MTOR Signaling in Cancer | Encyclopedia.pub

MTOR Signaling in Cancer

Subjects: Biochemistry & Molecular Biology

Contributor: Tian Tian

The mammalian or mechanistic target of rapamycin (nTOR) pathway plays a crucial role in regulation of cell
survival, metabolism, growth and protein synthesis in response to upstream signals in both normal physiological

and pathological conditions, especially in cancer.

mTOR cancer inhibitor

| 1. mnTORC1 and mTORC2

MTOR is a serine/threonine kinase, which is attributed to the phosphoinositide 3-kinase related protein kinase
(PIKK) super family, and was first discovered from a genetic screening for rapamycin-resistant mutations in
yeast Saccharomyces cerevisiase W2, |n mammalian cells, mTOR mainly acts through its two evolutionarily
conserved complexes, mTORC1 and mTORC2, which share some common subunits, such as the mTOR kinase,
the mammalian lethal with SEC13 protein 8 (mLST8), dishevelled, EGL-10 and pleckstrin (DEP) domain-containing
MTOR:-interacting protein (DEPTOR), telomere maintenance 2 (Tel2) and Tel2-interacting protein 1(Ttil) complex

as shown in Figure 1.

https://encyclopedia.pub/entry/18565 1/15



MTOR Signaling in Cancer | Encyclopedia.pub

Hormones Nuirienis Amino acids Hypoxia

>

1
ik \
Eﬁr W —y m TSC] ——— AMPH,I e mTOR
-HA
RSK RHEn "/ '“; &S
| mm/&.
@aum mTORCL IRS

mT(}R

I
! SI}K P‘K’E‘
]
E’ !
o [
¢ J i \ | MDRGI Fox(
! \.—."—_f
]
Autophagy Cytoskeletal Rebuilding
i al 5““_ Flomyp WAL L LR el P Cell Survival
/ l r’ Cell Migration
¢lF<3 eIF4E elF4B SGRP ,i,
o o o
Protein Translatson o o 2 =]
o o
i ipl o
Synthesis of Nucleotide Lipid h-- & W
Tumorngenciis

Figure 1. The mammalian or mechanistic target of rapamycin (mTOR) complexes and signaling pathway of
MTORC1 and mTORC2. mTORCL1 is responsive to nutrients, hormones, amino acids, hypoxia and growth factors,
while mTORC?2 responds to growth factors. mTORC1 and mTORC2 share common subunits of mTOR kinase,
mLST8, DEPTOR (DEP domain-containing mTOR-interacting protein), Tel 2 and Tti 1. mTORC1 additionally binds
with RAPTOR (Regulatory-associated protein of mTOR) and PRAS40 (Proline-rich substrate of 40 kDa), and
MTORC2 combines with RICTOR and mSIN1 (Mammalian stress-activated protein kinase interacting protein 1) as
well as Protor and PRR5 (Proline-rich protein 5). mTORCL1 is regulated by PI3K/Akt (Phosphoinositide 3-
kinase/serine-threonine protein kinase) and Ras-MAPK (Mitogen activated protein kinase) signaling pathways.
MTORCL1 regulates protein translation and synthesis of nucleotide lipid via 4E-BP1 and S6K1 and downstream
effectors. MTORCL1 also activates STAT3 (Signal transducer and activator of transcription), HIF-1a (Hypoxia-
inducible factor 1a) and PP2A (Protein phosphatase 2A) in tumorigenesis. mTORC2 regulates SGK (Serum
glucose kinase) and PKC (Protein kinase C) to promote cell survival, cytoskeleton reorganization and cell
migration. mTORC?2 is negatively modulated by mTORC1 via different feedback loops mediated by IRS (insulin
receptor substrate) or Grb10. mTORC1 and mTORC2 can both contribute to turmorigenesis through different

mechanisms [B14],

MTORC1 and mTORC2 are different in the aspects of rapamycin sensitivity, specific binding components,
subcellular localization, downstream substrates, and regulation 2. mTORC1 is sensitive to rapamycin whereas
mTORC?2 is comparatively resistant to rapamycin €. In addition to the common binding subunits, mTORC1 and

MTORC2 respectively harbor distinct components that contribute to the specificity of substrates, different
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subcellular localization, and specific regulation. mMTORCL1 also contains the regulatory-associated protein of mMTOR
(RAPTOR), which is a significant scaffolding protein in the mTORC1 assembly and its stability and regulation, and
proline-rich substrate of 40 kDa (PRAS40) is a negative regulator of mTORC1 by releasing mTORCL1 inhibition
upon the activation of growth factors 8, mTORC2 uniquely contains rapamycin-insensitive companion of mTOR
(RICTOR) and the mammalian stress-activated protein kinase interacting protein 1 (mSIN1), both of which can
mutually affect their protein levels and stabilize each other. Previous research has demonstrated that RICTOR is a
scaffolding protein essential for the assembly, stability, substrate recognition, and subcellular localization activation
of mMTORC2. In addition, mSIN1, which is essential for plasma membrane localization of mMTORC2, negatively
regulates mTORC2 kinase activity [2I[20 Newly discovered interactors include Protein observed with RICTOR 1/2
(Protor-1/2), which are required for mTORC2 assembly and catalytic process, and Proline-Rich Protein (PRR) 5,
which is necessary for mTOR activity and mTOR-RICTOR binding [11112],

MTORC1 and mTORC2 have differing subcellular localization binding with their own respective, specific subunits,
which also determine their distinct functions and independent regulations. mMTORCL1 is associated with endosomal
and lysosomal membranes, where it interacts with its effectors. mTORC2 is affiliated with the plasma membrane,
as well as ribosomal membranes, where it binds with its key substracts, AGC family kinases (subgroup of Ser/Thr
protein kinases named after 3 representative families, the cAMP-dependent protein kinase (PKA), the cGMP-
dependent protein kinase (PKG) and the protein kinase C (PKC) families), such as serum glucose kinase (SGK)
isoforms and protein kinase C (PKC), which are essential for mTORC?2 activation 13, Both mTORC1 and mTORC2
play significant and differing roles in a variety of intracellular processes. They are regulated by various endogenous
and exogenous stimuli, such as nutrients, growth factors, energy, hormones and hypoxia, and they can also affect
glucose metabolism through different physiological mechanisms [R4USI6IL7  Generally, mTORC1 can
phosphorylate its downstream effectors, such as eukaryotic translation initiation factor 4E binding protein 1
(4EBP1), S6 kinase (S6K), and sterol regulatory element-binding protein (SREBP), to motivate protein translation,
synthesis of nucleotides and lipids, biogenesis of lysosomes, and to suppress the process of autophagy 28. On the
other hand, mMTORC2 is more sensitive to extracellular growth factors though the molecular mechanism remains to
be elucidated 221, Upon activation, mMTORC2 phosphorylates its downstream targets SGK and PKC, as mentioned
previously, to intensify the signaling cascade 29. mTORC2 mainly increases cytoskeletal rebuilding and cell

migration, inhibits apoptosis and affects metabolism 2 (as shown in Figure 1).

| 2. Signaling of mTORC1

The mTOR signaling pathway is crucial in cell growth, proliferation and metabolism. mTORCL1 is regulated by
several signaling pathways including the PI3K/Akt pathway, the Ras-MAPK pathway, and some other intracellular

factors (see Figure 1).

Activation of mMTORCL1 is primarily dependent on the PISK/AKT pathway to respond to oncogenic growth factors or
insulin 22, Even though the second messenger phosphatidylinositol (3,4,5)-triphosphate (PIP3) binds and activates
MTORC2 directlyy, mTORC1 can also be indirectly activated by PI3K through Akt. Akt is activated by
phosphorylation at Ser473 by mTORC2 and at Thr308 by another serine-threonie kinase PDK1 (Phosphoinositide-
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dependent Kinase 1). Then, phosphorylation of tuberous sclerosis complex 2 (TSC2) by active Akt results in
blockage of TSC2 and TSC1 combination (231241251 The activator of mMTORC1, Ras homolog enriched in brain
(RHEB), which is negatively regulated by TSC1/2, is released by TSC to allow the activation of mTORC1 in
lysosomes [28]. |n addition, AKT can activate mTORC1 by phosphorylating and dissociating the inhibitor PRAS40
from RAPTOR independent of TSC1/2 1,

Moreover, TSC2 can also be phosphorylated by extracellular signal-regulated kinases (ERKs) and ribosomal
protein S6 kinase (RSK) from the Ras-MAPK signaling pathway, which results in inhibiting TSC1/2 and promoting
RHEB-mediated mTORC1 activation. In addition, similar to AKT, PRAS40 can also be phosphorylated by RSK to
release RAPTOR and activate mTORC1 [28]129](30],

MTORC1 is also responsive to fluctuations of cellular factors such as DNA damage, intracellular adenosine
triphosphate (ATP), glucose, amino acids, and oxygen. Several signaling pathways that are responsive to DNA
damage suppress mTORC1 via p53 target genes, leading to TSC2 activation: for example, 5-AMP activated
protein kinase B (AMPKP) and phosphatase and tensin homolog on chromosome 10 (PTEN) Bl Upon energy
exhaustion, AMP kinase (AMPK), which is activated by low ATP/high AMP levels, promotes TSC1/2 complex
formation and phosphorylates RAPTOR, leading to indirect inhibition of mTORC1 B2l This outcome also implies
that in a situation of energy shortage, AMP accumulation will cover the growth factor signals and suppress cellular
replication. Through a sensing signal cascade of amino acids, mMTORC1 can be positively regulated by amino
acids, activation of which motivates the Rag complex to combine with RAPTOR. Along with this process, mTORC1
is recruited to the lysosomal surface 3884 Rag-GTPase, which is associated with RAPTOR and localizes

MTORCL1 to lysosomal membranes, is especially activated by arginine in lysosomes or by leucine in the cytoplasm
[35][36][37][38]

Once activated, mTORCL1 will transfer the signal to downstream effectors, such as 4EBP1 and S6K1, both of which
are essential modulators of cap-dependent and cap-independent translation. After phosphorylation of 4EBP1 and
S6K1 by mTORC1, the binding partners, eukaryotic initiation factor (elF)-4E and eukaryotic initiation factor-3 (elF-
3), will be respectively liberated, facilitating initiating complex formation for translation and intensifying ribosome
genesis B2, In the following signal cascade, elF-4E will form the elF-4F complex and increase protein translation,
which is significant for the G1-S phase transition. Upon low mTORC1 activity, 4E-BP1 is dephosphorylated, and
protein translation is inhibited 2%. On the other side, elF-4B and S6 ribosomal protein (S6RP) are phosphorylated
by S6K1, which initiates protein translation and continues translation elongation #1421 Actually, mTORC1-related
signals seem to prefer to affect the translation of oncogenic proteins involved in protein synthesis, invasion and
metastasis 48, Moreover, mTORC1 also regulates some other proteins such as hypoxia-inducible factor 1o (HIF-
1la), protein phosphatase 2A (PP2A), glycogen synthase, and signal transducer and activator of transcription

(STAT) 3, through which mTORC1 promotes biosynthesis of proteins, lipids and nucleotides in aberrant cells,
tissue and organism growth in cancer 441[43][46]47][48][49]

In brief, mMTORCL1 activation induces cap-dependent translation that leads to increases in cell size and proliferation,

which are two typical characteristics of cancer BB,
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| 3. Signaling of mTORC2

Although the regulatory mechanism of mMTORCL1 is well depicted, the regulators of mMTORC2 are much less
characterized. This is partly due to the difficulties in teasing apart the functional differences between mTORC1 and
mTORC2 8. As we mentioned previously, through mSIN1, mTORC?2 localizes at the plasma membrane where it
binds with its substrates Akt, SGK and PKC. Notably, the localization of mTORC2 is significant for its regulation &
(see Figure 1).

First, mSIN1 regulates mTORC2 depending on different mechanisms. mTORC2-Akt signaling can be sustained by
a positive feedback loop from mSIN1 phosphorylation of Akt, whereas mSIN 1 phosphorylation by S6K1 at the
same site suppresses mTORC2 activity 22I53I34] On the other hand, recent research found that mSIN1 can also

combine with Rb in the cytoplasm, which results in the inhibition of mMTORC2 complex formation and Akt signaling
155]

Likewise, mTORC2 is regulated by PI3K/Akt, as well as by mTORC1 itself. PI3K activates mTORC2 to bind to
ribosomes both in normal physiological and pathological conditions, such as cancer B8 Akt, which is commonly
found to be hyperactive in cancers, is an important substrate of mMTORC2. Akt aggregates signals from
PISK/MTORC2 and PI3K/PDK1 to accelerate cell proliferation. Localization of Akt to the plasma membrane is
regulated by PIP3, which is similar to mTORC2. Akt also activates mTORCL1 signaling in addition to mMTORC2,
leading to a more complicated signal network 3. In addition, mTORC?2 is negatively modulated by mTORC1 via
feedback loops. For example, the S6K1 promotes insulin receptor substrate (IRS) 1/2 degradation resulting in
inhibition of MTORC2 and the PI3K/Akt pathway. Another feedback mechanism is through growth factor receptor-
bound protein 10 (Grb10), which is positively modulated by mTORC1 BZ5859],

For downstream effectors, serum and glucocorticoid kinase (SGK) and protein kinase C (PKC) are two key
phosphorylation substrates of mMTORC2. SGK substrates include N-myc downstream-regulated gene 1 protein
(NDRG1) and Forkhead box family transcription factors (FoxO), which promote cell survival under oxygen or
nutrient depletion conditions or in response to PI3K inhibition BB Through phosphorylation of different PKC
family members, mTORC2 is reported to regulate cytoskeleton reorganization and cell movements involved in
tumorigenesis LA19162][63] (See Figure 1).

2.4. mTOR Signaling in Cancer

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

cascades in human cancers [©4],

Activation of mTOR signaling in cancer mainly depends on three different levels of mechanisms: first, mutations in

the mTOR gene lead to a constitutively hyperactive mTOR signaling cascade; second, mutations in the
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components of MTORC1 and mTORC2 result in activation of mTOR signaling; and lastly but most importantly,
aberrant mTOR signaling can also result from mutations in upstream genes, that is, loss-of- function mutations in
suppressor genes and gain-of-function mutations in oncogenes . We discuss these mechanisms in the following

text.

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

pharmacological therapies [62],

Moreover, genetic aberrations in components of mMTOR complexes are reported to have a close relationship with
cancer. RICTOR, a component of mTORC2, was found to be amplified in beast cancer, non-small cell lung cancer
(NSCLC), and particularly in squamous cell lung carcinoma (SQCLC), in which RICTOR amplification is
significantly related to poor prognosis and short survival 867681 Qyerexpression of RICTOR was also observed
in gliomas with high Akt activity in nearly 70% of patients and HER2 (human epidermal growth factor receptor-2)-

positive breast cancers, leading to Akt hyperactivity and tumor aggravation B2,

Except for the above, mTOR signaling hyper-activation can commonly result from mutations of upstream genes
including oncogenes and tumor suppressor genes 9. The PI3K signaling pathway, which is upstream of both
mTOR complexes, often has various kinds of mutations of its components in cancer, such as mutation and
amplification of Akt and of PIK3CA and amplification of growth factor receptors, Epidermal Growth Factor Receptor
(EGFR) and insulin growth factor receptor (IGFR) 2781 Since PI3K and RAS are two parallel pathways,
amplification of growth factor receptors that are upstream of either signal can also result in abnormal signal
transduction on both mTOR complexes 4. Furthermore, loss of functions in tumor suppressor genes, such as
PTEN, p53, TSC1/TSC2 and Serine Threonine Kinase 11 (STK11), all contribute to mTOR activation in the
pathological state of cancer 2. PTEN, which is the second most frequently mutated gene after p53 in human
cancer, can be downregulated through mutation, methylation, protein instability and intracellular localization 8,
Aberrations in the PTEN genes also influence cancer cells in myeloma, breast cancer and endometrium cancer,
which are sensitive to mTOR inhibitors A8 |nactivation of TSC1 or TSC2, which are negative regulators of
MTORC], is responsible for Tuberous Sclerosis and leads to benign tumor genesis. This also demonstrates that
MTORCL1 serves as a potent driver of cell proliferation. Mutations of TSC1 and TSC2 are reported in bladder
cancer, urothelial carcinoma, clear cell renal carcinoma and well-differentiated pancreatic neuroendocrine tumors
[BLI82](83] Actually, mutations in TSC1, TSC2 and mTOR are much less frequent than those in components that are

higher upstream in the signaling pathway.

mMTOR signaling mainly regulates cell proliferation and metabolism involved in tumor initiation and progression. As
reported, at the level of 4E-BP1/elF-4E, dysregulation of protein synthesis downstream of mTORCL1 play a central

role in tumorigenesis. elF-4E promotes the translation of specific pro-oncogenic proteins that regulate cell survival,
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cell cycle progression, angiogenesis, energy metabolism, and metastasis. Besides, mTOR activation also leads to
increased ribosome biogenesis, providing machinery to maintain high levels of cell growth 24l In cancer cells,
metabolism seems to reprogram to sustain the demands of rapid cell growth. mTOR complex is recently depicted
as a nutrient sensor in metabolism of cancer, especially on glucose and amino acid, nucleotide, fatty acid and lipid,
growth factors and other stresses. Nutrient sensing mainly activates mTORC1 and the metabolic changes in
cancer cells sustain mTOC1 activation in turn “4I26IL784] |n glucose metabolism, mMTORC1 can enhance the
translation of two key transcription factors, hypoxia inducible factor (HIF)-1a and Myc, which drive expression of a
variety of glycolytic enzymes to regulate glycolysis B3IE8I87] mTORC2 can also increase glucose metabolism
through its downstream effector AKT B8, For lipid synthesis, mTORCL1 activates the critical transcription factor
sterol regulatory element-binding protein 1 (SRE-BP1) driving gene transcription in lipid synthesis via Akt activation
and phosphorylation of Lipinl and S6K1 B9 The increased levels of SRE-BP mRNA and protein are associated
with mTORC1 upregulation in human breast cancer tissues 211, In addition, purine and pyrimidine synthesis, which

is significant for cancer cell DNA replication, can also be promoted by mTORC1 via S6K1 phosphorylation [22123],

Moreover, mTOR is involved in the regulation of autophagy, a process that degrades and recycles cytosolic
components in response to a shortage of nutrients and energy. Autophagy is commonly regarded as an inhibition
process against tumorigenesis, and blockage of autophagy contributes to cancer initiation 24. However, some
conflicting research results have demonstrated that autophagy may play a dual role in cancer development under
specific conditions: for example, it is dependent on different P53 status in pancreatic cancer 2961971 mTORC1 is
reported to inactivate UNC-5-like autophagy-activating kinase 1 (ULK1) by phosphorylation resulting in failure to
form ULK1-ATG13-FIP200 complex, which is required for autophagy initiation [281292001 \yhjle mTORC2 can inhibit
autophagy indirectly by activating mTORC1. mTORCL1 also regulates autophagy at the transcription level by
modulating a key transcription factor, Transcription Factor EB (TFEB), for genes in lysosomes and autophagy 1911,
Moreover, mMTORC1 is likely to affect autophagy through some other ways such as the death-associated protein 1
(DAP1) which suppresses autophagy, WD repeat domain phophoinositide-interacting protein 2 (WIPI2) and a
mammalian ortholog of Atg18 17,
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