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Ras, PI3K and mTORC2 – three’s a crowd?

ABSTRACT
The Ras oncogene is notoriously difficult to target with specific
therapeutics. Consequently, there is interest to better understand the
Ras signaling pathways to identify potential targetable effectors.
Recently, the mechanistic target of rapamycin complex 2 (mTORC2)
was identified as an evolutionarily conserved Ras effector. mTORC2
regulates essential cellular processes, including metabolism, survival,
growth, proliferation and migration. Moreover, increasing evidence
implicate mTORC2 in oncogenesis. Little is known about the regulation
of mTORC2 activity, but proposed mechanisms include a role for
phosphatidylinositol (3,4,5)-trisphosphate – which is produced by
class I phosphatidylinositol 3-kinases (PI3Ks), well-characterized
Ras effectors. Therefore, the relationship between Ras, PI3K and
mTORC2, in both normal physiology and cancer is unclear; moreover,
seemingly conflicting observations have been reported. Here, we
review the evidence on potential links between Ras, PI3K and
mTORC2. Interestingly, data suggest that Ras and PI3K are both
direct regulators of mTORC2 but that they act on distinct pools of
mTORC2: Ras activates mTORC2 at the plasma membrane, whereas
PI3K activates mTORC2 at intracellular compartments. Consequently,
we propose a model to explain how Ras and PI3K can differentially
regulate mTORC2, and highlight the diversity in the mechanisms of
mTORC2 regulation, which appear to be determined by the stimulus,
cell type, and the molecularly and spatially distinct mTORC2 pools.
KEY WORDS: Ras GTPase, Phosphatidylinositol 3-kinase,
Mechanistic target of rapamycin complex 2

Introduction

Ras is an evolutionarily conserved small GTPase and notorious
oncogene (Pylayeva-Gupta et al., 2011; Simanshu et al., 2017). In
mammalian cells, Ras is mostly characterized for its role in
mediating the cellular response to growth factors, which leads to
modulation of gene expression necessary for cell growth and
proliferation through activation of the extracellular-regulated
kinase (ERK) signaling cascade (Malumbres and Barbacid, 2003).
The three closely related human Ras isoforms, H-Ras, N-Ras and
K-Ras, have been extensively studied because of their involvement in
tumorigenesis, with ∼25% of tumors expressing an active mutant
form of one of these Ras proteins (Khan et al., 2020). Ras proteins act
as molecular switches, cycling between GTP-bound active and GDPbound inactive states. This activity cycle is regulated by (i) guanosine
exchange factors (GEFs) that stimulate the exchange of GDP for GTP
on Ras, thereby active Ras; and (ii) GTPase-activating proteins
(GAPs) that stimulate the intrinsic GTPase activity of Ras, leading to
hydrolysis of GTP into GDP and, thereby, inactivating Ras (Vigil
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et al., 2010; Nakhaei-Rad et al., 2018). Ras oncogenic mutations are
those that result in a persistent GTP-bound, active state. The most
common oncogenic Ras mutations are substitution of a single amino
acid at positions 12, 13 or 61, which induces a constitutively active
Ras phenotype (Muñoz-Maldonado et al., 2019). Apart from the
K-Ras G12C mutation, with the cysteine offering a chemical
handle for covalent inhibitors, oncogenic Ras has proven
extremely hard to target directly (Ostrem et al., 2013;
McCormick, 2019). Ras effectors and downstream pathways are
also under consideration for potential cancer treatments and,
therefore, a lot of interest and effort is placed into identifying new
Ras effector pathways (Engin et al., 2017).
Well-described Ras effectors include the serine/threonine kinase
Raf (Vojtek et al., 1993), class I phosphatidylinositol 3-kinases
(PI3Ks; hereafter referred to as PI3K unless indicated otherwise)
(Kodaki et al., 1994; Rodriguez-Viciana et al., 1994) and the ral
guanine nucleotide dissociation stimulator RALGDS (Hofer et al.,
1994). These, and many other known effectors of Ras, interact with
the switch-I region of Ras through an ubiquitin-like fold structure,
forming an interprotein beta-sheet (Wohlgemuth et al., 2005).
These conserved structures have been termed Ras association (RA)
or Ras binding (RB) domains, depending on the set of residues
involved in the interaction (Wohlgemuth et al., 2005). Other
identified effectors of Ras, such as Src (Thornton et al., 2003) and
calmodulin (Abraham et al., 2009), do not interact through a
canonical RA or RB domain. By using Dictyostelium discoideum as
an experimental model system, we identified the mechanistic target
of rapamycin complex 2 (mTORC2) to be a non-canonical effector
of Ras (Khanna et al., 2016), which was recently found to be
conserved in human cells (Kovalski et al., 2019; Lone et al., 2019)
and to play a role in cancer (Kovalski et al., 2019).
mTORC2 is one of two multiprotein complexes formed by the
mTOR serine/threonine kinase (Jhanwar-Uniyal et al., 2019).
mTORC1 is a master regulator of cell growth, controlling
metabolism, protein synthesis and autophagy (Liu and Sabatini,
2020), whereas mTORC2 is best characterized for its evolutionarily
conserved roles in regulating cell survival and actin cytoskeleton
reorganization (Xie et al., 2018). While much is known about the
biochemistry and regulation of mTORC1 cellular functions, the
mechanisms governing mTORC2 activation and function remain
largely unknown. For detailed descriptions of the structure,
pathways and cellular functions of the mTOR complexes, we refer
to other recent Reviews on these general topics (Xie et al., 2018;
Jhanwar-Uniyal et al., 2019; Liu and Sabatini, 2020). Previous work
suggests that mTORC2 activation by growth factor stimulation is
mediated by PI3K, a well-characterized Ras effector (Gan et al.,
2011; Liu et al., 2015). Consequently, there is increasing interest to
understand the relationship between Ras, mTORC2 and PI3K
(Fig. 1). Here, we review the Ras-mediated regulation of PI3K and
mTORC2, including work performed by using eukaryotic model
organisms that contributed to our current knowledge of these
pathways. We also discuss potential mechanisms and contexts in
which the pathways may intersect.
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Fig. 1. The unclear relationship between Ras, PI3K and mTORC2. Ras is
activated by many different stimuli and its intracellular effectors include class 1
phosphatidylinositol 3-kinases (PI3Ks) that produce PI(3,4,5)P3 and, as
recently identified, mTORC2. Several studies suggest that PI(3,4,5)P3
promotes mTORC2 activation. Whether Ras and PI3K cooperate to fully
activate mTORC2 or whether they act independently to promote mTORC2
activation is still debated.

RAS regulation of PI3K

There are three different classes of PI3K, which synthesize three
different phosphoinositides (Jean and Kiger, 2014). Class I PI3Ks
are heterodimeric enzymes that synthesize the signaling lipid
phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3] and have
an RB domain in their p110 catalytic subunits. Only the class I
subunits (PIK3CA, PIK3CD and PIK3CG; also known as to as
PI3Kα, PI3Kδ and PI3Kγ, respectively) are stimulus-dependent Ras
effectors (Vanhaesebroeck et al., 2010; Rathinaswamy and Burke,
2020). Ras-mediated activation of PI3K can occur downstream of a
variety of signaling inputs, including receptor tyrosine kinases
(RTKs) and seven transmembrane receptors [7TMs; also called G
protein-coupled receptors (GPCRs)], and is conserved throughout
evolution, as highlighted by the important role of this pathway in the
primitive eukaryote and model organism Dictyostelium discoideum
(Funamoto et al., 2001, 2002; Sasaki et al., 2004; 2007; Comer
et al., 2005; Comer and Parent, 2006; Charest and Firtel, 2007;
Takeda et al., 2007; Bosgraaf et al., 2008; Zhang et al., 2008; Gruver
et al., 2008; Kölsch et al., 2008). The best-understood activation
mechanism of class I PI3K is the one where it is directly activated by
RTKs in mammalian cells: the Src homology 2 (SH2) domains of
PI3K bind to phosphorylated tyrosine residues on an activated RTK,
leading to a conformational change in the active site of PI3K,
thereby stimulating its catalytic activity (Fruman et al., 2017).
Whether the mechanism through which Ras regulates PI3K activity
involves such an allosteric activation mechanism, resulting from
Ras binding to the RB domain of PI3K, is still unclear. However,
recent studies suggest that, at least for the RTK-induced activation
of mammalian PIK3CA, Ras mostly acts to stabilize PI3K at the
plasma membrane, whereas PI3K is allosterically activated by the
RTK (Buckles et al., 2017; Nussinov et al., 2019).
Ras-mediated regulation of PI3K plays a role in many cellular
processes involved in both normal physiology and disease
(Castellano and Downward, 2011). In all of these contexts, the
Ras-stimulated production of PI(3,4,5)P3 results in the membrane
recruitment and, in many cases, activation of pleckstrin homology
(PH) domain-containing proteins (Riehle et al., 2013). These
PH domain-containing proteins include the well-studied
3-phosphoinositide-dependent protein kinase 1 (PDPK1, herafter

referred to as PDK1) and AKT kinases, GEFs for Rac small
GTPases and Bruton tyrosine kinase (Btk) (Fig. 2). The bestcharacterized roles of Ras–PI3K signaling in eukaryotes are the
regulation of AKT function in cell survival and growth, as well as
the remodeling of the actin cytoskeleton (Kölsch et al., 2008;
Hoxhaj and Manning, 2019). In addition to promoting its
recruitment to the plasma membrane, mammalian PI3K promotes
activation of AKT through PI(3,4,5)P3-mediated recruitment to the
membrane and activation of PDK1, which, in turn, activates AKT
by phosphorylating threonine residue 308 within its activation loop
(Stokoe et al., 1997; Vanhaesebroeck and Alessi, 2000). The Ras–
PI3K pathway can also regulate the actin cytoskeleton by promoting
Rac signaling in various cellular contexts (Campa et al., 2015).
Work in Dictyostelium greatly contributed to what is currently
known about the role of Ras–PI3K signaling in the control of the
actin cytoskeleton. Ras, PI3K and actin in Dictyostelium are linked
through a positive-feedback loop and control cell migration as well
as cytokinesis (Sasaki et al., 2004, 2007; Janetopoulos et al., 2005;
Arai et al., 2010). In this feedback loop, PI(3,4,5)P3-mediated
polymerization of filamentous actin (F-actin) leads to increased Ras
and PI3K activation; this results in localized amplification of the
PI(3,4,5)P3 signal, which, in turn, leads to pseudopod protrusion in
migrating cells (Sasaki et al., 2004, 2007; Arai et al., 2010) and to
separation of the poles in dividing cells (Janetopoulos et al., 2005).
Similar feedback loops that involve Ras, PI3K and actin also
amplify PI3K signaling in mammalian cells (Peyrollier et al., 2000;
Wang et al., 2002; Yang et al., 2012), and promote fibroblast
migration (Thevathasan et al., 2013). Compelling evidence support
the notion that Ras–PI3K signaling plays a conserved role in
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Fig. 2. Class I PI3K signaling. Class 1 PI3Ks consist of a p110 catalytic
subunit and a varying regulatory subunit (PIK3R). These PI3Ks are
responsible for the production of the signaling lipid PI(3,4,5)P3, which can
trigger many different intracellular signaling pathways involved in promotion of
cellular survival, cell growth and glucose uptake, as well as in modulation of
metabolism, actin cytoskeleton and vesicular trafficking. A role for mTORC2
downstream from PI3K is still debated. Btk, Bruton tyrosine kinase. PLCγ,
phospholipase C gamma. SGK3, serum/glucocorticoid-regulated kinase-3.
RacGEFs, Rac guanine exchange factors. ArfGEFs, Arf guanine exchange
factors, PDK1, phosphoinositide-dependent kinase-1.
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RAS regulation of mTORC2

mTORC2 plays evolutionarily conserved roles, controlling the actin
cytoskeleton and cell survival (Xie et al., 2018). In yeast, mTORC2
also acts as a sensor to control lipid and protein composition of the
plasma membrane (Roelants et al., 2017). In Dictyostelium,
mTORC2 controls phagocytosis and is central to the directed
migration of cells (chemotaxis) in response to the chemoattractant
cAMP by regulating the actin cytoskeleton and cAMP synthesis
(Lee et al., 2005; Charest et al., 2010; Kamimura and Devreotes,
2010; Rosel et al., 2012). In mammalian cells, mTORC2 controls
the actin cytoskeleton and cell migration in addition to several other
cellular functions, such as ion transport, cell-substrate adhesion,
cellular survival, proliferation and growth, as well as metabolism
(Fig. 3) (Jacinto et al., 2004; Zhou and Huang, 2010; Liu et al.,
2010; Gulhati et al., 2011; Farhan et al., 2015; Chen et al., 2015a,b;
Yin et al., 2016; Sato et al., 2016; Roelants et al., 2017; Xie et al.,
2018; Jaiswal et al., 2019; Liu and Sabatini, 2020). Similar to that in

Ricto
r

Ls

t8

N
SI

1

Fig. 3. mTORC2 signaling. Shown are the
evolutionarily conserved components of
mTORC2, with SIN1 occluding the active
site of mTOR. Activation of mTORC2
probably involves displacement of SIN1
from the active site of mTOR, thereby
allowing access to the substrates and their
phosphorylation. Known mTORC2
substrates and regulated cellular pathways
and processes are also shown. IGF1R,
insulin-like growth factor1 receptor; PKCs,
protein kinase C family members.
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Dictyostelium, mTORC2-mediated regulation of the actin
cytoskeleton in mammalian cells is involved in controlling the
motility, migration and chemotaxis of many types of cell, including
neutrophils and human cancer cells (Zhou and Huang, 2010;
Gulhati et al., 2011; Liu and Parent, 2011; Kim et al., 2017; Holroyd
and Michie, 2018; Liu and Sabatini, 2020). Many of the known
functions of mTORC2 in human cells are linked to its direct
regulation of AKT activity through phosphorylation of serine
residue 473 in its C-terminal hydrophobic motif, which, together
with PDK1-mediated activation loop phosphorylation, results in full
activation of AKT (Sarbassov et al., 2005; Hoxhaj and Manning,
2019). Other known substrates of mammalian mTORC2 include
protein kinase C (PKC), serum/glucocorticoid-regulated kinase 1
(SGK1), filamin A, the insulin receptor (InsR) and the insulin
growth factor 1 receptor (IGF1R) (Fig. 3) (Chantaravisoot et al.,
2015; Sato et al., 2016; Yin et al., 2016; Liu and Sabatini, 2020).
In a yeast-two-hybrid screen for Dictyostelium proteins that
interact with the active form of mammalian H-Ras (Lee et al., 1999),
one of the identified Ras-interacting proteins, i.e. Ras interacting
protein 3 (RIP3), was later found to be the homologue of
mammalian mTORC2 subunit MAPKAP1 (also known and
hereafter referred to as SIN1), a unique and essential component
of mTORC2 (Myers et al., 2005; Jacinto et al., 2006; Yang et al.,
2006). SIN1 and the rapamycin-insensitive companion of mTOR
(RICTOR) are two evolutionarily conserved unique components of
mTORC2 that are essential for its integrity and provide functional
specificity, whereas the other conserved subunits mTOR and lethal
with SEC13 protein 8 (LST8) are part of both mTOR complexes
(Liu and Sabatini, 2020) (Fig. 3). SIN1, which has RB and PH
domains, is linked to the recognition of mTORC2 substrates as well
as the regulation of its localization and activation (Jacinto et al.,
2006; Schroder et al., 2007; Bracho-Valdes et al., 2011; Cameron
et al., 2011; Liu et al., 2015; Tatebe et al., 2017; Yao et al., 2017).
Five human SIN1 isoforms have been described but only SIN1.1,
SIN1.2 and SIN1.5 – the latter being a much smaller isoform that
lacks most of the N- and C-terminal domains – have been found to
assemble into mTORC2 and form three distinct complexes, with
only SIN1.1- and SIN1.2-containing mTORC2 regulated by insulin
stimulation (Frias et al., 2006). Recent insights from high resolution
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controlling the migration of many types of mammalian cell,
including fibroblasts (Thevathasan et al., 2013; Castellano et al.,
2016), neutrophils (Suire et al., 2006), smooth muscle cells (Tanski
et al., 2002) and endothelial cells (Eller-Borges et al., 2015). In
Dictyostelium cells that migrate in response to the chemoattractant
cyclic AMP (cAMP), the Ras–PI3K pathway is primarily important
to respond to shallow cAMP gradients, and to increase the speed and
directional accuracy of migration in steeper cAMP gradients, which
is likely to be attributable to the PI(3,4,5)P3 amplification feedback
loop (Postma et al., 2004; Takeda et al., 2007; Bosgraaf et al., 2008;
Gruver et al., 2008). Ras–PI3K signaling in migrating Dictyostelium
cells also controls the pathway leading to the intracellular
production and, then, secretion of cAMP (Comer et al., 2005;
Comer and Parent, 2006). This pathway functions to relay the cAMP
chemoattractant signal to other Dictyostelium cells, thereby
attracting many cells for aggregate formation during development
(Mahadeo and Parent, 2006). Interestingly, it is in the context of
Dictyostelium chemotaxis and chemoattractant signal relay
regulation that Ras was first discovered to also signal through
mTORC2 (Lim et al., 2001; Lee et al., 2005; Bolourani et al., 2006;
Kamimura et al., 2008; Cai et al., 2010; Charest et al., 2010).

cryo-EM structures of mTORC2, together with those from previous
biochemical studies, revealed that SIN1 interacts with the FK506binding protein 1b (FKBP12)-rapamycin-binding (FRB) and kinase
domains of mTOR; this occludes the active site of mTOR, thereby
inhibiting mTORC2 while, nevertheless, having a role in substrate
recruitment (Jacinto et al., 2006; Liu et al., 2015; Karuppasamy
et al., 2017; Tatebe et al., 2017; Chen et al., 2018; Stuttfeld et al.,
2018). Consequently, it is generally assumed that any mTORC2
activation mechanism includes a conformational change of SIN1 in
order to free the active site of mTOR (Fig. 3).
Interestingly, although the Dictyostelium SIN1 homologue RIP3
(officially known as RipA) interacts in vitro with H-Ras and the
Dictyostelium Ras protein RasG, in vivo studies revealed that the
Ras protein RasC is responsible to promote mTORC2 activation
(Kamimura et al., 2008; Cai et al., 2010; Charest et al., 2010).
Active RasC directly binds the kinase domain of mTOR and not the
RB domain of RIP3 (Khanna et al., 2016). However, the Ras-related
protein Rap1 binds to the RB domain of RIP3 and regulates the
RasC-mediated activation of mTORC2 (Khanna et al., 2016).
Furthermore, in its GDP-bound form, the Dictyostelium RhoA
GTPase RacE, was also recently found to play a role in promoting
activation of mTORC2 by associating with RasC (Senoo et al.,
2019). Notably, human Rap1b was also found to bind the RB
domain of human SIN1 in a GTP-dependent manner in vitro
(Khanna et al., 2016), and human RhoA was also shown to pull
down mTORC2 in human embryonic kidney 293(HEK293) cells
(Senoo et al., 2019). Therefore, these observations suggest that both
a Rap1- and human RhoA-mediated regulation of mTORC2 activity
is conserved in mammalian cells, but further studies are needed to
understand their biological implications. Interestingly, the small
GTPase Rac1 also regulates mammalian mTORC2 by promoting its
recruitment to the plasma membrane through a nucleotideindependent interaction with mTOR (Saci et al., 2011).
In mammalian cells, diverse stimuli and receptor systems can
signal through mTORC2. The evidence suggests that the
mechanism varies with the nature of cells and stimulus,
contributing to the specificity of the response (Knudsen et al.,
2020). For instance, the activity of mammalian mTORC2 was
reported to be stimulated by the association of mTORC2 with
ribosomes in a PI3K-dependent manner (Zinzalla et al., 2011), by
cAMP signaling (Sato et al., 2014; Mukaida et al., 2017), release
and/or degradation of DEP domain-containing mTOR-interacting
protein (DEPTOR) (Peterson et al., 2009), phosphatidic acid
binding to mTOR (Foster, 2013; Menon et al., 2017), association
with PKC (Partovian et al., 2008; Gleason et al., 2019), Rac1mediated recruitment to the plasma membrane (Saci et al., 2011),
the AKT-mediated phosphorylation of SIN1 (Yang et al., 2015),
binding of SIN1 to PI(3,4,5)P3 (Gan et al., 2011; Liu et al., 2015)
and, as discussed here, direct interaction of Ras with mTORC2
(Khanna et al., 2016; Kovalski et al., 2019; Lone et al., 2019).
Indeed, recent studies using oncogenic Ras mutants revealed that
the binding of active Ras to mTORC2, which results in stimulation
of mTOR activity, is conserved in human cells and, importantly, that
this signaling pathway likely plays a general role in oncogenesis
(Kovalski et al., 2019; Lone et al., 2019). In particular, a recent study
that elegantly combined proximity-dependent proteomics and
CRISPR genetics followed by rigorous in vitro and in vivo studies,
identified mTORC2 as an effector of oncogenic H-Ras, N-Ras and KRas, which involves their direct interaction with mTOR and SIN1
(Kovalski et al., 2019). Results of this study further show that mTOR
primarily interacts with oncogenic Ras through its kinase domain – as
was found for Dictyostelium RasC (Khanna et al., 2016) – and with
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possible secondary sites located in the N-terminal HEAT domain
region of mTOR, reminiscent of the binding of Rheb to mTOR in
mTORC1 (Long et al., 2005; Avruch et al., 2009; Yang et al., 2017).
In addition to binding mTOR, oncogenic Ras was also found to
interact with the RB domain of SIN1 and to be crucial for Ras in
order to interact with and activate mTORC2 (Kovalski et al., 2019).
Consequently, as human Ras has previously been suggested to
form dimers (Zhou et al., 2018), it was proposed that a Ras dimer
binds mTORC2, with one Ras protomer interacting with the
mTOR kinase domain while the other interacts with SIN1
(Kovalski et al., 2019).
Considering the evidence and all reported observations with
regard to Ras-mediated activation of mTORC2 in eukaryotes, we
propose the idea of a general, conserved mechanism where Ras
binds to the mTOR kinase domain, while another Ras family protein
– whether an additional Ras, Rap1 or RhoA – simultaneously binds
to the RB domain of SIN1 to fully activate mTORC2 (Fig. 4A).
Therefore, the binding of one of the small GTPases Ras, Rap1 or
RhoA to SIN1 could play two simultaneous roles: (1) the
recruitment of mTORC2 to the plasma membrane; and (2) the
displacement of SIN1 from the active site of mTOR, thereby
assisting the Ras-mediated stimulation of kinase activity by direct
binding of Ras to mTOR. Most likely, depending on the cells,
stimulus or the intracellular localization of mTORC2, the
mechanism to displace SIN1 and release its inhibition of mTOR
kinase will vary. For example, instead of a Ras family protein
binding to SIN1, its displacement from the active site of mTOR can
be achieved by binding of PI(3,4,5)P3 to the PH domain of SIN1
(Gan et al., 2011; Liu et al., 2015).
PI3K regulation of mTORC2

Evidence suggests that PI3K promotes mTORC2 activation in
mammalian cells, either directly through binding of PI3Kproduced PI(3,4,5)P3 to SIN1 (Gan et al., 2011; Liu et al., 2015)
or indirectly as part of pathways that lead to mTORC2 activation
(Zinzalla et al., 2011; Liu et al., 2013; Yang et al., 2015). Such
indirect PI3K regulation of mTORC2 includes the insulin-induced
PI3K signaling-dependent association of mTORC2 with
ribosomes, an interaction proposed to induce mTORC2 activation
(Zinzalla et al., 2011). At the ribosome, mTORC2 is then
positioned to co-translationally phosphorylate members of the
protein kinase A, PKG and PKC (AGC) kinase family at their turn
motif, found in some AGC kinases downstream of the catalytic
domain, which is crucial for the folding and stability of AKT and
conventional PKC (cPKC) (Facchinetti et al., 2008; Ikenoue et al.,
2008; Oh et al., 2010). Therefore, in this context, the regulation of
mTORC2 activity downstream of insulin-PI3K signaling provides
a mechanism to couple insulin-induced protein synthesis and
quality control. Another indirect mechanism for the PI3K-mediated
regulation of mTORC2 in mammalian cells is the PI(3,4,5)P3- and
PDK1-dependent, AKT-mediated phosphorylation of SIN1 on
threonine residue 86 (T86) as part of a positive feedback loop (Liu
et al., 2013; Yang et al., 2015). In response to growth factor
stimulation, PDK1-mediated phosphorylation of the AKT activation
loop first increases the kinase activity of AKT, which then
phosphorylates SIN1, leading to enhanced mTORC2 kinase
activity; following that, mTORC2 phosphorylates the hydrophobic
motif of AKT, thereby achieving full AKT activation (Fig. 4A). The
exact mechanism through which mTORC2 is activated upon T86
phosphorylation of SIN1 remains unknown; however, it was
proposed to involve a weakening of the interaction between SIN1
and mTOR within mTORC2, as concurrent phosphorylation of T86
4
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Fig. 4. Model of how Ras and PI3K might regulate distinct mTORC2 pools.
(A) Illustration of proposed mechanisms regulating the mTORC2 pool at the
plasma membrane. Several receptor systems, including seven
transmembrane receptors (7TMRs) and receptor tyrosine kinases (RTKs),
promote mTORC2 activation at the plasma membrane. Here, mTORC2 activity
might primarily be stimulated by Ras binding to mTOR and/or SIN1. Additional
small GTPases, including Rap1, RhoA and Rac1, probably contribute to
activation of the mTORC2 pool at the plasma membrane. mTORC2 signaling
at the plasma membrane includes activation of AKT, which is also regulated by
PI3K-PDK1 signaling in human cells and can involve AKT-stimulated
activation of mTORC2 through SIN1 phosphorylation in a positive feedback
loop. (B) Illustration of proposed mechanisms regulating the intracellular
mTORC2 pool. The insulin receptor (InsR) is likely to signal through PI3K to
promote activation of intracellular mTORC2 pools, including at the ribosome
and early endosomes. At the ribosome, active mTORC2 phosphorylates AKT
and other AGC kinases within their turn motif, which contributes to the folding
and stability of these kinases. PI3K-mediated activation of mTORC2 at early
endosomes could occur downstream of Ras and results in binding of the SIN1
PH domain to PI(3,4,5)P3, thereby freeing the active site of mTOR. mTORC2
located at early endosomes signals through AKT, which is also likely to be
regulated by phosphoinositide-dependent kinase-1 (PDK1) at this site. It is
also possible that AKT amplifies the activity of mTORC2 as well as its own
activity through a positive feedback loop involving SIN1 phosphorylation at
early endosomes (not shown). The resulting activation of different cellular
pools of AKT and, probably, also other localized mTORC2 substrates (not
shown), is expected to play a crucial role in mediating a cellular response that is
tailored to each stimulus. PIK3R, PI3K regulatory subunit.

and T398 of SIN1 promotes its complete dissociation from the
complex (Liu et al., 2013).
The PH domain of human SIN1 binds phosphatidylinositol and
its phosphorylated derivatives as well as phosphatidic acid (PA)
with no clear preference in lipid overlays, but it preferentially
binds to PI(3,4,5)P3 in more physiologically-relevant liposomes
(Schroder et al., 2007; Liu et al., 2015). The binding of SIN1 to
PI(3,4,5)P3 appears highly conserved because the PH domain of
Avo1, the yeast homologue of mammalian SIN1, was also found to
bind phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P2], i.e. the
yeast functional homologue of PI(3,4,5)P3 in higher eukaryotes
(Strahl and Thorner, 2007; Berchtold and Walther, 2009). The role
of Avo1/SIN1 when binding to PI(4,5)P2/PI(3,4,5)P3, however, is
still debated. It has initially been proposed that AvoI/SIN1 binding
to PI(4,5)P2/PI(3,4,5)P3 represents an evolutionarily conserved role
of this mTORC2 subunit in promoting the localization of mTORC2
to the plasma membrane. In yeast, mTORC2, indeed, partly
localizes to membranes, particularly within discreet actinindependent foci at the plasma membrane (Kunz et al., 2000;
Wedaman et al., 2003; Sturgill et al., 2008; Berchtold and Walther,
2009; Martinez Marshall et al., 2019). However, recent evidence
suggests that the association of yeast Avo1 with the plasma
membrane is independent of its PH domain and PI(4,5)P2. Instead,
through its Armadillo repeats, Avo3 – the yeast homologue of
mammalian RICTOR – promotes localization of mTORC2 at the
plasma membrane (Martinez Marshall et al., 2019). To our
knowledge, a role for RICTOR in targeting mammalian mTORC2
to membranes has yet to be explored. Nevertheless, there is strong
evidence suggesting that the PH domain of mammalian SIN1
mediates its localization to both intracellular membranes and the
plasma membrane, and that mTORC2 complexes formed with the
PH domain-containing SIN1 isoforms SIN1.1 and SIN1.2 also
display this localization (Frias et al., 2006; Schroder et al., 2007; Liu
et al., 2015; Ebner et al., 2017). Intriguingly though, whereas the PH
domain of human SIN1 – when expressed alone in cells – mostly
localizes to the cytosol and translocates to the plasma membrane in
response to insulin stimulation (Liu et al., 2015), full-length SIN1 is
already partly located at the plasma membrane in resting cells and
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does not relocalize in response to insulin stimulation (Schroder
et al., 2007; Ebner et al., 2017). Therefore, despite the fact that the
PH domain of human SIN1 binds PI(3,4,5)P3 and is necessary for its
plasma membrane localization, together, the evidence suggests a
non-causal relationship.
Other evidence points to PI(3,4,5)P3 in directly stimulating
mTORC2 activity. As previously mentioned, recent structural
studies of both yeast and human mTORC2 revealed that Avo1/SIN1
interacts with the mTOR kinase domain in a way that occludes the
active site of the latter (Karuppasamy et al., 2017; Chen et al., 2018;
Stuttfeld et al., 2018). Furthermore, a previous biochemical study
using human cells showed that the interaction of SIN1 with the
kinase domain of mTOR involves the PH domain of SIN1 and,
possibly, its N-terminal domain, thereby inhibiting mTORC2
activity towards AKT (Liu et al., 2015). Further observations in
this study indicate that binding of PI(3,4,5)P3 to the PH domain of
SIN1 can relieve inhibition of mTOR kinase by SIN1, leading to
activation of mTOR kinase (Liu et al., 2015). Interestingly, the PH
domain of yeast Avo1 was also found to be necessary for mTORC2
activity, although it is unknown whether binding of PI(4,5)P2 has a
role in promoting activation (Martinez Marshall et al., 2019). In fact,
the PI(3,4,5)P3-induced mTORC2 activation might not be universal
because Dictyostelium strains that lack PI3K activity display normal
mTORC2 activity and function during chemotaxis (Kamimura
et al., 2008). Furthermore, a direct activation of human mTORC2 by
PI(3,4,5)P3 is still debated. Although two studies reported that
PI(3,4,5)P3 stimulates activation of purified mTORC2 in vitro (Gan
et al., 2011; Liu et al., 2015), another study, using a very similar
experiment, observed no effect of PI(3,4,5)P3 on mTORC2 activity
(Frias et al., 2006). The main difference between these studies is the
nature of the liposomes used to carry PI(3,4,5)P3; thus, it would be
interesting to evaluate the effect of the other lipids included in the
liposomes on mTORC2 activity.
The use of LocaTOR2, a cleverly designed compartment-specific
biochemical reporter of mTORC2 activity that uses AKT
phosphorylation as readout, provided valuable insight to the
intracellular locations in which human mTORC2 is activated and
to its regulation by PI(3,4,5)P3 (Ebner et al., 2017). In this regard,
although the PH domain of SIN1 was found to be essential for the
plasma membrane localization of mTORC2, observations suggest
that this localization as well as the activity of mTORC2 at this site
are not regulated by PI(3,4,5)P3 (Ebner et al., 2017). Instead, PI3K
signaling was found to promote activation of an endosomal pool of
mTORC2 (Ebner et al., 2017). Moreover, since recruitment of AKT
to the plasma membrane automatically leads to phosphorylation of
its hydrophobic motif in human cells, it was proposed that the
plasma membrane pool of human mTORC2 is constitutively active
(Ebner et al., 2017). However, whether SIN1 in mTORC2 at the
plasma membrane of the human cells used in this study binds to
other lipids or small GTPases that displace it from the active site of
mTOR to promote mTORC2 activation remains to be determined.
mTORC2 activation – RAS and/or PI3K?

As the LocaTOR2 reporter revealed, the localization of mTORC2 in
mammalian cells is likely to play a key role in determining its
mechanism of activation and regulation, as well as, most likely, its
cellular function (Ebner et al., 2017). Interestingly, components of
mTORC2 were found to localize, in addition to the plasma
membrane, to the cytosol, mitochondria, endoplasmic reticulum,
endosomes, lysosome, Golgi, nucleus, perinuclear region and with
ribosomes (reviewed in Knudsen et al., 2020). However, since
RICTOR and SIN1 have been shown to play cellular roles that are
6
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Conclusions and perspectives

Currently, all the evidence points to separate roles of Ras and PI3K
regarding the direct activation of mTORC2: Ras binds and
activates mTORC2 at the plasma membrane, and PI3K – through
PI(3,4,5)P3 – activates the intracellular pools of mTORC2. It is
important to consider, though, that most of the existing data on
mTORC2 activity regulation in mammalian cells come from studies
that used insulin as stimulus and phosphorylation of the AKT
hydrophobic motif as readout. However, compelling evidence
indicate that the regulation and signaling specificity of mTORC2
varies with the nature of the extracellular stimulus. For example,
mTORC2 was found to be activated by PKC downstream of both
syndecan-4 and the angiotensin II receptor type 1 (AGTR1), but
resulting in completely different responses (Partovian et al., 2008;
Gleason et al., 2019). Syndecan-4, which can act as a growth factor
receptor or co-receptor, promotes mTORC2 activity towards AKT at
the plasma membrane in response to fibroblast growth factor 2
(FGF2), insulin growth factor 1 (IGF1) and vascular endothelial
growth factor (VEGF) through PKC (Partovian et al., 2008). In
contrast, the angiotensin II (AngII)-mediated stimulation of AGTR1
mediates mTORC2 activation in a PKC-dependent manner at a
perinuclear region but not the plasma membrane, where mTORC2
selectively phosphorylates and activates serum/glucocorticoid
regulated kinase 1 (SGK1) but not AKT (Gleason et al., 2019).
Together with the findings that mTORC2 exists as different cellular
pools, these findings illustrate the diversity of the mechanisms of
mTORC2 regulation that are dictated by the stimulus as well as the
cellular conditions. Whether Ras-mediated activation of mTORC2

at the plasma membrane and that induced by PI3K at endosomes are
universal mechanisms used to control these distinct cellular
mTORC2 pools, or whether these mechanisms are at play only
under defined circumstances and sometimes cooperate to regulate
the same mTORC2 pool remains to be explored. Given the
increasing evidence implicating mTORC2 in cancer (Zhou and
Huang, 2010; Zou et al., 2016; Kim et al., 2017; Gkountakos et al.,
2018; Butt et al., 2019) and that it can be activated by the most
commonly mutated oncogene Ras, a better understanding of the
mechanisms that regulate mTORC2 and how it is linked to other Ras
pathways will help in guiding the choice of increasingly
personalized therapeutic anti-cancer strategies.
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