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The inactivation of glycogen synthase kinase (GSK)3 has

been proposed to play important roles in insulin and Wnt

signalling. To define the role that inactivation of GSK3

plays, we generated homozygous knockin mice in which

the protein kinase B phosphorylation sites on GSK3a
(Ser21) and GSK3b (Ser9) were changed to Ala. The

knockin mice were viable and were not diabetic. Using

these mice we show that inactivation of GSK3b rather

than GSK3a is the major route by which insulin activates

muscle glycogen synthase. In contrast, we demonstrate

that the activation of muscle glycogen synthase by con-

traction, the stimulation of muscle glucose uptake by

insulin, or the activation of hepatic glycogen synthase by

glucose do not require GSK3 phosphorylation on Ser21/

Ser9. GSK3 also becomes inhibited in the Wnt-signalling

pathway, by a poorly defined mechanism. In GSK3a/

GSK3b homozygous knockin cells, Wnt3a induces normal

inactivation of GSK3, as judged by the stabilisation of

b-catenin and stimulation of Wnt-dependent transcription.

These results establish the function of Ser21/Ser9 phos-

phorylation in several processes in which GSK3 inactiva-

tion has previously been implicated.
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Introduction

Insulin promotes the conversion of glucose to glycogen in

skeletal muscle by stimulating glucose uptake and activating

glycogen synthase (Roach, 2002; Ferrer et al, 2003). Insulin

activates glycogen synthase by inducing its dephosphoryla-

tion at a cluster of C-terminal residues (Ser641, Ser645,

Ser649 and Ser653), which are phosphorylated by glycogen

synthase kinase-3a (GSK3a) and GSK3b (Cohen, 1999). In

muscle, insulin is thought to stimulate the dephosphorylation

of glycogen synthase at these residues by inducing the

inactivation of GSK3a and GSK3b via phosphorylation of an

N-terminal Ser residue (Ser21 in GSK3a and Ser9 in GSK3b),

which is catalysed by protein kinase B (PKB, also known

as Akt) (Cross et al, 1995; Shaw et al, 1997) and reversed

by the muscle glycogen-associated protein phosphatase-1.

Consistent with this model of regulation, small cell-perme-

able inhibitors of GSK3 with diverse structures stimulate

glycogen synthase activity in cell lines or skeletal muscle

(reviewed in Cohen and Goedert, 2004). However, it has also

been reported that insulin stimulates the dephosphorylation

of glycogen synthase at Ser7, which is not regulated by GSK3,

and, furthermore, it has been suggested that GSK3 is not the

only kinase which phosphorylates the residues between

Ser641 and Ser653 (reviewed in Roach, 2002; Ferrer et al,

2003). Thus, the possibility that insulin may regulate glyco-

gen synthase by a mechanism that is independent of GSK3

has not been excluded.

It has also been proposed that insulin increases the activity

of a glycogen-associated form of protein phosphatase-1 that

dephosphorylates the residues in glycogen synthase that are

phosphorylated by GSK3 (Suzuki et al, 2001; Delibegovic

et al, 2003), but the mechanism or importance of this

observation is unclear. The relative contributions made by

the inactivation of GSK3 versus potential activation of protein

phosphatase or regulation via other pathways to the activa-

tion of glycogen synthase is unknown.

In the liver, hepatic glycogen synthase is also regulated

by phosphorylation of the sites targeted by GSK3. In support

of this, GSK3 inhibitors stimulate hepatic glycogen synthase

(Coghlan et al, 2000; Cline et al, 2002). However, an im-

portant difference between muscle and liver glycogen

synthase is that the latter is regulated by the level of blood

glucose (Bollen et al, 1998). Glucose has been proposed to

stimulate glycogen synthase by binding to phosphorylase-a,

thereby promoting its conversion to phosphorylase-b, and so

relieve the inhibition that phosphorylase-a exerts on the

hepatic glycogen-associated form of protein phosphatase-1,

termed PP1GL (Alemany and Cohen, 1986; Bollen et al,

1998). This allows protein phosphatase-1 to dephosphorylate

and hence activate hepatic glycogen synthase, thereby stimu-

lating glycogen synthesis. The relative importance of the

insulin-induced inactivation of GSK3 versus the glucose-

stimulated phosphatase activity in the regulation of hepatic

glycogen synthase is unknown.

In order for GSK3 to phosphorylate many of its substrates,

including glycogen synthase, the substrate is required to

be phosphorylated at a priming site, lying four residues

C-terminal to the Ser/Thr residue phosphorylated by GSK3

(Frame and Cohen, 2001; Roach, 2002). In the case of

glycogen synthase, CK2 is believed to act as a priming kinase

by phosphorylating Ser657 (Roach, 2002; Ferrer et al, 2003).

Recent studies have revealed that GSK3 possesses a specific
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phosphate recognition motif located within its kinase

domain, which interacts specifically with the primed phos-

phorylated residue on the GSK3 substrate (Frame and Cohen,

2001). Following phosphorylation by PKB, the N-terminal

phosphorylated sequence of GSK3 interacts with the phos-

phate recognition motif on the GSK3 kinase domain, thereby

inhibiting GSK3 by competing for substrate binding. Mutation

to Ala of the sites on GSK3a and GSK3b phosphorylated by

PKB prevents the inhibition of GSK3 by insulin.

The inactivation of GSK3 also plays an important role

in the Wnt signalling pathway which is critical for embryonic

development (Logan and Nusse, 2004). Wnt inhibits GSK3

by a poorly defined mechanism which is thought to involve

disruption of a complex containing GSK3, axin, the adeno-

matous polyposis coli (APC) protein, and b-catenin. This

leads to dephosphorylation and stabilisation of b-catenin,

stimulating transcriptional processes controlled by b-catenin.

In many forms of human colorectal cancer, mutations arise,

mainly in APC and b-catenin, that induce the stabilisation of

b-catenin, causing uncontrolled activation of the pathway,

which leads to loss of cell polarity and increased proliferation

(Sancho et al, 2004). Several groups have proposed that Wnt

induces phosphorylation of GSK3 isoforms at the same sites

phosphorylated by PKB (Yuan et al, 1999; Fukumoto et al,

2001); however, it has also been suggested that Wnt inacti-

vates GSK3 by a distinct mechanism (Ding et al, 2000).

Results

Generation of GSK3 knockin mice

We generated knockin mice in which the codon encoding

Ser21 of GSK3a, and Ser9 of GSK3b, was changed to encode

a nonphosphorylatable Ala residue, using the methodol-

ogy described under Materials and methods and in Supple-

mentary Figure 1. Single homozygous GSK3a21A/21A and

GSK3b9A/9A, as well as double GSK3a/b21A/21A/9A/9A knockin

mice, were bred using the strategy depicted in Table I.

Throughout this study, wild-type (WT) littermate animals

were employed in control experiments performed with the

single GSK3a21A/21A and GSK3b9A/9A knockin mice. In the

case of the double GSK3a/b21A/21A/9A/9A knockin mice, this

was impractical, as WT littermate and double knockin mice

can only be obtained at a ratio of 1 in 16 in the same cross

(Table I). In order to breed GSK3a/b21A/21A/9A/9A and appro-

priate control mice, we interbred GSK3a/b21A/21A/9A/9A and

GSK3a/b21A/21A/9A/9A as well as GSK3a/bþ /þ /þ /þ and

GSK3a/bþ /þ /þ /þ littermates derived from a 1 in 16 ratio

cross.

GSK3 knockin mice develop and grow normally

and are not diabetic

The single GSK3a21A/21A, GSK3b9A/9A and double GSK3a/

b21A/21A/9A/9A knockin mice were born at the expected

Mendelian frequency (Table I) and displayed no overt phe-

notype. Growth curves from 4 to 16 weeks of age indicated

that these animals were of normal size and weight (Figure 1A

and Supplementary Figure 2). Glucose tolerance tests indi-

cated that the single (Supplementary Figure 2) as well as

double knockin mice (Figure 1B) were able to dispose of

injected glucose at the same rate as WT controls, at 20 weeks

of age. Double GSK3a/b21A/21A/9A/9A knockin mice also

Figure 1 Growth and glucose metabolism in the double knockin
mice. (A) The indicated male and female mice were weighed once a
week between the ages of 4 and 16 weeks. Each point represents the
mean7s.e.m., in which n is the number of mice analysed in each
group. No statistical difference in the mean weights was observed
for any group using the Student’s t-test. (B) Glucose tolerance test of
the indicated 20-week-old mice. Mice were injected intraperitone-
ally with 2 mg/g glucose solution and the blood glucose concentra-
tion was determined at the indicated times. n indicates the number
of mice in each group. The data are presented as the mean7s.e.m.
(C) The indicated mice were fasted overnight for 16 h (Fast) or fed
ab libitum (Fed). The blood glucose and plasma insulin levels were
measured. The data are presented as the mean7s.e.m., with the
number, n, of animals in each group indicated. Approximate equal
numbers of male and female mice were used in (B) and (C).
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possessed normal fasted and fed glucose and insulin levels

(Figure 1C).

Analysis of PKB and GSK3 in the muscle of knockin mice

Mice were fasted overnight and injected with insulin. In order

to verify whether the PI 3-kinase signalling pathway was

normally active in the knockin mice, PKBa activity was mea-

sured. In the skeletal muscle of GSK3a21A/21A, GSK3b9A/9A and

double GSK3a/b21A/21A/9A/9A knockin mice, insulin induced

a robust activation of PKB, as well as phosphorylation at

one of its activating residues (Ser473), similar to that seen

in WT control mice (Figure 2A). The levels of GSK3a and

GSK3b protein in the skeletal muscle of GSK3a21A/21A,

GSK3b9A/9A and double GSK3a/b21A/21A/9A/9A knockin mice

were normal (Figure 2B). We also found that the level of

tyrosine phosphorylation in the ‘T-loop’ of GSK3 isoforms

was similar in WT and knockin mice and not affected

by insulin treatment (Figure 2B). Consistent with this, the

specific activities of GSK3a derived from muscle extracts of

WT and GSK3a21A/21A knockin mice not injected with insulin

were similar (Figure 2B). The GSK3b activity in muscle

extracts from GSK3b9A/9A knockin mice that had not been

injected with insulin was slightly higher than that of WT mice

(Figure 2B). A low level of phosphorylation of GSK3b at Ser9,

in WT non-insulin-stimulated muscle, could explain this.

Insulin was found to induce a marked phosphorylation of

both GSK3 isoforms in WT control mice (Figure 2B). In the

GSK3a21A/21A knockin mice, no phosphorylation of GSK3a at

Ser21 was observed, while phosphorylation of GSK3b at Ser9

was normal. Similarly, in the GSK3b9A/9A knockin mice, no

phosphorylation of GSK3b at Ser9 was detected, while phos-

phorylation of GSK3a at Ser21 occurred normally. In the

double knockin GSK3a/b21A/21A/9A/9A mice, phosphorylation

of neither isoform of GSK3 was observed. In muscles isolated

from WT mice, insulin induced B40% inhibition of GSK3a
and GSK3b activity, which was maintained for 40 min

(Figure 2B). Dephosphorylation of immunoprecipitated

GSK3 with protein phosphatase-1g (PP1g) largely restored

the specific activities of GSK3a and GSK3b to those observed

in unstimulated muscle after phosphatase treatment, indicat-

ing that inhibition of GSK3 results from Ser/Thr phosphor-

ylation (data not shown). GSK3b in the GSK3a21A/21A muscle

and GSK3a in the GSK3b9A/9A muscle were normally inacti-

vated by insulin (Figure 2B). In contrast, insulin did not

induce any inactivation of the S21A or S9A mutants of GSK3

in the knockin mice (Figure 2B), nor was the activity of the

immunoprecipitated GSK3 increased by treatment with PP1g
(data not shown).

Effect of insulin on glycogen synthase in GSK3 knockin

muscle

We next assessed the level and activity of glycogen synthase

in skeletal muscle extracts. Glycogen synthase protein levels

were normal in the muscles of knockin mice (Figure 3A). We

measured glycogen synthase activity in muscle extracts by

assaying the incorporation of radioactive UDP-glucose into

glycogen in the presence or absence of the allosteric activator

glucose 6-phosphate (G6P) (Thomas et al, 1968). In WT mice,

insulin activated glycogen synthase B2-fold, which was

sustained for up to 40 min (Figure 3A). This is the normal

degree of activation of muscle glycogen synthase that is

induced by insulin. Activation was accompanied by dephos-

phorylation of Ser641 and Ser645, two of the residues phos-

phorylated by GSK3 that play critical roles in regulating

its activity (Roach, 2002; Ferrer et al, 2003). In the single

GSK3a21A/21A knockin mice, the basal level of glycogen

synthase activity was normal, and insulin still induced an

B2-fold activation after 10 min that was also accompanied by

the dephosphorylation at the sites phosphorylated by GSK3.

The activation of glycogen synthase in the GSK3a21A/21A

knockin mice was less sustained than in control WT animals

(Figure 3A). Although this effect was moderate, it was

Table I Mice matings reported in this study

Cross Genotype Number (%)

GSK3a(+/S21A)GSK3b(+/+) GSK3a(+/+) GSK3b(+/+) 50 (25.5%)
GSK3a(+/S21A)GSK3b(+/+) GSK3a(+/S21A) GSK3b(+/+) 96 (49%)

GSK3a(S21A/S21A) GSK3b(+/+) 50 (25.5%)
GSK3a(S21A/S21A)GSK3b(+/+) GSK3a(S21A/S21A) GSK3b(+/+) 11 (100%)
GSK3a(S21A/S21A)GSK3b(+/+)

GSK3a(+/+)GSK3b(+/S9A) GSK3a(+/+) GSK3b(+/+) 48 (23%)
GSK3a(+/+)GSK3b(+/S9A) GSK3a(+/+) GSK3b(+/S9A) 104 (50%)

GSK3a(+/+) GSK3b(S9A/S9A) 56 (27%)
GSK3a(+/+)GSK3b(S9A/S9A) GSK3a(+/+) GSK3b(S9A/S9A) 12 (100%)
GSK3a(+/+)GSK3b(S9A/S9A)

GSK3a(+/S21A)GSK3b(+/S9A) GSK3a(+/+) GSK3b(+/+) 3 (7.5%)
GSK3a(+/S21A)GSK3b(+/S9A) GSK3a(+/+) GSK3b(+/S9A) 3 (7.5%)

GSK3a(+/+) GSK3b(S9A/S9A) 2 (5%)
GSK3a(+/S21A) GSK3b(+/+) 5 (12.5%)
GSK3a(+/S21A) GSK3b(+/S9A) 19 (47.5%)
GSK3a(+/S21A) GSK3b(S9A/S9A) 2 (5%)
GSK3a(S21A/S21A) GSK3b(+/+) 1 (2.5%)
GSK3a(S21A/S21A) GSK3b(+/ S9A) 3 (7.5%)
GSK3a(S21A/S21A) GSK3b(S9A/S9A) 2 (5%)

GSK3a(S21A/S21A)GSK3b(S9A/S9A) GSK3a(S21A/S21A) GSK3b(S9A/S9A) 150 (100%)
GSK3a(S21A/S21A)GSK3b(S9A/S9A)

The indicated matings were set up and the progeny genotyped as described in Materials and methods. The percentage of each genotype
observed is indicated in parenthesis.
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observed in two independent experiments with three mice

being analysed for each time point. In the single GSK3b9A/9A,

as well as the double GSK3a/b21A/21A/9A/9A knockin mice, the

basal activity and phosphorylation of glycogen synthase at

Ser641/Ser645 was comparable to control mice, but, strik-

ingly, insulin failed to induce a significant activation or

dephosphorylation of Ser641/Ser645 (Figure 3A).

We next investigated whether activation of glycogen

synthase in the knockin mice could be induced by treatment

of muscle with AR-A014418, a specific ATP competitive

inhibitor of GSK3a and GSK3b (Bhat et al, 2003; Murray

et al, 2004). We treated isolated soleus muscle from WTor the

double GSK3a/b21A/21A/9A/9A knockin mice with either insu-

lin or AR-A014418. Insulin failed to induce a significant

activation of glycogen synthase in the GSK3a/b21A/21A/9A/9A

knockin muscle under conditions that resulted in two-fold

activation in WT muscle (Figure 3B). In contrast, AR-A014418

induced nearly five-fold activation of glycogen synthase

in both the WT and double GSK3a/b21A/21A/9A/9A knockin

muscle (Figure 3B).

Figure 2 PKB and GSK3 activity in GSK3 knockin mice. (A) The indicated mice were fasted overnight and injected intraperitoneally with
insulin (150 mU/g) or saline solution (for the 0 min time point), to anaesthetised mice. At the indicated time (10 min for saline control), skeletal
muscle was rapidly extracted and snap frozen in liquid nitrogen. PKBa activity was measured following its immunoprecipitation as described in
Materials and methods. The results shown at each time point represent the mean7s.e.m. for three mice each assayed in duplicate for PKBa.
The total levels and phosphorylation of PKBa at Ser473 were monitored by immunoblot analysis of tissue extracts. For each time point muscle
samples from three separate mice are shown. (B) As above, except that GSK3a and GSK3b were immunoprecipitated from the indicated insulin-
stimulated tissues and their activity was measured. The data are presented as the mean7s.e.m. for muscle isolated from three mice each
assayed in triplicate. Muscle extracts from the indicated mice were immunoblotted with the indicated antibodies and samples from three
separate mice are shown for each time point. The analysis with the three sets of knockin mice was each compared to WT littermate control
mice in (A) and (B). Since these data from the sets of WTcontrols did not differ significantly from each other, only the results obtained for the
WT GSK3a21A/21A littermate controls are shown.
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Relative expression of GSK3a and GSK3b in murine

and human muscle

The finding that insulin was unable to stimulate glycogen

synthase in the single GSK3b9A/9A knockin mice suggested

that GSK3b is the principal isoform phosphorylating glycogen

synthase in murine muscle. This observation could be ex-

plained if GSK3b was expressed at a higher level than GSK3a
in skeletal muscle. To investigate whether this was so, we

expressed mouse GSK3a and GSK3b with N-terminal glu-

tathione S-transferase (GST) tags as expression standards for

immunoblotting. We carried out a quantitative immunoblot

analysis using LI-COR technology, in which equal amounts of

recombinant GSK3a and GSK3b were analysed by immuno-

blotting with an anti-GST antibody and an anti-GSK3 anti-

body that recognises both GSK3 isoforms. This analysis

permitted quantification of the relative abundance of GSK3a
and GSK3b isoforms in murine skeletal muscle, and revealed

B4-fold higher amounts of GSK3b than GSK3a (Figure 4A).

Consistent with this, the specific activity of GSK3b is B5-fold

higher than that of GSK3a in skeletal muscle (Figure 2B).

As GSK3 inhibitors are being developed for the treatment

of diabetes in humans, we performed a similar analysis

Figure 3 Effect of insulin on glycogen synthase in knockin mice. (A) The indicated mice were fasted overnight and injected intraperitoneally
with insulin (150 mU/g) or saline solution (for the 0 min time point), to anaesthetised mice. At the indicated time (10 min for saline control),
skeletal muscle was rapidly extracted and snap frozen in liquid nitrogen. Glycogen synthase activity was measured in the absence and presence
of G6P. The data are presented as the mean7s.e.m. for muscle isolated from three mice each assayed 7G6P in duplicate. Muscle extracts from
the indicated mice were immunoblotted with the indicated antibodies recognising phosphorylated and total glycogen synthase. As for Figure 2,
only the WTcontrols for the GSK3a21A/21A are shown. (B) Soleus muscle was isolated and incubated in the presence or absence of insulin or AR-
A014418. After 1 h of incubation, the muscle was rapidly frozen in liquid nitrogen. Glycogen synthase activity was assessed as in (A) above.
The results are presented as the mean7s.e.m. for four muscles for each condition.
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employing human skeletal muscle derived from three lean

and healthy donors. This revealed that, in human muscle of

all three subjects, there was B3-fold excess of GSK3b over

GSK3a (Figure 4B).

Analysis of glucose uptake and glycogen levels in GSK3

knockin muscle

A major effect of insulin in muscle is to stimulate glucose

uptake probably through the activation of PKB. Although

the mechanism by which PKB stimulates glucose uptake is

unknown, some studies have implicated the PKB-mediated

inhibition of GSK3 in this process (Orena et al, 2000; Morfini

et al, 2002). We therefore measured glucose uptake in iso-

lated soleus muscle. These studies revealed that, in both the

single as well as the double GSK3 knockin mice, insulin

stimulated the uptake of glucose four-fold, similar to the

effect observed in WT mice (Figure 5A). We next measured

the total glycogen levels in the muscle of WT as well as the

single and double GSK3 knockin mice. We observed that, in

both mice fed ab libitum and fasted for 16 h, that there was

no significant reduction in muscle glycogen levels in any of

the GSK3 knockin mice compared to WTcontrols (Figure 5B).

Effect of muscle contraction on glycogen synthase

and glucose tolerance in GSK3 knockin muscle

Muscle contraction potently activates glycogen synthase by a

poorly defined mechanism (reviewed in Nielsen and Richter,

2003). To define whether phosphorylation of GSK3a at Ser21

and GSK3b at Ser9 plays a role in this process, contraction of

Figure 4 Quantification of the relative levels of GSK3a and GSK3b
in muscle. (A) The indicated amounts of the recombinant mouse
GST-GSK3a and GST-GSK3b were subjected to immunoblot analysis
with anti-GST antibody to verify equal loading of the isoforms or a
Pan-GSK3 isoform antibody to determine the relative affinity of this
antibody for GSK3a and GSK3b. Quantitation of the immunoblots
was performed using LI-COR Odyssey infrared imaging system.
Mouse skeletal muscle derived from three WT mice (40 mg total
protein) was subjected to quantitative immunoblot analysis with
the Pan-GSK3 isoform antibody and from the quantitation data the
abundance of GSK3a relative to GSK3b is indicated. (B) As in (A),
except that human GST-GSK3a and GST-GSK3b were employed as
expression standards and skeletal muscle (30 mg total protein) from
three healthy lean human subjects was analysed by immunoblot
analysis.

Figure 5 Analysis of glycogen levels and glucose uptake in muscle
of the knockin mice. (A) Soleus muscle strips were isolated from the
indicated mice and glucose transport activities were measured in
the presence or absence of 100 nM insulin. The data are presented
as the mean7s.e.m. for muscle isolated from five mice for each
genotype. As for Figure 2, only the data for WT control for the
GSK3a21A/21A are shown. (B) The indicated mice were fasted over-
night for 16 h (Fast) or fed ab libitum (Fed). The mice were killed
and the quadricep muscle was rapidly extracted and frozen in liquid
nitrogen. The glycogen content in skeletal muscle is expressed as
mmol of glycosyl units per gram of muscle. The data are presented
as the mean7s.e.m. for muscle isolated from three mice in each
group each assayed in triplicate.

Figure 6 Effect of muscle contraction on glycogen synthase and glucose tolerance in the knockin mice. (A) One leg from anaesthetised WTand
knockin mouse was subjected to in situ hindlimb muscle contraction (C, contraction) via sciatic nerve stimulation for 10 min, and the other leg
served as noncontracted control (B, basal). Red and white gastrocnemius and extensor digitorum longus (EDL) muscles from both legs were
rapidly extracted and snap frozen in liquid nitrogen. Glycogen synthase activity was measured in the absence and presence of G6P. The data are
presented as the mean7s.e.m. for muscle isolated from four mice each assayed 7G6P in duplicate. (B) Muscle extracts from the indicated mice
were immunoblotted with the indicated antibodies. As for Figure 2, only the WT controls for the GSK3a21A/21A are shown. (C) GSK3a and
GSK3b were immunoprecipitated from WT and double knockin GSK3 muscle derived from (A), and activity was measured as a ratio of
7treatment with PP1g phosphatase as described in Materials and methods. The data are presented as the mean7s.e.m. for muscle isolated
from two mice, each assayed in triplicate. (D) Muscle extracts from the WT and knockin mice were immunoblotted with the indicated
antibodies. The insulin-treated samples were derived from the muscle of mice that had been injected with insulin as described in Figure 2. In
order to compare the levels of phosphorylation of PKB seen in response to insulin and muscle contraction, a short and long exposure of the
immunoblot is shown. (E) The indicated mice were fasted overnight and blood glucose levels measured. The mice were then anaesthetised and
after 30 min a glucose tolerance test was carried out after mice were injected intraperitoneally with 2 mg/g glucose solution and the blood
glucose concentration was determined at the indicated times. n indicates the number of mice in each group. The data are presented as the
mean7s.e.m. and similar numbers of female and male mice were present in each group.
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hind limb muscle was induced in anaesthetised mice in situ

by electrical stimulation of the sciatic nerve in one leg, the

other leg serving as the noncontracted control. In both the

single as well as double GSK3 knockin mice, muscle contrac-

tion markedly stimulated the activity of glycogen synthase to

the same extent found in the WT control mice (Figure 6A).

Role of the GSK3 inactivation
EJ McManus et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 8 | 2005 1577



Consistent with previous findings (Sakamoto et al, 2002,

2003), muscle contraction in WT mice induced a slight

phosphorylation of GSK3a at Ser21 and GSK3b at Ser9 and

also resulted in a marked dephosphorylation of glycogen

synthase, especially at Ser641 and to a lesser extent at

Ser645 (Figure 6B). Strikingly however, in both the single

and double GSK3 knockin mice, although phosphorylation of

the GSK3 knockin isoforms was abolished, exercise still led to

dephosphorylation of glycogen synthase at Ser641 and Ser645

(Figure 6B). This does not result from inactivation of GSK3

isoforms by a mechanism distinct from the phosphorylation

of Ser21 and Ser9, as the activity of GSK3a or GSK3b isoforms

in the double GSK3a/b21A/21A/9A/9A knockin mice was not

changed by muscle contraction (Figure 6C). In WT mice,

contraction induced a modest inhibition of GSK3a activity

consistent with its phosphorylation at Ser21. Contraction

induced weak phosphorylation of PKB at Ser473 in WT and

knockin mice, that was much weaker than that observed with

insulin (Figure 6D). Muscle contraction also induced normal

phosphorylation of the ERK1/ERK2 MAP kinases in the single

and double GSK3 knockin mice. This could also contribute to

the modest phosphorylation of GSK3 through the ERK-stimu-

lated RSK.

To investigate whether physical activity contributed the

nondiabetic phenotype observed in the GSK3 knockin

mice, as previously observed for mice lacking the muscle

insulin receptor (Wojtaszewski et al, 1999), we performed a

glucose tolerance test on anaesthetised control and GSK3a/

Figure 7 Analysis of liver glycogen synthase activity and glycogen levels in the knockin mice. (A) The indicated mice were fasted overnight
and injected intraperitoneally with glucose (2 mg/g) or saline solution (for the 0 min time point), to anaesthetised mice. At the indicated time
(10 min for saline control), the liver was rapidly extracted and snap frozen in liquid nitrogen. Glycogen synthase activity was measured in the
absence and presence of G6P. The data are presented as the mean7s.e.m. for liver isolated from three mice each assayed 7G6P in duplicate.
Liver extracts from the mice were immunoblotted with the indicated antibodies. (B) The WT and knockin mice were fasted overnight for 16 h
(Fast) or fed ab libitum (Fed), and liver glycogen content quantified as mmol of glycosyl units per gram of liver. The data are presented as the
mean7s.e.m. for liver isolated from six mice in each group each assayed in triplicate.

Role of the GSK3 inactivation
EJ McManus et al

The EMBO Journal VOL 24 | NO 8 | 2005 &2005 European Molecular Biology Organization1578



b21A/21A/9A/9A animals. This revealed no significant differ-

ences between the WT and knockin mice (Figure 6E).

Effect of glucose on hepatic glycogen synthase

in GSK3 knockin mice

We next investigated the role of GSK3 inactivation in regulat-

ing hepatic glycogen synthase activity. In contrast to muscle,

injection of insulin into fasted mice failed to stimulate hepatic

glycogen synthase activity (data not shown). This may be due

to the low levels of blood glucose in these insulin-treated

mice, as glucose is a key regulator of hepatic glycogen

synthase (Bollen et al, 1998). We therefore injected fasted

WT and double GSK3a/b21A/21A/9A/9A knockin mice with

glucose, which resulted in a two-fold stimulation of hepatic

glycogen synthase within 10 min that was sustained for

40 min in both the WT and knockin mice (Figure 7A).

Glucose induced a similar marked dephosphorylation of

hepatic glycogen synthase at Ser641 and Ser645 in livers of

the control and double knockin mice (Figure 7A). Under

these conditions, glucose did not significantly increase the

basal phosphorylation of PKB at Ser473 or the phosphoryla-

tion of GSK3 isoforms at Ser21/Ser9. We also measured

hepatic glycogen levels in fed and fasted mice (Figure 7B).

In fed WTand knockin mice, the glycogen levels were similar

Figure 8 Ability of Wnt to inactivate GSK3 in knockin ES cells. (A) The WTand double knockin GSK3a/b21A/21A/9A/9A ES cells were incubated
in medium containing Wnt3a or a control medium obtained from non-Wnt3a-expressing cells. At the indicated times, the phosphorylation state
of b-catenin was assessed by immunoblot analysis employing an antibody that recognises b-catenin when phosphorylated on the three residues
targeted by GSK3 (S33/37-P, T41-P). Quantitation of the total levels of b-catenin was performed by immunoblot analysis using LI-COR Odyssey
infrared imaging system. The extracts were also immunoblotted with antibodies recognising the phosphorylated and total forms of GSK3. For
each condition duplicate dishes were analysed and similar results were obtained in two separate experiments. (B) ES cells were co-transfected
with a firefly luciferase reporter construct containing LEF/TCF-binding sites as well as a constitutive SV-40 Renilla luciferase construct, to
control for transfection efficiency. At 24 h post-transfection, cells were incubated in medium containing Wnt3a or a control medium obtained
from non-Wnt3a-expressing cells and luciferase activity was measured. As a control, cells were transfected with a firefly luciferase reportor
construct in which the LEF/TCF-binding sites had been mutated (NEG) and were incubated with Wnt3a for 8 h. Luciferase activity was
expressed in arbitrary units relative to the activity observed in unstimulated WT cells normalised for Renilla luciferase activity. Four dishes of
cells were analysed for each condition and similar results were obtained in two separate experiments. Results shown are mean7s.d. for a single
experiment.
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and higher than the levels observed in fasted animals. We

consistently noticed that the glycogen levels in the fasted

double knockin mice were two- to three-fold higher than

those observed in WT control mice (Figure 7B).

Wnt3a inactivates GSK3 in knockin cells

To investigate whether Wnt3a-mediated inactivation of GSK3

involves phosphorylation of GSK3a at Ser21 and GSK3b at

Ser9, we generated embryonic stem (ES) cells from WT and

double GSK3a/b21A/21A/9A/9A knockin mice. We stimulated

these with Wnt3a-containing medium and monitored phos-

phorylation of b-catenin at the sites phosphorylated by GSK3,

as well as the total levels of b-catenin (Figure 8A). We found

that, in both the WT and GSK3a/b21A/21A/9A/9A knockin ES

cells, Wnt3a induced a marked inhibition of phosphorylation

of b-catenin on the sites targeted by GSK3 and an B2-fold

increase in levels of b-catenin (Figure 8A). These Wnt3a-

mediated effects were seen within 30 min and sustained for

up to 2–4 h. As reported previously (Ding et al, 2000), Wnt3a

stimulation failed to induce a detectable increase in the

phosphorylation of the total cellular pools of GSK3a at

Ser21 and GSK3b at Ser9 in WT ES cells, as measured

by immunoblot analysis of whole-cell extracts. We also

measured b-catenin-dependent transcription using a lucifer-

ase reporter assay. In both the WT and knockin cells, Wnt3a

induced an B8-fold increase in luciferase gene expression

within 8 h (Figure 8B).

Discussion

A key observation in this study was that in the single

GSK3b9A/9A knockin mice, insulin failed to stimulate activa-

tion of skeletal muscle glycogen synthase and dephosphory-

lation of Ser641 and Ser645, two residues phosphorylated by

GSK3 that are critical for inactivation (Roach, 2002; Ferrer

et al, 2003). This was despite GSK3a being inactivated

normally by insulin in the skeletal muscle of these mice

(Figure 2B). In contrast, pharmacological inhibition of

GSK3 with AR-A014418 stimulated glycogen synthase in

the soleus muscle of double GSK3a/b21A/21/A9/9A knockin

mice (Figure 3B). These results provide conclusive evidence

that inactivation of GSK3 is the major regulatory step in the

stimulation of muscle glycogen synthase by insulin. They

also establish that, in murine muscle, GSK3b rather than

GSK3a is the major enzyme phosphorylating glycogen

synthase. Thus, inactivation of GSK3b is the crucial mechan-

ism by which insulin stimulates glycogen synthase in

mouse skeletal muscle. If activation of a glycogen synthase

phosphatase by insulin contributes to activation of glycogen

synthase (Suzuki et al, 2001; Delibegovic et al, 2003), then

the activity of this enzyme would also have to be controlled

by GSK3b. As mentioned in the Introduction, it has also been

reported that insulin stimulates the dephosphorylation of

glycogen synthase at Ser7, a site that is not regulated by

GSK3, and that other kinases may phosphorylate the residues

targetted by GSK3 (reviewed in Roach, 2002; Ferrer et al,

2003). Our findings with the GSK3 knockin mice provide firm

genetic evidence that GSK3b is the major enzyme that

phosphorylates Ser641 and Ser645 and that regulates glyco-

gen synthase activity in response to insulin in muscle. As

Ser641 and Ser645 are not dephosphorylated in response to

insulin in the double GSK3a/b21A/21A/9A/9A knockin mice, the

dephosphorylation of glycogen synthase at Ser7, if it occurs,

cannot be of sufficient magnitude to increase glycogen

synthase activity significantly in the absence of dephosphor-

ylation of Ser641 and Ser645 residues. Alternatively, the

phosphorylation of Ser7 may be dependent on the prior

dephosphorylation of Ser641/Ser645.

To our knowledge, a major difference in the substrate

specificity of GSK3a and GSK3b has not been reported

and both isoforms would be expected to phosphorylate

glycogen synthase at a similar rate. The finding that GSK3b
is the major regulator of glycogen synthase in skeletal muscle

may be accounted for by the four-fold higher expression of

GSK3b compared to GSK3a in murine skeletal muscle

(Figure 4). The finding that GSK3b is also more abundant

than GSK3a in human skeletal muscle suggests that GSK3b
may also control human glycogen synthase activity in re-

sponse to insulin.

The stimulation of glycogen synthase by exercise/muscle

contraction may play a role in preventing glycogen particles

from becoming too depleted as well as enabling rapid reple-

tion of glycogen in the post exercise period (Nielsen and

Richter, 2003). The mechanism by which exercise stimulates

glycogen synthase is not fully understood. Previous results

indicate that exercise leads to dephosphorylation of the GSK3

phosphorylation site Ser645 on glycogen synthase (Sakamoto

et al, 2003). Moreover, in mice lacking the glycogen targeting

GM subunit of the PP1 phosphatase, exercise is unable to

activate glycogen synthase or induce its dephosphorylation

(Aschenbach et al, 2001). We observed that muscle contrac-

tion led to normal dephosphorylation of the Ser641 and

Ser645 residues of glycogen synthase in the single and double

knockin mice (Figure 6B), without inhibiting GSK3a and

GSK3b activity (Figure 6C). Taken together, these findings

indicate that exercise is exerting its effects by stimulating the

dephosphorylation of glycogen synthase through the GM–PP1

complex. At the moment, it is not known whether this effect

is mediated through direct activation of the phosphatase

complex and/or by glycogen synthase becoming more acces-

sible to the phosphatase, perhaps as a result of depletion of

glycogen. It is also possible that exercise promotes the depho-

sphorylation of glycogen synthase at other residues that

might contribute to the activation of this enzyme. The finding

that exercise leads to preferential dephosphorylation of

Ser641, rather than Ser645 (Figure 6B), may be explained

by the presence of a Pro residue C-terminal to Ser645 that

renders it more resistant to dephosphorylation by PP1.

Previous studies have indicated that GSK3 phosphorylates

the light chains of the kinesin motor protein, resulting in its

inhibition (Morfini et al, 2002). As kinesin has been sug-

gested to mediate the translocation of the GLUT4 glucose

transporters to the plasma membrane (Emoto et al, 2001),

inhibition of GSK3 by insulin could promote glucose uptake.

However, our finding that insulin-stimulated glucose uptake

occurred normally in soleus muscle of the single and double

knockin mice would argue against this notion. Despite in-

sulin not activating glycogen synthase in the muscle of

GSK3b9A/9A and GSK3a/b21A/21A/9A/9A knockin animals, mus-

cle glycogen levels were normal (Figure 5B). The normal

basal and insulin-stimulated glucose uptake in the muscle of

GSK3 knockin mice coupled with the basal activity of glyco-

gen synthase may therefore be sufficient to maintain normal

muscle glycogen levels. Allosteric activation of glycogen
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synthase by G6P might also contribute to maintenance of

glycogen levels.

Glucose stimulated a normal activation of hepatic glycogen

synthase that was accompanied by dephosphorylation of the

Ser641/Ser645 residues in the GSK3 double knockin animals

(Figure 7A). These results indicate that the major mechanism

by which hepatic glycogen synthase is activated by glucose

involves stimulation of a protein phosphatase, rather than

Ser21/Ser9-mediated inactivation of GSK3 isoforms. As out-

lined in the Introduction, glucose binding to phosphorylase-a

thereby relieves the inhibition that phosphorylase-a has on

the hepatic GL-protein phosphatase-1 complex (Alemany and

Cohen, 1986; Bollen et al, 1998). Our findings suggest that

this is the major regulatory pathway by which hepatic glyco-

gen synthase is stimulated. In this model, GSK3 isoforms

nevertheless still play an important role in maintaining

hepatic glycogen synthase in a low-activity state, as shown

by the finding that inhibitors of GSK3 are capable of stimulat-

ing hepatic glycogen synthase (Coghlan et al, 2000; Cline

et al, 2002). Indeed, it is the inhibition of hepatic GSK3,

rather than muscle GSK3, that underlies the blood glucose-

lowering effects of GSK3 inhibition in animal models of Type

II diabetes (Cline et al, 2002).

A central finding of the present study was that the single

and double GSK3 knockin mice displayed normal blood

glucose and insulin levels and were not glucose intolerant

despite insulin being unable to stimulate glycogen synthase in

muscle. This is likely to result from the regulation of hepatic

glycogen synthase not being perturbed in the knockin mice,

enabling the liver to compensate for the failure of insulin to

stimulate glycogen synthase in muscle. Indeed, the moder-

ately higher glycogen levels in the fasted double GSK3 knock-

in mice (Figure 7B) may be indicative of the existence of such

a mechanism. Interestingly, it was recently reported that mice

overexpressing GSK3b in skeletal muscle possessed elevated

hepatic glycogen levels (Pearce et al, 2004). Exercise is also a

major regulator of whole-body glucose homeostasis as muscle

contraction stimulates glucose uptake and glycogen synthase

(Hayashi et al, 1997). It is therefore also possible that the

normal physical activity of the single and double GSK3

knockin mice contributes to the maintenance of glucose

homeostasis. Interestingly, it has been shown that mice lack-

ing the insulin receptor in muscle only become glucose

intolerant when anaesthetised (Wojtaszewski et al, 1999),

suggesting that acute physical activity can compensate for

the lack of insulin signalling in these animals. However, our

observation that the double GSK3 knockin mice do not display

glucose intolerance when anaesthetised (Figure 6E) suggests

that acute physical activity does not account for normal

glucose tolerance in these animals. We are unable to rule

out that the constitutive knockin of GSK3 isoforms leads to

compensatory mechanisms during development, resulting in

an absence of a diabetic phenotype.

GSK3 is a key component of the Wnt signalling pathway

controlling b-catenin levels and transcriptional responses

required for development and cell growth (Moon et al,

2002; Nelson and Nusse, 2004). Our finding that Wnt3a

induced normal inactivation of GSK3, stabilisation of b-

catenin and induction of b-catenin-controlled transcription

in the GSK3 double knockin ES cells (Figure 8) shows that the

Wnt-mediated inactivation of GSK3 is not dependent upon

phosphorylation of GSK3a at Ser21 and GSK3b at Ser9. This

conclusion is consistent with previous work indicating that

Wnt inhibits GSK3 by a distinct mechanism (Ding et al,

2000). As the GSK3 knockin mice develop normally, this

also indicates that the Wnt-mediated inhibition of GSK3

operates by a mechanism that is independent of the phos-

phorylation of GSK3a at Ser21 and GSK3b at Ser9.

One of the effects of inhibiting components of the insulin

signalling pathway in Drosophila and mammals is a marked

effect on development and a reduction in the size of the

organism caused by a decrease in cell volume and/or cell

number (Oldham and Hafen, 2003). Elegant genetic analysis

has recently indicated that phosphorylation of the Drosophila

homologue of GSK3 plays no role in the regulation of devel-

opment as well as cell size and number (Papadopoulou et al,

2004). Taken together, all these findings indicate that inacti-

vation of GSK3 isoforms by Ser21/Ser9 phosphorylation does

not play a major role in regulating development, cell growth

and proliferation. The finding that both the single and double

GSK3 knockin mice develop normally and are of normal size

(Figure 1A and Supplementary Figure 2) confirms these

observations in a mammalian system.

The knockin approach used in this study overcomes the

inherent problems associated with studying kinase function

by overexpressing dominant-negative or constitutively active

mutants. For example, it has been recently been reported that

transgenic mice overexpressing GSK3b at four- to seven-fold

higher than physiological levels in skeletal muscle were

glucose intolerant, possessed elevated plasma insulin levels

and had a 50% reduction in muscle glycogen (Pearce et al,

2004). In contrast, the double GSK3 knockin mice in which

the GSK3 isoforms are present at normal levels display none

of these insulin-resistant phenotypes. Overexpression of the

GSK3b[S9A] mutant in a rat skeletal muscle cell line reduced

glycogen synthase protein levels (Macaulay et al, 2005), an

effect that we do not observe in the muscle of the GSK3

knockin mice (Figure 3A). These examples illustrate the

potential danger in employing the more facile overexpression

approaches, instead of a more rigorous knockin strategy.

We have previously employed a knockin approach to study

the roles of the regulatory domains of 3-phosphoinositide-

dependent protein kinase-1 (PDK1), in the activation of PKB,

as well as other substrates (Collins et al, 2003; McManus

et al, 2004). From these analyses and the results obtained

from this study, it is our opinion that knockin methodology,

coupled with gene knockouts and specific pharmacological

inhibitors, are likely to become the methods of choice

for dissecting the physiological roles of signal transduction

pathways.

Materials and methods

Injection of insulin and preparation of tissue extracts
Following an overnight fast, a bolus of insulin (150 mU/g, Actrapid,
Novo Nordisk) or saline solution was injected intraperitoneally to
mice that had been anaesthetised with 13.5 mg/kg of Sagatal
(pentobarbitone sodium). At the indicated times, the skeletal
muscle was rapidly removed and frozen in liquid nitrogen, stored
at �801C and pulverised to a powder in liquid nitrogen. A 10-fold
mass excess of ice-cold lysis buffer was added to the powdered
tissue, which was briefly vortexed and centrifuged at 41C for 10 min
at 13 000 g to remove insoluble material. The supernatant was
collected and protein concentration was measured by the Bradford
Method, then snap frozen in aliquots in liquid nitrogen and stored
at �801C.
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Glycogen synthase assay
Following an overnight fast, a bolus of insulin (150 mU/g) or saline
solution was injected intraperitoneally to terminally anaesthetised
mice. At the indicated times, the skeletal muscle was rapidly
extracted and freeze clamped in liquid nitrogen, stored at �801C
and homogenised to a powder in liquid nitrogen. A 10-fold mass
excess of ice-cold GS assay lysis buffer (50 mM Tris–HCl pH 7.5,
2 mM EGTA, 10 mM EDTA, 1% (by mass) Triton X-100, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium
pyrophosphate, 0.27 M sucrose, 0.1mM microcystin-LR, 0.1% (by
vol) 2-mercaptoethanol and ‘Complete’ proteinase inhibitor cocktail
(one tablet per 50 ml)), was added to the powdered tissue, which
was briefly vortexed and centrifuged at 3600 g for 5 min at 41C to
remove insoluble material. The supernatant was snap frozen in
aliquots in liquid nitrogen and stored at �801C. The glycogen
synthase activity was measured as described previously (Thomas
et al, 1968). Briefly, 300 mg of protein was incubated at 301C for
20 min in a total volume of 165ml containing 8.9 mM UDP-glucose
(0.07 mCi), 6.7 mg/ml of glycogen, 6.7 mM potassium phosphate,
33.3 mM NaF, 0.67 mM EDTA, 0.1 M KCl, pH 6.8, in the presence or
absence of 10 mM G6P. From each assay, aliquots of 100ml of the
reaction were spotted onto a piece (3� 2 cm) of 31ETCHR paper,
which was then washed two times for 20 min in 66% ethanol and
once in acetone. After drying, the papers were put in a microfuge
tube with 1 ml of scintillation liquid and the amount of UDP-
[14C]glucose incorporated to the glycogen quantified. The glycogen
synthase activity ratio is defined as activity measured in the
absence of G6P divided by activity measured in the presence of G6P.

A detailed description of all other methods employed in this
study can be found in the Supplementary data of this paper.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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