
© 2012 Landes Bioscience.

Do not distribute.

www.landesbioscience.com Cell Cycle 2991

Cell Cycle 11:16, 2991-2996; August 15, 2012; © 2012 Landes Bioscience

 extrA view extrA view

Keywords: Gsk3, embryonic stem cells, 
pluripotency, differentiation, Akt,  
Myc, Wnt/β-catenin, signaling

Abbreviations: hESC, human embry-
onic stem cells; mESC, murine embry-
onic stem cells; PSC, pluripotent stem 
cells; EpiSCs, epiblast stem cells; EBs, 
embryoid bodies; iPSC, induced plu-
ripotent stem cell; LIF, leukemia inhibi-
tory factor; FCS, fetal calf serum; BIO, 
2'Z,3'E)-6-Bromoindirubin-3'-oxime

Submitted: 06/10/12

Accepted: 06/12/12

http://dx.doi.org/10.4161/cc.21110

*Correspondence to: Stephen Dalton;  
Email: sdalton@uga.edu

Signaling pathways orchestrated by 
PI3K/Akt, Raf/Mek/Erk and Wnt/

β-catenin are known to play key roles 
in the self-renewal and differentiation 
of pluripotent stem cells. The serine/
threonine protein kinase Gsk3β has 
roles in all three pathways, making its 
exact function difficult to decipher. 
Consequently, conflicting reports have 
implicated Gsk3β in promoting self-
renewal, while others suggest that it 
performs roles in the activation of dif-
ferentiation pathways. Different thresh-
olds of Gsk3β activity also have different 
biological effects on pluripotent cells, 
making this situation even more com-
plex. Here, we describe a further level of 
complexity that is most apparent when 
comparing “naïve” murine and “primed” 
human pluripotent stem cells. In naïve 
cells, Gsk3β activity is restrained by 
PI3K/Akt, but when released from 
inhibitory signals it antagonizes self-
renewal pathways by targeting pluripo-
tency factors such as Myc and Nanog. 
This situation also applies in primed 
cells, but, in addition, a separate pool of 
Gsk3β is required to suppress canoni-
cal Wnt signaling. These observations 
suggest that different Gsk3β-protein 
complexes shift the balance between 
naïve and primed pluripotent cells and 
identify fundamental differences in their 
cell signaling. Altogether, these find-
ings have important implications for the 
mechanisms underpinning the establish-
ment of different pluripotent cell states 
and for the control of self-renewal and 
differentiation.
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Introduction

Self-renewal of pluripotent stem cells is 
dependent on the maintenance of prolif-
eration and the suppression of differentia-
tion pathways. We recently described how 
a crosstalk mechanism between PI3K/
Akt, Raf/Mek/Erk, Activin A/Smad2,3 
and Wnt/β-catenin signaling networks 
maintains pluripotency of human embry-
onic stem cells (hESCs) and induced 
pluripotent stem cells (hiPSCs).1 This sig-
naling network seems to be characteristic 
of “primed” pluripotent stem cells (PSCs). 
In “naïve” murine ESCs (mESCs), how-
ever, self-renewal is dependent on the 
activation of PI3K/Akt,2 Lif/Stat3 and 
the BMP/Smad3 pathway. Together, these 
pathways culminate in the inhibition of 
Erk and Gsk3β activity.4 Importantly, 
the only common pathway required by 
murine and human PSCs involves signal-
ing through PI3K/Akt.

The downstream targets of Akt in 
murine and human PSCs have been 
described in detail. In murine cells, Akt 
directly phosphorylates Gsk3β on serine-9 
(S9), keeping it inactive5-7 while also regu-
lating its ability to shuttle in and out of the 
nucleus and affecting its ability to target 
substrates such as c-myc.8,9 Although inhi-
bition of PI3K/Akt signaling in human 
and murine PSCs results in differentia-
tion,10,11 its function is subtly different in 
the naïve and primed states. PI3K/Akt has 
two roles in primed human PSCs. First, it 
establishes levels of Activin A/Smad2,3, 
signaling that is compatible with expres-
sion of pluripotency genes such as Nanog. 
Under self-renewal conditions, the magni-
tude of Smad2,3 activity is not sufficient 
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Gsk3 suppresses canonical Wnt activ-
ity in human PSCs but not murine PSCs. 
Evaluation of Wnt signaling with the Top-
Flash luciferase reporter assay revealed sev-
eral key features of β-catenin signaling in 
human and murine PSCs. First, Top-Flash 
activity in human PSCs (WA01, WA09, 
BG01 and BG02) is low but activated by 
addition of BIO (Fig. 2), indicating that 
Wnt signaling in human pluripotent cells 
is suppressed due to elevated Gsk3β activ-
ity. Although the trends are similar, there 
are clear differences in the ability of dif-
ferent human PSC lines to upregulate Wnt 
reporter activity in response to BIO. This 
may explain variations in self-renewal and 
differentiation properties typically seen in 
different pluripotent cell lines. All murine 
PSCs assayed (D3, R1, E14 and miPSCs) 
showed low, BIO-insensitive Wnt reporter 
activity. The only exception to this was a 
murine Gsk3α/β-knockout mESC line 
that exhibited moderate levels of BIO-
insensitive Top-Flash activity (Fig. 2). 
These findings indicate that Gsk3β activ-
ity is critical for restraining canonical 
Wnt signaling in human PSCs but not 
in murine PSCs. The inability to activate 
β-catenin-dependent transcription by 
inhibition of Gsk3 in murine PSCs indi-
cates that the canonical Wnt pathway has 
not been established in naïve cells. This is 
consistent with our earlier model,1 where 
Wnt signaling is actively suppressed in 
human pluripotent cells due to elevated 
Gsk3β activity (see Discussion).

Different roles for PI3K in regulation 
of Gsk3 activity in human and murine 
PSCs. In mESCs, inhibition of PI3K/Akt 
signaling results in Gsk3β activation.5-9 
In human PSCs, however, this results in 
Erk activation and Gsk3β inactivation.1 
Given these opposite findings, we decided 
to directly compare the response to PI3K/
Akt inhibition in mouse and human PSCs 
(Fig. 3). Upon treatment of human and 
mouse PSCs with the PI3K inhibitor, 
PI-103, phosphorylation of Akt on ser-
ine-473 (S473) and phosphorylation on 
the Akt substrate, p70-S6 kinase on ser-
ine-371 (S371) both decreased. This con-
firms that under these conditions, PI3K 
signaling is blocked. Interestingly, the 
phosphorylation status of Gsk3β was con-
siderably different in mouse and human 
ESCs after PI3K inhibition. In mESCs, 

of Gsk3β shuttling in and out of the 
nucleus.8,9 The phosphorylation status of 
Gsk3β on S9 was considerably different, 
however, being predominantly hyper-
phosphorylated in murine PSCs and hypo-
phosphorylated in human PSCs (Fig. 1A). 
As S9 phosphorylation on Gsk3β is indic-
ative of inactivation,5-7 this suggests very 
different modes of Gsk3β regulation in 
mouse and human PSCs. In both murine 
and human PSCs, Nanog is robustly 
expressed, and β-catenin is primarily asso-
ciated with the plasma membrane.

To more directly evaluate Gsk3β activ-
ity, we performed immunoprecipitation-
kinase assays from whole-cell lysates 
(Fig. 1B). As anticipated from previ-
ous phospho-S9 analysis, human PSCs 
exhibit high steady-state Gsk3β kinase 
activity. This activity is suppressed by 
pre-treatment of cells with the Gsk3 
inhibitor, 2'Z,3'E)-6-Bromoindirubin-3'-
oxime (BIO). In contrast, murine PSCs 
show a comparatively low level of kinase 
activity, consistent with the requirement 
to suppress Gsk3β for maintenance of 
naïve mESCs.4 The comparatively low 
level of Gsk3 activity in murine PSCs is 
also sensitive to BIO treatment (Fig. 1B). 
These data confirm our earlier find-
ings that global Gsk3β activity is low in 
murine PSCs and high in human PSCs.

We next examined Gsk3β activity dur-
ing the early stages of differentiation using 
S9 phosphorylation as a read-out (Fig. 1C). 
Embryoid bodies (EBs) were formed by 
aggregation of mouse or human PSCs in 
FCS-containing media to induce differen-
tiation. In hESCs we found an increase in 
S9 phosphorylation within 2 d of EB for-
mation, while in mESCs, S9 phosphory-
lation decreased within this time period. 
These differences were initially surprising, 
but we reasoned that after 2 d differentia-
tion, murine PSCs would be transitioning 
through a Rex1- Fgf5+ Nanog+ Oct4+ plu-
ripotent, primitive ectoderm state before 
becoming lineage committed. This was 
confirmed by qRT-PCR (Fig. 1D). These 
data indicate that as murine PSCs transi-
tion from a naïve to primed state, global 
Gsk3 activity increases (Fig. 1E). These 
observations reconcile the differences 
between mESCs and hESCs and indicate 
that elevated Gsk3 activity is a hallmark of 
primed PSCs.

for activation of early differentiation genes, 
such as MixL1,1 but is nevertheless suffi-
cient for the maintenance of pluripotency. 
In its second role, PI3K/Akt maintains the 
activity of a separate pool of Gsk3 involv-
ing a crosstalk mechanism requiring inhi-
bition of Raf/Mek/Erk signaling.1 This 
second pool of Gsk3 serves to antagonize 
canonical Wnt/β-catenin signaling. These 
studies establish multiple roles for Gsk3 
in pluripotent cells that could account for 
some of the major differences between the 
primed and naïve states.

Major differences in Gsk3 function 
and regulation were clearly not anticipated 
at the beginning of these studies. To rec-
oncile the differences between human and 
murine PSCs, we set out to test the general 
hypothesis that differences in Gsk3β activ-
ity could be a feature of distinct pluripo-
tent cell states. Our studies indicate that 
Gsk3β is negatively targeted in murine 
PSCs by PI3K/Akt signaling, but, once 
activated, it antagonizes c-myc activity. In 
human PSCs, this situation also applies, 
but, additionally, a separate pool of active 
Gsk3β is required to suppress canonical 
Wnt signaling. This does not appear to 
be a requirement in naïve PSCs, however. 
These data provide a framework to explain 
differences in signaling requirements of 
naïve and primed pluripotent stem cells 
and identify key biochemical differences 
between the two pluripotent cell states.

Results

Different modes of Gsk3β regulation 
in human and murine pluripotent stem 
cells. Inhibition of Gsk3β, along with Erk 
inhibition, has been shown to support the 
self-renewal and pluripotency of mESCs.4 
Human PSCs, however, have been shown 
to undergo differentiation under condi-
tions where Gsk3β is strongly inhibited.1 
To investigate these seemingly contra-
dictory findings, we directly compared 
the subcellular localization and phos-
phorylation status of Gsk3β in human 
PSCs grown in HAI/StemPro media1 or 
murine PSCs grown in containing leuke-
mia inhibitory factor (LIF) and fetal calf 
serum (FCS)5 (Fig. 1A). In both human 
and murine PSCs, Gsk3β is localized to 
the cytoplasm, consistent with our previ-
ous reports describing the mechanisms 
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Figure 1. Gsk3 phosphorylation status differs in human and mouse pluripotent stem cell maintenance and differentiation. (A) immunostaining for 
Gsk3β, pGsk3βS9, Nanog and β-catenin during mouse or human pluripotent stem cell maintenance. (B) iP-kinase assays of Gsk3β following treatment 
with BiO (2 μM) for 24 h. (C) immunoblotting for human and murine eSCs or human and murine eBs following aggregation in serum for 48 h with 
indicated antibodies. (D) qrt-PCr analysis of meSCs and embryoid bodies (48 h). Assays were performed in triplicate and normalized against a Gapdh 
control. Data are expressed +/- SeM (e) Model showing changes in global Gsk3 activity as pluripotent cells transition between naïve, primed and com-
mitted states.

Gsk3β S9 phosphorylation decreased 
indicating increased activity, while in 
hESCs, S9 phosphorylation increased, 
indicative of decreased activity. The 
Gsk3β target, c-myc, showed increased 
phosphorylation on threonine-58 (T58) 
in mESCs upon PI3K inhibition, but no 
significant response in hESCs. Altogether, 

these data show that upon the loss of 
PI3K/Akt signaling, global Gsk3β activ-
ity and its targets respond differently in 
human and mouse PSCs. Other down-
stream effectors of PI3K signaling, such as 
Akt and S6K, respond in a similar man-
ner. The significance of this is described 
in detail below.

Discussion

PI3K/Akt signaling is essential to the self-
renewal of murine and human pluripotent 
stem cells. In mPSCs, one of the primary 
functions for PI3K/Akt is to suppress 
Gsk3β activity by maintaining its hyper-
phosphorylation on S9.5-7 This establishes 
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Different hESC lines also vary in their 
degree of β-catenin activation, in response 
to BIO. This explains common differences 
found in differentiation potential between 
different pluripotent cell lines.

While Wnt/β-catenin signaling clearly 
promotes differentiation in hPSCs, its 
role in mPSCs has been less clear. Recent 
work has found that β-catenin is not 
required for mouse pluripotent stem cell 
self-renewal.23,24 However, it may still 
support pluripotency by regulating genes 
independently of β-catenin activation of 
target genes through a repression mecha-
nism involving Tcf1 and Tcf3.25 In agree-
ment with this, recent work suggests that 
Wnt signaling favors naïve pluripotency 
(mouse ESCs) at the expense of primed 
pluripotency (EpiSCs).12

In sum, we have described differences 
in the abundance of Gsk3β in distinct 
protein complexes existing in mouse and 
human pluripotent stem cells. These dif-
ferences account for opposite effects of 
Gsk3 inhibitors in murine and human 
stem cells and expose what could be a 
major determinant of the naïve vs. primed 
pluripotent state. Altogether, these find-
ings have important implications for 
signaling mechanisms in the different plu-
ripotent states found during early embry-
onic development.

Materials and Methods

Cell culture. hESCs (WA01 and WA09, 
from WiCell and BG01, BG02 from 
ViaCyte) and hiPSCs (Fib2-iPS4, from 
Dr. George Daley) were maintained in 
HAI (basis for StemPro® hESC SFM, 
Invitrogen), by a variation to the method 
previously described.1,26 Recombinant fac-
tors used in defined media were as follows; 
heregulin (HFG1β, 10 ng/ml, Peprotech), 
Activin A (10 ng/ml, R&D Systems), Igf-1 
(Lr3-Igf1, 200 ng/ml, JRH Biosciences). 
R1, E14, Gsk3 DKO mESCs and miP-
SCs8 were maintained in +LIF complete 
media as previously described.5 Inhibitors, 
2'Z,3'E)-6-Bromoindirubin-3'-oxime, 
BIO/GSK3 inhibitor IX (Calbiochem) 
and PI-103 (Calbiochem) were used as 
described.

Immunostaining and immunob-
lotting. Immunostaining was per-
formed as follows: cells were fixed in 

activity based on S9 phosphorylation in 
mouse and human stem cells but only 
affected c-myc phosphorylation in mouse 
stem cells.

Mouse and human pluripotent stem 
cells are not equivalent stem cell states. 
Human pluripotent stem cells have been 
found to be most similar to mouse epi-
blast stem cells (EpiSCs),20,21 which are 
from a later stage in development than 
mouse ESCs. This indicates that during 
embryonic development there are differ-
ent levels of pluripotency. Mouse ESCs 
are considered to represent naïve or early-
stage pluripotent stem cells, while human 
ESCs and mouse EpiSCs represent primed 
or late-stage pluripotent stem cells. Our 
findings here suggest that during matu-
ration of pluripotent cells from a naïve to 
a primed state, Gsk3β shifts from Akt-
Myc complexes to Wnt/β-catenin-Erk 
complexes. High levels of Gsk3β activity 
found in hESCs suggests a fully func-
tioning “β-catenin destruction complex,” 
which typically consists of Axin, APC, 
β-catenin, Gsk3β, CK1 and PP2A, that 
plays a direct role in regulating Wnt sig-
naling.22 A shift in complexes by Gsk3β 
therefore permits tightly controlled regu-
lation of Wnt/β-catenin signaling needed 
during embryonic development. The high 
level of responsiveness by the β-catenin 
reporter from BIO treatment in hESCs, 
but not mESCs, further indicates that 
these cells are now “primed” for Wnt 
signaling to stimulate differentiation. 

high levels of Myc, which are essential to 
maintain self-renewal and pluripotency 
through several mechanisms, including 
cell cycle control,13 repressing primitive 
endoderm formation,14 blocking Erk sig-
naling15 and regulating transcriptional 
pause-release.16 Myc has also been shown 
to be important for reprogramming.17,18

Human PSCs also require high levels 
of PI3K/Akt signaling to promote self-
renewal.1,10,19 However, a major function of 
Akt in human pluripotent stem cells is to 
suppress Erk signaling, which maintains a 
separate pool of Gsk3β in an active, hypo-
phosphorylated state.1 High levels of active 
Gsk3β suppress Wnt/β-catenin signaling 
to promote pluripotency. Altogether, this 
establishes a scenario where Gsk3β exists 
in at least two different networks, one that 
is part of the canonical PI3K pathway and 
functions by targeting pluripotency regu-
lators, such as Nanog and c-myc. The sec-
ond network involves a pool of Gsk3 under 
the control of Erk that impacts on the 
canonical Wnt pathway. The second path-
way doesn’t appear to be intact in naïve 
cells and seems to be acquired as naïve 
PSCs transition to a primed state (Fig. 4). 
The evidence for this model is most appar-
ent when examining downstream targets 
of Gsk3β in different stem cell types. 
For example, inhibition of Gsk3β only 
weakly activated the β-catenin reporter in 
mouse stem cells but strongly activated it 
in human stem cells. Additionally, inhibi-
tion of PI3K considerably changed Gsk3β 

Figure 2. Gsk3 suppresses canonical wnt activity in human PSCs but not murine PSCs. Luciferase 
activity assays with the β-catenin reporter (top-Flash/Fop-Flash) following treatment with BiO 
(2 μM) for 72 h.
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Figure 4. Gsk3β exists in different regulatory networks in pluripotent stem cells. Our findings sug-
gest that in mPSCs, Gsk3β activity is primarily linked to the canonical Pi3K pathway and targets 
substrates such a Nanog and c-myc. in hPSCs, Gsk3β forms complexes with erk1 and is directed 
toward the canonical wnt pathway and members of the “β-catenin destruction complex.” these 
data suggest that Gsk3β is recruited into additional signaling pathways as naïve cells transition to 
primed PSCs.

Figure 3. Mouse and human pluripotent stem cells respond differently to Pi3K inhibitors. immu-
noblotting with indicated antibodies of human and mouse eSC lysates (20 μg total cell lysate per 
lane) after treatment with Pi-103 (10 μM) for 12 h.
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