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Abstract

Maintaining a finely-balanced network of signaling inputs is critical for the maintenance of
pluripotent stem cells. Together, signaling pathways achieve this by maintaining a long-term,
proliferative state while suppressing differentiation. Although the major pathways involved in
pluripotency have been known for some time, it was not previously clear how they function in
concert to maintain stem cell identity. Recent work has identified a signaling network involving
cross-talk between PI3K, TGFB, MAPK and Wnt pathways that culminate in a finely-balanced
molecular switch that determines the fate of pluripotent cells.

Introduction

Obtaining a clear and detailed understanding of how cell signaling pathways maintain
human pluripotent stem cells (hPSCs) has been difficult due to a number of confounding
factors. First, use of disparate culture conditions has led to context-dependent observations.
Second, the tools used to evaluate cell signaling in real-time at the single cell level are
limiting and consequently, often lead to erroneous conclusions. A third issue relates to the
tendency to focus on a specific pathway, rather than attempting to understand the integration
and cross-talk between pathways. Fourth, variations in experimental design are often
ignored, but if considered carefully can be used to explain discrepancies in the literature.
Finally, signaling pathways often have different effects depending on their level of
activation- this issue is frequently overlooked and has created considerable confusion. This
review will specifically focus on human embryonic stem cells and human induced
pluripotent stem cells- often referred to as ‘primed’ pluripotent cells due to their slightly
advanced developmental stage relative to naive or ‘ground state’ pluripotent cells [1-3]. The
latter requires a different set of signaling conditions for self-renewal [4,5].

A brief historical perspective

During the late 1990’s the standard method for propagating hPSCs required their culturing
on murine embryo fibroblast (MEF) feeder-layers [6]. Our understanding of self-renewal
signaling during this period was quite limited and it was only when ‘second generation’,
feeder-free, culture systems were introduced that significant advances were made [7]. This
latter approach to culturing hPSCs commonly utilized Matrigel or laminin as attachment
matrices and incorporated MEF-conditioned media (MEF-CM), fetal calf serum or knockout
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serum replacement (KSR) supplement, and Fgf2 for maintenance (7). The first MEF-derived
bioactivity to be identified was the TGFp superfamily member, Activin A [8,9]. Other
TGFB family members, including TGFB and Nodal, can substitute for Activin A and work
through the canonical SMAD2,3 pathway that we now know targets genes such as Nanog
[10]. Under these feeder-free conditions, fibroblast growth factor 2 (Fgf2) was typically
added at ~4ng/ml to supplement the activities in MEF-CM [7,11]. At the time, it was
generally assumed that Fgf2 functioned through the MAPK/ERK pathway but as will be
discussed later, the scenario is likely to be more complicated.

All of the early feeder-free media formulations included fetal calf serum (FCS) or knockout
serum replacement (KSR) supplement [7,11]. These components contain factors such as IGF
and insulin that potently stimulate the canonical phosphatidylinositol-3 kinase (P13K)
signaling pathway. As has been shown for murine PSCs [12], PI3K/AKT signaling is critical
for maintenance of their human counterparts [13,14]. Other studies have implicated roles for
canonical Wnt signaling in self-renewal [15], but details relating to these observations were
not fully understood until recently and over time have led to considerable controversy.
Together, Fgf2 signaling through MAPK, Activin A signaling through SMAD?2,3, insulin/
IGF signaling through PI3K and canonical Wnt signaling form the basic framework by
which our understanding of self-renewal signaling is generally defined in hPSCs [4]. More
recently, studies utilizing chemically-defined media have made the dissection of self-
renewal signaling pathways far more feasible and have led to a new level of understanding
that has established a robust model for self-renewal signaling in hPSCs [16-18].

Fgf2 and MAPK/ERK signaling in hPSCs: threshold effects?

There have been conflicting reports on the role of MAPK/ERK signaling in hPSCs but
potentially, these can be reconciled [19-21]. Under steady-state conditions ERK activity is
generally restrained [22,23] but can be transiently activated by factor deprivation, followed
by addition of fresh growth factors [18,23]. ERK activity however, resets to lower levels
once self-renewal conditions have been re-established. Both high (>50ng/ml) and low
(<10ng/ml) levels of Fgf2 maintain a basal level of ERK activity that is compatible with
self-renewal [24]. While low Fgf2 achieves this through mild activation of ERK, higher
levels also activate the PI3K pathway without further elevating signaling along the MAPK
pathway [23]. This scenario is intriguing because PI3K/AKT suppresses MAPK/ERK by a
cross-talk mechanism (see Figure 1, 2) and can explain how ERK activity is maintained at a
modest level under a wide-range of Fgf2 concentrations. It is still unclear if high doses of
Fgf2 signal exclusively through canonical Fgf receptors or through low affinity receptors
because detailed receptor activation studies have not been performed. The absolute
requirement for exogenous Fgf2 has also recently been questioned because hPSCs can be
maintained in its absence [23]. The caveat here however, is that Fgf activities produced by
hPSCs themselves could function by an autocrine/paracrine mechanism to activate MAPK/
ERK signaling.

In response to a decline in PI3K/AKT signaling ERK activity becomes significantly elevated
and plays a key role in the events surrounding early differentiation, consistent with previous
reports in murine PSCs [25,26]. The most likely scenario is that low levels of ERK signaling
promotes stem cell maintenance but elevated and more sustained signaling promotes
differentiation. Downstream targets of ERK signaling required to initiate differentiation
pathways were until recently unknown. The identification of GSK3 as an ERK target has
shed new light on this question (Figure 2)[23].
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The duality of Activin A and SMAD2,3 function

It was unanticipated that Activin A and other TGFB family members would serve to
maintain hPSCs because they have well-defined roles in specifying cell fate in the early
embryo. However, studies from several laboratories identified Activin A as a major factor in
MEF-CM that contributes to hPSC maintenance [8,9]. Latter generations of media,
including most chemically defined medias, also use Activin A or other TGF family
members for hPSC maintenance [27]. The most well known target of this pathway in hPSCs
is NANOG, which is transcriptionally activated by SMAD2,3 [10,28]. Although Activin A
is assumed to exert its effects through SMAD2,3 little else is known about this signaling
network in hPSCs, including the identities of other target genes. A major dilemma that has
only recently been resolved is how SMAD?2,3 performs apparently opposing roles in self-
renewal and early differentiation [13,29,30]. This apparent duality of function has been
resolved by showing that SMAD2,3 activates different sets of target genes in pluripotent and
differentiating cells, depending on its level of activation and the availability of cofactors
[23,30]. Under self-renewal conditions, PI3K signaling restricts the absolute levels of
SMAD?2,3 phospho-activation and maintains it within a range compatible with self-renewal.
Then, under conditions of reduced PI3K signaling, SMADZ2,3 phosphorylation increases,
allowing it to activate target genes involved in early differentiation. The exact mechanism
for how PI3K modulates SMAD2,3 has not been resolved but this is a good example of how
signaling pathways cross-talk in hPSCs (Figures 1,2).

PI3K and AKT signaling: cross-talk with SMAD and ERK

The PI3K pathway uses protein kinase B (PKB/AKT1) to relay intracellular signals
generated by factors such as insulin, IGF and in some cases, EGF and FGF-family members.
Once activated, AKT signals to other downstream effectors by activating mTOR and by
inhibiting GSK3 [4]. As pointed out above, PI3K cross-talks with the TGFp pathway by an
as yet undefined mechanism to maintain SMAD?2,3 signaling within a range that is
compatible with maintenance of pluripotency. Inhibition of PI3K by addition of small
molecules, such as LY294002, or following removal of PI3K activators has numerous
effects on signaling pathways in hPSCs, contributing to loss of pluripotency [13,14,23].
Although PI3K/AKT maintains mTOR activity, how this impacts on pluripotency is unclear
but its role in regulation of protein synthesis could be important [31]. Addition of
rapamycin, an mTOR inhibitor has similar effects to that of LY294002 by inhibiting AKT
and subsequently triggers differentiation [13,31]. This suggests that some feedback
mechanism exists between mTOR and AKT in hPSCs. In murine PSCs, PI3K supports self-
renewal by inhibiting GSK3 through phosphorylation on serine 9. One effect of GSK3
inhibition in this context is to stabilize c-myc, a key regulator of PSC maintenance [32,33].
This mechanism could also apply in hPSCs but has not been evaluated fully.

Our understanding of how PI3K maintains PSCs has dramatically changed following the
observation that it is part of an elaborate cross-talk signaling network. Besides impacting on
the level of phospho-SMAD?2,3 activation, PI3K/AKT suppresses ERK1,2 activity which in
turn decreases the activity of GSK3 [23]. Inhibition of GSK3 in this context was particularly
surprising because in the canonical PI3K pathway, GSK3 is typically inhibited by AKT and
yet in hPSCs, the opposite is the case. It should be remembered that there are multiple pools
of GSK3 linked to separate signaling pathways. A major conclusion reached by Singh and
colleagues [23] is that PI3K crosstalks with the MAPK/ERK pathway, which in turn reaches
over to the canonical Wnt pathway by inhibiting GSK3 (Figure 2). The details of this will be
discussed further when the role of Wnt signaling in hPSCs is considered.

Insulin and IGF clearly have the capacity to activate PI3K/AKT but it is interesting that
more than one PI3K activator is usually required for maintenance of PSCs. StemPro-based
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media for example, utilizes IGF and the EGF family member, heregulin — both of these
factors signal through PI13K but each is insufficient in the absence of the other. Other
defined medias based on mTeSR utilize insulin to drive PI3K and rely on Fgf2 to support
this activity. So, why is there a requirement for multiple PI3K activators? While it is
possible that insulin, IGF, heregulin and Fgf2 have functions outside of PI3K activation, one
possibility is that these factors signal with different temporal kinetics. This could involve the
duration of signaling and changes in signaling intensity over time. It will be necessary to
perform detailed time-course experiments evaluating the effects of these factors in PI3K
signaling to address this question. Although low levels of Fgf2 may have a role in
maintaining a low level of ERK activity, at high concentrations it seems to also activate
PI3K/AKT signaling. Although not formally shown yet, high doses of Fgf2 are likely to
collaborate with insulin/IGF to maintain self-renewal through the PI13K pathway. Since
PI3K inhibits MAPK/ERK, Fgf2 at high levels could establish a regulatory loop where
enhanced PI3K cross-talks to ERK and suppresses its activity (Figure 1). This would explain
how ERK activity is maintained at low levels in pluripotent cells, despite high levels of
Fgf2. The details of how Fgf2 controls MAPK and PI3K signaling by establishing different
signaling thresholds are unclear and require further investigation.

The Wnt conundrum: why the confusion?

There is considerable evidence in murine PSCs that at least some components of the Wnt
pathway are involved in self-renewal. For example, TCF plays a role by repressing genes
that antagonize stem cell maintenance [34,35]. Recent studies indicate that B-catenin is not
required for this maintenance function [36,37] and moreover, there is only limited evidence
implicating Wnt itself in this maintenance pathway. In hPSCs there is little evidence
implicating Wnt ligands in self-renewal and recent reports even show that Wnt signaling
promote differentiation [23,38,39]. This is consistent with a large amount of evidence in
vivo showing that Wnt is required around the time of gastrulation for germ layer formation.
So why the confusion? One source of confusion appears to have been generated by
overlooking the different pools of GSK3 and their different sensitivities to chemical
inhibitors [23,32]. Some inhibitor studies have shown that when GSK3 activity is blocked,
pluripotency is stabilized and this has been interpreted to mean that Wnt is important for
self-renewal [15]. Another interpretation is that inhibition of the GSK3 pool immediately
downstream of AKT is required for stem cell maintenance. This for example, could involve
the stabilization of c-myc and other transcription factors in the core pluripotency network.
Other studies have now shown that when all pools of GSK3 are inhibited, Wnt signaling
through p-catenin is activated and hPSCs differentiate [23,40]. Different pools of GSK3
therefore have very different roles in control of hPSC fate determination. How activation of
Whnt signaling collaborates with SMAD2,3 will be discussed below. It now seems that
suppression of Wnt signaling stabilizes hPSCs [23,39] and that Wnt effector molecules such
as p-catenin promote differentiation [23,40]. Oct4 has even been implicated to play a role in
suppression of B-catenin signaling under self-renewing conditions [39], highlighting the
opposing roles of pluripotency networks and Wnt-dependent differentiation pathways.

Cross-talk of signaling pathways establishes a stable pluripotent state

Over the last few years we have learned that the analysis of individual signaling pathways
has only limited value in predicting their role in cell fate determination. Even if a pathway
appears to be activated, this does not tell us whether it is in an activating or repressing mode
with regards to stem cell maintenance- ERK signaling is a good example of this. Part of the
difficulty in establishing a clear picture of cell signaling networks has been the lack of tools
that can measure absolute signaling intensities in real time and at single cell resolution.
Another limitation has been the inability to establish how changes in one pathway impact on
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another in real time and in a quantitative way. Finally, discriminating between different
compartments of signaling complexes and how they impact on relaying signals has been
difficult. This is illustrated by opposing functions for different pools of GSK3. Despite the
technical limitations, we now have a far better conceptual understanding of cell signaling
networks in hPSCs. The following will seek to integrate the previous sections and provide a
current model for how the major signaling pathways in hPSCs integrate into a stable
network.

Figure 2 summarizes our current understanding of how extrinsic signals regulate
intracellular signaling pathways in hPSCs. A key aspect of this model is that no individual
pathway functions by itself, but is part of an intricate cross-talk network that is subject to
threshold and combinatorial effects. This model highlights the role of multiple pools of
GSK3. Elevated GSK3 in the Wnt pathway is required to suppress Wnt signaling while low
GSK3 activity immediately downstream of AKT is required for stabilized Myc. PI3K has at
least three main effects. First, it blocks GSK3 by activating AKT and second by a cross-talk
mechanism where it suppresses ERK. It’s third role modulates the extent of SMAD2,3
activation. Although there is evidence for ERK playing a role in pluripotency, this seems to
apply only at low Fgf2 signaling intensities. In the presence of elevated signaling through
Fgf receptors, Fgf2 activates PI3K and reinforces the negative cross-talk pathway where
AKT dampens ERK activation. Finally, ERK cross-talks with the Wnt-associated pool of
GSK3 and when activated, inhibits GSK3 allowing for activation of the canonical Wnt
pathway. Although signaling networks are likely to change depending on culture conditions,
this general model seems to apply for cells grown in the commonly used chemically defined
media and for cells cultured in MEF-CM.

Wnt switches SMAD2,3 from being an agonist to an antagonist of self-

renewal

One major consequence of Wnt pathway activation is the nuclear accumulation of its
transcriptional effectors such as B-catenin. Once stabilized, p-catenin collaborates with
SMAD2,3 to target genes required for early differentiation (Figure 3). In effect, p-catenin
switches SMAD2,3 from being a key element of the self-renewal machinery to an activity
that promotes differentiation [23]. A similar scenario operates in endoderm differentiation
where Eomes collaborates with Smad2,3 [30]. This is a reminder of how the same regulators
(in this case SMAD2,3) can be used in different contexts to promote contrasting biological
outcomes [41].

Conclusions

Recent studies have provided a robust framework on which we can now base future work
relating to signaling networks in pluripotent stem cells. Many questions remain and other
pathways not discussed in this review are likely to play important roles. For example,
suppression of specific protein kinase C subtypes seems to be a requirement for maintenance
of human [42] and murine [43] PSCs. How PKC interacts with other signaling pathways in
PSCs is unclear but it will be necessary to establish how it fits into the overall signaling
hierarchy. It may also be important to modulate protein kinase A to preserve self-renewal
[44]. Another important question is how signaling pathways impact on reprogramming to
the pluripotent state. Most reprogramming strategies use culture conditions that are known
to support self-renewal and therefore, operate under the general signaling framework
described in this review. It is unclear whether these signaling conditions are required for
some or all of the reprogramming process or, only once the pluripotent state has been
established. The biggest challenges that lie ahead in terms of understanding cell signaling in
pluripotency and differentiation relate to the development of new tools that can accurately
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measure signaling activities in real time at the single cell level. It is only then that we will
have a firm grasp on understanding stem cell behavior in response to extracellular cues. In
summary, we have learned that signaling in PSCs is a complex, dynamic process where
thresholds, temporal changes and combinatorial effects make important contributions to cell
fate outcomes.
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Figure 1. Fgf2 can regulate PI3K and MAPK/ERK in human pluripotent stem cells

Left: Low concentrations of Fgf2 promote self-renewal by activation of MAPK/ERK
signaling. Under these conditions, a threshold of ERK signaling intensity required for
differentiation is not exceeded, enabling PSCs to be maintained in a self-renewing state.
Right: Elevated Fgf2 signaling drives ERK but now also activates PI3K/AKT- this feeds
back to ERK and suppress its activity. This establishes a potential mechanism where ERK
activity is maintained within a critical range for self-renewal.
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Figure 2. Summary of the signaling network that maintains human pluripotent stem cells
Cross-talk between PI3K, TGFB, MAPK and Wnt pathways is shown. The cross-talk
network serves to suppress canonical Wnt signaling and to promote pluripotency by
maintaining MAPK/ERK activity below a critical threshold. Fgf2 at high concentrations can
also activate PI3K (not shown).
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Figure 3. Wnt switchesthe activity of SMAD2,3 by redirecting it to new targets
Perturbation of the pluripotency signaling network switches SMAD2,3 from being an
activator of pluripotency target genes to an activator of genes required for early
differentiation. The switch mechanism arises from the activation of B-catenin which
collaborates with SMAD?2,3 to activate a different set of target genes. Smad2,3 (orange
circle) binds to target sites with its obligatory binding partner Smad4 (yellow circle).
Cofactors such as B-catenin and Eomes (purple diamond) can bind to target genes in
conjunction with Smad2,3/4 complexes to activate differentiation genes.

Curr Opin Cell Biol. Author manuscript; available in PMC 2014 April 01.



