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Summary

Phosphatidylinositide 3 kinases (PI3Ks) and their downstream mediators AKT and mammalian
target of rapamycin (MTOR) constitute the core components of the PI3K/AKT/mTOR
signalling cascade, regulating cell proliferation, survival and metabolism. Although these
functions are well defined in the context of tumorigenesis, recent studies — in particular those
using pluripotent stem cells — have highlighted the importance of this pathway to development
and cellular differentiation. Here we review the recent in vitro and in vivo evidence for the role
PI3K/Akt/mTOR signalling plays in the control of pluripotency and differentiation, with a

particular focus on the molecular mechanisms underlying these functions.
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Introduction

During development, cellular differentiation is a crucial process by which all major tissues of
the adult organism are formed. This is governed by the spatial and temporal activation of
signalling pathways, classically demonstrated through gain and loss of function studies
performed in developmental models such as zebrafish, Xenopus and mice. Genetic
manipulation of signalling components induces defects in either specific tissues or
developmental stages, thus implying that distinct pathways specify particular lineages
independently. However, it is increasingly evident that this is a gross oversimplification, given
that signalling pathways do not operate in isolation, but participate in a myriad of crosstalk
interactions that cumulatively determine cell fate. Therefore, even pathways that do not appear
to independently specify a lineage may act to augment or inhibit pathways that are essential for
lineage specification. However, the inherent complexity and redundant nature of signalling

makes the molecular dissection of such crosstalk events difficult.

PIBK/AKT/mTOR signalling contributes to a variety of processes that are critical in mediating
many aspects of cellular function, including nutrient uptake, anabolic reactions, cell growth
and survival. The core components of the pathway, namely phosphatidylinositide 3-kinases
(P13Ks), AKT and mammalian target of rapamycin (mTOR, also known as mechanistic TOR),
have been shown to be frequently hyperactivated in the majority of cancers and have therefore
been the focus of many studies in this field (Vanhaesebroeck et al., 2010; Thorpe et al., 2015).
In contrast, the importance of this pathway in development is understated, even though loss
any of the core components often results in embryonic lethality (Bi et al., 1999; Peng et al.,
2003; Murakami et al., 2004).

The embryonic lethality that results from disruption of the PISBK/AKT/mTOR signalling
hinders the interrogation of this pathway during differentiation through traditional
developmental models. Derivation of pluripotent stem cells (PSCs), including embryonic stem
cells (ESCs) and induced PSCs (iPSCs), has mitigated this problem to some extent. These cells
can undergo self-renewal indefinitely, and also can give rise to all the cells of the adult
organism, providing researchers with a unique cell-based model to interrogate cellular
differentiation. This, coupled with increasingly defined culture conditions and better tools for

genetic manipulation, has allowed researchers to overcome the technically challenging
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interrogation of the molecular basis for crosstalk interactions. As a result, recent studies have
begun to delineate the contribution of PI3K/Akt/mTOR signalling in preserving the ability of
PSCs to self-renew and differentiate (Paling et al., 2004; Zhou et al., 2009; Singh et al., 2012;
Yu et al.,, 2015), and it has become apparent that this signalling pathway is crucial for
embryonic development and is indispensable for the self-renewal of PSCs. In this Review
article, we discuss the functions of this pathway during embryonic development and in cell fate
determination of PSCs, with a particular focus on the putative molecular mechanisms
underlying these functions.

PI3K/AKT/mTOR signalling

PI3Ks are a unique family of intracellular lipid kinases that phosphorylate the 3'-hydroxyl
group of the inositol ring of phosphatidylinositides (PtdIns) and are divided into three classes.
The most studied is class | PI3K (Fig. 1), which stimulates the conversion of membrane-bound
phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P2; PIP,) to phosphatidylinositol-(3,4,5)-
trisphosphate (PtdIns(3,4,5)Ps; PIP3) (Vanhaesebroeck et al., 2010; Thorpe et al., 2015). PIP3
acts as a secondary messenger, facilitating the recruitment and activation of kinases that
possess the pleckstrin homology (PH) domain, such as PI3K-dependent kinase-1 (PDK1). The
signalling duration of PIP3 is subject to regulation by phosphatase and tensin homolog (PTEN),
which acts to oppose PI3K activity. The serine/threonine kinase Akt, also known as protein
kinase B (PKB), possesses a PH domain, and is recruited to the plasma membrane along with
PDK1. Phosphorylation of amino acid residues T308 and S473 by PDK1 and mTORC2
respectively is essential for full Akt activation. Following activation, Akt can phosphorylate
many target proteins, most notably glycogen synthase kinase 3 (GSK3), tuberous sclerosis 2
(TSC2), caspase-9 and PRAS40 (AKT1S1), which explains its relatively wide spectrum of
downstream effects in promoting cell proliferation, differentiation, apoptosis, angiogenesis and

metabolism.

mMTOR is an evolutionarily conserved serine/threonine protein kinase that belongs to the PI3K-
related kinase family (PIKK). The accessibility of the mTOR active site is governed in part by
mTOR-associated proteins that form two distinct complexes: mTOR complex 1 (mMTORC1)
and 2 (MTORC2). These complexes differ in their composition, mode of activation and

rapamycin sensitivity (Yang et al., 2013; Liu et al., 2015). Although mTOR in both complexes
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interacts with DEPTOR and mLST8, the other core components are distinct between them.
Instead of having RAPTOR (RPTOR) and PRAS40 in mTORC1, mTORC2 contains Rictor
(rapamycin-insensitive companion of mMTOR) and mSinl (mammalian stress-activated protein
kinase interacting protein 1; MAPKAP1) (Fig. 1). Activation of mTORCL1 is regulated by
multiple intracellular and extracellular cues, such as growth factors, nutrients, energy status
and stress, in which the RAG and RHEB (Ras homolog enriched in brain) guanosine
triphosphatases (GTPase) as well as TSC1/2 play essential and distinct roles (Box 1). Upon
activation, mTORC1 regulates many cellular functions, such as cell growth, protein synthesis
and autophagy via S6 kinase (S6K; RPS6K), eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1; EIF4AEBP1) and ULK1, respectively (Laplante and Sabatini, 2012). In
contrast to mTORC1, mTORC2 activation, stabilisation and function requires RICTOR and
mSIN1, although the precise molecular mechanism by which this occurs remains unclear
(Laplante and Sabatini, 2012). The downstream effectors of mMTORC?2 identified thus far are
mainly members of the AGC kinase family, including AKT, protein kinase C (PKC) and serum
and glucocorticoid induced kinases (SGKs), which modulate cytoskeleton organisation, cell

survival, lipid homeostasis and metabolism (Laplante and Sabatini, 2012).

Involvement of PIBK/AKT/mTOR in early embryonic development

Given the complex interplay between PI3K, AKT, mTORC1, and mTORC?2, it is challenging
to identify the physiological functions and contributions of each factor within this signalling
pathway, particularly in the context of embryonic development. Nonetheless, genetic
manipulation of key components by way of gene knockout has ascertained their importance in
driving organismal growth and tissue formation, and has highlighted the essential role these

signalling components play during embryonic development (summarised in Table 1).

Critical and divergent roles of PI3K isoforms

Although the various isoforms of class | PI3Ks share conserved domain structures and lipid
substrates, thus generating identical PIP3 upon activation, knockout studies in mice have
revealed that they have distinct roles in embryonic development. Mice with dysfunctional
p110a (PIK3CA) die around embryonic day (E) 10.5 (Bi et al., 1999; Foukas et al., 2006),
whereas mice lacking p110p (PIK3CB) die much earlier at E3.5(Bi et al., 2002). Interestingly,

mice with inactive (but not absent) p110p develop normally (Ciraolo et al., 2008), suggesting



that the p110p, unlike p110a, has a kinase-independent function that is indispensable for early
embryonic development. These results also suggest non-redundant roles for ubiquitously
expressed p110a and p110p, which might reflect differences in their activation mechanisms.
Whereas p110a is activated by phosphorylated tyrosine receptors, their adaptors and by Ras,
p110p is directly activated by Cdc42 and the Rho small G protein Racl (Fritsch et al., 2013).
Mice carrying defects in either p1105 (PIK3CD) or p110y (PIK3CG) show no defect in their
overall development but demonstrate impaired lymphocyte production (Clayton et al., 2002;
Sasaki et al., 2000), which is consistent with the enriched expression of these isoforms in
leukocytes. Deficiency of all Class 1A p85 regulatory subunits in mice leads to perinatal death,
but elimination of p85a (PIK3R1) alone produces viable mice (Fruman et al., 2000; Terauchi
et al., 1999; Ueki et al., 2002), suggesting that there are certain redundant functions among
regulatory subunits of class I PI3Ks. In contrast to class | PI3Ks, the primary product of class
Il and 11l PI3Ks is PtdIns(3)P, indicating that they may have different roles in embryonic
development. Taken together, these findings suggest that the majority of PI3K isoforms have

distinct, non-compensating and indispensable roles in early embryonic development.

Different but redundant roles of Akt isoforms

In contrast to the highly specific roles attributed to PI3K isoforms, the three AKT isoforms
appear to have an assorted but clearly redundant role in early embryonic development (Table
1). Germline deletion of any of the isoforms alone does not lead to clear embryonic lethality
despite the various physiological and pathological defects that these mice exhibit (Chen et al.,
2001; Cho et al., 2001; Tschopp et al., 2005). However, deletion of Aktl together with Akt2 or
Akt3 leads to embryonic death, with the Aktl/Akt3 double-knockout mice exhibiting more
severe phenotype and earlier lethality (Peng et al., 2003; Yang et al., 2005). In contrast,
Akt2/Akt3 double knockout mice are viable with only mild phenotypes (Dummler et al., 2006).
Thus, even though AKT1 can sufficiently sustain full development by itself and appears to play
a more important role during development than the other isoforms owing to its higher and

broader expression pattern, all isoforms are required for proper development and function.

Distinct roles of mMTORC1 and mTORC2 in embryonic development

Given the key roles that mTOR complexes play in AKT activation, protein translation and
nucleotide biosynthesis, it is perhaps unsurprising to find that knockout mice of various

components of the complexes lead to embryonic lethality (Rennebeck et al., 1998; Murakami



et al., 2004; Guertin et al., 2006; Shiota et al., 2006; Jacinto et al., 2006; Goorden et al., 2011).
However, upon closer inspection, mMTORC1 and mTORC2 may have different functions during
developmental progression, and indeed their deletion arrests the embryos at distinct
developmental stages (Table 1). Mice with a lack of mTOR or the mTORC1-specific protein
Raptor display similar phenotypes of embryonic lethality at E5.5-6.5, which is due to defective
proliferation of the inner cell mass (ICM) and trophectoderm (Murakami et al., 2004; Guertin
etal., 2006). By contrast, mice deficient in the mTORC2-specific proteins RICTOR or mSIN1
deficient mice progress through development until E10.5, which is considerably later than that
of MTOR- and RAPTOR-null mutants (Shiota et al., 2006; Guertin et al., 2006; Jacinto et al.,
2006). Defects in cardiovascular function may account for the lethality in these mice as
knockout of Rictor in the developing cardiovascular system alone leads to the similar
phenotype (Zhao et al., 2014). Interestingly, knockout of MIst8, which encodes a core
component of both complexes, produces a phenotype that exhibits vascular defects in the yolk
sac and embryonic lethality at E10.5, phenocopying Rictor-deficiency but dissimilar to that of
MTOR or RAPTOR deficiency (Guertin et al., 2006). Together, these studies suggest that a
deficiency in mTORC1 activity is largely responsible for proliferative defects that lead to early
developmental arrest, whereas mTORC2 deficiency induces arrest at mid-gestation due to
defective cardiovascular development, and that, although mLST8 is involved in the assembly
of both mTORC1 and mTORC2 complexes, it is only required for mTORC2 activity during
embryonic development. Furthermore, it is worth noting that mTORC2 does not appear to
affect overall cytoskeleton organization during mouse development as previously reported in
yeast (Guertin et al., 2006; Shiota et al., 2006; Jacinto et al., 2006).

In contrast to the lethal phenotypes that result from the deletion of key components of the
MTOR complexes, there are no severe developmental abnormalities associated with the
deficiency of effectors downstream of mMTOR complexes, such as S6K1 (RPS6KB1), S6K2
(RPS6KB2), ULK1, 4E-BP1/2 and SGK1, with the exception of perinatal death in S6k1/2
double knockout mice due to heart failure (Pende et al., 2004; Kundu et al., 2008; Le Bacquer
et al., 2007; WuIff et al., 2002). This is most likely to be due to the inherent redundancies in
the regulation of downstream processes, whereby although each factor plays a crucial role,
none are indispensable in inducing the phenotypic outcome. Interestingly, germline deficiency
of any of the three mMTORC1 upstream regulators, TSC1, TSC2 and RHEB, result in embryonic
lethality around E11, which is much later than mTORC1 knockout mice (Rennebeck et al.,



1998; Kobayashi et al., 2001; Goorden et al., 2011). This suggests that mTORC1 could be
activated by other signalling pathways in addition to the TSC1/2-RHEB cascade and that
TSC1/2 as well as Rheb may also have mTORCL1-independent developmental functions
(Neuman and Henske, 2011).

PIBK/AKT/mTOR signalling in pluripotent stem cells

Although in vivo studies have been informative in terms of establishing a role for
PISK/AKT/mTOR signalling in the regulation of early embryonic development, the inherent
complexity and multiple layers of redundancy present a formidable barrier to the elucidation
of the molecular details involved. ESCs isolated from pre-implantation embryos possess the
developmental competency of the early embryo and their differentiation recapitulates to a
certain extent early embryonic development. Thus, ESCs serve as an excellent basis for
interrogating the molecular contribution of this signalling pathway to development (Zhu and
Huangfu, 2013).

PI3K/AKT/mTOR are essential for maintaining pluripotency

Despite the considerable differences between human (hESCs) and mouse (MESCs) ESCs in
terms of the signalling requirements for their culture and propagation, studies using kinase
inhibitors and genetic approaches have shown that both types of ESCs require active
PI3K/AKT signalling to maintain their undifferentiated properties. Treatment of mMESCs with
either a general PI3K or pl10p specific inhibitor compromises their pluripotency and
deficiency of PI3K genes also results in loss of pluripotency in mESCs (Paling et al., 2004;
Kingham and Welham, 2009). Similarly, PI3K inhibition in hESCs results in the
downregulation of pluripotency markers concomitant with the upregulation of lineage-specific
genes, which together strongly suggest the loss of pluripotency (Armstrong et al., 2006;
McLean et al., 2007; Singh et al., 2012). Given that active cell proliferation is essential for ESC
self-renewal and that PI3K plays a key role in regulation of cell proliferation, this implicit
requirement for PI3K in ESC self-renewal is probably expected. In fact, knockout of Pten in
both mESCs and hESCs duly augments the proliferation and survival of these cells (Alva et
al., 2011). However, PI3K deficiency appears to have no obvious effect on ESC survival or
proliferation (Paling et al., 2004), suggesting that PI13K signalling is not limited to driving the

growth and survival of ESCs, but also in inherently preserving their pluripotent properties.



Interestingly, despite the fact that PI3K signalling is active in both mESCs and hESCs, it is
unclear whether this activation is through canonical induction via IGF1/insulin or whether it is
simply a resultant effect from the activation of other pathways (Fig. 2). PI3K signalling in
mESCs was found to be activated by an ESC-specific RAS protein (ERAS) via direct
interaction with its p110 subunit (Takahashi et al., 2003). However, deficiency of ERAS does
not affect pluripotency of mESCs, indicating that the PI3K-medicated effect on pluripotency
is not associated with ERAS. By utilising chemically defined culture conditions, it was
proposed that leukaemia inhibitory factor (LIF), a key player in maintenance of mESC self-
renewal, may activate PI3K signalling through phosphorylation of its receptor JAK (Niwa et
al., 2009; Paling et al., 2004), yet it remains unclear how LIF induces both JAK-STAT3 and
JAK-PI3K pathways. Similarly, activation of PI3K in hESCs may also occur through non-
canonical means. The presence of basic fibroblast growth factor (bFGF) in hESC cultures is
thought to stimulate PI3K signalling in both fibroblast conditioned medium or chemically
defined culture conditions by activating EGFR and IGF1R (Zoumaro-Djayoon et al., 2011)
Given that heregulin (neuregulin 1) and IGF1 can act in the absence of FGF to maintain hESC
pluripotency, FGF-mediated PI3K induction appears to be the more critical effect in preserving
hESC properties opposed to stimulation of the FGF/RAS/MAPK axis (Singh et al., 2012).
However, an important caveat to such a conclusion is that both heregulin and IGF1 can also
conversely activate RAS/MAPK signalling, making it difficult to distinguish the independent
effects of either pathway on pluripotency. Nonetheless, a recent report showed that under
similar defined culture conditions, insulin but not bFGF, is able to activate PI13K signalling (Ho
et al., 2015), suggesting that the magnitude of FGF-mediated PI3K activation is insufficient
for maintaining hESC pluripotency. Intriguingly, the same group also reported the
identification of an endogenous peptide ELABELA (ELA; APELA) that acts to induce
PIBK/AKT activity via an alternative, unknown receptor that is distinctly different from
canonical induction via insulin (Fig. 2). Introduction of exogenous ELA alone not only
sufficiently activates PI3K to the degree required for preserving pluripotency, but also primes
the cells for mesendoderm differentiation, further underscoring the importance of this pathway

in the regulation of ESC identity.

The mechanisms by which PI3K regulates pluripotency remain somewhat elusive. In mESCs,

increasing evidence suggests that PI3K promotes the retention of ESC properties mainly
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through the inhibition of two downstream pathways: the mitogen-activated protein kinases
[extracellular signal-regulated kinase (MAPK/ERK) pathway and the GSKS3 signalling
pathway. This is consistent with the finding that PI13K signalling is dispensable in naive mESC
2i culture conditions in which both MAPK/ERK and GSK3 pathways are suppressed (Hishida
et al.,, 2015). Active MAPK/ERK signalling is a key requirement for mESCs to undergo
differentiation (Ying et al., 2008); thus, inhibition of MAPK/ERK signalling by LIF-induced
PI3K may contribute to the maintenance of pluripotency even though the exact mechanisms by
which PI3K inhibits MAPK/ERK are unclear (Paling et al., 2004). With respect to the
inhibition of GSK3 signalling, several reports have shown that PI3K signalling inhibits
GSK30a/B activity by phosphorylating the S21/S9 residue via AKT activation in mESCs, which
leads to the upregulation of pluripotent transcription factors TBX3 and NANOG that
subsequently promote pluripotency in these cells (Paling et al., 2004; Niwa et al., 2009; Wray
et al., 2011). However, the exact underlying mechanisms remain ambiguous, particularly
regarding the involvement of B-catenin. Wellham and colleagues have shown that inactivation
of GSK3 by inhibition of PI3K has no clear effect on B-catenin phosphorylation, indicating that
the effect of PI3K signalling on TBX3 and NANOG in mESCs could be through B-catenin-
independent mechanisms (Paling et al., 2004). However, a more recent study using chemically
defined culture media combined with genetic approaches has revealed that enhancement of
NANOG expression by GSK3 inhibition results from the alleviation of Tcf3 repression, which
is largely mediated through p-catenin, although independent of its transcriptional activity and

even though B-catenin is not essential for the maintenance of pluripotency (Wray et al., 2011).

In hESCs, the mechanisms by which PI3K may regulate pluripotency are even more
ambiguous. Similar to mESCs, active PI3K signalling inhibits the MAPK/ERK pathway under
chemically defined culture conditions. However, unlike mESCs, active PI3K signalling in
hESCs appears to activate GSK3 activity through inhibition of MAPK/ERK, which leads to
suppression of B-catenin (Singh et al., 2012). In support of this notion, undifferentiated hESCs
contain mainly inactive B-catenin, and activation of B-catenin promotes hESC differentiation,
probably through B-catenin mediated transcription of differentiation genes (Davidson et al.,
2012). However, little is known about the expression and function of TCF3 and other TCF/LEF
proteins in hESCs as well as what mechanism accounts for the differential regulation of GSK3
phosphorylation in mMESCs and hESCs by PISK/AKT. Nonetheless, the role of PI3K signalling



remains largely preserved between species and is required to maintain both ESC self-renewal

and pluripotency of ESCs.

In agreement with the positive role PI3K plays in maintaining ESC pluripotency, ectopic
expression of constitutively active AKT is sufficient to preserve the pluripotency of mouse and
primate ESCs in the absence of feeder cells (Watanabe et al., 2006). By contrast, rapamycin-
mediated inhibition of mMTORC1 disrupts the pluripotency of hESCs (Zhou et al., 2009). The
latter study also demonstrated that this effect is independent of the growth-inhibiting properties
of rapamycin, given that treatment with a cyclin dependent kinase (CDK) inhibitor failed to
reproduce the same effect. However, long-term treatment of cells with rapamycin can also
result in inhibition of mMTORC2 (Sarbassov et al., 2006), and it is therefore unclear whether
this phenomenon is purely an mTORC1-dependent effect. Nonetheless, knockdown of either
the mTORC1 upstream suppressor TSC2 or the downstream target Folliculin prevents mESC
lineage commitment (Betschinger et al., 2013), further supporting a role for mTORC1
signalling in maintaining pluripotency. Taken together, PISBK/AKT/mTOR signalling is
therefore indispensable for modulation of ESC self-renewal and pluripotency through multiple

regulatory mechanisms.

The function of PI3BK/AKT/mTOR in regulating glycolytic metabolism

An increasing number of studies have demonstrated that cellular metabolism also plays an
essential role in regulation of pluripotency, specifically through modulation of the epigenetic
landscape (Zhou et al., 2012; Sperber et al., 2015; Zhang et al., 2016). In primed human PSCs,
metabolism typically proceeds via the glycolytic pathway, which rapidly switches to oxidative
phosphorylation upon differentiation (Zhou et al., 2012; Moussaieff et al., 2015). Compared
with differentiated cells, which utilise oxidative phosphorylation as the primary metabolic
pathway, these PSCs possess largely underdeveloped and immature mitochondria that are few
in number, thus maintaining high rates of glycolysis even under aerobic culture conditions,
although a recent report found that these cells can nonetheless utilise oxidative phosphorylation
for energy generation through glutamine metabolism (Prigione et al., 2010; Varum et al., 2011;
Tohyamaet al., 2016). This preference for glycolytic metabolism is reminiscent of the Warburg
effect in many highly proliferative cancer cells, typified by an increased conversion of pyruvate
to lactate. However, a recent study showed that although glycolytic ESCs produce lactate via

lactic fermentation, it is the acetyl-CoA byproduct that functions to maintain pluripotency via
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modulation of histone acetylation (Moussaieff et al., 2015). Epigenetic modification by the
cellular metabolome has also been shown to regulate the transition from naive to primed PSC
states. Naive human PSCs accumulate high levels of nicotinamide N-methyltransferase, which
acts to prevent primed transition by relieving repressive methylation on Wnt via the reduction
of S-adenosyl methionine (SAM), a key precursor required by histone methyltransferases
(Sperber et al., 2015). Equally, murine naive to primed PSC conversion is regulated by the
RNA-binding proteins LIN28A and LIN28B, which act to downregulate mitochondrial
metabolism and potentiate glycolysis (Zhang et al., 2016). Thus, naive, primed PSCs and

differentiated cells possess unique metabolic signatures that ultimately potentiate their fate.

Signalling pathways play an important role in regulating cellular metabolism;
PIBK/AKT/mTOR signalling is a master regulator of aerobic glycolytic metabolism (Ward and
Thompson, 2012). The active PI3K/AKT pathway increases glucose uptake by upregulating
the expression of cell surface glucose transporters and by stimulating several glycolytic
enzymes, such as hexokinase (Ward and Thompson, 2012). In addition, AKT has been found
to promote activation of ATP citrate lyase (ACL; ACLY), which enhances the conversion of
citrate to acetyl-CoA both in vitro and in vivo (Lee et al., 2014). The role of mMTOR complexes
in the regulation of metabolism is more complex. On one hand, mTORCL1 upregulates the
expression of hypoxia-inducible factor 1 (HIF1), which promotes glycolysis by diverting
pyruvate into lactate (Kim et al., 2006; Cheng et al., 2014) and is further enhanced by
mTORC2-mediated activation of AKT via S473 phosphorylation. On the other hand, mnTORC1
positively regulates mitochondrial function and oxidative metabolism by selectively promoting

translation of nucleus-encoded mitochondria-related mMRNAs (Morita et al., 2013).

In addition to a direct role in regulating glycolytic metabolism, both mTORC1 signalling and
nutrients are subject to reciprocal regulation by metabolic substrates. mMTORCL1 activation is
induced by amino acids, particularly leucine, glutamine and arginine through both RAG
GTPase-dependent and -independent mechanisms (Jewell et al., 2015; Carroll et al., 2016), and
also activates feedback mechanisms that further increase nutrient uptake to fuel anabolic
reactions. Conversely, upon starvation, mMTORCL1 activity is reduced, alleviating the repression

of ULK1/2. Active ULK1/2 is then able to phosphorylate key glycolytic enzymes and initiate
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autophagy in a bid to sustain glycolysis, maintaining cellular energy and redox homeostasis
(Lietal., 2016) (Box 2).

Compelling evidence has shown that mTORC1 negatively regulates autophagy via inhibition
of ULK1/ATG1 and other autophagy-associated proteins, which are essential to embryonic
development (Mizushima and Levine, 2010; Ktistakis and Tooze, 2016). Under culture
conditions permissive for primed ESC propagation with an abundance of nutrients, autophagy
occurs at a basal level and therefore its deficiency has no detrimental effect in both mESCs and
hESCs (Mizushimaetal., 2001; Cho et al., 2014). However, stress conditions such as starvation
act to reduce mTORCL signalling, leading to the activation of autophagy, which is required to
support ESC homeostasis via the expression of pluripotent genes (Mizushima et al., 2001).
Deficiency of autophagy in ESCs under such stress conditions leads to apoptosis or detrimental
accumulation of pluripotency-associated proteins that compromise the pluripotent state
(Mizushima et al., 2001; Cho et al., 2014). Expanding on the crucial role of mMTORCL1 in
nutrient sensing, several amino acid pathways have been reported to be essential for the
maintenance PSC properties (Wang et al., 2009; Carroll et al., 2016; Shiraki et al., 2014; Carey
et al.,, 2015). Pluripotent mESCs are dependent on threonine catabolism by threonine
dehydrogenase (TDH) for the synthesis of SAM, which in turn regulates histone methylations
that drive ESC self-renewal and pluripotency (Wang et al., 2009; Shyh-Chang et al., 2013).
This process appears to be dependent on PISBK/AKT/mTOR signalling, as inhibition of this
signalling attenuates the effect (Ryu and Han, 2011). However, TDH is inactive in hESCs
owing to genetic mutations in human, thus, it is unclear how hESCs, particularly the fast
growing naive hESCs, circumvent TDH deficiency. Nonetheless, methionine and arginine have
been demonstrated to be essential for regulating hESC self-renewal, epigenetic landscape and
gene expression, possibly in a PI3K/Akt/mTOR-dependent manner (Shiraki et al., 2014;
Carroll et al.,, 2016). Therefore, this signalling cascade also has crucial functions in

maintaining PSC properties through the modulation of cellular metabolism.

The role of PI3BK/AKT/mTOR in somatic cell reprogramming

Differentiated somatic cells can be reprogrammed back to an embryonic-like pluripotent state,
either by nuclear transfer, cell fusion or the delivery of certain factors, including transcription
factors and small molecule inhibitors (Wilmut et al., 1997; Cowan et al., 2005; Takahashi and

Yamanaka, 2006; Zhu et al., 2010), which requires large-scale changes in epigenetic
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configuration. Although transcription factors are the key initiators of reprogramming,
extracellular signalling pathways are also important for the stabilisation of the pluripotent state,
as they can alter the expression of transcription factors, remodel cellular metabolism and
modify the epigenetic landscape following the reprogramming event. This is particularly
evident in the observation that small molecule inhibitors can directly substitute for traditional
reprogramming factors during the event (Zhu et al., 2010). Although the role of
PIBK/AKT/mTOR in this process has not been fully uncovered, several reports have
demonstrated that PIBK/AKT signalling promotes iPSC generation through inhibition of
GSK3p and FOXO1, whilst concurrently enhancing the glycolytic metabolism (Silva et al.,
2008; Yu et al., 2014; Zhu et al., 2011). This is further supported by experimental evidence
indicating that inhibition of AKT hinders somatic cell reprogramming, which is alleviated by
the inhibition of GSK3 (Tang et al., 2014).

In stark contrast, mTOR signalling has mainly been shown to play a negative role in
reprogramming, yet the underlying mechanisms are largely unclear. Given that PSCs generally
have fewer mitochondria than somatic cells, it is rational to propose that mTORC1-regulated
autophagy might function to aid the clearance and remodelling of these organelles for
successful reprogramming. Indeed, Wang et al, reported that in the early stages of
reprogramming, mTORC1 activity is inhibited, which is accompanied by an increase in ATG5-
dependent canonical autophagy (Box 2). This increased autophagy is crucial for successful
reprogramming as ATGb5-deficient mouse embryonic fibroblasts (MEFs) fail to be
reprogrammed in this study (Wang et al., 2013). However, this finding was opposed by later
reports showing that ATG5-deficient MEFs can be reprogrammed to PSCs, and that canonical
autophagy is not required for and may even inhibit reprogramming (Wu et al., 2015; Ma et al.,
2015). Instead, somatic mitochondria are cleared by ATG5-independent, non-canonical
autophagy in a manner similar to that during differentiation of embryonic reticulocytes to
erythrocytes (Ma and Blenis, 2009; Honda et al., 2014). Both PI3K and mTOR signalling are
crucial regulators of this alternative autophagy pathway, as the process requires both
PtdIns(3)P, a product of class Il and 111 PI3Ks and ULK1, amTORCL1 inhibitory target required
for the formation of autosomes, further supporting both positive and negative roles of PI3K

and mTOR, respectively.

A recent study that investigated the effect of signalling pathways in end stage reprogramming

cells revealed that PISK/AKT/mTOR is absolutely required for the generation and maintenance
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of iPSCs (Zunder et al., 2015). This is consistent with the role of this pathway in maintaining
ESC pluripotency. Therefore, PI3K/AKT/mTOR signalling may have dynamic and differential
roles during somatic cell reprogramming in which PIBK/AKT signalling generally has a
positive role, whereas mTOR signalling appears to be inhibited initially for the clearance of
mitochondria, then subsequently required for the establishment new gene expression profile

and metabolic activities.

PISK/AKT/mTOR signalling in cell fate determination

Although the role that PI3BK/AKT/mTOR signalling plays in the maintaining pluripotency is
well established, its function in regulating the exit from pluripotency is less defined. The rapid
loss of glycolysis and the establishment of oxidative phosphorylation as the primary metabolic
pathway is a characteristic of early PSC differentiation, with the mitochondria serving as the
central organelles in which this takes place (Moussaieff et al., 2015). Given that
PIBK/AKT/mTOR signalling is vital in regulating cellular metabolism, it is conceivable that
this signalling is also important for controlling the exit of PSCs from pluripotency (Betschinger
etal., 2013).

Emerging evidence suggests that PI3K/AKT/mTOR signalling may also play an additional role
in mediating lineage specification upon the exit of PSCs from the pluripotent state. It has been
shown that PIBK/AKT/mTOR signalling, particularly through mTOR, is crucial for the
establishment of proper neural architecture in vivo, and in the regulation of neural specification
and function. Genetic ablation of mMTORC2 components RICTOR or mLST8 revealed a
significant loss of telencephalic cells, either by diminished proliferative potential or increased
apoptosis (Guertin et al., 2006). Mutation of TSC2, an upstream regulator of mMTORCL1, results
in embryonic lethality in the Eker rat due to a grossly expanded forebrain (Guertin et al., 2006;
Rennebeck et al., 1998). This is pathologically manifested in humans as tuberous sclerosis
syndrome, whereby loss or defective TSC2 function induces the formation of brain
hamartomas primarily consisting of giant cell astrocytes, cortical tubers and subependymal
nodules (Curatolo et al., 1991). Although hyperactivation of mMTORC1 may well explain the
tumour formation aspect of this syndrome due to hyperplasic tissue growth, the mixed cell type
phenotype and loss of local tissue architecture suggests further roles for mTORCL1 in the

regulation of neural cell identity, particularly with regard to the acquisition of neuronal
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functions. This is further supported by the fact that PI3BK/AKT/mTOR signalling, or more
precisely mTOR activity, is required for neuronal differentiation following the formation of
the neural tube, as treatment with the mTOR inhibitor rapamycin reduces the expression of
early neuronal marker genes in the chick (Fishwick et al., 2010). However, as with the
formation of the telencephalon, this is not due to defects in cell proliferation, as stimulation of

PI3K signalling does not result in increased neuron production in neural tube explants.

Consistent with the notion that sustained PI3K/AKT/mTOR signalling promotes neural fates,
inhibition of this pathway in PSCs enhances the specification of mesendoderm over
neuroectoderm (McLean et al., 2007; Zhou et al., 2009; Yu et al., 2015). Indeed, whereas
insulin itself has the capacity to redirect the differentiation of cardiac mesoderm and endoderm
to neuroectoderm in differentiating hESCs (Freund et al., 2008), efficient differentiation of
hESCs to mesendoderm and definitive endoderm requires transient suppression of
PIBK/AKT/mTOR signalling in addition to activin (McLean et al., 2007; Zhou et al., 2009; Yu
et al., 2015). Several underlying mechanisms have been suggested for this negative effect of
PISK/AKT/mTOR upon mesendoderm/endoderm differentiation. PI3BK/AKT signalling has
been shown to suppress MAPK/ERK activity, acting to inhibit the WNT-B-catenin signalling
required for activin-induced mesendoderm/endoderm differentiation (Singh et al., 2012; Sumi
et al., 2008). Inhibition of PI3BK/AKT therefore releases this inhibition, promoting endoderm
differentiation. Additionally, mMTORC2 activity directly inhibits activin-stimulated SMAD2/3
activities by increasing the ubiquitin-mediated degradation of SMAD2/3 via modulation of the
phosphorylation status of the Smad2/3 linker region (Yu et al., 2015). Therefore,
PISBK/AKT/mTOR signalling appears to facilitate neural differentiation and impede
mesendoderm/endoderm formation once PSCs exit pluripotency (Fig. 3). However, it is unclear
whether mTOR complexes play any part in actively driving the commitment of PSCs towards
the neural fate, or alternatively, simply act to inhibit other pathways that drive mesendoderm
commitment. Nevertheless, these studies highlight a prominent role for PI3K/AKT/mTOR
signalling during lineage specification and the determination of cell fate.

Outlook

The PIBK/AKT/mTOR pathway is a major regulator of PSC properties, not only governing

their proliferation and survival, but also modulating the gene expression, epigenetic
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configuration and metabolic activities of these cells. This in turn regulates both the
maintenance of pluripotency and the acquisition of specialised functions during differentiation.
Although it is remarkable that we can now describe the involvement of nearly all of the
components of this pathway in fine mechanistic detail within the context of PSC fate
determination, there are nonetheless a number of outstanding issues that need to be addressed.
Chief of these is the fact that no signalling pathway operates in isolation, which necessitates
further investigation into how this pathway interacts with other signalling mediators or genetic
factors to induce the large-scale changes associated with differentiation and/or reprogramming.
Establishment and application of chemically defined culture conditions would greatly facilitate
such investigations and reduce non-associated signalling interference. The advent of clustered
regularly interspaced short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9)
technologies and the development of guide RNA sub-libraries that not only allow simultaneous
knockout of but also precise mutations in multiple signalling components are major tools that
will enable us to develop a more complete molecular description of these processes. Equally,
recent advancements in the ability to observe human development in vitro for extended periods
beyond implantation (Deglincerti et al., 2016; Shahbazi et al., 2016) and single-cell gene
expression profiling (Petropoulos et al., 2016; Yan et al., 2013) represent exciting avenues
through which we may further improve defined culture conditions and explore the species-
specific impact of PI3BK/AKT/mTOR signalling in hPSCs via the modulation of nutrition
availability and other metabolic cues. When coupled with increasingly specific and efficient
gene editing technologies, it is with utmost certainty that new roles for PI3K/AKT/mTOR will
be uncovered that will transform our understanding of development, ageing, tumorigenesis and

disease.
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Box 1: Regulation of mTOR complexes

mTORC1

Activation of mMTORC1 is regulated by multiple intracellular and extracellular cues, involving
both RAG and RHEB (RAS homolog enriched in brain) guanosine triphosphatases (GTPases).
RAG GTPase exists as a heterodimer of RAGA/B (RAGA/B) with RAGC/D (RAGC/D) and
is anchored to the lysosome by the Ragulator complex (Bar-Peled et al., 2012). Rag GTPase is
activated by the presence of nutrients (e.g. amino acids) through the combined action of the
amino acid transporter SLC38A9 (Rebsamen et al., 2015; Wang et al., 2015) and the Ragulator
complex as a guanine nucleotide exchange factor (GEF), along with other proteins, which
recruit mMTORC1 to the lysosome surface where it encounters Rheb. The activation of Rheb is
negatively controlled by tuberous sclerosis 1 and 2 (TSC1/2). Notably, many upstream
signalling inputs regulate mMTORC1 via phosphorylation of TSC1/2. For example, growth
factor-induced PI3K/AKT inactivates TSC2 by phosphorylation of S939/T1462, resulting in
the activation of RHEB and therefore mTORCL1. Conversely, energy deficiency-activated
adenosine monophosphate protein kinase (AMPK; PRKA) triggers the phosphorylation of
TSC2-T1227/S1387, enhancing TSC1/2 activity and inhibiting mTORC1. Recently, arginine
has been shown to activate mTORC1 via a RAG GTPase-independent mechanism (Carroll et
al., 2016).

mTORC2

In contrast to MTORCL1, the factors and regulative processes driving mTORC2 activation
remain relatively understudied. So far, only PI3K stimulation has been shown to promote
mTORC2 activation in association with the mSIN1 PH domain and the ribosome (Liu et al.,
2015; Zinzalla et al., 2011). The exact molecular details await further elucidation.
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Box 2: Autophagy

Autophagy is an evolutionarily conserved catabolic ‘self-eating” process by which cytoplasmic
components including macromolecules and organelles are degraded through a lysosome-
dependent mechanism. This process is crucial for maintaining cellular homeostasis, and plays
an important role in development, immune defence and tumour suppression. Several forms of
autophagy have been described (Mizushima and Levine, 2010), of which macroautophagy has

been the most extensively studied and will hereafter simply be referred to as autophagy.
Canonical autophagy

Autophagy begins with the stepwise enclosure of cytoplasmic materials by isolation
membranes — called phagophores - to form double membrane-bound vesicles named
autophagosomes. Canonical autophagy requires a set of autophagy-related (ATG) proteins that
function in a hierarchical order. This stepwise process includes initiation of the
autophagosomal membrane, which involves the ULK1-ATG13 complex that is suppressed by
MTORC1, nucleation, which depends on the formation of a complex containing Vps34
(PIK3C3; the class Il PI3K), beclinl and ATG14L; and elongation and closure of
autophagosomes which requires the ATG12-ATG5-ATG?7 ubiquitin-like conjugation systems
that convert soluble light chain 3 (LC3-1) to the autophagic-vesicle-associated LC3-Il. The
completed autophagosomes then fuse with the lysosomes, which enables the degradation of
proteins, lipids, organelles engulfed inside.

Non-canonical autophagy

Non-canonical autophagy is an alternative process by which autophagy occurs in the absence
of key factors, circumventing the hierarchical, stepwise induction observed during the
canonical process (Ktistakis and Tooze, 2016). For example, an ULKZ1-mediated
ATG5/ATG7-independent non-canonical autophagy has been shown to be involved in the
elimination of mitochondria in embryonic reticulocytes for erythrocyte differentiation (Honda
etal., 2014).
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Table 1. Summary of knockout mice with germline deletion of key PI3BK/Akt/mTOR signalling genes

Genetic manipulation Reported phenotype Reference

PI3K
pl10a” Embryonic lethality around E9.5-10.5 (Bi etal., 1999)
p110aP933ADIBA Growth retardation at E9 and death at E10-11 (Foukas et al., 2006)
pl10p" Embryonic lethality at ~E3.5 (Bi et al., 2002)
p110KBOSRIKBOSR Develop normally but small with metabolic defect, male infertility (Ciraolo et al., 2008)

Class | p1105” Develop normally but W!th Qefec_ts in lymphocyte development (Ciraolo et al., 2008)
01105 {E)C(a/\;eall;)igr?ormally but with impaired thymocyte development and T cell (Sasaki et al., 2000)
p85a-p55a-p50a™ Perinatal lethality; extensive hepatocyte necrosis (Fruman et al., 2000)
p85a’ Hypoglycaemia; increased insulin sensitivity (Terauchi et al., 1999)
p85h™ Hypoinsulinemia, hypoglycemia, improved insulin sensitivity (Ueki et al., 2002)
Pi3kc2a (Pi3kc2a)”  Growth retardation from E8.5 onwards, death at E10.5-11.5 (Yoshioka et al., 2012)

Class Il Pi3kc2a-truncation  Viable but smaller with less fat; late-onset kidney failure (Harris et al., 2011)
Pi3kc2b™ Develop normally with no obvious phenotype (Harada et al., 2005)

Class Il Vps34-del Eeml;ryonic lethality at E7.5-8.5, with normal epiblast but abnormal VE (Zhou et al., 2011)

PTEN

Pten” Embryonic lethality at ~E8 (Di Cristofano et al., 1998)

AKT

Akt17 Mild growth retardation and accelerated apoptosis in thymus and testes (Chen et al., 2001)

Akt27 Insulin resistance phenotype (Cho et al., 2001)

Akt37 Smaller brain size (Tschopp et al., 2005)

Akt17 and Akt2"
Akt1”- and Akt3™
Akt2”- and Akt3™

50% smaller, immediate post-natal death

Embryonic lethality at E10.5-11.5, possibly due to placenta vasculature
defects

Combined phenotype of Akt2-/- and Akt3-/-

(Peng et al., 2003)
(Yang et al., 2005)
(Dummler et al., 2006)

TSC/RHEB
Tscl™

Tsc27

Embryonic lethality at E10.5-11.5, with failed closure of neural tube
Embryonic lethality at E9.5-12.5, with defective neural tube or liver
development

(Kobayashi et al., 2001)
(Rennebeck et al., 1998)
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Embryonic lethality at E10.5-12.5 with defective cardiovascular

Rheb”- (Goorden et al., 2011)

d

evelopment

MmTORC
Mtor"- sir:rt])trzglr:lc lethality at E5.5-6.5, proliferation defect of ICM & trophoblast (Murakami et al., 2004)
Rptor” Embryonic lethality at E5.5-6.5, implanted blastocysts fail to expand (Guertin et al., 2006)
Mist8™" Embryonic lethality at E10.5, severe vasculature defects (Guertin et al., 2006)
Rictor™ Embryonic lethal at E10.5-11.5, severe vasculature defects (Guertin et al., 2006; Shiota et al., 2006)
Sin1” Embryonic lethality at E10.5-11.5 (Jacinto et al., 2006)
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Fig. 1 Schematic of the PISBK/AKT/mTOR signalling cascade and its main downstream effectors. Upon

growth factor stimulation (yellow diamond), active PI3K phosphorylates phosphatidylinositol (4,5)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3), which then recruits Akt and permits
phosphorylation of T308 and S473 through PDK1 and mTORC2, respectively. Activated AKT inhibits GSK3
and TSC2 via phosphorylation, inactive TSC1/2 is unable to bind Ras homolog enriched in brain (Rheb),

which subsequently enables its activation of mMTORCL at the surface of lysosome, initiating its effect on many

downstream proteins, including S6K, 4E-BP1 and ULK1. Active mTORC2 can regulate several AGC kinases,

such as SGK1 and PKC, in addition to AKT. “P” in a green circle indicates activating phoshorylation, in a red

circle inhibitory phosphorylation and in brown circle phosphorylation that is not induced by this signalling

cascade.
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Fig. 2
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Fig. 2 PI3SK/AKT regulation of mESC and hESC pluripotency. PI3K/AKT can be activated by insulin
and IGF1 in both mESCs and hESCs, which maintains pluripotency through inhibition of MEK/ERK
signalling. In mESCs, PI3K/AKT may also be activated by the LIF/JAK pathway to inhibit GSK3 signaling
in addition to inhibition of MEK/ERK. Inhibition of GSK3 attenuates the B-catenin-mediated TCF3 repression
of pluripotent genes, thus promoting pluripotency. In hESCs, PI3K is activated by an endogenous peptide
ELABELA (ELA) in addition to insulin/IGF1, This may have a positive effect on GSK3 through the inhibition
of MEK/ERK, thereby inhibiting nuclear translocation of f-catenin and enhancing pluripotency (see text for
details). IR, insulin receptor. Green arrows represent activation, red arrows represent inhibition. Dashed

arrows represent non-canonical induction by other pathways.
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Fig. 3 Regulation of hPSC differentiation by PISBK/AKT/mTOR signalling. Under culture conditions
conducive for both naive and primed hPSC propagation, high levels of PI3K/AKT/mTOR signalling acts to
maintain pluripotency whilst preventing aberrant differentiation (top). Under conditions permissive to
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differentiation, PISK/AKT/mTOR can act to drive neurodifferentiation via the suppression of
mesoderm/endoderm-specifying pathways (middle). Specification of mesendoderm fates requires the
alleviation of PIBK/AKT/mTOR-mediated inhibition of activin/SMAD2/3 and WNT/B-catenin pathways
(bottom). Dark blue indicates fully active pathways, light blue indicates components with partial activity. grey
indicates inactive components. Dashed arrows indicate lower levels of stimulation/inhibition. Dashed bubbles
indicate reduced phosphorylation levels or protein expression. “P” in a green or red circle indicates activating

or inhibitory phoshorylation, respectively.
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