1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATIG,
fiy

Published in final edited form as:
Pharmacol Ther. 2015 April ; 0: 114-131. doi:10.1016/j.pharmthera.2014.11.016.

Glycogen synthase kinase-3 (GSK3): regulation, actions, and
diseases

Eleonore Beurel, Steven F. Grieco, and Richard S. Jope?
Department of Psychiatry and Behavioral Sciences and Department of Biochemistry and
Molecular Biology, Miller School of Medicine, University of Miami, Miami, FL 33136

Abstract

Glycogen synthase kinase-3 (GSK3) may be the busiest kinase in most cells, with over 100 known
substrates to deal with. How does GSK3 maintain control to selectively phosphorylate each
substrate, and why was it evolutionarily favorable for GSK3 to assume such a large responsibility?
GSK3 must be particularly adaptable for incorporating new substrates into its repertoire, and we
discuss the distinct properties of GSK3 that may contribute to its capacity to fulfill its roles in
multiple signaling pathways. The mechanisms regulating GSK3 (predominantly post-translational
modifications, substrate priming, cellular trafficking, protein complexes) have been reviewed
previously, so here we focus on newly identified complexities in these mechanisms, how each of
these regulatory mechanism contributes to the ability of GSK3 to select which substrates to
phosphorylate, and how these mechanisms may have contributed to its adaptability as new
substrates evolved. The current understanding of the mechanisms regulating GSK3 is reviewed, as
are emerging topics in the actions of GSK3, particularly its interactions with receptors and
receptor-coupled signal transduction events, and differential actions and regulation of the two
GSK3 isoforms, GSK3a and GSK3p. Another remarkable characteristic of GSK3 is its
involvement in many prevalent disorders, including psychiatric and neurological diseases,
inflammatory diseases, cancer, and others. We address the feasibility of targeting GSK3
therapeutically, and provide an update of its involvement in the etiology and treatment of several
disorders.
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1. Introduction

Not long ago, glycogen synthase kinase-3 (GSK3) seemed to be a rather curious enzyme in a
number of ways, but perhaps not one of especially widespread importance (Grimes and
Jope, 2001; Woodgett, 2001). GSK3 was considered of some interest because it has the
unconventional characteristics for a kinase of being constitutively active, its substrates
usually need to be pre-phosphorylated by another kinase, and it is inhibited, rather than
activated, in response to stimulation of the two main signaling pathways known to impinge
on GSK3, the insulin and Wnt pathways. These characteristics made GSK3 somewhat
idiosyncratic compared with other kinases, but did not engender especially widespread
attention. However, two key developments in particular transformed this perspective to the
current state of widespread interest. One of these developments was the discovery that
GSK3 is a key kinase contributing to abnormal phosphorylation of the microtubule-binding
protein tau in the process thought to cause neurofibrillary tangles in Alzheimer’s disease
(Hanger et al., 1992; Mandelkow et al., 1992). This finding brought GSK3 to the attention of
the many investigators, as well as pharmaceutical companies, who were looking for
therapeutic targets for Alzheimer’s disease. The other development was the finding that
GSK3 is inhibited by lithium (Klein and Melton, 1996; Stambolic et al., 1996). Lithium is
the classical mood stabilizer used in the treatment of bipolar disorder, so this finding raised
the prospect that GSK3 may have a central role in bipolar disorder, and it also provided a
relatively selective inhibitor of GSK3 that opened the door for discoveries of other targets of
GSKa3. Thus, during the last 20 years the interest in GSK3 and its known actions swung to
the opposite pole, and it now seems like GSK3 touches almost every aspect of cellular
signaling and is involved in an unparalleled number of disease processes.

In conjunction with these discoveries and the ensuing enormous growth in recognizing new
actions of GSK3, many additional inhibitors of GSK3 were developed as GSK3 began to be
seriously considered as a therapeutic target (Eldar-Finkelman and Martinez, 2011). Potential
therapeutic applications include many prevalent conditions, such as cancer, cardiovascular
diseases, diabetes, inflammatory conditions, neurodegenerative diseases, and psychiatric
diseases, as well as other less prevalent conditions. Such an expansive influence on cellular
signaling and association with multiple disease processes has stimulated skeptics to inquire
how GSK3 can manage all of its tasks in an organized fashion, and how such a pervasive
kinase can reasonably be thought of as a feasible therapeutic target. Although these
conundrums remain to be definitively answered, much recent progress reviewed here is
leading to a more complete understanding of this enigmatic kinase and its potential as a
therapeutic target. Moreover, substantial evidence supports the conclusion that inhibition of
GSKa3 is an important action contributing to the mood stabilizing action of lithium in bipolar
disease, demonstrating that inhibition of GSK3 is, in fact, feasible for safe therapeutic
interventions.

A single review cannot adequately cover all aspects concerning GSK3, and there are now
excellent reviews available that are focused on many of the individual processes and
diseases involving GSK3, which are cited below. Therefore, this review is focused on
conceptualizations concerning the actions and regulation of GSK3, on misunderstandings
and ambiguities about GSK3, and on new directions that are developing in GSK3 research.
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Many of these topics are best considered in discussions of the mechanisms regulating GSK3
and its associations with several classes of diseases.

2. Regulation of GSK3-mediated substrate phosphorylation

GSK3 refers to two paralogs that are commonly referred to as isoforms, GSK3a and
GSK3. A theoretical analysis found that GSK3B has more predicted substrates than any
other kinase (Linding et al., 2007). The mean number of substrates for the 68 kinases
examined was 12, the average was 70 substrates, and the predicted number of substrates for
GSK3p was over 500 (Linding et al., 2007). While this is almost certainly an overestimation,
about 100 proteins phosphorylated by GSK3 have already been reported, although further
analyses are required before all can be considered to be bona fide in vivo GSK3 substrates
(Sutherland, 2011). Nonetheless, the high number of GSK3 substrates raises the question of
how can GSK3 phosphorylate so many proteins in a cell with any discretion? Furthermore,
why would one kinase (although there are actually two, GSK3a and GSK3p) have evolved
to phosphorylate so many substrates when nature has so many kinases to choose from?
Although these questions have not been answered satisfactorily, they suggest that there must
be certain characteristics of GSK3 that are particularly useful and versatile which outweigh
the functional constraints and complexities required to provide discretion among many
substrates. Since GSK3’s activity as a kinase is not particularly different from other kinases,
we suggest that the mechanisms regulating GSK3 are particularly adaptable for
incorporation into new signaling pathways without perturbing those already existent. Thus, a
key to GSK3’s actions may be the multiple regulatory mechanisms available to orchestrate
its substrate-specific actions, which are discussed in the following sections of this review.
However, this promiscuity also appears to have provided multiple interactions that can be
disrupted to result in unbridled actions of GSK3 contributing to multiple types of diseases,
which are discussed later in this review. We originally categorized these crucial mechanisms
that confer specificity for signaling pathways and for substrates to include the regulatory
phosphorylation of GSK3 itself, the regulation of substrate availability, the subcellular
localization of GSK3 and its substrates, and the incorporation of GSK3 into protein
complexes (Jope and Johnson, 2004), categories that remain the primary mechanisms known
to regulate GSKa3.

2.1. Regulatory post-translational modifications of GSK3

Inhibitory serine-phosphorylation is the most frequently examined mechanism that regulates
the activity of GSK3, although the intricate beauty of this mechanism is often
underappreciated. Two key functional domains of GSK3 have been identified (Figure 1), a
primed-substrate binding domain that recruits substrates to GSK3, and a kinase domain that
phosphorylates the substrate (Frame et al., 2001; ter Haar et al., 2001; Dajani et al., 2003).
The former domain provides a binding site for most GSK3 substrates, those that are primed
by being pre-phosphorylated. Although GSK3 can phosphorylate a few non-primed
substrates at Ser-Pro sites, the most common target for phosphorylation by GSK3 is the pre-
phosphorylated sequence, S/T-X-X-X-S/T(P), where GSK3 phosphorylates a serine/
threonine four residues N-terminal to a pre-phosphorylated serine/threonine. However, the
number of intervening residues between the primed site and the GSK3 target site can be
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more (Cole et al., 2004) or less (Singh et al., 2012) than four, not surprisingly suggesting
that the three-dimensional structure of the substrate influences its interactions with GSKS3.
The priming phosphorylation allows the substrate to bind the primed-substrate binding
domain, placing the target serine/threonine adjacent to the kinase domain of GSK3 to
facilitate its phosphorylation (Figure 1). Substrates often contain three or four adjacent S/T-
X-X-X-S/T(P) motifs, allowing GSK3 to phosphorylate every fourth residue in a string of
sequential sites as it creates its own primed substrate in a stepwise fashion. For example,
GSK3 phosphorylates serines 652, 648, 644 and 640 in glycogen synthase, and residues 41,
37, and 33 in B-catenin. In some cases, non-primed substrates may contain an acidic residue
four amino acids C-terminal from the GSK3 target site in place of the primed
phosphorylated residue, such that the acidic residue can interact with the primed-substrate
binding site, but this is not always the case.

The frequent requirement for a primed substrate is central to two mechanisms that regulate
GSK3'’s actions: inhibitory serine phosphorylation of GSK3, and control of substrate
availability, which is discussed in section 2.2. Phosphorylation of serine-21 in GSK3a or of
serine-9 in GSK3p causes the N-terminal tail of GSK3 to act as a pre-phosphorylated
substrate, or pseudosubstrate (Frame et al., 2001). This phosphorylated serine tail self-
associates in the primed-substrate binding pocket, hindering the binding of primed
substrates, and thus diminishing primed-substrate phosphorylation by GSK3 (Figure 1).
Multiple signaling pathways feed into this site to increase the serine-phosphorylation of
GSK3, which can be mediated by Akt, protein kinase A (PKA), protein kinase C, p70 S6
kinase, and other kinases. Thus, many signaling pathways that activate these kinases can
inhibit GSK3 by phosphorylating the inhibitory serines on GSK3. An intriguing exception to
this regulatory mechanism is the recent discovery that GSK3 phosphorylates AMP-activated
kinase (AMPK) to inhibit its activity (Suzuki et al., 2013). Remarkably, Akt, which usually
inhibits GSK3 by serine-9/21 phosphorylation, promotes AMPK phosphorylation by GSK3,
showing that in some circumstances Akt and GSK3 cooperatively modulate signaling
pathways. However, in general, measuring the serine-9/21 phosphorylation of GSK3
provides a valuable assessment of conditions that regulate the activity of GSK3 via this
mechanism, but it is useful to consider four caveats to this conclusion.

i. Notall substrates of GSK3 are primed, so these non-primed substrates may not
require binding to the primed substrate binding domain to be phosphorylated by
GSK3, depending on the existence of an acidic residue in place of the primed
residue. Thus, the serine-phosphorylation inhibitory mechanism does not
necessarily regulate the phosphorylation of non-primed substrates by GSKS3.
Therefore, if a non-primed substrate is under investigation, examining changes in
the serine-phosphorylation of GSK3 should be interpreted cautiously. Thus, it is
critical to understand the characteristics of GSK3 substrates when investigating
their regulatory interactions with GSK3.

ii. The activity of GSK3 in certain protein complexes is not affected by serine-
phosphorylation of GSK3. This has been most well-established, and most often
misinterpreted, for Wnt signaling, which is impervious to the serine-
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phosphorylation status of GSK3 bound to Axin, as discussed in detail in section
2.4.

iii. The serine-phosphorylation status of GSK3 is probably most often undergoing
oscillations. These may be rapid, such as in depolarizing-repolarizing neurons, or
slower, such as changes associated with varying levels of circulating hormones that
regulate GSK3 (discussed in section 3.2) or associated with the circadian rhythm in
the suprachiasmatic nucleus and liver of mice, as well as in cultured cells (litaka et
al., 2005). These fluctuations may influence the basal level of GSK3
phosphorylation and responsiveness to interventions depending on the time scales
of the fluctuations and experimental manipulations.

iv. One of the most often over-looked characteristic of the serine-phosphorylation
inhibitory mechanism is that it does not cause absolute inhibition of GSK3 activity.
In contrast, the phospho-Ser9/21 domain is inhibitory by a mechanism that is
competitive with primed substrates (Frame et al., 2001). The Ser-9/21 tail of GSK3
is in a dynamic state of phosphorylation and dephosphorylation, and fluctuates in
its binding and release from the primed-substrate binding pocket. Thus, as the
concentration of the primed substrate increases, it is able to out-compete the
phospho-Ser9/21 domain for binding to GSK3. One ramification of this is that only
at low concentrations of the primed substrate is its phosphorylation by GSK3
blocked by phospho-Ser9/21, but as the primed substrate concentration increases it
displaces phospho-Ser9/21 and once again can be phosphorylated by GSK3. Thus,
inhibitory serine-phosphorylation of GSK3 does not absolutely eliminate its
phosphorylation of primed substrates, but this mechanism allows an accumulation
of the primed substrate that reaches a new steady-state level at which it reemerges
as a substrate of GSK3.

Thus altogether, there are many intricacies associated with the serine-phosphorylation
mechanism of regulating GSK3, which can lead to misinterpretations of findings but should
instead provide important clues about the regulation of signaling systems.

Phosphorylation of ser21-GSK3a and ser9-GSK3p can be mediated by a large humber of
different kinases, as noted above. This is important because it allows multiple signaling
pathways to impinge on GSK3, and for GSK3 to act as an integrator of signals. It seems
likely, but not yet demonstrated in sufficient detail, that the formation of protein complexes
has an important role in allowing multiple signals and their particular kinases to regulate
GSK3, as discussed in section 2.4. It is also intriguing to note that these are not one-way
interactions, but that the activity of GSK3 can also regulate the actions of some GSK3-
inhibiting kinases. This bi-directionality has been studied most with the Akt-GSK3
interaction, in which Akt not only inhibits GSK3 but GSK3 can also regulate Akt. For
example, GSK3 can regulate Akt in a complex with B-arrestin, which is described in section
3. GSK3a has also been shown to regulate Akt in a manner unique from GSK3p, as GSK3a
has been reported to promote the activating phosphorylation of Akt, which may be a cell
type specific mechanism for GSK3a to attenuate its own actions (Lu et al., 2011).
Additionally, GSK3a can also inhibit the activity of Akt via phosphorylation on a recently
discovered regulatory site at threonine312-Akt (Gulen et al., 2012). Also, GSK3 promotes
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the activity of protein phosphatase-1 (PP1) by phosphorylating to inhibit its inhibitor, called
I-2. This activation of PP1 not only increases GSK3 activity, but also may de-phosphorylate
upstream kinases, thereby diminishing their induction of phosphoserine-GSK3 (DePaoli-
Roach, 1984; Zhang et al., 2003). Thus, there are clearly bi-directional interactions between
GSK3 and kinases that phosphorylate GSK3, which are likely driven by specific signaling
pathways in a cell type-specific manner, and there are mechanisms by which active GSK3
can perpetuate its own activity.

GSK3 is also phosphorylated at other sites besides serine9/21, but their regulatory outcomes
remain unclear. Phosphorylation on Tyr216-GSK3p and Tyr279-GSK3a, is required for
maximal activity (Hughes et al., 1993; Frame and Cohen, 2001). During translation, GSK3
phosphorylates itself on these residues so that an active kinase is immediately synthesized
(Cole et al., 2004b). This is another fascinating characteristic of GSK3, during synthesis it
can be a tyrosine kinase, but mature GSK3 is a serine/threonine kinase. Although still
unsettled, it appears that phosphotyrosine phosphatases can deactivate GSK3 under certain
conditions, because changes in phosphotyrosine-GSK3 levels have been reported in a wide
variety of conditions. However, more research is needed to clarify how and when GSK3 is
regulated by changes in tyrosine phosphorylation. GSK3p is also phosphorylated on
ser389/390 and ser43, but little is known about specific signaling pathways that mediate
these modifications and their functional outcomes.

Investigators have long thought that GSK3 must be regulated by additional post-translational
mechanisms because it seemed that more control is necessary for it to distinguish among
numerous substrates and to be uniquely regulated by specific signaling pathways (Jope and
Johnson, 2004). Such modifications are finally beginning to be identified. GSK3 has been
reported to be cleaved to activated fragments by calpain (Gofii-Oliver et al., 2007; Gofii-
Oliver et al., 2009) and by matrix metalloproteinase-2 (Kandasamy and Schulz, 2009),
which may affect its selection of substrates to phosphorylate. A regulatory effect of
acetylation on GSK3 activity was recently reported (Monteserin-Garcia et al., 2013).
Furthermore, GSK3p was recently found to be inhibited by mono-ADP-ribosylation (Feijs et
al., 2013; Rosenthal et al., 2013), and to be regulated by citrullination (Stadler et al., 2013).
These and other phosphorylation-independent post-translational mechanisms seem likely to
contribute to regulating the multiple actions of GSK3. In the near future we foresee
important progress being made in determining which particular pathways utilize each of
these modifications, and the identification of additional post-translational modifications that
regulate GSK3.

2.2. Substrate pre-phosphorylation and availability

Substrate-recognition by GSK3 is an often underappreciated but crucial mechanism for
regulating the actions of GSK3. As noted in the previous section, for GSK3 to phosphorylate
the majority of its substrates, two signals must coincide temporally and spatially: induction
of the priming phosphorylation of the substrate and GSK3 activation. As noted above, most
GSKa3 substrates must be primed by phosphorylation on a residue approximately 4 residues
C-terminal to the GSK3 target residue, S/T-X-X-X-S/T(P) (Figure 1). This means that
GSK3 does not recognize the substrate unless another signaling pathway is activated that
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primes, by pre-phosphorylating, the substrate. This is an exquisite mechanism for limiting
the action of GSK3: signals must be generated to activate a kinase to pre-phosphorylate the
substrate, GSK3 must be co-localized with the primed substrate, and the timing of signals
that activate GSK3 (e.g., by phosphoserine dephosphorylation) all must be coordinated to
determine if and when GSK3 phosphorylates the substrate. This provides an elegant
mechanism for preventing spurious actions of GSK3 and to temporally limit the lifetime of
primed substrates. For example, the transcription factor cyclic AMP response element
binding protein (CREB) is not recognized by GSK3 unless a CREB-activating pathway is
turned on that induces phosphorylation of CREB on serine-133, which activates CREB. This
creates a primed phosphorylation site for GSK3, and in this way intracellular signaling
pathways direct GSK3 to its target. However, since GSK3 is constitutively partially serine-
phosphorylated, and thus partially inhibited from recognizing primed substrates, another
signal coinciding in time and intracellular location is required to reduce serine-
phosphorylation of GSK3 to allow it to recognize phosphoserine133-CREB. In other words,
for nuclear CREB, a signal must cause serine-dephosphorylation of GSK3 in the nucleus at a
time when CREB is phosphorylated on serine-133. Since phosphorylation of CREB on
serine-129 by GSK3 inactivates CREB, we envision this as a mechanism for ensuring that
the activation of CREB is transient, an outcome that may be employed in transient learning
events that require active CREB for a short time. Thus, this provides an exquisite
mechanism for cycling the actions of GSK3 substrates.

2.3. Subcellular localization

GSK3 has traditionally been considered to be largely a cytosolic protein. However, GSK3 is
also present within the mitochondria and nucleus, as well as other subcellular compartments,
where its levels and/or activation state can be regulated by localized signaling activities.
Mitochondrial GSK3 may be especially important in oxidative stress and certain apoptotic
conditions (Bijur and Jope, 2003; King et al., 2001). However, little is known about
mechanisms regulating the mitochondrial level and activity of GSK3, or the mitochondrial
substrates of GSK3, topics that may provide important information about potential
pathological roles of mitochondrial GSK3 in diseases that involve mitochondrial
dysfunction.

In contrast to its mitochondrial actions, many nuclear effects of GSK3 have been identified,
particularly those involving the regulation of gene expression. GSK3 enters the nucleus via
an intrinsic nuclear localization sequence in GSK3p (Meares and Jope, 2007), and the
nuclear levels of GSK3p rapidly increase in response to some apoptotic stimuli (Bijur and
Jope 2001). Conversely, the GSK3-binding protein Frat promotes nuclear export of GSK3
(Franca-Koh et al., 2002). The distinct N-terminal region of GSK3a causes nuclear
exclusion that can be counter-activated by calcium signaling (Azoulay-Alfaguter et al.,
2011).

Actions of GSK3 affecting nuclear functions, specifically gene expression, include indirect
effects via its regulation of many transcription factors, and more direct effects resulting from
the regulation of recently identified epigenetic mechanisms. Transcription factors are the
largest known class of GSK3 substrates, providing a mechanism by which GSK3 can
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influence the expression of many genes. Among the many transcription factors regulated by
GSK3 are Fos/Jun AP-1, CREB, heat shock factor 1, nuclear factor of activated T cells
(NFAT), myc, C/EBP, NF-xB, p53, signal transducer and activator of transcription-3
(STAT3), as well as many others that have been reviewed previously (Grimes and Jope,
2001; Jope and Johnson, 2004; Sutherland, 2011). More recently, evidence has begun to
reveal significant modulatory effects of GSK3 on proteins involved in epigenetics. Evidence
is particularly strong that GSK3 contributes to the regulation of histone modifications that
play a central role in epigenetics. GSK3 can directly phosphorylate histone 1.5 (Happel et
al., 2009) and promotes histone 3 phosphorylation, although the mechanism was not
identified (Gupta et al., 2014). GSK3 also phosphorylates several histone deacetylases
(HDACs). GSK3 phosphorylates HDAC3, which promotes its activity (Bardai and D’Mello,
2011), and HDACA4, a modification that targets HDACA4 for degradation (Cernotta et al.,
2011), and indirect evidence suggests that GSK3 may also phosphorylate HDAC6 to
regulate its activity (Chen et al., 2010). Conversely, several HDAC inhibitors have been
reported to increase the inhibitory serine-phosphorylation of GSK3 (De Sarno et al., 2002).
There is also evidence that members of the sirtuin (Sirt) family of deacetylases regulate
GSKa3. Sirt2 activity is associated with inhibition of GSK3 (Dan et al., 2012; Si et al., 2013),
whereas Sirtl has been reported to either activate (Monteserin-Garcia et al., 2013) or inhibit
(Li et al., 2013) GSK3. GSK3 also modulates post-translational modifications of histones by
regulating several histone acetyltransferases (HATSs). GSK3 directly phosphorylates and
activates the HAT Tip60 (Charvet et al., 2011) (Figure 3), which was shown to mediate the
previously reported promotion by GSK3 of apoptosis induced by the transcription factor p53
(Watcharasit et al., 2002) and to promote autophagy (Lin et al., 2012). Steroid receptor
coactivator-1 was identified as a HAT (Spencer et al., 1997) and both steroid receptor
coactivator-1 (Hartmaier et al., 2012) and its paralog steroid receptor coactivator-3 (Wu et
al., 2007) are phosphorylated by GSK3, which promotes their degradation. CLOCK is a
transcription factor crucial for circadian function that has intrinsic HAT activity (Bellet and
Sassone-Corsi, 2010), and GSK3 phosphorylates both CLOCK (Spengler et al., 2009) and
its interacting transcription factor BMAL1 (Sahar et al., 2010), which regulates their
stabilities and the circadian rhythm. The GSK3 inhibitor lithium regulates expression of
T08D10.2, the Caenorhabditis elegans analog of the histone demethylase LSD-1, in a
GSK3-dependent manner (McColl et al., 2008). In addition to its effects on histones and
their modifying enzymes, GSK3 can also modulate DNA-modifying enzymes. GSK3
phosphorylates and reduces the stability of DNA methyltransferasel (Dnmtl1) (Sun et al.,
2007; Lin et al., 2010a; Li et al., 2013), and GSK3 also regulates the stability of Dnmt3a2,
although the mechanism remains to be identified (Popkie et al., 2010). Epigenetic regulation
by GSK3 has been especially well-characterized in the regulation of expression of a subset
of NF-kB-regulated genes (Ougolkov et al., 2007; Zhang et al., 2014). Thus, by regulating
numerous transcription factors and proteins involved in epigenetic regulation, GSK3 has
widespread modulatory effects on gene expression.

Besides these classical nuclear and mitochondrial compartments, GSK3 is also
compartmentalized in other subcellular structures, such as in growth cones (Eickholt et al.,
2002; Zhou et al., 2004; Wood-Kaczmar et al., 2009), and in protein complexes, as
discussed in the following section. Little is known about mechanisms that regulate
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trafficking of GSK3 within cytosolic domains, which likely has important consequences for
GSK3 function, although Fluorescence Recovery after Photobleaching (FRAP) analysis
indicated that 84% of cytosolic GSK3p was mobile in mouse embryonic fibroblasts (Meares
& Jope, 2007). Furthermore, sustained Wnt signaling leads to sequestration of GSK3 in
multi-vesicular endosomes, which affects its functions in both Wnt-mediated and Wnt-
independent actions (Taelman et al., 2010). The localization of GSK3 obviously is important
in regulating its actions, but much remains to be learned about mechanisms regulating GSK3
trafficking within cells and the functional consequences.

2.4. Association in protein complexes

A major mechanism that has evolved for targeting GSK3 towards specific substrates is by its
incorporation into protein complexes that recruit substrates for GSK3 to phosphorylate.
These include both preassembled complexes and signal-induced complexes. The classical
example of a GSK3-containing preassembled complex is the 3-catenin destruction complex
in the Wnt signaling pathway (Figure 2). In this complex, the scaffold protein Axin, with the
assistance of the associated protein APC (Adenomatous Polyposis Cali), brings B-catenin
into close proximity to GSK3. GSK3 phosphorylates 3-catenin on residues 41, 37, and 33
after priming phosphorylation by casein kinase 1, which targets -catenin to the proteasomal
degradation machinery. Wnt ligands induce disruption of the complex, which prevents
GSK3 from phosphorylating f-catenin, allowing the accumulation and nuclear import of -
catenin. Several Axin-binding proteins have been identified that modulate the
phosphorylation of -catenin in the Axin-GSK3 complex (Harauchi et al., 2008; Kim et al.,
2009; Kashikar et al., 2011; Deng et al., 2012), suggesting that much remains to be learned
about how signaling pathways are integrated at this locus. Others have reviewed the details
of the B-catenin destruction complex (MacDonald et al., 2009; Valvezan and Klein, 2012;
Willert and Nusse, 2012), but there are several important points that are often overlooked by
investigators new to the field.

i. B-catenin phosphorylation by GSK3 in this complex is impervious to serine-
phosphorylation of GSK3 (Ng et al., 2009). As well-reviewed by Woodgett and
colleagues (Voskas et al., 2010; Kaidanovich-Beilin and Woodgett, 2011), the
activity of GSK3 coupled to Axin is not controlled by the GSK3 serine-
phosphorylation mechanism. This independence of regulation by GSK3 serine-
phosphorylation may be due to structural constraints that make Axin-bound GSK3
inaccessible to kinases that would otherwise phosphorylate the inhibitory serine, or
it may be due to the proximity of its primed substrate $-catenin, although details of
the three-dimensional structure of the complex remain unclear. Taken along with
the fact that only a very small portion of cellular GSK3 is bound to Axin (Voskas et
al., 2010; Kaidanovich-Beilin and Woodgett, 2011), it is evident that most
phosphoserine-GSK3 measured in cells is not the GSK3 that is associated with
AXin. Thus, it is important to be wary of the often-stated conclusion after an
experimental treatment that there is a direct relationship between increases in the
serine-phosphorylation of GSK3 and increases in the level of B-catenin; these
outcomes can occur in parallel but increased serine-phosphorylation of GSK3 does
not inhibit GSK3 in the p-catenin destruction complex. This mechanism of

Pharmacol Ther. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Beurel et al.

Page 10

insulating Wnt signaling from signaling induced by insulin and other pathways that
regulate serine-phosphorylation of GSK3 is not only ingenious as only nature can
be, but it is obviously critical to avoid disastrous activation of Wnt signaling by
insulin and by every other signal that increases serine-phosphorylated GSK3. Thus,
numerous reports that certain conditions increase the serine-phosphorylation of
GSK3 and elevate p-catenin levels should not be interpreted as a cause-and-effect
relationship between these two events.

In many cells, if not all, only a small portion of B-catenin is associated with the
AXxin destruction complex, with much of the -catenin instead being associated in
other protein complexes at the plasma membrane. Therefore, changes in total
cellular levels of B-catenin often do not reflect changes in the activity of the Axin-
linked B-catenin destruction complex. Rather, it is more informative to measure
changes in nuclear B-catenin, which increase after the Axin-p-catenin destruction
complex is inactivated.

B-catenin is not the only GSK3 substrate that binds to Axin (Figure 3). Although
Whnt signaling is most often the subject of studies of Axin-GSK3-substrate
interactions, Axin also brings other substrates into close proximity for
phosphorylation by Axin-bound GSK3 (Kim et al., 2009), such as Smad3 (Guo et
al., 2008), tuberous sclerosis complex-1 (TSC1)/hamartin and TSC2/tuberin (Mak
et al., 2003; Mak et al., 2005; Rosner et al., 2008). Largely unaddressed are the
regulatory consequences of the existence of multiple Axin-bound GSK3 substrates,
e.g., is the phosphorylation by GSK3 of other Axin-bound substrates also
impervious to regulation of GSK3 by serine-phosphorylation? Is there competition
between (-catenin and other GSK3 substrates for the limited amount of Axin? Less
than 10% of cellular GSK3 has been estimated to be associated with Axin (Voskas
et al., 2010; Kaidanovich-Beilin and Woodgett, 2011), indicating that the level of
Axin is limiting, not the GSK3 level, for substrates requiring binding to Axin to be
phosphorylated by GSK3. Thus, there are likely some important regulatory
interactions between different signaling pathways that utilize the Axin-GSK3-
substrate route, e.g., how is priority determined between Axin-bound GSK3
substrates, and does this provide an integrative mechanism, or competition,
between signaling pathways? For example, cooperative actions of Axin and p53,
and several p53-regulating proteins such as Tip60 (Figure 3), have been
demonstrated to regulate both p53 and p-catenin actions (Levina et al., 2004; Rui et
al., 2004; Li et al., 2007b Li et al., 2009) and may contribute to the promotion of
p53 actions by GSK3 (Watcharasit et al., 2002; Watcharasit et al., 2004).

Although often viewed as an independent entity in cells, the Axin-B-catenin
destruction complex has a variety of interactions with Axin-independent actions of
GSK3. APC not only regulates the actions of GSK3 in the Axin complex, but also
regulates GSK3 activity towards other substrates not dependent on binding to Axin
(Valvezan et al., 2012b). A variety of signals and proteins regulate the Axin-p-
catenin destruction complex, as others have reviewed (MacDonald et al., 2009;
Valvezan and Klein, 2012; Willert and Nusse, 2012). One of these is B-arrestin,
which binds Axin and the GSK3-binding protein dishevelled (Bryja et al., 2007).
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However, B-arrestin also mediates dopamine D2 receptor-induced signaling to Akt
and GSK3, as discussed in section 3. Surprisingly, the dual actions of -arrestin in
Akt and Wnt signaling have not been explored in greater detail.

In addition to Axin, a growing number of GSK3-binding proteins, have been identified that
appear to direct GSK3 phosphorylation for specific functions, reflecting the importance of
protein complexes in allowing signals to regulate the action of GSK3 in a substrate-selective
manner. For example, members of the 14-3-3 family of proteins bind GSK3 (Agarwal-
Mawal et al., 2003; Yuan et al., 2004; Liao et al., 2005), an interaction with intriguing
potential consequences. 14-3-3 proteins generally bind phosphorylated proteins, raising the
possibility that they interact with serine-phosphorylated GSK3 either to modulate its
dephosphorylation/phosphorylation cycle or to direct its action towards specific substrates
regardless of its serine-phosphorylation, similar to Axin. GSK3 also was recently found to
bind to inositol hexakisphosphate-1, which enhanced GSK3 activity (Chakraborty et al.,
2013). Other interactions include glycogen synthase kinase 3p interaction protein (GSKIP)
that appears to function as a member of the A-kinase anchoring proteins (AKAP) family and
inhibits GSK3 in the Wnt signaling complex (Chou et al., 2006; Hundsrucker et al., 2010),
protein 4.1R that regulates GSK3 at microtubules (Ruiz-Saenz et al., 2013), suppressor of
fused (Sufu) that is both phosphorylated by GSK3 and links GSK3 to Gli3 in the hedgehog
signaling pathway (Kise et al., 2009; Chen et al., 2011) and GSK3 binds, and is activated by,
the CDKS5 activator protein p25 (Chow et al., 2014). Additionally, as detailed in other
reviews, GSK3 is involved in protein complexes that regulate growth cones (Eickholt et al.,
2002; Zhou et al., 2004), cell polarity (Etienne-Manneville and Hall, 2003), and focal
adhesions (Cai et al., 2006; Kobayashi et al., 2006). The actions of GSK3 in protein
complexes also extend to receptors and receptor-coupled signal transduction systems, as
discussed in section 3. It is not known which of these protein binding interactions, like Axin,
also insulate the activity of GSK3 from being regulated by serine-phosphorylation, i.e., does
binding of GSK3 often insulate it from regulation by signals that increase the inhibitory
serine-phosphorylation of GSK3? We suggest that this topic has much promise for clarifying
mechanisms that regulate GSK3 and finding further substrates that are phosphorylated by
GSK3 on other scaffolds.

Considering the importance of GSK3 binding proteins in regulating its actions and substrate
selectivity, there is a notable gap in studies of the domains and amino acid sequences in
GSK3 that associate with regulatory proteins. Although this has been studied in detail for the
interacting domains of GSK3 in the Axin complex (Ferkey and Kimelman, 2002; Fraser et
al., 2002; Dajani et al., 2003; Howng et al., 2010), since then detailed binding
characterization has seldom been reported, such as for its interaction with Kaposi’s sarcoma-
associated herpesvirus latency-associated nuclear antigen (Fujimuro et al., 2005) and p53
(Eom and Jope, 2009). It is likely that identification of the GSK3 domains interacting with
binding partners will be crucial for developing methods to interfere with the actions of
GSK3 in a manner selective to specific substrates, or at least to signaling pathways, that may
be useful in therapeutics developments.
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2.5. Other mechanisms regulating the actions of GSK3

2.5.1. Expression—GSK3 seldom appears to be regulated by changes in expression, as
only a few conditions have been reported in which the expression or levels of GSK3 are
markedly altered. However, large changes in GSK3 levels can occur, for example there is a
large, ~10-fold increase in GSK3p in the Th17 subtype of T cells, relative to other T cells
(Beurel et al., 2011), and large 3-4-fold changes occur in the levels of both GSK3 isoforms
in mouse brain during development (Beurel et al., 2012). However these are exceptions to
the more common stability of GSK3 expression and levels. Nonetheless, GSK3 levels have
been reported to change in response to a variety of treatments. It is also intriguing that
patients with bipolar disorder have an increased frequency of a copy number variation in the
GSK3/f locus (Lachman et al., 2007). Future studies directed towards identifying the
molecular mechanisms regulating GSK3 expression, and its degradation, may provide
important information for the development of new interventions capable of altering the
cellular levels of GSKa3.

2.5.2. Single nucleotide polymorphisms (SNPs)—A number of SNPs have been
identified in the GSK34 gene that may be linked to disease susceptibility or responses to
therapeutic drugs, particularly including links between GSK34 SNPs to susceptibility to
mood disorders and to therapeutic responses to drugs used in mood disorders (Benedetti et
al., 2004a; Benedetti et al., 2004b; Benedetti et al., 2005; Szczepankiewicz et al., 20064a;
Adli et al., 2007; Tsai et al., 2008; Inkster et al., 2009; Inkster et al., 2010; Saus et al., 2010).
However, other studies have not found mood disorder-linked associations with GSK34 SNPs
(Nishiguchi et al., 2006; Szczepankiewicz et al., 2006b). SNPs may alter the expression or
actions of GSK3, but this remains largely speculative as little is known about the functional
outcomes of GSK3/ SNPs. However, one GSK34 polymorphism associated with Parkinson’s
disease was reported to alter GSK3f transcription and splicing (Kwok et al., 2005). If
progress is to be made in this area, further studies of the functional effects of GSK3 SNPs
should receive highest priority.

2.5.3. Alternative splicing—Alternative splicing can give rise to forms of GSK3p with
altered functions (Schaffer et al., 2003; Kwok et al., 2005). Especially intriguing is the
GSK3p2 variant that is particularly abundant in the brain (Mukai et al., 2002), which
contains an insert within the kinase domain that is regulated by the DDX5 and DDX17 RNA
helicases (Samaan et al., 2014). GSK3p2 has been reported to be targeted to growing
neurites and growth cones (Wood-Kaczmar et al., 2009), to be required for axon growth
(Castarfio et al., 2010), and GSK32 has reduced activity towards some, but not all,
substrates compared with GSK3B1 (Mukai et al., 2002; Soutar et al., 2010).

Altogether, in contrast to the common notion that GSK3 is only regulated by serine-
phosphorylation and by binding to Axin, there is a plethora of mechanisms that guide the
actions of GSK3. These mechanisms apparently provide the underpinnings for GSK3 to
select among its many substrates in response to each signaling pathway that impinges upon
GSKa.
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3. GSK3 interactions with receptors and receptor-coupled signal
transduction events

3.1. G protein-coupled receptors

Much excitement has been generated by the rapidly developing concept that GSK3 has
regulatory interactions with multiple intracellular receptor-coupled signaling proteins, such
as p-arrestin and G-proteins, as well as with several receptors themselves (Figure 4). Most
well-understood is the dopamine D2 receptor signaling mechanism that involves GSK3 and
B-arrestin (Beaulieu et al., 2004; Beaulieu et al., 2005; Beaulieu et al., 2008). As others have
reviewed in detail (Beaulieu et al., 2009), D2 receptor activation leads to an initial signal
that regulates cyclic AMP production. This signal is followed by B-arrestin bringing Akt and
GSK3 into close proximity to protein phosphatase 2A (PP2A), which dephosphorylates Akt
to deactivate it and dephosphorylates GSK3 to activate it. Furthermore, GSK3 promotes the
formation of this complex, providing a feed-forward mechanism for GSK3 to promote its
own activation (O’Brien et al., 2011).

The p-arrestin-PP2A-Akt-GSK3 signaling interaction exemplifies two under-appreciated
characteristics of GSK3, its ability to regulate Akt and its propensity to promote its own
activation. There are multiple instances of bi-directional signaling between Akt and GSK3,
contrary to the dogma that signals unidirectionally activate Akt, and Akt then inactivates
GSKa3. As noted in section 2.1, in addition to its effects in the B-arrestin complex, GSK3 can
inhibit Akt and promote its own activation via GSK3-mediated activation of PP1, with
active PP1 dephosphorylating Akt and GSK3, and by GSK3a-mediated inhibition of Akt via
phosphorylation of threonine312-Akt (Gulen et al., 2012). Thus, active GSK3 can further
drive its own activation by several processes. These multiple mechanisms for inhibition of
Akt by GSK3 are also notable for explaining previous reports that inhibitors of GSK3,
particularly lithium, increase the activating phosphorylation of Akt, which clearly can be a
consequence of lithium’s inhibition of GSK3 rather than a direct activation of Akt by
lithium. Thus, inactivation of GSK3 by lithium and other inhibitors will oppose these self-
activating mechanisms, resulting in increased inhibitory serine-phosphorylation of GSK3.
As discussed in section 5, impeding the GSK3 self-activating mechanisms may be critical
for developing tolerable and effective therapeutic inhibitors of GSK3. Additionally, these
GSK3 self-activating mechanisms have two consequences that deserve further
consideration. First, GSK3 can indirectly regulate the phosphorylation of many proteins by
regulating the activities of protein phosphatases and Akt. Second, these mechanisms of self-
activation may be critically important in diseases that involve GSK3. If GSK3 is abnormally
activated early in the development of a disease, and GSK3 further promotes its own
activation, it is easy to envision how a relatively small disease-associated dysregulation of
GSK3 can be amplified to promote disease processes. Equally important are the
ramifications for therapeutic interventions. It appears that modest inhibition of GSK3, as
provided by therapeutic levels of lithium, can be amplified by these mechanisms to increase
the inhibitory serine-phosphorylation of GSK3. Thus, as previously discussed (Jope, 2006),
the optimal goal for therapeutic interventions may be to achieve only modest direct drug-
dependent inhibition of GSK3 that may be sufficient to dampen self-activation mechanisms,
thereby attenuating GSK3 activity to pre-insult levels.
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In addition to D2 receptors, GSK3 is also involved in signaling by other G protein-coupled
receptors (Figure 4). Stimulation of serotonin (5HT) SHT1A receptors increases the
inhibitory serine-phosphorylation of GSK3, whereas 5SHT2A receptor stimulation decreases
it to activate GSK3 (Li et al., 2004). In rodent brain, the inhibitory effect of SHT1A
receptors is dominant, as in vivo serotonin deficiency induced pharmacologically or
molecularly activates GSK3 (Li et al., 2004; Beaulieu et al., 2008). This is one mechanism
by which GSK3 may be abnormally activated if there is a serotonin deficiency in patients
with mood disorders (Jope, 2011). Conversely, increasing serotonin levels by in vivo
administration of antidepressant drugs increases the inhibitory serine-phosphorylation of
GSKa3 in rodent brain (Li et al., 2004; Okamoto et al., 2010). GSK3 was also found to
associate with 5SHT1B receptors, promoting their signaling to activate the heterotrimeric G-
protein Gi and activate Akt, providing another pathway by which GSK3 can regulate Akt
activation (Chen et al., 2009; Chen et al., 2011). Muscarinic receptor stimulation also
induces inhibitory serine-phosphorylation of GSK3 in mouse brain, although the signaling
mechanisms involved remain to be identified (De Sarno et al., 2006).

Receptor-coupled, signal transducing heterotrimeric G proteins, which consist of a, $, and y
subunits, have several regulatory interactions with GSK3. Gy dimers released from
heterotrimeric G proteins after receptor stimulation have long been known to activate
phosphoinositide 3-kinase (P13K) (Stephens et al., 1997), which leads to Akt activation and
GSK3 inhibition. However, G proteins can also more directly regulate GSK3. Activated
GPB1y2 was shown to recruit GSK3 to the plasma membrane and increase its kinase activity,
which was linked to phosphorylation of the Wnt co-receptor LDL receptor-related protein 6
(LRP6) (Jernigan et al., 2011). Activated Gaq also is able to activate GSK3 (Fan et al.,
2003). In contrast, Gas displaces GSK3 from Axin, an action that inhibits the GSK3-
mediated phosphorylation of $-catenin (Castellone et al., 2005). Thus, GSK3 has multiple
regulatory interactions with G proteins and the receptors to which they are coupled.

3.2. Hormone receptors

Insulin signaling was the first pathway found to increase the inhibitory serine-
phosphorylation of GSK3 by activation of PI3K and Akt (Cross et al., 1995). Furthermore,
phosphorylation of the insulin receptor signal transducer insulin receptor substrate (IRS)-1
was the first receptor-coupled signal transducer shown to be a substrate of GSK3 (Eldar-
Finkelman and Krebs, 1997). IRS-2 was subsequently also found to be phosphorylated by
GSK3 (Sharfi and Eldar-Finkelman, 2008). These links between insulin and GSKS3 raised
the possibility that GSK3 inhibitors may be therapeutically useful in diabetes, which remains
a topic of active investigation (MacAulay and Woodgett, 2008; Eldar-Finkelman et al.,
2010; Amar et al., 2011).

Both subtypes of estrogen receptors (ER), ERa and ERp, have regulatory interactions with
GSK3. GSK3 phosphorylates ERa and supports ERa-mediated transcriptional activity
(Medunjanin et al., 2005; Mendez and Garcia-Segura, 2006; Grisouard et al., 2007). There
are conflicting reports about the regulation of ERa receptor stability by GSK3. GSK3 has
been reported to down-regulate ERa levels in 293T cells (Park et al., 2008) and to stabilize
ERa receptors in breast cancer cells (Grisouard et al., 2007), which may indicate a cell type-
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selective effect. GSK3 also phosphorylates the ERf receptor, a modification that enhances
ERP sumoylation and stability (Picard et al., 2012). Interactions between GSK3 and the
ERa, as well as androgen receptors, have been reviewed in detail (Grisouard and Mayer,
2009).

The glucocorticoid receptor is phosphorylated by GSK3, which regulates transcriptional
responses to glucocorticoids, promotes nuclear export and degradation of the glucocorticoid
receptor, and promotes glucocorticoid-induced apoptosis (Rogatsky et al., 1998; Galliher-
Beckley et al., 2008). GSK3a, but not GSK3p, was found associated with glucocorticoid
receptors, and released upon receptor activation (Spokoini et al., 2010). Conversely,
glucocorticoid receptor-induced signaling activates GSK3 (Smith et al., 2002; Garza et al.,
2012), which may provide a mechanism for GSK3 to subsequently down-regulate
glucocorticoid receptor actions by its phosphorylation of the receptor.

Other receptors reported to be phosphorylated by GSK3 include the androgen receptor,
which reduces its activation of transcription (Salas et al., 2004; Wang et al., 2004), the
prolactin receptor, which targets it for proteasomal degradation (Plotnikov et al., 2008), the
progesterone receptor, which regulates its stability (Wang et al., 2013b), LRP6, which
promotes the recruitment of Axin to LRP6 (Zeng et al., 2005), and the IGF-1 receptor,
which regulates its signaling and trafficking (Nemoto et al., 2010; Kelly et al., 2012).

3.3. lonotropic receptors and receptor trafficking

In addition to the receptors noted above, GSK3 regulates the localization or function of
several ionotropic neurotransmitter receptors. The inhibitory/excitatory neurotransmission
balance is significantly influenced by the actions of GSK3 complexed with receptors and
their signal transduction mediators. GSK3 phosphorylates the GABA synaptic scaffolding
protein gephyrin, which diminishes its clustering and GABAergic transmission (Tyagarajan
etal., 2011; Tyagarajan et al., 2013). GSK3 has also been reported to regulate dopamine-
mediated regulation of cell surface GABA-A (Li et al., 2012) and NMDA (L. et al., 2009b)
receptors. AMPA-mediated activity is increased by GSK3 modulating the trafficking of
AMPA receptors, in part by phosphorylating guanyl nucleotide dissociation factor (GID), a
regulator of Rab5 that mediates endocytosis of AMPA receptors (Wei et al., 2010; Wang et
al., 2013). Regulation of kinesin is also likely important in these trafficking actions of
GSK3, as GSK3 phosphorylates kinesin light chain 2, which was shown to contribute to the
regulation of AMPA receptor trafficking (Morfini et al., 2002; Du et al., 2010). GSK3 also
phosphorylates the postsynaptic protein PSD-95, which regulates AMPA receptor
trafficking (Nelson et al., 2013). AMPA signaling, in turn, reduces GSK3 activity
(Nishimoto et al., 2008), perhaps as a feed-back inhibitory mechanism for AMPA signaling,
that also leads to reduced cell surface expression of the NMDA receptor subunit NR1
(Nishimoto et al., 2009). This interaction is consistent with the finding that GSK3 maintains
the surface localization of NMDA receptors, including both the NR1 and NR2B subunits, by
a mechanism that involves both Rab5 and PSD95 (Chen et al., 2007; Deng et al., 2014). This
interaction may act as a positive feed-forward mechanism since stimulation of NR2B can
activate GSK3 (Szatmari et al., 2005). These mechanisms may contribute to the earlier
finding that the GSK3 inhibitor lithium diminishes NMDA receptor signaling (Nonaka et al.,
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1998; Hashimoto et al., 2002) and that administration of memantine, an NMDA receptor
antagonist, increased the inhibitory serine-phosphorylation of both GSK3 isoforms in mouse
brain (De Sarno et al., 2006).

Overall, it is now evident that GSK3 is intimately involved in numerous receptor-coupled
signaling mechanisms, not only the commonly recognized signaling induced by insulin and
Whnt. These interactions include regulation of receptor-coupled signal transduction proteins,
direct interactions with receptors, and regulation of receptor trafficking. These accumulating
findings indicate that many receptor-mediated signals are regulated by GSK3, with
undoubtedly many more to be identified in the near future.

4. Differential actions and regulation of GSK3a and GSK3p

An emerging topic is the identification of differential regulation and actions of GSK3a and
GSK3p. The catalytic domains of GSK3a and GSK3p are nearly identical, but their C-
terminal sequences diverge and GSK3a contains a large glycine-rich N-terminal region that
is absent in GSK3p (Kaidanovich-Beilin and Woodgett, 2011). Although commonly referred
to as isoforms, GSK3a and GSK3p are actually paralogs, homologous proteins derived from
different genes. It is surprising that little is known about mechanisms that differentially
regulate their expressions, except for the novel discovery that the GSK3a gene is absent in
birds (Alon et al., 2011). Reported expression differences include the selective up-regulation
of GSK3p expression in the Th17 subtype of T cells, which are pathogenic in autoimmune
diseases (Beurel et al., 2011; Beurel et al., 2013), and differences in the expression of
GSK3a and GSK3p in mouse brain regions during development (Beurel et al., 2012) and in
the suprachiasmatic nucleus during the circadian rhythm (Iwahana et al., 2004). Studies of
mechanisms that differentially regulate the expression of GSK3a and GSK3 are needed to
identify signals that control the expression of each isoform.

For many years GSK3a and GSK3p were often considered as identical twins, in part
because all known GSK3 inhibitors inhibit both isoforms so it was difficult to identify
differential effects of the two isoforms. Unfortunately, a great many studies have attributed
the outcomes of treatments with GSK3 inhibitors specifically to GSK3p, leading to incorrect
conclusions that GSK3p selectively mediates the processes under investigation. There is also
a widely held misconception that certain commercially available GSK3 inhibitors are
specific for one isoform, derived from the fact that recombinant GSK3p is often used to
screen potential inhibitors. However, there is not a commercially available GSK3 inhibitor
that is selective for either isoform, although there is some progress in the development of
GSKa3 isoform-selective inhibitors (Lo Monte et al., 2012).

Recently, different actions of the GSK3 isoforms have begun to be identified, primarily due
to the advent of knockout and knockdown methods. Identifying individual actions of
GSK3a and GSK3p was particularly stimulated by the finding that GSK3p knockout mice
are embryonically lethal, whereas GSK3a knockout mice are viable, which provided an
important demonstration that the two isoforms are not interchangeable (Hoeflich et al.,
2000). Studies in GSK3a knockout mice, GSK3B+/- heterozygote knockout mice, and with
partial suppression of GSK3 expression in mouse brain, have demonstrated functions
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regulated by each isoform (Beaulieu et al., 2004; O’Brien et al., 2004; Beaulieu et al.,
2008b; Bersudsky et al., 2008; Kaidanovich-Beilin et al., 2009; Omata et al., 2011; Maurin
et al., 2013). However, in most cases this approach does not prove isoform-specific actions,
as it may be unclear if the outcomes of isoform reduction are due to lower total levels of
GSK3, or to isoform-specific effects, unless outcomes of individually knocking down
GSK3a and GSK3p are compared.

Although many substrates appear to be phosphorylated by both GSK3 isoforms, there is a
growing recognition that certain substrates are preferentially linked to one isoform and that
the two isoforms differ in certain regulatory functions. For example, some of the substrates
reported to be differentially phosphorylated by GSK3a and GSK3 include inhibitor-2, a
regulator of PP1 (Wang et al., 1994), the p62 nucleoporin protein (Miller et al., 1999), the
transcription factors early growth response-1 and Smad3/4 (Liang and Chuang, 2006), and
substrates in brain cortical tissue (Soutar et al., 2010). Several actions have been specifically
ascribed to GSK3a, including its involvement in acute myeloid leukemia (Banerji et al.,
2012), binding to the scaffold protein Receptor for Activated C-Kinase-1 as part of its
regulation of the circadian clock (Zeidner et al., 2011), promotion of amyloid -peptide
production and senile plaque formation in models of Alzheimer’s disease (Phiel et al., 2003;
Hurtado et al., 2012; but also see Ly et al., 2013), regulation of autophagy and age-related
pathologies (Zhou et al., 2013), and GSK3a selectively modulates I1L-1-mediated regulation
of Th17 cells, an action that was attributed to inhibition by GSK3a of IL-1-induced
activation of Akt and mTOR (Gulen et al., 2012). GSK3p selectively promotes activation of
members of the STAT family of transcription factors (Beurel and Jope, 2008), and GSK3f
selectively phosphorylates Mcl-1, which promotes its degradation in apoptosis signaling
(Ding et al., 2007). A screen of interacting protein identified several differences between
GSK3a and GSK3p (Pilot-Storck et al., 2010), which should be informative for future
studies of their differential actions. Evidence has begun to be obtained indicating differential
actions of GSK3a and GSK3p in synaptic plasticity, as detected by measurements of long-
term potentiation (LTP) and long-term depression (LTD). In 2007, inhibition of GSK3 by
serine-phosphorylation was found to be necessary for, and induced by, LTP, whereas GSK3
promotes LTD (Hooper et al., 2007; Peineau et al., 2007; Zhu et al., 2007). LTP was
impaired in mice overexpressing GSK3[ (Hooper et al., 2007) and in mice expressing
mutant GSK3p unable to be inhibited by serine-9-phosphorylation (Dewachter et al., 2009),
and GSK3p was associated with receptors thought to be important in LTP (Peineau et al.,
2007). This all implied that GSK3p is an important regulator of synaptic plasticity, whereas
a regulatory role for GSK3a was not specifically studied. In contrast, using mice expressing
mutant GSK3a or mice deficient in GSK3a, other investigators found specific actions of
GSK3a that are important in regulating synaptic plasticity (Maurin et al., 2013; Shahab et
al., 2014). Thus, while it is clear that GSK3 impairs LTP and promotes LTD, which has
been linked to impaired cognition in several disorders (King et al., 2014), further approaches
are needed to clarify the roles of each GSK3 isoform in these processes. Additional
differential actions of GSK3a and GSK3 in cell differentiation and proliferation, and
cardiovascular development were comprehensively reviewed (Force and Woodgett, 2009;
Cho et al., 2009; Lal et al., 2012). Altogether, there is growing evidence of differential
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actions of GSK3a and GSK3p, a topic that is likely to receive much attention in the near
future.

As might be expected, since GSK3a and GSK3p have differences in their functional effects,
there is also evidence of differences in signaling mechanisms that regulate the two isoforms.
Differences in the mechanisms regulating nuclear transport of the isoforms were noted in
section 2.3. Protein kinase C was reported to phosphorylate GSK3p but not GSK3a (Goode
et al., 1992), whereas IxB-related kinase-1 phosphorylated GSK3a but not GSK3p (Gulen et
al., 2012). All three isoforms of Akt, Aktl, Akt2, and Akt3, phosphorylate GSK3p, but only
Akt 2 phosphorylated GSK3a (Brognard et al., 2007). Remarkably, treatment of rats with
olanzapine was reported to reduce serine-phosphorylation of GSK3a and increase it in
GSK3p (Mondelli et al., 2013). Further identification of mechanisms that differentially
regulate GSK3a and GSK3p may lead the way towards the development of interventions
that can predominantly affect one isoform more than the other.

5. Targeting GSK3 therapeutically

With its demonstrated participation in many signaling pathways associated with disease
pathology, it is not surprising that GSK3 is being considered as a therapeutic target in
multiple disorders. However, the great number of substrates that are phosphorylated by
GSK3 raises the question of whether this limits its feasibility as a therapeutic target because
of the potential disruption of many cellular processes. This rational skepticism is countered
by the already demonstrated safe and effective long-term administration of the GSK3
inhibitor lithium. Based on over 60 years of successful treatment of bipolar disorder with
lithium, it is evident that a GSK3 inhibitor can be tolerated and be effective for many years,
regardless of whether or not lithium’s inhibition of GSK3 contributes to its mood
stabilization effects, which remains a matter of debate. Another important consideration is
the extent to which GSK3 should be inhibited therapeutically. As discussed previously in
greater detail (Jope, 2006), therapeutic levels of lithium only partially inhibit GSK3, and this
may be optimal for dampening GSK3’s self-activating mechanisms in disease processes
while allowing GSK3 to fulfill unhindered its many other cellular actions. In addition to the
potential benefit of only partial inhibition of GSK3, developing disease-selective inhibitors
of GSK3 should be possible based on the many mechanisms that regulate GSK3 that were
discussed in previous sections. For example, the Eldar-Finkelman laboratory has already
developed an effective GSK3 inhibitor peptide derived from the sequence of the GSK3
primed substrate CREB (Licht-Murava and Eldar-Finkelman, 2012, Avrahami et al., 2013),
and a peptide inhibitor of GSKS3 that is primed by Akt-dependent phosphorylation was
shown to be effective after insulin treatment (Kim et al., 2013). As more is learned about the
mechanistic involvement of GSK3 in individual diseases, it may be possible to develop
inhibitors that predominantly block the actions of GSK3 that are involved in pathological
mechanisms. Thus, one goal for future developments of therapeutic GSK3 inhibitors will be
to devise methods to target specific cells or signaling pathways. Even as we await these
developments, GSK3 is already being considered as a therapeutic target in multiple
conditions, some of which are discussed in the following sections.
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5.1. Psychiatric diseases

Psychiatric diseases are likely to be one of the major classes that are amenable to GSK3
inhibitor therapeutics. Patients with bipolar disorder, previously called manic-depression,
are already being effectively treated with lithium and there is no doubt that lithium is a
GSK3 inhibitor (Klein and Melton, 1996; Stambolic et al., 1996). Although the therapeutic
mechanism of action of lithium remains to be definitively determined, substantial evidence
indicates that inhibition of GSK3 is an important component of lithium’s mood stabilizing
capacity (O’Brien and Klein, 2009; Jope, 2011). Lithium directly binds and inhibits GSK3
by competing for a Mg2* binding site (Klein and Melton, 1996; Stambolic et al., 1996). A
fascinating study identified the rare characteristics of the few Mg2*-binding proteins,
including GSK3, that are required for lithium to successfully compete with Mg2* (Dudev
and Lim, 2011). Besides directly inhibiting GSK3, lithium administration at therapeutically
relevant levels (i.e., near 1 mM lithium in the serum) also increases the inhibitory serine-
phosphorylation of GSK3 in rodent brain in vivo and in many other cell types (Jope 2003),
which can result from mechanisms discussed in section 2. Peripheral blood mononuclear
cells from patients treated with lithium display increased serine-phosphorylated GSK3,
mirroring this response that occurs in rodent brain after lithium administration, confirming
that therapeutic levels of lithium inhibit GSK3 and increase its inhibitory serine-
phosphorylation in humans (Li et al., 2007). We suggested that lithium-induced serine-
phosphorylation of GSK3 likely acts as an amplification mechanism for lithium’s weak
direct inhibition of GSK3 at therapeutic levels of lithium (De Sarno et al., 2002). The
importance of inhibition of GSK3 by serine-phosphorylation in mood disorders has been
further verified in animal models by using GSK3 knockin mice developed by the Alessi
laboratory (McManus et al., 2005), with the regulatory serines of GSK3 mutated to alanines.
GSK3 knockin mice exhibit increased sensitivity to manic-like amphetamine-induced
locomotor hyperactivity and to stress-induced depression-like behaviors (Polter et al., 2010).
Importantly, this demonstrates that a single alteration, abnormal activation of GSK3, can
increase susceptibility to both poles of mood displayed in bipolar disorder, further
supporting the conclusion that unbridled GSK3 activity can contribute to pathological
mechanisms involved in bipolar disorder.

Several ramifications of the increased serine-phosphorylation of GSK3 induced by lithium
are not always fully appreciated. First, this induction will only occur with pools of GSK3
that are subject to GSK3’s self-regulation via modulating phosphatases or other mechanisms
that were discussed in previous sections. Thus, the serine-phosphorylation of all cellular
GSK3 may not be equally affected by lithium, a topic that deserves further investigation.
Second, this serine-phosphorylation of GSK3 mechanism of action of lithium leaves
untouched the activity of GSK3 in the Wnt signaling pathway, and perhaps in other protein
complexes as discussed in section 2.4. However, the direct inhibitory effect of lithium on
GSK3 is often sufficient to impede [3-catenin degradation. Third, as noted in section 2.1,
serine-phosphorylation of GSK3 only inhibits its phosphorylation of primed substrates.
Furthermore, accumulated primed substrates eventually can out-compete the phosphoserine
of GSK3 for binding to the primed substrate binding pocket. Thus, the lithium-induced
increase of serine-phosphorylated GSK3 does not completely block its phosphorylation of
primed substrates, but instead leads to a new increased steady state level of the primed
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substrate. We speculate that this may be crucial for allowing lithium to be therapeutic
without completely blocking all of GSK3’s actions. In fact, levels of lithium slightly above
the therapeutic concentration of ~1 mM are toxic, perhaps due to too great a direct inhibitory
effect on GSK3 by the direct binding mechanism. Thus, the induction of inhibitory serine-
phosphorylation of GSK3 by lithium may be critical to its therapeutic effectiveness and
tolerability.

In addition to the substantial evidence that GSK3 inhibition is therapeutic for bipolar
disorder, other reviews have discussed growing evidence that GSK3 inhibitors may
contribute to therapies for depression (Jope, 2011), anxiety (Sachs et al., 2013), and
schizophrenia (Beaulieu et al., 2009; Freyberg et al., 2010; Singh, 2013). Some of the
mechanisms by which abnormally active GSK3 may contribute to these diseases are noted
near the end of section 5.2.

5.2. Neurological diseases

There is abundant evidence that inhibition of GSK3 is likely to be therapeutic for a number
of neurological disorders. The evidence is particularly strong for Alzheimer’s disease, as has
been discussed in detail in multiple reviews (Martinez and Perez, 2008; Avila et al., 2010;
Medina and Avila, 2010; King et al., 2014). In Alzheimer’s disease, GSK3 has been
demonstrated to promote every major pathological process, including amyloid  peptide
production (Phiel et al., 2003) and tau phosphorylation (Himmelstein et al., 2012), which
lead to the two hallmark pathologies of Alzheimer’s disease, amyloid plaques and
neurofibrillary tangles, respectively. Through these and other actions, GSK3 also promotes
apoptosis, which likely contributes to neuronal loss in Alzheimer’s disease (Mines et al.,
2011). Much evidence also demonstrates that GSK3 inhibitors improve many cognitive
functions in rodent models of Alzheimer’s disease, which is a key outcome since dementia is
the defining characteristic of Alzheimer’s disease (King et al., 2014). Encouraging findings
for targeting GSK3 have been identified in examinations of dementia development in
bipolar patients that have been treated with lithium for long periods of time, as these patients
often have a lower prevalence of dementia than the general population (Nunes et al., 2007;
Kessing et al., 2010). Clinical trials of lithium in Alzheimer’s disease have demonstrated
some beneficial effects (Forlenza et al., 2012; Nunes et al., 2013), although not in all studies
(Hampel et al., 2009). An initial trial of another GSK3 inhibitor, Tideglusib, did not
demonstrate remarkable protective effects in Alzheimer’s disease patients, although it was
designed as a safety trial, not as a therapeutic trial (del Ser et al., 2013). Tideglusib was also
tolerated in patients with progressive supranuclear palsy, and although it did not alter
clinical outcomes, the treated patients exhibited reduced progression of atrophy (Hoglinger
etal., 2014; Tolosa et al., 2014). Limited therapeutic effects obtained to date may be
attributed to the requirements for treating Alzheimer’s disease patients earlier in the disease
process and for more prolonged periods of time.

Studies in rodent models also have demonstrated evidence of therapeutic effects of GSK3
inhibitors in several other neurological disorders. The furthest developed of these may be
Fragile X Syndrome, as previously reviewed (Mines and Jope, 2011). Fragile X syndrome is
the most common known single gene mutation cause of intellectual disability. In rodent
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models of Fragile X syndrome, GSK3 is hyperactive in the brain (Yuskaitis et al., 2010) and
GSK3 inhibitors improve behavioral measures of learning and memory and rescue
abnormalities in LTP and LTD (Choi et al., 2011; King and Jope, 2013; Franklin et al.,
2014). It is notable that lithium is the only drug found so far that improves any cognitive
assessment in patients with Fragile X syndrome (Berry-Kravis et al., 2008).

There is also exceptionally strong evidence from mouse models that GSK3 inhibitors are
able to ameliorate the autoimmune disease multiple sclerosis. Although like most
neurodegenerative diseases the causes are unknown, the onset and progression of multiple
sclerosis are thought to be due to a combination of the effects of inflammation and
pathogenic T cells causing axonal damage and neural dysfunction that progressively
worsens over time. Thus, an ideal agent may be one that reduces inflammation and increases
anti-inflammatory molecules, reduces the production of the CD4* T cell subtype that is
pathogenic in multiple sclerosis, called Th17 cells, and generally promotes neuronal
resilience. Remarkably, all of these criteria have been met by GSKS3 inhibitors in animal
models of multiple sclerosis. Long-term treatment with several different GSK3 inhibitors
had remarkably strong effects in protecting mice from developing hind limb paralysis in the
mouse multiple sclerosis model, and even initiating treatment with GSK3 inhibitors only
after disease onset reversed the clinical symptoms of the disease in mouse models (De Sarno
et al., 2008; Beurel et al., 2011; Beurel et al., 2013). These actions of GSK3 inhibitors may
be due to neuroprotection, anti-inflammatory effects, and blocking the production of
pathological CD4" T cells (Beurel, 2011).

There is also evidence that GSK3 inhibitors may alleviate several other neurological
diseases. The possibility that GSK3 inhibitors may counteract neuronal loss in Parkinson’s
disease was first raised by the finding that GSK3 inhibitors reduced apoptosis induced by
molecules modeling Parkinson’s neurotoxicity (King et al., 2001). A GSK3/ polymorphism
was found to be associated with Parkinson’s disease that alters GSK34 transcription and
splicing (Kwok et a., 2005). Subsequent studies have further strengthened the potential
therapeutic benefits of GSK3 inhibitors in several models of Parkinson’s disease (Duka et
al., 2009; Lin et al., 2010b; Morales-Garcia et al., 2013). Growing evidence has been
reviewed previously demonstrating that GSK3 inhibitors are effective in mouse models of
Huntington’s disease (Scheuing et al., 2014), stroke (Chuang et al., 2011), traumatic brain
injury (King et al., 2014; Leeds et al., 2014), and spinocerebellar ataxia type 1 (Watase et
al., 2007).

This broad range of neurological diseases ameliorated by GSK3 inhibitors likely arises in
part from the fact that, to some extent, most involve inflammation and neurodegeneration,
and GSK3 inhibitors are strong anti-inflammatory agents (Jope et al., 2007) and
neuroprotectants, reducing apoptosis after a wide range of insults (Beurel and Jope, 2006).

In addition to apoptosis, GSK3 inhibitors also provide neuroprotection by other
mechanisms, in particular a rapidly growing literature demonstrates that GSK3 has multiple
regulatory influences on dendrite and axon growth and repair (Jiang et al., 2005; Kim et al.,
2006; Dill et al., 2008; Wakatsuki et al., 2011; Chen et al., 2012; Rui et al., 2013; Saijilafu et
al., 2013). Levels of the neurotrophin, brain-derived neurotrophic factor (BDNF), are
reported to be deficient in several psychiatric and neurological diseases (Duman and
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Monteggia, 2006; Ye et al., 2012). Signaling by BDNF induces inhibition of GSK3 (Mai et
al., 2002), raising the possibility that BDNF deficiency in these diseases contributes to
hyperactive GSK3, which then promotes pathological processes. Improvements in cognition
rendered by GSK3 inhibitor administration (King et al., 2014) may be particularly due to the
intriguing actions of GSK3 to promote long-term depression and inhibit long-term
potentiation (Peineau et al., 2011), and to reversal of GSK3-mediated impaired neurogenesis
(Eom and Jope, 2009b; Kim et al., 2009b). In some conditions, regulation of several
components of the circadian rhythm by GSK3 may also make a significant contribution
(Itaka et al., 2005; Ko et al., 2010; Lavoie et al., 2013). Thus, there are multiple mechanisms
by which inhibition of GSK3 may contribute to therapies of neurological and psychiatric
disorders.

5.3. Inflammatory diseases

Diseases involving inflammation in the periphery have also been shown to benefit from the
anti-inflammatory effects of GSK3 inhibitors (Jope et al., 2007). Remarkably,
administration of GSK3 inhibitors was sufficient to afford mice protection (survival) from
an otherwise lethal dose of the inflammatory stimulant lipopolysaccharide used to model
sepsis (Martin et al., 2005). Administration of GSK3 inhibitors also reduced inflammation
and pathology in rodent models of asthma, arthritis, colitis, and peritonitis (Cuzzocrea et al.,
2006; Hu et al., 2006; Whittle et al., 2006; Bao et al., 2007), as previously reviewed (Beurel
et al., 2010; Beurel, 2011). Thus, GSK3 inhibitors provide an effective intervention for all
inflammatory diseases in which they have been tested in rodent models.

The strong pro-inflammatory action of GSK3 in multiple peripheral and CNS diseases raises
the question of why evolutionary mechanisms did not provide the means to more adequately
down-regulate the activity of GSK3 in inflammatory conditions? One possibility is that a
significant survival benefit is achieved by GSK3 promoting responses to infection and
stress, both of which activate inflammatory responses. Recent insights about the interactions
of inflammation and depression offer an excellent example of this interpretation (Raison and
Miller, 2012). We suggest that one advantage for the promotion of inflammation by GSK3 is
to augment immune responses to counteract real, or stress-induced perceived, threats to
survival. Thus, survival may have benefited from GSK3 promoting both innate and adaptive
immune responses (Beurel et al., 2010), increasing the production of multiple inflammatory
cytokines and promoting the production of Thl and Th17 inflammatory T cells, which
should increase resistance to injury and infection (Beurel et al., 2011; Beurel et al., 2013).
However, we now recognize that these same innate and adaptive immune responses can
exacerbate chronic conditions that have become more prevalent in modern societies, such as
neurodegenerative diseases, mood disorders, asthma, arthritis, and diabetes. Thus, whereas
evolutionarily a strong immune response promoted by GSK3 was likely beneficial for
survival, it is detrimental in chronic conditions. Therefore, GSK3 inhibitors provide a
feasible means to counteract excessive inflammation that is involved in a diverse number of
chronic conditions.
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There is much interest in GSK3 as a potential therapeutic target in many types of cancer
(Manoukian and Woodgett, 2002; Ougolkov and Billadeau, 2006; Mills et al., 2011;
McCubrey et al., 2014). However, this application is complicated by findings that GSK3 can
act as a tumor suppressor or it can promote cell proliferation in different types of cancer.
The tumor suppressor action is exemplified by GSK3-mediated phosphorylation of -catenin
and its subsequent degradation, a transcriptional co-activator that often promotes cellular
proliferation (Polakis, 2007). There is evidence that GSK3 acts as a tumor suppressor in
some skin (Leis et al., 2002; Ma et al., 2007) and breast (Farago et al., 2005; Armanious et
al., 2010; Dembowy et al., 2014) cancers, and that repression of RNA polymerase 1
transcription by GSK3 contributes to its tumor suppressor action (Vincent et al., 2008). On
the other hand, the tumor promoting actions of GSK3 are indicated by the elevated levels of
GSK3 present in certain types of tumors and/or by the anti-proliferative effects of GSK3
inhibitors, such as in colon (Shakoori et al., 2007) and pancreatic (Ougolkov et al., 2005;
Garcea et al., 2007) cancers, and in mixed lineage leukemia (Wang et al., 2008; Wang et al.,
2010), whereas conflicting data exist for prostate cancer (Mulholland et al., 2006;
Darrington et al., 2012).

These differences in the actions of GSK3 in various types of cancer may have obstructed the
development of GSK3 inhibitors for cancer. Examination of the mechanisms underlying the
opposite actions of GSK3 in different types of cancer may provide opportunities to better
understand the mechanistic cellular changes and to identify those that may safely benefit
from GSKa3 inhibitor administration. One of these differences may depend on which
apoptotic mechanisms are involved in each cancer type. As previously reviewed (Beurel and
Jope, 2006), GSK3 has opposite actions on the intrinsic and extrinsic apoptotic signaling
pathways. Intrinsic apoptotic signaling, also known as the mitochondrial apoptosis pathway,
is promoted by GSK3 (Beurel and Jope, 2006), so if this pathway is impaired in certain
cancers, then GSK3 inhibitors would be detrimental. Oppositely, extrinsic apoptotic
signaling that is mediated by so-called death receptors, such as Fas, is blocked by an anti-
apoptotic protein complex containing GSK3, so GSK3 inhibitors promote death receptor-
mediated apoptosis (Sun et al., 2008), a mechanism that contributes to GSK3 inhibitor-
induced neuronal and motor toxicity (Gomez-Sintes and Lucas, 2010). The variable role of
GSK3 in different cancers also may be related to the role of p-catenin, which can be
activated by GSK3 inhibitors (Polakis, 2007; Anastas and Moon, 2012). Variable roles of
GSK3 in different cancers also may be related to the different actions of the transcription
factor NF-xB in individual cancer types. GSK3 has multiple regulatory interactions with
NF-kB and GSK3 phosphorylates multiple components of the NF-xB signaling pathway that
may result in context-dependent regulation by GSK3 (Beurel and Jope, 2006). Thus, the
type of apoptosis, the role of $-catenin, and the actions of NF-«xB are likely important in the
actions of GSK3 and its inhibitors in specific cancers. Thus, GSK3 appears to modulate
several types of cancer, but its mixed actions may make it difficult to harness potential
therapeutic interventions.
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5.5. Other conditions

In addition to the diseases discussed here, previous reviews have detailed potential
therapeutic applications of GSK3 inhibitors in other prevalent conditions, including
cardiovascular diseases (Cheng et al., 2011), AIDS (Dewhurst et al., 2007), bone disorders
(Wagner et al., 2010), and diabetes (Frame and Zheleva, 2006; MacAulay and Woodgett,
2008; Eldar-Finkelman et al., 2010; Amar et al., 2011).

6. Conclusions

GSK3 has proven to be a kinase so adaptable that it has been recruited evolutionarily to
phosphorylate over 100 substrates, empowering it to participate in regulating numerous
cellular functions. This flexibility may stem from the multiple sophisticated mechanisms
that regulate the actions of GSK3, ensuring that it phosphorylates substrates only at the
proper time and in discreet subcellular compartments, often established by protein
complexes. Thus, post-translational modifications, substrate priming, cellular trafficking,
and protein complexes each contributes to the exquisite regulation of GSK3.

Although GSK3 has demonstrated remarkable evolutionary adaptability, every new
substrate of GSK3 that evolved, as well as each new mechanism regulating GSK3 activity,
provided new potential sites that may be susceptible to insults associated with diseases. We
speculate that self-activating mechanisms by which GSK3 promotes its own further
activation may be particularly important in some disorders and for therapeutic interventions.
If a compartment of GSK3 is abnormally activated early in a disease, several mechanisms
were described here by which GSK3 can further augment its own activation. Based on this,
it is easy to envision how an initially small dysregulation of GSK3 can be amplified as a
disease progresses to promote pathology. Thus, an early-stage insult associated with a
disorder may impair one of the inhibitory mechanisms regulating GSK3 selectively in the
insult-induced signaling pathway that leads to pathology. The abnormally activated GSK3
would then be able to further self-activate by one or more of the mechanisms described here,
and since this occurs in the insult-induced pathological signaling pathway, GSK3 could
promote pathology while maintaining normal activity in other cellular functions. This raises
the possibility that a modest inhibition of GSK3 may have a particularly significant effect on
disease-associated self-activating mechanisms. In other words, attenuating the disease-
associated self-amplification of GSK3 activity may be sufficient to be therapeutically
beneficial, and certainly more likely tolerated, compared with extensive inhibition of GSK3.
There are a remarkably large number of diseases and other medical conditions that have
been shown to be amenable to improvement by the administration of GSK3 inhibitors in
animal models. For translation to human diseases, it appears that in most cases therapeutic
goals should not be aimed at achieving a high degree of GSK3 inhibition, for this would
likely be toxic due to the many actions of GSK3. Instead, the goals for the near future should
be to discover drugs that target GSK3 in specific disease processes, such as drugs that
specifically focus on GSK3-substrate interactions that are dysregulated in individual
diseases, or drugs that weakly, but sufficiently, inhibit GSK3 enough to prevent self-
activation in pathological processes.
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Abbreviations

AKAP A-kinase anchoring proteins

AMPK AMP-activated kinase

CREB cyclic AMP response element binding protein

ER estrogen receptor

GSK3 glycogen synthase kinase-3

HAT histone acetyltransferase

HDAC histone deacetylase

SHT serotonin

IRS insulin receptor substrate

LRP6 LDL receptor-related protein 6

LTD long-term depression

LTP long-term potentiation

NFAT nuclear factor of activated T cells

PKA protein kinase A

PP1 protein phosphatase-1

PP2A protein phosphatase 2A

Sirt sirtuin

SNP single nucleotide polymorphism

STAT signal transducer and activator of transcription

TSC1 tuberous sclerosis complex-1
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Figure 1. Serine9-phosphorylation of GSK3p inhibits its phosphorylation of primed substrates
(A) Representation of GSK3p based on a recently reported crystal structure (Stamos et al.,

2014) showing the adjacent kinase domain and primed-substrate binding domain (based on
PDB ID: 4nm0). (B) Phosphorylated serine-9 in the N-terminal tail of GSK3p binds the
primed substrate binding domain (based on PDB ID: 4nm3). (C) Primed substrates first
associate with the primed substrate binding domain of GSK3, which places a Ser/Thr four
residues N-terminal to the primed phosphorylated Ser/Thr adjacent to the kinase domain of
GSK3p to facilitate substrate phosphorylation. (D) Phosphorylated serine-9 in the N-
terminal tail of GSK3p inhibits the association of primed substrates with the primed
substrate binding domain of GSK3p.
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Figure 2. The Axin-B-catenin destruction complex
A simplified scheme is shown of the preassembled complex of Axin, Adenomatous

Polyposis Coli (APC), casein kinase 1 (CK1), GSK3p, and -catenin, which allows GSK3 to
phosphorylate B-catenin sequentially on residues 41, 37, and 33. Phosphorylation leads to
the release of B-catenin from the complex and targets it for proteasomal degradation.
Activation of Wnt signaling disrupts the complex (not shown), blocking phosphorylation of
B-catenin by GSK3, resulting in -catenin stabilization (MacDonald et al., 2009; Valvezan
and Klein, 2012; Willert and Nusse, 2012).
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Figure 3. Axin associates with several GSK3 substrates
AXxin binds to several GSK3 substrates to facilitate their phosphorylation, such as (A)

Smad3, (B) tuberous sclerosis complex-1 (TSC1), and (C) TSC2. (D) The GSK3 substrate
Tip60 also binds to Axin, which may facilitate its phosphorylation by GSK3 that activates
Tip60. Tip60-mediated regulation of p53 is also modulated by Axin-bound HIPK2
(homeodomain-interacting protein kinase 2), raising the hypothetical possibility depicted
here of a multi-protein complex that regulates both Tip60 and p53. (A-D) It is not known if
these GSK3 substrates compete with [3-catenin to bind the same domain of Axin, or if
distinct binding sites on Axin exist for each substrate. Binding of all substrates to the same
region of Axin is depicted here because this places the substrates adjacent to GSK3 for
phosphorylation.
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Figure 4. GSK3 interactions with G protein-coupled receptor-induced signaling mechanisms
Dopaminergic D2 receptor activation induces the association of p-arrestin, Akt, GSK3, and

protein phosphatase 2A (PP2A). This facilitates PP2A-mediated dephosphorylation of Akt
and GSK3, deactivating Akt and activating GSK3. GSK3 facilitates the formation of this
complex, providing a mechanism for GSK3 to induce its own activation. Self-activation by
GSK3 is also exemplified by its phosphorylation of the protein phosphatase 1 (PP1)
inhibitor 1-2, resulting in increased PP1 activity, which dephosphorylates the inhibitory
serine-phosphorylation of GSK3 to increase GSK3 activity. Serotonin (5HT) 2A receptor
activation reduces serine-phosphorylation of GSK3, thereby increasing its activity. SHT1A
and cholinergic muscarinic receptor activation increase the inhibitory serine-
phosphorylation of GSK3. GSK3 promotes 5SHT1B receptor-mediated activation of the
heterotrimeric G protein, Gi, which inhibits cyclic AMP production.
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