Received: 9 April 2021 Revised: 15 June 2021 Accepted: 24 June 2021

DOI: 10.1111/acel.13431

Aging

REVIEW WILEY

MTORC2: The other mTOR in autophagy regulation

Josué Ballesteros-Alvarez® | Julie K. Andersen

Buck Institute for Research on Aging,

Novato, California, USA Abstract

The mechanistic target of rapamycin (mTOR) has gathered significant attention as
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tal, nutritional, and hormonal cues but which regulate separate molecular pathways

as a major negative regulator of endosomal biogenesis and autophagy, a catabolic
process that degrades intracellular components and organelles within the lysosomes
and is thought to play a key role in human health and disease. In contrast, the role of
mTORC2 in the regulation of autophagy has been considerably less studied despite
mounting evidence this complex may regulate autophagy in a different and perhaps
complementary manner to that of mTORC1. Genetic ablation of unique subunits is
currently being utilized to study the differential effects of the two mTOR complexes.
RICTOR is the best-described subunit specific to mTORC2 and as such has become a
useful tool for investigating the specific actions of this complex. The development of
complex-specific inhibitors for mTORC2 is also an area of intense interest. Studies to
date have demonstrated that mMTORC1/2 complexes each signal to a variety of exclu-
sive downstream molecules with distinct biological roles. Pinpointing the particular

effects of these downstream effectors is crucial toward the development of novel
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therapies aimed at accurately modulating autophagy in the context of human aging

and disease.
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1 | THE ENDOSOMAL SYSTEM

Endosomes are membrane-bound compartments contained within
eukaryotic cells. These vesicles originate from the trans-Golgi and
can be catalogued as early endosomes, recycling endosomes, late
endosomes, or fully mature lysosomes. Endosomes store and sort in-
tracellular material that is subsequently recycled back to the plasma
membrane or to the Golgi, whereas acidified late endosomes mature
into lysosomes. Fully mature acidic lysosomes are capable of fusing
with autophagosomes, targeting their content for protein degrada-
tion in a catabolic process known as autophagy which is vital for
intracellular recycling and clearance of cellular debris. The nature of
the material that is engulfed by autophagosomes is varied and in-
cludes misfolded protein aggregates, oxidized lipids, pathogens, and
damaged intracellular organelles such as mitochondria which can
have deleterious effects on cellular health if not properly cleared.
The products from endocytic vesicles or autophagic degradation are
subsequently recycled to meet the nutritional needs of the cell for
energy production or as building blocks for the biosynthesis of new
cellular components.

Autophagy can be roughly divided into three different subtypes
in mammalian cells. Microautophagy features the formation of small
invaginations in the lysosomal membrane that engulf cytosolic cargo
through complex fusion/fission membrane dynamics that are yet to
be fully elucidated but are likely to be dependent on endosomal sort-
ing complexes required for transport (ESCRT) proteins and/or solu-
ble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) proteins (Schuck, 2020).

Macroautophagy, to date the most well-studied autophagy sub-
type, involves the fusion of the autophagosome with an acidic ly-
sosome, forming an autolysosome. In turn, macroautophagy can be
divided into bulk autophagy or selective autophagy, the latter re-
ferring to the degradation of specific subcellular structures, such as
mitophagy of mitochondria, lipophagy of lipid droplets, or chloroph-
agy of chloroplasts. At least 35 autophagy-related genes (ATGs) have
been identified so far, with a subset (the “core” ATGs) being con-
served across eukaryotic organisms from yeast to mammals (Bento
et al., 2016; Mizushima & Komatsu, 2011). These govern processes
including autophagosome induction and formation, expansion, clo-
sure, and fusion with lysosomes.

The third subtype of autophagy described in mammals, namely
chaperone-mediated autophagy (CMA), consists of the specific tar-
geting of a substrate for degradation by the formation of a complex
with heat shock cognate 71 kDa (HSC70) proteins. The complex
is subsequently transported to the lysosomal membrane where it

binds a CMA receptor and is internalized. CMA is unique in that, fol-
lowing receptor recognition, substrate proteins traverse the mem-
brane rather than being engulfed by nascent endosomes (Kaushik &
Cuervo, 2012).

Pathways involved in endosomal trafficking include the fusion
of mature lysosomes with vesicles that contain extracellular mate-
rial that has been taken up through the process of endocytosis for
further digestion. Additionally, a small fraction of cellular lysosomes
is secretory lysosomes, also called lysosome-related organelles.
Secretory lysosomes localize closer to the plasma membrane. Here,
exocytosis has been shown to be calcium-dependent and regulated
by the transcription factor EB (TFEB), which controls the transcrip-
tion of genes involved in translocation to the plasma membrane and
unloading of cellular metabolites (Medina et al., 2011). Lysosomal
exocytosis is very active in certain cell lineages: melanocytes that
secrete melanosomes filled with melanin pigment (Raposo & Marks,
2002), osteoclasts that resorb bone material by endocytosis and
transport the vesicles through the cytoplasm to the opposite pole
at the basal plasma membrane, releasing their content into the ex-
tracellular space (Salo et al., 1997), and spermatozoa that secrete
hydrolases during fertilization (Tulsiani et al., 1998). Lysosomal
exocytosis is important for the immune function through the secre-
tion of antigen-loaded major histocompatibility class Il complexes
(MHC-II) by dendritic cells and for cytotoxic T-cell secretory degran-
ulation (Pu et al., 2016). Lysosomes also have been shown to migrate
to the plasma membrane to promote repair, a process dysregulated
in muscular dystrophy (Han et al., 2007).

The endosomal-lysosomal network has traditionally been con-
sidered as merely a mechanism for intracellular sorting and delivery,
degradation, and recycling. However, an ever-increasing number of
studies highlight a complex role for endosomal vesicles and lyso-
somes as major signaling hubs that link environmental cues such as
amino acid availability through multiple signaling pathways to gene
regulation involved in cellular metabolism (Dibble & Manning, 2013).
The modulation of mitogenic signals through degradation of epider-
mal growth factor receptor (EGFR) and other receptor tyrosine ki-

nases (RTKs) (Burke et al., 2001) are examples of these.

1.1 | Autophagy and endosomal trafficking in
human disease and aging

Defective lysosomal function is the cause of a group of more than
50 rare inherited metabolic disorders designated as lysosomal stor-
age diseases (LSDs). These disorders are characterized by mutations
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that usually result in deficiency of a single enzyme required for the
metabolism of substrates, leading to enlarged lysosomal vacuoles
filled with undegraded material often localized adjacent to the nu-
cleus. They are further classified, depending on the substrate that
accumulates into lipid storage disorders, mucopolysaccharidoses, or
glycoprotein storage disorders. Pompe disease, for example, is a LSD
characterized by an accumulation of glycogen in the lysosomes of
muscle cells, nervous system, and liver. To date, there are no cures
for LSDs and treatments are mostly symptomatic.

Recently, increasing attention has been given to a potential
link between abnormal lysosomal function and neurodegeneration
and the induction of autophagy as a potential therapeutic target
for conditions such as Huntington's disease, Parkinson's disease,
and Alzheimer's disease, where pathogenic protein aggregation is
a shared characteristic hallmark. These conditions have been at-
tributed to changes in, among others, mTORC1, dynein, and Ras-
related protein-7 (RAB7) activity (Caviston et al., 2011; Erie et al,,
2015; Wen et al., 2017), preventing degradation of protein deposits
by the autolysosomal pathway through a mechanism not yet fully
elucidated. Accumulation of lysosomes that disturb the normal mor-
phology of neuronal axons due to blockade of lysosomal proteolysis
and vesicle transport has been described in Alzheimer's disease (Lee
etal.,, 2011).

Understanding the role of the autophagy response in cancer
biology is crucial in the search for novel effective therapeutics for
this group of disorders. Anticancer agents have been shown to ac-
tivate autophagy which can serve as a means for promoting their
survival through efficient use of available nutrients, handling of ox-
idative stress, and limiting DNA damage. Activated autophagy can
be detected at the most hypoxic regions of the tumor where there
is considerable metabolic stress, conferring a survival advantage.
Autophagy inhibition has been shown to improve the performance
of anticancer drugs, including the response to chemotherapy in sev-
eral human tumors and in preclinical mouse models. Inhibition has
been shown to enhance the cytotoxic activity of effector T lympho-
cytes and natural killer cells against tumoral cells (Amaravadi et al.,
2011). Human pancreatic tumors and pancreatic cancer cell lines
are dependent on elevated basal levels of autophagy compared to
normal pancreatic cells (Yang et al., 2011). Consistent with this, au-
tophagy inhibition has been reported to induce apoptosis and to halt
pancreatic tumor growth (Marchand et al., 2015). During oncogenic
transformation, lysosomes can undergo changes in pH, subcellular
localization, or composition; reductions in RAB7 expression pro-
mote lysosomal relocation to the cell periphery which has been doc-
umented to occur in prostate cancer and associated with increased
tumor invasiveness (Steffan et al., 2014). The authors proposed that
the mechanism behind this involves the unloading of proteolytic en-
zymes into the extracellular space that then digest the extracellular
matrix. In addition, the endosomal network can incorporate proteins
such as the transmembrane type 1 matrix metalloproteinase into
the plasma membrane invadopodia, facilitating tumor migration,
invasion, and metastasis (Macpherson et al., 2014; Monteiro et al.,
2013). Peripheral lysosomal relocation has also been associated with
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increased expression of integrins in the plasma membrane, enhanc-
ing migration, and cell adhesion necessary for the establishment of
new tumor populations (Dozynkiewicz et al., 2012). Importantly,
tumor cells that undergo the process of autophagy, cease cell divi-
sion and movement, and enter a dormant state, while maintaining
the capacity to regenerate and resume proliferation when proper
growth conditions are restored. Tumor regeneration and re-
emergence from latency is a key issue in cancer management (White
& DiPaola, 2009).

Paradoxically, a tumor-suppressive role for autophagy in line
with its known role in clearing damaged organelles and cellular com-
ponents has also been documented. This role is particularly promi-
nent in hepatocellular carcinoma. Mice carrying deletions of Atg5 or
Atg7 display an inactivation of autophagy and a build-up of cellular
waste. Defective autophagy leads to increased DNA-damaging reac-
tive oxygen species production, genomic instability, and generalized
inflammation which can promote tumor initiation (Komatsu et al.,
2007; Takamura et al., 2011). Monoallelic loss of Beclin-1, a gene
required for autophagic induction, has been reported in both ovar-
ian and breast cancer (Liang et al., 1999). Beclin-1 deletions induce
chromosome instability and tumor initiation (Mathew et al., 2007).
A very common mutagenesis event in a wide variety of human can-
cers involve mutations that lead to abnormal activity of the PISK
and mTOR pathways. Hyperactive phosphoinositide 3-kinase (PI3K)
inhibits autophagy and simultaneously stimulates uncontrolled cell
growth and proliferation, regardless of nutrient and growth signal
availability, which eventually leads to extreme metabolic stress and
cell death (Jin et al., 2007), perhaps in a delicate balance that is still
advantageous to the tumor. Due to its various known effects, au-
tophagy has been referred to as a double-edged sword in regard to
whether it contributes to the overall suppression or promotion of
tumorigenesis (White & DiPaola, 2009). Current efforts are directed
to understand how pharmacological modulation of autophagy in
cancer could lead to the development of novel, effective therapies
depending on the particular autophagy context and whether it is ac-
tivated or suppressed.

Current research on therapies that aim to prolong lifespan shows
that the autophagy pathway is one of those implicated during the
aging process. Age-related impairments in autophagy have been
reported in the rat liver and studies in model organisms including
Saccharomyces cerevisiae, Caenorhabditis elegans, and Drosophila
melanogaster demonstrate that deficiency in key autophagy genes
(Atgs) results in a reduced lifespan (Martinez-Lopez et al., 2015). In
mammals, protein levels of LAMP2A have been shown to decline in
aging mice, correlating with decreased CMA activity. Interestingly,
inducible liver overexpression of the LAMP2A receptor helped main-
taining functional CMA in the murine aged liver (Zhang & Cuervo,
2008). The effects of pharmacological approaches directed to pro-
mote longevity including caloric restriction, sirtuin-1 (SIRT1) acti-
vation, mTOR, and insulin growth factor (IGF) inhibition all require
autophagy activation (Rubinsztein et al., 2011). However, there are
other documented effects of these approaches that are autophagy-
independent. A better understanding of the role that autophagy
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plays in the complex biological process of aging will therefore be

essential in order to reach the goal of boosting cellular rejuvenation

and lifespan extension.

2 | THE mTOR COMPLEX

The mechanistic target of rapamycin complex (mTOR) contains sev-
eral components including phosphatidylinositol 3-kinase-related
kinase (PIKK) that serve as the core for two distinct complexes:
mTORC1 and mTORC2 (Heitman et al., 1991). These two multi-
subunit complexes associate with distinct sets of proteins and
localize to particular subcellular compartments as dimers. The
disheveled, egl-10, and pleckstrin (DEP) and domain-containing
mTOR-interacting protein (DEPTOR) are a negative regulator of
mTOR catalytic activity, common to both complexes (Peterson et al.,
2009). Specific to mTORC1 are the regulatory-associated protein
of mTOR (RAPTOR) (Hara et al., 2002) and the 40-kDa proline-rich
Akt substrate (PRAS40) (Sancak et al., 2007). Rapamycin-insensitive
companion of mTOR (RICTOR) and the mammalian stress-activated
MAP kinase-interacting protein-1 (mSIN1) form part of the mTORC2
exclusively (Xie et al., 2018; Zoncu et al., 2011). The mTORC1/2
complexes both are capable of sensing various signaling pathways,
growth factors, hormones, redox status and certain amino acids and
their derivatives, ensuring the availability of adequate resources
vital for the modulation of cell metabolism and survival (Bartolome
& Guillen, 2014; Hay & Sonenberg, 2004) (Figure 1).

A key characteristic that has allowed researchers to discern be-
tween these two complexes is the binding of the FK506-binding
protein 12 (FKBP12) to the macrolide rapamycin, forming a complex
that is capable of directly inhibiting mTORC1 (Brown et al., 1994),
but not mTORC2 which has thus been deemed to be insensitive to
rapamycin (Jacinto et al., 2004). Under conditions of nutrient res-
toration following serum deprivation, rapamycin prevents the re-
phosphorylation of ribosomal protein Sé kinase beta-1 (S6K1) by
mTORC1 but not that of Ser473 of AKT by mTORC2 (Jia & Bonifacino,
2019). The C-terminus of the mTORC2-specific RICTOR component
lies adjacent to the FKBP-12-rapamycin-binding domain of mTOR,
obstructing it and therefore rendering it ineffective. Interestingly,
removal of the C-terminus of Avo3, the RICTOR homolog in S. cer-
evisiae, generated a FKBP12-rapamycin-sensitive complex (Gaubitz
et al., 2015). However, chronic rapamycin treatment as opposed to
acute exposure has been shown to disrupt mTORC2 activity, affect-
ing glucose metabolism (Arriola Apelo et al., 2016; Lamming et al.,
2012; Yu et al., 2019), possibly due to binding of rapamycin-FKBP12
to the nascent pool of mTOR and thus ablating its assembly into
mTORC1/2 complexes (Sarbassov et al., 2006). As predicted, pro-
longed rapamycin treatment has been reported to impair Akt phos-
phorylation, the canonical downstream target of phosphorylation
of mTORC2 (Sarbassov et al., 2006). The conserved region in the
middle (CRIM) of Sin1 is a domain that has been shown to mediate
recruitment of AGC kinases to mTORC2 and thus required for their
mTORC2-mediated activation (Tatebe et al., 2017). CRIM-deficient
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FIGURE 1 The two distinct mTORC1/2 complexes and their
regulation of autophagy. PIKK and DEPTOR are components
common to both mTOR complexes, whereas RAPTOR and PRAS40
are specific to mTORC1 and RICTOR and mSIN1 are specific to
mTORC2. mTORC1 has been shown to induce phosphorylation
of the MiT-TFE factors, ATG13 and ULK1, which become unable
to positively regulate autophagy. In turn, mTORC2 induces the
phosphorylation of Beclin-1, GFAP, and VDAC1, and similarly,
prevents them from activating autophagy. mTORC2-mediated
phosphorylation of FOXO proteins modulates their subcellular
localization leading to various outcomes regarding autophagy
regulation (see Figure 3). See details in text

mutants efficiently ablate phosphorylation of AKT, protein kinase
C-alpha (PKCa), and PKCe while not affecting the mTORC1 target
S6K1 (Cameron et al., 2011; Murray & Cameron, 2017). These find-
ings suggest the importance of determining the precise mechanistic
action of rapamycin versus other mTOR inhibitors in an effort to dif-
ferentiate the roles of the two mTORC1/2 complexes and further
elucidate their multiple mechanisms of action and potential as ther-

apeutic targets.

2.1 | The role of the mTORC1 pathway
in autophagy

The mTORC1 complex has been shown to be regulated by multiple
input signals such as hormones, growth factors, amino acids, and fatty
acids. One of the main effects of activation of mTORC1 is the phos-
phorylation of S6K1 and eukaryotic translation initiation factor 4E-
binding protein-1 (4EBP1), which facilitates the translation of mRNA
and positively controls downstream anabolic processes. The tuber-
ous sclerosis complex (TSC) is the main upstream negative regulator
of mTORC1, integrating these upstream signals (Inoki & Guan, 2009;
Swiatkowski et al., 2017). It stimulates the GTPase activity of the ras
homolog enriched in brain (RHEB) protein that hydrolyzes RHEB-GTP
to RHEB-GDP, maintaining mTORC1 in a switched-off state. TSC can
be inhibited by the AKT, MAPK, and Wnt pathways, whereas it is ac-
tivated via phosphorylation by AMP-activated protein kinase (AMPK)
(Dalle Pezze et al., 2016), a kinase that becomes active at low ATP:AMP
ratio. An important TSC-independent mechanism of mTORC1
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regulation is its inhibition under conditions of amino acid deprivation,
connecting cellular nutritional status to the modulation of cell metabo-
lism. Of note, the particular circulating amino acids responsible for the
activation of the complex remain elusive. Arginine and leucine have
been shown to be required for mTORC1 activation, however, they are
not sufficient (Hara et al., 1998). Importantly, in addition to its role as
an activator of the mTORC1 inhibitor TSC, AMPK has been shown to
become activated by amino acid sufficiency, and subsequently able
to place an inhibitory phosphorylation on Raptor (Gwinn et al., 2008).
The concurrent activation of mTORC1 and AMPK under nutrient-rich
conditions may suggest a role for AMPK in maintaining autophagy and
metabolic homeostasis and an intricate cross-regulation of the AMPK-
mTORC1 axis (Dalle Pezze et al., 2016). Recent studies support a two-
step mechanism for the activation of mTORC1 by two distinct groups
of amino acids, namely priming and activating amino acids (Dyachok
et al., 2016). When amino acids are abundant, a conformational change
in Rag-GTPase heterodimers is induced. These heterodimers interact
with Raptor, a member of the mTORC1 complex, which in turn localizes
the complex to the surface of late endosomes and lysosomes where it
is activated by RHEB-GTP (Martina & Puertollano, 2013; Sancak et al.,
2008). This highlights the notion that the endosome-lysosomal net-
work is a central hub for intracellular signaling and not just merely as a
degradation station (Perera & Zoncu, 2016).

Importantly, upon integration of these multiple environmen-
tal and chemical cues, mTORC1 is known to play a pivotal role as
a negative regulator of catabolic processes such as autophagy in
a transcription-dependent and independent manner. Under a suf-
ficient supply of nutrients, growth factors, and cellular signaling
stimuli, mTORC1 is activated at the lysosomal surface and, through
phosphorylation, inhibits proteins that are important for autophagy
and lysosomogenesis. These include TFEB (Martina et al., 2012;
Roczniak-Ferguson et al., 2012) and transcription factor E3 (TFE3)
(Martina et al., 2014), two important transcriptional regulators of
these cellular processes, and Unc-51 like autophagy activating ki-
nase 1 (ULK1) and ATG13 (Hosokawa et al., 2009), proteins that are
directly involved in the formation of autophagosomes (Figure 1).

TFEB contains a number of amino acids that undergo phos-
phorylation by several different kinases. Serine 142 of TFEB has
been shown to be phosphorylated by ERK and mTORC1, the lat-
ter which also targets serine 211 of TFEB. This takes place at the
outer lysosomal membrane and affects the subcellular localization
of the protein. Phosphorylated TFEB at the lysosomal membrane is
bound by 14-3-3 proteins that mask a nuclear localization signal in
the vicinity, thereby retaining TFEB in the cytoplasm (Pena-Llopis
et al., 2011; Roczniak-Ferguson et al., 2012; Settembre et al., 2012).
Similarly, mTORC1 phosphorylates TFE3 and microphthalmia-
associated transcription factor (MITF) and regulates their activity
through the same mechanism of cytoplasmic retention (Martina
et al., 2014; Martina & Puertollano, 2013). Inactivation of the com-
plex due to lack of nutrients or mitogens switches off the mTORC1
and MAPK/ERK pathways, leading to nuclear translocation of these
factors and upregulation of target genes. Unphosphorylated TFEB
and TFE3 shuttle to the nucleus, where they bind to Coordinated
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Lysosomal Expression and Regulation (CLEAR) consensus se-
quences, whereas nuclear MITF has been shown to activate genes
involved in melanogenesis in MNT-1 melanoma cells (Bentley et al.,
1994; Hah et al., 2012). Inactive mTORC1-dependent shuttling of
microphthalmia/transcription factor E (MiT/TFE) proteins to the nu-
cleus establishes a negative feedback loop, turning on expression of
genes required for mTORC1 activity including folliculin interacting
protein 2 (FNIP2), RagC/D, and vATPase and promoting lysosomo-
genesis and autophagy thereby increasing amino acid pools (Palmieri
et al., 2011; Zhang et al., 2015). Nuclear shuttling of TFEB and sub-
sequent enhancement of its transcriptional activity has been shown
to lead to induction of autophagy and clearance of intra-lysosomal
aggregates in a model of neurological Batten disease (Palmieri et al.,
2017). Interestingly, mTORC1 can be positively regulated through
the MAPK/ERK axis by two different routes, pointing to a crosstalk
between these two distinct pathways in the regulation of the CLEAR
network. Firstly, ERK1/2 downstream of the BRAF/MAPK pathway
can phosphorylate RSK which, in turn, activates mTORC1 in mela-
noma cells and its downstream targets, promoting increased protein
translation, growth, and proliferation (Romeo et al., 2013; Xue et al.,
2017). Secondly, MAPK signaling leads to phosphorylation of raptor
on proline sites prior to raptor-mediated scaffolding and recruitment
to the lysosomes of active mTORC1 (Carriere et al., 2011).

3 | mTORC2: THE OTHER mTOR

Significantly less is known about mTORC2 as compared to mTORC1,
although it has been shown to respond to growth factors such as
insulin and to participate in the regulation of cell metabolism and
survival, mostly through AKT/protein kinase B (PKB) as its main
downstream effector. AKT/PKB is the best described substrate of
mTORC2 phosphorylation, to the extent that a great number of the
studies investigating mTORC2 activity refer to AKT as the most
common readout of its activity. AKT/PKB is a member of the fam-
ily of AGC kinases that includes PKC and serum and glucocorticoid-
regulated kinase (SGK). Several of the AGC kinases contain a turn
motif adjacent to hydrophobic residues that is subject to phosphoryl-
ation by mTORC2 (Dai & Thomson, 2019; Pearce et al., 2010; Polak &
Hall, 2006). It is important to take into consideration when studying
mTORC2 and its effectors that the phosphorylation of this domain
in AGC kinases is only required for maximal activation of the kinase
and coincides with downstream phosphorylation of specific sub-
strates (Gaubitz et al., 2016). Multi-step activation of AKT involves
the phosphorylation of Thr308 by phosphoinositide-dependent
kinase 1 (PDK1) and Ser473, one of the true targets of mTOR ki-
nase activity that requires the presence of RICTOR (Sarbassov et al.,
2005), others being Thr450, Ser477, and Thr479. Thr450 belongs to
the turn motif of AKT has been described as constitutively phospho-
rylated and as responsible for proper folding of the protein (Ikenoue
et al., 2008; Manning & Toker, 2017), increasing stability and reduc-
ing ubiquitination (Liao & Hung, 2010; Risso et al., 2015). Ser477
and Thr479 phosphorylation at the C-terminal tail of AKT has been



BALLESTEROS-ALVAREZ ano ANDERSEN

' | wiLey- Aging

shown to respond to cell division protein kinase 2 (CDK2)/Cyclin A

and also mTORC2, promoting active conformation of the protein and
further phosphorylation at other residues such as Ser473 (Liu et al.,
2014, 2014).

Avariety of upstream inputs have been associated with mTORC2-
mediated phosphorylation of Ser73 of AKT. Insulin-stimulated PI3K
promotes the association of mTORC2 with the ribosome which, in
turn, correlated with increased phosphorylation of Ser473 of AKT
(Zinzalla et al., 2011). RICTOR is required for insulin-induced phos-
phorylation of Ser473 (Kumar et al., 2008). kB kinase alpha (IKKa)
has been shown to associate with mTORC2, stimulating its Ser473
phosphorylation (Dan et al., 2016) in the response to inflammation.
A regulatory feedback loop involving mTORC2 and AKT has been
described, in which PDK1 activates Akt through phosphorylation of
Thr308. This leads to activation of mTORC2 through phosphoryla-
tion of Sinl at Thr86, resulting in further enhanced phosphorylation
of Akt by mTORC2 (Yang et al., 2015). Amino acid availability has
been shown to induce the phosphorylation of Thr308 of Akt, feed-
ing into this positive regulatory loop. The regulation of mTORC?2 ac-
tivation by amino acids is reminiscent of the well-described function
of mTORC1 as a nutrient sensor. However, the particular amino acids
that activate mTORC2 seem to be different to those that activate
mTORC1, as shown by the different responses of these complexes to
different starvation growth medium in vitro (Tato et al., 2011). Recent
findings reveal a cross-regulatory interaction between mTORC2 and
mTORC1 in the context of amino acid availability sensing. mTORC2
inhibition leads to increased glutamine efflux and cysteine uptake
through phosphorylation of the cysteine-glutamate antiporter xCT
at Ser26 (Gu et al,, 2017). In turn, intracellular cysteine has been
shown to induce mTORC1 activity (Yu & Long, 2016; Zhang et al.,
2021), as genetic ablation of the antiporter inhibits mTORC1 activity
(Daher et al., 2019). Thus, mMTORC2 can be considered a multifaceted
complex that links broad spatial heterogeneity with a wide variety
of upstream activating stimuli and downstream cellular effectors
(Knudsen et al., 2020).

3.1 | The mTORC2-AKT axis in autophagy

Novel findings link mTORC2 activity with the regulation of the au-
tophagy process. In addition to the plasma membrane, nucleus, mi-
tochondria, and other cytoplasmic structures, mTORC2 has been
found to localize to the lysosomes (Berchtold et al., 2012; Ebner
etal., 2017; Zinzalla et al., 2011). Approximately 29% of endogenous
lysosomal-associated membrane protein-1 (LAMP1) co-localizes
with mTORC2, indicating that a subgroup of lysosomes are mTORC2-
positive (Jia & Bonifacino, 2019). At the lysosomal level, mTORC2
and AKT have been shown to regulate CMA machinery recruitment
(Arias et al., 2015).

Similar to mTORC1, mTORC2 has been shown to be a negative
regulator of autophagy. AKT itself has been reported as an mTORC1-
independent negative regulator of autophagy. AKT can directly
phosphorylate Beclin-1 at Ser234 and Ser295, promoting binding

of Beclin-1 to intermediate filaments and autophagy suppression
(Mostowy, 2014; Wang et al., 2012). IGF-1 can inhibit autophagy via
activation of mTORC2 and AKT, linking glucose metabolism as a nu-
tritional cue able to modulate autophagy processes through these
proteins (Wang & Gu, 2018). In colorectal cancer cells with consti-
tutively activated mTORC1, mTORC2 appears to regulate the levels
of basal autophagy and participate in the maintenance of signaling
vesicles and tumor cell survival (Lampada et al., 2017, 2017).

A regulatory feedback loop between starvation-induced au-
tophagy and mTORC2 has been suggested, as starvation initially
triggers reduced levels of phosphorylated Serd73, followed by re-
phosphorylation upon prolonged starvation (Bernard et al., 2014).
Along these same lines, chronic autophagy has been shown to in-
crease the activity of mTORC2 via the induction of reactive oxygen
species (Bernard et al., 2020).

A very compelling study by Arias and colleagues (Arias et al.,
2015) investigated the effects of AKT inhibition on chaperone-
mediated autophagy (CMA) in fibroblasts. Treatment with cell-
permeable AKT inhibitors abrogated the phosphorylation of Ser473
of Akt induced by platelet-derived growth factor (PDGF) which, in
turn, activated basal CMA. In this context, the Pleckstrin homol-
ogy (PH) domain and leucine-rich repeat protein phosphatase 1
(PHLPP1) were the key phosphatase counteracting phosphorylation
of AKT by mTORC2 (Arias et al., 2015). Whereas mTORC2 activity
is reduced during starvation and hence inhibits CMA, it increases
upon prolonged starvation and the action of PHLPP1 is required to
maintain basal CMA (Arias, 2015). Sustaining a balanced CMA ac-
tivity is especially relevant for metabolic homeostasis as this degra-
datory pathway is important for regulating levels of key metabolic
enzymes involved in carbohydrate and lipid metabolism (Schneider
et al., 2014). Remarkably, treatment of peripheral blood mononu-
clear cells with an mTORC1/2 inhibitor has been shown to inhibit
phosphorylation of Ser473 of AKT and enhance association of AKT
with PHLPP1 which may further contribute to the inactivation of
AKT (Gupta et al., 2012). Another study suggests that inhibition of
mTORC2 via the ATP synthase inhibitor mycotoxin citreoviridin in-
hibits mTORC2, resulting in apoptosis of cardiomyocytes through
lysosomal membrane permeabilization and detrimental autophagy
(Feng et al., 2019).

Glycogen synthase kinase 3 beta (GSK3p), a kinase known to par-
ticipate in several pathways connected with autophagy regulation,
can phosphorylate Ser1235 of RICTOR and abrogate binding and
phosphorylation of AKT by mTORC2 (Chen et al., 2011). ShRNA-
mediated silencing of RICTOR or its downregulation through the
action of microRNAs such as miR211 or miR15a and miR16 have
been reported to activate autophagy, presumably through the
downstream inactivation of mMTORC1 (Huang et al., 2015; Ozturk
et al., 2019). Active mTORC2 induces the phosphorylation of AKT
at Serd73, a step needed for full activation of AKT (Sarbassov
et al., 2005), enhancing its activity in a substrate-dependent man-
ner. Deletion of RICTOR or mTOR-associated protein, LST8 homolog
(mLST8) ablated insulin-induced phosphorylation of Forkhead box
class O 3 (FOXQO3), whereas this did not affect phosphorylation of
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TSC2 or Ser9 of GSK3p (Guertin et al., 2006). These findings suggest
that although Ser473 phosphorylation is required for AKT-mediated
phosphorylation of FOXO3 or PKCaq, it is not required for that of
TSC2, a well-described mTORC1 inhibitor (Saxton & Sabatini, 2017,
Webb & Brunet, 2014). This is an important observation that sug-
gests that the proposed mTORC2-AKT-TSC2 pathway thought to
regulate mTORC1 may not be valid (Gaubitz et al., 2016), and that a
different pool of phosphorylated AKT is responsible for phosphory-
lation of TSC2 (Huang & Manning, 2009) (Figure 2).

3.2 | SIN1-RB

Sinl is a protein component specifically found inTORC2 (absent
in mTORC1) and is required for the kinase activity of the com-
plex in multiple ways. Sinl is required for docking the complex
to the plasma membrane (Yuan & Guan, 2015). Sin1 knockdown
triggers the dissociation of RICTOR from the complex (Yang et al.,

2006); however, Sinl is also responsible for recruiting substrates

‘K3B

Y

.LPP1 —] ,f Sera73

N\

Ser422 f

SGK-1

Ser234

Ser295 Ser1 04

@FAP ) (Beclin-1) x03 ) — @uikt ) f
LAMP2A-mediated Autophagy/Mltochondrlal

CMA permeability
FIGURE 2 The mTORC2-AKT-SGK axis in autophagy. mTORC2
phosphorylates Ser473 of AKT, whereas GSK3b prevents this
through an inhibitory phosphorylation of RICTOR. In turn, the
phosphatase PHLPP1 can remove the phosphorylation of Ser473
in AKT. pAKT at Ser473 can place inhibitory phosphorylations on
Ser234/Ser295 of Beclin-1 and Ser253/Thr32 of FoxO3, which
interferes with the role of these two proteins in the positive
modulation of autophagy. pAKT at Ser473 also phosphorylates
and inhibits GFAP, resulting in negative regulation of LAMP2A-
mediated CMA. mTORC2 phosphorylates Ser422 of SGK-1 which,
in turn, phosphorylates Thr32 of FoxO3 and Ser104 of VDACL1.
pFoxO3 does not participate in the transcriptional upregulation
of autophagy and it is believed to reduce the expression of

ULK1 and further inhibit autophagy. SGK-1-mediated inhibitory
phosphorylation of VDAC1 reduces autophagy, mitophagy, and
associated mitochondrial permeability
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such as AKT and SGK to mTORC2 for subsequent phosphoryla-
tion (Jhanwar-Uniyal et al., 2017; Liu, Gan et al., 2015; Yang et al.,
2006; Yuan & Guan, 2015). Sin1 binds through its PH domain to
mTORC2 blocks access to its substrate AKT, whereas PIP, bind-
ing to Sinl-PH releases the tight interaction with mTORC2 and
allows the kinase to access substrates such as AKT (Liu, Gan et al.,
2015). Accordingly, ablating the particular residues of Sinl medi-
ating interaction with PIP, inactivates mTORC2 (Liu, Gan et al.,
2015). Interestingly, the retinoblastoma (Rb) protein has been
found to bind the Sin1-PH domain, suppressing access of AKT
to mTORC2 and its subsequent phosphorylation (Zhang et al.,
2016). Conversely, in Rb-deficient cells, the activity of mTORC2
is enhanced as shown by an increase in the phosphorylation of its
downstream targets FOXO and PRAS40 (Zhang et al., 2016). Thus,
Rb functions as a positive modulator of autophagy via this interac-
tion and its silencing leads to blockage of autophagic flux in glio-
blastoma cells, sensitizing them to the action of chemotherapeutic
agents (Biasoli et al., 2013).

3.3 | PKC

One of the first identified substrates of mTORC2 was PKCa, a
modulator of actin cytoskeleton reorganization and cell migration
(Dos et al., 2004; Hernandez-Negrete et al., 2007; Jacinto et al.,
2004,). Whereas deletion of mLST8 or RICTOR, which specifically
inactivate mTORC2, compromised the phosphorylation and stabil-
ity of PKCa (Guertin et al., 2006), mTORC2 has been indicated to
be a positive regulator of PKC3 (Gan et al., 2012). The role of dif-
ferent PKC isozymes is under investigation, as contrasting stud-
ies indicate that they might be relevant modulators of autophagy
(Kaleli et al., 2020). PKCa has been shown to suppress autophagy
in breast cancer cells (Wong et al., 2017) and during gestational dia-
betes, where its action may trigger neural tube defects (Wang et al.,
2017). Rapamycin treatment, and resulting inhibition of mTORC2,
reduced the phosphorylation and activity of several PKC isozymes,
in particular PKCB, and ameliorated mitochondrial disease and neu-
ropathology in a mouse model of Leigh syndrome (Martin-Perez
et al., 2020). PKCp pharmacological inhibition or genetic depletion
increased autophagy and mitochondrial health (Patergnani et al.,
2013). In a contrasting study, PKCa/8 induce phosphorylation of
Ser9 and Ser21 in GSK3p residues associated with an inactive form
of this kinase (Li et al., 2016). Inactive GSK3p has been shown to
contribute to nuclear translocation and activation of TFEB, resulting
in autophagy induction (Li et al., 2018; Marchand et al., 2015). An
additional mechanism by which PKC8 may be involved in the positive
regulation of autophagy is via activation of c-Jun N-terminal kinases
(JNK) and p38 MAPK which subsequently phosphorylate zinc finger
with KRAB And SCAN domains 3 (ZKSCAN3), resulting in cytoplas-
mic translocation and inactivation of this transcriptional repressor
of autophagy (Li et al., 2016). Taken in total, these data suggest that
in the context of autophagy regulation, the interaction between the
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FIGURE 3 mTORC2-mediated regulation of FoxO1/3 subcellular
localization and activity in autophagy. mTORC2-mediated
phosphorylation of Ser473 in AKT triggers the phosphorylation

of Thr24 in FoxO1 and its equivalent Thr32 in FoxO3. mTORC2
phosphorylates and inactivates the deacetylase HDAC contributing
to the acetylation of FoxO1/3. Similarly, mTORC2 directly

interacts with SIRT6 and inhibits its deacetylase activity on
FoxO1/3. Independently of mTORC2, FoxO1/3 is acetylated

by p300 and deacetylated by SIRT1/2. Phosphorylation and/or
acetylation of FoxO1/3 promote their cytoplasmic retention and
interaction with ATG7 which has a role in inducing autophagy. In
contrast, dephosphorylated and deacetylated FoxO1/3 are readily
transported in the nucleus where they stimulate the transcription
of autophagy-related genes

mTORC2 and different PKC isozymes is complex and likely depend-

ent on crosstalk with other connected signaling pathways.

34 | SGK-1
Serum and glucocorticoid-induce protein kinase is another mem-
ber of the AGC subfamily of kinases which has significant sequence
homology (~54%) with AKT (Kobayashi & Cohen, 1999; Liu et al.,
2017). SGK-1 is phosphorylated at Ser422 in its hydrophobic region
by mTORC2 (Luo et al., 2018) and functions as an effector modu-
lated by the insulin/IGF-1 pathway, involved in the stress response
through the negative regulation of the skinhead 1 (skn-1)/nuclear
factor erythroid 2-related factor 2 (NRF2) pathway (Aspernig et al.,
2019; Heimbucher et al., 2020; Mizunuma et al., 2014).

Due to its high structural homology, SGK-1 has been shown to
display significant overlap with AKT in the subset of target proteins

that they both regulate via phosphorylation. Some of these shared
downstream effectors include GSK3p (Kobayashi & Cohen, 1999)
and FOXO3 (Brunet et al., 2001). As a putative negative regulator
of FOXO3, the role of SGK-1 in autophagy is the subject of cur-
rent investigation. Pharmacological inhibition of SGK-1 results in
an increase in protein expression of ULK1, a major initiator of the
autophagy process. Although the mechanism for the increased ex-
pression of ULK1 upon SGK-1 inhibition remains elusive, it has been
hypothesized that it takes place through the inhibitory phosphoryla-
tion of FOXO3 by SGK-1 (Maestro et al., 2020; Zuleger et al., 2018).
Interestingly, genetic disruption of the PDK1 interacting fragment
(PIF)-pocket catalytic domain of PDK1, which abrogates activation
of SGK-1, RSK, and S6K but not AKT, do not result in overall re-
duced phosphorylation of GSK3 or FOXO (Collins et al., 2003), sug-
gesting that SGK-1 might not be the key driver in their activation,
possibly due to functional overlap with other AGC kinases. Defining
the specific targets of SGK-1 activity and their biological effects has
been challenging due to the lack of effective and specific inhibitors
(Di Cristofano, 2017). Downregulation of sgk-1 activity through
direct knockout/knockdown of sgk-1 or through ablation of rict-1
and associated mTORC2 inhibition in C. elegans induces autoph-
agy, as demonstrated by increased expression of the microtubule-
associated proteins 1A/1B light chain 3 (LC3A/B) ortholog LC3
GABARAP and GATE-16 family 1 (Igg-1) and the TFEB ortholog helix
loop helix 30 (hlh-30). The mRNA expression of both Igg-1 and hlh-
30 is upregulated upon voltage-dependent anion channel 1 (VDAC1)
overexpression, a protein that in turn is phosphorylated by sgk-1 and
subsequently targeted for degradation. Surprisingly, these mutants
displayed a shortened lifespan. The authors showed that VDAC1
concomitantly activates mitochondrial permeability to initiate mito-
phagy, highlighting the potential deleterious effects of elevated lev-
els of autophagy in vivo that can disrupt mitochondrial homeostasis
(Zhou et al., 2019).

Oxidative stress has been identified as an inducer of mTORC2
2020). Interestingly,
Aspernig et al. showed that the mTORC2-SGK-1 axis is involved in

maintaining mitochondrial homeostasis, whereas mTORC2 inhib-

activity in myofibroblasts (Bernard et al,

its autophagy through activation of AKT and inactivation of FOXO
(Aspernig et al., 2019). From these observations, we propose that a
useful strategy to benefit from elevated autophagy flux while coun-
teracting the harmful effects of mTORC2-SGK-1 inhibition would be
the preservation of specific targets downstream of SGK-1 that sup-

press mitochondrial permeability (Figure 2).

3.5 | The foxoS

The FOXO family of transcription factors includes several related
proteins in mammals such as FOXO1, 3, 4, and 6 and orthologs across
the animal kingdom. They contain a forkhead box DNA-binding
domain and nuclear localization and export signals that direct the
nuclear shuttling and cytoplasmic export of these factors (Cheng,
2019). FOXOs have been associated with autophagy regulation in
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both transcription-dependent and independent fashions. The fac-
tors can bind to the promoters of autophagy-related genes through
their DNA-binding domain (Liu et al., 2018; Webb & Brunet, 2014).
Cytoplasmic FOXO1 interacts with ATG7, a ubiquitin-activating E1-
like enzyme required for autophagosome assembly (Xiong, 2015;
Zhao et al., 2010). FOXO1 has been found to be acetylated by cyclic
AMP (cAMP)-response element-binding protein (CREB)-binding pro-
tein paralog p300 and phosphorylated by AKT. These modifications
may facilitate its cytoplasmic retention and interaction with ATG7
(Shen et al., 2017). On the other hand, deacetylases like SIRT1/2 in-
duce nuclear translocation of FOXO1/3 and transcriptional activa-
tion of target genes (Liu, Bi et al., 2015). SIRT1 was found to induce
the transcription of RICTOR, phosphorylation of Ser473 of Akt and
Ser253 of Foxol at S253, which results in decreased gluconeogen-
esis (Tobita et al., 2016; Wang et al., 2011). In addition to a role for
mTORC2 as a regulator of FOXO through AKT-induced phospho-
rylation and cytoplasmic localization, mTORC2 has been shown
to directly interact with and suppress SIRT6, whereas inactivation
through RICTOR knockdown lifts SIRT6 suppression and promotes
FOXO1 deacetylation and nuclear translocation (Jung et al., 2019).
These findings suggest that a fine-tuned control of FOXO1 activ-
ity through post-translational modification and subsequent changes
in subcellular localization may lead to different roles in autophagy
regulation (Cheng, 2019).

FOXOS3 has been shown to drive autophagy in hematopoietic
stem cells (HSCs) and to be a key player in the regulation of auto-

phagy in muscle tissue. FOX03a™"

knockout in HSCs leads to sig-
nificant downregulation of the expression of autophagy-related
genes paralleled with an increase in LC3 protein levels that suggest
impaired autophagic flux (Warr et al., 2013).

FOXO3 downstream of the mTORC2-AKT axis is sufficient to
drive autophagy in muscle cells (Mammucari et al., 2007; Zuleger
et al., 2018). Two identified target effectors of FOXO3-driven au-
tophagy are LC3 and B-cell lymphoma 2 (BCL2)-interacting protein
3 (BNIP3). Conversely, mTORC2-AKT phosphorylates and inacti-
vates FOXO3 and autophagy independently of mTORC1 and is not
prevented by rapamycin (Mammucari et al., 2007). SGK-1 can also
phosphorylate and inactivate FOXO3. Interestingly, phosphory-
lated FOXO3a has been reported to interact with LC3. Inhibiting
SGK-1 leads to reduced levels of p-FOXO3 interacting with LC3 and
increased LC3-1/LC3-1l conversion, suggesting increased autophagic
flux (Liu et al., 2017). In a rat model of burn-induced muscle wasting,
down-regulating Phlpp1 led to elevated Akt and FoxO3 phosphor-
ylation, which in turn suppressed detrimental autophagy and miti-
gated muscle wasting (Yu et al., 2019b; Zhao et al., 2007). Another
mechanism by which mTORC2 regulates FOXO3 activity is through
phosphorylation and inactivation of histone deacetylase (HDAC),
resulting in increased acetylation of FOXO3 and reduced transcrip-
tional activity (Masui et al., 2013).

Another study shed additional light on mechanism involved in
autophagy regulation by FOXO3, involving glutamine metabolism as
a regulator of mMTORC1 localization. FOXO3 can induce the expres-
sion of glutamine synthetase, leading to rising glutamine levels that,
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in turn, can inhibit MTORC1 localization to the lysosomal membrane
impairing the ability of mTORC1 to function as an autophagy nega-
tive regulator (van der Vos et al., 2012) (Figure 3).

3.6 | AMPK

In endothelial cells, silencing of RICTOR increased the expression
of LC3-1l while it decreased protein levels of p62, two markers that
are associated with enhanced autophagic flux, in parallel with AMP-
activated protein kinase (AMPK) activation. In addition, arginase
2 (ARG2) can inactivate autophagy through positive regulation of
mTORC2 and subsequent inactivation of AMPK (Xiong et al., 2014).
AMPK appears to participate in a regulatory feedback loop as ac-
tivating AMPK with metformin, a drug employed in the treatment
of type 2 diabetes, increased liver mTORC2 in vivo (Kazyken et al.,
2019). Metformin-mediated AMPK activation has been shown to
induce autophagosome maturation and induce cell-cycle arrest
through combined mTORC1/2 repression (Jang et al., 2018; Wang
et al., 2018).

Additionally, AMPK has been identified as an upstream regulator
of the MEK/ERK pathway which, in turn, can disassemble and inhibit
both mTOR complexes and induce autophagy through upregulation
of Beclin-1. Interestingly, the authors of this study suggested that
whereas individually inhibiting mTORC1 or mTORC2 results in mod-
erate activation of Beclin-1 and protective autophagy, dual inhibition
of mTORC1/2 and the subsequent robust activation of Beclin-1 can

result in destructive autophagy (Wang et al., 2009).

4 | UNVEILING THE ROLE OF mTORC2 IN
AUTOPHAGY: TOWARD SPECIFIC mTORC2
INHIBITION

Autophagy has long been targeted as a modulatable cellular process
with vast consequences in age-related diseases including cancer and
neurodegenerationandalsoin lifespan extension. In particular,down-
regulation of mTOR activity using the specific inhibitor rapamycin
and, more recently, newly developed rapalogs has led to promising
advances in this quest (Blagosklonny, 2012). Rapamycin is tradition-
ally considered a specific mTORC1 inhibitor, while not impacting on
mTORC2 activity (Dos et al., 2004). However, recent studies have
shown that whereas acute exposure to the inhibitor mainly leads to
inhibition of mTORC1, chronic exposure results in additional inhi-
bition of mMTORC2, an important observation for long-term studies
using this molecule including lifespan extension research. Long-term
administration of rapamycin was shown to disrupt mTORC2, induce
insulin resistance and thus abrogate lifespan extension in male mice,
whereas selective mTORC1 genetic ablation increased it (Lamming
et al., 2012). Similarly, depletion of Rictor decreases male lifespan
in mice (Lamming et al., 2014). Intermittent dosing of rapamycin has
been proposed as a means to prevent unwanted mTORC2 inhibi-
tion and the resulting metabolic defects in vivo (Arriola Apelo et al.,
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2016). Interestingly, whereas male mice gonadectomy did not revert

lifespan shortening in male mice upon chronic rapamycin administra-
tion, ovariectomy promoted lifespan in female mice lacking hepatic
Rictor (Apelo et al., 2020). In line with these findings, mice with hy-
pothalamic Rictor deficiency display increased diet-induced obesity,
frailty, and survival (Chellappa et al., 2019). By contrast, other stud-
ies suggest that rapamycin administration in late-life increases the
lifespan of males and female mice (Harrison et al., 2009), and that di-
etary intervention with Torin1, a dual mMTORC1/2 inhibitor, resulted
in prolonged lifespan in D. melanogaster with no reduction in fertility
(Mason et al., 2018). Intriguingly, the effects of inhibiting mTORC2 in
C. elegans lifespan are contradictory. Whereas loss of sgk-1 has been
shown to extend lifespan (Hertweck et al., 2004), depleting the C.
elegans RICTOR homolog rict-1 or sgk-1 reduced lifespan in a diet-
dependent fashion (Soukas et al., 2009). Furthermore, Akt1 haplo-
insufficiency alone leads to extended lifespan in mice (Nojima et al.,
2013).

Torinl, an ATP-competitive compound that inhibits the cata-
lytic activity of both mTORC1 and mTORC2 complexes, has been
shown to induce autophagy in a more robust manner than rapamy-
cin which may suggest that combined inhibition of both complexes
is more efficient at inducing the autophagy process (Oh & Jacinto,
2011; Thoreen et al., 2009). However, rapamycin-insensitive/torin1-
sensitive functions of mTORC1 cannot be ruled out when studying
the differential effects of these two inhibitors on autophagy. Upon
Torin1 treatment, RICTOR-deficient engineered MEF cells showed a
more robust inhibition of protein translation coupled with activation
of autophagy than what was observed upon rapamycin treatment, in-
dicating that the distinctive biological effects of Torinl as compared
to rapamycin might not solely depend on mTORC2 activity (Thoreen
& Sabatini, 2009). More recently, efforts directed to the develop-
ment of inhibitors that differentially target mMTORC1 or mTORC2 are
underway (Mahoney et al., 2018; Schreiber et al., 2019). A novel small
molecule that interferes with the association of RICTOR with mTOR
has been identified as a potential specific mTORC2 inhibitor in glio-
blastoma. Importantly, the compound has shown inhibitory activity
on AKT, PKCa, and N-Myc Downstream Regulated 1 (NDRG1) while
mTORC1 remained unaffected (Benavides-Serrato et al., 2017).

5 | CONFLICTING VIEWS ON THE ROLE
OF mTORC2 IN RELATION TO AUTOPHAGY

The dual mMTORC1/2 inhibitor OSI-027 has been reported to induce
extensive macropinocytosis in rhabdomyosarcoma, leading to cell
death and halt of tumor growth. Whereas rapamycin treatment did
not induce the formation of macropinocytic vacuoles in these cells,
RICTOR knockdown recapitulated the effects of the OSI-027 inhibi-
tor and combined rapamycin treatment and RICTOR knockdown en-
hanced this effect. These results suggest that inhibition of mMTORC2
is responsible for inducing the formation of these vesicles and that
inhibition of both mTOR complexes may trigger excessive macropi-
nocytosis with deleterious effects for cellular viability (Srivastava

etal., 2019). In the same vein, OSI-027 has been shown to induce ap-
optosis and autophagy in a battery of lymphoid tumoral cell lines and
clinical samples, in a manner more effective than rapamycin (Gupta
et al., 2012). However, in this study, autophagy is suspected to play
a protective role that counteracts excessive apoptosis induction, as
combined treatment with chloroquine further increased cell death.
Another interesting observation in this study was that whereas OSI-
027 treatment inhibited several mTORC1/2 targets including S6K1,
4EBP1, phosphorylated Ser473 of AKT and FOXO3a; TSC2, GSK3p,
and FOXO1 remained unaffected (Gupta et al., 2012), indicating that
the regulation of its target genes by mTORC2 is complex and may be
dependent on its interaction with interconnected pathways and the
cellular or environmental context.

While multiple studies indicate a role for mTOR as a negative
modulator of autophagy not only assembled as complex 1 but also
as part of complex 2, opposing views on the role of mTORC2 in the
regulation of autophagy have been presented. Knockdown of the
daw gene in D. melanogaster has been proposed to enhance autoph-
agy and cardiac health through increasing the expression of Rictor,
while depleting Rictor blunted this effect (Chang et al., 2020). A
temperature-sensitive knockdown of mTORC2 or depletion of the
yeast SGK-1 ortholog ypk1l greatly reduced the autophagic re-
sponse upon amino acid starvation in S. cerevisiae. The induction of
autophagy through mTORC2-ypk1 was shown to be dependent on
the role of calcineurin as a negative autophagy regulator (Vlahakis
et al., 2014). In contrast, calcineurin is a phosphatase that has been
described as a positive regulator of autophagy by dephosphor-
ylating and promoting nuclear localization of TFEB in mammals
(Medina et al., 2015), suggesting that the conflicting views on the
role of the phosphatase or the mTORC2-ypk1 axis might be largely

organism-dependent.

6 | CONCLUSIONS

The abundant biological effects of the mTOR kinase as part of
both mTORC1/2 complexes are far from being fully elucidated and
highlight the convergence of an intricate network of signaling and
metabolic pathways. Several key molecular players that regulate
autophagy-related pathways, a biological process of particular inter-
est regarding its potential as a therapeutic target, have been shown
to be directly involved with the activity of mTORC2. Broad genetic
or pharmacological inactivation of mTORC2 could carry complex
biological effects that go beyond its activity as a mere kinase,
whereas fine-tuning its ability for recruiting particular substrates
through development of novel specific inhibitors or genetic inter-
ventions would prove useful to pinpoint the mechanistic effects of
the individual components within the complex and the action of the
multiple downstream effectors which are, in addition, dependent on
the cellular context and the nutritional status. Dissecting the various
inputs and outputs of mTORC2 will be crucial to understanding its
role in the regulation of autophagy and the role of autophagy itself
in human health and disease.
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