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Abstract

Glycogen synthase kinase-3 (GSK-3) has perplexed signal transduction researchers since its
detection in skeletal muscle 25 years ago. The enzyme confounds most of the rules normally
associated with protein kinases in that it exhibits significant activity, even in resting, unstimulated
cells. However, the protein is highly regulated and is potently inactivated in response to signals
such as insulin and polypeptide growth factors. The enzyme also displays a distinct and unusual
preference for substrates that have been previously phosphorylated by other protein kinases which
provides obvious opportunities for cross-talk. It’s substrates are diverse and are predominantly
interesting regulatory molecules. The molecular cloning of the kinase revealed it to be encoded by
two related but distinct genes. Moreover, the mammalian proteins showed remarkable similarity to
a fruitfly protein isolated on the basis of its role in cell fate determination. From these humble
beginnings, study of the enzyme has accrued further surprises such as its inhibition by lithium, its
regulation by serine and tyrosine phosphorylation and its implication in several human disorders
including Alzheimers’ disease, bipolar disorder, cancer and diabetes. Most recently, small
molecule inhibitors of GSK-3 have been developed and assessed for therapeutic potential in
several of models of pathophysiology. The question is whether modulation of such an “involved”
enzyme could lead to selective restoration of defects without multiple unwanted side-effects. This
review summarizes current knowledge of GSK-3 with respect to its known functions, together
with an assessment of its real-life potential as a drug target for chronic conditions such as type 2
diabetes.
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INSULIN EFFECTS ON GLYCOGEN METABOLISM

Glycogen synthase (GS) is the rate-limiting enzyme in the anabolic pathway leading to
glycogen deposition. Typical of regulatory enzymes, GS is the target of several post
translational modifications that impact its catalytic activity. The protein is phosphorylated by
at least ten different protein kinases 7n vitro at at least 9 serine residues[1]. These enzymes
were catalogued over several years and include cyclic AMP-dependent protein kinase
(PKA), phosphorylase kinase, calmodulin-dependent protein kinase 11, casein kinases 1 and
2 and a novel enzyme termed glycogen synthase kinase-3 (GSK-3) [1-3]. Most of these are
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also phosphorylated in intact muscle although several do not change under any conditions.
Phosphorylation of GS reduces catalytic efficiency (as measured +/- a cofactor, glucose-6-
phosphate). Agents that promote glycogen breakdown such as epinephrine, increase
phosphorylation and inactivation of GS [4]. By contrast, insulin promotes glycogen
deposition by promoting dephosphorylation and activation of GS. In a classic study, Parker
et al., monitored the phosphorylation status of tryptic peptides of GS following its isolation
from skeletal muscles from rabbits treated with epinephine or insulin [5]. They found that
insulin was selective in dephosphorylating GS; most of the decrease in phosphate was
associated with sites that were specifically targeted by GSK-3. GSK-3 activity is decreased
following insulin treatment in several insulin-sensitive tissues and over the years, several
models have been postulated for the molecular mechanism by which insulin causes
dephosphorylation of GS [6-9]. The prevailing model is via signal-dependent inactivation of
GSK-3 by phosphorylation (see below). This model also predicts that other substrates of
GSK-3 will also be dephosphorylated in response to insulin, along with GS. Several of these
are involved in metabolic regulation and may be also important in insulin action: elF2p [7],
inhibitor-2 [10], ATP citrate lyase [11] and insulin receptor substrate 1 (IRS1)[12] (see table
1). GSK-3 has also been implicated in the transcriptional regulation of several insulin-
regulated genes such as glucose-6-phosphatase and PEPCK in the liver [13] and in
phosphorylation of the C/EBP transcription factor that modulates adipocyte differentiation
[14].

In type 2 diabetes, muscle tissues are less sensitive towards insulin and biopsy studies have
shown insulin-dependent activation of GS to be impaired compared with biopsies from
normal subjects [15-17]. Similar findings have been observed measuring the flux of
glycogen synthesis by NMR spectroscopy [18]. Another potentially important target of
GSK-3 involved in insulin signaling is IRS-1 [12]. This protein is one of a family of proteins
that are the major substrates of the insulin receptor and become heavily tyrosine
phosphorylated following insulin treatment. IRS proteins then act as docking sites for
signaling proteins that harbour SH2 domains that recognize phosphotyrosine, including
phosphatidylinositol 3" kinase (see below), Grb-2 and the tyrosine phosphatase SHP2. IRS1
is also phosphorylated on serine and threonine residues. Several protein kinases
phosphorylate the protein /n vitro including GSK-3 [12]. As for other GSK-3 substrates,
phosphorylation of IRS1 has an inhibitory effect on function and reduces the activity of the
insulin receptor by an, as yet, unclear mechanism. In muscle and adipose tissues that form
the bulk of insulin-sensitive body mass, GSK-3 thus appears to play a selective and
important role in inhibiting the functions of several proteins that are activated by insulin.

GSK-3 AND DIABETES

Analysis of various diabetic models has provided evidence for a role for GSK-3 in the
disease. In a mouse model of dietary induced obesity in C57Black6 mice that become
insulin-insensitive, GSK-3 activity in adipocytes was reported to be double that of animals
fed a control diet [19]. Higher levels of GSK-3 activity have also been observed in ob/ob
mice compared to lean animals [20]. Measurements of GSK-3 activity in skeletal muscle
have also been reported to be elevated compared with non-diabetic patients [21, 22]. While

Curr Drug Targets Immune Endocr Metabol Disord. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny YHID 1duasnuely Joyiny JHID

1duosnuen Joyiny YHID

Woodgett Page 3

the specific activity of the kinase was similar between the two groups, diabetic patients
exhibited a two-fold increase in GSK-3 protein and activity.

Of course, such data are correlative and changes in GSK-3 levels and activity may simply
reflect a consequential effect due to physiological adaptation of tissues to the elevated blood
glucose and insulin levels that typify type 2 diabetes. The critical question is whether
specific modulation of GSK-3 activity can reverse the effects of insulin insensitivity. In this
respect, the unusual properties of GSK-3 offer a significant advantage. As proven in
practice, it is far easier to develop a small molecule that inhibits an enzyme than one that
activates it. If the inability of insulin to inhibit GSK-3 is an important element of type 2
diabetes, then a synthetic GSK-3 inhibitor should hold promise by restoring one of the major
effects of insulin action. The first promising data that supported this idea came from
experiments with lithium. In 1996, Klein and Melton were investigating the molecular
mechanism by which lithium modulated dorsal/ventral axis formation in Xenopus embryo
development [23]. Lithium was known to inhibit inositol phosphatase and it was believed
that accumulation of inositol phosphate in lithium-treated embryos disrupted the
phosphoinositide cycling. However, a potent and selective inhibitor of inositol 1-phosphatase
did not phenocopy the effects of lithium on embryonic polarity. Expression of dominant-
negative GSK-3 in Xenopus embryos had previously been shown to ventralize the embryos
[24]. GSK-3 was then shown to be inhibited by millimolar concentrations of lithium /n vitro
[23]. Treatment of cells with lithium was then shown to decrease GSK-3 activity as judged
by its effect on reducing the phosphorylation of known GSK-3 substrates [25]. While not
particularly potent, and certainly not specific (lithium ions alter the activity of many
proteins, albeit few protein kinases), lithium offered an easy way to repress GSK-3 activity
and therefore to assess its involvement in various cellular processes.

Lithium had, in fact, been previously recognized for its insulin-mimetic effects on liver and
fat cells [26-29]. However, as mentioned above, the pleiotropic actions of lithium precluded
this as definitive evidence that the insulin-like effects could be ascribed to GSK-3 inhibition.
Over the past two years, new small molecules that selectively inhibit GSK-3 have been
reported by groups at Glaxo Smith Kline (no relation) and Chiron [30-33]. The Glaxo
compounds are maleimides, SB-216763 and SB-415286, that inhibit both forms of GSK-3
with K(i)s of 9 nM and 31 nM respectively but do not significantly interfere with many other
protein kinases that were tested [30]. Treatment of isolated human liver cells with the
compounds stimulated glycogen synthesis. The Chiron compounds are derivatives of
aminopyrimidine, CT98014 and CT98023. These compounds increased glycogen synthase
activity in human skeletal muscle cells without affecting glucose transport [32]. In animal
studies, however, such as the Zucker diabetic fatty (ZDF) rat model, treatment of isolated
soleus and epitrochlearis muscles increased GS activity and oral administration of the drugs
resulted in increased insulin-stimulated glucose clearance from the blood [33]. Lithium
treatment yielded similar effects. By contrast, a second study using the ZDF model found
that although the inhibitors activated GS in both muscle and liver, significant changes in
glycogen deposition were found in the liver and this synthesis accounted for most of the
glucose clearance [31]. The Chiron compounds enhanced insulin-induced glucose transport
in insulin-resistant ZDF rats but had no effect on glucose levels in lean ZDF animals [34].
While these studies differ in some respects, they all demonstrate that /n vivo inhibition of
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GSK-3 leads to activation of glycogen synthase which, depending on the specifics of the
study, leads to enhanced glycogen synthesis and better glucose clearance.

Given that the compounds used in these studies are the first to become available, there is
likely much room for refinement in pharmacodynamic, potency and selectivity. Even so, the
inhibitors have demonstrated proof-of-principle to the idea that inhibition of GSK-3 may be
a therapeutic strategy for increasing insulin sensitivity and improving glucose clearance in
type 2 diabetes.

OTHER FUNCTIONS OF GSK-3

The nature of type 2 diabetes is such that therapeutic interventions must be chronic and used
over a period of many years. Improvement in insulin sensitivity will likely require life-long
administration of drugs, following or concomitant with meals. In the case of GSK-3
inhibitors, this raises the issue of the consequences of regular down-regulation of this
enzyme. Given the role of GSK-3 in many processes other than insulin signaling, it is
important to understand those roles in assessing the possible risks associated with GSK-3
targeted therapy [35-37].

As mentioned above, GSK-3 is a highly conserved enzyme and homologs have been
identified in every eukaryote investigated to date [Table 2, 37]. Several species harbor
multiple isoforms or related genes but all share high similarity in their protein kinase domain
including the presence of a phosphorylated tyrosine in the so-called “T loop” that acts as a
gateway for substrate access to the active site. Direct functional conservation has been
explicitly demonstrated for several homologs by testing for functional rescue of an inactive
mutant by a mammalian cDNA [38, 39]. Micro-injection of a kinase-dead form of GSK-3
into Xenopus embryos mimics the effect of injection of the cognate Xenopus mutant [24].
This high degree of functional conservation has been exploited in analysis of the
physiological functions of the kinase in genetically tractable organisms such as fruit flies,
yeast and slime mold. For example, study of GSK-3 in Dictyostelium discoideum revealed
the first evidence of regulation by a G-protein coupled receptor (GPCR) and cyclic AMP
during differentiation of initially identical amoeba into functionally distinct cells of an
aggregated slime mold fruiting body [40, 41]. Subsequently, mammalian GSK-3 was shown
to be negatively regulated by GPCRs and cyclic AMP [42, 43]. Dictyostelium also has the
distinction of the only organism in which the tyrosine kinase responsible for phosphorylation
of the T loop has been identified (ZAKZ; [44, 45]).

Mammalian GSK-3 was cloned from the rat in 1990 and shown to be the product of two
related genes that encoded proteins of 51 and 46 kDa termed GSK-3a and B [46]. The two
isoforms have independent activity and do not physically interact although they share similar
catalytic and regulatory properties [47]. Both are ubiquitously expressed and the  isoform
can be differentially spliced to form a third variant that is expressed in neuronal cells [48].

At the same time the sequences of GSK-3a and B were reported, two Drosophila genetics
groups independently published the sequences of a gene implicated in the wingless and
notch signaling pathways of the fruitfly termed zeste-white3 and shaggy, respectively [49,
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50]. The fly and mammalian proteins shared remarkable identify and were later shown to be
functionally replaceable [38, 39]. These findings immediately implicated a role for GSK-3 in
the mammalian signaling pathway that is homologous to the fly Wingless pathway, namely
the Wnt signaling system.

Whnts comprise a family of secreted, glycosylated, protein ligands involved in cell growth,
differentiation, migration and fate [51, 52]. Mammals express at least 19 different Wnts and
they function in a variety of developmentally regulated processes such as organogenesis and
determination of cell fate [51]. The best studied pathway controlled by Wnt molecules is the
Whnit/B-catenin system (fig. 3 [53, 54]). Much of the understanding of this pathway
originated from genetic analysis of the fly wingless pathway. Binding of Wnt to a serpentine
receptor protein of the Frizzled family initiated a cascade of events culminating in the
activation of a family of transcriptional regulators termed LEFs or TCFs [55]. The key
molecule in this pathway is B-catenin that is tightly controlled at the level of protein
degradation. As in the insulin signaling pathway, GSK-3 plays an important inhibitory role
in the Wnt pathway. In resting, unstimulated cells, GSK-3 (a or ) phosphorylates p-catenin
at several serine residues. When phosphorylated, p-catenin is recognized by an E3 ubiquitin
ligase and targeted for ubiquitination and rapid degradation by the 26S proteosome [56]. In
the absence of a Wnt signal, cytoplasmic p-catenin levels are therefore kept at very low
levels. Binding of Wnt to the Frizzled receptor leads to a reduction in B-catenin
phosphorylation by GSK-3 and the subsequent escape of B-catenin from the degradation
machinery. The unphosphorylated p-catenin accumulates and interacts with the LEF and
TCF DNA binding proteins, promoting transcriptional activation of genes harboring binding
sites for these proteins.

Mutations in B-catenin that prevent phosphorylation by GSK-3 resulting in steady-state
accumulation have been found in several human cancers of the skin, colon, prostate, liver,
endometrium and ovary [54]. The most common mechanism of activation of the pathway
involves mutation of another component involved in chaparoning p-catenin between the
cytoplasm and nucleus, termed adenomatous polyposis coli (APC). Phosphorylation of -
catenin by GSK-3 only takes place when the two proteins are present in a multi-protein
complex, that comprises GSK-3, B-catenin, Axin and APC [58]. APC was first identified as
a tumour suppressor gene associated with familial adenomatous polyposis (FAP) and
sporadic colorectal cancer [59]. Many patients with colorectal cancer exhibit mutations in
APC that result in loss of function. The protein complex is held together through a
scaffolding protein termed Axin which harbors several protein-protein interaction domains
for GSK-3, APC and B-catenin [58]. Axin and APC are also substrates of GSK-3 with
phosphorylation affecting stability and binding affinities [60-62]. The molecular mechanism
by which Wnt’s lead to decreased phosphorylation of p-catenin remains unclear although
several models have been proposed. Although other proteins are implicated in B-catenin
regulation, GSK-3 is a primary player (see below).

Although GSK-3 plays an important role in the Wnt pathway as well as the insulin (and
other mitogen) pathway, it is selectively coupled to each agonist such that the consequences
of it’s regulation are specific to the agonist. For example, insulin signaling does not impact
components of the Wnt signaling pathway. Treatment of cells with insulin does not lead to
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accumulation of p-catenin. Conversely, Wnt signaling does not affect insulin signaling (e.g.
does not activate GS) [63, 64]. The means by which inhibition of the same protein kinase by
distinct signaling pathways can allow selective downstream coupling is still not completely
understood. In the case of B-catenin regulation, only GSK-3 that is bound to Axin is capable
of phosphorylating B-catenin. Axin is present at lower concentrations within cells compared
to GSK-3 such that only a fraction of GSK-3 is associated with the scaffold protein. Since
only the Axin-associated compartment of GSK-3 is subject to Wnt regulation, this could
explain why Wnt doesn’t alter phosphorylation of non-Axin associated substrates of GSK-3.
An interesting experiment to test this would be to couple an Axin-binding domain to another
GSK-3 substrate and to assess whether this confers Wnt regulation. The reason that insulin
does not lead to stabilization of B-catenin is less clear and requires discussion of the
molecular mechanism by which GSK-3 is inhibited by insulin.

HOW INSULIN COUPLES TO GSK-3

The catalytic inactivation of GSK-3 induced by insulin and polypeptide mitogens is reversed
by treatment with serine/threonine-specific phosphatases indicating that these stimuli cause
inhibitory phosphorylation of GSK-3 [65]. The specific residues involved in this inhibition
were identified as serines 21 and 9 of GSK-3a and B respectively [66—69]. Both /in vitro and
in intact cells, these residues are phosphorylated by several protein-serine kinases including
protein kinase B/Akt, pp90rsk and cyclic AMP-dependent protein kinase (PKA) [42, 43,
70]. The phosphorylation by PKB is of particular relevance to insulin signaling. Following
binding of insulin to its receptor tyrosine kinase, IRS1 becomes highly tyrosine
phosphorylated and recruits, among other proteins, phosphatidylinositol 3" kinase (P13’K)
to the membrane where it encounters is substrate lipids [71]. This results in the membrane-
localized generation of 3" phosphorylated phosphoinositides such as 3,4,5-phosphorylated
phosphatidylinositol (PIP3). PIP3 has high affinity for PH domains and its accumulation in
the membrane causes translocation of proteins such as PKB and its upstream activating
kinase, PDK1, to this cellular location where they interact. The upshot is the activation of
PKB by insulin. Once phosphorylated and activated, PKB targets a variety of protein
substrates including GSK-3a and B. Polypeptide mitogen-induced inactivation of GSK-3
can be blocked by antagonists of P13’K such as wortmannin [65] and introduction of
activated alleles of PKB into cells stimulates phosphorylation of GSK-3 and its inactivation
[72].

The finding that insulin inhibited GSK-3 through phosphorylation of a residue proximal to
its N-terminus (i.e. not within its kinase domain) prompted several groups to probe the
structural basis for this effect. GSK-3 exhibits and unusual property of preferring to
phosphorylate substrates at residues that are just N-terminal to a previously phosphorylate
residue [73]. In the case of GS, for example, if completely dephosphorylated, GS is not a
substrate for GSK-3 [74]. However, phosphorylation of Ser 657 of human muscle GS by
casein kinase-2 facilitates phosphorylation of a serine 4 residues upstream by GSK-3 (Ser
653). This, in turn, allows phosphorylation of Ser 649 that opens up Ser 645 and Ser 641.

637PRPASVPPSPSLSRHSSPHQSEDEEDgg;
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The sequence of the inactivating phosphorylation domain of human muscle glycogen
synthase. Residues in bold are phosphorylation sites (see text).

Maximal inactivation of GS requires phosphorylation of all four GSK-3 sites
(phosphorylation of Ser 657 by casein kinas-2 has little effect on activity). Analysis of other
GSK-3 substrates revealed a similar preference for a phosphorylated serine or threonine
residue 4 places C-terminal to the GSK-3 target such that the consensus sequence for
phosphorylation is Ser-X-X-X-Ser/Thr-P [73]. The intervening residues tend to be enriched
for proline but are otherwise quite variable. The protein kinases that provide the “priming”
phosphorylation event include casein kinases 1 and 2 and cyclic AMP-dependent protein
kinase.

Resolution of the crystal structure of GSK-3p as well as several ingenious biochemical
experiments by Frame and Cohen provided insight into how phosphorylation of the N-
terminal domain of GSK-3 inhibited its function [75-77]. In resting cells, the N-terminal
peptide of GSK-3 is relatively disordered. However, when phosphorylated at Ser 9, this
peptide in GSK-3p folds back and forms an electrostatic interaction with Arg 96 which is
located in the substrate binding domain of the protein kinase. Normally, this arginine residue
plays a key role in allowing substrate entry tot he active site by binding to the phosphate of
the priming phosphorylation site residue. Indeed, this binding accounts for the preference of
GSK-3 for such pre-phosphorylated proteins. However, if Arg 96 is bound to phospho-Ser 9,
the substrate docking site is occluded and GSK-3 cannot bind its substrate protein —
resulting in apparent inactivation. At the time of these experiments, phosphorylation of p-
catenin was not thought to require priming. This presented a possible explanation for signal-
dependent discrimination of GSK-3 targets since if B-catenin could still bind to Ser 9
phosphorylated GSK-3 hence insulin inactivation of the protein kinase would not affect its
capacity to phosphorylate p-catenin [78]. Subsequently, however, B-catenin was shown to
require priming via phosphorylation of Ser 45 by casein kinase-1 [79,80]. This event allows
GSK-3 catalyzed phosphorylation of Thr 41, then Ser 37 and finally Ser 33.

230Q0QSYLDSGIHSGATTTAPSLSGK g

Sequence surrounding the phosphorylation domain of human B-catenin. Serine 45 is targeted
by casein kinase 1 (priming site). The remaining three bold residues are phosphorylated by
GSK-3

Thus, the mechanism that prevents inactivation of Axin-associated GSK-3 in response to
insulin treatment is currently unclear. Insulin does increase Ser 9/21 phosphorylation of
Axin-bound GSK-3. It is therefore possible that the N-terminal peptide is sterically
prevented from interfering with the substrate binding site of GSK-3 through association with
another component of the Axin complex — perhaps an Axin mimick of Arg 96 [81]?
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YET OTHER FUNCTIONS OF GSK-3

Tau

NF-xB

Cyclin D1

As shown in Table 1, GSK-3 phosphorylates a panopoly of proteins including transcription
factors, metabolic enzymes and structural proteins. The phosphorylation of the microtubule-
associated protein Tau is particularly interesting as GSK-3 phosphorylates sites associated
with hyperphosphorylated forms of Tau that are found in paired helical filamentous Tau
associated with neurofibrilliary tangles in the brains of Alzheimer’s patients [82, reviewed in
83, 84]. A further association with Alzheimer’s disease derives from the finding that
Presenilin 1 binds GSK-3 and B-catenin in a similar manner to Axin [85, 86]. Mutations in
Presenilin 1 (PS1) are relatively common in patients diagnosed with early-onset, familial
Alzheimer’s disease. The protein (along with a related protein, Presenilin 2) plays a role in
the processing of the amyloid precursor protein, APP in generating the amyloid plaque-
associated protein, p-amyloid.

A novel role for GSK-3p was uncovered following its disruption in the mouse germ-line
[87]. Mice lacking both copies of the gene died during embryogenesis due to specific
apoptosis of hepatocytes. This phenotype was reminiscent of the effects of disrupting
components for the NF-xB signaling pathway, such as the RelA DNA binding protein of
NF-xB [88] and 1-xB kinase p [89]. Indeed, like these other knockouts, the liver apoptosis
could be suppressed by maternal injection of antibodies to tumor necrosis factor-a (TNF-a).
NF-xB was originally characterized as an essential component in the regulation of kappa
light chain expression in B cells but has subsequently been shown to be a widely expressed
protein that is activated by many stress-associated stimuli [reviewed in 90]. In general, the
transcriptional targets of NF-xB are associated with survival signals. Mouse embryo
fibroblast cells lacking both copies of the GSK-3f gene are insensitive to NF-xB activation
in response to inflammatory cytokines such as TNF-a [87]. This cytokine normally induces
a mixture of both pro- and anti-apoptotic signals. In the absence of GSK-3p, TNF-a only
stimulates the death pathways and so this cytokine promotes apoptosis in GSK-3p null cells.
The molecular mechanism by which GSK-3p regulates NF-xB is unclear but likely occurs at
the level of the DNA binding subunit since regulation of NF-xB degradation or I-xB
degradation is unaffected in GSK-3p mutant cells [87, 91]. The effect on NF-xB presumably
reflects a function of GSK-3p that is not shared by GSK-3a. Indeed, these protein kinases
share very similar catalytic properties in regulation of substrates such as GS and p-catenin.
To date, NF-xB is the only target to demonstrate differential regulation by the two GSK-3
gene products.

GSK-3 phosphorylation of p-catenin targets it for ubiquitin-mediated degradation. GSK-3
negatively regulates cyclin D1 by promoting its exclusion from the nucleus [92]. Cyclin D1
positively regulates cyclin-dependent kinase 4 (CDK4) function and expression of the cyclin
D1 gene is induced by mitogens and growth factors. By phosphorylating Thr 286 of Cyclin
D1, GSK-3 promotes transport of the CDK4 activator from the nucleus to the cytoplasm and
thus antagonizes progression of the cell cycle through S-phase [93]. There is also evidence
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of regulation of the CDK inhibitor, p21C'P, by GSK-3 via phosphorylation of this protein at
Thr 57 [94].

Like Cyclin D1, Nuclear Factor of Activated T cells (NF-AT) is also excluded from the
nucleus upon phosphorylation by GSK-3 [95, 96]. This protein is an important
transcriptional activator and has been most highly characterized with respect to gene
inductions occurring following ligation of the T cell receptor (although NF-AT proteins play
roles in most tissues) [97]. GSK-3 phosphorylation of this protein is antagonized by
calcineurin, a calcium/calmodulin dependent protein phosphatase. The immunosuppressant
actions of cyclosporine are largely mediated through inhibition of calcineurin and the
subsequent exclusion of NF-AT from the nucleus. Among the target genes for NF-AT is
CDK4 [98]. Thus, in resting T cells, GSK-3 plays a double role in suppressing expression of
both Cyclin D1 and CDKA4.

THE THERAPEUTIC POTENTIAL OF GSK-3 INHIBITORS

The recent availability of small molecule inhibitors to GSK-3 has resulted in several studies
that show promising results with respect to activation of glycogen synthesis in models of
diabetes [30-34]. These experiments have clearly shown that inhibiting GSK-3 is sufficient
to promote glycogen deposition and glucose clearance. The overriding question, however, is
whether inhibiting this enzyme will have adverse effects by interfering with other cellular
processes controlled by GSK-3. In the case of suppression of Tau phosphorylation, the
consequences may be beneficial [99, 100]. However, the remarkable pleiotropism of GSK-3
considerably increases the risk that chronic inhibition may have undesirable effects. The
effects of GSK-3p on NF-xB activation could decrease the viability of cells exposed to
inflammatory cytokines. This might be avoided by selective inhibition of GSK-3a but this is
a tall order for a small molecule inhibitor given the extreme similarity of the catalytic
domains of GSK-3a and B. Alternatively, antisense or siRNA approaches may prove useful
[101]. The corollary of this approach, of course, there may be specific targets of GSK-3a
that, when dysregulated, have deleterious consequences.

Of greater concern, is the effect of inhibiting GSK-3 on growth promaotion and oncogenesis
[102]. Here, the primary cause for anxiety is B-catenin since mutation of this protein at the
GSK-3 phosphorylation sites is sufficient to convert it into an oncogene. Although cells
harbor complex mechanisms to effectively insulate the insulin/polypeptide growth factor-
dependent regulation of GSK-3 from Wnt regulation, small molecule inhibitors and
interfering RNA strategies will not differentiate between the compartments of GSK-3.
Hence, all GSK-3 dependent processes will be similarly affected. In addition to B-catenin,
the negative effects of GSK-3 on Cyclin D1 and NF-AT may also contribute to anomalous
proliferation. GSK-3 has also been implicated in the regulation of the Hedgehog signaling
pathway by regulating the degradation of Cubitus interuptus (Ci) [103,104]/ This pathway
has been implicated in some human tumours and, like the Wnt pathway, plays an important
role in fate determination and organ development during embryogenesis.
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The inhibitor studies on the diabetic animals did not assess the effects of long-term exposure
or incidence of tumors. It is possible that relatively mild inhibition of GSK-3 that is
nonetheless sufficient to re-sensitize liver and muscle tissues to insulin will not invoke
growth promoting effects. For example, patients with bipolar disorder are frequently
prescribed lithium to suppress episodes of mania and depression, yet are not recognized as
having an elevated risk of cancer [105]. However, the levels of lithium in the blood of treated
patients are only in the order of 1-1.5 mM. /n vitro, this results in less than 5% inhibition of
GSK-3 [23]. Mice heterozygous for GSK-3p (that is, expressing 75% of the total GSK-3
activity of wild type animals) are fertile and appear quite normal (at least for the first year of
life). Indeed, even embryos lacking both copies of GSK-3p appear grossly normal apart
from the hepatocyte defect [87]. This is perhaps surprising given that insulin and Wnt
signals result in a transient 50-60% inhibition of GSK-3 and this degree of inhibition is
sufficient to trigger the biological effects. The knockout animal data suggest that cells reset
their thresholds for GSK-3 activity or that total GSK-3 activity is not limiting until more
than 50% is inactivated. In the case of the Wnt pathway, fibroblasts completely lacking
GSK-3p show no elevation of B-catenin. However, GSK-3a fully compensates for the
GSK-3p void since it also binds Axin and is in molar excess over this scaffolding protein.
Therefore, GSK-3p null cells experience no change in their capacity to phosphorylate and
degrade p-catenin.

With all of these caveats, the safety profile of GSK-3 inhibitors will likely require exhaustive
assessment to convince regulatory agencies that chronic treatment is well tolerated and does
not lead to increased chance of tumors. Perhaps a less risky, albeit complicated, strategy for
an insulin-sensitizer would be to target the GS/GSK-3 molecular interface since this
blocking this interaction appears sufficient for promoting glucose clearance. For the
immediate future, the availability of potent reagents that selectively antagonize GSK-3
should result in better understanding of the complex functions of this enigmatic protein
kinase — regardless of its ultimate suitability as a therapeutic target.
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