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The capacity of embryonic stem (ES) cells to differentiate into cell lineages comprising the three germ layers makes them powerful tools for
studying mammalian early embryonic development in vitro. The human body consists of approximately 2 1 0 different somatic cell types, the
majority of which have limited proliferative capacity. However, both stem cells and cancer cells bypass this replicative barrier and undergo
symmetric division indefinitely when cultured under defined conditions. Several signal transduction pathways play important roles in
regulating stem cell development, and aberrant expression of components of these pathways is linked to cancer. Among signaling systems,
the critical role of leukemia inhibitory factor (LIF) coupled to the Jak/STAT3 (signal transduction and activation of transcription-3) pathway
in maintaining stem cell self-renewal has been extensively reviewed. This pathway additionally plays multiple roles in tumorigenesis.
Likewise, the phosphatidylinositide 3-kinase (PI3K)/protein kinase B (PKB/Akt) pathway has been determined to play an important role in
both stem cell maintenance and tumor development. This pathway is often induced in cancer with frequent mutational activation of the
catalytic subunit of PI3K or loss of a primary PI3K antagonist, phosphatase and tensin homolog deleted on chromosome ten (PTEN). This
review focusses on roles of the PI3K signal transduction pathway components, with emphasis on functions in stem cell maintenance and
cancer. Since the PI3K pathway impinges on and collaborates with other signaling pathways in regulating stem cell development and/or
cancer, aspects of the canonical Wnt, Ras/mitogen-activated protein kinase (MAPK), and TGF-f signaling pathways are also discussed.

J. Cell. Physiol. 229: 1312—1322, 2014. © The Authors. Published by Wiley Periodicals, Inc.

Phosphatidylinositol 3’ Kinase

Mammalian cells harbor relatively high amounts of
phosphatidylinositol (PtdIns) but only low amounts of its
phosphorylated Ptdins derivatives (PPI) within their plasma
membranes. Phosphoinositide kinases generate PPl by adding
phosphate groups to inositolglycerophospholipids. The
individual PI3K subfamilies selectively phosphorylate different
phosphoinositides, with the best studied being class PI3K-1A,
the members of which are activated by insulin and polypeptide
mitogen-coupled receptors to phosphorylate
phosphatidyloinositol-4,5-bisphosphate (PIP2) at the D3
position of the inositol ring to generate phosphatidylionositol-
3,4-5-trisphosphate (PIP3). Ligand-activated receptor tyrosine
kinases (RTKSs) regulate class | PI3K through either direct
binding of their autophosphorylated phosphotyrosines to SH2
domains with the regulatory subunits of PI3K or via
intermediary phosphorylation of tyrosine residues of
scaffolding proteins such as insulin receptor substrate | (IRSI),
which then bind and activate PI3K (Manning and

Cantley, 2007). The PI3K product, PIP3 has high affinity for a
subclass of pleckstrin homology (PH) domains and once
generated induces recruitment of proteins harboring these
domains to the inner leaflet of the plasma membrane resulting
in the initiation of downstream signaling cascades (Fig. |). The
PH domain was first identified as a 100—120 amino acid
sequence that occurs twice in the platelet protein pleckstrin,
and binds with high affinity and high specificity to phosphoi-
nositide (Haslam et al., 1993; Mayer etal., 1993). Interestingly,
only I5 or approximately 10% of all known PH domains bind
with high affinity to the head group of phosphoinositides,
whereas the others bind phosphoinositides and inositol
phosphates weakly and without specificity (Lemmon and
Ferguson, 2000).

© THE AUTHORS.

Phosphoinositide-Dependent Protein Kinase-|

The serine/threonine kinase 3’-phosphoinositide-dependent
protein kinase | (PDKI) binds to PIP3 at the plasma membrane
via a C-terminal PH domain. PDK1 is a single copy gene
(Manning et al., 2002) and a member of the AGC family of
protein kinases first reported by Cohen etal. (1997) as a critical
mediator of PKB/Akt activation loop (T-loop) phosphorylation
and activation. Termed a “master kinase” (Mora et al., 2004),
PDKI activates a number of downstream kinases including:
PKB/Akt, serum- and glucocorticoid-inducible kinases
(SGK1-3), p70 ribosomal protein Sé kinase (S6K), p90
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Fig. 1.

PI3K signaling. Activated RTKs activate class | PI3K through direct binding or through tyrosine phosphorylation of scaffolding

adaptors, such as IRSI, which then bind and activate PI3K. PI3K phosphorylates PIP2 to generate PIP3 in a reaction that can be reversed by
PTEN. PDK-1 and PKB bind to PIP3 at the plasma membrane, and signal to multiple downstream targets such as SGK3 and S6K and GSK-3,
respectively. RTK signaling also activates mTORC-2 which phosphorylates PKB. PKB activates mTORC-1 through phosphorylation of TSC2
within the TCSI-TCS2 complex, which blocks the ability of TSC2 to act as a GTP-ase-activating protein for Rheb. Accumulated Rheb-GTP
activates mTORC-1 which phosphorylates downstream targets such as 4E-BPI.

ribosomal protein S6 kinase (RSK), p2I-activated kinase-|
(PAK-I), PKC-related kinases-| and 2 (PRK1/2), and diac-
ylglycerol (DAG)-dependent PKCs, resulting in increased
glucose uptake, protein synthesis, and inhibition of pro-
apoptotic processes (Kikani et al., 2005). In addition to an N-
terminal kinase domain (residues 70-359) and a C-terminal PH
domain (residues 459-550) that targets PDKI to the plasma
membrane, PDK| also contains a small phosphate binding
groove in its catalytic domain called the PDK|-interacting
fragment (PIF)-pocket, which is not necessary for PKB
activation, but is required to activate a number of its other
substrates, such as S6K and SGK (Bayascas, 2008). PDK|
knockout mice die at embryonic day 9.5 due to lack of somites,
forebrain, and neural crest-derived tissues, whereas PDK |
hypomorphs are viable but 40-50% smaller due to decreased
cell volume (Lawlor et al., 2002). Recently, it was reported that
a basal population of PDK 1 homodimers exists in cells and that
this population is increased in response to PI3K signaling
Formation of homodimers is strictly dependent on the PH
domain of PDKI. Since monomeric PDK is the active form,
enhanced homodimerization of PDK| translocating to the
plasma membrane may represent a negative feedback loop
after stimulation to inactivate PDK|-mediated PI3K signaling,
since PDK | homodimers force an autoinhibitory conformation
(Masters et al., 2010).
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Protein Kinase B/Akt

PKB signaling has become increasingly complex and
important in development and disease since it was first
identified as a weak oncogene over two decades ago
(Bellacosa et al., 1991). PKB phosphorylates many down-
stream substrates that play important roles in the regulation
of survival, glucose uptake, metabolism, growth, prolifera-
tion, and angiogenesis. Like PDKI, PKB is also a member of
the AGC family of protein kinases. There are three
mammalian PKB isoforms (PKBa/Aktl, PKBB/Akt2, and
PKBy/Akt3), which share extensive amino acid sequence
identity and contain three functional domains: an N-terminal
PH domain, a kinase domain and a C-terminal hydrophobic
motif (HM) (reviewed in Scheid and Woodgett, 2003).
PKB has two activating phosphorylation sites, Thr308

and Ser473 (PKBa residues). PDKI is responsible for
PIP3-dependent phosphorylation of PKB; its binding to PIP3
alone does not activate PKB, but it does recruit PKB to the
plasma membrane and induces a conformational change
permitting its phosphorylation by PDK| at Thr308.
Additional phosphorylation at Ser473 in the HM is required
for full activation and this is primarily carried out by target
of rapamycin complex 2 (TORC2) (Sarbassov et al.,

2005).
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Mammalian Target of Rapamycin (mTOR)

mTOR is a component of two independent complexes termed
complex-1 (mMTORC-I) and complex-2 (mTORC-2). mTOR
activity is induced by intracellular nutrients and extracellular
growth factors. The major effect of mTOR in complex | is to
regulate the initiation steps of mMRNA translation in protein
synthesis (Gingras etal.,2001). mTOR phosphorylates p70S6K
and creates a docking site for PDKI, which then phosphor-
ylates Thr229 of p70S6K resulting in its activation. p70S6K
phosphorylates a regulatory component of the 40S ribosome,
S6, promoting translational efficiency (Tominaga et al., 2005).
PKB activates mTORC-1 by phosphorylating and inactivating
tuberous sclerosis protein 2 (TSC2) within the TSCI-TSC2
complex. As a result, Rheb-GTP accumulates since TSC2’s
activity as a GTPase-activating protein for Rheb is blocked by
PKB phosphorylation. Rheb-GTP conformationally activates
mTORC-1, which phosphorylates its downstream effectors
4E-BPI| and S6 kinases (Manning and Cantley, 2007).

Serum- and Glucocorticoid-Dependent Protein Kinases

SGKSs comprise a further serine/threonine protein kinase family
with three members that act downstream of PDK in the PI3K
signaling pathway. The SGKs are structurally related to the PKB
family except they lack a PH domain at the amino-terminus.
SGK3 contains a PX domain which preferentially binds to PI(3)
P and targets the proteins to endosomes (Tessier and
Woodgett, 2006a). SGK3 can be phosphorylated at two
regulatory sites: Thr320 (activation loop) and Ser486
(hydrophobic motif). Interestingly, in contrast to PKB,
phosphorylation of SGK3 by PDKI is inhibited at the plasma
membrane. Instead, targeting SGK3 to endosomes via the PX
domain is required for activation of the protein. However,
once the hydrophobic motif of SGK3 is phosphorylated, the PX
domain is no longer required for activation. Thus, a
constitutively active form of SGK3 can be generated by
replacing the hydrophobic motif of SGK3 with the
phosphomimetic hydrophobic motif of PRK2 (Tessier and
Woodgett, 2006b). SGKs share some substrates with PKB/Akt
but since their primary sequence preferences are distinct, tend
to phosphorylate distinct residues.

Glycogen Synthase Kinase-3

GSK-3 was among the first direct targets of PKB to be
identified (Cross et al., 1995) and comprises two isoforms
encoded by separate genes, GSK-3a and GSK-3f3 and is active
under resting conditions. GSK-3 is a promiscuous kinase with
many substrates, and a tendency to phosphorylate and
inactivate its downstream substrates (reviewed in
Woodgett, 2005). Upon PI3K activation, PKB inhibits GSK-3 by
phosphorylating Ser2| in GSK-3a and Ser9 in GSK-3j3,
resulting in dephosphorylation and activation of certain
substrates of GSK-3 (Doble and Woodgett, 2003), including
glycogen synthase and elF2B, that regulate the rates of
glycogen metabolism and protein synthesis, respectively
(Patel et al., 2004).

PTEN

The actions of PI3K are reversed by PTEN, a
phosphatidylinositol 3’ phosphatase that selectively catalyzes
dephosphorylation of the 3’ phosphate of the inositol ring of
PIP3, resulting in the bisphosphate product PIP2 (Stambolic
etal, 1998). PTEN was first identified in 1997 as a tumor
suppressor mutated in a large number of cancers

(Lietal., 1997). In that study, mutations of PTEN were detected
in 17% of primary glioblastoma, 31% of glioblastoma cell lines
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and xenografts, all prostate cancer cell lines tested, and 6% of
breast cancer cell lines and xenografts. PTEN comprises a
tensin-like domain and a catalytic domain, and possesses dual
protein and phospholipid phosphatase activity. Tumor sup-
pressor activity is dependent on lipid phosphatase activity, and
requires both the phosphatase (catalytic) domain and the C2
(lipid membrane-binding) domain. Targeted disruption of
PTEN exons 3-5 in mice leads to PTEN null embryos that die
by E9.5 and display abnormal patterning and extensive
overgrowth of the cephalic and caudal regions (Stambolic

et al., 1998; Suzuki et al., 1998). The early embryonic lethality
precluded the functional analysis of PTEN in adult tissues and
organs. However, several groups generated viable tissue-
specific PTEN knockout mice using the Cre-loxP system
(Knobbe et al., 2008). Conditional PTEN-deficient mice
develop teratomas, cholangiocellular carcinomas, leiomyosar-
comas, prostate, pancreas, breast, and thyroid cancers (Suzuki
etal., 2008). Non-cancerous phenotypes include increased cell
proliferation, resistance to apoptosis, stem cell renewal,
centromeric instability, DNA double-strand breaks, increased
angiogenesis, and autoiummune disease (Suzuki et al., 2008). In
addition to its role at the plasma membrane, dephosphorylating
PIP3, PTEN plays a critical role in DNA damage responses
within the nucleus (Ming and He, 2012).

Role of PI3K Signaling in Cancer

PTEN is one of the most commonly lost tumor suppressors in
human cancers. Frequent genetic inactivation of PTEN occurs
in glioblastoma, melanoma, endometrial, bladder, kidney,
colon, and prostate cancer; and reduced expression is found in
many other tumor types such as leukemia, thyroid, lung, liver,
and breast cancer (Hollander et al,, 201 1). There is a 50%
mortality rate in PTEN heterozygous mice in their first year and
these animals develop mammary, thyroid, endometrial, and
prostate cancers, as well as T-cell lymphomas—a spectrum
that closely resembles the neoplasias in humans with PTEN
mutations (Suzuki et al., 2008). Inactivation of PTEN results in
unrestrained signaling of the PI3K/PKB signaling cascade, which
plays a critical role in cancer by giving tumor cells survival and
growth advantages. Indeed, it was the discovery of PTEN as a
tumor suppressor that directly linked PI3K to human cancer
and since then, mutations causing activation of the PI3K
signaling pathway have been found to be amongst the most
frequent in human cancers (reviewed in Liu et al., 2009).
Oncogenic mutations in the catalytic subunit of PI3K
(PI3KCA) have been found in various types of solid tumors
(Samuels and Velculescu, 2004), frequently occurring in the
helical domain (E545K and E542K) in exon 9 and the kinase
domain (H1047R) in exon 20 (Wong et al., 2010). These
somatic missense mutations yield increased PIP3 levels, activate
PKB signaling, and promote cellular transformation in vitro and
in vivo (Bader et al.,, 2005; Isakoff et al., 2005; Samuels
etal., 2005). Generally, mutations in PDK| are rarely detected
in human cancer (Hunter et al., 2006), but 20% of breast
cancers show amplification or overexpression of PDKI
(Brugge etal., 2007). The PKB/Akt isoforms play critical roles in
tumorigenesis including tumor initiation, progression, and
metastasis (Stambolic and Woodgett, 2006; Hemmings and
Restuccia, 2012). Amplification of PKBa and PKB@ has been
identified in a variety of cancers including breast, colon,
ovarian, lung, gastric, pancreas, and head and neck (Liu
et al., 2009). In 2007, Carpten et al. (2007) reported a rare
transforming mutation in the PH domain of PKBa (E17K) in
melanoma, breast, colorectal, and ovarian cancers, which
increased PKB phosphorylation via growth factor-independent
constitutive association with the plasma membrane (Yuan and
Cantley, 2008). Shortly thereafter, the equivalent mutation was
found in PKBy in human melanoma tumors and melanoma cell



REGULATION OF PLURIPOTENCY IN ES CELLS

lines (Davies et al., 2008). Due to the widespread nature of
PI3K pathway activation in cancer a number of PI3K, PKB, and
mTOR inhibitors are undergoing clinical trials and at least three
mTOR antagonists, Rapamune, Temsirolimus, and Everolimus,
have been approved (Liu et al., 2009), although another
(Ridaforolimus) recently failed.

Role of PI3K Signaling in ES Cell Maintenance

Evidence that PI3K signaling may be important for maintenance
of mouse ES cell self-renewal emerged using LY294002
(Paling et al., 2004), an inhibitor of PI3K, and forced expression
of a dominant-negative mutant (Welham et al., 201 1). Both
loss-of-function approaches demonstrated reduced capacity
of mouse ES cells to maintain an undifferentiated state.
Overexpression of the pluripotency-associated transcription
factor Nanog was shown to be sufficient to maintain ES cell
self-renewal without LIF (Chambers et al., 2003), and gene
expression profiling of mouse ES cells treated with
LY294002 revealed suppression of Nanog and other known
regulators of ES cell pluripotency (Storm et al., 2009).
Interestingly, during retinoic acid (RA)-induced differentiation
of F9 embryonic carcinoma cells, LY294002 decreased Nanog
expression in the early time points, but had no effect in later
stages despite inhibiting PKB phosphorylation throughout,
suggesting that Nanog expression is differentially regulated by
the PI3K/PKB pathway depending on differentiation state (Kim
et al, 2010).

Prior to work by the Welham group, the PI3K signaling
pathway had been implicated in ES cell development by the
observation that PTEN null mouse ES cells displayed increased
cell cycle progression and cell survival due to accelerated G1/S
transition accompanied by down-regulation of p27KIPI, a
major inhibitor of G| cyclin-dependent kinases, and PKB
activation which led to increased Bad phosphorylation,
respectively (Sun etal., 1999). A role for PI3K in controlling ES
cell proliferation was further supported by Takahashi et al.
(2005), who showed that overexpression of an active,
membrane-bound form of PI3K pl 10a could rescue the
proliferative defects of mouse ES cells lacking ERas (embryonic
stem cell-expressed Ras), which is localized to the plasma
membrane via a CAAX motif, and promotes the formation and
proliferation of teratomas by mouse ES cells. Moreover,
treatment with LY294002 markedly increased the GO/GI
phase in ES cells demonstrating the role of PI3K signaling in cell-
cycle control of ES cells (Jirmanova et al., 2002).

Though PDK | —/— ES cells grow normally, IGF| cannot
activate PKBa, S6K, and SGKI in the absence of PDKI
(Williams et al., 2002; Collins et al., 2003). PTEN—/— cells
exhibit accelerated growth, but the fact that PTEN and PKBa
double knockout ES cells grow much more slowly than
wildtype ES cells suggests that PKB functions as a downstream
effector of PI3K in ES cell survival and cell proliferation (Stiles
et al., 2002; Takahashi et al., 2005). Watanabe et al. (2006)
demonstrated that activation of PKB signaling is sufficient to
maintain pluripotency in mouse and monkey ES cells. In this
study, expression of a myristoylated and activated form of PKB
in ES cells maintained the stem cell markers: Nanog, Oct-3/4,
PGC7/Stella, and Rex-| 8 days after LIF withdrawal. Typically,
expression of these markers is lost 24-36 h following removal
of LIF. Reciprocal roles for PKB and Oct-3/4 in positively
regulating each other in embryonal carcinoma cells (ECCs), the
malignant equivalent of ES cells, has also emerged (Lin
et al,, 2012). PKB was shown to phosphorylate and positively
regulate the protein stability, nuclear localization, and
transcriptional activity of Oct-3/4. On the other hand,
unphosphorylated Oct-3/4 bound to the PKBa promoter and
acted to inhibit its expression. Recently, we have built on these
studies by generating ES cell lines that stably express activated

JOURNAL OF CELLULAR PHYSIOLOGY

Sidebar I. Essential Transcription Factors in
Pluripotency

To date, three intrinsic transcriptional regulators have been
found to be essential for ES cell identity: Oct-4, Sox-2, and
Nanog. These nuclear factors regulate ES cell pluripotency
through a proposed self-sustaining gene-regulatory
network (Niwa, 2007). Oct-4 is a mammalian POU domain
homeobox transcription factor associated with the estab-
lishment of the inner cell mass (ICM). Oct-4 expression is
maintained in the epiblast of pre- and post-implantation
embryos, and is later restricted to migratory primordial
germ cells where it can be found until at least formation of
the genital ridges (Chambers and Smith, 2004; Hattori et al.,
2004). Precise Oct-4 levels are required for pluripotency,
since too much expression leads to differentiation into
primitive endoderm and mesoderm (Niwa et al., 2000), and
too little (through loss of function) results in differentiation
into trophoectoderm (Nichols et al., 1998). Oct-4 can also
bind to Sox-2, an HMG-box transcription factor, in the
nucleus to regulate pluripotency and lineage specification.
Sox-2 is expressed in oocytes, ICM, epiblast, germ cells,
multipotent cells of extraembryonic ectoderm, neural
lineage cells, brachial arches and gut endoderm (Boyer
etal., 2006). Masui et al. (2007) observed that expression of
Oct-4 rescued loss of pluripotency in ES cells depleted of
Sox-2, supporting a role for Sox-2 in promoting ES cell
potentiality through its ability to maintain levels of Oct-4.
Nanog is a homeodomain transcription factor that plays a
crucial role in maintaining the pluripotent epiblast and
preventing differentiation to primitive endoderm (Pan and
Thomson, 2007). It can serve as a marker of pluripotency
since Nanog mRNA is not found in differentiated cells.
Chambers et al. (2003) showed that Nanog acts in parallel
with STAT-3 in driving ES cell self-renewal, and constitutive
expression of Nanog is sufficient for clonal expansion of ES
cells, bypassing STAT-3 in maintaining Oct-4 levels, enabling
renewal of ES cells. However, recent studies have found that
Nanog expression fluctuates and is dynamic within
populations of ES cells (Chambers et al., 2007), and in fact,
ES cell populations themselves are heterogeneous (Canham
etal., 2010). Interestingly, Chambers et al. (2007) found that
although the cells are prone to differentiate, mouse ES cells
can self-renew indefinitely in the total absence of Nanog.
Thus, of the three master regulators comprising the core
pluripotent transcriptional network, Oct-4 acts as the most
robust marker of pluripotency.

alleles of components of the PI3K pathway (Ling etal., 2013). ES
cells expressing active forms of PDK| or PKB/AKT exhibited
LIF-independent maintenance of Oct-4 expression and
pluripotency. When these cells were treated with PKB
inhibitors, both Oct-4 expression and pluripotency were lost.
However, treatment with rapamycin did not affect Oct-4
expression or pluripotency, suggesting that these effects are
independent of mTOR signaling. Furthermore, when grown in
the presence of a mutant form of GSK-3 that is unresponsive to
PKB, again Oct-4 expression and pluripotency were unaffected,
suggesting that these effects are also independent of GSK-3
signaling. Interestingly, Turner et al. (2014) reported that ES
cells exhibit a neuroectodermal fate as they exit pluripotency
and the potential for an endomesodermal fate rises with time as
the expression of Nanog decreases, Oct-4 is lost, and 3-catenin
increases. Consistent with this finding, we observed a
preference for neural tissue in teratomas generated from
activated PDK or PKB ES cells (unpublished results) and a
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complete absence of neural tissue in teratomas generated from
GSK-3 null ES cells (Doble et al., 2007).

PI3K Signaling Components Crosstalk With Other
Pathways in ES Cell Maintenance: LIF/Jak/STAT Signaling
Pathway

The presence of pluripotent stem cells in vivo is fleeting, and
these cells only exist in the mouse embryo until the early post-
implantation stage. In vitro, daughter cells of ES cells can be
made to self-renew and remain pluripotent by symmetric
division under appropriate tissue culture conditions. Mouse ES
cells are routinely grown in vitro by co-culturing with a layer of
fibroblasts that secrete LIF, and/or with the addition of LIF
supplementation to the culture medium. LIF is a member of the
IL-6 family of cytokines and binding of LIF to its receptor, LIFR,
recruits the transmembrane co-receptor, gp|30 and leads to
the phosphorylation and nuclear translocation of STAT-3,
thereby activating the canonical Jak/STAT pathway (Chambers
and Smith, 2004) (Fig. 2). In the absence of LIF, stem cells in
culture appear to differentiate haphazardly into an assortment
of cell types representing the three germ layers. Although LIF
signals to activate at least three signaling pathways—including
Jak/STAT, PI3K/PKB, and Erk/MAPK pathways (Akira

etal.,, 1994; Boeuf et al., [997; Niwa et al., 1998, 2009; Matsuda
et al., 1999; Watanabe et al., 2006; Welham et al., 2007;
Griffiths et al., 2011). STAT-3 is the critical mediator of

LIF-mediated mouse ES cell maintenance as STAT-3 activity can
sustain ES cell self-renewal even in the absence of LIF (Burdon
et al, 1999; Matsuda et al., 1999). Interestingly, in pluripotent
human ES cells, STAT-1, -3, and -5 are not phosphorylated, and
LIF does not support human ES cell pluripotency when grown
in the absence of a feeder layer (Noggle et al., 2005). Identifying
the various factors that sustain self-renewal and preserve multi-
lineage differentiation of both human and mouse stem cells is an
active area of stem cell research. Several signaling pathways
have been shown to play important roles in stem cell and
cancer stem cell development including: PI3K (Welham

et al., 2007), Whnt (Sato et al., 2004), fibroblast growth factor
(FGF) (Dvorak et al., 2006), bone morphogenic protein (BMP)
(Ying et al., 2003), transforming growth factor (TGF)-B3 (James
etal.,, 2005) Notch (Carlson and Conboy, 2007), and Hedgehog
(Peacock et al., 2007). PI3K pathway components cross-talk
with each of these other pathways and several of these
interactions are described in more detail below as they relate
to ES cell maintenance and cancer.

Canonical Wnt Signaling

The Wnt pathway is highly conserved throughout evolution in
multicellular organisms and is mutationally activated in 90% of
colon cancers through loss of adenomatous polyposis coli
(APC) or mutation of negatively acting phosphorylation sites in
B-catenin (Saunders and Wallace, 2007). Likewise, activating

Fig. 2.

LIF/Jak/STAT signaling. Cells can communicate with each other through the secretion of cytokines, small (8-30 kDa) soluble proteins.

Upon binding of cytokines and growth factors to their cognate receptors, receptor-associated Jaks phosphorylate tyrosine residues of STATs.
Phosphorylated STATs form homodimers, shuttle to the nucleus, and participate in transcriptional regulation of a variety of genes.
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mutations in B-catenin are also found in 48% of small intestinal
adenocarcinomas and 64% of gastric polyps (Giles et al., 2003).
The Wnt signaling pathway is classified as canonical, which
signals via [3-catenin, or non-canonical, which operates in a
B-catenin-independent manner (Davis and Zur Nieden, 2008).
Canonical signaling by the Wnt family of secreted glycolipo-
proteins plays a central role in embryonic development and
adult diseases such as cancer (Huang and He, 2008). Whts 1, 3a,
and 8 bind to two receptors: Frizzled-1 (Fz-1), a serpentine
receptor, and low-density lipoprotein-related protein (LRP) 5
or 6. The binding of Wnt promotes phosphorylation of
residues in the cytoplasmic portion of the LRP6 co-receptor by
casein kinase-1 (CK-I) and GSK-3, allowing it to act as a high
affinity docking site for Axin, a scaffolding protein which is
normally associated with APC, CK-I, and GSK-3 in what is
termed the 3-catenin destruction complex. Under resting
conditions, this complex acts as an efficient processing machine
that phosphorylates free 3-catenin, targeting it for ubiquiti-
nylation and subsequent degradation by the 26S proteasome.
As a result of Wnt-induced reorganization of Axin, this
destruction complex is destabilized, and newly synthesized
[3-catenin escapes degradation: hence its cytosolic concen-
tration increases. The accumulating -catenin enters the cell
nucleus, binds members of the T cell factor/lymphoid
enhancer-binding factor (TCF/LEF) family of transcription

factors and triggers expression of a portfolio of growth
promoting genes but also including axin-2 which acts to switch
off the pathway (reviewed in Huang and He, 2008; MacDonald
et al,, 2009; Wu et al., 2009) (Fig. 3).

GSK-3 has many substrates and is involved in several
physiological processes. Sato et al. (2004) identified a role for
GSK-3 in stem cell maintenance upon finding that the addition
of 6-bromo-indirubin-3’-oxime (BIO), a potent and selective
GSK-3 inhibitor, to mouse and human ES cells enhanced self-
renewal and pluripotency. Subsequently, Bone et al.

(2009, 201 1) reported robust enhancement of mouse ES cell
self-renewal with the treatment of highly selective bisindo-
lylmaleimides that specifically inhibit GSK-3 in the presence of
LIF and serum. After screening for various small molecule
inhibitors and factors that could promote pluripotency, Austin
Smith’s group described a “ground state” of ES cells by showing
that two small molecule inhibitors—PD0325901, a MEK
inhibitor which blocked differentiation-inducing signaling and
CHIR99021, a GSK-3 inhibitor that enhanced cell growth
capacity and viability—could also sustain expression of Oct-4
and Nanog and ES cell self-renewal (Ying et al., 2008). Further
evidence of the important role that GSK-3 plays in stem cell
development derives from ES cells in which all four alleles of
GSK-3a and GSK-3f3 have been genetically inactivated (Doble
etal,, 2007). These double knockout ES cells fail to differentiate

< Frizzled

[B-catenin] [B-catenin]

[B-catenin] [B-catenin]

|
B

e
8888888@888@88@8888888 8@8
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LRP Frizzled

f o
il
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n

Fig. 3.

Canonical Wnt signaling. a: Upon Wnt stimulation, Dishevelled is engaged, the destruction complex is disrupted, and CK-1 and GSK-3

activities are diverted to LRP at the cell membrane. Unphosphorylated B-catenin may accumulate and enter the nucleus to regulate gene
expression upon binding to TCF/LEF DNA-binding proteins. b: In the absence of Wnt signaling, the destruction complex comprised of APC,
Axin-1, CK-1, and GSK-3 promotes the phosphorylation and subsequent ubiquitin-mediated degradation of (3-catenin.
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and exhibit hyperactivated Wnt/B-catenin signaling. Knock-
down of B-catenin rescued the differentiation defect of GSK-3-
null cells, but surprisingly, the effects of 3-catenin on
pluripotency do not appear to be dependent on TCF-mediated
signaling (Kelly et al., 201 I). Rather, stabilization of 3-catenin
induces the formation of (3-catenin/Oct-4 complexes, which
enhance Oct-4 activity and reinforce pluripotency (Kelly
etal, 201 1). There is evidence that PI3K-mediated signaling
promotes ES cell self-renewal by regulating the activity and
localization of GSK-3 (Bechard and Dalton, 2009). This study
suggested that upon LIF withdrawal, PI3K/PKB signaling
declines and active GSK-3 accumulates in the nucleus, where it
targets c-Myc through phosphorylation at Thr58, earmarking it
for degradation. However, when PI3K signaling is active,
nuclear GSK-3 is rapidly exported back into the cytoplasmin a
PKB-dependent manner, and thus c-Myc is maintained at the
necessary levels to sustain self-renewal (Bechard and

Dalton, 2009).

In addition to being a well-established downstream
component of the PI3K signaling pathway, GSK-3 negatively
regulates the canonical Wnt/B-catenin signaling pathway and
the Notch and Hedgehog pathways (Foltz et al., 2002; Jia
et al.,, 2002; Price and Kalderon, 2002; Espinosa et al., 2003;
Wu and Pan, 2010; McNeill and Woodgett, 2010). Whether
GSK-3-mediated crosstalk actually exists between these
pathways has been a controversial topic. For example, the
emergence of several recent studies suggesting that PKB-
mediated inhibition of GSK-3 promotes (3-catenin accumula-
tion has sparked the debate once again (He et al.,, 2004; Ishibe
et al,, 2006; Gu et al., 2007; Kobielak et al., 2007; Maes
et al., 2010; Voskas et al., 2010). Physiological levels of GSK-3

do not limit the capacity of the destruction complex to mediate
[3-catenin degradation; only a small fraction (< 10%) of the total
GSK-3 in a cell is associated with Axin and actively engaged in
canonical Wnt signaling (Lee et al., 2003; Benchabane
et al., 2008). Other pools of GSK-3 are additionally
sequestered in several other pathways. For example, upon
insulin stimulation and consequent PI3K activation, PKB
phosphorylates GSK-3 and negatively regulates its kinase
activity (Cross et al.,, 1995). A similar mechanism of negative
regulation of GSK-3 has been demonstrated in other growth
factor pathways, and though regulation of (3-catenin has been
demonstrated in many of these pathways (He et al., 2004; Ishibe
et al,, 2006; Gu et al., 2007; Kobielak et al., 2007; Maes
etal,, 2010), the direct convergence of Wnt and growth factor
pathways on (3-catenin regulation remains a subject of debate
(Voskas et al.,, 2010). Consistent with several other studies
(Ding etal., 2000; McManus et al., 2005; Ng et al., 2009), we did
not observe an effect of activated PI3K on 3-catenin signaling in
ES cells (Ling etal., 2013). Neither active PDK- nor active PKB
led to enhanced -catenin levels in ES cells. This was the case
whether these ES cells were grown in the presence of a
wildtype or mutant form of GSK-3 that is unresponsive to PKB.
Several human cancers tend to involve separate mutations of
both pathways (Wu et al., 2007). If PI3K activation alone was
sufficient to activate Wnt signaling, then one would question
why additional mutations that lead to [3-catenin stabilization
would be required. Several studies have also shown that
growth factor stimulation which leads to GSK-3 inhibition
through PI3K signaling does not result in stabilization of
B-catenin in the cell (Ding et al., 2000; McManus et al., 2005;
Ng et al., 2009). Furthermore, GSK-3 molecules with

RTK

Fig. 4. Ras/MAPK signaling. Upon growth factor stimulation, the adaptor protein, Grb2, binds to specific phospho-tyrosine residues on
activated receptors via its SH2 domain. Grb2 also binds to SOS and activates it at the plasma membrane, which then catalyzes the removal of
GDP. Ras then rapidly binds GTP and adopts an active conformation. Activated Ras recruits Raf to the membrane leading to Raf kinase
activation and resulting in phosphorylation and activation of MEK. Activated MEK, in turn phosphorylates ERK, so that it can subsequently

activate its nuclear and non-nuclear substrates.
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mutations in the PKB phosphorylation sites, and thus
insensitive to inhibition by PI3K signaling, are still inhibited by
Wht signaling (McManus et al., 2005; Doble et al., 2007;

Ng et al.,, 2009). Despite the fact that PI3K and Wnt signaling
pathways share GSK-3 as a core regulatory protein, it would
appear that the insulation of these pathways is sufficient to
prevent cross-talk (McNeill and Woodgett, 2010). As
demonstrated by Ng et al. (2009), Axin may shield the
associated GSK-3 within the destruction complex from protein
kinases such as PKB that would otherwise phosphorylate and
inactivate GSK-3. Although GSK-3 that is not directly
associated with the complex may still be phosphorylated and
inhibited, sufficient levels remain bound to the Axin complex to
phosphorylate and suppress the accumulation of 3-catenin
(Voskas et al., 2010).

Ras/MAPK and TGF-f3 Signaling Pathways

In the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) signaling pathway (Fig. 4),
activating mutations of K-Ras are found in 45% of colon and
90% of pancreatic cancers, and Raf mutations have been
observed in approximately 66% of melanomas (Sebolt-Leopold

and Herrera, 2004). The Ras/MAPK pathway is activated by
growth factor receptor tyrosine kinases. Upon growth factor
stimulation, the adaptor protein, growth factor receptor
binding protein 2 (Grb2), binds to specific phospho-tyrosine
residues on activated receptors via its SH2 domain. Grb2 also
binds to the guanine nucleotide exchange factor (GEF) Son of
sevenless (SOS) through its two SH3 domains. This recruits the
Grb2/SOS complex to the plasma membrane where it docks to
the phosphorylated receptor and activates SOS, which then
catalyzes the removal of guanosine diphosphate (GDP) from
the Ras subfamily of small GTPases. Ras then rapidly binds
guanosine triphosphate (GTP) and adopts an active confor-
mation. Activated Ras recruits the serine/threonine kinase c-
Raf to the membrane leading to Raf kinase activation and
resulting in phosphorylation and activation of mitogen-
activated protein/extracellular signal-regulated kinase (MEK)
on two serine residues within its activation segment (T-Loop).
Activated MEK in turn phosphorylates ERK on a tyrosine and
threonine residue within its T-Loop, such that it subsequently
targets its nuclear and non-nuclear substrates (described in
Gomperts et al., 2009; Cakir and Grossman, 2009).

The TGF-$ superfamily of ligands include: bone
morphogenetic proteins (BMPs), growth and differentiation

R

Fig. 5.

TGF- signaling. The pathway is activated when aTGF-f3 superfamily ligand binds to a TGF-f3 type Il receptor dimer, which recruits

and phosphorylates a type | receptor dimer forming a hetero-tetrameric complex with the ligand. The type | receptor goes on to

phosphorylate R-Smads. Phosphorylated R-SMADs have a high affinity for the effector protein, coSMAD, and consequently forms a complex

with coSMAD. R-SMAD/coSMAD complexes accumulate and enter the nucleus where they activate transcription.
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factors (GDFs), anti-miillerian hormone (AMH), Activin,
Nodal, and TGF-Bs. TGF-f3 signaling normally suppresses cell
proliferation, and is inactivated through loss of the effector
protein, SMADA4, in over half of pancreatic carcinomas
(Bardeesy etal., 2006). The pathway is activated when a TGF-3
superfamily ligand binds to a serine/threonine TGF-(3 type Il
receptor dimer, which recruits and phosphorylates a type |
receptor dimer forming a hetero-tetrameric complex with the
ligand which then, according to the receptor specificity leads to
SMAD phosphorylation, nuclear translocation and activation of
gene expression (Attisano and Wrana, 1996) (Fig. 5).

Unlike human ES cells which require FGF and TGF-3/Activin
signaling to sustain ES cell self-renewal (James et al., 2005;
Vallier et al., 2005), mouse ES cells instead depend on LIF and
BMP4 (Ying et al,, 2003; Qi et al., 2004). FGF/MAPK signaling
induces ES cell differentiation in mice (Kunath et al., 2007)
whereas BMP4 inhibits this MAPK-mediated differentiation (Qi
et al,, 2004). Interestingly, PI3K and MAPK signaling have each
been implicated downstream of at least two of the three major
pathways that control ES cell fate—LIF, FGF, and TGF-3/BMP
(Ying et al., 2008; Niwa et al., 2009); however, they appear to
counteract each other’s downstream activities in mouse ES
cells. Downstream of LIF, for example, PI3K positively
regulates T-box 3 (Tbx3), a pluripotency factor (lvanova
et al., 2006), whereas MAPK negatively regulates it (Niwa
et al,, 2009). Although PI3K and MAPK are co-regulated in
multiple pathways, the prevalence of one activity over another
appears to depend on the relative concentrations of upstream
factors that stimulate LIF, FGF, and TGF-3/BMP pathways in
mouse ES cells. Such an effect was recently demonstrated in a
study by Singh et al. (2012) where an intricate balance of PI3K,
MAPK, and Wnt signaling was shown to converge on SMAD2/3
to promote either the self-renewal or differentiation of human
ES cells. Clearly, nature has fine-tuned the means by which early
cell fate is influenced and the normal requirement for multiple
inputs of precise timing and magnitude likely acts as a
combination lock to ensure robust transition from the “ground
state” to the complexity of a developing organism.

Summary

Although embryonic stem cells possess pluripotentiality only
transiently in vivo, this remarkable state can be artificially
captured in vitro through growth factors and/or small molecule
inhibitors. It is unsurprising that multiple signals can
orchestrate this precarious cell state as the early stages of
development require enormous plasticity to ensure correct
proportions and consequences within a tiny number of cells
which are largely discriminated by space and time. What is
perhaps more surprising is that there are clearly multiple,
unsubtle mechanisms by which pluripotency can be maintained.
This reveals a vulnerability that is clearly exploited in tumor
etiology where de-differentiation or inappropriate expansion
of progenitor cells that retain replicative potential is driven by
mutational induction of similar signaling systems that are so
potent in early development. Of course, cells have multiple
safeguards and lineage-specification and differentiation is
usually locked in once it has occurred. However, the
commonality shared by many transforming events is that they
target genes that have key roles in early embryogenesis. It is
beguiling that nature has maintained such variety of backdoor
mechanisms that allow reversal of differentiation. Clearly, this
capacity has a strong beneficial drive as the risk is huge.
Knowledge of the mechanisms by which cells can be maintained
and expanded prior to differentiation into desired cell types
offers much hope for regenerative and molecular corrective
medicine. This has only accelerated with the advent of induced
pluripotential stem cells and the myriad of paths by which these
can be derived. There is also reason to expect that greater

JOURNAL OF CELLULAR PHYSIOLOGY

knowledge of the molecular mechanisms that control the
transcriptional circuitry underpinning stem cellness will lead to
new therapeutic approaches for a variety of cancers that rely
upon the usurping developmental controls.
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