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SUMMARY

Glycogen synthase kinase 3 (GSK3) plays a central role in diverse cellular processes. GSK3 has 

two mammalian isozymes, GSK3α and GSK3β, whose functions remain ill-defined because of a 

lack of inhibitors that can distinguish between the two highly homologous isozymes. Here, we 

show that GSK3α and GSK3β can be selectively inhibited in mouse embryonic stem cells (ESCs) 

using a chemical-genetic approach. Selective inhibition of GSK3β is sufficient to maintain mouse 

ESC self-renewal, whereas GSK3α inhibition promotes mouse ESC differentiation toward neural 

lineages. Genome-wide transcriptional analysis reveals that GSK3α and GSK3β have distinct sets 

of downstream targets. Furthermore, selective inhibition of individual GSK3 isozymes yields 

distinct phenotypes from gene deletion, highlighting the power of the chemical-genetic approach 

in dissecting kinase catalytic functions from the protein’s scaffolding functions. Our study opens 

new avenues for defining GSK3 isozyme-specific functions in various cellular processes.
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INTRODUCTION

Glycogen synthase kinase 3 (GSK3), a serine/threonine protein kinase, plays a central role in 

multiple intracellular signaling pathways, including those activated by Wnt/β-catenin, sonic 

hedgehog, Notch, growth factors/receptor tyrosine kinases, and G-protein-coupled receptors 

(Beurel et al., 2014; Sutherland, 2011). In mammals, GSK3 is encoded by two paralogous 

genes, Gsk3α and Gsk3β, which are ~90% identical with respect to the amino acid 

sequences within their kinase domains. Previous studies have suggested that GSK3α and 

GSK3β had overlapping functions in regulating the Wnt/β-catenin signaling pathway (Doble 

et al., 2007). On the other hand, knockout of GSK3α or GSK3β in mice produced distinct 

phenotypes. While GSK3β knockout resulted in embryonic lethality, GSK3α knockout mice 

were viable and had only minor defects in hepatic glycogen metabolism (Hoeflich et al., 

2000; MacAulay et al., 2007). These results indicate that the two GSK3 isozymes have non-

redundant roles during development, the basis of which is not clear, however.

GSK3 is an attractive drug target because dysregulation of GSK3 activity has been 

implicated in the pathogenesis of diverse diseases, including diabetes, cancer, and 

neurodegenerative diseases (Cohen and Goedert, 2004; Eldar-Finkelman and Martinez, 

2011; Rayasam et al., 2009). However, the role of individual GSK3 isozymes in the 

pathogenesis of these diseases is poorly defined. Furthermore, no inhibitor is currently 

available that can well distinguish between the two isozymes (Eldar-Finkelman and 

Martinez, 2011). These factors might have underlain the limited success in targeting GSK3 

for therapeutic purposes. Understanding the mechanism by which GSK3α and GSK3β 
differentially regulate cellular processes could, in the future, facilitate the development of 

more specific drugs to target individual GSK3 isozymes for the treatment of various diseases 

caused by dysregulation of GSK3 activity.

Although gene knockout/knockdown experiments have provided bountiful information 

regarding the function of individual GSK3 kinases, these approaches not only eliminate 
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catalytic functions but also abolish non-catalytic functions and perturb protein stoichiometry 

in cells, thereby confounding data analysis and interpretation. Dr. Kevan Shokat and 

colleagues have developed a chemical-genetic approach that involves genetic modification in 

the protein of interest and the use of inhibitor analogs that specifically recognize the 

modified protein to efficiently distinguish between highly homologous proteins (Bishop et 

al., 2000). This approach is ideal for defining the function of individual GSK3 isozymes due 

to its acute action, preservation of protein stoichiometry, and ability to distinguish between 

highly homologous kinases in cells.

Mouse embryonic stem cells (ESCs) can be maintained in culture indefinitely while 

retaining the capacity to generate any type of cells in the body. Inhibition of GSK3 by pan-

GSK3 inhibitor CHIR99021 (CHIR) can activate both self-renewal and differentiation 

programs, and favors ESC self-renewal only when the mitogen-activated protein kinase 

kinase (MEK) is simultaneously inhibited (Ying et al., 2008). The roles of individual GSK3 

isozymes in ESC self-renewal and differentiation and how GSK3 inhibition produces 

divergent effects, however, remain largely unknown. The pluripotency of ESCs, and the ease 

with which they can be genetically manipulated and selected, make these cells a powerful 

platform for dissecting the functions of individual GSK3 isozymes. Here, we combined the 

chemical-genetic approach with ESC-based technologies to define the roles of GSK3α and 

GSK3β in ESC self-renewal and differentiation. Our results reveal unexpectedly that these 

two GSK3 isozymes play distinct roles in the regulation of ESC fate despite their high 

homology to each other.

RESULTS

Either GSK3 Isozyme Can Phosphorylate β-Catenin When the Other Is Ablated

To define the roles of individual GSK3 isozymes, we first generated Gsk3α−/−, Gsk3β−/−, 

and Gsk3α/β double-knockout (DKO) E14TG2a mouse ESC lines via CRISPR/Cas9-

mediated gene targeting (Figure 1A). E14TG2a ESCs were derived from the 129 strain of 

mouse and maintained on gelatin-coated plates in the presence of leukemia-induced factor 

(LIF) and serum (Smith et al., 1988; Williams et al., 1988). Next, we examined β-catenin 

activity in these GSK3 mutant ESC lines. β-Catenin is a well-established substrate of GSK3 

in the canonical Wnt signaling pathway. GSK3 phosphorylates β-catenin at S33/S37/T41, 

leading to proteasome-mediated degradation of β-catenin (Kimelman and Xu, 2006; Liu et 

al., 2002). Inhibition of GSK3 activates canonical Wnt/β-catenin signaling through 

stabilization and subsequent nuclear translocation of β-catenin, which has been suggested to 

be the key mechanism underlying ESC self-renewal mediated by GSK3 inhibition (Merrill, 

2012). β-Catenin phosphorylation at S33/S37/T41 was absent in Gsk3α/β DKO ESCs 

(Figure 1A), confirming that GSK3 is essential for phosphorylating β-catenin at these sites. 

Interestingly, the levels of β-catenin phosphorylation in Gsk3α−/− and Gsk3β−/− ESCs were 

comparable with that in the wild-type ESCs (Figure 1A), suggesting that either GSK3 

isozyme is capable of phosphorylating β-catenin when the other is physically absent. We 

used the luciferase-based TopFlash reporter assay to measure the Wnt/β-catenin signaling 

activity (Korinek et al., 1997; Veeman et al., 2003). Addition of CHIR increased TopFlash 

activity in both Gsk3α−/− and Gsk3β−/− ESCs, but not in Gsk3 DKO ESCs (Figure 1B). 
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Together, these results confirm that either GSK3 isozyme can inhibit canonical Wnt/β-

catenin signaling when the other is ablated, which is consistent with a previous report 

(Doble et al., 2007).

Deletion of Either Gsk3α or Gsk3β Is Not Sufficient to Mimic the Effect of CHIR in 
Promoting ESC Self-Renewal

Next, we examined whether deletion of Gsk3α, Gsk3β, or both can mimic the effect of 

CHIR in promoting ESC self-renewal. Under LIF/serum condition, E14TG2a ESC colonies 

displayed a flat morphology, and addition of CHIR resulted in the formation of mainly 

compact colonies (Figure 1C). Gsk3α−/− ESCs, like the parental E14TG2a ESCs, formed 

mostly flat colonies in LIF/serum. In contrast, Gsk3β−/− ESCs cultured in LIF/serum 

displayed a mixture of colonies with both flat and compact morphologies (Figures 1D and 

1E). Gsk3α/β DKO ESCs formed uniform compact colonies in LIF/serum, similar to 

E14TG2a ESCs cultured in LIF/serum plus CHIR (Figures 1C–1E). These results suggest 

that genetic deletion of neither Gsk3α nor Gsk3β can fully recapitulate the effect of GSK3 

inhibition by CHIR. Nonetheless, Gsk3α−/− and Gsk3β−/− ESCs displayed different colony 

morphologies under the LIF/serum condition, suggesting that GSK3α and GSK3β may 

function differently in ESCs.

To further explore the roles of individual GSK3 isozymes, we cultured wild-type and GSK3 

mutant ESCs in serum-free N2B27 medium supplemented with MEK inhibitor PD0325901 

(PD03). Wild-type mouse ESCs cannot be maintained in PD03/N2B27 and addition of 

CHIR is necessary for ESC self-renewal (Ying et al., 2008). In contrast, Gsk3α/β DKO 

ESCs could be continuously passaged and remained undifferentiated in PD03/N2B27, and 

addition of CHIR made no difference, strongly suggesting that CHIR promotes ESC self-

renewal through inhibition of GSK3 (Figures 2A and 2B). Gsk3α−/− ESCs differentiated in 

PD03/N2B27, and CHIR was required in order to maintain their self-renewal (Figure 2C). 

Gsk3β−/− ESCs cultured in PD03/N2B27 displayed a mixed cell population containing both 

differentiated and undifferentiated ESCs at the first passage and eventually differentiated 

after passaging. Interestingly, although all Gsk3β−/− ESCs remained undifferentiated in 

PD03 + CHIR/N2B27 (2i/N2B27), they proliferated significantly more slowly and formed 

much smaller colonies compared with E14TG2a and Gsk3α−/− ESCs cultured in the same 

2i/N2B27 condition (Figures 2D–2F). These results suggest that, while inhibition of GSK3α 
is necessary for the self-renewal of Gsk3β−/− ESCs, it might negatively regulate ESC 

proliferation.

Selective Chemical Inhibition of GSK3α and GSK3β Is Achieved through a Chemical-
Genetic Approach

It is well known that pharmacological inhibition and genetic deletion could result in very 

different outcomes (Knight and Shokat, 2007). Next, we investigated the effect of 

chemically inhibiting just one GSK3 isozyme in ESCs when both isozymes are present. 

Because no existing small molecules can distinguish with high selectivity between GSK3α 
and GSK3β, we employed a chemical-genetic approach to achieve specific inhibition of 

individual GSK3 isozymes.
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We generated GSK3α-L195G and GSK3β-L132G mutants by substituting a structurally 

conserved bulky leucine residue at the “gatekeeper” position in the kinase active site with a 

smaller glycine residue. This mutation creates an expanded pocket within the kinase active 

site which can then be inhibited by “bumped” inhibitors that contain enlarged groups to 

occupy the pocket (Bishop et al., 2000). A cell-free kinase activity assay revealed that the 

kinase activity of GSK3α-L195G and GSK3β-L132G was reduced by 50% ± 6% and 56% 

± 9%, respectively, compared with their wild-type counterparts (Figure 3A). This reduction 

of GSK3 kinase activity upon introduction of the gatekeeper mutations is consistent with 

previous studies (Chen et al., 2012; Kaasik et al., 2013). The kinase assay also confirmed 

that bumped inhibitors such as 1NA-PP1, 1NM-PP1, and 3MB-PP1 could specifically 

inhibit the kinase activity of mutant GSK3α-L195G and GSK3β-L132G but not that of 

wild-type GSK3α and GSK3β. In contrast, CHIR inhibited both the mutant and wild-type 

GSK3 kinase activity (Figure 3B). Among the three bumped inhibitors tested, 3MB-PP1 was 

found to be the most potent and selective inhibitor of GSK3α-L195G and GSK3β-L132G 

and therefore was used for all the following experiments. The same approach has been 

previously employed to study GSK3 (Chen et al., 2012; Kaasik et al., 2013), in which a less 

potent inhibitor 1NA-PP1 was used to selectively inhibit GSK3β.

Next, we investigated whether the in vivo function of GSK3α-L195G and GSK3β-L132G is 

compromised by the gatekeeper mutation. To this end, we overexpressed Gsk3α-L195G, 

Gsk3β-L132G, or their wild-type counterparts in Gsk3α/β DKO ESCs and measured β-

catenin phosphorylation at S33/S37/T41. Phosphorylation of β-catenin at these sites was not 

detectable in Gsk3α/β DKO ESCs (Figure 1A). Introducing Gsk3α-L195G or Gsk3β-
L132G restored the phosphorylation of β-catenin to a level similar to that in Gsk3α/β DKO 

ESCs overexpressing wild-type GSK3 (Figure 3C), suggesting that the mutant GSK3 

kinases retain their normal catalytic activity in ESCs. The addition of 3MB-PP1 specifically 

inhibited the kinase activity of GSK3α-L195G and GSK3β-L132G, but not that of wild-type 

GSK3, as indicated by the change in β-catenin phosphorylation levels at S33/S37/T41 

(Figure 3C). The kinase activity of both mutant and wild-type GSK3 could still be inhibited 

by CHIR (Figure 3C), in agreement with the results from in vitro kinase assays. Gsk3α/β 
DKO ESCs expressing GSK3α-L195G or GSK3β-L132G remained undifferentiated in the 

presence of 3MB-PP1 and PD03 but differentiated in PD03 alone. Gsk3α/β DKO ESCs 

expressing wild-type GSK3α or GSK3β could be maintained in PD03 + CHIR but not in 

PD03 + 3MB-PP1 (Figure 3D). Together, these data demonstrate the feasibility of selective 

chemical inhibition of individual GSK3 isozymes using the chemical-genetic approach.

Chemical Inhibition of GSK3β, but Not GSK3α, Promotes ESC Self-Renewal

Having demonstrated that individual GSK3 isozymes can be specifically inhibited, we next 

investigated the resulting phenotypes with regard to ESC fate. To this end, we introduced 

Gsk3α-L195G and Gsk3β-L132G transgenes into Gsk3α−/− and Gsk3β−/− ESCs, 

respectively. In these cells, the kinase activity of the engineered GSK3, but not the wild-type 

GSK3, can be specifically inhibited by 3MB-PP1, while CHIR inhibits the activity of both 

kinases (Figure 4A). Since expression of a transgene beyond physiological levels may affect 

its cellular function, we chose ESC clones with the transgene expressed at levels similar to 

that of the endogenous gene for subsequent characterization (Figure S1). Gsk3β−/− + Gsk3β-
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L132G ESCs could be efficiently expanded while remaining undifferentiated in PD03 plus 

either CHIR or 3MB-PP1. In contrast, Gsk3α−/− + Gsk3α-L195G ESCs could only be 

expanded in PD03 + CHIR and rapidly differentiated or died in PD03 + 3MB-PP1. The 

same results were observed in multiple ESC clones we tested (Figure 4B).

Next, we performed a colony-formation assay to quantify the effect of inhibiting individual 

GSK3 isozymes in promoting ESC self-renewal. Gsk3β−/− + Gsk3β-L132G ESCs formed 

abundant alkaline phosphatase (AP) positive undifferentiated colonies in the presence of 

PD03 + 3MB-PP1, whereas Gsk3α−/− + Gsk3α-L195G ESCs differentiated under the same 

condition, suggesting that selective inhibition of GSK3β, but not GSK3α, recapitulates the 

self-renewal-promoting effect of CHIR. Notably, Gsk3β−/− + Gsk3β-L132G ESCs formed a 

significantly greater number of AP positive colonies when GSK3β was selectively inhibited 

(PD03 + 3MB-PP1) than when both GSK3 isozymes were inhibited (PD03 + CHIR) (Figure 

4C), supporting the notion that GSK3α inhibition might have a negative effect on ESC self-

renewal (Figures 2C–2E).

To further confirm that selective inhibition of GSK3β promotes ESC self-renewal, we 

generated Gsk3β-L132G knockin ESCs by introducing a CTG/GGT point mutation at 

position 394–396 to both endogenous Gsk3β alleles via CRISPR/Cas9-mediated 

homologous recombination (Figures 4D and S1). A combination of PD03 and 3MB-PP1 was 

able to maintain long-term self-renewal of the knockin ESCs, while wild-type ESCs rapidly 

differentiated in the same condition (Figure 4E). Collectively, these results demonstrate that 

GSK3α and GSK3β play distinct and non-redundant roles in regulating cell fates when both 

kinases are present in ESCs.

GSK3β Has a Stronger Affinity than GSK3α to Interact with and Phosphorylate β-Catenin

The distinct phenotypes caused by selective inhibition of GSK3α/β in ESCs prompted us to 

investigate the underlying mechanism. First, we examined β-catenin phosphorylation status 

upon selective inhibition of individual GSK3 isozymes in ESCs. As expected, CHIR 

treatment for 30 min inhibited β-catenin phosphorylation at S33/S37/T41 in wild-type, 

Gsk3α−/− + Gsk3α-L195G, and Gsk3β−/− + Gsk3β-L132G ESCs (Figure 5A). The level of 

β-catenin phosphorylation in Gsk3β−/− + Gsk3β-L132G ESCs also significantly decreased 

30 min after the addition of 3MB-PP1. In contrast, addition of 3MB-PP1 to Gsk3α−/− + 

Gsk3α-L195G ESCs did not inhibit β-catenin phosphorylation (Figure 5A). Next, we 

examined the change of cytosolic β-catenin level and β-catenin transcriptional activity after 

selective inhibition of GSK3α or GSK3β. Treatment with 3MB-PP1 significantly increased 

both cytosolic β-catenin level and β-catenin transcriptional activity in Gsk3β−/− + Gsk3β-
L132G ESCs, but not in wild-type or Gsk3α−/− + Gsk3α-L195G ESCs, while CHIR 

treatment increased cytosolic β-catenin level and β-catenin transcriptional activity in all 

three cell lines (Figures 5B and 5C).

These results suggest that, when both GSK3 isozymes are present, GSK3β has a stronger 

ability than GSK3α in phosphorylating β-catenin. In the absence of GSK3β, however, 

GSK3α is capable of phosphorylating β-catenin, as shown in Figure 3C. To elucidate the 

underlying mechanism, we performed co-immunoprecipitation (coIP) experiments in wild-

type and Gsk3β−/− ESCs. CoIP analysis in wild-type ESCs showed that GSK3β 
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preferentially bound with β-catenin when both isozymes are present. In Gsk3β−/− ESCs, 

however, GSK3α could substitute for GSK3β in binding with and phosphorylating β-catenin 

(Figure 5D). Interestingly, the binding between GSK3β and β-catenin was disrupted in 

Gsk3β−/− + Gsk3β-L132G ESCs when GSK3β was specifically inhibited by 3MB-PP1 

(Figure 5E).

GSK3 binds with Axin1 and adenomatosis polyposis coli (APC), forming the so-called 

destruction complex, which phosphorylates and marks β-catenin for proteasomal 

degradation (Stamos and Weis, 2013). Since interaction of GSK3 with Axin1 is known to 

promote GSK3-mediated phosphorylation of β-catenin (Dajani et al., 2003; Ikeda et al., 

1998; Thomas et al., 1999), we investigated the potential preference of Axin1 to bind with 

either GSK3α or GSK3β. CoIP analysis revealed that both GSK3α and GSK3β bound with 

Axin1 in wild-type ESCs (Figure 5F). Taken together, our results suggest that, while both 

GSK3 isozymes can bind with Axin1, GSK3β has a stronger affinity than GSK3α to interact 

with and phosphorylate β-catenin when both isozymes are present. In the absence of 

GSK3β, however, GSK3α can replace GSK3β to interact with and phosphorylate β-catenin 

(Figure 5G).

To further validate GSK3’s isozyme-specific interaction with β-catenin, we generated 

kinase-dead versions of GSK3α and GSK3β (KD-GSK3) and introduced them into Gsk3α
−/− and Gsk3β−/− ESCs, respectively. β-Catenin phosphorylation at S33/S37/T41 was barely 

detectable in Gsk3β−/− + KD-Gsk3β ESCs, whereas β-catenin phosphorylation in Gsk3α−/− 

+ KD-Gsk3α ESCs was comparable with that in wild-type cells (Figure 5H). These results 

were confirmed in multiple clones with different transgene levels, suggesting that the 

preferential interaction between β-catenin and GSK3β is real rather than an artifact due to 

the variation in the GSK3 isozyme levels. Gsk3β−/− ESCs differentiated in PD03 condition, 

whereas Gsk3β−/− + KD-Gsk3β ESCs could be continuously propagated while remaining 

undifferentiated in the same condition. In contrast, both Gsk3α−/− and Gsk3α−/− + KD-
Gsk3α ESCs required PD03 + CHIR for self-renewal (Figures 2C and 5I). Collectively, 

these data suggest that GSK3β, not GSK3α, preferentially interacts with and phosphorylates 

β-catenin when both isozymes are present, and that inhibition of just GSK3β is sufficient to 

mimic the effect of CHIR in promoting ESC self-renewal.

RNA-Seq Analysis Reveals Distinct Sets of Downstream Targets between GSK3α Inhibition 
and GSK3β Inhibition

To gain further insight into the mechanism underlying the distinct functions of GSK3α and 

GSK3β, we performed RNA sequencing (RNA-seq) analysis to examine genome-wide 

transcriptional profile changes of mouse ESCs upon selective inhibition of GSK3α or 

GSK3β. We treated Gsk3α−/− + Gsk3α-L195G and Gsk3β−/− + Gsk3β-L132G ESCs with 

3MB-PP1 for 2 hr to selectively inhibit just one GSK3 isozyme. RNA-seq analysis on these 

cells showed that GSK3α inhibition induced a distinct set of downstream targets compared 

with GSK3β inhibition (Figure 5J and Table S1) (GSE98080). Notably, the known Wnt/β-

catenin downstream targets such as Klf2, Tfcp2l1, Klf4, Axin2, Fgf5, Cdx2, Lef1, Gata2, 

Sall3, and Dkk1 were induced by GSK3β inhibition but not by GSK3α inhibition (Figure 5J 

and Table S1). These results from transcriptional profiling further confirmed that inhibition 
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of GSK3β has a stronger ability than inhibition of GSK3α in activating the canonical Wnt/

β-catenin pathway.

Selective Inhibition of GSK3β Is More Robust in Promoting ESC Self-Renewal than Dual 
Inhibition of GSK3α and GSK3β

Mouse ESCs cultured in PD03 formed significantly more undifferentiated colonies when 

GSK3β was selectively inhibited compared with dual inhibition of GSK3α and GSK3β 
(Figure 4C). To further validate the distinct roles of GSK3α and GSK3β in ESC self-

renewal, we cultured Gsk3β−/− + Gsk3β-L132G ESCs in the presence of either 3MB-PP1 or 

CHIR alone (without PD03). Gsk3β−/− + Gsk3β-L132G ESCs cultured with 3MB-PP1 

could be continuously passaged while remaining undifferentiated, whereas the same ESCs 

cultured with CHIR underwent differentiation and could not be maintained beyond passage 

3 (Figures 6A and 6B). Notably, Gsk3β−/− + Gsk3β-L132G ESCs cultured in 3MB-PP1 

contained both differentiated and undifferentiated ESCs (Figure 6B), and addition of PD03 

resulted in the formation of a uniform undifferentiated ESC population (Figure 4B). These 

results confirm that, while inhibition of GSK3β promotes ESC self-renewal, this effect 

seems to be impaired by simultaneous inhibition of GSK3α.

Next, we examined whether Gsk3β−/− + Gsk3β-L132G ESCs maintained in 3MB-PP1 

remain pluripotent. RT-PCR experiments confirmed that pluripotent genes, including some 

naive markers, were upregulated after GSK3β inhibition (Figure 6C). 

Immunohistochemistry staining also showed that Gsk3β−/− + Gsk3β-L132G ESCs 

maintained with 3MB-PP1 expressed pluripotency markers OCT4, NANOG, and SOX2 and 

retained the ability to differentiate into all three germ layers (Figures 6D and 6E). 

Altogether, these findings strongly support that inhibition of GSK3β, not GSK3α, mediates 

mouse ESC self-renewal.

Inhibition of GSK3α Promotes ESC Differentiation toward Neural Lineages

While characterizing Gsk3α−/− ESCs, we noticed that these ESCs have a strong propensity 

to differentiate into neural cells even in the presence of PD03 (Figure 7A). This suggests that 

GSK3α activity might function to block ESC differentiation toward the neural lineage. To 

facilitate functional characterization of GSK3α in neural differentiation, we engineered 46C 

mouse ESCs using CRISPR/Cas9 to generate Gsk3α−/− + Gsk3α-L195G and Gsk3β−/− + 

Gsk3β-L132G ESCs. 46C ESCs carry a Sox1-GFP knockin reporter (Ying et al., 2003). 

SOX1 is a specific marker of neuroectoderm (Wood and Episkopou, 1999). The neural 

differentiation potential of these mutant ESC lines was examined using an adherent 

monolayer differentiation protocol (Ying et al., 2003). Under the N2B27 condition, 

overexpression of GSK3α-L195G in Gsk3α−/− 46C ESCs dramatically decreased their 

ability to differentiate into Sox1-GFP positive cells. This effect could be reversed when 

GSK3α-L195G was specifically inhibited by 3MB-PP1. In contrast, overexpression of 

GSK3β-L132G in Gsk3β−/− 46C ESCs significantly enhanced differentiation into Sox1-

GFP-positive cells and inhibition of GSK3β-L132G by 3MB-PP1 abolished this effect 

(Figures 7B and 7C). In addition, 3MB-PP1-treated Gsk3α−/− + Gsk3α-L195G 46C ESCs 

could efficiently differentiate into TUJ1 positive mature neurons (Figure 7D). Taken 
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together, our results suggest that GSK3α and GSK3β play distinct roles in regulating neural 

differentiation of ESCs.

DISCUSSION

In this study, by combining a chemical-genetic approach with ESC-based technologies, we 

have achieved specific and individual inhibition of GSK3α and GSK3β and demonstrated 

that selective inhibition of the two isozymes produces distinct phenotypes in ESC self-

renewal and neural differentiation. Our study also provides novel mechanistic insights into 

the functional differences between the two GSK3 isozymes and highlights the phenotypic 

differences between chemical and genetic perturbations.

In the canonical Wnt/β-catenin pathway, GSK3 forms the destruction complex with Axin 

and APC and phosphorylates β-catenin at S33/S37/T41. Phosphorylated β-catenin is 

targeted for ubiquitination and subsequent proteasome-mediated degradation (Kimelman and 

Xu, 2006). Our study has expanded our understanding of the current model of Wnt/β-catenin 

signaling by providing the following findings. First, we demonstrated that GSK3β has a 

stronger ability than GSK3α in interacting with and phosphorylating β-catenin when both 

GSK3 isozymes are present in ESCs (Figures 5A and 5D). Second, we showed that β-

catenin phosphorylation at S33/S37/T41 is barely detectable in mouse ESCs in which the 

endogenous GSK3β is replaced by a kinase-dead mutant form. In contrast, replacing the 

endogenous GSK3α with the kinase-dead GSK3α does not inhibit β-catenin 

phosphorylation (Figure 5H). These results further support the notion that GSK3β, not 

GSK3α, is the primary kinase for phosphorylating β-catenin under physiological conditions. 

Finally, we found that, when GSK3β is genetically ablated, GSK3α can replace GSK3β by 

interacting with and phosphorylating β-catenin (Figures 1A and 5D). We anticipate that 

GSK3β can also compensate for the function of GSK3α when GSK3α is physically absent. 

Although our study has clearly revealed the differential binding affinity between GSK3α 
and GSK3β, whether the two GSK3 isozymes interact with β-catenin in an exclusive manner 

awaits to be answered in future studies. Importantly, the model that we propose here can 

explain not only our observations from chemical and genetic perturbations but also why the 

functions of GSK3α and GSK3β have been previously thought to be redundant to each other 

in the Wnt/β-catenin pathway using the knockout approach (Doble et al., 2007).

Until now, the study of the function of individual GSK3 isozymes has largely relied on 

genetic ablation of one isozyme and the characterization of the resulting phenotypes (Banerji 

et al., 2012; Doble et al., 2007; Grassilli et al., 2014; Guo et al., 2016; Hurtado et al., 2012; 

Jaworski et al., 2011; Kaidanovich-Beilin et al., 2009; Lee et al., 2007; MacAulay et al., 

2007; Patel et al., 2008; Phiel et al., 2003; Urs et al., 2012; Zhang et al., 2014; Zhou et al., 

2010, 2013). As revealed in this study, genetic ablation and chemical inhibition of individual 

GSK3 isozymes yield distinct phenotypes in mouse ESC self-renewal (Figures 2C and 4B). 

This is likely due to the preservation of the scaffolding function of GSK3 isozymes with 

chemical perturbation but not in the genetic approach. These results highlight the importance 

of preserving the scaffolding function of GSK3 isozymes for the understanding of their 

functions under physiological conditions.
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While this study is focused on dissecting the functions of GSK3α and GSK3β in ESC self-

renewal and differentiation, the same chemical-genetic approach can be readily applied to 

dissect the functions of individual GSK3 isozymes and other pairs of highly homologous 

kinases in different cellular processes. We anticipate that GSK3α and GSK3β are also likely 

to have different functions in other cellular and developmental processes. One caveat of the 

chemical-genetic approach is that the activity of the engineered kinase carrying the 

gatekeeper mutation will likely be reduced, which may affect its physiological function. 

Hence, it is important to further validate the findings using other biological approaches such 

as the kinase-dead mutants, as we did in this study. Because ESCs retain the ability to 

differentiate into nearly every cell type in vitro and in vivo, the GSK3-engineered ESC lines 

generated in this study can also be readily used to study the functions of individual GSK3 

isozymes in different cell types and animal models.

Our finding that GSK3α and GSK3β play distinct roles in ESCs is likely to have broad 

implications. Elevated GSK3 kinase activity has been linked to the pathogenesis of a variety 

of diseases, including Alzheimer disease, amyotrophic lateral sclerosis, and diabetes (Cohen 

and Goedert, 2004; Eldar-Finkelman and Martinez, 2011; Rayasam et al., 2009), but the 

roles of individual GSK3 isozymes in the disease process have not been well defined. Our 

results suggest that it is critical to define the roles of individual GSK3 isozymes in order to 

develop more effective therapies targeting GSK3. While numerous small-molecule inhibitors 

of GSK3 have been developed, none of them can well distinguish between GSK3α and 

GSK3β (Eldar-Finkelman and Martinez, 2011). The lack of specific inhibitors for GSK3α 
and GSK3β has precluded chemical mapping of their precise functions and the development 

of therapies targeting the specific GSK3 isozyme that causes the pathogenesis of the disease. 

The combination of CRISPR/Cas9 and ESC-based gene-targeting technologies with the 

chemical-genetic approach should allow us to create animal disease models in which 

GSK3α and GSK3β can be specifically and individually inhibited. These animal models 

will provide a powerful platform for defining the roles of individual GSK3 isozymes and 

validating the inhibition of individual GSK3 isozymes as drug targets under various disease 

settings.

The successful derivation of ESCs from multiple strains of mice and rats relies on blockade 

of GSK3 and MEK kinase activities with CHIR and PD03, respectively (Buehr et al., 2008; 

Li et al., 2008; Ying et al., 2008). The range of CHIR concentrations that permits ESC 

derivation and maintenance is rather narrow, especially in rat ESCs (Chen et al., 2013). 

Because CHIR binds to GSK3α and GSK3β with similar affinity, it is expected to 

simultaneously inhibit the two GSK3 isozymes, causing opposite effects on ESC fate, based 

on our findings. There may be a fine window in which inhibition of GSK3β is more 

pronounced than inhibition of GSK3α to exert maximal promotion of ESC self-renewal. 

This may explain why ESC self-renewal is so sensitive to CHIR concentration. So far, 

authentic naive ESCs have only been derived from mice and rats. It would be of interest to 

test whether inhibition of GSK3β without affecting GSK3α kinase activity would increase 

the efficiency of ESC derivation in mice and rats, and, more importantly, whether it can 

facilitate ESC derivation from additional species.
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STAR*METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-alpha-Tubulin (B-5-1-2) Thermo Fisher Scientific Cat#32-2500; RRID: AB_2533071

Rabbit monoclonal anti-GSK-3α (D80E6) Cell Signaling Technology Cat#4337; RRID: AB_10859910

Mouse monoclonal anti-GSK-3 beta (clone 7) BD Biosciences Cat#610201; RRID: AB_397600

Mouse monoclonal anti-β-catenin (clone 14) BD Biosciences Cat#610153; RRID: AB_397554

Rabbit polyclonal anti-phospho-β-catenin (Ser33/37/Thr41) Cell Signaling Technology Cat#9561; RRID: AB_331729

Rabbit monoclonal anti-GAPDH (D16H11) Cell Signaling Technology Cat#5174; RRID: AB_10622025

Rabbit monoclonal anti-Axin1 (C76H11) Cell Signaling Technology Cat#2087; RRID: AB_2274550

Mouse monoclonal anti-Oct-3/4 (C-10) Santa Cruz Biotechnology Cat#sc-5279; RRID: AB_628051

Goat polyclonal anti-Sox-2 (Y-17) Santa Cruz Biotechnology Cat#sc-17320; RRID: AB_2286684

Goat polyclonal anti-mouse Nanog R&D Systems Cat#AF2729; RRID: AB_2150103

Mouse monoclonal anti-Neuronal Class III β-Tubulin (TUJ1) Covance Research 
Products Inc

Cat#MMS-435P; RRID: AB_2313773

Mouse monoclonal anti-Myosin (MF-20) Developmental Studies 
Hybridoma Bank 
(DSHB), University of 
Iowa, IA

Cat#MF-20; RRID: AB_2147781

Mouse monoclonal IgG1 Isotype Control Cell Signaling Technology Cat#5415S; RRID: AB_10829607

Chemicals, Peptides, and Recombinant Proteins

CHIR99021 Division of Signal 
Transduction Therapy, 
University of Dundee, UK

CAS: 252917-06-9

PD0325901 Division of Signal 
Transduction Therapy, 
University of Dundee, UK

CAS: 391210-10-9

N-2 Supplement (100X) Thermo Fisher Scientific Cat#17502048

B-27™ Supplement (50X), serum free Thermo Fisher Scientific Cat#17504044

3MB-PP1 Cayman Chemical Cat#17860; CAS: 956025-83-5

1NA-PP1 Cayman Chemical Cat#10954; CAS: 221243-82-9

1NM-PP1 Cayman Chemical Cat#13330; CAS: 221244-14-0

Leukemia inhibitory factor Our own lab N/A

ATP, [γ-32P]- 3000Ci/mmol 5mCi/ml EasyTide, 250 μCi PerkinElmer Cat#BLU502H500UC

Peptide substrate (RRRAAEELDSRAG{pSer}PQL) GenScript N/A

Critical Commercial Assays

Leukocyte Alkaline Phosphatase Kit Sigma-Aldrich Cat#85L3R

Dual-Luciferase Reporter Assay System Promega Cat#E1910

iTaq™ Universal SYBR® Green Supermix Bio-Rad Cat#1725124

RNeasy Mini Kit Qiagen Cat#74104

Deposited Data

RNA-seq data of gene expression profiles in mouse ES cells 
upon GSK3α or GSK3β inhibition

This paper GEO: GSE98080

Full western blots This paper Mendeley Data: https://data.mendeley.com/datasets/sncsy3phsy/draft?a=87bb5918-ac94-46e4-a46b-40dac003f5ef

Experimental Models: Cell Lines

Mouse ES-E14 cell line Ying et al., 2008 RRID: CVCL_C320

Mouse ES-46C cell line Ying et al., 2003 RRID: CVCL_Y482

Gsk3α−/− mouse ES cells This paper N/A

Gsk3β−/− mouse ES cells This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gsk3α−/−; Gsk3β−/− mouse ES cells This paper N/A

Oligonucleotides

Gapdh: F-tgtgagggagatgctcagtg, R-tgttcctacccccaatgtgt Qiu et al., 2015 N/A

Esrrb: F-aacagcccctacctgaacct, R-ctcatctggtccccaagtgt Tai et al., 2014 N/A

Tfcp2l1: F-aggtgctgacctcctgaaga, R-gttttgctccagctcctgac Qiu et al., 2015 N/A

Oct4: F-gaagcagaagaggatcaccttg, R-ttcttaaggctgagctgcaag Tai et al., 2014 N/A

Rex1: F-tcactgtgctgcctccaagt, R-gggcactgatccgcaaac Qiu et al., 2015 N/A

Klf2: F-aggcctgtgggttcgctataaa, R-ggcaaattatggctcaaagtagcag Qiu et al., 2015 N/A

Gsk3α sgRNA. 5′-TGATTGGTAATGGCTCATT-3′ This paper N/A

Gsk3β sgRNA. 5′-ATTCCAAAGGAATGGATAT-3′ This paper N/A

Recombinant DNA

PiggyBac vector (CAG promoter) Ye et al., 2016 N/A

px330 Cong et al., 2013 Addgene Plasmid #42230

px330-P2A-puro This paper N/A

pGL2-SuperTop plasmid Kim et al., 2013 N/A

pRL-TK Promega Cat#E2241

pET-41a EMD Biosciences Cat#70556-3

Software and Algorithms

FIJI (ImageJ) NIH ImageJ ver2

Excel Microsoft 2016

Prism GraphPad Ver 5

Partek Flow Partek Inc. V6.0.17.0219

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Qi-Long Ying (qying@med.usc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—Male E14TG2a Mouse ES cells were cultured on 0.1% gelatin-coated 

dishes, at 37 °C in 5% CO2. Medium used for routine ES cell maintenance was DMEM 

(Invitrogen) supplemented with 10% FBS (HyClone), 1% MEM non-essential amino acids 

(Invitrogen), 2 mM GlutaMAX (Invitrogen), 0.1 mM β-mercaptoethanol (Invitrogen), and 

100 units/ml LIF (prepared in-house). For serum-free culture, mouse ES cells were 

maintained in N2B27 medium (Ying et al., 2008) supplemented with 3 μM CHIR and 1 μM 

PD03 (both synthesized in the Division of Signal Transduction Therapy, University of 

Dundee, UK).

METHOD DETAILS

Generation of Gsk3 Mutant ES Cell Lines—CRISPR/cas9 technique was applied to 

generate Gsk3 knockout mouse ES cell lines. px330 plasmid was a gift from Feng Zhang 

(Addgene plasmid # 42230) (Cong et al., 2013). A P2A-puro cassette was inserted into the 

FseI and EcoRI sites of px330 and was in-frame with cas9 protein codon. The following 

guide RNAs used to knock out Gsk3 were designed using the online CRISPR design tool 

(crispr.mit.edu) (Ran et al., 2013): Gsk3α: 5′-TGATTGGTAATGGCTCATT-3′; Gsk3β: 5′-
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ATTCCAAAGGAATGGATAT-3′. In brief, px330-P2A-puro vectors carrying Gsk3 guide 

RNAs were transfected into ES cells, followed by puromycin selection. Individual 

puromycin-resistant colonies were picked, expanded, and screened for Gsk3 knockout by 

sequencing and Western blot.

For the generation of GSK3-expressing stable cell lines, the coding sequences of Gsk3α and 

Gsk3β were cloned from mouse ES cells cDNA by Q5® High-Fidelity DNA Polymerase 

(NEB) and inserted into the PiggyBac vector. Overlapping PCR was used to generate the 

Gsk3α-L195G, Gsk3α-K148R (kinase-dead), Gsk3β-L132G, Gsk3β-K85R (kinase-dead) 

mutations. ES cells were transfected with PiggyBac vector (Ye et al., 2016) carrying various 

GSK3 mutants using Lipofectamine LTX (Invitrogen) according to the manufacturer’s 

instructions. Selection began one day after transfection by adding puromycin/hygromycin/

blasticidin/zeocin and continued for one week or until the untransfected cells were all killed 

by the antibiotics in the untransfected control group. Drug-resistant colonies were picked 

and expanded. Gsk3β-L132G knockin mouse ES cell line was generated by CRISPR/Cas9-

mediated homology recombination. A targeting vector was designed and cloned to include 

5′-homology arm-loxP-CAG-Puro-loxP-3′-homology arm. In 5′-homology arm, coding 

sequence of leucine 132 at exon 4 of Gsk3β was mutated to glycine. Gsk3β guide RNA was 

inserted into the original px330 vector and the plasmid was co-transfected into ES cells with 

the linearized targeting vector. Individual clones with the correct point mutation were 

verified by sequencing.

Alkaline Phosphatase Activity Assay—The alkaline phosphatase activity of mouse ES 

cells was detected using the Alkaline Phosphatase Kit (Sigma). In brief, cells for each 

treatment were washed with PBS, then fixed with fixative solution (citrate buffered acetone, 

60%) for 45 seconds. Cells were then washed with deionized water and incubated with 

alkaline-dye mixture (one Fast Violet B capsule in 48 ml distilled water) at room 

temperature in dark for 30 min. After incubation, cells were washed with deionized water 

twice and kept wet. The number of colonies with alkaline phosphatase staining in each well 

was manually counted under microscope. Pictures were taken with Olympus CKX41 using 

Infinity X2 software.

Western Blot and Co-IP—Western blot was performed according to a standard protocol. 

Cells were lysed in ice-cold RIPA cell buffer (TEKNOVA) supplemented with protease 

inhibitors (Thermo Scientific) and phosphatase inhibitors (Roche). The proteins were 

separated with a 4-15% PAGE gel (Bio-Rad) and electrotransferred onto a PVDF membrane. 

Probing was performed with specific primary antibodies and HRP-conjugated secondary 

antibodies. For fractionation of cytosolic extracts for free β-catenin detection, lysates were 

harvested by scraping in PBS+ 0.015% digitonin containing a cocktail of protease inhibitors 

and phosphatase inhibitors. The mixtures were gently shaken on an orbital shaker at 4 °C for 

10 min. Supernatant was then collected as cytosolic extracts. For Co-IP, immune complexes 

were obtained from cells lysed in mild lysis buffer (50mM Tris, pH7.5, 150mM NaCl, 0.1% 

NP-40, 5mM EDTA, supplemented at time of lysis with 1× protease inhibitors (Thermo 

Scientific) and 1× phosphatase inhibitors (Roche)). The supernatant was collected and 

incubated with anti-β-catenin, anti-Axin1 or anti-IgG antibody overnight at 4 °C following 
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incubation with protein A/G Plus Agarose (Santa Cruz) for 4 hrs. The beads were then 

washed five times with lysis buffer and resuspended in SDS sample buffer. The primary 

antibodies used were α-tubulin (#32-2500; Invitrogen, 1:1000), GSK3α (#4337; Cell 

Signaling, 1:1000), GSK3β (#610201; BD, 1:1000), β-catenin (#610153; BD, 1:1000), 

phospho-β-catenin (Ser33/37/Thr41) (#9561, lot 12; Cell Signaling, 1:1000), GAPDH 

(#5174, Cell Signaling, 1:1000), Axin1 (#2087, Cell Signaling, 1:1000).

Of note, in the p-β-catenin blots, an extra band above the expected p-β-catenin band was 

detected. Our data suggested that this was a non-specific band of a particular lot of the p-β-

catenin antibody we used (#9561, lot 12, Cell Signaling technology). To avoid confusion, we 

have opted not to include this upper band in the Western blot figures shown in the paper. The 

full Western blots have been deposited in Mendeley Data.

TopFlash Luciferase Assay—For quantifying relative β-catenin/Tcf transcriptional 

activity, pGL2-SuperTOP plasmid (Kim et al., 2013) was co-transfected with the Renilla 

vector (pRL-TK, Promega) and assayed accordingly. Dual Luciferase Assay (Promega) was 

performed according to the manufacturer’s instructions. After co-transfected with SuperTOP 

and Renilla plasmids, cells were plated onto 24-wells and treated with or without 

CHIR/3MB in N2B27 medium for 24 hrs. Then growth medium was removed and cells were 

rinsed with 1× PBS. 1× PLB was directly added into each well and the culture dishes were 

gently shaken for 15 min at room temperature. Lysates were then transferred to 96-well plate 

with 20 μl per well. One hundred μl of LAR II was added into each well and firefly 

luciferase activity was measured. One hundred μl of Stop & Glo® Reagent was then 

dispensed into the same well and Renilla luciferase activity was measured.

Immunostaining—Cells were fixed in 4% paraformaldehyde for 20 min at room 

temperature and then incubated in blocking buffer (PBS containing 5%BSA and 0.2% Triton 

X-100) at 37 °C for 1 hr. Cells were then incubated with primary antibodies diluted in 

blocking buffer at 4 °C overnight followed by incubation with secondary antibodies diluted 

in blocking buffer at 37 °C for 1 hr. Nuclei were stained with Hoechst33342 (Invitrogen, 

1:10000). Primary antibodies used include the following: Oct4 (C-10, Santa Cruz, 1:200), 

Sox2 (Y-17, Santa Cruz, 1:200), GATA4 (G-4, Santa Cruz, 1:200), Nanog (AF2729, R&D 

Systems, 1:200), TUJ1 (Covance, Princeton, NJ, 1:500), Myosin (MF-20, DSHB, 1:50). 

Alexa Flour fluorescent secondary antibodies (Invitrogen) were used at a 1:2000 dilution.

Quantitative Real-Time PCR (qRT-PCR)—Total RNA was extracted using the RNEasy 

Mini Kit (QIAGEN) according to manufacturer’s instructions. cDNA was synthesized from 

0.5 μg total RNA using the iScript™ Reverse Transcription Supermix (BIO-RAD) according 

to the manufacturer’s instructions. qRT-PCR was performed using the iTaq™ Universal 

SYBR® Green Supermix (BIO-RAD) on a Roche lightcycle 480 Real-Time PCR machine 

(Roche). Gene expression was normalized to Gapdh expression. The qRT-PCR primers used 

are listed in Key Resources Table (Qiu et al., 2015; Tai et al., 2014).

RNA-Seq Sample Preparation and Analysis—For RNA-seq analysis to compare the 

downstream targets of GSK3α and GSK3β, E14 Gsk3α−/− + Gsk3α-L195G and Gsk3β−/− + 

Gsk3β-L132G ES cells were treated with or without 5μM 3MB-PP1 for 2 hrs after serum 
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starvation in N2B27 medium for 6 hrs. Each experiment (control and 3MB-PP1 treated) was 

performed in duplicate. Total RNA was extracted from the above cells with the Qiagen 

RNeasy kit. Library preparation and RNA-seq were performed at the USC Epigenome 

Centre Core Facility. In short, libraries were prepared from 0.5μg total RNA using the 

Illumina TruSeq Sample Prep kit (with polyA selection), barcoded and the samples 

multiplexed for sequencing on the Illumina NextSeq500 with read lengths of 75bp (single-

end). Pre-alignment QA/QC and base trimming were performed in Partek Flow 

v6.0.17.0219 using fastqc and quality_trim. The trimmed reads were aligned to mouse 

mm10 (whole genome) using TopHat2. Quantification and normalization were performed 

with Partek expectation maximization (EM) algorithm. The Partek Flow software suite was 

made available through the USC Norris Medical Library Bioinformatics Services (http://

norris.usc.libguides.com/nml-bioinfo). Genes whose change in expression was greater than 

1.5-fold were counted as differentially expressed. Computation for the work described in 

this paper was supported by the University of Southern California’s Center for High-

Performance Computing (hpc.usc.edu).

In Vitro Differentiation of ES Cells—ES cells were converted to Sox1-GFP positive 

neural stem cells using a monolayer differentiation protocol as described (Ying et al., 2003). 

In brief, ES cells were plated onto 6-well plates at a density of 1 × 104 cells/cm2 in N2B27 

medium. Medium was changed every other day. Sox1-GFP positive neural stem cells 

appeared 4 days after plating. Differentiation of ES cells into three lineages were induced by 

the formation of EBs. In brief, mouse ES cells were plated onto 10-cm non-adherent dishes 

at a density of 5-7 × 106 cells/10-cm dish to allow EB formation in DMEM/10% FBS 

medium. Medium was changed every other day. After 10-15 days, mouse ES cells-derived 

EBs were dissociated and replated onto gelatin-coated dishes and cultured in DMEM/10% 

FBS medium for another 5-7 days before performing immunostaining to examine the 

expression of lineage markers.

Protein Expression and Purification—The kinase domain of mouse GSK3α/β was 

cloned into pET-41a vector and expressed in E. coli BL21 (DE3). Cultures were grown at 

37 °C to OD600 between 0.6 - 0.8 units, induced with IPTG (0.5 mM), and then grown at 

18 °C overnight. The cells were harvested by centrifugation at 4300 rpm, re-suspended in 

lysis buffer (50 mM Tris, 150 mM NaCl, pH 8.0), and lysed by sonication with 10 short 

bursts of 15 sec on ice followed by intervals of 15 sec for cooling (Q500 Sonicator, 

Qsonica). After the cell lysate was centrifuged at 10200 × g for 1 h at 4 °C, the supernatant 

was incubated with glutathione agarose (Thermo Fisher Scientific). Then the resins were 

rinsed with washed buffer (50 mM Tris, 150 mM NaCl at pH 8.0) 4 times before the 

addition of elution buffer (10 mM glutathione, 50 mM Tris, 150 mM NaCl at pH 8.0). 

Elution fractions were analyzed by SDS-PAGE gel for purity determination and used for in 
vitro kinase assay.

In Vitro Kinase Assay—The kinase activity was measured by quantifying the amount of 
32P transfer from [γ-32P]–ATP to a peptide substrate. The assay was carried out in 50 mM 

Tris (pH 8.0), 10 mM MgCl2, 5.3 nM [γ-32P]–ATP (PerkinElmer), 1 mg/mL BSA, 0.1 mM 

peptide substrate (RRRAAEELDSRAG{pSer}PQL, GenScript), along with different 
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concentrations of the inhibitors at 25 °C for 30 minutes. The reaction was then transferred 

onto phosphocellulose paper (Whatman P81/GE Healthcare), quenched with 10% aq. acetic 

acid, washed with 0.5% aq. phosphoric acid 3 times, and rinsed with acetone. After air-

drying the phosphocellulose disks, scintillation fluid (BetaMax-ES, MP Biomedicals) was 

added and samples were counted on a scintillation counter (Beckman LC6500). The data 

were analyzed with GraphPad Prism 5 to calculate the IC50.

QUANTIFICATION AND STATISTICAL ANALYSIS

The relative cytosolic β-catenin levels shown in Figure 5B were quantified using Image J 

software. All data are reported as the mean ± SD. A Student’s t test was used to determine 

the significance of differences in comparisons. Values of p < 0.05 were considered as 

statistically significant. Sample size and p-values are included in the figure legends.

DATA AND SOFTWARE AVAILABILITY

RNA-seq data have been deposited to the NCBI Gene Expression Omnibus under the 

accession number GEO: GSE98080. The full western blots have been deposited in Mendeley 

Data with the DOI URL https://data.mendeley.com/datasets/sncsy3phsy/draft?a=87bb5918-

ac94-46e4-a46b-40dac003f5ef.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Selective inhibition of GSK3α or GSK3β is achieved via a chemical-genetic 

approach

• Selective inhibition of GSK3β maintains mouse ESC self-renewal

• Selective inhibition of GSK3α promotes neural differentiation of mouse 

ESCs

• Gene deletion and chemical inhibition of GSK3 yield distinct phenotypes

Chen et al. Page 20

Dev Cell. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Generation and Characterization of GSK3 Mutant ESC Lines
(A) Western blot analysis of Gsk3α−/−, Gsk3β−/−, and Gsk3α/β DKO ESCs. Gsk3α/β DKO 

ESCs were generated by knocking out Gsk3α in Gsk3β−/− ESCs. β-Catenin phosphorylation 

at S33/S37/T41 was examined in the indicated ESC lines using a phospho-β-catenin 

antibody from Cell Signaling Technology (no. 9561, lot 12). The same antibody was used to 

examine phosphor-β-catenin throughout the study.
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(B) TopFlash assay in wild-type and GSK3 mutant ESCs treated with 3 μM CHIR for 8 hr. 

Non, no treatment control. Data represent means ± SD of three biological replicates. **p < 

0.01; ***p < 0.001.

(C) Representative images of E14TG2a ESCs cultured in LIF/serum or LIF/serum + 3 μM 

CHIR for 5 days. Scale bars, 100 μm.

(D) Representative images of different GSK3 mutant ESC lines cultured in LIF/serum for 5 

days. Gsk3β−/− ESCs formed both compact (arrows) and flat colonies. Scale bars, 100 μm.

(E) Quantification of flat and compact colonies formed from the indicated ESC lines. ESCs 

were plated onto six-well plates at clonal density and cultured in LIF/serum (if not specified) 

or LIF/serum + 3 μM CHIR (E14 + CHIR) for 7 days. E14, E14TG2a ESCs. Data represent 

means ± SD of three biological replicates.
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Figure 2. Characterization of GSK3 Mutant ESCs Cultured under Serum-Free N2B27 Condition
(A) Representative images of Gsk3α/β DKO ESCs cultured in the indicated conditions for 

five passages. Scale bar, 100 μm.

(B) Quantification of alkaline phosphatase positive (AP+) colonies formed from wild-type 

and Gsk3α/β DKO ESCs cultured in N2B27 medium supplemented with PD03 or PD03 + 

CHIR. ESCs were plated onto 12-well plates at a density of 200 cells/well and cultured in 

the indicated conditions for 7 days before performing AP staining. AP+ is an indicator of 

undifferentiated ESCs. Data represent means ± SD of three biological replicates. ***p < 

0.001.

(C) Representative images of wild-type and GSK3 mutant ESCs cultured in N2B27 medium 

supplemented with the indicated inhibitors. Scale bar, 100 μm.

(D) Representative images of AP+ colonies formed from the indicated ESC lines cultured in 

PD03 + CHIR for 7 days. ESCs were plated onto 12-well plates at a density of 500 cells/

well and cultured in PD03 + CHIR/N2B27 for 7 days. Scale bars, 100 μm.

(E) Quantification of the numbers of AP+ colonies formed from the indicated ESC lines as 

shown in (D). For each ESC line, the AP+ colony data represent means ± SD from a total of 

nine wells in three independent experiments. *p < 0.05.
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(F) Quantification of the diameters of AP+ colonies formed from the indicated ESC lines as 

shown in (D). The diameter of the AP+ colonies was calculated using the image software 

AxioVision. For each ESC line, the colony diameter data represent means ± SD from a total 

of 60 randomly selected AP+ colonies. ***p < 0.001.
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Figure 3. GSK3α and GSK3β Can Be Selectively Inhibited in ESCs through a Chemical-Genetic 
Approach
(A) Relative in vitro activity of the GSK3 kinases. Activity of GSK3 kinases (10 nM) was 

measured using the phosphocellulose disk assay with the resulting counts per minute values 

normalized to those of the wild-type kinase. Data represent means ± SD of three biological 

replicates.

(B) Half maximal inhibitory concentration values (nM) of the inhibitors against wild-type 

and mutant GSK3α/β in vitro. n.d., not determined.
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(C) Western blot analysis of β-catenin phosphorylation at S33/S37/T41 in Gsk3α/β DKO 

ESCs expressing the indicated transgenes. ESCs were treated with 3 μM 3MB-PP1 (3MB) 

or 3 μM CHIR for 30 min. NT, no treatment control.

(D) Representative images of different GSK3 mutant ESCs cultured in N2B27 supplemented 

with the indicated inhibitors for 5 days. Scale bar, 100 μm.
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Figure 4. Selective Chemical Inhibition of GSK3β, Not GSK3α, Promotes ESC Self-Renewal
(A) Diagram showing the chemical-genetic strategy to selectively inhibit GSK3α or GSK3β.

(B) Phase-contrast images of Gsk3β−/− + Gsk3β-L132G and Gsk3α−/− + Gsk3α-L195G 
ESCs plated at a clonal density and cultured in N2B27 medium supplemented with the 

indicated inhibitors for 7 days. Representative images show results from thee independent 

clones of mutant ESC lines with GSK3 transgene levels similar to the physiological levels. 

Scale bar, 100 μm.
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(C) Quantification of AP+ colonies of different ESC lines. ESCs were plated onto six-well 

plates at a density of 1,000 cells/well and cultured for 7 days in N2B27 medium 

supplemented with the indicated inhibitors. Data represent means ± SD of three biological 

replicates. **p < 0.01.

(D) Strategy and sequencing result for introducing the L132G point mutation at the Gsk3β 
locus in mouse ESCs by CRISPR/Cas9. The single guide RNA (sgRNA) target site is shaded 

in gray. A targeting vector containing 5′ homologous arm-loxP-CAG-PuroR-loxP-3′ 
homologous arm was used as the template for homologous recombination. The 5′-NGG 

PAM site (TGG) is underlined in the wild-type locus. The mutated code (CTG→GGT) is 

highlighted in red. The restriction fragment length polymorphism (RFLP) site is labeled in 

red and indicated by an asterisk. This RFLP site (AˆCGT) can be digested by HpyCH4IV. 

Sequencing result showing the knockin of the CTG→GGT (underlined in red) mutation at 

the Gsk3β-L132G locus in one of the ESC clones.

(E) Representative images of wild-type and Gsk3β-L132G knockin (Gsk3β-L132G-KI) 

ESCs cultured in N2B27 medium supplemented with PD03 and 3MB-PP1 for 5 days. 

Gsk3β-L132G-KI ESCs self-renewed continuously in PD03 + 3MB-PP1, whereas wild-type 

ESCs differentiated rapidly under the same conditions. Scale bars, 100 μm.
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Figure 5. GSK3β Has a Stronger Affinity than GSK3α to Interact with and Phosphorylate β-
Catenin
(A) Western blot analysis of the indicated ESC lines treated with 5 μM 3MB-PP1 or CHIR 

for 30 min (3MB and CHIR-treated samples were duplicated).

(B) Western blot analysis of cytosolic β-catenin levels in ESCs in which GSK3α or GSKβ is 

selectively inhibited. The indicated ESC lines were treated with 5 μM 3MB-PP1 or CHIR 

for various times and cytosolic lysates were isolated by 0.015% digitonin and used for 

western blot analysis. The relative cytosolic β-catenin levels were quantified using ImageJ 

software and normalized to GAPDH expression.

Chen et al. Page 29

Dev Cell. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) TopFlash assay in the indicated ESC lines treated with 5 μM 3MB-PP1 or CHIR for 24 

hr. NT, no treatment control. Data represent means ± SD of three biological replicates. *p < 

0.05; **p < 0.01; ***p < 0.001.

(D) CoIP assay was performed in wild-type ESCs and Gsk3β−/− ESCs using β-catenin 

antibody. Mouse immunoglobulin G (IgG) antibody was used as a control.

(E) CoIP assay was performed by pulling down β-catenin in Gsk3β−/− + Gsk3β-L132G 
ESCs treated with or without 3 μM 3MB-PP1 for 24 hr.

(F) CoIP assay was performed by pulling down Axin1 in wild-type ESCs cultured in N2B27 

medium for 4 hr, followed by immunoblotting of GSK3α and GSK3β.

(G) A working model to explain the distinct phenotypes between gene deletion and chemical 

inhibition of GSK3 in ESCs. Upon the deletion of the Gsk3β gene, GSK3α can substitute 

GSK3β’s function to bind with and phosphorylate β-catenin. In contrast, selective chemical 

inhibition of GSK3β blocks phosphorylation and degradation of β-catenin, as GSK3α has a 

lower affinity than GSK3β to bind with β-catenin.

(H) Western blot analysis of β-catenin phosphorylation at S33/S37/T41 in the indicated 

ESCs maintained in LIF/serum. The numbers 1–4 represent individual Gsk3β−/− ESC clones 

expressing kinase-dead (KD)-GSK3β or individual Gsk3α−/− ESC clones expressing KD-

GSK3α. Both KD-GSK3α and KD-GSK3β contain 2xFLAG tag.

(I) Phase-contrast images of the indicated ESC lines cultured in PD03/N2B27 or PD03 + 

CHIR/N2B27 for 4 days. Scale bar, 100 μm.

(J) Venn diagram showing the number of genes differentially induced or suppressed by 

selective inhibition of GSK3α or GSK3β. Arrow indicates the known Wnt/β-catenin 

downstream targets that are induced by selective inhibition of GSK3β.

See also Table S1.
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Figure 6. Chemical Inhibition of GSK3β Alone Maintains ES Cell Self-Renewal
(A) Phase-contrast images of two independent Gsk3β−/− + Gsk3β-L132G ESC clones 

cultured in N2B27 medium supplemented with CHIR or 3MB-PP1 for 5 days. Scale bar, 100 

μm.

(B) A representative image of Gsk3β−/− + Gsk3β-L132G ESCs maintained in 3MB-PP1/

N2B27 for ten passages. Scale bar, 100 μm.

(C) qRT-PCR analysis of the expression of naive pluripotency markers. Gsk3β−/− + Gsk3β-
L132G ESCs were cultured in the indicated conditions for three passages. Data represent 

means ± SD of three biological replicates.

(D) Immunofluorescence staining of Gsk3β−/− + Gsk3β-L132GESCs cultured in 3MB-PP1/

N2B27 for ten passages. Scale bar, 100 μm.
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(E) Embryoid bodies (EBs) were generated from Gsk3β−/− + Gsk3β-L132G ESCs cultured 

in 3MB-PP1/N2B27 for ten passages. The outgrowths of EBs were immunostained with the 

indicated antibodies. Scale bar, 100 μm.
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Figure 7. Chemical Inhibition of GSK3α Promotes Neural Differentiation of ESCs
(A) Representative images of the indicated ESCs cultured in PD03/N2B27 for 9 days. Scale 

bars, 100 μm.

(B) Representative phase-contrast and fluorescent images of the indicated ESCs cultured in 

N2B27 medium only (the leftmost two columns) or N2B27 medium supplemented with 3 

μM 3MB-PP1 (the rightmost two columns). ESCs were plated at clonal density and cultured 

in LIF/serum for 1 day. The medium was then changed to either N2B27 or 3MB-PP1/N2B27 

and cultured for another 6 days before the images were taken. Scale bar, 100 μm.

(C) Quantification of Sox1-GFP positive colonies from experiments described in (B). Data 

represent means ± SD of three biological replicates.

(D) Representative phase-contrast and immunofluorescence staining images of Gsk3α−/− + 

Gsk3α-L195G 46C ESCs cultured in N2B27 medium with or without 3 μM 3MB-PP1 for 

11 days. Scale bar, 100 μm.
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