, V.S.; Okaniwa, M.; Yao, Z.; Novotny, C.J.; McWhirter, C.; Banaji, A.; Won, H.; Wong, W.;
Berger, M.; de Stanchina, E. Overcoming mTOR resistance mutations with a new-generation mTOR inhibitor.
Nature 2016, 534, 272. [CrossRef] [PubMed]

97. Steuer-Vogt, M.K.; Bonkowsky, V.; Ambrosch, P.; Scholz, M.; Neiβ, A.; Strutz, J.; Hennig, M.; Lenarz, T.;
Arnold, W. The effect of an adjuvant mistletoe treatment programme in resected head and neck cancer
patients: A randomised controlled clinical trial. Eur. J. Cancer 2001, 37, 23–31. [CrossRef]

98. Huang, S.; Houghton, P.J. Inhibitors of mammalian target of rapamycin as novel antitumor agents: From
bench to clinic. Curr. Opin. Investig. Drugs 2002, 3, 295–304.

99. Dancey, J.E. Clinical development of mammalian target of rapamycin inhibitors. Hematol./Oncol. Clin. 2002,
16, 1101–1114. [CrossRef]

121



Cells 2019, 8, 431

100. Zoncu, R.; Efeyan, A.; Sabatini, D.M. mTOR: From growth signal integration to cancer, diabetes and ageing.
Nat. Rev. Mol. Cell Biol. 2011, 12, 21. [CrossRef] [PubMed]

101. Hardt, M.; Chantaravisoot, N.; Tamanoi, F. Activating mutations of TOR (target of rapamycin). Genes Cells
2011, 16, 141–151. [CrossRef] [PubMed]

102. Chiang, G.G.; Abraham, R.T. Targeting the mTOR signaling network in cancer. Trends Mol. Med. 2007, 13,
433–442. [CrossRef] [PubMed]

103. Capdevila, J.; Salazar, R.; Halperín, I.; Abad, A.; Yao, J.C. Innovations therapy: Mammalian target of
rapamycin (mTOR) inhibitors for the treatment of neuroendocrine tumors. Cancer Metastasis Rev. 2011, 30,
27–34. [CrossRef]

104. Li, J.; Liu, J.; Song, J.; Wang, X.; Weiss, H.L.; Townsend, C.M., Jr.; Gao, T.; Evers, B.M. mTORC1 inhibition
increases neurotensin secretion and gene expression through activation of the MEK/ERK/c-Jun pathway in
the human endocrine cell line BON. Am. J. Phys.-Cell Phys. 2011, 301, C213–C226.

105. Arsham, A.M.; Howell, J.J.; Simon, M.C. A novel hypoxia-inducible factor-independent hypoxic response
regulating mammalian target of rapamycin and its targets. J. Biol. Chem. 2003, 278, 29655–29660. [CrossRef]

106. Balgi, A.D.; Diering, G.H.; Donohue, E.; Lam, K.K.Y.; Fonseca, B.D.; Zimmerman, C.; Numata, M.; Roberge, M.
Regulation of mTORC1 signaling by pH. PLoS ONE 2011, 6, e21549. [CrossRef] [PubMed]

107. Crino, P.B.; Nathanson, K.L.; Henske, E.P. The tuberous sclerosis complex. N. Engl. J. Med. 2006, 355,
1345–1356. [CrossRef] [PubMed]

108. Kennedy, B.K.; Lamming, D.W. The mechanistic target of rapamycin: The grand conducTOR of metabolism
and aging. Cell Metab. 2016, 23, 990–1003. [CrossRef] [PubMed]

109. Gulhati, P.; Bowen, K.A.; Liu, J.; Stevens, P.D.; Rychahou, P.G.; Chen, M.; Lee, E.Y.; Weiss, H.L.; O’Connor, K.L.;
Gao, T. mTORC1 and mTORC2 regulate EMT, motility, and metastasis of colorectal cancer via RhoA and
Rac1 signaling pathways. Cancer Res. 2011, 71, 3246–3256. [CrossRef]

110. Zhou, H.; Huang, S. mTOR signaling in cancer cell motility and tumor metastasis. Crit. Rev. Eukaryot. Gene
Expr. 2010, 20, 1–16. [CrossRef]

111. McCubrey, J.A.; Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Montalto, G.; Cervello, M.; Nicoletti, F.;
Fagone, P.; Malaponte, G.; Mazzarino, M.C. Mutations and deregulation of Ras/Raf/MEK/ERK and
PI3K/PTEN/Akt/mTOR cascades which alter therapy response. Oncotarget 2012, 3, 954. [CrossRef]

112. Grabiner, B.C.; Nardi, V.; Birsoy, K.; Possemato, R.; Shen, K.; Sinha, S.; Jordan, A.; Beck, A.H.; Sabatini, D.M.
A diverse array of cancer-associated MTOR mutations are hyperactivating and can predict rapamycin
sensitivity. Cancer Discov. 2014, 4, 554–563. [CrossRef] [PubMed]

113. Wagle, N.; Grabiner, B.C.; Van Allen, E.M.; Hodis, E.; Jacobus, S.; Supko, J.G.; Stewart, M.; Choueiri, T.K.;
Gandhi, L.; Cleary, J.M. Activating mTOR mutations in a patient with an extraordinary response on a phase I
trial of everolimus and pazopanib. Cancer Discov. 2014, 4, 546–553. [CrossRef]

114. Inoki, K.; Corradetti, M.N.; Guan, K.-L. Dysregulation of the TSC-mTOR pathway in human disease. Nat.
Genet. 2005, 37, 19. [CrossRef]

115. Mabuchi, S.; Kawase, C.; Altomare, D.A.; Morishige, K.; Sawada, K.; Hayashi, M.; Tsujimoto, M.; Yamoto, M.;
Klein-Szanto, A.J.; Schilder, R.J. mTOR is a promising therapeutic target both in cisplatin-sensitive and
cisplatin-resistant clear cell carcinoma of the ovary. Clin. Cancer Res. 2009, 15, 5404–5413. [CrossRef]
[PubMed]

116. Peng, C.-L.; Lai, P.-S.; Lin, F.-H.; Wu, S.Y.-H.; Shieh, M.-J. Dual chemotherapy and photodynamic therapy
in an HT-29 human colon cancer xenograft model using SN-38-loaded chlorin-core star block copolymer
micelles. Biomaterials 2009, 30, 3614–3625. [CrossRef] [PubMed]

117. Zhang, P.; Hu, L.; Yin, Q.; Zhang, Z.; Feng, L.; Li, Y. Transferrin-conjugated polyphosphoester hybrid micelle
loading paclitaxel for brain-targeting delivery: Synthesis, preparation and in vivo evaluation. J. Control.
Release 2012, 159, 429–434. [CrossRef] [PubMed]

118. Oh, W.J.; Jacinto, E. mTOR complex 2 signaling and functions. Cell Cycle 2011, 10, 2305–2316. [CrossRef]
119. Tanaka, K.; Babic, I.; Nathanson, D.; Akhavan, D.; Guo, D.; Gini, B.; Dang, J.; Zhu, S.; Yang, H.; De Jesus, J.

Oncogenic EGFR signaling activates an mTORC2–NF-κB pathway that promotes chemotherapy resistance.
Cancer Discov. 2011, 1, 524–538. [CrossRef] [PubMed]

120. Driscoll, D.R.; Karim, S.A.; Sano, M.; Gay, D.M.; Jacob, W.; Yu, J.; Mizukami, Y.; Gopinathan, A.; Jodrell, D.I.;
Evans, T.R.J. mTORC2 signaling drives the development and progression of pancreatic cancer. Cancer Res.
2016, 76, 6911–6923. [CrossRef]

122



Cells 2019, 8, 431

121. Weinstein, I.B.; Joe, A. Oncogene addiction. Cancer Res. 2008, 68, 3077–3080. [CrossRef] [PubMed]
122. Garraway, L.A.; Jänne, P.A. Circumventing cancer drug resistance in the era of personalized medicine. Cancer

Discov. 2012, 2, 214–226. [CrossRef]
123. Abrahamse, H.; Hamblin, M.R. New photosensitizers for photodynamic therapy. Biochem. J. 2016, 473,

347–364. [CrossRef]
124. Almeida, R.D.; Manadas, B.J.; Carvalho, A.P.; Duarte, C.B. Intracellular signaling mechanisms in

photodynamic therapy. Biochim. Biophys. Acta (BBA)-Rev. Cancer 2004, 1704, 59–86. [CrossRef]
125. Kraus, D.; Palasuberniam, P.; Chen, B. Targeting phosphatidylinositol 3-kinase signaling pathway for

therapeutic enhancement of vascular-targeted photodynamic therapy. Mol. Cancer Ther. 2017, 16, 2422–2431.
[CrossRef] [PubMed]

126. Sasore, T.; Kennedy, B. Deciphering Combinations of PI3K/AKT/mTOR Pathway Drugs Augmenting
Anti-Angiogenic Efficacy In Vivo. PLoS ONE 2014, 9, e105280. [CrossRef] [PubMed]

127. Tuo, J.; Wang, Q.; Zouboulis, C.C.; Liu, Y.; Ma, Y.; Ma, L.; Ying, J.; Zhang, C.; Xiang, L. ALA-PDT suppressing
the cell growth and reducing the lipogenesis in human SZ95 sebocytes by mTOR signaling pathway in vitro.
Photodiagn. Photodyn. Ther. 2017, 18, 295–301. [CrossRef] [PubMed]

128. Brodin, N.P.; Guha, C.; Tomé, W.A. Photodynamic therapy and its role in combined modality anticancer
treatment. Technol. Cancer Res. Treat. 2015, 14, 355–368. [CrossRef] [PubMed]

129. Chou, T.-C. Drug combination studies and their synergy quantification using the Chou-Talalay method.
Cancer Res. 2010, 70, 440–446. [CrossRef] [PubMed]

130. Sadowski, K.; Kotulska, K.; Jozwiak, S. Management of side effects of mTOR inhibitors in tuberous sclerosis
patients. Pharmacol. Rep. 2016, 68, 536–542. [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/).

123





cells

Review

Role and Therapeutic Targeting of the
PI3K/Akt/mTOR Signaling Pathway in Skin Cancer:
A Review of Current Status and Future Trends on
Natural and Synthetic Agents Therapy

Jean Christopher Chamcheu 1,*, Tithi Roy 1, Mohammad Burhan Uddin 1,

Sergette Banang-Mbeumi 1,2,3, Roxane-Cherille N. Chamcheu 1, Anthony L. Walker 1,

Yong-Yu Liu 1 and Shile Huang 4,5

1 College of Pharmacy, University of Louisiana at Monroe, Monroe, LA 71209-0497, USA
2 Division for Research and Innovation, POHOFI Inc., P.O. Box 44067, Madison, WI 53744, USA
3 School of Nursing and Allied Health Sciences, Louisiana Delta Community College, Monroe, LA 71203, USA
4 Department of Biochemistry and Molecular Biology, Louisiana State University Health Sciences Center,

1501 Kings Highway, Shreveport, LA 71130-3932, USA
5 Feist-Weiller Cancer Center, Louisiana State University Health Sciences Center, Shreveport,

LA 71130-3932, USA
* Correspondence: chamcheu@ulm.edu; Tel.: +1-318-342-6820; Fax: +1-318-342-1737

Received: 7 July 2019; Accepted: 29 July 2019; Published: 31 July 2019
��������	
�������

Abstract: The mammalian or mechanistic target of rapamycin (mTOR) and associated phosphatidyl-
inositiol 3-kinase (PI3K)/protein kinase B (Akt) pathways regulate cell growth, differentiation,
migration, and survival, as well as angiogenesis and metabolism. Dysregulation of these pathways is
frequently associated with genetic/epigenetic alterations and predicts poor treatment outcomes in
a variety of human cancers including cutaneous malignancies like melanoma and non-melanoma
skin cancers. Recently, the enhanced understanding of the molecular and genetic basis of skin
dysfunction in patients with skin cancers has provided a strong basis for the development of novel
therapeutic strategies for these obdurate groups of skin cancers. This review summarizes recent
advances in the roles of PI3K/Akt/mTOR and their targets in the development and progression of a
broad spectrum of cutaneous cancers and discusses the current progress in preclinical and clinical
studies for the development of PI3K/Akt/mTOR targeted therapies with nutraceuticals and synthetic
small molecule inhibitors.

Keywords: PI3K; Akt; mTOR; skin cancers; phytochemicals; melanoma; basal cell carcinoma;
squamous cell carcinoma; Merkel cell carcinoma; targeted therapy

1. Introduction

1.1. Structure and Function of the Human Skin

The human skin is the outermost and largest organ constituting about 20% of the total body
weight and measures a total surface area of approximately 2 m2 in an adult human [1]. The skin
is strategically positioned at the interface between the internal and external worlds. While the skin
looks simple on the surface, underneath it presents a unique and complex biochemical structure with
properties that confer multiple functions vis-à-vis shaping the body [2]. The skin provides a major
dynamic, mechanical, and physical defensive barrier against external insults such as toxic chemical
agents, infectious microorganisms, ultraviolet (UV) radiation, as well as mechanical stressors [2–5].
In addition to barrier function, the skin also regulates the inward and outward passages of body
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fluids, including water, electrolytes, and various substances; mediates immune- and thermo-regulatory
responses; coordinates sensory perception; and serves as a metabolic sink for the storage of energy in
the hypodermis [6–8]. Histologically, the skin is mainly composed of three distinct and unifying tissue
components. The first one is the epidermis, an ectodermally derived outermost, non-vascularized,
stratified, keratinizing squamous epithelium, with multiple layers ranging in thickness between 75
and 150 μm (interfollicular), and up to 600 μm (the palms and soles). The second one is the dermis, a
mesodermally derived, dense collagen, and elastin-rich fibrous connective tissue inundated with blood
and lymph vessels, nerve elements, and embedded with disseminated cells including fibroblasts, mast
cells, macrophages, and lymphocytes. The third one is the hypodermis or subcutaneous tissue, which
underlies the dermis, and mainly consists of fatty or adipose tissues that are regularly crisscrossed by
blood vessels [7] (Figure 1).

 

Figure 1. Schematic representation of the cross section of the skin. The skin is composed of epidermis,
dermis, and hypodermis. The dermis supports and provides nourishment to the overlying epidermis
through its constituent blood and lymphatic vessels. The skin also comprises sensory elements,
various resident cell types like fibroblasts, macrophages, and lymphocytes. The ectodermally derived
appendage such as sweat glands, sebaceous glands, and hair follicles arises as an invagination of the
epidermis into the dermis. The epidermal stem cells are found in the bulge region of the hair follicles,
in the basal layer of the interfollicular epidermis, and to some extent the sebaceous glands.

1.2. The Epidermis

The epidermis, an outermost skin tissue and a semi-permeable covering, functions as the
major contact point of the body with the external environment. In adults, the epidermis is mainly
composed of over 90% keratinocytes, epidermal cells that synthesize keratin, a diverse group of
cytoskeletal scaffolding proteins that form 10–12 nm intermediate filament networks at different stages
of cornification with functions that determine the condition of the epidermis and make the skin
impermeable [7]. Under normal physiologic condition, there is a balance between the renewal and
the death of the keratinocytes in maintaining homeostasis [9,10]. There exist other cell types housed
in the viable epidermis including melanocytes, Langerhans cells, and Merkel cells, which equally
contribute to ensuring skin homeostasis. Melanocytes are the skin pigment producing cells located
at the dermal-epidermis junction and hair follicles, which synthesize melanin within melanosomes,
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and ensure skin pigmentation and photo-protection and other physiological regulatory and protective
action [11–15]. Langerhans cells are antigen-presenting cells responsible for immune function of
the skin and provide protection against external invading substances and microorganisms [7,16–21].
Merkel cells are oval-shaped mechanoreceptors essential for light touch sensation [18]. On the basis
of the skin site, histological skin cross-section reveals that the epidermis is divided into four (hairy
or interfollicular skin) or five (palmo-plantar or glabrous skin such as soles and palms) distinct cell
layers or strata characterized by different stages of keratinocytes maturation (Figure 2) [9,22]. From
inward-out to the skin surface, the deepest layer of the epidermis is the basal or germinative cell
layer (stratum basale; SB), which harbors resident stem cells and their progenitor transient amplifying
(mitotically active) keratinocytes. There exist three different epidermal keratinocyte stem cell pools
located at: 1) the basal compartment, 2) the tip of the dermal papillae, and 3) the hair follicle bulge that
is attached to the basement membrane zone (BMZ) via hemidesmosomal protein complexes [6,22–25].
Therefore, the skin serves as a local reservoir of various adult/multipotent stem cell populations,
both within the basal epidermal and dermal tissue compartments [9,24,26]. Epidermal homeostasis
is maintained by these multipotent stem cells from hair follicle to non-follicular skin, which possess
the capacity to regenerate and differentiate into multiple cell lineages, for epidermal, hair/non-hair
follicles, and sebaceous glands [27]. During mitosis, a sister keratinocyte stem cell maintains the
stem cell pool, while the other pool of daughter keratinocytes divides asymmetrically into progenitor
keratinocytes committed to terminal differentiation [9,25,27]. Upon commitment to differentiation, the
progenitor basal keratinocytes proliferate, detach, and move towards the skin surface by sequentially
developing into the spinous, granular, and cornified layers in a cornification process and subsequently
are desquamated [9,28]. During cornification, as basal keratinocytes expressing keratin 5 (K5),
keratin 14 (K14), and integrins detach and transition upward, several biochemical processes lead
to gene expression of keratinocyte differentiation-related markers such as keratins 1 (K1), 10 (K10),
filaggrin, involucrin, loricrin, and transglutaminase [28,29]. Overlying the basal layer is the spinous or
prickle cell layer (stratum spinosum; SS) that is several layers thick and is characterized by increased
numbers of desmosomes. Sitting on this layer is the granular cell layer (stratum granulosum; SG) that
comprises about 3–5 cell layers encircling lamellar bodies and keratohyalin granules [29]). Here, the
cells gradually flatten and collapse, which is associated with initiation of nuclear and other organelle
degradation, and active lipid and protein secretion. In palmoplantar skin sites, the granular layer is
overlaid by the clear layer (stratum lucidum, SL), which corresponds to a transition phase between the
granular layer and the stratum corneum, but the SL is absent in interfollicular epidermis as discussed
above. Finally, the cornified or horny cell layer (stratum corneum, SC) is the outermost layer of the
epidermis that is comprised of 3–10 layers of flattened corneocytes ranging 10–30 μm thick, as well as
intercellular lipids/protein complexes on the skin surface and provides the vital skin barrier against
water loss and external insults [7,30]. The process of cornification culminates in the formation of the
stratum corneum (SC), the last line of defense from the external environment, which is composed of
corneocytes, dead keratinocytes containing a highly specialized protein and lipid matrix and forms a
vital part of the skin surface that provides the barrier [7,30]. Corneocytes are ultimately lost through
desquamation and replaced by newly differentiated cells, a process resulting in the regeneration of
this tissue every 6–8 weeks in humans and 8–10 days in mice [31]. By readily diffusing through the
intercellular layers, the SC may allow the transportation of some small, lipid-soluble compounds
from the surface inwards into the skin, and hence, the integrity of the skin as a dynamic organ is
maintained through epidermal homeostasis. The balance between epidermal keratinocyte proliferation
and differentiation is tightly regulated, and deregulation of this balance is regarded as the cause of
diverse skin pathologies including cutaneous cancers, and inflammatory skin disease.
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Figure 2. Schematic representation of the structure of the epidermis and papillary dermis. This stratified
epithelium consists of basal, spinous, granular, lucidum, and stratum corneum layers. The basal
layer contains the stem cells that sit or attach to the basal lamina via hemidesmosomes. In normal
epidermis, basal keratinocytes express K5, K14, and integrins. The suprabasal and differentiating layers
of keratinocytes are committed to differentiation, expressing K1, K10, and other markers, like filaggrin
and loricrin. Other resident epidermal cell types include Melanocytes, Langerhans cells, and Merkel
cells. The ultraviolet rays (UVR) from the sun penetrate the atmosphere and the different layers of the
skin. UVC with the greatest energy photons (shorter wavelengths) is totally absorbed by the ozone
layer while UVB with intermediate energy photons (wavelengths) that damage DNA in epidermal
cells penetrates the upper layers of the epidermis. UVA with low energy photons (longer wavelengths)
penetrates deeper into the upper dermis causing damage to collagen and elastic tissue, even skin
cancers and other skin manifestations.

1.3. The Dermis

Beneath the epidermis sits the mesodermally derived dermis (intermediate skin layer), a thick layer
of dense connective tissue mostly consisting of the ground substance or extra cellular matrix (ECM)
particularly made up of collagen, elastin, fibrillin, and glycoproteins (non-structural) that give the skin
its suppleness and mechanical strength [7,32,33]. The dermis is comprised of two major layers: a) the
papillary dermis (superficial dermis), an intermediate layer rich in nerve endings, which is separated
from the epidermis by the dermal-epidermal junction (Figure 1); and b) the reticular dermis (deep and
medium dermis), a dense connective tissue composed of a network of elastic fibers. The dermis harbors
blood vessels, hair follicles, nerve endings, sweat, and sebaceous glands that support and nourish the
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epidermis, and protects the vascular network and nerve fibers (Figure 1). The dermis also harbors an
abundance of different resident cell types, including fibroblasts that synthesize collagen/ECM essential
for tissue elasticity, and histiocytes such as macrophages, lymphocytes and mast cells important in
skin immune response.

1.4. The Hypodermis

Underneath the dermis lies the hypodermis or subcutaneous tissue (or subcutis) containing
adipose tissue, blood vessels, nerves, and sometimes invaginations of epidermal appendages such
as sweat glands, sebaceous glands, and hair follicles, enabling the hypodermis to insulate the body
and serve as an energy reservoir as well [1,6] (Figure 1). As shown in (Figure 1), skin derivatives or
appendages including the hair follicles, nails, sebaceous, sweat, and apocrine glands, also derived
from embryonic ectoderm are absent in palmoplantar or load bearing skin sites such as the palms and
soles [6]. Although the skin varies in thickness based on the anatomical site, age, and the presence
and density of derivatives, the basic structure is maintained at all body sites; all three skin tissue
compartments interact and communicate with each other through the secretion of immune-mediators,
extracellular matrix proteins, growth factors and hormones [6,34]. Being a functional barrier, the skin
is constantly in direct contact with the outside environment. Since healthy skin is a major component
of our physical appearance, skin also plays an important role in our social and sexual relationships.
Perturbation in the intricate organization due to acquired or inherited factors leads to several cutaneous
diseases, most of which are chronic and recalcitrant to treatment.

2. Risk Factors Associated with Cutaneous Carcinogenesis

Two major risk factors are associated with the pathophysiology of many cutaneous carcinogenesis,
including environmental (also termed modifiable) and genetic (also termed non-modifiable) risk
factors [18,35]. The most common environmental risk factor or trigger for almost all skin cancer types
is exposure to ultraviolet (UV) radiation [36], which can damage DNA in skin cells like keratinocytes
and melanocytes, leading to tanned and sunburned skin [35]. As depicted in (Figure 2), UV radiation
forms a portion of the electromagnetic (EM) spectrum that reaches the Earth from the sun. UV
rays are situated between X-rays and visible light, and contain three major types, UVA, UVB, and
UVC, at varying wavelengths ranging from 100 to 400 nanometers (nm) with varied skin penetrating
properties [37]. UVA rays have the longest wavelengths (320–400 nm), followed by UVB rays with
medium wavelengths (290–320 nm), and then UVC rays have the shortest wavelengths (100–280 nm).
UVA rays are not absorbed by the atmosphere (Earth’s ozone layer), so they are transmitted through
and can penetrate deep into the middle layer of the skin via the basement membrane, where the
melanocytes reside to the superficial dermis [38]. UVB rays are almost totally absorbed by the epidermis
(Figure 2). UVC rays are mostly absorbed by the ozone layer and the atmosphere, to some extent, that
is often dependent on the climatic conditions [36,39]. Thus, most of the UV rays that come in contact
with the skin are UVA with a small amount of UVB [38]. Both UVA and UVB exposures can result in a
tanned skin appearance [37], and overexposure to UVB radiation causes erythema, swelling, and pain,
the characteristic signs of sunburn, which generally take several hours to develop.

Incident UV rays unto the skin can intermingle with numerous light-emitting skin layer specific
molecules to elicit both desirable and undesirable effects, contingent upon the UV rays’ exposure,
sources, and wavelength. Desirable effects include priming the skin to synthesize vitamin D precursor
as well as their intake, in view of treating various cutaneous diseases including cancers [40–42].
Undesirable effects of UV rays in skin include allergic and inflammatory diseases, immunosuppression,
photo-aging, oxidative stress, carcinogenesis, and increased drug sensitivity [35,43–45]. The molecular
mechanism of UV-induced skin cancers is associated with eliciting increased DNA damage signals,
e.g., activation of the p53 pathway and induction of the apoptotic pathway, which profoundly alter
cell physiology to mediate cell cycle arrest and activate DNA repair [44,45]. Interestingly, exposure
of human keratinocytes to UVA and UVB results in activation of the phosphatidyl-inositiol 3-kinase
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(PI3K) as well as phosphorylation of Akt at S473 by UVB and at Thr308 by UVA as well as increased
phosphorylation of the mammalian or mechanistic target of rapamycin (mTOR) and p70 S6 kinase 1
(S6K1). Rapamycin pretreatment has been shown to suppress the expression of phosphorylated S6K1
upon exposure to UV radiation, and the silencing of Akt had no effect on its expression, an indication
that exposure to UV radiation can activate the PI3K/Akt/mTOR-S6K1 pathway [46].

3. The PI3K/Akt/Mtor Signaling and Interrelations in Tissue Development

In multicellular organisms, several signaling pathways are associated with the regulation of gene
expressions, thus contributing to the organized complex physiological processes critically involved in
skin cell growth, proliferation, survival, and differentiation, as well as skin tissue development [47,48].
Consequently, alterations in these pathways can modulate protein synthesis, negatively impact skin
cell growth and proliferation, and result in phenotypically diverse skin diseases [47–49]. Knowledge
of the intracellular signals and mechanisms through which cells receive and integrate extracellular
cues is important for the diagnosis and the development of novel and well-targeted therapeutic
regimen for ensuing cutaneous malignancies. Amongst various signal transduction pathways, the
PI3K/Akt/mTOR pathways [50,51] are the hub involved in a variety of physiologic functions linking
growth factors, nutrients, and energy availability to lipid and protein synthesis, metabolism, cell growth,
proliferation, survival, apoptosis, angiogenesis, and tissue development [52,53]. These pathways and
associated components have been frequently observed to be deregulated in diverse cancers including
the melanoma and non-melanoma skin cancers and are emerging as clinically relevant therapeutic
targets [52,53].

4. Structure and Function of the mTOR Pathway

When talking about mTOR, we have to mention rapamycin. Rapamycin (sirolimus) is an
antifungal antibiotic that was first isolated from the bacterial strain Streptomyces hygroscopicus NRRL
5491 in 1975 [52,54] in the soil of Rapa Nui Island (Easter Island) from which its name was derived [52].
In 1991, Hall laboratory first discovered target of rapamycin (TOR) in yeast [55,56]. Until mid-1990s,
the mammalian counterpart (mTOR) was discovered by Sabatini and colleagues [57]. Rapamycin forms
a complex with FK506-binding protein 12 (FKBP-12), and then the rapamycin-FKBP-12 complex binds
to the FKBP-rapamycin-binding (FRB) domain of mTOR, inhibiting mTOR function [50]. Thus, mTOR
is also termed FKBP-12-rapamycin-associated protein (FRAP), rapamycin and FKBP-12 target (RAFT1),
rapamycin target 1 (RAPT 1), or sirolimus effector protein (SEP). mTOR belongs to the PI3K-related
protein kinases (PIKKs) family with a C-terminus that shares strong homology to the PI3K catalytic
domain (Figure 3). mTOR interacts with several proteins and forms at least two distinctive complexes,
namely mTOR complex 1 (mTORC1) and 2 (mTORC2), with distinct kinase activities and cellular
functions [46,50,57]. These complexes are large but have different sensitivities to rapamycin as well as
different effectors. Both mTORC1 and mTORC2 share the following common components: Catalytic
mTOR subunit, mammalian lethal with sec-13 protein8 (mLST8 or GβL), the negative regulator
DEP domain containing mTOR-interacting protein (DEPTOR), and the Tti1/Tel2 complex (reviewed
in Reference [50]). The mTORC1 discretely comprises the regulatory-associated protein of mTOR
(Raptor), and another negative regulator, proline-rich Akt substrate 40 kDa (PRAS40). In addition to the
above common components, the mTORC2 additionally contains the rapamycin-insensitive companion
of mTOR (Rictor), the mammalian stress-activated MAP kinase-interacting protein 1 (mSin1), and
protein observed with Rictor 1 and 2 (Proctor 1/2) (Figure 4) [46,50,57]. Both Raptor and mLST8 are
positive regulators of mTORC1′s activity and function, while PRAS40 and DEPTOR are both negative
regulators of the mTORC1 [46,52,58]. Raptor serves as a scaffold for recruiting mTORC1 substrates,
while mLST8 binds the mTOR kinase domain, and positively regulates its kinase activity. On the other
hand, PRAS40 associates with mTOR via raptor to inhibit the activity of mTORC1, while DEPTOR
functions as mTOR-interacting protein, to both mTORC1 and mTORC2, as a negative regulator of their
activities [50,52].
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Figure 3. Schematic of the domain structure of mTOR showing the N-terminus with two tandem HEAT
repeats, followed by a FAT domain (domain shared by PI3K-related protein kinases (PIKK) family
members), an FRB domain (FKBP-12-rapamycin-binding site), a kinase catalytic domain, a repressor
domain (RD), and a FAT C terminus domain located at the C-terminus of the protein. The FRB domain
forms a deep hydrophobic cleft that serves as the high-affinity binding site for the inhibitory complex
FKBP12-rapamycin [52].

 

Figure 4. Schematic illustration of the PI3K/Akt/mTOR signaling pathway. Arrows represent
activation, whereas bars represent inhibition [50]. Upon receptor activation, insulin receptor substrate
(IRS) activates phosphatidylinositol 3-kinase (PI3K), which is in turn phosphorylated to generate
phosphatidylinositol [3,4,5]-trisphosphate (PIP3). Phosphatase and tensin homolog (PTEN) can
dephosphorylate PIP3 to regulate the pathway activity. AKT is activated through the binding of
PIP3 to its amino terminal, pleckstrin homology (PH) domain (stripped), which then promotes the
translocation of AKT to the plasma membrane, where the carboxyl terminal T308 is phosphorylated by
phosphoinositide-dependent kinase-1 (PDK1), and S473 is phosphorylated by mTORC2. AKT regulates
several cellular processes such as survival and cell proliferation, through a variety of downstream
proteins like glycogen synthase kinase 3-beta (GSK-3β), Forkhead Box O (FOXO), amid others (not
shown). AKT is able to directly phosphorylate and thus inactivates the 40 kDa proline-rich protein
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(PRAS40), relieving the suppressive regulation on mTORC1 activity. Furthermore, AKT can
phosphorylate and inactivate the tuberous sclerosis (TSC) tumor suppressor protein complex that acts
as a GTPase-activating protein (GAP) for the RAS homolog enriched in brain (Rheb) small G protein to
regulate its activity. Retention of the Rheb-GTP bound form activates mTOR, which is comprised of two
main complexes that are associated with diverse proteins such as Raptor, mLST8, PRAS40 and Deptor for
complex I (mTORC1), and Rictor, mLST8, Deptor, mSin1 and Protor for complex II (mTORC2). mTORC1
is regulated by a variety of environmental signals mediated via several proteins including REDD1/2
(regulated in development and DNA damage responses 1/2), AMP-activated protein kinase (AMPK),
among others. mTORC1 phosphorylates downstream S6K1 (p70S6 Kinase 1) and modulates the
eukaryotic initiation factor 4E-binding protein (4E-BP1), which discharges it from hindering eIF4E, and
enabling 40S ribosomal subunit to be recruited to mRNAs, leading to the initiation of protein translation.
S6K also phosphorylates ribosomal protein S6 that is also involved in translational regulation by the 40S
ribosomal subunit. By contrast, the regulation of mTORC2 is still under investigation, but it is known
to be regulated by growth factors. mTORC2 phosphorylates distinct groups of proteins, enabling
the regulation of actin cytoskeleton and migration via activating protein kinase C α (PKC-α), small
GTPases (Rhoa, Rac1 and Cdc42), and focal adhesion proteins, such as focal adhesion kinase (FAK)
and paxillin. Essentially, the activation of the RAS-RAF-MEK-ERK-RSK pathway mediated by growth
factor is another mechanism of regulated crosstalk with the PI3K/AKT/mTOR signaling pathway.

mTORC1 is sensitive to rapamycin, growth factors, energy (ATP), nutrients (amino acids),
oxidative stress, and DNA damage, and regulates cell growth and proliferation by controlling
protein/lipid/nucleotide synthesis, and lysosome biogenesis through mediating phosphorylation of
S6K1 and eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) (Figure 4) [50]. mTORC2
is only sensitive to prolonged (>24 h) rapamycin exposure in certain cases and growth factors and
regulates cell survival and cytoskeletal organization in part by regulating phosphorylation of Akt,
serum and glucocorticoid-inducible kinase 1 (SGK1), protein kinase Cα (PKCα) and focal adhesion
proteins, as well as the activity of small GTPases [46,57,59]. Though the functions of the mTOR
complexes remain to be unveiled, current data indicate that mTOR plays a central role in the regulation
of cell growth, proliferation, differentiation, survival, autophagy, and motility, as well as angiogenesis
and lymphangiogenesis [46,50,57,59].

5. Regulation of the PI3K/Akt/mTOR Pathways in Development and Carcinogenesis

To date, mTORC1 is known to be regulated by multiple pathways (as reviewed below), but
how mTORC2 is regulated remains poorly understood. Currently PI3K is the only known upstream
modulator of mTORC2, as overexpression of PI3K leads to upregulated mTORC2 activity (Figure 4) [46].
In response to the binding of a growth factor, the corresponding receptor, such as insulin-like growth
factor receptor (IGFR), platelet-derived growth factor receptor (PDGFR), or epidermal growth factor
receptor (EGFR) on the cell surface, is activated and signals to downstream molecules, leading
to the activation of multiple pathways, including the PI3K-Akt and RAS-RAF-mitogen-activated
protein kinase kinase (MEK)-extracellular-signal-regulated kinase (ERK)-ribosomal protein S6 kinase
(RSK) pathways [57]. The activated PI3K catalyzes phosphatidylinositol [4,5]-bisphosphate (PIP2) to
phosphatidylinositol [3,4,5]-triphosphate (PIP3), which is antagonized by the phosphatase and tensin
homologue deleted on chromosome 10 (PTEN), a lipid and protein phosphatase (Figure 4). The PIP3
binds to the pleckstrin homology (PH) domain of the serine/threonine kinase, Akt, facilitating Akt
docking to the cell membrane, where it is activated via phosphorylation by mTORC2 on S473 and by
the phosphoinositide-dependent kinase 1 (PDK1) on T308 [46]. Akt can thus be positively regulated
by PI3K, and negatively regulated by PTEN [46,50,57,59]. Therefore, loss of PTEN and/or mutations
of PIK3CA result in constitutive activation of Akt/mTOR, which have been documented in various
cancers [52].

Tuberous sclerosis complex 1 (TSC1 or hamartin), TSC2 (or tuberin), and TBC1D7 form a
complex, acting as a GTPase-activating protein (GAP) for the Ras homolog enriched in brain (Rheb)
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GTPase [46,50,57,59]. The GTP-bound form of Rheb interacts with mTORC1 to potently stimulate its
kinase activity [46,50,57,59]. Being a Rheb GAP, the TSC1/2 complex negatively regulates mTORC1 by
converting an active GTP-bound Rheb into an inactive GDP-bound state [50]. In response to growth
factor stimulation, the activated Akt can phosphorylate TSC2 at S939 and T1462, preventing TSC2 from
forming a complex with TSC1, so that the active (GTP-bound) Rheb state remains, leading to activation
of mTORC1 [46,50,57,59] (Figure 4). Of note, through a TSC1/2-independent manner, Akt can also
activate mTORC1 by phosphorylating PRAS40, triggering the dissociation of PRAS40 from raptor [50].

In fact, the TSC1/2 complex can transmit more signals to mTORC1 as well. In response to growth
factor stimulation, the activated ERK1/2 and ribosomal S6 kinase 1 (RSK1) can directly phosphorylate
TSC2 at S664/540 and at S1798, respectively, inhibiting the TSC1/2 complex and consequently activating
mTORC1 [46,50,57,59]. In response to the pro-inflammatory cytokine, tumor necrosis factor-α (TNFα),
IκB kinase β (IKKβ) is activated, which can phosphorylate TSC1 at S511/487, causing TSC1/2 inhibition
and mTORC1 activation. Furthermore, the canonical Wnt signaling which inhibits glycogen synthase
kinase 3β (GSK3-β) can also activate mTORC1 through TSC1/2, considering that GSK3-β is normally
responsible for phosphorylation (S1371, S1375, S1379, and S1387) and activation of TSC2 [46,50,57,59].

Furthermore, the AMP-activated protein kinase (AMPK) and/or the regulated in development
and DNA damage responses 1 (REDD1), a hypoxia-induced tumor suppressor, can activate the TSCl/2
complex, inhibiting the mTORC1 signaling pathway [46,50,57,59]. The other critically regulated cell
growth/survival intracellular signaling pathway is the RAS, which is activated when complexed with
GTP, and the conversion of GDP to GTP is inhibited by neurofibromatosis type 1 (NF1), a protein that
causes neurofibromatosis type 1 when mutated [57]. As discussed above, downstream of activated
RAS are RAF and MEK, which affect the activation of ERK1/2 and RSK1 [46,50,57,59]. The activated
ERK1/2 and RSK1 can specifically phosphorylate TSC2, inhibiting the TSC1/2 complex and thereby
activating mTORC1 (Figure 4). Consequently, both the PI3K-Akt and the RAS-RAF-MEK-ERK-RSK
pathways unite to regulate the mTORC1 signaling [46,50,57,59].

Consequently, the activated mTORC1 further regulates energy metabolism, protein/lipid/
nucleotide synthesis, lysosome biogenesis, autophagy, and angiogenesis through S6K1, 4E-BP1,
lipin1, activating transcription factor 4 (ATF4), transcription factor EB (TFEB), Unc-51 like autophagy
activating kinase 1 (ULK1), hypoxia-inducible factor 1α (HIF-1α), etc. (for details, see review in [53]
and [50,57,59]. In particular, activated mTORC1 phosphorylates S6K1 and 4E-BP1, through an
interaction between Raptor and a TOR signaling motif in S6K and 4E-BP1. On one hand, activated
S6K1 then phosphorylates S6 (40S ribosomal protein S6), thereby improving mRNA translation. This,
in turn, further stimulates translation and activates RNA polymerases I and III transcription factors,
leading to the synthesis and assembly of ribosomes, tRNAs, and translation factors [57,59]. On the
other hand, 4E-BP1 plays an inhibitory role in the initiation of translation by binding and inactivating
the eukaryotic translation initiation factor 4E (eIF4E) [50,57,59]. When 4E-BP1 is phosphorylated by
mTORC1, it will dissociate from eIF4E. Subsequently, the released eIF4E can bind to eIF4G and eIF4A,
forming the eIF4F complex, which binds the 5′ cap of mRNAs and promotes eukaryotic translation
initiation [46,57,59].

Unlike mTORC1, little is known vis-à-vis the upstream activators of the mTORC2 pathway. So far,
mTORC2 is known to respond to cue from growth factors such as insulin, via direct links to ribosome
in a PI3K-dependent fashion [46,50,57]. mTORC2 directly activates Akt via phosphorylation at its
hydrophobic motif (S473) and SGK1 (S422), a kinase that control ion transport and growth [46,50,60].
Nonetheless, the loss of mTORC2 does not avert phosphorylation of some Akt targets like TSC2,
although on the other hand it completely obliterates the activity of SGK1 [46,50]. Therefore, besides
activating mTORC2 via endorsing its association with ribosomes, PI3K, also controls the activation
of mTORC1 through the Akt-dependent TSC1/TSC2 inhibition, as described above. It has been
proposed that PI3K promotes mTORC2 binding to ribosomes, which directly activates mTORC2;
and that mTORC2 activates Akt through phosphorylation at S473 [50,57]. Although mTORC2 is
known to be less responsive to rapamycin, prolonged (>24 h) treatment with rapamycin or rapalogs
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has been reported to inhibit mTORC2 assembly through disruption of the rictor-mTOR complex
and consequently inhibiting Akt signaling [46,58]. Of note, there exists a direct phosphorylation
of insulin receptor substrate 1 (IRS1) by S6K1, which promotes IRS1 degradation and PI3K/Akt
down-regulation [46,50,58]. It has been found that treatment of cancer cells with rapamycin or rapalogs
can cause the activation of PI3K/Akt through the S6K1-IRS negative feedback mechanism, reducing
the apoptotic potential in cancer cells [46,50,58]. This has become one of the explanations for the
unsatisfactory anticancer activity of rapalogs clinically.

In addition, mTORC2 regulates cell actin cytoskeleton and migration via activating protein
kinase C α (PKC-α), small GTPases (Rhoa, Rac1, and Cdc42), and focal adhesion proteins, such as
focal adhesion kinase (FAK) and paxillin. Therefore, mTORC2 is capable of regulating cell growth,
proliferation, survival, and motility [46,58] (Figure 4).

6. Cutaneous Cancers Associated with Dysregulation of the PI3K/Akt/mTOR Pathways

Deregulation of the PI3K/Akt/mTOR pathways has been implicated in the pathogenesis of multiple
solid human cancers including several skin cancers [46,52]. As a result, this has specifically stimulated
the development of specific PI3K, Akt, and mTOR inhibitors for targeted cancer therapy (reviewed
in References [46,52,57]). As mentioned above, skin cancers are partly caused by UVA and UVB
exposure, which is also associated with the mTOR pathway deregulation [46,50,52,57]. Obligingly,
abnormalities due to modifiable (UV) and non-modifiable (genetic) distresses in target genes or proteins
of the intracellular networks regulating skin homeostasis, have been shown to result in a gamut of
phenotypically varied, and overlapping cutaneous cancers. These cancers are characterized by tissue
neoplastic and hyperplastic growth including but not limited to melanoma and non-melanoma skin
cancers (basal and squamous cell carcinoma, Merkel cell carcinoma [46,52,57]).

Given that the molecular basis and targets of most skin cancers are well-understood, novel
development and effective delivery of chemotherapeutic agents targeting the dysfunction towards
maintaining skin tissue homeostasis and integrity are promising therapeutic strategies [46,50,61,62]. In
this light, various synthetic small molecule compounds and naturally occurring nutraceuticals have
been shown to modulate the activities of the PI3K/Akt/mTOR and may thus serve as novel therapies for
these cutaneous cancers [46,50]. Below, we summarize the relevance of the PI3K/Akt/mTOR pathways
and the effector molecules in diverse skin cancers and discuss the mechanistic role of several synthetic
molecules and dietary phytochemicals in inhibiting these pathways as potential therapeutic approaches.

6.1. Role of the PI3K/Akt/mTOR and their Targeting in Melanoma Skin Cancer

Melanoma is a skin cancer derived from malignant transformation of epidermal melanocytes [63,64].
Melanoma is one of the two major forms of skin cancer including non-melanoma skin cancer and
is the least common form of skin cancer accounting for only 1% of the total skin cancer incidences,
and due to it metastatic potential, is the most aggressive skin malignancy accounting for ~75% of
all skin cancer-related deaths worldwide [63–65]. The 2018 cancer facts and figures by American
Cancer Society reported that about 178,560 cases of melanoma will be diagnosed in the United
States. Among those, 87,290 cases will be in situ, or noninvasive and confined to the epidermis,
while 91,270 cases will be invasive, or penetrating the epidermis into the dermis. Prognosis of
an estimated 9320 people (5990 men and 3330 women) were expected to die of melanoma in 2018
(https://www.skincancer.org/skin-cancer-information/skin-cancer-facts#melanoma). This single fact,
in addition to established risk factors for developing melanoma, is imposed by increased socioeconomic
burden among melanoma patients with grim 5-years survival depending on metastasis site ranging
12–28% [63,64,66]. Primary benign melanomas are mostly initiated as horizontal lesions with plaque-like
appearance in the epidermis, often called the radial growth phase (RGP), which often progresses to
the vertical growth phase (VGP), an invasive phase that eventually metastasis to distant organs such
as the lung. The transition from RGP to VGP has been reported to be associated with Akt activation,
where heightened Akt/mTOR activities has been reported in about 70% of metastatic melanoma [63,67].
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Using melanoma models, we recently reported that Akt acts as a molecular switch linked with elevated
mTOR, S6K1, angiogenesis, and concomitant production of peroxides, which further nurture the
aggressiveness of metastatic melanoma [68].

6.2. Targeting PI3K/Akt/mTOR and Associated Pathways with Chemotherapeutics, Biologic Drugs, Natural
Products, and Synthetic Derivatives in Melanoma

Activation of the mTOR pathway has been suggested to be strongly associated with the
pathogenesis of melanoma [63,64,66,69]. Constitutive activation of mTOR inhibits autophagic cell
death and dysregulates the normal cell cycle [70]. Due to advances in knowledge of the molecular
genetics of melanoma, novel agents targeting this signal transduction pathway have been developed,
including rapalogs (everolimus, deforolimus, and temsirolimus) and mTOR kinase inhibitors [71].

6.2.1. Chemotherapeutic Small Molecules and Biologic Drugs

Several in vitro and in vivo preclinical studies have shown that dual PI3K/mTOR inhibitors have
significant inhibitory activities against cell proliferation and activation of Akt, some of which are
undergoing clinical trials in patients with selective mTOR mutations (reviewed in Reference [63]). Some
synthetic small molecule compounds have been shown to mechanistically target the PI3K/Akt/mTOR
and associated RAS/RAF/MEK/ERK or MAPK signaling pathway as promising treatments against
metastatic melanoma [63]. Other agents including the BRAF inhibitors dabrafenib and vemurafenib,
as well as trametinib, a MEK1/2 inhibitor in metastatic melanoma patients, have yielded extended
survival [63]. Moreover, the combination treatment with dabrafenib and trametinib yielded better
outcomes in the patients with metastatic melanoma than the individual drug treatment. Despite the
rapid development of resistance to these agent treatments, combinatorial approach with additional
compounds co-targeting the PI3K/Akt/mTOR (but mostly PI3K), MAPK, and other signal transduction
pathways are under investigation at various clinical trials [63].

In addition, mutation of the serine/threonine kinase BRAF is found in almost 50% of the malignant
melanoma patients; in more than 90% of the cases BRAF harbors V600E point mutation [72]. Mutation
in BRAF activates the MAPK pathway, which is involved in cancer cell survival and proliferation.
Inhibition of BRAF is also a promising approach in treating malignant melanoma. A number of small
molecules have been introduced by far to inhibit BRAF, some of which are approved by the FDA for
targeting BRAF mutated malignant melanoma. However, resistance to such molecules is quite common
leading to therapeutic failure. A number of mechanisms contributing to escape the BRAF inhibition
have been reported in several studies. One of the studies reported the involvement of hepatocyte
growth factor (HGF) in acquisition of resistance against BRAF inhibitors through upregulation of c-MET
and GAB1, leading to activation of the MAPK pathway [73]. Abnormal expression of long non-coding
RNAs (lncRNAs) has also been implicated in the metastatic growth of cells in many cancer types.
Activation of c-MET lncRNAs KCNQ1OT1 [74], or downregulation of tumor suppressor microRNA
MiR-22 by MALAT1 [75] and miR-152–3p by HOTAIR [76] was also found to increase metastatic
growth of melanoma cells [74]. Treating the melanoma cells with combination of BRAF inhibitor
Vemurafenib and c-MET inhibitor AMG 337 [73] or siRNA exhibited therapeutic benefits in BRAF
mutant malignant melanoma. Hersey et al. reported that the combination of small chemotherapeutic
molecules and targeted biological therapies was clinically beneficial in distant metastatic disease [71].

Rapamycin, a specific mTORC1 inhibitor inhibits the cell growth and proliferation as shown
in several melanoma cell lines [77,78]. Two other rapamycin analogs, everolimus and temsirolimus,
also showed promising results in preclinical studies, inducing cytostatic tumor growth inhibition and
decreasing angiogenic capillary perfusion. However, in a phase II clinical study, everolimus failed to
demonstrate adequate efficacy in treating patients with metastatic melanoma; but its antiangiogenic
role suggested potential utilization in combination therapy [79]. Another mTOR inhibitor, temsirolimus,
in combination with chemotherapeutic agent temozolomide, exhibited significant decrease in tumor
growth and increased apoptotic death in melanoma cells that showed resistance to BRAF inhibitor
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vemurafenib [80]. In a phase I clinical study, the combination of temsirolimus and an autophagy
inhibitor hydroxychloroquine, accelerated the cell death in melanoma [81].

In a phase 2 trial from the Sarah Cannon Oncology Research Consortium, Hainsworth et al.,
reported that the combination of Bevacizumab and everolimus was tolerable and showed moderate
activity in the treatment of patients with metastatic melanoma [82]. This is an indication that further
investigation of compounds with such mechanisms of action, even in combination with inhibitors of
secondary signaling pathways, are promising research areas [82]. VS-5584 is a low-molecular weight
compound and a novel potent and highly selective dual PI3K and mTOR inhibitor that is well tolerated
in animal models with good pharmacokinetic properties [67,83]. Since melanoma is highly resistant
to conventional chemotherapeutics, by investigating the in vitro and in vivo anti-melanoma activity
of VS-5584, Shao et al. reported a significant and simultaneous blockade of activated components of
Akt/mTOR pathway as well as the downregulation of cyclin D1 expression in melanoma, indicating its
utility as a potent PI3K/mTOR dual inhibitor [67,84–86]. Moreover, the activity of orally administered
VS-5584 suppressed the growth of A375 melanoma xenograft in nude mice. Co-administration of
ABT-737 (Bcl-2 inhibitor) with VS-5584 further enhanced the suppressive effects, suggesting a rationale
for the clinical assessment of VS-5584 in melanoma patients as well as the development of ABT-737
and other target inhibitors in adjuvants settings [67].

SKLB-M8 is a derivative of millepachine (MIL, a novel chalcone with a 2,2-dimethylbenzopyran
motif derived from Millettia pachycarpa Benth (Leguminosae), and a flavonoid-rich traditional
Chinese medicine). The modified derivative of MIL, (E)-3-(3-amino-4-methoxyphenyl)-1-(5-methoxy-
2,2-dimethyl-2H-chromen-8-yl) prop-2-en-1-one hydrochloride (SKLB-M8) [87,88] has been reported to
have antitumor and especially anti-melanoma activity. Wang et al. reported that SKLB-M8 treatment
inhibited the proliferation and the expression of cdc2, induced G2/M arrest, and elicited apoptosis
via the down-regulation of activated Akt/mTOR signaling pathway in melanoma models as well as
inhibited angiogenesis associated with inhibition of ERK1/2 phosphorylation (Table 1) [87,88].

Due to the superior benefit of multi-target strategy over single target approach, Oudart et al.
employed the Type XIX collagen NC1 domain associated with basement membranes [NC1 (XIX)],
a 19-amino acid peptide localized at the C-terminal end of theα1 (XIX) chain in multi-target identification
in an anti-melanoma approach [89] (see Table 1). Using the tumor NC1 domain of collagen Type
XIX [C1(XIX)], Oudart et al. were able to target the αvβ3 integrin interaction and demonstrated the
inhibition of migration, invasion, and PI3K/Akt/mTOR and FAK pathways in melanoma cells and
preclinical melanoma model [89–91].

Table 1. List of reported lead synthetic compounds targeting mTOR, PI3K, and Akt signaling pathway
in various skin cancers.

Lead Compound(s) Protein Target(s) Skin Cancer Type Compound Structure References

Everolimus (RAD-001) mTOR Melanoma, Basal Cell
Carcinoma [92,93]

Erufosine mTOR Oral Squamous Cell
Carcinoma [94]

GDC-0084 PI3K, mTOR, Akt cutaneous Squamous Cell
Carcinoma [95]

Isoselenocyanate-4 Akt Melanoma [96]

MLN0128 (Sapanisertib) mTOR Melanoma
Merkel Cell Carcinoma [97–99]
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Table 1. Cont.

Lead Compound(s) Protein Target(s) Skin Cancer Type Compound Structure References

NVP-BEZ235 PI3K, Akt, mTOR Melanoma
Merkel Cell Carcinoma [100,101]

NC1 domain of collagen
Type XIX [NC1(XIX)]

PI3K, Akt, mTOR,
FAK Melanoma [89–91]

PBISe Akt3 Invasive metastatic
Melanoma [102]

Rapamycin PI3k, Akt, mTOR Melanoma, Esophageal
squamous cell carcinoma [77,78,103]

SKLB-M8 Akt, mTOR Melanoma [87,88]

PI-103 PI3K, mTOR Melanoma [104]

Perifosine Akt Metastatic Melanoma [105]

Tazarotene IGFR, PI3K, Akt,
mTOR Basal cell carcinoma [106,107]

Temsirolimus mTOR Metastatic melanoma [108]

WYE-354 mTOR Merkel cell carcinoma [109]

VS-5584 PI3K and mTOR Melanoma [67,84–86]

Itraconazole PI3K and mTOR Melanoma
Basal Cell Carcinoma [110,111]

LY3023414 PI3K/mTOR
Cutaneous Basal Cell
Carcinoma, cutaneous

Squamous Cell Carcinoma
[112]

Ku-0063794 mTORC1 and
mTORC2

BRAF-Mutant Melanoma in
combination with MEK

inhibitory agents
Merkel cell carcinoma

[113]

Itraconazole is another FDA-approved azole compound that belongs to the antifungal drug family,
which has been repurposed for the treatment of various cancers including melanoma [110,111]. Report
by Liang et al., demonstrated an anti-melanoma effect of itraconazole and indicated the molecular
mechanism to include the inhibition of the PI3K/mTOR, and Hedgehog/Wnt pathways [110].

Increasing evidence has identified the aberrant expression of miRNAs (microRNAs) in
melanomagenesis including Uveal melanoma (UM) [114,115]. Jiang and Liu reported that miR-25
target the RNA-binding motif protein 47 (RBM47) and activated the PI3K/Akt/mTOR signaling pathway
in melanoma cells [116]. Meng et al. recently demonstrated clinically that miR-138 is significantly
upregulated in malignant melanoma patients by regulating the PI3K/Akt/mTOR autophagy pathway
via PDK1 dependent expression [117]. Moreover, a study by Li et al. also reported that by targeting
PIK3R3/AKT3, miR-224-5p suppressed proliferation, migration, and invasion in uveal melanoma (UM)
cells, representing a therapeutic and diagnosis target for patients with UM [115]. Furthermore, Micevic
et al. reported that the loss of the overexpressed DNA methyltransferase (DNMT3B) that plays a
pro-tumorigenic role in human melanoma resulted in a dramatic suppression of melanoma formation
in the Braf/Pten mouse melanoma model [118]. This loss also resulted in hypomethylation of the
promoter of miR-196b and a subsequent increase in the expression of miR-196b, which directly targets
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Rictor (mTORC2 component) to inhibit the activation of mTORC2, which is dire for formation and
growth of melanoma. Thus, this study establishes DNMT3B as a regulator of melanoma development
via its influence on mTORC2 signaling and suggests a new therapeutic target in melanoma [118].

Moreover, since aggressive and highly metastatic cutaneous melanoma involves the overexpression
of Rictor, the major regulator of Akt phosphorylation, the effect of Rictor inhibition in melanoma
models with specific accent on liver metastasis has been investigated. Schmidt et al. reported for the
first time that mTORC2/Rictor play a critical role in melanoma liver metastasis via the interactions
between cancer cells and cancer-associated hepatic stellate cells (HSC); inhibition of mTORC2/Rictor
led to significant inhibition of Akt phosphorylation and motility of the cancer cells [119]. Additionally,
Damsky et al. reported that mTORC1 activation blocked BrafV600E-induced growth arrest but was
insufficient for the arrest of melanoma development, concluding that activation of both mTORC1/2 is
required for Braf-induced melanomagenesis [120].

Rapamycin, its analogs and other protein kinase inhibitors have been investigated for targeting
the main mTOR hub in melanoma cells. Ciołczyk-Wierzbicka et al. investigated the role of rapamycin
(mTOR), everolimus (mTOR), U0126 (ERK1/2), LY294002 (PI3K), CHIR-99021 (GSK-3β) and others in
human VGP (WM793) and metastatic (Lu1205) melanoma cells and observed their antiproliferative
effects, in view of the crucial role of the PI3K/Akt/mTOR and ERK1/2 signaling pathways in melanoma
progression [121] (Table 1). Temsirolimus (Torisel) targets multiple hallmarks of cancer to impede
melanoma growth in vivo. An earlier study has shown that everolimus (RAD-001), an orally active
rapamycin analog, may be potentially beneficial to treatment of metastatic melanoma (NCCTG-N0377,
Alliance). However, a phase II trial reported that the single treatment with everolimus did not exhibit
sufficient anticancer activity, suggesting that a combination with other drugs be considered in future
clinical studies [79]. In a recent phase II study of everolimus against advanced melanoma patients
with mTOR mutations, Si et al. reported that mTOR inhibitors had restricted activity in non-selected
melanoma patient population, whereas a significant percentage of mTOR mutation melanoma patients
responded better [92]. The study suggested that it may be possible for future prospective studies to
identify suitable patients that would respond to mTOR inhibitors treatment (Clinical trial information:
NCT01960829). Rao et al. recently conducted a two-stage Phase II multi-institutional trial evaluating
everolimus (RAD-001) in the treatment of patients with metastatic melanoma by assessing progression
free survival with baseline derived from historical controls (DOI: 10.1200/jco.2006.24.18_suppl.8043).
They observed from interim analysis of 20 patients that RAD-001 was well tolerated with sufficient
anti-metastatic melanoma activity. This result encouraged them to have open enrollment to the second
stage of this trial.

PBISe (Se,Se′-1,4-phenylenebis(1,2-ethanediyl)bis-isoselenourea) is a selenium containing isosteric
analog of the iNOS inhibitor PBIT [S,S′-1,4-phenylenebis(1,2-ethanediyl)bis-isothiourea], which has
been utilized as a small molecule to treat systemic metastasis of melanoma [122]. Recently, Chung et al.
showed that topical application of PBISe prevented cutaneous melanocytic lesion or melanoma
development at 70–80% in reconstructed melanoma skin model and approximately 50% in melanoma
tumor xenograft in mice via the downregulation of the activated Akt signaling, and a concomitant
activation of ERK1/2 pathway. The data suggest that PBISe treatment concurrently targeting both
pathways has potential to prevent cutaneous metastatic melanoma development in skin [102].

Perifosine, an alkylphosphocholine analog and Akt inhibitor, failed to demonstrate a good efficacy
in a phase II clinical trial with various side effects and biochemical toxicity, suggesting no further
development of this single compound for recurrent melanoma in human [105,123].

PI-103, a kinase inhibitor targeting Class I PI3K and both mTORC1 and mTORC2, has been
shown to exhibit only modest anti-proliferative, cytotoxic effect in vitro and in vivo murine model as a
single agent. However, Werzowa et al. showed that the combination of PI-103 and rapamycin in vitro
(in melanoma cells) and in vivo (in a melanoma mouse model), synergistically induced apoptosis and
suppressed Akt/S6 protein phosphorylation with superior efficacy against malignant melanoma [104].
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6.2.2. Natural Plant-Derived Extracts, and Phytochemicals and their Synthetic Derivatives

Additionally, natural dietary phytochemicals have been proven to be effective in many cancer
types including melanoma, and have generated encouraging anti-proliferation, anti-invasive, and
anti-metastatic effects, which are often associated with their ability to target PI3K/Akt/mTOR and
other signaling pathways involved in melanoma carcinogenesis (melanomagenesis). Since several of
these natural phytochemicals have lower toxicities and side-effects at physiological attainable doses,
exploration of their utility in a single basis or in combination or in adjuvant settings to this plethora of
known anticancer targets are laudable therapeutic opportunity. Outlined below are a non-exhaustive
list of examples that have proven useful in melanoma.

Acacetin (5,7-dihydroxy-4′-methoxyflavone) is a natural flavonoid derived from Robinia p
seudoacacia, also termed black locust, with well documented antioxidant, anti-inflammatory, and
anticancer properties [124,125]. Its anticancer effect has been associated with modulation of the
PI3K/Akt/IKK and the MLK3/MKK3/6 and p38 MAP kinase pathways (reviewed in Reference [124]).
Using cell-free, biophysical, computational, cell-based, and in vivo melanoma xenograft models, Jung
et al. reported that acacetin inhibited PI3K activity, suppressed Akt phosphorylation and significantly
regressed SK-MEL-28 melanoma tumor growth in vivo, suggesting an anti-melanoma agent [124].

Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) is an active compound found in chili pepper
that has been shown to inhibit migration and angiogenesis of B16-F10 melanoma cells in vitro; the
mechanism of action was via the inhibition of the PI3K/Akt/Rac1 signal pathway [126].

Evodiamine is a major natural alkaloid component of Evodiae fructus. Evodiamine treatment
of human melanoma A375-S2 induced cell death that was mediated through PI3K/Akt/caspase and
Fas-L/NF-κB signaling pathways and this effect was synergized upon treatment with ubiquitin-
proteasome inhibition [127].

Isoliquiritigenin (ISL) is a natural flavonoid with known ability to reprogram cancer cells with
in vitro and in vivo anticancer activity. ISL treatment significantly inhibited A375 melanoma cell
proliferation, induced G2/M cell cycle arrest, and up-regulated terminal melanocyte differentiation
indicators, and significantly decreased melanoma cachexia through decreasing the protein expression
levels of activated mTORC2-Akt-GSK3β signaling pathway components. Combined-treatment of
ISL and Ku-0063794 (mTOR-specific inhibitor) synergistically inhibited proliferation, and increased
melanocyte differentiation markers than ISL alone treatment [128].

Melittin, an amphiphilic small peptide containing 26 amino acid residues, is the major active
ingredient from bee venom (BV) with known anti-inflammatory, antibacterial and anticancer activities.
It has been demonstrated that BV and melittin have antimelanoma effects with mechanisms associated
with the suppression of the activation of the PI3K/Akt/mTOR and MAPK signaling pathways. Moreover,
the combination of melittin with temozolomide (TMZ; chemotherapeutic agent) significantly inhibited
growth and invasion of melanoma cells compared to the individual single agents, strongly suggesting
that melittin could be a potential anti-melanoma agent [129].

Panduratin A, a phytochemical isolated form the rhizome of Boesenbergia rotunda was reported in
many studies to show effectiveness in several cancer types. In a recent study it has been shown to induce
autophagic cell death in melanoma cells that are resistant to apoptosis-inducing chemotherapeutics.
Induction of autophagy by panduratin A was found to be mediated by suppression of the mTOR
signaling pathway [130].

Another multicomponent Chinese herbal preparation Compound Muniziqi granule (MNZQ),
which contains 13 medicinal plants, has been used traditionally for the treatment of endocrine
disorder-induced acne, chloasma, dysmenorrhea, menopausal syndrome, and melanoma. One of
the components of the MNZQ is Peganum harmala plant seed extract, which contains β-carboline
alkaloid, harmine. Harmine has been found to induce apoptosis and autophagic cell death in mouse
B16 melanoma cells. The autophagy induced was due to the inhibition of multiple signaling pathways
which include the Akt/mTOR and ERK1/2 signaling pathways [131].
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Sinomenine (7,8-didehydro-4-hydroxy-3,7-dimethoxy-17-methylmorphinane-6-one), the main
active component of the medicinal plant Sinomenium acutum, was also shown to induce apoptosis
and decrease proliferation in B16 melanoma cells and mouse tumor xenografts. The apoptotic and
antiproliferative effect of sinomenine is due to induction of autophagy by inhibiting the PI3K/Akt/mTOR
signaling pathway [132].

Studies by Espona-Fiedler et al. demonstrated that the anti-melanoma effect of two small molecules
members of the prodiginines family, prodigiosin and obatoclax, is related to inhibition of both mTORC1
and mTORC2. Of note, prodigiosin and obatoclax inhibited Akt phosphorylation at S473, despite no
effect on T308 [133].

Fisetin (3,7,3′,4′-tetrahydroxyflavone), a dietary bioactive flavanol abundantly found in pigmented
fruits and vegetables including apples, cucumbers, onions, persimmons, and strawberries, has been
reported to possess pleiotropic effects in diverse human diseases including cancer [134–136]. Fisetin
has been investigated for treatment cutaneous cancer, particularly melanoma, having constitutive
activation of the Akt/mTOR signaling, due to mutations of PTEN, PIK3CA, or TSC1/2 [77,137,138].
Syed et al. reported that fisetin targeted several key melanomagenesis markers by diverse mechanisms,
including inhibition of the Akt/RSK/mTOR/S6K axis, suggesting that fisetin is a potent anti-melanoma
agent [68,139,140]. Pal et al. in a study of the effect of fisetin alone and in combination therapy with
sorafenib, demonstrated that fisetin enhanced sorafenib-induced apoptosis and abrogated tumor
growth in athymic nude mice xenografted with BRAF-mutated melanoma cells through the inhibition
of the expressions of activated components of PI3K and MAPK pathways [141]. The data suggest that
simultaneous inhibition of both PI3K and MAPK pathways by the combination of fisetin and sorafenib
may be a better anti-melanoma therapeutic option.

Curcumin (diferuloylmethane), a polyphenolic active component of turmeric, derived from
the rhizome of the plant Curcuma longa, has shown a wide variety of health benefits including
anti-inflammatory, antioxidant and pro-apoptotic effects in diverse cancers by modulating multiple
signal transduction pathways. By treating human melanoma cells with curcumin, Zhao et al., reported
the induction of autophagy, and concomitant inhibition of proliferation and invasion via the suppression
of activated components of the Akt/mTOR signaling pathway [142]. Another study by Rozzo et al.,
showed that an analog of curcumin (D6) significantly inhibited proliferation and induced apoptosis in
melanoma cells involving the down-regulation of the PI3K/Akt and NF-κB pathway [143].

Resveratrol (trans-3,5,4′-trihydroxystilbene), a natural bioactive phenolic compound commonly
found in pigmented fruits such as cranberries, grapes, and peanuts, has been shown to exhibit
multifaceted biological and health beneficial effects by targeting multiple disease molecular
markers [144,145]. Wang et al. showed that resveratrol treatment of B16 melanoma cells resulted in
induction of autophagy in a mechanism involving the accumulation of ceramide and inhibition of
Akt/mTOR pathway, suggesting a potential in treating melanoma [144,146]. Moreover, Bhattacharya et
al. demonstrated that treatment with resveratrol reduced cell migration and invasion, and inactivated
Akt/mTOR effectors in malignant melanoma and fibroblast cell lines [46,145].

Honokiol, a natural phenolic compound used for a long time in Chinese and Japanese traditional
medicine, has recently been shown as a promising anticancer agent. Kaushik et al. reported that
honokiol treatment resulted in the induction of cytotoxicity and cytostatic effects by inhibiting the
Akt/mTOR and Notch signaling pathways in malignant melanoma cancer cells [63,147].

Epigallocatechin-3-gallate (EGCG), the most abundant catechin found in green tea (Camellia
sinensis), has shown several health beneficial effects including anticancer activity (Table 2). In particular,
EGCG possesses in vitro and in vivo pharmacological effects of EGCG on the migration and/or
metastasis and on the management of melanoma, by inhibiting the PI3K and several signaling
pathways like Reference [148].

NexrutineR, derived from Phellodendron amurense, is an inducer of oxidative stress, inhibiting
antioxidant response (Table 2). Since melanoma cells exhibit heightened oxidative stress phenotype
associated with increased protein damage, oxidized glutathione, reactive oxygen species (ROS),
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and KEAP1/NRF2 pathway activity, compared with normal melanocytes contributing to hyperactive
proliferation and increased survival, agents targeting these can curtail the disease [149]. Hambright et al.
reported NexrutineR treatment augmented the constitutively elevated oxidative stress markers, reduced
proliferation, survival, and colony formation in melanoma cells, which was associated with selective
inhibition of activated components of the PI3K/Akt/mTOR pathway [149,150].

Table 2. List of reported lead natural dietary compounds and extracts targeting mTOR, PI3K, and Akt
signaling pathway in various skin cancers.

Lead Compound (s) Protein Targets Skin Cancer Type Compound Structure References

Acacetin PI3K, Akt, mTOR Malignant
Melanoma [124]

Bee Venom Melittin PI3K, Akt, mTOR Melanoma [129]

Capsaicin PI3K, Akt, Rac1 Melanoma [126]

Curcumin PI3K, Akt, mTOR Melanoma [142,143]

Epigallocatechin-3
(EGCG) mTOR Melanoma [148]

Evodiamine PI3K, Akt Melanoma [127]

Fisetin PI3K, Akt, mTOR Melanoma [68,139–141]

Isoliquiritigenin mTORC2, Akt,
GSK-3β Melanoma cachexia [128]

Harmine Akt, mTOR and
ERK1/2 Melanoma [131]

Obatoclax Akt, mTOR Melanoma [133]

Panduratin A mTOR Melanoma [130]
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Table 2. Cont.

Lead Compound (s) Protein Targets Skin Cancer Type Compound Structure References

Prodigiosin Akt, mTOR Melanoma [133]

Resveratrol Akt, mTOR Melanoma [46,144–146]

Sinomenine PI3K, Akt, mTOR Melanoma [132]

Honokiol mTOR
Melanoma,

Oral squamous cell
carcinoma

[63,147,151]

NexrutineR PI3K/Akt/mTOR Melanoma [149,150]

6.3. Targeting PI3K/Akt/mTOR for Treatment of Basal Cell Carcinoma

Keratinocyte carcinoma (KC) comprises basal cell carcinoma (BCC) and cutaneous squamous cell
carcinoma (cSCC), which constitute the main forms of non-melanoma skin cancers (NMSC) [152,153].
BCC is the most common type of non-melanoma skin cancer among Caucasians or ethnic groups having
blue or green eyes, blond or red hair, and light-colored skin exposed to the sunlight for prolonged
periods of time [154–156]. BCC arises in the basal epidermal cell layers and constitutes up to 80% of
skin cancers and nearly a third of all cancers diagnosed in the United States [157–159] with an incidence
rate of up to 5% per year generating a total cost of about $400 million/year [160]. BCC is usually
not life threatening, but if left untreated it can cause loss of function, and disfiguration [161–164].
The morphological features of BCC include the presence of a group of tumors in the dermal layer
of the skin that are composed of cells having cellular components similar to undifferentiated basal
epidermal cells. An important feature of BCC is the palisade arrangement of epidermal cells in the
tumor periphery that separates the tumor from the surrounding stroma. These cells often give the
tumor nodular shape or form a band or string surrounding it. Compared to their normal counterparts,
the tumor cells have less cytoplasm and chromatin-rich nucleus, which renders more frequent mitotic
division but at the same time apoptotic cell death accounts for slow progression of the tumor [165]
discussed above, the primary risk factor for BCC being the direct exposure to the sunlight (UV-A and
UV-B radiation) and depends on the rate, extent, and duration of exposure to UV irradiation. Other
risk factors for BCC include immunosuppression, trauma, arsenic poisoning and other skin disorders
such as Gorlin-Goltz syndrome or xeroderma pigmentosum [166,167]. The clinical presentation of
BCC may appear in different morphological patterns such as nodular or cystic, superficial, infiltering,
and sclerotic or pigmented, which differ in their site of occurrence as well. The nodular or cystic
BCC usually occurs as solitary, shiny, red nodules on the face whereas the superficial BCC tends
to occur in the trunk. Infiltering BCC is the most aggressive type of tumor often with less defined
border [155,165]. Upregulation of the Hedgehog signaling has been found to be the primary mechanism
of BCC development, though other non-canonical pathways such as WNT, NOTCH, p53 as well as the
P13K/Akt/mTOR pathways have been implicated in the pathogenesis of BCC.

Po-Lin So et al. demonstrated that even a brief inhibition of the PI3K/Akt/mTOR pathway can
sustain the inhibition of BCC carcinogenesis long after treatment is completed [106]. This suggested
that short-term exposure of BCCs to PI3K inhibitors can result in chemoprevention or chemotherapy,
and consequently, evades toxicity and side effects that often result from chronic treatment with other
antitumor agents such as tazarotene [106]. Everolimus (inhibitor of mTORC1) shows antiproliferative
activity against several types of neoplasia, particularly against BCC. An oral daily dose of 1.5–3 mg
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everolimus has demonstrated significant improvement in BCC patients with partial or complete
recession of the disease [93]. Since the crosstalk among the different signaling pathways such as p53,
WNT, Hedgehog, NOTCH along with the P13K/Akt/mTOR pathway exists in BCC, resistance to a
particular pathway inhibitor is common. In this scenario, combination treatment with inhibitors of
different signaling pathways has been proven beneficial. The PI3K inhibitor, buparlisib, in combination
with the smoothened (SMO) inhibitor, erismodegib, in Hedgehog signaling pathway is currently
under investigation for determining the efficacy of the treatment in BCC [166]. Furthermore, there
is a considerable crosstalk among these pathways creating an intricate network of molecules which
confers resistance to the drugs targeting a particular signaling [93]. GANT61 (inhibitor of GLI) in
the Hedgehog pathway has been tried to establish an efficient mode of targeting BCC. However, the
crosstalk between the PI3K and Hedgehog signaling has evolved the resistance against the inhibitors
of Hedgehog signaling. Combination of PI3K/mTOR inhibitor, PI103 and GANT61, has been shown to
synergistically overcome the resistance in a rhabdomyosarcoma model [166]. Another PI3K inhibitor
buparlisib is under investigation to determine the effectiveness of the SMO inhibitor erismodegib
in BCC [166]. Pharmacological doses of retinoids are reported to be effective in BCC carcinogenesis
in human. The retinoid, tazarotene, has been shown to inhibit murine BCC through inhibition of
IGFR/PI3K/Akt/mTOR signaling pathway [106,107].

Drug repurposing has led to the identification of novel anticancer drugs through the discovery of
new pharmacological effect of the existing drugs with established therapeutic activity. Itraconazole
was discovered as an antifungal agent in the 1980s, which in recent years has been discovered to have
anticancer activity through inhibition of different signaling pathways such as Akt/mTOR, Hedgehog
signaling, and Wnt/β-catenin signaling. Itraconazole has been found to inhibit the mTOR signaling by
binding to the voltage sensitive anion channel in mitochondria and interfering with ATP production.
Itraconazole showed a promising result in BCC treatment in recent clinical trials and is also being used
in ongoing clinical trials for BCC [168]. Pharmacological doses of retinoids are reported to be effective
in BCC carcinogenesis in human. The retinoic acid receptors (RAR) α, β, and γ in the endodermal
layer of the skin bind the retinoic acid derived from endogenous conversion of retinoid to retinoic
acid and retard BCC carcinogenesis. A typical example is tazarotene, a prodrug, when converted to
tazarotenic acid, can potently bind and activate RAR β and γ receptors, thus exerting the anticancer
effect [106,107].

6.4. Targeting PI3K/Akt/mTOR for Treatment of Cutaneous Squamous Cell Carcinoma

Cutaneous squamous cell carcinoma (cSCC) is the second most common form of non-melanoma
skin cancer globally after BCC, accounting for almost 20% of NMSCs [169], and clinical presentation
including but not limited to hyperkeratotic plaque, formation of nodular mass or ulceration on the skin,
which may be associated with pain, pruritus, or bleeding [170]. Actinic Keratosis AK and Bowen’s
disease [171] are two premalignant forms of cSCC, which, if not treated well, result in malignant
transformation. Although 95% of the cSCC are curable by surgical means, it is estimated that 20% of
the skin cancer deaths are instigated by cSCC [172]. The cSCC can be metastasized to the surrounding
dermis layer and to the local lymph nodes. Approximately 5% of the patients have been found to
develop metastasis in the lymph nodes [173]. Exposure to ultraviolet radiation from the sunlight is the
major cause of cSCC development. Other causes include occupational exposure to ionizing radiation
and radiotherapy for the treatment of other skin conditions such as psoriasis. Immunosuppressive
treatment followed by organ transplantation has also been found to be implicated with development
of cSCC. Prolonged administration of immunosuppressant azathioprine was found to increase the risk
of cSCC in patients after lung transplantation [174].

Overexpression of EGFR has been reported in cSCC, so targeting EGFR has been a promising
therapeutic approach in treating this type of cancer. In a phase II clinical study EGFR tyrosine
kinase inhibitor gefitinib showed a promising result in patients with aggressive cSCC of the head
and neck [175]. Furthermore, cSCC has been reported to exhibit a higher level of mTOR activity

143



Cells 2019, 8, 803

compared to other non-melanoma skin cancers particularly BCC [176,177]. Although cSCC shows more
aggressive behavior than BCC, interestingly it shows better response to mTOR inhibitors due to higher
mTOR level in these cell types [178]. Elevated mTOR level was also observed in cSCC, compared to
its premalignant forms AK and BD. Increased expression of cyclin-dependent kinase 2 (CDK2) was
also observed in this type of cancer, suggesting its correlation with the Akt/mTOR signaling. This
may act as another potential therapeutic target for treating cSCC in addition to targeting mTOR [179].
Since rapalogs (sirolimus, everolimus, etc.) have immunosuppressive effects and at the same time
also possess antiproliferative activity, these mTOR inhibitors can be promising agents in treating
patients with malignancies following organ transplantation. Rapalogs have been reported to be
effective in posttransplant skin malignancies, especially in cSCCs [180]. In a recent study, a novel
orally bioactive PI3K/mTOR dual inhibitor, LY3023414, has been found to inhibit human cSCC and
is currently under phase I/II clinical trials for the treatment of patients with cSCC [112]. Einspahr et
al. utilized reverse phase protein microarray analysis to study independent tissue sets of isolated
and enriched epithelial cells squamous cell carcinoma (SCC) compared with actinic keratosis (AK)
obtained by laser capture microdissection, and observed aberrant activation of MEK-ERK, EGFR, and
mTOR pathways [181]. In another study, Chen et al. reported frequent constitutive activation of the
Akt/mTOR pathway components in mostly malignant epidermal tumors, which also highly correlated
with CDK2 expression, suggesting that this pathway induces the malignant transition through CDK2
in epidermal tumors [179].

The PI3K/Akt/mTOR signaling pathway has been implicated in the development of resistance to
EGFR inhibitors in head and neck SCC. Therefore, everolimus (mTORC1 inhibitor) was combined with
erlotinib (EGFR inhibitor) in a phase II clinical trial to treat head and neck SCC. Unfortunately, this
combination treatment did not show any clinically significant benefits to the patients with metastatic
cancer [182].

Erufosine (erucylphospho-N, N,N-trimethylpropylammonium), an alkylphosphocholine, showed
promising anticancer effects in oral squamous cell carcinoma. The induction of apoptotic and autophagic
cell death and the antiproliferative effect of erufosine resulted from its downregulatory effect on the
mTOR signaling cascade [94].

Several small molecules have been developed to target mTOR signaling to treat cSCC. Some of these
molecules have shown promising results in ex vivo experiments. GDC-0084, a novel small molecule
showed potent inhibitory effect on both mTORC1 and mTORC2. It exhibited antiproliferative and
cytotoxic effects on several established and primary cSCC cell lines. A clinical study in human subjects
showed the good safety and tolerability as well as the complete shutdown of the PI3K-Akt-mTOR
signaling cascade, presenting GDC-0084 as a potential therapeutic agent in treating cSCC [95]. Another
PI3K/mTOR dual inhibitor, LY3023414, also showed potent cytotoxic activity in several cSCC cell lines
as well as the in vivo tumor xenograft models. The high aqueous solubility and oral bioavailability
positioned LY3023414 as a potential chemotherapeutic agent for treatment of cSCC. This small molecule
is currently undergoing phase I and II clinical trials [112].

6.5. Targeting PI3K/Akt/mTOR for Treatment of Merkel Cell Carcinoma

Merkel cell carcinoma (MCC), first discovered by Toker in 1972, is a devastating nonmelanoma
skin cancer of neuroendocrine origin, which contains neurosecretory granules with an increasing/grim
prevalence of 1500 cases per year in the US alone. A five-year epidemiologic data revealed in Australia
and other parts of the world that there is an annual increase of 8% in an age adapted incidence of MCC
compared to only 3% corresponding increases in cutaneous melanoma. About 50% of MCC patients
progressed to metastatic disease with an associated 46% mortality rate, which thus far exceeds that
of melanoma [109]. In spite of this increase, approximately 11-fold greater cases of MCC have been
reported in the patients with AIDS. The electron-dense neuroendocrine granule containing Merkel
cells originate from epidermal stem cells [183]. MCC most commonly occurs in the sun-exposed areas
of the body especially the head and neck, and the pathogenesis remains incompletely understood.
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In 2008, Merkel cell polyomavirus (MCV) was discovered as a causative agent of MCC, suggesting
that integration of the viral genetic material to the cell is responsible for the virus induced pathogenesis,
and the molecular mechanism associated with the disease pathogenesis has been reported in diverse
literatures, which involves p53, PTEN, Ras/MAPK, and PI3K/Akt. A recent report suggested the
involvement of activated Akt/mTOR and its downstream effector molecules p-4E-BP1 (S65) and
p-S6K in MCC cells [109], and a positive correlation between MCV specific T cell antigen and the
translation initiation factor 4E-BP1 was testified to activate Akt/mTOR signaling in MCV positive
tumor [184]. It was also shown that constitutive activation of 4E-BP1 that preserved from being
phosphorylated upset the MCV specific T cell transformation activity, suggesting that 4E-BP1 inhibition
(phosphorylation) is required for MCV transformation [109,184]. More studies have reported that Akt
is hyper-phosphorylated in MCC regardless of the presence of MCV [109,184].

There are no real treatments for the MCC, even though the first-generation inhibitors of mTOR
including rapamycin and other rapalogs are currently being investigated in different cancer types
including some skin malignancies. Diminished efficacy of rapalogs due to feedback activation of Akt
has instigated the development of the second-generation mTOR inhibitors that can target both mTORC1
and mTORC2. For instance, MLN0128, a compound that inhibits both mTORC1 and mTORC2, was able
to potently suppress the growth of MCC both in vitro culture and in vivo in mouse xenograft models.
MLN0128 is now at the verge of a dose escalation protocol in phase I clinical trial and undergoing a
phase II clinical trial for the treatment of MCC [98,99].

WYE-354 is an allosteric mTOR inhibitor that has been reported to increase autophagy in
primary human MCC cell line with over two-fold more efficacious than Ku-006394 in 24 h treatment
regimen [109].

Another small molecular target of PI3K/Akt/mTOR pathway is NVP-BEZ235, which inhibits
the activity of both PI3K and mTOR kinase by interacting with the ATP-binding site. It is an
imidazoquinoline derivative with significant oral bioavailability. In different preclinical trials
NVP-BEZ235 has been reported to be effective against osteosarcoma, glioblastoma, breast, prostate,
and pancreatic cancer and is now in phase I clinical trial for solid tumors. This molecule has been
found to inhibit proliferation and induce cell cycle arrest of MCC cells in culture. The mechanism of
NVP-BEZ235 action against cancer cell proliferation was found to be associated with dual inhibition of
PI3K/mTOR [101].

6.6. Targeting PI3K/Akt/mTOR for Treatment of Tuberous Sclerosis

Tuberous sclerosis complex (TSC) is an inconsistently expressed, mostly autosomal dominantly
inherited neurocutaneous syndrome/disorder that affects the skin, brain, kidneys, eyes, and other
organ systems known to affect persons of several races, including those from sub-Saharan Africa or of
black, African, ancestry [185,186]. TSC exhibits a wide spectrum of clinical sequelae, pathologically
characterized by benign, non-invasive, tumor-like lesions or organs hamartomas). These typically
occur in multiple organs including the central nervous system, kidneys, lungs, and skin (observed as
hypomelanotic macules, confetti skin lesions, facial angiofibromas, shagreen patches, fibrous cephalic
plaques, or ungual fibromas) [187–189]. At molecular levels, mutations of TSC genes modulate
proliferation and differentiation of cells, causing the hamartomas, tumors, or altered neuronal polarity.
It has been reported that most persons affected by TSC defects display distinctive phenotypes associated
to attacks, including childhood spasms with autism related to variable intellectual disability [188,190].
It is commonly estimated that TSC is a rare condition with an average frequency of 1:6000 live births,
and the prevalence ranges between 1:14,000 and 1:25,000 [189,191], and mutations in one of the two
tumor suppressor genes, TSC1 (encoding hamartin) or TSC2 (encoding tuberin) occurs in more than 85%
of TSC cases [192]. Under abnormal conditions, hamartin and tuberin are activated to avoid substrate
usage through the biosynthesis courses facilitated by the mTORC1. Importantly, mutation of either
TSC1 (on chromosome 9) or TSC2 (on chromosome 16) in patients with TSC leads to dysfunction of
hamartin or tuberin. This causes the activation of mTOR signaling, leading to anomalies resulting from
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downstream kinase signaling cascade with deregulated cell cycle progression, transcription, translation,
and metabolic control [193,194]. The stratification of mosaic TSC into subtypes corresponding to disease
prognosis and severity, identified phenotypic distinctions between mosaic forms of TSC. They reported
mosaic patients with; asymmetrically distributed facial angiofibromas, bilaterally symmetric facial
angiofibromas, and germline TSC, involving both cutaneous and internal organs [186,195,196]. Some
neonates are characterized by cardiac failure due to intracardiac rhabdomyomas, and often can show
an age-dependent increase in the likelihood of developing renal angiomyolipomas. Central nervous
system tumors are the principal basis of morbidity and mortality, while renal disease comes second as
leading cause of early death due to TSC [189]. The pathophysiology and the clinical diagnostic and
therapeutic management of TSC has recently been reviewed [191]. A high morbidity and mortality
due to pulmonary involvement occurs predominantly in women. As explained above, both proteins
form a functional complex that modulates the mTOR pathway, as such drugs that suppress mTOR
are currently employed to treat TSC-related tumors and are being investigated as potential agents to
alleviate other complications associated with TSC. Treatment of TSC patients possess severe burdens
time wise and costly healthcare for both the patients, their families, as well as the healthcare system
with no acceptable standard treatment approach that are clinically and economically effective [191]. A
consensus was reached that a multidisciplinary strategy is required for ideal care of TSC patients [188].
Current treatment and care options are conservative including surgery, pharmacologic treatment with
mTOR inhibitors, and recent proposals including biologics therapy (e.g., anti-EGFR antibody), as well
as ultrasound guided percutaneous microwaves [191]. A recent review associated with meta-analysis
including a total of 262 patients in 40 studies discussed the role of topical applications/indication of
mTOR inhibitors and evaluation of their efficacy and safety in dermatologic conditions including
TSC [197]. The study identified amongst 11 dermatological conditions that over 157 of the 262 patients
frequently had mostly angiofibromas linked to TSC, and that topically applied mTOR inhibitors, such
as sirolimus was more effective against angiofibromas than placebo and were well tolerated [197].
Importantly, everolimus (Afinitor) has been approved by FDA for treatment of certain types of brain
and kidney tumors caused by TSC [198], and there is more hope in future to target this to clearing of
cutaneous tumor-like lesion and systemic disease management.

7. Clinical Implications, Conclusions, and Future Prospects

The identification of disease molecular basis and targets for most cutaneous malignancies are
well-understood and possesses diagnostic and therapeutic indications, as it will permit the development
of novel, safer, cheaper, as well as effective delivery of chemotherapeutic, biologic, and natural dietary
agents targeting the dysfunction towards maintaining skin tissue homeostasis and integrity. Given
that the PI3K/Akt/mTOR signaling plays a crucial role in skin cancers, targeting this pathway with
therapeutic nature-derived bioactive phytochemicals, biologic molecules, and synthetic small molecules
alone or in various combinations is a promising strategy to treat skin cancers. So far, several of the
aforementioned synthetic molecules have been widely employed as prescription agents in clinical
trials. Most of these agents have known limitations as undesired side effects, and thus require the
careful selection and development of more potent, cost effective, and safer remedies [199–201]. Natural
phytochemicals and synthetic molecules have been extensively tested for their ability to remedy
PI3K/Akt/mTOR-associated cutaneous disorders [202,203]. While the global market for nutraceuticals
research was estimated to reach approximately $340 billion by 2024 (Variant Market Research, Pune,
India), nothing is yet suggestive of the synthetics and their analogs. Recent technological innovations
in in vitro and in vivo animal disease models coupled with high throughput drug screening will speed
up anticancer drug discovery and development. Some inhibitors currently available are being tested in
early-stage clinical trials, and their applications in the treatment of skin related malignancies warrant
further testing.
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8. Materials and Methods

A literature search was performed in PubMed using the following MESH terms (“melanoma”
OR “skin” OR “cancer small molecule”) AND (“mTOR, PI3K, Akt or mTOR, PI3K/Akt inhibitors”
OR “phytochemical and skin cancer” OR “Merkel cell carcinoma and PI3K/Akt/mTOR”) AND
(“skin, cutaneous, cancer” OR “Biologics for mTOR” OR “cutaneous malignancies”). We then
identified 307 reviews/original articles, observational studies and guidelines and selected relevant
English-language publications based on their abstracts. Publications of all studies investigating the
mechanism and the use of pathway inhibitors in dermatological malignancies were included, and the
most references were targeted within the last 6 years except for very rare conditions or reports.
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Abbreviations

PI3K phosphatidyl-inositiol 3-kinase
BMZ Bbaement membrane zone
mTOR mammalian target of rapamycin
UV ultraviolet
EGCG Epigallocatechin-3-gallate
Akt protein kinase B
NMSC non-melanoma skin cancer
SCC squamous cell carcinoma
BCC basal cell carcinoma
MCC Merkel cell carcinoma
K6 keratin 6
K14 keratin 14
EMT epithelial-mesenchymal transition
CK15 cytokeratin 15
CK5 cytokeratin
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Abstract: This study was designed to investigate whether epigenetic modulation by histone
deacetylase (HDAC) inhibition might circumvent resistance towards the mechanistic target of
rapamycin (mTOR) inhibitor temsirolimus in a prostate cancer cell model. Parental (par) and
temsirolimus-resistant (res) PC3 prostate cancer cells were exposed to the HDAC inhibitor valproic
acid (VPA), and tumor cell adhesion, chemotaxis, migration, and invasion were evaluated.
Temsirolimus resistance was characterized by reduced binding of PC3res cells to endothelium,
immobilized collagen, and fibronectin, but increased adhesion to laminin, as compared to the
parental cells. Chemotaxis, migration, and invasion of PC3res cells were enhanced following
temsirolimus re-treatment. Integrin α and β receptors were significantly altered in PC3res compared
to PC3par cells. VPA significantly counteracted temsirolimus resistance by down-regulating tumor
cell–matrix interaction, chemotaxis, and migration. Evaluation of integrin expression in the presence
of VPA revealed a significant down-regulation of integrin α5 in PC3res cells. Blocking studies
demonstrated a close association between α5 expression on PC3res and chemotaxis. In this in vitro
model, temsirolimus resistance drove prostate cancer cells to become highly motile, while HDAC
inhibition reversed the metastatic activity. The VPA-induced inhibition of metastatic activity was
accompanied by a lowered integrin α5 surface level on the tumor cells.

Keywords: mTOR; histone deacetylase; prostate cancer; integrins; adhesion; invasion

1. Introduction

Prostate cancer (PCa) remains a leading cause of death in men worldwide [1]. Once metastasized,
PCa is difficult to treat and though androgen suppression prolongs survival it is not curative. In the
last decade, several promising cytotoxic and immunological agents, bone-seeking radionuclides,
and next-generation androgen receptor axis targeted compounds have been introduced to optimize
treatment [2]. Still, no matter which drug is employed, resistance develops over time, leading to
aggressive tumor re-growth and disappointing survival rates. To improve patient outcome, innovative
and novel treatment concepts are needed, with targeted therapies increasingly gaining importance.

Due to the importance of the mechanistic target of rapamycin (mTOR) pathway in tumor
development and progression, mTOR inhibitors have been designed or are under development for
cancer treatment [3]. The mTOR inhibitors everolimus and temsirolimus have already been approved
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for the treatment of metastatic renal cell carcinoma (temsirolimus, everolimus), mantle cell lymphoma
(temsirolimus), breast cancer (everolimus), and pancreatic neuroendocrine tumors (everolimus) [4].

Ciccarese et al. recently reported that about a quarter of cases of localized PCa display activating
mutations of the mTOR pathway. In castration-resistant PCa, the mTOR pathway was most frequently
mutated [5]. A tissue microarray study has shown that mTOR is up-regulated in PCa of all stages and
grades [6]. It is thought, therefore, that targeting this pathway could lead to improved patient survival
and therapeutic efficacy [7].

Nevertheless, it must be emphasized that treatment with mTOR inhibitors alone may not exert
long-lasting anti-tumor effects. Rather, chronic use of either temsirolimus or everolimus in vitro
has been associated with negative feedback loops leading to mitotic progression and accelerated
cell proliferation [8,9]. In a clinical trial, mono-treatment with temsirolimus was not as efficient
in castration-resistant PCa patients as had been expected. The trial was therefore prematurely
stopped [10]. Earlier studies, have shown that epigenetic modulation by a histone deacetylase
(HDAC) inhibitor might improve an mTOR inhibitor-based regime. Indeed, a single molecule inhibitor
targeting both HDAC activity and Akt–mTOR signaling has recently been developed. Greater tumor
growth inhibition and pro-apoptotic activity have been observed than when employing single-target
Akt/mTOR or HDAC inhibitors in vitro and in vivo [11].

Combining an mTOR inhibitor with an HDAC inhibitor has been shown to exert synergistic
effects on B-cell acute lymphoblastic leukemia, compared to isolated drug treatment [12]. Other groups
have also demonstrated that treating prostate cancer cells with this drug combination has a synergistic
blocking effect on tumor proliferation [13]. A phase I study on patients with renal cell carcinoma
revealed beneficial effects of a combined mTOR–HDAC inhibitor protocol [14]. Counteracting drug
resistance encountered when treating different cancers by means of pharmacologic interaction with
epigenetic machinery has been shown possible in vitro, in vivo, and in clinical studies [9,15–17].
The present study was therefore designed to evaluate the effects of HDAC inhibition on the metastatic
and invasive behavior of temsirolimus (TEM)-resistant prostate cancer cells.

2. Materials and Methods

2.1. Cell Culture

The human prostate tumor cell line PC3 was obtained from DSMZ (Braunschweig, Germany).
The tumor cells were grown and subcultured in RPMI 1640 medium (Gibco/Invitrogen, Karlsruhe,
Germany) supplemented with 10% fetal calf serum (FCS), 2% HEPES (2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid) buffer (1 M, pH 7.4), 2% glutamine, and 1% penicillin/streptomycin
at 37 ◦C in a humidified, 5% CO2 incubator. Temsirolimus-resistant sublines were developed over
12 months of continuous exposure to temsirolimus (Torisel®, LC Laboratories, Woburn, MA, USA),
starting at 1 nm/mL and increasing stepwise to 10 μm/mL (PC3res). Control cells remained untreated
(PC3par). The cell doubling times of 22.07 h (PC3par) and 24.05 h (PC3res) were calculated according to
the following formula:

Duration of culture =
ln(2)

ln(final cell number)− ln(initial cell number)

Human endothelial cells (human umbilical vein endothelial cells; HUVECs) were isolated from
human umbilical veins and harvested by enzymatic treatment with dispase (Gibco/Invitrogen).
They were grown in Medium 199 (M199; Biozol, Munich, Germany), supplemented with 10% FCS,
10% pooled human serum, 20 μg/mL endothelial cell growth factor (Boehringer, Mannheim, Germany),
0.1% heparin, 100 ng/mL gentamycin, and 20 mm HEPES buffer (pH 7.4). Subcultures from passages
2–6 were selected for experimental use.
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2.2. Drugs

Temsirolimus (TEM) was dissolved in dimethylsulfoxide (DMSO) as a 10-mm stock solution
and stored as aliquots at −20 ◦C. Prior to experiments, TEM was diluted in cell culture medium
to a final concentration of 10 μm/mL. Control cell cultures received cell culture medium without
TEM. This treatment procedure lasted for at least 1 year. To exclude toxic effects of the compounds,
cell viability was determined by trypan blue (Gibco/Invitrogen, Karlsruhe, Germany). Valproic acid
(VPA; G.L. Pharma GmbH, Lannach, Austria), which served as a HDAC inhibitor prototype, was used
at a final concentration of 1 mm. PC3par or PC3res cells were pre-treated for 3 days with VPA before
adhesion and chemotaxis experiments were performed.

The response to therapeutic TEM concentrations (drug re-treatment) was also investigated.
Preparation for TEM re-treatment was carried out by incubating the PC3res cells for three days with
TEM-free medium. Subsequently, 10 nm of TEM was applied to the PC3res and PC3par cells, and cell
cultures were then subjected to the below assays.

2.3. Tumor Cell Binding to HUVECs

To analyze tumor cell adhesion, HUVECs were transferred to six-well multiplates (Falcon Primaria;
BD Biosciences, Franklin Lakes, NJ, USA) in complete HUVEC medium. When confluency was
reached, PC3par or PC3res cells were detached from the culture flasks by accutase treatment (PAA
Laboratories, Cölbe, Germany) and 0.5 × 106 cells were then added to the HUVEC monolayer for
30, 60, or 120 min. Subsequently, non-adherent tumor cells were washed off using warmed (37 ◦C)
Medium 199. The remaining cells were fixed with 1% glutaraldehyde. Adherent tumor cells (appearing
as rounded, light cells) were counted in five different fields (5 × 0.25 mm2) using a phase contrast
microscope and the mean cellular adhesion rate was calculated.

2.4. Attachment to Extracellular Matrix Components

Six-well plates were coated with collagen G (extracted from calfskin, consisting of 90% collagen
type I and 10% collagen type III (Seromed) diluted to 400 μg/mL in phosphate buffered saline
(PBS)), laminin (derived from the Engelbreth–Holm–Swarm mouse tumor, diluted to 50 μg/mL in
PBS; BD Biosciences), or fibronectin (derived from human plasma; diluted to 50 μg/mL in PBS;
BD Biosciences) overnight. Unspecific cell binding was evaluated by culture plates treated with
poly-D-lysine (Nunc, Wiesbaden, Germany). Plastic dishes served as the background control. Plates
were washed with 1% bovine serum albumin (BSA) in PBS to block nonspecific cell adhesion. Then,
0.5 × 106 tumor cells were added to each well for 60 min. Subsequently, non-adherent cells were fixed
with 1% glutaraldehyde and counted microscopically. The mean cellular adhesion rate, defined by the
number of cells which adhered to the coated wells minus the number of cells which adhered to the
non-coated wells (background), was calculated from five different observation fields (5 × 0.25 mm2).

2.5. Tumor Cell Motility (Chemotaxis), Migration, and Invasion

Serum-induced chemotactic movement was examined using six-well Transwell chambers (Greiner,
Frickenhausen. Germany) with 8-μm pores. Either 0.5 × 106 PC3par or PC3res cells per mL were placed
in an upper chamber in serum-free medium. To evaluate cell migration, Transwell chambers were
pre-coated with collagen (400 μg/mL). Cell invasion was investigated by coating the Transwell
chambers with collagen (400 μg/mL), which were then overlaid with HUVECs. The lower chamber
contained 10% serum. After 20 h of incubation, the upper surface of the Transwell membrane was gently
wiped with a cotton swab to remove non-migrating cells. Cells that had moved to the lower surface of
the membrane were stained using hematoxylin and counted microscopically. The mean chemotaxis,
migration, or invasion rate was calculated from five different observation fields (5 × 0.25 mm2).
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2.6. Integrin Surface Expression

Integrin surface expression was compared on PC3par and PC3res cells, and on PC3par and PC3res

cells treated with VPA. Tumor cells were washed in blocking solution (PBS, 0.5% BSA) and then
incubated for 60 min at 4 ◦C with phycoerythrin (PE)-conjugated monoclonal antibodies directed
against the following integrin subtypes: anti-α1 (IgG1; clone SR84, dilution 1:1000), anti-α2 (IgG2a;
clone 12F1-H6, dilution 1:250), anti-α3 (IgG1; clone C3II.1, dilution 1:1000), anti-α4 (IgG1; clone 9F10,
dilution 1:200), anti-α5 (IgG1; clone IIA1, dilution 1:5000), anti-α 6 (IgG2a; clone GoH3, dilution 1:200),
anti-β1 (IgG1; clone MAR4, dilution 1:2500), anti-β3 (IgG1; clone VI-PL2, dilution 1:2500), or anti-β4
(IgG2a; clone 439-9B, dilution 1:250; all BD Biosciences). Integrin surface expression was then measured
using FACscan (BD Biosciences; FL-2H (log) channel histogram analysis; 1 × 104 cells per scan) and
expressed as mean fluorescence units (MFU). A mouse IgG1-PE (MOPC-21) or IgG2a-PE (G155-178;
all: BD Biosciences) was used as an isotype control.

2.7. Western Blot Analysis

To explore the integrin proteins in PC3par and PC3res cells, tumor cell lysates were applied to
a 7% polyacrylamide gel and electrophoresed for 90 min at 100 V. The protein was then transferred to
nitrocellulose membranes (1 h, 100 V). After blocking with non-fat dry milk for 1 h, the membranes
were incubated overnight with the monoclonal antibodies listed above (unconjugated). Additionally,
integrin-related signaling was investigated using anti-integrin-linked kinase (ILK; clone 3, dilution
1:1000) and anti-phospho-specific focal adhesion kinase (FAK; pY397; clone 18, dilution 1:1000)
antibodies (all: BD Biosciences).

To evaluate the target specificity of TEM and VPA, the following monoclonal antibodies were
employed: Anti Akt, anti-phospho Akt (pAkt; clone 104A282, both: mouse IgG1, dilution 1:500,
BD Biosciences), and anti-acetylated H3 (aH3; rabbit IgG, clone Y28, dilution 1:500, Epitomics, USA).
Horseradish peroxidase (HRP) -conjugated goat-anti-mouse IgG (Upstate Biotechnology, Lake Placid,
NY, USA; dilution 1:5000) served as the secondary antibody. Membranes were briefly incubated with
enhanced chemiluminescence (ECL) detection reagent (ECLTM, Amersham/GE Healthcare, München,
Germany) to visualize the proteins and then analyzed by the Fusion FX7 system (Peqlab, Erlangen,
Germany). β-actin (1:1000; Sigma, Taufenkirchen, Germany) served as the internal control. Gimp 2.8
software was used to perform pixel density analysis of the protein bands and to calculate the ratio of
protein intensity/β-actin intensity.

2.8. Real-Time (RT)-qPCR

RT-qPCR was done in triplicate. cDNA synthesis was performed using 3 μg of total RNA
per sample according to the manufacturer’s protocol by AffinityScript QPCR cDNA Synthesis Kit
(Stratagene, Amsterdam, the Netherlands). Quantitative gene expression analysis by RT-PCr was
performed by the Mx3005p (Stratagene) using SYBER-Green Super Array (SABioscience Corporation,
Valencia, CA, USA) and SuperArray primer sets: GPDH (NM_002046.3, Hs.592355), integrin α1 (ITGA1,
NM_181501, Hs.644652), integrin α2 (ITGA2, NM_02203, Hs.482077), integrin α3 (ITGA3, NM_002204,
Hs.265829), integrin α4 (ITGA4, NM_000885, Hs. 694732), integrin α5 (ITGA5, NM_002205, Hs. 505654),
integrin α6 (ITGA6, NM_000210, Hs.133397), integrin β1 (ITGB1, NM_002211, Hs.643813), integrin β3
(ITGB3, NM_000212, HS218040), and integrin β4 (ITGB4, NM_000213, Hs.632226; all SABioscience
Corporation). Calculation of the relative expression of each gene was done by the ΔΔCt method in
the analysis program from SABioscience Corporation. The housekeeping gene, GAPDH, was used
for normalization.

2.9. Blocking Studies

To determine whether integrin α2, α5, and β1 impact metastatic spread, drug-sensitive or
-resistant cells were incubated for 60 min with 10 μg/mL function-blocking anti-integrin α2 (clone P1E6)
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mouse mAb, anti-integrin α5 (clone P1D6) mouse mAb, or anti-integrin β1 (clone 6S6) mouse mAB
(all: from Millipore, Burlington, MA, USA), respectively. Controls were incubated with cell culture
medium alone. Subsequently, tumor cell adhesion to immobilized collagen, as well as chemotaxis and
migration, were evaluated as described above.

2.10. Statistics

All experiments were performed 3–6 times. Statistical significance was determined with the
Wilcoxon–Mann-Whitney-U-test. Differences were considered statistically significant at a p-value less
than 0.05.

3. Results

3.1. Adhesion Characteristics

More PC3par cells adhered to HUVECs over time than did PC3res cells (Figure 1A). The application
of 10 nm of TEM resulted in a diminished attachment rate of PC3par but not of PC3res cells. Tumor cell
interaction with an extracellular matrix revealed lower adhesion of PC3res cells to immobilized collagen
(Figure 1B) or fibronectin (Figure 1C), but an increased adhesion to laminin (Figure 1D), compared to
the parental cells. Treating the tumor cells with TEM (10 nm) suppressed binding of the drug-sensitive
(PC3par) but not the drug-resistant (PC3res) cells to collagen, fibronectin, and laminin.

Figure 1. Adhesion of temsirolimus (TEM)-resistant (PC3res) and TEM-sensitive (PC3par) prostate
cancer cells. (A) time-dependent PC3 adhesion to human vein endothelial cells (HUVEC); (B) binding
to immobilized collagen; (C) binding to immobilized fibronectin; (D) binding to immobilized laminin.
* indicates significant difference to the temsirolimus-free control (PC3par). # indicates significant
difference between cells exposed to 10 nm of TEM and untreated cells.
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3.2. Tumor Motility, Migration, and Invasion

Chemotaxis was significantly elevated in PC3res versus PC3par cells (Figure 2A), whereas motile
spreading through a collagen matrix (migration, Figure 2B) or through HUVECs layered onto collagen
(invasion, Figure 2C) was diminished. TEM blocked migration and invasion of PC3par but not of
PC3res cells. Rather, chemotaxis, migration, and invasion of PC3res cells were even enhanced following
TEM re-treatment.

Figure 2. Motility of temsirolimus (TEM)-resistant (PC3res) and TEM-sensitive (PC3par) prostate cancer
cells. Mean values were calculated from five counts. (A) PC3 chemotaxis; (B) PC3 migration; (C) PC3
invasion. * indicates significant difference to the temsirolimus-free control (PC3par). # indicates
significant difference between the treated and untreated PC3 sublines with 10 nm TEM.

3.3. Integrin Expression Pattern in PC3par and PC3res Cells

The integrin subtypes α2, α3, α6, β1, and β4 were strongly expressed, α1 and α5 were moderately
expressed, and β3 was expressed to a low extent in PC3par cells (Figure 3). The α4 integrin subtype
was not detectable by flow cytometry, neither on PC3par nor on PC3res cells (data not shown).
PC3res cells were characterized by distinct differences in the integrin-expression pattern, compared
to controls. The α2, α3, β1, and β4 subtypes were distinctly elevated, whereas α5 was nearly lost on
the PC3res cell membrane. β3 was also found to be (moderately) up-regulated in the resistant cell
population. No significant differences in expression were seen with respect to integrin α1 or α6 (PC3par

versus PC3res).
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Figure 3. Flow activated cell sorting (FACS) analysis of integrin α and β subtype expression
on temsirolimus (TEM)-resistant (PC3res) and TEM-sensitive (PC3par) prostate cancer cells.
Mean fluorescence values are shown below the histograms (Par = PC3 parental cells, Res = PC3-resistant
cells). One of three independent experiments.

Western blotting demonstrated enhanced protein content of integrins α2, α3, β1, and β4 in PC3res

cells, as compared to the control cell line (PC3par). The α5 integrin was considerably suppressed in
PC3res cells. No differences were seen with integrin α6. The integrin members α1 and β3 were not
detectable. FAK was slightly diminished, whereas pFAK and ILK were equally expressed in PC3par

and PC3res cells (Figure 4A).
α5 integrin mRNA was expressed in PC3res at a very low level compared to the PC3par cells

(Figure 4B). The mRNA of the other integrin subtypes displayed no significant differences between the
sensitive and resistant cells.
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Figure 4. (A) Integrin protein level in temsirolimus-resistant (PC3res) versus temsirolimus-sensitive
(PC3par) cells quantified by pixel density analysis. Integrins were evaluated three times, integrin-linked
kinase (ILK), focal adhesion kinase (FAK), and phosphorylated focal adhesion kinase (pFAK) four
times. Representative Western blots are shown on the right panel. (B) The integrin gene expression
pattern in PC3res versus PC3par cells. Values are given as fold difference to PC3par cells. * indicates
a significant difference.

3.4. Blocking Studies

Blocking studies were carried out to investigate the function of α2 and β1 integrins, which were
strongly elevated in PC3res compared to PC3par, and to explore the mode of action of integrin α5,
which was distinctly diminished in the resistant cell population.

Blocking α2 or β1 significantly down-regulated adhesion, chemotactic movement, and migration
of both PC3res and PC3par cells. The effect of receptor blockade on both cell sublines was similar,
excepting chemotaxis, where β1 influenced PC3par cells more efficiently than PC3res cells (Figure 5).
Blockade of integrin α5 differentially altered cell behavior. Adhesion of PC3par to collagen was
drastically reduced, while adhesion of PC3res was only moderately diminished. Migration of PC3res
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and PC3par increased to a similar extent. However, chemotaxis of PC3par was up-regulated, whereas
activity of PC3res was down-regulated.

Figure 5. Influence of integrin α2, α5, or β1 blockade on PC3 adhesion, chemotaxis, and migration.
Values are shown as percentage difference to their respective 100% controls. * indicates significant
difference between the PC3 control subline and the PC3 subline treated with the function-blocking antibody.
# indicates significant difference between temsirolimus-sensitive (PC3par) and temsirolimus-resistant
(PC3res) cells whose integrin subtype was blocked.

3.5. Influence of VPA on Adhesion, Chemotaxis, Migration, and Integrin Expression of PC3par and PC3res Cells

VPA significantly down-regulated tumor cell binding to immobilized collagen, fibronectin, or
matrigel of both PC3par and PC3res cells, as compared to the untreated controls (Figure 6). The same was
true with respect to tumor cell attachment to HUVECs. Chemotactic movement and migration were
also diminished when VPA was applied to drug-sensitive or drug-resistant tumor cells (Figure 7A,B).
Integrin expression in the presence of VPA revealed a significant down-regulation of α5 in both PC3par

and PC3res cells. Figure 7C depicts percentage difference of integrin expression level in VPA-treated
cells, compared to the controls set to 100%. Figure 7D shows that VPA also acts on pAkt expression
in both PC3par and PC3res cells. VPA did not induce toxic effects, as has been demonstrated by the
trypan dye exclusion test (data not shown). Since VPA serves as an HDAC inhibitor, this was proved
by staining VPA-treated PC3 cells with an anti-acetylated histone H3 (aH3) antibody. Pixel density
analysis demonstrated an increase of aH3 to 205% (PC3par) and 199% (PC3res), as compared to PC3par

and PC3res cells not treated with VPA (set to 100%).
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Figure 6. Adhesion of temsirolimus (TEM)-resistant (PC3res) versus TEM-sensitive (PC3par) prostate
cancer cells in the presence of valproic acid (VPA). The figure depicts time-dependent PC3 adhesion
to human umbilical vein endothelial cells (HUVEC), binding to immobilized collagen, fibronectin,
or laminin. * indicates significant difference to controls not treated with VPA.
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Figure 7. (A,B). Chemotactic movement and migration of PC3res versus PC3par cells treated with
valproic acid (VPA). Values are given as percentage difference to their respective 100% controls.
* indicates significant difference to controls not treated with VPA. (C). Influence of VPA on integrin
α2, α5, or β1 expression. Mean fluorescence units (MFU) are shown as percentage difference to the
respective 100% controls (not treated with VPA). (D) Influence of VPA on Akt expression. Akt and
pAkt levels were quantified by Western blotting and pixel density analysis. Pixel density values of
the pAkt/Akt ratio and representative Western blots are shown (Ctrl = control). * indicates significant
difference between the PC3 control subline and the PC3 subline treated with VPA. # indicates significant
difference between PC3par and PC3res cells.

4. Discussion

Prostate cancer cell adhesion, chemotaxis, and invasion were altered after TEM resistance
developed. Tumor–HUVEC and tumor–matrix interactions were significantly blocked by TEM
application to the drug-sensitive cells but not to the resistant PC3 cells. Binding of PCres to immobilized
laminin was considerably elevated compared to PCpar binding, corroborating studies from Liberio et al.
where an increased laminin attachment of prostate cancer cells was associated with increased cell
mobility [18]. Conversely, adhesion of PC3res to endothelium, as well as to collagen and fibronectin,
was significantly decreased, as compared to PC3par cells. Earlier studies have shown that a loss of
fibronectin binding promotes invasion by facilitating the detachment of cancer cells from the tumor
mass [19]. Apparently, TEM resistance diminishes the (firm) contact of prostate cancer cells to the
vascular wall and the underlying matrix proteins, collagen and fibronectin, while strengthening the
laminin contact. These mechanisms serve as a prerequisite to metastatic progression.

The cell migration (through collagen) and invasion assay (through collagen and HUVECs) carried
out in the present investigation could contradict the hypothesis that TEM-induced-resistance enhances
motile crawling, since the number of counted PC3res cells was lower than that for PC3par cells.
This could to be due to inhibited cell adhesion of PC3res cells to collagen or HUVECs, compared
to PC3par cells, and consequently lead to a lower number of migrating cells. In fact, treating PC3res

cells with TEM significantly increased their migration and invasion potential, and chemotaxis strongly
increased during resistance development, particularly when PC3 were re-treated with therapeutically
relevant TEM concentrations, further activating their invasive behavior.
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TEM resistance, therefore, may not only be coupled to “non-responsiveness” but rather to
re-activation of the cellular motor machinery, leading to a highly invasive tumor phenotype. Chronic
treatment of prostate cancer cells with another mTOR inhibitor, everolimus, has also been associated
with increased metastatic activity [20]. The same increase in metastatic activity has been observed
in renal cell carcinoma cells with acquired resistance towards TEM [21]. It is not yet clear whether
mTOR represents the pivotal element triggering invasion. However, Caino and Altieri recently
pointed to the close correlation between mTOR signaling and the crawling velocity of tumor cells [22].
Neuroblastoma and breast carcinoma models have provided evidence that mTOR activates pathways
relevant to motility regulation [23,24].

Accelerated invasion was accompanied by a change in the integrin expression pattern.
Both cell surface and cytoplasmic protein levels of α2- and β1- integrin increased, whereas α5
decreased in PC3res versus PC3par cells. Analysis of the integrin coding genes demonstrated
a significant down-regulation of α5, indicating that this integrin subtype has been modified on
a transcriptional level.

The role of α2 in prostate cancer is controversial. Current and former functional blocking
studies have demonstrated a positive association between α2 expression and adhesion and migration
properties [20,25]. In contrast, Ramirez et al. postulated that α2 integrin may act as a tumor suppressor
and loss of it may induce bone metastasis [26]. However, this postulate was exclusively related to the
expression of the α2 encoding gene. Since no change in the α2 gene was observed during the present
investigation, an epigenetic mechanism behind α2 up-regulation under chronic drug treatment may be
assumed. It is concluded that elevated α2 may promote cancer metastatic potential through activation
of integrin-mediated signaling pathways. Accordingly, Van Slambrouck et al. showed that a high α2
expression level is necessary to maintain a highly invasive phenotype of prostate cancer cells [27].
A clinical investigation has presented evidence of elevated α2 in skeletal metastases, compared to
primary prostate cancer lesions [28].

The integrin subtype β1 was similarly modified to α2 during resistance development. This may
be expected, since β1 interacts with α2 to form a functional unit [28,29]. Still, the effect of β1 is
controversial. Experiments on PC3 prostate cancer cells have shown that β1-integrin may stimulate
tumor growth or invasion by dynamically regulating inside-out-signaling, while reduced β1-signaling
may promote metastatic dissemination [30]. On the other hand, knockdown of β1 in the same cell
line (PC3) significantly inhibits tumor cell migration [31], and overexpression is particularly apparent
in human bone metastases [32], underpinning β1’s role to drive invasive processes. Interestingly,
the β1-integrin has recently been reported to control skeletal metastasis by crosstalking with the
Akt–mTOR pathway [33,34], which might explain why chronic TEM application is coupled to both
increased tumor invasiveness and increased β1-integrin expression. The Akt–mTOR pathway was not
investigated in the present study. However, chronic TEM exposure has previously been shown
to re-activate Akt-mTOR signaling [17]. It might, therefore, be likely that integrin β1 becomes
up-regulated due to direct communication with the Akt–mTOR pathway, allowing tumor cells to begin
the invasive cascade.

Tesfay et al. have concluded from their studies that autophagy loss may be coupled to intracellular
β1-integrin accumulation caused by lacking lysosomal integrin degradation [35]. Dower and
coworkers assumed that integrin-mediated regulation of cell migration and invasion might depend on
endosome-mediated trafficking and integrin degradation [36]. Therefore, the higher protein levels of
β1, along with α2, α3, and β4, in PC3res cells might be due to disrupted autophagy induced by chronic
mTOR inhibition. Still this is hypothetical and requires further investigation. In fact, an integrin β1
protein increase combined with an increased α3 protein level has been considered to activate prostate
cancer cell migration and invasion by regulating downstream signaling [37], whereby α3 might be
a responsible triggering factor in controlling cell motility [38].

Integrin α5 was not only down-regulated in PC3res cells but was also found to be reduced in
TEM-resistant renal cell carcinoma cells [21] or in prostate cancer cells with acquired resistance to
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everolimus [20]. This might reflect a generalized response to chronic mTOR-blockade, although the
relevance of this behavior is not totally clear. Examination of 157 prostate cancer cases has revealed
a negative correlation between α5 expression and Gleason score, pathological stage, lymph node
metastasis, and prostate-specific antigen level [39], indicating that loss of α5 is associated with tumor
progression. Based on an earlier study, it was hypothesized that resistance causes a functional switch
of α5, driving the tumor cells from adhesiveness to invasiveness [20]. In fact, the present investigation
demonstrates that α5 strongly regulates adhesion of TEM-sensitive tumor cells, while playing a major
role in controlling migration during drug resistance. Since integrin α5 serves as a fibronectin receptor,
this can explain why reduced α5 expression on PC3res was associated with cell detachment from the
fibronectin matrix.

Attention should also be paid to the elevated surface expression of the laminin receptor integrin
α3 in PC3res (versus PC3par) cells, which correlated with enhanced tumor binding to laminin. Although
the relevance of α3 on metastatic progression of prostate cancer has not been fully elucidated, in vitro
experiments have recently demonstrated that α3 may promote survival of laminin-adherent tumor
cells [35] and loss of α3 may impair adhesion to laminin [40]. Resistance development to the mTOR
inhibitor TEM might, therefore, be accompanied by both a functional and quantitative modulation of
the integrin subtype α5, associated with an α3 elevation, leading to an adhesive switch from fibronectin
to laminin.

HDAC inhibition significantly blocked tumor cell adhesion and invasion of both TEM-sensitive
and TEM-resistant PC3 cells. This finding is important, since it indicates that chemoresistant tumor
patients may profit from HDAC targeting. We did not investigate histone acetylation in this study
but have demonstrated earlier that VPA acetylates histones H3 and H4 in TEM-resistant bladder
cancer [17] and renal cancer cells driven to everolimus non-responsiveness [9], indicating its role as
an epigenetic modulator. Indeed, VPA has been reported to revert epithelial-mesenchymal-transition
of mTOR inhibitor resistant tumor cells by targeting histone deacetylases [41].

VPA induced a strong integrin α5 decrease in both PC3res and PC3par cells, which was associated
with an equally strong decrease in chemotaxis. The loss of α5 induced by TEM, on the other hand,
was associated with increased chemotaxis. To account for the opposing chemotaxic effect the two
drugs exert, it is important to remember that different signaling pathways are modified by TEM and
VPA. Pan et al. recently pointed out that regulation of tumor cell behavior by integrins depends on
how the receptors affect cell signaling [42]. TEM resistance has been shown to be coupled to a strong
phosphorylation of Akt and the mTOR complex Raptor, along with c-Met activation [17,43,44]. This is
relevant, since c-Met has recently been demonstrated to displace α5 integrin from β1 integrin during
resistance development. This α5 loss is associated with increased invasion [45].

VPA has been shown to act on histone acetylation as its primary target, thereby reverting
epithelial–mesenchymal transition and blocking tumor cell migration, both associated with α5
reduction [46,47]. Therefore, it may be assumed that invasion blocking by VPA, used here as the
prototype HDAC inhibitor, is at least partially caused by suppression of α5 integrin expression
(although further experiments are required for confirmation). The clinical importance of this has
been demonstrated by Siva et al. who have recently identified α5 as a clinically relevant target
for treating prostate cancer [48]. A peptide targeting activated α5β1 integrin has been developed,
inducing complete regression of intramuscular prostate tumors in mice [49]. VPA use (in disorders for
which a VPA indication exists) has been associated with a decreased cancer risk [50,51], and targeting
HDAC is thought to be beneficial in treating prostate cancer, particularly in its advanced state [52,53].
In good accordance with our data, HDAC inhibition suppressed epithelial–mesenchymal plasticity
and stemness activity observed in mesenchymal-like tumor cells resistant to Akt-mTOR pathway
inhibitors [54]. This would support the role of HDAC inhibitors as a supplement to an mTORinhibitor
based regimen.

VPA unexpectedly caused up-regulation of pAkt in both PC3res and PC3par cells. VPA has
already been proven to block tumor cell growth and proliferation, even in chemo-resistant cells [17,55].
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Therefore, elevation of pAkt by VPA may not be associated with increased growth activity of PC3
cells. Shi et al. presented evidence of reduced pAkt expression in PC3 cells caused by the HDAC
inhibitor suberoylanilide hydroxamic acid (SAHA) [56]. In the same cell line, the HDAC inhibitor
MS-275 (Entinostat) exerted only a marginal effect [57], and applying panobinostat (LBH589) did not
lead to altered pAkt expression in PC3 cells [58]. Ellis et al. has shown that treating PC3 cells with
panobinostat for 24 h down-regulated pAkt, whereas it was up-regulated with 48 h treatment [59].
This is of interest since VPA was also applied long-term in the present study (72 h) and likewise
showed up-regulation. pAkt expression may, therefore, depend on the drug exposure time. Yan et al.
has observed reduced pAkt expression in the presence of SAHA or panobinostat [60]. However,
their results stem from the use of C4-2 cells, which are androgen receptor-positive, whereas PC3 cells
are not. The communication between HDAC and Akt therefore seems complex and may depend on the
tumor cell line, the androgen receptor status, and the applied HDAC inhibitor. Ongoing studies have
been planned to deal with the Akt–mTOR cascade in more detail, to explore whether Akt up-regulation
due to VPA exposure reflects a negative feedback loop or an unspecific epi-phenomenon.

Based on an in vitro model, evidence is presented here indicating that epigenetic suppression
of the integrin α5 subtype could provide a novel strategy to combat progressive prostate cancer.
Verification through animal studies would be the next step with regard to use of the HDAC-mTOR
inhibitor combination. Although this combination has already been demonstrated to delay resistance
in renal cell cancer cells, the protocol must be tailored to the prostate model. Finally, integrin α5
expression must be evaluated in tissue specimens derived from tumor patients.
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20. Tsaur, I.; Makarević, J.; Juengel, E.; Gasser, M.; Waaga-Gasser, A.M.; Kurosch, M.; Reiter, M.; Wedel, S.; Bartsch, G.;
Haferkamp, A.; et al. Resistance to the mTOR-inhibitor RAD001 elevates integrin α2- and β1-triggered motility,
migration and invasion of prostate cancer cells. Br. J. Cancer 2012, 107, 847–855. [PubMed]
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Abstract: Unlike other breast cancer subtypes, patients with triple negative breast cancer (TNBC)
have poor outcomes and no effective targeted therapies, leaving an unmet need for therapeutic
targets. Efforts to profile these tumors have revealed the PI3K/AKT/mTOR pathway as a potential
target. Activation of this pathway also contributes to resistance to anti-cancer agents, including
microtubule-targeting agents. Eribulin is one such microtubule-targeting agent that is beneficial in
treating taxane and anthracycline refractory breast cancer. In this study, we compared the effect
of eribulin on the PI3K/AKT/mTOR pathway with other microtubule-targeting agents in TNBC.
We found that the phosphorylation of AKT was suppressed by eribulin, a microtubule depolymerizing
agent, but activated by paclitaxel, a microtubule stabilizing agent. The combination of eribulin and
everolimus, an mTOR inhibitor, resulted in an increased reduction of p-S6K1 and p-S6, a synergistic
inhibition of cell survival in vitro, and an enhanced suppression of tumor growth in two orthotopic
mouse models. These findings provide a preclinical foundation for targeting both the microtubule
cytoskeleton and the PI3K/AKT/mTOR pathway in the treatment of refractory TNBC.

Keywords: TNBC; eribulin; PI3K/AKT/mTOR; everolimus; combination; synergy

1. Introduction

Triple negative breast cancer (TNBC) accounts for 12–17% of all breast cancers, and is characterized
by a poor overall and relapse-free survival [1]. Unlike hormone receptor positive tumors and tumors
with Her2-neu overexpression, patients with TNBC have worse outcomes after chemotherapy and
have an unmet need for targeted therapy [2,3]. As such, efforts to profile TNBC tumors have identified
the PI3K/AKT/mTOR pathway as a potential therapeutic target [4–6].

The PI3K/AKT/mTOR pathway is a key signal transduction pathway that mediates cellular
responses to growth factors [7–9]. This pathway affects many cellular functions, including cell survival,
cell proliferation, and apoptosis [10]. Patients with TNBC often have high levels of AKT expression
and activation of the PI3K/AKT/mTOR pathway [2,4,11,12]. Treatment targeting the PI3K/AKT/mTOR
pathway in patients with alterations in the PI3K/AKT/mTOR pathway resulted in significantly better
outcomes in both treatment naïve and previously treated patients [2,12]. However, an mTOR inhibitor,
when used alone, can induce increased levels of p-AKT via a negative feedback loop, leading to

Cells 2019, 8, 1010; doi:10.3390/cells8091010 www.mdpi.com/journal/cells177



Cells 2019, 8, 1010

resistance of cells to mTOR inhibitors [13,14]. Novel combinations are urgently needed to effectively
target PI3K pathway alterations in patients that progress on therapy or fail to respond [9,10,15,16].

Microtubule-targeting agents have been used with success to treat TNBC [1,5,17]. Eribulin
mesylate (E7389), a synthetic macrocyclic analogue of the marine sponge natural product halichondrin
B [18,19], suppresses mitosis by directly binding to microtubule ends, resulting in the inhibition of
microtubule growth and formation of tubulin aggregates. This leads to abnormal mitotic spindles that
cannot pass the metaphase/anaphase checkpoint, effectively inducing G2-M cell cycle arrest [20–26].
Eribulin has demonstrated a potent anti-tumor activity against a wide range of tumor cells both in vitro
and in vivo. Eribulin can also be combined effectively with other anticancer agents [27,28]. Eribulin
has been approved for the treatment of TNBC in heavily pretreated patients [29].

Breast cancer cells can eventually become resistant to targeted therapy or chemotherapy, despite
initial response to the treatment [30–32]. Activation of the PI3K/AKT/mTOR pathway contributes to the
resistance to anti-cancer agents, including microtubule-targeting agents. In this study, we investigated
the effect of eribulin and a mTOR inhibitor, either alone or in combination, on the PI3K/AKT/mTOR
pathway and tumor growth in TNBC. Our results demonstrate that eribulin, unlike paclitaxel, potently
decreases the expression of p-AKT in TNBC. Dual treatment of eribulin and the mTOR inhibitor
results in a synergistic suppression of cell survival in a number of TNBCs in vitro and an enhanced
suppression of tumor growth in two TNBC mouse models.

2. Materials and Methods

2.1. Reagents

Eribulin was kindly provided by Eisai Co. Ltd. (Tokyo, Japan). Everolimus (RAD001), BKM120,
and BEZ235 were kindly provided by Novartis (Basel, Switzerland). Antibodies against p-AKT (S473),
AKT, p-S6K, S6K, p-S6, S6, and GAPDH were obtained from Cell Signaling Technology (Danvers, MA,
USA). Anti-β-actin was obtained from EMD Millipore (Billerica, MA, USA).

2.2. Cell Viability Assays

The human breast cell lines BT549, Hs578T, MDA-MB-231, and MDA-MB-468 were obtained
from American Type Culture Collection (Rockville, MD, USA). Cells were cultured in RPMI 1640
medium (Mediatech Inc., Manassas, VA, USA) for BT549 and 4T1 cells, in 1:1 DMEM/F12 (Gibco,
Thermo Scientific, Waltham, MA, USA) for MDA-MB-468 cells, and in DMEM medium (Mediatech Inc.,
Manassas, VA, USA) for MDA-MB-231 and Hs578 cells. Culture media were supplemented with 10%
fetal bovine serum (Atlanta Biologicals, Norcross, GA, USA) and 1% penicillin/streptomycin (Gibco,
Thermo Scientific, Waltham, MA, USA).

Cells (4000 per well) were plated in a 96-well plate format in 100 μL growth medium.
Cells were treated with dimethyl sulfoxide (DMSO) or drugs the next day at the indicated
concentrations and incubated for an additional 3 days. Viable cells were determined by the
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Promega, Madison, WI,
USA) [33]. After treatment, the media were removed and MTT dye was added to each well and incubated
for 4 h according to the manuscripter’s instruction. The resulting formazan crystals were dissolved
in DMSO after removal of the media. Absorbance was read at 570 nm. The half maximal inhibitory
concentration IC50 was determined using the Calcusyn software package (Biosoft, Ferguson, MO, USA).

2.3. Combination Index (CI)

The Chou-Talalay method was used to calculate the combination index (CI) with the Calcusyn
software package (Biosoft, Ferguson, MO, USA) [34]. CI < 1 indicates synergism, CI > 1 indicates
antagonism, and CI = 1 indicates an additive effect.
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2.4. Western Blot

Cells were treated with DMSO or drugs in complete medium at the indicated concentrations and
times, washed with cold phosphaste-bufferd saline (PBS), and lysed in radioimmuoprecipitation assay
(RIPA) lysis buffer (Thermo Scientific, Waltham, MA, USA) containing Halt phosphotase and protease
inhibitors (Thermo Scientific, Waltham, MA, USA). Equal amounts of protein were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Western blot analysis was performed as
described previously [33,35].

2.5. Animal Models

All animal studies were carried out under protocols approved by the Institutional Animal Care
and Use Committee at City of Hope (IACUC 11013). MDA-MB-468 cells (5 × 106 in Matrigel) and 4T1
(1 × 105) were inoculated into the mammary fat pad of 6- to 8-week-old female NOD/SCID/IL2Rgamma
null (NSG) mice (MDA-MB-468) or Balb/C mice (4T1). Once the tumors were palpable, animals were
randomized into four groups with 7–10 mice for each group to achieve an equal distribution of tumor
sizes in all treatment groups. Mice were then treated with a vehicle, eribulin (retro-orbital), everolimus
(oral gavage), or a combination of both agents. Tumor sizes were assessed using calipers once to twice
a week. Tumor volumes were calculated using the formula Width2 × Length × 0.52. Body weight was
monitored weekly as an indicator of the overall health of mice.

2.6. Immunohistochemistry (IHC)

Tumor tissues were fixed in 10% buffered formalin and embedded in paraffin. IHC was performed
by the Pathology Core at City of Hope using VENTANA Ultra IHC automated stainer (VENTANA
Medical Systems, Roche Diagnostics, Indianapolis, IN, USA). Briefly, tissue samples were sectioned
at a thickness of 5 μm and put on positively charged glass slides. The slides were loaded on the
machine and followed by deparaffinization, rehydration, endogenous peroxydase activity inhibition,
and antigen retrieval. The slides were first incubated with primary antibody against Ki67 (Clone 30-9,
Roche Diagnostics, Indianapolis, IN, USA) for proliferation and cleaved-caspase 3 (clone ASP175,
Cell Signaling, Danvers, MA, USA) for apoptosis, and then incubated with DISCOVERY anti-Rabbit
HQ and anti-HQ-HRP, visualized with the DISCOVERY ChromoMap DAB Kit, and counterstained
with haematoxylin (Roche Diagnostics, Indianapolis, IN, USA). The immunoreactivity is evident as a
dark brown color. Slides were scanned with VENTANA iScan HT using VENTANA Image Viewer
(VENTANA Medical Systems, Roche Diagnostics, Indianapolis, IN, USA). The images were taken at
40x magnification.

2.7. Statistical Analysis

Data are presented as the mean ± S.D. A comparison of the means of two groups was determined
by a Student’s t-test. Each experiment was carried out in triplicate or more. p values less than 0.05
were considered statistically significant.

3. Results

3.1. Eribulin Inhibits the Phosphorylation of AKT in Triple Negative Breast Cancer Cells

We first studied the anti-tumor activity of eribulin in several TNBC lines. Cells were incubated
with serial dilutions of eribulin. Cell viability was determined 72 h later. As shown in Figure 1A,
eribulin inhibited cell viability, with an IC50 ranging from 0.07 to 71 nM in TNBC.

Activation of the PI3K/AKT pathway by some anti-cancer drugs has been previously shown to
cause drug resistance [36]. To study the effect of eribulin on the PI3K/AKT pathway, MDA-MB-468 and
4T1 breast cancer cells were incubated with increasing concentrations of eribulin for 24 h, followed
by Western blot analysis. We found that eribulin significantly decreased p-AKT expression in a
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dose-dependent manner (Figure 1B). The reduced expression of p-AKT by eribulin was seen as early
as 4 h in both MDA-MB-468 and BT549 cells (Figure 1C,D).

We next compared the effect of eribulin on the PI3K/AKT pathway with two other microtubule
targeting agents, vinblastine and paclitaxel, as well as a conventional DNA damage chemotherapeutic
agent, cisplatin. Treatment with vinblastine, a microtubule depolymerizing agent similar to eribulin,
resulted in a dose-dependent decrease in p-AKT expression in MDA-MB-468 cells. Treatment with
paclitaxel, a microtubule stabilizing agent, resulted in a dose-dependent increase in p-AKT expression.
Incubation of cisplatin with MDA-MB 468 also resulted in a dose-dependent increase in p-AKT
expression in MDA-MB-468 cells (Figure 2).

Taken together, these results showed that p-AKT expression was suppressed in the presence
of microtubule targeting agents that block tubulin polymerization, such as eribulin and vinblastine,
in TNBC.

Figure 1. Eribulin inhibits cell viability and AKT phosphorylation in triple negative breast cancer
(TNBC) cells. (A) TNBC cells were treated with various concentrations of eribulin. Cell viability was
determined 72 h later. The IC50 was determined by the Chou-Talalay method. (B) Cells were treated
with eribulin at concentrations of 1–1000 nM for MDA-MB-468 and 0.05–50 μM for 4T1 cells. Cells
were harvested at 24 h and measured for the expression of p-AKT, AKT, p-S6K1, and S6K1 by Western
blot analysis. (C–D) MDA-MB-468 and BT549 cells were treated with eribulin for the indicated times
and concentrations. Cells were collected and measured for the expression of p-AKT and p-S6K1 by
Western blot analysis.
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Figure 2. The effect of commonly used cytotoxic agents on AKT phosphorylation. MDA-MB-468 cells
were treated with vinblastine (A), paclitaxel (B), and cisplatin (C) at indicated concentrations. Cells were
harvested at 24 h, and the expression of p-AKT and p-S6K1 was measured by Western blot analysis.

3.2. Combined Treatment of Eribulin and Everolimus Enhances the Reduction of p-S6K1 and p-S6

Given the capability of eribulin to inhibit p-AKT and tumor growth, we next studied the benefit
of combining eribulin with everolimus in TNBC. Everolimus, an inhibitor of mTOR, has emerged as
a potential combination therapy drug for cancer treatment, although everolimus alone only exerts
modest anti-cancer effects. Everolimus often increases the expression of p-AKT in human cancer
cells when used alone. To investigate the effect of combined treatment of everolimus and eribulin
on the PI3K/AKT/mTOR pathway, we incubated MDA-MB-468 cells with eribulin and everolimus at
various concentrations, either alone or in combination. As shown in Figure 3, Western blot analysis for
MDA-MB-468 cells treated with the combination of eribulin and everolimus showed a dose-related
suppression of p-AKT expression, along with a greater inhibition of p-S6K1 and p-S6 expression.
Combination treatment also caused a greater inhibition of p-S6K1 and p-S6 in 4T1, a highly metastatic
mouse TNBC cell line.
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Figure 3. Combined treatment of eribulin and everolimus enhances the reduction of p-S6. MDA-MB-468
(A) and 4T1 (B) cells were treated with eribulin and everolimus at indicated concentrations, either
alone or in combination. Cells were collected 24 h later and analyzed by Western blot for the expression
of p-AKT, p-S6K, and p-S6. Numbers below the corresponding blot represent densitometric analysis
normalized to β-actin.

3.3. Combined Treatment of Eribulin and Everolimus Synergistically Inhibits Cell Viability

We next evaluated whether the combination of eribulin and everolimus resulted in more effective
ant-tumor activity. To address this, MDA-MB-468, 4T1, and BT549 cells were treated with eribulin and
everolimus, either alone or in combination. Cell viability was determined 72 h later. The combination
treatment decreased cell viability more robustly than either agent alone (Figure 4). To determine
whether the increased activity was additive or synergistic, the combination index (CI) was calculated
according to the Chou-Talalay method. As shown in Figure 4, the combined treatment of erubulin and
everolimus caused very strong synergism in all three cell lines.
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Figure 4. Combined treatment of eribulin and everolimus resulted in synergistic cell growth inhibition.
MDA-MB-468 (A,B), 4T1 (C,D), and BT549 (E,F) cells were treated with eribulin or everolimus, either
alone or in combination, at indicated concentrations. Cell viability was determined 72 h later. The
combination index (CI) was calculated by the Chou-Talalay method.

3.4. Combination of Eribulin with PI3K Inhibitors, BEZ 235 and BKM 120, has a Similar Effect on p-S6K/p-S6
and Cell Viability

Because the combination of eribulin with everolimus enhances anti-tumor activity, we next asked
whether a combination of eribulin and other PI3K/AKT/mTOR inhibitors could achieve a similar result.
To address this, we combined eribulin with BEZ235 or BKM120, two pan-class PI3K/AKT/mTOR
inhibitors that induce pathway inhibition and show anti-tumor activity in PI3K-pathway-dysregulated
cancers. As shown in Figure 5A, the combination of eribulin with BEZ235 or BKM120 was more effective
in inhibiting the expression of p-AKT, p-S6K1, or p-S6 than either agent alone. We also evaluated
whether combination treatment increases anti-tumor activity. MDA-MB-468 cells were incubated
with eribulin at various concentrations, either alone or in combination with BEZ235 or BKM120. Cell
viability was determined 72 h later. As shown in Figure 5B–5E, the combination of eribulin with
either BEZ235 or BKM120 synergistically inhibits growth. Taken together, our study shows significant
synergistic growth inhibition when eribulin is combined with PI3K/AKT/mTOR inhibitors.
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Figure 5. Combined treatment of eribulin with BKM120 and BEZ 235 enhances the inhibition of cell
growth. (A) MDA-MB-468 cells were treated with eribulin, BKM120, or BEZ 235, either alone or in
combination, at indicated concentrations. Cells were collected 24 h later and measured for p-AKT, p-S6K,
and p-S6 expression. (B–E) MDA-MB-468 cells were treated with eribulin, BKM120 (B,C), or BEZ235
(D,E), either alone or in combination, at indicated concentrations. Cell viability was determined 72 h later
(B,D). The combination index (CI) was determined according to the Chou-Talalay method (C,E).

3.5. Combined Treatment of Eribulin and Everolimus Enhances Anti-tumor Activity in Mice

Next, we investigated whether the combination treatment could suppress tumor growth in vivo
more effectively than either treatment alone. Mammary fat pads of NSG mice and BALB/c mice were
inoculated with MDA-MB-468 human breast cancer cells and 4T1 mouse breast cancer cells, respectively.
MDA-MB-468 is a human TNBC cell line. 4T1 is a highly metastatic TNBC cell line derived from a
spontaneously arising BALB/c mammary tumor. When the tumors were palpable, we randomized
mice into four treatment groups (eribulin, everolimus, eribulin plus everolimus, or vehicle control).
No severe toxicity was observed in mice treated with the combination (Figure 6C,D). Treatment with
eribulin and everolimus alone had a modest anti-tumor effect. However, the combination of eribulin
and everolimus was more effective than any single treatment in both the MDA-MB-468 tumor and 4T1
tumor (Figure 6).
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Figure 6. Combined treatment of eribulin and everolimus enhances anti-tumor activity in mice.
MDA-MB-468 (A,C,E,G) and 4T1 (B,D,F,H) were implanted into the mammary fat pad of NOD/
SCID/IL2Rgamma null (NSG) mice and BALB/c mice, respectively. NSG mice with MDA-MB-468
tumors were treated with a vehicle, eribulin (0.2 mg/kg for the first week, 0.1 mg/kg for the remainder
of the treatment period, via retro-orbital), everolimus (5 mg/kg via oral gavage), or their combination
two times a week. BALB/c mice with 4T1 tumors were treated with a vehicle, eribulin (1 mg/kg via
retro-orbital), everolimus (5 mg/kg via oral gavage), or their combination three times a week. Tumor
growth (A,B) and body weight (C,D) were measured once to twice a week. (E,F) Tumor weight was
measured at end of the treatment (G,H) Shown are representative images of Ki67 and cleaved-caspase 3
immunohistochemstry in MDA-MB-468 and 4T1 tumor tissues. Data represents means ± SD (n = 7–10).
*, p < 0.05; **, p < 0.005. ***, p < 0.0005, ****, p < 0.0001.

Taken together, our study demonstrates that the combination of eribulin plus everolimus markedly
enhances the suppression of tumors compared to treatment with eribulin or everolimus alone in two
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mouse models of TNBC: a syngeneic model with a well-known highly metastatic TNBC (4T1) and
a xenogeneic model with human TNBC (MDA-MB-468). These findings indicate a potential role for
eribulin/everolimus combination therapy in the treatment of refractory TNBC.

4. Discussion

Despite advances in breast cancer treatment, patients with TNBC have worse outcomes after
chemotherapy than patients with other subtypes of breast cancer [1]. In the era of personalized
cancer therapy, molecular characteristics have been sought to identify new therapeutic targets [5,6].
Efforts to profile TNBC tumors have revealed the PI3K/AKT/mTOR pathway as a potential therapeutic
target. Activation of this pathway also contributes to the resistance to anti-cancer agents, including
microtubule-targeting agents. In this study, we show, for the first time, that the phosphorylation of
AKT is suppressed by microtubule depolymerizing agents, eribulin and vinblastine, but activated by
microtubule stabilizing agents, such as paclitaxel, or by a conventional DNA damaging chemotherapeutic
agent, cisplatin. Dual treatment of eribulin and everolimus results in an increased reduction of p-S6K1
and p-S6, a synergistic suppression of cell survival in a number of breast cancer cell lines in vitro, and an
enhanced suppression of tumor growth in two breast cancer mouse models.

Eribulin mesylate is a microtubule-targeting agent used to treat taxane and anthracycline refractory
breast cancer [18–24,29]. Phase I clinical trials of eribulin in patients with previously treated solid
malignancies demonstrated a dose escalation response that was limited by neutropenia and fatigue.
In these trials, eribulin had linear pharmacokinetics with a rapid distribution phase, extensive volume
distribution with slow to moderate clearance, and slow elimination [37–39]. Phase II clinical trials
were conducted in patients with heavily pretreated metastatic breast cancer. In these trials, eribulin
exhibited antitumor activity with a manageable tolerability profile, with side effects consisting of
neutropenia, fatigue, alopecia, nausea, and anemia. In addition, there was a low incidence of peripheral
neuropathy [40–42]. In the Eisai Metastatic Breast Cancer Study Assessing Physician’s Choice Verses
E7389 clinical trial, a phase III trial of patients with heavily pretreated metastatic breast cancer,
participants received eribulin monotherapy or treatment of physician’s choice (TPC). Enrolled patients
had received a median of four prior therapies. Improvement was seen in overall survival (OS) with
hazard ratio (HR) 0.81 (95% CI: 0.66–0.99, p = 0.041). Median OS was 13.1 months in patients receiving
eribulin versus 10.6 months in TPC [29]. This study led to the FDA approval of eribulin mesylate for
the treatment of breast cancer in patients who had failed taxane- or anthracycline-based therapies.

The PI3K/AKT/mTOR signaling pathway has been implicated in the regulation of microtubule
stability by growth factors and drug resistance [43]. In this study, we compared the ability of eribulin
to inhibit the PI3K/AKT/mTOR pathway and cell growth with that of two other microtubule-targeting
agents, paclitaxel and vinblastine. We found that both eribulin and vinblastine decreased the expression
of p-AKT in TNBC cells. Growth inhibition was also seen with treatment with eribulin or vinblastine.
Interestingly, treatment of TNBC with paclitaxel or the conventional chemotherapeutic cisplatin resulted
in an increased expression of PI3K downstream proteins. Although the mechanism by which eribulin
inhibits the phosphorylation of AKT remains to be elucidated, it is possible that depolymerization of
the microtubule may interfere with the localization of AKT in the cells. It has been previously shown
that the localization of AKT to microtubules is important for sustaining AKT phosphorylation [44,45].

Eribulin was found to inhibit cell growth in MDA-MB-435 triple negative cancer cells at a lower
concentration than paclitaxel or vinblastine in vitro and suppressed 95% of growth in breast cancer
xenografts in vivo [20]. In a study of paclitaxel-resistant human cancer cells in vitro, eribulin and
vinblastine maintained their full potency to inhibit cell proliferation [46]. Enhancement of AKT activity
is likely a survival response by cancer cells to chemotherapy, yet AKT activity appears to be suppressed
when microtubule polymerization is blocked. These findings suggest a mechanism through which
eribulin inhibits the cell growth of refractory triple negative and HER2 expressing breast cancer.

Resistance to microtubule-targeting agents may be due to a multidrug resistant phenotype or
the activation of growth signaling pathways [32]. A better understanding of the mechanisms behind
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drug resistance and the call for more personalized medicine have sparked interest in combination
therapy regimens aimed at multiple targets. Drug combination aims to decrease the drug dose and
toxicities, achieve a synergistic effect, or overcome drug resistance [34]. Loss of the tumor suppressor
PTEN (phosphatase and tensin homolog) and activation of the PI3K pathway have been implicated
in resistance to endocrine therapy and trastuzumab [11,47–50]. PTEN works to antagonize the PI3K
pathway activation of downstream targets AKT and mTOR. When PTEN is lost, the pathway goes
unregulated, resulting in enhanced tumorigenesis [49,51]. The downstream PI3K inhibitors can be
used to overcome the drug resistance.

Everolimus, an inhibitor of mTOR, has emerged as a potential combination therapy drug for the
treatment of cancer that does not respond to conventional therapy [52]. When used alone, everolimus
can induce increased levels of p-AKT via a negative feedback loop, leading to the resistance of cells
to mTOR inhibitors [13,14]. A dual blockade of mTOR and other PI3K pathway inhibitors results in
synergistic decreases in cancer cell growth [13,14,53,54]. Our findings that eribulin treatment decreases
activation of the PI3K/AKT/mTOR pathway led us to investigate the possible synergy between eribulin
and everolimus. Our results demonstrate that dual treatment of eribulin and everolimus increases the
reduction of p-S6K1 and p-S6 expression, a synergistic suppression of cell survival in vitro, and an
enhanced suppression of tumor growth in mouse models. Therefore, targeting both the microtubule
cytoskeleton and the PI3K/AKT/mTOR pathway can lead to a synergistic anti-tumor effect.

The combination of everolimus with endocrine therapy was effective in the treatment of hormone
receptor positive breast cancers. A phase III clinical trial in patients with hormone receptor positive
metastatic breast cancer previously treated with aromatase inhibitors demonstrated that combination
therapy with exemestane plus everolimus showed improvement in progression-free survival (HR
for progression or death=0.43; 95% CI: 0.35 to 0.54; p < 0.001) versus exemestane alone [55,56]. This
led to the FDA approval of everolimus for advanced or metastatic aromatase inhibitor-resistant ER
+ breast cancer [57]. The combination of tamoxifen and everolimus was active in hormone receptor
positive breast cancer [58]. In addition, the efficacy of everolimus in Her2-neu overexpressed breast
cancer was also confirmed in a phase I/II clinical trial of trastuzumab plus everolimus, with a clinical
benefit rate of 34% [59]. These findings from the clinical trials suggest a possible mechanism of drug
resistance through continued PI3K/AKT/mTOR pathway activation and that combination treatment
with everolimus may re-sensitize cancer to the targeted drug. The efficacy of the combination of
everolimus and carboplatin was tested in a phase I trial with a tolerable safety profile and modest
clinical activity [60]. An ongoing clinical trial is comparing the combination of carboplatin and
everolimus versus carboplatin alone (NCT02531932).

5. Conclusions

We have demonstrated preclinical results to support the use of the microtubule-targeting agent,
eribulin, in combination with the mTOR inhibitor, everolimus, against TNBC. This combination therapy
is currently being tested in a phase I clinical trial in patients with TNBC who have progressed on
anthracyclines and/or taxanes (NCT02120469).
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